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Abstract

The failure of a brittle dielectric material under mechanical load generates acoustic emission
(AE) and electromagnetic emission (EME).

Detection and analysis of acoustic signals are commonly used for the investigation of failure
in solid materials. AE analysis aims at deriving information about the amount of damage,
source position and type of damage from counting signal activity, localizing source positions
and identifying classes of signals in order to investigate material failure.

Similar to AE analysis, counting and classification of EME signals can provide further in-
formation about accumulated damage and failure type. In experiments, we observe further
a strong directional character of the EME source, which indicates that EME analysis allows
conclusions about position and orientation of fracture surfaces in the material.

Both, AE analysis and EME analysis, allow conclusions based on real-time information
on a qualitative basis. The lack of detailed understanding of correlation between source
mechanisms and measured signals prohibit the reliability of quantitative information so
far.

The profound understanding of the basic characteristics of the emitting EME source and the
origins of the electromagnetic fields are essential to enable better analysis and interpretation
of emitted signals.

We establish a model of the emitting source, which is capable of explaining the different
parts of the experimentally obtained EME signals by comparison of simulation and experi-
mental data obtained during mode-I fracture of epoxy resin materials. Three contributions
of the EME signals originate from separation and relaxation of charges during crack growth
and from the vibration of charged crack surfaces. The simulations reproduce the results
of the experimentally examined directional character of the emitted electromagnetic field
and the strong dependence of the amplitude of the signals on the distance of source and

capacitive sensor plate.

The long-term objective of detection and analysis of EME and AE signals for the purpose
of determination of failure type, location of failure and orientation of crack walls moti-
vates the need for optimization of the EME sensor system. In particular, because there is
no commercial sensor system available for EME detection until now, the development of
EME sensor systems employed in the experiments is so far based on the experience of the
scientists.

We approach the topic of sensor optimization using and extending the so-called method
of shape optimization via homogenization and investigate the applicability of the method
in the described context in order to answer questions related to the sensor design in the

experiments.
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1. Introduction

In fibre-reinforced polymers, fibres made of carbon, glass or ceramics are embedded in a ma-
trix of epoxy resin or polyester resin forming a composite material with material properties
that differ from the respective single components. By varying for example fibre type, fibre
content, length of fibres or fibre orientation, structural elements made of fibre-reinforced
materials can be specifically adapted and optimized according to the load situation. High
strength, stiffness and fatigue resistance in combination with low density make composite
materials ideal for lightweight construction for example in aviation and space travel and
therefore economically and technologically interesting.

To reach the full potential of a composite material, a detailed understanding of mechanisms
that lead to damage and failure of the composite is required. The actual strength, durability
and stiffness of composite structures is influenced by various damage mechanisms such as for
example fibre failure, delamination or matrix cracking occurring under stress at numerous
locations throughout the material [Hamstad, 1986]. All these different effects result in
complex damage behaviour leading to limited predictability of material failure of fibre-
reinforced polymers preventing exploitation of the full potential up to the present [Sause,
2016].

Acoustic emission (AE) analysis and electromagnetic emission (EME) analysis are non-
destructive testing methods which make an important contribution to a better under-
standing of the complex processes involved in material failure.

AFE analysis is a standard method for monitoring occurrence and development of damage in
composite materials. Micro-deformations, which are usually linked to irreversible changes
in the material such as crack formation and propagation, cause acoustic waves, which
propagate in the material. Piezo-electrical sensors mounted on the surface of the material
detect these acoustic waves and transform them into voltage signals, which provide the
basis for further investigations. By counting signal activity, localizing source positions and
identifying classes of signals, AE analysis aims at deriving information about the amount of
damage, source position and type of damage in order to investigate material failure [Sause,
2016].

Emission of electromagnetic fields during failure of materials is a phenomenon, which has
been under investigation for many years. First reported within minerals (sylvine) in 1933,
EME was measured for different materials and failure types henceforward, substantiating
that the emitted EME signals are highly dependent on material and failure types. [Frid
et al., 2003]

Similar to the acoustic emission analysis, counting and classification of EME signals can
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provide further information about accumulated damage and failure type. In contrast to AE
analysis, source localization of an occurring failure is not possible in EME signal analysis
without further information due to the propagation speed of electromagnetic waves close
to speed of light. [Sause, 2016]

In cases where the separate methods approach their limits, combination of AE and EME
analysis can be advantageous. For example, they form a good tool for crack localiza-
tion based on time delay between detection of EME and AE signals due to the different
propagation velocities of acoustic and electromagnetic waves [Sedlak et al., 2008|.

Both, AE and EME analysis allow conclusions based on real-time information on a qualita-
tive basis but the lack of detailed understanding of correlation between source mechanisms
and measured signals prohibit the reliability of quantitative information so far [Sause, 2016].
For a comprehensive understanding of the processes during failure of fibre-reinforced poly-
mers, it is essential to investigate failure of fibre and matrix individually. In a collaboration
of experimental physics and applied analyis in the framework of the project ”Relation of
electromagnetic and acoustic emission to temporal and spatial crack motion on a micro-
scopic scale in polymers and carbon fibres” funded by the DFG, the groups investigated
AE and EME during crack propagation in polymers, carbon fibres and composite materials
in different experiments accompanied by simulation.

This work is motivated by an experiment examining EME and AE during three-point
bending tests of brittle dielectric materials carried out within the framework of the project.
Figure shows a sketch of the used setup.

Universal testing machine

UF Acquisition card

. AE sensor A | |

Preamp.

