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Abstract

A comprehensive study of domain switching procesdiiferent ferroelastic and

ferroelastic/ferroelectric perovskite structuredraceics has been performed. The
effects of thermal fluctuations on domain switchdygnamics were investigated in the
ferroelastic and in the ferroelectric case undatistand dynamic electric and

mechanical conditions.

In the ferroelastic case, domain switching behavias investigated for different
compositions, using different types of mechanicdtd. Compression tests were
carried out to characterize the ferroelastic prog®r such as coercive stress,
hysteresis loop and irreversible strain. Creep exymnts were performed to study the
domain switching time dependence at different strievels. Domain switching
kinetics during creep was characterized by impldimgna rate model, based on
thermal activation rate theory, which allowed tle&vation volume to be estimated. A
Rayleigh-type analysis was performed to study ffeces of stress amplitude, loading
rate, temperature and composition on ferroelastwitcbing. Rayleigh-type
relationships were proposed to fit the results #mel rate model developed was
applied to quantify the effect of the loading rate the Rayleigh loops. Alternative
methodologies were developed to assess the efiéatste and temperature on the
coercive stress, providing original sets of datduher application of the rate model
provided an estimation of the activation paramefecsume and enthalpy). In PZT
5A at the coercive field the activation volume veadculated to be 2.44 rinwith a
reasonable consistency with the value obtained fnaap tests (7.49 rn

In the ferroelectric case, domain switching wasdig by generating P-E and
butterfly hysteresis loops and by analysing credaxation curves. In creep
experiments, the polarization and the strain weeasured simultaneously, during the
application of a constant electric field. An indigihto the evolution of domain
structure and on domain switching mechanisms waseda highlighting analogies
and differences with the ferroelastic case. Expenits at different frequencies,
allowed the activation volume to be estimated at ¢bercive field (77 nf. The
relatively large value indicates small rate depewsdeand suggests a domain structure

with broad and mobile domain walls, being the prefe sites for the nucleation.
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Chapter 1: Ferroelastic and ferroelectric
materials

1.1 Introduction

The purpose of this chapter is to introduce theceph of ferroelasticity, presenting

general definitions and classifications in termspaoint group, ferroelastic phase
transition and crystal structure/chemical compositof ferroelastic solids, to clarify

the characteristics of this class of materials é&mdappreciate the analogies and
differences at the microstructural level of differéypes of ferroic materials.

1.2 General definitions and classification of ferrelastic materials

“The ferroelasticity of a crystal consists in twaim features:
1) a phase transition at certain temperature betwine paraelastic and the
ferroelastic phase, which produces a lattice distor,

2) the possibility of reorientation of the lattidestortion by an external stres$1].

Following K.Aizu, “ferroelastic crystals” belong to a more general category defined
as “ferroic crystals”. A crystal is named‘ferroic” when it has two or more
orientation states in the absence of external egdields, such as magnetic field,
electric field and mechanical stress, and it carshoéed from to one to another of
these states under the influence of the above orexdiapplied fields. Any two of the
orientation states are identical or enantiomorphauthe structure, but they present

different arrangement of atoms [2].

Ferroelastic crystals are those ferroic crystals whose orientation stasee
characterized by differespontaneous strajrdefined by a strain tensor of the second
order. Any two of the orientation states are idmaitior enantiomorphous in the
structure, but different in thepontaneous strain tensoat null mechanical stress
applied. The shift from a state to another in felastic crystals can occur by applying

a mechanical stress.
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The process of the reorientation of the spontaneti#sn is definedferroelastic
switching”. The switching from a spontaneous strain statantther is a hysteretic
process and the inherent hysteresis is nanfedotlastic hysteresis A typical
example of stress-strain loop is shown in Fig.IHe intersection of the two branches
of the hysteresis curve identifies thogitical stress”, where significant changes in the
domain pattern are induced. The stress at zerm sgalefined as Coercive stress
(see Fig.1.1). Ferroelastic crystals with largedelastic hysteresis are classified as
“hard ferroelastics” [1].

Some crystals present agbntaneous strairwhich cannot be reoriented because the
“critical stres$ is larger than their mechanical strength. Matsriaf this type are
denominated gotential ferroelastics Another class of materials is represented by
those crystals that present a spontaneous straithdére is no possibility to reorient it
because the size of the crystal is too small tsmfdomain patterns. These materials
are called hanocrystals Examples of materials with larggontaneous straim the
ferroelastic phase, which cannot display ferroaldsgsteresis, are also known. They
do not have two symmetrical equivalent ferroelastates and they are namexb~

elastic crystals One of the most important is the calcite [1].

1.3 Aizu classification

Aizu proposed to classififerroelastic crystals” based on the following criterion [3].
On decreasing the temperature, a ferroelastic alryahdergoes to a phase
transformation from a non-ferroelastic phase stabl@igh temperature (paraelastic
phase), to a ferroelastic phase at low temperatire former is referred as
“prototype phase’ Paraelastic and ferroelastic phase have differgrstallographic
point of group and by knowing the point group ottbthe states, the number of the
possible orientation states in the lower symmetmage can be determined. The
relationship between the ferroelastic phase andpitsotype is given by the
“spontaneous strain tensorlf all the possible orientation states have eliént
spontaneous strain tensor, the species is clabsifigull ferroelastic” . If at least two
orientation states have identical spontaneousnstensor, the species is defined

“partial ferroelastic”. In the Aizu’s formalism each species is represgnwith a
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particular notation. For instance the nota#d@mFm, indicates a species having a

prototype with point grougl2m and a ferroelastic phase with point groap

In Table 1 are listed all the possible ferroelaspecies in terms of the point of group
of the prototype and the ferroelastic phase. fdl ferroelasti¢ have been identified
and 42 of them have been found to be afsdl ferroelectrics. In crystals that are
both fully ferroelectric and fully ferroelastic, yachange in the polarization vector is

always accompanied by a change in the strain temsbrice-versa [3].

1.4 Ferroelastic phase transitions and spontaneosgsrain

Based on the Landau’s theory of phase transitithes ferroelastic phase transitions
are characterized by a loss of symmetry from thagdastic state (high symmetry and
low microstructural order) to the ferroelastic stgflower symmetry and higher
microstructural order). The broken symmetry is désd by a thermodynamic
variable called“order parameter”. The basic idea of Landau’s theory is that the
Gibbs free energy can be written as a power funatfcthe order parameter. It is very
frequent the case where different types of micuastiral instabilities are involved in
the phase transition. In this cases the order patentoincides with the parameter
describing the main instability and it will be cdegh with other quantities (faint

variables) associated with the other microstruttietures.

In ferroelastic phase transitions where the onbtahility is the emergence of the
spontaneous strain, the order parameter coincidiasomne of the component of the
spontaneous strain tensor and the crystal is coiovedly defined frue-proper
ferroelasti¢ [4]. In cases where the appearance of the speotan strain is
accompanied by other types of microstructural cbatige spontaneous strain and the
order parameter are coupled. If order parameter thedspontaneous strain are
different parameters, but they have the same symgm#te material is defined
“pseudo-proper ferroelastiand the coupling between the order parameterthad
spontaneous strain is biquadratic [4]. All the mate where the order parameter and
the spontaneous strain are different variablesnigadlso different symmetry are

defined as improper ferroelastics[4].
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The characteristic spontaneously deformed statiefined by a strain tensor, which
relates the low-symmetry unit cell, to the high syetry unit cell. In a linear
approximation, the appearance of the spontaneoais stoes not change the volume
of the unit cell, leading to a trace strain tensgual to zero.

1.5 Domain structure

A microscopic region in a ferroic material of a sjfie constant orientation state is
called a Homairi and the boundary between two domains is callédamnain wall

or “domain boundary[5]. Microstructural observations in the ferrogli@ phase have

shown domain patterns with twin structures [6]. Tdeneration of a spontaneous
strain due to the phase transition results in theimation. Since all of the possible
orientation states are energetically equivalerifeidint orientation states can coexist
in the same crystal, which thus becomes twinnedAgjually, domain walls between

adjacent domains can be seen as internal interfamdsthat the lattice on either side
of the wall corresponds to the other by a simpl@ation. There is a correlation

between the high symmetry phase and the twin stredormed below the transition

temperature. In order to minimize the misfit alotige boundary, two adjacent

domains are locally stressed even in absence ofrrealt stress applied. The

orientation of the domain walls and their shaperaiftiteracting with other domain

walls can be determined by minimizing the strairergg and by applying strain

compatibility criteria [1].

Another approach based on algebraic calculatiossbien introduced by J.Sapriel
[7], and allows determining the orientation of teamain walls. Two types of domain
walls can be distinguishedV-walls and W’-walls. The W-walls are crystallographic
planes of fixed integer indices, independent on tdraperature. Th&\'-walls are
represented by irrational indices and their origota depends on the relative
spontaneous strain tensor and therefore is temyserdependent [7]. The interaction

between different domain walls gives rise to défartypical structures:

1) rounded junctions;
2) S-shaped walls;
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3) needle twins.

From energy minimization and strain compatibilignditions, it can be shown that
the interaction between two orthogonal domain wphsduces a rounded junction,
whose radius depends on the stiffness of the ¢riygdtan hard materials the radius is
always bigger than in soft materials. S-shaped donvalls are formed when a non-
intersecting domain wall bends into an S-shapeusscaf the presence of a junction
between two walls (Fig.1.2). Another frequent dampattern is the needle shaped
domains, with straight domain walls and a sharpatithe end. Such pattern appears

from the attraction of two corner twins walls widpposite curvature (Fig.1.3).

1.6 Dudnik-Kiosse classification of ferroelastic mirials

Based on the crystallographic arrangement, 15 d&stic families have been
identified. In addition, 8 other species that cdanbpe assigned to these 15 families
have been found: 4B0; ShkhO/, KIOF,, Mg.B,Os;, PtGeSe, KBa(NQ,)s,
ZnGek6H,0, KCIOs. H3BO3 and KCIQ have very large spontaneous strain therefore
its reorientation (ferroelastic switching) resutjgite difficult [4]. Most of the 15

families and some of the 8 species can be groupbaiystal-chemical classes:

(1) ferroelastics with isolated anion complexes,

(2) ferroelastics with anion or cation complexesnreected at the tips in
continuous linear chains or layers,

(3) ferroelastics with anion complexes connecte@¢adntinuous linear chains or
layers through hydrogen bonds,

(4) ferroelastics with octahedral anion complexesnected at the tips in three-
dimensional frames,

(5) ferroelastics forming ion molecular crystals.

The families belonging to Class 1 are seven: paltege(e.g. PEPOy),), fergusonites

(e.g. BiVQy), teilorites (KCrQy), langbeinites (LiTISG), complex cyanides
(K2Mny(SQy)s, double trigonal molybdates §Kg(CN),), double trigonal tungstates
(NaFeMoQ),. Families belonging to Class 2 are four: pentophates (LaFO14),
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fresnoites (BaTiGfg), M4A(XO4)s (KsZn(MoOy)s, ditellurites (SrTeOs). Species
belonging to Class 3 are the alkali trihydro-sdksi(KH(SeQ), and also BEBOs.
Class 4 includes the perovskites group AB@d Class 5 the calomel family (4@J.)

[4].

1.7 Domain structures in ferroelectric materials

Ferroelelctric materials presentspontaneous polarizatiof’; below the transition

temperature, which can be reoriented by applying external electric field.
Considering the polarization orientation in eachmdm, ferroelectric materials
display two types of domain walls. Domain wallsvbetn domains with antiparallel
polarization are definedl80° wall$ and those which separate regions with mutually
perpendicular polarization are nameéxD® walls or more preciselyrion-180° walls.

In tetragonal structures for example, the anglenéat by the polarization vector on
each side of a 90° domain wall is slightly smattean 90° (Fig.1.4). In contrast to a
ferroelastic material, ferroelectrics experienceftimation of a surface charge on the

grain/domain boundary due to the appearance o$pbataneous polarizatioR?; at
the transition temperature. This surface chargelymes an electric field,, called

“depolarizing field, which is oriented oppositely to the spontanepalarization. The
effect of the depolarizing field is to make the wrence of single-domain state
energetically not favourable. The appearance opa@ntaneous strain at the phase
transition produces mechanical stresses, whichnisadditional obstacle to the
formation of single-domain structure. Therefore nbiinimize the electrostatic and
elastic energy the ferroelectric crystal splitoigiomains. Both 90° and 180° walls
reduce the effects of the depolarizing electriddée while the elastic energy is
minimized only through the formation of 90° walkeé Fig.1.5). Domains separated
by 180° walls differ only in the direction of thelprization, so the 180° walls are
often defined purely ferroelectri€. Domains across 90° walls while by differ in the
orientation of the polarization vector and in tip@taneous strain tensor; hence 90°
walls are both ferroelectric and ferroelastic. Apglelectric fields are able to induce
movement in both types of domain wall, while extéénmmechanical field can act only

on the 90° walls.
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Fig.1.1: example of stress-strain hysteresis loof][

Fig.1.2: formation of S-shaped domain walls [1].
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Fig.1.3: formation of needle-shaped domains [8].

e [

T=Ta TeTn T=Tg
Single domam Q07 twins

Fig.1.4: scheme of twinning [9].

domain wall region

Fig.1.5: 90° and 180° domain walls [10].
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Table 1.1: possible species of ferroelastics [3].

