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Kurzfassung

Der Aufstieg von Smartphones und Tablets und deren wesentliches De-
signmerkmal einer geringen Dicke, hat zu einer signifikanten Erhdhung
der zyklischen Belastungen in deren Miniaturlautsprechern gefuhrt. Ein
wesentliches Strukturbauteil dieser Lautsprecher ist die Polymermembran,
die zwei Hauptanforderungen erfullen muss. Als erstes muss ein adaquates
Dampfungsvermogen gewahrleistet sein, damit eine gute Klangqualitat er-
reicht wird und die Membran vor Bruch bei hohen dynamischen Lasten im
Resonanzfall geschutzt wird. Weiters wird eine gute Risszahigkeit benotigt,
damit den hohen zyklischen Lasten in der Anwendung standgehalten wird.
Als Konsequenz ist das Wissen um diese Parameter fur eine erfolgreiche
Lautsprecherkonstruktion unbedingt notwendig.

Der Stand der Technik in der Charakterisierung der genannten Parameter
far Miniaturlautsprecher sind Bauteiltests. Diese sind zwar wichtig in einer
abschlieRenden Abstimmung der Lautsprecherkonstruktion, jedoch fur eine
frihe Materialauswahl und fokusierte Studie von Designparametern der
Lautsprechermembran sind Prufmethoden direkt an den Folien sowohl zeit-
als auch kosteneffizienter. Da zur Zeit vorhandene Prifmethoden nicht
geeignet sind, um die Materialcharakterisierung auch bei anwendungsrel-
evanten Bedingungen durchzufuhren, werden in der vorliegenden Arbeit
neue Methoden vorgestellt.

In monotonen bruchmechanischen Versuchen wurde bei einer Reihe von

Lautsprecherfolien sprode Versagensmuster festgestellt, wodurch linear
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KURZFASSUNG

elastische bruchmechanische (LEBM) Methoden als anwendbar eingeschatzt
wurden. Da jedoch keine Korrelation zu Bauteiltests gefunden wurde, wurde
in weiterer Folge ein zyklischer Ermudungsversuch unter Zugbeanspruchung
mit einer sehr hohen Pruffrequenz von 100 Hz aufgebaut, basierend auf
Wodhler- und Risskinetikversuchen (fatigue crack growth tests, FCG). Um die
Anwendbarkeit von LEBM fur das zyklische Versagensverhalten von dinnen
Lautsprecherfolien zu Uberprufen, wurde das Rissahnlichkeitsprinzip ange-
wendet. Hierzu wurden Versuche mit zwei unterschiedlichen Prifkorpergeo-
metrien, doppelt gekerbte (double edge notched tension, DENT) und zentral
gekerbte (center cracked tension, CCT) Zugproben durchgefuhrt und Rissk-
inetikkurven von unterschiedlichen 4.5 pm bis 10 ym dicken Polymerfolien
verglichen. Fur Polyarylat (PAR), Polyethersulfon (PESU) und Polyethylen-
therephthalat (PET) wurde die Anwendbarkeit des Rissahnlichkeitsprinzips

nachgewiesen.

In weiterfuhrenden Versuchen wurden Effekte der Temperatur, des Mehrla-
genaufbaus und des anisotropen Materialverhaltens auf das Versagensver-
halten von Lautsprecherfolien untersucht. Bei temperaturabhangigen Ermu-
dungsversuchen mit PET Folien wurde ein Maximum in deren Ermudungs-
festigkeit bei 60 °C und somit unterhalb deren Glasubergangstemperatur
festgestellt. Weiters wurde nachgewiesen, dass Delaminationsprozesse im
Ermudungsverhalten von Mehrschichtlaminaten far Miniaturlautsprecher
nur eine untergeordnete Rolle haben. Hierzu wurden T-Peel und Ermu-
dungsversuche durchgeftuhrt und bezutglich deren Bruchenergien ausgew-
ertet. Jedoch wurde entdeckt, dass die Dampfungsschichten in den Mehrla-
genfolien die Rissspitzen in den steifen Aul3enschichten vor aul3eren Las-
ten moglicherweise abschirmen, was zu einer scheinbaren Erhdhung des
Risswachstumswiederstandes gegenuber Monofolien fuhren kann. Ab-
schlieBend wurde das richtungsabhangige Versagensverhalten von extru-
dierten Folien untersucht. Hierbei wurde eine Ablenkung des Risswachstums
durch die Molekulausrichtung in eine Richtung mit niedrigem Risswachstum-
swiederstand beobachtet. Dieses Verhalten konnte durch die bevorzugte
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Ausrichtung der Molekulketten in Extrusionsrichtung der Folien erklart wer-
den.

Zur Charakterisierung des Dampfungsverhaltens von Miniaturlautsprecher-
laminaten wurden zwei Messmethoden erstellt, beide basierend auf der
Methode der dynamisch mechanischen Analyse (DMA) unter erzwungener
Schwingung. Die erste sogenannte “Speaker” Mode Methode wurde der
Sickengeometrie von Miniaturlautsprechermembranen nachempfunden.
Basierend auf dem DMA Dual Cantilever Modus wurden aus den Lami-
naten die Sickengeometrien symmetrisch zwischen der Antriebswelle und
den beiden aulBeren Einspannungen ausgeformt. Der grol3e Vorteil hierbei
ist, dass zusatzlich zur Charakterisierung des Dampfungsvermogens der
Dampfungsschichten, auch Effekte durch die Steifigkeitsverhaltnisse zwis-
chen den weichen Dampfungs- und steifen Aul3enschichten beschreibbar
waren. Die zweite Methode basiert auf dem DMA Schermodus und wurde
fur die Charakterisierung von Dampfungsschichten in constrained layer
damping (CLD) Laminaten optimiert. Da beide Methoden hinsichtlich der
erreichbaren maximalen Pruffrequenz eingeschrankt sind, wurde das Zeit-
Temperatur-Superpositionsprinzip angewandt. Damit wurde es moglich Ex-
trapolationen bis zu anwendungsrelevanten Frequenzen von bis zu 1000 Hz
durchzufuhren. Weiters wurde die Auswertung mittels des im anwendungsrel
evanten Temperaturbereich gemittelten integralen Durchschnitts des Ver-
lustfaktors, tA, eingeftihrt. Mit diesem wurde die vergleichende Bewer-
tung von Lautsprechlaminaten hinsichtlich ihres Dampfungsvermogens sig-
nifikant erleichtert. Die Anwendbarkeit des DMA “Speaker” Modes wurde
durch Tests mit Monofolien und free layer damping (FLD) und constraint
layer damping (CLD) Laminaten verifiziert. In Ubereinstimmung mit der Lit-
eratur wurde das beste Dampfungsverhalten beim CLD Laminat festgestellt,
gefolgt vom FLD Laminat und der Monofolie. In einem weiteren Schritt wurde
der Einfluss der steifen AuBBenschichten und auch des Adhasionsverhaltens
zwischen AufRen- und Dampfungsschichten in CLD Laminaten im DMA Scher-
modus untersucht. Dafur wurden vier Laminate mit technischen Kunst-
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stoffen und ein Laminat mit Trennfolien als Aul3enschichten charakter-
isiert. Wenn eine ausreichende Haftung, wie bei den untersuchten tech-
nischen Polymeren, gegeben war, war kein Einfluss auf die Dampfungs-
charakterisierung feststellbar. Abschlieliend wurde der Einfluss der Dicke
der Dampfungsschichten in CLD Laminaten im DMA Schermodus unter-
sucht. Ubereinstimmend mit der Literatur, wo Dampfungsschichten mit
mehreren Millimeter Dicke auf Metallfolien untersucht wurden, zeigten
die Lautsprecherlaminate einen proportionalen Zusammenhang zwischen
Dampfungshdhe und Dampfungsschichtdicke.
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Abstract

The rise of smartphones and tablets with one of their main design goals to
be very thin has led to a significant increase of the cyclic loads in their minia-
ture loudspeakers. One of their key structural elements are the polymer
membranes which have to fulfill two main tasks. First of all an adequate
damping performance is required in order to ensure an excellent sound qual-
ity and to prevent the membranes from failing due to otherwise occurring
high dynamic loads at resonance. Furthermore a high fracture toughness is
needed to ensure a long service life by withstanding the cyclic fatigue loads
during application. As a consequence the knowledge of these parameters is
indispensable for a successful loudspeaker design.

State of the art in the characterization of the material parameters of minia-
ture speaker membranes are component tests. Although they are essential
for a final adjustment of the loudspeaker design, it is more time and cost
efficient to have an early material selection and focused optimization of
design parameters of the miniature loudspeaker membranes with tests on
the film level. Since state of the art test methods on the film level are not
capable of performing experiments at application-relevant conditions new
approaches are presented in this thesis.

In monotonic fracture mechanical tests it was found that state of the art thin
films for miniature speakers exhibit predominantly brittle fracture modes
and therefore linear elastic fracture mechanics (LEFM) seemed applicable.
Since in monotonic tests also no correlation was found to component tests
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ABSTRACT

a fatigue test was setup at a high frequency of 100 Hz based on Wdéhler
and fatigue crack growth (FCG) tests. In order to verify the applicability of
LEFM for the cyclic fatigue of thin loudspeaker films the crack tip similitude
concept was applied by comparing the FCG behavior of double edge notched
tension (DENT) and center cracked tension (CCT) specimens with different
polymer films with thicknesses between 4.5 pm and 10 pm. For polyarylate
(PAR), polyether sulfone (PESU) and polyethylene therephthalate (PET) films
the applicability of the crack similitude concept was verified.

In further investigations effects due to temperature, the multilayer de-
sign and anisotropic material behavior were investigated. Temperature-
dependent fatigue tests with PET films revealed a maximum of their fatigue
strength below their glass transition at approximately 60 °C. Furthermore it
was observed that delamination processes in multilayer miniature speaker
laminates only play a minor role in their fatigue behavior. This was discov-
ered by performing monotonic T-peel delamination and cyclic fatigue crack
growth tests and comparing the calculated energies involved in both pro-
cesses. But it was found that the damping adhesives might shield the crack
growth in the stiff outer layers and therefore might contribute to an increase
in crack growth resistance over monolayer films. Finally extrusion induced
molecular orientations were identified as the cause for an anisotropic fa-
tigue behavior of extruded films. Here crack growth was deflected by the
molecular orientation in a direction of lower crack growth resistance.

In order to characterize the damping behavior of miniature speaker lami-
nates two methods based on forced frequency dynamic mechanical analysis
(DMA) were established. In the first so-called "speaker” mode the supports
of loudspeakers were mimicked between the clamps of a modified dual can-
tilever DMA setup. The great advantage of this setup was that effects of the
damping performance of both the damping layer itself and also effects due
to different stiffness ratios between the stiff base and soft damping layers
were characterizable. The second method is based on a DMA shear mode
setup and is optimized for the characterization of damping adhesives in con-
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strained layer damping laminates. Since both methods are limited in their
frequency range the time temperature superposition principle (TTSP) was
applied in order to enable extrapolations to application-relevant frequencies
of up to 1000 Hz. Furthermore with the calculation of the integrated average
of the mechanical loss factor tA in the application-relevant temperature
range an factor was introduced which simplified the ranking of laminates re-
garding their damping performance. The applicability of the DMA "speaker”
mode was verified by characterization of a monolayer, a FLD and CLD lami-
nate. In concordance with the literature the CLD laminate exhibited the best
damping performance, followed by the FLD laminate and the monolayer film.
In a next step the influences due to different constraining layers and also
the adhesion between the damping and the stiff outer layers to the damp-
ing performance in CLD laminates was investigated in DMA shear mode.
Therefore laminates with different technical polymers and one laminate with
release films as outer layers were characterized. It was found that, as long
as sufficient adhesion and therefore sufficient coupling to the damping layer
was ensured, no influence on the damping performance existed. Finally the
effect of the damping layer thickness on the damping performance of CLD
laminates in DMA shear mode was evaluated. Consistent with the literature,
where several millimeter thick damping layers on metal sheets were charac-
terized, the laminates exhibited an increase in the damping performance
proportional with the damping layer thickness.
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1 Introduction, Objectives and Structure

1.1 Main challenges

Miniature speakers have grown in importance in recent years, not least due
to the rise of smartphones and tablets. One of the key features of these
devices, compared to ordinary cellular phones, is their thinness, hence the
main challenges for the speakers have been transformed [1], [2]. Not only
are clear sound and therefore good acoustics are required any longer. Due
to the thinness of the devices also the mechanical requirements for the
speaker membranes have increased [3]. A schematic representation of a

miniature speaker is shown in Figure 1.1.

lid ~ § '

membrane = i
stiffening element Z =9 ' 1 ?
/ . /
e AL ] BY
permanent magnet G ISP ISP 7
yoke N : T

frame L

Figure 1.1: Schematic of a miniature speaker, according to [2]-[6].

The most important parts are the membrane with a stiffening element, the
voice coil attached to it, the magnet and the yoke. In contrast to traditional
loudspeakers, miniature speakers do not have a spider due to space and size
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constraints. As a result the suspension system of miniature speakers con-
sists of the polymer membrane alone [2], [4]. The resulting main challenges
for the membrane are, on the one hand to exhibit an adequate damping be-
havior to ensure a high sound quality and on the other hand, a high fracture
toughness to resist high fatigue loads. In order to fulfill both requirements,
multilayer laminates with thicknesses of about 50 ym used as membranes
are state of the art in miniature speaker designs. A high fracture toughness
and fatigue resistance is ensured by one or two tough base layers which are
laminated with a damping layer on top or in between.

1.2 Structure of the thesis

Based on the main requirements of a high fracture toughness and a good
damping behavior of the polymeric laminates in the present thesis, methods
are introduced to characterize them directly at the film level. The thesis is

divided into the following five parts:

_

. Introduction, Objectives and Structure

2. State of the art

3. Fracture toughness testing of thin polymer films
4. Damping characterization of thin polymer films

5. Conclusion and outlook

In the first part a short overview of the main challenges of miniature loud-
speakers with their main structural parts is given.

In the second part the state of the art of polymer membranes for miniature
speakers and how their fatigue and damping behavior is commonly charac-
terized is presented. At first the main polymer film types used in miniature



1.2 STRUCTURE OF THE THESIS

speaker membranes are introduced and their key features and main ad-
vantages and disadvantages are discussed. This is followed by the state of
the art in fracture and damping characterization. Both parts are divided
into methods on the component and on the film level. Since current test
methods on the film level are not appropriate for performing experiments
in application relevant conditions, finally the derived main objectives for
establishing new test methods are presented at the end of this chapter.

The third part begins with an introduction to the basic concepts of linear elas-
tic fracture mechanics (LEFM) and methods to characterize the monotonic
and cyclic fracture toughness of thin polymeric laminates. In a first step the
monotonic fracture toughness of different polymer films and laminates is
evaluated. Since only minor differentiation can be found with this test but in
loudspeakers significant differences are obvious, in further investigations the
cyclic fatigue behavior of the films and laminates is tested. In a next step the
applicability of LEFM for cyclic fatigue of thin polymer films is investigated.
Also effects of the adhesion between layers in multilayer laminates, effects
of anisotropy and effects of temperature to the cyclic fatigue behavior of
polymer films and laminates are investigated.

In the fourth part the basic concepts of passive damping designs are ex-
plained. This is followed by the introduction of two adapted methods for the
damping characterization of thin polymer laminates via dynamic mechanical
analysis (DMA) with the "speaker” and the shear mode. Furthermore the
drawback of the limited frequency range of the DMA setups is overcome by
using the time temperature superposition principle (TTSP). Finally the damp-
ing behavior of different laminates is rated by the frequency dependent
normalized loss factor tA in the application-relevant temperature range. The
new methods then are used to determine the effects of different damping
designs in DMA "speaker” mode and effects of different outer layers and
different damping layer thicknesses in DMA shear mode.
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In the fifth part conclusions are drawn from the key findings. In the outlook,

main challenges which were not covered in this work and possible paths for

succeeding works are discussed.

References

(1]

(2]

(3]

(4]

(5]

(6]

S. J. Pawar, S. Weng, and J. Huang, “Total harmonic distortion im-
provement for elliptical miniature loudspeaker based on suspension
stiffness nonlinearity,” IEEE Transactions on Consumer Electronics, vol.
58, no. 2, pp. 221-227, 2012, 1SsN: 0098-3063. DOI: 10.1109/TCE.2012.
6227416.

C. Chang, S. J. Pawar, S. Weng, Y. Shiah, and J. Huang, “Effect of
nonlinear stiffness on the total harmonic distortion and sound pres-
sure level of a circular miniature loudspeaker-experiments and sim-
ulations,” IEEE Transactions on Consumer Electronics, vol. 58, no. 2,
pp. 212-220, 2012, ISSN: 0098-3063. DOI: 10.1109/TCE.2012.6227415.

W. Klippel, Nonlinear damping in micro-speakers, Dresden, DE. [Online].
Available: http: //www.klippel .de/fileadmin/klippel/Files/Know _
How/Literature/Papers/Nonlinear’20Damping%20in%20Micro-Speakers_
Klippel.pdf.

J. H. Huang, H.-C. Her, Y. C. Shiah, and S.-J. Shin, “Electroacoustic
simulation and experiment on a miniature loudspeaker for cellular
phones,” Journal of Applied Physics, vol. 103, no. 3, p. 033502, 2008,
ISSN: 00218979. DOI: 10.1063/1.2837112.

A. Kesisyan, “Optimierungsmaoglichkeiten fur den akustischen einbau
von kleinlautsprechern in telekommunikationsanwendungen,” Mas-
ter’s thesis, Fachhochschule Technikum Wien, Wien, AUT, 1.09.2008.

M. Papakyriacou and S. Windischberger, “Diaphragm for a micro
loudspeaker,” pat. EP2268058 (A1), 2010.



2 State of the art

2.1 Production process of miniature speakers

In order to obtain the stiff monolayer films for loudspeaker membranes,
which are required to guarantee a high fracture toughness, two main produc-
tion processes are used. On the one hand thin polymer films are produced
via solvent casting. Here in a first step a dope is prepared by dissolving
the polymer in a solvent such as acetone, methanole, methylene cloride or
water, which is then mixed and filtered. In a next step the dope is casted
on a stainless steel belt or drum with widths of up to 2m, where the drying
process begins for which various drying techniques are available. If the
residual solvent content is low enough, to ensure mechanical stability of
the films, they are taken of and further dried finally from both sides for in-
stance in a roller cabinet. Crucial for this production process is the recovery
of the solvent from the process air, since the solvents are often harmful
for both employees and the environment. Therefore the solvent casting
is also a closed process. The main advantage of this process is the nearly
isotropic material behavior of the produced films because no predominant
molecular orientation is created within the films with this process, but this is
accompanied by a high price due to the complex process [7].

The second wide spread manufacturing process for thin films is extrusion.
Here the polymer in form of a powder or a granulate is molten and homog-
enized in an extruder.The melt then is transferred from a round shape in
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the extruder to a rectangular film shape in the die. After the die the films
are axially drawn in order to obtain the desired thicknesses of under 10 pm,
before they get in contact with a chill roll. In a last step the films are rolled
with a winder [8]. The main disadvantage of this process is that the films
have to be significantly drawn after the die in order to reach the desired low
thicknesses, which consequently leads to a strong molecular orientation of
the polymer chains along the processing direction. As a result a significant
anisotropic material behavior is obtained. The upside is the low resulting
price of the films due to the economic efficiency of the process

In order to ensure a high damping capacity and therefore excellent acoustic
properties of the membranes in a next step the monolayer films are lami-
nated together with a soft damping layer in between two monolayer films
or on one monolayer film on top. The desired speaker geometry is then
obtained via deep drawing of these laminates. Finally the membrane is cut
out and assembled in a miniature speaker. In Figure 2.1 an overview of the
processes involved and their corresponding products from a monolayer film
to the final miniature loudspeaker in form of a flow diagram is shown.

extrusion
lamination deep drawing assembling

solvent casting ‘ ‘

|
| | |
| | |
| | | |
+ N3 +

monolayer film  multilayer film membrane loudspeaker

Figure 2.1: Flow diagram of the production steps and their corresponding products of
miniature loudspeakers.



2.2 MATERIALS

2.2 Materials

The standard material in recent years for the stiff outer layers in laminates
for miniature speakers has been polyarylate (PAR). These films are produced
via solvent casting, feature thicknesses starting from 6 pm and exhibit a
high temperature stability (7 up to 192 °C) [9], [10]. Since the low fracture
toughness of PAR has become a significant problem due to rising loads in
miniature speakers, alternatives have to be found. Possible polymers which
also can be solvent cast are polycarbonate (PC), polyetherimide (PEI) and
polyethersulfone (PESU). All of them provide a similar temperature stability
to PAR but according to the literature, a higher fracture toughness [11]-[14].
Nevertheless the main disadvantage remains the high price.

Other thin polymer films on the market with an even higher fracture tough-
ness like polyethyleneterephthalate (PET), polyethylenenaphthalate (PEN)
and polyetheretherketone (PEEK) are produced via extrusion. Since PET has
its glass transition T at approximately 70 °C this prohibits its application
in highly stressed speaker designs where even higher temperatures may
occur. PEN is a derivative of PET and is better suited for such applications
with its T at 121 °C but does not provide the same level of fracture tough-
ness [15]. PEEK has gained significant attention in recent years due to its
outstanding fracture toughness and high temperature stability with its T
at 143°C[16]. In Table 2.1 a brief overview of the key values of these films
from the literature is listed with their glass transition temperature 7g, their
tensile modulus E and their fracture toughness K;-. When no data about
the listed parameters was available for the films, generic data for the same
polymer type was taken from the literature.
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2.3 FRACTURE CHARACTERIZATION OF THIN FILMS

2.21 Namingscheme

The naming scheme for the tested materials in this thesis is as follows with
examples shown in the following list. At first the number of layers is given
in bold face with a subscripted indication of the overall thickness of the
laminate in pm. After that each layer is listed with the abbreviation of its
polymer type followed by the subscripted thickness. Base or constraining
layers are in black, damping layers in red color. For symmetrical layer designs
for 3- and 5-layer laminates, the layer stack up is mirrored at the last listed
layer.

1L10-PAR1( 3L46-PEEK3)30

2L 33-PEEKGTPE(b)30 5L50-PAR19CoPET(b)12

2.3 Fracture characterization of thin films

2.3.1 Component tests

State of the art in fatigue testing of new membrane materials for miniature
speakers are component tests. For these a large number of speakers are
tested under one and the same load until failure occurs. As a result a
statistical estimation of the probability of failure F(¢) of a speaker as a
function of time ¢ or load cycles N is obtained, based on the Weibull test.
This method is based on the assumption that a structure fails when the
weakest part of it fails, which is expressed in Equation 2.1,

F(t) =1 — elt=to/a)’ (2.1)

with the fraction failing F'(t), the failure time ¢, the time before the first
failure occurs ¢y, the scale parameter or characteristic life « and the shape
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parameter or slope b [19]-[21]. An example of a Weibull evaluation is shown
in Figure 2.2 for a rotating beam test with St-37 steel, with a scale parameter
a of 62080.2 and a shape parameter b of 2.63 [20], [22]. In the probability
density function PDF the probability of failure as function of the cycles to
failure Ny is described. Together with the related shape parameter b it is
possible to distinguish between failure types of infant mortality (b = 0.5),
random failures (b = 1), early wearout (b = 3) and old age wearout (b = 6). The
cumulative density function CDF provides an assumption of the percentage
of failed specimens as a function of the cycles to failure Ny.

5
a) 1.8x10 b) 1 5
1,5x10° — .
1,2x10° —
L. L - /
[a)] [a) ’
o T U] .7
S 9,0x10° - So1 4
.-3 X _3 01 - .
(9] - ‘o - .
; ; - o experlment
6,0x10° — . / 50 % failure
_ 7] /! probabilty
. 7 / ----5%and95%
3,0x10° — - confidence
- intervals
/
0’0 ) I ) I ) I ) 0’01 ’I ) ) LI II
0,0 3,0x10* 6,0x10* 9,0x10" 1,2x10° 10" 10°
cycles to failure N, cycles to failure N

Figure 2.2: Weibull evaluation of St-37 steel in a rotating beam test at +£32 kg mm ™2
with a scale parameter a of 62 080.2 and a shape parameter b of 2.63, a) the
probability density function (PDF) and b) the cumulative density function
(CDF), both as function of the cycles to failure Ny, according to [20], [22].

In order to test new membrane film materials, therefore, in a first step
laminates and in a second step a large number of speakers have to be
produced on a production line prior to the tests. Since this is neither time
nor cost efficient for comprehensive research on new speaker membrane
materials, a test directly on the film is introduced in this thesis.

10



2.3 FRACTURE CHARACTERIZATION OF THIN FILMS

2.3.2 Tests on the film level

Thin polymer films are described in the literature as showing predominantly
ductile fracture behavior and large plastic zones; the crack tip is surrounded
by plastic flow most of which is not involved in crack growth. Therefore
concepts like linear elastic fracture mechanics, which were developed for
the characterization of brittle fatigue modes, are described as not applicable
[23]. On the other hand, for the fracture characterization of polymer films
and ductile materials in general the concept of essential work of fracture
(EWF) has gained wide attention in recent years. It was first introduced
by Cotterell and Reddel for thin steel sheets [24] based on the concept of
Broberg [25]-[27]. Following their idea, the non-elastic region at the crack
tip is dividable into two parts. One part is involved in the fracture process,
which is characterized by the essential work of fracture w.. In the other,
surrounding, part plastic deformation occurs, which is characterized by the
non-essential work of fracture w,. Both are shown schematically in Figure 2.3
[24]-[27].

Wu and Mai have shown, that w, is independent of the specimen geometry
for a defined thickness as long as plane stress conditions prevail and is
therefore a material property . On the other hand the non-essential work of
fracture w, depends as well on the material itself and on the stress state in
front of the crack, which is different in each specimen geometry [27], [29].
The essential work of fracture w, acts along the fracture line, is proportional
to the fracture area and therefore also proportional to the length of the
ligament L. The non-essential work of fracture w, depends on the volume of
the plastic zone surrounding the crack, which is proportional to the square
of the ligament length L%. As a result, for the total work of fracture Wy

follows:

Wy = w.BL + fw,BL? (2.2)

1"
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Outer plastic zone

Inner fracture
L process zone

Figure 2.3: Schematic diagram of a DENT specimen with the outer plastic zone and the
inner fracture process zone with the width of the specimen W, the ligament
length L and the tension load ¢, according to [28].

with the ligament length L, the thickness of the specimen B and the shape
factor 8 which describes the dimension of the plastic zone normal to the
crack line. This is usually normalized to the fracture area BL and the specific
work of fracture wy is obtained [27].

Wy
wy = BL = We + PwpL (2.3)

In order to determine the two parts of fracture energy, load vs. displacement
curves with single (SENT) or double edge notched tension (DENT) specimens
at several ligament lengths are recorded. To ensure validity of the measure-
ments, the specimen has to meet two requirements. First it has to be in
plane stress state, which is guaranteed with a ligament length 3 to 5 times
larger than the specimen thickness B. Second the plasticity in the ligament
has to be fully developed which is guaranteed with a maximum ligament

12
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length smaller than double the plastic zone size in the DENT specimens,
following:

1 [ Bu,
oy == (%) >L>3-5B (2.4)
™\ o2

with the plastic zone size r, and the Young's modulus E [23], [24], [30].
Calculating the area under the load displacement curves leads to the specific
work of fracture wy, which is plotted as a function of the ligament length L.
As long plane stress prevails, a linear relationship between w; and L is
obtained. Following Equation 2.3 in a linear regression fit the essential
work of fracture w, is determined by calculation of the work of fracture
at zero ligament length. The slope of the fit is the non-essential work of
fracture w, [28].

