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Abstract

One of the most important features of many common functional ceramics is pie-
zoelectricity, a phenomenon which is not fully under-stood so far. Especially the
time-dependent response and its role in the deterioration of properties due to fati-

gue has not been much investigated.

The present work focuses especially on time-resolved X-ray-diffraction, but also
uses static methods to improve the understanding of dynamic processes that occur
during switching in piezoelectric actuators and how they change with increasing
fatigue. Micro-tensile tests were performed on the electrode material; the flow

stress strongly depends on the temperature.

A new synchrotron-based method was developed to study actuators in-situ during
switching on timescales of microseconds. The results show different relaxation
processes depending on the sample position. In a pre-stressed actuator, only one
90° domain relaxation can be found in the active area. In an actuator without pre-
stress, we can find two different 90° domain relaxation processes. In the inactive
area of the actuator, only slow processes can be seen as no domain processes oc-
cur. Close to the electrode edge, high mechanical stresses yield defect relaxations

which could be a reason for stronger fatigue in this area.

In this work it was shown that synchrotron experiments can be used to study the
domain processes in piezoelectric materials. Future experiments could use this

method to study the influence of fatigue on domain processes.






Zusammenfassung

In der vorliegenden Arbeit wurden in situ Untersuchungen an piezoelektrischen
Aktoren durchgefiihrt. Dabei wurden keine Modellsysteme, sondern anndhernd

originale Bauteile aus Common-Rail Einspritzanlagen verwendet.

Neben mikrostrukturellen Untersuchungen wurden Mikrozugversuche an AgPd-
Elektroden und zeitaufgeloste Rontgenexperimente durchgefiihrt. Die Mikrozug-
versuche zeigten, dass die FlieBspannung des Elektrodenmaterials stark von der

Temperatur abhéangt.

Eine Methode fiir zeitaufgeloste Rontgendiffraktionsexperimente an Aktoren wur-
de entwickelt. Untersuchungen des Gesamtaktors zeigen kein starkes Relaxations-
verhalten, im Gegensatz zu einzelnen Kdrnern. Wéhrend bei dem unter Vorspan-
nung stehenden geteilten Aktor nur ein 90° Doménenprozess zu messen war,
zeigte der freistehende Babyaktor zwei 90° Schritte. Ursache hierfiir ist die Aus-
richtung von Doménen durch die mechanische Vorspannung. Im inaktiven Bereich
des Aktors wurde nur eine schwache Relaxation gemessen, da keine Doménen-
prozesse stattfinden. An der Elektrodenspitze kommt es durch hohe mechanische
Spannungen zu ausgeprigten Defektrelaxationen, die das Ermiidungsverhalten

beeinflussen konnten.

Es wurde gezeigt dass mit Hilfe von Rontgenstrahlen das Dominenrelaxations-
verhalten piezoelektrischer Aktoren gemessen werden kann und von der Position
auf der Probe abhingt. In zukiinftigen Untersuchungen kann mit der hier entwi-
ckelten Methode der Einfluss des Ermiidungszustandes auf die Doménenprozesse

untersucht werden kann.
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1 Introduction

One of the most interesting properties of modern functional ceramics is piezoelec-
tricity, which is used in a wide variety of applications. While some of them are
already well established, such as piezo ignition for lighters or the use in speakers
and microphones, one of the latest and most fascinating uses of piezoceramics is

the application as actuators in modern fuel engine injection systems.

Although actuators made of piezoceramics are mass-produced and do not suffer
from serious drawbacks, there is an increasing interest in fundamental processes
that occur in these materials. Research focuses on general material properties like
phase compositions as well as mechanisms that take place during switching of
piezoelectric materials, like domain processes or other possible relaxations. This
is not only of fundamental interest; also the long-term fatigue behavior of piezoe-

lectric materials might be influenced.

In addition to that, piezoelectric multilayer actuators that are used in injection sys-
tems do not only consist of the ceramic, but also of metallic interlayers that serve
as electrode material. This combination may lead to different effects like intermix-
ing, stress concentration and diffusion in the direct contact area of those two mate-

rials.

The objective of this work is to study the dynamic processes that occur in piezoe-
lectric multilayer actuators during switching and how they may change during the
lifetime of an actuator. The response of the whole actuator will be studied as well
as single grains at different sample positions. Also, the influence of the electrode
interlayer will be taken into account. Final goal is to improve the fundamental
understanding of switching and fatigue and to give some better input for simula-

tions.






2 Literature review

2.1 Functional ceramics

The term “ceramic” describes a wide spectrum of different materials ranging from
old technologies that were already known many centuries ago to modern high-
temperature and electronic applications under extreme conditions. Among several
possibilities to classify ceramics, the most common is to distinguish between
structural and functional ceramics. Structural ceramics are mainly used because of
their promising high-temperature properties or their mechanical strength. Typical

examples are Al,O3 or Si3Na.

In contrast to that, functional ceramics are used because of other special features
like magnetic, electric, dielectric or optical properties. For special functions, these
materials are superior to metals or polymers and are used in many modern appli-
cations. A wide variety of papers and books describe and summarize the state of
the art of functional ceramic technology. Only as examples, the books of Wach-

tmann' and Moulson and Herbert’ should be mentioned here.

2.2 Piezoceramics

2.2.1 History

One of the potential special features of functional ceramics is piezoelectricity. The
word piezo is derived from the greek word “piezein” for “to press”. The first ma-
terial on which piezoelectric properties were discovered is Rochelle salt, which
was investigated by the Curie brothers in 1880°. They discovered that mechanical
pressure on a crystal generates electrical charges in the material. In a systematic

study it turned out that some other materials like quartz, tourmaline or topaz also



2 Literature review

showed this property. The generation of charges due to mechanical stress is called
direct piezoelectric effect. The opposite effect, where the application of an elec-
trical field leads to mechanical deformation of the crystal, is called the converse
piezoelectric effect and was also discovered by the Curie brothers one year later.
The first application of piezoelectricity was established by Paul Langevin in 1917

with the sonar used to detect submarines in World War L.

With the discovery of a large group of oxide ceramics with perovskite structure in
the late years of World War II, the technology of ferro- and piezoelectric ceramics
advanced and became more and more interesting for electronic applications®. No-
wadays, piezoelectric materials are both used as sensors (direct piezoelectric ef-
fect) and actuators (converse piezoelectric effect) and in other applications where
fast and well controllable switching is of advantage. An overview of common ap-

plications is given in figure 2.1.

Generators Motors Resonant devices
(millivolts to kilovolts) (microns to millimeters) (kilo- to megahertz)
hydrophones actuators (micro/macro) ultrasonic cleaners
microphones loud speakers ultrasonic welders
phonograph cartridged camera shutters filters
gas igniters buzzers transformers
accelometers ink jet printers delay lines
power supplies fish finders
photoflash actuators micropositioners Motor/Generator
sensors valve controllers . . .
piezoelectric pens pumps (Comb|nat|0n deV'Ce)
impact fuses video head positioners
composites nebulizers sonar
piezoelectric fans ranging transducers
relays non-destructive testing
medical ultrasound
fish finders
filters

piezo transformers

Figure 2.1: Overview of the typical modern applications of piezoelectric ceramics®.



2.2 Piezoceramics

2.2.2 Fundamentals of Piezoelectricity

For the fundamental understanding of the piezoelectric behavior of materials it is
crucial to consider some general rules of crystal symmetry. There are altogether
32 different types of symmetry point groups. According to F.E.Neumann’s prin-
ciple’, the symmetry characteristics of any physical property of a material must

reflect the symmetry elements of the point group of the crystal.

It is easy to understand that it is essential for a crystal to be non-centrosymmetric
to show piezoelectric behavior. A deformation of a unit cell that shows only sym-
metric features would not lead to any shift of charges and thus cannot lead to pola-
rization. If one tries to categorize all crystal classes (figure 2.2) there are 21
groups among the 32 that are non-centrosymmetric. 20 of them show piezoelectric
behavior. Among them, 10 are pyroelectric, i.e. they show spontaneous polariza-
tion when heated. If this polarization is reversible, a material is ferroelectric. A
good overview about piezoelectricity and the general conditions for piezoelectric

behavior is given in the fundamental book of Jaffe et al.’.

20 piezoelectric 10 pyroelectric Subgroup
§1 n;r;—g;nﬁo— polarized under spontaneously ferroelectric:
ym mechanical stress polarizable reversible
32 symmetry
point groups
11centrosymmetric

(non-piezoelectric)

Figure 2.2: Overview of all point groups and their electric properties.

The most important group of piezoelectric and also ferroelectric materials has
been shown to appear in the so-called perovskite structure’. The typical composi-
tion is ABO; and the prototype for this structure is Barium Titanate (BaTiOs).
Figure 2.3 shows the unit cell of a perovskite PZT (details will be discussed later)

that can be understood as a cubic structure where the cations are located in the
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edge (Pb>/Zr*") and centre (Ti'") position and the oxygen ions are placed on the
face-centered positions. To enable piezoelectric behavior, the structure is dis-
torted, for example tetragonally. In this case, the centre ion does not occupy the
position exactly in the centre of the unit cell but is located slightly above or below
the centre position. This leads to an external polarization. The centre ion can thus
altogether occupy 6 positions in the unit cell (3 directions with two positions

each).

@ roiiz

oo

® T"

Polarization Up Polarization Down

Figure 2.3: Polarization switching in a perovskite PZT unit cell.

Most materials used in applications are polycrystalline and consist of many grains
of different orientations. If we simplify and consider a single crystal or single
grain of a perovskite material, it is obvious that only a certain number of orienta-
tions are feasible. This leads to the formation of so-called ferroelectric domainsg, a
region in the grain where the polarization points in the same direction. The size of
such a ferroelectric domain is determined by an energy minimization between the
leakage field of the domains and the energy that is necessary to form a domain

wall between two neighboring domains. Typical sizes are around 50-100 nm, this
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would mean that a typical grain of few um diameter consists of hundreds or thou-
sands of domains. In a non-textured grain of a perovskite material directly after
fabrication, we do not have any preferred direction of polarization. If we now ap-
ply an external field, we have to consider two quantities: The first is the change of
the internal polarization with the electrical field. The second is the macroscopic

length change of the crystal.

We can first treat the change of polarization in the material, a feature of ferroelec-
tric materials. Starting from a point (1) (figure 2.4) with no electrical field and no
net polarization, the external electric field is increased. This will first lead to an
increasing polarization. Ferroelectric domains with a certain direction of polariza-
tion are already present in the material. With increasing field strength, the do-
mains that point in the direction of polarization will grow at the expense of do-
mains that point in other directions. At a certain point, all domains will be
polarized in the direction of the external field or, because of the limited number of
possible directions, at least in a direction close to the external field. A saturation

state called saturation polarization Pg will be reached (2).

Figure 2.4: Typical polarization hysteresis loop

Taking away the electrical field will not immediately lead to a non-polarized state

because there is now an energetic barrier that has to be overcome to switch the
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polarization to the opposite state. At zero field, there is still a remaining polariza-
tion called the remnant polarization Pr (3). Only at a certain electric field strength
(the coercive field Ec (4)) will the polarization return to zero and then switch to
the opposite direction, where it reaches again the saturation polarization (5).
Switching off the electric field will finally lead to the remnant polarization (6)
again and applying a positive field will switch the polarization back to point (2),

the positive saturation polarization.

So far we have only discussed the behavior of ferroelectric species. Considering a
piezoelectric material and the length change in such a material, another type of
hysteresis can be introduced: The so-called butterfly loops where the length
change is plotted against the electric field strength (figure 2.5). Starting from a
point without external polarization (1), an increasing number of domains will
point in the same direction. This gives rise to an elongation of the crystal until the

saturation polarization is reached (2).

If domains in a tetragonal material change their orientation, they can either flip
into the opposite direction or in a direction perpendicular to the initial direction
(90° switching). Typically, the polarization of a piezoelectric material will not
change by one 180° switching process, but by two 90° switchings. Switching in
this case does not mean that domains fully change their orientation. Usually, re-
gions close to domain walls change their orientation and this leads to a growth of
a domain at the expense of neighboring domains. Taking away the field will first
lead to shrinkage (3), but when applying a reverse field the sample will shrink
even more, because many domains are now oriented in a direction perpendicular
to the axis of average polarization. At a certain point (4), these domains will
change their orientation and start to point in the opposite direction and thus the
crystal will elongate again (5). Applying a positive field will lead to the same

processes in the opposite direction.
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Figure 2.5: Typical strain hysteresis loop

The shape of the hysteresis loops is important when describing the properties of
ferroelectric and piezoelectric materials. Degradation processes in the material are
also visible by considering the hysteresis and many papers deal with proper ana-

lytical descriptions to explain the hysteretic behavior of a piezoelectric material
9-12

A simple mathematical description of piezoelectricity is given by two basic equa-

tions established by Jaffe et al.®:
D=d-E+¢,-E (2.1)
S=s,-T+d-E (2.2)

D 1is the dielectric displacement (which can be considered equal to polarization), T
is the stress, S the strain, E the electrical field, s the material compliance (the in-
verse modulus of elasticity) and & the dielectric constant. d is the piezoelectric
constant, which is numerically identical for both effects. The superscripts indicate
a quantity held constant, which means in the case of &7 that the piezoelectric ele-
ment is mechanically unconstrained and in the case of Sg that the electrodes are
short-circuited*. With these two equations (in matrix form), the properties along

different orientations of the material can be described.
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The piezoelectric coefficients dj; relate to the direction of polarization and the di-

rection of stress. Typical equations for these coefficients are:
D =d T 2.3)
S =d, -E, 2.4)

Equation 2.3 describes the direct piezoelectric effect and equation 2.4 the con-

verse piezoelectric effect.

There are many piezoelectric materials used in different fields of applications no-
wadays. Some polymers and salts are important, but most applications focus on
piezoelectric ceramics with perovskite structure, among which the materials based

on lead zirconate titanate (PZT) are most important.

2.3 Lead Zirconate Titanate (PZT)

In 1955, a patent'® was registered in which Bernard Jaffe (who later wrote a fun-
damental book on piezoelectric ceramics) reported that materials composed of
lead zirconate and lead titanate show very high piezoelectric coefficients in the
composition regime around 55% lead zirconate. The general composition of this
group of ceramics is PbZrTi; O3 and the group is referred to as lead zirconate
titanate (PZT). Since that time, many investigations on this system have been per-

formed and the properties have been widely analyzed.

2.3.1 Phases and Properties

The first PZT phase diagram was also established by Jaffe et al. in 1971°. Figure
2.6 shows the phase diagram that mainly is still valid today, although some new

questions arose in recent years.
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Figure 2.6: Phase diagram of PZT as established by Jaffe et al®. The low tempera-
ture-phases are ferroelectric and appear in rhombohedral (Fg) or tetragonal (Fr) 1
crystal structure. The phases are separated by the morphotropic phase boundary
(MPB). The high-temperature cubic phase is paraelectric (P¢).

There are three main phases in the system. At higher temperatures, a paraelectric
cubic phase (P¢) exists. This phase transforms at the Curie temperature (T¢) into
two ferroelectric phases one of which, depending on the composition, is thombo-
hedral (Fr), while the other is tetragonal (Fr). On the rhombohedral side of the
phase diagram exists a low-temperature phase. All three phases appear in a dis-
torted perovskite-type structure in which the titanium or the zirconium ion is the

centre ion in the unit cell.

Most technical interest focuses on the compositions close to the phase boundary
between the rhombohedral and the tetragonal phase. In this region the piezoelec-
tricity is particularly strong’. The boundary between both phases is called the
morphotropic phase boundary (MPB). Up to today, the reason of the extremely

high piezoelectric response of materials in this regime is not fully understood.
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Park and Shrout" proposed that local stresses may induce phase transformations
which altogether lead to higher strains than the pure piezoelectric response of the
material. Bell'® later presented a model to support this hypothesis. Rossetti'’ theo-
retically predicted a larger area of phase coexistence near the MPB, but up to now

there is no experimental evidence for that.

A different hypothesis arises from investigations which Noheda et al.'®*

per-
formed in 1999 and later using synchrotron radiation. A detailed phase analysis of
a polycrystalline sample that was prepared very carefully to avoid internal stresses

revealed the existence of a monoclinic phase at lower temperatures (figure 2.7).

PbZr, Ti 0,

X(%Ti)

Figure 2.7: Phase diagram showing the existence of a monoclinic phase near the
MPB as suggested by Noheda et al.2,

The authors pointed out that the reason why this new phase was not discovered
before was that the lattice parameters were very close to the rhombohedral and
tetragonal phases and thus the resolution had not been high enough. It is also very
difficult to produce clean and stress-free samples. Some first-principle calcula-

tions done by Bellaiche et al.” revealed that it is also possible to explain the high

12
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piezoelectric coefficients by the high d;s coefficient in the monoclinic crystal. In
many further studies the group strongly supported the thesis of a monoclinic
phase, but up to now it is still controversial whether it exists at room temperature
and may be the reason for the strong piezoelectric response. Other possible expla-
nations for the experimental data might be highly stressed rhombohedral or tetra-

gonal fractions which only “appear” to be a monoclinic phase.

Generally, PZT ceramics can be considered as hard ferroelectrics, which means
that the hysteresis loop is nearly square-shaped and the remnant polarization is
high. If we consider some possible applications, it may be necessary that the ce-
ramic is used in a pre-stressed state which may affect the piezo- and ferroelectric
properties®®. Figure 2.8 shows the evolution of both the polarization and the strain
hysteresis of a piezoelectric ceramic as a function of static stress applied parallel
to the field direction™. The reason for this behavior is the obstruction of the do-
main movement. Thus, higher field strengths are necessary to move domains and
a lower total polarization and strain will be reached. If stresses are applied in the
described way, the switching processes change from mainly 180° domain switch-
ing in the unloaded state to 90° domain switching in a loaded state. If only unipo-
lar loads are applied (see chapter 2.3.3), there is a maximum strain level at a cer-

2639 The reason for this is the alignment of domains due to the pre-

tain pre-stress
stress. Domains are forced to switch into a configuration perpendicular to the ap-

plied stress, so the total actuator can reach higher strains when a stress is applied.
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Figure 2.8: Evolution of the polarization hysteresis (a) and the strain hysteresis (b)
with increasing external stress parallel to field direction®.
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2.3.2 PZT with dopants

In application, PZT ceramics always contain dopants to improve certain designat-
ed properties. Jaffe et al.° list a wide variety of dopants and their influence on the
PZT properties. Two groups are important, the so-called isovalent and off-valent
dopants. Isovalent means that the valence state of the new ion is similar to the ion
it replaces. Pb*" can for example be substituted for Sr** or Ca®*. This yields a low-
er Curie temperature, but a higher dielectric constant and a higher coupling coeffi-
cient at room temperature. Adding Ba®" increases the region of phase stability for
the cubic phase. Of greater importance are off-valent dopants such as Nb”" (re-
placing Zr*") or La’" (replacing Pb*"). Adding a donor like Nb** leads to A-site
vacancies enhancing domain reorientation. Typical properties of donor-doped ce-
ramics are square-like hysteresis loops, low coercive fields, high remnant polari-
zation, high dielectric constants, high coupling factors and reduced aging. Most of
these properties are desirable for piezoelectric ceramics. Poling with acceptors
such as Fe’" replacing Zr*" limits domain reorientation and gives rise to poorer
piezoelectric properties, but higher mechanical stability. The most important do-
pant for the PZT system is La’", PZT doped with Lanthanum is referred to as
PLZT and of high relevance for applications.

2.3.3 Piezoelectric Actuators

PZT-based piezoelectric ceramics are widely used in many applications. The focus
of this work is in the field of piezoelectric actuators and thus the concept of this
component and possible designs®' will be explained further in this chapter. The
simplest possible design of such an actuator is a disc of a piezoelectric crystal
with an electrode mounted on each side, as shown in figure 2.9 (a). There are sev-
eral disadvantages of such an actuator. The voltage that needs to be applied is pro-
portional to the thickness of the crystal. Typical length changes are around 0.2%
and typical field strengths are around 2 kV/mm. To reach a displacement of 50 pm

one would thus need a crystal with a thickness of 25 mm and a voltage of 40 kV.
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It is obvious that a single disc-design is not suitable to reach strains that are re-
quired for many applications. Two possible designs to get to higher strains by
connecting several layers are shown in figure 2.9 (b) and (c). A multilayer actuator
as shown in figure 2.9 (b) is basically built out of many piezoelectric layers
(marked with A) with electrodes separating them. These electrodes (B) are alter-
nately connected to both electrodes so that each layer will operate independently.
This design is called interdigitated and is not very sensitive to failure: if a single
layer fails for any reason, the other layers will still continue operating (as long as
no direct electronic path between the electrodes is present). One of the disadvan-
tages of this so called double-comb structure are field inhomogenities that occur at
the electrode edges (C). This gives rise to internal stresses. The main area of me-
chanical failure is thus close to the internal edges of the electrodes’*>*. Another
possible design is the double helix structure (figure 2.9 (c¢)). Here, the problem of
stress concentration does not occur, but a failure due to short-circuit is more likely
because the electrodes are continuous and fabrication is much more sophisticated.
If one single disc of piezoelectric material is mounted to a non-piezoelectric ma-

terial, this configuration can be used as bending actuator (figure 2.9 (d)).

This work will concentrate on actuators with interdigitated design. Figure 2.10
shows the steps of fabrication®” of such an actuator. Starting with a green sheet of
PZT, the electrodes (usually made out of silver or silver palladium alloys) are
printed on it via a screen process. Several hundreds of these layers are then lami-
nated together. At the top and bottom, an actuator is usually fixed and thus some
inactive layers are used. The laminated actuators are cut to single devices and sin-
tered at temperatures around 1000 °C. They shrink by about 20 % in volume dur-
ing sintering. On the sintered actuator, the external electrodes are mounted and
finally the actuator is pre-polarized in an electrical field. This can happen at room

temperature or at elevated temperatures.
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Figure 2.9: Possible actuator geometriessl. (a) single disc geometry, (b) double-comb
structure, (c) helix structure, (d) bending actuator.
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Figure 2.10: Schematic overview over the fabrication steps of a piezoelectric actua-
tor. The electrodes are printed on the PZT sheet and the single actuators are cut and
sintered. After the external electrodes are mounted, the actuator is poled.
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Multilayer actuators are used for example in engine injection systems, precision
mechanics and optical stages. To ensure long-term stability, many studies have
been performed to investigate the reasons for fatigue of these materials. The focus
of this work will be on the application as switch in modern diesel injectors™,
where the use of piezoactuators enables faster and more exact control of the injec-
tion process. This yields a fuel reduction of approximately 10 %. Usually, these
actuators are made of doped PZT ceramic layers connected to AgPd elec-

trodes’®?’.