Num. Num. Num.

Ferroelastic Ferrg- Ferroelastic Ferro- Ferroelastic F Ferro-
species s electric?; species states electric? species st(a)tes electric?
2F1 2 Yes 4{mmmE2[m( p) 4 — 6fmmmEmmm 3 —
mFl 2 Yes 4)mmmEmmm 2 — 23F1 12 Yes
2/mF1 2 — IF1 3 Yes 23F2 6 Yes
222F1 4 Yes 3F1 3 — 23F222 3 —
222F2 2 Yes 32F1 6 Yes 23F3 4 Yes
mm2F1 4 Yes 2E2 3 Yes m3F1 12 —
m2F2 2 — 3mF1 6 Yes m3F2{m 6 —
mm2Em 2 Yes 3mEm 3 Yes m3Fmmm 3 —
mmmFE] 4 — ImF1 6 - m3F3 4 —
mmmE2/m 2 — ImE2/m 3 — 432F1 24 Yes
4F1 4 Yes = G6F1 6 Yes 432F2(s) 12 Yes
4F2 2 — - 6F2 3 — 432F2( p) 12 —
4F1 4 Yes 61 6 Yes 432F222(s5) 6 -
ar 2 Yes BFm _ 3 Yes 412F222( pp) 6 —
4/mF1 4 — 6/mF1 6 — 432F422 3 —
4imF2im 2 —_ 6/mF2im 3 — 432F32 4 —
422F1 8 Yes 622F1 12 Yes 43mF1 24 Yes
422F2(5) 4 Yes 622F215) 6 Yes 43mF2 12 —
422FX p) 4 — 622F2( p) 6 — 43mFm 12 Yes
422F222 2 — 622F222 3 — 43mF222 6 -
AmmE1 8 Yes 6mmF1 12 Yes d3mEmm2 6 Yes
dmmE2 4 — GmmE2 6 - 43mFa2m 3 —
dmmFEm 4 Yes 6mmEm 6 Yes 43mF3m 4 Yes
dmmEFmm? 2 — bmmFmm? 3 — m3mE1 24 —
42mF1 8 Yes em2F1 12 Yes m3mE2{m(s) 12 —
42mE2(s) 4 Yes 6m2l2 6 — m3mE2{m( p} 12 —
AmE2{ p) 4 — 6m2Fm(s) 6 Yes m3mEmmm{ss) (3 —
mFm 4 Yes om2Fm{p) 6 Yes m3ImFmmm{pp) 6 =
2mF222 2 — 6mZEmml 3 Yes m3mE4jmmm 3 -
2mFmm2 2 Yes 6/mmmE1 12 — mimEim 4 —
4/mmrmE 1 8 — 6/mmmB2}m{s) 6 —
4fmmmE2/m(s} 4 - 6/mmmBLim{p) 6 —
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2.1 Introduction

The microstructural mechanisms of domain switcldggamics have been a matter of
fundamental research for decades, but a univensary is still missing. There is
general agreement in the literature that domairtcsivig involves two sub-processes:
the nucleation of domain sites favourably orierdatgth the external field and the
expansion of these sites by the movement of thallswThe expansion of the new
domain sites produces a total change in the priegidomain configuration and it
can occur once the domain nuclei have a criticad.9Mlost of the published studies
regard ferromagnetic and ferroelectric crystalsavieg the phenomenon of
ferroelastic switching under mechanical loading lesplored. The nucleation-growth
mechanism is analogous for the different typesesfoic materials and it can be
considered as a general framework in describingasiorswitching in various ferroic
media. Relying on this analogy, some of the magtiBcant achievements within the
last 50 years on domain switching in ferroelectsigstems are reviewed and
experimental and theoretical approaches of genefality, which might be extended
to the ferroelastic case, are summarized. The rdetbgies here reviewed, include
empirical approaches, the development of kineticdel® to describe domain
switching dynamics, micromechanical and phenomegicdd models to simulate the
macroscopic constitutive materials behaviour, ramdieeld theory to model the
interactions between domain walls and pinning sates$ thermal activation rate theory
to estimate the effects of temperature and ratehendomain switching process.
Furthermore, the most important achievements raggrthe deformation and the
creep behaviour in ferroeleastic and ferroelastiodelectric materials are also
mentioned and a brief summary on the Rayleigh-bgeaviour and on the influence
of rate and temperature on domain switching inofglectric media is also presented.

The chapter is ended with a section on the aimoajettives of this work.

10
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2.2 Experimental observations and empirical models

One of the first experimental observation of domaml dynamics worthy of note

was performed by W. Merz more than fifty years gf¢b4) [11,12]. Merz studied the
domain switching in ferroelectric poled BaTiQingle crystal by measuring the
current produced by electrical pulses of differamiplitude at different temperatures
[11,12]. Domain switching was considered to ocecutwo stages: the nucleation of
new domains with polarization opposite to the pvasi poling direction and

expansion of these new domains under the actidheo&pplied field. Merz described

the trend with an empirical expression of the type:

(2.1)

U(T))
E

Imax L exp(

wherei,is the switching currentr(T i$ a coefficient temperature dependent &nd
is the applied electric field. In particular(T wgs found to be inversely proportional

to the thickness of the sample [12]. Fitting of tlesults is shown in Fig.2.1. With
increasing temperature it was possible to achibeesame switching current with a
smaller electric field. Optical observations suggeshat at higher temperatures the
nucleation rate of reversed domains increased lamdjtowth was faster. Compared
with ferromagnetic systems, no sidewise motion ofmdin walls was found, but
domain switching was observed occurring by the &dvgrowth of many antiparallel
new domains. The velocity at which the whole crystaitches was found to be
eleven times smaller than the velocity of soungpgation and different mechanisms
of nucleation-growth were proposed depending orafiied field level. At low field
the switching time was considered to be primardyedmined by the time necessary
for the formation of new nuclei. At high applieelfis the nucleation of new domain
is very fast so the switching time is mainly duete time that the new domains take

to grow [12].

E.Little studied the nucleation and growth of 9Q8 480° in barium titanate using an
optical technique [13]. A single-domain crystal wersployed to study 90° domain
wall motion. The nucleation process is schematigiistrated in Fig.2.2. Wedges of

opposite polarization are produced starting frone ttrystal boundaries. The

11
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nucleation rate was found dependent on the apfikédl and on the time pulse. For
the 180° domain switching, antiparallel domainsmfed with spike shapes at the
crystal boundary and expanded along the polar &kis. dynamic of their growth is
shown in Fig.2.3. The growth velocity increasedwilie applied field, but decreased
in the last stage, when few domains remained stiBwitched (blank wedges in
Fig.2.3). The results suggested a fast forward meve and a slower sideways
motion due to an increasing depolarizing field. ifiedlence in the structure of the two
types of walls was also proposed: 90° domain veaiisthick as they were observed to
split under certain switching conditions and 186fndin walls are thinner and they
move through a mechanism of dipole flipping thromghthe crystal. Interaction
between 90° and 180° have been also studied aedhatized in Fig.2.4. The results
are in agreement with the trends found by Merz.

H.Stadler observed that in barium titanate the @dwig time decreased with
increasing voltage and that at high voltages th&chimg time was half the time taken
by a dilatational elastic wave to cross the cry$takness [14].

Similar approaches for studying domain walls dyramave been employed more
recently with the advantage of more powerful micogsc observation techniques
[15-17]. An increased use of AFM (Atomic Force Miscopy) and PFM

(Piezoresponse Force Microscopy) has provided durtinsights in the domain
switching kinetics [18-21].

V.Gopalan and T.E.Mitchell have studied the kiretaf 180° in LiTa@ finding
similar trends already found previously in Ba%i5]. The effect of the internal field
was also analyzed, whose microscopic origin isutised in more detail in [16]. The
presence of internal fields creates a large diffegein the forward poling fields and
reverse poling fields producing asymmetric P-E bo(fig.2.5):

_(Ei-E)

int 2 (2 . 2)

where E; is the forward coercive field anfl, the reverse coercive field.

12
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The switching time for the forward poling and tleverse poling were found to be
dependent exponentially on the applied electric mmernal field. A change in the

activation field occurs from low to high electridalds:

J, 5
ty =tipexp——— |, t, =t exg ———— (2.3)
Ef - Eint Ef + Eint

The nucleation of new domains was not restricte¢y tmlthe surface and the new
nuclei had a dagger shape with polarization alwagposite to the pre-existent
domains, in the forward and reverse poling. The eatddn rate has been described

with a function of the type:

r, :I'foexp(—E_’BfE| j (2.4)

where the parameteB; assumes different values in the low and in thé Higld

regime field. Sideways velocity was measured usmagsmitted light microscopy.
Fig.2.6 shows the characteristic growth kineticsingles grow into larger triangles.
Correspondence between domains is indicated witll sarrows. It was concluded
that in the low field regime the total switchingng is limited by the sideways
expansion of the domains and in the high regimd fiee nucleation of new domains
and the sideways growth play approximately equatspen determining the total
switching time [15].

A direct observation of pinning and bowing of agéenferroelectric domain wall has
been reported on LiTaOusing CMNSOM technique (Collection Mode Near-field
Scanning Optical Microscope), showing that domaailsvstart moving under fields

equal to a tenth of the coercive field [17].

AFM observation is a non-invasive technique to obsedomain wall dynamic at
nanometer scale [18]. Several measurements have ge®rmed in lead zirconate
titanate PZT thin films under constant electric palsshowing an increasing domain

radius with increasing time pulses (Fig.2.7). Damaiall velocity was measured

13
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monitoring the lateral domain wall motion and tkeeults were interpreted in terms of

random field theory as explained in the next seski8,19].

PFM imaging performed by A.Gruvermar et al. on PAin tfilms under constant
electric fields has provided further insight regagd the kinetic of ferroelectric
domain switching. At the beginning of the interyallses the nucleation process is
predominant; for longer time lateral domain expangrevails. Nucleation process is
enhanced at higher electric field applied (see2f8y.and the nucleation rate changes
during the time pulses: it reaches a maximum vaftexr which it gradually decreases
to zero [20]. Very recent analysis on PZT epita#iah films have used a combination
of technique based on switching spectroscopy ard Pfaging for nucleation bias

mapping [21].

2.3 Kinetic models

The kinetic of the domain switching process has nofbeen studied using the
Kolmogorov-Avrami approach, as proposed for thst fitme by Ishibashi and Takagi
[22]. Based on fundamental assumptions [22], thetiion of volume switched under

a constant applied field is expressed with a kinetipression of the type:

V, =1- ex;{[— tlﬂ (2.5)

where t,and n are used as fitting parameters. In particuharis related to the

dimensionality of the domains and it has been foallé to assume also non-integer
values in contradiction with the original approaxftthe Kolmogorov-Avrami theory.
Non-integer values ofn have been proposed arising from the participatdn
domains with different dimensionality to the switalp process [23]. EQ.2.5 is able to
fit with good accuracy data for bulk materials, Hiftils for domain switching in thin
films [20,24].
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A modified equation based on random field theory haen proposed for long-time
tails to describe the evolution of the electricgpiation in response to an electric

field square wave in soft ferroelectrics [25]:

P() = P, exp{—a{ In@” (2.6)

A rigorous kinetic theory for ferroelectric/ferrastic switching was developed by
Kukushkin et al. treating the domain switching @mex as a first order phase
transition, showing that the kinetic can be destilvith analogue models of the
liquid-solid phase transition [26,27]. The elecfigld/mechanical load plays the role
of supercooling. Three different stages were idextifin the initial stage, thermal
fluctuations produce the formation of a populatoddmuclei of the new phase, without
causing any changes in the thermodynamic parametefse system. In the second
stage the process interests the main body, detegnan significant variation of the
thermodynamic state of the system, with a consdqaamation of its thermodynamic
parameters. The last stage was definedCswald ripening and it is characterized
by the mergence and the coalescence of small nudlkilarger ones. The theory
developed allows deriving important characteristiésthe process under constant
field applied, such as an expression for the ntickearate and growth rate, an
expression for the evolution of the nucleus sizetriiution function and an

expression which describes the volume fractioredilvith nuclei [26,27].