The method of EWF was applied for the first time to polymer films by Mai
and Cotterell for 4.8 mm thick polyamide 66 (PA 66) and two types of 3mm
thick polyethylene (PE) sheets in 1986 [31]. Starting with 1990 EWF began
to spread. Saleemi and Nairn tried to extend the concept to determine the
plane strain fracture toughness of two rubber-toughened PA and three PE
types with sheets with thicknesses of 1.587 mm and 3.175 mm [32]. Paton
and Hashemi investigated the effect of specimen geometry, specimen size
and specimen orientation to the EWF parameters of polycarbonate (PC).
Using DENT and SENT specimens of varying sizes they showed that for PC
also w, is a material parameter for a given thickness. Furthermore they
discovered with tests with the crack path in different directions relative to
the process direction of the films that w, is able to describe the direction-
dependent fracture toughness. Similar work was done by Chan and Williams,
who studied the effects of specimen geometry with two PA types and the
effects of specimen width and strain rate with PE, polyethylenetherephtha-
late (PET) and polyimide (PI) films [33]. Hashemi and different co-workers
studied various polymers and effects on the fracture behavior of them, such
as the effect of the specimen width on the EWF parameters for a PC film [34],

13



STATE OF THE ART

the effect of thickness and degree of crystallinity on polyetheretherketone
(PEEK) films and they made an attempt to calculate EWF parameters from
crack tip opening displacement (COD) measurements [23], the validity of
EWF for polyethylenetherephthalate (PET), polyethylenenaphthalate (PEN),
polyetheretherketone (PEEK), polycarbonate (PC), polybutyleneterephthalate
(PBT), cellulose acetate (CA), polyetherimide (PEl) and polyimide (PI) films
[28], the effect of temperature and deformation rate to the work of frac-
ture of PC films [35], the effect of temperature and film thickness to PBT
films [36], [37], effects of specimen geometry, loading rate and temperature
for a PET and a PEN film [38], [39], the effect of temperature for PC, PEEK,
PET, PEN and PBT films [39]-[42], effects of gauge length and width of the
specimen, anisotropy, loading rate and temperature of a HIPS film [43] and
the effects of temperature and anisotropy of biaxially oriented PET (BOPET)
films [44]. Karger-Kocsis and co-workers studied the fracture of amorphous
copolyester (aCOP) films and influences of the film thickness. The have
shown that aCOP meets the basic requirements of EWF with full ligament
yielding prior to crack growth and, as a result, w. became independent of the
specimen thickness as long as plane stress conditions are ensured. Secondly
they suggested splitting the work of fracture into two parts, one related to
yielding (w.; and w,;) and the other related to necking and fracture (w.;;
and wyry) [45]. In further work they studied the influence of the intrinsic
viscosity (IV) and the mean entanglement length (1.) of aCOP films on the
work of fracture [46], the effect of the deformation rate to aCOP [47] and the
plain strain fracture toughness of aCOP under impact loading [48]. Maspoch
and co-workers successfully applied the EWF concept to a thermoplastic
elastomer (TPE) [49], they studied effects of specimen height, width and
thickness and deformation rate of a isotactic polypropylene (iPP) [50] and
characterized the fracture behavior of a polypropylene (PP) homopolymer
and ethylene-propolyene (EPBC) block copolymers with different ethylene
content (EC) as a function of temperature [51]. Pegoretti and Ricco character-
ized temperature and deformation rate effects of semicrystalline PET films
[26] and Light and Lesser did the same for PET films [52]. Lach, et al. studied

14
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the applicability of EWF to nanostructured polystyrene-polybutadiene block
copolymers using in situ testing devices combining a tensile test and an opti-
cal strain-field measuring system [53]. Zhao and Li studied the anisotropic
fracture behavior of PEEK films of different thicknesses [54]. Williams and
Rink described results of a round robin test within the European Structural
Integrity Society - Technical Comittee 4 (ESIS TC4) with ethylene-propylene
100 pm films [55]. Barany, Czigany and Karger-Kocsis published a review of
the application of the EWF concept for polymers, blends and composites
[30]. Most recently Rink et al. investigated the correlation between EWF
parameters to that of the concept of J-integral for different polymers [56].

The advantage of EWF is that it accounts well for probable large plastic
deformations which may occur in thin polymer films and enables the char-
acterization of their fracture toughness in an efficient manner because it
is based on monotonic experiments. Although this seems promising, the
major disadvantage is that effects due to cyclic loads at high frequencies,
which may occur in miniature loudspeaker membranes, are not reproduced.
Since cyclic loads at high frequencies may also lead to high strain rates in
the loudspeaker films, a transition to brittle fracture modes might also take
place. An example of a transition from ductile to brittle fracture modes at
high loading rates was shown by Ching et al. for 0.5 mm thick PET films [57].
In conclusion, the implementation of a cyclic fatigue test for a detailed study
of the cyclic fracture behavior of thin polymer films for miniature loudspeak-
ers directly on the film may be necessary to reproduce the conditions during
use.

2.4 Damping characterization of thin films

One of the key features of the speaker membrane is to provide adequate
damping to the loudspeaker in order to ensure a high sound quality and

15
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to keep the loudspeaker from failure due to high displacements at reso-
nance. Before we go more into detail, first basic concepts of speakers have
to be explained. A schematic overview of the sound pressure level SPL
and corresponding displacement of the membrane x vs. frequency f for
a hypothetical loudspeaker is shown in Figure 2.4a and 2.4b, respectively.
In region A the displacement = of the membrane is controlled by the stiff-
ness of the supports and therefore stays at a constant level. The sound
pressure increases from low levels with 12 dB per octave (forth power of
the frequency f%). The resonance frequency fr of the loudspeaker lies in
region B where both sound pressure level SPL and displacement x of the
membrane exhibit their maximum [5], [58]. An inadequately low damping at
the resonance frequency fr results in high displacements of the membrane
and consequently a low sound quality caused by distortion from nonlinear
deformation of the membrane, from the membrane hitting the miniature
speaker housing and also early failure resulting from high mechanical loads
in the membrane. Above fr, lies region C which features a constant SPL level
and a decrease of x with 12dB. Area C is used as the application area of
the loudspeaker. The second resonance and the following sound pressure
decrease with —12dB form the upper limit of the application area [5], [58],
[59].

Consequently the damping design has to ensure that the system does not
undergo high displacements during resonance in order to prohibit the mem-
brane from

e mechanical failure due to high cyclic loads,

e hitting the housing, consequentially giving bad sound quality and dam-
age of the membrane,

e nonlinear behavior and, consequentially, distorted sound [60], [61].

16
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a)

12 dB per octave

sound pressure level SPL [dB]

|
|
|
|
|
|
|
!
|
|
|
|
|
|
|
|
|
!
|
|
|
|
|
T
|
|
|
!
|
|
|
|
I

frequency f [Hz]
o) 1
—— resonance frequency fr

8

€

()

€

Y

O

o

(%]

2

-12dB per octave ——

W

Ir frequency f [Hz]

Figure 2.4: Schematic a) sound pressure level SPL and b) displacement z as a function
of frequency f of a loudspeaker with low damping, according to [5], [58],
[59].
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24.1 Component tests

State of the art in characterizing the damping behavior of loudspeaker mem-
branes are, on the one hand the full acoustic characterization in component
tests and on the other hand, tests on the film level via free resonance dy-
namic mechanical analysis (DMA) using a modified Oberst beam test [5],
[62], [63]. In the component tests the damping of the loudspeaker is de-
scribed with the quality factor @ which exhibits a reciprocal proportionality
to the amount of damping [64]-[66]. The quality factor of the total system
Qrs consists of the electrical quality factor Qrs and the mechanical quality
factor Q,5[65]-[67]. Qrs depends on the electrical resistance of the voice
coil Rpc, the force factor of the electro-dynamical system B - [, the ratio
of the mechanical compliance Cj;s and the mass of the dynamic system
Myss (Equation 2.5) [65], [66]. Qs describes the energy relationships of
the mechanical system with the ratio of energy which is elastically stored in
deformation of the material and the energy which is dissipated into heat [5].
The mechanical quality factor depends on the mechanical resistance R),s of
the loudspeaker suspension which is, in the case of miniature loudspeakers,
the polymeric loudspeaker membrane. R,,s is defined as the mechanical
equivalent to the electrical resistance Rpc (Equation 2.6). Consequently
the damping behavior of the loudspeaker membrane is characterized with

Qus [5].

2rf. - Mys - Rpc  Rpco Mpys

= = . 2.5
Ops (B-1)? (B-1)2 V Cus (23)
2 fr - Mgs 1 Mys
_ — . 2.6
Qus Rys Rys Cus (2.6)
. R M
Ors — Qps - Qms DC MS 2.7)

C Qes+Qus  (B-1)?+4 Ruys - Rpe V Cus

The evaluation of Q)5 is done by measuring the impedance Z of the loud-
speaker as a function of the frequency, as shown schematically in Figure 2.5.
In a next step Qs is evaluated using the following correlation:

18
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o fr i 0
Qums = o f (2.8)

§

with the free air resonance frequency fg, the maximum resistance at reso-
nance frequency ro, and the frequencies at /5, named f; and f; [65], [66],
[68].

impedance Z [Ohm]

Ry |+ oo [ro]

Ry | N

Rpo b

1 fr Jo frequencyf[Hz]>

Figure 2.5: Schematic impedance curve of a loudspeaker with the maximum of the
impedance ro at resonance frequency fr and the frequencies at /7o f1
and f», according to [65], [66], [68].

2.4.2 Tests on the film

State of the art in characterizing the damping behavior of FLD and CLD
designs on the specimen is a modified Oberst beam test, with the basic
method described in ASTM E756 [62], [63], [69]-[72]. In this variation of
a free resonance dynamic mechanical analysis (DMA) the specimen in the
form of a beam is clamped at one end and excited passively around its first
or upper resonance frequencies. Both excitation force F and displacement
x are recorded as functions of the frequency f. Based on basic beam theory
which is extended for FLD and CLD designs material parameters such as
Young's modulus E and loss factor n are calculated [62], [70], [72], [73]. A
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special test setup for the characterization of thin loudspeaker membranes is
schematically shown in Figure 2.6 [63].

enclosure f
d specimen
loudspeaker — ] displacement sensor
>
X
_ e
microfone ;J

Figure 2.6: Schematic of a setup to characterize thin loudspeaker membranes, accord-
ing to [63].

In order to measure the material properties as a function of frequency, the
specimen length and therefore its resonance frequencies are varied [73].
Since the membranes in miniature speakers exhibit thicknesses of about
50 um, their stiffness and therefore resonance frequencies fr are very low
and also at significantly lower frequencies than the application frequency
range of the loudspeakers. Furthermore state of the art setups for thin loud-
speaker membranes are not capable of characterizing material parameters
as a function of the temperature. Since the application temperatures for
miniature loudspeakers range from temperatures below freezing up to tem-
peratures, significantly above room temperature, an extended temperature
range for the damping characterization of the membranes is required.

2.5 Main Objectives

The state of the art in the detailed characterization of both the fatigue and
damping behavior of membranes for miniature loudspeaker are component
tests. In order to perform the tests beforehand loudspeakers have to be built
on a fully automatic production line. Although component tests are of great
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importance for the final adjustment of the loudspeaker design, they are
neither time nor cost effective for an early material selection. Consequently
tests on the films themselves are favored for a material selection. Current
systems for the characterization of the damping behavior of thin membranes
are limited to tests at ambient temperatures and to frequencies significantly
below the application range of miniature loudspeakers. Consequently in the
present work new methods were to be established for the characterization
of the fracture and damping behavior of miniature speaker membranes with
the following goals:

Characterization of the fracture behavior:

e evaluation and implementation of a fracture mechanical test for thin
acoustic films,

e characterization of the fracture behavior of thin films at application-
relevant temperatures and frequencies.

Characterization of the damping behavior:

e dynamic-mechanical characterization of loudspeaker membranes with
respect to frequency and temperature,

e extending the characterization range of both temperature and fre-
quency to application-relevant conditions.
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3 Fracture toughness testing of thin poly-
mer films for acoustic applications

3.1 Introduction

The fatigue behavior of thin polymer films used as membranes in miniature
loudspeakers is one of their key features in order to guarantee a long service
life, as explained in section 2.3. In order to ensure a good speaker design
therefore, the knowledge of the fracture and cyclic fatigue behavior is indis-
pensable. Since state of the art systems cannot provide detailed insights into
the fracture and cyclic fatigue behavior of these films at application relevant
conditions at both high frequencies and a wide temperature range (2.3.2), in
this work new methods are introduced to overcome this drawback.

In monotonic fracture mechanic tests it was found that, contrary to results
from the literature described in section 2.3.2, the characterized miniature
speaker films exhibited brittle fatigue modes. Consequently instead of the
concept of essential work of fracture (EWF), which is usually applied to
describe ductile fatigue modes of thin films, for the miniature loudspeaker
films linear elastic fracture mechanics (LEFM) seemed applicable.

As a consequence in section 3.2 an introduction is given into the basics
of linear elastic fracture mechanics (LEFM) (3.2.1) with a special focus on
multilayer fracture mechanics (3.2.1.6). Furthermore the theoretical basis
of the delamination behavior of multilayer films is explained (3.2.2). The
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methods used to characterize the monotonic and cyclic fracture behavior
of the films are then explained in section 3.3 beginning with the objectives
to clarify the goals of each test. Then the specimen geometries (3.3.2) are
introduced followed by the test and evaluation methods for monotonic
(3.3.3) and cyclic fracture (3.3.4). The latter splits up into the stress based
Wohler approach (3.3.4.1) and the fracture mechanical fatigue crack growth
test (3.3.4.2). Finally the T-peel test is explained (3.3.6).

The results section begins with a description of tests (3.4.1) where we try
to characterize the fracture behavior of polymer films and laminates for
miniature loudspeakers with monotonic fracture mechanical tests based on
linear elastic fracture mechanics (LEFM). Based on this a fatigue test is setup
and the applicability of LEFM to describe the fatigue behavior of these films
is checked (3.4.2). In the next section the characterization of temperature
effects on the fatigue behavior of thin PET monolayer films is described.
Furthermore the effect of the multilayer design, and consequently delami-
nation processes, on the fatigue behavior of the loudspeaker laminates is
determined (3.4.4). The results section then is closed by the characterization
of the anisotropic fatigue behavior due to the manufacturing process of
extrusion in section 3.4.5 followed by the summary and outlook.

3.2 Background

Excellent literature is available for the following theoretical topics so only
a short overview of the most essential concepts of the fracture toughness
evaluations for polymeric films are given in order to provide a basic under-
standing of the following investigations [74]-[79].
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3.2.1 Linear elastic fracture mechanics

Already at the end of 19th century Larmor described that a main driving
factor of failure in engineering structures is the presence of flaws [77],
[80]. These flaws act as the starting point for crack growth. Driven by
the motivation to find a correlation between size, shape and type of the
flaws and load conditions which lead to failure, the concept of fracture
mechanics was developed in the last century [77]. The failure modes of
brittle materials are described by two different perspectives. On the one
hand in the approach of Griffith the driving factor for crack growth is the
imbalance between the energy necessary for creating new surfaces and the
potential energy from external forces and internal strain energy. This has led
to the introduction of the energy release rate G as a measure for the fracture
toughness of materials, described in chapter 3.2.1.1 [77], [78], [81]. On the
other hand the analytical description by Irwin and others of the stress state in
the surroundings of crack tips has led to the definition of the stress intensity
factor K with which the crack tip conditions are completely described [77],
[78], [82]-[85]. For both, predominantly linear elastic material behavior
is required which led to the designation linear elastic fracture mechanics
(LEFM) [77].

3.2.1.1 Energy release rate G

The starting point for the method of Griffith is a body with a flaw inside
which is elastically stressed by external forces P, and therefore contains
elastic strain energy (Figure 3.1). When crack growth occurs the body is
subjected to deformation which also causes the application points of the
external forces to move a distance 4. Consequently the stored elastic energy
is changed [77].

According to Griffith crack growth only occurs when the total energy de-
creases or remains constant following Equation 3.1 [77], [78].
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Figure 3.1: Free body diagram of a structure containing a flaw, according to [77].

oU +6W —6F <0 3.1

where F' = " P, - §; is the potential energy due to the displacement §; of
the application points of the external forces F;, U is the elastically stored
strain energy and W is the work needed to form new surfaces and for plastic
deformation if the latter occurs. Rearranging Equation 3.1 leads to the
criterion for crack growth, that the work of the external forces has to be
greater than the sum of U and W according to Equation 3.2 [77], [78].

OF > 6U + oW (3.2)

In a next step, based on the work of Inglis [86], Griffith calculated that
crack growth occurs if a critical stress is reached for both extrema with
crack growth at constant load, and at constant displacement (Equation 3.3).
Therefore it also has to be valid for all situations in between [77], [78], [87].

2Feg
Ta

(3.3)
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with the applied stress o, the elastic modulus E, the surface energy per unit
area e; and the crack length a. Irwin introduced an equivalent approach with
the energy release rate G as a measure of fracture toughness of a material
[78], [88]. G is defined as energy available for an incremental crack growth
and stands in direct correlation to the criterion of Griffith.

dU dF wola
G__<dA_dA>_ 7 (3.4)

with the crack surface A [77], [78]. The crack resistance to form new crack
surfaces is called R which equals dWW = 2e, from Griffith’s criterion since two
surfaces are generated at crack growth. Accordingly crack growth occurs
when G reaches R [77], [78].

3.2.1.2 K concept

In the stress analysis of crack tips a distinction is made between three
deformation modes of crack extension. These are crack opening (Mode I),
in-plane shear (Mode IlI) and antiplane shear (Mode Ill) [74]-[79]. Since
predominantly Mode | and Il are of importance for loudspeaker membranes,
the other modes are left out in the following description. Based on the
work of Westergaard, the following formulation for the stress distribution in
Mode | was established with the corresponding definition of the coordinate

system in Figure 3.2 [77],{78], [8(}» 0\ . /30
O za Nores coS 2> {1 — sin (2) sin <2>]

K cos Q 1 +sin Q si 3—9
Oyy o 5 i 5 in 5
K 0 0 0
Tzy L cos (=) sin( =) cos 3—
27r 2 2 2

Nor
0 (plane stress)

02z
V(Ozz + Oyy) (plane strain)

Trzy Tyz 0 (3.5)
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For mode Il the following formulation was established [77], [78].
Kip . (0 0 30
O —\/% sin <2> [2 + cos <2> cos (2>]
Kip . (0 0 30
O'yy S S1n <2> COS <2> COS (2>
T, Kir <9> [l—sm <9> sin (30>]
i \/ﬁ 2 2

8

(plane stress)
Ozz .
V(Ozz + Oyy) (plane strain)
Trzs Tyz 0 (3.6)
Oyy
— —
Txy
Oxx
y /
(—
T Tya
0
crack ”

Figure 3.2: Coordinate system starting directly at the crack tip with the z-axis normal to
the page, according to [78].

with the stress intensity factor K which is a measure for the amplification
of the global stress field directly at the crack tip and the Poisson’s ratio v.
The stress varies proportionally with 1/,/r and becomes infinite directly at
the crack tip which is therefore defined as stress singularity. Considering
a mixed mode stress state, the individual contributions add up to the total
stress:

total

ol Lol +oll! (3.7)
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In the crack plane (¢ = 0) Equation 3.5 shortens to following relationship:

Ky

2mr

Opg = Oyy = and Tay =0 (3.8)
Whereas in proximity of the crack tip the stress field is defined by the stress
singularity, stresses remote from it are governed by the global boundary
conditions. Consequently Equations 3.5 to 3.8 are only valid in the zone
dominated by the stress singularity. Since with the knowledge of K it is
possible to completely characterize the crack tip conditions, it is also possible
to define a critical value where failure occurs at a critical combination of
stress and strain. This critical stress intensity K. is used as the measure for
the fracture toughness of a material [78].

In order to determine K, the load and boundary conditions and the geometry
of a structure have to be determined. For simple cases, closed form solutions
are available in the literature [78], [89]. The basic case is a through crack in
an infinite plate in pure mode | conditions for which the following relation
was established [78]:

K; =o+v/ma (3.9)

If a through crack is aligned at a certain angle g # 0 to the stress axis,
combined Mode | and Il occurs at the crack tip. This also may be the case
in an anisotropic polymer film when the stress axis does not coincide with
the machine direction of the film. By tilting the coordinate system into the
crack plane this problem resolves into normal and shear components. The
stress intensity factors for both mode I and Il for an angled through crack in
an infinite plate follow as [78]:

K;=oyyvma = o cos® By/Ta (3.10)
Ki; = 1py/ma = osin B cos Bv/ma 311
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Generally for all cases K is described in the form given in Equation 3.12 with
Y as a dimensionless constant depending on geometry and load conditions
[78], [87]. For the case of an infinite plate with a through crack under tensile
load perpendicular to the crack plane (pure Mode 1) Y =1 [78].

K0 =Yovma (3.12)

3.2.1.3 Interrelation between G and K

Within the framework of linear elastic fracture mechanics (LEFM) two mea-
sures of fracture toughness were defined with the energy release rate G and
the stress intensity factor K. The first describes the global loss in potential
energy due to an incremental crack growth, the latter defines the local stress
distribution in proximity of the crack tip. Irwin has shown that for linear
elastic materials the following relationship between G and K is valid [78],
[84].

G = = (3.13)

with the elastic modulus F for plane stress conditions. In the case of plane
strain conditions E has to be replaced with E/(1 — v?) [78], [87].

3.2.1.4 Crack tip plastic zone

Linear elastic fracture mechanics (LEFM) predict the stresses to reach infinity
at a infinitely sharp crack tip. Since real materials are not capable of bearing
infinite stresses and their crack tips have finite sizes different approaches
were introduced to overcome this. Above the yield strength (o, > o,;) in a
material, plastic deformation occurs [78]. An estimation of the size of the
plastic deformation at the crack tip for plane stress conditions was given
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by Irwin through substituting o, into Equation 3.5 [78], [90]. The forces
truncated above o,, which cannot be carried in a real material then are
redistributed in the plastic zone for which the first estimation is corrected
and leads to the known expressions for the plastic zone sizes in plane stress
conditions (Equation 3.14). In plane strain conditions due to the triaxial
stress state, yielding is hindered which leads to smaller plastic zone sizes
(Equation 3.15) [78].

2
plane stress Ty = 1 K (3.14)
p m ag
ys
1 [(Kr\°
plane strain =g ( I) (3.15)
v Oys

where r, is the plastic zone size for plane stress and plane strain conditions
and o, is the yield stress [76], [78], [90], [91]. Dugdale proposed the strip-
yield model where at the crack tips of a slender through crack, crack closing
yield stresses occur. For this case the plastic zone size is calculated according

2
-<K3> (3.16)
Oys

to Equation 3.16.

Dugdale model le.=

e

where [, is the length of the plastic zone [78], [92].

3.2.1.5 Plane stress/plane strain

In the interior of a material in proximity to the crack tip, stresses normal
to the crack plane are significantly higher than in remote regions. Thus in
this region the material tries to contract but is hindered by the surrounding
material. This leads to the occurrence of stress components in the thickness
direction o, and therefore a triaxial stress state which is commonly referred
as "plane strain” stress state. In regions near the surface the hindrance, and
therefore also o,, decreases which leads to low triaxiality. But pure plane
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stress conditions are only found directly at the surface as schematically
shown in Figure 3.3 [78].

high triaxiality

(plane strain)

02z

/ plane stress

0 E B/2

Figure 3.3: Schematic diagram of the stress component in thickness direction o.. as
function of the position relative to the thickness in proximity of the crack
tip, according to [78].

This additional stress component o, leads to a higher load at the crack tip.
As a result in thick structures where the zone with high triaxiality dominates
the fracture behavior lower fracture toughness values are measured than
in thin structures [78]. Since as long as the triaxial stress state dominates
the fracture toughness it stays constant and therefore is regarded as a
material parameter in academic research, K is preferably determined at
plane strain conditions [28]. The requirement for both the crack length a
and the thickness ¢ to ensure valid plane strain conditions according to
equation 3.17 was found empirically by Brown and Srawley and is also
mentioned as a requirement in ASTM E399 and ASTM D5045 [23], [28], [75],
[78], [87], [93]-[95].

2
a,B,W—a22.5<KC> (3.17)

Oys

with the crack length «, the specimen thickness B, the specimen width W,
the critical value of the stress intensity factor K. and the yield stress ;.
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Since with thin films these requirements cannot be met, according to the
literature it may not be possible to determine their geometry-independent
plain strain fracture toughness [28], [96]. Another method to determine the
region of plane strain fracture toughness is to perform thickness-dependent
experiments. If a plateau with lower fracture toughness values is reached
at higher specimen thicknesses, plane strain fracture dominates and the
thickness-independent plane strain fracture toughness is measured [78].

3.2.1.6 Multilayer fracture mechanics

State of the art membranes for miniature loudspeakers exhibit a multilayer
design in order to provide both a high fracture toughness and a good damp-
ing behavior and this has to be taken into account when describing their
fracture behavior. It is thought that in the membranes crack growth starts at
an inherent failure in a locally highly stressed part of the membrane. Here in
just one of outer layers the threshold for crack growth may be reached first,
as described in section 3.3.4.2. When further crack growth takes place, then
the load may increase locally high enough in the other stiff outer layer which
also may be amplified by an existing flaw in that and here another crack
may nucleate. The further crack nucleation process is assumed to consume
further energy and therefore increases the crack growth resistance of the
films. Due to the low stiffness of the damping adhesive it is thought that
here only low stresses and stress intensities below the threshold for crack
growth occur. Therefore it may play only a minor role here, except that it
acts as spacer between the outer layers. This configuration is called in the
literature a "crack arrester” configuration (Figure 3.4a) [75], [97]-[99]. Since
this behavior is hard to test with thin films, in this theses the focus lies on
the situation where a through crack already exists. Crack growth then occurs
perpendicular to the thickness of the laminates as shown in Figure 3.4b. This
is referred as "crack divider” configuration in literature [75], [97]-[100].
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a) b) %

[

Figure 3.4: Schematic diagram of a) a crack arrester and b) a crack divider configura-
tion, according to [75], [97]-[100].

The following description is based on the "crack divider” configuration with
an existing through crack. Whereas the stiff outer layers in the loudspeaker
laminates exhibit moduli between 2 GPa to 6 GPa (see Table 2.1) at room
temperature for the soft damping adhesives, moduli between 0.1 MPa to
10 MPa were measured in DMA experiments. Therefore the damping adhe-
sives are approximately 103 to 10° times softer than the stiff outer layers. In
order to simplify the analysis a pure tensile load o; and an equally distributed
strain ; = e2 in all layers throughout the thickness is assumed. Following
the modulus ratio between the layers, also 103 to 10° lower stress o; and
therefore also with the same factor lower stress intensity values K} are
expected in the soft adhesive damping layers than in the stiff outer layers.
A schematic diagram of the laminate under tensile loads and the result-
ing strain g;, stress o; and stress intensity K¢ for each layer i is shown in
Figure 3.5.

As a result when a generic loudspeaker laminate is dynamically excited
it is expected that at loads where in the stiff outer layers already crack
growth occurs, depending on the fracture toughness of each layer, in the
soft damping adhesive K; may stay well below the threshold for crack
growth. This phenomenon is called “crack tunneling” in the literature [97]-
[100]. The remaining uncracked region in the soft adhesive layer then shields
the growing crack in the outer layers and consequently an apparent higher
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Figure 3.5: Schematic diagram of a laminate for miniature loudspeaker membranes
with a symmetrical design with two stiff outer layers of high modulus E; of
2 GPa to 6 GPa and a soft adhesive layer with a low modulus E5 of 0.1 MPa
to 10 MPa with a) an overview of the laminate design, b) an evenly dis-
tributed strain ¢; in all layers under predominant tensile deformation oy,
) the resulting distribution of stresses o; due to the differences in the mod-
ulus E; of the different layers and d) the resulting stress intensities K due
to the differences in the stress distribution.

fracture toughness is obtained which is referred as "crack bridging”. An
estimation of the shielding contribution caused by crack bridging is obtained
by a weight function method as shown in Equation 3.18 [97], [99], [101]-
[106].

Kb:/La(x)h(a,x)dx (3.18)

with the traction as a function of the distance behind the crack tip (), the
weight function h(a, z) and the length of the bridging zone L [97]-[99]. Here
the closing forces due to the bridging ligaments are integrated over the
bridging zone length using a weighting function which appropriately weights
the traction forces for each point behind the crack tip = depending on the
specimen geometry, as shown in Figure 3.6 for a crack arrester configuration
[98]. Consequently for a crack divider configuration L spans from the crack
tip in the brittle layer back to the crack tip in the ductile layer in which crack
growth has lagged behind.
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traction function, o(x)

Figure 3.6: Schematic diagram of the model to predict the shielding contribution due
to crack bridging with the external stress oo for a crack arrester configura-
tion, according to [98].

The apparent fracture toughness K, is obtained by superposing the shield-
ing contribution K, onto the intrinsic fracture toughness K of the stiff outer
layers according to Equation 3.19 [97]-[99].

Kapp = Ko + K, (3.19)

For a first estimation a constant traction over the ligament can be taken
by replacing o(z) with a constant function fo,s, with the reinforcement
volume fraction f and the constrained yield stress o,, [97], [107]. The
stiffness difference between the stiff outer and the soft damping layers
also might lead to delamination stresses normal to the thickness direction
of the laminates. Delamination processes are described theoretically in the

following section.

3.2.2 Delamination

Kinloch, Moore, Williams and coworkers established a concept for the de-
scription of delamination processes via the adhesive fracture energy G4
which is based on a energy balance as follows:
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Gy — (3.20)

5 —

1 (U AU, dUsx  dUs,
da da da da

with the width of the specimen B, the external work dU.,, the stored strain
energy in the peeling arms dUs, the energy dissipated during irreversible
tensile deformation of the peeling arms dU, and the energy dissipated
during irreversible bending of the peeling arms near the peel front dUy,
[108]-[115]. Generally peeling is related to breaking of bonding forces. In the
macroscopic conceptual description of the peeling process this is ascribed
to either adhesion, cohesion or a mixture of both. Since on the microscopic
scale the crack runs through matter, the peel fracture toughness in reality
has to be always "cohesive” according to Moore and Williams [111]. The first
term in Equation 3.20 is related to the kinetic energy in the moving peel
arms which could be eliminated by performing a slow peel test. The next
term Ug relates to the stored strain energy in the peel arms which stands in
a reciprocal relation to the thickness of the peel arms [111].