EME sensor
I—r\_ |

Shielding =
B

Figure 1.1.: Diagram of experimental setup (Graphics from: S. O. Gade et al., Relation
of Electromagnetic Emission and Crack Dynamics in Epoxy Resin Materials,
Journal of Nondestructive Evaluation, published 2014 by Springer Nature)
|Gade et al., 2014).



In the experiments, force applied via a universal testing machine induces fracture of RTM6
specimen with force in the specimen acting perpendicular to the crack walls, which is called
mode-I fracture. The setup enables simultaneous monitoring of AE and EME and ensures
a distinct orientation of the crack surfaces in the material.

The origins of the emitted electromagnetic fields during failure of materials are still highly
debated [Frid et al., 2003]. It is therefore necessary and aim of the experiment and the
present thesis to gain a profound understanding of the basic characteristics of the EME
source in order to enable better analysis and interpretation of emitted EME signals.

Figure [T.2 shows a typical pair of AE and EME signals measured in the experiments.
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Figure 1.2.: Typical pair of AE and EME signals obtained in three point flexural tests of
RTMS6 (Graphics from: S. O. Gade et al., Relation of Electromagnetic Emission
and Crack Dynamics in Epoxy Resin Materials, Journal of Nondestructive
Evaluation, published 2014 by Springer Nature) |Gade et al., 2014].

The EME is measured by a capacitive sensor consisting of two copper plates. The left plate
is grounded, the right plate is attached to a measurement circuit consisting of preamplifier
and acquisition card.

The measured EME signal clearly shows two different signal components, a component
referred to as the base signal in the following is superimposed by a high-frequency
component (superimposed oscillation).

Low variance in orientation of the fracture surfaces of less than five degrees ensures a
reproducible source of EME signals. Adjustability of the right plate of the EME sensor
allows to study the influence of source—sensor distance on the EME signals, the rotation
of the specimen allows to examine the influence of crack orientation. By investigation of
relation of EME and crack dynamics and the influence of orientation and distance of the

induced crack surfaces on the detectable EME signals, the experiment enables investigation
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of the basic characteristics of the EME source.

Two main areas of interest arise from the described experiment.

On the one hand, a better understanding of the origins of EME and the characteristics
of the source is required. For this purpose, we model the EME source in the experiment
and develop a model of the EME source by comparison of simulation results with the
experimentally derived data. Modelling and simulation of EME requires careful choice of
involved equations of electrodynamics and solid mechanics and their appropriate coupling.
Furthermore, it is particularly important that the discretization, i.e. mesh size and time
step, is precisely adjusted to the model. It turns out that our derived and implemented
source model is able to reproduce all experimentally observed characteristics of the EME
source.

Besides the interest in the EME source, one is particularly interested in the optimal shape
and position of the EME sensor in the experiment, which is still based on the experience
of the scientists to date. Mathematical formulation of this problem as an optimal design
problem reveals that the well-known theory of shape optimization via homogenization for
real-valued material parameters must be extended to complex-valued material parameters.
We investigate the extension of the method and point out the difficulties that arise in
context of complex-valued material parameters. Under certain additional assumptions, we

develop and implement a method that addresses the problem of EME sensor optimization.

Part I and Part II of this work deal with these two areas of interest.

Part I of the present work is concerned with modelling of the EME source in the epoxy
resin specimen. Simulations compared to the experimental results investigate the source
mechanisms of EME during crack propagation and enable the development of an EME

source model.

Part II of the thesis focuses on questions concerning the optimal shape and position of
the EME sensor used in the experiments. To this end, we first theoretically investigate
an extension of the method of shape optimization via homogenization. In a further step,
the application of the derived method allows to answer questions about the optimal sensor

design which arise in connection with the experiment.



Part |I.

Investigation of source
mechanisms of electromagnetic
emission during crack propagation
caused by mode-| failure in epoxy
resin materials






In the first part of this work, we focus on modelling the EME source in the specimen. The
origins of the EME are still widely discussed and the lack of a source model comprising all
the so far experimentally found characteristics of the EME source motivates the develop-
ment of a new source model. Simulations compared to the experimental results form the
basis for investigation of source mechanisms of the EME during crack propagation. In this
way, we establish a model of the emitting source which is capable of explaining the differ-
ent parts of the experimentally obtained EME signals. Three contributions of the EME
signals originate from separation and relaxation of charges during crack growth and from
the vibration of charged crack surfaces. The conducted experiments show a directional
character of the emitted electromagnetic field and a strong dependence of the amplitude of
the signals on the distance of source and capacitive sensor plate. We are able to reproduce

these results in the simulations based on the proposed source model.

In order to ensure the comparability of simulated and experimentally obtained data, the
basic 3d setup of the later discussed models matches the experimental geometry of the
flexural test setup for polymers (see figure . In the following, the experimental data
for comparison of the simulation to experimental results is courtesy of S.O. Gade and
published in the joint paper [Gade et al., 2014] by S.O. Gade, U. Weiss, M.A. Peter and
M.G.R. Sause.

Part T of this thesis is structured as follows.

In chapter the developed EME source model is introduced and an overview of the
different source model approaches considered in the simulations is presented. Furthermore
we provide the necessary background to mathematical modelling and simulation of the
involved mechanisms and the post-processing of the simulation results. In chapter [3| we
approach the described EME source model by considering the charge distribution as a
function of crack growth on hypothetical crack surfaces in the material in our model. In
first simulations, we reproduce a representative EME signal by time-dependent charge
generation on one hypothetical crack surface. In order to include the measured directional
character of the EME source as well, we extend the model further and take into account
time- and position-dependent charge generation on two hypothetical crack surfaces in the
specimen. Chapter [4] is concerned with the EME signal component originating from the
vibration of the charged crack surfaces. We couple the model derived in the previous
chapter with crack wall vibration in the specimen. Chapter [5]| concludes by summarising
the findings of Part 1.