2.4 Micromechanical models

Micromechanical models attempt the simulation oé tmacroscopic behaviour
starting from the domain length scale. Macroscdymdies are composed by grains
containing domains randomly oriented. A switchingecion is a-priori assumed as
threshold of non-linear behaviour. Homogenizatieohhiques are used to simulate
the continuum properties. The Reuss approximatipnesents the homogenization
procedure and self consistent models the most stqgdtied ones [28]. Reuss
averaging is based on the assumption that stres®lantric field are homogeneous

throughout the polycrystal, whereas self-consisteatlels consider the crystal grains
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as spherical inclusion in an infinite surroundingtrix. Two main categories of
micromechanical models can be identified: modetetdan a complete switching and
models based on incremental switching [29]. The madiawback of the

micromechanical models is the huge number of ialexariables, which causes
significant difficulties for the implementation afuch models in finite element

computations.

2.5 Phenomenological models

The constitutive equations in phenomenological nm®date derived from a
thermodynamic framework based on a Gibbs free gnergHelmotz free energy
formulation, which are written as a function ofarmtal variables of the system [29].
Cocks and McMeeking used remanent strain and remhgarization as internal
variables in the uniaxial case [30]. Later on, tiedel was extended in the multi-axial
case by Landis [31]. The approach is based on tbengigosition of the Helmotz free
energy in a reversible part associated with thetieladielectric and piezoelectric
energy per unit of volume and in an irreversiblg palated to the remanent strain and
remanent polarization. Application of the Clasifugiem inequality allows obtaining
only the remanent states, which do not violate tttermodynamic principles: only
non-negative increments in the energy dissipatreradmitted. In agreement with the
irreversible thermodynamics the remanent statecai®ilated through a flow rule,
analogous to the J2 flow rule in metal plasticiigsed on the concept adwitching
surfacé. The switching surface analogously to crystal fitity (yield surface) is a
convex region of the spa@ectric field-stressvithin which there is an absence of
switching and the behaviour is linear piezoeled2i]. The remanent states lie along
the outward normal to the switching surface [28,3His thermodynamic framework
requires several a-priori assumptions on the switchsurface shape (switching
criterion) and on the dependence of the linear gntogs and of the hardening moduli
on the remanent strain and remanent polarizationteFelements calculations enable
the macroscopic material response to be simulaidd avlower computational cost
compared with the micromechanical models. The acyguoé the phenomenological
approach in describing the experimental data haa bempared with the accuracy of

the micromechanical models for some of the mosiveait ferroelectric compositions
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[28]. However there are still no universal modets dredict all the behaviour

observed.

2.6 Models based on Domain Walls Pinning

A general approach has been developed to studyidonal dynamics in different
types of ferroic systems, which treats the domaatisaas elastic interfaces embedded
in a potential environment, whose profile is pdvad by the presence of impurities
acting as pinning pointd$n general, an external conjugate field producesiang
force on the interface, which interacts with thégotial of the surrounding disordered
medium in which the domain wall itself is placedari®om distributed impurities
cause a random variation of the potential and apresgtly a slower domain walls
motion. Disordering agents can produce two typesimifiing effect, namelyrandom
bond$ and “random field$[19,21,32-35].

In the random bonds scenario, disordering agengp kke local symmetry of the
order parameter, while in random fields disorderaments break this symmetry
[21,32]. The effect of random bonds and random dialiisorder on the potential
landscape are shown in Fig.2.9: random bond disgnaeluces local variations in the
depth of the double well potential (Fig.2.9a) kegpthe symmetry of the function;
random field disorder creates an asymmetrizatiorthef ferroelectric double well
potential (Fig.2.9b) [21,36].

Another distinction on the pinning nature is betwéweaK and “strond pinning.
Pinning is consideredweaK (collective) when the interface is pinned on the
fluctuations in the concentration of the disordgriagents. Strong pinning occurs
when the interface is pinned by many small isolabegburities [32]. At low
temperatures there is a collective pinning and ryreasing the temperature, the
pinning effect becomes weaker and individual pignirecomes more and more
frequent [37]. In the absence of thermal fluctuagi@and impurities the domain walls
would assume a flat configuration. Disordering effetend to roughen the domain
wall and the resulting configuration arises fromcampetition between these
disordering agents and the ordering effect of tiverfacial elasticity [34-36].
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The distorted configuration of the interface is defl through a displacement field

u(x) (Fig.2.10) whose correlation functids(L) quantifies the average displacement

of the domain wall:

B(L) =<[u(x+ L) —u(x)]* > (2.7)

The symbol <...> denotes thermal averaging andndicates disorder average;

indicates the length of the domain wall over whi&(L) is measured. The

dependence of the correlation functi®(L o L identifies two regimes: the so

called ‘Larkin regimé& where the dependence is of the tyg@(L) O L*° and the

Pl
“random manifold reginfevhere B(L ) grows asB(L) [I (LLJ (Fig.2.11).

L
The exponenf2{ depends on the nature of the disorder and onithendionality of

the interface (fractal dimension). For a line (indnsional) in a random bond

scenario, calculations have shoyve 218 case of a two-dimensional interface the

roughness exponent has been estimatefi=as . B/Sandom field disorder the

roughness exponent is given l:r,§/::4T . The parametet is defined foughness

exponerit [19,32,36]. The length threshold,, is called tarkin lengti and it
represents the smallest length at which the watl lsa ‘weakly pinned In the

regimelL < L, there is no metastability and no pinning occurg.[32

Often in the literature the correlation functi¢lL is)replaced by the analogue

function:
w(L) =<[u(x+L) —u(x)]* > (2.8)

defined as domain wall roughness

In general the equations of the interface motideroised in the literature belong to
two classes of equations: tBelwards-Wilkinson equatiofinear approximation) and
the Kardar-Parisi-Zhang equatiofincludes non-linear terms) [38]. A typical forrh o
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the first class has been derived for the surfagetdhtion in granular materials [39]
and subsequently applied to the domain wall dynamdisordered media [34,35]:
10u 5

——=COuU+F+R(xu+n7(x%x9 (2.9)

k ot

whereu is the average position of the domain wa#nd C are therfiobility’ and the
“stiffness of the interface respectivelyF is the external force applied and

n(xt)represents the thermal noisg,(x,u)is the pinning force arising from the

random potential/;:

Fo=- (2.10)

ou

By solving Eq.2.9 the diagramnterface velocity-applied for€ecan be obtained at
T=0 and at finite temperature, for static as wslldgnamical external forces applied.
A schematic diagramelocity-applied forces shown in Fig.2.12. At T=0 the interface
does not move until the applied force reaches &caki valueF.. At finite
temperatures, interface depinning can occur alseoimespondence of subcritical
forces, as effect of the thermal fluctuations.Ha tasel =0, the thermal noise term
n(x,t)in Eq.2.9 is absent. The solution of Eq.2.9 forstant applied force shows
that, in the hypothesis afeak pinningthe interface does not move until the applied
force reaches a critical valug.. At T >0 and small forces applied the following
expression for the domain wall creep velocity (undenstant forces applied) has
been derived:

v exp(—kE—?I_j (%]ﬂ (2.11)

where E; is the energy barriers between different metastatastes (pinning energy).
The parameter :%, whered =2¢ +d - 3 is called the dynamical exponeht

and it takes into account both the dimension ofdp&emd and the nature of the
disorder [35]. The above expression can be seengeralization of the empirical
Merz law (2.1) obtained from a physical basis ankes into account the presence

19



Chapter 2: Domain wall dynamics

of thermal fluctuations, the effect of a randomgmaial, the nature of the disorder and
the dimensionality of the domain wall [36]. The idély of this equation has been
ascertained in different experimental situationsl dor different types of ferroic

materials [19,40]. Regardless the temperatureF fo» F. the velocity is a linear

function of the force applied [32-35].

Under an alternating applied field, domain wall maotis influenced by the frequency
at which the external field is cycled. The macrgscaoate effects are represented by
the dependence of the coercive field and the lompehesis on the frequency of the
applied field [34,35]. Domain walls exhibit differte modes depending on the

frequency applied, which can be recognised in theadled ‘Cole-Cole plat, where
the complex party of the dynamical susceptibilify, is plot against its real pag

(Fig.2.13). Note that the plot has absolutely aegahcharacter and it can be
generated in different kinds of ferroic materiatee susceptibility becomes the
magnetic susceptibility, the piezoelectric coeéiidi and the mechanical compliance
in ferromagnetic, ferroelectric and ferroelastisteyns respectively. The semicircle
region indicated with R in Fig.2.13 correspondshi® highest frequency applied with
a dispersive Debye-type function, which is reflectly in an oscillation between

local energy minima, without net interface motidRe(axation regime). For slightly

lower frequencies, the Cole-Cole plot is linear #mel range of frequencies is called
"creep regim& where sideways motion of the domain walls carertap to the

nucleation of reversed domains. For smaller fregiesnthe susceptibility should be
purely imaginary and ideally the slope / ¥ becomes infinity as one can see in the

schematic Cole-Cole diagram (Fig.2.13). This regsocalled Viscous sliding In the
range of even lower frequencies, the Cole-Cole pppears as a quarter circles, half
of therelaxationsemicircle representing thewitching regiofi [35]. Characterization
of domain wall dynamic in terms of Cole-Cole ploash been performed on
ferromagnetic systems [35], ferroelectric mater[dls] and more recently also in the
ferroelastic case [37].

A general expression for the dependence of theeptibdity on the frequency of the
applied field has been derived in the magnetic ¢a2¢ It was shown that below a
minimal length scale, domain walls move freely, piog the pinning barriers. This
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length scale depends logarithmically on the fregyensf the applied field and leads
also to a logarithmic dependence of the magnetsceqtibility. The functional

dependence is given by:

X(@) =X{1+[T IT jln[; H (2.12)

where y, is the susceptibility al =T, . Analogous expressions have been applied to

the piezoelectric coefficient [42] and to the matbal compliance [37].

2.7 Models based on Rate Theory

Different mathematical treatments to describe ffeceof the rate of the applied field
on domain switching in different ferroic systeme dmased on the analogy with the
dislocation motion in metals [43-45]. Domain switgl is a thermally activated
phenomenon and its driving force is partly supplgdthe applied external field and
partly supplied by the thermal fluctuation. Analogty to the dislocation case, the

rate of switching can be expressed using an Artsetyipe equation:

E=§, ex{—(A—Gﬂ (2.13)
KT

whereg, is the pre-exponential parameter depending on rakwvaicrostructural

factors [45],AG is the Gibbs free energy of the procdss,the Boltzmann’s constant

and T the absolute temperature. The application of HB&.2in appropriate
experimental conditions, allows estimating the\atton parameters of the domain
switching process under static and dynamical aggledds [43,45]. The values of the
activation parameters estimated for ferroelectrngtching suggest that the energy
required for the switching is mainly supplied by texternal field [45]. Thermal
fluctuations produce low amplitude and long wavgtarundulation of domain walls
and consequently nuclei with reverse polarizatiorshape of long protrusions and
thickness in the order of the domain wall width Bmemed preferably on the domain
walls [45].
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2.8 Deformation behaviour

Ferroelastic and ferroelastic/ferroelectric materiaexhibit a characteristic
deformation behaviour when subjected to an exteapplied stress. The deformation
response has been widely studied in different alggjraphic structures and
compositions under various loading conditions. Wigkcompression is the most
common test performed [46-58], but also studie®lving tensile [59-62], bending
[63-65] and torsion [66] loading conditions haveebepresented in the literature.
Analyzing more specifically the behaviour under axml compression loading,
highly non linear deformation behaviour is obseniadall the ferroelastic and
ferroelastic/ferroelectric materials, usually dtiried to the domain switching process.
In materials having solely ferroelastic characterss only a reorientation of the
spontaneous strain occurs upon loading. In systdigplaying ferroelastic and
ferroelectric properties at the same time, the s&pwous strain reorientation is also
accompanied by a rearrangement of the polarizatiomain configuration. In
particular for the latter case, the mechanicaloasp is also affected by the electrical
boundary conditions [60,64]. These materials prebayher stiffness in open circuit

conditions than in short circuits [60].