Different types of loading scenarios exist which define the possible processes in-
volved in switching and fatigue. Figure 2.11 gives an overview about all possible
types of cyclic loading that can occur in piezoelectrics. The simplest driving mode
of an actuator is unipolar loading, where only an alternating unidirectional current
is applied (a). A small amount of domain wall movement occurs. By combining
different measurements, it is possible to distinguish between the so called intrinsic
strain coming from the piezoelectric effect and the extrinsic strain by domain wall
movement™*°. The total extent of extrinsic and intrinsic strain depend on the
shape of the hysteresis; for softer piezoelectrics, more domain wall movement is
involved. Concerning uniploar loading, only a few studies on fatigue have been
performed, but fatigue problems still occur*’. A typical component with unipolar
loading is an actuator in engine injection systems. If this is done under a compres-
sive pre-load the amplitude of the strain changes (c), with a maximum strain at a
certain intermediate stress. Mixed loading (b) occurs in ultrasonic motors where a
slightly higher amount of domain movement is involved. The difference to unipo-
lar loading is the hysteresis loop of the material that covers a larger area. If larger
strains are required, partially negative voltages are applied. This is called sesqui-
polar loading (d). The more domain processes are involved in the total switching,
the higher is the risk of fatigue problems. In ferroelectric memory devices
(FERAM), it is necessary to switch between a fully positive and a fully negative

polarization state (bipolar loading, (e)). A large amount of domain wall movement
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occurs. Consequently fatigue problems are higher than in all other types of load-

ing and most studies on fatigue of piezoelectrics focus on bipolar loading

mode3#143.
, T 6
0.4 unipolar ~— I
02 (a) - / 4
0.0+—+—+— - { .
-0.2 - T 2
0.4 + |
§ 1 1 | 0
0.4 mixed S
02 (b) 4
0.0 4+——+— —t }
-0.2 2
-04
k 0
. I + 4
f
0.4 static _ i 0 MPa _/ 5
compressive % -25MPa / "
i -50MPa T
P e 200MPa T —— 4 4
(=] e -400 MPa | S
.:."_u 0-0 L 1 i T — ‘6 it
W =
£ - 6 ®
E 0.4 sesquipolar &
02 (d) 4
0.0 +— : e
02 E
-04
L 0
0.4 T .
0.2 4
0.0
-0.2 2
-0.4
1 1 0

'
[p%)
'
-
o

1 2 -2 -1 0 1 2
Electric Field [kV/mm]

Figure 2.11: Overview on hysteresis loops of a PZT ceramic during different types of
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2.3.4 Fatigue in PZT

There are in general two types of ageing or fatigue in piezoelectric devices. The
first one is the “classical” type of fatigue: crack nucleation finally leading to crack
growth and failure. In multilayer actuators, cracks will mainly appear at the areas
of inhomogeneous mechanical stresses which are the internal electrode edges
(Figure 2.9 (b), B). Once small pre-cracks are present, cyclic loading finally leads
to crack growth and failure. Only few studies deal with pure mechanical fatigue**,
normally also electrical fields are involved* ™.

If we consider both mechanical and electrical load, we first have to introduce a
second type of fatigue behavior. Not only mechanical properties are influenced by
the loading history of a piezoelectric ceramic, but also the electrical properties are
modified. This is termed electrical fatigue and most research in the area of fatigue
of piezoelectrics performed in recent years focussed on this phenomenon. If we
take a closer look at the long-term behavior of piezoelectric ceramics, several
changes in the hysteresis loops are visible (figure 2.12)’'. The polarization loops
show decreasing amplitudes of polarization while the strain loops do not only
show this decrease but also a growing asymmetry. Both effects have been widely

41,42,49-52

investigated in the last years in different studies of electrical fatigue and

possible explanations for this were suggested.

If we compare the degradation of the hysteresis loops with pre-loading scenarios
(figure 2.8) we can see similar effects. A decreasing polarization always indicates
a reduction of switchable polarization. There are multiple mechanisms that have
been suggested to explain fatigue in piezoelectric components happening on dif-
ferent length scales. An explanation for this behavior is always linked to under-
standing how switching changes over the lifetime of a piezoelectric material®”.
The main theory today involves electrical stress that results in a creation or redi-
stribution of imperfections where these imperfections influence the switchable

polarization. Possible imperfections are delaminations of the electrode®, the for-
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mation of a passive (non-switching) layer close to the electrode™ or changes of
the domain configurations due to the pinning of domain walls and seeds’'. The
latter process is considered to be the most likely and defect clusters of O*

vacancies, holes and electrons from the electrode material or dopants*®*>

are
regarded as possible agents to form these clusters. Fatigue appears much earlier if

the voltage is higher than the coercive field*.
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Figure 2.12: Typical evolution of hysteresis loops of a PZT alloy with increasing

31
cycle number .

The reason for the asymmetry of the strain loop has also been widely studied. To-
day it is believed that free charge carriers generate a bias field that modifies the
external field’' together with an offset polarization where domains are “locked” in
a polarization state. Domain walls do not move anymore due to defects. These two

effects are considered to occur more or less randomly and irreproducibly®.
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Several studies focus on fatigue and how it may be influenced by changing differ-
ent boundary conditions. To summarize this, fatigue behavior depends on many

7

parameters such as the oxygen concentration’’, switching voltage and tempera-

ture™, the composition of PZT"® and dopants®, potential buffer layers™, the elec-
trode material® or the grain size of the material®'.

Almost all of these studies have been performed using bipolar loading scenarios.
There are only very few studies on unipolar fatigue even though this is of high
importance for the application as actuators. The work of Verdier et al.* showed
that even though switching plays only a minor role in the response of a piezoelec-
tric actuator in unipolar loading, still a degradation and an offset polarization is
measurable. They do not find any indications that the same mechanisms are re-
sponsible that can be found under bipolar loading. By contrast, the mechanisms

for the offset in strain hysteresis seem to be the same.

The dominant mechanisms that give rise to fatigue in piezoelectric ceramics are
partly understood, but still questions remain open. Many mechanisms that are
suggested by different models are not proven yet. Conditions close to application
and under unipolar loading have not been studied much. Up to now, no experi-
ments deal with the influence of dynamic effects like relaxation processes in the
material or the in-situ measurement of domain processes. In this work, we will try

to measure the direct dynamic response of a piezoelectric material.

2.3.5 Diffraction Studies of PZT

A big advantage when studying piezoelectric materials by X-ray or neutron dif-
fraction methods is the tetragonal or rhombohedral structure of the material. This
non-cubic distortion leads to a splitting of some of the reflections and thus domain
processes and orientation changes can be studied by diffraction methods. When
working with X-rays, synchrotron radiation offers high brilliance and opens the

field even to position-resolved or time-resolved measurements. A total overview
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about all possible applications of X-ray diffraction methods to piezoelectric mate-

rials can be found in the substantial review by Jones®.

If we consider the tetragonal phase and take c as the axis of tetragonal distortion,
we expect a splitting of the {001} type reflection into a (001) peak at lower angles
that represents lattice planes oriented perpendicular to the direction of polarization
and a (100) peak that represents the lattice planes oriented parallel to the poling
axis which should have double intensity if the material is non-textured. The {111}
plane represents the unit cell diagonal and the peak position and the integral inten-
sity should not be influenced by poling (figure 2.13). In contrast, the rhombohe-
dral phase should not show big differences at the {100} peak, but the {111} inten-
sities change. Figure 2.14 shows an example taken from a paper by Guo et al."” in
which the change of the different peaks with the poling state of the ceramic was
investigated. The splitting of the peaks as discussed above is well visible. The
intensity ratio between (002) and (200) for the tetragonal case and (111) and (11-
1) for the rhombohedral case changes when a field is applied. In addition, poling

leads to a broadening of some of the peaks due to higher strains.

(001)

Figure 2.13: Sketch of different lattice planes in a tetragonal unit cell. While the
(111) reflection does not split up, the {100}-type planes shows two reflections depend-
ing on the orientation.
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Figure 2.14: Change of different Bragg reflections with poling of two polycrystalline
9

PZT ceramics of different phase composition1 .
The observation of peak changes can also be used to macroscopically identify the
influence of domain processes on the fatigue of PZT ceramics®. A study by Do et
al.** deals with the behavior of single domains in a thin film using X-ray microdif-
fraction with sub-micron resolution. The work revealed the pinning of some areas
of the film. The inactive regions could be reactivated by applying a higher field
(figure 2.15).
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Figure 2.15: Study of the (002) reflection in a 160 nm PZT film with increasing cycle
number. The colors represent a changing X-ray intensity. (a) After 10° cycles the
maximum domain switching is visible. A higher cycle number leads to a decrease of
switchable polarization. (b) The switching processes can be restored by applying a
higher field*.

Finally one can also use x-ray-diffraction to study the changes in lattice parameter

65,66 38’ the

to either measure the evolution of residual stresses” ™, the strain hysteresis
fraction of switched domains®’, piezoelectric coefficients®® or to detect fracture
mechanisms®"’. In this study, the main focus will be on the changes of lattice

parameters and the tilting of lattice planes in time resolution after switching.

2.4 Time-resolved Investigations

The methods explained so far are used to study the static behavior of piezoelectric
materials in different states. This can give an insight on many important proper-
ties, but nevertheless some other features are not taken into account. When a pie-
zoelectric material switches, all processes involved are of dynamic nature and thus

also time-resolved techniques are suitable to study them. There are several differ-
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ent phenomenon that occur on different timescales. Some of them have been stu-
died quite well on model systems, but a fundamental study of actuators in opera-
tion mode has not been done so far. Different transient phenomenon can be found
in piezoelectric materials. We first expect the intrinsic piezoelectric relaxation to
happen, which is a very fast process. Domain wall movement (which will be dealt
with in more detail in chapter 2.5) and possible diffusion and stress relaxation
processes happen on slower timescales. Finally, also very slow relaxations can be
found until the final state is reached. All these processes are strongly influenced

by the external field that is applied.

There are several methods to measure the dynamic response ranging from simple
time-dependent length measurements over different mechanical spectroscopy me-
thods to time-resolved diffraction that includes different techniques to measure the

response on a wide range of timescales’".

First, the macroscopic response of the length change of a piezoelectric material
will be considered. According to Jung and Gweon'?, two different regimes can be
distinguished (figure 2.16): a regime of dynamic response where the actuator
shows an overshooting of the length and dynamic oscillations followed by a creep
regime in which the actuator slowly drifts to its final elongation. This happens in
timescales of ten to some hundred seconds and depends on the peak voltage. The

higher the voltage, the faster the final elongation is reached.
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Figure 2.16: Time-dependent length change of a piezoelectric actuator. The actuator

shows a dynamic response with periodic oscillations followed by a slow creep re-
. 72

gime'”.

Mechanical spectroscopy is an indirect method to measure and identify relaxation
processes that occur in the material. For example, the frequency-dependent pie-
zoelectric properties can be studied’. The results show a decrease of the material
polarization with increasing frequencies. The decrease starts at around 100 Hz,
which would suggest that the dominating relaxation processes occur in the materi-
al on the timescales of several milliseconds and faster. A study by Li et al.”* re-
veals that fatigue is lower when the material is excited with lower frequencies.
The authors could explain this by relaxation processes which are completed be-
fore the next switching occurs. The processes they could identify are the creation

and reorientation of electrical dipole defects.

Some other papers focus on measuring local effects by AFM-related methods. Fu

1> showed on a 200 nm PZT film that even after thousands of seconds, domain

cta
relaxations still occur and change the total domain area. Similar findings were
published by Ganpule et al’®. Other very fast studies’”"”® done with PFM focus on

domain wall speeds. Another example for relatively long-term relaxations com-
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pared to normal switching times can be found in the work of Lee and Lee”. They
measured the remnant polarization as a function of time and found a relaxation in
the millisecond regime, which is closer to the results found by mechanical spec-

troscopy.

Even though other methods might give interesting results, the best view on dy-
namic processes on atomic scales is given by time-resolved diffraction methods.
Different techniques exist’', which can either give very high temporal resolution
by using gated detector setups, where only counts in a very small time interval of
interest (At>50 ps) are collected, or make use of the full incoming beam intensity
by using multichannel scalers. With this technique, the resolution limit is in the

range of microseconds.

The first time-resolved studies of piezoelectric materials date back to the 1980s,
where McWhan et al®® measured the intensity changes of different Bragg peaks of
BaTiOs single crystals using a multichannel counter setup. The focus of their
work was the speed of field-induced phase transitions which happen on millise-
cond timescales. One year earlier, Zorn®' also used time-resolved methods with a
multichannel counter to measure the piezoelectric coefficients of PZT. Later stu-
dies use much more sophisticated setups, especially the improvement of synchro-
tron radiation sources led to a great improvement of time-resolved techniques, as
now much higher beam fluxes were available. Long and very short term studies

can now be performed with high accuracy.

To measure the direct piezoelectric response of a material, very fast techniques are
necessary. Grigoriev et al.** measured the time-dependent Bragg peak position of
a PZT thin film after the application of an electric field. Figure 2.17 shows the
corresponding graph. The piezoelectric lattice deformation takes place in several
hundred picoseconds. The relaxation time at different sample positions was also

measured and from this, a domain wall speed of 40 m/s could be extracted. The
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result corresponds to PFM measurements done by other groups’”’®. A similar
study by Zolotoyabko et al.** revealed a strong frequency dependence of the

switching speed.
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Figure 2.17: Time-dependent Bragg peak position of a PZT thin film after applica-
tion of an electric field*’. Lattice deformation has finished after 1 ns.

A completely different effect has been found by van Reeuwiik et al.** on a DKDP
(Potassium Dideuterium Phosphate) single crystal. The group could measure addi-
tional periodic oscillations happening in microseconds when studying the rocking
curve position (figure 2.18). These oscillations could be attributed to the propaga-
tion of elastic strain waves reflected from the crystal edges. Similar effects in mul-
tilayer actuators would be much harder to detect because of the many different

interfaces that are present in the material.
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Figure 2.18: XRD rocking position of a piezoelectric DKDP single crystal as a func-
tion of time after switching84. The oscillations are due to strain waves propagating
through the crystal.

Some recent studies by neutron diffraction on PZT ceramics dealt with the time-
dependent response focusing on the domain configuration. The (002)/(200) doub-
let was studied and a significant change in intensity was found®. Also, the time-
dependent lattice strain was measured. In both cases, the resolution was not high

enough to resolve possible relaxation mechanisms*® (figure 2.19).

To summarize all time-resolved measurements, one can distinguish between two
types of effects. The first one is the simple intrinsic piezoelectric effect which
happens very fast. On the other hand, domain wall movement can occur very
slowly, even much slower than the technologically relevant times. As the theory of
domain wall movement will play a role later in this work, the literature review

will be more detailed here.
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Diffracted Intensity

Figure 2.19: Time-dependent change of the (002)/(200) doublet in a piezoelectric
material®. Domain switching can be proven very well, but no significant relaxations

can be resolved with the setup.

2.5 Domain dynamics

2.5.1 Theory

When speaking about domain dynamics, often the expression of moving domain
walls is used. In reality, domain walls do not really move, but regions close to the
boundaries of different polarization direction change their orientation. This is not
simple to describe, and many effort has been done to understand the processes that

occur close to the domain wall and how this can be modeled theoretically.

The most accepted model nowadays is based on Avrami’s theory of phase transi-
tion kinetics® . This theory was adapted to ferroelectric materials by Ishibashi
and Takagi in 1971°" and 19852, According to Ishibashi®’, the reversed domain

fraction at time t, Q(t) is given as:
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O(t) =1—expl[- A(r)] 2.5)

where A, called the fraction of the extended area, can be written as:

A(t) = jR(r)S(r, THt 2.6)

The rate of nucleation at a certain time 7is described as R(z) per unit time per unit
area. S(t,7) is the area covered at time ¢ by the reversed domains nucleated at z. In

this case, S can be written as:

S(t,7)= D[rc +v(t — r)]d 2.7

The domains grow with a constant velocity v, . is the radius of the reversed nuc-
lei and d describes the dimensionality of the growth: d=1 for one-dimensional, 2
for two-dimensional and 3 for three-dimensional growth. Assumptions for the

model”

are (1) a random distribution of pre-existing, aligned domains with a uni-
form radius r., (2) a constant nucleation rate of aligned domains with radius r, and
(3) constant velocity of the domain boundary in one, two or three dimensions and

(4) no cooperative interaction between domains. A (t) can be described as

At) = (tc il t} (2.8)

L
with 7. and 7, being constants. After simplifying and implying that ».=0 one can

finally receive a formula which is referred to as the so-called Kohlrausch-

Williams-Watts’*** type of equation:
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O(1) =1—exp)| — ti 2.9)

0

In the special case of ferroelectric polycrystalline materials and if relative changes
of domain area are considered (which means that not the full area switches), the

equation can also be written as:

B
oH=0"-|1- exp(— (éj J (2.10)

This type of equation is called a stretched exponential function. Q(t) is the amount
of switched domains, Q* is the amount of switched domains at infinite time, ¢ the
timescale of the experiment, 7y (or 7) the typical relaxation time and d or f the so-
called stretching exponent which characterizes the dimensionality of the switching

process. If homogeneous nucleation is assumed, £ is replaced by f+1.

The model is linked to Avrami’s theory of phase transitions, where an exponent
also describes the dimensionality and the mechanism of switching®. If the me-
chanism is simple and consistent in the whole sample, we expect an integer num-
ber to describe the dimension of growth, which results in a simple exponential
relation. There are two possible explanations why this simple form can transform
into a stretched exponential response’: the first explanation is a broadened re-
sponse for all regions of the sample, the second possibility is a distribution of re-
sponse times’®. As a result, this also leads to a stretched response of the sample.
To describe the switching processes in ferroelectric materials, it is more likely to
describe the stretched nature of the response with a distribution of relaxation
times. When thinking about domains in a polydomain material, it is not surprising
that some domains show a different response than others, as they are present in

different sizes and configurations. The stretched nature of the exponential function
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is thus due to a distribution of domain sizes and orientations because this distribu-

tion leads to inhomogeneous growth speeds of the domains®”*.

According to Avrami’s model, an exponent of 1 describes simple one-dimensional
growth; exponents larger than one correspond to growth in more than one dimen-
sion. When considering domain structures in particular, the maximum exponent
should be one, as normally stripe domains are present in the material, which only
have one natural growth direction. Very often, exponents smaller than 1 can be
found in ferroelectric materials. This can be explained by not only considering
linear growth of the domain walls, but also some random growth fluctuations of
segments of domain walls that are involved and might also occur in opposite di-
rection to the growthgg. Keeping this in mind,  can also be linked to the random-
ness of the domain distribution in the material, the higher 3, the more “ordered” is

100

the domain structure . A detailed view on stretched exponential theory, its physi-

cal meaning and its history can be found in the review of Chamberlin®.

There are also other mathematical descriptions of domain switching which some-
times appear in literature and will only be briefly mentioned here. For times t that
are much smaller than the typical relaxation time 1, the stretched exponential

function reduces to a simple power-law description for mathematical reasons’":

Y
P(t)=P" - 1—(—) 2.11)
T

101,102

This relation is also called the Curie-von Schweidler relationship and can in

some cases describe the whole switching process in highly ordered systems””.

In some other works, a logarithmic decay function is used to describe the decay of

polarization'”®, which is only possible when p is small:
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P(t)=P -|1- fIn 1+ 2.12)

L

Finally, one should mention that not only relaxation in ferroelectric materials is
described by stretched exponential behavior, but also many other processes like
dispersive diffusion'®*, strain relaxations after an external excitation'®® and relaxa-

tions in glasses'®® and constrained systems®”.

2.5.2 Experiments

Different kinds of experiments on ferroelectric materials have been performed to
describe the switching kinetics. They can briefly be classified in short-term and
long-term experiments. Most of the long-term experiments were done on the time-
scale of days or longer to study the polarization loss in thin films with the back-
ground of the application as ferroelectric memory (FERAM). The fast experi-
ments are often performed with a more general background or to get more

information about the writing process in FERAMs.

A general trend that is visible in the literature is the presence of two relaxations
that happen on different timescales. The faster relaxation was discovered by Be-
nedetto et al in 1992'%, when the polarization of a PZT capacitor was measured
depending on the read/write delay. The same fast relaxation was later reproduced

by other authors’”*>!7-1%

, most of the times this fast relaxation could be de-
scribed using a power-law or logarithmic relationship, but sometimes also with a
stretched exponential. An example for a measurement of polarization changes
with time in a PZT capacitor at different voltages is given in figure 2.20. The ef-

fect was usually explained by 90° domain wall relaxation and depolarizing fields.
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Figure 2.20: Polarization retention for a PZT capacitor and different switching vol-

108

tages . As seen in the plot, the polarization decreases relatively strongly in the first

micro- to milliseconds. This fast relaxation is found in a similar way in many expe-
riments.

On the other hand, studies exist which focus on the long-term retention loss of

P30T 1y this case, the mathematical description of the

ferroelectric capacitors
loss is mostly a stretched exponential function with a relatively low stretching
exponent of 0.1 to 0.5. Most of these studies are done with scanning methods such
as AFM or PFM, where domain growth can be directly measured. An example for

the data obtained in such an AFM study can be seen in figure 2.21.

In some studies, it is also found that the amount of slow switching compared to
fast switching increases with increasing cycle number of the capacitors'®. As an
explanation, a combination of random fields of ionized defects, clustering of point
defects and cascaded switching due to the polycrystalline nature of the material is

proposed.
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Figure 2.21: Domain area depending on time measured by PFM on a thin PZT
film”>. A long-term relaxation is found and can be described using a stretched expo-
nential function.

To summarize all studies on domain dynamics, two different switching processes
on different timescales exist, among which especially the fast switching is of in-
terest for our study. Often, this is described by a simple exponential or power-law
function, but also by a stretched exponential decay. The stretching exponent,
which describes the dimensionality of domain growth and the degree of order of
the domain structure, is usually smaller than 1 and often in the regime close to 0.5.
For our study, we still have to keep in mind that most of the literature data was

collected for thin films and thin film capacitors.

2.6 Objective of this work

Piezoelectrics are nowadays used in many applications where they are exposed to
cyclic loads over a long lifetime of up to 10° cycles. There is an increasing interest
in understanding the time-dependent response of piezoelectric actuators. Studies
have been performed on model systems, but the direct response of an actuator
operating under application conditions has not been investigated so far. To under-

stand the application, it is however crucial to study real systems which are more
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complex because they contain mechanical and chemical inhomogenities, interfac-
es and different phases. Also, it is completely open how dynamic processes of a

material might change with the fatigue state or contribute to fatigue behavior.

