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Preface

Today, light-weight design is an implicit necessity and overriding goal in automotive engineering,
electric mobility, machine tools, as well as for aerospace and large wind energy plants. It claims to
design components and structures that are light, stiff, safe, and reliable at the same time. However,
this leads to a multitude of technical and economic requirements which are inconsistent with one
another. The research approach of the CRC/TR 39 is to solve the design conflict by using active light-
weight structural components. The focus lies on the scientific fundamentals for the material integration
of piezoceramics into high performance components of light-weight structures consisting of aluminum
and polymer fiber composites.

Vision and incentive is the capability of mass production for active light-weight structural components,
as this is required for the profitability of the process chain. The approach for solving this problem is to
combine the hitherto separated production lines of passive component structures with the production
lines of sensor-actuator modules. Hence, the material integration of piezoceramics takes place directly
in the process of producing the components. Up to now, the functional bond between the mechanical
component and the sensor-actuator module has been realized by joining processes or assembly
techniques. This bonding is translocated to the inside of the active structural component during the
production process.

Recent results are a knowledge base on design, semi-finished part production, function integration
and characterization of active light-weight structural components. Precise solutions were implemented
for connecting non-positive, form-closed, firmly bonded sensors and actuators consisting of
piezoceramics as well as in situ characterization. The evidence of functionality of structural
components with integrated sensors and actuators was provided by demonstrations. Thus, noise
sensing and active noise reduction for example, was represented by different components. These
components are comparable with typical structural automobile components regarding geometrical
variety (radius of curvature), manufacturing process (forming, high-pressure die casting, fiber
composite), and material (aluminum, fiber composite). A further goal consists in the explicit expansion
of the range of applications of active light-weight structural components by improved functionality and
capability of mass production. The functionality is to be reached by using new methods in design,
integration, and characterization of piezoelectric converters as well as direct embedding of control
electronics and evaluation electronics.

The 5th Scientific Symposium of the CRC/TR 39 is an open forum for the discussion between experts
from the PT-PIESA projects and scientists from other institutions as well as experts from industry
about recent research results.

5" Scientific Symposium 9
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Active fiber-reinforced thermoplastic composite components with embedded sensor-actuator arrays

Active fiber-reinforced thermoplastic composite compo-
nents with embedded sensor-actuator arrays

Holeczek, K.; Starke, E.; Dannemann, M.; Modler, N.; Winkler, A.

Institute of Lightweight Engineering and Polymer Technology (ILK), Technische Universitét Dresden,

Holbeinstr. 3, 01307, Dresden, Germany

Abstract

The fiber- or textile-reinforced thermoplastics
offer a high potential for the series production
and simultaneously for the integration of addi-
tional functional elements. Using this property, a
variety of smart functions like condition monitor-
ing or measurement of the surrounding flow can
be achieved. An open topic in successful applica-
tion of smart functions is the assurance of the
post-manufacturing position of the modules with-
in the smart component. This problem becomes
crucial, considering a module array where the
position and orientation of the individual ele-
ments is essential for their correct operation.
Within this paper an attempt is made to qualita-
tively characterize the relation between the devi-
ation of position and angle of one of the trans-
ducers within the array and the ability to generate
a directional wave. Herein, a three-dimensional
parametrical model where the position and angle
of one of the transducers are freely variable was
developed and applied. The results reveal that
when one of the transducers within the array is
tilted the wave front is heavily distorted. In con-
trast a shift of one of the transducers case mini-
mal distortion of the ideal wave field. The ob-
tained results enable modification of array con-
figuration in order to improve the wave genera-
tion characteristics.

1 Introduction

Due to their layered composition and the produc-
tion procedures, the fiber- or textile-reinforced
thermoplastics enable the possibility for material
integration of functional elements, like sensors,
actuators or electronic circuit boards. Such ele-
ments are a vital prerequisite for successful im-
plementation of smart functions, e.g. active vibra-
tion damping, load monitoring or structural health
monitoring.

State-of-the-art smart functions utilize elements,

which are mainly adhesively bonded to or into
the structural components [1, 2]. The associated

assembly and bonding processes are, however,
characterized by several labor- and
time-intensive work steps. Additionally, the adhe-
sive bonding of the function elements to the fiber-
reinforced polymer structure causes a loss of
deformation transfer and hence an inefficient use
of sensor and actuator potentials [3]. A solution
to that problem is the application of novel ther-
moplastic-compatible modules where their plastic
carrier film is made from the same material as
the matrix material of the fiber-reinforced compo-
nent. Application of such modules enables a
successfully transformation of the current manual
production process of active textile-reinforced
thermoplastic composites into an automated
series-production process. A challenging issue
that still needs to be solved is related to the as-
surance of the post-manufacturing position of the
modules within the smart component [4]. This
problem becomes vital, considering a module
array where the position and orientation of the
individual elements is essential for their correct
operation. Since the assessment of misalign and
misorientation influence on the operation charac-
teristics is geometry specific, investigation of
possible combinations of modules size, compo-
site layup, and component geometry is not feasi-
ble. Therefore, an elementary configuration has
been analyzed consisting of a rectangular base
geometry and attached to the plate piezoelectric
sensor-actuator arrays.

2 Problem definition

Embedded piezoelectric transducer arrays are
suitable for radiation and reception of plate
waves. This property can be used for ultra-
sound-based measuring tasks [5, 6], load moni-
toring [7] or structural health monitoring applica-
tions [8, 9]. For ultrasound measurement tasks,
the plate waves are used for an efficient radiation
of sound waves into the adjacent media, e.g. air
or water. This effect can also be reversed in or-
der receive sound waves.

5" Scientific Symposium
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The sound radiation and reception is based on
the interaction of fluid and solid waves. Especial-
ly the bending wave, also known as the first
asymmetric plate wave mode, can be efficiently
used for sound radiation due to its short wave-
length and high out-of-plane displacement com-
ponents. Additionally, for some measurement
applications it is advantageous to directionally
send or receive sound waves. The first step to
obtain directional ultrasound radiation is the gen-
eration of directional bending waves in the plate.
This can be achieved by using transducer arrays
instead of a single transducer. Through adapta-
tion of the actuator array configuration, the main-
ly excited or received plate wave mode can be
precisely controlled [10, 11]. Furthermore, the
directivity of the plate waves can also be adjust-
ed [12]. Depending on the size and the distance
between the individual transducers, the electrical
driving signal for every transducer has to be de-
fined in order to shape the wave characteristics.
On the one hand the distance between the indi-
vidual transducers need to be precisely known in
order to optimally drive the transducer array. On
the other hand the relative position between the
transducers is influenced by the limited tolerance
of the manufacturing process. Since a calibration
would require a labor-extensive characterization
of every manufactured active component, a rela-
tion between the position and angle deviation
and the ability to generate a directional wave
need to be identified. This problem has been
preliminarily investigated in the presented contri-
bution using a parametrical finite element model.

3 Numerical model

A three-dimensional parametrical model consist-
ing of two submodels: a free-free supported plate
and attached to it four piezoelectric transducers
(transducer array), was elaborated. The model
has been created using a commercially available
finite-element software [13]. The position and
angle of one of the transducers are freely varia-
ble. The general overview of the developed
model including the geometrical configuration
and the physical interpretation of the free param-
eters (Ax, Ay, Aa) is presented in Fig. 1.

To realistically simulate the interaction between
the electrical driving signal of the transducers
and the resulting plate wave, a coupled electro-
mechanical problem has to be solved. Therefore
the transducers were modelled as 3-D 20-Node
Coupled-Field solid elements (SOLID 226). The
elastic base structure has been meshed with

116568 quad elements of type PLANE 223 with a
maximum element size 0.2 mm.

In order to capture the time and space depend-
ent phenomena connected with the propagation
of mechanical waves, a transient analysis with
the time step of 2.5 us has been performed.
Herein the termination time was set to 500 ps
what results in 200 load steps per one simula-
tion. The mechanical properties of the base
structure have been determined in the experi-
mental investigations.

i
b ; |
A\ .
': Base structure made of
i glass fiber-reinfarced
! polyamide 6
P
200 mm -
c Main wave ‘
propagation
E < direction®s E <
3 -
.ﬂ_\? —
-./\' An ¥ 2
Ay

Transducer with
variable position

Eq
I;| Ay Ef
k X E:

e

Fig. 1: General overview of the elaborated model with
geometrical interpretation of the modifiable parameters

3.1 Identification of mechanical material
parameters

The investigated material consists of glass fi-
ber-reinforced polyamide 6 semi-finished prod-
uct — TEPEX® 102-RG600(x)/47%, produced by
Bond-Laminates GmbH. This composite material
is characterized by a twill wave reinforcement
balanced in longitudinal and transversal direction
and the thickness of a single layer of 0.25 mm. In
order to determine the mechanical properties 15
samples from this material with the size 25 mm x
250 mm have been manufactured. The investi-
gated material consists of 8 individual layers thus
the thickness of one sample equals to 2 mm.

The determination of the material parameters of
the base structure was performed by means of
standardized tensile tests using tensile testing

12
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machine (Z100, Zwick Roell AG) instrumented
with a video extensometer. Since the investigat-
ed material is characterized by anisotropic prop-
erties, specimens cut under angle of 0°, 45° and
90° in relation to the longitudinal direction of the
reinforcement were investigated. The mechanical
material properties used in the simulation are
summarized in Table 1.

Table 1: Mechanical material parameters of the
TEPEX® 102-RG600(x)/47%
Property Symbol | Value and unit
Young’s Modulus’ Ey 19.83 GPa
E. 5.76 GPa
Shear Modulus® Gx 7.3 GPa
Poisson’s ratio® ViL 0.17
Density® P 1.8 g/cm®

The transducers were assumed to be made from
piezoelectric ceramics based on lead zirconate
titanate (type PIC181 manufactured by Physik
Instrumente (PlI) GmbH & Co. KG). The corre-
sponding material parameters were assumed
solely based on the manufacturer data [15]
(v. Table A.1 in Appendix A) and calculated to
the notation required by the applied finite ele-
ment software.

3.2 Simulation setup

The transducers were driven by a sinus win-
dowed cosine signal with 35 kHz fundamental
frequency and amplitude A equaling 6 V (Fig. 2).
Application of a narrow bandwidth signal with a
certain number of cycles can greatly prevent
wave dispersion [16].

In order to generate a directional plate wave, the
transducers have to be activated in predefined
moments in order to amplify the desired plate
mode as well as to shape the directional charac-
teristics of the propagating wave. The geomet-
rical configuration together with the material
properties of the base structure governs the op-
timal time delay which in the presented study
equals 23.4 ps.

! Tested according to DIN EN ISO 527-4 Standard

% Determined following the procedure in DIN EN ISO 14129
Standard

® Provided by the manufacturer in [14]

Driving signal in V
=
=

0 125 250 T4 500
Simulation time in ps

Fig. 2: Exemplary transducer driving signal

Following configurations have been investigated:

o optimally driven transducer array without any
geometrical deviation from the ideal configu-
ration as a reference,

e transducer array with one of the transducers
moved geometrically in x-direction by 2 mm in
comparison with the ideal configuration,

e transducer array with one of the transducers
moved geometrically in y-direction by 2 mm in
comparison with the ideal configuration,

e transducer array with one of the transducers
tilted geometrically by 20° in comparison with
the ideal configuration.

All deviation values were estimated based on the
observations of manufacturing of similar compo-
nents since the experimental data is not present
at the time. Nevertheless, the model can deliver
already a good insight into the phenomena that
can occur in possible applications.

The time-delays of the driving signals for all the
investigated configurations were set as if the
information about the geometrical distortion
would be not known. Such an approach matches
the real application situation when the active
components are not characterized individually
after the manufacturing process.

4  Results and discussion

Since the obtained data is a function of time,
place and analyzed configuration, a simple and
informative presentation of the results is greatly
limited. In order to visualize change of the wave
fields due to transducer array misorientation,
snapshots at the same time of the propagating
wave for every analyzed configuration has been
created. Subsequently, the differences between
the snapshots have been calculated and taken
as a measure of the influence of geometrical
deviation on the performance of the transducer
array to generate directional waves.

5" Scientific Symposium
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4.1 Wave fields for the analyzed configura-
tions

For the result presentation, the wave field for one
time step namely at 20 ps has been selected
based on the following criteria:

e the wave has to propagate trough some dis-
tance in order to reveal its directivity and plate
mode character

o the reflections of higher plate modes — if any
present — from the plate edges should not in-
terfere with the main wave front.

In Fig. 3 the wave fields for all investigated con-
figurations can be seen®. Herein, it is clearly visi-
ble that when one of the transducers is tilted

geometrically (Fig. 3 D) the wave amplitude is
much smaller in comparison not only with the
reference case but also with configurations with
geometrically shifted transducer.

Fig. 3: Out-of-plane displacements (in nm) of the plate
wave generated by a transducer array. (A) For the
transducer array without any geometrical deviation.
(B) For the transducer array with one transducer
moved in x-direction by 2 mm. (C) For the transducer
array with one transducer moved in y-direction by
2 mm. (D) For the transducer array with one transduc-
er tilted by 20 deg

Although the influence of the transducer shifted
in any of the analyzed directions on the wave
shape seems to be marginal some difference

* For animations refer to Table A.2

between the cases can be noted. The shift in x-
direction (Fig. 3 B) causes unsymmetrical distor-
tion of the wave field left and right to the main
wave propagation direction. In contrary, the shift
in y-direction (Fig. 3 C) manifests itself in distor-
tion of the wave field along the main wave prop-
agation direction. In order to visualize the chang-
es in the wave fields caused by the geometrical
misorientation of one of the transducer within the
array, the difference between the wave fields has
been calculated with regard to the reference
case.

4.2 Distortion of the wave fields

On Fig. 4 the distortion of the wave fields due to
the transducer array misorientation is presented.

Fig. 4: Change of the out-of-plane displacement (in
nm) of the plate wave generated by a transducer array
in relation to the transducer array without any geomet-
rical deviation. (A) For the transducer array with one
transducer moved in x-direction by 2 mm. (B) For the
transducer array with one transducer moved in y-
direction by 2 mm. (C) For the transducer array with
one transducer tilted by 20 deg

By analyzing the resulting wave fields it can be
noted that:

e the main change of the wave field for the
transducer array with one of the transducers
moved geometrically in x-direction can be
seen on the left and right from the main wave
propagation direction (Fig.4 A). The ampli-
tude of the change accounts to approx. 25%
of the ideal case,

14
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o for the transducer array with one of the trans-
ducers moved geometrically in y-direction, the
biggest change of the wave field can be seen
along main wave propagation direction
(Fig. 4 B). The amplitude of the change ac-
counts as in the previous case to approx.
25% of the ideal case,

o for the transducer array with one of the trans-
ducers tilted, the change of the wave field is
very significant (Fig. 4 C): the amplitude of the
change accounts to approx. 80% of the ideal
case. This can be explained by the fact that in
this configuration the wave propagation is not
strictly directional.

5 Conclusions and outlook

In the contribution the influence of geometrical
distortion of the transducer array on the mechan-
ical wave generation has been studied. Herein,
the reference case with optimally driven trans-
ducer array without any geometrical deviation
from the ideal configuration as well as transducer
array with one of the transducers moved geomet-
rically in x-direction by 2 mm, in y-direction by
2 mm and tilted geometrically by 20° have been
independently modelled and analyzed.

It is clearly visible that when one of the transduc-
ers is tilted geometrically the wave front is heavi-
ly distorted. Moreover, the change of the wave
field is very significant and accounts to approx.
80% of the ideal case. The marginal influence of
the transducer shift in any of the analyzed direc-
tions on the wave shape has been observed.
Nevertheless, some difference between the cas-
es can be noted. The transducer shift in
x-direction causes unsymmetrical distortion of
the wave field left and right to the main wave
propagation direction whereas the shift in
y-direction manifests itself in distortion of the
wave field along the main wave propagation
direction.

In the future investigations the aspects connect-
ed with the actual manufacturing distortions as
well as experimental validation of the presented
results are intended.
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Appendix A

Table A.1: Material parameters of the PIC181 lead
zirconate titanate material [15]

Property Symbol | Value and unit
Density P 7.8 g/cm3
Young’s Modulus Ezz 122 GPa

Ez: 54 GPa
Esz 56 GPa
Ez2 103 GPa
Ezs 54 GPa
Essz 122 GPa
Es 33 GPa
Ess 31 GPa
Ess 33 GPa
Permittivity in vacuum ) 8.85x 10" F/m

Piezoelectric stress €31 -7.1 C/m?
coefficients 033 14.4 C/m?
ers 15.2 C/m?
Relative permittivity at £11 413
constant strain £33 877

Table A.2: Animations of the wave fields for analyzed

array configurations

http://wwwpub.zih.tu-dresden.de/
~mdanne/tr39_2015_01.html

http://wwwpub.zih.tu-dresden.de/
~mdanne/tr39_2015_02.html

http://wwwpub.zih.tu-dresden.de/
~mdanne/tr39_2015_03.html

http://wwwpub.zih.tu-dresden.de/
~mdanne/tr39_2015_04.html

Reference.

Optimally driven
transducer array with-
out any geometrical
deviation from the
ideal configuration

Transducer array with
one of the transducers
moved geometrically
in x-direction by 2 mm
in comparison with the
reference

Transducer array with
one of the transducers
moved geometrically
in y-direction by 2 mm
in comparison with the
reference

Transducer array with

one of the transducers
tilted geometrically by

20° in comparison with
the reference

16

5" Scientific Symposium




Structurally integrated piezo-actuators for manipulation

of structure-borne sound transfer paths of rear axles

Structurally integrated piezo-actuators for manipulation of
structure-borne sound transfer paths of rear axles

Lochmahr, M."; Hofmann, M."; Drossel, W.-G.?; Troge, J.?; Zumach, S.?

"Mercedes AMG GmbH

2Fraunhofer-Institut fiir Werkzeugmaschinen und Umformtechnik

Abstract

The gear whine phenomenon of rear axles is a
well-known acoustic issue especially in rear-
wheel and four-wheel drive vehicles. The
acoustical optimization of this problem leads to
the major goal conflict: improvement of the
vibrational isolation of the rear axle versus
excellent driving dynamics of the vehicle. One
possible solution for this issue is in focus of a
research project at Fraunhofer Institute for
Machine Tools and Forming Technology IWU in
cooperation with Mercedes AMG GmbH. The aim
is to reduce the noise contributions of the rear
axle using an active vibration control system
based on structurally integrated piezo-actuators
on the transfer path from the axle into the
vehicle.

1 The gear whine phenomenon of rear
axles

The tooth mesh can be seen as the main noise
source in gears. Due to the changing stiffness in
the contact zone of the tooth flanks, while rolling
off on another, a so-called parameter excitation
occurs which causes dynamic forces in the gear
mesh. Furthermore, there are geometric
deviations due to the production process and
designed flank modification, which additionally
effects a periodical displacement excitation.

Fig. 1: Example rear axle assembly (red markers:
mounts of differential gear box, green markers: rear
sub frame mounts) Source: Daimler AG.

The resulting dynamic forces are transferred over
the shaft-bearing system into the housing
structure of the differential gear box. Besides
direct sound radiation of the housing due to
surface velocities, structure-borne energy is
transferred over the bearing system into the
vehicle body.

In terms of rear axles, the excitation is higher
compared to typical transmission gear boxes due
to the high torque which needs to be transmitted
through the complete drive train. Basically, rear
axles of passenger cars are decoupled twice
from the vehicle body using a rear sub frame
(Fig. 1, Fig. 2). The elastomer elements between
axle and frame are typically arranged as a three-
point-bearing and the sub frame is coupled to the
vehicle body using four elastomer mounts. In
terms of a force excitation from the gear mesh,
the rear axle is forced to oscillate in its flexible
mounting. The resulting rigid-body motions and
sensitive frequency ranges depend on the
distribution of the dynamic mass and the
boundary mounting conditions.

vahicle bady

Cracl  Fdu;
rear sub frame

Fig. 2: Schematic vibration model of the rear axle and
it’s double elastic mounting

Typical operational deflection shapes are
pitching, rotating, wobbling. In all cases, a
significant amount of structure-borne energy is
transmitted through the rear axle mounting in the
sub frame. Afterwards, the structure-borne sound
is transferred through the frame and its
elastomer mount into the vehicle body. Structural
modes of the frame can be also excited within
certain frequency ranges and additionally
transferred into the vehicle.
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In the passenger compartment gear whine is
perceived as a load and drive speed dependent
tonal noise. Because of the narrowband noise
characteristics, it is an annoying and unpleasant
sound, which is even noticeable at low sound
pressure levels. The frequencies of gear whine
result from the rotation speed of the driveshaft
multiplied with the number of teeth of the bevel
wheel which is called the first gear mesh order.
The first order is the dominant one in most
cases. Sometimes also the harmonics like 2"
3" and 4™ order contributes to the overall sound
pressure level [1]. In most cases, the whining
noise is not present in all operating modes of the
vehicle, instead there are often just a few speed
ranges where the gear noise is dominating the
interior noise.

2 Transfer path of rear axle noise to
the driver’s ear

For analyzing the noise phenomenon,
measurements have been carried out on different
test vehicles under changing driving conditions.
Beside the measurement of sound pressure level
at different positions in the passenger
compartment, acceleration signals in front of and
after each mounting positions in three
dimensions as well as the rotations speed of the
drive shaft have been recorded. From
comparison of the overall sound pressure level
and the extracted 1% and 2" gear mesh orders at
different rotation speeds, the critical operation
modes from acoustical point of view could be
identified. For example, Fig. 3 shows a
measurement of a vehicle under partly load
conditions. Between 1800 and 1900 rpm the 1%
gear mesh order is dominating the overall level,
which can be perceived as a distinct gear whine
noise inside the car.

1st gear mesh order
2nd gear mesh order
#—— overall sound pressure level
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Firq. 3: Overall sound pressure level at driver’s ear and
1" and 2" gear mesh order over rotation speed of the
drive shaft

All critical frequencies and corresponding rpm-
ranges for the interior noise could be identified in
this way. In a further step, the responsible rigid-
body motion of the rear axle has been calculated
and animated based on measured acceleration

signals using a simple structure model. The
relevant operational vibrations are wobbling and
rotating modes of the rear axle body in its
mounting points. Fig. 4 shows an example rigid-
body motion of the rear axle at 540 Hz, which
corresponds to a driving speed of 80 km/h. Major
deformations can be detected at the front mount
and the left rear mount, which is due to a
wobbling mode. It is obvious, that depending on
the rigid-body motion of the differential gear
housing, the structure-borne energy transfer into
the sub frame can significantly vary between the
different mounting positions and spatial
directions.

Fig. 4: Measured rigid-body motion of the rear axle at
80 km/h

The occurring operational deflection shapes are
forced oscillation excited by the dynamic
components of the redirected moment within the
rear axle differential.

3 Vibration reduction by structurally
integrated piezo-actuators

An active vibration control system (AVC) is
based on the idea to compensate disturbing
vibration by inducing an additional vibration with
opposite phase (180° phase shift). For
generation of the compensating vibration,
different actuator types can be used depending
on the required force level, acceleration level and
the interesting frequency range. Actuators based
on piezo ceramics have been used for several
practical applications yet, in order to reduce
unrequested vibration. The main advantage is
the high force level which can be generated with
less space and weight compared to other
actuator types. The achievable displacements
are comparable low. For AVC in the middle and
high frequency range, where in most cases force
excitations are needed, piezo-actuators in form
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of patches or stacks are most suitable. In the last
years, various active fiber composite actuators
based on piezoelectric ceramic materials have
been developed. Relevant types are for example
»Active Fiber Composites< (AFC) [2], »Macro
Fiber Compositec (MFC) [3], DuraAct—patch
transducer (DuraAct) [4] und >Multilayer piezo
composites< [5]. There are several commercial
products available at the market yet. They can be
used with actuator or sensor functionality as well.
A connection to the structure is usually
established by gluing the actuator on the surface.
In terms of AVC-application, an alternative
approach has been developed within the
SFB/TRR 39 PT-PIESA, which is the direct
integration of the actuator in a metal structure
e.g. between two metal sheets. The production
process consists of an automated application of
adhesive and piezo module on a metal sheet,
placing of a top layer metal sheet and forming of
the complete composite, while the adhesive is
still viscous. In this way, it is possible to
manufacture  complex,  three-dimensionally
shaped piezo-metal-composites with structurally
integrated actuator/sensor functionality (Fig. 5).

Fig. 5: Example of a three-dimensionally shaped
structure with integrated actuator/sensor functionality

The main advantages of this technique are:

e actuator can be placed directly in the force
flow

e actuator countracts the material deformation
not only on the surfaces rather directly in the
material

e actuator counteracts the material deformation
not only on the surface rather directly in the
material

e actuator modules directly protected against
external influences (moisture, dirt, salt etc.)

Besides AVC, there are different applications
where structurally integrated piezo-actuators can
be used: e.g. active noise control (ANC),
structural health monitoring or sound generation.

4  Solutions for noise reduction of rear
axles

There are several primary and secondary
measures to lower gear noise inside a car, which
in most cases influences other functionalities and
leads to major goal conflicts. The most efficient
way is to lower the excitation from the gear
mesh, which is the structure-borne sound source
(primary measure). From experience, a
significant reduction of the gear excitation often
causes a worse durability behavior in
combination with lower system effectiveness. In
addition, the production costs for an acoustical
optimized gear is much higher due to high
demands on production accuracy in terms of
micro geometry and surface quality. A second
way for gear noise reduction is the optimization
of the transfer path into the passenger
compartment, which are so called secondary
measures. The three mounts of the differential
gear box seem to be most suitable since they are
the direct connection to the sub frame. Lowering
the stiffness would improve the vibration isolation
significantly. But the vibrational behavior of the
whole drive train (engine, gear box, drive shaft,
rear axle) will be negatively influenced. Because
of the high excitation of the engine, the drive train
is forced to torsional motions. Lowering the
stiffness of the differential housing will shift
eigenmodes to lower frequencies, where the
main torsional engine vibrations occur. This will
lead to a worse ride comfort inside the car due to
torsional deflection shapes of the drive train. The
third possibility for gear noise reduction is the
improvement of the isolation of the rear sub
frame mounts by changing to lower stiffness.
This will also affect the driving dynamics
significantly because movements of the rear axle
relatively to the car body will be increased. In
terms of high performance vehicles, the driving
dynamics is a major selling point. That’s why it is
not an option to change the stiffness
characteristics of the rear sub frame mounts [6].
Because of the presented goal conflicts in the
acoustical development process of high
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performance cars, active systems for vibration
reduction come into consideration. There are
different approaches, which needs to be
analyzed in detail with view on the application on
a rear axle. First possible configuration could be
an actuator, which is mounted directly on the
differential gear housing to interact with the rigid-
body motion. Because of the high dynamic mass,
which is moving, the force level of such an
actuator will be quite high, which makes it
inefficient. Second way could be a direct force
input into the connection points to the vehicle
body. This will be most effective because it is
closest to the receiver position inside the car.
Since, there are 4 mounting positons with each 3
degree of freedom, a quite complex active
system consisting of several actuators needs to
be setup. Furthermore, the control algorithm will
be also quite complex, because there will be
additional crosstalk between the excitation points
which needs to be taken into account.

Based on these basic considerations, influencing
the structure-borne energy flow over the rear sub
frame seems to be the most promising approach
[7]- In this configuration, an actuator is placed on
a point on the rear sub frame, where the energy
flow can be influenced in a best way (Fig. 6).

drivee shafl

rear sul frame

cofaact pﬁjllﬁ- [4]
velcle body

possibile actuator
|>.1~i|'iua|\.

Fig. 6: Example positions of piezo-actuators for an
AVC-system on a rear axle

The required force level on the rear sub frame,
behind the differential mounts, will be much lower
compared to a direct interaction with the moving
gear housing. Furthermore, there will be no
negative influence on other functionalities like
mentioned before.

5 Simulation model for rear axle noise

In order to reduce the structure-borne energy,
which is transmitted through the rear sub frame

mounts into the vehicle, the actuator needs to be
placed on a position on the frame, where it can
influence the force flow ideally in all 4 mounting
positions in the dominant directions.

Fig. 7: FE simulation model of the rear axle

A FEM simulation model has been set up, in
order to find the optimal actuator position for an
AVC-System. It consists of the rear axle
components, which influence the rigid-body
motion of the axle body and the structure-borne
energy transfer in the vehicle (Fig. 7). These are
the rear sub frame, the gear housing, the drive
shaft and all mounts on axle and vehicle side.
For simplification and reduction of calculation
time, the excitation from the gear mesh is not
included in the model. Instead, the acceleration
signals, which have been measured in the full
vehicle tests, are applied to the rear axle
mounting positions to simulate the operational
deflection shape within the calculation model.
This gives a sufficient accurate simulation of the
operational vibrations as well as the operational
force input through the rear sub frame mounts
which is the relevant transfer path for lowering
gear noise contributions in the passenger
compartment.

Fig. 8 shows the simulated rigid-body motion of
the rear axle at 80 km/h which is similar to the
measured mode shown in Fig. 4.

Fig. 8: Simulated rigid-body motion of the rear axle at
80 km/h

In a next step, the model is used to calculate
transfer functions from possible excitation points
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to the contact point at the vehicle body. High
sensitivity in the TFs corresponds to high
potential for influencing the force flow into the car
structure. Using a point net on the rear sub
frame, the TFs from a normal excitation at a
driving point to the three dimensional force
reactions at 4 mounts are calculated. Because of
the high stiffness of the sub frame mounts and
the low accelerations which has been measured
on the car body side, a force dominated energy
transfer can be assumed. That’s why a force to
force transfer function should give the relevant
information about influencing the energy flow.

As a result, 12 TFs for each excitation points are
calculated. This leads to a three-dimensional
n X 12 X f matrix [Hnxvz| of transfer functions,
where n is the number of the driving points, m is
the number of rear axle mount (m = 1,2,3,4),
x,y,z are the spatial direction and the third
dimension of the matrix is frequency (1).

diag(F,F ... F)-[H,..]=
'E F F F. .. F

—11x —11y —11z —12x — 14z

F. F., F.F, - F. O®
F. F, F.F. - F

| —nix —nly ——nlz ——n2x —n4z |

A subsequent analysis of the matrix will show the
most promising driving point. This will be done by
looking for the row with the highest force
sensitivities in a certain frequency. For different
modes of the rear axle at different frequencies,
diverse sensitive driving points may be identified.

A second analysis method, which could give
promising results, is the evaluation of structural
intensity (STI) which is a parameter for energy
transfer within a structure. STI is defined as a
scalar product of the force, which is acting on a
surface element, and the occurring velocity.
Compared to the acoustical intensity, the scalar
value pressure needs to be replaced by the
stress tensor [8], [9]. The STl-analysis, as a tool
for visualization of energy transfer, will be
investigated later in the project. It will show the
positions on the rear sub frame with highest
structural energy flow. Following, the ability for
noise reductions of these possible driving
positions for an actuator is analyzed in the
simulation model.