2. Towards an EME source model

The following sections provide the basis for the simulations described in chapters [l and [4]
2.1 recaps the existing source model approaches and introduces a new source model sup-
porting the experimental findings concerning the characteristics of EME. §2.2] presents the
examined source models and is concerned with mathematical modelling of the proposed
source model including simplifications. describes important details of the implementa-
tion based on the described equations in the simulation software COMSOL Multiphysics®,
describes the procedure for final comparison of signals from experiment and simulation

using a transfer function taking into account the measurement electronics.

2.1. Source model theory

The first models of the source of electromagnetic emission during failure of samples of
sylvine were established in the late seventies [Frid et al., 2003]. Since that time different
attempts were made to combine all experimentally found characteristics of electromag-
netic emission in one source model. In [Sause, 2016], M. Sause categorizes the different
approaches roughly as dislocation models, discharge models, capacitor models and Frid’s
electrical surface wave model.

Despite the variety of existing attempts all models so far established fail for different
reasons. In [Frid et al., 2003|, Frid et. al recap and review the different theories and
provide a new model based on already existing and at the time new found experimental
results. Following their argumentation, an all-encompassing source model has to explain

the different experimentally found characteristics of EME sources summarized by Frid:
e Occurrence as individual pulses or clusters of pulses

e Influence of fracture dynamics/dimensions

Dependence on material properties

Distinct character and orientation

e Occurrence independent of crack mode (tensile and shear cracks).

Frid et al. suggest that the typical shape of EME signals originates from the generation
of a charge source with strength proportional to the crack area growth and oscillations on
both sides of the crack originating from electrical surface waves. Despite the consideration
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of all the aspects mentioned before, this electrical surface wave model is not supported by

the results presented in the following.

In [Sause, 2016], M. Sause points out that a valid source model has to include in particular
the contributions of mechanical movement occurring during crack propagation, which are
not included in Frid’s model.

At first, simulations question the idea of a correlation between the form of the base signal
and mechanical effects of the vibration of the crack surfaces. Data derived from test
source experiments in comparison with simulation results described in chapter [3] clarify
that the form of this signal part actually originates from the bandwidth of the recording
setup. Nevertheless, further simulations described in chapter [4 show that vibration of crack
surfaces potentially acts as source for the superimposed oscillation observed in the EME

signals.

The lack of a source model comprising all the experimentally found characteristics confirms
the need of introduction of a new source model. In our proposed model, we conclude the
EME signals for mode-I failure of brittle materials to originate from three contributions

which are shown schematically in figure [2.1

1. Generation of charges at the crack tip due to breakage of molecular bonds (which

results in temporal increase of charges),

2. Charge relaxation dependent on the material properties and the geometry of the

crack,

3. Charge movement due to crack wall vibration.

10



2.2. Overview of examined source model approaches
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Figure 2.1.: Schematic description of signal generation.

The following simulations and comparison of the results with experimental data substan-
tiate our hypothesis of the formation of the electromagnetic signals:

When a crack propagates in the material molecular bonds break and charges appear at
the crack surface, leading to an asymmetric charge separation. This results in a rise of the
potential at the sensor. The temporal characteristic of the resulting charge distribution is
related to the propagation velocity of the crack tip in the material. The separated charges
then recombine with a relaxation time depending on the dielectric properties of the material
and the geometry of the crack. The combination of both effects causes a temporal increase
of charges due the progress of crack propagation and a subsequent decrease due to charge
relaxation. As we will see later, these contributions result in the base signal component.
Another part of the signal is created by vibration of the charged crack surfaces. The charges
present at the crack surfaces move according to the present mechanical movement of the
crack surfaces as long as they are present. This movement results in the superimposed
oscillation in the signal.

In the following we investigate whether the described source hypothesis is suitable to de-

scribe the experimentally obtained signals and source characteristics.
2.2. Overview of examined source model approaches

In order to deepen the understanding of the characteristics of the EME source mechanism

and to confirm our hypothesis of EME formation during mode-I fracture, we approach

11



2. Towards an EME source model

the complete source model described in §2.1] step by step. This procedure enables the
investigation of dependencies between different characteristics of the source and their effects
in the obtained signal as well as the development of a profound understanding of the
experimental setup and included measurement electronics. Furthermore the successive
approach allows for initial avoidance of a direct modelling of mechanical effects of crack
propagation in order to get around the computational costly consideration of fracture
mechanics in the models.

In a first attempt (Model 1a), the electromagnetic emission source as a function of time
on one internal boundary of the single-edge notched beam as displayed schematically in
figure deepens the understanding for the model geometry, signal processing and post-
processing and enables first comparisons of simulated and experimentally obtained signals.

p(t)

z

L,

Figure 2.2.: Schematic description of Model 1a.

The second attempt (Model 1b) with time- and position- dependent application of charge
following the crack tip on two hypothetical crack surfaces in the specimen (see figure
for schematical description) allows for reproduction of the directional behaviour of the

emitting source observed in the experiments.

'p(zlt) p(zlt)

z

Lr.,

Figure 2.3.: Schematic description of Model 1b.