Fig.2.14 shows an example of compressive streasistrcurve of a
ferroelastic/ferroelectric material initially poledong the loading direction. The graph
indicates a linear trend at small compressive Id@&dB path). This is just an ideal
case, as most of ferroelastic materials presendralinear behaviour even at very
small loads. By increasing the load, non-180° donsawitching occurs, which is
reflected in a pronounced non-linear trend and ideareasing tangent modulus.
Mechanical loading produces plastic deformations wuthe domain switching and a
depolarization process, which is often nametwethanical depolarization51]. The
spontaneous strain gets reoriented and the pdiamnzaf the domains switches in
direction perpendicular to the load axis (B-D pattrpducing a depolarizing effect.
At some stage, the domain switching becomes exédustd no more domains are
available to switch. The trend then appears agaeal (D-E path). Stress-strain
graphs do not display any distinct point corresmmdto the onset of domain
switching [50]. They rather present an inflectiooirm, whose correspondent stress

identifies the toercive stressof the material. The coercive stress represenés t
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stress at which the system has the highest swgadfaite [51]. The inflexion indicates
the stress threshold where there is a transitiom fa softening process to a hardening
process in the tangent modulus of the medium [24].the beginning of the
unloading, the stress-strain trend is linear asdlitpe has been used by some authors
to estimate the Young’s modulus of the material.(Ref. [54]). During unloading, a
partial back switching occurs, leading to an irrsilde strain and to a remanent
polarization [47,51]. Such non-linear stress-stita@maviour can be observed in soft
and hard compositions. The differences betweenetraye evidenced by a lower
coercive stress, a faster switching saturationjghen depolarization and a higher
strain irreversibility in the soft compositions cpared with the hard ones [47,50].
Greater back switching in hard materials can bdagx@d by higher internal stresses
developed upon unloading, which facilitate theisfplarization recovery [48].

For PZT compositions, th&r:Ti ratio has been found to influence the mechanical
properties and consequently the stress-strain ttandore detail, at the morphotropic
phase boundary (MPB) the remenent strain and tinement polarization assume the

maximum value and the coercive stress has a minifpddin

2.9 Creep behaviour

The “creed phenomenon is characterized by time dependemrieheftions occurring
in different classes of materials, when subjectedanstant loads for a certain period
of time. In structural ceramics, creep is produbgdthe mechanism of vacancies
diffusion, which is more significant at high temaenme. In metals, creep deformation
is mainly due to dislocation motion. Diffusionakep flow becomes more relevant at
very high temperature. Three creep stages can dmlydidentified under constant
load, namely primary creep, “steady state creémnd “tertiary creep (Fig.2.15).
During the first stage, the strain rate decreasils thie time, due to a material’s
hardening, consequent to an increasing hindrandestafcation movement. The strain
rate decreases until it reaches a minimum, whestits to be nearly constant, giving
rise to a steady state creep, where the dislocasbide with constant low velocity. In

the tertiary stage, microvoids are produced atgitaén boundaries, which facilitate
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grains sliding, producing an increasing strain aatd at the end the complete failure
of the material [67].

Ferroelastic and ferroelectric ceramics exhibit naegcal and electrical creep also at
room temperature, due to the thermally activatetlireaof the domain switching

process. A number of studies regarding the creegnghenon in this class of
materials have already been performed [59,68-73],abcomplete understanding of

the inherent physical mechanisms is still missing.

Creep behaviour under tensile stress was perforbyed.Fett and G.Thun [59].
D.Zhou and M.Kamlah performed mechanical and atsdtcreep tests on soft PZT at
room temperature in poled and unpoled state [68]re®p of the primary type, with a
continuously decreasing strain rate, was found destribed using an Andrade-type
power law expression. The creep magnitude was wbeddo depend on the level of
the applied mechanical load, with a maximum near ¢bercive field, due to the
highest amount of domain switching in that regidrhe creep behaviour was
attributed to a migration process of pinning defeehder the action of the applied
mechanical load, which produces a local unpinnifigce on the domain walls. The
diffusion character of the defects redistributiowveg rise to the strain and polarization
time dependence. The creep rate decay during tuiterces that domain switching
is locally consumable, implying the existence dlusation states [68]. In a separate
study by the same authors, electrical creep bebawas found to be also dependent

on the electric loading history [69].

A more complicated power law expression was empuldye Q.D.Liu and J.E.Huber
to fit the uniaxial electrical creep observed ifit &ZT-5H [70]. The model is able to
describe a slow and stable creep below the coerfodlé and a rapid switching
followed by gradual saturation above the coercielel f

J.S. Forrester and E.H. Kisi studied the mechanaakp behaviour of a soft
composition of PZT doped with La and Sn in poledd ampoled state under
compression loading. Poled samples showed a higbeulation of switchable
domains compared with the unpoled ones. Creepnstnas confirmed to be

dependent on the level of the applied load, witteereasing rate during time, which
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denotes material’'s hardening. The results were ribest using an Andrade-type

power law function, achieving good accuracy [71].

O.Guillon and coworkers simulated the creep behaviof a soft PZT with a
viscoplastic-type model, which was only able torogjuce the experimental data
qualitatively. They also studied the influence efmperature, which was found to

reduce the anelastic strain and the creep stisif [72].

More recent studies were carried out in Laga@d La sCa Co0; based perovskites
at room temperature [73], confirmed the trends ipresly described. An alternative
phenomenological model was developed, which diffdéyefrom the commonly used
power laws, presents asymptotic values and thexef®rmathematically able to
describe saturation equilibrium strain states witgh fitting accuracy. Differently
from metals, creep in ferroic materials is an inoeatal exhaustion process of the
finite number of switchable domains, which leadsatprimary creep type and to the
existence of strain saturation equilibrium stai#&.|

2.10 Rayleigh-type behaviour

Different types of ferroic systems exhibit similaysteretic behaviour under the
action of an applied external field. A particularamifestation of hysteretic
characteristics is represented by the Rayleigh-tygieaviour, observed for the first
time in ferromagnetic materials in 1887 [74], cluaeaized by hysteretidM —H
loops under weak applied fields and well descrilbgdthe following empirical
relationship, known asRayleigh law [75]:

M = Oty + @ o) Hi £ (H = H D) (2.14)

max

M is the magnetizationt, is the applied magnetic field{ ., is the amplitude of the

magnetic field, x;,, the initial magnetic susceptibility and,the Rayleigh parameter
(Fig.2.16). There have been many attempts at aerithis equation from theoretical

models, assuming that the Rayleigh hysteresisraigs from the Barkausen jumps
of the domain walls over pinning sites randomlytrilisited in the material [76-78].
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Defects produce a significant perturbation of tlséeptial energy of the medium in
which the domain wall moves. Motion in such an emwmnent leads to a
magnetization field dependent which can be exptessth a reversible linear term
and an irreversible quadratic component. The forseglated to the vibrations and to
small displacements of the domain wall around amilibgium position, while the

latter reflects the crossing of a local potentiafrier by the domain wall, which
reaches another equilibrium position (Fig.2.17)][7Ehe magnetic susceptibility in
weak field regime was found to be a linear funciwdrthe applied magnetic field and

expressed as:

X = )(init + aR H max 15)

Following these approaches, more recently, a Rglyldype equation has been
proposed also for ferroelectric systems, suggedtiag) the hysteretic behaviour of
different types of ferroic materials can be deslilwith analogous models [10,41,79-
85]. A detailed review of ferroelectric hysteresigdies can be found in [10,41].

Ferroelectric systems showintrinsic’ and “extrinsi¢’ contributions to the

piezoelectric response. The intrinsic term refldtis change induced by the field
within a domain, while the extrinsic is associatéith domain wall movement [86].

Different experimental methods have been used &buate both contributions [84-
91]. Particularly interesting is the procedure #&aplby Q.M.Zhang and coworkers
based on the measurement of the hydrostatic pieaoiel coefficient, whose changes
are due solely to variations of volume and deflgiteot related to domain walls
movement, which is volume conserving [91]. It wasrfd that at room temperature

the extrinsic contribution is much higher than itteinsic, in agreement with [87].

Both the reversible and irreversible componentthefpiezoelectric coefficient have
show a dependence on the frequency of the extBetdlapplied [37,42,79,82,92,93],

which has been described by employing a logarithexigression proposed in [32],

where a detailed treatment on the dynamic of iater$ (domain walls) has been
presented and applied in particular to the magsetsceptibility.
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Rayleigh characteristics can be modified by dopwjch influences the domain
wall mobility. Interesting studies regarding theeef of dopants on the Rayleigh
behaviour can be found in [83-85,90]. It can beegally summarized that donor
species have a softening action, facilitating denvaalls motion and acceptor agents
produce a hardening of the material, hindering doenain walls movement. In
particular the effect of donors was found to be mumore significant in

rhombohedral than in the tetragonal phase in PDT. [9

Deviations from the Rayleigh behaviour have been abserved and attributed to the
presence of low disordered phases [10,79]. A hartmanalysis of the material’s
response under cyclic external fields gives thesiilgy to establish the conditions
when a hysteretic non-linear systems behaves asaypRayleigh system. It was
claimed that a purely Rayleigh behaviour is difficto find in a real material and
therefore it is convenient to replace the terRayleigh behaviolrwith “Quasi-
Rayleigh behaviour{10].

A Rayleigh type analysis has been recently perfdraiso on ferroelastic materials in
bending conditions, monitoring the temperature dedpace of the Rayleigh
parameters on unpoled PZT [94]. The results wese ated to obtain the activation
energy of the Rayleigh process, displaying sigaifity larger values compared with

the ones more recently presented in [45,95,96(hfeiferroelectric case.

2.11 Rate and temperature effects

A number of studies regarding the influence of the of the applied electric field
and of the temperature on domain switching haven gformed in ferroelectric
systems, by measuring P-E loops at different etecfreld frequency and
temperatures, in bulk materials and thin films.l¥Earork on barium titanate showed
that the coercive field increases logarithmicaliyhwthe frequency of the applied field
[97,98]. A similar functional dependence was foundalso in
Lap sS1h.sCo0s/(Pb,La)(Zr, Ti)Q/Lag sSrh.sCo0; thin film capacitors [99]. Increasing
coercive field with increasing frequency was alseasured in soft and hard PZT,
doped respectively with NBs and FeOsz [100] and in 0.955Pb(ZpNbi/3)Os-
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0.045PDbTiQ@ single crystal [101]. In [100] it was shown thhetcoercive field in the
soft composition increases with the frequency up téz and then it becomes almost
constant. In the hard composition the saturatioellevas found to correspond to a
much smaller frequency (400 mHz). The frequencyeddpnce of the coercive field
was justified as follows. The coercive field remnets the effective field necessary to
overcome the restoring forces and the viscous $oeming on the domain walls,
during switching. At low frequency, the domain wadllocity is small and the viscous
forces are reduced, determining a low coercivelfighe saturation level occurs in a
range of frequencies where the forces acting ordtireain walls are not frequency
dependent anymore. The difference in the uppet loeiween the soft and the hard
composition has been attributed to a stronger pmeifect due to dipolar defects or
space charges occurring in the hard compositioe. rite dependence of switching
and back switching was studied in virgin and fatidor depinned) state in the soft
and the hard composition. Samples of the soft caitipa experienced a much
smaller polarization in the fatigued state compangith the virgin specimens. The
opposite behaviour was found in the hard compasitio virgin samples of the hard
composition, dipolar defects aligned along the $moeous polarization of the
domains exert a pinning action on the domain wafispducing very small
polarization and large backswitching. Decay in theuration polarization with
increasing frequency was also shown and imputed gradual decay of the 90°
domain wall contribution, whose reorientation psgés very slow, as also shown in
[102]. The percentage of back switching was alwégand higher at lower
frequencies, except in the virgin hard compositibonger unloading time allows a
higher degree of realignment of domains with tledfi For fast electric field removal,
domains tend to come back to their equilibrium posiwith high velocity. As a

result, the viscous forces increase, limiting thekswitching [100].

J.Yin and W.Cao performed dynamic experiments, twhalowed coercive field
measurements at very low frequency {18z), detecting a coercive field threshold,
identified by a saturation value occurring for lotijme measurements (very low
frequency), which represents an intrinsic switchbagrier. This is in disagreement
with random field models in which the coercive dietan be arbitrarily small in

correspondence of low enough frequencies [101].
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Other studies in PZT 5H [45] and in PMN-PT [103hvk shown that the coercive

field decreases and the remanent polarization &ase®if the frequency is decreased.