For the theoretical case of a peel arm with infinite modulus and therefore
where strain energy is negligible and also purely elastic bending deformation
occurs, the adhesive fracture energy is calculated as follows:

Ga=G%FF = g (1 — cosf) (3.21)
with the peel force P, the thickness of the laminate B and the peel angle ¢
[109], [111]. Since in reality this is not the case, terms of irreversible tensile
deformation G¢ and irreversible bending deformation G¥ also have to be
taken into account, as shown in Equations 3.22 to 3.25 [111].
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Ga=GP—G% (3.22)
where (3.23)
G = g (14— cosf) — h/ ode (3.24)
0
1 dU,
db db
=—— 2
G 5 da (3.25)

In order to account for all terms, two experiments have to be performed:

1. a peel test where the peel angle is controlled,

2. atensile test of a peel arm up to fracture [111].

For a T-peel test additional factors have to be considered. If the peel arms
exhibit different stiffnesses, the peel angle will take the angles 6 and 180 — 6,
respectively, as shown in Figure 3.7 where peel arm 2 is stiffer. Since there

Peel force P
«—— Peelarm 1

Specimen of width b

Peel force P Peel arm 2

Figure 3.7: Schematic diagram of a T-peel test with a stiffer lower peel arm 2 and the
resulting peel angle 0, according to [111].

are two peels arms in the T-peel test the adhesive fracture energy splits up
into two parts, each for one peel arm (Equation).
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Ga=GY+ Gy (3.26)
P

GY =G¥XF = 5 (14 cosf) (3.27)

G4 =G%F = g (1 — cos @) (3.28)

The terms for elastic corrections and dissipated energy also split up to

account for the presence of two peel arms as follows:

Gl = (fo)l - (GdAb)l (3.29)

G2 = (Gf@ff - (Gflf>2 (3.30)

3.3 Methodology

3.3.1 Objectives

The starting situation for the characterization of loudspeaker film mem-
branes is their low thickness of about 50 ym, different damping designs
and a temperature range in application from 0°C to 60 °C and the highest
loads significantly above 100 Hz. Consequently the main challenges in char-
acterizing their fracture and fatigue behavior are the handling of the thin
films, achieving an appropriate reproducibility and experiments in conditions
close to application over a wide temperature range at high frequencies. The
most basic method to determine fracture toughness values of materials
are monotonic tests with notched specimens based on fracture mechanics.
Depending on the fracture modes of a material, different concepts like LEFM
(section 3.2.1) and EWF (section 2.3.2) are applicable which allow achieving
first estimations for several materials within one test day. Since loudspeak-
ers are dynamically loaded, for a detailed investigation of the fracture modes
of their polymeric membranes, cyclic fatigue tests are mandatory. Whereas
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with standard Woéhler tests only the total life time as a function of the applied
load is observed, with fracture mechanical concepts like the fatigue crack
growth curves information about crack growth kinetics before the ultimate
break down can also be obtained [116]. By using specimens with a defined
crack geometry it is possible to optimize the reproducibility. The resulting
main challenges for the fracture characterization of loudspeaker membranes
on the film level are:

e implementation of monotonic fracture mechanical tests to achieve a
first overview of the fracture toughness of the main polymeric film

types,
e implementation of cyclic fatigue tests based on:

- a Wohler test to achieve an insight into the load dependence of
the total lifetime,

- afatigue crack growth (FCG) test to track the crack growth kinetics.
e achieving an appropriate reproducibility,

e performing experiments at application-near conditions over a wide
temperature range and high frequencies.

3.3.2 Specimen geometries

Two different specimen geometries were used in this thesis, double edge
notched tension (DENT) and center cracked tension (CCT) specimens as
shown in Figure 3.8. Both were prepared by cutting strips using a com-
mercially available roll cutter. The double edge notches were brought in
symmetrically using templates of glass with a predefined crack length and
razorblades as shown in Figure 3.9. The center cracks were cut using an
optical microscope and a scalpel. The calculation of the stress intensities
K (Equations 3.31) was based on the appropriate geometry factors with
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DENT CCT
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Figure 3.8: Schematic of the specimen geometries with a) the double edge notched

tension (DENT) and b) the center cracked tension (CCT) geometry, according

to [89].

Equation 3.33 for DENT specimens and Equation 3.34 for CCT specimens
[78], [89], [117]1-[119].

YPENT _ (1 +0.122c08> (

K;=ovma-Yr(a)
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o =
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yeor — \/@ - (1-0.0250% + 0.06a)

3.3.3 Monotonic fracture

(3.31)
(3.32)

(3.33)

(3.34)

For the monotonic fracture toughness tensile tests with notched specimens

are performed and a critical load Fy, is determined. For brittle materials with

only low nonlinear elasticity F},q, is taken as Fg. Polymers with viscoelastic
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Figure 3.9: Templates made of glass for the preparation of DENT specimens with a de-
fined crack length of 0.5 mm.

and strong ductile behavior exhibit linear behavior only over a very narrow
displacement range thus the critical load for them is defined as the inter-
section of the load-displacement curve with the 5% secant line. This is a
line from the origin with a slope of 95 % of the initial elastic loading slope as
shown in Figure 3.10 [78], [94], [116].

S5

load F

v

displacement z

Figure 3.10: Schematic of the evaluation of the critical load Fg, according to [78], [94].

With the specimen geometry known, the critical fracture toughness K;¢
then can be calculated according to Equation 3.12. In order to obtain a valid
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plane strain fracture toughness according to ASTM E399 the requirements
for the crack length «, the specimen width B and the ligament length W —
a in Equation 3.17, the ratio of the crack length to the specimen width
a/W in Equation 3.35 and the ratio between the critical and maximum
load in Equation 3.36 have to be met [78], [94], [116]. With thin films the
requirements in Equation 3.17 cannot be reached and therefore instead the
plane stress fracture toughness K. is calculated [120].

a
45 < — <. 3.35
0 5_W_055 ( )
Fmaz
<1.1 .
o < (3.36)

The tests for this thesis were performed with DENT specimens on a univer-
sal test machine Zwick Z010 (Zwick/Roell GmbH & Co. KG, Ulm, DE) with
a 500N load cell and unperforated clamps to prohibit failure of the speci-
mens near the clamps. Double edge notched tension (DENT) specimens with
15mm x 75mm x 3.5mm widths W x clamping length Zx crack length a
were prepared as described in section 3.3.2. The experiments were con-
ducted at standard conditions and a cross head speed of 100 mm min~".
Critical stress intensities K;c were then calculated from force F - displace-
ment z curves according to Equation 3.31 to 3.33 [89], [117].

3.3.4 Cyclic fatigue

Since polymer membranes in miniature speakers have to fulfill their service
life under cyclic loads at high frequencies, it is necessary to also determine
their failure modes under cyclic fatigue loads in order to obtain a detailed
insight. In contrast to monotonic loads, material failure under cyclic loads
occurs at significantly lower stress levels than their monotonic strength [116],
[120]. The schematics of a sinusoidal fatigue load over time is shown in
Figure 3.11 with an indication of the most important parameters with the
stress maximum o,,,,, the stress minimum o,,:,, the mean stress o,, and
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the stress amplitude Ao. In order to characterize the fatigue behavior of

stress o
Omax
oS50 AN \ S .\ AN
Ao
Omin
time ¢

Figure 3.11: Schematic of a cyclic fatigue load ¢ as function of time ¢, according to [75],
[116], [121], [122].

materials two main concepts were established. In the stress based approach,
explained in section 3.3.4.1 the time to failure is determined as a function of
the applied load. Section 3.3.4.2 covers the fracture mechanical approach
where the crack growth kinetics are traced. For a better understanding some
parameters have to be defined first:

cyclic stress range AT = Opmaz — Omin (3.37)
mean stress Om = (Omaz — Omin) /2 (3.38)
stress ratio R = 0pmin/Omaz (3.39)

with the maximum and the minimum stress level o,,,4, and o,,;,, respectively
[75], [116], [121], [122].

3.3.4.1 Stress based approach

In 1860 Wohler first described the load dependence of the service life of
railroad car wheels [116], [123]. The diagram in which the relationship
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between the magnitude of a cyclic load and the cycles to failure is depicted,
therefore, is called Wohler diagram. A schematic description is shown in
Figure 3.12. Here an increased fatigue strength shows as a shift of the curve

log stress Ao

cycles to crack\‘\\
growth initiation
Ncgi

log load cycles N

Figure 3.12: Schematic of a Wohler curve with the cycles to crack growth initiation Neg;

and cycles to failure Ny as function of the stress Ae, according to [75],
[116].

to higher endurable loads at higher cycles to failure. It was observed that
for most materials over the so called finite life fatigue strength in a half- or
double logarithmic diagram, a linear relationship can be found. One of the
most used mathematical descriptions of the finite life fatigue strength was
introduced by Basquin in 1910 in the following form:

log Ny =a—b-logo (3.40)

with the fit parameters a and b [121], [124], [125]. At lower stress levels for
ferrous metals, a limit can be determined under which no failure occurs. For
non-ferrous metals and polymers often only a flattened area at lower levels
may be found [116]. Commonly fatigue is seen as a three-stage process
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starting with an area before which no crack growth occurs, which is marked
in Figure 3.12 with the cycles to crack growth initiation N.4;. This is followed
by the crack propagation region and final failure marked by the line for cycles
to failure Ny. In the presence of flaws, the initiation time may be shortened
significantly [75].

Since fatigue tests often show significant scatter, several statistical methods
were introduced which consider both the planning of the experiments and
the analysis of the results. Standard methods for Wohler-tests are covered
in several standards such as ASTM E 739 and DIN 50100 [122], [125]. In
this thesis the arcsin v/P-method after Dengel was applied since it provides
advantages in both the number of experiments needed at each load level
and its statistical robustness [126]-[128]. W&hler tests were done both as
a function of the load level Ac and/or temperature 7' in order to clarify
different effects. For both, at least three experiments at each of three load
or temperature levels were done.

In order to obtain a more detailed picture of the fatigue behavior of the films,
both the cycles to failure Ny and the cycles to crack growth initiation N,
were determined. This was done by evaluating the onset of the deviation of
the strain span Ae (A€ = €4z — €min ), @S Shown in Figure 3.13, which was
then double-checked with an optical documentation of crack growth. The
scatter in the strain span Ac in Figure 3.13 was caused by the resolution limit
of the displacement sensor of the testing machine. More details regarding
the experimental procedure are explained in section 3.3.5.

3.3.4.2 Fracture mechanical approach

In fracture mechanics it is assumed that every structure contains a certain
number of flaws of finite size. Thus the flaws act as sites of stress concentra-
tion and therefore, when a threshold stress intensity AKy, is reached, as an
initial point for crack growth as explained in section 3.2.1 [116]. Under cyclic

54



3.3 METHODOLOGY

0,65
] g 0,470
d ¢
0,60 H §
§ : § 0,460
w 17
4 4
§ 0,55 Y oot® \otd el e
% T Load cycles N
£ 7
© - crack growth
= s
o 0,50 — initiation
raw data
—— 500 pt average
0;45 I 1 I 1 I 1 I 1 I 1

5 5 5 5 o
0P 2,0*\0 AWAQ 6,0*\0 %,0*\0 \,0*\0

Load cycles N

Figure 3.13: Evaluation of the cycles to crack growth initiation N.g4; via the onset of the
deviation of the strain span Ae for a PC film at Ao=12.87 MPa.

loading AK = K40 — Kmin acts as the driving force for crack growth. The
crack growth rate da/dN then is described as a function of AK, for which
Paris and Erdogan found the following form empirically:

da/dN = A-AK™ (3.41)

in which da/dN is the crack growth rate, A and m are material constants that
depend on various conditions such as the material and environment and
test conditions [74], [75], [78], [116], [129], [130]. A schematic diagram of
the crack growth rate da/dN as a function of the stress intensity span AK is
shown in Figure 3.14 [116].

Generally the crack growth behavior is divided into three sections. Region |
marks the threshold region. At lower values than AKy, no crack growth
occurs. This is followed by Region Il where stable crack growth occurs
which is described mathematically by the power law of Paris and Erdogan
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log da/dN

log AK

Figure 3.14: Schematic description of a fatigue crack growth (FCG) curve with the crack
growth rate da/dN as function of the stress intensity span AK, according
to [75], [116].

(Equation 3.41). Unstable accelerating crack growth with final rupture forms
the upper limit within region Il [75], [78], [116]. An improved material
behavior shows then in a shift of the curve to lower crack growth rates
da/dN at higher endurable stress intensities AK [120].

3.3.5 Fatigue test setup

Standard machines for fatigue tests are hydraulically driven and therefore
not capable of providing high displacement amplitudes at frequencies of
100Hz and above. Nevertheless these requirements have to be fulfilled
in order to perform fatigue tests with thin polymeric loudspeaker films
with thicknesses down to 4.5pm at conditions near the application. To
overcome this an electrically driven fatigue test, a Bose 3230 (Bose Corp.,
Eden Prairie, USA) was used (Figure 3.15). In order to prevent the thin films
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Figure 3.15: Fatigue test setup consisting of an electrically driven fatigue test machine
Bose 3230 with special unperforated lightweight aluminum clamps, an
optical system PixeLink B959 and high output LEDs.
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from failure due to clamping conditions, unperforated clamps were designed.
Additionally, to enable high frequency tests for which low moving masses
are required, these were made of aluminum (Figure 3.16). As specimen

Figure 3.16: Method to clamp and align the thin films properly to the load axis by at-
taching a small piece of adhesive tape to one end of the specimen and
then sticking it to the clamps by using two microscope glass slides. By at-
taching the films to the clamps with a planar edge of the glass slide and
also ensuring a perfect alignment, a uniform stress distribution is guaran-
teed throughout the specimen.

geometry both double edge notched tension (DENT) with a crack length « of
0.5mm and center cracked tension (CCT) specimens with a crack length a of
1.5 mm were used with dimensions of 15 mm x 45 mm (width W x clamping
length Z) according to ASTM E647 where a clamping length of at least 1.7W is
recommended to ensure a homogeneous stress distribution in the fracture
plane [131]. More details about the specimen geometries are found in
section 3.3.2.
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One of the most crucial factors for a successful experiment is to clamp the
film strips appropriately. Here both a perfect alignment of the films to the
load axis and also a uniform stress distribution in the specimens has to be
ensured. Otherwise one crack will experience higher loads which results in
unsymmetrical and accelerated crack growth and as a consequence results
in low quality of the tests. In order to fulfill these requirements, in a first
step the films are attached to the clamps and properly aligned by taking
advantage of their electrostatic charge. Then they are clamped at the upper
side. In order to ensure uniform stress distribution a small strip of adhesive
tape is attached uniformly at the lower end of the specimen using two
microscope glass slides as shown in Figure 3.16. Since the films are very
thin they show ripples under tension which is therefore used to perfectly
align the specimens in the setup by ensuring that the ripples are aligned in
the load direction. Finally the film strip is affixed to the lower clamp with
the adhesive tape and clamped by attaching the aluminum bracket. Also
the thin films have to be prevented from fluttering in the clamps due to
manufacturing tolerances of the clamps, which is done by attaching small
pieces of paper between the clamps and the specimens.

In order to determine the crack growth kinetics, an optical system PixeLINK
B959 (PixeLINK, Ottawa, CAN) and six high-output LEDs were attached to
the fatigue testing machine to ensure sharp images at short exposure times
(Figure 3.15). Subsequently the crack length was evaluated as function of the
load cycles N and the associated crack growth rates da/dN and stress inten-
sity AK were calculated using equation 3.42 and the appropriate geometry
factors Y described in section 3.3.2. For the calculation of FCG curves of one
specimen, approximately 30 pictures equally spaced between test begin and
Ny were evaluated.

@_ Aa . a; — Q;—1
dN AN N;— N, 4

(3.42)
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When machine data of high enough quality from the fatigue tests with
peak/valley load F and displacement d pairs was available, so that it was
possible to calculate more detailed FCG curves. In this method, introduced
by Berer and based on ISO 15850, ASTM E 647-11 and the works of Novotny
and Zahnt, the dynamic specimen compliance Cy,,, is calculated as a function
of the load cycles N, according to Equation 3.43, from peak/valley load and
displacement pairs, which were recorded every 1000 cycles during the tests
[131]-[136].

dmax - dmzn
Cayn = |C*| = 7 7 (3.43)

with the absolute value of the complex dynamic compliance |C*| and the
peak/valley data d,az, dimin, Fnax @and Fp, of the dynamic displacement and
the dynamic force, respectively. The goal, then, is to calibrate the compliance
data of Cyy, vs. N to the measured crack lengths a vs. N from the optical
documentation of the crack growth kinetics in order to obtain a function in
the following form [132]:

a = function (Cgyn) (3.44)

Based on the calculated data of crack length as a function of the load cycles
a vs. N in a next step crack growth rates da/dN as a function of the stress in-
tensities AK are determined. More detailed information about this method
is available in [132].

3.3.6 T-Peel tests

For T-Peel tests rectangular laminated specimens are used where there is a
region of unadhered material of approximately 30 mm. This was achieved
by dissolving the laminates in methyl ethyl ketone for 30 min, peeling them a
little apart for a length of approximately 30 mm and placing a strip of release
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film in between. In a next step laminate strips with a width B of 15mm
were cut using a commercially available roll cutter. The overall length was
approximately 80 mm. T-peel tests were performed also on the Bose 3230
(Bose Corp., Eden Prairie, USA) with a clamping length Z of 50 mm at a test
speed of 5mmmin~' for a peel length of 12.5mm. During the tests the
peel force P displacement z curves were recorded and the peel angle was
measured at least three times for each experiment, one at the beginning
of the peeling process, one in the middle and one near the end. For the
following calculations of G 4 then the average propagation peel force P and
the average peel angle § were determined. For each configuration at least
two experiments were performed.

In order to correct the adhesive fracture toughness G 4 for irreversible tensile
and bending deformation of the peel arms, as described in section 3.2.2,
stress-strain curves of the peel arms were recorded with film strips (B x Z =
15mm x 50 mm) at a strain rate de/dt of 10% min~" which corresponds to
5mmmin~'. Both data sets of the peel and the tensile curves were then
used in the software "IC Peel” (Imperial College London, London, UK) from
the adhesion and adhesives group from the Imperial College London [137].

3.4 Results and Discussion

3.4.1 Monotonic fracture mechanical tests

Based on the findings in the literature, monotonic fracture mechanical tests
were carried out, using DENT specimens with three different monolayer
films, two monolayers with symmetrically attached adhesive damping layers
and five 5-layer laminates, all of which are state of the art in miniature
loudspeakers. For the monolayer films a 10 ym solvent cast polyarylate
(PAR) film, a 12 um extruded polyethylene therephthalate (PET) film and
a 20 pm extruded polyetheretherketone (PEEK) film were chosen as test
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materials. The two tested 3-layer films consisted of 12 pm extruded PET and
12 um polyethylennaphtalate (PEN) films, respectively, and symmetrically
attached adhesive damping layers with a thickness of 9 um on each side.
The 5-layer laminates featured a symmetrical sandwich design with the
outer layers consisting of the same solvent cast 10 um PAR films as the
tested monolayers, varying 12 pm extruded PET and PEN middle layers and
varying 9 ym damping adhesives in between. An detailed overview of the
test materials is given in Table 3.1.

Table 3.1: Test materials with an overview of the polymers and adhesives in each layer
and their corresponding thicknesses.

. Layer type Thickness ¢ [um]

Laminate

1/5 2/4 3 15 2/4 3
1L10-PAR/ PAR - - 10 - -
1L42-PET(a)12 PET(a) - - 12 - -
1L,0-PEEK>g PEEK - - 20 - -
3L39-A9PET(b)12 - adhesive A PET(b) - 9 12
3L39-BoPEN;; - adhesive B PEN - 9 12
5L50-PAR;oCoPET(b);,  PAR  adhesiveC PET(b) 10 9 12
5Lso-PAR19DgPET(a)12 PAR  adhesiveD PET(a) 10 9 12
5Lso-PAR19E9PET(C)12 PAR adhesiveE PET(c) 10 9 12
5Lgo-PARoFoPET(C)15 PAR  adhesiveF PET(c) 10 9 12
5Ls5o-PAR190G9PEN1; PAR  adhesiveG  PEN 0 9 12

DENT specimens were cut along the machine direction of the films with
15mm x 75mm x 3.5mm width Wx clamping length Zx crack length a
and tested at a high crosshead speed of 100 mmmin~" or 133% min™" as
described in section 3.3.3. The high deformation rates were chosen in order
to reflect the conditions in application where also high deformation rates
occur due to the high frequencies. Representative individual results with the
measured load F as a function of the displacement x for the test series with
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monolayers and monolayers with attached damping adhesives are shown in

Figure 3.17a.
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Figure 3.17: Results of monotonic fracture mechanical tests with the load F' as a func-
tion of the displacement z with DENT specimen for a) monolayer films and
monolayers with attached damping layers and b) 5-layer laminates.

Significant differences were found between the monolayers and the mono-
layer films with attached damping layers. It is worth noting that the influence
of the different thicknesses of the films is not taken into account in the
load/displacement curves. The PAR monofilm exhibited very linear defor-
mation behavior with brittle fracture. 1L42-PET(a);, and 1Lyo-PEEK;( also
showed brittle fractures accompanied by small plastic deformation after
the maximum load F,,,, was reached. Comparing results of the PET and
PEN monolayers with attached adhesive damping layers with 1L42-PET(a)>
it is quite interesting that there are only small differences. Therefore it is
possible to deduce that the adhesive damping layer has only a negligible
influence to the monotonic fracture behavior of the laminates. In contrast to
3L30-A9PET(b)15, the PEN film showed nearly no plastic deformation whereas
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the PET film featured more plastic deformation and higher F,... These
findings are at odds with the literature where films of the same polymer
types were characterized with the concept of EWF. There these films are de-
scribed to feature a predominant ductile material behavior with large plastic
deformations. Consequently it has been concluded in the literature that
LEFM would not be applicable for them [23], [26], [28], [30], [38], [39], [41],
[42], [52], [54], [96], [138]. In the load-displacement curves for the 5-layer
laminates similar results were obtained, which could be explained by the
similar constituents of the laminates (Figure 3.17b). All laminates featured
the same PAR outer layers and very similar PET middle layers, except of
5Ls50-PARoG9PEN+, with PEN as the middle layer. For all the 5-layer lami-
nates very similar results with brittle fatigue behavior was found with only
small plastic zones, hence LEFM seems applicable to describe the fracture
behavior of both monolayers and multilayer laminates [78], [87].

In a next step K¢ values were calculated based on the load F - displace-
ment x curves as described in section 3.3.3. Since the films behaved in a very
brittle manner with only a low amount of nonlinearity, F,,., was taken as
critical load Fyy. Results for the tested films are depicted in Figure 3.18 where
for the multilayer films an apparent fracture toughness K¢ 4, Was calcu-
lated for the whole cross section of the specimens. Generally a very high
reproducibility with only small scatter was obtained. Significant differences
regarding their fracture toughness were found for the monolayer films. PAR
has shown comparable results to those found in the literature, with a high
reproducibility at low toughness levels [18]. The fracture toughness of the
tested PEEK films exhibited values between the PAR and the 1L42-PET(a)1>
film and lower values than found in the literature [14], [139]-[142]. Since the
5-layer laminates consisted of two additional 10 um thick PAR outer layers
compared to 3Lz¢-A9PET(b)1, and 3L3p-BoPEN;, but featured almost the
same K¢ qpp Values, it was concluded that the PET and PEN middle layers
dominate the fracture toughness of these 5-layer laminates.
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Figure 3.18: Evaluation of the critical stress intensity factor K¢ with DENT specimens
for monolayer films, monolayers with attached damping layers and 5-layer
laminates with K-values with the load averaged over the whole cross sec-
tion of the films and laminates.

In Figure 3.19 results are shown with K¢ 4,p-values with the load calculated
for the cross section without the soft damping adhesives for the 3- and 5-
layer laminates. This evaluation is based on the assumption that due to the
approximately 103 to 10° times lower modulus of the soft adhesive damping
layers compared to the stiff outer layers, the damping layers bear only a
negligible part of the load (see also section 3.2.1.6). The adhesive damping
layers may therefore have only little effect on the monotonic fracture tough-
ness of the laminates. Here both PET and the PEN films showed similar
results with a small advantage for PET and a significantly higher fracture
toughness than all other films, which is in good agreement with values from
the literature [143]-[147]. In the comparison between results of mono- and
multilayer films the multilayer laminates showed their fracture toughness at
values right in between the PET films and the PAR monolayers. This verified
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Figure 3.19: Evaluation of the critical stress intensity factor K¢ with DENT specimens
for monolayer films, monolayers with attached damping layers and 5-layer
laminates with K-values with the load calculated for the cross section
without the soft damping adhesives for the 3- and 5-layer laminates.

the assumption that the adhesive damping layers bore only a negligible part
of the load in monotonic tests. Furthermore it is obvious, that the PAR outer
layers are the weakest part in the 5-layer laminates and therefore worsen

the fracture toughness of the laminate.

The findings from the static fracture mechanical tests with only small dif-
ferences between the tested 5-layer laminate stand in contrast to results
of fatigue tests with miniature speakers where significant differences be-
tween these 5-layer laminates were obtained. Therefore it was subsequently
concluded that a cyclic fracture mechanical test had to be made.
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3.4.2 Applicability of linear elastic fracture mechanics to cyclic
fatigue of polymer films

Based on findings from monotonic pretests, a fatigue test at a frequency
of 100 Hz was set up to determine the fatigue behavior of thin miniature
speaker films with linear elastic fracture mechanics (LEFM). In the literature
LEFM is said to be not applicable for thin polymer films, in this part the
applicability, LEFM for cyclic fatigue of thin polymer films is tested. One
main feature of LEFM is the crack tip similitude concept. It states that the
stress state in the surroundings of a crack tip are similar in both structure
components and in fracture mechanics specimens and are in both cases
describable by the so-called stress intensity factor K [78], [148]. The same
applies to different specimen geometries. This was utilized in the present
work to verify the applicability of LEFM for thin polymer films under cyclic
tensile loads. If differences between the specimen geometries are found,
LEFM might still be applicable but no material parameters are measured.
However, it still can be used to rank materials as long as the same specimen
geometry is used. Fatigue crack growth (FCG) tests with two different speci-
men geometries, double edge notched tension (DENT) and center cracked
tension (CCT) specimens (Fig. 3.8), were performed at standard conditions
and 100 Hz. The specimens were cut along the machine direction of the films
with 15mm x 45mm x 0.5 mm (DENT) and 15mm x 45mm x 1.5 mm (CCT)
width Wx clamping length Zx crack length a. During the fatigue tests the
crack growth was traced via an optical system and subsequently described
via FCG curves according to the Paris law (eq. 3.41) [129].

Evidence for the applicability of LEFM is the process zone size. Therefore for
each polymer film type, fatigue tests were stopped shortly after crack growth
initiation. With polarization light microscopy crack tips were discernible and
the process zone sizes were measured accurately. In a next step these values
were compared with theoretical calculations according to the models for
plane strain (eq. 3.15), plane stress conditions (eq. 3.14) and the Dugdale
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model (eq. 3.16) using the measured yield strength ¢, from tensile tests

with each material.

Polymer films of five selected model materials were investigated. These
films were produced via solvent casting and extrusion, respectively, and had
thicknesses between 4.5pum and 10 pm. First estimations of the fracture
toughness of the used polymer types were obtained from the literature
and the Cambridge Engineering Selector (Granta Design Ltd., Cambridge,
UK). Details of the model materials are shown in Table 3.2 with material
data for the glass transition temperature Ty, tensile modulus E and fracture
toughness K;¢. If no data about the listed parameters was available for the
films, generic data for the same polymer type was taken from literature.

Table 3.2: Test materials with five variations of constraining and damping layers.