6 Rear axle test bench

For verification of the simulation, full vehicle
measurements are not suitable because the

excitation effects and transfer paths cannot be
separated. Furthermore, it is very difficult to
directly measure operational forces on a driving
vehicle. For that reasons, a rear axle test bench
has been set up. It consists of the complete rear
axle assembly except break components and
wheels. For defined boundary conditions at the
rear axle mounts, a “blocked force” configuration
has been used.

Fig. 9: Rear axle test bench with shaker excitation

Instead of the car body, the axle is rigidly
mounted on a vibration fundament (Fig. 9). As
already mentioned in section 5, it can be
assumed, that the structure-borne energy
transfer is force-dominated. That’s why, the force
deviation to the real boundary conditions in the
car will be minimal in this setup. In addition, the
boundary conditions are comparable with the
simulation model. To measure operational
forces, three-dimensional force transducers are
connected between rear sub frame mounts and
fundament. The excitation of the gear mesh is
not induced by rotating gears but rather
simulated by exciting the rigid-body motion of the
differential gear housing using a shaker. If the
measured accelerations before the differential
mounts are similar to the measured ones on the
test bench, it can be assumed, that the structure-
borne energy transfer in to the sub frame is also
on a comparable level.

o ¥ -

Fig. 10: Comparison of operational deflection shape of
the rear axle at approx. 100 km/h, left: rear axle test
bench, right: full vehicle test on roller test bench
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Fig. 10 shows a comparison of the operational
deflection shape at a vehicle speed of approx.
100 km/h which has been reproduced on the test
bench and measured in a full vehicle on a roller
test bench. In appearance, the two deflection
shapes are nearly equal which could be also
confirmed by calculation of the Modal Assurance
Criterion (MAC), which shows the correlation
between two shapes. The calculated value is
MAC = 0.91 which implies a very good
correlation.

The test bench with the reproduced deflection
shapes can now be used to test possible
actuator positions for an active vibration control
system, which has been derived from a
simulation. The force reduction at the sub frame
mounts will show the effectiveness of the varying
excitation positions and will give an indication for
an operational force reduction in a vehicle.

7  Further investigations

Based on the simulation and the investigations
on the rear axle test bench, one or two actuator
positions with high potential for noise reduction
will be determined. Following, these excitation
points need to be tested with a piezo patch
actuator in order to analyze the required force
and the effectiveness of the system.

Later on in the project, the production process for
an integration of the piezo-actuator in the sub
frame will be developed and implemented in
order to build prototype parts and carry out test
on a full vehicle under driving conditions.

8 Conclusion

The integration of a piezo based actuator in a
sub frame of a rear axle seems to be a promising
approach to significantly reduce gear noise of the
rear differential in the passenger compartment of
a car. In addition, it could be a reasonable
alternative to the known primary and secondary
measures for gear noise reduction and will also
solve major goal conflicts in the development
process. In terms of costs and complexity, an
AVC-system for rear axle has a considerable
advantage because new significant possible
savings can be generated, e.g.:

e reduction of production costs for acoustically
optimized gears - higher excitation of low
gear qualities could be compensated by AVC-
system

e reducing mass on rear axle components and
vehicle body - worse acoustical behavior
could be compensated by the AVC-system

The final concept of an AVC-system for rear axle
noise including actuator, production process,
control algorithm, high voltage amplifier needs to
be analyzed in detail and compared in terms of
estimated costs in a series production and
potential savings on a full vehicle.
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Abstract

Fibre-reinforced composites are considered to
meet current and future challenges of function
integrated lightweight components. Questions
regarding condition or structural health
monitoring  with integrated piezoelectric
transducers are gaining importance. For series
applications of composite structures with sensor
function, appropriate production technologies are
required. Based on the development and
production of piezoceramic components, the
process-integrated embedding of  novel
piezoelectric  elements in fibre-reinforced
polyurethane composites is described. However,
in order to achieve an active structure, the
piezoceramic components embedded in the
composites must be poled. This obstacle is
overcome by a poling process that is conducted
during the uncured stage of the polyurethane
matrix. The new method was experimentally
verified.  Additionally, a first performance
evaluation of sensing properties was done.

1 Introduction

The production of piezoceramic transducers and
their integration into composite structures are
connected with time and cost consuming
processing steps. Therefore, as part of the
research activities within the Collaborative
Research  Centre/Transregio (CRC/TR) 39
(subproject B6) a novel Multi Fibre Injection tech-
nology has been developed, which enables high-
volume production of composite structures with
integrated sensor elements based on fibre-
reinforced polyurethane composites [1]. The
method is particularly characterized by the
process-integrated manufacturing and
embedding of sensor elements, thus combining
the following production steps: sensor
manufacturing, composite manufacturing and
sensor integration. As piezoceramic starting
components, free-flowing semi-finished products,

such as pearls or short fibres, based on lead
zirconate titanate (PZT) are used. They can be
obtained, for example, from fibre production
residues, or manufactured by an adapted fibre
spinning process, developed in subproject A1 of
the CRC/TR 39.

Using a specially developed MFI processing unit
the sensor assembly is realized fully automated
by placing a lower electrode onto the mould and
subsequently  applying the  piezoceramic
components on this electrode, creating the
piezoelectric functional layer [Fig. 1]

Elactronic
avaluation unif Glass fira
polyunethans

compasila

Piszoalacine
functional layed

Electroda
Caontacting

Fig. 1: Schematic of a fibre-reinforced polyurethane
composite with integrated sensor elements

With placing the upper electrode onto that layer,
the sensor assembly is finished. For completely
embedding the sensor in the fibre-polyurethane
composite, the sensor assembly must be
impregnated by the expanding matrix in
thickness direction. Therefore, porous electrodes
like metal wire meshes are required. During
expansion and curing of the fibre-polyurethane
mixture, the formation of polymeric layers
between electrodes and piezoelectric functional
layer may result, which affect the poling behavior
of the sensor.

The influence of such insulation layers on the
poling characteristics has been studied in [2]. To
improve poling of the embedded sensors, an
online poling procedure is introduced, which
specifically takes advantage of the electric
conductivity of the uncured polyurethane matrix,
allowing charges to get to the surface of the PZT
components.
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2 Materials and processing technology
2.1 PZT pearls

PZT pearls of about 1200 um in diameter are
used as active phase to build up the active
polyurethane composites (Fig. 2). The PZT
pearls are fabricated by a discontinuous spinning
method based on a phase inversion process [3].
PZT powder (SONOX® P505, CeramTec GmbH,
Germany) is dispersed in a binder solution to
form a homogeneous ceramic slurry. It consists
of  75wt-% PZT  powder, 22.3 wt.-%
N-Methylpyrrolidone as solvent, 2.3 wt.-%
polysulfone as binder and 0.4 wt.-% dispersing
agent. The slurry is filled into a cartridge and
extruded through a nozzle with 0.41 mm in
diameter by means of gas pressure. It is then
dropped into a aqueous precipitation bath, which
is a non-solvent with regard to the polysulfone
binder. Therefore, the binder coagulates by an
exchange reaction between solvent and non-
solvent, leading into a rigid green body. The
distance between nozzle and precipitation bath
surface is adjusted to 12mm to achieve

approximately spherical component geometry.
The resulting pearls are dried for four hours at
80°C and subsequently sintered for two hours at
1160°C.

Fig. 2: PZT pearls with 1200 um diameter
2.2 Composite materials and processing

Overall subject of the presented research is the
development of active fibre-reinforced
polyurethane composites. These are
manufactured using a spray coat method, which
is characterized by the processing of expandable
polyurethane (PUR) in conjunction with a long
fibre reinforcement made of glass. Both starting
components of the polyurethane - polyol and
isocyanate - are mixed in a high-pressure mixing

head using the counterflow injection mixing
method. The expansion of the polyurethane is
realized by the chemical reaction of water and
isocyanate. The expansion behavior and the free
rise density are determined by the proportion of
water in the A-component (Polyol) and the mixing
ratio of the two PUR components. The degree of
expansion and hence the resulting density of the
composite can be influenced by the volume of
the mould cavity, respectively the filling degree.
In Table 1 the processing data of the used matrix
system are summarized.

Table 1: Processing parameters of used polyurethane
matrix material

Property Polyol | Isocyanate

Density [g/cm?] 1.07 1.23

Viscosity [mPas] 1600 | 220

Mixing ratio [per weight] 100 215
Mixture

Starting time [s] 85

Free rise density [g/cm?] 0.125

As reinforcing component, glass fibres specified
for cutting processes are used. The assembled
rovings have a total linear density of 4800 tex
and a linear density of the strands of 90 tex. The
rovings are fed to a special cutting unit directly
above the mixing head and cut in defined lengths
from 12.5 to 100 mm. The chopped fibres are
discharged simultaneously with the PUR matrix
into an open mould. During the discharge, both
the fibre mass content and the fibre length can
be varied and thus adapted to the local
component stress. After closing the mould, the
glass fibre-polyurethane mixture cures in the
closed cavity and can be demoulded after a few
minutes. Due to the high variability of the process
both in terms of the used matrix systems with
different degrees of expansion, and with respect
to the varying fibre mass content and fibre
lengths a wide range of mechanical properties of
the composites can be realized.

3 Sample manufacture
3.1 Processing conditions

For the online-poling studies, a sheet die with
dimensions of 650 x 650 mm® was used; the
thickness of the samples to be manufactured
was chosen to be 4 mm. The sensor assembly
was done manually on the lower mould cavity.
Subsequently, the sensor has been back-foamed
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fully automated with the fibre-polyurethane
mixture by means of a robot-guided mixing head
spreading the material all over the cavity on a
pre-programmed path. All processing conditions
(e.g. spraying path, mould temperature) and
composite specification have been kept constant
during the investigations. After curing, the test
specimens were cut out of the composite plates.

3.2 Online poling

Piezoelectric ceramics must be poled to activate
the sensing or actuation properties of the
material. Even small layers of dielectric matrix
material reduce the applied electric field at the
embedded piezoelectric components. In order to
overcome this problem, different approaches are
documented in literature. These include using a
very high electric poling field and high
temperatures, increasing the contact area
between electrode and piezoceramic by sanding
or grinding the sample, additional additives such
as carbon, semiconductor powder or metal
powder to increase the electrical conductivity [4],
or electrophoretic orientation of the particles [5].
All approaches have significant disadvantages,
such as low piezoelectric performance, high
losses or additional process steps in fabrication.
In [6], a method is described where the matrix
polymer is partially cured until its resistance is in
the range of the resistance of PZT, and then
poling is conducted.

In this work, a different poling method was
developed, tested and verified. Therefore, the
process step of poling is implemented into the
production process of polyurethane composites.
The lower electrode (copper mesh) is positioned
onto the heated mould, the PZT pearls filled in as
monolayer (see figure 3), and the second
electrode mesh placed on top.

mould

frame

PZT pearls

contact wire
to bottom
electrode

Fig. 3: PZT pearls in a frame on the bottom electrode
mesh in the mould

Then, the polyurethane is sprayed onto these
layers and the mould is closed. After the start
time tgt, @n electric voltage is applied to the
electrodes. No additional process steps or
additives are needed, saving process time and
costs. Figure 4 shows the schematic structure of
the online poling of a sample.

Polyurethane matnx _.CIppE| |"||1:<-I'| electrode

Fig. 4: Schematic structure of a sample (copper
electrodes and PZT pearls in polyurethane matrix) and
current flow through poling

Because the polyurethane is uncured or only
partially cured, its resistance is relatively low. A
current can flow between the electrodes, allowing
charges to get to the surface of the PZT even
without direct contact of PZT and electrode
mesh. The resistance of the polyurethane, which
rises with grade of curing, determines the flowing
current.
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Fig. 5: Specific electric resistance and temperature
over time in the mould during the manufacturing
process: 1) spraying of the polyurethane 2) closing ot
the mould 3) successive curing

Figure 5 shows the specific electric resistance
and temperature over process time. The
measurement was conducted with 1000 V
measurement voltage to simulate conditions for a
poling process. Resistance falls first with
spraying of the polyurethane and again with
closing of the mould. With ongoing curing of the
polyurethane, resistance is rising. Temperature is
also influenced by spraying of the polyurethane
and closure of the mould. During curing, there is
a sharp increase with a peak at about 3 min of
process time, caused by the exothermic curing
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reaction, supporting the poling process
additionally by increased temperatures [7,8].

The effective electric poling field between the
electrodes was 2 kV/mm and 3.3 kV/mm, and
applied for 60 s with different start times ty.; at
which the electric field was turned on.

Few experiments failed due to different damage
mechanisms (figure 6) that caused short circuits
during poling:

Fig. 6: Bypass wire (left) and electrical breakdown
(right) resulting in unpoled samples

e No additional insulation of the upper electrode
against earth

e small wires of electrode mesh causing a
bypass

e Gas bubbles causing electrical breakdown

4  Performance evaluation

To evaluate the poled samples, the piezoelectric
charge coefficient d33* was determined. In a
special test set-up (figure 7), a force F is applied
to the sample and the response charge Q is
measured by using a charge amplifier circuit. The
applied forces are in the range of 100 — 140 N.

Actuator for
force generation

sample

Force
measurement ring

Fig. 7: Test set-up for determination of the piezo-
electric charge coefficient dss*

The effective charge coefficient dz;* can be
calculated as follows:

~_Q
==
2= T (1)

The results are shown in figure 8.
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Fig. 8: Piezoelectric charge coefficient over poling
voltage

For poling the samples in an uncured state of the
polyurethane, charge coefficients of 3 - 4 pC/N
were achieved with a poling voltage of 2.4 kV,
coefficients of 3 - 5.5 pC/N were achieved with 4
kV. To compare the results, a sample was poled
after curing. Here, higher electric fields can be
applied since the electric resistance and
dielectric strength is very high. A charge
coefficient of 0.1 pC/N was calculated. In
addition, a sample filled with non-piezoelectric
pearls instead of PZT was fabricated and poled
with 2.4 kV. The resulting noisy response signal
was very low and lead to a charge coefficient of
0.08 pC/N. This experiment verifies that the
measured signals for PZT-filled samples come
from piezoelectric activity.

5 Conclusions

In this contribution, a new process for
manufacturing active fibre-reinforced
polyurethane composites is described. Adding
PZT pearls that act as active component and
glass fibres with polyurethane as matrix material,
composites are manufactured in a serial process
environment. Since poling of the PZT
components proved to be an obstacle in the
process, special focus is laid on a novel poling
method that takes advantage of the electrical
conductivity of polyurethane in an uncured or
partially cured state. The effective charge
coefficient ds3* proves piezoelectric activity with
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3 - 5.5 pC/N, which is assumed to meet sensing  [4] Sa-Gong, G.; Safari A.; Jang, S. J.;
requirements of lightweight structures. Newnham, R. Poling flexible piezoelectric
Further experiments will focus on variation of the composites. In:  Ferroelectrics  Letters
poling conditions (electric field amplitude, poling Section 5 (5), 1986, pp. 131-142.

time, start time) in relation to components [5] van den Ende, D. A.; Maier, R. A.; van
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Abstract

The development of functional elements which
are tailored to processes is of increasingly

significant importance to generate function
integrated components. The thermoplastic-
compatible  piezoceramic  modules  under

development are suitable for adhesive-free
integration into fibre-reinforced polyurethane
structures. The novel module design and the roll-
to-roll manufacturing process could be adapted
in a wide range of carrier film with the focus on a
optimally prepared boundary layer. The paper
includes experimental studies based on
investigations on the boundary layer behavior
between matrix-system and carrier film with the
aim of an optimal module layout for the
integration as sensor or actor. Finally the
operation of the functional elements integrated
within the manufacturing process would be
validated by component testing.

1 Introduction

The most recent production and application
method of existing functional modules and
adaptive components is characterized by manual
adhesive bonding. A common feature of existing
patch transducers such as the Macro Fibre
Composite (MFC), DuraAct, and Shape Fiber
Composite (SFC) is that they are based on
thermosetting carrier films (primarily polyimides)
which represent the outer surface in contact with
the composite structure. Current applications
require modules to be manually bonded to the
composite  structure using an additional
adhesive. The module manufacturing process
also continues to require significant manual effort
and the adhesive mounting of module
components.

Furthermore, the manual effort involved in the
manufacturing makes the integration of existing
modules expensive and disadvantageous for
high-volume applications in sectors such as the

automotive industry. A ftransition from this
assembly-oriented approach to technology-
oriented actuator integration could initiate high-
volume production of intelligent lightweight
structures.

The development of active composite structures
for wider fields of applications and new markets
is being supported by the design of novel
piezoceramic modules and associated process
technologies which are specifically tailored to
fibre-reinforced composite structures and their
respective manufacturing processes.

This papers deals with the manufacturing and
integration of novel thermoplastic-compatible
piezoceramic modules (TPM) within fibre-
reinforced polyurethane composites. This
technology is predestined for the integration of
such functional elements due to their specific
advantages such as moderate processing
conditions and superior adhesion properties.

2 Design and manufacture of TPM

To realize a high volume manufacturing process,
a high degree of automation becomes
necessary. Therefore a tailored manufacturing
process was developed based on the roll-to-roll
technology [1].

The novel thermoplastic-compatible piezo-
ceramic modules (TPM) contain of thermoplastic
carrier films, which are especially adapted for
integration within the production process of fibre-
reinforced composite. Actually a
polyamide 6 (PAG) foil is in use, where PAG is a
representative of common technical polymers.
The experimental integration studies within this
paper focus on PAG foil material.

Fig. 1 a) shows the TPM manufacturing process
that starts with the electrode application. This
takes place by an adapted additive technology
like screen printing, which allows electrode
thicknesses between 5 to 10 ym [2]. The first
step is followed by the assembly and converting
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process of the TPM using an adapted hot-
pressing technology. This part is focusing on the
exact positioning of the piezoactive core between
the functionalized foils by means of web
positioning. In subsequent steps, the TPM are
contacted and polarized in order to achieve the
required piezoelectric properties and thus to
ensure the functionality of the TPM.

Within this paper the experimental studies center
on the integration of such TPM in composite
foam structures.

3 Materials and processing technology

Within subproject B6 of the CRC/TR 39, research
is focused on integration of TPM into fibre-
reinforced polyurethane composites. For the
investigations presented in this contribution, the
long fibre injection (LFI) process is used for
manufacturing glass fibre-reinforced
polyurethane composite structures  with
integrated TPM. The LFI spray coat method is
characterized by processing of reactive two-
component polyurethane (PUR) systems in
conjunction with long glass fibre reinforcement
[3, 4]. Generally the used PUR material is
expandable which enables production of
lightweight components with very low densities.
The two starting components of the polyurethane
- polyol and isocyanate - are mixed in a high-
pressure mixing head using the counterflow
injection mixing method. Thereby short cycle
times and thus capability for high volume
production are provided. As reinforcing
component, glass fibre rovings are fed to a
cutting unit above the mixing head and chopped
to defined lengths between 12.5 and 100 mm.
Both the PUR matrix and the chopped fibres are
discharged simultaneously into an open mould
by means of a handling robot. During discharge
both the fibre length and the fibre mass content
can be locally varied and thus adapted to the
component stress.

When the spraying operation is finished, the
mould it is closed and the fibre-polyurethane
mixture cures within a few minutes. Due to the
versatility of the polyurethane matrix systems
with regard to resulting densities as well as high
process variability in terms of fibre length and
fibore mass content LFI composite components
with a wide range of mechanical properties can
be realized. Furthermore, taking advantage of
the good adhesion properties of polyurethanes,
thermoplastic films can be directly back-foamed
in the LFI process. This is used for example in

the production of high
components of passenger
vehicles [5 — 8].

quality  exterior
and commercial

4  Integration studies
4.1 Sample manufacture

The composite structures are manufactured
using the automated long fibre injection (LFI)
process and a sheet die with dimensions of 650 x
650 x 5 mm. For the investigations presented,
the TPM to be integrated is placed centric onto
the lower mould just before the manufacturing
process and subsequently back-foamed with the
glass fibre-polyurethane mixture (Fig. 1b)).
Composite samples of 3 specifications with
varying amount of PUR and resulting densities at
constant fibre mass content have been prepared.
Since the dimensions of the cavity have been
kept constant through all the investigations, the
density is defined by the amount of the
discharged PUR and glass fibres, resulting in
different degrees of expansion. The fibre length
has been set 25 mm for all samples.

The aim of this adapted process is a direct, non-
destructive integration of the functional piezo
module within a highly automated manufacturing
process of structural parts.

a)

electrode application assembly and converting

film web die
cleaning control cutting
% [Tl o
=
screen 2 piezo =
printing 4rying & cutting positioning fixing ==

b)
expansion and curing
in closed mould

spraying of PUR
in open mould

e I
open mould
T sprayed mould wnﬁ fixed TPM

PUR-structure ~ <—

with TPM closed mould

Fig. 1: Scheme of the TPM manufacturing (a) and the
adapted LFI process (b)

4.2 Quality assurance

Prior to the functional testing of the back-foamed
TPM, investigations with regard to their structural
integrity as well as the boundary layer between
the TPM and the composite structure have been
carried out. Thus, the TPM have been analyzed
before and after embedding by means of X-ray
technique in order to detect any damage as a
result of the manufacturing process. In
corresponding integration studies, different
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processing conditions with respect to glass
content and amount of matrix as well as resulting
expansion pressures and reaction temperatures
were used. The analysis of process-related
stresses shows maximum cavity pressures of
2.9 bar and maximum temperatures of 100 °C.
Due to these moderate processing conditions, no
damage to the TPM could be detected in the X-
ray studies (Fig. 2).

Fig. 2: X-ray scan of an integrated TPM before (left)
and after embedding (right)

The boundary layer between TPM and composite
is analysed by means of light microscopy. In
Fig. 3 a corresponding cross-section is illustrated
were both the fibre composite with cellular matrix
and filament cross-sections as well as the
structure of the TPM with thermoplastic carrier
films and piezoceramic functional layer are
clearly visible. In the area of the boundary layer a
compact connection of the thermoplastic films
without air inclusions can be seen, which is
necessary for a good adhesion.

Piezoceramic
layer

Thermoplastic
carrier film

Boundary layer

Cellular matrix

Glass fibres

Fig. 3: Micrograph of the boundary layer between
glass fibre-reinforced polyurethane composite and
back-foamed TPM

4.3 Proof of functionality

Laser Scanning Vibrometry

In order to proof the functionality of the TPM and
its coupling to the composite structure, the
characteristic resonance frequencies of the
samples have been determined using a laser
scanning vibrometer (LSV) (type PSV-400
produced by Polytec). The laser scanning
vibrometry enables contactless measurement
which helps to avoid distorting the mechanical
properties of the investigated object, for example
caused by the additional mass of typically used
vibration sensors. The excitation of the plates
was realized by the back-foamed TPM. A
harmonic chirp voltage signal from 0 V to 360 V
was applied to the TPM in a frequency range of
0.01 kHz to 0.2 kHz with a resolution of 0.25 Hz.
The LSV has been positioned normal to the
analysed plate because of the direct
proportionality of the LSV output signal to the
velocity of the targeted surface along the laser
beam direction. For the scanning of the surface a
pattern of 11 x 11 discrete measuring points was
used. The plates have been hung vertically using
thin and light ropes.

In Fig. 4 the determined spectrum of the surface
velocities in  dependency of the excitation
frequency is illustrated. The peaks for the
resonance frequencies are clearly recognizable.

—Specification 1 ---Specification 2 — -Specification 3 \
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0,00E+00
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Frequency in Hz

Fig. 4: Determined spectrum of surface velocities for
different composite specifications

Due to the clear curve progression a coupling of
the TPM to the structure is given. Furthermore,
the shift of the resonance frequencies to higher
values corresponds to the specification of the
investigated samples. Hence, functionality and
excitation of the TPM as well as coupling to the
composite structure could be proven.
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Optical deformation analysis

In order to underline the previous investigations
an optical deformation analysis of the sample
with embedded TPM was realized. The
examinations are performed with a test setup
including function generator, amplifier and
Digital-lmage-Correlation (DIC) -System (5M-
ARAMIS-system). Fig. 5 a) shows the embedded
sample prepared for the DIC with the typical
stochastic pattern. The TPM was driven with a
triangle signal with an amplitude of 180 V and an
offset of 180 V at a frequency of 100 mHz. The
strain field (Fig.5 b)) shows the characteristic
performance of the structural part with embedded
TPM at maximum voltage in y-direction.

a) Embedded sample
-0.07 o] 0.05
| L Eehe I — —

006 004 -0.03 -0.01 000 000 003

b} Strain fiedd in y=direction

Fig. 5: Image of the embedded sample (a) and the
appropriate strain field (b)

Due to the use of a TPM with ds;-characteristic
the module contracts with negative strain in x-
and y-direction.

The strain behaviour of the bordering structure
gives inference to the coupling of the embedded
module. At the surface of the module the
compression zone is clearly detected. And also

the elongation of the bordering foam structure
can be detected in a good manner.

Fig. 6 shows the quantitative values of the
emerging material behaviour under contracting.
The strain values of both areas are in the same
range. Due to this a good coupling between the
functional module and the structural material can
be assumed.
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Fig. 6: Quantitative performance of different areas of
the embedded sample

5 Conclusions

Using the long fibre injection process,
piezoceramic modules with thermoplastic carrier
films have been integrated into fibre-reinforced
polyurethane composites. Due to moderate
processing conditions, gentle embedding of the
TPM without damage to the piezoceramic
functional layer is provided, which could be
verified by X-ray analysis and microscopy.
Further, the boundary layer between
thermoplastic films and thermoset composite
does not show any indication of delamination,
e.g. caused be the cellular matrix or unwetted
fibres. Thus, the adhesion as well as coupling of
the module to the composite structure is given
which could be shown in initial studies on the
functional capability. By means of laser scanning
viborometry and digital image correlation
(ARAMIS), the transmission of excitations from
the piezoelectric module to the composite
structure has been proven.
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Abstract

This contribution presents a two-stage rotary
swaging process, which allows integration of
functional elements for load and condition
monitoring of hollow tubular machine parts. The
forming process is adjusted in order to guarantee
a damage-free integration of the fragile functional
elements. An effective utilization of the sensory
compound requires the elements to lie in the
path of forces which is ensured by a pretension.
In order to set up the targeted pretensions, the
integrated sensory elements itself can be utilized
during the forming process. Two monitoring
applications illustrate the coupling quality of the
manufactured smart machine elements.

1 Introduction

There is a high demand for smart, sensing and
actuating, networked machine elements with
additional benefits. By ongoing miniaturization of
sensors, electronic components and networking
technologies, the possibilities for highly
integrated structures  with supplemental
intelligence are arising. Two major problems in
the design phase of load bearing systems are
uncertain, fluctuating stress collectives in the
utilization and quality defects in a globalized
production. As a result, systems have to be
oversized in order to avoid rare, but nevertheless
dangerous or costly dysfunctions.

Smart machine elements can help to reduce this
uncertainty by monitoring and logging their
stresses and provide information about their
conditions. Thus it is possible to estimate the
remaining lifetime and control maintenance
intervals of the intelligent parts. [1]

A widespread application of smart machine
elements requires a cost efficient production
which can potentially be accomplished by
upgrading existing processes. A promising
approach is to combining the joining operation of
functional elements with the forming operation of
the work piece. Examples can be found in micro-
extrusion of piezoelectric fibres [2], deep drawing

of Piezo-Metal-Composites [3], and joining by
rotary swaging [4-6].

In general, these combined forming processes
are characterized by a low demand of joining
elements and offer the possibility to achieve a
compact coupling of the load bearing structure
and the functional element. Unused cavities that
are no longer available for other processes after
forming can be utilized during a simultaneous
joining and forming process. The products
resulting from this operation are characterized by
a high robustness against external influences
since the integrated elements are placed on a
protected side of the product.

In this contribution, the manufacturing process of
function integrated machine elements by a two-
stage rotary swaging process is presented and
two different kinds of monitoring applications are
given. In a first application, the sensory abilities
of the functional elements are used to measure
axial loads. A second application illustrates the
use of integrated piezo elements for “Structural
Health Monitoring” applications.

2 Sensory machine parts by means of
rotary swaging

Rotary swaging is an incremental cold forming
technique where the net shape of a part is
reached in many small forming steps. Four
oscillating tools reduce the diameter of a tubular
work piece with alternating strokes. A rotation
between the tools and the work piece enables a
high circularity tolerance of the produced axial
symmetric parts. Rotary swaging is often
highlighted for its possibility to offer a large-scale
production of lightweight machine parts like
hollow shafts or shock absorbers. Because of the
high material usage, this forming method is cost
and resource efficient. In this forming method,
compressive stresses elevate the formability of
the material with added advantages of cold work
hardening and homogeneous grain structure. As
a result, high static and fatigue strengths of the
work pieces can be achieved. [7-9]
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The investigated sensory machine parts in this
contribution consist of an aluminium tube and a
functional element, which is placed inside the
tube in the path of forces. For this, the creation of
an undercut is necessary. A mandrel is used to
reduce the tube diameter in the area where the
functional element is placed subsequently. By
this, a preform is created out of the semi-finished
tube (Fig. 1a). In the next step, the functional
element is inserted into the tube and is placed
against the contact area. End caps are used on
both sides of the functional element to protect
them from high radial forming forces and to help
setting-up a pretension.

B fthe rl Remstﬂuul J

Fig. 1: Schematic of the two-stage rotary swaging
process

The forming process is continued with an infeed
swaging tool (Fig. 1b). The material flow leads to
an adaption of the tubes inner contour to the
given chamfer of the end cap. Thus, axial force
components are acting on the inner parts during
the tool strokes. This leads to compressive
stresses in the functional element and tensile
stresses in the corresponding region of the tube.
After the radial and axial spring-back of the
formed tube, a pretension Fpeension femains in
the functional element.

The damage-free integration and generation of a
pretension places several demands on the
geometry of the preform and the end caps, the
material combination, as well as the process
parameters. The interface between the tube and
the functional element, in this case realized by
the end caps, needs to have a specific chamfer
or curvature, in order to generate axial forces
through the material flow of the tube. In [6]
different end cap angles and preforms are
investigated experimentally. It is shown that only

an appreciable material displacement offers the
possibility to create a pretension. On the one
hand, no pretension will occur, if the angle of the
inner shoulder, which is adjusting in an
unblocked material flow, is smaller than the end
cap angle. On the other hand, too small chamfer
angles lead to high unwanted opposing frictional
forces, which also prevent the generation of a
noticeable pretension.

The axial forces which occur during forming are
not supposed to exceed the load capacity of the
sensitive elements during any time of the
process. Otherwise there is a risk of damage to
the functional element or depolarization in case
of a piezo stack actuator. In Fig. 2, a
characteristic force curve, recorded by a strain-
gauge based sensor element, is illustrated. A
small telemetry unit is attached to the end of the
rotating work piece and connected to the internal
sensor element in a half bridge circuit.
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Fig. 2: Exemplary axial force curve of the joining
process

A mandrel force is applied and released in
second 2 and 13, respectively. This ensures an
exact positioning and pre-compression of the
functional element. A global peak of the force
curve arises between second 8 and 12, when the
material flow adapts the geometry of the left end
caps chamfer. The single tool strokes of the
forming process are manifesting as force peaks.
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They are occurring in the same frequency as the
tool movement and illustrate the incremental
character of this forming process.