The influence of temperature on ferroelectric shiitg has been analyzed in bulk
materials as well as in thin films. In BaTd@omain wall velocity was found to
increase four orders of magnitudes when the tenyreravas increased of 75°C [104].
Temperature dependence of stress-strain hystevasisneasured in BFPOy), single

crystal at different loading rates and a decreasingn with increasing temperature
and loading rate was observed [105]. FerroeleBte loop measurements in PZT 5H
at various temperature showed a decreasing cosdfieideand remanent polarization
with increasing temperature [45]. A linear decaytle coercive field and in the
remanent polarization by increasing temperature alas found in PZT thin films

[106]. Coercive field increased with decreasing genature also in bismuth-layer
structured thin films [107]. The lower coercitivityt higher temperature was

explained based on the temperature-dependent effegtygen vacancies [108].
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Chapter 2: Domain wall dynamics

2.12 Aims and objectives

The main purpose of this work is to develop thecatiapproaches and experimental
methodologies of general validity in characterizibgmain switching dynamics in
ferroelastic and ferroelastic/ferroelectric matistidMore precisely, the present study

aims to achieve the following objectives:

» Development of a general model in ferroelastic swihing

Based on the published literature, there is a Bogmt lack of theoretical models
describing domain walls dynamic stress induced ierroklastic and
ferroelastic/ferroelectric materials. The intentisrto provide a general model which
accounts for the intrinsic nature of the ferroetabehaviour and therefore would be
applicable to different ferroelastic compositioaspiding the diversity of empirical
expressions that would arise from fitting of thepemmental data. In particular, in
relation to the thermal activated nature of domswvitching, the model aims to
describe the deformation mechanisms in static aymamic loading conditions,
providing insightful parameters to quantify theeratependence and the temperature
effects on ferroelastic switching. The relationshipetween such parameters and
materials crystal structure/composition would pdava more confident awareness on

how microstructure and ferroelastic macroscopicaledur are related.

» Development of experimental methodologies to studsate and temperature
dependence of ferroelastic switching

In the literature there is almost a complete absearfcexperimental methodologies
able quantify the effect of rate and temperaturedomain switching mechanical
stress induced. The present work aims to overchisegap through the development

of sensible experimental approaches for such pegos

» Evaluation of ferroelastic properties of differentcompositions

The increasing use of ferroelastic materials irhh&gchnological applications, such as
solid fuel oxide cells, oxygen separation membrasessors and catalysts, requires a
detailed evaluation of the ferroelastic propertiad a more clear understanding of the
factors affecting them. For instance, the develapnad cracks in thin permeable

membranes or the development of large creep defmmduring working operations
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would be undesirable and a detailed knowledge ef deformation behaviour of
different ferroelastic compositions would eventydielp in the choice of the most
appropriate compositions and in understanding ¢taionships between composition
(or doping) and deformation properties. This woalectrcome current technological

problems, improving the performance of those malein specific applications.

» Ferroelectric switching mechanisms and role of thenal fluctuations

The evolution of the domain configuration upon #ieal loading has still not been
satisfactorily described in the literature. Theealive of this work is to gain further
understanding in the domain switching dynamics layifging the domain switching
mechanisms in the different regions of the hysteré&sops. The analysis will be
carried out through a detailed inspection of theténesis curves (P-E and butterfly
loops) and through an accurate study of the crelepation curves. The simultaneous
measurement of polarization and strain during dngltould provide the necessary
information to understand the domain switching atioh along the loops. Creep
tests, together with dynamic tests at differengdencies will be also useful to
investigate the role of thermal fluctuation in tetectric switching, allowing further
comparison with the ferroelastic case, in statd dynamic conditions.
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Fig.2.1: switching current-electric field [11].
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Fig.2.6: growth of 180° domains in LiTaQ [15].
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Fig.2.9: a) double well potential in random bond, b

random field [36].
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Fig.2.10: domain wall roughening [36].
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Fig.2.11: domain wall roughening regimes [36].
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Chapter 3: Rate model in ferroelastic switching

3.1 General framework

It is widely accepted in the literature and alsonfooned by experimental
observations that domain switching event occurstvilo main key steps: the
nucleation of new domain nuclei favourably orieathwvith the external field, and the
subsequent expansion of these nuclei through theement of their walls. Previous
studies have demonstrated that the domain wallsharenost favourite sites for the
nucleation of the new domain nuclei, as also reegvin [45]. Therefore it is
reasonable to model the domain switching processhasvn in Fig.3.1, where a
volumeV of material contains two pre-existing domains Al & The domain A is
supposed to be more favourably orientated thandtmeain B, with respect to the
external field. The process of the switching of tmnain B can be also seen as the
expansion of the domain A to the expense of B,utihathe movement of the domain
wall d. For the expansion of the domain A, one can imadimat the thermal
fluctuations together with the applied field prodube nucleation of a new domain at
the domain boundary. If this nucleus has a critita¢, the domain wajumps to the

new equilibrium position, under the action of tiiieetive shear stregs, . Following

the approach presented in [45], it is assumeddtitatal nuclei expand with no drag
resistance, implying that the rate of nucleatiorcastrolling the rate of the entire
switching process. The critical volume of the newcleus able to expand is called

“activation volumg indicated in Fig.3.1 withV,. Analogously to the dislocation

case, the formation of activated complexes is fstital process, resulting from the
crossing of a potential energy barrier by molecul@h high enough energy. Energy
barriers are represented by long and short rangeaction. Long range interactions
are active throughout the material, while shorgeaimteractions are superimposed to
the long ones and they act locally. Thermal fluttres enable short range
interactions to be surmounted under the applicatioan external field, driving the

domain switching process.
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According with the Eyring’s rate theory [67,109,],1fe rate of formation of critical

nuclei " is given by:

o4

where v is the frequency at which the activated compleaesrcome the energy
barrier,G is the Gibbs free energy of the proceks,is the Boltzmann constant and
T the absolute temperature. The formation of nymleduces a shear strajnwhose

rate y can be written as:

e {8t o 4]

The shear strairy depends on the density of nucleation siteand on the areah
swept by the domain wall (Fig.3.1), as shown in][4% the entropy changAS, is

very difficult to calculate especially in polycrgdline materials, it will be enclosed in

the pre-exponential term, together wighand v , having:

‘y:'yoexp{—(%ﬂ B

The term AH is given by the difference between the change @ititernal energy
AU and the work don&V, leading to:

et ]

The work donéW has been expressed as the product between thatewtivolume

V, and the éffective shear stre’ss,, , as already presented in [109,110].

It should be noted that in this model, the rateadtivation of nuclei in the reverse

direction has been neglected. In addition, for dicitg, the influence of the

40



Chapter 3: The model

depolarizing field in the ferroelastic/ferroelectdtompositions has not been taken into

account.

3.2 Creep deformations
Likewise to the case of dislocation movement [6@]11he effective shear stress
T, acting on the domain walls can be written as:

Toe =Tay— T, (3.5)

app in

where 7, is the applied shear stress and the internal stress developed which

oppose to the domain switching process.

In previous stress relaxation experiments on PE& influence of internal stress was
shown [111]. It was argued that when the appliedsstis higher than the internal
stress, normal relaxation behaviour is observetwien the internal stress exceeds
the applied stress, negative stress relaxationrecthen the internal stress is equal

to the applied stress, no relaxation can be medguid |.

In ferroelastic and unpoled ferroelastic/ferroaieatompositions, the application of a
mechanical load produces the generation of intestnatses due to the perturbation of
the stable configuration of the domain structureettgped below the phase transition
temperature. In poled materials, the internal seesarise by altering the stable
configuration produced in the poling process. Ithbzases internal stresses oppose to

the ferroelastic switching, as indicated in Eq.3.5.

It should be noted that the strain measured iregperiments is the normal stram

and it is related toy by a numerical coefficient, which can be includedhe pre-

exponential term, having:

. . { AU _Va(Tapp_Tin):|
E=¢&,exp- (3.6)

KeT
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It follows that:

V,r .
e =iné, + 0 Vefu ol 7
KeT  kgT  kgT

In order to explain and describe the reason ofsth&n rate decay during creep, a
differentiation respect with time can be made:
Vv, dr,

0 0
—(n&)=—(ng) ——2
6t( ) 6t( o) k,T ot

(3.8)

where the activation volume and the energy barhiave been considered time
independent. In the first term at the second merob#re previous equation, the only

term which as been considered changing with tinteadensity of nucleation sitgs

Eq.3.8 can be more conveniently rewritten as:

9 gy = n006 _ Va (07, 0 3.9)
ot oc ot Kk T\ de ot

It is worthy realizing that the variation gfand r,, during time are physically related;
however the mathematical dependence is at thergras&nown, thereforep andr,,

will be treated as independent each other. Integratf the Eq.3.9 respect with time

gives:

InS:Aa—ps—Leg (3.10)
0 kgT

where@d = oz, )
o€

In compression tests the maximum shear stresdfisfithe normal stress, therefore:

o= 1do0,

=— 3.11
2 0¢ ( )

It is assumed that the hardening produced duriegpcis the same as the hardening

produced in monotonic loading. Therefore the hardgparameter can be evaluated as
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the hardening of the stress-strain curve at eveegs

The second member of EQ.3.10 presents two ternaciagsd with two possible
causes of the strain rate decay during time. Tiisé tierm is related to the exhaustion
of the nucleation sites and the second term reptegee build up of the internal
stresses. By neglecting the exhaustion processEth®8.10 predicts a linear trend

Iné-¢£, whose slope can be used to estimate the activatilmmeV, . Any deviations

from linearity are attributed to the exhaustion heedsm.

3.3 Rate experiment

Domain switching is a time dependent process du¢héo effect of the thermal
fluctuations on the domain wall movement. The lartge time during which thermal
fluctuations can act, the higher the number of dam#hat may be switched. The
influence of thermal fluctuations increases whea thte of the applied field is
decreased. In the ferroelastic case, the appliedssheeded to achieve a certain level
of strain is higher in correspondence of higheding rates. By generating stress-
strain curve at different rates, the dependendbetpplied stress on the loading rate
can be determined for each strain state, by applymte theory. At constant
temperature the strain rageis expressed by Eq.3.6, from which one can obtain:

AU | Valap Va7,

a’in (3.11)
kT kT kT

Iné=Ing, +

where the shear stress has been replaced witlotheahstress as previously done for

the creep case. Eq.3.11 can be rearranged as:

\Y/ 2

a

g, —0
{kBT}InSZ{%T}In£O+?/U+( aop ~ i) (3.12)

a a

By assuming that a variation of the loading ratesdnot produce significant changes
in the microstructure (constancy of the pre-exptiaérierm) and in the internal

stresr_, it follows that:

in?
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V,

a

{k'i} =10% (3.13)
20Iné

Plots g,,,-In& can be generated for each level of strain and ftbenslope the

activation volume can be estimated. The proposedeioan be applied also in
studying the influence of the temperature on thenala switching process, by
calculating the activation enthal@H . From the rate equation (Eq.3.6) follows that:

Iné=Ing, —%_ (3.14)

The dependence of the strain rate on the loaditgy aad on the temperature is
different for each strain (or stress) state. thisrefore needed to identify a parameter
which is both rate and temperature dependent aatdaththe same it would represent
the ideal physical conditions for the analysis.th® ferroelectric case [45], the
coercive field has been proposed for such estimass it shows rate and temperature
dependence, it guarantees comparable thermodynacaicditions for different rate
and temperatures (always the highest switching fate different rates and
temperatures) and moreover it always occurs inespondence of zero polarization,
ensuring constancy of microstructure conditionsaialogy with the coercive field in
P-E loops, the coercive stress has been identiisd the most appropriate
thermodynamical conditions for the analysis. Byfadé#ntiating Eq.3.14 respect to

(1/T) at the coercive stress, one obtains:

ong ) _ AH
(6(1/T)lc K ©)

By determining the coercive stress at each loaditgyand temperature, a master plot

o.—In¢ at different temperatures can be generated. feonatant value ot then,
another plotiné— (/T tan be obtained, whose slope is related to thevadicin

enthalpyAH, through Eq.3.15.
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Fig.3.1: scheme of domain wall dynamic in

domain switching.
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4.1 Introduction

Perovskite ceramics of the type AB@re the object of this study. They belong to the
Class 4 in the Dudnick-Kiosse classification (seea@er 1). Compositions with
ferroelectric and ferroelastic properties at theedime and compositions displaying
only ferroelastic behaviour were selected for thpegimental studies. The choice of
the compositions selected has been motivated byreiderable scientific and
industrial interest in these materials [48,49,56,%2]. In this chapter, details
regarding the compositions studied, the experimesg@ipment and methods are

presented and described.