In this study, a new synchrotron-based method to perform time-resolved experi-
ments of piezoelectric actuators will be shown. The actuator is driven under com-
parable conditions like in the application as diesel engine fuel injector. The direct
response of different areas of the actuator can be studied with a time resolution of
1 ps. Precise mechanical tables and a focused beam even enables us to study
changes in single grains at different positions of the actuator and thus understand
the influence of the inhomogeneous intrinsic structure of the material. This is the
first time such experiments are not only performed on model systems, but take the
real application conditions into account and try to rebuild these conditions as close

as possible.

With this work we want to investigate dynamic processes that occur in a piezoe-
lectric actuator during switching and to understand the influence of the ceramic-
electrode interface. With selected methods, we want to look at different time- and
lengthscales. The goal is to get more details about dynamic processes and possible
fatigue mechanisms and understand how the actuator responds under different
boundary conditions. This might help to give data for simulation of these devices

and to find ideal application conditions.

38



3 Experimental methods

3.1 Sample types

Altogether, five types of samples were used for different diffraction experiments.

An overview is given in figure 3.1. A detailed description will follow below.

Sample types
(a) Sample for micro tensile testing (b) Full Actuator (c) Short Actuator
A
AgPd-Film 2 pm or 4 pm ] —
PZT-Wafer 500 um [ ———1 Approx.
< > ———{ Approx. 9 mm —— 90 active
20x20 mm ——— 300 active — Layers
30 mm ——— Layers E=S
T 4_>
e 7 mm
v
AT
(d) Split Actuator (e) Baby Actuator (f) Top View of all Actuators
2 mm——— Approx. 4 active
= Smmi==" |
9mm| 4 mm 20/40/20 mmIE Layers 8 mm
active
2MM=—] Layers > —
«—> mm 7 mm
7 mm

Figure 3.1: Overview about all sample types used in this work. (a) Wafer-like sam-
ples with only one or two electrode layers with 2 pm thickness each. From this, the
micro-tensile samples were prepared. (b) Whole actuator as used in diesel injection
systems. First experiments on the big sample chamber were done with this. (c) Short
actuator for new sample chamber. The preparation was simply done by cutting of
whole actuators. (d) Split actuator, prepared from a short actuator. The electrodes
were partly cut. (¢) Baby actuator for special X-ray experiments to study lattice
planes that expand parallel to field direction. (f) Top view to show the shape of all
actuator samples.
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All samples were made of a PZT of the composition PbZr( s3Tip4703 doped with
several different elements. The electrode material was Ag70Pd30. The ceramic
thickness was 90-100 pm per layer, the electrode films were 2 microns thick. The
sample production line was the same as for the actuator used in injection systems,
which is described in chapter 2.3.3. and by Randall et al.** Sintering was carried
out at 1000 °C followed by a pre-polarization step at 150 °C where the ceramic

was cycled 10 times.

With this basic process, a variety of samples was fabricated. For micro-tensile
testing, a special square-shaped sample with 20x20 mm? size was prepared (figure
3.1 (a)). On 5 layers of PZT that were laminated without electrode material, one or
two electrode films were printed leading to a total thickness of 2 and 4 pum, re-

spectively.

For first investigations in a large sample chamber, experiments on the full actua-
tor, the original 30 mm long device used in fuel injection systems, were done. The
top and bottom of the actuator consist of an inactive area with no electrodes; sold-
er spots for electrical connection are located at the bottom of each side. The exter-
nal electrodes are made of copper and soldered to the shoulders of the device. In
operation, the total elongation is approximately 0.15-0.2 % (around 40-50 um).
The capacity of the full actuator is around 3.4 pF.

For later experiments, a short actuator with only 9 mm length (see 3.1 (c)) was
used. With this sample, a much more compact sample chamber could be built and
experiments on an Eulerian cradle with maximum geometric flexibility were poss-
ible. To prepare the short actuators, a large actuator was cut into pieces with a di-
amond wire saw. Later, we used a special split actuator setup where the electrodes

were cut at certain positions also using a wire saw.

Final experiments were done on a special smaller actuator we refer to as baby

actuator. Only 4 active layers were laminated on top of a 4.6 mm inactive PZT
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bottom. Keeping the movement of the sample as small as possible was crucial for
the stability on the position-resolved experiments at ESRF. By transmitting
through the top electrode, lattice planes oriented perpendicular to the electrical
field direction could be studied, which are supposed to show expansion in contrast
to the contraction which we measured at lattice planes parallel to the field direc-

tion.

3.2 Microscopic Investigations

3.2.1 Preparation

For all metallographic investigations, the samples were prepared by grinding start-
ing with a grid of 240 on a Leuth-Rotor 3 by Struers. Further grids were 500,
1000, 1200, 2400 and 4000. For each step the grinding time was around 3 mi-
nutes. After that, a diamond polishing of 6, 3 and 1 um (Labopol 5, Struers) was
applied to further improve the surface quality. Minimum polishing time was 3
minutes per step. For the EBSD measurements, polishing was extended and a
chemical polishing with Mastermet™ solution was added for a better pattern quali-
ty. Due to the slight surface etching of the agent, thin oxide films could be re-

moved.

3.2.2 Light Microscope

The light microscope investigations were performed on an Olympus BH2 micro-
scope in reflected light mode. The pictures were taken using the Prolmage 3.2
software package and a Jenoptik camera. Different lenses from 5x to 50x were

used with an ocular of 10x magnification.
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3.2.3 Scanning Electron Microscope (S EM)

Several polished samples were analyzed by a LEO 1530 VP SEM using voltages
of 15-20 kV. Most investigations were done for the purpose of finding good posi-
tions for EBSD analysis. Pictures were taken with the in-lens and an RBSD (Ru-
therford backscatter) detector. The sample was partially coated with silver paint to

avoid electrical charging of the surface.

3.2.4 Focused Ion Beam Microscope (FIB)

In addition to the SEM experiments we also performed investigations in the fo-
cused ion beam. The microscope we used was a FEI FIB 200 with a liquid gallium
source. Polished and unpolished samples were studied with different magnifica-
tions. The FIB was also used to mill into the sample and take cross-section pic-

tures of the electrode material.

3.3 Diffraction Methods

3.3.1 Synchrotron Experiments

Experiments on lab sources were only performed for testing purpose; all important
X-ray diffraction results in this thesis were collected on synchrotron radiation fa-
cilities. Synchrotrons make use of the fact that relativistic electrons, which are
accelerated along a radial path, emit radiation. Elder et al.''* discovered this in
1947. Since the late 70s of last century, science started to use that kind of radiation
for the creation of X-rays of high brilliance. The brilliance is a relative figure-of-
merit to describe the quality of x-ray beams and is typically expressed as pho-
tons/mrad?/mm?/s in the relevant part of the spectrum. Modern X-ray sources offer

brilliances up to 10 orders of magnitude higher than conventional lab sources.
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The synchrotron experiments were performed at two different synchrotron radia-
tion facilities, the Angstromquelle Karlsruhe (ANKA) and the European Synchro-
tron Radiation Facility (ESRF). ANKA is a relatively small storage ring with a
diameter of approx. 30 m and a storage ring energy of 2.5 GeV'". Experiments
were done at the surface diffraction beamline operated by the Max-Planck Insti-
tute for Metals Research''®. The optical setup of the beamline is shown in figure
3.2. The main experiments at ANKA were the micro tensile tests (see chapter 3.4)
and part of the time-resolved experiments (3.5.2). The beam energies were be-
tween 8 and 10 keV, the beam at the sample distance was focused to approximate-

ly 0.25x0.5 mm? spot size.

Ring 43— Bxperiment
Source Point  Vacuum Miror - Monochromator Sanple Detector

Om

AN

13.5m 15m 20m 20.8m

Figure 3.2: Basic setup of the surface diffraction beamline at ANKA'"",

Some more complex time-resolved diffraction experiments with better spatial res-
olution were performed at ID0O1''® at ESRF in Grenoble''’. The beamline is
equipped with an undulator and offers an energy range between 5 and 35 keV. 16
bunch mode and 1/3 multibunch filling mode were used. Our experiments were
done with 10 keV radiation energy. The setup of the beamline optics is shown in

figure 3.3. With a focusing monochromator and 16 compound reflective lenses a
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beam size of approximately 4x6 um? on the sample position could be achieved. A

more detailed experimental description will be given in chapter 3.3.2.

ID1 scheme:

H: 134 pm
V: 24 um
H: 200 pm
V: 200 pm
Attenuator |
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Figure 3.3: Overview on the optics’ setup of ID01"®. Behind the monochromator and
mirror close to the sample, compound reflective lenses can be mounted to focus the
beam.

Different kinds of scans were used to characterize our samples. Bragg’s law'"’
describes the interrelation between the diffraction angle 6 and the lattice plane

distance d:

nA=2dsin@ (3.1)

with the photon wavelength A and the order of the reflection n. A series of lattice
planes is described by the Miller indices h, k and 1 which can be related to the

lattice plane distance d and the unit cell axis a, b and ¢ by the following formula:
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1
d,, = (3.2)

(&) ()

When the incoming angle 0 and the diffracted angle 26 are scanned at the same

time with the ratio 1:2 this is called 6-20 scan; the peak position 20 of a certain
reflection represents the distance of the respective lattice planes. On the other
hand, scans where the diffraction angle 20 is kept constant and one of the tilting
angles of the sample is scanned are called rocking scans. If the scan covers two
angles at the same time, we receive a three-dimensional dataset. These scans are

called mesh-scans.

3.3.2 Time-resolved X-ray Diffraction

Synchrotron radiation makes it possible to run experiments with higher resolution,
intensity and in shorter times compared to lab sources and opens the field to a
completely new type of time-resolved X-ray experiments'*’. The high brilliance
and intensity make it possible to study phenomena on timescales down to picose-
conds®®. Time-resolved diffraction experiments can for example be used to study
chemical reactions, phase transformations or the structural response of a material
to an external excitation, as we did in our study. The X-ray signal can either be
collected continuously with a multichannel scaler card or only in certain selected
timeframes synchronized but delayed with the excitation, which is called pump-

probe experiments'?'.

Synchrotron radiation has an internal time structure that limits the maximum time
resolution. Electrons are arranged in bunches with a usual bunch length of 25-100
ps while bunches are separated by several nanoseconds. In our case, experiments
were done with a time-resolution of 1 ps, so the incoming beam of the synchro-
tron can be considered as continuous photon source. This is the case for conti-

nuous filling (electron bunch separation of 2.8 ns, see figure 3.4) as well as in 16
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bunch mode with bunch separation of 176 ns where 5 or 6 electron bunches are
within the 1 ps counting time. As our data always is monitor-normalized, changes
in the incoming intensity due to different bunch numbers or the decay of the ring

current are averaged out.

25-100 ps 2.8ns

| - -] -

Time

Figure 3.4: Typical bunched time-structure of synchrotron radiation.

If the detection signal is sent to a multichannel counting card (in our case the SIS-
3820 by Struck Innovative Systems), each time slice of a certain fixed length can
be accumulated on an individual channel. This is called histogram mode. The start
of each counting sequence is triggered by or synchronized to an external pulse. A
macro to work with the SIS-3820 counting card in histogram mode was written in

SPEC diffraction software.

First experiments were performed with the full and the short actuator, which were
switched as a whole. A scheme of the basic components of the experimental setup
is given in figure 3.5. On a PC equipped with SPEC, the parameters for the count-
ing card like number of accumulations, counting interval time and number of in-
tervals could be set. When starting the counting sequence, a trigger signal from
the counting card started the accumulation by triggering an additional delay gene-
rator (DG535 by Stanford). After 1 ms of holding time, a pulse from the delay
generator started the voltage amplifier, which was at the beginning SL400-
25PDS3C by Scienlab company. Later this part of the setup was modified, details
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are given below. The adjustable voltage was usually set around 150V. The ramp

was chosen between 1 and 5 V/ps.

The pulses from the delay generator and the amplifier were checked with an oscil-
loscope as well as the temperature of the sample with a Lakeshore 330 tempera-
ture control system. During cycling, the piezo usually heated up to approximately
45-60 °C. Equilibrium was reached after some minutes, but already very soon a
temperature close to the final state was obtained, so the temperature during an
experiment can be considered as constant. For some experiments at higher tem-

peratures, a heating cartridge with temperature controller was used.

Counting Parameters

v

PC with Control’ Multichannel
Software L Time-resolved Detector Signal Counting Card

Trigger

Delay
Generator

Signal Control

ek

L" T ey

| T 0S
) f i
gdddeiddug

Trigger
Delay

£~ _. Temperature I 4
' o Contro m
Temperature Amplifier

Controller

Figure 3.5: Schematic of the electronics used to perform experiments. From a PC,
the counting parameters were sent to a multichannel counting card. A trigger from
this card started the experiment, the delay generator controlled the time until the
pulse was applied and the repeating frequency. The detector signal was fractionized
into the designated time channels by the counting card and finally read out by dif-
fractometer software.
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First experiments were done with a Nal scintillation counter, which can be linear-
corrected for count rates up to 400,000 counts per second (cps). For later experi-
ments at ANKA and the ESRF beamtimes, an Avalanche Photodiode (APD) for
higher count rates up to 2,000,000 cps was available. We always tried to use the
fastest available detectors at the given energies as high count rates were crucial for
good statistics in the time-resolved experiments. The detector signal was conti-
nuously collected and electronically split up into the different time channels of the
counting cards’ histogram space. Necessary deadtime corrections were applied in

the data analysis software which will be mentioned later.

An overview of the diffraction geometry and all angular degrees of freedom used
in the experiments with the full, short and split actuator is given in figure 3.6. 0 is
the tilting angle with a rotation angle parallel to the sample surface and perpendi-
cular to the incoming beam. y tilts the sample along an axis which is oriented pa-
rallel to the sample surface and parallel to the direction of the incoming beam
while ¢ is the angle of rotation with the rotational axis being perpendicular to the

sample surface and the incoming beam.

Figure 3.6: Sketch showing the diffraction geometry and the definition of all angles
and directions used in the experiments.
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Two sample chambers, one for the full and one for the short actuator, were con-
structed. The requirements for both were similar; the sample had to be mounted in
a frame to apply the pre-stress, which could be adjusted by a screw mechanism.
The amplitude of pre-stress could be measured by the deformation of the spring
the sample was operating against because the spring constant was known. A heat-
ing option was included in the copper block below the sample operating up to
temperatures around 300 °C. On the sample, a PT 100 temperature sensor was
mounted. Electrical feedthroughs were necessary for the temperature sensor and
the control of the piezo. Finally, a cover to work in a protective gas atmosphere

(helium) was implemented as well as gas inlet and outlet valves.

Photos of the two sample chambers can be found in figure 3.7. For experiments
with the full actuator, a big chamber to be mounted onto the large Huber tower at
ANKA beamline was constructed. The frame where the sample was fixed was the

original test frame for fatigue experiments at Bosch (see figure 3.7 (a)).

Temperature
sensor
-

Ceramic Sample
Disc P

Figure 3.7: Sample chambers. (a) Big sample chamber for experiments on the full
actuator. (b) Small sample chamber for the short and the split actuator setup, which
is shown in the picture. The ceramic discs seen in the right picture were later re-
placed by discs made of epoxy circuit board material. On one of these two epoxy
discs, a piezo sensor to measure the system vibrations was attached. The spring was
exchanged by a bulk steel block to reduce vibrations.
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The actuator was operating against a tubular spring with a spring constant of
1kN/mm. The actuator was ground and polished to prepare a flat surface for X-ray
investigation. A silicon based coating was sprayed on the sample to prevent elec-
trical sparkover. The sample chamber could be covered with a steel cylinder with
a Kapton window as pathway for the X-rays. A heating cartridge could be intro-
duced in the copper block that can be seen below the sample. The electrical
feedthroughs necessary to provide the voltage for the sample were included on the
bottom of the chamber. Temperatures up to 300 °C could be reached with this se-

tup.

The construction principle of the second sample chamber is similar; a new frame
was constructed to mount smaller samples. As counterpart for the piezo, a tubular
spring, a spiral spring or a bulk steel block could be mounted. Feedthroughs for 3
cables on each side of the actuator as well as a temperature sensor were available
on the bottom of the chamber. The chamber was covered with a PEEK dome as
used in the DHS-900 heating chamber from Anton Paar company. To raise the
temperature if necessary, a heating cartridge was buried in a copper block below

the sample.

Experiments with the baby actuator were done with a commercially available
sample chamber which was adapted to our experiments. The BTS-basic tempera-
ture stage from mri company enables heating and cooling in large temperature
ranges and is equipped with a beryllium dome to measure under vacuum and pro-
tective gas conditions. The chamber can be adapted to different applications. In
our case, we used the low-temperature setup with a nickel strip heater, where tem-
peratures up to 400 °C or also down to -180 °C can be reached. Temperature was
controlled by a Eurotherm 2404 controller. The setup with the baby actuator as
used at ANKA can be seen in figure 3.8. The sample had to be positioned careful-
ly in the centre as no x-y stage was available in this setup. Electrical feedthroughs

were available to connect the sample with the external voltage. The sample height
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was adjusted by three screws, which were bearing on the base plate below the

chamber.

—'\

v

Strip heat

Figure 3.8: Photo of the mri BTS basic sample chamber used to perform experi-
ments with the baby actuator. Usually, the chamber is covered with a beryllium
dome. Feedthroughs for the electrical connections are available. A nickel strip heater
is used to work at temperatures up to 400 °C.

Between 10,000 and 100,000 cycles were usually accumulated per datapoint in the
time-resolved experiments. Often, a whole mesh in 0-20 and 6 direction was rec-
orded (see figure 3.9). To select peaks, a rocking scan was performed; a peak with
high intensity was selected and the peak centered in all tilting directions. The
counting interval was usually set to 1 ps, which is the minimum interval time due
to an internal limitation of the counter card board frequency. A measurement
started with a waiting time of 0.2 to 1 ms before the voltage was switched on, af-
ter 5 ms holding time, the voltage was switched off again and another 4-5 ms
waiting time to measure potential relaxations was included. This adds up to a re-

petition rate of 89-100 Hz, so that a usual measurement of a whole mesh with
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around 20000 accumulations per datapoint took 6 hours. The number of repeti-

tions was adapted to the desired measurement time.

%
7%
%

Figure 3.9: Example for a typical mesh recorded in time resolution. On each Q point
on the mesh, a series of several ten thousand accumulations was performed to collect
the data in histogram mode. Altogether, a dataset of usually (11x11x10000) points
was obtained.

Almost all of the experiments were done at the (101) peak, which showed the
highest intensity and thus enabled the fastest measurements and best counting
statistics. Count rates on the peak were between 300,000 and 2,000,000 counts per
second. At ESRF, higher count rates were achieved. Figure 3.10 shows a schemat-
ic view on the unit cell of PZT and how it changes when an electrical field is ap-
plied. The (101) planes should not only change their distance as a consequence of
the piezoelectric effect, a tilting of the lattice planes should also be measured be-

cause the ratio between the lattice parameter changes.
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6,

6,

Figure 3.10: Sketch of the unit cell of PZT with the (101) plane marked in yellow. If
an electrical field is applied, the lattice plane distance of the (101) planes should
change, but also a tilting of the (101) planes can be measured (017£02).

In first experiments, very pronounced oscillations of the intensity signal were
found. This could be attributed to the excitation of eigenmodes of the sample and
the surrounding, e.g. the spring and the sample frame (see chapter 7.1). As this
effect was stronger than potential relaxation effects which we wanted to measure,
a new setup was developed where the actuator was split up into three parts (figure
3.11). The inner part was of the same length as the sum of the outer two parts.
Voltage was first applied to the outer actuators to achieve a pre-pressurized state
(b). Then the voltage of the inner part and the two outer parts of the actuator were
applied 180° out-of-phase. In this setup the total length of the system did not
change anymore during cycling. The second advantage especially for the position-
resolved measurements at ESRF was that in the centre of the sample a region was
present which did not move during the experiment. This is necessary when work-

ing with a small beam spot and investigating single grains.
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Figure 3.11: Schematic principle of the split actuator setup. The voltages of the inner
part and the two outer parts of the actuator are applied 180° out-of-phase. With this
setup, the total length of the whole actuator does not change and thus no mechanical
resonances of the frame are excited. The blue box symbolizes the actual time; the
corresponding shape of the actuator is shown in the centre of the figure. The states
(b) and (c) are repeated continuously during the experiment.

Working with the split actuator also made it necessary to change the electronic
setup, as now at least two amplifiers, one for the outer two parts and one for the
inner part, were necessary. To do so, we used three TA 2400 TX-K audio amplifi-
ers coupled with a function generator to provide the pulse signal. The amplifiers
were triggered at the same time, but two of them received opposite pulses com-
pared to the first one. Figure 3.12 shows a pulse diagram to explain the electronic
setup we were now using for the cases of the baby actuator ((a), one amplifier)
and the split actuator ((b), three amplifiers). The SIS 3820 counting card starts
with a TTL pulse which is directly sent back to the card to start the counting se-
quence. After a programmed delay in the range between 100us and 1 ms, the Stan-
ford DG535 pulse generator starts the TGA 1240 function generator which finally
controls the amplifier supplying the sample with the desired voltage. A piezo bi-
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morph sensor was used to find the point of minimum vibrations. Such a sensor
consists of two PZT layers poled in opposite direction and is very sensitive to
bending. The voltage signal of this sensor was taken with an oscilloscope and the
minimum voltage corresponded to the least bending of the bimorph sensor. With
the split actuator, the vibrations could be reduced by a factor of 20. As the am-
plifiers only provided an alternating signal of + 100 V, a pre-amplifier with a vol-
tage of up to +100 V was used to shift the signal into the required signal range of

0-200 V maximum pulse height.

5153820 Out 5153820 Our

515 3820Mn
5I538201n
DG535 0ut

35
DG535 Out TGA 1240 0ut

Channel 1 o

TGA 1240 Out Channel 2 ™
TA 2400 Out
Channel 1 oV

TA 2400 Out

Channel 2/3 oV

Time Time

Figure 3.12: Pulse Diagram to explain the electronic setup used in experiments with
the (a) baby and (b) split actuator. When using the split actuator, three TA 2400 au-
dio amplifiers are used, where the signal of two of them is 180° out of phase with the
third. This is controlled by programming two different waveforms in the function
generator.