In our third attempt (Model 2), schematically shown in figure we attend to the super-
imposed oscillation by including mechanical movement of the hypothetical crack surfaces

(crack wall vibration) following a prescribed oscillation in a generalized geometry setting.

_p(zlt)

d(t)

L,

Figure 2.4.: Schematic description of Model 2.

12



2.3. Mathematical modelling of electrodynamics and solid mechanics

2.3. Mathematical modelling of electrodynamics and solid

mechanics

In order to model the sources of EME described in §2.2] we consider the equations de-
scribing the corresponding phenomena, namely Maxwell’s equations of electrodynamics
and simplifications thereof for charge generation and relaxation and the equations of solid
mechanics for inclusion of crack wall vibration in the simulation model. The following sec-
tions recap the key aspects of the mathematical description of electrodynamics and solid
mechanics in context of the presented topic and make use of standard notation. A short
introduction to both topics can be found for example in [Eck et al., 2011], a more detailed

explanation of electrodynamics in [Bartelmann et al., 2018].

2.3.1. Maxwell equations and simplifications

The following exposition is based on [Eck et al., 2011] and [Bartelmann et al., 201§].
The basis for mathematical consideration of electrodynamics is formulated in Maxwell’s
equations:

v.-E=2 (2.3.1)
€0
V-B=0 (2.3.2)
0B
VxE=-"7 (2.3.3)
V x B =g (JG + Eo%f) (2.3.4)

with electric field F, magnetic field B, permittivity of free space ¢y, permeability
of free space g, electric charge density p and electric current density J.. This
formulation relates to a representation on microscopic scale including total charge and
total current at atomic level. The equations are therefore called microscopic version of
Maxwell’s equations.

Gauss’ law describes charges as source of the electric field whilst equation
states that the magnetic field is solenodial. Faraday’s law of induction describes the
generation of electric field by a time-varying magnetic field. states that magnetic
fields are in turn generated by electric current or by time-varying electric fields.

Since the magnetic field is not subject of investigation of neither the experiment nor simu-
lations and, based on the assumption of negligible inductive effects, we reduce our system
to:

13
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V-E=— Gauss’ law (2.3.5)

VXE=—-—=0 Faraday’s law of induction. (2.3.6)

The electric field is therefore considered as irrotational, what allows to describe the electric
field as gradient of a scalar potential V', provided that one considers a simple connected
domain:

E=-VV. (2.3.7)

The consideration of single charges and their effects is unmanageable in applications, there-

fore one passes to the description of Maxwell’s equations in macroscopic formulation.

2.3.1.1. Macroscopic formulation of Maxwell’s equations

When an electric field is applied to a dielectric material, the material reacts to the field in
terms of electric dipoles at microscopic level what is macroscopically reflected in a bound
charge density p,. The total charge density p consists of this bound charge density
py and the charge density generated by free charges p; . The part from the free charges
can be split up again into a part pe,: originating from external charge distribution and a
part from free charge carriers in the material p.. [Bartelmann et al., 2018]

p=py+ps
:pb+pc+pezt~

Here and in the following we explicitly consider p. and pe,: separately. In the following
Pext serves for the formulation of the EME source in the material.

Introducing the dielectric displacement field D
D=¢FE+ P

covering the materials reaction to the electric field due to bound charges by the polar-
ization field P
pp=—V-P (2.3.8)

equations (2.3.5) and ([2.3.6]) transform to the macroscopic formulation

V-D =ps Gauss’ law (2.3.9)
VXE=0 Faraday’s law. (2.3.10)

According to the charge density, the conduction current density J. is due to free

14
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charges in the material, the temporal change of the dielectric displacement D generates the

displacement current density Jy:

o
Jo= 5D (2.3.11)

The equation of continuity guarantees conservation of free charges in the material:

9
ot

V-J.= charge conservation (2.3.12)

stating that the source of the conduction current is a temporal change of the free charge
density in the material.

The equations considered so far are material independent. They are supplemented by
Ohm’s law and constitutive relations described in the following.

We complement Maxwell’s equations by Ohm’s law, expressing the proportionality of elec-

tric field £ and conduction current density J.:
Jo=0FE Ohm’s law, (2.3.13)

introducing the conductivity o of the material which is in general given as a tensor.
Furthermore, we supplement the given equations by the material law which describes P
as function of the electromagnetic field. In linear media with slowly varying fields, P is
proportional to E:

P =¢x.E (2.3.14)

with electric susceptibility x., describing the ability of a material to polarise in response
to an applied electric field. Introducing the relative permittivity ¢, = 1 + x. of the

material, which is in general given as a tensor we deduce
D =¢FE+ P = ¢ye. B constitutive relation. (2.3.15)

Together with further simplifying assumptions stated in the following, the described equa-
tions form the basis for modelling in Part I of this work. Given the previously derived
equations describing electrodynamics without inductive effects, we consider two further
simplified sets of equations in our models, namely the equations of electric currents
and the equations of electrostatics. As already stated we model the source of the EME
by pext-

The following considerations form the basis for the equations implemented in the later
described models. A short introduction can be found in [Com, 2015b].

2.3.1.2. Equations of electric currents

The wavelengths of the occurring electric fields are large compared to the geometrical

dimensions of the experimental setup. This allows us to neglect induced electric fields. In
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2. Towards an EME source model

Model la described in §3.2] we therefore initially decided on modelling the contributions
due to charge generation and relaxation via a current conservation equation based on Ohm’s
law, which follows from the previous described equations without any further assumptions
or simplifications. Besides the generation of charges at the crack tip modelled by pe,: the
contribution of the source model due to relaxation of charges is included in the model by
the conductivity o of the material.