At the end of the forming process a shrinking of
the deformation-heated tube material is
observed, which leads to an additional rise of the
pretension. The strain-gauges are adapted to the
thermal expansion coefficient of the sensor
element and are therefore compensated for an
apparent thermal expansion. After equalization of
temperatures the remaining pretension in this
case is 3.2 kN, while the maximum force reaches
just above 6 kN.

A different design of smart machine elements
examined in this contribution makes use of a
piezo stack actuator. The stiffness and external
dimensions of the short-circuited piezo are the
same as the drilled aluminum strain-gauge
element. Even though the manufacturer states a
maximum load capacity of 16 kN, [10], an
adaption of the end cap geometry is necessary in
order to join the brittle and sensitive piezo
ceramics in the above described way.

Damaging bending moment can, inter alia, occur
because of imperfect alignments, warped semi-
finished parts and the asymmetrical tool strokes.
The curvature of the flat end caps (Fig. 1) also
leads to a concave contact zone which results in
a high edge pressure of the piezo ceramic
actuators. This may lead to chipped off edges
and cracks, which has to be avoided. For a
damage-free integration, stiffer end caps and a
spherical headpiece were used to reduce
bending moments and edge pressure (Fig. 3).
Another advantage is the higher transmission
behaviour, which is useful for active applications.

Piezo stack
actuator

Spherical
headpiece

clamping side

| Steel and caps

10 mm

Fig. 3: View cut of an integrated stack actuator with
spherical headpiece

3  Utilization of integrated functional
elements during the production

The usage of the sensory faculty can be helpful
in order to monitor manufacturing processes.
While measurement of external machine
parameters does not allow an evaluation of the

internal stress state, the sensors itself can be
used to gain this information online. Possible
quality inaccuracies of the semi-finished parts
may lead to an inadequate pretension or bending
stresses inside the sensor element. Even in
subsequent processing steps, it is possible to
monitor forces, bending moments and torque
through the work piece itself. An integrated
process monitoring can permit a higher
sensitivity for work piece defects and is able to
allow an uninterruptible logging of loads during
the complete production process. For this, it is
necessary to equip the hollow work pieces with
electronic devices and an energy supply. This
generates an enclosed unit which is robust
against any kinds of environmental influences
during the production process.

process monitoring by Tools:
machine parameters

self sensing work pieces

Forces,
Positioning

Clamping:
Infeed forces,
Rotation A

Smart Machine Element:
Axial forces, Torque & Bending

Fig. 4: Possibility for Process Monitoring by machine
parameters and self-sensing work pieces

4  Utilization of integrated smart
machine parts for load and structural
health monitoring

4.1 Performance of axially loaded sensory
rods

A monitoring of the structural loads is required in
many fields of mechanical engineering. Within
the scope of the collaborative research center
805 ,Control of Uncertainty in Load-Carrying
Structures in  Mechanical Engineering®, a
demonstrator consisting of several tetrahedron
rod structures is designed. The reliability of this
modular, active spring-damper-system relies on
the stability of its skeletal truss structure. The
presented smart rods are used to monitor the
distinct bar forces during assembly and usage of
the system. For this, the accuracy and linearity of
the sensor has to be assured at any time. It is
obvious that the pretension inside the sensor
element decreases by tensile bar forces, while
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compressive bar forces increase the pretension.
The distribution of forces emerges from the
stiffness ratios of the tube and the internal
elements. In this case, a high stiffness ratio is
given by a cubic sensor element and a small wall
thickness. In order to minimize parasitic bending
influences, flexible end caps are introduced.

In the compression-tensile machine Zwick
Allround-Line 100 kN, axial tension and
compression forces are applied (Fig.5). Two
opposite strain-gauges on the cubic sensor
element are summed up in order to obtain the
axial strains acting on the rod.

Sensor signal 5.; (mV/V)

Calibration Force F (kN)

Fig. 5: Calibration curves of a strain-gauge based
sensory rod

It can be stated that there is a high linearity up to
6 kN in both, compression and tensile region.
With an increase in tension, the pretension of the
sensor is reduced significantly, resulting in a
hysteresis in the tensile region from about +6 kN.
The +8 kN curve shows a smaller slope at high
tensile forces which indicates that the sensor is
increasingly removed out of the path of forces.

The given sensor design can be used reliably in
the range of +6 kN up to at least -12 kN. The
limitation under compression load is the
plastification of the internal elements or a
buckling of the rod itself. In order to achieve a
higher usability in tensile regions, it is also
possible to adapt the stiffness ratios, which leads
to smaller sensitivities, but higher operational
ranges.

4.2 Structural Health Monitoring

The possibility to utilize the presented function
integrated machine elements for monitoring its
state is demonstrated with the electromechanical
impedance method [11]. For this purpose, a
rotary swaged rod with an integrated piezo stack
actuator and spherical headpieces (Fig 3) is
used. The piezo is stimulated at varying
frequencies and the occurring coupled electro-
mechanical impedance course is determined as
a function of the excitation frequencies. The
pretension of the integrated piezo stack actuator
leads to a high-quality coupling between the
functional material and the metallic structure.
Damages in the structure can therefore be
identified by changes in the impedance signature
(Fig. 6).

Damage Piezo

JEANEEE Py
L )
Fig. 6: Structural Health Monitoring by coupled
electro-mechanical impedance method

_U(w)

T

For this investigation a high precision impedance
analyzer Wayne Kerr 65120B with an AC drive
level of 1V is used. The impedance signature is
determined with a free and unstressed rod at the
beginning (see Fig. 7). An intentional crack of
around 8 x 1 mm? is induced in the aluminum
tube. The signature pattern of the damaged rod
shows a distinct deviation to the initial state in the
frequency range of 45 - 55 kHz.

14

Undamaged Rod
....... Damaged Rod

1.3

1.2

1.1

Impedance (0)

0.8

45.0 47.5 50.0 32.5 35.0
Frequency (kHz)

Fig. 7: Impedance curves of an undamaged and
damaged rod

Because of the high excitation frequency, even
small changes in the structure affect specific
regions of the impedance curve of the coupled
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electro-mechanical system. This can help to
identify forthcoming failures at an early stage or
to adjust maintenance intervals according to the
actual condition of a machine element.

5 Conclusions

In this paper, the manufacturing process of smart
machine parts by rotary swaging is illustrated
and different applications are demonstrated. It is
shown that the integration of the functional
elements comes with extended requirements for
the forming process. Not only the tolerances of
the work pieces net-shape have to be achieved,
but also the desired pretension of the elements
needs to be adjusted. Thereby the load capacity
of the functional element must not be exceeding
at any time of the process. For this purpose, the
possibilities of monitoring axial forces during the
process and detecting process failures are
illustrated. The manufactured smart structures
can offer many advantages to different fields of
application. Compared to differentially built smart
components, the presented highly integrated
structures require less elements, less process or
assembly steps and provide a  high
environmental protection. The first presented use
case is a sensory rod which is able to sense axial
forces in a wide range due to its pretension. The
limitations of use in this case are nonlinearities
which occur when the pretension drops
significantly due to tensile rod forces. The
possibility to utilize function integrated machine
elements for methods of “Structural Health
Monitoring” is presented by illustrating the high
sensitivity of the different electro-mechanical
impedance curves which are affected by the
structure’s state.
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Abstract

In this contribution experimental and simulative
aspects of a novel method for the production of
piezo-metal-compounds are presented in order
to enhance the series capability of their former
manufacturing process. These compounds are
sandwich constructions with a piezomodule
between two aluminum sheets. Until recently a
still liquid adhesive surrounded the piezomodule
to protect it from damage during forming of the
compound and an already solidified adhesive in
the outer regions assured the patch fixation. Now
the studied novel method employs only one
adhesive which takes over both functions at the
same time. In order to assure this double
function a local pre-curing is pursued. The paper
focuses on the local activation of the curing
reaction of adhesives using higher temperatures.
Hence, a device with a heating and a cooling
zone was employed to adjust different
temperature fields within one bonded sandwich
sheet. Finally, sandwich compounds with partially
cured and partially liquid areas of adhesive are
manufactured. Moreover, a thermo-chemically
coupled continuum mechanical model for
adhesives is implemented into ANSYS® and
allows for finite element analysis of this spatially
graded curing with its heat flow caused by both,
local activation and exothermal reaction heat.
Hence, alternative production strategies can be
evaluated at an early stage of the process
development.

1 Introduction

Aluminum sandwich parts with integrated
piezomodules offer a high lightweight potential
and a sensor and actuator functionality. They can
be used for health monitoring or a reduction of
acoustic noise, see for instance [1]. State of the
art production method is the subsequent
application of piezomodules on formed sheet
metal parts. However, this subsequent applica-

tion is characterized by a low potential for
automation, a low level of protection for the
piezomodule against external mechanical and
chemical influences as well as high costs.
Consequently, a new process chain was
developed. The integration of piezomodules in
aluminum based sandwich parts by bonding was
already presented in earlier studies [1, 2]. Such
sandwiches exhibit a good formability, ensured
by an uncured liquid adhesive, surrounding the
piezomodule and allowing a relative movement
between piezomodule and sheet metal. A

second, faster curing adhesive was used to
provide a fixed connection between the two
sheet metals in the outer area [2]. Fig. 1 depicts
the application of a piezomodule (here a Macro-
Fiber-Composite) and the two adhesives on the
basic sheet.

adhesive 1: allows relative
movement between sheet
metals and MFC

adhesive 2: ensures
fixation of basic sheet
and cover-layer

Fig. 1: Manufacturing of a sandwich compound with
integrated  Macro-Fiber-Composite  (MFC). Two
different adhesives are required to ensure the
formability of the compound without a leakage of
adhesive [2].

Aiming on higher levels of automation during the
manufacturing of the semifinished part, the
authors propose a substitution of the two
adhesives by only one adhesive and a local pre-
curing strategy. The new process chain is
depicted in Fig. 2. At first the sandwich is build
up with only one adhesive between basic sheet
and cover sheet. Before the forming operation,
the adhesive is locally cured, e.g. with a thermal
treatment, in the outer regions. After forming,
curing of the whole compound takes place.
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completely cured
adhesive

forming with adhesive's
double function

adjust a spatially and temporally
variable temperature field

with local curing

[ —

material and force fit by
cured adhesive

protect piezomodule
outside: fixate whole patch

Fig. 2: Principle manufacturing process for piezo-
metal-compounds via spatially and temporally
variable temperature field.

An accelerated curing of adhesives was already
presented in [3], where an induction heating
device was used to shorten the curing time of a
room-temperature curing paste adhesive. A
grading of joints was performed in [4], in order to
improve the joint strength using an induction
heater. A method for a local and fast heat input is
presented in [5], where a laser beam is
employed. It is used for bonding plastic
materials. Within this paper the local hardening
of adhesive is used to ensure the double function
of the adhesive as shown in Fig. 2. In the
following sections experiments as well as
modeling and simulation aspects are presented,
providing the base for a better understanding of
this complex manufacturing process.

2 Experiments

Experiments were performed aiming on a local
pre-curing of the adhesive. Hence, a tool-setup
enabling water-cooled and electrically heated
areas was constructed and experimentally
installed in a material testing machine (Fig. 3).

Fig. 3: Tool-setup for local heating and cooling.
Water cooled elements are on the left and electrically
heated elements on the right side. The distance
between heating and cooling areas is 47 or 95 mm.
Temperature sensors are integrated in the adhesive
layer at different positions (T1...T4).

The water-temperature is adjusted at 20+2 °C
with an industrial water cooler device. The
heating elements (Fig. 3, right) are electrically
heated with flexible tubular heating elements.
They allow for a uniform surface temperature in a
range of 30 °C to 450 °C. Cooling and heating

elements have the same dimensions of
80 mmx45mm and are placed below and
above the test specimens in order to ensure a
uniform temperature field. The distance between
heating and cooling elements is 47 mm or
95 mm. The specimens consist of two aluminum
sheet metals (EN AW 5083) with dimensions of
240 mm x 40 mm x 1.5 mm. Between the alumi-
num sheets is an adhesive layer with a thickness
of 0.5 mm. Manufacturing of the specimen takes
place with application of adhesive on the basic
sheet, the integration of 0.5 mm spacers in the
border area and the application of the cover
sheet metal. Inside the testing machine the
sandwich material is pressed to the required
thickness of 3.5 mm in total. Fig. 4 shows the
basic aluminum sheet with an adhesive bead and
the cover sheet before application. On the cover
sheet the areas for cooling (left side), heating
(right side) and in between the area with the
highest temperature gradient are marked for a
specimen with a tool distance of 47 mm. These
samples are designed for a later peel test, which
is performed to experimentally test the
mechanical properties dependent on the
adhesive curing progress.

adhesive bead

cooling
area
over sheet

20 mm
—

Fig. 4: Aluminum sheet with adhesive bead (upper
part) and cover sheet (lower part) before assembling
the sandwich compound. On the cover sheet the
areas for cooling (left side) and heating (right side)
are marked. The specimen is prepared for a tool
distance of 47 mm.

Different adhesives were tested for an evaluation
of their feasibility for the local curing process.
The three two-component adhesives
SikaFast 5215, 3M DP410 and Adchem
Acralock 1015 were chosen, which offer high
viscosity, high shear strength and working times
between 5 and 15 minutes, according to the
manufacturer’'s data sheets. The first two have
already shown good results in earlier studies
without a local heating [2]. Furthermore, the one-
component adhesive Henkel Teroson 1510 was
chosen. In contrast to typical one-component
structural adhesives, Teroson 1510 offers a
significantly faster curing mechanism and the
curing reaction takes place below 100 °C [6]. In
case of the two-component adhesives locally
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higher temperatures are used to accelerate the
curing reaction. In [7] is stated that the following
time  temperature correlation holds: a
temperature increase of about 10 K leads to
bisection of working and hardening time. This
effect is used to obtain a cured adhesive at the
one side and a liquid adhesive at the other side
of the specimen. Using the described test setup
at first a constant temperature of the heating
elements was adjusted. This temperature was
varied between 40 °C and 70 °C. In case of the
one-component adhesive Teroson 1510 the
heating temperature was adjusted to 95°C
according to the manufacturer’s instructions [6].
Then for each adhesive the minimal required
curing time was experimentally investigated
using the peel test. For each chosen temperature
of the heating elements a quasi-static
temperature distribution was achieved within the
sandwich material. In the area of heating and
cooling the temperatures of heating and cooling
elements have also been reached within the
adhesive layer. The area between the elements
shows a linear temperature gradient. Fig. 5
depicts a time-temperature curve for the
adhesive Acralock 1015 and a configuration with
a heating temperature of 70 °C and a cooling
temperature of 20 °C with a tool distance of
47 mm.

80
70
E 60— ____ - —T1
©50 -7 — —T2
2a0 /S | -=T3
5 ! Tcool
& 30 F s Theat
220
10
0

0 100 200 300 400 500
time [s]
Fig. 5: Time-temperature curve for hardening of
Acralock 1015 with a heating temperature of 70 °C
and a cooling temperature of 20 °C. T1...T3 are the
temperatures of the three sensors with locations: near
cooling area (T1), middle (T2) and near heating area
(T3). The position of the sensors is shown in Fig. 2.

The three sensors in the adhesive layer show a
fast increase of temperature at the beginning and
a constant temperature until the specimen is
removed. The tool temperatures stay constant.
Immediately after the local heat treatment the
specimen was manually proven in a peel test.
The cover sheet was peeled up until an angle of
90° to the basic sheet was reached. With the
peel test the minimal required curing time was

experimentally investigated. It is defined as time,
when the adhesive can withstand the mechanical
loads of the peel test only in the zone of heating.
If the curing time is longer than required, the peel
test stops at an earlier stage in the graded zone.
Fig. 6 shows a sandwich specimen after the peel
test. Therein the 90°-bending test of the cover
sheet led to a delamination up to the heating
zone, which indicates that the minimal required
curing time was met. This condition is
characterized by a fixed connection between the
two sheet metals in the heating zone in contrast
to the cooling and the graded zone, where the
adhesive was still in a liquid state.

o

eating

Zone

"fixed connection |
((cured adhesive)

¥ no connection
(adhesive not cured) i

Fig. 6: Specimen after peel test: Temperature gradient
leads to locally different curing states resulting in a
characteristic peel test behavior.

The peel test provides information about a
process window for forming. When the minimal
curing time is reached, a forming of the piezo-
metal-compound is possible, because the
specimen is fixed in the heated zone and liquid in
the area, where the integrated piezomodule is
located. In case of two-component adhesives
additionally an upper time-limit is given by the
working time. The process window for the
forming operation lays between minimal required
curing time and the working time. An advantage
of the one-component system is, that no upper
time limit exists, because the curing does not
continue at room temperature. Fig. 7 shows the
results for upper and lower time limits for the
tested adhesives at different temperatures.
Dependent on the type of adhesive and the
temperature, significant differences in the
process windows were found.
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Fig. 7: Experimentally investigated process windows
for forming with locally pre-cured adhesive (fixation of
outer region, liquid adhesive inside)

In case of the SikaFast 5215 the process window
for a possible forming operation lies in a range of
180 s to 300 s, when the heating temperature is
40 °C. The adhesive Acralock 1015 offers a
process window from 360 s to 1200 s with a local
heating temperature of 70°C. The largest
process window is given by the one-component
adhesive Teroson 1510. A local heating with a
temperature of 95 °C for 120 s allows a local
curing in the heating zone. The sandwich can be
used for forming for a longer time, because the
viscous adhesive does not cure without further
external heating. The peel test offers good
information about the mechanical properties of
the adhesive. It does not offer information on the
exact degree of cure, which would allow for a
better process design. Therefore different
numerical models are developed and applied.

3 Modeling and numerical simulation

The experimental investigation of process
windows for different time and temperature
configurations is a time consuming task for all
chosen adhesives and possible process
parameters. With a numerical simulation of the
peel test, including a simplified model for the
degree of cure (DoC), process windows for time
and temperature based on the curing progress of
the adhesive were identified. In a previous study
the curing behavior of the adhesive 3M DP410
was investigated [8]. Therein the DoC was
deduced from Differential Scanning Calorimetry
(DSC) dependent on time for several isothermal
experiments. The present study uses an approxi-
mation of the DoC retrieved by a least-squares
model-fit. To use this method in the grading
simulations the prerequisite of isothermal
conditions have to be fulfilled, which is nearly the
case for the specimen type of the experimental
section above (the temperature field varies in
space but rarely in time after reaching balance
conditions). With the model approach

q,(t) =C, [1—exp(t/ ;) (1)

the DoC is described in a simplified way. The
coefficients C,, P, were identified within the
model-fit. A DoC value below 1.0 indicates an
incomplete chemical reaction. However, for the
transfer of mechanical loads also lower values
for the DoC are sufficient. With the peel test
experiments (parameters temperature and time)
presented above a value of (= 0.6 was
deduced and defined as threshold which
indicates a sufficient stiffness amount. Fig. 8
shows the experimental results together with the
fitted model for the simplified DoC for six different
temperatures.

e

i
—

—q_exp_b5 —q_exp_55
q_exp_45 q_exp_35
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q_approx_15 = =q_approx_25
- APPTOX_35 == =g _approx 45
= = _approx_55 = =g_approx_B5

0 0.5 1 1.5 2 25 3
curing time [h]

Fig. 8: Experimentally determined degree of cure
(DoC) and result of the model fit

The fitted simplified curing model was then
implemented within simulations of the graded
peel specimen using the programming language
APDL in ANSYS®. The half-symmetric model
geometry (symmetry plane x-z) consists of
thermal volume elements (SOLID70). Heat
source on the left and heat sink on the right side
of the peel specimen geometry are applied with
constant temperature boundary conditions. The
adhesive-filled gap between upper and lower
sheet metal is modelled geometrically exact due
to usage of solid elements (four elements along
gap width of 0.5 mm, z-direction). Fig. 9 a shows
the simulated time-temperature-profile for five
nodal points situated at the peel-specimen center
in the adhesive gap in case of a heat source
temperature of 70°C for the adhesive
3M DP 410. The resulting temperature distri-
bution is depicted in Fig. 9 b. Within Fig. 9 ¢ the
resulting simplified DoC is depicted. With the
model the change of the curing distribution is
monitored. Starting at the heat source, with
increasing time the zones with equal DoC values
are moving towards the heat sink. Hereby, the
values are rising until the simplified DoC
maximum reaches the heat sink (area between
source and sink completely cured).
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Fig. 9: a) Simulated temperature-time-profile for five
nodal points situated at the peel-specimen center in
the adhesive gap (3M DP 410); b) Temperature
distribution  half-symmetric peel test specimen;
¢) Curing degree 17 min after start of curing — path
plot between heat source and sink

Within the model the distance between source
and moving DoC zone is identified over the
curing time. The simulations for four different
heat source temperatures T=(40, 50, 60,
70) °C were stopped when a curing time of 1 h
was reached. With regard to a later shaping
process of piezo-metal-composites, higher
grading times are not reasonable. Fig. 10 gives
the movement of the front with DoC values of
about 0.60 over the curing time.

70 56mm 70mm 74mm 79mm ¢ curing distance

60 - S after about 60min
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Fig. 10: Movement of the degree of cure front with
values of about 0.60. Distance measurement starts
from the border between heat source and graded
area.

As a result, the graded area between cured
adhesive condition (transmission of downholder
pressure) and the liquid adhesive zone (enabling
formability of MFC) can clearly be identified. This

approach allows to set appropriate process
parameters dependent on the heat source
temperature and the part geometry.

Moreover, in order to obtain the ability to also
simulate the processes of gelation and curing for
geometries, where the exothermal reaction heat
cannot be neglected, the material model from [8]
was extended towards this end. From the
continuum mechanical view, the 1% Law of
thermodynamics (energy conservation), has to
be evaluated and the thermo-mechanically
coupled problem was implemented into a finite
element environment (ANSYS®). Thus, the
calculation of three-dimensional, inhomogeneous
and transient processes becomes possible. One
can denote this 1% Law of thermodynamics in
terms of enthalpy and reduce it by a number of
simplifications (e.g. constant pressure, no
stresses, no further heat sources, nearly
homogenous process within the specimen
volume) which holds for the DSC experiment.
Thus, the following relation between reaction
enthalpy rate h and the total heat flux over the
specimen’s surface (term containing the integral),
which equals the measured DSC signal P,g- can
be found:

mh=—[q-n-dA=Ps )
A

Inserting the DoC’s definition from [8] (quotient of
currently converted A(t) and maximum possible
reaction enthalpy H,)
. h)
qt)=—— 3)
H

u

and rewriting the mass m in terms of density p
together with the ratio of current and reference
volume (third invariant of the deformation
gradient F), the heat generation rate per unit
volume ¢ required by ANSYS® is given by:

¢ = pgH, (detF)™ (4)

With the help of this equation one can calculate
the exothermal reaction heat out of known
deformations (in terms of the deformation
gradient F) and the rate of the DoC q (model
from [8]) for each integration point and time step.
This is conducted within the USERMAT user
subroutine which is used for the implementation
of the material model together with the coupled
field element SOLID226 (20-nodes hexaeder).
After solving the mechanical part of the problem,
the heat generation was obtained elementwise
within the APDL-macro. After the first time step
this values are used as elementwise boundary
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conditions to influence the heat equation and
adopt the thermal problem to the exothermal
reaction heat. A loop over all time steps followed
to solve a first academic example with a self-
accelerated reaction due to the chemical reaction
heat and heat transport from the specimen’s core
to the surface. Fig. 11 depicts the problem
sketch, FE model and solution at a represent-
tative point in time for the inhomogeneous
distribution of both temperature and DoC.

t=255

" t=25s

Fig. 11: Academic example for exothermally
accelerated chemical reaction due to self heating: a)
problem sketch and FE model; b) temperature
distribution; c) Degree of Cure (DoC)

After an appropriate adhesive system is chosen
a completely characterized model can be adop-
ted to it, which finally allows for the simulation of
the local hardening process for more complex
geometries.

4  Conclusion and outlook

Experimental studies have shown that a local
pre-curing of adhesive is possible using a
defined temperature field. With a peel test it was
proven, that different mechanical properties
inside the investigated sandwich material were
reached. These properties are required for the
manufacturing of piezo-metal-compounds, where
basic sheet and cover layer has to be fixed in the
outer area whereas the adhesive surrounding the
piezomodule has to be in a viscous condition at
the same time. Numerical modelling of the test
setup allows the investigation of the time
dependent temperature field of the specimen.
Additionally, a simplified model (approximation
for isothermal processes) links the calculated
temperature field to a degree of cure distribution
within the specimen, which allows for a numeri-
cally supported identification of process windows.
For more complex geometries with inhomoge-
neous and unneglectable transient effects, a

continuum mechanical model for adhesives was
extended to simulate thermo-mechanically
coupled processes. Based on the numerically
determined process windows, piezo-metal-
compounds will be manufactured and shaped
with one adhesive and a local pre-curing in
future.
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Abstract

Active noise reduction, structural health
monitoring and energy harvesting are potential
applications of piezo actuators, particularly in
automotive and aeronautic applications. Since
piezoceramic modules are commonly produced
and soldered manually, low reproducibility and
high cycle times are the result. This restrictions in
manufacturing prevent a widespread application
of smart materials, resulting in a demand of novel
manufacturing and joining methods, which can
be automatable. Thus, a joining method was
recently introduced, which is based on the
melting of a spherical CuSn12 braze preform and
is referred to as laser droplet joining (LDJ). This
paper presents the manufacturing of novel
thermoplastic compatible piezoceramic modules
for the integration in  fiber-reinforced
thermoplastic composites and the utilization of
LDJ for joining these modules.

1 Introduction

In the last years, composite assemblies with
actuator functionalities became focus of interest
for automotive and aerospace industry [1-3].
Such smart structures are defined as a system
consisting of a passive structural component and
additional functional elements e.g. sensors,
actuators or electronic devices.

These smart structures can be manufactured by
integrating e.g. piezoelectric actuators into fiber-
reinforced plastic (FRP) structures, which would
provide functionalities like structural health
monitoring, active vibration damping or sensor
applications and therefore are key to lightweight
construction. The state of the art is the attach-
ment of such actuators after the manufacturing
process to the structural parts. In this context, the
main restrictions are process time and costs.
Furthermore, the attachment of actuators in a

downstream process e.g. by gluing, results in
design restrictions, preventing the placement of
the actuator at the position of highest yield for the
desired functionality. Hence, a direct integration
of piezoelectric sensors and actuators during the
manufacturing of composite structures proposes
significant advances regarding the state of the art
technologies. This paper focuses on the process
chain from manufacturing of thermoplastic
compatible piezoceramic modules (TPMs) over
the electrical joining and the subsequent
integration of TPMs into the composite part. For
electrical contacting, a laser droplet based joining
method (LDJ) is applied, which was described in
[4-6]. The LDJ process is capable of joining Cu
conductors with solder pads or foils with
thicknesses below 20 um without damaging foil,
metallization layer or substrate, respectively. The
filler material used is CuSn12 with a solidus
temperature of 830°C and a liquidus
temperature of 1000 °C [7]. Thus, the braze joint
can withstand the thermal processing tempera-
tures during the integration into fiber-reinforced
thermoplastic  composite  structures  which
reaching up to 380 °C.

2 TPMdesign, manufacturing and
electrical joining

In regard to the realization of additional
functionalities in fiber-reinforced thermoplastic
composites, new piezoceramic module designs
are required. Due to the high processing
temperatures, the integration of commercial
piezoelectric modules is not possible. In this con-
text, novel thermoplastic compatible piezo-
ceramic modules (TPMs) are developed,
consisting of two thermoplastic carrier films,
metalized with an electrode structure and a

5" Scientific Symposium

piezoelectric  layer in  between  (fig. 1).
Additionally, contacting interfaces are imple-
mented into these modules to realize the
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electrical contact between the electrode

structures and external conductor wires.

contacting interfaces

*~ electrode
_LW = structures
piezoceramic  thermoplastic
layer carrier film

Fig. 1: Schematic of a thermoplastic compatible
piezoceramic module (TPM)

In regard to the operation direction of the
piezoceramic modules, the use of different
piezoelectric layers, e.g. thin PZT wafers or
piezofiber composites, is expedient. For the
realization of a high volume production, an adap-
ted manufacturing process for TPMs is
developed. It bases on a roll-to-roll process (see
fig. 2).

drying web

turning cutting

electrode
application

thermal cutting
fixing

Ve
|
/E’ =
l‘ 4
piezo- automated ®
posmomng web control
w converted
TPM
electrical consolidated
contacting TPM
A — A —

consolidation

Fig. 2: TPM manufacturing process

Thereby, electrode structures are printed to the
thermoplastic carrier film webs via screen
printing in the first processing step. Afterwards
the ink is dried, the webs are cut and the
piezoelectric layer is inserted between the two
webs. The electrode structures have to be
aligned congruently to each other. This process
step is monitored by an optical control system to
ensure proper alignment. After the assembly of
thermoplastic films and piezoelectric layer, the
TPM are thermally fixed, cut and transferred into
a hot press, where the consolidation of the TPM
by the use of temperature and pressure takes
place. The resulting modules will be subsequent-
ly electrically contacted by LDJ and polarized by
applying an electric field.

Since the described TPMs are designed for
material homogeneous integration into structural
composite parts, a processing into PAG6
composite structures would require process
parameters of 250 °C to 270 °C and pressures of
minimum 5 bar. The extension of the material
range towards polymers with higher melting
temperatures e.g. polyphenylene sulfide (PPS),
requires processing temperatures of about
320 °C and even 380°C for polyetheretherketone
(PEEK). Those processing parameters can’t be
withstood by standard Sn96.5Ag3Cu0.5 lead free
solders due to the low melting temperature of
219°C [8]. Thus, a novel joining method is
necessary for the electrical contacting of TPMs.
In this context, the LDJ method, which is based
on the melting of spherical CuSn12 braze
preforms, is applied. The joining process can be
divided into four different phases. First the braze
preform is inserted into the capillary where it is
irradiated by a laser pulse. The laser pulse
thoroughly melts the braze preform, which is
subsequently ejected from the capillary via inert
gas overpressure. After a flight phase, the molten
droplet wets the electrode structure of the piezo-
ceramic and the copper wire, resulting in a firm
joint.