Figure 3.13 shows a circuit diagram of the complete setup. In the centre of the
figure, a plan of the box is shown which is used to shift the voltage from £100 V
into the range of 0-200 V by using a DC amplifier combined with the audio am-

plifiers. The BNC connectors can be used to study the voltage and current signal
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of the box. In case of the split actuator where three amplifiers are connected to the

sample, three adapter boxes are needed.

Digital Out
PCwith SPEC | | SIS 3820 e ey DG 535 TGA 1240
Control software Counting Card — Delay Generator Function Generatar
Digital In '—‘
Signal input
120 DC
Detectar Arnplifier
—_
Sample
2]
Piezoelectric
— o—| |—0
Actuator Rz
BNC
anc TA 2400
: Audio Amplifier

Figure 3.13: Circuit Diagram of the electronics setup used in the experiments. The
black square symbolizes the adaption box which changed the voltage from originally
=100V to 0-200 V.

At ESRF, we first performed time-resolved and position-resolved measurements
of the split actuator. We studied the response of single grains at different sample
positions and compared potential relaxation effects. For this experiment, the
second sample chamber was equipped with Huber x-y-z stages with high resolu-
tion and repeatability below 1 um. The resolution was 2.5 pm in x-y directions
and 50 nm in z-direction. For the second ESRF beamtime, the x-y resolution was
improved to 0.25 um by implementing a gearbox. By scanning the sample for
AgPd-peaks, a good positioning with respect to the electrodes could be achieved
so that grains at special sample positions could be selected by performing rocking
scans and x-y scans. Grains had to be chosen carefully; often the intensity was not

sufficient for time-resolved experiments.
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Later experiments at ANKA and ESRF were done with the baby actuator. The
baby actuator was only built with four active layers to ensure minimum movement
of the sample, which was of particular importance when working with the small
beam spot at ESRF. Advantages of this setup was the mechanical stability, the
disadvantage was that no x-y stages could be included in the setup on the Eulerian
cradle at ANKA. Also, the sample height had to be adjusted manually. At ESRF,
the setup could be mounted onto a large Huber tower where mechanical tables

were available.

First experiments with the baby actuator revealed that the absorption of the X-ray
beam due to the AgPd top electrode was too high, as the PZT peak intensities
were remarkably lower than the intensities measured for the split actuator. To
solve this problem, several etching methods were used. Finally, the top electrode
was partially removed by argon sputtering in a reactive ion etching chamber. The
parameters were 300 W plasma power and 1 hour of sputtering time. The success
of the sputtering process was verified using X-ray diffraction, where the peak in-
tensities of AgPd and PZT before and after sputtering could be compared well
(figure 3.14). A clear decrease of the AgPd signal and an increase of PZT intensity

can be seen.

Improvement by sputtering
= QOriginal sample
Sputtered sample (1 hour)

6x10°

4
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4 111 « Agrd =
5 2x10" H ( ) H (111) '..
£ \
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37.5 38.0 38.5 39.0
Diffraction Angle 20

Figure 3.14: Intensity changes in the signal of the AgPd electrode material and the
PZT when sputtering the electrode in the RIE chamber.
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When doing experiments with the baby actuator setup at ESRF, there were still
stability problems during the experiment which potentially could be caused by our
setup. But also, there were indications that the incident beam was moving, espe-
cially due to problems with the monochromator stability. Even when we did not
change the sample position, peaks often had to be readjusted during the experi-
ment. After several trials to locate the instable component of the setup, we tried to
simplify the experiment as much as possible. Finally, only a bulk steel block un-
derneath the sample, which was glued directly on it, was used. Still, all transla-
tional and rotational positioners were available, but the sample chamber was re-
moved. The sample was covered with a plastic bag filled with helium protection
gas to minimize radiation damage. Now, heating was not possible anymore. Even
with this setup (figure 3.15), we still had to readjust the sample position in direc-
tion parallel to the X-ray beam after each measurement point on a mesh. For fur-

ther details on this stability issue, see chapter 7.5.

Plastic bag
\

Steel block

Figure 3.15: Setup with the baby actuator as finally used at ESRF. The sample is
glued on a steel block and covered with a plastic bag for He protection gas atmos-
phere. Still, the sample position had to be readjusted manually during the experi-
ment in direction parallel to the X-ray beam.

Later, a small test experiment in the lab was done to check whether the stability
problems were caused by our setup or the beamline. The position of our setup was

checked with a test gauge with sub-micron resolution. Even after the piezoelectric
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actuator was excited for 2 days, no movement was found. An additional indication
for the beam instability was the occurrence of “stripes” in the signal of single
grains (see figure 7.23), whose relative intensities were unstable. The reason for
these stripes was imperfections of the monochromator, and as they were changing
in intensity, this was a clear indication that the incident beam from the storage ring

or the monochromator were moving.

Main goal of the experiments at ESRF was the study of single grains at different
sample positions. For this, different measurements of the time-dependent response
of grains at the active and inactive area of the actuator were done for both the split
actuator (first beamtime) and the baby actuator (second beamtime). Figure 3.16
gives an overview of the different sample positions studied in both beamtimes. In
the baby actuator, we studied in addition a third position close to the electrode
edge. At each point, grains were selected and centred and a mesh in 0 and 26 di-

rection was recorded.

(a) Split actuator (b) Baby actuator
(1) Centre
(2) Electrode Edge
/ \ (3) Inactive Area
(1) Centre (2) Inactive Area

Figure 3.16: Different sample positions where grains were investigated in the ESRF
beamtimes. (a) Split actuator, two grains were studied, one in the active and one in
the inactive area of the sample. (b) Baby actuator, four grains at three different posi-
tions were studied, two in the centre area and one close to the electrode edge and in
the inactive area, respectively.

192 software package.

Data was treated using the Interactive Data Language (IDL)
A program was written to automatically read in the files at each datapoint of a

mesh and to save the data in a 3D array. Some fitting and data treatment routines
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were developed to fit peaks in both directions, smoothen the data, do monitor
normalization, deadtime correction and save the fit parameters. Exporting parts of
the data for further treatment in other programs was also implemented. With this
program set, all necessary data treatments were possible. Peak fitting with Gaus-
sian peak shapes showed the best agreement with the data compared to other peak
functions. The fits allowed us to extract a time-resolved peak position. To fit the
relaxations, especially in the data of the second beamtime, the data was exported
to Origin, where better fit results were obtained. Fit functions were self-written

and adapted to Origin fitting routines.

3.3.3 Micro-Tensile Testing of Thin Films

The synchrotron-based testing technique for thin films used in this thesis has been
introduced by Béhm et al. in 2004'%*. The general idea is to deposit a thin metal
film onto a polymer substrate and to perform in-situ X-ray stress analysis of the
film during a tensile test. This method is the only known experiment to perform

tensile tests on films down to 30 nm thickness.

To determine the stress state in a polycrystalline material by X-ray analysis, usual-
ly the sin? y-method is used'”. The general idea is to make use of the fact that in a
strained sample the spacing of lattice planes depends on the orientation of the
grain (figure 3.17). A plot of the lattice constant against sin? y (the tilting angle)
will result in a linear relation from which one can determine the residual strain in
the tested material (if the material is isotropic and untextured). Using the elasticity

tensor, the strain can be determined from the measured stress.
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— 2 —

band

Figure 3.17: Principle of the siny-method. In a strained sample, the distance of lat-

tice planes perpendicular to the direction of load increases while it decreases in
planes parallel to the load.

In contrast to that, the method of synchrotron-based micro-tensile testing uses the
in-plane rotation angle ¢ (sin’¢p-method). The sample is investigated in transmis-
sion instead of reflection geometry. If we consider the lattice spacing (figure
3.18(a)), it also depends on the in-plane orientation of the grain. A CCD area de-
tector is used to record the whole Debye-Scherrer rings simultaneously. From the
elliptical distortion, the lattice strain in both longitudinal and transversal direction
can be determined. The stress is calculated from the measured macroscopic dis-

placements of the whole film with a given elasticity tensor using Hooke’s law.

The specimens were made out of special square-shaped samples (20x20 mm) pro-
duced by Bosch. Two different film thicknesses were used (2 and 4 um) corre-
sponding to 1 or 2 electrode layers. All samples were spin-coated with a polyim-
ide solution (PI 2611 by HD Microsystems) and baked in an oven to eliminate the
solvent. After that, a homogeneous polyimide film of approx. 10 um thickness
remained on the film. Polyimide is very soft and considered not to have a strong

influence on the mechanical properties of the film.
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(b) 50 nm Cu (111)
W (110)

Figure 3.18: (a) Principle of the sin’¢$ -method. The in-plane lattice strains are
measured. (b) Example of a CCD camera image of a thin copper film showing also
the ring of the tungsten calibration substance.

The samples were cut into slices of 3x20 mm? with a wire saw. Different acids
were tried to etch away the PZT, but it turned out that the only acid that etched
PZT in a reasonable time (HF) also partly destroyed the electrode material. Reac-
tive ion etching of the ceramic with SF¢ was too slow. It was found that the adhe-
sion between the film and the substrate was not very good, so we were able to peel
off the polyimide with the AgPd film attached. Finally, two polyimide foils with a
thickness of 125 pm were glued on each side of the sample (figure 3.19) with a

silver-epoxy-paste that was hardened on a heating plate.

Polyimide (~10 ym)

Polyimide (125 pm each)
AgPd-Film (2-4 pm)

Figure 3.19: Sample preparation for micro-tensile testing: A polyimide film is depo-
sited on the sample. After removing the substrate, two thicker polyimide foils are
glued on each side.
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The sample was mounted into a micro tensile testing machine that also offered the
opportunity to heat. The CCD camera had to be moved close to the sample to be
able to record the complete Debye-Scherrer rings. This was also the reason why a
calibration substance was needed as the CCD camera position was not always at
the same reproducible position. The tungsten powder was dispersed in a gel and
stuck to the Kapton side of the sample. The macroscopic length change was

measured by tracing two markers with a high resolution optical camera.

The experiments were performed at the surface diffraction beamline operated by
the Max-Planck-Institute for Metals Research at the Angstromquelle Karlsruhe
(ANKA)'". The photon energy was 7.97 keV. The micro-tensile tester was
mounted on the goniometer. The exposure time for the CCD camera was 30
seconds, pictures were taken for each step of the tensile test. Figure 3.20 shows

the experimental setup at the MPI-MF beamline at ANKA.

- )\?:
- _’-‘ |
T@:si'lfe%

tester
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Figure 3.20: Setup for micro tensile testing at the MPI-MF beamline at ANKA
Karlsruhe.
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For most of the samples, the loading program was 7 steps with 9 um step size
followed by 23 steps with 18 pum step size each. Altogether the sample was elon-
gated by 477 um. The unloading program was 10x9 pm and 13x30 um. At tem-
peratures above 100 °C, the step size was 7x6 pm and 23x12 um for the loading
and 10x6 um and 13x20 pum for the unloading part of the experiment. The testing
temperatures were 20, 60, 100, 150 and 200 °C. For both film thicknesses, at least
2 samples were tested at each temperature. The nominal temperature was 10 °C

higher than the temperature measured on the sample.

The CCD-frames were processed with a software package'** written in IDL to
extract the lattice strain. The stresses were calculated from Hooke’s law using the
values of the pure metals'** and assuming isotropic behavior (no strong texture
can be found in EBSD measurements in chapter 4.4) and a mixture rule for the

Young’s modulus E:

E,,, =0.7E,, +0.3E,, =[(0.7-82.7)+(0.3-121)|GPa = 94.2GPa

The strain was calculated assuming equidistant steps. This simplification can be
made if the strain of the film is proportional to the strain of the polyimide foil. To
determine the residual stress, we took the stress plateaus of the loading and un-
loading curves and calculated the average value. Half of the distance between the
plateau values was assumed to be the flow stress. A more detailed description of

this can be found in chapter 5.2.

3.3.4 Electron Backscattering Diffraction (EBSD)

EBSD is a powerful method to monitor the orientation of grain and subgrain
structures in a scanning electron microscope. It was discovered in the 1950s, but

became widely used after 1992, when Dingley and Randall'*

developed automat-
ic pattern collection and fitting routines. Reviews on this technique can be found

e.g. by Huphreys'? and Baba-Kishi'?’. In this work, EBSD was used to determine
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the grain structure and to verify whether preferred orientations were present in the
material before and after poling. To investigate our samples, we used polished
PZT samples and investigated them in a LEO 1530 VP (see chapter 3.2.3) with an
attached EBSD system (HKL channel 5.7). The voltage was 20 kV and the work-
ing distance 13 mm. Tango hkl software was used for automatic pattern interpreta-

tion. We also investigated AgPd films.

The pattern quality is highly dependent on the surface quality, so additional po-
lishing steps were added. The sample surface is scanned with a stepwidth between
100 nm and 1 pum. An automatic mapping of a given region is done. The color
coding of the standard orientation triangle allows determining the orientation at
each point. Colored maps can be plotted to map the crystallite orientation in a cer-
tain spatial direction at every point. Usually, the pattern quality at some points is
not high enough to determine the orientation. The indexing rate is a measure for
the number of patterns that can be analyzed successfully. In our case, we achieved

an indexing rate up to 90 %.
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4 Results: Microstructural Investigations

4.1 Light Microscope

The light microscope pictures were mostly taken to get a rough idea of the multi-
layer actuator structure. Figure 4.1 gives an overview over the interdigitated layer
structure of an actuator. The ceramic material can be seen in light blue. The high
density of pores (dark spots) is mostly due to preparation artifacts. The internal
electrodes are visible as dark blue lines. The red dots on the upper side of the ac-
tuator are the external electrodes made of copper which are connected to the actu-

ators by a common Sn-based solder.

Figure 4.1: Overview of multilayer actuator taken in a light microscope with a mag-
nification of 50x. The pores are preparation artifacts.
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4.2 Focused Ion Beam (FIB)

The first investigations we performed with the focused ion beam microscope were
overview pictures of the bulk actuator. In figure 4.2 and figure 4.3 two images
with low magnification are shown. It is striking that the distances between the
ends of the electrode material and the counter electrode vary strongly between 100
and 400 pm, which is due to the fabrication of the actuator when several hundred
layers are stapled, a geometrically not very precise process, especially in proto-
type production status. The grey shades around the electrode edges are due to
charging effects of the non-conductive ceramic material. In figure 4.2, the external

electrodes are still missing, so the actuator is investigated right after sintering.
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Figure 4.2: Overview picture of an actuator after fabrication, but still without exter-
nal electrodes.
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03/28/06 s
15:04:33 | 289 X [1.27 mm PZT, Pr2, gepolt (piezo)

Figure 4.3: FIB picture of the actuator in pre-poled state with external electrodes,
which can be seen on the left side of the picture as globular structures.

Furthermore, we took a closer look at the structure of the ceramic and the elec-
trode material. Cross-sections were taken to get an insight view of the electrode
structure because the soft electrode material may cause some smearing effects at
the surface when grinding (figure 4.4). On the surface as well as within the cross-
section the thickness of the electrode layer is not very homogeneous (figure 4.5).
Some twin boundaries are visible and the grains are relatively coarse with grain
sizes close to the film thickness (2 pum). Twins are boundaries where the stacking
sequence of one side is the mirror image of the opposite side and are a well known
structural feature in many metals. They can form during growth, recrystallization

or deformation.
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03/28/06 _——————
15:07:48 | 1000 X | 304 um PZT, Pr2, gepolt (piezo)

Figure 4.4: Overview of the actuator; the electrode material is smeared out at the
surface.

30.0 kY| 45.0° : PZT, Pr2, gepolt (piezo)

Figure 4.5: Cross-section image of an electrode. Twins (marked with arrow) and
large grains are found.
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Further experiments were performed on the samples for micro tensile testing (2
um and 4 um AgPd). The surface was very rough (figure 4.6) and many large hil-
locks were formed on the surface. The cross-section showed large grains again. To
get a better view of the film and the interface the sample was polished and some
more cross-sections were taken. The inhomogeneous film thickness was mostly
due to surface roughness of the ceramic substrate leading to inhomogeneous abla-
tion and some pores occurred at the electrode-ceramic interface (figure 4.7). A
thin deformed surface layer formed during the polishing process.

o w5 A -

o A TRWK 3
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09/21/06

30.0kV| 147 | 15:65:34 | 20.3 ym | 15.0 kX| 45.0° AgPd-PZT, 2 S

Figure 4.6: Surface image taken with the FIB. The unpolished surface is rough and
hillocks are visible.
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Deformed surface layer —

AgPd-Film

Beam pA | 09/ / —_————— 2pum
30.0kV| 14.0 5 3 X| 45.0 AgPd-PZT, 28

Figure 4.7: Surface picture of the FIB after polishing. A thin deformed layer on the
surface is visible. The thickness of the film is inhomogeneous and pores on the inter-
face are visible.

4.3 Scanning Electron Microscope (SEM)

The main use of the SEM was the imaging of grain and domain orientation of the
ceramic by Electron Backscattering Diffraction (EBSD) measurements. In addi-
tion to the results observed with other microscopic methods, grains could be better
distinguished using the RBSD detector (figure 4.8). With a higher magnification,
the domain structure was partially resolved (figure 4.9), even though it was diffi-

cult to take really sharp images due to charging effects.

From the SEM Images one can see that the grain size was mostly in the regime of

1-5 um, the domains were arranged in stripes of several hundred nm.
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e v T — MM B T Bt T s e AR, R

EHT=2000kV Mag= 462KX WD= 12mm  Time:17:31:00
Signal A=RBSD Date :2 Apr 2007

Figure 4.8: SEM overview image taken with the RBSD detector. Different grains can
be resolved. Pores are due to preparation of the hard, brittle ceramic.

i
EHT=2000kV Mag= 979KX

Figure 4.9: Detail picture in the SEM also showing domain structures (marked with
arrows).
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4.4 Electron Backscattering Diffraction (EBSD)

EBSD experiments were performed on the AgPd films as well as on the PZT ce-
ramics. Figure 4.10 and figure 4.11 show two graphs of an AgPd film with the
measured y- and z- orientation of the unit cell in the grains. In the upper centre
grain, several twin boundaries can be found. The twins are oriented close to (001)
and (210) direction, so the angle between these two orientations is almost 90°. In
the lower grain, also a twin boundary can be assumed, but the indexing rate is
lower, so no final conclusion can be drawn. The grain size is found to be relatively

large (around 10 um), which fits well to the results found in other microscopes.

IPF colouring

001

u
.
=5 pm; IPF_Y1; Step=0.25 pm; Grid100x100

O—s—>

Figure 4.10: EBSD map of the orientation of an AgPd-film in y-direction. The color
coding representing the unit cell orientation is shown in the right. To explain the
directions used in all EBSD maps, the corresponding coordinate system is shown. In
this case, for the micro-tensile sample, z is the potential direction of the electric field
and the film expands in x- and y-direction.
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f
I, - . [PF_Z1+GB; Step=0.25 yum. Girid] 00+100

Figure 4.11: EBSD map of an AgPd-film in z direction.

In the ceramic, mapping was done at different sample positions. Goal of this study
was first to resolve the grain structure of the material, second to see whether there
is an orientation difference between the centre of the actuator and the inactive area
close to the electrode edges. No clear trend could be seen at different sample posi-
tions, but in general it is remarkable that a relatively strong in-plane orientation in
y-direction can be found (figure 4.12), while in z-direction the orientation is more
or less random (figure 4.13). This is visible at all sample positions and thus prob-
ably due to a preferred orientation of the initial sheet material. Some single do-
mains can be seen in EBSD experiments with higher magnification (not shown

here), the grain sizes are mostly between 1 and 5 um.
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IPF colouring
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Figure 4.12: EBSD orientation image of the ceramic in y-direction. The grains are
mostly (001) oriented. Y is the direction of the electrical field, x the direction of the
electrodes.
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Figure 4.13: EBSD orientation image in z-direction. The grain orientation is ran-
dom.

4.5 Discussion

The microstructure plays an important role when considering the properties of a

material. In the case of a piezoelectric actuator, the whole material system that has
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to be considered is complicated. Different constituents are involved, namely the
internal electrode and the ceramic material. In addition, the involved geometries

are complex.

The electrode is made of Ag70Pd30. Silver-Palladium is a system with a conti-
nuous solid solution between the two elements'*®, so a homogeneous microstruc-

ture would be expected (figure 4.14).
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Figure 4.14: Phase diagram of the system Ag-Pd'?®, the given concentration of our
material (Ag70Pd30) is marked. The elements are fully miscible. The dotted line is
the solidus, the continuous line the liquidus line.

The FIB cross-section pictures show twinning, a mechanism known to occur dur-
ing recrystallization of fcc metals'®’. The temperatures to which the material was
exposed during sintering (1000 °C) were relatively close to the melting tempera-
ture which lies around 1220 °C. At such high temperatures, recrystallization was
definitely expected'°. The large grains of usually several microns size can also be
attributed to the growth of few grains during recrystallization when sintering the

actuator. Normally, recrystallization also leads to a textured material, but in this
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4 Results: Microstructural Investigations

case no strong texture evolution was found. A study performed on AgPd films
focusing on recrystallization could not be found in literature, so it is not clear how
the microstructure of an AgPd alloy with this composition changes due to recrys-
tallization. No significant difference was found between the films used for micro-

tensile tests and the electrodes of the actuator.

Microstructural investigations of the actuator also revealed that the distances be-
tween the electrode edges and the counter electrode were inhomogeneous. The
reason for that was the fabrication process, where all the layers of the actuator are
stapled, laminated and then sintered®”. The stapling in combination with the sinter-
ing process led to inhomogeneous distances and small shifts of all the PZT layers.
The distances varied between approximately 100 and 500 um. In addition to that,
the FIB cross sections showed that the electrode thickness was also not constant.
In fabrication, the electrodes were screen printed on the ceramic sheet material. As
the sheet material thickness was already inhomogeneous and the screen printing is
not a very precise process, thickness variations can be easily understood. When
looking at the results of the micro-tensile tests, we have to keep in mind that the
film thickness cannot be regarded as homogeneous. As the boundary layer be-
tween the film and the electrode shows some pores and did not appear to be very
adhesive, we were able to pull off the films for the micro-tensile tests without de-

stroying them.