4.2 Materials

4.2.1 Ferroelectric/Ferroelastic Perovskites: PZT-B, PZT-5A

Hard PZT-4D and soft PZT-5A samples poled along tiféerent directions were
supplied by Morgan Matroc Transducer Division ($@aumpton, UK) and in particular
two different batches of PZT 5A have been receifredn the company. Due to
commercial confidentiality, details on the dopaats unknown. General properties

and previous characterizations are given in [44].

PZT solid-solution ceramics display excellent di¢lie, pyroelectric and piezoelectric
properties and they are widely used in differepesyof applications, such as sensors,
actuators and transducers. They exhibit ferroelastd ferroelectric properties at the
same time. The PZT phase diagram is shown in Hig:Bhe morphotropic phase
boundary in the middle of the diagram separateddtiagonal and the rhombohedral
ferroelectric phases. The subscripts A and F stéod antiferroelectric and
ferroelectric phase and the letters C, T, R anaiCcbic, tetragonal, rhombohedral
and orthorhombic phases respectively. At the mdrppac phase boundary (which
occurs for compositions PbZg®bTiG; close to 1:1), most of the properties, such as

dielectric constant, piezoelectric coefficients aradectromechanical coupling
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coefficients, are maximized. It is rare to find P#AT a chemically pure form. By
doping, hard and ‘soft PZT compositions can be obtainetlard’ compositions are
produced using acceptor dopants in the A-site,ifistance K', or by replacing
(Zr,Ti) in the B-site with acceptors like Be As a result, oxygen vacancies are
introduced, which stabilize the domain structurgreasing the coercive field and
making the process of poling-depoling more difficuAcceptor doping increases
electrical conductivity and reduces dielectric lodse to a hindered domain-wall

motion.

“Soft compositions are generated by doping PZT withatospecies. They exhibit
high dielectric losses, low conductivity, low coee field and high piezoelectric
coefficients. The process of poling-depoling is mweasier compared withhard’

compositions.

Due to their simultaneous ferroelectric/ferroelastature, there is interest to
understand the mechanical response of PZT in diftepoling states. PZT 4D and
PZT 5A samples of cylindrical and square shape weezhanically tested with

dimensions mentioned in each experimental conditiorthe following chapters.

Piezoelectric coefficients were measured beforeryewexperimental test and the
numerical values are reported in each experimetiabter. In order to also study the
behaviour also in the unpoled state, specimens wepoled in a furnace up to

temperatures 50°C above the Curie point for twa$iou

In order to study analogies and differences on dbenain switching behaviour
induced by mechanical stress and electric fieldctekcal experiments such as P-E

loop, butterfly hysteresis and electrical creepenadso carried out on PZT 5A.

4.2.2 Ferroelastic Perovskites

Five different compositions having only ferroelastcharacteristics have been

analyzed:

e« LaCoG; (LC)
* LapgCaLCo0; (LCC)
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*  (Lao.7S10.3)0.9dMINO3 (LSM)
*  (Lao.9Sr0.1)0.95Cr0.88Ni0.08V1g0.103 (LSCNM)
*  Lap.eSh.4 e gC0p. 03 (LSFC)

The powders were provided by Praxair Specialty @&a (USA) and the samples
were processed through a succession of calcinadignimilling, uniaxially pressing,
cold isostatically pressure and sintering. Caleomattemperature, uniaxial and
isostatic pressure, sintering temperature and tiveee different for the different

compositions. Samples were machined at PremaTecliUSA).

LaCoO3 (LC) and Lap gCapCo0;3 (LCC)

Lantanum cobaltites are ABQperovskites (see Fig.4.2) and they represent very
promising materials for solid oxide fuel cells afwdl oxygen separation membrane,
because of their high ionic conductivity. Althougthey present excellent
electrochemical and thermal properties, the pdsiluf their use is determined by

their mechanical properties, which are of greadredgt [56,112].

Lantanum cobaltites undergo a ferroelastic phasesition from a cubic phase (stable
at high temperature) to a rhombohedral phase éstatblow temperature) with space
group R3c[56,112-114]. The phase transition produces fafferént variants. The
spontaneous strain is represented by a stretchamy ahe (111) direction (Fig.4.3)
The rhombohedral distortion is described usingahgled (Fig.4.3). Pure LC has the
largest distortion of the cobaltite compounds. Thembohedral distortion can be

reduced by substituting divalent cations on theit&. sSThe distortion disappears for

doping with Sr** above x=0.5 [114].

The transition temperature is very high (>11009@) ean be lowered with** cation
substitution. Such doping produces a conversiora tmetallic phase [114]. The
substitution of calcium produces an increase in ttlegmal conductivity by three

orders of magnitude for 10mol% and four orders afmtude for 20mol% Ca [114].

Different types of microstructural features havermebserved in LC, such as twins,
antiphase domains, stacking faults and dislocatiDetails can be found in [113,114].

Information on the processing conditions are gigksewhere [115].
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(Lao.7Sr0.3)0.0dMINO 3 (LSM)

Strontium substituted lanthanum manganite are tef@st for solid fuel cell cathodes
with due to their high chemical stability and eteaic conductivity [116]. In addition,

they present interesting magnetoresistance pregentvhich make them useful in
magnetic memory devices [117]. Tailored propertas be obtained via different

amounts of doping. THea,_, Sr MnQ,,;system has a pseudo-perovskite structure,

having orthorhombic symmetry of the typbnm, rhombohedraR3c and monoclinic
P2, /c [118].

(Lao.9Sr0.1)0.95Cr 0.88Ni0.0V1g0.103 (LSCNM)

Pure LaCrQ materials are widely used in solid fuel cells, gely separation
membranes and sensors. They experience a first qitgse transition from an

orthorhombic structurePbnm (stable at low temperature), to a rhomboedral

R3c (stable at higher temperature). The phase transitarts around 250°C and
finishes roughly at 268°C. Such transitions camlfdeen also by applying mechanical

stress.

At higher temperatures these systems undergo anpkiase transition of the second

order from the rhombohedral phase to a cubic phaddition of Sr** stabilizes the
presence of the rhombohedral phase at room tenwper§t19]. Substitution of
Crwith Ni produces the precipitation of metalN¢c nanoparticles. There is
considerable scientific and technological interiesthe study of the stress induced
phase transition, which will be subject of the nektapters. Details about the

processing condition are given in [119].

Lao.6Sro.4Fep.eC0p.203 (LSFC)

LSFC composition has very good electrical condutgtibetween 600°C and 800°C,
high oxygen surface exchange and high oxygen s#élisibn coefficient. It does not
react with ceria-based electrolytes and it presartempatible coefficient of thermal

expansion. In terms of crystal structure, this exysshows different distortion from
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the perfect cubic lattice depending on the levelSof* doping. Forx below 0.2, it
presents an orthorhombic structure. The most gldudieomposition is
Lag 6Sh.4Fe.sCy 203, which has a rhombohedral symmetry at room tentperand a
phase transition to cubic between 400°C and 5002Q][

4.3 Experimental equipment

4.3.1 Measurements of piezoelectric constants

The &3 piezoelectric coefficient of the PZTs was measuvath a Berlincourt
piezometer (model ZJ-3B) produced by the Instibft&coustic Chinese Academy of
Science. The device applies small dynamical forEegarallel to the polarization

direction and it measures the resulting charg€), obtaining the piezoelectric

constant as:

dij = &
AF

4.3.2 Mechanical tests

Mechanical tests were performed using a servo-lidraesting machine (Instron
8511) with a load cell of 20 kN. Compression loagse applied along the sample
maximum dimension using a metal push rod (Fig.44 the strain was measured
using three strain gauges, placed on the latedsfaf the specimen, along the
loading direction. The actual strain was calculdtgdaveraging the values given by
the three different strain gauge signals. Straimgga (model FLA-3-11-1L), with a
strain gauge factor of 2.14, were purchased froky®@Sokki Kenkyujo Co.Ltd and
supplied by Techni Measure. A mechanical jig wasdu® optimize the alignment of
the sample along the loading axis, minimizing begdieffects (Fig.4.4). The
alignment of the specimen was improved upon smalll ramps and by adjusting the
position of the sample after each ramp, in ordegeb strain signals as similar as
possible in all the strain gauges. The experimetaigh was acquired using Labview

software (version 6.1) with a rate of sampling def@nt on the loading rate of the
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test. In particular, compression tests on poledpsesnwere carried out in closed
circuit conditions, using metal plates on the tod at the bottom of the sample.

The sensitivity of the equipment was estimated gisinsample of alumina which
displays linear elastic behaviour. By generatirggsitress-strain curve (Fig.4.5), the
absence of artefacts during stress-strain measatem@&s ensured and the validity of
the stress-strain results of all the other materiakted was proved. The noise and
eventual drift in the load and strain signals waraluated by holding a constant stress
of 100 MPa for ten minutes on the alumina samplackvat room temperature does
not experience any creep strain. The noise in fgpals was calculated as the
difference between the peak to peak values andstestimated as 5N for the load

signal which did not show significant drift (Figed. For the strain signal the drift was

quantified as1*10°®/s (Fig.4.7). The maximum appropriate loading freqpyewas
estimated to be 0.5 Hz. At higher frequencies pih@se lag between the load and the
strain signals produced an apparent hysteresighwhinot an actual feature of linear

elastic materials such as alumina.

4.3.3 Temperature chamber

A heating chamber was built to carry out experirabrtests in a controlled
temperature environment. Samples were tested walsquare chamber made up of
superwool, which is a very good thermal insulafdne temperature regulation was
achieved with a system of two Peltiers (ThermaT™ea@nd four fans, placed in the
chamber and heated by a power supply (Manson SR$9%8e temperature was
measured with a thermometer (Testo 935) directlgantact with the sample and
controlled by adjusting the voltage set on the posugply. The maximum range of
temperature that could be achieved was from roonpégature up to 140°C.

4.4 Compression tests

Rectangular samples (5x5x10 mm) of PZT 4D and PXh&ve been ground in order
to obtain flat bases, ensuring a uniform stressridigion throughout the whole
sample during compression loading. Compressions test to 400 MPa were

performed at room temperature and the stress-strama of each composition was
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obtained. In order to investigate how the directidrthe polarization influences the
mechanical properties, the experiments on PZTs \weréormed in three different

poling states: poling parallel to load axis; polipgrpendicular to the load axis and
unpoled state. Each test was performed using @@rgression load of 10 N and a
loading rate of 1 MPa/s. Cyclic incremental testravalso carried out in order to
analyze the deformation mechanisms under cycliddod&ight loading-unloading

cycles of 50 MPa increments were applied and tmesponding compressive stress-

strain curves were generated.

All of the other ferroelastic compositions wereea®ed with cylindrical shape of 6
mm diameter and 12 mm height. Their higher compresstrength compared with
the PZTs allowed compression tests up to 700 MPe&o@in temperature to be
performed. A loading rate equal to 4900 N/min (appmately 2.88 MPa/s), for
consistency with previous experiments and a prd-tfalO0 N were used in testing all

the ferroelastic compositions.

4.5 Tension-Compression tests

Servo-hydraulic Instron 8511 was also used to cawy tension-compression

experiments. A mechanical jig was produced to altemsion-compression loading

conditions. Two metal rings were glue at the twdseaf the sample, using araldite. A
magnetic V-block was used to minimize any misalignis that could have occurred
during the gluing process. Four metal grips hawangL-shape were mounted on the
rods of the machine in a way that when the methlwas moving upward, two grips

were holding the bottom ring and the other two wailing the upper one, exerting a

tensile loading on the sample (Fig.4.8). Compreskiad was applied as usually done
in a normal compression test. A good level of afignt was achieved once again by
checking the strain signals upon small load rammgslkyy adjusting the position of the

sample to get closer strain response from the strae gauges.

Rectangular samples of unpoled PZT 5A and LC withethsions 7x7x14 mm were
used for tension-compression experiments. Tens#ts ton ceramics are always quite
difficult to carry out due to their brittleness, wh usually causes failure at the
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gripping area. Different experimental set ups arfferént sample shapes were
previously used to perform such tests [59-62].hiis tvork the gripping problem has
been avoided by gluing the samples in metal rirfgg.4.8). The edges of the
specimen were rounded by fine grinding in ordeavoid stress concentration at the
sample edges and premature failure. Cyclic increéahdmsts of 250 N increments
starting from a minimum of 750 N were performed ahd consequent tension-

compression loops were produced.

4.6 Mechanical creep tests

Creep tests were performed at room temperaturead kontrol mode using the
Instron 8511 testing machine. Each sample was tbadd unloaded in steps, holding

the load at different stress levels.