3 Experimental investigations
3.1 TPM manufacturing

In regard to the contacting area for the electrical
joining, different TPM configurations were investi-
gated. The first group of specimen is manu-
factured with free interfaces, since the contacting
interfaces are placed outside to the thermoplastic
carrier films (fig. 3 a). Furthermore, a second
configuration of TPM with cutouts in the
thermoplastic carrier films, directly above the
embedded conducting interfaces (see fig. 3b,
was manufactured. Thus, the influence of
soldering positions can be investigated.

free ends for electrical contacting
electrode structures

- i

a)

cutout  piezoceramic layer

\

b)  contacting interfaces  thermoplastic film

Fig. 3: Investigated configuration of contacting areas:
a) TPM with free contacting interfaces,
b) TPM with cutout.
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The influence of the material system and
interface thickness to the brazeability was
investigated by using different interface materials
and dimensions. Selected configurations include
silver foils or copper foils. In table 1 configu-
rations and foil thicknesses of the used contac-
ting interface materials are listed.

Table 1: Specimen configurations

Specimen Inter- Free/ Thick-
nomen- ness
face Cutout
clature [mm]
AgF-0.035 Sl{ver- Free 0.035
foil
AgF-0.015 Sl{ver- Free 0.015
foil
CuF Cc?pper Free 0.035
foil
AgC-0. ilver- .
gC-0.035 Sl{ver Cutout 0.035
foil
AgC-0.015 Silver- 0.015
) Cutout
foil
C .
uC Cc')pper Cutout 0.035
foil

The cutouts are machined using a punching tool
with a diameter of 3 mm before assembling the
TPM. During the positioning of the piezoceramic
layer, the interfaces are also inserted between
the thermoplastic carrier films and the ceramic
layer in a single processing step. Afterwards the
modules are consolidated in a laboratory press
applying a temperature of 250 °C and a pressure
of 5 bar for a dwell time of 10 s. Figure 4 shows
exemplary module configurations and respective
contacting areas.

a) braze

joint

free
contacting
interface

conductor

electrode
structure

b)

cutout

" integrated
58m i ' contacting
— g interface

Fig. 4: Details of exemplary investigated TPM
configurations: a) TPM with free contacting interfaces;
b) TPM with cutout.

3.2 Laser droplet joining process

For LDJ, a fiber laser with a wavelength of
1070 nm, a maximum optical output power of
200W and a collimated beam diameter of
6.9 mm is used for melting the braze preform. It
is focused by a lens of focal length f=50 mm
which results in a theoretical spot diameter of
10.9 um. Nevertheless, the setup is operated
with a focal offset of 11 mm in order to broaden
the intensity distribution. Further, a nitrogen feed
attached to a pressure regulator provides a
defined nitrogen overpressure which is being
monitored in situ by a pressure sensor. In order
to assess the time temperature evolution during
the joining process, a Type K thermocouple of
NiCr/NiAl alloy was used. The sample rate was
200 Hz. The time response according to
datasheet was 0.1 sec. The measured results
are shown in table 2:

Table 2: Time dependent temperature in the liquidus
region of CuSn12 braze material

T [°C] t [ms]
345.0 0
1097.6 5
1000.0 10
942.2 15
886.5 20
836.1 25
787.7 30

It can be assumed, that diffusion at the Ag-Cu
interface will be significant if the temperatures
are above the melting temperature of silver,
since diffusion in liquids is magnitudes larger
than in solids. Yet the time interval of significant
heat at the joining interface is approximately
30ms according to the thermocouple
measurements. After cooling below 787 °C, the
materials will be in solid state, so it can be
assumed that diffusion will reduce significantly.

3.3 Diffusion

Diffusion is defined as mass transport by atom
movement. In literature several diffusion
mechanisms are known e.g. vacancy diffusion,
self diffusion or interstitial diffusion. Most of the
diffusion mechanisms can be characterized by
the magnitude of the observed diffusion
coefficient. The formula used for describing uni-
dimensional concentration gradients in the scope
of this paper is proposed by [9] and [10] in
slightly modified form:
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C(X,t):Cz_,,_CﬁZ‘Cz {1terf[2\/)l(37~tﬂ (1)
Whereas C, is the concentration in weight
percentage (wt%) of element 2, which is in the
described case silver (Ag). C; means the
concentration of copper (Cu) in percent by
weight, x is the coordinate, D the diffusion
coefficient and t the residence time. Using
equation 1, the concentration profiles for different
residence times (t) are calculated. Exemplary
analytical results are shown in fig. 5.

=001
\ .;/t=01
I
\\XT—OS
C2 XU =

Fig. 5: Analytical solution of the diffusion equation for
different residence times.

In order to evaluate the concentration distribution
in the joining area, the element distribution has
been measured using EDX analysis. Therefore,
polished cross sections of joints on 15 uym and
35um Ag-foils have been analyzed by
EDX linescans. Subsequently, the element distri-
bution has sbeen analyzed using a sum of least
squares fit, which enables a statement regarding
residence time and diffusion coefficients
occurring during laser droplet joining.

3.4 Performance test using digital image
correlation

The manufactured TPMs were polarized by
applying an electric field of 2 kV/mm during a
dwell time of 5 minutes. After 24 hours the
specimen were investigated in regard to the
strain hysteresis by applying a sawtooth exci-
tation signal using an input voltage of 0V to
360V and frequency of 0.01 Hz. Due to the
changing electric field, the deformation of the
TPMs piezoceramic layer can be detected by
high resolution optical measuring methods. In the
presented paper the measuring system ARAMIS
(GOM GmbH) is used to detect the cyclic
deformation of the TPMs. It is based on a contact
less optical 3-D deformation measurement sys-
tem. By the use of two cameras the position and
deformation of characteristic patterns (facets),
which means the deformation behavior of the

specimen according to applied loads, can be
detected. Applying this technique, the evaluation
of the 2-D and 3-D deformation of the specimen
can be calculated using the ARAMIS software.

4  Results and discussion
4.1 Diffusion

All joints have been generated using a laser
pulse power of 145 W and a nitrogen pressure of
120 mbar against ambient pressure. For the
joining experiments a capillary made of zirconia
toughened aluminum oxide (ZTA) has been
used. The machining head was placed 1 mm
above the joining area. For the evaluation of the
element distribution as preliminary consideration,
argon was neglected, since it will superimpose
with silver in the element spectrum due to its
electron shell configuration, which will result in
large errors. Furthermore, gold is not evaluated
in the EDX spectra, since it has been used for
sputtering to increase the conductivity and thus
the resolution of the acquired data. Nevertheless,
omitting gold will not lead to large errors, since
gold is applied uniformly on the specimen and
thus will not influence the distribution of the other
elements. Argon can’t be expected in significant
amounts either, since the measurements are
carried out in vacuum of 8.66 yPa. All elements
were evaluated in a way, that the individual share
of each element concentration adds up to 100
wt%. In this context, fig. 6 shows an exemplary
micrograph of an investigated specimen

consisting of Ag foil (15 ym) and CuSn12 braze.
On each specimen five EDX line scans have
to quantify

been evaluated the element

distribution (fig. 6).

[ re—
25um

Fig. 6: Exemplary micrograph of an investigated
specimen consisting of Ag-foil (15 um) and CuSn12
braze joint. The lines indicate, where the EDX-line-
scans have been acquired.

By fitting equation (1) to the copper concentration
using the sum of least squares method it is
possible to quantify values for the diffusion
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coefficient D and for the residence time t. Fig. 7
shows the copper distribution after LDJ for joints
on a 35 pym Ag-foil (A) and on a 15 ym Ag-foil (B)
and the respective fit.

A 100 . . )
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=
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Fig. 7: Discrete measured values of Cu and the
respective fit on a 35 um foil (A) and a 15 um foil (B).

Since in the described case it is difficult to
estimate the precise residence times, due to the
delay of the used thermocouple, the product of
diffusion coefficient and residence time Dt was
evaluated. The results are shown in table 3.

Table 3: Results of the analytical evaluation of the

diffusion zone on a 15 and 35 pm Ag foil using sum of
least squares fitting to determine Dt.

it Dt Co
[wt%] [um? [%]
15 um Ag foil
Mean (n=5) 3.88 1.51 77.75
o 0.71 1.13
35 um Ag foil
Mean (n=5) 4.68 3.95 75.95
o 5.26 1.86

In table 3 oy; represents the standard deviation of
the fit in respects to the discrete measured
values. The deviation is higher for the 35 um Ag
foil. Furthermore, it can be seen that for larger
thicknesses of Ag foils the product Dt is larger.
This indicates enhanced diffusion processes
when joining on thicker foils. Nevertheless also
the standard deviation of Dt is significantly
higher, thus it can be assumed that the diffusion
face between CuSn13 braze and Ag is less
uniform than on a 15 pum foil. The maximum

concentration of copper is in both cases above
75% with low standard deviations. Taking into
consideration the thermocouple measurements
which indicate a time period of 30 ms in the
liquidus region of the CuSn12 braze material and
using this assumption as residence time ¢, the
diffusion coefficient D can be calculated to
5.03 10" cm¥s in case of the 15um Ag foil,
respectively 1.317-10° cm?s for the 35 um Ag
foil.

4.2 Strain analysis

By using the ARAMIS system the voltage
dependent strain in x- and y-direction of TPM
were analyzed. Fig. 8 shows exemplarily
determined strains in x-direction of the
investigated specimen. In regard to the different

TPM configurations, the results of the
deformation behavior differ slightly.
0 100 200 300
0,00
= ‘?‘}Q‘m
c -0,01
— " = X
5 002 Iy
8 003
E -0,04
c
‘T 005
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--AgF-0.015 ---AgF-0.035 ~-AgC-0.015
~AgC-0.035 —Ccuc —CuF

Fig. 8: Strain hysteresis of the investigated TPM
(strain in x-direction)

The differences can be caused by deviations in
the PZT material but also by the different
contacting areas of the electrodes and interfaces.
It is obvious that the configurations with copper
foils reach relatively high strains. These foils are
coated by a conductive adhesive, which enables
an optimal contact between the electrode
structure and the interface. The silver foils enable
only a loose contact, caused by external
pressure due to the embedding in the
thermoplastic carrier films of the TPM. Significant
differences between the configurations “free” or
“cutout” are not clearly detectable.

5 Conclusions

Thermoplastic compatible piezoceramic modules
are developed for the material homogeneous
integration into fiber-reinforced thermoplastic
composites. This paper shows the manufacturing
of these novel piezoelectric transducers as well
as the electrical contacting by laser droplet
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joining. Therefore, exemplary specimens are
produced. Cross sections of the joining area
have been evaluated by EDX line scans in order
to enable a statement on the formation of
diffusion zones. It can be stated, that for thicker
Ag foils the diffusion zones are less uniform and
thus foils of 15 ym thickness seem to be favor-
able as an interface for joining. Furthermore,
cyclic tests of prototypic laser joined TPM show
that there is only a marginal influence of different
contacting interfaces and joining areas.
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Abstract

The direct integration of active piezoceramic
fibers into sheet metal is a new approach for the
manufacturing of smart aluminum sheets with
sensing and actuating functionalities. The active
piezoceramic fibers are electrically insulated with
an a-SiCN:H Plasma CVD layer to prevent short-
circuits with the sheet metal. Joining of the fibers
and the aluminum substrate can be done with an
interference- and form-fit generating forming
process. To ensure the functionality of the smart
sheet the insulation layer has to withstand the
deformations during the joining process.

This paper presents a new method to specify the
critical strain of both a-SiCN:H and diamond-like
carbon (a-C:H) layers on aluminum substrates.
The last one is a thin film material with a wide
area of application, and it was initially tested as
mechanically stiff insulator, too.

The occurrence of cracks or a delamination of
the thin layers were determined in dependence
of the degree of deformation of the coated
substrate. Cylindrical samples were coated with
a-SiCN:H or a-C:H and then compressed with a
precision forming press. By measuring the
geometrical dimensions of the samples after
upsetting, the strain within the thin layer was
calculated. Cracks and delamination were
investigated by optical microscopy. Additionally,
profilometric measurements were conducted to
characterize the shape and surface of the
substrates as well as the thickness and
mechanical stresses of the deposited layers. The
critical strains determined by the new method are
compared with the results of a two-point bending
test.

1 Introduction
Within the collaborative research center PT-

PIESA the direct integration of active
piezoceramic fibers into aluminum sheets is one

approach for the generation of light-metal based
components with integrated piezosensors [1, 2].
Therefore microcavities are structured into the
surface of aluminum sheets by a micro forming
process. Depending on the module variant, either
the cavities or the piezoceramic fibers are
electrically insulated with an a-SiCN:H coating
[3]. In further process steps prefabricated
batches of 10 piezoceramic fibers are placed in
the cavities. With a second forming process,
which generates an interference- and form-lock,
the fibers are fixed in the cavities. During this
process step, a punch is pressed onto the top of
the webs. The webs were plastically deformed,
which leads to a reduction of the web height.
During the joining process the web-material flows
sideways and clamps the fibers. Here the
insulating coating is also involved in the forming
process and has to withstand the deformation
without damages to maintain its insulating
function. The process is depicted in Fig. 1.

\***

S SSKSSS

bulge induces strain
in coatings

s

coating

Fig. 1: Joining by forming process, before joining (left);
while joining (right)

On the right the deformation of the web is visible.
The strain that occurs during this deformation is
transferred into the a-SiCN:H coating. Within this
paper, cylindrical samples are coated with
insulating layers and then compressed to
simulate the joining by forming process.
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tool
surfaces

Fig. 2: Schematic of the compression test

The cylindrical sample, schematically shown in
Fig. 2 wundergoes nearly the same plastic
deformation as the webs of the microstructure.
By knowing the punch stroke and the geometrical
parameters of the sample before and after the
test, the film strains ¢, (resulting from axial
compression) and g4 (from increasing the
diameter d, to d ¢ at the center of the barrel) can
be calculated. The precision forming press
PUMA 600 kN (Hegewald&Peschke) allows it to
set-up the punch stroke in steps of one micron.
By varying the punch stroke, both the adhesion
and the ductility of the coatings may be
characterized from the detection of transverse
and longitudinal cracks.

The two-point bending test originally was
developed to characterize optical fibers [4] but in
meantime also is used e.g. to detect crack
growth in flexible thin-film technology [5]. Here
the method was used to analyze crack growth in
thin film on metallic substrate under pure tensile
stress (see Fig. 3).

~_Coated
\ metal strip

Fig. 3: Schematic of the two-point bending test
2 Experimental procedure
2.1 Sample preparation

Cylindrical samples were machined on a
precision turning machine from a rod of EN-AW
5083 aluminum. The nominal dimensions of the
samples were dp=5.0mm in diameter and
ho=7.5mm in height. To ensure that the film
deposition and the profilometric and microscopic
measurements are carried out at the same
sample orientation, a small flat was machined
onto the lateral surface of the aluminum
cylinders. Fig. 4 shows the dimensions and a
photograph of a sample.

o
Fig. 4: Dimensions (left) and photograph of a
cylindrical aluminum sample (right)

The lateral surface of the samples was finished
using a diamond tool to reach a low roughness of
Rz=1pum.

For the comparative two-point bending test,
pieces (length 60 mm, width 13 mm) of
commercial feeler gauge tape (HOREX) with
thickness h = 0.10 mm were used as substrates.

2.2 Compression test

The barrel compression test allows it to generate
at the same time compressive (g;) and tensile
(eq) strains in the coating. By using a precision
forming machine a very precise and reproducible
shaping of the samples is possible. During the
compression tests forming oil was used as
lubrication. Thus, the compressed barrels
showed only a very small bulge: e.g. for a
sample compressed from hy, = 7.518 mm to
h,=7.279 mm the bulge showed a radius of
R =278 mm. Hence, the calculated arc length is
only 0.2 ym larger than h;. That means, the
deformed samples still are cylinders and the
strains may be calculated in the following simple
way.

The sum of the forming degrees ¢ of each
direction in a coordinate system is 0. This leads
to

P, =Pty (1)

For a cylindrical sample the z-coordinate is the
sample height. The forming degrees therefore
can be written as

h

%=%=MF (2)
0

and

d
P+ 0y =04 =2-Inf 3).
0

The strain from increase in circumference of the
cylinder amounts
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dl,c _dO
d0

From (4) the center diameter after compression
test can be expressed as

djc =dy-(&q +1) )]

By inserting equations (5), (2) and (3) into
equation (1) the relation between sample height
and radial strain is (6 and 7)

&q =

(4)

Inﬂzz-ln(ngrl) (6)

ho
hO
= 2 7
(gd +1)2 ( )
For the change in height Ahp,x
Ahmax = h0 - hl (8)
one finally obtains
h
A o =hy———9 9
max 0 (5d +1)2 ( )

For a given strain g4, Ah. is the punch stroke,
which has to be driven by the forming machine.
Before the test series, a stiffness correction for
the used tool was done. The elastic deformation
of the tool and the forming press (on average
50 ym) was added to the punch stroke.

2.3 Two-point bending test

In two-point bending, the maximum tensile stress
is generated at the outer side (in the coating) in
the center of the sample. For pure elastic
deformation of the substrate, the strain at this
point may be calculated from the thickness h of
the sample and the distance L of the neutral axis
[4].

1.2-h
elast. — T

In the used experimental setup, the distance L is
adjusted with a micrometer screw. To check the
validity of equation (10) for the metallic
substrates, we determined the bending radii
Rmeas. @s a function of L (utilizing digital optical
microscope Keyence) and calculated the actual
tensile strain based on the beam theory:

h
Emeas. =
2-R

meas

£ (10)

(11)

Figure 5 shows the dependence of the minimum
bending radius at center on L as well as the
slope of the strains ggust(L) and gmeas(L)
calculated from equations (10) and (11),

respectively. Due to partial plastic behavior of the
metal strip, the real strain exceeds the values
calculated from elastic theory (10). Therefore,
€meas.(L) was used to control the strain in thin
films.

0 T T T T 0
0 5 10 15 20
L [mm]
Fig. 5: Measured bending radii and calculated from

this actual strain emeas. In comparison to éceast as a
function of the distance of neutral axis L (cf. Fig. 3)

2.4 Coating of the samples

The films were deposited in a Plasma CVD
system MicroSys400 (Roth&Rau) utilizing a
capacitively coupled 13.56 MHz RF discharge
(for more details see [3]). Hydrogenated silicon
carbonitride  films were deposited from
trimethylsilane SiH(CH3)3 (3MS) in mixtures with
nitrogen, hydrogen and argon. For the a-SiCN:H
deposition experiments presented, a gas mixture
of 10 sccm 3MS, 100 sccm (N2 + H2) and
20 sccm Ar was used. In a test series, 2 um thick
a-SiCN:H films were deposited at a pressure of
10 Pa and the N2 and H2 flow rates were
exchanged in steps. These films cover a range of
compositions between a-SiC:H (nitrogen-free
film) up to a nitrogen-rich a-SiCN:H.

For a C:H deposition the precursor acetylene
(flow rate 160 sccm) was used and the pressure
during deposition was varied between 2 Pa and
10 Pa.

All deposition experiments were performed at a
RF power of 60 W and film thicknesses were
controlled by adjusting the deposition time.

2.5 Characterization

For all samples the initial diameter and height
were measured using a micrometer. Each
sample was used for only one compression test.
After the tests, the samples were cleaned in
ethanol and the dimensions were measured
again. Then, the samples were examined for film
cracks under the optical microscope.
Measurements of the bulge radii were performed
using the profilometer.
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3 Results and discussion

Out of the samples, which were deposited at
varying the N, flow rate, at first three of each
type were compressed without lubricant to an
intended strain ¢4 of both 1 % and 1.5 %. Further
on, samples coated without and with maximum
N, flow rate were compressed with lubricant in
fine increments. Analyzing the sample’s surface
by optical microscopy, most notable are the few
but large cracks surrounding the sample in
transversal direction (see Fig.6). On the other
hand, the cracks proceeding parallel to the
sample axis are very narrow and mainly start at
the transversal cracks.

100 uym
A

Fig. 6: Spalling of a-SiCN:H film material along
transversal cracks and fine cracks in longitudinal
direction

The adhesive failure of a-SiCN:H results from the
compressive stress generated by reducing the
sample height. The number of transversal cracks
per mm sample height shows a better correlation
to the maximum strain during compression than
the remanent strain measured after the test.
From Fig.7 it is apparent, that cracks are
initiated at a compressive strain of about 2 %,
independent on the N, flow rate and hence the
a-SiCN:H film composition.

€
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Fig. 7: Transverse cracks per mm in a-SiCN:H films
deposited at different N, flow rates as a function of the
longitudinal strain during compression

At the same strain value the a-C:H films start to
spall along transversal cracks (see Fig. 8).

= <@
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@
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Fig. 8: Transverse cracks per mm in a-C:H films
deposited at 2 Pa and 10 Pa as a function of the
longitudinal strain during compression

Even though, the a-C:H films were analyzed to
higher strain values, the graphs in Fig. 7 and
Fig. 8 are similar.

The observed distribution of the crack number in
dependence of the strain should not result from
the precision of the compression test. The high
accuracy in force and punch stroke adjustment
as well as the correction for elastic deformation
of the tool and the forming press are responsible
for a good agreement of the intended strain
values and the actual strains (see Fig. 9).

3.0 =

25 - POl
20 - &

€d perman. [%]
\
L 8

05 . T '
0.5 1.0 15 2.0 25 3.0
€4 intended (%]

Fig. 9: Comparison of intended and implemented
values of the longitudinal strain in one test series

Profilometric measurements were performed to
identify possibly the reasons for the localized
occurrence of transversal cracks. The initial
surface  of the aluminum cylinders is
characterized by a low kinematic roughness (see
Fig. 10). As you can see from Fig. 10, the
surface roughness is significantly increased both
after lubricated and unlubricated compression. In
addition, the effect is the same for coated and
uncoated aluminum cylinders. It can be
assumed, that the local distribution of adhesive
film failure is correlated with the position of sharp
peaks built up in the surface profile, since they
cause strain localization.
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Fig. 10: Lateral surface profiles of samples

compressed to 2 % permanent decrease in height
under lubricated and unlubricated conditions in
comparison to an initial cylinder surface profile

This known surface roughening effect has a
close correlation with specimen size, grain size,
crystallographic texture and crystal structure and
thus needs to be taken into account in micro
forming system design [6].

For example, during uniaxial tensile loading of
polished titanium substrates coated with
diamond-like carbon it was observed [7], that the
strained samples reveal a much rougher surface.
It was concluded that the increased surface
roughness arises from grain rotation by
anisotropic plastic deformation of Ti grains upon
uniaxial loading [7].

A plastic deformation induced surface
roughening mechanism was also investigated for
aluminum specimens with grain sizes varying
from tens of microns to millimeters [8]. The
experiments showed that plastic deformation
roughens a free surface mainly by introducing
slip bands within individual grains and relative
rotation among grains. It was concluded, that the
deformation induced RMS roughness is
proportional to the magnitude of plastic
deformation and the average grain size in the
sample [8].

The fine, longitudinal cracks in Fig. 6 indicate
cohesive film failure under tensile strain
(increase in cylinder circumference) in the
compression test. The two-point bending test
generates only this mode of failure. Up to a
critical strain (“ductility”) the films were crack-
free. Then parallel oriented, fine cracks appear
with increasing density.

It should be noted, that both types of Plasma
CVD films have compressive stresses in the as-
deposited state. Measurements based on the
curvature of single-crystalline silicon substrates
yielded very similar values of (-0.8 + 0.1) GPa for
all a-SiCN:H films and higher stress for a-C:H

deposited at low pressure (deposition at 2 Pa: -
2.3 GPa; deposition at 10 Pa: -1.3 GPa).

From the results in Fig. 11, the a-SiCN:H films
may be strained up to about 1.3 % without
cohesive failure. Again, no clear influence of the
nitrogen flow rate on the mechanical strength of
the films was found.

2.0
a-SICN:H N
_ & g o 0
) @ N
Z1079
g : bend s
A O  Two-point bending
0.5 4
e}
A Compression test
00—
0 20 40 60 80 100

N, flow rate [sccm]

Fig. 11: Ductility of a-SiCN:H films as a function of N2
flow rate measured by two-point bending (open
symbols) and the cylinder compression test

In [9] it was stated, that a-SiCN:H films show a
high elongation before fracture (1% -2%) in
comparison to other insulating material. A critical
failure strain of 0.7 % to 0.8 % was reported for a
0.15 ym thick a-SiN:H film deposited by Plasma
CVD [4].

For the a-C:H films deposited at 2 Pa and 10 Pa,
a ductility of 1.8 £0.1 % was measured by the
two-point bending test, whereas the compression
test yielded 1.4 + 0.1 %.

In [8] uniaxial loading was used to measure the
onset strain of a:CH fragmentation as function of
the film thickness. These a-C:H films were also
deposited from the precursor acetylene in a
13.56 MHz discharge but at a lower pressure of
1 Pa. For film thicknesses >1 pm, the onset
strain of fragmentation changed only marginally.
An onset strain of about 1.7 % was detected for
1 um to 2 uym thick films [8], which is similar to
the here determined results.

4  Summary

Cylindrical aluminum samples were coated with
insulating a-SiCN:H and (alternatively) a-C:H
layers and then compressed to simulate a joining
by forming process.

The adhesive and cohesive film failures were
correlated with compressive and tensile strains
calculated solely from changes in sample
geometry. Thus, none assumptions about
material properties or laws had to be made.
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It was found, that even the samples compressed
without lubricant hardly deviate from a cylindrical
shape. Therefore, bulging can be neglected and
the strain calculation is simplified.

A high accuracy in force and punch stroke
adjustment as well as the correction for elastic
deformation of the tool and the forming press
resulted in a good agreement of the intended
strain values and the actual strains.

The dominating compressive strain, connected
with the reduction of the cylinder height, causes
adhesive film failure. Film rapture is promoted by
plastic deformation induced surface roughening.
A rough surface causes strain localization, lower
forming limit, and will deteriorate also the
mechanical properties of the insulating a-SiCN:H
films on the aluminum webs or the piezoceramic
fibers in the joining by forming process.

For comparison, the effect of tensile strain was
measured by a two-point bending test, too. The
measured values of the maximum tensile strain
(“ductility”), up to which the films stay crack-free,
match between the two methods as well as with
data from literature.

The a-SiCN:H films may be strained up to about
1.3 % without cohesive failure. For the a-C:H
films a ductility of 1.8 + 0.1 % was measured by
the two-point bending test, whereas the
compression test yielded 1.4 £ 0.1 %.

Summarizing, the compression of coated
cylinders is a useful method to simulate the
mechanical effects on thin coatings during joining
by forming.
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Abstract

Piezoactive polymer based materials enable new
possibilities of functional integration in composite
structures. The focus of this article is the deve-
lopment of a novel piezoactive material for using
injection molding technology. Therefore, a
thermoplastic polymer is highly filled with piezo-
ceramic lead zirconate titanate (PZT) powder. In
addition a small amount of carbon nano tubes
(CNT) improves the polarization of the electro-
mechanical PZT-compound. The objective of this
work is an optimal material composition for opti-
mized electro-mechanical properties as well as
good processability in micro injection molding.
Process parameters, viscosity, impedance spec-
trum, polarization and ferroelectric hysteresis are
investigated as functions of the material compo-
sition.

1 Introduction

The development of functionalized materials in
combination with integration solutions by means
of polymer technologies is becoming increasingly
explored. In this regard thermoplastic polymers
with electrical behavior play an important role in
subsequent processing such as high volume
injection molding for manufacturing multi-
functional lightweight structures.

Therefore, novel functionalized polymers with
electro-mechanical behavior and good process-
ability in micro injection molding for the produc-
tion of semi-active and active polymer-based
systems with mechatronic and electrical pro-
perties are still part of intensive investigation.
Suchlike  manufactured  electro-mechanical
systems have high potential, e.g. for using them
as structural health monitoring, vibration and
noise damping as well as energy harvesting in
function-oriented structures [1, 2].

While piezo ceramics and polymers with intrinsic
piezo effect are already state of the art, in
contrast piezo ceramic composites based on a
polymeric matrix system are still being
investigated for a few years. In particular, ther-
mosetting plastics, e.g. epoxy resin or polyimide
filled with PZT-powder are to be applied in many
fields of research activities [3, 4]. Furthermore, a
representative thermoplastic system suitable for
compounding with PZT-powder is for instance
the polyvinylidene fluoride (PVDF) [5].

Due to the aim of a high volume content of PZT
in the polymer system, that improves the electro-
mechanical behavior, the good processability of
the compound requires technologies that are
limited by small series production [6]. This
restriction is due to the need of exothermic
reactions of thermosetting plastics or respectively
of an extremely low melt flow index of the PZT-
PVDF-compound.

Thus, novel piezo-electric composites based on
thermoplastic polypropylene are content of the
present study. Therefore, the investigation is
focused on the optimized ratio between

e the polymer as matrix system, that dominates
the thermoplastic processability,

o the PZT-powder with its
properties and

o the CNT as electrically conductive filler, that
increases the permittivity of the compound

to get a PZT-composite with high piezoelectric
performance as well as good processability in
micro injection molding.

piezo-electric
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2 Experimental
2.1 Material composition

In injection molding the steady shear viscosity at
high shear rates is a crucial parameter for
reliable mold filling process. For the utilization of
the piezoelectric effect high amounts of PZT in
the compound are necessary, thus leading to
high fluidity neat polymers for the matrix system.
Therefore, the initial polymer for the compound
preparation was the polypropylene homopolymer
Moplen HP 500V, supplied by LyondellBasell
(Rotterdam, Netherlands). This high-fluidity
polymer was measured with a melt flow rate
(MFR) of 120g/10 min (ISO1133; 230°C /
2.16 kg). It allows the production of compounds
with a large amount of filler providing good
processability.

The development of the piezoactive thermo-
plastic compound was performed in a series of
experiments with various amounts of different
fillers. A piezoceramic powder is used as active
filler to generate the piezoelectric effect in the
compound. For this purpose, the lead titanate
zirconate NCE 55 (Noliac A/S, Kvistgaard,
Denmark) was used. According to the supplier,
this powder has a particle size between 1 pm
and 3 ym and a high relative permittivity of
5,000. In order to achieve a high piezoelectric
effect, a large amount of PZT is required.
However, higher loadings of fillers lead to poorer
processing properties due to increasing viscosity
and even worse miscibility. The maximum filling
level is about 80 wt% and is limited by the
processability with the equipment used in the
experiments. In the following analysis, PZT
loadings from 50 wt% up to 80 wt% were used in
order to investigate the best compromise
between high piezoelectric effects and good
processability.

Due to the large differences in permittivity
between the polypropylene (¢, = 2.3) and the
piezoceramic powder (¢, = 5,000), the applied
electrical field is concentrated in the polymeric
matrix [7]. A small amount of conductive fillers
lowers the electrical resistance of the matrix
material and leads to higher electrical fields in
the PZT particles. This increases the dielectric
displacement field in the compound, which is
associated with a larger permittivity and leads to
higher remnant polarization, whereby the
piezoelectric effect is enhanced [4]. However, too
much conductive fillers strongly reduce the
electrical resistance and the electric breakdown

strength of the matrix material. This leads to poor
polarizability of the compound because polari-
zation voltage must be reduced due to the lower
electric breakdown strength. To investigate the
optimal content of conductive fillers the PP-
based masterbatch Plasticyl PP2001, with
20 wt% of multi-walled carbon nano tubes
(MWCNT) supplied by Nanocyl S. A.
(Sambreville, Belgium) was used. Even at low
percentages these CNTs noticeably reduce the
electrical resistance. The percolation threshold in
PP is about 2 wt% [8]. Therefore, compounds
with CNT loadings between 0 and 2 wt% were
made.