The piezoelectric ceramic was made of PbZr 53Ti4703, a composition where a
potentially monoclinic structure would be expected. A small fraction of a different
phase might nevertheless still be present (figure 4.15). This was not totally con-
firmed by synchrotron X-ray experiments (see chapter 6.2); our samples were
mainly tetragonal, even though the question of a possible presence of a second
phase could not be definitely answered. As the material was polycrystalline and
not stress-free, it is very difficult to distinguish between intrinsic effects like resi-

dual stresses, which can also lead to changes in the peak shape, and a second
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4.5 Discussion

phase that may be present in the material. No clear information whether a possible
second phase is rhombohedral or monoclinic could be found. To verify this, a dif-
ferent kind of sample, a powder with small grains and as stress-free as possible,
would be necessary. When we consider expected phase compositions, we also
have to keep in mind that other elements are present as dopants. This will shift the

boundaries in the phase diagram.
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Figure 4.15: Phase diagram as suggested by Noheda et al.”> A PZT ceramic with our
composition is expected to occur potentially in the ferroelectric monoclinic phase
(Fym), even though a small fraction of ferroelectric rhombohedral phase (Fr) might
still be present in the material. From the pure composition, no ferroelectric triclinic
phase' would be expected. The paraelectric cubic phase (Pc) only exists at higher
temperatures.

By EBSD and SEM analysis, separate grains and in some of them even domains
could be detected. Unfortunately, automatic grain size detection by the EBSD
software was not possible due to the domain boundaries also present in the ma-

terial. A manual grain size analysis showed grains in the range of 1-5 pm, smaller
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4 Results: Microstructural Investigations

grains are more frequent. Domains are arranged in stripes with distances of ap-
prox. 200 nm. The results fit well to other studies focusing on the domain configu-
ration of PZT. A study of Schmidt et al."*' done at PZT films of different thickness
and composition showed similar domain sizes and shapes, a second work by Mu-

noz-Saldana et al.'*

also confirmed this kind of configuration. Most of the do-
main boundaries that are visible seem to be 180° domain walls, but also some 90°
domains can be found. In figure 4.16 (our work) and figure 4.17 (literature work)

both configurations are marked.
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Figure 4.16: SEM picture showing the presence of 90° domains (“fishbone” struc-
ture indicating 90° angles) as well as 180° domains (“stripe” structure).
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4.5 Discussion

Figure 4.17: TEM picture taken from a work of Choi and Choi'** also showing both
types of domain configurations.

It is assumed that in general most switching in a piezoelectric material proceeds
by 90° domain reorientation®. As these domains are present in the material, we
can also expect this in our case. 180° domain switching is difficult to detect with
our setup. In principle, the orientations can be distinguished using diffraction me-
thods, but require studies with domain resolution. Also imaging methods like

AFM or PFM can help, but are not used in this work.

A second thing that is revealed by the EBSD experiments is a relatively strong in-
plane (001) orientation in y-direction (see figure 4.12). This would generally be
expected after pre-polarization, because most of the domains should be oriented in
poling direction. The general trend can nevertheless also be seen in the imhomo-
geneous regions of the actuator, so we would rather expect an effect due to a pre-
ferred orientation of the initial sheet material. For further details and to also get an
insight into the domain structure, more EBSD measurements would have been
necessary. In general, EBSD experiments showed that we can also measure single
domains with this method; but also here more detailed investigations would have

been necessary.
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5 Results: Thin Film Experiments

5.1 Characterization of the metal electrode

Beside the first characterization of the films by FIB (chapter 4.2), X-ray experi-
ments were performed to characterize the residual stresses in the films. The expe-
riments were done by the central scientific facility X-ray diffraction using the
sinP-method. Table 5.1 summarizes the results. Two specimens were investi-

gated, one with 2 um film thickness and the other with 4 um film thickness.

Table 5.1: Residual stresses of AgPd films for both thicknesses, measured by X-ray

diffraction.
Sample (AgPd thickness) 2 um 4 um
Residual Stress og [MPa] 41 £5 615

Lattice Parameter a [A] 4.000 +.002 4.008 +.002

A texture analysis of both films was also performed. Figure 5.1 shows the plots
for the (111) peak. No significant texture could be found, the existence of many
small peaks indicates a large grain size. The fact that the 4 pm sample had a
stronger intensity drop already at lower tilting angles (figure 5.1 (b)) was only due

to the smaller sample where edge effects occurred earlier.




5 Results: Thin Film Experiments

Figure 5.1: (a) (111) pole figure for the 2 pm AgPd sample. (b) (111) pole-figure for
the 4 pm sample. No significant texture is visible. In both experiments, the sample
was completely rotated (360°) and tilted by 90°.

5.2 Micro-tensile testing

For both types of samples (2 pm and 4 pum film thickness), micro-tensile tests
were performed at ANKA. Starting from room temperature, the mechanical beha-
vior of the samples at five temperatures between 20°C and 200 °C was studied. In
figure 5.2, a typical stress-strain curve for an AgPd thin film is shown. The curve
starts with an elastic slope marked in red. At a certain point, either plastic defor-
mation starts or the films fracture in case they are brittle (figure 5.2). The maxi-
mum stress is reached at the end of the plastic regime and stress drops because of
fracture. After loading is finished at almost 2 % strain, the unloading curve shows
the same behavior, but fracture does not occur, as the test is now performed in

compression. A larger plateau is visible.

From the curves, a maximum tensile stress om.x and a maximum compression
stress omin can be determined. Usually, one would expect that the absolute values

of both stresses are equal. If this is not the case, one can assume that the sum of
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5.2 Micro-tensile testing

both stresses represents an initial residual stress o; that is already present in the

material at the beginning of the test.

o = max min (5.1)

To determine the flow stress of the films, the average of both maximum stresses

has to be taken to eliminate the effect of the initial stress:
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Figure 5.2: Example for a stress-strain curve of a micro-tensile test of a thin film
sample. The maximum and minimum stress values (6. min) are marked as well as
the Young’s modulus (E=Ac/A€=94.2 GPa) and the initial stress value (o;).

The stress-strain curves for all samples are summarized in figure 5.3. Curves for
different samples are shown in different colors. The 2 pm samples show a high
scatter and some of the films are porous, so only the 4 pm films are shown (and

one example for 2 um). For the 4 um films, a general trend is visible. After an
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5 Results: Thin Film Experiments

elastic slope to strains of approx. 0.2 or 0.3 %, only a very small plastic regime

can be seen, followed by stress drop.
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Figure 5.3: Stress-strain data of AgPd-films (a)-(e) 4 pm film thickness, T=20-200
°C. (f) 2 pm film thickness, T=150 °C. The different colors represent different sam-
ples tested at the same temperature.

From the micro-tensile tests, the flow stresses of the material could be determined.
Figure 5.4 shows the flow stresses at 0.2 % strain for both film thicknesses plotted
over the temperature. Even though the values scatter, a trend of decreasing flow

stress with increasing temperature is visible.
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Flow stress AgPd 2 um samples Flow stress AgPd 4 um samples
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Figure 5.4: Flow stresses for both film thicknesses plotted against temperature (a) 2
pm, (b) 4 pm.

5.3 Discussion

Among other methods, micro-tensile tests play an important role in characterizing
the mechanical properties of thin metal films. In our case, we used micro-tensile
tests to study the temperature-dependent behavior of the AgPd electrode material.
The films were printed on a PZT wafer and sintered with the same temperature
program as the actuators to obtain a comparable microstructure. It turned out to be
difficult to remove the films from the PZT substrate, especially all kinds of etch-
ing methods failed. The final method we used and which seems to be the only
possibility was simply to peel of the polyimide film and the attached AgPd film
from the substrate, which may induce some additional stresses in the film. On the
other hand, this shows that we could assume a good adhesion between the film
and the polyimide, so we think we can get reliable results from the micro-tensile

tests.

A chemical or physical etching process might also change the stress state so we
believe that our results are comparable to results obtained with an etched sub-
strate. The initial stress state is also considered as the experimental results consist
of both loading and unloading curve. From the shift of the flow stresses of both

curves, the initial residual stress can be calculated. We obtained small tensile
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5 Results: Thin Film Experiments

stresses which fit reasonably well to the values determined by X-ray stress analy-
sis with films that were still on the substrate. No strong influence of the peeling on
the stress in the films is thus expected. The films are not textured, which can be
explained by the printing process that does not favor a certain orientation. Any-

how, a texture would be expected from the recrystallization, as mentioned above.

If we look at the stress-strain curves, we can see that the stress drops at higher
strains, which normally indicates fracture of the films. This effect does not occur
during unloading where the film is compressed. If we compare the curves for the
different temperatures, we can see that at higher temperatures, the plastic regime
is larger and it is not obvious if fracture still occurs. The scatter of the data also
increases at higher temperatures. For some of the films, either total fracture of the
polyimide occurred or the glue dissolved. No unloading curve can be found in this

case and the initial stress had to be assumed to be zero.

The general trend of the flow stresses is as expected, with increasing temperature
the stresses decrease. Unfortunately the sample preparation especially for the 2
um samples was difficult and often the glue spots were very small. Sometimes the
bonding surface turned out not to be very stable, which was later solved by clamp-
ing the samples very close to the testing area. This may explain the high scatter at
room temperature. Another problem is the fact that the unloading curves do not
exist for all films, so sometimes we had to approximate the stress values only

from the loading curve. In this case, the initial stress had to be assumed as zero.

Studying the mechanical behavior of thin films usually includes the study of size
effects, as found e.g. in (ref."**). Thin films show higher strength due to the con-
strained geometry in one dimension. In our case, the thinner films show lower
strength, so no conventional size effect can be seen, but the inhomogeneous thick-

ness and the microstructure of the films determines the strength.
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5.3 Discussion

In operation, the actuator will undergo a length change of approx. 0.15 %. If we
compare this with the curves we can conclude that only elastic deformation occurs
in application as most of the samples have an elastic strain of approx. 0.25 %. FIB
cross-section images showed that the film thickness of our samples is not homo-
geneous, so some thin areas of the film may be points of stress concentration and
fracture will occur earlier here. Another result is that the plastic strain increases
with higher temperatures. In figure 5.3 (e), the stress plateau is much more elabo-
rated compared to the room temperature curves in 5.3 (a). This is not very surpris-
ing as dislocation movement is more reasonable at higher temperature, especially
in the constrained geometry of a thin film. It should be mentioned that the residual
stresses in the films after sintering is low, so we would not expect a huge problem
during operation where much smaller temperature differences occur. On the other
hand, the flow stresses of the films especially at elevated temperatures are also not
very high (around 160 MPa for 150 °C) so still it cannot be excluded that residual

stresses may cause problems at the interface.
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6 Results: Static Diffraction Experiments on

Piezoelectric Actuators

6.1 Pre-characterization by Conventional Diffraction

The goal of conventional X-ray diffraction experiments was to characterize the
material and do pre-tests for the synchrotron experiments. A texture analysis of the
sample was performed, but no significant texture was found as well as no huge

difference in orientation between an unpoled and a poled sample.

6.2 Synchrotron Experiments

Some non-time-resolved measurements were performed at synchrotron sources to
characterize the sample. First scans were 0-20 scans, one of these scans can be
found in figure 6.1. Splitting of some of the peaks can be found indicating a tetra-

gonal or rhombohedral distortion of the sample.

From the 0-20 scans we extracted the lattice parameters of PZT using Bragg’s law
(formula 3.1 and 3.2). Even though the peak positions did not yield exactly the
same lattice parameters values for each Bragg peak, probably due to the stress

state of the grains, the rough lattice parameters could be determined as:

a=b=4.030.03 A, c=4.13+0.03 A.

Thus, the tetragonal distortion of the unit cell is around 0.25+0.15%.



6 Results: Static Diffraction Experiments on Piezoelectric Actuators

0-20-Scan of the Actuator: Overview
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Figure 6.1: 0-20-scan of the PZT actuator performed at ANKA.

For some of the peaks, not only the expected splitting due to the tetragonal distor-
tion, but an additional peak splitting was found indicating a two-phase material.
As an example, figure 6.2 shows the (111) peak fitted with two Gaussian peak
functions. For a purely tetragonal material, no splitting of the (111) peak would be
expected. The second peak at lower angles might indicate a fraction of rhombohe-

dral or monoclinic phase.

92



6.2 Synchrotron Experiments
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Figure 6.2: (111) peak of the actuator at room temperature. The peak can be fitted
best using two Gaussian functions. For the tetragonal phase, no peak splitting would
be expected, so the presence of a second peak could indicate a possible second phase.

Rocking scans at the (101) peak were performed to search for groups of grains
with highest possible intensities. A typical example for a rocking scan can be
found in figure 6.3. Some smooth and relatively broad peaks can be seen over a
high background. These peaks may represent single grains or groups of grains

with similar orientation.
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Figure 6.3: Rocking scan of the (101) peak of the actuator as performed at ANKA.
Peaks indicate groups of grains with similar orientation, but the background is rela-
tively high compared to the ESRF measurements.
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6 Results: Static Diffraction Experiments on Piezoelectric Actuators

At ESRF, we did not select the grains more or less randomly but used an x-y-stage
to choose special sample positions we were interested in. To position the sample,
the (111) peak of AgPd was centered and the sample position in the beam was
scanned perpendicular to the electrode direction. The electrode positions were
well visible as peaks (figure 6.4). The distance between those peaks is 90-100 um,
which corresponds to the electrode distance. The inactive area was found when
the distance changed to approx. 200 pm, as now the counter electrodes were not

illuminated by the beam anymore.
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Figure 6.4: Scan of the sample to check for electrode positions (marked with ar-
rows). The distance between the electrode peaks is around 90-100 pm, as expected.

Due to the small beam spot, the rocking scans of the ceramic material looked
completely different at ESRF (figure 6.5). Only very few pronounced peaks were
found which could finally be centered. Peak intensities were often close to 10°

counts per second.
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Figure 6.5: Rocking scan of the ceramic (101) peak at ESRF. Due to the small beam
spot, only few grains are illuminated among which some single ones obey Bragg’s
Law. The background from other grains is almost zero.

When using the baby actuator at ANKA and ESRF, the basic setup remained the
same. The only difference was that it was more difficult to locate the electrode
material at ESRF because the top electrode was thinned and less grains of AgPd

were in diffraction condition.

6.3 Discussion

Some experiments with a static external electrical field applied to the actuator
were done at ANKA to study the voltage-dependent change of the lattice parame-
ter. Voltages between 0 and 200 V were chosen (figure 6.6 (a)). At first, it ap-
peared to be surprising that the lattice plane distance was decreasing with increas-
ing field strength. This could be explained by the geometry of our experiments. To
verify this hypothesis, the sample was tilted by 70° and the experiment was re-

peated. Now the shift occurred in the expected direction (figure 6.6 (b)).
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Figure 6.6: Shift of 20 angle when applying voltages between 0 and 200 V to the
sample. (a) First, the lattice plane distance decreases with increasing voltage. (b)
When the sample is tilted, the angle decreases and the expected expansion is visible.

From static X-ray experiments, we can get some information on the crystal struc-
ture of the actuator material. As mentioned above, we would possibly expect the
PZT to be monoclinic. Looking at a 6-20-scan, we can see that the peaks split in a
way, which we would expect from a tetragonal ceramic, even though some small
fractions of a different second phase, rhombohedral or monoclinic, might still be
present (see figure 6.2). The dopants present in the material seem to shift the

phase composition to the tetragonal phase.

By performing rocking scans and translating the sample perpendicular to the beam
directions, we could select some grains or groups of grains with the highest possi-
ble intensity and then centre on the peak. The dependence of the peak position on
the applied voltage is plotted in figure 6.7. Several different interesting effects can

be seen.
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Figure 6.7: (101) peak position as a function of voltage. (a) Lattice plane direction
perpendicular to expansion direction. (b) Lattice plane direction tilted by 70° into
the direction of expansion. Error bars are as given by the fitting routine in origin.

In general, we would expect an expansion of the (101) planes when applying a
voltage. We can do a simple calculation to verify that: If Poisson’s ratio is
0.3 (ref '*), the elongation of the c-axis would be more than three times as high as
the contraction of the a-axis. In our case, the expected shift of the lattice plane
distance would be 0.14%. With this data, the peak position at 200V should shift
from 24.884° to 24.849°.

Of course, this would only be the case if the c-axis is oriented fully in the direc-
tion of the electrical field. Also, the calculation mentioned above is strictly only
valid for a single grain with the c-axis oriented parallel to the direction of the
field. In a polycrystalline material, there might also be collective effects of the
whole sample that influence the response of the single grains. Surrounding grains
can also affect the behavior of the grains we are investigating in the experiment.
As a whole, the actuator will expand in the field direction and contract in both
other directions. If we consider the untilted sample, the planes we are investigat-
ing are oriented in a direction of lateral contraction, so it is not surprising that we

effectively measure a contraction.
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6 Results: Static Diffraction Experiments on Piezoelectric Actuators

Also, we do not know the full orientations of the grains we are investigating. In
our setup, we do not know the precise orientation perpendicular to the diffraction
vector. We only know that in the unit cells we are investigating, the (101) planes
are oriented parallel to the surface, there is still an unlimited number of possible
orientations of the a- and c- axis. In addition to that, we are dealing with a poly-
crystalline material. After tilting, lattice planes mainly located in the direction of
expansion should be in Bragg condition (figure 6.8). This is indeed confirmed by

the results seen in figure 6.7 (b).

(a)

(101)

(101)

Figure 6.8: Schematic view of the sample first not tilted and then tilted. The beam
direction is from the eye of the viewer into the paper plane. In (a), the actuator con-
tracts in the direction perpendicular to the electrical field and thus forces the (101)
lattice planes of the grain also to contract. When tilting the sample, the direction of
expansion of the actuator is close to the direction of the (101) lattice planes and thus
the X-ray experiments show an expansion (b).
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6.3 Discussion

Another interesting effect that can be seen in the graphs is that the relation be-
tween voltage and peak shift is linear up to 100 V, but after that a deviation from
this linear relation can be seen. We do not expect domain wall movement to start
so late as the ceramic is a very soft piezoelectric'*®. The strange thing is that in
both cases the deviation is in positive direction, so for the tilted sample the total
shift is smaller than expected (figure 6.7 (a)) and in case of the sample surface
perpendicular to the lattice plane orientation it is larger. The effect can thus be
only explained by a movement of the sample as a whole perpendicular to its long

axis, so this appears as positive shift.
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7 Results: Time-resolved Diffraction Experiments

on Piezoelectric Actuators

7.1 First results

Different kinds of time-resolved experiments were done both at ANKA and ESRF.
At first pre-experiments at ANKA, the full actuator was studied. The sample posi-
tion and all angles were kept constant and only the change of the peak intensity
with time was recorded. After that, rocking scans in both 6 and ¢ direction (figure
3.6) were performed. At each point of the scan, the time-resolved intensity
changes were recorded. From this, potential peak shifts with time could be ex-
tracted. The results of the small and split actuator are of better quality, so most of

the results for the full actuator will not be shown here.

As an example for the experiments with the full actuator, the time-dependent in-
tensity of one single Q point of the (101) peak is shown in figure 7.1. In this case,
the voltage was switched on after 2 ms and switched off after 7 ms. 500000 cycles
were accumulated resulting in a high signal to noise ratio of the intensity curve.
The visible vibrations could be addressed to eigenmodes of the sample frame by
doing a frequency analysis with finite element methods (work was done by Dr.
Frank Felten, Robert Bosch GmbH). Different excitation frequencies were
scanned and the sample response was investigated, and at the frequencies found in
the time-dependent intensities curve, strong vibrations of the sample frame were

found.

The intensity at the Q point measured in figure 7.1 changes when applying an ex-

ternal field. Possible reasons for this could be a peak shift in any possible direc-
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tion, domain switching processes which change the intensity relations between

peaks or changes in strain. A detailed discussion on this will follow later.
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Figure 7.1: Change of the intensity of one single Q point for the full actuator after
applying an external electrical field. The intensity changes when switching on the
field, but strong vibrations of the sample environment mask possible relaxation ef-
fects.

It is not sufficient to consider only the change of a single point in reciprocal lat-
tice. An intensity change can be caused by a peak shift in any direction or also
only a change in peak shape, so we will consider the full changes of a Bragg peak
when applying an electrical field. For this, we mostly recorded meshes in 6 and 6-
20 direction. Other directions exist in which the peak could shift, such as the
translational directions x and y (which should not play a big role at ANKA when
working with a large beam spot compared to the grain size) and the second tilting
angle y. In y, the peaks were relatively broad and we were thus not sensitive to

small shifts in this direction. The same holds for the in-plane rotation angle ¢.

Although no relaxations of the intensity after switching were found in these first
experiments, we could already measure peak shifts both in 6 and 0-26 direction.

The results were later reproduced with the small actuator when measuring a full
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7.1 First results

mesh of the peak (see chapter 7.2 and later). Figure 7.2 shows the peak shifts with
an applied electrical field. Only the average values with and without electrical
field were considered, potential vibrations or relaxations were not taken into ac-

count at this point.

In both directions, the peak shows a shift when applying an electrical field, which
at first is not surprising. The elongation of the c-axis combined with a contraction
of the a- and b-axis trivially leads to a tilting of (101) planes in the unit cell (see
figure 3.10). Again, we see a decrease of the lattice plane distance, which has been

discussed in chapter 6.3.
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Figure 7.2: “Static” shift of the (a) 0 and (b) 20 angle when applying an electrical
field to the actuator, measured in early ANKA experiments.

In the next step, the new sample chamber with the small actuator was used and the
sample was operating against a spiral spring. A full mesh was recorded; the vibra-
tions especially in the 8 direction were much stronger than before (figure 7.3). The
reason for this is that the spiral spring shows periodic vibrational rotations. Relax-
ations could still not be seen. After this experiment, only the split actuator was
used for further investigations and the spiral spring was replaced by a bulk steel

block.
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators
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Figure 7.3: Time-dependent change of (a) 6 and (b) 20 angle of the (101) peak posi-
tion when using the small actuator with a spiral spring. Very strong vibrations can
be seen, especially in 0 direction.

7.2 Results at ANKA with the split actuator

The first mesh with the new split actuator setup (see figure 3.11) showed much
less vibrations, and now a small relaxation after switching the electrical field was
visible (figure 7.4 and figure 7.5). This region could be fitted by an exponential
decay function with time constants in the regime of 100-250 us (figure 7.5). This
relaxation can later be found at almost every time-resolved experiment with the

split actuator, a detailed discussion will follow in chapter 7.6.
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Figure 7.4: Fit of the angle positions of (a) 0 and (b) 20 measured with the split actu-
ator setup on the (101) peak. Vibrations are reduced by approximately an order of
magnitude. After applying the electrical field, a small relaxation of the angular posi-
tion can be seen. One of these relaxations is marked in (a).
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Figure 7.5: Fit of the relaxation of 0 marked in figure 7.4 (a) with an exponential
decay function. The decay time is in the same range as the other relaxation times

obtained from figure 7.4.