Based on equation ([2.3.9)) we deduce

0 0
D) = 7(pc + pewt)- (2316)

v'<§ ) ot

Inserting the continuity equation of charge conservation ([2.3.12f) we conclude

0 0
& (&D + Jc) = apewt- (2317)

Together with Ohm’s law ([2.3.13)) this leads to the following system of equations

V-J=Q; (2.3.18)

oD 0
J=0FE+ a5 (0 + EQGTa)E (2.3.19)
E=-VV, (2.3.20)

accounting for conduction currents and displacement currents with current source

Qj = %pm- (2.3.21)
When modelling via the electrical currents approach, the sensor plates are modelled as
ideal conductors by use of corresponding boundary conditions. These boundary conditions
ensure that the potential on connected surfaces is equal, which corresponds to an effective
conductivity of o = co.
The derived equations of electric currents (2.3.18)), (2.3.19) and (2.3.20) form the basis for
modelling the EME source in Model 1a, cf.

2.3.1.3. Equations of electrostatics

The previous described approach is chosen when accounting for relaxation of charges during

the considered period of time due to conductivity of the material.

However, results of conducted test source experiments and comparative simulations showed,

that in the described experiment with the material used this source component plays a

subordinate role for the signal formation of the measured signals. Consequently we reduce

our model by neglecting migration of charges in the material and switch to a quasi-static
q

modelling of the problem in §3.3] and §4 We assume equilibrium state description of the

problem in every single point in time neglecting the charge relaxation during the observation
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2.3. Mathematical modelling of electrodynamics and solid mechanics

time. By p. = 0 in (2.3.9) the system reduces to the description of electrostatic field in
dielectric media containing no free charge carriers. We consider the source of the EME as
an explicitly described spatial distribution of the electric charge density pes: in every time
t:

V- (e0&rE) = peat (2.3.22)
E=-VV. (2.3.23)

Again conductive materials of the sensor plates are modelled as ideal conductors by appli-

cation of corresponding boundary conditions.

2.3.2. Equations of Solid Mechanics

Consideration of mechanical movement of crack walls in our model in chapter {4 requires
coupling of the equations describing the signal contribution of charge generation and re-
laxation with the equations of solid mechanics. The following exposition is based on [Eck
et al., 2011].

In addition to the spatial (Eulerian) coordinates = (x,,2)”, continuum mechanics makes
use of the material coordinates X = (X,Y, Z)T | also referred to as reference coordinates
or Lagrangian coordinates.

Material coordinates are defined by the position of a material point in the reference con-
figuration at ¢ = 0 without any force.

When a solid object is deformed due to an applied force, the displacement u(X,t) of
material point X in time ¢ is described by the difference of the current spatial position x

of X and the original position of X:
2(X,t) =2(X,0) +u(X,t) = X + u(X,1). (2.3.24)

In solid mechanics we solve for the displacement field u = (u, v, w)?.

The local measure for the deformation is the deformation gradient F’
F=Vu+1, (2.3.25)

where Vu is the displacement gradient
Vu=| 2y Ov 9dv | (2.3.26)

The columns of F' correspond to the tangent vectors of the images of the coordinate lines

in the deformed state.
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2. Towards an EME source model

Consider two points X and X + a with small distance |a| before deformation. The distance

of the two points in the deformed configuration can be derived by Taylor expansion:
|2(X +a) — 2(X)| ~ |(I + Vu)a| = (a¥' (I + Vu)T (I + Vu)a)/? (2.3.27)
A local measure for length variation is therefore described by
C:={I+Vu'(I+Vu)=F"F, (2.3.28)

called Cauchy—Green deformation tensor. In contrast to F', it accounts for strain but not
for rigid-body rotation.

Further, we introduce the Green-Lagrange strain tensor G
1 1 T T
G := i(C —I)= i(Vu + Vu' + Vu' Vu), (2.3.29)

which is again symmetric and independent of rotation.

The stress tensor describes the stress state in a certain point in the deformed material.
Depending on the considered coordinate system, there are different formulations of the
stress tensor, namely Cauchy stress o, First Piola-—Kirchhoff stress P and Second Piola-

Kirchhoff stress S, which can be transformed by the following relations:

S=F'lp
o=J1PFT,

where J is the ratio between current and initial mass density

J =2 = det(F). (2.3.30)

(]
Cauchy stress is true stress formulated in Eulerian coordinates relating forces in the present
configuration to areas in the present configuration. In contrast, the Piola—Kirchhoff tensors
refer to areas in the reference configuration. For the First Piola—Kirchhoff stress, the forces
are described in spatial directions, while for the Second Piola—Kirchhoff stress both area

and force are described in the reference configuration.