2.2 Compound and sample preparation

The piezoactive compounds with different
amounts of PZT and CNT were made by
blending the starting materials in a HAAKE
MiniLab Il micro compounder (Thermo Fisher
Scientific Inc., Waltham, MA USA). The melt
temperature was set to 230 °C and the materials
were mixed with co-rotating screws at 90 min”'
for 8 minutes.

To investigate the electrical properties and the
electromechanical behavior of the compounds,
test samples with a diameter of 28 mm and a
thickness of 0.5 mm were made by using a
Minidet Il micro injection molding machine
(Thermo Fisher Scientific Inc.). The melt
temperature was set to 230 °C and the tool
temperature to 60 °C. The injection pressure was
750 bar for 3 s and the post injection pressure
400 bar for 7 s. Then, the samples were cleaned
with ethanol and got an aurum electrode on each
side by magnetron sputtering using an EMITECH
K575XD  Turbo  Sputter Coater (E.M.
Technologies Ltd, Ashford, UK). The chosen
settings were a current of 40 mA, a sputtering
time of 180s and an argon atmosphere of
20 mbar. By using a mask this led to circular
electrodes of 20 mm in diameter.

2.3 Functional characterization

The functional characterization of the poly-
propylene piezo ceramic carbon nano tubes (PP-
PZT-CNT) compound was carried out by electro-
mechanical impedance and ferroelectric
hysteresis.

The electromechanical impedance behavior was
investigated by a Hewlett Packard 4194A Impe-
dance/Gain-Phase Analyzer (Keysight Technolo-
gies Deutschland GmbH, Bdblingen, Germany).
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For calculated relative permittivities a frequency
of 1 kHz and a dc voltage of 1 V were set.

The ferroelectric hysteresis behavior was
received with a Sawyer-Tower circuit and
proprietary developed software. The influences
of the electric field strength and the frequency on
the hysteresis were carried out varying first
between 2 kV/mm and 10 kV/mm and second
from 0.5 Hz to 50 Hz.

2.4 Measurement of viscosity

The linear viscoelastic properties had been
measured with a stress controlled rheometer
(Haake Mars Ill, Thermo Fisher Scientific Inc).
The parallel-plate geometry was used with a gap
of 1 mm and a plate diameter of 20 mm. All tests
had been carried out at 230 °C and under
atmospheric air. Considering the linear region the
strain amplitude for the frequency sweep was set
to 0.1 for the neat polymer, whereas a lower
strain amplitude of 0.0001 was set for the PZT
compound.

The steady shear viscosity at higher shear rates
for the PZT compounds had been obtained
online in the micro compounder. It must be
mentioned, that the online measured viscosity
has to be considered as relatively comparative
results but cannot be compared with absolute
values of shear viscosity measured in plate or
capillary rheometer.

3 Dielectric and piezoelectric
properties

Main gain of this work is the improvement of
piezoelectric properties of 0-3 compounds of PZT
and polypropylene through additional admixing
small amounts of MWOCNT. Therewith an
increase of conductivity in the matrix polymer is
expected which should lead to a higher applied
field at the piezoceramic powder during poling
[9]. From the research of conductive polymers it
is known that conductive filler can build up a
network through the polymer when the volume
fraction reaches the percolation threshold. As the
values of electrical conductivity between CNT

and polymer matrix differ strongly
(Oson/om = [10'2=10%°])  the percolation
threshold should be typically somewhere

between 1 wt% and 2 wt%, depending on matrix
polymer and CNT used [8, 10].

This behavior could also be observed for the
samples which were prepared for this report. In
Fig. 1 the increasing permittivity as function of

increasing CNT volume fraction is shown,
whereby a significant growth of permittivity could
be observed when CNT concentration exceeds
0.6 wt%. Similar results were reported by Guan
et al. [9] for the system PVDF-PZT-CNT.
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Fig. 1: Relative permittivity €. and loss factor tan 6 of
PP-PZT-CNT compounds with varying volume fraction
of CNT measured at f = 1 kHz.

The increase of permittivity seems to origin from
the interaction of PZT and CNT. In Fig. 1 the
theoretical increase of permittivity in the range of
0 < went < 1.4 wt% is also displayed according to
the Lichtenecker model (eq. 1) [7].

e =¢1 el + ¢y ef (1)

The dashed line represents the parallel and the
dotted line represents the serial mixing model for
the permittivity of a two phase compound. The
parallel mixing model indicates the maximum
achievable increase of a physical parameter in a
two component compound through mixing the
single phases. Conversely the serial mixing
model indicates the minimal increase in
permittivity.  The  comparison  with  the
experimental data shows clearly that the
increase in permittivity could not only result from
the admixing of CNT. Thus, it seems that the
CNT built up a conductive path or network
between the PZT particles. However, there can
be seen a relation between conductive network
and thus to the percolation threshold if the
dielectric losses were taken into account (Fig. 1).
This means that the loss factor rises significantly
after building up a conductive path by CNT
through the polymer. This seems to be clear
considering the Joule heating of conductive
materials during cyclic operation.

As there could be reached an increase of
permittivity through admixing CNT to PP-PZT
compounds it should be mentioned that a clearly
higher permittivity could be attained with an
increase of the volume fraction of PZT. Fig. 2
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displays experimental and calculated permittivity
dependent on PZT concentration. Maximal and
minimal possible permittivity were calculated by
Lichtenecker equation (eq.1) as well. These
calculated graphs open a wide area of possible
interactions of the permittivity through mixing
PZT and PP which is due to the large differences
in the permittivity of the single phases
(encess = 5,000, epp = 2.3). The black diamonds in
Fig. 2 indicate the measured sample without
admixed CNT. The values range from ¢, = 3.5 to
10 for PZT concentrations between
wpzr =50wt% and 80wt%. Fitting the
Lichtenecker equation to the experimental data
induces a factor of k =-1/6. The corresponding
graph is shown in Fig. 2 as well and leads to the
result that higher permittivities are possible with
higher PZT concentration. However, higher PZT
concentrations are not possible in consideration
of processability. As well, the permittivity is a
parameter which can be measured easily and
can give some first hints of the quality of the
sample but no statements regarding the
sensorial functionality could be made, which

constituted the goal for this material and
fabrication concept.
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Fig. 2: Relative permittivity & of polypropylene-PZT
compounds with varying volume fraction of PZT
measured at f = 1 kHz.

In order to characterize the samples in terms of
their application in more detail ferroelectric
hysteresis were measured. For sake of clarity, no
hysteresis loops are shown. Instead the results
were reduced to the parameter remnant
polarization P,. The dependency of the remnant
polarization regarding chemical composition,
measurement frequency and electrical field
strength is shown in Fig. 3. From this appears a
direct proportionality to the applied electrical field
and an indirect proportionality to the
measurement frequency. This seems to be clear
because the polarization of the originally active

phase (PZT) will be better if either the applied
voltage or the period of the applied field is higher.
As to how far the relaxation processes of the
matrix polymer influence the hysteresis behavior
of the compound cannot be estimated so far.

|| 0pzri0g,; Wi%], =50 Hz , f=5Hz , f=0.5 Hz
|/70-0 V) ] o
|/70-0.2 |
70-04 (]
80-0 =
0.104" g

Remnant polarization [pC/cm?]

Electric field strength [kV/mm]

Fig. 3: Remnant polarization P, depending on
chemical composition, applied electrical fields
2 < E <10 kV/mm and frequencies 0.5 < f < 50 Hz.

Referring to the influence of the chemical
composition there is displayed a clear tendency
to increasing polarization with CNT doped PP-
PZT compounds. At an electrical field of
E =10 KV/mm there could be measured an
increase in remnant polarization by a factor of
1.7 respectively 3 for the admixing of 0.2 or
0.4wt% of CNT. Unlike the permittivities,
samples with an increased concentration of PZT
(wpzr = 80 Wt%) could not match with the raise of
P, of CNT doped samples.

Exact data for increasing polarization values by
adding CNT up to 0.6wt% into PP-PZT70
compound are given in Tab. 1. By applying a
maximum electric field of E =5 kV/mm with a
frequency of f = 5 kHz there could be reached an
increase of a factor 5 by adding 0.6 wt% of CNT.
The polarization voltage had to be reduced since
electrical breakdown occurred at CNT
concentrations of 0.6 wt% due to the higher
electrical conductivity of the compound as a
result of the conductive network of CNT. In this
context the process related homogeneity of CNT
distribution needs to be investigated in further
researches.
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Tab. 1: Maximum Pnax, Remnant polarization P, and
coercive field E; of PP—PZT70 — CNT compound
with varying CNT concentration under an applied
electric fieldof E=5kV/mm and a frequency
of f=5Hz

WeNT Maximum Remnant Coercive
polarization | polarization field E.

wit% 102 uC/em? 10?2 uC/cm? kV/mm
0 5.24 1.13 0.77
0.2 5.88 1.48 0.84
0.4 7.21 1.58 1.05
0.5 9.40 3.37 1.80
0.6 12.61 5.91 1.96

4  Rheological properties

Due to the processability by micro compounding
and micro injection molding, the characterization
of the rheological properties of the PZT
compound is an essential aspect. In Fig. 4 the
complex viscosity |[n*| as well as the storage
modulus G’ and the loss modulus G” are
reported for the neat polymer and with 80 wt%
filled PZT compound. We note that for the
unfilled polymer |n*|, G’ and G” are typical of
homogeneous polymer melts. In the measured
shear range the polymer behaves like a viscous
fluid, G’ <G”, the cross-over is expected at
approx. 300 rad/s. The zero shear viscosity could
be determined and was found to 100.5 Pa‘s. The
Cox-Merz Analogy was well verified before using
additional capillary rheometer [11].
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Fig. 4: Complex viscosity, storage and loss modulus
for the neat and with 80 wt% PZT filled PP

With incorporation of the PZT particles the fluid-
like viscoelastic behavior changed to that of solid
state. The storage modulus lies above the loss
modulus over the whole shear range. Thus, the
shown complex viscosity exhibits the behavior of

an almost cross-linked rubber-like material. A
zero-shear rate viscosity does not exist.

In the measured shear rate range from 200 up to
1,000 s the typical shear thinning for thermo-
plastic melts can be observed for the neat PP as
well as for the PZT compound (Fig. 5). The melt
shows the behavior of a typical power-law-fluid.
With increasing PZT content, starting from 50
wt% (HP+PZT50) up to 80 wt% (HP+PZT80), the
viscosity increases significantly, however there is
no uniform increase. In general an exponential
increase of the viscosity can be seen, which
corresponds to the narrowing of the flow passage
for the polymer melt caused by the filler that is
transported by the fluid and the interaction
between the filler particles. In the measured
shear range no convergences for high shear
rates >> 1,000 s are indicated, which normally
should occur for suspensions with solid fillers.
This behavior is probably caused by the
geometrical shape of the particles.
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Fig. 5: Measured relative shear viscosity in the micro
compounder for the PP with different PZT content

It is interesting to mention, that by adding small
amounts of CNT the viscosity increases rapidly.
The obtained amount of 0.6 wt% CNT, which is
optimal for the electrical conductivity and the
remnant polarization, was added to the PP with
70 wt% PZT. The increase of the viscosity
corresponds nearly to the increase when adding
10% PZT. Due to the high aspect ratio of the
CNT the viscosity behavior is dominated by the
amount of adding CNT in comparison to PZT. It
could be speculated, that there is also some filler
interaction of PZT and CNT as reported for PP
compounds with CNT and Carbon Black [8],
even though we do not have the same material
groups.
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5 Conclusion

The developed PP-PZT-CNT compound provides
the abilty to produce electromechanical
transducer systems in large series using the
micro injection molding technology. The dielectric
and ferroelectric properties indicate a promising
compound for procedural and structural
integrated polymer based sensors. Those shown
first results indicate increasing permittivity and
remnant polarization by admixing CNT to the PP-
PZT compound. So far best values were
achieved with 0.6 wt% CNT and 70 wt% PZT.
Greater levels of CNT lead to a strongly reduced
electrical breakdown strength of the compound.
Furthermore, higher percentages of the fillers
cause a worse processability. First tests have
shown that the sensorial functionality of the PP-
PZT-CNT compound is given. Regarding this,
there have to be done some more tests to
evaluate best compositions in concerning to
efficient poling, charge output under stress and
homogeneity of CNT distribution in the
compounds.
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Abstract

The integration of piezoelectric sensors and
actuators into lightweight structural parts allows
for improved functionality of these components.
For integration into metal structures, aluminum
die casting turned out to be suitable, since it
allows to create high quality light metal goods in
a high unit production [1, 2]. The paper focuses
on the entire process chain for production of
lightweight metal structures with sensor and
actuator function starting from manufacturing of
piezoceramic sensors and actuator modules over
electrical and mechanical joining to the
integration into aluminum matrices using die
casting process.

For piezoceramic sensors and actuators so-
called LTCC/PZT modules (LPM) are chosen [3].
The modules are made of low temperature
cofired ceramic (LTCC) HL2000 tapes and
Sonox P53 lead zirconate titanate (PZT) plates in
multilayer technique. For joining outer electrodes
onto the LPM a novel laser droplet based method
is applied, which is based on the melting of a
spherical CuSn12 braze preform. For die casting
the alloy AISI9Cu3(Fe) - 226 D is used.

1 Introduction
Almost in every branch of materials science,

composite assemblies have been introduced to
combine functionalities of different material

classes and to improve the performance of the
components.

For lightweight construction, so-called smart
structures have attained much attention during
the last 20 years especially for structural health
monitoring (SHM), non-destructive examination
(NDE) as well as noise and vibration reduction
purposes. They consist of a passive structural
component with applied or integrated sensors
and actuators, as well as the necessary control
electronics for signal processing.

One main goal and challenge in manufacturing
smart structures is the integration of sensors and
actuators into passive components directly
during manufacturing process. The state of the
art of manufacturing smart structures is attaching
the actuator to the passive structure by
assembling techniques like gluing or bonding in a
downstream process. This causes increased
process time and costs, as well as limitations in
view of long time stability, positioning possibilities
and environmental influences in comparison to
direct integration. Consequently, direct
integration of piezoelectric sensors and actuators
during manufacturing of lightweight structures
would be beneficial [4-6].

The approach to manufacture smart structures
within this work is the integration of functional
sensor/actuator modules into metal sheets using
aluminum die casting. The piezoelectric modules
have to withstand temperatures of T = 700 °C for
short times (t=50ms) and mechanical
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pressures of around 100 MPa during the die
casting process [7]. Therefore, the application of
existing polymer-packaged piezoelectric modules
like DuraAct™ (Invent Corp., Germany) and
Macro Fiber Composites (MFC, Smart Material
Corp., Germany) are limited to wall thicknesses
of <4.5 mm [8-9]. There is a pivotal demand for
development of robust inorganic piezoelectric
modules suitable for integration in die casted
parts with greater wall thicknesses.

Piezoelectric modules consisting of stacked
layers of low temperatures cofired ceramics
(LTCC) and embedded piezoceramic plates offer
the possibility of robust sensors and actuators
suitable for integration into metallic matrices. The
electrical joining of those LTCC/PZT modules
(LPM) with external electrodes is challenging due
to the high temperatures occurring during
aluminum die casting. Thus, a joining technique
called Laser Droplet Joining (LDJ) is applied and
will be discussed in detail. The LDJ method is
based on the melting of spherical CuSn12 braze
preform via laser pulse. The aluminum die
casting process excels itself due to the
complexity of determining casting parameter
sets, which allow the integration of LPM without
damaging the ceramic matrix of the LPM. In the
present paper, casting parameters will be
examined and discussed regarding to their
impact on the functionality of the LPM after
integration.

2 Process chain and methods
2.1 Fabrication of LTCC/PZT modules

In order to achieve integrated sensor/actuator
modules with frictional connection and electrical
insulation to the metal matrix as well as sufficient
robustness to withstand high mechanical and
thermal loads during aluminum die casting, a
completely inorganic LTCC/PZT module (LPM)
was developed in multilayer technology. As
carrier material a LTCC ceramic was chosen
because of the advantages to set up 3D
structures and electrical termination as well as
expected good chemical adhesion to aluminum
due to contained alumosilicates [10].

In order to achieve those requirements, a pre-
sintered piezoelectric plate based on a PZT-PMN
(CeramTec Sonox® P53) formulation was screen
printed with Ag (DuPont 6160) on each side and
cut to size of 26 mmx 10 mm x 0.2 mm. As
carrier for mechanical stabilization, housing and
electrical insulation against the metal matrix,

LTCC green tape (Heraeus, HeralLock® Tape-
HL2000) was chosen, due to its almost
0-shrinkage in X-Y plane. A 3-ply LTCC laminate
layout which is shown as explosion image in
Fig. 1 was developed and proved to be a suitable
LPM design for further processing in aluminum
die casting.

top
electrode

-~ conducting

Fig. 1:

Schematic
(enhanced explosion image) [14].

layout of LTCC/PZT module

The height of each ply was adjusted to the height
of the PZT plate, resulting in a size of the LPM of
45 mm x 20 mm x 1 mm after sintering. The
LTCC green tapes had to be preconditioned in a
convection oven (Tpe=80°C, tpe =10 min)
before being laminated. The top and the bottom
layers got mesh-like Ag electrodes for the
internal connection by screen printing. On the
middle layers, vias were filled (Heraeus, TC0308)
and internal wiring to the solder pads were
screen printed with Ag conductor (Heraeus,
TCO0307). Those solder pads were screen printed
in a following step using solderable Ag paste
(Heraeus, TCO0306). The cavities for the PZT
plate in the middle layers, the cutouts for
accessing the solder pads in the top layers and
the separation of the LPM were done by laser
trimming. After finishing the individual layers they
were stacked and laminated in an isostatic
lamination system (IL 4008) with p =17 MPa at
T=75°C for t=10 min to assemble the LPM.
The laminated LPM were sintered in a Carbolite
muffle furnace RHF 15/3 as final fabrication step.
A special burnout and firing profile was applied to
deflagrate polymeric residues in LTCC tapes and
printing pastes. Burnout was done at
Toum = 450 °C for t,,m = 2 h and firing followed at
a temperature of Tg = 865 °C. For the functional
characterization of the LPM their dielectric
(dielectric constant 833T/80 and dielectric loss
angle tan d) and electromechanical properties
(ferroelectric hysteresis loop) were measured.
The measurement was done after polarization of
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the samples at room temperature with an electric
field of Epy=2kV/Imm for tpq =2 min. The
dielectric properties were measured, using a
Hewlett Packard 4149A Impedance Analyzer at a
frequency of fy =1 kHz, at least one day after
polarization. Ferroelectric hysteresis loops were
acquired using a Sawyer-Tower circuit and
proprietary developed software at electric fields
of Enys = 2 kV/mm and fiys = 50 kHz.

2.2 Laser Droplet Joining

An essential condition for successful further
processing of LPMs in the die casting process is
a temperature-stable electrical connection
between conductor wire and LPM. Therefore a
laser based droplet joining (LDJ) method has
been developed and applied to be able to
achieve high thermal stability of the joining
process without damaging the solder pads and
electrode structure of the LPM. It is based on the
melting of a defined braze volume via laser
pulse. The LDJ process can be divided into four
phases as shown in Fig. 2.

1. irradiation 2. wetting of 3. 4,
laser beam capilar ejectio contacting
e \;% ) | A | A
capillary 7t L M|l ]

braze preform

metallization cu-conducto

Fig. 2: LDJ process phases [11].

First a spherical braze preform of CuSn12 is
inserted into a capillary. Subsequently a laser
pulse irradiates the braze preform and melts it
throughout. After exceeding the liquidus
temperature of the braze material, the braze
droplet is ejected from the capillary via inert gas
overpressure. After a flight phase, the molten
droplet wets the solder pad of the LPM and the
Cu-wire, resulting in a firm connection.

For joining, a fiber laser with a wavelength of
1070 nm is used. The maximum optical output
power is 200 W. The collimated beam diameter
is 6.9 mm and is being focused by a lens of
50 mm focal length which results in a theoretical
spot diameter of 10.9 um. The setup is operated
at a focus offset to avoid the perforation of the
braze preform by laser pulses with significant
power densities.

The wire used, consisted of Cu-ETP 99.9 % with
a diameter of 200 uym provided by the company
Goodfellow, which was insulated with a polyimide
hose. The used capillary is machined out of
zirconia toughened aluminum oxide (ZTA) by
means of ultra short pulse laser processing and

shows superior long term performance in
comparison with capillaries made from WC/Co
and Graphite, which have also been investigated
in [11].

Challenges arising during the joining process are
mass deviations of the braze preforms, which
occur due to the machining process of
atomization. In order to achieve constant
diameters the generated CuSn12 powder is
sieved in order to select batches of preforms with
relatively low diameter deviations.

The parameters for joining the LPM were kept
constant. Pulse powers of 125 W and a nitrogen
overpressure inside of the machining head of
110 mbar in respect to ambient pressure as well
as a working distance between capillary and
solder pad of 1 mm was chosen.

2.3 High pressure die casting

The contacted modules are subsequently
prepared for the aluminum die casting process.
First, the solder pads of the LPM were isolated
by a 2K-Epoxy resin (Loctite M121HP Hysol®)
as shown in Fig. 3, in order to prevent short-
circuits due to aluminum melt during and after
casting. To protect the braze joint of the LTCC
against the influences of the die casting process
(high pressure and high melt velocity) the LPM is
positioned with the braze joint at the surface of
the support plate. A hybrid support structure was
used as insert. Detailed information about the
design can be found in Kdrner et al. [12]. In order
to ensure a planar bonding between LPM and
support plate, a cut-out with a depth of 600 pym is
milled into the aluminum support sheet. This cut-
out allows an exact positioning of the soldered
joint on top of the support plate. Screen printing
technique was applied to realize a homogeneous
resin thickness. Furthermore, to position the LPM
on the support plate made of AIMg3, Loctite
M121HP Hysol® resin is used. To avoid
infiltration of melt between LPM and support
plate a polyimide adhesive tape is deployed for
sealing the gap. Fig. 3 exhibits an exemplary
insert. A PTFE flexible hose is applied in order to
protect the Cu-conductor during the casting
process.
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(a)

hybrid
support
(b) structure

LPM isolated contacts

cut-out in aluminum sheet

PTFE flexible
hose

polyimide adhesive tape 30 mm

Fig. 3: Exemplary LPM after joining the wires and after
the contact isolation. (b) finished insert with fixed LPM
on the hybrid support.

For the fabrication of the castings a die casting
unit DAK 450/54 (Oskar Frech GmbH + Co. KG,
Schorndorf-Weiler) with a locking force of 458
tons is used. The castings samples have had a
square base (178x178 mm?) with a variated
thickness from 3 mm up to 5mm in 0.5mm
steps. For form filling a maximum plunger speed
of 2, 3, and 4 m/s was selected. The experiments
are performed with the die casting alloy 226D —
AISi9Cu3(Fe) (Tiigiaus = 593 °C and
Tsoiiqus = 521 °C [1]). The mold was tempered at
160 °C. In order to reduce gas porosity a vacuum
device (Fondarex® VACUPAC - MedioP) is
used, to apply a negative pressure on the mold.
To show the feasibility of integrating LPMs into
an Al-matrix via high pressure die casting, the
samples were examined by x-ray analysis.
Further, the dielectric properties after casting
were investigated by an impedance analyzation.

3 Results

The selection of the substrate material for the
LPM was primarily made by taking the
requirements of the aluminum die casting
process into consideration. In previous studies, a
variety of carrier materials were tested [13].
Heraeus HeraLock®Tape-HL2000 seemed to
have the best properties in terms of failure
resistance during fabrication and die casting [3].
This competitive edge is mainly founded in the
self-constrained behavior of the LTCC tape
HL2000.

The second challenge for integrating LPMs in die
casting processes is the joining process, which
has to produce joining’s that can withstand the
occurring forces and temperatures. The laser
based droplet joining approach proved to be a
suitable, flux less mean for thermally stable
joining’s of Cu-wires on the screen printed solder
pads of LPMs. As the system technology enables

a pulse length control the setup is capable of
counteracting deviations in braze preform
volumes and thus to avoid the risk of ceramic
perforations. Shear tests have been carried out
before and after temperature shock tests
according DIN EN 60068-2-14 (1000 cycles -
40 °C /+125 °C dwell time: 10 min, transfer time:
10 s) which indicate an average shear force at
failure of 22.59 £ 5.28 N (n = 10).

3.1 Radiographic inspection

Radiographic methods were applied for
nondestructive characterization of the LPM after
the integration of the LPM into the aluminum
matrix in order to detect crack formation or
processing flaws, which can occur during the
casting process. The results show no influence of
casting parameters regarding the formation of
cracks during casting.

3.2 Functional characterization

The proper integration of the PZT plate into the
LTCC carrier can be proved via functional
characterization. Therefore, relative permittivity,
electrical impedance spectra and ferroelectric
hysteresis loops were measured of the non-
embedded PZT plate, of the PZT plate in LPM,
after electrical contacting by LDJ method and
after integration into aluminum components by
die casting. For comparison, LPMs had been
poled after each process step. As figured out in
prior reports [3, 14], a difference in the relative
permittivity €33'/€o after poling between the single
SP53-PZT-plate and the embedded PZT-plate in
LTCC of around 300 (833T/£0 (SP53 plate)=2677y
€33 /€0 (wLpw) = 2392; Tab. 1) can be found. This
loss can be due to chemical reactions between
LTCC and PZT during sintering and to
mechanical clamping of the PZT plate within the
LTCC matrix. Especially Pb could be detected in
the initially lead free LTCC matrix structure by
EDX-mapping caused by existing solid solutions
in the CaSiO;-PbSiO; system. These chemical
reactions will alter the PZT composition and thus
the material data [14]. The mechanical clamping
results from deviations of the thermal expansion
behavior of LTCC and PZT during cooling, after
the sintering step. Therefore, mechanical stress
is induced at the rim of the PZT plate and causes
a decrease of permittivity [15].
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Tab. 1:  Dielectric  properties  measured  after
polarization (T = RT, E = 2 kV/mm, t = 2 min) of single
PZT plate, PZT plate embedded in LPM, LPM after
Laser Droplet Joining and LPM integrated in

aluminum.

&' 33/g0 tan 6
PZT plate SP53 2677 0.0174
PZT in LPM 2392 0.0132
LPM after LDJ 2379 0.0181
LPM in aluminum 1922 0.0172

The measurements of the electrical impedances
of the initial LPM and the LDJ-contacted LPM
show almost the same impedance spectra. A
decrease of the permittivity was detected for
LPMs, which are embedded by aluminum die
casting. This might be caused by the full
suppression of polarization strain. Furthermore,
the embedded LPMs show a trickle of impedance
amplitude at resonance. For that reason a firm
bond between the LPM and aluminum matrix can
be assumed.

4  Conclusion

In the scope of this paper, the feasibility of
integrating LMPs in aluminum die casting
processes is shown. In order to achieve this goal
several challenges had to be overcome:

(1) Selection of a suitable matrix structure for
embedding the piezoelectric plate, which protects
those plates against damages during further
processing,

(2) Development of a novel joining method,
which is capable of joining the LPM with Cu
conductors, without damaging the LPM and yet is
able to withstand the thermal stress during die
casting,

(3) Adjustment of the die casting parameters and
the selection of a suitable casting alloy.

Each of the measures introduced in this paper
enables a fundamental proof of feasibility to
achieve the task of embedding piezoelectric
sensors and actuators in aluminum die casted
parts. The shear strength of the joints exceeded
forces occurring during casting. Nevertheless,
the forces by turbulent form filing and
subsequent shrinkage of the melt are reduced by
cutouts in the support structure. Also, the LDJ
method proved to withstand the temperature
cycles during casting while not showing influence
on the functional characteristics of the LPMs.
The LPM showed good performance during
casting and solidification of the melt since a

formation of cracks has not been observed by
radiographic inspection. A variation of die casting
parameters did not show an influence on the
casting results Characterization of electrical data
of LPM after casting process prove suitability of
the set process chain to fabricate light metal
structures with integrated piezoelectric sensors
and actuators.
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Abstract

A new technology enables the integration of
piezoceramic fibers as functional elements into
microstructured aluminum sheets by forming
processes. Scope of the paper is the
development of a novel method for monitoring
the condition of piezoceramic fibers during the
joining by forming process. For this purpose, the
piezoceramic fibers are utilized as material
inherent sensor during forming tests. Test
samples are fabricated, electrically contacted
and characterized by impedance spectroscopy.
Furthermore, numerical results of the stress state
and resonance  characteristics of the
piezoceramic/metal composites are presented.
Depending on the results a novel process-control
is outlined that aims on a reproducible residual
preload with the surrounding metal structure
without overloading the piezoceramic fibers.

1 Introduction

Structurally integrated sensors and actuators
enhance lightweight composite parts with new
functionalities. State of the art for application of
piezoceramic patch transducers as sensor or
actuators on structural components is adhesive
bonding on the surface. Thus, between the
component and the piezoelectric element are
adhesive and other polymer layers, which lower
the active power of the transducers [1].

However, new research activities enable the
direct integration of lead-zirconate-titanate (PZT)

fibers in the surface of metal sheets. This
technology allows the integration of
interconnected parallel PZT fibers into
microcavities in  aluminum  sheets and
subsequently connected in form-fit and

interference-fit through joining by forming.
Thereby the PZT fibers obtain a compressive
preload which prevents a separation of the
joining partners by tensile load on the structure.
Potential areas of applications for this new
technology include structural health monitoring
[2] or active noise reduction [3].

In previous investigations the feasibility of the
process has been demonstrated [4]. Though, the
functionality of the produced prototypes was not
always given. Therefore further investigations are
needed to find a method for failure mode
detection. By utilizing the inherent sensor
function of PZT the impedance spectrum is
measured during the joining operation.

A similar approach has been described in [5]. In
this approach a piezoceramic ring with a
diameter of 44 mm is integrated into an
aluminum tube by rotary swaging. By utilizing the
direct piezoelectric effect the generated charge
has been detected. Based on experimental and
simulated results the process design has been
hedged and a non-destructive integration was
ensured.