In the next experiment performed at ANKA we investigated the influence of dif-
ferent parameters on the changes in peak positions. We started with a first mesh at
room temperature and with the standard parameters (U=160 V, AU/At=5 V/us,
T=RT, (101) peak). The previously observed behavior was confirmed. The next

experiment was performed at the (111) peak to study the response of a different
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

type of lattice planes. The time-dependent peak positions can be seen in Figure

7.6, relaxations after switching the voltage on and off could be fitted with times

around 100-200 ps.
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Figure 7.6: Time-dependent (a) 0 and (b) 20 peak angles for the mesh recorded at
the (111) peak. Small relaxations are visible after switching the voltage on or off

(1000 and 6000 ps, marked with arrows).

After the (111) peak, a mesh with a lower voltage of only 80 V was recorded at
the (101) peak. The results are shown in figure 7.7. Fitting of potential relaxations
was not possible due to the low signal to noise ratio. The total shift of the angles is

also lower, which complicates fitting.
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Figure 7.7: Changes in the (a) 0 and (b) 20 angles for the mesh with lower voltage
(80 V). As the total shift is much smaller, the signal to noise ratio is also lower.
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7.2 Results at ANKA with the split actuator

Now, the sample was heated up to a temperature of around 80 °C. The corres-

ponding plots of changes of the (101) peak with time can be seen in figure 7.8.
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Figure 7.8: Periodic peak shifts of (a) 0 and (b) 20 for the mesh recorded at 80 °C at
the (101) peak.

The next mesh was recorded at the same peak, but at 120 °C. Figure 7.9 shows the
respective changes in the angles. Especially the 0 angle (a) shows a totally unex-
pected shape, the short-time relaxation around 100-250 ps can nevertheless still be

seen in both plots.
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Figure 7.9: Time-dependent changes of the (a) 0 and (b) 20 angle of the (101) peak at
120 °C.
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

The setup was now cooled down to room temperature again. The next mesh was
recorded with a shallower ramp of 3V/us, but still 160V peak voltage. The graphs
can be seen in figure 7.10. Again, the time-dependent peak shift in both directions,

especially in 0, looks unexpected.
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Figure 7.10: Plots of the (a) 0 and (b) 20 of the (101) peak in both directions when
applying the voltage with a shallower ramp of 3V/us at room temperature.

The last mesh at this beamtime was recorded at the (101) peak using a ramp of 1
V/us; the graphs are shown in figure 7.11. The curves look similar to figure 7.10,

but different to the other room temperature curves obtained earlier.
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Figure 7.11: Time-dependent changes of the (a) 0 and (b) 20 angle when applying a
voltage of 160V with a ramp of 1V/us. Measurement was done at the (101) peak at

room temperature.
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7.3 Results at ANKA with the baby actuator

7.3 Results at ANKA with the baby actuator

The baby actuator was used to minimize vibrations and in particular the move-
ment of the sample. This was especially relevant for the experiments at ESRF, but
some meshes with different parameters were nevertheless recorded at ANKA to
test the setup and the stability. In contrast to the later ESRF experiments, the col-
lective behavior of many grains of the actuator was studied. At first, we did an
experiment with the “normal” parameters of 160 V at room temperature with a
ramp of 5 V/us. The plots for both angles are shown in figure 7.12. The scatter for
0 (a) is much higher than for 26 (b).
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Figure 7.12: Peak positions of (a) 0 and (b) 20 for a mesh recorded at the (101) peak
with the baby actuator under “normal” parameters (room temperature, 5 V/us
ramp, 160 V). 0 shows a much larger scatter than 20.

Now, a mesh with a lower voltage (in this case with 90 V) was measured at the
(101) peak. The corresponding plots of the fitted angles can be found in figure
7.13. Unfortunately, the scatter is very high, so no clear trends can be seen in these
graphs. The smaller voltage leads to smaller shifts and so the signal-to-noise ratio

gets lower.
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Figure 7.13: Plot of the fitted angles for a mesh with the baby actuator recorded at
the (101) peak with a lower voltage of 90 V at room temperature. (a) 0 angle, (b) 20
angle. The signal to noise ratio is relatively low.

The experiments with a shallower ramp on the split actuator showed unexpected
results (figure 7.10 and figure 7.11), so a mesh with a ramp of 3V/us was now
measured with the baby actuator at room temperature. The fitted (101) peak posi-
tions are shown in figure 7.14. No pronounced relaxations can be seen.
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Figure 7.14: Fitted angles for the (101) peak mesh with a shallower ramp of 3 V/us.
(a) 0 angle, (b) 20 angle. The data for 0 scatters more than the data for 20. No relax-
ations can be seen.

Now, three meshes were recorded at the (101) peak at elevated temperatures to
check whether the data collected with the split actuator (see chapter 7.2, figure 7.8

and figure 7.9) were true effects or only artifacts. None of the curves showed
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7.3 Results at ANKA with the baby actuator

strong relaxations, the small relaxations as found in other curves before (figure

7.5) could however still be seen (see e.g. figure 7.15(b)). A first measurement was

performed at 80 °C (figure 7.15). The data does not show similar effects as the

split actuator data. All curves at elevated temperatures were measured at the same

peak.
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Figure 7.15: Data for the mesh recorded with the baby actuator at 80 °C, (101) peak.
No strong relaxations can be seen for both angles, only the small relaxations seen in

most experiments (marked with arrow in (b)). (a) 0, (b) 20 angle.

The next measurement was done at 120 °C. The plots for both angles look very

similar than for 80 °C, showing no relaxations or other unexpected effects (figure

7.16).
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Figure 7.16: Plots of time-dependent angles for the (101) peak mesh recorded at 120
°C. (a) 0, (b) 20. No relaxations can be seen.

Now, a last mesh was recorded at 170 °C. The fitted angle positions over time are
plotted in figure 7.17. The curves almost do not change compared to the curves

for lower temperatures.
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Figure 7.17: Plots for the (a) 0 and (b) 20 (101) peak positions fitted for the mesh at
170°. The curves look similar than for lower temperatures.

7.4 Results at ESRF with the split actuator

At ESRF, the whole meshes of (101) peaks were measured at different sample
positions (see figure 3.16 (a)). First, the changes in the peak positions at the centre

of the sample were studied. In contrast to the ANKA experiments, a focused X-ray

112



7.4 Results at ESRF with the split actuator

beam with a spot size of approximately 4x6 pm? was used to measure changes of

single grains. The resulting changes in the angles are shown in figure 7.18.
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Figure 7.18: Time-dependent fitted (101) peak positions of (a) the tilting angle 0 and
(b) the diffraction angle 20 of a single grain in the homogeneous field area of the

actuator. Strong relaxations can be seen.

The angle positions show strong relaxations, but also slight vibrations that are still
present, even though they are much smaller now that the split actuator setup is
used. A second grain located in the inactive area close to the electrode edges was

investigated. The fitted angles against time are plotted in figure 7.19.
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Figure 7.19: Time-dependent (101) peak positions of (a) 0 and (b) 20 in the inactive
area of the actuator. Relaxations are much less pronounced.
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

The corresponding relaxations can in both cases be fitted using a simple exponen-
tial decay function or also a stretched exponential function with exponents close
to 1. Both possible fits for one of the relaxations in the active area are shown in
figure 7.20. No significant difference between the two curves can be found. The

fits for the other relaxations are in good agreement with the values shown here.
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Figure 7.20: Two possible fits for one of the relaxations shown in figure 7.18. (a) Fit
with exponential decay function, (b) Fit with stretched exponential. Almost no dif-
ference can be seen. The time axis has been rescaled to zero for fitting reasons.

The same holds for the curves in figure 7.19, for these relaxations also both fit

functions give reasonable results which are shown in figure 7.21.
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Figure 7.21: Fits with (a) exponential decay function and (b) stretched exponential
functions for the grain investigated in the inactive area of the actuator.
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7.5 Results at ESRF with the Baby Actuator

Another possibility to evaluate the processes which occur during switching is the
integrated intensity (the sum of all intensities of the whole mesh at a certain time)
of the peak. We plotted the total peak intensity over time and also found a change
after applying the electrical field. Figure 7.22 shows the plots for both cases. Both
curves show a decrease of intensity when the field is applied, but in the centre
area the relaxations are much more pronounced. The intensity loss may be due to
domains moving out of the diffraction condition, e.g. 90° steps (as discussed later)
or due to a movement of the sample when the field is applied. The full width at
half maximum (FWHM) also showed a small trend, but was very difficult to fit
reliably enough, so the values will not be shown here.
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Figure 7.22: Time-dependent total sum of intensity in the mesh for the ESRF expe-
riments. (a) Active Area, (b) inactive area of the actuator. In both case the total in-
tensity decreases strongly when applying an electrical field. A strong relaxation can
only be seen in the centre area of the actuator.

7.5 Results at ESRF with the Baby Actuator

The experiment performed at ESRF with the baby actuator are the largest part of
this thesis, so the results will be shown more in detail than the results collected on
other beamtimes. Altogether, 8 different meshes were recorded that are summa-

rized in table 7.1. All meshes were measured at the (101) peak, as the intensities
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

of the other peaks were not high enough to perform time-resolved measurement

with sufficient intensities in a reasonable time.

Table 7.1: List of all meshes recorded with the baby actuator on ID01 at ESRF.

Mesh No. Grain position Voltage Ramp time
1 centre 160 V 30 ps
2 centre 80V 30 ps
3 centre 160V 90 us
4 centre (2nd grain) 160 V 30 ps
5 centre (2nd grain) 80V 30 us
6 electrode edge 160 V 30 us
7 electrode edge 80V 30 us
8 inactive area 160 V 30 us

Several changes in the setup were made during and between the experiments to
maximize the stability of the sample, but overall, peak positions did not remain
stable. Especially the translational position parallel to the incident beam was unst-
able, which could be addressed to instabilities of the beamline setup (see chapter
3.3.2). Due to the monochromator we used, the beam was structured in a way that
the signal of a grain showed up to five sub-peaks when scanning in y-direction

(parallel to the direction of the incident beam). This effect is shown in figure 7.23.

Due to this instability, we had to include an automatic adjustment step in our mesh
routine after each point at which the intensity was measured in time-resolution. As
the sub-peaks were also not stable in intensity and number, this was reflected in
the mesh surface plots, which did not show a “regular” structure as meshes rec-
orded at ANKA, but showed intensity jumps on the shoulders of the peak (figure
7.24). This made it difficult to fit the peak positions of this mesh and has to be

kept in mind when considering further results.
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Figure 7.23: y-scan of the baby actuator on the signal of one grain. Several sub-

peaks can be found due to the monochromator structure. These sub-peaks were not
stable in relative intensities.

Figure 7.24: Surface mesh taken with the baby actuator at ESRF in 0 and 20 direc-
tion. The facets on the surface are due to the automatic readjustment of the sample
during the measurement of a mesh in time-resolution. This was necessary because of
the instability of the beam.

117



7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

Keeping these problems in mind, we will not only look at the fitted angles for the
experiments of this beamtime. We also will consider the time-resolved curves of
all single Q points on the mesh, as these results should be more reliable than the

fits. Another advantage of doing this is the larger data space available for analysis.

First, we will take a look at the meshes measured in the homogeneous active area
in the centre of the sample with the typical parameters (No. 1 and No. 4, see table
7.1). The changes in the time-dependent angular positions for the first mesh are
shown in figure 7.25. The basic curve shape looks comparable for both angles,
after a sharp initial change of the angle two relaxations can be seen. More discus-
sion about the nature of these relaxations will follow later.

Mesh 1 (normal), 6 Angle Mesh 1 (normal), 20 Angle

24.716
9.442
(a) (b)
247151
9.440 4 o MM
[} (@]
o c 24714
g’ 9.438- i
) % 24,7131
£ 9436 S
i £ 24712
9.434 (a]
247111
9.432 : ; : : . ; ; .
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time [us] Time [us]

Figure 7.25: Fitted angles for mesh 1 (normal parameters, (101) peak, 160 V, 30 ps
risetime, grain in centre of the sample). (a) 0 angle, (b) 20 angle. Two relaxations can
be distinguished after an instantaneous change of the angles due to the electrical
field.

For the same parameters, a second mesh at a different grain was measured. The
fitted angles for this mesh can be found in figure 7.26. The similarities between
both angles are now more remarkable than before. The shape is slightly different
than for mesh 1, but some basic features remain. In all cases, switching the elec-
trical field on or off will lead to a “two-step” response showing one faster relaxa-

tion and a slower relaxation in the opposite direction.
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Figure 7.26: Fitted angles for mesh 4, measured under the same conditions than
mesh 1. (a) 0, (b) 20 angle. The shape is not similar, but the general trend is compa-
rable.

To get an idea whether the response of the fitted angles to the electrical excitation
is reasonable we can also look at the intensity curves at single Q points. As an
example, 4 of these curves for mesh 1 are plotted in figure 7.27. The shape of the
curves is not very different as they again show a “two-step” response. The basic
changes in the mesh thus also seem to be reflected in the single point intensity

changes.

For mesh 1 as well as mesh 4, some curves at single Q points exist where the
curve shape looks different. Only one relaxation seems to occur after switching.
Two of these curves, in this case taken from mesh 4, are shown in figure 7.28. It
turned out that these curves also need two relaxation functions to be described
well; the only difference is that both relaxations change the intensity in the same

direction. A detailed discussion of the relaxations will follow later.

119



7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

Intensity over Time (0=4, 20=2)
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Figure 7.27: Examples for 4 curves of intensity against time at single Q points on
mesh 4. The numbers behind 0 and 20 mark the Q-position on the (11x11) mesh. The
principle shape, especially the nature of the relaxations, is comparable for all curves.

At almost every point, a “two-step” relaxation can be found after switching the elec-

trical field on or off.
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Figure 7.28: Example for 2 curves taken from mesh 4, intensity plotted against time.

The curves look as if only one relaxation occurs after switching.
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7.5 Results at ESRF with the Baby Actuator

The curves shown here are only examples and some deviations exist, but the gen-
eral trend is reproducible. Almost all curves show the shape as given in figure
7.27, so we can consider this as “normal” curve shape for the two meshes, which

is also reflected in the fitted curve of the angles (figure 7.25).

Now, the two meshes measured in the centre area of the sample with a lower vol-
tage of only 80 V will be discussed. In figure 7.29, the fitted angle curves for
mesh 2 (recorded at the same grain as mesh 1) are shown. The basic trend of the
measurement at higher voltage is still visible, even though the first relaxation ap-
pears to be weaker.
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Figure 7.29: Fitted (a) 0 and (b) 20 angles for mesh 2, recorded at lower voltage. The
general trend of curves is comparable to mesh 1, but the first relaxation is weaker.

The same parameters were chosen for mesh 5, where the same grain than in mesh

2 was investigated. The curves of the fitted angles are plotted in figure 7.30.
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Figure 7.30: Fitted angle positions for mesh 5 taken at the same grain than mesh 4
with a voltage of 80 V. (a) 0, (b) 20 angle. A difference to mesh 2 can be seen, but
more detailed view on the data is necessary to verify this.

Compared to mesh 2, the curves look different because the first impression is that
only one relaxation exists. A more detailed view can be given by looking at the
curves at single Q points (figure 7.31). The curve shape is sometimes different to
mesh 4, but also many curves look similar. Fitting reveals that still two functions
are necessary to describe the relaxations properly, so altogether the curves can be

treated similar.

To check the effect of a different, shallower ramp on the relaxation behavior of a
grain, one mesh was recorded on the same grain as mesh 1, but now with a lower
voltage ramp of 90 pus. The time-dependent angles for this measurement can be
seen in figure 7.32. There is no significant difference compared to the other mea-
surements, so the results of this mesh will not be discussed widely. The shallow

ramp obviously does not have a big influence on the response.
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Figure 7.31: Curves of intensity against time for single Q points at mesh 5. The

curves look a bit different to the curves of mesh 1 and 4, but still many curves have

the shape with two strong relaxations.
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Figure 7.32: Plots of time-dependent angles (a) 0 and (b) 20 for mesh 3, recorded

with a shallower ramp. There is no significant difference when comparing the results

to the results obtained with a faster ramp.
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

Now, a grain directly at the edge of the electrode was selected. This is of special
interest because this region is considered to be the origin of cracks and mechanical
fatigue processes in the actuator (see chapter 2.3.3). The electrical field is inho-
mogeneous at the electrode edge giving rise to high mechanical stresses. With the
experiment, we wanted to study whether the response of a single grain somehow
reflects these high stresses and this might influence the fatigue behavior. The

time-dependent angles are shown in Figure 7.33.
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Figure 7.33: Time-dependent angles (a) 0 and (b) 20 for the mesh measured close to
the electrode edge (mesh 6). The response of the angles looks very much different
than for the other meshes.

In contrast to all the other curves shown up to this point, the response of the grain
seems to be totally different this time. There is a stronger shift of the peak and
very pronounced relaxations or oscillations can be seen. The same thing holds for
the time-dependent intensity curves at single Q points that also show strong oscil-
lation or relaxation behavior. Only as examples, 4 of these curves are shown in

figure 7.34.
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Figure 7.34: Intensity changes for mesh 6 close to the electrode edge, shown for 4
different Q points. In contrast to the other measurements, more than two relaxations
or oscillations can be seen.

The total set of curves shows many different curve shapes, but they almost never
look similar to the curves for the grains in the centre of the actuator. More and

stronger relaxations are found, often looking more like periodic oscillations.

The next mesh was still recorded at the same position on the sample, but now
again with a lower voltage of 80 V. The curves for the fitted angles can be seen in

figure 7.35.
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Figure 7.35: Fitted (a) 0 and (b) 20 angles for the mesh measured at the electrode
edge with a lower voltage. There is not much agreement with the data of mesh 6, but
still 20 shifts in the same direction (in contrast to the grain position in the centre of
the actuator).

For this mesh, the curves show a weaker response than for mesh 6, the strong os-
cillations seen there do not appear. On the other hand, there is still a shift of 26 in
positive direction after the field is applied. This is unexpected, because we nor-
mally investigate lattice planes expanding parallel to the external electrical field
with the baby actuator setup, which is also confirmed by the results obtained be-
fore where only negative shifts can be found. In spite of this, the shape of the re-
laxations looks more like for the other meshes recorded with a low voltage. The
curves for the individual Q points support this trend, but do not show special un-

expected effects, so they will not be discussed here.

For the last mesh of this beamtime, a grain in the inactive area of the actuator was
selected. Here, only a small electrical field should be present and no strong re-
sponse on the external excitation should be measured. The graphs for the time-
dependent angles are shown in figure 7.36. Curves for single Q points also look

similar.
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Figure 7.36: Fitted (a) 0 and (b) 20 angles for the mesh data collected in the inactive
area. No strong relaxations can be seen; the curves look more like a constant slope.

For this experiment, the plots of the angles against time look completely different
than for all the other measurements. No strong relaxation can be seen; the changes
after applying a field look more like a change of angle with an almost constant
slope or a much longer relaxation time. The intensities for the single Q points

show a similar behavior.

7.5.1 Summary

Many differences can be seen in the curves of all the different meshes. As a gener-
al trend, we can say that the voltage ramp does not seem to have a strong influ-
ence on the curves, the voltage only seems to have a small influence (the first re-
laxation is weaker), while the position on the sample changes the curve shape
dramatically. In the centre area of the actuator, the homogeneous electrical field
seems to trigger two relaxations in the material. Close to the electrode edges, a
stronger response of the material can be see, while the material relaxation in the

inactive area is comparably weak.
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7.6 Discussion

7.6.1 ANKA results

7.6.1.1 General effects

The first part of this discussion will focus on the ANKA data, where we worked
with a larger beam spot illuminating many grains of the actuator. We thus do not
measure the response of a single grain although some peaks could be separated
well when doing a rocking scan (figure 6.3). The amount of background from oth-
er grains is still relatively high, so the results will not show the response of single
grains, but of groups of grains with similar orientations. With our beam size of
200x500 pm? and a typical 8 angle of 12°, the footprint of the beam on the sample
is 1x0.5 mm?. With an average grain size of around 1 pm, the beam illuminates
about 500.000 grains only at the surface, not even considering the grains deeper in
the material that still contribute to the diffraction signal (the penetration depth is
around 5 um). In addition, several domain orientations exist in each grain. It is

obvious that this large amount of grains cannot be separated in the X-ray signal.

First time-resolved experiments performed at ANKA showed strong oscillations in
the time-dependent intensity signal. Different reasons for these vibrations can be
discussed. At first, they might remind of the work of van Reeuwijk et al.**, where
periodic oscillations in the signal could be attributed to the excitation of strain
waves in a single crystal. These waves are reflected at the crystal edges and spread

through the crystal at the speed of sound.

If we do a simple calculation, in which our actuator is treated as a single crystal
without internal boundaries, and assume a speed of sound v of 3000 m/s (ref.">”)

in PZT, we can calculate an expected period P of:
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; 3000”7 .
f=—-= S =50kHz = P =— =20us
2% 2%0,03m f

1 is the length of the actuator and f the frequency of the oscillation. A frequency
analysis of the data shown in figure 7.1 reveals that no frequency peak can be
found close to the expected 50 kHz (figure 7.37), the dominant frequencies are
around 4.3 and 8.6 kHz, so the vibrations are not due to elastic waves in the crys-
tal. Such a process would be difficult to measure because many interfaces are
present in the multilayer actuator, and all of these interfaces can reflect waves. If
the waves spread in only one layer and are reflected from the electrodes, the re-

sulting frequency would be 30 MHz and too high to be resolved with our method.
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Figure 7.37: FFT analysis of the time-resolved data received in an experiment at
ANKA. The dominant frequencies are in the low frequency-range.

Frank Felten from the Robert Bosch GmbH did a frequency analysis in a finite
element method (FEM) program with the full system of the actuator, spring and
frame and found that the dominant eigenmodes of the system do indeed lie at
around 9 kHz, so the periodic oscillation of the actuator induces the eigenvibra-

tions of the system sample plus sample holder. The vibrations are a relatively
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

strong effect and mask possible relaxations we want to study. To solve this prob-
lem, the split actuator setup was built as described in chapter 3.3.2. The signal of a
piezo bimorph sensor, which was glued on a disc close to the sample (Figure
7.38), was used to minimize the vibrations in the system. A disadvantage of this
setup is the fact that the pre-stress cannot be adjusted exactly, so the screw was
tightened manually as reproducibly as possible. Part of the pre-stress is neverthe-
less applied by switching on the outer parts of the actuator, which leads to an ex-
pansion. Different pre-stresses should partially change the amplitude of length
change and the fraction of domain wall movement; the basic mechanisms should

nevertheless be unaffected.