Film Polymer Thicknesst¢ fracture toughness K¢
[um] [MPam©®=]
1L410-PAR1g PAR 10 2.422
1L49-PCyp PC 10 2.1-2.3b
1L5-PEl, PEI 7 2.93¢
1L4o-PESU,q  PESU 10 3.54¢
1L45-PET(C)as5 PET(C) 4.5 4.8-5.3b

®Section3.4.1 °Cambridge Engineering Selector (Granta Design Ltd., Cam-
bridge, UK)  “[14]

Fatigue crack growth (FCG) curves for PAR, PC, PEI, PESU and PET with a
comparison between results with center cracked tension (CCT) and double
edge notched tension (DENT) specimens are shown in Figure 3.20a) to 3.20e)
with an indication of the monotonic fracture toughness K;¢ values from
Table 3.2. The crack growth kinetics were optically tracked with images
shot every 1000 cycles. As a result especially at unstable crack growth
before ultimate failure the image frequency was too low to record the crack
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growth kinetics accurately. Therefore data points of several experiments
for each material and specimen geometry, respectively, are plotted in the
FCG evaluations. For DENT specimens results from start values from AK=
0.42 MPam?®> to 0.83 MPam?9> for PAR, PC, PEl and PESU films and from
1.10 MPam®> to 2.28 MPam?®> for PET films were evaluated for the FCG
curves. With CCT specimens for PAR and PC tests were performed at a start
value of AK=0.63 MPam©®>, for PEl and PESU at 0.45 MPam®> and for PET
at 1.41 MPam®>. An overview of results with DENT specimens for all tested
materials is depicted in Figure 3.20f. Results with CCT specimens were left
out in Figure 3.20f, since they show nearly the same picture, but would
distract from the clarity of the comparison.

Three main reasons are thought to have led to partial significant scatter
in the FCG evaluations. At first symmetrical crack growth was often not
achieved, since already the slightest misalignment of the specimens in the
fatigue setup led to asymmetrical crack growth. For instance, according to
ASTM E647 in CCT specimens the crack lengths on both sides should not
exceed a difference of 0.025 W [131]. Furthermore often discontinuous
crack growth occurred, which led to faster crack growth rates when the crack
jumped. Finally PAR and PESU showed zig-zag crack paths and therefore,
according to Equations 3.10 and 3.11, also superimposed mode Il loads.
Strictly speaking, for these measurements the requirements of pure mode |
loading for the validity of the calculations of AK; according to Equations 3.31,
3.33 and 3.34 then were violated.

AK values before ultimate failure and K- values from Table 3.2 correlated
well for all films. FCG curves with PAR, PESU and PET films showed good
agreement between both specimen geometries; in contrast, PC and partic-
ularly PEI exhibited significant deviations with, in both cases, higher crack
growth rates at the same stress intensities for the CCT compared to the
DENT specimen geometry. PET has shown superior crack growth resistance
with significantly higher stress intensities K at the same crack growth rates
da/dN than the other films. PAR and PC showed rather similar results with
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Figure 3.20: Fatigue crack growth behavior of the a) PAR, b) PC, ) PEI, d) PESU and e)
PET films with results with DENT and CCT geometries and an indication of
monotonic fracture toughness K¢ values from Table 3.2 and f) a compari-
son of results with DENT specimens and different films.
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a lower crack growth resistance than PET for both films and with a slight
advantage for PC. The lowest crack growth resistance was found for PESU
and PEI with also very similar curves but with slightly higher crack growth
rates and significantly higher scatter for PESU.

Based on the findings in the FCG analysis, an explanation for the deviation
between curves with DENT and CCT specimens for PC and PEI films was
sought. One idea was that in these two polymers the crack tip similitude
concept does not apply and therefore differences in the process zone may
be observable. In order to justify this hypothesis three tests were stopped
with each material at the same stress intensity level for both specimen
geometries soon after crack growth was discernible. Subsequently process
zones sizes were measured using polarized light microscopy. Since slight
deviations in the width of the specimens and the length of the cracks are
unavoidable, standard deviation values for AK of about 0.05 MPam©> in
both specimen geometries were measured. Furthermore AK values in the
specimens were approximately 0.1 MPam®> higher for all materials in CCT
specimens than in DENT specimens when the tests were stopped. Finally
it has to be mentioned that overall differences in the color appearance
of the micrographs is due to slightly different angles of the polarizers in
order to maximize the visibility of the observed effects, but has no influence
the general result. In a next step the measured values were compared to
theoretical ones based on LEFM for plane stress and plane strain conditions
and the Dugdale model according to eq. 3.14 to 3.16, respectively, for
which yield stresses o,, were determined in tensile tests. The tensile tests
were performed with the same test machine as the fatigue tests with film
strips (15mm x 50 mm, width W x clamping length Z) at a strain rate of
20% min~".

In Figure 3.21 the optical documentation of the fatigue crack growth behavior
of a PAR and a PC film with a DENT specimen at a start value of AK=
0.43 MPam®> is depicted. Pictures are shown for the initial state, at the
cycles of crack growth initiation N.;, at the cycles of failure Ny and also two
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Figure 3.21: Optical documentation of the fatigue crack growth behavior of a) a
PAR and b) a PC film with a DENT geometry at a start value of AK=
0.43MPam?®, respectively.

pictures during crack growth, which are equally spaced between N, and
Ny. For PAR a predominantly brittle fatigue behavior was found with rather
coarse fracture surfaces and crack paths with a slight zig-zag pattern.

Figure 3.22 shows polarized light microscopical images with magnifications
of 50x and 200x of crack tips from PAR films with a) a DENT and b) a CCT
specimen, respectively, after crack growth initiation at a AK value of ap-
proximately 1.00 MPam%>. Also in the micrographs, the crack path direction
showed slight deviations. In the last 200 pm of the crack path in the DENT
specimen very localized highlighted birefringence effects with a width of ap-
proximately 50 um were found under polarized light, which were attributed
to a process zone surrounding the crack tip. In the middle of the region
line-like patterns along the crack plane were observed which were regarded
as already broken material. Evidence for the validity of the assumption
was obtained with the comparison of the theoretical plastic zone size with
the measured process zone size in DENT specimens in front of the broken
material (Figure 3.30a). Here the measured mean values of 60 pm fitted
quite well the theoretical ones for plane stress conditions and showed only
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Figure 3.22: Polarized light microscopical images with magnifications of 50x and 200x
of crack tips from PAR film specimens with a) a DENT and b) a CCT geome-
try, respectively, where the test was stopped after crack growth initiation
at AK~1.00 MPam®.

minor scatter. For CCT specimens, process zone sizes could not be evaluated
because the birefringence patterns gradually faded in front of the crack
tips (Figure 3.30). Still the approximate shape of the birefringence effects
matched well the plastic zone shapes estimated by the “dogbone” model for
elastic solutions in mode | according to Anderson and Dodds et al. and plas-
tic zones near the surface in high density polyethylene (HDPE) reported by
Friedrich [78], [149], [150]. Although process zone shapes and sizes differed
for both specimen geometries the evaluation of the FCG curves suggested
validity of the crack tip similitude concept.

The PC films showed brittle fracture modes too, but with smoother broken
surfaces than in PAR (Figure 3.21b). In micrographs of DENT specimens
(Figure 3.23a) the process zone shape was analogical to that described by
Dugdale and therefore was described according to the Dugdale model with
the plastic zone size I. (eq. 3.16), which fitted well with the theoretical model
(Figure 3.30). This is in accordance with the literature where applicability of
the Dugdale model for PC was reported [34], [151]-[155]. Similar to PAR
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Figure 3.23: Polarized light microscopical images with magnifications of 50x and 200x
of crack tips from PC film specimens with a) a DENT and b) a CCT geometry,
respectively, where the test was stopped after crack growth initiation at
AK~1.05MPam®®.

also in PC in the CCT specimens process zones were not discernible due
to gradually vanishing birefringence effects (Figure 3.23b). This difference
of the process zones between DENT and CCT specimens was regarded as
the cause for the different fatigue crack growth behaviors of these two
geometries with PC films. To sum up: both in the FCG curves and in the
evaluation of the process zone significant differences were found for PC and
therefore the applicability of the crack tip similitude concept was not verified
for the characterized PC films.

The optical documentation of PEI films in Figure 3.24a) moreover has re-
vealed a brittle fatigue behavior with crack paths almost perpendicular to the
load direction. In both specimen geometries the crack path was surrounded
by highlighted birefringence patterns, which also here were referred to as
regions of plastically deformed material (Figure 3.25). Only a very small
process zone in front of the crack tip was found with a length of 60 um for
the DENT specimens and 100 um for the CCT specimens, which matched
the theoretical size according to LEFM (Figure 3.30). The larger process
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Figure 3.24: Optical documentation of the fatigue crack growth behavior of a) a PEl and
b) a PESU film with a DENT geometry at a start value of AK=0.43 MPam??,
respectively.
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Figure 3.25: Polarized light microscopical images with magnifications of 50x and 200x
of crack tips from PEI film specimens with a) a DENT and b) a CCT geome-
try, respectively, where the test was stopped after crack growth initiation
at AK~1.45MPam®?.
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zone sizes measured for CCT specimens contradicted the results from FCG
measurements with higher crack growth rates at the same stress intensities
for the CCT geometry. Although the PAR films showed nearly the same
process zone sizes for both geometries, the PEI films showed significantly
higher scatter, which may have caused the differences in the FCG behavior
between the DENT and CCT specimen. As for the PC films, also for PEI films
differences both in the FCG and the process zone size evaluation were found
and therefore the applicability of the crack tip similitude concept for the PEI

films was not verified.

PESU has shown the most coarse fracture surfaces of all tested films even
with torn out parts in the crack path (Figure 3.24b). Both specimen geome-
tries showed a similar behavior in micrographs with also a coarse surface
structure and a very complex branched structure of the cracks (Figure 3.26).
Although a defined process zone was not discernible it was always possible
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Figure 3.26: Polarized light microscopical images with magnifications of 50x, 100x and
200x of crack tips from PESU film specimens with a) a DENT and b) a CCT
geometry, respectively, where the test was stopped after crack growth
initiation at AK~1.10 MPam®>.

to identify the crack tips. The occurrence of multiple crack fronts is also
regarded as the cause for the higher scatter of PESU in FCG tests. Therefore
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on the one hand the theoretical requirements of LEFM with one defined
crack tip is broken for the PESU film, but on the other hand the requirement
of crack tip similitude is fulfilled for both the FCG tests and the evaluation of
the process zone shapes. Consequently LEFM was regarded as applicable
for the PESU films.

PET films featured high crack growth resistance, but nevertheless brittle
fatigue behavior under cyclic loads with crack paths strictly perpendicular to
the load direction (Figure 3.27). Along the crack path birefringence effects
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284 000

551 000

821 000

Figure 3.27: Optical documentation of the fatigue crack growth behavior of a PET film
with a DENT specimen at a start value of AK=1.38 MPam®>,

on both sides were found (Figure 3.28). Here process zones sizes were not
discernible in either of the geometry. A reason for this might be that the
PET films showed a bi-linear yield behavior without a defined yield stress
and therefore the requirements for the formation of a plastic zone are not
met (Figure 3.29). For the PET films both FCG curves and evaluation of the
process zones suggest applicability of LEFM.

Figure 3.30 shows comparisons of process zone sizes from tests which were
stopped when crack growth was discernible for a) the DENT and b) the CCT
geometry and theoretical values according to LEFM for plane stress and
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Figure 3.28: Polarized light microscopical images with magnifications of 50x and 500x
of crack tips from PET film specimens with a) a DENT and b) a CCT geome-
try, respectively, where the test was stopped after crack growth initiation
at AK~3.40 MPam®?.
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Figure 3.29: Tensile curves at standard conditions and a strain rate v of 20 % min~' with
the evaluation of the yield stress o, for PAR, PC, PEI, PESU and PET films.
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plane strain conditions for all materials and for PC additionally according
to the Dugdale model [76], [90]-[92]. In PESU and PET in both specimen
geometries and in PAR and PC in CCT specimens the process zones were not
discernible, therefore for these only the calculated ones are depicted. One
important result is that the measured process zone sizes were approximately
one order of magnitude larger than the thicknesses of the films. Therefore
the requirement of LEFM that the process zones have to be small compared
to the length dimensions of the specimens or structures is violated [78]. For
PAR with DENT and PEI with both specimen geometries, a good agreement
of the measured values to the theoretical ones for plane stress conditions,
according to Equation 3.14, was found. For PEI films larger process zone
sizes were measured with CCT specimens which contradicts the results
from FCG measurements with higher crack growth rates at the same stress
intensities for the CCT geometry. In contrast, PC has shown three times larger
process zone sizes than those predicted by plane stress conditions. Since
in micrographs process zone shapes similar to those described by Dugdale
were observed, also a comparison was made with theoretical process zone
sizes according to the Dugdale model (Equation 3.16) [78], [92]. Here a
significant better correlation between measured an theoretical process zone

sizes was observed.

In order to clarify why differences in the process zone shapes were found,
especially in the PC films, elasto-plastic fracture mechanical finite element
(FEM) simulations for all materials and both specimen geometries were done.
Comparability to the microscopic process zone evaluations was achieved
by applying the same loads and therefore also the same stress intensities.
In Figure 3.31 an overview of the stress distribution (von Mises stress) at
AK~1.05MPam®> in PC films for both a) a DENT and b) a CCT specimen
is shown. For the material data, results from the tensile tests were taken.
It clearly can be seen that the overall stress state differs significantly with
higher loads throughout the specimen for the DENT geometry and there
is more localized behavior in CCT specimens. The main reason for this
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Figure 3.30: Comparison of measured process zone sizes from micrographs of stopped
tests right after crack growth initiation with a) DENT and b) CCT specimens
and theoretical values according to LEFM for plane stress and plane strain
conditions for all materials and the Dugdale model additionally for PC and
€) a comparison of measured process zone sizes for both specimen ge-
ometries [76], [90]-[92].
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Figure 3.31: Simulation results with an overview of the stress distributions at
AK~1.05MPam®® in a) a DENT specimen with a crack length a of 0.5mm
and b) a CCT specimen with a crack length a of 1.5mm for PC films.

might be the short crack length of 0.5mm in DENT compared to 1.5mm
in CCT specimens. As a result the stress amplification at the crack tip is
significantly higher in the latter. Similar stress distributions to those in the
CCT specimen were reported by Brinson and Mllls also for center cracked
tension specimens with PC[151], [156].

Detailed views of the stress distribution (von Mises stress) near the crack
tip in PC films are shown in Figure 3.32 for a) a DENT and b) a CCT speci-
men. Here similar stress distributions are obtained for both geometries as
proposed by LEFM, but again more localized in the CCT geometry. LEFM
proposes that if the crack tip similitude concept applies, the crack tip near
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Figure 3.32: Simulation results with a detail of the stress distributions at
AK~1.05MPam®®in a)a DENT specimen with a crack length @ of 0.5mm
and b) a CCT specimen with a crack length a of 1.5mm for PC films.

field is controlled by the stress intensity factor K and therefore indepen-
dent of the geometry. As a result by comparing simulations with different
specimen geometries the boundary between the regions where the stress
distributions are controlled by the stress intensity factor K and the global
tensile stresses should be obtained. An evaluation of the simulation results
for PC with the crack opening stress oy, as a function of the distance from
the crack tip = for both DENT and CCT specimen geometries from the fatigue
tests at stress intensities at the crack tips of K; = 1 MPam®> is shown in
Figure 3.33. Since different crack lengths of 0.5 mm in DENT compared to
1.5mm in CCT specimens were used in the fatigue tests, the loads had to
be chosen accordingly to achieve matching stress intensities. Therefore in
the far field region different global tensile loads were also obtained in the
simulations. Nevertheless as proposed by LEFM up to a distance of approxi-
mately 0.25 mm almost identical stress curves were obtained. This suggests
that up to this point the stress distribution at the crack tip is controlled by
the stress singularity and therefore by the stress intensity factor. Since in
PC the process zones have similar sizes, especially in DENT specimens, the
requirement might be violated, that according to LEFM the process zones
have to be confined to a small region around the crack tip.
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Figure 3.33: Simulation results for PC with the crack opening stress o, as function of
the distance from the crack tip z for both DENT and CCT specimen geome-
tries at a stress intensity of K; = 1 MPam®®.

Further effects which may influence the applicability of LEFM are hysteretic
effects due to high frequency dynamic loads and the effect of path or load
history according to Lang et al. [148]. Based thereupon thermographic
evaluations of the hysteretic heat up directly at the crack tip during fatigue
pretests with PAR films were done using an IR camera SC7500 (FLIR System,
Inc., Wilsonville, USA). These have shown that, during stable crack growth,
the temperature increase does not exceed 2°C to 3°C. One of the main
reasons for such small heat up might be the thinness and therefore a high
aspect ratio of these films. Consequently heat is quickly transferred to the
relatively large surface and taken away by convection. One further aspect
which may lead to differences in the fatigue behavior in different specimen
geometries is the path or history dependence. Under cyclic fatigue the crack
has to grow through material which has observed a higher number of cycles.
This might lead to changes in both the viscoelastic state and also the yield
behavior of the material over the crack path [148]. If a material shows a
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dependence on such so-called far field effects, the stress state at the crack
tip is not solely dependent of the stress intensity K and therefore LEFM
might be not applicable.

In conclusion the applicability of LEFM for cyclic fatigue of PAR, PC, PEI, PESU
and PET polymer films with thicknesses from 4.5 pm to 10 pm at 100 Hz was
investigated using the crack similitude concept by comparing fatigue crack
growth tests with DENT and CCT specimens. Furthermore measured and
calculated process zone sizes from stopped tests with all materials and both
specimen geometries were compared. The applicability of LEFM seemed
given for PAR, PESU and PET films but not for PC and PEI films. The latter
showed both differences between DENT and CCT specimen geometries in
the fatigue crack growth and the polarized light microscopic process zone
evaluations. It also was found that for PAR, PC and PEI the process zone
sizes were approximately one order of magnitude larger than the thickness
of the films. Therefore the requirement of LEFM that the process zones have
to be small compared to the length dimensions of the specimen or structure
might have been violated. In order to clarify the deviations in PC films, elasto-
plastic fracture mechanical simulations were done and evaluated regarding
the global and local stress distributions at the crack tip. It was found that for
PC at up to 0.25 mm behind the crack tip, identical stress distributions of the
crack opening stress o, prevail in both DENT and CCT specimens. Therefore
it was concluded that up to this point the stress distributions should be
singularly controlled by the stress intensity K. Since the measured process
zone sizes for PC are of a similar size, the requirement for LEFM, that the
process zones should be confined to a small region around the crack tip,
was regarded as violated for PC. Finally it was concluded that in PC also far
field effects might have occurred which led to crack growth which is not
any longer solely dependent on K and therefore the requirements of LEFM
might have not been met.
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3.4.3 Effect of temperature

Due to the decreasing thickness of smartphones and tablets the mechanical
loads in the polymer membranes of their miniature loudspeakers have in-
creased significantly. One of their main challenges is to provide a long service
life even at elevated temperatures. The temperatures loads are caused by
the heat up of the voice coil and intensified by the tight packaging of compo-
nents in the devices in which the speakers are built in. In order to determine
the temperature loads, pretests were done using an IR camera SC7500 (FLIR
System, Inc., Wilsonville, USA) on a generic miniature loudspeaker which
was loaded with a voltage signal derived from component fatigue tests. The
loudspeaker was tested in free air and therefore the temperature loads of
built-in speakers should be even higher than the measured heat up of 40°C
above room temperature.

Two of the commonly used polymer films for miniature speakers are poly-
ethylene therephthalate (PET) and polyether ether ketone (PEEK) films. A
main advantage of these films is their high fracture toughness, as already
pointed out in sections 2.2 and 3.4.2. But this is accompanied by a low glass
transition temperature of PET of approximately 70 °C. As a result the use of
PET films for highly stressed miniature speakers with even higher tempera-
ture loads might be inadvisable. Instead PEEK films are favored since they
provide both a high fracture toughness and also a high temperature stability
with their glass transition at approximately 143°C [16]. Usually fracture
toughness evaluations of PET and PEEK films are done by the method of
EWF. Here the nonelastic region is divided into the region which is involved
in the fracture process and a region were plastic deformation occurs. The
former is characterized as the essential work of fracture w, and the latter by
the non-essential work of fracture w,, as explained in detail in section 2.3.2.
Temperature-dependent EWF characterizations with PET films were already
reported by Arkhireyeva and Hashemi [38], [41] and Pegoretti and Ricco
[26]. They found that, whereas w. is rather independent of temperature
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from 23°C to 80 °C followed by a maximum at 120 °C, w, shows a significant
maximum at 80 °C. Arkhireyeva and Hashemi reported also temperature-
dependent EWF tests with PEEK films [138].

In order to clarify the influence of temperature on the fatigue behavior of PET
and PEEK films Wohler and fatigue crack growth (FCG) tests in the machine
direction of the films were done using DENT specimens at a frequency of
100 Hz and a temperature range from -20°C to 100 °C at stress spans Ac
of 26 MPa, 33 MPa and 42 MPa for the PET films. PEEK films were tested at
a temperature range from 23°C to 80°C at Ao of 48 MPa. Here the same
PET films as in section 3.4.2 were used. The specimens were cut along the
machine direction of the films with a thickness of 4.5 um and a geometry
of 15mm x 45mm x 0.5mm (width W x clamping length Z x crack length
a). An overview of the test materials is given in Table 3.3 with an indication
of their thickness and also fracture toughness K¢ values from monotonic
tests in section 3.4.1 for films consisting of the same polymer types.

Table 3.3: Test materials with indications for the contained polymer types, film thick-
nesses and fracture toughness values from monotonic fracture mechanic
tests in section 3.4.1.

Film Polymer Thicknesst¢ fracture toughness K¢
[um] [MPam®->]

1L45-PET(C)as  PET(c) 4.5 6.2-6.8

1Lg-PEEKg PEEK 8 3.8

®Section3.4.1 °Cambridge Engineering Selector (Granta Design Ltd., Cam-
bridge, UK)  “[14]

This section is focused on the more detailed results with PET films. Since
only minor influence from temperature to the fatigue results with the PEEK
films were found, these results are covered in the following section 3.4.4
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where the correlation between temperature dependent T-peel and fatigue
tests of PEEK multilayer films is discussed.

Results for the PET films from temperature dependent and load dependent
Wohler tests are shown in Figure 3.34. For all loads significant temperature
dependencies were found with a maximum of the cycles to failure N; at
60 °C for stress spans Ao of 27 MPa and 33 MPa and at 40 °C for 42 MPa. At
27 MPa and -20°C N, of approximately 106 cycles were measured, which
increased by four times when the temperature was increased to 60 °C. By
further increasing the temperature to 100°C, N, fell below 10° cycles. The
temperature-dependence for higher load levels of 33 MPa and 42 MPa were
slightly lower with an approximate 3 fold increase of N; at their maximum at
60°C and 40 °C respectively. This difference results mostly from the higher
scatter of the 27 MPa curves at 40°C and 60°C, as shown in the fits of 5%
and 95 % probabilities of failure.

The load-dependent evaluations are shown in Figures 3.34b and 3.34c. Here
again a maximum of the fatigue strength was found at 60 °C with the high-
est cycles to failure Ny in Figure 3.34b, the lowest slopes & of the Wohler
curves and the highest endurable stress spans at 107 cycles Ao.. Noda et
al. reported a similar behavior of a minimum in the slope & in tempera-
ture dependent Wohler tests at the glass transition of glass fiber reinforced
polyamide 66 (PA 66). They have related this minimum to a change of the
fracture mechanism at T [157]. A comparison of the Wohler curves with
a dynamic mechanical characterization of the films in tensile mode at fre-
qguencies of 1 Hz, 10 Hz and 100 Hz reveals a good agreement of the crack
growth resistance maximum at 60°C with the onset temperature of the
glass transition, as shown in Figure 3.35a. Similar behavior of a maximum in
the fatigue strength for semi crystalline polymers was reported by Novotny.
Here polyether etherketone (PEEK), polyether ketone ether ketone ketone
(PEKEKK), polyamide 6.6 (PA 6.6) and polyamide 6 (PA 6) showed a maximum
in their fatigue strength down to 70 °C below their glass transition T¢;. It was
supposed that the achieved molecular mobility in the glass transition of the
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amorphous phase in semi crystalline polymers contributed to an enhanced
crack tip plasticity [158]. In the fatigue tests with PET films at higher tem-
peratures, their glass transitions occurred which resulted in a drop of the
modulus of over one order of magnitude, as shown in Figure 3.35a. The
resulting drop in fatigue strength at temperatures above its glass transition,
therefore, followed from the loss of mechanical stability.
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Figure 3.35: Results of a) dynamic mechanical analysis (DMA) evaluations in tensile
mode with the storage tensile modulus E’ as function of the temper-
ature T at frequencies of 1 Hz, T0Hz and 100 Hz at a heating rate of
2Kmin~" and b) temperature dependent fatigue crack growth (FCG) tests
with 1L4.5-PET(C)45 for temperatures from —20°C to 100 °C.

An evaluation of the fatigue crack growth behavior of the PET films is de-
picted in Figure 3.35b. For this the optical documentation of the crack growth
kinetics from Wohler tests at 27 MPa was used and was subsequently eval-
uated for each of three experiments at each temperature, as explained in
section 3.3.5. For all temperatures only low scatter in the FCG curves was
found with the area of stable crack growth reaching from AK values of ap-
proximately 1.7 MPam®> to 3 MPam®>. From -20 °C to 80 °C no significant
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differences between the FCG curves were found but higher crack growth
rates da/dN at the same stress intensities AK at temperatures above that.

A deeper insight into the fracture behavior of the PET films was achieved by
polarized light microscopical images with magnifications of 50x of the broken
surfaces from specimens which were tested at temperatures from -20°C to
100 °C, which are shown in Figures 3.36 and 3.37. As it can clearly be seen,
it was hardly ever possible to achieve symmetrical crack growth from both
sides, since the specimens reacted very sensitively to slight misalignments
from the clamping process. If this were the case, crack growth began in
a slight angle. In the transition zone to perpendicular crack growth often
coarser fracture surfaces were observed. This transition zone did not change
its position but its roughness changed over temperature with a maximum in
roughness in good correlation to the maximum fatigue strength at 40 °C and
60 °C. Itis thought that the transition to standard crack growth perpendicular
to the load axis took place when an evenly distributed stress distribution
was reached. Especially at lower temperatures at -20°C and 0 °C after the
transition zone until final failure the cracks grew in a strict straight line.
This indicates brittle fatigue modes, which correlates well with the lower
fatigue strength measured at these temperatures in Wohler tests. With rising
temperatures, sections directly at the crack front which show birefringence
effects (brightened up in red, yellow and light blue) increased significantly
in width. It is assumed that this stems from softening of the material with
increasing temperatures, as shown in Figure 3.35a, which therefore led to
an increasingly localized plastic deformation, which led in turn to a higher
fatigue strength. With elevated temperatures, especially at 80 °C and 100 °C
and therefore in the modulus drop of the glass transition, large plastic
deformations took place across the entire sample. These global plastic
deformations were thought to have yielded from the ongoing softening due
to the glass transition which led therefore also to a drop in the mechanical
stability and fatigue resistance. The global plastic deformations are in good
agreement with findings from the literature were a maximum in the non-
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essential work of fracture w, from 60°C to 100 °C is described, which relates
to the fracture energy which is dissipated in the plastic deformation far from
the crack tip [26], [38], [41].

In conclusion the temperature and load dependent fatigue behavior of
4.5 pm thin PET films was investigated with Wohler and fatigue crack growth
tests at load levels of 27 MPa, 33 MPa and 42 MPa and temperatures from
-20°C to 100°C. A maximum in the crack growth resistance at 60 °C was
found in the Wohler tests which was also accompanied by a decrease in the
slope of the load dependent Wohler curves at 60 °C and above. In FCG tests
up to temperatures of 80 °C almost identical curves were obtained with a
decreasing crack growth resistance at temperatures above that. Both the
drops in fatigue life in both Wohler and FCG evaluations correlate well with
DMA experiments in tensile mode at frequencies of 1 Hz, 10 Hz and 100 Hz,
where the onset of the glass transitions lies at approximately 60 °C. As seen
in polarized light microscopic evaluations, with an increase in the tempera-
ture there was also an increase of plastic deformations directly at the crack
fronts and also in remote areas across the test specimens. The increased
local deformations are thought to have also led to an increased fracture
energy consumption for crack growth and therefore have contributed to
an increase in the fatigue strength. The latter are thought to stem from
a global softening of the material above its glass transition and therefore
have led to a loss of mechanical stability and, as a result, to a lower fatigue
strength. The increased global plastic deformations are in good agreement
with fracture toughness tests found in the literature, where a maximum in
the non essential work of fracture w, from 60 °C to 100 °C is described [26],
[38], [41].

3.4.4 Effect of the multilayer design

The state of the art in polymeric membranes for miniature loudspeakers
are multilayer films. Since this may influence the fatigue behavior, in this
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section effects originating from the multilayer design are investigated. As
described in sections 3.2.1.6 and 3.2.2, two main processes such as crack
bridging and delamination might occur and influence the fatigue behavior
of the laminates. Since crack bridging effects are hard to determine in this
evaluation the focus lies on describing the influence of delamination effects
to the fatigue behavior of these laminates. This is done by calculating and
comparing the dissipated energies involved in both processes. Therefore on
the one hand fatigue tests with an evaluation of both Wohler kind tests and
FCG curves were performed and on the other hand T-peel tests were done
to examine their delamination properties. Finally based on data from the ex-
periments the adhesive fracture energy G 4 from delamination tests and the
energy release rate G from fatigue tests were calculated and compared.