However, in this paper the electro-mechanical
behavior is intensively studied to develop an in-
situ monitoring method for components, which
should be transferable for a high-volume
production of piezoceramic/metal composites.
The focus lies on a reproducible residual preload
for the fibers with the surrounding metal structure
but also the option of setting an application-
dependent preload. Furthermore, short circuit or
sensor error can be detected with this method.
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2 Manufacturing of piezoceramic/
metal composites

2.1 Design

Piezoceramic/metal composites consist of PZT
fibers  with  geometrical dimensions  of
12 x 0.56 x 0.46 mm®, which are placed in a
1.5 mm thick microstructured aluminum sheet.
This microstructure comprises five cavities with
dimension of 10x 0.6 x 0.6 mm°. The web
between two cavities is 400 um wide. The design
for integrated PZT fibers in metal sheets is
illustrated with Fig. 1

The assembly gap of 20 uym results from the
dimensions of the connecting parts on both sides
of a fiber and the cavity walls. This gap is
necessary for the assembly of the fibers and is
closed by a joining by forming process. After this
process step the fibers are form-fitted,
interference-fitted and preloaded in the aluminum
sheet as shown in Fig. 2. Hence, the PZT fibers
are coupled with the metal and without any

elastic interlayers.
60
A

electrode layer
center interface
1 electrode (CIE)

electrode

insulation
layer

Fig. 1: Design of piezoceramic/metal composite

forming pressure

form-fit

PZT fibers with
CIE

assembly gap interference-fit

Fig. 2: Joining by forming process

Fig. 1 and Fig. 2 show the structure of the fibers
with a central interface electrode (CIE). This is
necessary to employ the piezoelectric
longitudinal (ds3) effect, which is used for the

sensor function presented in this paper. The
signal is generated between the CIE and the
aluminum sheet forms as ground electrode.
Magnetron sputtered electrode layers on both
sides of the fibers establish the electrical
connection between the fibers and the metal
sheet. Furthermore, an electrical insulation is
demanded between the bottom of the cavities
and the CIE. A description for using this principle
with piezoelectric ds; effect as sensor can be
found in [6].

2.2 Principle of force measurement by
electrical impedance spectroscopy

In the vicinity of a mechanical resonance, the
electrical impedance of piezoelectric ceramics
can be approximated with the simplified
equivalent circuit model with lumped parameters
by Van Dyke shown in Fig. 3. Thereby the
capacitance C, represents the true electrical
capacity and R, the true electrical contact
resistance to the piezoceramic. The parallel
RLC-branch embodies the mechanical
impedance of the first mechanical resonance
mode. In which the parameters R,, C, and L, are
equivalent to the mechanical stiffness, inertial
mass and mechanical damping.

Tilmans [7] derived following proportionalities
between the Iumped parameters of the
equivalent circuit and mechanical coupling factor
o, whereas the coupling factor o indicates the
effectiveness of the piezoelectric conversion
between electrical energy W, and mechanical
energy Wiech:

1 1
C2~052,L2~—2,R2~—2 Z_Wmech
a ot @ =—— (1)
Wel
As shown in equation (1), the electrical

impedance of the piezoelectric ceramic can be
changed by a variation of the coupling factor o.
Based on this dependency, Lesieutre and Davis
[8] proposed a method to affect the coupling
factor by axial loads which cause destabilization
or stiffening of a piezo patch.

In a simulative study, the coupling factor a is
normalized to the preload and stepwise varied
between 0.1% and 100 %. The Ilumped
parameters of the simulated equivalent circuit
where estimated at a compressive preload of
10N in dss-direction of a single fiber from
characteristic points of the impedance spectrum
based on the experimental method of DeAngelis
and Schulze [9].
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The simulation yields an increase of the electrical
impedance by decrease of the electrical coupling
factor as depicted in Fig. 4 and demonstrates the
feasibility of force measurement by impedance
spectroscopy.

[
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Fig. 3: Equivalent electrical circuit of a piezoceramic in
vicinity of the first resonance mode as schematic
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Fig. 4: Simulated shift of impedance spectrum in
dependency of mechanic coupling where «o* is the
normalized coupling factor

3 Experimental
3.1 Specimens

All experimental investigations were conducted
on piezoceramic fibers with CIE. The active
material is a PZT-ceramic type M1100 from
Johnson Matthey. The manufacturing of the
fibers was accomplished by soldering two PZT
Plates of 250 um thickness each and with a S-
Pb60Sn40 solder. The CIE has a thickness of
60 um. Afterwards the double plates are divided
by a cutting process in fibers with a height of
460 ym. The microstructure of the aluminum
sheet with five cavities was produced by micro-
milling. Wires were attached to each CIE and the
metal sheet. For insulating the CIE against the
sheet metal two approaches were investigated.
In the first approach the bottom section of the
cavities was insulated. In the second approach
the sheet metal was not insulated. Instead the
fibers were coated with an insulation layer. The
insulation layer was deposited in a Plasma-CVD
system MicroSys400 (Roth&Rau) from a mixture
of 10 sccm trimethylsilane (3MS) with 100 sccm
nitrogen and 20 sccm argon. The capacitively
coupled 13.56 MHz discharge was operated at a
RF power of 60 W and a chamber pressure of
10 Pa. Before deposition of the hydrogenated

silicon carbonitride film (SiCN:H) the samples
were in-situ cleaned in an Ar-H2-plasma.

3.2 Force calibration

In order to enable the piezoceramic joining
partner as material inherent sensor during the
forming process, a correlation between acting
force and electrical impedance is needed.
Therefore compression tests of single fibers were
conducted. During the compression tests a
network analyzer, based on the gain and phase
detector AD8302 from Analog Device, recorded
the impedance spectrum at different force levels.
Fig. 5 exemplarily demonstrates a sequence of
impedance spectra at different compression
forces. At a frequency of 2 MHz the impedance
shows a good sensitivity and monotone
characteristic to the applied force. Force values
were recorded up to 1.7 kN until the fibers broke.
This is equivalent to a compressive stress of
304 MPa. The experimental results lead to the
calibration curve depicted in Fig. 6. A regression
analysis yields the following calibration formula,
where F33 is the applied force in ds3 direction and
Zownz the magnitude of electrical impedance at
2 MHz:

F.=4-10°N (—ZZMHZJHB% 2
33— 4" ' 10 (2)

wpamancs (1]

BOE=-D4

B0+

Frequency [Hz]

Fig. 5: Measured impedance spectra of a single
piezoceramic fiber with CIE at different compressive
forces in dss-direction

e
10

i B

Farce [M]
~28 8884

b T B L] i Lo Lo e o LEE ] (Fe )
Impadancs [{1]

Fig. 6: Calibration curve of compressive force Fs;z at
fiber over electrical impedance at 2 MHz
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3.3 Joining by forming tests

For the joining tests, the fibers were assembled
in the microstructure and electrically connected
to the network analyzer as presented in Fig. 7(a).
The flat upper joining tool was insulated with
polyimide tape (Kapton KL-KAPT) to prevent
short-circuiting of the CIE against aluminum
sheet. Experiments were performed on a
material testing machine. During the joining
operation the upper tool moved downwards and
applied stepwise a rising force up to 20 kN to the
webs of the microstructure. Hence the fibers
were continuously clamped through narrowing of
the cavities. At every load step the movement of
the upper tool stopped and the impedance of the
fibers were recorded and converted into a
compressive force F33 and stress T33 according
to the found calibration formula eq. (2). After
joining, microscopic inspection showed no visible
cracks for plenty fibers in the range of the
cavities as depicted in Fig. 7(b). Incipient cracks
are detected merely on individual fibers.
Nevertheless, they are fully functional, because
the CIE is completely remained intact.

a)

Fig. 7: Wired fibers assembled into cavities before
joining (a), microscopic image fiber and microstructure
after joining operation (b)

For the aluminum sheets with insulated cavities
good joining results were achieved. As
exemplarily shown in Fig. 8, the compressive
stress of fiber steadily rose after the beginning of
the web’s plastic deformation at 8 kN, which
corresponds to a compressive stress of
130 MPa. The stress moved up to a first plateau
of 475MPa at 11kN joining force which
corresponds with the later presented simulative
results. The subsequent rise from 475 MPa up to
765 MPa at 20 kN does not fit with the simulative
results.

The second approach with uninsulated aluminum
sheet was not successful. During the forming a
short-circuiting of the CIE against the sheet metal
occurred. This indicates a damaging of the
insulation film of the CIE. Nevertheless, the
proposed impedance analysis proved its

feasibility for failure mode detection during the
joining process in this case.
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Fig. 8: Calculated compressive stress Tz of a single
fiber in metal structure over joining force applied by
material testing machine

4  Simulation

Within a numerical study the joining process of
piezoceramic/metal composites was
investigated. The geometry model is based on a
2-dimensional cut through the micromilled
aluminum sheet, tools and fibers, but excludes
the outer sheet metal regions for reasons of
computation efficiency (Fig.9). The section
model consists of 2-dimensional plane strain
elements in LS-Dyna (Release 7.1.1 Winx64,
SMP, double precision, implicit solver).

punch

support
Fig. 9: Geometry model for the joining simulation

The punch moves force-controlled against the
aluminum structure located on a fixed support.
The nodes on the left and right boundaries of the
sheet metal are constrained to account for the 3-
dimensional nature of the problem (micro-
structured cavities have a limited extent while the
pure plane strain state would model cavities of
infinity length). Tab. 1 summarizes the elastic
mechanical properties of the PZT fiber material
and aluminum. The polarization direction of the
piezoceramic material equals the x-direction
pictured with the coordinate system of Fig. 9. The
plastic hardening behavior of the aluminum
material was derived from pressure tests and
approximated with eq. 3 (yield stress O , true
plastic strain ¢ ). The materials of punch and
support are assumed to be rigid.
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Experimental and numerical study on the electro-mechanical
behavior of piezoceramic fibers during joining by forming

Table 1: Elastic material properties

material | property value
Young’s moduli [GPa] Ex=52.6,
E,=E,=59.4
piezo fiber | Shear moduli [GPa] Ey=E»=19.6,
[10] E,,=22.5
Poisson ratios [-] Vyx=V=0.422,
Vvz,=0.335
Young’s modulus [GPa] | Ex=70.0
aluminum
Poisson ratio [-] Viy=0.31
0.261
o=42 MPa (3)

Fig. 10 and Fig. 11 show the equivalent v. Mises
stress of the aluminum material and the stress in
polarization direction (x-direction in Fig. 9) of the
PZT fibers after joining. The latter mirrors the
clamping force situation of the PZT fibers. The
clamping forces decrease from the maximum of
the center fiber to the minimum of the outer
aligned PZT fibers.

[p—
Comtoues of Eitecsve Siress fv-m) 4000041 _
"

bl
=0 0001 T, 4t sdeend 9075 -
marst $084T4, at elemd 4728 2T _

Fig. 10: V. Mises plastic equivalent stress in GPa of
the aluminum sheet metal after joining
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Fig. 11: PZT fiber stress in polarization direction
(horizontal dir.) in GPa of the fibers after joining

Fig. 12 correlates the joining punch forces for
rising punch positions with the associated
averaged piezo fiber strains of the center fiber in
polarization direction (clamping stress).

The maximum joining force of 20 kN causes a
center fiber clamping stress of -550 MPa. The
simulated maximum amounts only 69 % of the
experimentally  determined  maximum  of
-800 MPa. Further deviations exist between the
principal curve slopes of experiment and
simulation. Possible reasons are the unknown

exact friction conditions between sheet metal and
tool surfaces, uncertainties caused by milling of
the aluminum sheet and dicing of the
piezoceramic fibers as well as a possible change
of the electromechanical coupling during the
forming. A detailed study is planned within future
research to examine the reasons.

600
500 -

Compressive Stress of Fiber

] 5000 10000 15000 20000

Joining Force [N]
Fig. 12: PZT fiber compressive stresses in polarization
direction vs. joining process punch forces

Finally the dynamic behavior of the model was
investigated. Three joining simulations with the
different final punch displacements s=(0.06, 0.09,
0.12) mm were carried out with the implicit solver
LS-Dyna. Each of them was followed by a fully
transient explicit simulation stage, in which the
PZT fiber actuation was modelled according to
the experiments (punch position fixed but punch
force-loaded). The actuation was simulated with
thermal analogy (piezoelectric strains are
numerically induced by a temperature equivalent
via thermal expansion [11]). A stepped actuation
frequency profile (constant for a given time
period) was used within the vibration stage. With
an algorithm the answer frequencies of the
structure and the phase shift angle, as
comparison between input (piezoelectric fiber
strain) and output (mechanical aluminum
answer) signals, was determined for one
aluminum-sheet element. Fig. 13 shows the
mechanical strain answer of the aluminum
element over frequencies of the frequency
sweep. The change of the resonance
frequencies can be clearly identified. Hence, the
model can be used to evaluate the influence of
geometric tolerances on the inherent sensor
ability in future research.

5.0E-04
1 4 5=0.06
-4~ 5=0.09
——s5=0.12
fiber reson. frequ.

4.0E-04

—
0

3.0E-04
2.0E-04 %
1.06-04 +
0.0E+00

3500 3700 3500 4100 4300 4500
frequency [kHz]

answer [

aluminum element strain

Fig. 13: Frequency shift of the structure answer for
several punch displacements s
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5 Conclusion

In this paper, the new approach with directly
integrated PZT fibers in metal sheets has been
investigated with respect to the electro-
mechanical behavior. The scope of the study
was to develop a method for monitoring the
components during the joining by forming
process to achieve a reproducible residual
preload and detection of sensor errors. For this
purpose, single PZT fibers with a CIE were
prepared and inserted into microstructured
aluminum sheets. During the subsequent forming
operation the components were electrically
connected to a network analyzer for recording
the impedance spectrum. The impedance
analysis demonstrated its applicability as in-situ
method for monitoring preload and failure mode
detection during joining by forming operations of
piezoceramics. Within a numerical study the PZT
fiber stresses were evaluated dependent on the
joining load level. Deviations exist between
experiment and simulation. Moreover, the model
was tested regarding the dynamic behavior.
Further work deal with the study of the
electromechanical behavior of direct integration
of interconnected parallel PZT fibers.
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Abstract

We present an Inverse Method for determining
decisive material parameters of piezoceramic
fiber composites. Due to their complex structure
and manufacturing process, the characterization
of such fiber composites through standard
methods is not feasible in a satisfying way. The
Inverse Method is based on the minimization of
deviations  between measurements  and
simulation results. The effective material
parameters (i.e., tensor of elasticity, permittivity
and piezoelectric coupling) are determined by
means of an optimization algorithm.

To estimate the adhesive’s influence on the
composite behavior (e.g., frequency resolved
electrical impedance, mechanical displacement),
we compare simulation results based on detailed
and simplified finite element models of the
specimens. Thereby, material parameters of the
used SONOX® P505 and Araldite® 2020 are
determined separately. In addition, the surface
displacements, which were simulated numerically
and measured by a laser scanning vibrometer,
are compared.

1 Introduction

Precise material parameters are required to
predict the suitability of piezoceramic materials
for specific applications. The characterization of
inhomogeneous materials, such as piezoceramic
fiber composites, has special demands. In this
contribution, an approach based on simulations
and measurements - the Inverse Method - is

exploited to identify the aimed material
parameters.
Section 2 deals with manufacturing and

properties of piezoceramic fiber composites.
Section 3 addresses the characterization of
composites by means of the Inverse Method. In
addition, effective material parameters of the
composite are given. Sections 4 and 5 contain
the validation of determined material parameters

through laser scanning vibrometer
measurements and macro model simulations.
Finally, Sec. 6 discusses achieved outcomes and
capabilities.

2 Piezoceramic fiber composites

The piezoceramic fiber composites are built up
from lead zirconate titanate (PZT) fibers with
290 ym diameter. The piezoceramic fibers are
manufactured by means of a quasi-continuous
fiber spinning facility based on a phase inversion
process. PZT powder (SONOX® P505,
CeramTec GmbH, Germany) is mixed with a
binder solution and additives to form a
homogeneous slurry. The slurry contains
87.0wt-% PZT powder, 10.6wt-% N-
Methylpyrrolidone  as  solvent, 2.0 wt.-%
polysulfone binder and 0.4 wt.-% additives. It is
extruded through a nozzle into an aqueous
precipitation bath. Therein the binder coagulates,
by which rigid green fibers are formed. The green
fibers are dried for four hours at 80°C and
sintered subsequently in a lead oxide-enriched
atmosphere for two hours at 1060°C. The
fabrication process of piezoceramic fibers,
especially the adjustment of fiber diameter, is
described in detail in [1].

The fibers are aligned in a mold and infiltrated
with epoxy (Araldite® 2020, Huntsmen Advanced
Materials GmbH, Switzerland). After curing for at
least 24 hours at 20°C, the composites are cut
and grinded into plates of approximately
10 x 5 x 1 mm”. Within the resulting
piezoceramic fiber composites, the PZT fibers
are closely packed in a random order, as can be
seen from Figure 1.
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Fig. 1: Cross-section of a piezoceramic fiber
composite test sample

Further, the active phase of the composite,
represented by the fibers, is continuous only in
the thickness direction of the composite. Thin
electrodes (Au, 50-100 nm) are deposited by
sputter coating on both composite surfaces
perpendicular to the thickness direction.
Subsequent poling is performed with an electrical
field strength of 2 kV/mm for 5 minutes at 80°C.
Table 1 lists the measured values (average and
standard deviation in %) of fiber diameter,
dimensions, density and PZT volume fraction for
the eight investigated piezoceramic fiber
composite test samples.

Table 1: Average and standard deviation (in %) of
fiber diameter, dimensions, density and PZT volume
fraction of the investigated piezoceramic fiber
composite test samples.

geometries with identical material properties. On
account of this fact, we use an alternative
procedure.

Inverse Method The Inverse Method is
able to identify all ten independent material
parameters (plus one loss factor) of
piezoceramics by means of only two sample
designs: a thickness mode sample (T1) and a
thickness shear mode sample (T2) [4], [5], [6]. In
the case of piezoceramic fiber composites, we
reduced the required number of test specimen to
one by removing the electrodes of the T1
specimen and applying them according to T2
design (Fig. 2). Thus, both sample designs
exhibit identical material.

a) g b)

Fig. 2: Required test samples: a) thickness mode
sample (T1), b) thickness shear mode sample (T2)
with laterally applied electrodes; gray: piezo fibers;
white: epoxy; black: electrodes

Fig. 3 shows the principle of the Inverse Method.
It is based on the minimization of deviations
between measurements (2) and simulation
results (5) of physical quantites by an
appropriate optimization algorithm (e.g., Gaul-
Newton, Levenberg-Marquardt) [6]. After each
simulation step, the deviations between
measurements and simulation results around the
resonance frequencies are determined (6) and
the subsequent parameter set is calculated (7).
In doing so, the tensor of elasticity

ropert average CLEEENE)
property g deviation
F/ber' diameter 290 17
in um
Length in mm 10.47 0.1
Width in mm 4.99 0.7
Thi
'lckness 100 0.3
mmm
Densi
Density 5.77 22
in g/cm
PZT vo.lume 0.718 27
fraction
3  Characterization
Usually, piezoceramic materials are

characterized on basis of the CENELEC [2] or
IEEE standard [3]. In doing so, four samples that
differ in their geometry and direction of
polarization are required. For inhomogeneous
materials, e.g., piezoceramic fiber composites, it
is unfeasible to manufacture different sample

cf1 ¢z ¢z 0 0 0

cE & 0 o0 0

) ¢ 0 0 0
= ¢ o o |»

Y cky 0

M chi—ct

the tensor of permittivity

[¢f, 0 O

e=|0 ¢, 0 (2)
[0 0 &y

and the tensor of piezoelectric coupling

0 0 0 0 es O

e = 0 0 0 615 0 0 (3)
le;; e e33O 0 O

are identified iteratively. Commonly,
manufacturer data is used as an initial parameter
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set (4). In this case, the material set is not
available and, consequently, one has to find an
initial guess parameter set manually. Different
abort criterias (8) are checked after each iteration

Table 2: Average and standard deviation (in %) of
identified parameters for eight piezoceramic fiber
composites at 20 °C; ck, in N/m’; €, in F/m; ey, in
C/m’; density in kg/m°.

step (e.g., convergence). If all criterias are SR
fullfilled, the material parameter set is identified. parameters | average deviation
Specimen HL FE-NModel | i’- Initial puess | ClEl 27 79 . 109 631
l J T TT ECITTITELCEEEreer l ......... : 5
[*] Measurements of | | r‘ FE forward simulations | ! 12 12.86- 10 12.40
plnveical guantities i with current set of paramlfters i C1E3 14.04 - 109 7.13
cE, 54.74 - 10° 3.01
P _ N cE, 5.29 - 10° 9.13
; [ ;dwi!mr_-tnl H= Abort critaria | | s o
: paramaters | &5, 343.27- 10 0.01
&5, 4.45-10° 2.30
- 967.59 - 10° 13.
Fig. 3: Principle of the Inverse Method b1 967.59 - 10 3.06
10.69 2.77
Measurement setup  Similar to the CENELEC £33
standard [2], the frequency-resolved electrical es 0 0
impedance is used as physical quantity. For this, damping a 41.30 - 10° 4.41
both samples are measured by means of an .
. d t 5770 2.22
impedance analyzer (HP 4194A, Hewlett onsty e
Packard) at a temperature of 20°C. Two spring
pins connect and fix the sample (16034 test F—
fixture, Hewlett Packard). As already mentioned, o — — simulation
we only use one specimen, which is measured A
two times with different electrode arrangements N
(see Fig. 2). o
Q
FEM Simulations The numerical finite 5
element method (FEM) simulations are realized E
by the tool CFS++ (Coupled Field Simulations). E
Three different homogenous FEM models are

required for the Inverse Method: (i) a 3D model
(length and width modes), (i) a 2D model
(thickness mode) of sample T1, and (iii) a 2D
model (thickness shear mode) of sample T2. The
simplification of using 2D models for simulations
of the thickness modes is valid because the
length direction has a negligible influence on the
electric impedance at higher frequencies. This
was verified through simulation-based studies.

Results Fig. 4 shows exemplary
measurements and simulation results of the
electric impedance at thickness mode of sample
T1. It can clearly been seen that the Inverse
Method leads to a very good fit between actual
and simulated electric behavior of the
piezoceramic fiber composites. The simulations
are performed with the identified parameter set
(see Table 2). The piezoelectric entity e;s is
assumed to be zero due to a very small
piezoelectric coupling of thickness shear mode.

1 15 2 25 3
Frequency f in MHz

Fig. 4: Exemplary electric impedance curves for
measurements and simulations of sample T1
thickness mode

4  Displacement measurements

To verify the effective material parameters
determined in Sec. 3, we compare simulated
(average parameter values, see Table 2) and
measured displacements of specimens. In doing
so, the surface displacement is determined

through a laser scanning  vibrometer
(Polytec PDV-300) at thickness mode of
sample T1. Both graphs in Fig. 5 differ

remarkably due to inhomogeneities of the
piezoelectric fiber composite. Especially damping
has a large influence on simulations of
displacements near resonance, whereby small
deviations of the identified loss factor could lead
to significant differences between simulations
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and measurements at resonance. Consequently,
it is not possible to replicate the mechanical
behavior of piezoelectric fiber composites.
However, numerical simulations lead to a good
estimation of the mean surface displacement.

8
1179
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x-coordinate in mm

-~
w

ent in nm
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displacement in nm

2 1 0 1 2
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Fig. 5: Measurement (left) and simulation (right) of
surface displacement of sample T1 at thickness mode;
frequency: 1.58 MHz; electrical excitation: Vp, =8 V;
mean displacement: 6.2 nm (measurement), 7.8 nm
(simulation)

5 Macromodel simulation

The influence of the matrix material on the
composite’s performance is of particular interest.
To simulate the electrical and mechanical
behavior, a macromodel is utilized which
considers the specific structure of piezoceramic
fiber composites. For this, precise material
parameters of the involved materials
SONOX® P505 and Araldite® 2020 are required.
Plastics show a frequency dependent
mechanical behavior, known as viscoelasticity.
The frequency dependent elasticity modulus and
damping are determined by means of an adapted
Inverse Method [6,7].

Characterization of SONOX® P505  Similar
to the characterization of piezoceramic fiber
composites, the material parameters of
SONOX® P505 are determined by means of the
Inverse Method. Two bulk material samples
(15 x5%x 1 mm?®) are produced from pressed
PZT blocks and sintered under similar conditions
like the piezoceramic fibers. Table 3 shows the
material parameters of the characterized
SONOX®P505 bulk material. Since the
manufacturing process of bulk material and
piezoceramic fibers differ, the determined
parameters only approximate the real fiber
material parameters.

Table 3: Identified parameters for SONOX® P505 bulk
samples at 20 °C; c£, in N/m?: g5y in F/m; e,y in c/m?
density in kg/m® ( * = density of thickness shear mode
sample).

parameters value
cE 115.61 - 10°
ckE, 67.07 - 10°
cE 72.95- 10°
cE, 119.58 - 10°
cE, 19.58 - 10°
&5 7.58- 107
&5, 5.66 - 10°
€3 -4.34
€33 13.48
ess 12.34
damping a 15- 107
density p 7150/ 7710*

Characterization of Araldite® 2020 Due to
the viscoelastic behavior of plastics, the
frequency dependent material parameters of the
used Araldite® 2020 has to be determined to
achieve satisfactory simulation results. The
Hooke’s law describes the mechanical behavior
of passive materials. The elasticity tensor for
isotropic materials

v

- - 2 o9 0 0]
E E E
1 -2 9 0 0
E E
% 0 0 0
c= (4)
S L 0 0
G
Y L 0
G
M 1
G_
E
T 2014v) )

possesses two independent material parameters:
elasticity modulus E and Poisson’s ratio v. In
addition, a damping ratio ¢ is defined.

To determine frequency dependent material
parameters, we applied an adapted Inverse
Method, which is based on measurements and
numerical simulations of the mechanical transfer
function [7]. Since the adapted Inverse Method

was already introduced in further
publications (e.g., [7], [8]), the method is
described very shortly. Fig.6 shows the

measurement setup of the vibration transmission
analyzer (VTA). An electromechanical shaker
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oscillates the one-sided clamped material sample
harmonically. The frequency is varied stepwise
from 5 Hz up to 4 kHz. Simultaneously, two laser
Doppler vibrometers measure the velocity in
oscillation direction near clamping vy and free
end v, of the specimen. Thereby, the velocity
transfer function

v

H(w) = ﬁ (6)

is calculated. Similar to the Inverse Method for
characterization of piezoceramics, the material
parameters for the FEM simulations are updated
iteratively until measured and simulated transfer
functions are matching.

laser Doppler interferometer

clamping

shaker
Fig. 6: Measurement setup of Vibration Transmission
Analyzer (VTA) [7]
To consider viscoelasticity, the frequency

dependent real and imaginary parts of elasticity
modulus

1+(d+1) cos(am/2)wE+dw3®
1+2 cos(an/2) w&+w3%

Ege(w) = Ej ) 7)

(d-1) sin(an/2)wi
0 142 cos(am/2)w%+w3®

Ejm(w) = E ®)

are introduced [9]. Therefore, the frequency
dependent damping ratio becomes [9]

Em(w) _ 1 (d-1)sin(an/2)wd 9
2-Epe(w)  214+(d+1) cos(an/z)wfl‘+dwr2,“'( )

§(w) =

The Poisson’s ratio is assumed to be constant
over the whole frequency range. Fig. 7 shows the
frequency dependent elasticity modulus and
damping. Outside the measured frequency range
(5 Hz — 4 kHz), the curves are only an estimation
of the real values.

45 0.015
O]
;_; '__:
By 0.01 =
& 0.005
z
;.f_é
B 4= ot . \ 0

1072 10° 10? 10* 108 10®

Frequency f in Hz

Fig. 7: Frequency dependent elasticity modulus
(black) and damping ratio (gray) of Araldite® 2020;
vertical lines: measured frequency range; Poisson’s

ratiov = 0.4

Simulation with macro model

A detailed model of the piezoelectric fiber
composite is required to reproduce the actual
complex piezoelectric performance. In doing so,
the fibers are aligned offset to one another (see
Fig. 8). Only a quarter model is necessary due to
symmetry. In addition, electrodes are attached
orthogonally to the fibers.

Fig. 8: Detailed quarter macro model of piezoelectric
fiber composite; gray: piezo fibers; white: epoxy;
electrodes are not visible in this graph

Fig. 9 compares the electrical impedance of the
measurement and macro model simulations. It
can clearly be seen that the macro model
captures the real electrical behavior very well.
Due to the homogeneous fiber arrangement of
the macro model and without consideration of
imperfections, both curves do not match exactly.
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T
—measurement
1D4 L - g

- - -simulation

103k

10%F

Impedance |Z| in  Impedance |Z| in

10° 108
Frequency f in Hz
Fig. 9: Comparison between measurements and
simulation results of macro model. Frequency

dependent electrical impedance of thickness mode
sample T1 (top) and shear mode sample T2 (bottom)

6 Conclusion and outlook

The Inverse Method enables a reliable
identification of effective material parameters for
piezoelectric fiber composites despite two
involved materials and inhomogeneity. The
results show a close match of simulated and
measured electrical impedance curves and mean
mechanical displacements. Future investigations
will be conducted to determine the practicability
of numerical simulations for various applications.
At this, the frequency dependency of the
effective material parameters of piezoelectric
fiber composites will be included.

To replicate the detailed electrical and
mechanical behavior of piezoelectric fiber
composites, we simulated the electrical

impedance by means of a macro model. For this,
the involved active and passive materials were
characterized separately. The frequency
dependent material parameters for the passive
material were determined through an adapted
Inverse Method. The results show a very good
match between simulations and measurements.
In future work, these macro model simulations
will be used in combination with the Inverse
Method to optimize piezoelectric composites.
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Abstract

In this work, we introduce a thermal pulse
method for non-destructive evaluation of the
polarization state of integrated piezoceramics.
Heating the sample with a pulsed laser leads to a
pyroelectric current recorded in time domain
within a very short measuring time. Two
analytical models of the temperature distribution
in the sample are presented. They match very
well with a transient thermal analysis performed
using the FEM package ANSYS. The pyroelectric
current correlates directly with the mean
temperature. Due to a too small signal-to-noise
ratio of the measuring set-up, the experimental
results do not yet agree completely with the
modeling results.

1 Introduction

The fabrication of smart structures with
integrated piezoelectric transducers requires
control of the polarization state due to
mechanical and thermal loads appearing during
device fabrication.

Non-destructive methods for obtaining
polarization profiles rely on an external excitation
of the material leading to a local change of
material properties [1]. A thermal excitation in
terms of thermal waves or thermal pulses gives
rise to a pyroelectric current which carries
information on the polarization profile. In
frequency domain, the Laser Intensity Modulation
Method (LIMM) is well-established. Thereby,
thermal waves travelling into the sample are
generated by a periodically modulated laser
beam heating the top electrode [2]. Recently, we
have applied the LIMM to evaluate the
polarization state of piezoceramic plates or fibers
embedded in low temperature co-fired ceramics
(LTCC) [3, 4], in thermoplastic structures [5], in
aluminum die-casted modules [6], and in macro-
fiber composite (MFC) actuators [3, 4].

In order to get a larger pyroelectric signal within a
shorter measuring time, we have developed a
thermal pulse measurement set-up [7]. Thermal
pulses are applied with a pulsed laser and the
signal is recorded in time domain [8].

In this work, we present analytical and FEM
models describing the thermal pulse response
and compare them to measurement results.