Ceramic

Sample Bimorph

frame disc  Sample " or Springor bulk
steel block Ceramic

Figure 7.38: Drawing showing the positions where the sample is glued (yellow) and
not fixed (green). In orange, the position of the piezo bimorph sensor is marked.
7.6.1.2 Quasistatic changes

First, the equilibrium (quasistatic) changes after application of the electrical field
will be discussed (see fitted angles in figure 7.4). Applying a field leads to a shift

of the lattice plane distance, which was discussed widely in the last chapter. The
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direction of this shift depends on the orientation of the lattice planes with respect
to the direction of overall expansion of the actuator, since the collective length
change is a stronger effect than the local change in the few grains we are investi-
gating. Movements of the sample as a whole might also influence the changes in

20 (see chapter 6.3).

A second effect is a change in the tilting angle of the lattice planes. This is primar-
ily a trivial effect, because the expansion of the c-axis and the compression of the
a-axis lead to a change in the tilting angle of the (101) planes (figure 3.10). The
material is polycrystalline, so the shape change of neighboring grains affects
changes in the grains we are measuring. The total measured shifts are also smaller
than the shifts we would expect if the grains could change their shape without
influences of neighboring grains. If we calculate the value with our lattice parame-
ters, the expected shift is 0.26°; we usually obtain values close to 0.05°. This can
be explained when we assume that the grains are under stress and cannot change

their shape freely.

It is known in the literature that static changes in a piezoelectric crystal can also
be used to determine the piezoelectric constants. Following the method of Bhalla
et al.'*® and Barschm, the piezoelectric ds; value can be determined from our re-

sults using:

dy; = —cotHA—e
2AE

(7.1)

where 0 is the diffraction angle, AO the change of 6 when an electrical field is ap-
plied and AE is the change in the electrical field. This is valid if the electrical field
is applied in the z direction (parallel to the c axis of the crystal). This does not
include the tilting of the unit cell. As an example, we can take the values of figure

7.2, when 20 shifts by 0.011° (and thus 6 by 0.0055°) with an applied electrical
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field of 180 V/100 pm. From equation (7.1.) and assuming a stress-free state we

obtain a ds; value of:

dy, =5000%10"2m/ V.

This does not match the PZT literature data of around 600*10™* m/V (ref.'*’). Our
method is not suitable to determine piezoelectric coefficients. To calculate piezoe-
lectric constants, experiments have to be done on stress-free single crystals. In our
case, the material is polycrystalline, so neighboring grains influence the expansion
of the grains we study. Furthermore, we do not know the exact orientation of the
grain with respect to the electrical field. The shifts are larger than expected when
considering the stress-free single crystal, but other experiments on polycrystals
show similar results®®. The collective response reflected in the peak shapes is thus

stronger than the pure piezoelectric coefficients would suggest.

7.6.1.3 Relaxation response

From the experiments performed at ANKA with the split actuator, we can con-
clude that a small relaxation after switching can be seen. Relaxations can be de-
scribed using different mathematical models, such as exponential or stretched ex-

ponential functions. In our case, an exponential relaxation function

(7.2)

with a relaxation time 7 of 100-250 ps (see figure 7.5) describes the data well. A
comparison with the other experiments and an interpretation on this will follow
later. With our method, even very small shifts can be resolved precisely. The oscil-

lations in the fitted angle positions are larger in 0 than in 26.

132



7.6 Discussion

First, the sample is better fixed against vibrations in the direction of expansion
due to the pre-stress. Transverse vibration oscillations are still possible, because
the actuator assembly is at both ends free (see figure 7.38). A second explanation
is the automatic fitting routine that is used to determine the angle positions at each
of the 10.000 time sequences of 1 us. The peak shape is much better defined in 6-
20 direction than in 0 direction (figure 3.9), which makes fitting much easier. We
can thus conclude that the fitting errors in 0 direction are usually higher, so the fit
values will scatter more. This is also indicated by the lower R? values when fitting
0 (0.95, taken from the data of mesh 1) compared to 26 (0.98). Another indication
that this might be the reason for the scatter in the fitted data is the fact that for
some meshes, the 0 data can be fitted just as well as for 20 (see e.g. figure 7.4 (a)),
while for other meshes, where 6 obviously was not as well defined, the data scat-

ters more strongly (figure 7.6 (a)).

7.6.1.4 Influence of temperature and ramps

In a series of experiments, we studied the influence of different parameters on the
relaxation behavior of the split actuator at ANKA. The voltage ramp was changed
as well as the total voltage, the temperature and a mesh of a different lattice plane
type was measured. The first experiments measured with the split actuator at
ANKA suggest that changing the temperature has a strong influence on the re-
sponse of the lattice planes (figure 7.8 and figure 7.9). Surprisingly, the strong
relaxations are still visible after returning to room temperature, especially in the
time-dependent 0 angle (figure 7.10 and figure 7.11). Intuitively, this is difficult to
explain, normally only changing the voltage ramp should not change much of the
response of the actuator. In contrast, one would expect that a shallower ramp
would lead to a smoother response as the voltage is not applied as “rough” as it
was before. The fact that this effects occurred after heating up the sample leads to

two possible explanations.
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First, the heating process might influence the microstructure which leads to
changes in the response of the material; on the other hand we might also have to
deal with a measurement artifact. In general, heating might lead to diffusion,
phase transformations, grain growth or other possible modifications in the materi-
al. Some of them, like phase transformations, are mainly reversible, even though a
hysteresis effect exists due to the activation energy of the process. As the sample
was cooled down back to room temperature before the experiments with lower
ramps were done, one would not expect that any phase change occurs in this expe-
riment. Also, we are far off the Curie point at this composition, so the only possi-
bility would be a change between tetragonal, rhombohedral or a potential monoc-
linic phase in the material. Even though one could think that this influences the
relaxation behavior, it seems rather unlikely that this change is so strong and still

fails to explain why the response remains different after cooling down again.

At elevated temperatures, diffusion can change the microstructure much faster
than at room temperature. Diffusion of Ag from the electrode into the PZT layers
has been reported to occur'®', but only at higher temperatures (500 °C-750 °C)
and slowly. A saturation concentration of 0.2 % was not exceeded. Altogether, no
strong diffusion effects could be found between PZT and AgPd electrodes'**. Dif-
fusion always needs thermal activation'*’ and we do not expect that it happens fast
enough at room temperature to influence the microstructure during the experi-
ment. Finally, one-directional diffusion due to stress gradients would lead to a
steady state, which means that an effect that occurs during the measurements
should vanish or at least decelerate during the experiment, which is not the case.
The only remaining possibility is a diffusion process that is fully reversed when
switching off the actuator, which is very unlikely as stresses should be different in

on-switching and off-switching process.

A final possibility of what might change the microstructure at elevated tempera-

tures is a crystallographic process like grain growth or recrystallization. As stated
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in literature'**, recrystallization occurs only at temperatures above 0.4 to 0.5 times
the melting temperature (in K), and for PZT which melts at above 1300 °C'*, the

temperatures of the experiment are by far too low.

To conclude, the strong response of the split actuator found at some experiments
is an artifact. The sample has several glue spots and if one of them is in too close
contact with the heating block the glue might melt or dissolve, even though the
epoxy glue should in principle be stable enough for temperatures up to 200 °C. In
this case, a periodical movement or tilting of the sample might be reflected in the
results. Also, the different thermal expansion coefficients of sample and frame
might lead to a loosening of the sample. Later results with the baby actuator at
elevated temperatures (see chapter 7.3) did not show any changes in the response
of the actuator. Therefore we do not expect that our measured relaxations and vi-
brations with the split actuator are effects due to the piezoelectric response of the
sample. The experiments at ANKA with the split actuator did thus not show any
influence of temperature, voltage and ramp, at least as long as the measurement

setup was stable.

7.6.1.5 On the actuator relaxation

The next experiments were done with the baby actuator. Now, the lattice planes
parallel to the surface expand in field direction, which is an advantage when stud-
ying effects due to the applied field, as we now have a more direct effect than the
lateral contraction measured before. Due to the electrode on the surface (which
was partially removed) we also investigate lattice planes close to the electrode, so
effects which are related to the direct contact of electrode and ceramic would ap-
pear in the measurement more strongly than before. The special geometry of only
four active layers on top of a 4.6 mm long inactive ceramic foot leads to a con-
straint in the lateral contraction, which might influence the results and should be

kept in mind. Nevertheless, the setup has advantages which simplified especially
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the position-resolved measurements at ESRF, because the low overall expansion

leads to a high mechanical stability of the setup.

Pre-experiments with the baby actuator were done at ANKA. For these experi-
ments, the angle positions in 6 scatter much stronger than they do for 6-20. This
can be explained by less fitting accuracy due to the less pronounced peak shape or
possible torsional vibrations that partially also occurred with the baby actuator.
The influence of several parameters on the time-dependent response of the actua-
tor was studied. For the standard conditions, almost no relaxation of the actuator
was seen, at least in 20 where the scatter was low (figure 7.12(b)). This does nei-
ther change when lowering the voltage, nor when raising the temperature up to
even 170 °C. The only change is a slightly higher shift of 26 when the temperature
gets higher, which means that the piezoelectric response of the crystal gets larger
at higher temperatures. Similar results are found in literature'*’. To summarize the
data from ANKA, in some cases see a small relaxation of the angles with relaxa-
tion times close to 100 or 200 us can be seen. Potential reasons for this will be

discussed later.

7.6.2 ESREF results

At ESRF, we only studied the response of single grains, which can be seen when
comparing the rocking scan data in figure 6.3 (ANKA) and figure 6.5 (ESRF). We
can completely separate the signal of a single grain from other grains. It is also
possible to select grains in designated positions we are interested in by scanning

the sample in translational directions.

7.6.2.1 Split actuator

On the first beamtime with the split actuator, the stability and reproducibility of
the results was not satisfactory. After cycling the sample, the sample position of-

ten had to be readjusted. There are several possible explanations for this. First, the
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sample chamber for the split actuator was not fabricated in a way that stability in
the sub-pm regime was guaranteed. With the small beam spot of 4x6 pm?, high
mechanical stability of the whole setup is necessary to get reliable results. The
base of the chamber is fabricated of a macor ceramic'*’ which can be machined
quite simply and has the advantage of a good thermal conductivity. Nevertheless
the screw holes and other mechanically fixed parts of this setup were not fabri-
cated with high precision. The sample frame and its glue spots might also not be
stable enough, especially when exposed to cyclic loading. There are two positions
which are not glued (see figure 7.38), so the sample could periodically move. On
the other hand, there were indications that the beamline setup was moving and
ESRF suffers from beam path position problems. To exclude problems with our
setup, we later started to perform experiments with the baby actuator, which en-

sures maximum mechanical stability.

Keeping these difficulties in mind, we finally measured two grains at different
sample positions, which for unknown reasons turned out to be more stable than
other grains which were measured earlier. In this case, the reproducibility was
sufficient to measure the whole mesh without having to readjust the position dur-

ing the measurement.

Comparing the results from the central area and the inactive area, we can see a
strong relaxation behavior, but only for the grain located in the active area of the
actuator. The inactive area shows a smaller relaxation at shorter times which looks
similar to the measurements at ANKA, where this small relaxation could also be
seen in many of the experiments with the split actuator (see figure 7.5). This
would suggest that we see a collective effect which is also reflected in the single
grain behavior. If we look at the amplitude of both relaxations, it is possible that
the grain in the centre area of the actuator might show this small relaxation in ad-
dition and it is only overlaid by the stronger signal of the second relaxation. We

can assume that the relaxation is either a collective stress relaxation effect or re-
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flects an effect in the amplifier signal. If the amplifier does not immediately reach
the exact final voltage, but has a small delay at the end of the pulse, this would
also lead to a relaxation in the grain signal. The reproducibility with which this
effect occurs at any temperature or measurement conditions suggests that it is an

amplifier effect.

We can now try to fit the data we obtained in the centre area of the actuator with
an appropriate fitting function. A stretched exponential function (equation 2.10,
see figure 7.20 (b)) was used, which will later play an important role when dis-
cussing the data for the baby actuator to describe potential domain processes. Fit-
ting of the curves at single Q points was unfortunately not successful due to the

low signal-to-noise ratio.

From figure 7.18 and figure 7.22 (a), we can fit six relaxations. The relaxation
times range between 840 and 2700 us and the stretching exponents between 0.77
and 1.09. A more detailed discussion will follow later in the context of the other

ESRF experiments.

7.6.2.2 Baby actuator

At the second ESRF beamtime, we performed experiments with the baby actuator.
We studied different positions and parameters to measure the response of single
grains to the external excitation by the electrical field. There are several differenc-
es compared to the split actuator setup, as we can now study lattice planes expand-
ing parallel to the electrical field. Also, sample movement was excluded due to the

stable setup with only four active layers.

Altogether, 8 meshes of the (101) peak were measured under different conditions
(table 7.1). Two meshes were recorded in the centre of the actuator under normal
conditions, a voltage of 160 V and a high voltage ramp of 5 V/us, but at different

grains. Two more meshes were measured at the same sample positions, but with a
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lower voltage or a shallower ramp of around 2 V/us. Two other sample positions
were also studied, one in the inactive area away from the electrode edge, one close
to the electrode edge, where high mechanical stresses are expected. Close to the
electrode edge, a last mesh with a lower voltage was measured. The results show
that we mainly have to distinguish between five cases: three different sample posi-
tions measured at high voltage and the meshes with a lower voltage and ramp. We
will first discuss six meshes which show comparable results: the meshes measured
in the centre of the sample at higher and lower voltage as well as with a higher
and shallower ramp (meshes 1-5) and the mesh recorded at the electrode edge
with a lower voltage (mesh 7). The two remaining meshes, mesh 6 at the electrode

edge with a higher voltage and mesh 8 in the inactive area, will be discussed later.

We still had instability problems even after excluding all possible sources of
movement in our setup. The stability of the sample holder was tested later using a
dial gauge and no movement was detected. The monochromator of the beamline
was moving. An indication of the beamline instability were stripes in the beam
(reflected in the peak shape, see figure 7.23) which changed their intensities dur-
ing the experiment. The stripes arise from stripes in the monochromator and if
they change their position this means that the incoming or diffracted beam from
the monochromator also changes its position. This affects the quality of our re-
sults, especially as they are collected in relatively long times. Therefore, it is of
high interest to consider also changes in the signal at single Q points where data
was collected in shorter time (2 minutes per point, 5 hours for the whole mesh).
Altogether, all the results obtained for the single Q were analyzed and we studied

the switching-on process as well as the switching-off process.

To verify the reproducibility of our measurement, we repeated a measurement at
single Q for five times. The corresponding intensity curves are shown in figure
7.39. The curves are shifted for better illustration, intensities and curve shapes are

very well reproducible.

139



7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

40000
=
-2 30000 e
& -
=
‘»
e
2
£ 20000
T T g T g T g T T
0 2000 4000 6000 8000 10000

Time [us]

Figure 7.39: Five time-dependent intensity curves measured at the same Q point.
The experiment was done with the baby actuator at 160 V and room temperature.
The curves are shifted for better illustration. The reproducibility is good.

Most curves at single Q are shaped similarly (figure 7.27). Two effects can be
seen after an electrical field is applied at around 250 ps total measurement time.
First, the intensity (or angle) changes instantaneously due to the electrical distor-
tion of the unit cell, which reflects the direct intrinsic piezoelectric response. After
that, a slower process which often can be described with two relaxations (Figure
7.40) can be seen. This will be the focus in later discussions. In most cases, these
two relaxation processes change the intensity in opposite direction, sometimes
they “point” in the same direction. This relaxation behavior can be seen more or
less in every mesh which we measured in the active area of the actuator, with only

minor changes.
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Figure 7.40: Example for the processes occurring when an electrical field is applied,
detail from figure 7.39. The intensity changes instantaneously due to the piezoelec-
tric effect, but other slower processes can also be seen. In this particular case, a
faster relaxation raises the intensity, and afterwards, the intensity decreases with a
slower relaxation.

Some of the possible mechanisms which can appear as relaxations in X-ray expe-
riments were mentioned earlier in the discussion of ANKA results (see chapter
7.2). An additional possibility would be a global stress and strain relaxation of the
actuator, but in this case, the relaxation behavior should be at least qualitatively
similar at all sample positions. Global stress relaxations in piezoelectric ceramics
usually happen on the timescale of seconds'**"*°. A local stress relaxation which
is different at different sample positions is nevertheless still possible, but this trig-
gers domain processes'>'. Mechanical stress and domain wall movement are

closely related in piezoelectric materials.

Our material is a soft piezoelectric, so domain wall movement will occur even at
low voltages and in unipolar loading'*°. Comparing our relaxation timescales to

other domain studies found in literature’"*>'%*%

, we can see that often domain
processes occur in similar timescales. They are referred to as fast domain relaxa-

tion processes in contrast to the slow relaxations that are of interest when studying
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

for example the retention behavior of ferroelectric random access memories (Fe-

RAMs).

7.6.2.3 Fitting of the data

We will now try to explain the measured relaxations by the domain switching
models summarized in chapter 2.5. For simplicity, we will assume that our PZT
ceramic only consists of one tetragonal phase, even though a rhombohedral frac-

tion can be seen in the phase analysis (see figure 2.14).

Diftferent possible models can explain the two relaxations which can be seen in the
measurements in the active area of the actuator. Typical domain processes in a
tetragonal piezoelectric material can be either 180° or 90° switching. A simple

sketch of a unit cell visualizing the two possible processes is given in figure 7.41.

In principle, 90° domain steps and 180° domains steps can be measured using X-
ray diffraction. 180° domain steps yield a change in intensity due to the imaginary
part of the atomic formfactor'>> changing the structure factor. This is only valid
when studying single domains or domains with a preferred orientation. In con-
trast, 90° domain steps can be seen well, as the change of the unit cell dimensions
shown in figure 7.41 (b) leads to a tilting of (101) planes by approximately 1 de-
gree (calculated with the lattice parameters of our ceramic). This is much larger
than the usual rocking width of our peaks. Studying the (100)/(001) peak would
give us more detailed results as we would also see a change in the 20 value, but

the intensities were too low to obtain good statistics.

Only single grains can be studied with a focused X-ray beam. Nevertheless the
number of domains is much higher. Measurement effects will reflect changes in
the average orientation, lattice constant etc. of all domains or in a fraction of the

domains.
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(b)

Figure 7.41: Visualization of possible domain processes. (a) 180° switching, in this
case the total unit cell dimensions do not change, the length remains the same und
lattice planes also do not change their orientations. (b) Two 90° switchings, here, the
unit cell dimensions and the lattice plane angles change during the experiment. 90°
domain steps are the reason for the typical strain-electrical field butterfly loops
(figure 2.5).

As summarized in chapter 2.5.1, domain wall movement is often described with a
stretched exponential function of the Kohlrausch-Watts-Williams Type®'. Often,
literature experiments on domain switching kinetics are in the millisecond to mi-

77,106-108,153,154

crosecond regime, which we also study in our work.

We can now try to model our results on the basis of the Kohlrausch-Watts-
Williams®' equation (equation 2.10) or also on the basis of the two alternative

101,102

models, the Curie-von Schweidler relationship (equation 2.11) or a logarith-

mic decay function'> (equation 2.12). The intrinsic deformation of the unit cell,
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which happens instantaneously (figure 7.40), will not be considered here. Fitting

will only be done on the relaxations after switching on or off the actuator.

At first, we took a representative dataset and tried to fit the data with each of the
three mentioned models. In our following considerations all possible types of
curves will be studied, either the time-dependent fits of the angle positions, inten-
sities and the full width at half maximum (FWHM) or also the time-dependent
intensities at single Q points. All these curves show similar features and can be
treated as a whole. In figure 7.42, two representative curves with the correspond-

ing fits of a sum of two functions of every type can be seen.

Although the curves are of course only examples for a large dataset it is quite ob-
vious that the stretched exponential function provides by far the best fit for the
results, fitting errors are within a reasonable range. The theoretical description of
domain processes reproduces our data well. At ANKA, where we studied many
grains collectively, they show different changes in intensity (also with a different

sign and different relaxation times) and will average out.
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Figure 7.42: Different fits of example datasets from mesh 4 with the models available
in literature. 7 fit parameters were used: t;, as relaxation times, B;, as exponents
and A, as amplitudes for both processes. y, describes the y value at infinite time.
(a,b) Fit with a sum of two stretched exponentials, (c,d) Fit with a sum of two power
law functions, (e,f) Fit with two logarithmic decay functions. As can be clearly seen,
the stretched exponential provides the best fit in both cases. Also, the fitting errors
are lower.
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

We can now move on to a more detailed examination of our data starting with the
meshes taken in the centre area of the actuator. A reasonable approach would be to
describe the data at single Q points and fitted angles as a sum of two stretched
exponential functions with a constant background. If the two processes both start
at the same time t=0 (the time when the electrical field is fully applied) and have
independent relaxation times and amplitudes, we can use an equation of the form:

t t

A b2
I(t)y=4,- l—e( TIJ + 4, - l—e[ ’2] +1, (7.3)

At this point, we have to recall the physical origin of our fitting parameters. The
sum of both functions is the intensity I of the signal against time. At t=0, the dif-
fracted intensity of the X-ray signal is Iy, which represents the intensities (struc-
ture factors) of all domains we are studying (including background). The physical
meaning of the two stretching exponents f; and B, the dimensionality of the
growth process, was discussed in chapter 2.5.1. 7; and 7, are the relaxation times
for the two processes. A and A; are the amplitudes to describe the relative magni-
tude of the two relaxation steps. These amplitudes describe the fraction of the
whole number of domains Iy which switch. To explain this, figure 7.43 shows a

schematic of our model with the two steps and the quantities used in equation 7.3.

At the beginning, in the unpoled state, a certain number of domains in diffraction
condition are present in the material. In a first step, an unknown number of these
domains will switch by 90°; the resulting change in intensity is described by a
stretched exponential function with the intensity change I(1). The second 90° step
is also described by a stretched exponential function with different parameters and
the intensity change 1(2). In this case, the two amplitudes to describe the steps
must have different signs, as the orientation change in the first step will switch the

domains out of the diffraction conditions, while in the second step they will
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switch back into the diffraction condition again. This is only valid if the peak is

described by a simple form like the Gaussian function.

Step 2, Intensity :
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Figure 7.43: Schematic showing the two steps we assume and the quantities involved
in our model. At first, a number of domains with a total intensity I, are present, for
example with their c-axis parallel to c. In a first step, the c-axis will change its orien-
tation by 90° and is now oriented perpendicular to E. This step can be described
with the three variables A;, 7, and B;. The second 90° step switches the c-axis back to
the orientation parallel to E and will occur with different time constants.