Due to the fact that miniature speakers often have to endure loads at el-
evated temperatures the tests were performed over a temperature range
from 23°C to 80°C to also take a certain amount of heat brought in by the
voice coil into consideration. Therefore for the Wohler tests instead of the
load dependence, the temperature dependence of the cycles to failure at a
fixed load was investigated. Two 3-layer laminates with damping adhesives
with different stiffnesses were chosen as model materials. They consist of a
symmetrical design with two of the same polyetheretherketone (PEEK) outer
layers with thicknesses of 8 um and an adhesive damping layer in between
with a thickness of 30 pm. 3L46-PEEKgI3o contains a soft and 3L4-PEEKg]30
contains a stiff adhesive layer. Specimens with 15mm x 50 mm (width W
x clamping length Z) and a peel distance of 13 mm were cut along the ma-
chine direction of the films as described in Subsection 3.3.6. The results of
temperature dependent T-peel tests for both laminates with 15mm wide
T-peel samples at a test speed v of 5mmmin~" are shown in Figure 3.38.

3L46-PEEKgI30 with a soft adhesive (Figure 3.38a) showed relatively low peel
forces with moderate scatter in tests at each temperature. Starting with
0.37 N at 23 °C, the peel force already halved at 40 °C and decreased down to
0.06 N at 80°C. In the optical documentation of the T-peel tests, peel angles
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Table 3.4: Test materials.

Layer type Thickness ¢ [um]

Laminate
1/3 2 1/3 2
1Lg-PEEKg PEEK - 8 -
3L46-PEEKglsg PEEK adhesivel 8 30
3L46-PEEKg)3g PEEK adhesive] 8 30

between 79° to 87° were measured with no distinct difference between the
test temperatures. In Figure 3.39a) an image taken during a test at 40°C is
shown with the peel angle 4 slightly deviating from 90°. This deviation of the
expected value of 90° was partly attributed to gravitation, but also to the
low adhesion forces in 3L46-PEEKgI3o. A detailed evaluation of the peeled
surfaces is shown in light microscopic images in Figures 3.40a) to d). Most of
the times the adhesive was found with the majority on one peel arm and
only a small portion on the other, but the adhesive never was found on both
peel arms at the same position. Also marks of the start of the T-peel tests
6.25 mm away from the remaining unpeeled laminate part were observable
on both peel arms, which became more visible at higher temperatures.
Since throughout all the tests and temperatures stable delamination was
found and the remaining adhesive always just on one peel arm at the same
position it was concluded that in this laminate adhesion fracture occurred.

3L46-PEEKg)30 with a stiff adhesive showed significantly higher peel forces
of 2.33N at 23°C down to 0.29 N at 80 °C (Figure 3.38b). Whereas at 23°C
and 40 °C higher scatter with rougher curves were obtained, at higher tem-
peratures they became smooth. The mean values of the peel angles with
3L46-PEEKg)30 were almost exactly 90° for all temperatures, but significant
differences in the standard deviations were found. Whereas for 23°C and
40°C standard deviations below 1.6° were measured, at 60°C it had in-
creased already to 4.6° and reached 9.9° at 80 °C. The significant differences
in both roughness of the curves and differences in the standard deviations
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Figure 3.38: Results of temperature dependent T-peel tests at temperatures from 23 °C
to 80 °C with two 3-layer laminates, a) 3L4s-PEEKsI50 with a soft and b) 3Lae-
PEEKs]30 with a stiff adhesive.

of the peel angles were attributed to differences in the peel processes as
light microscopic evaluations of the peeled surfaces revealed, shown in Fig-
ures 3.40e) to h). Here on specimens which were peeled at 23°C and 40°C
remains of the adhesive were found on both peel arms at the same positions
and therefore cohesive fracture occurred. Also marks of the starting of the
peel process were hard to determine in specimens which were tested at
these temperatures. For specimens which were peeled at higher temper-
atures at the same positions, only on one peel arm were remains of the
adhesive found and therefore adhesive fracture took place. Furthermore
the starting marks became more visible.

A comparison of the temperature-dependent peel forces per millimeter of
width for 3L46-PEEKgI50 with a soft adhesive and 3L46-PEEKg)30 with a stiff ad-
hesive is depicted in Figure 3.41a). Here a difference of the peel forces of ap-
proximately one order of magnitude at the same temperatures was observed
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Figure 3.39: Images taken during the T-peel tests at 40 °C for a) 3L4e-PEEKgI50 with a
soft and b) 3L46-PEEKg)30 with a stiff adhesive.

with values from 2.5-102Nmm™ to 3.4- 103 Nmm™" for 3L46-PEEKgl5
with a soft adhesive and from 1.6-10""Nmm™ to 1.9- 102 Nmm™" for
3L46-PEEKg)30 With a stiff adhesive for temperatures between 23°C to 80 °C.
In comparison, Oreski and Wallner reported for 5-layer backsheet films
(polyvinyl flouride - adhesive - polyethylene therephthalate - adhesive -
polyvinyl flouride) for the encapsulation of solar cells peel forces between
5Nmm~"and 7N mm™"[159]. Zhou has measured values between 0.5 N mm™"
and 3.6 Nmm™" for coextruded films consisting of PC and PC-based copoly-
mers [160].

The curves from T-Peel tests fit well to results from DMA tests in shear mode
(Figure 3.42) were 3L46-PEEKg)3o revealed a significantly stiffer material be-
havior over the whole measured temperature range than 3L46-PEEKgI50 and
both exhibited a drop in modulus between 23°C and 80 °C of nearly one or-
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Figure 3.40: Light microscopic images of the peeled surfaces of 3Lge-PEEKgI50 with a
soft adhesive and 3L4e-PEEKs)30 with a stiff adhesive which where peeled
at temperatures from 23 °C to 80 °C.
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Figure 3.41: Results of a) T-peel test with an evaluation of the peelforce F vs. temper-
ature T'and b) Wohler tests with the cycles to failure Ny vs. temperature
T with the same apparent stresses in both the monolayer and the outer
layers of the multilayer films.

der of magnitude. Details regarding the measurement method in DMA shear
mode of miniature loudspeaker laminates are explained in section 4.3.3.

For fatigue tests DENT specimens were cut along the machine direction
of the films and laminates with a geometry of 15mm x 45mm x 0.5mm
(width W x clamping length Z x crack length a) and tested at a frequency
of 100 Hz. Results of Wéhler tests with the cycles to failure Ny as a function
of the temperature T at a fixed load are shown in Figure 3.43). In order
to obtain an estimation of the contribution of the adhesive layer in the
fatigue behavior, along with the two 3-layer laminates also comparative
tests with only one 8 mm thick PEEK outer layer were performed. The stress
for the PEEK monolayer was chosen to match the calculated loads in the
3-layer laminates in their outer layers, when the adhesive layer is neglected.
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Figure 3.42: Results of temperature dependent dynamic mechanical analysis (DMA)
tests in shear mode of 3L46-PEEKgI3o with a soft and 3L4e-PEEKs)30 with a
stiff adhesive damping layer for a frequency f of 100 Hz.

Therefore the remaining differences in the cycles to failure Ny reflect the
contribution of the adhesive layers.

Whereas for the monolayer almost constant Ny was found over all tempera-
tures a significant temperature effect was revealed for the 3-layer laminates.
At 23 °C both 3-layer laminates showed similar Ny which were already above
values found for the monolayer. At 40 °C and 60 °C for the 3-layer laminates
with a soft and a stiff adhesive, respectively, a maximum in their crack growth
resistance was found and a significant decrease above those temperatures.
If one neglected the one measurement of the multilayer with a soft adhe-
sive at 60 °C with N; of approximately 3 - 10°, both multilayers would have
exhibited their maximum at 60 °C. At 80° for both laminates the effect of
the additional adhesive layer almost vanished and values in the region of
the monolayer were observed. But still a small difference remained with
slightly lower values for the 3-layer laminate with soft adhesive than for the
monolayer and slightly higher values for the 3-layer laminate with the stiff
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adhesive. Compared to the temperature dependent peel tests, no direct
correlation could be observed with the Wohler tests.

In order to obtain a more detailed picture, besides the standard Wohler
evaluation with the cycles of crack growth Ny, also the cycles of crack growth
initiation N4 and the cycles of crack growth N, = Ny — N, were analyzed
with the results depicted in Figure 3.43. Although the evaluation of the cycles
of crack growth N, vs. temperature T (Figure 3.43b) revealed more or less
the same picture as the evaluation of the cycles to failure Ny, but with the
exception at 60 °C where the advantage of the multilayers begin to vanish
in N, due to the beginning of higher scatter. In contrast, in the cycles of
crack growth initiation N, significant differences were found. Here for all
films with rising temperatures also constant rising N, was found up to
60 °C with an approximately constant five-fold advantage for the multilayer
over the monolayer films. Therefore the advantage of the multilayers in
Ny at 60°C stems from longer crack growth initiation times. At 80°C the
advantage vanished almost completely. In summary, at both stages, crack
growth initiation and crack growth itself, up to a temperature of 60 °C the
multilayers exhibited a higher fatigue strength than the monolayer PEEK
film. At 80 °C the advantage vanished with even lower N, of the multilayer
laminate with a soft adhesive damping layer.

In Figures 3.44, 3.45a) and 3.45b) results of the temperature dependent
fatigue crack growth (FCG) evaluations are depicted where apparent stress
intensities AK,,, for the outer layers in the multilayer films were calculated
by neglecting the adhesive damping layers in the calculation. An indication
that LEFM should be applicable to these PEEK films was obtained in mono-
tonic tests in section 3.4.1 were a similar PEEK monolayer film showed brittle
fatigue modes. For the multilayer laminates apparent stress intensities
AK,,, were calculated by neglecting the adhesive damping layers. For the
monolayer in Figure 3.44 only a slight advantage in crack growth resistance
was found at 80° compared to tests at room temperature, but there were
no further differentiations between tests at different temperatures.
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Figure 3.43: Results of Wohler tests with a) the cycles to crack growth initiation Neg;
and the cycles to failure Ny and b) the cycles of crack growth N, =
Ny — N.gi vs. temperature T with the same apparent stresses in both
the monolayer and the outer layers of the multilayer films for probabilities
of 50 %.
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Figure 3.44: Results of temperature dependent FCG tests for a 8 pm thick PEEK film
1Lg-PEEKs at temperatures from 23 °C to 80 °C.
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In contrast 3L46-PEEKgl3o with a soft adhesive revealed a significant tem-
perature effect with similar crack growth rates da/dN at the same stress
intensities AK for tests at 23°C and 40°C but a decreasing crack growth
resistance at higher temperatures. For 3L46-PEEKg)30 also no temperature
dependence of the FCG curves was found.
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Figure 3.45: Results of temperature dependent FCG tests for 3-layer PEEK laminates
with the load averaged over the whole cross section of the laminates a)
3L46-PEEKgI5o with a soft adhesive and b) 3L4e-PEEKg])30 with a stiff adhe-
sive at temperatures from 23 °C to 80 °C.

A comparison of FCG curves of the mono- and 3-layer films at the same
temperatures is shown in Figure 3.46. Both at 23°C and 40°C the 3-layer
laminates revealed an advantage in crack growth resistance compared to the
monolayer film. The difference further increased at 40 °C with also better
results for 3L46-PEEKgI3o with a soft adhesive compared to 3L4-PEEKg)30
with a stiff adhesive. At 60 °C almost identical results were observed for all
films and at 80 °C the monofilm was clearly better. Here slightly better results
for 3L46-PEEKg)30 with a stiff adhesive compared to 3L4g-PEEKgI3g with the
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Figure 3.46: Results FCG tests at temperatures of a) 23°C, b) 40 °C, ¢) 60°C and d)

80°C for a PEEK monolayer film 1Lg-PEEKs, a 3-layer PEEK laminate with
a soft adhesive 3L46-PEEKsl50 and a 3-layer PEEK laminate with a stiff ad-
hesive 3L4e-PEEKg)50 where the calculation of the stress in the 3-layer lami-
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nates was regarded to the cross section of the PEEK outer layers.
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soft adhesive were measured. In conclusion the FCG evaluations fitted well
to the evaluation of the cycles of crack growth N, from the temperature
dependent Wohler tests where similar results were obtained but with a
clearer differentiation in the latter.

Usually one would expect a decreasing fatigue strength with rising tempera-
tures, since the additional energy for chain disentanglement and therefore
also the craze stability lowers with increasing temperature [158]. Such results
for amorphous polyether imide (PEl), polyether sulfone (PES) and polysul-
fone (PSU) were reported by Novotny [158]. A similar behavior of a rising
fatigue strength than with the PEEK monofilm was reported in section 3.4.3
for semicrystalline PET films, where a maximum in the fatigue resistance
was found at the glass transition. Also Karger-Kocsis and Friedrich, Novotny
and Rae et al. reported either a constant fracture toughness, a maximum
in the crack growth resistance or even an increasing fracture toughness
of PEEK over temperature [140], [142], [158]. Plummer et al. concluded
from transmission electron microscopic evaluations with semicrystalline
PEEK that in this material instead of disentanglement crazing, crazing due to
chain scission occurs at room temperature which might give way to shear
deformation at temperatures near T; [161], [162].

An indication for a change in the fracture process of the 3-layer laminates
was obtained by polarization microscopic evaluations of the broken surfaces,
shown in Figures 3.52 to 3.55. In all samples significant contributions from
shear bands and even crack growth in the shear bands were observed, which
often led to crack growth in a zig-zag pattern and revealed magenta colored
birefringence effects. Since the crack deviated from the crack plane mode I
fracture was superimposed according to Equations 3.10 and 3.11. This be-
havior is regarded as the cause for the significant scatter obtained in the
FCG curves. With further crack growth, the broken surfaces changed signifi-
cantly. The transition to cyan in the monolayer and green colored cracked
surfaces in the multilayers led to the conclusion that also the stress states
changed. Here also increasing global plastic deformation took place which
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showed as diamond-shaped deformed zones which were too big to fit in the
micrographs. Furthermore, beginning with this zone small ridges formed
which were interpreted as stop bands. Confirmation for the hypothesis of
the formation of shear bands was achieved with a micrograph of 1Lg-PEEKg
from a stopped fatigue test at a crack length of 0.5 mm, shown in Figure 3.47.
Here a distinct deformation zone along the crack path which was related to a

Figure 3.47: Polarized light microscopic image of 1Lg-PEEKg from a stopped fatigue
test.

craze zone and two distinct zones of shear deformation symmetrically above
and below the craze zone were found. Similar features in bulk specimens
were described by Takemori as epsilon crack tip zones, which only occur at
short cracks near the free surface and lead to discontinuous crack growth
(DCG). There the o,, term is reduced due to the near surface and a strong
shear component superimposes the dilational stress which favors crazing.
Not only additional energy is consumed in forming the shear bands which
leads to stabilization of the crack, but also AKj is reduced. If the epsilon
crack tip zone is once formed at a short crack, it stabilizes the cracks and
allows DCG to continue up to higher apparent AK; values [163], [164]. Both
stopping marks and strong indications of shear bands were also found in
the micrographs of the PEEK films.
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In the monolayer PEEK film across all tested temperatures the relative posi-
tion of the shear dominated zones did not move, but its intensities decreased
at higher temperatures. This was in good accordance with the fatigue tests,
where the fatigue strength of the monolayer film was constant over tem-
perature. In contrast in both 3-layer laminates the shear bands continued
over longer crack paths than in the monolayer from 23°C to 60 °C and then
almost vanished at 80 °C. This again fitted well to the fatigue results where
up to 60 °C a higher fatigue strength was measured for the multilayer films,
but the advantage vanished at 80 °C. In addition to the fact that most of the
fatigue life takes place at the beginning of the crack path, it was concluded
that the shear bands dominated the fatigue performance of the observed
mono- and multilayer PEEK films. Therefore the occurrence of the shear
bands over a longer crack path in the multilayer PEEK films than in the
monolayer films is regarded as cause for their better fatigue performance.

In order to obtain an estimation of the influence of delamination effects on
the fatigue behavior of the investigated films, calculations of the adhesive
fracture energy G 4 from delamination tests and the energy release rate G
from fatigue tests were done, with the fundamental background described
in sections 3.2.2 and 3.2.1.3. For the calculation of the energy release rates
G using Equation 3.13 AK values from FCG tests before ultimate failure
were taken using the apparent stress intensities AK,,, of the PEEK outer
layers from the multilayer films. According to theory the stress intensities
before ultimate failure should best match the monotonic fracture toughness
K¢ and therefore should be comparable with the adhesive fracture energy
G 4 from monotonic delamination tests. The latter was calculated accord-
ing to the method described in section 3.3.6. A comparison of the energy
release rate G from fatigue tests and the adhesive fracture energy G 4 from
delamination tests is shown in Figure 3.48. As can be clearly seen there is a
significant difference in the calculated energy values with significantly lower
energies for the delamination processes. Furthermore the delamination
energies G4 decrease about one order of magnitude between 23°C and
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Figure 3.48: Comparison of the adhesive fracture energy G 4 from T-peel tests with the
energy release rate G from FCG tests with the stress in the 3-layer lami-
nates regarded to the overall thickness of the laminates, both at tempera-
tures from 23 °C to 80 °C.

80°C and the energy release rates G reflect the results from fatigue tests
with a higher fatigue strength from 23°C to 60 °C. Since G4 was at signifi-
cantly lower levels in theory, delamination between the layers should have
occurred before crack growth. However the situation is more complicated,
because these processes act in different directions. Whereas crack growth
acts along the width of the samples, delamination occurs in the thickness
direction. Furthermore the delamination process is thought to be induced
by the stiffness differences between the soft damping and the stiff outer
layers. As a result when the laminates are loaded in tension in the fatigue
tests or under bending deformation in application the stiffness difference
leads also to a difference in the stresses o, in each layer according to Fig-
ures 3.5 and 3.2. This stress difference then might lead to a delamination
stress in the thickness direction o.. Since during the fatigue tests and also
in the micrographs no delaminations were visible, it was concluded that
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delamination processes did not contribute to the fatigue behavior of the
investigated multilayer films.

For this reason the second process of crack bridging which might be involved
here could give a better explanation. Here, as described in section 3.2.1.6,
crack tunneling in the stiff outer layers occurs which leads to crack bridging
by the remaining adhesive which shields the crack tip. This behavior was
clearly observed throughout all temperatures in the fatigue tests of the
multilayer laminates. Examples for a lagging behind crack growth in the
damping adhesives are shown for both multilayer films in Figure 3.49 for
temperatures of 40°C. This contribution from crack bridging might have

a)

>

’

Figure 3.49: Pictures taken during fatigue tests at 40 °C of the crack tips in a) 3Lae-
PEEKg|5p with a soft adhesive at 220 000 cycles and b) 3Lse-PEEKs])30 with a
stiff adhesive at 137 000 cycles, both at a crack length of 1.2 mm.

additionally shielded the cracks in the multilayer films which therefore again
favored discontinuous crack growth and consequently the occurrence of
shear zones according to the theory of the epsilon crack tip zones. The
clarification of the described effects would be an interesting topic for further
research.

In conclusion the effect of delamination on the fatigue behavior of multi-
layer films for miniature loudspeakers was investigated. This was done by
comparing the fracture energies from delamination (G 4) and fatigue pro-
cesses (G). Temperature dependent monotonic delamination tests and also
temperature dependent fatigue tests were performed and then evaluated
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regarding the involved dissipated energies in the corresponding fracture
processes. In a comparison of the adhesive fracture energy G 4 from delami-
nation and the energy release rate G from fatigue tests it was revealed that
G 4 exhibited values up to 100 times lower than G. Therefore delamination
should have occured at significantly lower loads than fatigue crack growth,
but delamination never was observed during the fatigue tests. Furthermore
no correlation between fatigue and delamination test results was found.
However still significant differences remained between the fatigue behavior
of the muiltilayer films and comparative tests with only one of their stiff
monolayers without an adhesive. Polarized light microscopic evaluations of
the broken samples revealed a change of birefringence effects directly at
the cracked surfaces over temperature in accordance to the fatigue results.
These birefringence effects were attributed to shear deformations, which are
described in the literature to shield the crack tips and as a consequence yield
a higher crack growth resistance.Furthermore in the optical documentation
of the crack growth kinetics, throughout all temperatures it was observed
that crack growth in the adhesive damping layers lagged behind. It was
concluded that this might be attributed to the process of crack bridging,
which may be involved. Here the remaining adhesive might have additionally
shielded the cracks in the stiff outer layers and consequently favored the
formation of the described shear bands.
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3.4.5 Effect of anisotropy

Whereas state of the art PAR films exhibit a quasi-isotropic material behavior
due to their production process of solvent casting, films with higher fracture
toughness such as PEN, PEEK and PET are mainly produced via extrusion as
explained in section 2.2. One main advantage is the economic efficiency of
this process but this is accompanied by a strong anisotropic material behav-
ior of these films. In order to achieve thicknesses down to the single value
pm region the melt has to be drawn after the die. Due to the drawing pro-
cess molecules are strongly oriented in the machine direction (i. e. extrusion
direction). This also has a strong impact on the fracture and fatigue behavior
of these films. Therefore, by measuring in machine direction, cracks have
to grow perpendicular to the molecular orientation, whereas by measuring
in transverse direction cracks grow parallel to the molecular orientation.
Consequently the films show a higher fracture toughness when cracks have
to grow perpendicular to the molecular orientation, as found by Maspoch et
al. for PET films and Hashemi for high impact polystyrene (HIPS) films, both
evaluated by EWF, Wu and Schultz for fracture toughness measurements
with oriented PEEK samples and by Knapp et al. for high frequency fatigue
tests with thin extruded films [43], [141], [165], [166].

In order to achieve a better understanding of the direction-dependent fa-
tigue behavior of extruded films Wohler and fatigue crack growth (FCQ)
tests with 3-layer laminates with PEEK outer layers (3L46-PEEKgL3p) using
DENT specimens were carried out. They were prepared with a geometry
of 1I5mm x 45mm x 0.5mm (width W x clamping length Z x crack length
a). The specimens were cut and tested in 0°, 45° and 90° to the machine
direction. The tests and evaluations were then performed according to
section 3.3.4 for three load levels Ao of 9.2 MPa, 11.5MPa and 14.3 MPa at
room temperature (23 °C). An overview of the laminate design is given in
Table 3.5.

117



FRACTURE TOUGHNESS TESTING OF THIN POLYMER FILMS FOR ACOUSTIC
APPLICATIONS

Table 3.5: Test materials.

Layer type Thickness ¢ [pm]
1/3 2 1/3 2

Laminate

3L46-PEEK8L30 PEEK adhesive L 8 30

Results of the direction dependent Wohler tests are shown in Figure 3.56a)
with fits for probabilities of failure of 5%, 50% and 95% based on the
arcsin v P method [126]-[128]. Whereas for tests in 0° and 45° to the ex-
trusion direction only a minor load dependence of the cycles to failure Ny
was found, the results in 90° showed a clear load dependence and also
significantly higher scatter. Furthermore, in concordance with the literature,
with the crack plane parallel to the processing direction in the 90° tests,
significantly earlier failure occurred than when the crack had to grow per-
pendicular to the molecular orientation as in 0° tests. The results in 45° lay
in between with a rather constant ratio of one order of magnitude lower N;
than in 0°.

In the evaluation of fatigue crack growth curves in Figure 3.56b) a different
picture was found than in Wohler tests. An indication that LEFM should
be applicable to these PEEK films was obtained in monotonic tests in sec-
tion 3.4.1 where a similar PEEK monolayer film showed brittle fatigue modes.
For the multilayer films an apparent stress intensity was calculated for the
whole cross section of the specimens. Since cracks left the crack planes
in 0° and 45° tests the requirements of pure mode | loads are not met for
the calculation of the stress intensities according to Equations 3.31 and
3.33. Nevertheless to ease the comparison throughout the tests in different
load directions the deviations of crack growth out of the crack plane were
neglected for the calculation of AK. In the FCG curves scatter was found
in all test directions. In 0° tests FCG curves similar to those in the literature
(Figure 3.14) were found with accelerating crack growth at low stress inten-
sities AK followed by a region of stable crack growth and finally unstable
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Figure 3.56: Results of direction dependent a) Wohler tests and b) FCG tests with 3Lae-
PEEKsL3o with the load in 0°, 45° and 90° to the extrusion direction.

crack growth at high AK values. A similar behavior was obtained in 90° tests
but at significantly higher crack growth rates and only a short period of sta-
ble crack growth from 0.7 MPam®> to 1.1 MPam?>. In 45° nearly identical
FCG curves as in 90° tests were found up to AK values of approximately
1.1 MPam®>, Here also at low stress intensities AK crack growth acceler-
ated, followed by a region of stable crack growth. But in contrast to the
tests in 0° and 90° instead of the following unstable region beginning at
approximately 1.6 MPam®> and 1.1 MPa m%>, respectively, in 45° tests the
stable crack growth region reached up to AK values of 4.4 MPam®> with a
final failure immediately following.

The reason for the differences in Wohler and FCG tests was found in the
optical documentation of the crack growth kinetics, which are depicted in
Figures 3.57 and 3.58. Typically for tests with crack growth perpendicular
to the molecular orientation, the specimen showed a ductile behavior with
meander-like formations of the crack path in tests at 0° (Figure 3.57a). Since
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Figure 3.57: Optical documentation of the fatigue crack growth behavior with the load
ina) 0° and b) 90° to the machine direction of the films and with a DENT
geometry at a start value of AK=0.38 MPam®>, respectively.

the crack deviated from the crack plane mode Il fracture was superimposed
according to Equations 3.10 and 3.11. Since the crack growth changed its
direction several times this resulted also in changing crack growth rates
at each direction change as shown in the FCG evaluation in Figure 3.56b.
Furthermore stop and go mechanisms occurred which led to further scatter.
Also early crack growth initiation was revealed and therefore the fracture
process was dominated by crack growth. In contrast at 90° (Figure 3.57b)
a predominately brittle fatigue behavior was observed with crack growth
strictly perpendicular to the load direction and also early crack growth initia-
tion. Also here stop and go mechanisms occurred which led to scatter in the
FCG evaluation.

In the tests with the extrusion direction of the films at 45° to the load di-
rection a very interesting phenomenon was observed with crack growth at
a strict angle throughout the test up until failure (Figure 3.58). Since the
cracks were deflected at both sides, it was possible for them to grow until
they nearly aligned one above the other before ultimate failure occurred.
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Figure 3.58: Optical documentation of the fatigue crack growth behavior with the load
in 45° to the machine direction of the films and with a DENT geometry at a
start value of AK=0.38 MPam®®.

Thus no unstable crack growth in the FCG curves occurred. The deflection of
the crack growth path is thought to have resulted from a balance between
the direction of the lowest crack growth resistance parallel to the molecular
orientation at 45° to the load direction and the load direction itself. Addi-
tionally, due to the strong anisotropic material properties and the mismatch
of load and molecular orientation in the 45° tests mode Il loading of the
cracks was superimposed and therefore also contributed to the balance.
Induced from the deflection of the cracks along the molecular orientation
they experienced almost the same low crack growth resistance as in the
90° tests. As a result the differences in the Wohler curves between 45° and
90° tests resulted from significantly longer stable crack growth in the 45°
samples.

In conclusion the anisotropic fracture toughness of extruded films described
in the literature was also verified in this test for the fatigue behavior of
thin PEEK laminates. The anisotropy is thought to have been induced by
the extrusion process followed by drawing of the films which leads to a
predominant molecular orientation in the machine direction. Furthermore
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a deviation between results in Wohler and FCG tests occurred in tests with
the load at 45° to the processing direction. Whereas in Wohler tests curves
for the 45° were right in between the results for tests in 0° and 90°, in the
FCG evaluations the 45° tests revealed the same low crack growth resistance
results as tests at 90°. It was possible to attribute the latter effect to the
deflection of crack growth along the molecular orientation, which also led to
a similar low crack growth resistance as at 90° where crack growth occurred
parallel to the molecular orientation. Finally it was possible to explain the
differences between Wohler and FCG curves between 45° and 90° tests with
a significantly longer stable crack growth in the 45° samples.

3.5 Summary

A good fracture and fatigue behavior of thin polymer films for miniature
speaker membranes is one of their main requirements. In monotonic
pretests with double edge notched tension (DENT) specimens the films ex-
hibited brittle fracture modes, therefore the usually applied testing method
of essential work of fracture (EWF) was not applicable. Since also no differen-
tiation between laminates was found, which showed a distinct differentiation
in component tests, a cyclic fatigue test based on linear elastic fracture me-
chanics (LEFM) was implemented which operates at a frequency of 100 Hz.
Additionally an optical system was attached to track the crack growth kinet-
ics. The crack growth resistance of the thin films then was characterized with
Wodhler and fatigue crack growth (FCG) tests.