2 Theory

The pyroelectric current is described by a
fundamental relation:

10-2 [ p@)20@0dz ()

where p(z) is the pyroelectric coefficient depth
profile  (corresponds to the polarization
distribution), ©®=T-T, is the temperature
difference to the environment, d and A are the
thickness and the heated area of the
piezoelectric plate, respectively.

Assuming a homogeneous polarization
p(z)=po=const., eq. (1) simplifies to:
A t0 de
1(t)=—p, | =—O(z,t)dz=A m
(0= Po[ 5000z =Ap, 2)

where Op,(t) is the temperature averaged across
the sample. In this work, we use three models —
two analytical and one numerical — with different
levels of abstraction to determine the
temperature distribution ©(z, ).

2.1 Analytical models

The first model is a one-dimensional transient
heat transfer model introduced by Blo3 and
DeReggi [9]. It considers an infinitely short laser
pulse and accounts for the thermal mass of the
electrode and the heat loss to the environment.
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The assumptions that there is no heat loss from
the top surface to the air and that the sample’s
backside is thermally coupled to an ideal heat
sink result in:

@(512.): N 2 sin[xk(l—g)]

= (L+r+rix’)sinx, (3)
xexp(—x’z

¢ = z/d and r= at/d? are dimensionless variables
of depth and time, respectively, a is the thermal
diffusivity and r the ratio of the thermal mass of
the electrode to that of the pyroelectric element.
X are the solutions of a transcendent equation
which is solved numerically. Inserting eq. (3) in
eq. (2) yields for the time-dependent pyroelectric
current:

2a <

1(0) =— Apo? X, (1+cosx, )

= (L+r+r’x’)sinx, (4)

xexp(-x7)

The second model uses the pulse-transient
approach of Camia [10]. It presupposes the
same approximations as for the first model:
infinitely short laser pulse, top thermally
insulated, back thermally coupled to an ideal
heat sink, but it does not take into account the
thermal mass of the electrode. The temperature
distribution is then given by an infinite series of
exponential terms:

(& 7) = 22 co{w 5}

,{%} ©

Inserting eq. (5) in eq. (2) yields here for the
pyroelectric current:

() =-Ap, > (2m+ D)7 (-1)"

0

d* =
Xexp|:_ (2m +41)27Z_2 T:| (6)

2.2 Numerical Simulation

The third model is a FEM model solved by
ANSYS 15.0.

The transient thermal analysis was performed by
applying a heat flux on the top of the sample (in
the area of the laser spot) for the duration of the
laser pulse. The pulse width amounted to 500 ns.
The backside of the sample was assumed to be
an ideal heat sink. The initial temperature of the
device was set to 20°C. The material properties
are listed in table 1.

Table 1: Material properties of the PZT plate [11].

Density, Thermal Specific heat,
g/cm? conductivity, J/kgK

W/mK
7.8 1.1 350

3 Experimental Methods

Thermal pulse measurements were carried out
by heating the samples with a pulsed laser diode
(LC905D1S3J09UA, Laser Components,
Olching, Germany) at a wavelength of 905 nm
with an optical power of 65 W, a pulse width of
150 or 500 ns and a repetition frequency of 1 Hz.
The pyroelectric current was transformed to a
voltage by a current amplifier (DLPCA-200,
Femto Messtechnik, Berlin, Germany) and the
signal was recorded by a Waverunner® Xi-A
oscilloscope (LeCroy, Chestnut Ridge, USA).

In the first step a simple PZT plate was studied. It
had a size of (10 x 7 x 0.2) mm® and was
covered by a nickel-chromium electrode.

Afterwards measurements  with integrated
piezoceramics were performed on thermoplastic-
compatible piezoceramic modules (TPM). They
consisted of a metalized PZT functional layer
(fiber arrays or monolithic wafers) which was
positioned between two transparent
thermoplastic carrier films of Polyamide 6 (PAG)
comprising a meandered electrode.
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4  Results and Discussion
4.1 Modeling results

The mean temperature of the sample and the
resulting pyroelectric current were determined for
the PZT plate with the three models mentioned
above.

12
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Fig. 1: Mean temperature of a PZT plate, determined
by three different models (cf. section 2) with (a) linear
and (b) logarithmic time axis.

Fig. 1 illustrates the mean temperature over a
time period of 0.1 seconds. The first model
shows an initial slight increase of ®,, whereas
the second model starts at the temperature
maximum. The origin of this difference is the
consideration of the electrode’s thermal mass in
the first model, but not in the second one. The
electrode acts as a thermal buffer, i.e., it absorbs
the laser pulse first and slowly transfers the
thermal energy to the pyroelectrics [9]. The FEM
model shows the increase of the temperature
from room temperature to a maximum value
since the laser pulse has a given time duration of
500 ns. At longer times, the temperature
decreases exponentially to room temperature.
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Fig. 2: Time derivative of the mean temperature
(proportional to the pyroelectric current) of a PZT
plate, determined by three different models (cf.
section 2) with (a) linear and (b) logarithmic time axis.
(c) shows once again the curve for the FEM model,
but with another scaling of the ordinate.

1E+00 1,E+01 1E+02

The pyroelectric current presented in fig. 2 is
proportional to the time derivative of the mean
temperature of the sample (cf. eq. (2)). In the
analytical models, the current starts at a very
high positive value due to initial heating and falls
down almost immediately to a negative value
since cooling corresponds to a negative current.
After reaching a minimum the current slowly
returns to zero, i.e. the sample returns to steady-
state conditions. The FEM model in fig. 2(c)
illustrates additionally the rise of the positive
current during the laser pulse duration defining
the heating period.

The three models are in very good qualitative
agreement among one another.
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4.2 Experimental Results

Fig. 3 and 4 illustrate the measured pyroelectric
current for a simple PZT plate and for an
embedded PZT plate (TPM). There is a very
short initial negative peak followed by a large
positive signal.

10
8 —TPM

PZT
6

R
13

o 2
of —
-2

'40 005 0.1 015 02 025 03 035 04 045 05
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Fig. 3: Time dependence of the output voltage of the
current amplifier (108 V/A, 7 kHz bandwidth) for the
PZT plate and the TPM for a pulse width of 150 ns.

10 10* 10 10° 10"
t(ms)

Fig. 4: Time dependence of the output voltage of the
current amplifier (108 V/A, 7 kHz bandwidth) for the
PZT plate for a pulse width of 150 ns and 500 ns,
respectively.

In fig. 3, the time shift of the maximum signal for
the embedded piezoelectric patch is a measure
of the time delay caused by the heat transfer
time through the thermoplastic top layer. PAG is
translucent in the near-infrared range so that the
laser pulse is mostly absorbed by the top
electrode of the integrated PZT plate. In our
case, the time delay of 48 us corresponds to an
effective thickness of the PAG6 layer of 8 pm with
regard to the heat transfer time. The attenuation
of the absorbed heat in the top PA6 layer results
in a smaller maximum of the pyroelectric signal.

Fig. 4 illustrates that a longer pulse width leads
to a higher heat input and thus a larger signal.
The experimental data in fig. 4 is in qualitative
agreement with the simulation in fig. 2c.
Consequently, the experimental results manifest
the initial heating of the piezoelectric plate.
However, there is still a time shift between the
signal maxima of the model and the experiment
which is subject of further research.

On the other hand, the signal of the cooling
period at longer times is still too noisy for a
quantitative analysis. The time duration of the
pyroelectric signal amounts to more than 100 ms
in all three models. The thermal diffusion length:

5=+/2at 7)

corresponds to the sample thickness for a time
value of 5 ms. That means that the heat has
reached the backside only after 5 ms and then it
can be emitted to the heat sink. For
measurement times of more than 1 ms mainly
noise is present in the measured signal. It is
dominated by 50 Hz noise. For further
measurements, a 50 Hz notch filter will be used
to reduce this noise contribution.

5 Conclusions

The temperature distribution in a PZT plate and
the resulting pyroelectric current have been
successfully described by two analytical models.
The results have been confirmed by a FEM
analysis. Further improvement of the thermal
pulse set-up is required to reduce the signal-to-
noise ratio. In the next step, a Fourier transform
will be performed to analyze the signal in the
frequency domain. This enables the application
of the previously developed LIMM models to the
thermal pulse method.
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Abstract

This contribution is concerned with a technique
to measure the physical dimensions of flaws in a
multi-layered structure by using an ultrasonic
system for non-destructive test (NDT). In order to
achieve appropriate spatial resolution, an
acoustic microscope working with a synthetic
aperture focusing technique (SAFT) has to be
established. However, standard SAFT algorithms
are not matched with the individual geometry of
the specimen perfectly. Therefore, a custom
spatial filter kernel needs to be generated
instead. For this purpose, a semi-numerical
approach (SIRFEM) predicts the microscope
output signals. Sound propagation in fluid media
is modeled by using the spatial impulse response
(SIR). Against that mechanical waves within the
solid specimen are simulated by a higher-order
finite element method (FEM). SIRFEM provides
reliable output signals, which are then used to
design the custom spatial filter kernel. We apply
the technique to a water area containing point
scatterers. An estimation of the system’s spatial
resolution will be given and the imaging results
will be compared with those of the standard B-
mode.

1 Ultrasound Imaging — General
Problems

Common ultrasound (US) imaging systems
usually have a lower spatial resolution compared
to x-ray imaging system. But in special
applications, i.e., NDT in high-density materials,
X-ray imaging is very limited.

For high-resolution US imaging, focused trans-
ducers are available to obtain a sharp image
around the focal length. These focused
transducers have a lobe width, which depends
on the axial distance to the focus area. The best
lateral resolution in the image can be found at
depth F where the focal zone is located. A point
scatterer lying out of focus would be detected at
several neighboring scan positions because of

the expanded sound lobe. This leads to a blurred
hyperbolic shape in the resulting raw image.
Figure 1 shows a pulse-echo mode scan of a
volume, which contains a point scatterer out of
focus. The point’s image is a blurred shape.

2 Delay-and-sum Algorithm

A well-known way to increase spatial resolution
of an US image is to use the delay-and-sum
(DAS) algorithm. Passmann and Ermert [1]
introduced DAS for US imaging to overcome
resolution limitations in the image. DAS corrects
the signals of the single scans by an appropriate
time delay and sums them up over x. This is

executed for each point P(x,t) of the image.
— ScanProgress — %
Transducer X, X X,

Surface “‘:;,._,\_ T

X
F - -
Z
A *.\
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Fig. 1: Scan and its resulting raw image of a point
Scatterer out of the transducer’s focus. The distance
from different transducer positions lead to different
time-delays of the echo.
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The main equation for DAS SAFT reads as

At) = XiwiSi(t — At) (1)
where S is the time signal and w an apodization
weight, which can be used to weight the signal
amplitude over a point’s lateral position in the
image [2]. Equation 1 is evaluated for each point
P(x,t) and the processed data is plotted as an
image.

The main disadvantages are that DAS-SAFT
considers neither the inner geometry of the
specimen nor the shape of the transducer signal.
A comparison to the model-based approach will
be given in section 5.

3  Principle of Model-based SAFT

Imaging systems have a characteristic behavior,
which can be described by the specific point
spread function (PSF). For example, a camera’s
PSF is a characteristic quantity of the lens
system and explains its sharpness. The resulting
image s(x,z) can be interpreted as a 2D spatial
convolution of the original reflectivity distribution
r(x,z) with the system’s PSF hpse(x-x’,2,z) as
shown in Fig. 2. The calculation at a given point
P(x,z) is described by Eq. 2 [3]. The 2D spatial
convolution at P(x,z) is a spatial integration over
the complete image. Thus, the image
coordinates x’and z’ are introduced.

s(x,z) =
[fr(x',2") - hpsp(x — x',2',z) dx'dz’ (2)

== * —= Q s(%,z)
. g
Fb,(xx z Z) Spatial Resulting

Convolution ~ RAW Image

Reflectivity Distribution

r(x,z)

Point Spread
Function (PSF)

Fig. 2: Spatial convolution of the target’s reflectivity
distribution r(x,z) and the imaging system’s
PSF hpse(x-x’,z’,z) leads to a blurred image s(x,z).

The reverse way is a deconvolution of the raw
image data with a simulated set of depth-
dependent PSF signals hpse*(x-x’,z’,2z) [4]. This
can be used for post-processing measured raw
data (see Fig.3). For noisy signals,
deconvolution is an ill-posed problem which has
to be solved via regularization approaches [5]. It
should be noted that in this paper only simulated
RF signals without any noise are examined to

show the reliability of the implemented SAFT
algorithm. So there is no need to regularize the
dataset in this case. The image reconstruction
based on Eq. 3 is named PSF SAFT.

r(x,2) =
[[s(x',2") - hpgp(x — x', 2', z)dx'dz’ (3)

5(x,z)

Reconstructed
Reflectivity
Distribution

Raw Day o

patla\
Deconvolution
r{x,z)

hPSF(x‘x “z%2)

Fig. 3: Spatial deconvolution of s(x,z) with the
simulated PSF hpsr*(x-x’,z’,z) gives the reconstructed
reflectivity distribution r*(x,z).

Measurement

Simulation

4  Semi-numerical Simulation Approach

For simulating the system’s PSF, we use a

hybrid semi-numerical simulation approach
called SIRFEM.
It is a combination of the spatial impulse

response (SIR) method with the finite element
method (FEM). SIR is applied in a fluid coupling
medium (water) for pure longitudinal waves. The
sound pressure can be calculated at each
position for each time-step analytically. The base
equations will be introduced later. FEM is used to
model wave propagation in a solid medium
where longitudinal as well as shear waves occur.

SIRFEM procedure

SIRFEM has been introduced by Rupitsch and
Nierla in 2014 [6]. It is able to simulate the whole
measuring process of an US measurement
system from pulse transmission to echo
detection. The setup contains a transducer, a
fluid coupling medium and a specimen.

Frequencies up to about 50 MHz are feasible
depending on the size of the geometry. The
simulated measurement chain is presented by
Fig. 4. The perfectly matched layer on top of the
specimen area in Fig.4 is used for wave
damping to avoid spurious reflections at the
boundaries of the model.
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The following proceedings have to be performed
(see also labels in Fig. 4):

e Set up an excitation boundary and its
excitation signal. (1)

e Calculate sound propagation within the fluid
coupling medium analytically by using the
SIR. (2)

e Set up a special boundary for coupling SIR
and FE. Use coupling points as excitation for
the FE area. (3)

o Execute FE simulation to determine wave
propagation within the solid specimen.
Evaluate the resulting echoes at the surface
of the specimen. (4)

e Take the evaluation points on the surface of
the specimen and use them to excite the SIR
area again. (5)

e Calculate the backward step SIR. (6)

e Write out the RF signal output. (7)

Input Qutput
Exeitation RF Echa
Signal Signal
QT @
£ R e
=
o &
E —— —_—l
e [ — —JL—
» @ —— ==
& ¥
3
o SIR SIR
©) B
IRIIITIETTITI R RTITITL R IT] L d
R

Specimen

FE "““-@f* FE

» Coupling SIR-=FE OO Coupling Layer
Coupling FE-=5IR HEE Dizeretized FE Area

Fig. 4: Simulation of the output signal using SIRFEM
approach.

There are some simplifications that have to be
made to solve the problem:

e We only simulate 2D problems. 3D simulation
is not practicable at the moment because of
computing capacity. The required fine
discretization of the finite elements for
sufficient modelling of wave propagation is
still too complex for efficient numerical
simulation.

e We use a curved line to model the active
transducer area and do not take the
transducer’s inner geometry into account at
the moment.

o We assume that the active transducer area is
a set of point sources like illustrated in Fig. 5.

P

ﬂ wavefront

Fig. 5: The active transducer area St is assumed to
consist of point sources T, which emit spherical
waves. The wavefront is the result of all point sources
emitting waves.

Derivation of SIR method

SIR method is based on the Rayleigh integral

v(t_|rp—r'r|)

co
2x|rp—rr|

P(rp, t) = fST dSy(rr). (4)
®(rp,t) is the acoustic potential and v(t) the
surface normal velocity of the active transducer
area. rp and ry denote the position vectors of the
points T and P, respectively. ¢, is the speed of
sound in the surrounding fluid.

The corresponding
becomes

sound pressure at P

Pe(te, ) = po 5 (T, £) (5)

where p, stands for the density of the
surrounding fluid. Equation 5 can be rewritten as
a convolution of v(f) with the time derivative of
the spatial impulse response hg

pE(rP) t)
Slt— |rP - rTl
= v(t)*if—codS (rp)
= Po at 27T|rp—rT| T
St
a
= pov(t) * Ehs(rp; t) . (6)

Generation of the PSF filter kernel

The procedure shown in Fig. 4 can be used to
simulate a whole scan. For that, the relative
position of the transducer to the specimen has to
be modified step by step with a defined scan
increment.

Moreover, we may simulate the PSF for setting
up a filter kernel for SAFT. Figure 6 exemplifies
the setup for obtaining a set of time signal data,
which represents the depth-dependent PSF.
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Fig. 6: Basic simulation for generating the PSF filter
kernel for PSF SAFT.

The density oscillation at the evaluation points
(marked white in Fig. 6) within the solid medium
is used to calculate the PSF data. As there is no
scatterer within the solid medium, we do not
obtain directly the PSF data as transducer output
signals. The PSF has to be generated by a two
times convolution of the signal input with the time
derivative of the SIR (see Eq. 7).

a a
Pout(Tp, £)  pou(t) * = h(xp, ) * = hs(xp, £ (7)

5 Comparison between Raw Image,
DAS and PSF SAFT as well as
Estimation of Lateral Resolution

In order to demonstrate the advantages of PSF
SAFT, we use a simple geometry without
applying FEM for the first. PSF SAFT will be
compared to the standard DAS SAFT and the
raw image. The raw data is generated by a
simulated scan. Thereby, the setup consists of
water as fluid medium with five point scatterers in
it, which are arranged along a line in depth
direction. They have a distance of 2.5 mm in
between. A 50 MHz transducer with the focal
zone at a distance of 15 mm is assumed. It
transmits a damped sine burst with length of
three periods. A scan increment in x direction of
0.1 mm is used. Figure 7 displays the simulated
B-mode raw image. The image of the point
scatterers has the well-known hyperbolic
characteristic. The lateral width is increasing with
distance to the focal zone because of lobe width.

B

Level in dB

depth z in mm

3 ¥ 2 i] ) 4 B

position x in mm

Fig. 7: Raw image of the investigated scan.

In Fig. 8, the DAS SAFT post-processed image
of the five scatterers is given. Unfortunately, it is
quite difficult to conduct a quantitative evaluation
of the target sizes in axial as well as in lateral
direction. In contrast, we have PSF SAFT in
Fig. 9. It can be seen that the point scatterers are
reconstructed very well. There are still artifacts in
the near of the transducer’s focal zone, but even
their signal levels are quite low (-20 dB and
lower). The integrated zoom windows make it
clear that the reconstruction of the point is
possible within the chosen lateral scan
increment. In axial direction, there is a very short
(about 0.02 mm) gaussian-like distribution with
its maximum at the position of the scatterer. This
might a consequence of both spatially and time-
discrete sampling, but it has to be approved in
later investigations.

depth z in mm
Level in dB

L

4 < ¥ 1] ¥ 4 &
position x in mm

Fig. 8: DAS SAFT image of the investigated scan.
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Fig. 9: PSF SAFT image of the investigated scan.
6 Conclusion and Outlook

We have presented an advanced SAFT
approach for US non-destructive testing. It is a
model-based algorithm that provides a matched
filter kernel for the given specimen by simulating
the PSF. To achieve this, we use a hybrid semi-
numerical simulation approach for an US imaging
system, called SIRFEM. SIRFEM is able to
provide simulated output signals for a given
geometry and an arbitrary transmit signal.

The post-processed SAFT image shows a
optimized lateral and very high axial resolution.
This is clear as we have a perfectly matched filter
kernel for the presented simulated scan.

In a next step, we will build up an application,
where a SIRFEM model is used as a filter kernel
for measured RF data. The specimen will be
investigated at a high-precision US scanning
measuring station (Fig. 10), which was realized
at the University of Erlangen. To establish a
matched PSF, appropriate knowledge of the
specimen’s inner structure as well as of the
excitation pulse’s waveform is required.

Fig. 10: High-precision US scanning measuring
station at the chair of sensor technology.
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Abstract

At Karlsruhe Institute of Technology (KIT) a 3D
Ultrasound Computer Tomography (USCT)
medical imaging system for early detection of
breast cancer is under development. The 3D
USCT Il prototype operates with a multistatic
setup of 2041 ultrasound transducers. Currently
used ftransducers fabricated by dice-and-fill
technique show approximately 2.5 MHz center
frequency, 1 MHz bandwidth and 36° opening
angle at 3 dB. To increase the region of interest
(ROI) for a next USCT generation, the opening
angle of a future transducer design should be
increased to approx. 60° while other
characteristics should be preserved or even
improved. Piezocomposites based on single PZT
fibers are investigated as promising cost-
effective alternative to dice-and-fill transducers
allowing for devices with increased opening
angle. Moreover, high uniformity of a multitude of
transducers made of same starting materials is
expected.

1 Introduction

Early detection of breast cancer increases the
chance of a cure. A diagnostic method for regular
examinations should be as harmless as possible.
3D Ultrasound computer tomography (USCT)
has the potential to detect tumors at an early
stage. As indicated in figure 1, high specificity in
the diagnosis of cancerous tissue is reached by
analyzing information of three modalities
(reflectivity, attenuation and speed of sound).
Furthermore,  ultrasound imaging  avoids
unintended side-effects, as caused by radiation
(mammography) or contrast agents (magnet
resonance tomography).

A 3D Ultrasound Computer Tomography (USCT)
medical imaging system for early detection of
breast cancer is developed [2, 3]. 2041
ultrasound transducers are arranged in a
multistatic setup ensuring three-dimensional
imaging. Currently, the transducers are
fabricated by dicing fully electroded and poled
piezoceramic wafers [4, 5, 6]. Always a set of
four piezoceramic elements is connected to outer
contact pads by attaching electrical wires by
soldering. Each set of four piezoceramic
elements works as one ultrasonic transducer
(see figure 2). The gaps in-between the
piezoceramic elements are subsequently filled
with polyurethane polymer. The so manufactured
transducers show approximately 2.5 MHz center
frequency, 1 MHz bandwidth and 36° opening
angle at 3°dB.

Threshold

Glandular
Tissue

Attenuation

Fatty Tissue

Speed of Sound

Fig. 1: Schematic of tissue type identification by
means of acoustic characteristics, simplified from
Greenleaf et al. [1]
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Fig. 2: Structured piezoceramic wafer: always a set of
four elements work as one transducer (active
elements visualized by grey shading)

First results from a pilot study with ten patients
proved the capability of the developed 3D USCT
prototype (see fig. 3) for 3D imaging of female
breast [7]. Therewith, demands for optimizing the
transducer design could be derived. The opening
angle of the transducer has to be increased to
approximately 60° to extend the region of interest
(ROIl) of the USCT system. To improve the
acoustic behavior, a fabrication technique would
be beneficial which allows an irregular
arrangement of the transducers in order to inhibit
spurious modes. Further, the acoustic properties
shall differ as less as possible from one
transducers to another.

Fig. 3: KIT 3D USCT prototype IlI, with open chassis
exposing internals

To meet these requirements, a new approach for
the transducer fabrication is presented. It is
based on piezocomposites made from single
PZT fibers. The fiber diameter and the pattern of
the arrangement are determined by means of
acoustic simulations. First results on measured
properties of the manufactured test samples are
discussed with regard to fabrication accuracy
and acoustic functionality.

2 Transducer design

A custom MATLAB written 3D simulation, based
on Huygens waves, is used to characterize
potential transducer designs. Dimensions and
shape of the transducer are varied and analyzed
with regard to the homogeneity and relative level
of sound pressure, introduced phase-shifts as
well as the frequency response over elevation
and horizontal angle.

Results of sound pressure simulations are listed
in table 1. An increased opening angle can be
achieved by reducing the transducer dimensions.
Reduction of the emission area of a rectangular
transducer from 0.81 mm? to 0.16 mm? leads to
an opening angle of 54° (3dB at 2.5 MHz). A
round transducer performs better in regard to
pressure homogeneity over elevation and
horizontal angles. Unfortunately, the smaller
emission area causes a reduction of the sound
pressure to 25 % [8] for both, rectangular and
round transducers.

Table 1: Opening angle and sound pressure
depending on transducer specification

Transducer | Area | Opening angle| Sound

size [mm] [mmz] (3dB@2.5MHz) | pressure
0.9 (rect) 0.81 |22° 100 %
0.4 (rect) 0.16 | 54° 25 %
0.456 0.16 |58° 25%
(round)

According to the simulation results, a technique
is needed, which allows for the fabrication of
round piezoceramic transducers with an active
area of 0.16 mm®. Piezoceramic fibers offer the
possibility to fabricate round piezoceramic
transducers with different diameters. For the
considered design piezoceramic fibers with a
diameter of about 460 um are necessary.
Additionally, inspired by compressive sensing
ideas, piezoceramic fibers can be arranged in an
irregular pattern (see fig. 4) to improve the
signal-to-noise ratio (SNR) in resulting images by
preventing periodic artifacts. Therefore, a
technique to produce piezoceramic transducers
with a specific arrangement of piezoceramic
fibers has to be developed.
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Fig. 4: Fiber arrangement: irreqular distribution pattern
3 Test sample fabrication

A fiber spinning method based on a phase
inversion process is used to produce dense
piezoceramic fibers [9, 10]. Lead zirconate
titanate (PZT) (SONOX® P505, CeramTec
GmbH, Germany) is applied as piezoceramic
material basis. The fiber diameter can be
precisely set through adjusting the process
parameters: nozzle diameter, extrusion velocity
and running velocity [11]. By doing so, round
PZT fibers with about 460 um are derived.

Piezocomposite fabrication is schematically
shown in figure 5. The PZT fibers are arranged in
the required pattern with the aid of masks (1) and
embedded into epoxy (EPO-TEK® 301-2, John
P. Kummer GmbH, Germany) polymer (2). After
curing for at least two days at 23°C, the
composite block is diced into thin wafers (3).
Electrodes (Au, 100-200 nm) are deposited on
both sides of the resulting piezocomposites by
means of sputter coating. Thereby, patterned
electrodes are applied to one side to achieve
individual addressable fibers (see fig. 6). An
electrical field of 2kV/mm is applied for
15 minutes to the electrodes for poling at room
temperature.

For the acoustic evaluation, the piezocomposites
are integrated into a cylindrical housing (see
fig. 7). Electrically conductive polymer (Heraeus
PC 3000 Epoxid, Ag 83% + 1.5%) is used for
contacting and insulating polymer (Vosschemie
Flexovoss PU or Wacker Silgel 612A) for
backfilling.

Fig. 5: Schematic of piezocomposite fabrication: 1)
positioning of single piezoceramic fibers into specific
positions defined by masks, 2) molding with matrix
material; 3) cutting into discs with defined thickness
according to operating frequency.

Fig. 6: Piezocomposite containing 13 individual
addressable piezoceramic fibers, backside is common
ground
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A !

Fig. 7: Test device #37 with integrated piezo-
composite for acoustic measurement

4  Results

The diameter of the fabricated PZT fibers is
measured with 460 ym +2% (average and
standard deviation), which represents a good
match to the required transducer size and
uniformity.

Table 2 lists the actual thicknesses of the
fabricated piezocomposites in comparison to the
targeted thickness. Ten samples were
manufactured for each target thickness. Sample
thickness was always measured at ten random
positions. A very small deviation from target
thickness as well as a good homogeneity is
reached for the diced piezocomposite disks.

Table 2: Target thickness and actual thickness

(average + standard deviation) of fabricated piezo-
composites

Target Actual
thickness [um] | thickness [um]
450 453 + 2
500 5017
550 552 + 4
600 605+ 10

First measurements of electrical impedance and
acoustic pressure confirm the function of the
single fibers as electromechanical transducers.
They could be applied for sending and receiving
ultrasonic waves. Furthermore, some of the fiber
based transducers show an increased opening

angle of about 60°. Unfortunately, the expected
uniformity in acoustic properties from one
transducer to the other could not be observed.
Beside that, the fiber transducers produce a
sound pressure below the expected 25 %.
Several individual transducers even exhibit
particularly weak or no response at all. A
preliminary microscopy analysis showed no
cracks or other indications of mechanical
damage.

Since the underlying reasons for the variation of
the acoustic properties are not identified by now,
this is the focus of following investigations.
Therefore, PZT fiber homogeneity as well as
assembly and packaging technology will be
examined in detail. Quantitative results regarding
to transducer behavior will be presented in [12].

5 Conclusions

Piezoceramic composites with specific
arrangement of PZT fibers allow for an effective
and efficient manufacture of arbitrary planar
positioned 2D transducer apertures, overcoming
limitations of the conventional dice-and-fill
process. Transducer size and thickness can be
easily adjusted to customs needs. An excellent
spatial reproducibility was achieved for both, fiber
transducer diameter and piezocomposite
thickness among the produced samples.

Nevertheless, some of the hopes for benefits do
not materialize. Although for some fiber
transducers the required and expected increased
opening angle could be shown, the expected
uniformity with regard to further ultrasound
characteristics could not be observed. The
underlying reasons have to be cleared.
Furthermore, options for improvement are
advanced matching and backing for greater
bandwidth and opening angle as well as an
optimized fiber material selection which can

increase the sound pressure level of the
individual transducers.
In further, the contacting of the individual

piezocomposites are critical process aspects.
While individual contacting and backing using
polymers worked in principle for the test
samples, these process steps lack high scale
processability and general reliability. Here,
additional improvements are needed to increase
reliability and effectiveness of these fabrication
steps.
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Abstract

Ultrasound Computer Tomography (USCT) is a
promising new medical imaging modality for early
breast cancer diagnosis. The main advantages of
USCT are simultaneous recording of reflection,
attenuation and speed of sound images, high
image quality and fast data acquisition. Building
such a device for clinical practice is very
demanding due to many thousand ultrasound
transducers, hundreds of parallel channels for
fast DAQ and computationally very demanding
reconstruction algorithms. Currently, the first 2D
systems have become available for clinical
evaluation. At KIT we developed and tested the
first full 3D USCT system and are conducting
clinical studies.

1 Introduction

A promising candidate for sensitive imaging of
breast cancer is ultrasound computer
tomography (USCT). The possible benefits of
USCT have been known for a long time. First
publications in this field date back to the 70s, e.g.
by Schomberg [1]. The main advantages of such
USCT systems are simultaneous recording of
reflection, attenuation and speed of sound
images, high image quality, and fast data
acquisition. Due to the defined patient positioning
and no breast deformation, the volume images of
the female breast are reproducible.