The equation of motion in material configuration can be derived from the conservation of
momentum formulated in material coordinates combined with Gauss’ divergence theorem:
0002u —V - P = Fy, (2.3.31)

with the First Piola—Kirchhoff stress tensor P. The density gy corresponds to the material
density in the initial undeformed state, the volume force Fy has components in the actual

configuration but given with respect to the undeformed volume.
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2.4. Implementation in COMSOL Multiphysics®

Two linearisation steps provide a linear model for elastic materials.
For infinitesimal deformations, i.e. when Vu is small, we linearize G, which is called

geometric linearization:
1 1
G =G =5(Vu+ Vul + Vul'Vu) ~ 5 (Vu+ vul). (2.3.32)

The tensor ¢ 1
e(u) = 5(Vu + VauT) (2.3.33)

is then called linearised strain tensor. In the course of geometric linearisation, the differ-
ences in the stress tensors disappear. We follow the diction in literature and denote the
stress tensor by o.
Assuming linear behaviour of the material we complement the equation of motion by
Hooke’s law: s

oij = Z cijrier(u) fori,j =1,2,3, (2.3.34)

k=1

with 4th order elasticity tensor C' with components c;;z;, which has 21 independent com-
ponents due to symmetry reasons.
In the modelling of the experiment in chapter [ we are dealing exclusively with homogeneous
isotropic materials. In this case the number of independent elastic constants is reduced from
21 to 2 and the elasticity tensor is described by C = C(F,v), with modulus of elasticity F
and Poisson’s ratio v. This results in reduction of the equation of continuity to

E
20+ T 3 )1 =2

000%u — VV - u=Fy. (2.3.35)
This equation becomes important in chapter [4] when the model is coupled with mechanical

movement of the hypothetical crack surfaces.

2.4. Implementation in COMSOL Multiphysics®

We perform the simulations with COMSOL Multiphysics®, a simulation software based
on the Finite Element Method (FEM) [Com, 2015a].

Based on the graphical user interface (GUI) the user follows the typical workflow to gener-
ate a simulation model: First the model geometry is defined and corresponding materials
are assigned. In a next step, the partial differential equations relevant for modelling of
the considered physical processes are selected and suitable boundary and initial conditions
are assigned to the geometry. In addition to direct modelling by PDEs, this can also
be done via so-called physics interfaces and modules, which already summarise the corre-
sponding partial differential equations for modelling certain phenomena. For modelling of
the described EME source mechanisms, we use the Electric Currents respectively the Elec-
trostatics interface from COMSOL®’s AC/DC Module and the Solid Mechanics interface
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2. Towards an EME source model

from the Structural Mechanics Module, which solve for the respective equations described
in and

In a final step, the user defines a mesh on the corresponding geometry and chooses ap-
propriate shape functions for the spatial discretization via FEM. Discretization in time is
carried out by means of a selected time step and time-stepping algorithm for time-dependent
problems.

A careful choice of mesh and time-step suitable to resolve the occurring frequencies is
important to guarantee success of the FEM. Theoretical considerations on the occurring
wavelengths and comparison of signals with different mesh-size and time-step performed
with Model la form the basis for the mesh and time-stepping applied in the described
simulations, for details see

Besides the advantage of user-friendly and application-oriented model generation via GUI,
COMSOL Multiphysics® is particularly made for coupling of different physics, which is of
major interest in Model 2, when the equations of electrostatics are coupled with equations

of solid mechanics.

2.5. Transfer function

In the simulations we evaluate the electric potential averaged over the non-grounded plate
of the capacitive sensor as resulting signal. The design of the models does not include
the signal processing part of the measurement electronics, i.e. preamplifier and acquisition
card of the experimental setup (see figure . Thus, one has to distinguish between
the signals present at the sensor and the signals produced as output in the experiment.
Direct comparison of experimental results and results of the simulation is not possible and
a post-processing step is introduced.

This step requires a deeper understanding of the EME acquisition system and investigation
of its influence on the signal transmission. For this purpose, test-source experiments were
conducted: an antenna coupled to an arbitrary waveform generator was introduced into
the described experimental setup as a test source emitting an electric field in place of the
specimen. Both periodic voltage signals within a frequency range of 100[Hz] to 1[MHz]
as well as specific waveforms resembling the hypothetical temporal characteristics of the
electric field as function of crack growth were generated and emitted by the antenna. The
corresponding output was then analysed to study the influence of the sensor system on the
signal processing, for details see [Gade et al., 2014).

The results of these test-source experiments form the basis to describe the transmission
behaviour of the measurement electronics using a transfer function. For an input signal
uin (t) generated by the waveform generator, we denote by oyt (t) the corresponding output

signal. The transfer function H(w) relates the Fourier transformed signals

o Fluou (1)}

H) = )
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2.5. Transfer function

and describes how signals are transformed by the sensor system.

By use of the derived transfer function accounting for the influence of preamplifier and
acquisition system, we can convert the evaluated results of the models in a post-processing
step into signals which can directly be compared to the signals obtained in the experiment.
Due to the mode of its derivation, the transfer function reflects the measurement chain
only up to an unknown scale factor. Comparison between simulation and experiment also
apply up to a scaling and it is neither possible to conduct any quantitative comparison of
simulated and experimentally obtained signals, nor draw quantitative conclusions on the

amount of charge present at the crack surfaces.
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3. Model 1: Charge distribution as
function of crack propagation

Approaching the full source model step by step, a first attempt focuses on the modelling
of charge distribution due to crack propagation in the specimen and does not include
mechanical movement of crack surfaces.

To enable comparison of simulated and experimentally derived EME signals, Model 1a and

Model 1b cover the complete experimental setup.

3.1. Basic setup: Geometry and Material

The model geometry displayed in figure represents the experimental setup consisting
of RTM6 specimen, test fixture made of non-conducting materials, the grounded shielding
box and other construction parts, and the EME and AE sensors (cf. [Gade et al., 2014]).