By applying the crack tip similitude concept the applicability of LEFM for
the cyclic fatigue of PAR, PC, PEI, PESU and PET films was checked. For
this fatigue crack growth (FCG) tests with DENT and center cracked tension
(CCT) specimens were performed and compared to see if, according to the
crack tip similitude concept, matching FCG curves were found. In a next
step process zone sizes of DENT and CCT specimens where the tests were
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stopped after crack growth initiation were measured using polarized light
microscopy and compared to theoretical values. For PAR, PESU and PET films
matching FCG curves were obtained between both specimen geometries,
respectively, but PC and PEI films showed significant deviations. Although
process zones sizes in DENT specimens were discernible in PAR, PC and PEl
and in CCT specimens only in PEl, these measured sizes matched well to
theoretical values. In order to clarify the reason for the deviations in the FCG
curves in PCin a next step simulations were done to determine the global
and local stress distributions in the specimens and at the crack tips. Here
it was found that in the PC films the K controlled region stretches up to
approximately 0.25 mm behind the crack tip at AK=1 MPam®>. Since plastic
zone sizes at the same AK values are of a similar size, the requirement for
LEFM of only a small scale plasticity might not be upheld for PC.

The effect of the temperature in the range between -20°C to 100 °C to the
fatigue behavior of PET films was evaluated with Wohler and FCG curves
with DENT specimens. Below the glass transition of PET a maximum of its
crack growth resistance was revealed at 60 °C in Wohler tests followed by a
sharp decrease at higher temperatures. In FCG curves up to 80°C, nearly
identical curves were obtained with also a sharp decrease at higher temper-
atures. Similar results were reported by Novotny for other semicrystalline
polymers and this was subsequently attributed to an increased mobility
in their amorphous regions which led to an increased crack tip plasticity
and consequently to a higher crack growth resistance [158]. Polarized light
microscopic images of the fracture surfaces revealed a significant increase of
plastic deformations at both the fracture surfaces and across the specimens.
The first was ascribed to the increased crack tip plasticity, which contributed
to an increased fatigue strength. However the latter phenomenon, especially
found at elevated temperatures above the glass transition T is thought to
stem from material softening at 7i; and therefore a loss in fatigue strength.
This was found to match findings from the literature, where in EWF tests PET
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films exhibited a maximum of the non essential work of fracture w, between
60°C to 100 °C, which is ascribed to plastic deformations [26], [38], [41].

The effect of the multilayer design of state of the art miniature loudspeaker
laminates was investigated by comparing the fracture energies involved in
the fatigue and the delamination processes in PEEK multilayer films. There-
fore temperature-dependent fatigue crack growth tests were performed
with DENT specimens. It was found that, compared to a PEEK monolayer
films without adhesive, an increase in crack growth resistance has been ob-
tained in the multilayer laminates. In a next step the energy release rate G
was calculated from AK values before ultimate failure. In order to evaluate
the delamination behavior, T-peel tests with film strips were done and the
associated adhesive fracture energy G4 was calculated. In the comparison
of both energy values it was found that the G 4 values were 10 to 1000 times
lower than G values from fatigue tests and therefore delamination might
have occurred at significantly lower loads than crack growth. But delamina-
tions were not observed during fatigue tests and therefore were regarded as
insignificant for the fatigue behavior. The occurrence of shear bands and dis-
continuous crack growth (DCG) in polarized light microscopic evaluations of
the fracture surfaces correlated well to the temperature-dependent advan-
tage of the multilayer over the monolayer films. Furthermore crack bridging
due to slower crack growth in the adhesive damping layers was observed.
This is thought to have additionally shielded the cracks and consequently
contributed to the occurrence of DCG and shear bands. As a result a higher
crack growth resistance of the multilayer compared to the monolayer PEEK

films was measured.

The effect of anisotropic fatigue behavior of thin films induced by the process
of extrusion was determined by Wohler and fatigue crack growth tests with
PEEK multilayer films. DENT specimens were cut and tested at 0°, 45° and
90° to the processing direction. As described in the literature the highest
crack growth resistance was measured with 0° specimens where the cracks
had to grow perpendicular to the molecular orientation and the lowest at 90°
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4 Damping characterization of thin poly-
mer films for acoustic applications

4.1 Introduction

The damping behavior of thin polymer films used as membranes in minia-
ture loudspeakers is one of their key features in order to guarantee an
excellent sound quality and protect the speaker from high dynamic loads at
resonance (section 2.4). In order to ensure a good speaker design, therefore,
knowledge of the damping behavior is indispensable. Since state of the
art systems cannot provide detailed insights into the damping behavior of
these films at application-relevant conditions over a wide frequency and
temperature range (section 2.4.2), in this work new methods are introduced
to overcome this drawback. In section 4.2 the theoretical background of
passive damping designs is explained and effects of different design param-
eters are discussed. Furthermore the frequency-temperature dependence
of glass and secondary transitions is explained. Based on this in section 4.3,
new methods based on dynamic mechanical analysis (DMA) are introduced
for the characterization of the damping behavior of thin miniature speaker
films with the frequency and temperature dependent mechanical loss factor
tand(f,T). For comparative studies of different damping designs, the meth-
ods of dynamic mechanical analysis (DMA) in "speaker” mode is introduced
in section 4.3.2, where, based on a dual cantilever setup, the specimen is
formed to mimic the supports of miniature speakers. Consequently in this
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test the specimens are tested under bending deformations similar to the
conditions in application. Furthermore in section 4.3.3 a setup in DMA shear
mode is presented for an optimized characterization of constrained layer
damping (CLD) laminates where damping occurs due to shear deformation
of the adhesive damping layer. In application, damping has to be ensured
at up to 1000 Hz but the DMA setups are not capable of performing tests
at these conditions. Thus the theoretical approach of time temperature su-
perposition principle (TTSP) is used to perform extrapolations as described
in section 4.3.4. In a last step the damping behavior is evaluated with the
normalized loss factor over the application relevant temperatures tA which
is explained in section 4.3.5. Different damping designs such as a mono-
layer film, a free layer damping (FLD) and a constrained layer damping (CLD)
laminate are characterized in DMA "speaker” mode in section 4.4.1. The
influence of different polymers as constraining layers in CLD laminates in
the evaluation in DMA shear mode is discussed in section 4.4.2. Finally the
effect of the damping layer thickness in CLD laminates is determined in DMA
shear mode in section 4.4.3.

4.2 Background

The basic concepts of passively damped structures and therefore also for
membranes in miniature loudspeakers, are the concepts of free layer damp-
ing (FLD) and constrained layer damping (CLD) which first were theoretically
described by Plass, Ross, Kerwin and Ungar at the end of the 1950's [64],
[167]-[173]. Since then they gained wide recognition due to its excellent
damping performance and ease of applicability especially in the automotive,
aircraft, railway and marine industries [59], [174]-[187]. In Figure 4.1 the
basic concept of damping under bending loads like those in the loudspeaker
membrane supports for a) an undamped monolayer structure, b) a free
layer damping design and c) a constrained layer damping design are shown
schematically.

140



4.2 BACKGROUND

undamped constraining

structure soft layer layers soft layer

Figure 4.1: Schematic comparison of the load conditions in bending beams as a) un-
damped structure, b) with a free layer damping (FLD) design and c) a con-
strained layer damping (CLD) design, according to [169], [188].

In order to achieve a better understanding of the composite damping behav-
ior of the loudspeaker laminates, a theoretical model has been established.
In a first step the laminate is simplified as a series-parallel array of springs
where each spring stands for a separate energy-storage mechanism. Bend-
ing of the laminate consequently corresponds to a deformation z of the
spring array relative to its base, resulting also in a deflection of each spring.
In a cyclic deformation the stored energy W; and dissipated energy D of
each spring with a given stiffness K; and loss factor n; by a deflection of z;

can be calculated as follows [64]:

141



DAMPING CHARACTERIZATION OF THIN POLYMER FILMS FOR ACOUSTIC
APPLICATIONS

K;x;
W == (4.1)
2

Based on the definition of the loss factor, the composite loss factor » of all
springs is found by summation of them and therefore also the loss factor of
the laminate is obtained by [64], [172], [189]:

LD SUT/RND S e

(4.3)

In order to achieve a significant damping effect, the part corresponding
to the dissipated energy > n;K;z? of the ith damping element has to be a
significant fraction of the total dissipated energy. As a consequence, the
damping element not only has to provide a high loss factor »; but also
an adequate stiffness K; and has to be positioned in the right place to
experience significant deformation z; [64], [172], [190]. Since usually the
contribution of the stiff supporting structures to the dissipated energy is
negligible, Equation 4.3 is reduced with the damping layer referred as layer 1
to:

= 2= n (4.4)

Zm . Wy + W3+ ...
R

Therefore the composite loss factor n always is lower than the loss factor of
the damping element n; but could be optimized by adjusting its stiffness K;
and position and therefore its deflection z; to obtain a larger contribution
to the total stored energy > W, [64].
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4.21 Undamped structures

In a monolayer structure the monolayer has to fulfill both tasks: to provide
a high fracture toughness to resist high dynamic loads and to provide an
adequate damping behavior. The damping capacity is solely dependent
on the inherent mechanical loss factor of the material. Furthermore in
the application temperature range a constant stiffness of the membrane is
required in order to ensure also a constant dynamical behavior and resonant
frequency fr. Therefore polymers with glass transition temperatures T¢
below the application temperature range are preferred because above Tg,
the material behavior is more constant [189]. Since the inherent damping
capacity of thin polymer films is very low, this design is only used in basic
applications.

4.2.2 Free layer damping (FLD)

A more sophisticated approach is the concept of free layer damping (FLD)
(Figure 4.1b). Here on a stiff base structure a softer viscoelastic material
(VEM) as a damping layer is applied. When this structure is bent the damping
layer undergoes a bending deformation which is shifted into the tensile
stress region and damping is provided via viscoelastic dissipation [62], [64],
[189]-[191]. Based on Equation 4.1, the composite loss factor n for a lami-
nate with a damping layer softer than the base layer follows as

B2 B2
B H3/H, 1 1 (4.5)
+ EH% —+ 12H122 + €2h2(3 + 6ho + 4h%)

where [, = loss factor of the damping layer

_ b

ey = = ratio of moduli of elasticity

1

ho = % = ratio of thicknesses [64]
1
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Therefore the composite stiffness and also damping performance depends
on the height ratio he and stiffness ratio e, of the base structure and the
damping layer and the loss factor g, of the VEM [64], [178], [189]. Since the
highest damping values occur at Ti; of the damping layer, an appropriate
damping layer has to exhibit it's Ti; in the application temperature range of
the loudspeaker [189].

4.2.3 Constrained layer damping (CLD)

The most effective passive damping design is the concept of constrained
layer damping (CLD). Here a soft viscoelastic material is constrained by two
stiff outer layers. Due to the relative motion of the constraining layers the
VEM exhibits a shear deformation. Hence damping is provided via energy
dissipation due to the viscoelastic nature of the damping material, as shown
in Figure 4.1c. For this case the composite loss factor 7 is given by

- oY X (4.6)
TTI @)X+ (L Y)(L+ BDX? '
with the stiffness parameter Y’
1  E\H}+EsH (1 Ll _ 1+4e3h3 1 4.7)
Y 12H2, E\H, E3Hs3)  12h3, eshs '
where Fy, E5 = elastic moduli of the stiff elastic layers
H,, H3 = thicknesses of the stiff elastic layers
Hy + H. . .
Hs = Hy + % = distance of the neutral axis between

the stiff elastic layers

=3 — ratio of moduli of elasticity
1
3

H . .
hs = = ratio of thicknesses
H,y

and the shear parameter X [64]
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G 1 1
X =2 4.8
p?Hy <E1H1 * E3H3) (4.8)
where G = storage shear modulus
27
p=~= wavenumber

A = wavelength of the flexural vibration of the laminate

For a symmetrical design with layers with identical stiffness (e = 1) and
thickness (hs = 1) as constraining layers, Equations 4.7 and 4.8 are simplified

as follows
Hy 2
— < 4.9
y 3<H1+1> (4.9)
!
- & 2 (4.10)
p“Hy E1Hy

Where the stiffness parameter Y therefore is reduced to a geometric pa-
rameter. The shear parameter X depends strongly on the storage shear
modulus GY, of the damping layer and its thickness and the thickness H;
and tensile modulus E; of the stiff elastic layers [64], [192]. As a result the
composite loss factor n, depends not only on the loss factor of the damping
layer 5 but also on its shear modulus and thickness and the tensile modulus
and thickness of the stiff elastic constraining layers [64], [193] Also here T
of the damping layer should lie within the application temperature range of
the loudspeaker [189].

4.2.4 Interrelation between different damping measures

In Equation 4.3 it was shown that the mechanical loss factor is defined the as
ratio of the dissipated and stored energy during deformation of the material.
Therefore it also corresponds to other damping mechanisms besides viscous
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damping. Consequently for small damping other measures of damping such
as tan § from forced frequency DMA, decay experiments with the logarithmic
decrement A and the quality factor @ relate to each other at resonance as
shown in Equation 4.11 [61], [64], [172], [190].

D= tans = > = (4.11)
s

Ql+

with the phase angle ¢ between induced load and the corresponding reaction
of the material. Whereas n = tan ¢ applies for all frequencies, the correlation
n= é is only valid at resonance [172]. This does not imply that with different
measurement methods the same quantitative values are obtained, but at
least they should be comparable in a qualitative manner as long as results
are not influenced by other effects.

4.2.5 Frequency-temperature behavior of glass and secondary
transitions

In polymers besides of the main transition, which is also called glass or a-
transition, where large parts of the main chain achieve mobility, also smaller
secondary transitions often are found, where only local motions in the main
chain, locally restricted side chain motions, motions in parts of the side
chains or effects between the polymer and small dissolved molecules in the
polymer occur [194], [195]. When there are more of them they are denoted
with successive greek letters 3,v,6. Whereas a glass transition shows a
curved course in an Arrhenius plot with the inverse transition temperature
over log frequency, the secondary relaxations exhibit steeper slopes with a
linear behavior in an Arrhenius plot [195].

For the description of the temperature frequency-dependence of the glass
transition (a-transition, T¢) in polymers the semi-empirical WLF-approach
named after Williams, Landel and Ferry is applicable:
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log f

Figure 4.2: Schematic of an Arrhenius plot with an indication of the course of a glass
transition and a secondary transition, according to [195].

Cl (T—TR)

logar =log f — log fr =
with the shift factor ar, the reference frequency fg, reference temperature
Tr and the material constants ¢; and ¢y [70], [194], [196]-[198]. Since ¢
also depends on Ty and T, (Equation 4.13), this simplifies Equation 4.12 to
Equation 4.14 where T, is the only remaining independent variable which
is the temperature where log ap becomes infinite [196], [198]-[200]. As a
result the other parameters can easily be obtained in a least-squares fit
[198], [200].

co=Tgr — T (4.13)
_logar - (T —Tw)
c] = (T Tp) (4.14)

For describing the time-temperature behavior of secondary transitions, a
modified Arrhenius approach is applicable as follows:

RT
f=foe (4.15)
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with the activation energy E, and f; a frequency which, according to Heijboer,
is equal for a great majority of secondary transitions in amorphous polymers
with log fo 13.5 4+ 1.0 [70], [194], [195], [197], [198], [201].

Fit parameters for WLF and Arrhenius fits and calculated activation energies
E 4 for the corresponding glass and secondary transitions, respectively, for
some state of the art vibration damping polymers from the literature are
given in Tables 4.1 and 4.2 [197].

Table 4.1: Comparison of the glass transition temperatures T¢ and fit parameters from
WLF fits for state of the art vibration damping materials for constrained layer
designs with a nitril rubber, a blend of nitril rubber, polyvinyl acetate (PVA)
and polystyrene (PS) and a proprietary composition [197]

Material Polymer(s) Te [°C] c1 co[K] T [K]
Paracril-BJ nitril rubber -3.9 10.86 104.8 164.45
Blend nitril rubber, PVA,PS 544 16 222.2 105.35
Soundcoat N5 proprietary 25 20 210 88.15

Table 4.2: Comparison of the secondary transition temperatures T, and fit parame-
ters from Arrhenius fits for state of the art vibration damping materials for
constrained layer damping (butyl rubber, acrylic adhesives) and free layer
damping designs (LD-400, Antivibe) [197]

Material Polymer T, [°C1 E4 at[k]mol™]
butyl rubber 4.4 36.95

3M-467 acrylic adhesive  23.9 43.88

3M ISD-110 acrylic adhesive -3.9 37.88

LD-400 proprietary 15.6 101.62

Antivibe DS  proprietary 26.7 73.91

148



4.3 METHODOLOGY

4.3 Methodology

4.3.1 Objectives

The initial situation for the characterization of loudspeakers membranes
directly with films are their low thickness of about 50 um, different damping
designs, a temperature range in application from 0°C to 60 °C and the high-
est loads above 100 Hz. Consequently the main challenges in characterizing
their damping behavior are the handling of the thin films, achieving an appro-
priate reproducibility in experiments in application near conditions over both
a wide temperature and a wide frequency range. Since the method of forced
frequency dynamic mechanical analysis (DMA) seemed most promising to
fulfill these requirements, especially in performing measurements over a
wide temperature and frequency range, this was chosen as the starting point
for further investigations [73], [202]-[204].

In different damping designs of loudspeaker membranes such as undamped
films, FLD and CLD laminates, the damping is provided by different defor-
mation modes of their damping layers. Hence the flexibility of commercially
available DMAs in performing experiments in different deformation modes
is of great importance for establishing optimized methods for damping
characterization [73], [202]-[204]. Although in application the membrane
has to provide its damping under bending deformation for which the FLD
and CLD designs are optimized (chapter 4.2), in CLD laminates damping
occurs through shear deformation of the adhesive damping layer when the
structure is bent. Furthermore two of the main influences on the composite
damping performance are the loss factor tan § and thickness of the damping
layer ho [64], [172], [189], [190], [193], [197]. Since the shear deformation
mode is one of the basic deformation modes in dynamic mechanical analysis
(DMA) this approach seems appropriate for an optimized damping charac-
terization of CLD laminates. In FLD laminates, damping occurs through
extension of the damping layer thus DMA shear mode is not subjected as
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applicable to characterize the damping behavior of them [59], [168], [189].
Therefore to mimic the load conditions in application appropriately, DMA
experiments have to be performed under bending deformation of the films.
Furthermore to achieve a comparable evaluation of the damping perfor-
mance between different designs they also have to be tested under the
same load conditions as in application. Since measurements under the
standard bending deformation mode in DMA with thin loudspeaker films
are not easily performed because these films are not stiff enough a more
sophisticated approach is needed for the characterization of their damping
performance under bending deformation[188], [205]. The resulting main
challenges for the damping characterization of loudspeaker membranes
are:

implementation of a DMA-setup in shear mode optimized for the char-
acterization of CLD laminates,

implementation of a DMA-setup in bending mode for:
- characterizing the damping behavior of FLD laminates,

- comparing different damping designs.

achieving an appropriate reproducibility,

performing experiments at conditions near to application over both
wide temperature and frequency ranges.

4.3.2 Dynamic mechanical analysis (DMA) in bending mode

Since the loudspeaker films have to provide the damping under bending
deformations it is most obvious to characterize their damping behavior in
DMA bending mode too. In preliminary tests using a DMA 8000 (Perkin
Elmer Inc., Waltham, USA) the standard bending mode setup was changed
by clamping the film specimen at the outer fixtures with a clamping length
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of 12mm and loading the specimen with an edge in the middle (Figure 4.3a).
Resulting from the thinness and therefore also low stiffness of the films, a
tensile instead of bending deformation occurred which led to poor results.
To overcome this in a next step the geometry of the membranes of minia-
ture speakers was mimicked with film samples as shown schematically in
Figure 4.3b. Compared to the miniature speakers in Figure 1.1 here the stiff-
ening element is replaced by the fixture at the drive shaft in the middle, the
loudspeaker membrane and the specimen are both fixed at the outer side
by the frame and the outer fixtures, respectively, and the bead in between
takes up the vertical displacement. As a result, this setup mimics the geome-
try of miniature loudspeaker beads which enables to directly measure the
dynamic mechanical behavior of the laminates under bending deformation
over both frequency and temperature. Therefore this measurement mode
is called DMA “speaker” mode [188], [205].

Ax

a) YI7 by | NN\

Figure 4.3: Schematics of the DMA setups with a) a modified standard bending mode
with the specimen clamped at the outer fixtures and b) mimicked miniature

loudspeaker surrounds by forming beads out of miniature loudspeaker film
samples, according to [205].

One advantage in doing this is, as already pointed out, that the test is nearer
to the application but with the trade off of a complex geometry which could
not be described with simple equations. Therefore the modulus of the
material cannot be calculated easily. On the other hand the mechanical loss
factor tan § still can be determined since its calculation is based on the phase
angle § which is independent of the geometry and is directly measured
during the experiments [73], [188], [202], [205].
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One of the main requirements to achieve reproducible results is a repro-
ducible bead geometry. In order to fulfill this requirement the following
method was developed. The base for this was a dual cantilever setup where
the specimen is clamped symmetrically both at the drive shaft and the outer
fixtures with a clamping length Z of 3.4 mm in between. Before attaching
the specimen in a first step the drive shaft was raised exactly 0.95 mm above
the test plane. Then the specimen was placed, with additional clamps at the
ends, in the setup in order to obtain a reproducible preload and alignment.
In a next step the specimen was clamped at the drive shaft and outer fixtures.
With this procedure a defined excessive length of the specimen between
the drive shaft and the outer fixtures was obtained without introducing
irreversible strain into the material (Figure 4.4a). When the drive shaft was
lowered back to the test plane this resulted in a defined and reproducible
bead geometry (Figure 4.4b) [188], [205].

a)

Figure 4.4: Methodology to replicable mimic a loudspeaker support geometry by a) rais-
ing the drive shaft before clamping the specimen and with b) the resulting
specimen geometry, according to [188], [205].

In order to ensure a signal with enough strength in the DMA, the maximum
width B of 12 mm for the specimen was used. The film stripes were cut with
a commercially available roll cutter. As in loudspeakers the zero position of
the oscillation was intended to be in the test plane. Since the same applies to
measurements in DMA shear mode this was chosen as the control mode for
the further experiments. To achieve appropriate test parameters pre-tests
were performed. Therefore in a first step a displacement scan at standard
conditions and 1 Hz was done. The results are shown in Figure 4.5a with the
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mechanical loss factor tan § and the dynamic force AF as functions of the
dynamic displacement amplitude Az [188]. Below Ax values of 0.1 mm the
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Figure 4.5: Results of a) a displacement scan at a frequency of 1 Hz with the mechani-
cal loss factor tan § and the dynamic force AF' as function of the dynamic
displacement amplitude Az and b) a frequency scan at Az=0.6 mm with the
mechanical loss factor tan é as function of the frequency f, both performed
with a CLD laminate 3L4e-PEEK3P30 at a temperature of 30°C, according to
[188].

signal was too low for the DMA to control the test. At 0.1 mm a resonance
occurred. Between 0.3 mm to 0.7 mm a stable measurement range for both
Az and AF was found, which also is the application range for miniature
loudspeakers. A reason for the required high displacement amplitude might
be that with the mimicked speaker geometry, by exciting the drive shaft not
only pure material deformation like in standard DMA setups was obtained
but also a superimposed change of the bead geometry. This, combined
with the low stiffness of the films, led to very high Az values in order to
achieve a signal above the detection limit of the DMA. Starting with 0.7 mm
both Az and AF exhibited a change in the slope. Since the films were
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clamped at the beginning of the tests at a displacement of zy = 0.95mm,
this behavior was regarded as the beginning of material deformation but in
predominantly tensile mode. This assumption was verified by calculating an
apparent dynamic tensile modulus E,, using Equations 4.16 and 4.17 with
the geometric situation shown schematically in Figure 4.6.

AF
Eupp = Z _ BA‘lt (4.16)
1y
Al:l—loz% (4.17)

with the dynamic stress and the dynamic strain amplitude Ao and Ae, the
dynamic force amplidute AF, the specimen width and thickness B and ¢, the
original excessive clamping length of the specimen I, when brought into the
setup and the elongation Al. For the laminate 3L46-PEEKgP30 at a dynamic

Figure 4.6: Schematic diagram for the calculation of the apparent tensile modulus Eapp
from DMA amplitude scans for dynamic displacement amplitudes Az in the
region of the drive shaft displacement where the specimens were clamped
xo before the tests.

displacement amplitude Az of 1.02mm and therefore a dynamic strain Ae
of 0.7%, an apparent tensile modulus E,,, of 799 MPa was determined.
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This correlated well with the calculated monotonic tensile modulus for the
laminate 3L46-PEEKgP3o of 870 MPa based on monotonic tensile tests of
one of its outer layers. Consequently for the final test setup a dynamic
displacement amplitude Az of 0.6 mm was chosen in order to ensure a
test above the resonance and below the region of predominant tensile
deformation [188], [205].

Results of the frequency scan at Az of 0.6 mm and standard conditions
are shown in Figure 4.5b [188]. From 0.1 Hz to 5Hz stable test conditions
were found and a resonance at approximately 10 Hz. Consequently test
frequencies of 0.1 Hz, 0.5Hz, 1.0Hz and 5.0 Hz were chosen for succeeding
experiments, which were subsequently cycled during a dynamic heating
segment which enabled us the recording of temperature scans at four dif-
ferent frequencies in one experiment. Experiments at a frequency of 10 Hz
were also performed in order to obtain the temperature of the tan § peak at
this frequency for succeeding calculations. Since at temperatures above the
tan 0 peak and therefore above the glass transition of the adhesives the stiff-
ness of the laminates decreased significantly, also a shift of the resonance
occured below 10 Hz. Consequently starting with these temperatures the
DMA was not able to provide stable measurement conditions at a frequency
of 10 Hz. A low heating rate of 2Kmin~' was chosen in order to ensure a
balanced temperature distribution in the sample. A more detailed damping
characterization was obtained by an extended temperature range of -40°C
to 180°C compared to the application-relevant range from 0°C to 60°C. In
Table 4.3 an overview of the chosen test parameters is listed.

4.3.3 Dynamic mechanical analysis (DMA) in shear mode

Since in application in CLD laminates damping is provided via shear defor-
mation of the adhesive damping layer when the structure is bent, a DMA
setup in shear mode was used to characterize their damping behavior via
the temperature and frequency dependent mechanical loss factor tan o(f, t).
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Table 4.3: Test parameters for the damping characterization in DMA bending deforma-

tion.

parameter unit value
specimen width [mm] 12
clamping length [mm] 34
displacement amplitude  [mm] 0.6
heating rate [Kmin™"] 2
temperature range [°C] -40 to 180
test frequencies [Hz] 0.1,0.5,1.0and 5.0

The test is based on DIN EN 6721-1 on a DMA/SDTA 861¢ (Mettler Toledo
AG, Schwerzenbach, CH) [206]. A detailed schematic comparison of the load
situation in both application and experiment is shown in Figure 4.7a and
Figure 4.7b, respectively [169], [198].

In DMA shear mode usually disc shaped specimens are clamped symmetri-
cally between two fixed outer and a central moving bracket (Figure 4.8) [198].
Consequently shear deformation occurs through oscillation of the central
bracket [73], [202]. Using the geometry factor k for shear deformation of
the disc shaped specimens (Equation 4.18), the resulting complex shear
modulus G* is calculated according to Equation 4.19 [198].