Square samples (5x5x10 mm) of PZT 4D and PZT 5A Wit bases were tested in
three different poling states up to 400 MPa, usinge-compression load of 10 N and
a loading rate of 1 MPa/s. Cylindrical samples dof the other ferroelastic
compositions accurately machined (6 mm diameter Ehanm height) were tested
with a pre-load of 10 N and a loading rate equad260 N/min (approximately 2.88

MPa/s), for consistency with previous experiments.

4.7 Rayleigh Analysis

A Rayleigh-type analysis was performed on rectasmgghmples (5x5x10 mm) of
three different compositions: PZT 5A poled paralldlaCoQ (LC) and
LapsCaC00; (LCC). Stress-strain loops were generated by applya static
compressive load and then superimposing cyclic cesgive loads of different
amplitudes, frequencies and loading rate at roanpé&ature. A series of additional
tests were performed at six different temperatunéthy constant stress amplitude, in

order to study the combined effect of temperatackfeequency.

At room temperature, the specimens were subjecieddtatic compressive stress of

12 MPa and to a sinusoidal dynamical compressiad,lsuperimposed on the static
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one. Five different amplitudegl4=2, 4, 6, 8, 10 MPa) and four different frequencies
(f=0.01, 0.05, 0.1, 0.5 Hz) were used for the dyndoading. Another batch of data
was generated using a triangular dynamical loadingrder to have a continuously
constant loading rate for all the stress amplitudBse combined effect of the
frequency and the temperature was studied by kggpi@ amplitude constant at 4
MPa and performing the tests at six different terapges: 25, 30, 40, 50, 60 and
70°C. Eight frequencies were selected for the guger dynamical load: 0.004, 0.008,
0.016, 0.032, 0.064, 0.128, 0.256, 0.512 Hz. FavEa stress amplitude, those
frequencies correspond to a loading rate of 0.06128, 0.256, 0.512, 1.024, 2.048,
4.096, 8.192 MPals respectively.

For every stress amplitudAo, the actual compressive stress that the specimens
experienced along the loops varied in the rangeA&2 12-Ac]. The static stress bias
was chosen within the subcoercive field regionlirttee compositions tested. Other
experiments were performed on PZT 5A poled paraliti the static bias stress at the
coercive stress. Closed loops could be obtaineg aftér a stress-aging of the sample
for one hour under the applied load. Thereforeyas preferable to carry out the
Rayleigh-type analysis well below the coercive stravhere the shorter characteristic
times allow generating closed loops (in the ranfdrequency/loading rate used),
without any aging process, which would produce ifiggnt changes in the

microstructure of the material.

4.8 Rate experiments

The best experimental approach to study the stetssand temperature dependence
of ferroelastic switching is by tension-compresstesting, which allows complete
strain (microstructure) recovery and gives the jagy of using only one sample for
several rates and temperatures tests, minimizirtg deatter. The difficulties in
performing such tests determined the necessity @¥eldping an alternative
experimental approach. Compression tests on diffesamples at different rates
produced highly scattered data with inconsisteahds. Compression stress-strain
curves at different loading rate have been gengratéoad control mode using only

one sample with the two procedures described b@Rracedure 1 and Procedure 2).
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Procedure 1 was used to study the effect of difteleading rate to some specified
maximum stress. The maximum stress was then irexeasd the procedure repeated
(see Fig.4.9). The data was used to generate thessitrain curves for different
loading rates. More precisely, Procedure 1 invothesfollowing steps:

1) Loading the sample until stress level 1 at strate 1;

2) Total unloading at stress rate 1;

3) Loading the sample until stress level 1 at strate 2;

4) Total unloading at stress rate 2,;

5) Repeating the previous steps for other ratetregs level 1;

6) Repeating the previous steps at stress levglgehthan stress level 1.
The load-time ramp is shown in Fig.4.9. With thisgedure several loading rates can
be applied. The stress-strain curves were constidty measuring the strain at each
stress level and at each rate and by fitting tha paints collected. Cubic polynomial

functions were used for the fitting, providing vérigh accuracy.

In Procedure 2 the loading was done in segmengsnaling two loading rates. The
transfer from one rate to the other was done biygbamloading and then reloading at
the new rate (Fig.4.10). This was used to genatagss-strain curves at two different
rates also during the unloading. Procedure 2 isas the following steps:

1) Loading the sample until stress level 1 at strate 1,

2) Partial unloading at stress rate 1;

3) Dwell for 1 minute;

4) Loading the sample until stress level 2 at strage 2;

5) Partial unloading at stress rate 2;

6) Dwell for 1 minute;

7) Loading the sample until stress level 3 at strate 1;

8) ...
The load-time ramp is shown in Fig.4.10. Stresahstcurve were assembled from the
(strain, stress) data points collected. The maiaathge of the second procedure is
the possibility of generating also the unloadingtipo at the two rates employed,

which would be more difficult using Procedure 1.
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An additional experimental procedure (Procedurew®s developed in order to
generate stress-strain curves at different temperaProcedure 3 follows the steps
listed below:
1) Loading the sample until stress level 1 at tenajpee 1,
2) Total unloading;
3) Increasing the temperature at temperature 2;
4) Loading the sample until stress level 1 at tewmoee 2 higher than
temperature 1,
5) Repeating steps 2), 3), 4) at stress level t,téonperature higher than
temperature 2;
6) Cooling at temperature 1;
7) Loading the sample until stress level 2 highantstress level 1 at temperature
1
8) Repeating steps 2), 3), 4), 5) at stress levirigher temperatures.
9 ...
Once again the stress-strain curves were obtanoad the (strain, stress) data points
at the different stress levels and different terapees. Steps 1-4 of Procedure 1 can
replace steps 1-2 in Procedure 3 to analyze statssand temperature effect on the

same sample.

Procedure 1 was applied in poled PZT 5A (squarepksn/*7*12 mm) and LSFC
(cylindrical samples 6mm diameter and 12 mm heigiMeasurements using
Procedure 2 and 3 have been performed only in PX'pded parallel. Compressed
air spray was used to speed up the cooling proéegse-compression load of 10N

was used in all the tests.

4.3 Electrical experiments

4.3.1 P-E loops and Butterfly hysteresis

Tests were performed on adft' PZT 5A with a morphotropic boundary composition,
provided by Morgan Matroc Transducer. Samples virerthe form of disks with a
diameter of 10 mm and 1 mm thickness. Experimemi®warried out in a silicon oll
bath on the same sample due to the high stabilifyraproducibility of the loops. The
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apparatus used in shown in Fig.4.11. Electricalage waveform was applied using a
HP33120A function generator, software controlled. TREK 609E-6 voltage
amplifier was used to amplify 1000 times the appheltage signal. A low-noise
current-voltage converter Model SR570 with diffdreqpes of filtering functions was
used. The purpose of filtering was to reduce thek@maund noise produced by the
main power supply, the electrical circuit and thersunding instruments. A special
probe for simultaneous measurement of polarizateord strain was built in
collaboration with NPL, consisting of a pair of NXBA\L nanosensors, which convert
mechanical displacement into a voltage, with aigeitg in the order of nanometers.
The sensor is driven by a single channel NS200Qraiker. The output from the
NS2000 is sent to a digital voltmeter for data asitjon. Data of electric field,
current, polarization and strain were directly acephvia LabView software. P-E and
butterfly loops were generated up to E=4 kV/mm, clhiproduced loops fully
saturated. Triangular ramps of different frequemdrethe range 0.1-5 Hz were used

to study the rate dependence of the coercive field.

4.9.2 Electrical creep

Electrical creep experiments were performed udiegsame circuit shown in Fig.4.11
with the exception of the waveform generator arel data acquisition method. The
electrical voltage waveform was applied using a BE2®A function generator, which
allows voltage signals of arbitrary forms to be gated. An Agilent digital
oscilloscope model 54624A was used to capture e for electric field, current and
strain. In particular, the current data was integgtavith respect to time, to obtain the
resultant polarization. The type of waveform apgpligith the voltage generator is
shown in Fig.4.12. Ramp frequency was 1 Hz andctkep dwelling time was three
seconds. A series of electric fields were held.@, 0.8, 1, 1.2, 1.4, 1.5, 1.68, 1.8, 2,
2.5 kV/mm in the loading branch of the hysteresigpk and 3, 2, 1, 0 kV/mm in the
unloading branch. Each unloading after creep whswed by two more ramps at the
same frequency, applied with a HP33120A voltageegenr and acquired by the PC
using Labview program. The reason of cycling beforeep was to condition the

materials to obtain reproducible microstructured properties.
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Fig.4.1. PZT phase diagram [41].
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Fig.4.2: LaCoO;s perovskite structure [120].
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Fig.4.3: rhombohedral distortion in LaCoOg3 [114].
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Fig.4.4: servo-hydraulic compression testing machan[44].
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Fig.4.8: mechanical jig for tension-compression
experiments.
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Fig.4.10: example of load ramps in Procedure 2.
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Fig.4.11: equipment for electrical experiments
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Chapter 5: Deformation behaviour

5.1 Introduction

The deformation behaviour of all the compositionaswstudied in compression
loading using the equipment and the proceduresitbescin Chapter 4. The purpose
was to characterize the ferroelastic propertiesntiflying important parameters such
as coercive stress, saturation strain and remasti@m and to understand the physical
origin of the trends observed based on the masestalicture and composition.

Incremental cyclic compressive tests were perfororethe polar perovskites in order
to gain further insights regarding the mechanisideformation and the non-linear
and hysteretic behaviour. In addition, tension-coeapion test is more useful means
of studying ferroelasticity, since it allows comiglestrain recovery by reversing the
loading direction. The generation of saturated £ loops has been attempted in PZT
5A and LC that displayed a low coercive stressampression. Results are presented

and discussed in detail.

5.2 Compression tests

The stress-strain plots for all the composition®vshthe characteristic trend of

ferroelastic materials: non-linear behaviour frotre tbeginning; inflection point

corresponding to the coercive stress (see als@.E#), a restricted linear part at the
beginning of unloading followed by a non-linear §omm and pronounced irreversible
strains (Fig.5.1-5.6). Following J.Fan et al. [30ld D.Zhou et al. [51], the coercive
stress has been identified as the stress whettanigent modulus, calculated from the
numerical first differentiation of the stress-straiagram, assumes its minimum value
(minimum work hardening). The highest compliancéhatcoercive stress determines

also a maximum in the strain rate, confirming higierostructural mobility.
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However, the values of the coercive stress caledlative a relative validity as they
are strongly dependent on the rate of the apptiad.IThe dependence on the loading

rate will be analyzed in more details in Chapter 8.

Soft PZT 5A has shown lower coercive stress, lowgsteresis area and less
pronounced recovery during unloading than the HRZd 4D. It is likely that the
higher recovery in the harder material is due ® dlevelopment of higher internal

stresses during the domain reorientation upon hgadis also proposed in [48].

The poling state significantly influences the matbal response of the
ferroelastic/ferroelectric materials (Fig.5.1, 5.B) agreement with previous studies
[48]. Samples initially poled parallel to the loadidirection show larger saturation
and irreversible strain compared with the otheimgpttates (Fig.5.1, 5.2), due to the
higher number of switchable domains. The applicatba compressive load parallel
to the poling direction produces a depoling processhe material, through 90°
domain switching. During the unloading, only sonfi¢he domains switch back under
the action of the internal stresses. The large rdedtbons developed during the
loading process and the only partial back switcheagls to large irreversible strains.
The back switching becomes more significant atdsestage of the unloading, where
the strain recovery increases because the apmatlis not sufficient to oppose the
action of the internal stresses. The higher ingii#fness and the higher coercive
stress shown by the samples initially poled parathenpared to the unpoled ones (see
Fig.5.1) is probably due to a more stable configanaof the domains produced by

the poling process.

Non-linear compressive behaviour of LC and LCC eaffilom ferroelastic domain
switching as confirmed also by previous XRD analyf6, 57]. Details on the
evolution of the domain structure in LCC during goession loading have been
provided via in situ synchrotron X-ray diffractidb7]. It was shown that during
compression loading the volume fraction of domalraving the distortion axis
parallel to the loading direction increase, at thegpenses of the domains whose

distortion axis is perpendicular to the directidrapplied stress [57].
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By comparing the stress-strain diagrams of the tempositions, the effect of the
acceptor calcium doping on the ferroelastic behavican be observed. Although
previous studies [114] have shown that the calcuecreases the distortion (as
already mentioned in Chapter 4), the present esuijgest that macroscopically, the
calcium has the effect of increasing the coercitress, hysteresis and irreversible
strain (Fig.5.3). The smaller hysteresis observedG has been attributed to higher
samples porosity, which has a pinning effect on itledastic hysteretic behaviour
[56]. The higher coercive stress despite a smdikiortion can be attributed to the
pinning effect on domain walls due to the oxygewareies generated by acceptor

doping. In Fig.5.4 the compressive stress-straiecis shown.