Geometrical simplifications are made for details of components such as screws, sensor
holders, acoustic sensor and parts of the universal testing machine whenever the influence

on the detected signal is assumed to be negligible.

e The test fixture is made from nonconducting materials. The load pins consist
of polyvinyl chloride (PVC) and the rest of the fixture of polymethyl methacrylate
(PMMA).

e The specimen made of RTM6 with size of 25 x 5 x 5 [mm)] (length, height, width)
and notch of 1 x 3 X 5[mm)] can be rotated with the bend fixture along the z-axis in

order to investigate the influence of the detection angle, see figure 3.2

The different source models applied in Model 1a and 1b require different geometry of

the RTM6 specimen concerning the hypothetical internal crack surfaces. Details are

described in §3.2.7] and §3.3.T]

e The acoustic emission sensor (KRN type ”Glaser” sensor) consists of a simplified

geometry which is grounded, according to the experimental setup.

e The electromagnetic signals are detected via two small copper plates (ca. 6 x 8 x 1
[mm] (length, height, width)) forming a capacitive sensor. Following the experi-
mental setup, the sensor plates in Model 1 are not arranged completely symmetrically,

but vary slightly in their height position.
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3. Model 1: Charge distribution as function of crack propagation
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Figure 3.1.: Geometric setup of Model 1a and Model 1b (Graphics from: S. O. Gade et al.,
Relation of Electromagnetic Emission and Crack Dynamics in Epoxy Resin
Materials, Journal of Nondestructive Evaluation, published 2014 by Springer
Nature) [Gade et al., 2014].

e The whole setup is shielded against electromagnetic noise in a grounded aluminum

box of 3[mm)] thickness.

The following material properties are assigned to the corresponding domains. Table
lists the properties of the materials employed in the model, for details see |Gade et al.,

2014).

Material relative permittivity €,  conductivity o [S/m]
pPvC 2.90000 1.000 e-14
PMMA 3.00000 1.000 e-14
RTM6 4.12538 6.668 e-10
Air 1.00059 8.000 e-15

Table 3.1.: Material properties applied in the model

All boundaries of left capacitor plate, the bolt on which the test fixture is mounted on, the
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3.2. Model la: Time-dependent charge generation on one hypothetical crack surface

Figure 3.2.: Rotation of the specimen enables investigation of the detection angle (Graphics
from: S. O. Gade et al., Relation of Electromagnetic Emission and Crack
Dynamics in Epoxy Resin Materials, Journal of Nondestructive Evaluation,
published 2014 by Springer Nature) [Gade et al., 2014].

acoustic sensor and the shielding box are grounded in accordance with the experimental
setup. The non-grounded capacitor plate is considered as ideal conductor with infinite
conductivity ¢ = oo, which is modelled by application of a floating boundary condition on
its surface.

We evaluate the electric potential averaged at the right plate of the capacitive sensor as
resulting signal in our simulations. The signal processing part of the measurement chain
consisting of preamplifier and acquisition card is taken into account by a system transfer
function derived from experimental data, the procedure is described in The resulting

signal can then be directly compared with the experimental signal.

3.2. Model 1a: Time-dependent charge generation on one

hypothetical crack surface

In a first attempt we apply a time-dependent surface charge p..+ = p(t) at the hypothetical
crack surface position as schematically displayed in figure [3.3] with the aim of generating a

first signal for comparison with experimentally obtained data.

p(t)

z

[
Figure 3.3.: Schematic description of Model 1a.

Containing the relevant parts of the signal regarding the frequency range the simulations
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3. Model 1: Charge distribution as function of crack propagation

form the basis for investigations concerning mesh-size and time-stepping.

3.2.1. Source modelling

The maximum frequency of the oscillating signal component in the measured signals is 80
[kHz]. The wavelengths of the occurring electric fields are accordingly large compared to
the geometrical dimensions of the experimental setup. Thus the approximation via electric
currents approach as described in is applicable.

In correspondence with the underlying source model hypothesis, the applied time-dependent
surface charge density p(t) splits into two parts, see figure the first part represents the
charge separation progress at the crack tip. A second contribution accounts for the effect
caused by the movement of charges due to mechanical movement during crack wall vibra-
tion. In this model we replace oscillations due to mechanical movement with oscillations
generated by time-variation of the charge density. This approach enables first comparisons
between simulated and experimentally obtained signals without involving the additional
computational effort of including the equations of solid mechanics in the model. Super-
position of both parts forms the surface charge density applied on one internal boundary
mimicking the crack surface in the material.

Simulations are performed for fixed source—sensor distance of d = 14 [mm] in the basic
arrangement of the experiment with ¢ = 0, see figures [3.1] and [3.2]
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3.2. Model la: Time-dependent charge generation on one hypothetical crack surface
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Figure 3.4.: Applied surface charge density (above) consisting of part due to charge sepa-
ration progress at the crack tip (middle) and part due to crack wall vibration
(below).

3.2.2. Simulation results

Besides the derivation of the transfer function we were able to reproduce a representa-
tive EME signal in the test source experiment. The direct comparison of experimentally
obtained and simulated signals is in the following based on the signal resulting from this

experiment.

The described modelling approach of Model 1a results in a simulated signal showing good
accordance with the experimentally obtained signals of the test source experiment. As
described in §2.5 a post-processing step takes into account the measurement electronics via
transfer function. This step allows direct comparison of measured signals and transformed
results of the simulation.

Figure [3.5] shows the measured test source signal and the simulation result.

27



3. Model 1: Charge distribution as function of crack propagation
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Figure 3.5.: Comparison of test source signal and converted result of simulation (Model
1a).

The results of simulation confirm the hypothesis that generation of charges and time-
dependent variation of their strength lead to EME signals similar to those detected in the
experiments.