2 D?*r
. 1
G = As % (4.19)

with the cross section A, the diameter D and the thickness d of the spec-
imen and the applied load F and displacement Az amplitude. Since the
loudspeaker membranes are very thin and therefore exhibit a high shear
stiffness especially in the glass region of the damping adhesive, an appropri-
ate choice of the specimen geometry is crucial fur successful measurements.
The upper measurement limit for a DMA is defined by the stiffness of the

156



4.3 METHODOLOGY

constraining _ soft
layers “ layer

Figure 4.7: Schematic comparison of the load situations in the soft viscoelastic damp-
ing layer of constrained layer damping (CLD) laminates in both a) bending
deformation in application and b) shear deformation in the DMA experi-
ments, according to [169], [198].

test setup F/Az which, inserted in Equation 4.19, enables the calculation
of the theoretical measurement limit of the complex shear modulus G},
[73], [198]. This should be at least five times higher than the modulus of the
sample, otherwise the signal/noise ratio becomes disadvantageous leading
to poor results. [73], [198], [207]. The lower measurement limit is formed
by the detection limit of the DMA which is relevant in the rubber regime of
the damping adhesive where its modulus drops by a factor of 103. To take
both limits into account preliminary tests were performed and an optimized
disc shaped specimen geometry with a diameter of 6 mm was developed
(Figure 4.8a). By using a commercially available punch a high reproducibility
of the geometry was ensured. Since the specimens are very thin, a minimal
misalignment of the setup would result in contact of the specimen fixtures.
Therefore 0.5 mm thick silica discs are placed between the specimen and
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Figure 4.8: DMA setup for experiments in shear mode with loudspeaker membranes

a) with disc shaped silica plates and specimen, b) with shear clamps with
specimens during assembly and ¢) attached to the test setup, according to
[198].

each the fixtures (Figure 4.8) [198], [207]. A high enough dynamic displace-
ment amplitude Az in the tests should guarantee a signal with enough
strength above the detection limit of the DMA. On the other hand, in DMA
shear mode actual material deformation takes place and therefore Az has
to be within the linear viscoelastic region of the tested material in order
to measure actual material parameters. As long as the storage modulus
exhibits a constant level, linear viscoelasticity prevails with the upper limit
marked by a drop of the modulus [73], [198]. Consequently a displacement
scan was performed with the results shown in Figure 4.9. In order to ensure
stable measurements over the whole experiment, a dynamic displacement
amplitude Az of 0.4pm was chosen. This guarantees stable experiment
conditions both at low temperatures where the material exhibits a higher
stiffness and therefore the area of linear viscoelasticity shifts to lower Az
values and also at higher temperatures where the material is soft and Ax has
to be high enough to ensure a signal above the detection limit of the DMA
[198]. With a low heating rate of 2Kmin~' between test temperatures from
-40°C to 220°C, equally distributed temperatures in the specimens were
ensured. The frequency range was limited by an unstable signal below 1 Hz
and the measurement limit of the DMA at 200 Hz. As a consequence in the
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Figure 4.9: Results of a displacement scan with a CLD laminate with 10 um thick PAR
outer and 30 uym thick damping layer at a frequency of 100 Hz and a temper-
ature of 25 °C with the storage shear modulus G’ as function of the dynamic
displacement amplitude Az.

experiments during a dynamic heating segment, frequencies of 1 Hz, 10 Hz,
100 Hz and 200 Hz were subsequently cycled which enabled the recording
of material parameters for multiple frequencies in one measurement run
[198]. An overview of the test parameters is given in Table 4.4 [198].

Table 4.4: Test parameters for the damping characterization in DMA shear deformation

[198].

parameter unit value
specimen diameter [mm] 6
displacement amplitude [pm] 0.4
heating rate [Kmin™] 2
temperature range [°C] -40 to 220
test frequencies [Hz] 1,10, 100 and 200

The influence of the specimen stiffness in the glass region of the adhesive
damping layer for a CLD laminate is demonstrated in Figure 4.10 with both
displacement amplitude Az and mechanical loss factor tané as functions
of the temperature T at frequencies of 1 and 200 Hz [198]. Below the glass
transition of the damping layer the stiffness of the specimen is too high
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Figure 4.10: Plots of displacement amplitude Az and mechanical loss factor tan g vs.
temperature T for a CLD laminate to determine the minimum of the evalu-
able temperature range Teyal.min, according to [198].

and the load limit of the DMA is reached before the nominal displacement
amplitude Az. Here instead of the sample stiffness, the stiffness of the
whole setup is measured. Above its glass transition T the damping layer
became soft and the nominal displacement amplitude Az was reached and
therefore actual material properties are measured. This marks the lower
limit of the temperature range which can be evaluated T, ,q;.min [198].
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4.3.4 Application of the time temperature superposition prin-
ciple (TTSP)

Since both DMA methods have their measurement limits below the appli-
cation frequency range of miniature speakers where the damping has to
be provided at frequencies of up to 1000 Hz, it is necessary to perform
extrapolations through theoretical approaches. This is done in academic
research via the time-temperature superpositions principle (TTSP) which
describes the correlation between the temperature and time dependence of
dispersion areas in polymers [198]. For the glass transition (a-transition, 7¢)
in polymers the semi-empirical WLF-approach (Equation 4.12), as described
in section 4.2.5, for secondary relaxations a modified Arrhenius approach
(Equation 4.15) is applicable [195].

The requirement for the application of TTSP is a thermo-rheologically simple
material behavior, i.e. all relaxation or retardation times in the material have
to depend equally on temperature [198], [208], [209]. Several methods have
been established to verify the applicability of TTSP for a certain material,
such as the modified Cole-Cole plot (log M" vs. log M’), the van Gurp plot (&
vs. M*) and the wicket plot (log tan § vs. log M’) with the storage modulus
M’, the loss modulus M"” and the complex modulus M* [70], [198], [209]-
[211]. If the requirement of thermo-rheological simplicity is fulfilled in all
methods, a continuous curve in the shape of an inverse "U” is obtained
[70], [198]. In this work the wicket plot was chosen, where the mechanical
loss factor tand is plotted as a function of the storage modulus M’ on a
double logarithmic scale. For all these methods the bases are isothermal
frequency scans which ensure a thermal equilibrium in the specimen. An
unequal temperature distribution would lead to scattered relaxation times
and, as a result, a violation of TTSP. A. Moser introduced a new method
based on dynamic temperature scans in multi-frequency mode. These are
converted in a next step into frequency scans at each temperature. When
the specimen geometry and a suitable heating rate are chosen correctly
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the requirement of equilibrated temperatures throughout the specimen is
fulfilled [198], [212].

4.3.5 Normalized loss factor tA

Since in miniature loudspeakers the damping performance has to be pro-
vided in the whole application range from 0°C to 60 °C the evaluation of
the peak height of the mechanical loss factor tan§ alone is not sufficient
to classify the damping performance of a laminate. Instead it is advised to
calculate the area under the mechanical loss factor tan § in the temperature
range relevant for application, called ¢t A [189], [198]. In our work this concept
was extended by normalizing t A to the evaluated temperature range which
led to the integrated average of the mechanical loss factor which is "named

normalized loss factor t A" as shown in Equation 4.20 [198].

T>

1
T /tan5 dT (4.20)
T

tA =

with the upper and lower limits of the evaluated temperature range 7; and
Ts». As a result with the concept of A an improved comparability is obtained
compared to standard evaluations with tan § as a function of frequency and
temperature [198].

4.4 Results and Discussion

441 Effect of damping design under bending deformation

Parts of this section have already been published in:

G. Knapp, M. Leyrer, G. Oreski, et al., “Characterization of the damping
behavior of thin films with dynamic mechanic analysis in bending mode,”
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in Proceedings of ASME 2014 International Mechanical Engineering Congress &
Exposition (IMECE2014), 2014

Cited text passages, tables and figures have been marked accordingly.

The influence of the damping design on the damping behavior of loud-
speaker films under bending deformation is described in this subsection.
In miniature speakers the films are also loaded in bending deformation; in
order to achieve a valid comparison of their damping behavior they have
to be characterized under similar conditions, for which the DMA "speaker”
mode is applicable, as described in section 4.3.2. For this evaluation an un-
damped thermoplastic elastomer (TPE) monolayer film, a 2-layer film with a
free layer damping (FLD) design consisting of a PEEK base layer (PEEK) and a
TPE damping layer and a 3-layer film with a constrained layer damping (CLD)
design consisting of PAR constraining layers and a soft adhesive damping
layer were chosen as test materials. Details regarding their composition and
thickness distribution are listed in Table 4.5. Reference comparisons with
experiments with the same materials in DMA shear mode were performed
[188], [205].

Table 4.5: Test materials with an undampend, a FLD and a CLD design, according to

[205].
. ) layer type thickness (pm)
laminate design
1/3 2 1 2 3
1L59-TPE(a)s50 und. TPE(a) 50
2L35-PEEKgTPE(b)30 FLD PEEK TPE (b) 8 30
3L40-PAR10Q20 CLD PAR adhesive Q 10 20 10

Results for these films are shown in Figures 4.11 to 4.13 for the films
1Lso-TPE(a)s0, 2L3g-PEEKgTPE(D)30 and 3Lgo-PAR1(Q>0 in both DMA "speaker”
mode at 0.1 Hz, 1 Hz and 5Hz and DMA shear mode at 1 Hz, 10Hz, 100 Hz
and 200 Hz [188], [205]. In DMA "speaker” mode the undamped elastomer
film (Figure 4.11a) exhibited sharp loss factor peaks between -58°C (0.1 Hz)
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and —-50°C (5 Hz) with peak values of approximately 0.4 with a sharp decline
up to 0°C where the lowest damping with values below 1072 were found.
Starting at 0°C the elastomer film became too soft to ensure stable mea-
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Figure 4.11: Results of 1Lse-TPE(a)so with the mechanical loss factor tan § vs. temper-
ature T for different frequencies in a) DMA "speaker” and b) DMA shear
mode.

surement conditions, which led to high scatter in the tan$ signal. Rising
tan ¢ values were also found with rising temperatures. In DMA shear mode
(Figure 4.11b) also sharp loss factor peaks were observed but at higher
temperatures and higher peak values than in "speaker” mode. Here the
elastomeric film showed tan § peak temperatures beginning from -41°C to
-27°C and peak values between 0.6 and 0.75 for frequencies from 1 Hz to
200 Hz. Frequency-dependent tan é minima with values from 0.045 to 0.07
occurred in the range from 30°C to 60 °C and showed higher values with
increasing frequencies. The minima were followed by a second peak with
even higher tan ¢ values than in the first one. It is expected that in DMA
shear mode, stiffness effects to tand only play a minor role compared to
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DMA "speaker” mode which might explain the differences in tan § values at
the second peak at temperatures above 60 °C.

The free layer damping (FLD) laminate (2L3g-PEEKgTPE(b)3p) consisting of a
PEEK base layer and a thermoplastic elastomer as the damping layer also
exhibited sharp loss factor peaks in DMA "speaker” mode with peak values of
approximately 0.3 at temperatures from —16 °C to -9 °C(Figure 4.12a) [188],
[205]. Above a steady decline of tan § was observed which was related to
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Figure 4.12: Results of 2Lzg-PEEKgTPE(D)s0 with the mechanical loss factor tané vs.
temperature T for different frequencies in a) DMA "speaker” and b) DMA
shear mode, according to [205].

a contribution of both a decreasing loss factor of the damping layer and
a decreasing stiffness of the whole laminate as explained in section 4.2.2.
At 160°C further but only small peaks were found which were related to
the glass transition of the PEEK outer layers. Results in DMA shear mode
were very similar with similar peak heights and temperatures at the same
frequencies (Figure 4.12b) [188], [205]. In contrast to the DMA "speaker”
mode, in shear mode the second maximum, here at approximately 160 °C,
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exhibited significantly higher tan ¢ values of up to 2.3 at 1 Hz. This behavior
was attributed to a combination of a shear deformation of both a softened
damping and also a softened base layer, which is thought to not occur in
use. Directly at the peak, the signal became too weak at 10 Hz, 100 Hz and
200 Hz which led to wrong results [205].

In tests in DMA "speaker” mode with 3L49-PAR19Q>0 high peak values of tan ¢
of approximately 0.6 at temperatures of the peaks ranging from 2°C to 20°C
for frequencies of 0.1 Hz to 5 Hz were revealed (Figure 4.12a) [205]. At higher
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Figure 4.13: Results of 3L4o-PAR10Q.0 with the mechanical loss factor tan d vs. temper-
ature T for different frequencies in a) DMA "speaker” and b) DMA shear
mode, according to [205].

temperatures tand decreased steadily down to values of approximately
0.2 at 180°C. The same material in DMA shear mode showed significantly
higher tan ¢ peaks than in "speaker” mode with values of up to 1.7, which
were at approximately 10 °C higher temperatures at the same frequencies
(Figure 4.12b). At 1 Hz and 10 Hz above the peak up to approximately 130 °C
a damping plateau was found followed by a significant drop in tan §. Similar
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to results with the FLD laminate, the difference between the measurement
modes with the CLD laminate was related to additional geometric and stiff-
ness effects in DMA "speaker” mode which may play only a minor role in
DMA shear mode [205].

A comparison of tan é curves for each material in DMA "speaker” and shear
mode at a frequency of 1 Hz is depicted in Figure 4.14. The most significant
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Figure 4.14: Comparison of results in a) DMA "speaker” and b) DMA shear mode with
the mechanical loss factor tan § vs. temperature T for at a frequency of
1Hz for all tested laminates.

differences for the undamped film 1Lgo-TPE(a)so between the results of the
DMA "speaker” and the shear mode were the shift of the tan § peak to higher
temperatures and the difference in the damping levels at higher temper-
atures with significant lower values in "speaker” mode. The FLD laminate
2L 33-PEEKgTPE(b)3o revealed very similar values at the tan ¢ peak in both test
methods but also significant differences at higher temperatures. Whereas in
"speaker” mode only a small peak at the glass transition of the PEEK base
layer was found, in shear mode the significantly higher second peak was
attributed to a superposition effect induced by the additional softening of
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the PEEK base layer [205]. 3L40-PAR19Q> with a CLD design showed qualita-
tively comparable results in both measurement modes despite the absence
of the plateau at higher temperatures in DMA "speaker” mode. Therefore
it was concluded that in DMA shear mode the inherent material damping
capacity is characterized but in DMA "speaker” mode also geometric and
stiffness effects are reproduced [205].

As explained in section 4.3.4, in order to perform extrapolations to higher
frequencies using the time temperature superposition principle (TTSP) at
first its applicability has to be verified. This is done by checking the mea-
surements for thermorheological simplicity by calculating wicket plots with
frequency dependent tan 6 curves as a function of the storage modulus G'.
Since for the DMA “speaker” mode no calculation of the dynamic modulus
can be done yet due to the complex geometry of the mimicked miniature
speaker beads, it is also not possible to perform a wicket evaluation. There-
fore the applicability of the time temperature superposition (TTSP) could
not be verified yet for measurements in DMA “speaker” mode. Examples
of wicket plots from measurements in DMA shear mode in the whole mea-
sured temperature range are shown in Figure 4.15 for 1Lgo-TPE(a)so and
2L33-PEEKgTPE(b)3p and in Figure 4.23a for 3L40-PAR1¢Q2p. Since the mod-
ulus of polymers decreases over temperature, higher moduli in the wicket
plots correspond to lower temperatures and therefore the plots are read
from the right to the left when comparing them to temperature-dependent
DMA curves. 1Lso-TPE(a)sg showed a double inverse “U” which was related
to the occurance of two transitions; this was also obtained in temperature-
dependent tan § curves in Figure 4.11. Up to a temperature of -33°C curves
in the wicket plot were well aligned followed by clear separated curves up
to the beginning of the second transition. T.,..mq: here correlates well to
the tan § peak temperatures of the first transition from —41 °C to -27 °C for
frequencies between 1 Hz and 200 Hz. The second transition showed good
alignment throughout between the curves for each temperature. Since for
1Ls5o-TPE(a)50 two transitions were revealed, which both influence the tané
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Figure 4.15: Wicket plots with the mechanical loss factor tan d as a function of the stor-
age modulus G’ for laminates a) 1Lso-TPE(a)so and b) 2L3g-PEEKsTPE(b)30
for temperatures ranging from -60°C to 220°C and -40°C to 220°C, re-
spectively and frequencies from 1 Hz to 200 Hz and an evaluation of the
maximum of the evaluable temperature range Tevai.maz[197].

height in the temperature region in between (Figure 4.11b), the procedure
described in section 4.3.4 to shift the whole curve for an estimation of the
material behavior at higher frequencies is not applicable. The FLD laminate
2L 33-PEEKgTPE(b)30 showed in DMA shear mode up to a temperature of
75°C a standard inversed “U” shape in the wicket plot, but significant de-
viances above. Since its glass transition temperature T with 7 °C was still
below T.,4;.maq at the highest measurement frequency of 200 Hz, TTSP was
applicable. The CLD laminate 3L49-PAR(Q0 in Figure 4.23a exhibited in
DMA shear mode also a standard inversed “U” shape with beginning scatter
at lower modulus levels which corresponded to a temperature of 122°C at
200 Hz. Since its glass transition temperature T; of 28 °C at 200 Hz was well
below T.,4.maqz TTSP was also applicable.
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In Figure 4.16 a comparison of the measured and extrapolated temperatures
of the tan§ peaks as a function of the frequency for both DMA modes is
shown, with the fit parameters ¢, ¢c; and T, listed in Table 4.6.

Table 4.6: Glass transitions temperatures T¢ at 1 Hz and fit parameters for the WLF fit

of measurements in DMA shear mode for the laminates 2Lzg-PEEKgTPE(D)30
and 3L40-PAR10Q20.

laminate Tal°C] c1 co[K] Too[K]

2L35-PEEKgTPE(D)3y -7.3 167 121.5  158.4
3L40-PAR10Q50 43 48 755 2263
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Figure 4.16: Comparison of the application of TTSP in DMA "speaker” and shear mode
for all tested laminates.

Whereas for 2L3g-PEEKgTPE(b)3q similar values for the WLF fit parameters
were found as in the literature (Table 4.1), 3L49-PAR1¢Q>o showed significantly
lower values for both ¢; and ¢, and significantly higher T... All laminates
showed similar slopes in the evaluation in Figure 4.16 in both "speaker” and
shear mode but significant differences in the temperatures of the damping
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peaks were found between the two DMA measurement modes. Throughout
the frequency range the elastomeric monolayer exhibited approximately
12°C lower temperatures of the tan ¢ peaks in "speaker” mode. A similar
picture was observed for the FLD laminate but here with a more moder-
ate difference with approximately 5 °C lower temperatures of the peaks in
"speaker” mode. The opposite behavior was exhibited by the CLD laminate
3L40-PAR10Q2o with approximately 10°C higher temperatures of the tan§
peaks in "speaker” mode. At first this behavior was attributed to an even-
tual hysteretic heat up in DMA shear mode due to the high maximum test
frequency of 200 Hz. Therefore additional experiments with all three test
materials in DMA shear mode were conducted with the same temperature
program but this time only at a frequency of 1 Hz. It was proposed that if
a hysteretic heat up occurs, a shift of the low frequency curves from exper-
iments where the frequencies are cycled between 1 Hz to 200 Hz may be
detected compared to experiments at only 1 Hz. The comparison revealed
nearly identical curves and therefore it was concluded that the shift in Fig-
ure 4.16 might not be attributed to a hysteretic heat up but rather to other
effects for which further investigations have to be made.

Finally results for a comparison of the normalized loss factor tA in the
application-relevant temperature range from 0°C to 60 °C as a function of
the frequency f are shown in Figure 4.17. Whereas for all materials lower
damping values were measured in DMA "speaker” than in shear mode,
the qualitative rankings are the same in both methods throughout the
measured frequency ranges. Consistent with the literature in both methods,
the ranking in damping performance undamped < FLD < CLD was obtained
[189].

The following conclusions are drawn from the results with different damping
designs. In experiments with CLD laminates in DMA shear mode only the
adhesive damping layer is characterized as long as temperatures are well
below the glass transition of the outer layers. They remain therefore stiff
and have only a negligible influence on the measurement. Hence DMA
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Figure 4.17: Comparison of the tA evaluation in DMA "speaker” and shear mode as
function of the frequency in the temperature range from 0°C to 60 °C for
all tested laminates.

shear mode is optimized for the characterization of the damping behavior of
adhesive damping layers in CLD laminates since here both in application and
experiments the same damping mechanism prevails in the laminate. On the
other hand in application in FLD laminates, damping occurs due to extension
and compression of the damping layer. Although this is not reproduced in
DMA shear mode, the DMA "speaker” mode is optimized in order to match
the application as closely as possible. Therefore the "speaker” mode is
eligible not only to perform a ranking of different damping designs but also
to optimize their composite design since here also geometric and stiffness
effects, as described in section 4.2 are reproduced. Still there is room for
further optimization especially for the characterization of thin monolayer
films, which only exhibit low stiffness leading to results of lower quality
especially above their glass transition. Furthermore the test frequency
range has to be extended in order to obtain an improved comparability with
applications where the resonance frequency fr occurs at frequencies of
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up to 1000 Hz [188], [205]. In conclusion whereas the DMA shear mode is
applicable only for the damping characterization of CLD laminates, with the
DMA “speaker” mode different damping designs can be evaluated regarding

their damping performance.

44.2 EffectofouterlayersinCLD laminatesin DMA shear mode

Parts of this section have already been published in:

G. Knapp, G. Oreski, and G. Pinter, “Method to characterize the damping be-
havior of thin passively constrained layer laminates using dynamic mechan-
ical analysis (DMA) in shear mode,” Polymer Testing, 2015, ISSN: 01429418.
DOI: 10.1016/j.polymertesting.2015.01.011.

Cited text passages, tables and figures have been marked accordingly.

In this part the influence of different outer layers in CLD laminates on the
damping characterization in DMA shear mode of their damping layers is
evaluated. Cuillery et al. reported a significant decrease of the damping
performance with decreasing adhesion between layers for CLD laminates
with metal/polymer/metal design consisting of 200 pm thick stainless steel
sheets and a 300 pm thick styrene-ethylene/butylene-sterene triblock poly-
mer [213]. In order to investigate whether adhesion is also of significance
in miniature speaker laminates, five different laminates with a symmetrical
design and damping layer thicknesses of 20 pm to 30 um with three different
types of stiff outer layers and damping adhesives, respectively, were chosen
as test materials. An extreme example with inferior adhesion was used with
laminate 3L435-PET(€)s55R,0RFgg, Which consists of a siliconized PET and a
release film as outer layers. A detailed overview of the composition of the
tested laminates is given in Table 4.7 [198].

Altough the thickness of the damping layer has a significant influence on the
damping performance of CLD laminates as discussed in section 4.2.3, 3Lgo-
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Table 4.7: Test materials with five variations of constraining and damping layers, ac-
cording to [198].

. Layer type Thickness [um]

Laminate

1 2 3 1 2 3
3L40-PAR10Q20 PAR adhesive Q PAR 10 20 10
3L44-PET(d)12Q20 PET adhesive Q PET 12 20 12
3L40-PAR10R20 PAR adhesive R PAR 10 20 10

siliconized _ release
3L435-PET(e)s55R50RFgg adhesive R . 55 20 60
PET film

3Ls50-PAR10S30 PAR adhesive S PAR 10 30 10

PAR;¢S30 with a 30 pm thick damping layer, compared to a damping layer
thickness of 20 um in the other laminates in this section, was included in the
comparison since it exhibits a secondary loss peak compared to the standard
glass transitions in the laminates with adhesives Q and R. The influence of
the damping layer thickness is then discussed in detail in section 4.4.3. Since
in pretests it was found that the adhesive damping layers exhibited 103
to 10° times lower moduli than the stiff outer layers, it was expected that
in DMA shear mode alone the dynamic mechanical behavior of the soft
adhesive damping layers and their adhesion to the outer layers would be
characterized. Therefore also varying moduli and also varying thicknesses
of the outer layers should have only minor influence on the results in DMA

shear mode.

Results for all tested laminates for the mechanical loss factor tané as a
function of temperature T and frequencies of 1 Hz, 10 Hz, 100 Hz and 200 Hz
are shown in Figures 4.18 and 4.19 [198]. For the laminates with adhesives
type Q and R sharp tand maxima were found which was related to their
glass transitions. For all of them with increasing frequency both a shift of
the peak to higher temperatures and a broadening was found. Also above
the damping peak a plateau starting at approximately 60°C at 1 Hz was
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Figure 4.18: Results with the mechanical loss factor tan é vs. temperature T for fre-
quencies of 1 Hz to 200 Hz for laminates a) 3L4o-PAR10Q20, b) 3Laa-
PET(d)QQZQ, C) 3L40-PAR10R20 and d) 3L135-PET(€)55R20RF60, accordmg to
[198]
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Figure 4.19: Results with the mechanical loss factor tan ¢ vs. temperature T for fre-
quencies of 1 Hz to 200 Hz for laminate 3Lse-PAR1¢S30, according to [198].

observed. Solely laminates with adhesive type Q exhibited a sharp decrease
at about 120 °C. An almost different behavior was found for laminate 3Lsq-
PAR;S30 with a significantly wider damping peak but at lower tan § levels.
Also laminate 3Lgo-PAR1(S30 has exhibited a plateau at low damping levels
above the peak [198].

Comparisons between results of laminates with the same damping adhe-
sives but different outer layers are shown in Figure 4.20 [198]. The laminates,
both consisting of adhesive type Q and PAR (3L40-PAR;¢Q20) and PET (3L4g4-
PET(d);,Q,0) outer layers, respectively, revealed only negligible differences
(Figure 4.20a) [198]. In contrast the laminates with adhesive type R and PAR
(3L40-PARoR5p) and siliconized PET and a release film (3L435-PET(e)s5R20RFg0)
as outer layers revealed significant differences with a lower damping peak
for 3L435-PET(e)s5R,0RFgo. This was regarded as the result of inferior adhe-
sion between the damping and outer layers in 3L435-PET(e)s5R50RFgg [198],
[213]. This might lead to poor coupling between the stiff outer and the soft
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Figure 4.20: Comparison of results with the mechanical loss factor tan § vs. tempera-
ture T for a frequency of 200 Hz for laminates with the same damping ad-
hesives but different constraining layers, respectively, according to [198].

damping adhesive and a low amount of dissipated energy. The difference in
tan § between 3L49-PARgR20 and 3L435-PET(e)s5R50RFgo below the damping
peak was below T,,q;..., and consequently of no significance [198].

Since the experimental setup has a frequency limit of 200 Hz but in loud-
speakers the damping performance has to be provided at their resonance
frequency fr at up to 1000 Hz, extrapolations using the WLF and a mod-
ified Arrhenius approach were done (see also section 4.3.4). The time-
temperature behavior of all tested laminates is depicted in Figure 4.21 with
the temperature of the tan §-peak as a function of the frequency. Moreover
analogous results in the comparison of tand vs. temperature curves be-
tween laminates with the same damping adhesive (Figure 4.20) were found
in the evaluation of the time-temperature behavior of the tan d-maxima
(Figure 4.21) [198]. Although between laminates with the same damping
adhesive Q and technical polymers as outer layers differences were insignifi-
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Figure 4.21: Comparison of the measured and extrapolated temperatures of the tan ¢
peaks as function of the frequency for all tested laminates, according to
[198].

cant, for laminates with adhesive R and PAR or siliconized PET and a release
film as outer layers for the latter a shift towards higher temperatures was ob-
served [198]. Except for laminate 3Lgo-PAR¢S30 all other laminates showed
a curved behavior in Figure 4.21 which is associated with a glass transition
Te, which is usually described in academic research with the semi-empirical
WLF approach (Equation 4.12) [198]. In contrast 3Lso-PAR(S30 exhibited
a significantly steeper gradient with a nearly linear behavior and a more
pronounced frequency-dependence. In the literature such behavior is ex-
plained by an occurrence of a secondary instead of a glass transition which
is subsequently described with a modified Arrhenius approach [194], [195],
[198]. A similar behavior was reported by Jones for acrylic vibration damp-
ing adhesives for CLD designs [197]. The corresponding fit parameters are
listed in Table 4.8. Compared to WLF fit parameters from the literature, in
Table 4.1 significantly lower ¢; and ¢, and significantly higher T, values were
calculated [197]. 3Lse-PAR1oS30 also exhibited a relatively high activation
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Table 4.8: Fit parameters for the WLF and Arrhenius fits of measurements in DMA

shear mode.
laminate WLF fit parameters Arrhenius fit parameters
1 c2[K] Tw[Kl  Ealkmol™  log fo

3L40-PAR10Q20 48 755 226.3

3L44-PET(d)12Q50 7.9 101.6 197.9

3L40-PARgR20 59 895 216.8

3L435-PET(€)s5R0RFgg 5.3 90.7 222.8

3Ls0-PARS30 90 15.8

energy E4 compared to values from the literature listed in Table 4.2 [197].
log fo matched quite well the range for secondary relaxations between 12 to
15 reported by Heijboer [194], [195], [201].

The consequence of different transitions to the time-temperature behavior
of loss factor tan §-maxima is shown in Figure 4.22 with the mechanical loss
factor tan § as a function of the temperature for laminates 3L40-PAR(Q2p
and 3Lgo-PAR(S3p for frequencies of 1 Hz and 100 Hz [198]. Whereas in
laminate 3L40-PAR10 Q2 exhibiting a glass transition the tan ¢-peak shifted
by 19°C from 1 Hz to 100 Hz for laminate 3Lso-PAR(S30 with a secondary
transition a shift of 44 °C was found [198].

Since TTSP is only valid for thermo-rheologically simple materials, i. e. materi-
als where all relaxation or retardation times depend equally on temperature,
itis advised to check its applicability (see also section 4.3.4) [197], [198]. Here
this is done by applying the wicket plot where the mechanical loss factor
tan 0 is plotted against the storage modulus G’, as shown in Figure 4.23 and
4.24 for temperatures from -40°C to 220°C in increments of 10°C and a
frequency range from 1 Hz to 200Hz [198]. The occurrence of significant
scatter or other deviations of the standard bent curve were set as limits for
the applicability of TTSP. Since each point in the wicket plot also refers to
a dedicated temperature this enables the evaluation of the maximum of
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Figure 4.22: Comparison of the temperature-frequency dependence of a glass and a
secondary transition for laminates 3L4o-PAR19Q20 and 3Lso-PAR0S30, re-
spectively, with the mechanical loss factor tan § as function of the temper-
ature T at frequencies of 1 and 10 Hz, according to [198].

the evaluable temperature range for TTSP, which here is called T,,41.maz. FOr
example both laminates 3L49-PAR10Q>0 and 3Lg4-PET(d);,Q,( exhibited a
similar behavior in the wicket plots with a standard inverted "U” shape down
to regions of low modulus. The beginning of this region corresponds to a
temperature of 120°C in both laminates [198].