Building such a device for clinical practice was
for a long time not successful - mostly due to the
huge data rate and the time-consuming image
reconstruction. Currently, the first 2D and 2.5D
systems have become available for clinical
evaluation [2,3]. Usually modern USCT systems
implement unfocused ultrasound emission and
reception to reconstruct optimally focused
reflection images by synthetic aperture post-
beamforming. However, in most systems post-
beamforming is only applied in one imaging
plane. This leads to large slice thickness with
limited depth of field, loss of out-of-plane
reflections, and large number of movement steps

Fig. 1. 3D USCT with patient bed (left), transducer
aperture (top right) and patient position (bottom right).
to acquire a stack of images of the whole volume
[3]. 3D USCT, using spherical wave fronts for
imaging, overcomes these limitations.

2 3D USCT System

The prototype has a semi-ellipsoidal aperture
with 628 emitters and 1413 receivers. Approx.
spherical wave fronts are generated by emitting
with a single emitter at 2.5 MHz (approx. 50%
bandwidth). Rotational and  translational
movements, so-called aperture positions, of the
complete transducer aperture create further
virtual positions of the ultrasound transducers.
The aperture in form of a semi-ellipsoid was
optimized in respect to the isotropy of the 3D
point spread function (PSF), the image contrast
and the illumination [4]. The data acquisition is
carried out with an FPGA based system, which
can store up to 40GB of A-scans. The
digitalization is performed by 480 parallel
channels (12bit @ 20 MHz), enabling data
acquisition at one aperture position in ten
seconds.

After digitization, the parallel data streams are
processed by the FPGAs of the data acquisition
hardware. The signals are band pass filtered
(1.67 to 3.33 MHz @ -60 dB) and the data rate is
reduced by a factor of 6, performing a band pass
undersampling. The reduced data is then stored
in the internal 80 GB memory buffer.
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Table 1: Specification of KIT’s 3D USCT

Parameter Value

No. of parallel channels 480

Digitization 20 MHz at 12 bit

On-board memory 80 GBytes

Multiplex factor 3

No. TAS 157

No. emitters 628

No. receivers 1413

Diameter TAS 28 mm

Emitters / TAS 4

Receivers / TAS 9

Area individual transducer | (0.9 mm)?

Opening angle 38.2° at -6 dB
(SD £ 1.5°)

Resonance frequency 2.7 MHz (SD %
0.08 MHz)

Bandwidth 1.5 MHz at -6 dB
(SD + 0.15 MHz)

Sound pressure 5.9 kPa at 12 cm
(SD + 0.63 kPa)

Using this approach it is possible to store up to
47 data sets at different aperture positions in one
data acquisition process. The whole device is
embedded in a patient bed as shown in Fig. 1.

Sound pressure is generated and received using
lead zirconate titanate (PZT) composites. One
quadratic module of PZT composite contains
nine receivers and four emitters. Each transducer
head is embedded in the Transducer Array
Systems (TAS) casing including its pre-amplifier
and control electronics. Each transducer has a
quadratic area of (0.9 mm)2 which is composed
of a two by two structure of 400 um times
400 ym sub-elements. The gap between the sub-
elements is 100 ym. The transducer array with
attached electronics is then positioned within the
TAS casing.

Each TAS contains a temperature measurement
device for tracking the temperature distribution
and shift at 157 positions during measurements.
Additionally, two calibrated PT100 temperature
sensors are embedded in the TAS holder to
enable increased accuracy. The measured
temperature distribution can be applied during
the image reconstruction to estimate the
distribution of the speed of sound in the contact
medium water. Table 1 summarizes the system
parameters.

3 Image Reconstruction

The applied reconstruction algorithm for
reflectivity images is the 3D synthetic aperture
focusing technique (SAFT), which can be
described by the following equation:

R(X) =2, A(X.&,F)T (A, (X)

where R denotes the reconstructed qualitative
volume of local impedance differences at the
reconstruction point . T comprises the
preprocessing steps, 4, is the A-scan acquired
at emitting position e, and receiving position 7.
Norton and Linzer [5] showed for ideal
conditions, i.e. continuous aperture, isotropic
point scatterers, no attenuation, that SAFT
solves the inverse problem of calculating the

local impedance differences.
The time t is related to the point p by

o _ IB=gll+p Tl

t(@) = G 2)
For the simplest reconstruction the harmonic
mean of the speed of sound may be assumed to
be constant &(p,e,7;) =&, e.g. the speed of
sound in water at the temperature measured
during image acquisition. For high resolution
imaging the mean speed of sound on the path
from the emitter to the imaged point and from the
imaged point to the receiver needs to be
calculated from the simultaneously acquired
speed of sound map of the breast. The factor
a(p,e,7;) can be applied to correct for the
attenuation on the path. It is estimated from the
attenuation map of the breast [6].

Acquiring unfocused ultrasound facilitates new
possibilities for signal preprocessing, as the data
can be accessed before the focus of emission is
generated. The A-scans are preprocessed using
a matched filter, followed by envelope
transformation, detection of the local maxima and
convolution with an optimal pulse [7].

The computing system for reconstruction
consists of a reconstruction PC (4 x AMD
Opteron Octacore, 2.3 GHz, 256 GB RAM) and
an external GPU crate (One Stop Systems)
connected via a second generation PCI-Express
bus. The external GPU crate is equipped with
four Nvidia Geforce GTX 590 cards, with two
GF100 GPUs per card. This results in a total
number of eight separate CUDA devices for
image reconstruction [8].

The speed of sound and attenuation volumes are
reconstructed using a ray-based approach. The
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transmission signals are detected and the time-
of-flight and relative signal energy, respectively,
are applied in an algebraic reconstruction
technique (ART) to calculate the resulting
images. A compressive sensing algorithm, i.e.
3D adaption of TVALS3, using total variation
minimization is employed for optimization. Refer
to [9] for a more detailed description.

The resulting USCT reflectivity, speed of sound
and attenuation images can be viewed
separately, directly overlaid or overlaid with an
applied threshold. The direct overlay codes the
speed of sound or attenuation in a color map and
the reflectivity as grey values. The overlay is
done by adding the color-coded image to the
grey image with an adjustable degree of
transparency. The thresholded-fused image
follows the method in [10], where a color image
only marks image areas where the speed of
sound and attenuation are above given
thresholds, and then is overlaid on top of the
reflectivity volume.

4  Results

We evaluated our KIT-3D USCT in a pilot in-vivo
study. The primary aim of this study was to test
the USCT device on ten patients in respect to

1. Data acquisition and image reconstruction

protocols

2. Fused display of the multimodal USCT
images

3. Process of data acquisition and its
optimization

4. First indications of breast image quality for
different tissue types, implants and cancer

All necessary permissions to carry out a clinical
study have been acquired. The patients included
in the study were acquired during the standard
MRI examination at the University Hospital Jena.
In all MRI examinations a standardized protocol
according to international guidelines was used.
The applied magnetic field strength was
1.5 Tesla (Magnetom Avanto; Siemens Medical,
Erlangen, Germany). It started with 2D dynamic
T1w spoiled gradient echo scans before and

after intravenous application of Gd-DTPA
(Magnevist, Bayer/Schering, Leverkusen,
Germany). For standardized injection power

injector devices were used (Medrad, Spectris,
Medrad, Pittsburgh, USA). Additionally, a T2w
TSE scan in identical slice position was acquired.
The MRIs are sliced transversally, the in-plane

resolution is 0.9 mm, and the slice thickness is
3 mm without gap.

Fig. 2: 74 year old patient with large breast cancer in
the left breast. Left: Frontal MRI subtraction slice.
Right: USCT slice at approx. the same position as
tresholded-overlay.

The patients first had their scheduled MRI
examination and were then - if they met the
inclusion criteria - asked to participate in the
study. If they agreed, the USCT image
acquisition was carried out directly after the MR,
so that the MRI images could be used as ground
truth for comparison to the USCT volumes.

For emission a linear frequency coded chirp was
employed with 2.5 MHz center frequency, 1 MHz
bandwidth and 12.8 us duration. The main lobe
of the optimal pulse was set to 2 s, which
corresponds to a Full Width Half Maximum
(FWHM) of the point spread function of approx.
1.5 mm, and thus is comparable to the MRIs.

For most patients the breast diagnosed with
lesions was imaged with ten aperture positions.
The contralateral breast was also imaged using
four aperture positions.

1608

&

% Soand spesd in m

Fig. 3: Transversal slice image of a patient with an
inflammatory carcinoma (green marker) in the
registered T1 MRI image (top) and fused image of the
MRI with the USCT sound speed image (bottom). The
sound speed information is color-coded and rendered
semi- transparently on the MRI slice.
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For two patients, who were diagnosed with large
cancer masses, only the breasts with lesions
were imaged with 13 aperture positions. Fig. 2
and 3 show two exemplary results.

For comparison of the reconstructed USCT
images to an established modality, MRI images
were used. In MRI the breast is positioned
pendulous in prone position within a dedicated
breast coil. However, due to buoyancy in USCT
and deformations of breast when contacting the
MRI coil, direct voxel to voxel comparison is not
possible. Due to immersing the breast into a
water bath, it buoys up resulting in a shortening
of approx. 15% in anteroposterior direction.
Complex interactions within the breast result in
nonlinear deformations of tissue structures.

After reconstructing all USCT modalities, a
registration and image fusion was applied to
achieve comparable images and visually
evaluate the USCT images against the ground
truth MRI (Fig. 3) [11].

5 Future System

The aims of the pilot study could be fully reached
and the results led to further optimization of the
system. We learned that the breast shape in
USCT and MRI of the same breast was for most
patients very different. This is mainly due to the
buoyancy of the breast in water and partly due to
deformation of the large breasts by the MRI coil.
Central positioning of the breasts in the USCT is
crucial, yet this was hard to realize during the
clinical study. Misplacements led to
inhomogeneous illumination  of  reflectivity
volumes outside the ROI. The speed of sound
volumes seem to be most specific for breast
cancer diagnosis, at least for the small number of
imaged patients with mainly large lesions. The
current ray-based reconstruction for transmission
tomography limits the resolution to 12 mm.
Furthermore, the current aperture design
reduces their image quality by introducing
artifacts into the images [12].

The aim for a future system was to design a new
aperture extending the properties for reflection
tomography of the current aperture to a larger
ROI fitting the buoyant breast and minimizing the
artifacts in transmission tomography. The
method should be generic in such a way that for
given design parameters and hardware
limitations, e.g. number of channels for data
acquisition and diameter of aperture, an
approximately optimal aperture can be generated
and compared quantitatively to other apertures.

The optimization method [13] resulted in a larger
opening angle of the transducers, a larger
diameter of the aperture and an approximately
homogeneous distribution of the transducers,
with locally random distances.

The transducers will act as emitter and receiver.
In order to distribute the individual transducers
more uniformly on the aperture we chose 128
TAS with 4.3 cm diameter and 18 transducers
each. Thus 1.6 times more transducers will be
available. Only two aperture positions will be
necessary to acquire the same amount of data
compared to 12 aperture positions in the current
system leading to reduced measurement time.
Fig. 4 und 5 show resulting TAS and aperture in
comparison to the current system.

et 42 61 TAS wih 13 tansducers, ch2-1792. gaﬂem #2 of TAS with 18 transducers, chi2=1730.2
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Fig. 4: Distribution of transducers on each TAS for the
current and future USCT; their diameter is 28 mm (left)
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Fig. 5: Comparison of the transducer distribution of
the current USCT (top) with 12 aperture positions and
the future USCT (bottom) with only two positions,
resulting in the same number of A-scans (107).
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6 Conclusion

We developed an optimized unfocused 3D USCT
with approximately isotropic 3D PSF in a breast
shaped ROI and presented first patient data
which demonstrate the performance of the
system. We realized a sparse 3D USCT setup,
which implements an optimized transducer
distribution, resulting in homogeneous
illumination, and nearly isotropic 3D PSF.

Results of a first pilot study with the KIT 3D
USCT with ten patients have been presented.
The aims of the pilot study could be fully
reached: Ten patients were successfully imaged
with the 3D USCT. The process and protocols of
the data acquisition could be evaluated. The
image reconstruction and image fusion could be
tested.

All these steps where successful and their results
will lead to further optimization of the system.

First patient images show promising results. It
seems that speed of sound is at the current state
the most indicating modality for cancer. Yet, this
needs further evaluation and also more complex
reconstruction methods have to be tested.

Literature
(1]

Schomberg, H.: An improved approach to
reconstructive ultrasound tomography. In J.
Phys. D: Appl. Phys. 11, 1978.

Duric, N.; Littrup, P.; et al.: In-vivo imaging
results with ultrasound tomography: Report
on an ongoing study at the Karmanos
Cancer Institute. In Proc. SPIE Med. Imag.,
2010.

Wiskin, J.;Borup, D.; et al.: Inverse
scattering and refraction corrected reflection
for breast cancer imaging. In Proc. SPIE
Med. Imag., 2010.

Schwarzenberg, G.; Zapf, M; et al.:
Aperture optimization for 3D ultrasound
computer tomography." In Proc. IEEE UFFC
Symp, 2007.

(2]

(3]

[4]

(5]

(6]

(7]

[8]

[9]

[10]

[11]

[12]

[13]

Norton, S.; Linzer, M.: Ultrasonic reflectivity
imaging in three dimensions: Recon-
struction with a spherical array. In
Ultrasonic Imaging 1, 1979.

Kretzek, E.; Dapp, R.; et al.: Evaluation of
phase aberration correction for a 3D USCT.
InProc. IEEE UFFC Symp, 2013.

Ruiter, N.V.; Schwarzenberg, G.F.; et al.:
Improvement of 3D ultrasound computer
tomography images by signal pre-
processing. In Proc. IEEE UFFC Symp.,
2008.

Kretzek, E.; Zapf, M.; et al.. GPU based
acceleration of 3D USCT image
reconstruction with efficient integration into
MATLAB. In Proc. SPIE Med. Imag., 2013.

Dapp, R.; Ruiter, N.V.; et al.. Geometry
independent speed of sound reconstruction
for 3D USCT using apriori information. In
Proc IEEE IUS, 2011.

Ranger B.; Littrup P.J.; et al: Breast
ultrasound tomography versus magnetic
resonance imaging for clinical display of
anatomy and tumor rendering: Preliminary
results. AJR  American  journal  of
roentgenology. 2012;198(1).

Hopp, T; Dapp, R.; et al.: Registration of 3D
ultrasound computer tomography and MRI
for evaluation of tissue correspondences. In
Proc SPIE Medical Imaging 2015,.

Dapp, R.: Abbildungsmethoden fiir die Brust
mit einem 3D-Ultraschall-Computertomo-
graphen, PhD thesis, KIT, 2014.

Ruiter, N.V; Zapf, M.; et al.: Optimization of
the  aperture and the  transducer
characteristics of a 3D Ultrasound Computer
Tomography System. In SPIE Med. Imag.,
2014.

5" Scientific Symposium

105



106 5" Scientific Symposium



Material-integrated Intelligent Systems — Notes on State of the Art and Current Trends

Material-integrated Intelligent Systems — Notes on State of

the Art and Current Trends

Lehmhus, D.

ISIS Sensorial Materials Scientific Centre, University of Bremen, Bremen

Abstract

The present text provides an overview of so-
called material-integrated intelligent systems.
Following an explanation of the concept behind
this term, specific challenges associated with this
approach are named and technological solutions
and research paths highlighted that are aimed at
tackling them. In doing so, both hard- and
software aspects are considered. In a
conclusion, an attempt is made to identify
specific issues that from the author's point of
view for one thing require additional research
efforts and besides should generally move
further into the focus of the scientific community
dealing with this kind of systems. Among these is
the topic of data evaluation, the emphasis on
which once again stresses the multi-disciplinary
nature of material-integrated intelligent systems.

1 Introduction

Material-integrated intelligent systems represent
a concept that includes, but extends beyond
material-integrated sensors. To explain this
notion, tactile sensing has often and successfully
been referred to: Our own tactile experience can
be shown to be composed of several different
sensory contributions fused together by local
data pre-processing, including signals related to
temperature, pressure as well as the latter’s first
and second derivative. Thus if tactile sensing,
and the skin and associated nervous system that
it is based on, are conceived as model of
material-integrated intelligent systems, this
implies that in its technical counterpart, besides
sensors, signal and data processing and
evaluation must also become an integral part of
the material, and to make use of information
gathered, communication capabilites on an
internal, material level and towards external
system components are mandatory. Finally,
since materials integration limits access to the
embedded system, energy autonomy is more
than useful and has to be guaranteed through
scenario-dependent combinations of energy

harvesting and storage, accompanied by an
intelligent management of resources which
includes the consumer side in its considerations
by measures such as context-dependent depth
of data evaluation, saving energy through
accepting cutbacks in accuracy and reliability of
results where safety is not at stake. Summing up,
what constitutes a material-integrated intelligent
system is a move of functionality into the material
which basically has its end when a complete
energy-autonomous intelligent sensor network is
incorporated in a host material which in turn may
be processed into different kinds of products just
like any semi-finished material. The appeal of the
latter aspect lies in the assumption that such
flexibility in application may help to lower cost of
material-integrated intelligent system through
economy of scale effects.
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Fig. 1: Components of a “sensorial material” [2].

Systems of this kind (see Fig. 1) have been
discussed repeatedly in the literature: “Sensorial
materials” as described by Lang et al. and
Lehmhus et al. are among the examples [1-3].
Mekid et al. have addressed this concept again
lately [4, 5], while a recent study by McEvoy and
Correll explicitly points at the potential of adding
actuator functionalities, coining the term “robotic
material” for the concept thus suggested [6]. For
increased ease of formulation, in the following
text, the term “sensorial materials” will be used
synonymously with material-integrated intelligent
systems.

Even though a full-fledged realization of sensorial
materials is not in commercial use today, it is not
hard to envisage future areas of application:
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These include robotics, where the tactile sensing
originally employed to outline the concept is one
of the aims addressed in “smart skin"-related
research [7], structural health monitoring and
control in civil [8] or aerospace engineering [9],
up to autonomous “fly-by-feel” concepts in the
latter field [10]. Still less prominent, but
potentially more disruptive ideas include new
kinds of (tangible) user interfaces for all sorts of
consumer products from everyday objects all the
way up to future generation automotive user
interfaces [11].

2 Challenges: Overview

The main challenges sensorial materials face
can be derived from the observation that
integration must not have adverse effects on the
systems primary functions. Similarly, the added
functionality must live up to the product’s
fundamental levels of quality, reliability, lifetime
etc.

In short, requirements include

e no adverse effect of integration on the host

material’s or the system’s own performance,

e fault- and damage-tolerance, incl. self-

evaluation capability,
e reliability in signal- and data processing,
e long-term stability under service conditions,
e energy autonomy,
e low to no maintenance requirements and
o finally, competitive costs.

Fig. 2 summarizes this list by grouping and
further detailing the aforementioned aspects.

Beadility ngnins
ErdUCtion processes

Design &
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|

Fig. 2: Sensorial materials main challenge.

In the following text, selected challenges will be
discussed in more detail. The focus is first on

3 Mechanical and thermal stability and
compatibility

Intelligent systems to be integrated in the volume
of a host material need to withstand loads
associated with the production process and the
receiving component’s service life.

Production processes differ greatly in terms of
the thermal and mechanical loads they exert.
Light metal casting is typically done above
700°C, with pressure levels in high pressure die
casting (HPDC) easily exceeding 1000 bar. In
contrast, conditions in polymer processing are
mild: In plastic injection moulding, temperatures
usually remain below 300°C, while injection and
packing pressure fall short of 1000 bar (Fig. 3).

high pressura
die casting

mital injection
moulding

plasticinject,
miaulding

perm. die casting

sand & investm,
casting

Fig. 3: A rough, qualitative comparison of host
material processing conditions’ severity.

A distinction has to be made here between
mechanical stability and compatibility: The former
describes the capability to sustain loads without
damage, while evaluation of the latter addresses
the combined performance of host material and
embedded system: Thus the main problem with
compatibility is that materials required for their
functional properties usually differ greatly from
the host materials in terms of their mechanical
and thermal characteristics. Besides, the
complex built-up of microsystems usually
necessitates stacking several layers of different
functional materials, with significant implications
for local stress levels under a simple global load:
Dumstorff et al. have demonstrated this on a
generic level using FEM simulation techniques to
demonstrate stress level concentrations in and
around a silicon microchip embedded in
theoretical materials characterized by Young's
moduli in ranges below and above that of silicon,
with the structure as a whole under tensile and
bending load [12]. Lecavelliers des Etangs-
Lavellois et al. have looked at the same problem
in even more detail, down to the level of the
aforementioned individual functional layers [13].
In a similar way, shifting a hybrid material or

mechanical and thermal stability and
compatibility, followed by issues of data
processing.
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structure made of components with deviating
coefficients of thermal expansion (CTE) to
temperatures beyond an assumed, stress-free
ground state will introduce mechanical stress
within such systems: If a low CTE material is
embedded in a high CTE one, it will suffer tensile
stresses when heated, and vice versa. For
polymer-embedded microsystems, Heber et al.
have discussed such effects for a ceramic, PZT-
type piezoelectric in a PA6 and PEEK matrix,
respectively [14].

Basically, three generic concepts are used to
obtain mechanical stability and/or compatibility,
on slightly different levels (see Fig. 4).

Bending -
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Fig. 4: Potential paths towards stability and
compatibility: Flexible, bendable and stretchable
components.

Neutral Plane Engineering makes use of the fact
that the central layer of a planar structure, when
bent around an axis in the plane, experiences
neither strain nor stress. Since the theoretical
thickness of this central layer is zero, compo-
nents that need to exploit the effect to the full
need to be extremely thin themselves. Con-
sidered individually, the thinner a structure is, the
lower is the maximum strain it experiences when
bent to a given radius - as a rule of thumb, a ratio
of 1:1000 is observed between thickness and
tolerable radius of curvature, though the exact
value depends on Young’s modulus and yield
strength of the material in question, too, as both
together govern the limits of purely elastic
deformation [15]. In practice, what seems an
attractive bypass w.r.t. many problems of
material integration, has a number of pitfalls to
offer: First of all, infinitely low thickness is not
really achievable, the more so if several func-
tionalities and thus subcomponents together with
their wiring are the subject of the attempted
planar integration: For compactness, most SiF
concepts are multi-layer themselves, with
alternating functional and wiring layers, thus
constituting a system being indeed thin, but for
sure not infinitely so. Besides, real-world sheet
metal structures are likely to see loads that differ

from the simple case — as already Dumstorff et
al. have shown, naturally, in-plane tensile stress
cancels out the concept’s benefits [12]. Finally,
for some part of the intelligent sensor system,
namely the sensor itself, a stress-free state is not
what is aimed at, at least if it is mechanical loads
that are to be detected.

Stretchable functional components, in contrast,
are for most host materials a solution that comes
at a cost — that is, the cost of computing power.
Non-silicon sensors and electronic devices can
be based on a number of organic substances,
like PEDOT-PSS or pentacene. As organic
materials, they show both Young’s moduli and
CTEs that better match polymer substrates or
host materials. At the same time, they tend to be
well suited for large-area, low cost manufacturing
processes — which is why the terms organic and
printed electronics are sometimes used almost
synonymously -, and thus show promise in view
of the economic aspects of sensorial materials.
However, they fall short of silicon electronics’
performance by several orders of magnitude,
first, because the achievable integration density
on an area basis is lower by a fact of roughly 10°,
secondly, because switching times similarly fail
to reach those of their inorganic counterparts.
Nevertheless, organic electronics will likely prove
to be of interest for low cost applications, or for
clearly defined data processing subtasks e.g. in
sensorial material concepts based on SiF-like
configurations. Table 1 below outlines the main
differences in overall profile between organic and
inorganic electronics.

Table 1: Organic vs. inorganic electronics.

feature org./printed | Si/convent.
electronics |electronics
switching times -- ++
integration density - ++
large area solution ++ -
flexibility ++ - (UTCP)
ease of fabrication ++ Lk
fabrication costs ++ Lk

*  True for cost-of-area perspective, different for
performance-related cost.

Stretchable interconnects are a reasonable way
of maintaining many of the advantages that go
with stretchability in general, but still keep sensor
and electronics performance. Functional compo-
nents are allowed to be stiff, almost rigid, in this
case, while the interconnects between them are
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designed in a conformable manner, through
choice of materials, and/or adapted geometries.

Lang et al. have recently reviewed several ways
of achieving stretchability of interconnects [16].
Meander shapes in the substrate plane are the
most common solution. Recent optimization
attempts have addressed the reduction of local
stresses in the conductive path at a given strain
of substrate and interconnect, leading to a horse-
shoe geometry [17]. However, structures of this
kind were shown to experience stresses
perpendicular to the substrate, too, which
depend in their magnitude on the aspect ratio
between path width (in-plane) and thickness (out-
of-plane). To reduce the effect, use of several
parallel paths, each of a more favourable aspect
ratio, has been suggested [17]. An interesting
alternative, though somewhat harder to realize
on larger area, makes direct use of CTE
mismatches: Here, a metallic conductive layer is
deposited on a polymer at temperatures raised
above the operating range. When cooling to the
latter, the higher CTE of the polymer induces
compressive stresses in the thin metal layer,
which folds into a complex relief pattern, but due
to its low thickness, does not fail. In-plane
stretching of substrate and metal layer will flatten
out the pattern [18]. A comparable approach
uses mechanical pre-stretching of the substrate
[19]. Both studies report notable strain levels of
3.8 and even 22%, respectively, without loss of
conductivity and with the added benefit of
allowing biaxial stretching.

Typically, systems that have stretchability
designed into them also build on thinned
components to limit rigidity to in-plane loads.
Ultra Thin Chip Packaging (UTCP) and Ultimate
Thinning and Transfer Bonding (UTTB) are
processing sequences that reduce microchip
thickness to levels of a few micrometers through
sequential mechanical (grinding, lapping) and
chemical steps (wet/dry etching) [13]. This is
possible because wafer thickness is not
controlled by functional requirements, but by the
need to allow handling. Thus practically, by
reducing material volume to the absolutely
necessary, this technique is related to the
concept of Function Scale Integration proposed
by Lang et al. for material-integrated sensors and
electronics in general: The message is that the
footprint of a material-integrated system may be
conceived as wound within the host material,
potentially compromising its properties, and
should thus be limited in size to the utmost —
beyond thickness reduction, this may also mean

moving from planar to net-like substrates, so-
called functional nets [16]. Related are tech-
niques that do away entirely with the substrate at
least for the sensor part of the embedded
system. This has been demonstrated by
Hufenbach et al. for fibre reinforced composites
having thermoplastic matrices: The substrate
material carrying the sensor is chosen to match
the thermoplastic matrix, thus during processing,
the interfaces between both system components
disappear [20].

4  Data processing challenges

Data processing and information retrieval
represents a major, distinguishing feature of
sensorial materials as defined here, because in
classical sensor-equipped structures, though the
tasks are there, they are very often realized in a
centralized manner, and handled outside the
material or structure itself. This notion is explicitly
reflected in several concepts for aerospace SHM
systems, which are designed to gather data in
flight and pass it on to ground control for finding
some sense in the sum of the signals sent [21].
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Fig. 5: Example of the fundamental structure of an
SHM data evaluation system employing machine
learning techniques.

In contrast, if an SHM system is to provide safety
at runtime, among others, it needs true real-time
capabilities: In case of damage, the evaluation of
its consequences and of protective measures to
take must be at hand immediately after its
occurrence. But this is not all that is to be wished
for: An additional, but very important aspect
among the data evaluation topoi is nicely
illustrated by a robotic system, developed at
Cornell University, which is programmed to
autonomously identify its own configuration and
independently develop strategies to achieve
certain goals, like “walk a distance” without any
previous instruction about how to actually
perform the act of walking. Besides this learning
capacity, the system is able to detect changes of
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state, which could e. g. be damage, and adapt its
internal self-model accordingly [22].

The link between this starfish robot and the
aforementioned SHM system is the fact that one
has, the other desperately needs a system
identification capability: Being damaged, the
SHM-supported structure must not only be able
to analyze what happened, but beyond this, it
needs to retain its self-evaluating and predictive
capabilities in its new state — or at least it must
realize that it has actually lost them, if damage is
too severe.

Practical approaches towards self-evaluating and
fast data processing have e.g. been discussed
by Lehmhus et al.,, Bosse and Lechleiter and
Bosse [23-25]: Bosse and Lechleiter present
hybrid data evaluation concepts that combine
machine learning and multi-agent based systems
as examples of Artificial Intelligence (Al)
methodologies with inverse FEM methods for
fast, but basically static, identification and
reconstruction of loads acting on the monitored
structure to start with [24, 25]. In this concept,
when triggered by a characteristic signal or
event, the role of the software agents is to
migrate through the sensor network to detect
patterns associated with fault or damage and if
required initiate the inverse FEM calculation.

Not yet covered by this procedure are the
starfish’s capabilities: The inverse methods
employed imply a fixed system model. Similarly,
machine learning techniques, sometimes
designated as model-free, typically base their
gathering of knowledge on a static representation
of the system. So the question is how a change
of system state may be detected and
characterized. For the starfish robot, the answer
is a subdivision of the system in simplified
components (multi-body dynamics) with a set of
possible connections: Based on its knowledge of
components in the undamaged state, the starfish
generates a hypothesis, i.e. a possible system
model, and tests it by initiating simple actions
(movements) and contrasting the resulting
sensor signals with the respective expectations
derived from the system model. If assumed and
measured values deviate, a new hypothesis is
put to the test in exactly the same manner.

In transferring this capability to the sensor-
equipped structure, self-evaluation is among the
critical issues: What is required is a defined
signal. Practically, this could be a typical
background signal, a recurring operational state,
or a purposefully generated excitation: What this

latter option entails is an extension of the sensor
network to include active components -
actuators. In effect, a system capability like this
would lead to a change on software level once
hardware is compromised: Nothing, then, is
constant but change [2]. Keeping track of such
changes, and associating them with an overall
safety level that includes soft- and hardware will
become a major challenge.

5 Summary, Conclusion and Outlook

The present text could only briefly touch upon
certain aspects of material-integrated intelligent
systems and cast a spotlight on current
development trends in these specific areas. The
decision which of these challenges to highlight
has been with the author and might be
challenged itself. Here, the choice in this respect
has been on mechanical and thermal stability
and compatibility, and besides these, some
specific issues of data evaluation.

In conclusion, the notion is that while many of the
more hardware, process and materials
engineering-oriented problems still deserve
attention, data evaluation is among the areas not
to be neglected, with the focus in this respect to
be set on real-time capabilities and adaptive
methods that allow integration of findings from
recurring system identification procedures. Thus
the flexibility on the mechanical side exemplified
by bend- and stretchability is to be accompanied
by a similar flexibility on the software side that
accommodates changing system states without
compromising safety. Most likely, realization of
such capabilities will require actuation in addition
to sensing. The actual system state thus
becomes more and more fluid: To cope with such
effects already during system layout, new
development environments as well as simulation
and optimization tools are required, not the least
providing extensive — and acknowledged - virtual
testing facilities. On a grander scale, as further
trend, a shift to pervasive and ubiquitous
computing including sensor clouds and cloud
computing is observed, integrating smart
materials and structures in ambient networks,
driven e. g. by new advances in multi-agent
system technologies [26].
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