Initial considerations that the observed form of the base signal part stems from the vibration
of the charged crack surfaces, are disproved. Simulation results reinforce that the base
signal at the non-grounded sensor plate is directly proportional to the charges present at
the crack surfaces. Figure [3.6] shows the corresponding simulated signal derived at the

sensor before before the post-processing step.

simulation

electric potential [V]
w

0 50 100 150 200
time [us]

Figure 3.6.: Simulated signal at the sensor in Model 1a.

This shows that the observed form of the EME base signal originates actually from the
bandwidth of the recording setup. Considering the typical temporal stages of crack growth

(cf. [Sause, 2016]) in comparison with the shape of the simulated electric potential at
the sensor in figure [3.6] motivates further that the base signal part of the experimentally
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3.3. Model 1b: Time- and position-dependent charge generation on two hypothetical crack surfaces

obtained signals rather originates from continued charge separation at the crack tip prop-
agating in the material.
A constitutive approach in Model 1b incorporates this behaviour in terms of time-and po-

sition dependent application of charge following the hypothetical crack tip in the material.

The simulations of Model la in comparison with experimentally obtained data improve
the understanding of effects of the experimental setup as well as the substantial influence
of the measurement electronics. Unintentional effects of the experimental setup mainly
suspected due to the short distance between specimen, sensor plates and acoustic sensor
can be excluded based on the results of the simulation.

Careful consideration of the occurring frequencies and signal comparison with different
meshes and time-steps in Model 1la form the basis for mesh and time-stepping applied
in the following. We choose a resolution of the RTM6 specimen and the capacitive sensor
plates with a maximum mesh element size of 0.5 [mm)]. For the remaining domains we chose
a element growth rate of 1.5 which ensures an adequate resolution in the area between
specimen and detector and reduces the degrees of freedom in areas which do not affect
the calculated field. The time-dependent calculation is conducted via Generalized-alpha-

algorithm with a time-step size of 1 [us].

Despite the good similarity of simulated and experimentally obtained signal for the se-
lected setup, the employed source model approach of Model 1a is obviously not sufficient
to reproduce the characteristics of the EME source examined in |Gade et al., 2014]. We
found that a clear correlation between energy of the EME signals and detection angle is
observable for both parts of the signals. While the sensor orientation in the experimen-
tal setup was fixed, the bend fixture and specimen were rotated in the (z,y)-plane, for
the purpose of systematically changing the angle between crack surface and sensor plate,
showing a directional field distribution in the results. The experimental results illustrate
a behaviour that macroscopically rather resembles a dipole source, which cannot be repro-
duced by simple charge application on one crack surface. Hence, the proposed modelling
approach in Model 1a is not capable of reproducing the experimentally obtained directional
characteristic of the source. In Model 1b a continuative approach is chosen to overcome

this major drawback of Model la by introducing two oppositely charged crack surfaces.

3.3. Model 1b: Time- and position-dependent charge
generation on two hypothetical crack surfaces

In this consecutive approach, we focus on the component of the signal originating from
charge generation at the crack tip.

The source of the EME described by peg: is defined by opposite surface charge density
p(Z,t) and —p(Z,t) on two hypothetical crack surfaces following the crack progress in the
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3. Model 1: Charge distribution as function of crack propagation

material without considering the oscillating part of the signal, schematically described in
figure

z

L.,

Figure 3.7.: Schematic description of Model 1b.

With this approach we aim to overcome the major drawback of Model la and reproduce

the directional behaviour of the experimentally obtained signals.

3.3.1. Source modelling

After detailed comparative studies and consideration of charge relaxation times of the
occurring materials, we decided for a further reduction of the model to the electrostatic
formulation neglecting the charge relaxation process, which has insignificant effect on the
obtained results.

The source of the EME modelled by pe,+ is given via time- and position-dependent applica-
tion of surface charge density p(Z,t) and —p(Z,t) on two internal boundaries of the speci-
men which represent the hypothetical crack surfaces. On these internal boundaries, surface
charge density p(Z,t) and —p(Z,t) is applied following the hypothetical crack progress in
the material that we deduced from the experiments. This crack progress (see figure
shows the expected typical phases of acceleration and deceleration of a crack propagating
in the material (cf. [Sause, 2016]).

[mm]

crack progress in material

T T 1
0 50 100 150 200
time [us]

Figure 3.8.: Propagation of the crack tip in the material.

Since it is not possible to trigger the two sides of a generated internal surface separately in
COMSOL Multiphysics®, we decided to apply the opposite surface charge densities on two
additional internal boundaries mimicking the two crack surfaces in the material. Special
care has to be taken of precise adjustment of the distance of the internal boundaries to
achieve a correct effect at macro-scale. It is important to bring these as close to the hypo-

thetical crack surface as necessary to represent the correct behaviour from a macroscopic
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3.3. Model 1b: Time- and position-dependent charge generation on two hypothetical crack surfaces

point of view. However, the discretization in the simulations represents a natural limit for
a reasonable distance. As a result, the discretization, i.e. time step and mesh size, and the
distance between internal boundaries and hypothetical crack surface must be well matched
to each other.

To ensure that the simulations are able to resolve the high-frequency component of the
signal which oscillates with about 80 [kHz|, a time step of 1E-6[s] was chosen. When
determining the mesh size at the hypothetical crack surface, one has to include the max-
imum speed at which a crack propagates in the material in the considerations. With a
maximal crack tip velocity of about 22[m/s|, which we derived from the experiments, the
corresponding dista