A comparison of the glass transition temperatures for laminates with ad-
hesives Q and R and secondary transition temperatures for 3Lgo-PAR1¢S30
and the upper temperature limits for the application of TTSP T.,4;.ma. fOr
200 Hz is listed in Table 4.9 [198]. Taken into consideration that the transi-
tion temperatures were at significantly lower temperatures as T.,q.mae at
the corresponding frequencies at all laminates, TTSP was assumed to be
applicable for each material [198].
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Figure 4.23: Wicket plots with the mechanical loss factor tan ¢ as a function of the stor-
age modulus G’ for laminates a) 3L4o-PAR10Q20, b) 3Lasa-PET(d)12Q20, C)
3L40-PAR1oR20 and d) 3L435-PET(e)s5Ra0RFe for temperatures ranging from
-40°Cto 220°C and frequencies from 1 Hz to 200 Hz and an evaluation of
the maximum of the evaluable temperature range Tevai.maz, aCcOrding to
[197], [198].
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Figure 4.24: Wicket plot with the mechanical loss factor tané as a function of the stor-
age modulus G’ for laminate 3Lsg-PAR1¢S30 for temperatures ranging from
-40°Cto 220°C and frequencies from 1 Hz to 200 Hz and an evaluation of
the maximum of the evaluable temperature range Tevai.mae, according to
[197],[198].

In order to overcome the measurement limit of 200 Hz of the DMA the in-
formation gained from the application of TTSP was used to estimate the
tan J-peak temperatures at application-relevant frequencies of up to 1000 Hz.
In a next step tan d-curves were shifted empirically from measurements at
200 Hz to 1000 Hz which is shown for the laminate 3L40-PAR1oQ50 in Fig-
ure 4.25 [198]. Because the shift was within the same order of magnitude,
only minor errors are assumed to come from this method [198].

Since in miniature loudspeakers a good damping behavior is required over
both a wide temperature and frequency range, the usage of the tan -peak
as ranking tool is not sufficient. Instead for such applications in the liter-
ature it is proposed to evaluate the area under the loss factor tA in the
application-relevant temperature and frequency range [189], [198]. In this
work furthermore tA was normalized to the application temperature range
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Table 4.9: Overview of the transition temperatures T and the maximum of the evalu-
able temperature range Tevai.mas according to the evaluation using the
wicket plot for 200 Hz, according to [198].

laminate T [°Cl  Tevat.maa [°Cl
3L40-PAR;10Q20 28 122
3L44-PET(d)12Q20 26 121
3L40-PAR R0 33 141
3L435-PET(e)s5Ro0RFgg 40 145
3Ls0-PAR (530 75 98

resulting in the normalized mechanical loss factor tA (see also section 4.3.5).
In order to obtain a prediction of the temperatures which prevail in miniature
loudspeakers in application, thermographic measurements were done with
an IR-camera and a miniature speaker under a voltage signal derived from
application. Based on this the upper limit of the application temperature
range was considered as 60 °C. The lower limit was set to 0°C since the low-
est application temperatures for the speakers are approximately at —20°C
to —10°C and a certain heat up by the voice coil was also taken into account.
Results of tA as a function of the frequency f for a temperature range of 0°C
to 60 °C are shown in Figure 4.26 [198]. At high frequencies significant differ-
ences in the ranking of the damping behavior of the tested laminates were
found compared to results at 1 Hz. Thus it was concluded that an evaluation
at only 1 Hz would not have been sufficient to achieve a proper correlation
between experimental results to the damping behavior at application. Also
here between laminates 3L49-PAR0Q>0 and 3L44-PET(d);,Q, with the same
damping adhesive type Q but different technical polymers as outer layers
only minor differences in the damping evaluation were found. In contrast
laminates 3L40-PAR gR>0 and 3L435-PET(e)ss5Ro0RFgg With the same damping
adhesive type R but PAR as outer layers in 3L49-PAR1gR,¢ and siliconized
PET and a release film in 3L435-PET(e)s5R,0RFgo revealed the most significant
differences in the damping behavior in this evaluation with a lower damp-
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Figure 4.25: Results with the mechanical loss factor tan é vs. temperature T for fre-
quencies of 1 Hz to 200 Hz and an extrapolation to 1000 Hz via the WLF
approach for laminate 3L40-PAR10Q20, according to [198].

ing level for 3L435-PET(e)s5R,0RFgg Over the whole frequency range. The
reason for this deviation is found in the comparison between temperature
dependent tan é curves of both laminates with adhesive R in Figure 4.20b)
where lower damping levels for laminate 3L49-PARgR>o were found [198].
This was regarded to stem from an inferior adhesion between the damping
adhesive and the outer layers, which were a siliconized PET and a release
film. Finally laminate 3Lgo-PARS30 showed the lowest tA-values because
the main part of its tan §-peak was above application relevant temperatures
especially at high frequencies. In contrast, the laminates 3L49-PAR10Q>0 and
3L44-PET(d)1,Q, featured the best damping behavior for the application in
miniature loudspeakers with the highest tA values [198].

The influence of the chosen evaluation temperature range to the normalized
loss factor tA as a function of the frequency is depicted in Figure 4.27 [198].
A shift of the evaluation range followed a change in the slope of the tA over
frequency curves, but an extension of the temperature range yielded lower
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Figure 4.27: Results with the evaluation of tA as function of the frequency for temper-

ature ranges of 60 °C and 80 °C, starting from -20°C, 0°C and 20°C for a
temperature range of 60°C and —20°C and 0°C for a range of 80 °C, ac-
cording to [198].
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tA values over the whole frequency range. As shown quite large differences
are obtained by changing the evaluation range. Therefore it is mandatory to
fit this method well to the application in order to obtain a valid correlation
between specimen and component tests [198].

In conclusion, in this section the influence of the constraining layers of
CLD laminates on the damping characterization of their damping layers in
DMA shear mode was investigated. For two laminates consisting of the
same damping layer Q but PAR (3L49-PAR¢Q20) and PET (3L44-PET(d)12Q20)
constraining layers, respectively, no effect due to different outer layers was
observed. In contrast in the comparison of laminates with a damping layer R
and one with PAR (3L49-PARgR50) and the other witch siliconized PET and
a release film as outer layers (3L435-PET(e)s5R,0RFgg) for the latter lower
temperature dependent tan ¢ values were measured directly at the tan§
peak. This was ascribed to an inferior adhesion behavior between the layers
in 3L435-PET(e)s5R,0RFg0. A significantly broader tan § peak compared to the
other laminates was found for laminate 3Lgo-PAR1¢S30 but at lower damping
levels. In a next step the applicability of TTSP was verified by wicket plots and
subsequently extrapolations to application relevant frequencies of 1000 Hz
were performed. Here laminate 3Lgo-PAR(S309 showed a stronger frequency-
temperature dependence than the other laminates, which was thought to
stem from a secondary loss peak compared to standard glass transitions in
laminates with adhesives Q and R. In a final step the damping performance
of the laminates was evaluated with the normalized loss factor tA in the
application relevant temperature range of 0°C to 60 °C. The laminates with
adhesive Q showed the best and laminate 3Lsg-PAR1¢S30 the worst damping
behavior. Finally the effect of the evaluation temperature range for tA was
investigated with the conclusion that the temperature range has to be well
fitted to the application in order to obtain a meaningful correlation between
tests on the film level and the application.

Concluding the findings on the effect of the constraining layers on the
damping layer characterization in DMA shear mode it was found that as
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long as sufficient adhesion is guaranteed between the constraining and the
damping layers in CLD laminates there is no influence on the evaluation of
the damping performance in DMA shear mode.

4.4.3 Effect of the damping layer thickness in CLD laminates

Despite the mechanical loss factor tan § of the adhesive damping layer, its
thickness hs is one of the main influences on the damping performance of
constrained layer damping (CLD) laminates, as explained in section 4.2.3
[59], [197]. The resulting composite loss factor is governed by two main
effects. With thinner damping layers a lower amount of volume contributes
in storing and dissipating strain energy. And with lower thicknesses higher
shear strain levels occur in the damping layer when the structure is bent
[193]. Nashif reported results for CLD structures with various configurations
of constrained and damping layer thicknesses, where both tan 6 peak height
and temperature were affected by the damping layer thickness, but no ex-
planation for the temperature dependence was given [59]. Also Teng and
Hu described the correlation between damping layer thickness and compos-
ite loss factor [214]. Darrouj and Faulkner investigated effects of different
metal sheets as constraining layers and the thickness of the rubber damping
layer to the composite loss factor in a CLD design. They observed that an
optimum thickness of the damping layer can be found [215]. Bourahla et
al. and Cuillery et al. also found a proportional increase of the loss factor
height and and peak temperature with increasing damping layer thicknesses
with CLD beams consisting of stainless steel sheets, epoxy adhesive and
copoly(ethylene-vinyl acetate) (EVA) layers, respectively [216], [217].

Since no information about the influence of the thickness of the damp-
ing layer in thin polymeric CLD laminates like the ones used in miniature
loudspeakers was found this topic is investigated in this section. Four lam-
inates consisting of the same 8 um thick PEEK (PEEK) outer layers and the
same damping adhesive type P with thicknesses of 10 pm, 30 pm, 50 pm
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and 100 pm were tested in DMA shear mode regarding tan ¢ as a function of
both frequency f and temperature T'. Details about their composition are
listed in Table 4.10.

Table 4.10: Test materials with an undampend, a FLD and a CLD design.

layer type thickness [um]
1&3 2 1&3 2

laminate

3L,6-PEEKgP g PEEK adhesive P 8 10
3L46-PEEKgP3g PEEK adhesive P 8 30
3Lee-PEEKgP5g PEEK adhesive P 8 50
3L416-PEEKgPo9 PEEK adhesive P 8 100

Results for the laminates with different damping layer thicknesses hy for
the mechanical loss factor tané as a function of temperature T and fre-
qguencies of 1Hz, 10Hz, 100 Hz and 200 Hz are shown in Figures 4.28 and
a comparison of them at 1 Hz and 200 Hz in Figure 4.29. For all laminates
sharp frequency dependent tan 6 maxima were found which was related to
their glass transitions. 3L,¢-PEEKgP o exhibited its maximum approximately
5°C higher throughout all frequencies. Above the glass transition for all
laminates a plateau was observed which was limited by a frequency depen-
dent loss factor tan 6 decrease beginning at approximately 170 °C at 200 Hz.
Consistent with the literature for higher damping layer thicknesses hy higher
damping levels were observed throughout the measurement range.

The dependence of the loss factor peak height and peak temperature of
the damping layer thickness ks for frequencies of 1 Hz, 10Hz, 100Hz and
200 Hz is depicted in Figure 4.30. For all measured frequencies a nearly
identical behavior was found with a linear increase over the logarithmic
thickness scale for damping layer thicknesses hs from 10 ym to 50 pm and
more shallow gradients up to 100 pm (Figure 4.30a). But not only did the
height of the peak change with the damping layer thickness, also the tem-
perature of the peak as shown in Figure 4.30b. Throughout the measured
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Figure 4.28: Results with the mechanical loss factor tané vs. temperature T for fre-
quencies of 1 Hz to 200 Hz for laminates with the same damping adhesive
P with thicknesses of a) 10 um, b) 30 pm, ¢) 50 um and d) 100 pm.
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frequency range a reciprocal correlation between the mean of the tan § peak
temperatures and the damping layer thicknesses was observed but with
significant scatter. Similar results were reported by Nashif for CLD structures
with various configurations of constrained and damping layer thicknesses,
but no explanation for the temperature dependence was given [59]. From
Bourahla et al. this behavior was ascribed to an interphase effect [216].
Cuillery et al. attributed the temperature shift of multilayer CLD beams to a
structural effect [217]. Whereas the loss factor height dependence from the
damping layer thickness is sufficiently explained by the theoretical concept
of the constrained layer damping (CLD) design, described in section 4.2,
for the results presented here of the temperature dependence from the
damping layer thickness in miniature speakers laminates it is thought, that
it stems from two main effects. For one the sharpness of the peak in 3Lg-
PEEKgP o decreased and therefore became more round compared to the
other laminates which led to a slight increase of the tan§ peak tempera-
ture because of the asymmetric tan§ peak shapes. And due to the large
stiffness differences between the stiff constraining and the soft adhesive
layers of up to a factor of 10°, an interphase region between the layers
might have formed if sufficient adhesion occurred. In this region of a certain
thickness the shear deformation in the soft adhesive layer might have been
constrained which was suspected to have led to a stiffer material behavior
and therefore a lower damping capacity. Bhattacharya et al. also found
an increase in Ti; of 4°C in DMA measurements of a 1.5 mm thick blend of
carboxylated nitrile rubber and epichlorohydrin rubber after moulding it to
a 1.5mm thick aluminum foil on one side. This increase was related to a
interphase effect due to strong adhesion between the aluminum foil and
the rubber which lead to restrictions of the molecular mobility in the vicinity
of the interphase [218]. If its assumed that the thickness of an interphase
between the adhesive and the outer layers remained constant with varying
adhesive layer thicknesses then the volume fraction of the interphase in-
creased compared to the total thickness of the adhesive damping layer. As
a result interphase effects became more dominant.
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In order to check the applicability of the time temperature superposition
principle (TTSP) and therefore the validity to perform extrapolations to higher
frequencies wicket plots were calculated, which are shown in Figure 4.31
[197]. For all damping layer thicknesses similar inversed “U” shaped curves
were obtained with beginning scatter at approximately 100 °C which was
taken as maximum of the evaluable temperature range T.,qi.ma. for TTSP. All
laminates had their glass transitions T at significantly lower temperatures
than T.ya1.maz: @S shown in Table 4.11, which therefore yielded applicability
of TTSP. Since with increasing damping layer thickness the loss factor tan ¢
Table 4.11: Overview of the glass transitions temperatures T¢ and the maximum of the

evaluable temperature range Tevai.maz according to the evaluation using
the wicket plot for 200 Hz.

h2 [lJm] TG [OC] Teval.maa: [OC]

10 8 100
30 3 102
50 4 102
100 3 99

increased in the temperature dependent evaluations (Figures 4.28 and 4.29),
also in the wicket plots the loss factor height increased. As a result the
inversed “U” grew with higher damping layer thicknesses.

The dependence of the temperature on the loss factor peak of the frequency
and the application of TTSP in order to perform an extrapolation to applica-
tion relevant frequencies of up to 1000 Hz is shown in Figure 4.32 with the
accompanying fit parameters from the WLF fits in Table 4.12. For damping
layer thicknesses hy ranging from 30 pm to 100 pm nearly identical tem-
peratures of the tan § peaks were found. In contrast here for the laminate
with hy of 10 pm the shift of the tan § peak of approximately 5°C was even
more obvious. A significant thickness influence of the WLF fit parameters
was observed with both decreasing ¢; and ¢; values and increasing T, with
increasing thickness. As a consequence the frequency-temperature depen-
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Figure 4.31: Wicket plots with the mechanical loss factor tan ¢ as a function of the stor-
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Table 4.12: Fit parameters for the WLF fit of measurements in DMA shear mode for lam-
inates with the same damping adhesive P with damping layer thicknesses
ho from 10 um to 100 pm.

ha[pm] o c2[K] Teo[K]

10 18.4  190.2 91.1
30 16.2 166.4 110.3
50 6.5 81.2 195.7
100 5.2 65.9 210.2

dence also increased with rising hs. This behavior was also believed to stem
from interphase effects. In the interphase the molecular motion in the
damping adhesive might be constrained due to strong adhesion to the outer
layers which might have led to a weaker frequency-temperature dependence
of its glass transition. In the thinner laminates the relative volume fraction
of the interphase in relation to the total damping adhesive might be higher,
and subsequently interphase effects might be more pronounced. Compared
to WLF fit values from the literature (Table 4.1) the calculated values from
these tests were in a similar range at hy of 10 ym and 30 pm, but at 50 pm
and 100 pm significantly lower ¢; and ¢, values and significantly higher T,
values were determined [197].

Finally an evaluation of the normalized loss factor tA evaluated in the appli-
cation relevant temperature range for miniature speakers from 0°C to 60 °C
is shown as a function of the frequency f in Figure 4.33a and the damping
layer thickness hy in Figure 4.33b. At low frequencies and low damping
layer thicknesses low damping levels were also found. For all laminates the
highest damping levels were found at an extrapolated frequency of 1000 Hz
which ranged from 0.65 for 3Lyg-PEEKgP 1o up to 1.15 for 3L446-PEEKgPgo. At
1 Hz very similar values of approximately 0.5 were observed for all damping
layer thicknesses.
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In conclusion the influence of the damping layer thickness on the damping
behavior of CLD laminates was successfully evaluated. With a decreasing
damping layer thickness a lower loss factor tan d values, a shift of the tan ¢
peak to higher temperatures and a weaker frequency-temperature depen-
dence was found. Whereas the loss factor height dependence was ascribed
to geometrical effects as explained by the concept of the constrained layer
damping (CLD) design, the two latter effects were thought to stem from two
main influences. A flattening of the tan ¢ curves occurred with decreasing
damping layer thicknesses which led to rounder peaks and therefore to
a temperature shift because of the asymmetric tané peak shapes. And a
strong adhesion of the damping to the constraining layer the molecular
mobility in the interphase might have been constrained which would have
led to higher activation energies and therefore also higher temperatures
needed for the glass transition in the interphase region. Furthermore it
was thought that the constrained conditions in the interphase also led to
a weaker frequency-temperature dependence. With lower damping layer
thicknesses it was expected that the volume fraction of the interphase and
therefore its influence on the composite behavior increased.

In further steps TTSP was verified by wicket plots and subsequently extrapo-
lations to application-relevant frequencies for miniature loudspeakers of up
to 1000 Hz were performed. Finally the damping performance as a function
of both damping layer thickness and frequency was evaluated using the
normalized loss factor tA in the application-relevant temperature range from
0°Cto 60°C. Also here an increase of the damping performance at higher
damping layer thicknesses was registered.

4.5 Summary

In order to determine the damping behavior at application relevant condi-
tions of thin polymer membranes used in miniature speakers new methods
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were successfully established based on forced frequency dynamic mechani-
cal analysis (DMA). Since in application the damping in the membrane has to
be provided under bending deformations, in a first step a DMA setup was in-
troduced which mimics the same load conditions. Because of the thinness of
the membranes of under 50 um, their stiffness is too low for standard DMA
test setups in bending mode. To overcome this drawback in DMA "speaker”
mode the geometry of miniature speaker surrounds are replicated with
the film specimen in a setup derived from DMA dual cantilever mode.The
composite loss factor of laminates is measured in DMA "speaker” mode and
not only the loss factor of the damping layer is measured but also geometric
and stiffness effects due to the specific passive damping designs are covered.
This enables us to perform comparative measurements between different
damping designs.

In the constrained layer damping (CLD) design, damping occurs by shear
deformation of a soft middle damping layer due to a relative motion of
two stiff outer constraining layers when the structure is bent. Based on
this a setup optimized for characterizing the damping behavior of adhesive
layers in CLD laminates in DMA shear mode was designed. Since both
methods are limited in their frequency range the theoretical approach of
time temperature superposition principle (TTSP) was applied to extend the
evaluation range to application-relevant conditions of up to 1000Hz. In a
final step the frequency-dependent normalized mechanical loss factor in the
application-relevant temperature range from 0°C to 60 °C t A was calculated
which enabled us to also take the damping distribution over temperature

into account.

Comparative experiments with an undamped film, a free layer damping (FLD)
and a constrained layer damping (CLD) laminate were performed in DMA
"speaker” and shear mode. Since in DMA shear mode for the undamped
elastomeric film and the FLD laminate effects at higher temperatures were
found which is not expected to occur in application it was concluded that
this testing mode is only applicable for optimized tests with CLD laminates.
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On the other hand in DMA "speaker” mode in accordance with the literature
for the undamped film, the lowest and for the CLD laminate the highest
damping performances were observed. The "speaker” mode best resembles
the application and this method is eligible for comparative rankings between
different passive damping designs.

In DMA shear mode the effect of different polymers in the outer layers was
observed. It was found that as long sufficient adhesion is guaranteed with
this test method solely the performance of the damping layer is determined
and therefore could be specifically optimized. Finally in DMA shear mode
the effect of the damping layer thickness on the damping performance was
investigated. In accordance with the literature, with thicker damping layers
higher damping levels were measured. An observed shift of T; to higher
temperatures with lower damping layer thicknesses, which was accompa-
nied by a weaker frequency-temperature dependence, was thought to stem
from effects from an interphase. Here, according to Bhattacharya et al., the
molecular mobility might be constrained in the vicinity of the interphase
due to strong adhesion to the outer layers, which might lead to higher glass
transition temperatures [218].
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5 Conclusion and Outlook

One of the greatest challenges in research and development of miniature
loudspeakers is the acquisition of high quality test data. If at all possible
obtaining these is both time consuming and costly since at first test loud-
speakers have to be produced. Therefore to test new or optimize existing
materials, first test loudspeakers have to be built on a fully automatic pro-
duction line. Then in a next step component tests are performed, which
are also neither time nor cost efficient, especially not for an early selection
of materials or if information at different test conditions are needed. Addi-
tionally, since the dynamic behavior between different miniature speaker
geometries often differs significantly, test results which were acquired with
one defined loudspeaker geometry are probably not applicable for other

geometries.

In order to increase both the time and cost efficiency in research and de-
velopment, the typical test pyramid was established. Starting with coupon
tests where actual material behavior with generic test specimens often is
measured at each level of the pyramid, the complexity of the tested struc-
ture, the tests themselves and therefore the costs rise, with component tests
sitting on top. In this thesis the goal was to establish tests at the bottom of
the test pyramid in order to obtain a detailed insight into structure property
relationships of the loudspeaker laminates by variation of specific test pa-
rameters in a time and cost efficient manner. Therefore after evaluation of
the application-relevant boundary conditions, tests on the specimen level
were set up to match the application conditions as closely as possible with
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the ultimate goal of measuring actual material parameters. This then en-
ables us to predict effects on the dynamic miniature speaker behavior even
with different loudspeaker geometries if the application-relevant boundary
conditions are known.

Since a good fatigue performance of the miniature loudspeaker membranes
is one of their key requirements, a test was set up to characterize this using
generic film specimens which where pre-edged before testing using tem-
plates and a razorblade. Since the goal of this was not only to rank different
laminates but also to achieve a deeper insight into the processes taking place
during fatigue of the laminates, the method was split up into a stress-based
approach with Wohler tests and a fracture mechanical approach with fatigue
crack growth tests. The first allows us to evaluate the ratio between the
amount of the service life until first crack growth occurs and the time until
final failure. This information is also helpful for a material selection, because
beginning crack growth may already worsen the acoustics. In the second
fracture mechanical approach the crack growth kinetics are characterized,
which is actual material data, if the requirements for the theoretical concepts
on which the tests are based upon are met. Although this was done by using
specimens which were pre-edged with razorblades, it was frequently found
that shortly after the tests were started cracks already grew a small distance,
which was related to a sharpening of the cracks before actual stable crack
growth occurred at significantly higher cycles. This is thought to also take
place in the loudspeaker membranes where, starting from inherent failures,
cracks begin to grow. According to the crack tip similitude concept the same
crack growth rates then are found both in the loudspeakers and in the test
specimens when the same local load conditions occur at the crack tip. Also
the same should hold when different specimen geometries are tested. Thus
in a first step the applicability of linear elastic fracture mechanics (LEFM) to
describe the cyclic fatigue behavior of thin miniature loudspeaker films was
studied by applying the crack tip similitude concept in the form of comparing
the fatigue crack growth behavior of two different specimen geometries
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and measured process zone sizes with theoretical values. Whereas LEFM
seemed applicable for PAR, PESU and PET films, in PC and PElI films signifi-
cant deviations were found. Finally it was possible to ascribe the deviations
in PC to the occurrence of large process zones by which the requirement of
small scale plasticity in LEFM might not have been fulfilled. All in all it was
concluded that with the established method, valid predictions regarding the
fatigue behavior of miniature loudspeaker membranes are possible.

With the established fatigue test setup, then three major effects were studied.
First of all the temperature dependency of the fatigue behavior of PET
films was investigated. Here a fracture toughness maximum at 60 °C was
observed, which was in good correlation with the onset of the glass transition
of PET from DMA experiments in tensile mode. The maximum was thought
to stem from increased mobility at the glass transition of the amorphous
phases which led to an increased crack tip plasticity and therefore to a
higher crack growth resistance. As a result it was concluded that in order
to determine the application limits of such films, the onset of the glass
transition is a good measure. Since PET films are comparably cheap but
exhibit a high fracture toughness it is also concluded that they may be a cost
efficient alternative for loudspeaker designs where application temperatures
do not exceed 60 °C.

In a next step the effect of the multilayer design was investigated with 3-layer
laminates consisting of a symmetrical design with two of the same stiff outer
layers and a soft damping adhesive in between. In theory, in loudspeaker
membranes cracks starting in one stiff outer layer have to first nucleate
in the second too and then crack growth in them may be shielded by the
remaining soft damping adhesive. The second mechanism was regarded
as responsible for an increase in the measured fracture toughness of two
3-layer laminates compared to their monolayer without adhesive in fatigue
tests with DENT specimens. It was also shown that delamination processes
play only a minor role for the fatigue behavior of the multilayer laminates. In
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conclusion with a multilayer design the fracture toughness of the miniature
speaker membranes is significantly improved.

Finally in the evaluation of the anisotropic fatigue behavior of a PEEK 3-
layer film it was found that a predominant molecular orientation in machine
direction induced by the extrusion process of its outer layers significantly
influences its fatigue behavior. Crack growth rates in tests with specimens
which were cut out at 45° orientation relative to the process direction were
dominated by the lowest crack growth resistance parallel to the molecular
orientation. In conclusion this may affect the fatigue behavior of miniature
speakers in such way that the lowest crack growth resistance in anisotropic
loudspeaker laminates governs the fracture toughness of these films.

In the second part of the work characterization methods of the damping
behavior of the loudspeaker membranes directly at the film level were in-
troduced. Also here the tests were designed along the test pyramid with
the DMA shear mode at the bottom. It was shown that the only additional
factor influencing the results of the damping characterization, despite the
mechanical loss factor tan § of the adhesive, was the film’s thickness. This
then allows a focused development of the damping adhesives without fur-
ther superimposed effects. The next level in the testing pyramid is the DMA
"speaker” mode. Here not only the damping behavior of the adhesive was
characterized but also stiffness effects from the whole laminate contributed
to the resulting damping performance. With this, further optimization of
the laminate design is possible. Furthermore comparative tests between
different membrane designs are possible, such as monolayers, free layer
damping and constrained layer damping designs. In conclusion test meth-
ods were established which enable the quantification of the major effects on
the damping performance of miniature speaker laminates. These are, first
the damping designs of the membrane. Besides that, the loss factor of the
damping layer is one of the main factors. Furthermore the film's thickness
and also the thickness and stiffness ratios between the damping and the
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base or constraining layers have a significant contribution to the damping
performance of the membranes.

The methods introduced in this thesis are an excellent starting point for
future developments of new test methods to fill the gap between coupon and
component tests. One promising concept are tests based on the introduced
methods, but with thermoformed laminates with a loudspeaker geometry.
This would allow going into even more detail into the already obtained results
and to study further effects. For example in the fatigue tests, investigations
regarding the influence of the renucleation of cracks in the second outer
layer would be possible either by optical methods or by monitoring the
dynamic compliance of the speakers. If crack growth occurs the compliance
changes accordingly. Also the observations about the effect of anisotropic
fatigue behavior of extruded films on the fatigue behavior of the miniature
loudspeakers could be further detailed. Finally the effect of different speaker
geometries and therefore different biaxial stress states in the laminates
could be examined.

For the damping characterization several interesting topics could be covered.
First of all the influence of the stiffness ratios to the damping performance
of the films could be studied in even more detail. Since also a whole speaker
exhibits a higher stiffness than a small specimen, higher test frequencies
will be reached than in the DMA "speaker” mode and the signal would be
clearer at temperatures above the tan § maximum. Consequently this would
ease experiments with elastomeric monolayer films. One of the key features
would be that the beginning of nonlinear damping would be observable
which has a direct effect on sound distortion and therefore acoustic quality
of a speaker [1]-[3]. Finally the effect of different miniature speaker designs
could be studied in an efficient manner.
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