To model the expected results, we took a 3-dimensional Gaussian peak (shown in
figure 7.44) and shifted it into the 6 direction using function (7.4). In our case, the
peak position moved from position (1) to position (2) and the intensities on the
points (a) and (b) were studied as a function of time. The relaxation times were
chosen as 1,=400 and 1,=800 ps and the amplitudes as A;=200 and A,= -150 (val-
ues similar to the values we often obtained for our data). For simplicity reasons,

the stretching exponents were chosen as 1.
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(a)

3 NERY

Figure 7.44: Simple model of a 3D Gaussian peak to explain the different curve
shapes we obtained for the different positions on the peak. As an example, the peak
has been shifted from position (1) to position (2) using a sum of two stretched expo-
nential functions and the intensities at the points (a) and (b) were studied.

If the time-dependent intensities which we obtain for the two points are compared,
interesting differences can be seen. The reason is simple: while the intensity at the
peak position only shows the two relaxations from the input function, points close
to the peak can show some additional oscillations. This is the case if the shift of
the peak maximum is larger than the distance of the point from the peak. In this
case the position of our Q point with respect to the maximum changes from the
right shoulder of the peak to the left shoulder and back to the right shoulder. This
appears as additional relaxation in the intensity. For 6, we expect a shift of around
1° due to the 90° domain step. As the whole range we study in Q is much smaller
than 1° (usually only around 0.1°), we would expect to see additional relaxations
in O directions compared to 26 (of course only in the one direction where the peak

shift happens).
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Figure 7.45: Example for the different curve shapes we can get when shifting the
peak from figure 7.44. For (a), the intensity at the peak maximum, we only see the
two relaxations. In (b), the fact that the peak shifts by a larger amount than the dis-
tance of the point to the peak leads to an additional intensity relaxation.

As shown in figure 7.24, we obtain a peak with different facets in our experi-
ments. The monochromator leads to stripes of the beam on the sample, which re-
sults in a complicated peak shape. In 6 and 26, the shift of the peak maximum due
to the piezoelectric effect is smaller than the distance between two Q points, but
the additional ferroelectric shift will happen in 0. The complicated peak shape
which also changes when the peak is shifted can nevertheless explain the different
curve shapes for different Q points on the mesh (see e.g. figure 7.31 (a) and (b)).
Unfortunately, the setup problems will not allow us an exact consideration of the
whole data at this point; no systematic has been found studying the single Q re-
sults. When talking about our results in the rest of this work, we always regard
effects of most of the data, but for some points the whole shape cannot be ex-

plained.

When treating the data, we studied both the on- and off-switching of the electrical
field. Ideally, on- and off-switching should occur with the same relaxation times
and intensities. For our data, the parameters had to be chosen as independent, as
the quality of our data was not good enough to find really similar response for

both switchings at one Q point.
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As already shown in figure 7.42, this mathematical description fits many curves
very well. A large number of curves have been fitted and altogether, almost always
the data is reproduced very well. Some more examples for successful data fitting

with two stretched exponential functions are shown in figure 7.46.

. 4900
5 oo (@) ~T(b)
£ 188000 _
s S 47004
2 187000+ :
© 2 4600
& 186000 L
= <., 45001
© 185000 £ :
B 184000 5“1 4
< < 4300 B¢
‘© 183000+ v 480 1
— T2 1000 87
e 4200+ B2 045, 001
= . ; ; ; ‘ ‘
w 0 1000 2000 3000 4000 5000
Time [us]
3600
3400
3500
2 2
L 50 =
27 z
» B 3200 3410 a
S 32004 g i
= = B1 1.03 0.02
31001 B1001 5 .
B2 081 D.UB_
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Time [us] Time [us]

Figure 7.46: Examples for fitting of relaxation curves with a sum of two stretched
exponential functions (equation 7.1). Almost all curves can be reproduced well with
this assumption.

Nevertheless many free parameters are available in the equation, which often
leads to fitting results that are implausible, namely very high exponents (higher
than 2 meaning two-dimensional growth) or amplitudes higher than the original
intensity. We thus have to find a system to simplify the data treatment in a way

that the fitting procedure is somehow forced to give reasonable results without too
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many constraints. If we take a look at the full set of fitting parameters, we see an

accumulation of the results for certain values (figure 7.47).
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Figure 7.47: Graph showing the distribution of relaxation times and exponents for
both relaxations and a set of fits performed at several meshes. A accumulation of
data can be seen at stretching exponents close to 1 and at relaxation times around
300-400 and 700-1000 ps.

The dataset shows that for many fitted curves, the stretching exponents lie close to
1 and the relaxation times are around to 300-400 and 700-1000 ps. The stretching
exponent has an interesting physical meaning because it describes the nature of
the process we are investigating, in our case the dimensionality of the domain
structure. The physical background of the relaxation time is not so significant. We
thus will now fix the time constants, because we expect to get more information
keeping the stretching exponents as free fit parameters. This is a simplification to
try to find a systematic in the data. For our next fitting run, the relaxation times
were fixed to 1;=400 ps and 1,=800 ps:

t t

Al Vi)
I(t)y=4,-|1- e[_“O‘”‘J + A, 1- e[_g‘”“j +1, (7.4)
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Other relaxation times were also tried and no significant improvement of the fits
was found, but some of them also give reasonable results. If we now fit the full
data of mesh 1 (121 points, on- and off-switching processes) with these new con-
straints, we still get very reliable and plausible results for almost all of the curves.

As an example, four of them can be seen in figure 7.48.
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Figure 7.48: Four example curves for fitting the relaxations with two stretched ex-
ponential functions and fixed time constants of 400 us and 800 ps. Curve shapes can
be reproduced very well.

With this function, we can now fit a larger amount of data and try to find a sys-
tematic behind our results. To do so, we took most of the curves of the 6 meshes
in the centre of the sample (except the curves with very low intensity at the peak
edges) and fitted both relaxations with equation 7.4 and fixed times for 1; and 1».
When looking at the amplitudes, it does not make much sense to consider the ab-

solute values, as they only represent total changes in intensity, which are different
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for each point on the mesh. More meaningful could be a fixed ratio of the ampli-

tudes which could help in the interpretation of the data.

The first insight in the processes and the reliability of our model can be given by a
total statistics of all the fitting parameters we measured in our experiments. For
the six meshes we are considering at the moment, we can plot a total histogram-
like statistics of the amplitude ratio A,/A; (figure 7.49) and the stretching expo-
nents B, (figure 7.50). We only used the absolute values. Normally, the curves
should show two relaxations in opposite direction, so the amplitudes should have
different signs. This is the case for more than 80% of the points, but some show

differences due to the stability problems discussed before.
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Figure 7.49: Distribution of the amplitude ratio for all the fits with two stretched
exponential functions and fixed relaxation times. Often, the amplitudes for both

processes are relatively similar.
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Figure 7.50: Values of all stretching exponents for all the fits performed at the se-
lected meshes with a sum of two stretched exponential functions and fixed times. The
stretching exponents are usually between 0.6 and 1.

We can summarize a few trends from the fitting results. First, the amplitudes of
both processes are often similar or the second switching is a little stronger, and the
stretching exponent is often slightly below one. A stretching exponent lower than
one would describe almost one-dimensional growth of domain walls with few
fluctuations in the opposite direction of the growth”. Taking the explanation of
Lupascu et al.'?’, a stretching exponent close to one would also mean that the do-

main structure in the material is highly ordered.

In the model we used so far we assume that both switching processes are inde-
pendent. During this work, we also tried different models with the two processes
depending on each other. As an example, equation 7.5 describes a model where
the amplitude of the second process adds up as a sum of two intensities: one frac-
tion of domains already present at t=0 and a second fraction that has completed
the first switching step (see figure 7.43). After fitting the data with this model it
turned out that equation 7.4. describes our data better, probably due to the partially
bad data quality.
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t

8 N
I(t)= A, - l—e(_‘mo’”j A, -4 l_e(_4ooﬂsj

(7.5)

1— e(_so(tmsjﬂz +1,

Several other models were tried during this work. As a summary, they do not de-
scribe the data as well as equation 7.4 does, which may also be due to the fact that
the fewest assumptions are made in this model. To conclude, our time-dependent
data shows two domain relaxation processes, which have comparable amplitudes
and start at t=0. This domain relaxations lead to a shift of the Bragg peak and give
rise to changes we can see in the angle positions as well as the intensities on a

single Q point and the integral intensity.

If we recall the results from the first ESRF beamtime with the split actuator, we
only saw one slow relaxation process. The split actuator is in a pre-stressed state,
which is a big difference to the baby actuator experiments. This pre-stress could

trigger different processes in the material.

Before polarization, domains are randomly aligned in the material. The reason for
the many domains that are formed is the minimization of the depolarizing field in
the material. There is a comparable number of domains polarized in each of the
six possible directions. If a mechanical pre-stress is applied to a piezoelectric ma-
terial, domains are forced to align perpendicular to the direction of the

StreSS24,156,157

(figure 7.51). This usually happens by a 90° domain step'™®. If an
electrical field is now applied in the same direction than the mechanical pre-stress,
there is only one 90° domain step remaining. This describes the initial state for the
split actuator. It can be found in the literature that a pre-stress increases both the

dielectric permittivity'>® and the total macroscopic strain of the actuator. The total
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strain is larger because many domains are oriented perpendicular to the electrical

field and so the relative expansion when the field is applied is higher. There exists
25-29,160,161

(figure

7.52), which is also one of the reasons why pre-stresses are applied in the applica-

a maximum strain that can be reached at certain pre-stress levels

tion. This is only valid if the actuator is driven in unipolar mode.

(@) (b)

I_E:TH% Iéu%
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Figure 7.51: Effect of mechanical pre-stress on the domain configuration in a piezo-
electric material. Domains will avoid the external stress by orienting perpendicular
to it. This can explain why we only saw one relaxation when working with the pre-
stressed split actuator (b), while we measured two relaxation processes when meas-
uring the response of the baby actuator (a).
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Figure 7.52: Influence of mechanical pre-stress on the strain of a piezoelectric multi-
layer actuator’. At a certain stress, a maximum strain level exists due to the orienta-
tion of 90° domains induced by the mechanical stress.

We could thus conclude that we see only one 90° domain step in the split actuator,
maybe the second process exists, but has a much lower amplitude so that the re-
laxation effect is hidden behind the vibrations we see (figure 7.18). If we consider
two 90° domains steps, the second step should depend on the first one. It is known
from the literature that the two 90° steps do not have the same switching times’’,
as the activation energy for these processes is different'' due to dielectric energy
generated by the polarization opposed to the switched domain. This would explain
why the processes happen on different timescales. In the same studies it was
pointed out that 180° domain wall motion is much slower (it would anyhow be
very difficult to measure when studying multiple domains with our setup), so 180°
domain steps can be excluded. There is also literature data where each 180° do-

main step is assumed to occur via two 90° domain steps'®*.

As stated in the domain theory chapter (2.5.1), the stretching exponent describes
the mechanism of domain growth. This mechanism might depend on the parame-
ters of the experiment, so we can try to compare the data summarized in figure

7.49 and figure 7.50 for different parameters. Altogether, there are the results of
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

six meshes plotted in these diagrams. For the meshes 1,2, 4 and 5 we measured
twice the same grain, only with different voltages applied. If there is a difference
in the mechanisms, we should see it by comparing the distribution of stretching
exponents for the measurements taken at a high voltage of 160 V (figure 7.53) and
a low voltage of 80 V (figure 7.54). The graphs show a tendency that the lower
voltage will also lead to lower stretching exponents (0.78 median value for high
voltages compared to 0.71 for low voltages). This can be easily understood, as a
lower voltage will lead to a lower driving force on the domain walls and growth

fluctuations lowering the stretching exponent are more reasonable.
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Figure 7.53: Distribution of stretching exponents for the experiments done at 160 V.
Most of the stretching exponents are between 0.6 and 1.
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Figure 7.54: Distribution of stretching exponents for the experiments done with
lower voltage (80 V). The exponent value lies mostly between 0.6 and 0.8, the prob-
abilities are shifted to lower values.

We can also study whether there are differences in the exponent values for both
the faster and slower relaxation or for the on- and off-switching process. For the
switching-on and -off, only small differences can be found (on: 0.75, off: 0.73),
the effect is not significant. Regarding the first (faster) and the second (slower)
relaxation we do indeed also see a difference, the stretching exponent is higher for
the fast process (0.77 compared to 0.72). The faster process occurs with less

growth fluctuations which also fits to our model.

Two meshes are still remaining and can now be considered. Mesh 3 was measured
at the same grain than mesh 1 and 2, but with a shallower voltage ramp. As figure
7.55 shows, the stretching exponent is shifted to lower values compared to the
distribution with a fast voltage ramp. This is reasonable, as lower ramps might
also lead to lower driving forces for domain growth and thus to more growth fluc-
tuations. The amplitude ratio distribution is in between the high voltage and the

low-voltage experiments and will not be shown here, but also supports the trend.
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Figure 7.55: Distribution of stretching exponents for the mesh measured with shal-
lower voltage ramp and 160 V. Compared to the fast ramp meshes, the exponent is
shifted to lower values, which means more growth fluctuations.

Mesh 7 was measured close to the electrode edge with a voltage of 80 V. The spe-
cial geometry at the electrode edge leads to high electrical fields and mechanical
stresses which triggers fatigue in the actuator. At low voltages, we do not see dif-
ferences compared to the centre of the actuator. The stretching exponents (median
0.81) are higher than in the centre of the actuator, which may be due to the effec-

tively higher electrical field.

There are two remaining meshes which have to be discussed. First, one mesh was
measured in the inactive area, where no strong electrical field can be found. In
contrast to the results in the area of homogeneous electrical field, only one relaxa-
tion process can be seen here. If we try to describe it with a simple stretched ex-
ponential function assuming also domain processes, we get mostly relaxation
times in the range of 1000-5000 us and stretching exponents slightly above one.
The curves (figure 7.36) show that the total shifts are relatively weak and espe-

cially no very strong relaxation can be seen.

As we are considering the inactive area of the actuator, we expect no strong elec-

trical field. More reasonable would be a macroscopic relaxation of the whole ac-
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tuator leading to small shifts in the inactive area. This effect is probably too weak
to be measured in the active area, where stronger changes are triggered by the

electrical field.

The curves for high voltages and the grain position close to the electrode edge
show a different shape (figure 7.33 and figure 7.34). We can see a very strong
response for both of the angles and the intensities at single Q points. If we try to
describe the results with the model for domain wall movement, we need three
exponential functions to describe most the data. If we would assume that domain
processes are the origin of the relaxations, we can again try to get a distribution of
stretching exponents to describe the mechanism of switching (figure 7.56). We
can see that most of the stretching exponents are higher than one, which is not
expected for domain wall movement as domains usually grow only one-
dimensional. If we take the simple model that is behind that description, we can
still think that the structural effect triggering this relaxation should have a dimen-

sionality of 1-2.
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Figure 7.56: Distribution of stretching exponents for fits of mesh 6 with three
stretched exponential functions. Most of the exponents are higher than one, which
suggests that no domain process is the origin of the relaxations.
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7 Results: Time-resolved Diffraction Experiments on Piezoelectric Actuators

If domain relaxations are not the origin of the strong relaxations (which for many
curves look more like vibrations) we have to consider what else might be the rea-
son for this response. In contrast to the other meshes, we see a contraction of the
unit cell as first response to the excitation, which later relaxes and turns to an ex-

pansion of the unit cell reflecting the behaviour of the full device.

The mechanical stresses close to the electrode edge when an electrical field is ap-

32163 The strong response to the volt-

plied are much higher than in the centre area
age was not seen in any other mesh and also disappears at lower voltages (figure
7.33 and figure 7.35), so we can assume that the mechanical stress is the origin.
Stress can trigger several kinds of relaxation, first relaxation of the stress itself,
but also of defects in the material such as dislocations'®* or point defects'®, which
are usually studied with mechanical spectroscopy. As the theory for these mecha-
nisms is of high complexity and our results only give a “macroscopic” view on the
response of whole domains or grains, we can only try to explain the response
qualitatively. For a quantitative description, different methods would be necessary,

which are on the other hand usually not position-sensitive enough to study only

the response at single positions of the actuator.

For a qualitative description we can try to interpret the curve of 6-20 plotted
against time (figure 7.33). The first instantaneous response of the material in this
region is a contraction of the unit cell, although the effect is very small. This is
different than at all other sample positions, where we can see an expansion. A
compression of the unit cell can generally be triggered by compressive stresses. If

167,168
1% show strong com-

we recall the literature, experiments'®® and simulations
pressive stresses close to the electrode edge. These compressive stresses can trig-
ger dislocation relaxations which also lead to a relaxation of this stress. If this
happens faster than the actuator can follow, the dislocations can itself now lead to
tensile stresses which are relaxed again and can explain the vibration-like re-

sponse we see in the curves. After a while, the stresses are relaxed and the unit

162



7.6 Discussion

cells close to the electrode edge follow the response of the whole actuator and
show an expansion. Defect relaxations can also play a role when considering fa-
tigue in piezoelectric materials, but a more detailed study would be necessary to

verify this hypothesis.

To conclude, most our results can be described well using a model of two 90° do-
mains steps. Under special boundary conditions, different responses can be found.
The method works reproducibly and different samples can be studied in time-
resolution and with different beam sizes. In the future, the goal could be to repeat
and expand the measurements with a more stable setup, as we for example could
not study the temperature-dependence and the influence of fatigue, which would
both be of large interest for science and application. Domain processes should

indeed depend on the temperature and also change with the fatigue state'"'%.

Nevertheless, our results can already give an interesting insight on the dynamic
response of the actuator and help to improve the fundamental understanding and
can also be used for simulations. New and more sophisticated X-ray methods will
open up further possibilities to study piezo- and ferroelectric materials. With our
setup, devices very close to the application condition can be studied under differ-

ent boundary conditions.
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8 Conclusions and Outlook

In this work, we have studied the time-dependent response of piezoelectric actua-
tors when exposed to an electrical field. As major part of the work, we developed
a new setup where we could perform experiments on the original device, which
was not done before in literature. With the respective electronics and software, we
achieved a time-resolution of 1 ps. The conditions were chosen as close as possi-
ble to the application, only minor changes in the geometry were necessary. A split
actuator was developed to eliminate vibrations in the system. For later experi-
ments, a smaller baby actuator was used to ensure maximum mechanical stability

of the sample position.

At ANKA, the response of large areas on the actuator was studied. The external
electrical field gave rise to shifts of the Bragg peaks, as the unit cell changes its
shape when the actuator is exposed to the field. This happens instantaneously after
the field is applied. No further strong time-dependent relaxation response was
found. This could probably be addressed to the large number of domains which

were studied, where small signal effects average out.

At ESRF, experiments with a pre-stressed split actuator and a free standing baby
actuator were done. The response of single grains was studied, in both cases
strong time-dependent relaxations can be seen. When a pre-stress was applied,
only one domain step could be found, while two domain steps could be seen in the
non-pre-stressed baby actuator. A possible explanation for this was the alignment
of domains due to the external mechanical stress. Domain growth was almost one-
dimensional. At lower voltages and shallower voltage ramps, more growth fluctu-
ations occur. In the inactive area, no strong relaxation behavior was found. Close
to the electrode edges, high mechanical stresses could probably trigger defect re-

laxations which appear as strong oscillations in the diffraction signal. At lower
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voltages, the threshold stress for these relaxations was not exceeded and the effect

vanishes.

In addition to the time-resolved experiments, the mechanical properties of AgPd
thin films used as electrode material were studied using synchrotron-based micro-
tensile tests. We found a decrease of flow stresses with increasing temperature.
Nevertheless, application conditions should only yield elastic deformation in the
films. No size effect was found when studying two different film thicknesses of 2

and 4 um.

With our new time-resolved diffraction setup, there are many more experiments
one could think of. In the future, the goal of the experiments should be an exact
study of only one grain with maximum stability of the setup and beamline, so that
the pure effect of single grains or, with smaller beam sizes, even domains can be

100

87.170 and fatigue state'”,

studied. Domain processes should depend on temperature
as 90° domain wall movement is more affected by fatigue than 180° switching' "
In further experiments, one could study this and also see whether changes apply to
all sample positions or do only occur in the active area of the sample. Knowing
the exact processes which are responsible for fatigue in piezoelectric devices can
improve the future construction of these devices and fatigue resistance. Different
materials can be studied and the optimal composition with least fatigue can be
selected. If the whole cycling of the sample is done in a synchrotron, also change
of the relaxation response with increasing cycle number can be studied. Also, si-
mulations which are at the moment done quasi-static can be changed in a way that
the dynamic response of the domains can be taken into account. Another possibili-
ty would for example be the time-dependent change of residual stresses at differ-

ent sample positions, which can also be measured with our setup.

A wide field of interesting experiments with a similar setup could arise from new

methods which are currently developed in the field of X-ray diffraction. With new

166



& Conclusions and Outlook

free electron laser X-ray sources' >'” like the X-FEL'™, very high intensities and
brilliances can be reached in very short times. By pump-probe experiments' ", the
response of special samples can already be studied in a single shot. Experiments
using free electron lasers on piezoelectric materials could give insight in the very

1'%, with coherent X-ray beams one could get much

fast processes in the materia
information in short times'’’. Due to the special requirements of these experi-
ments they could however only be done on model systems. Short-time experi-
ments could extent the knowledge on fast relaxation processes in piezoelectric

material.

Gated detector systems could be used and can be synchronized to the synchrotron

78 The rea-

bunches, also with one- or two-dimensional detectors like the Pilatus
dout times are nevertheless relatively slow and restrict the measurement speed.
With our samples, extremely short counting times cannot be used, because the
total diffracted intensity from the sample is too low. The methods are mainly re-
stricted to model systems like thin films, where it was already successfully used to

study the intrinsic piezoelectric effect®.

Other possibilities arise from high energy beamlines, where larger samples can be
studied in transmission geometry. When working with thicker samples, studies on
single grains get more difficult as now a larger amount of material is illuminated.
On the other hand, the geometry gets simpler when working in transmission as the

sample can be prepared to study lattice planes in any desired field direction.

The method developed in this work was an approach to study a real device during
operation and in operation conditions. Research on the field of piezoelectric mate-
rials will continue, increasing the understanding on dynamic processes in these
materials and how they contribute to fatigue. With this knowledge from experi-
ments and accompanying simulations, fatigue also under application conditions

will be more predictable in the future.
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