Stress-strain diagram of LSFC (Fig.5.5) confirnss fiérroelastic nature previously
observed in four point bending conditions [122].eTlarge coercive stress and the

large hysteresis area denote hard ferroelasticity.

Particularly interesting is the behaviour of LSCNMhich shows three inflection
points, as also visible from the work hardening atrdin rate curves (Fig.5.7, 5.8).
The first inflection point corresponds to the firgtcal minimum of the work
hardening as function of the stress applied. Tiness represents the coercive stress of
the Pnma ferroelastic phase at room temperature. Upon hopdihe material
experiences a structural phase transition fromRhma orthorhombic phase to the
R3c rhombohedral phase [119]. The latter is alscofdastic and its coercive stress
corresponds to the third inflection point, idemdiby the second local minimum in
the work hardening curve. The second inflectionnpodistinguished by a local
maximum in the tangent modulus (Fig.5.7), is agitaonal point, which indicates the

point where the amount d®3c is more dominant in the system [119].

5.3 Incremental cyclic compression tests

The mechanical response upon incremental cyclicpcessive loading of PZT 5A
reproduces very closely the stress-strain shapeair@at from single cycle
experiments. Cyclic tests are plotted with the lgeingycle test (Fig.5.9-5.11),
confirming previous observations ongledr 4/€0; [56] and LaFe®@[55]. A memory
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strain effect was also observed; during successiukes the materials experience the
same level of strain corresponding to loads equtiie¢ maximum load of the previous

compressive cycle. Analogue features were also stmyw.aFeQ [55].

5.4 Tension-compression tests

Cyclic tension-compression experiments were caraetion PZT 5A unpoled and
LC, from a minimum load of 750 N and by increasihg load by 250 N every cycle.
All the specimens had a quite low tensile streng#OMPa), which did not allow
saturated tension-compression loops to be achiévesllow tensile strength was the
main reason of performing cyclic tests with smalad increments, in order to
generate stress-strain loops at least for smalliexppoads. The highest tensile
strength has been shown by LC (38 MPa). The regptmsyclic loads is analogous
to the case of uniaxial compression, as the cyotiemental tests resemble the single
cycle experiment (Fig.5.14, 5.17). Fig. 5.13 antbsshow the strain response to the
load applied (Fig.5.12, 5.15) for PZT 5A unpoled &€ respectively.

Tension-compression tests on PZT unpoled and gméegendicular to the load, have
been performed also by other research groups wittsimilar experimental

arrangement [59]. They reported non-symmetric ststsain behaviour under tension
and compression, with higher plastic strains untsile loading, especially in
samples poled perpendicular to the load axis. &mdsymmetries have been

published also for BaTi§obtained from bending tests [63].

By testing materials with a smaller coercive strasd smaller stress to saturation,
well saturated stress-strain loops, analogous toodkectric P-E loops, could be
generated and clearer conclusion regarding the amemins of deformation under

tensile and compressive stress could be drawn.

5.5 Conclusions

The deformation behaviour of different ferroelad@icoelectric perovskites
compositions under uniaxial compression was stuttiedketail. The results obtained
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identified trends common to all the compositionalgred, as well as particular
features regarding some of the materials testedhdénferroelectric compositions
poling state significantly influences the stregsist characteristics. Incremental
cyclic compression tests evidenced a strain menafiigct. Tension-compression
experiments represent a more informative way ofattarization, but are much more
difficult to carry out compared with the compressitests. The generation of
complete saturation loops is often limited by astlenstrength lower than the coercive
stress of these materials.
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Fig.5.1: stress-strain curve of PZT 4D in three
different poling states at 1 MPa/s.
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Fig.5.2: stress-strain curve of PZT 5A in three
different poling states at 1 MPa/s.
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Fig.5.3: stress-strain curve of LC and LCC at
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Fig.5.5: stress-strain curve of LSFC at 4900

N/min.
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Fig.5.6: stress-strain curve of LSCNM at room
temperature at 4900 N/min.
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parallel.
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Fig.5.11: cyclic compression test in PZT 5A pole
perpendicular.
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Fig.5.12: incremental load ramps in tension-
compression experiments at room temperature i
PZT 5A unpoled.
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Fig.5.13: strain response to incremental loading
in tension-compression experiments at room
temperature in PZT 5A unpoled.
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Fig.5.14: tension-compression incremental loops
at room temperature in PZT 5A unpoled
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Fig.5.16: strain response to incremental loading
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Table 5.1: coercive stress in ferroelastic/ferroetgric compositions.

Ferroelastic/ferroelectric compositions Coercive stress (MPa)
PZT 4D poled parallel 140

PZT 4D unpoled 20

PZT 4D poled perpendicular 170

PZT 5A poled parallel 30

PZT 5A unpoled 20

PZT 5A poled perpendicular Not detectable

Table 5.2: coercive stress in ferroelastic composs.

Ferroelastic compositions Coercive stress (MPa)
LC 65

LCC 130

LSM 30

LSFC 220

LSCNM 60

75



Chapter 6: Mechanical creep behaviour

6.1 Introduction

Most of the papers presented in the literature ao Have provided only a
phenomenological description of the creep phenomemal physical models able to
describe the observed creep behaviour have notbgeh developed. Despite an
excellent fitting capability, most of the empiriaatpressions previously used present
serious limits in reflecting the underlying phydicaechanisms, driving the present

study towards the achievement of a fundamentalnsteteding.

In this chapter, experimental results showing treeg phenomenology of different
ferroelastic/ferroelectric ceramics are presented a physical model based on the
rate theory of thermally activated phenomena waplemented to elucidate the
possible physical processes involved and to estirtteg parameters controlling the
ferroelastic creep behaviour. Knowledge of the majsmechanisms behind the strain
time evolution under constant stress applied cpuévide a better understanding of
the ferroelastic switching process under staticddons and support the design of
sensors and actuators, especially in working candit where constant loads are

involved.

6.2 Creep deformations

All the compositions examined have shown commoregrgental trends. A creep of
the primary type with decreasing rate was obsebyelolding the load in the loading
part of the stress-strain diagram (see for examgéé.1, 6.3, 6.5, 6.7, 6.9, 6.11, 6.13-
6.17). When loads were held in the unloading pathe stress-strain curve, a visible
strain recovery was found (see for example Fig.6.2, 6.6, 6.8, 6.10, 6.12). The

creep strains, has been defined as the difference between taim sit last instant of

the creeps, and the strain at the first instant of the cregp

£, =& —&, (6.1)
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In agreement with previous studies [68-73], theeprstrain depends on the magnitude
of the applied load, displaying a maximum at thercive stress, where the driving
force of the domain switching process is highestedch stress, the creep strain rate

decreases with the time, showing a significant eca

The strain recovery observed during the unloaditepssis attributed to the back
switching, driven by the internal stresses. Thénégj recovery occurs where the slope
of the unloading part of stress-strain diagram isimum. This normally occurs at the
smallest applied stress (0.2 MPa). An exceptiomefmesented by PZT 4D poled
perpendicular, where the largest strain recovepbierved around 50 MPa (Fig.6.6).
For smaller stresses the slope becomes higher-{geel Chapter 5) and the strain

recovery, lower (Fig.6.6).

Significant differences in the creep strain magtetwere also observed in LC and
LCC (Fig.6.13, 6.14). The differences in the crdmghaviour between these two
compositions can be framed in a more general @atating that hard compositions
always show more significant creep strain than sbé& ones. It seems that soft
compositions can be easily switched upon monotimading, showing smaller effects
upon static loading, while hard compositions neastemassistance by the thermal

fluctuations in order to drive the process.

6.3 Application of rate theory

All the compositions examined showed common expenmtiad trends. A logarithmic
fitting expression has been engaged to describerdep strain as a function of the

time:
&, = Plin(t+ P2)+ P3 (6.2)

whereP1, P2, andP3 are fitting parameterf1 determines the total creep strai®

is related to the characteristic time dP@lrepresents the strain offset. Since the strain
values have been normalized using Eq.@38, is practically zero as shown in
Fig.6.18-6.38.
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Eq.6.2 has been derived in the dislocation casen filve rate model expressed by
Eq.6.3, which takes into account the net rate aofegation of positive dislocations
[67,109]:

y:A{ex{ (V(Te" MV)H ex{ (V(Te“ MV)H} A sin V(Teﬁ_My)} (6.3)
ke T kT T

whereyis the shear strain rat¥,the activation volumer,, the effective shear stress,

M the relaxation modulus andthe shear strain. The solution was reported in]109

which was used to fit the results:
y=Plin(t+ P2)+ P3 (6.4)

The fitting expression (6.2) always provides a guitigh accuracy as shown in
Fig.6.18-6.38.

In the rate model presented in Chapter 3, the maltieal formulation has been

simplified, by neglecting the rate of generatiorited activated complex in the reverse
direction, as already suggested in [43-45]. Inrttuelel developed, a rate equation that
identifies two possible factors determining theeed strain rate decay during the

time has been derived (see Chapter 3):

Inég, =A0—’0£cr —2- 0, (6.5)
o€ KT

The two mechanisms above mentioned are express#teliyo terms at the second
part of Eq.6.5: the exhaustion of the nucleategsgiepresented by the first term, and
the development of the internal stresses due tdéotineation of activated nuclei in the

unswitched regions of the material, described kysecond term.

By assuming that the process is controlled by thlllup of the internal stresses, the

exhaustion term can be neglected and from the s@dpthe plot Irg the

CI"

activation volumeV, can be estimated:
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Ing, =- Va e, (6.6)
KT

It is worthwhile to underline that the volume oéthctivated nuclei has been assumed
to be constant with time during the creep testd(&ocation within the sample),
determining a constant work hardening rétecalculated from the stress-strain curve

as:

_100,,

=5 9e (6.7)

In this calculation it has been assumed that thrdeming produced during creep at
certain applied stress is equal to the hardeniogymed by applying the monotonic
loading (see Chapter 3).

Examples of the lg, —&, plot are shown in Fig.6.39-6.42 for PZT 5A polextglel,
where the terme, represent the creep strain defined in Eq.6.1 lddhas been

calculated from the fitting using Eq.6.2. The grahow behaviour very close to
linearity, except for small creep strain where dnu@viations can be observed
(Fig.6.39-6.42).

The activation volume has been evaluated in allcthrapositions at different stress
levels, showing values between few nanomét¢RZT 4D poled parallel, LCC,
LSFC) and 150 nh(LSM) (Fig.6.43, 6.44), consistent with previoustimations in
PZTs [44,45,111]. A characteristic trend with thmpléed stress was found (Fig.6.43,

6.44) and its interpretation is not straightforward

In general, by comparing the values of the actoratvolume of the ferroelastic
compositions (see Fig.6.44) it can be concluded taad compositions (LCC and
LSFC) present low values of the activation volunseilggesting a greater rate
dependence compared with the soft ones (LC and LS¥ia regarding LSCNM are
more difficult to interpret due to the phase tréinaistress induced (see Chapter 5).
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6.4 Conclusions

The creep behaviour of ferroelastic/ferroelectrieramics was studied under
mechanical compression loading at room temperaiiy@cal common features were
observed in all the materials studied, also in @gent with previous studies. An
efficient fitting expression, derived from the disation rate theory was proposed to
describe the time dependent deformations undertaonapplied loads. In analogy
with thermally assisted dislocation motion, a natedel was developed to justify the
reasons behind the observed trends. Two possibiee® of strain rate decay have
been identified, namely exhaustion and hardeningseB on the fundamental
assumptions that these two phenomena are uncoapl@dhat the build up of the
internal stresses is the main factor causing tteedacay during creep, the activation
volume of the ferroelastic creep was estimated aseld as a key parameter in
determining the domain switching rate under cornstaad. Based on the model
developed it was found that in hard compositionmaio switching occurs through
the nucleation and the expansion of small activategtlei, whereas in soft
compositions domain switching is characterized l®y iucleation and the expansion
of large activated nuclei. Higher creep strainshiard ferroelastic compositions
evidence a significant difference in the amountdomain switching that can be
produced in monotonic loading (without creep) amdtepwise loading (with creep).
This suggests that hard compositions need moreftwetpthermal fluctuation to drive
the switching process, evidencing higher rate dépece and a domain switching

process characterized by nucleation and expansismall activated nuclei.
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Time, s

5,0E-04 - — 10 MPa loading
— 50 MPa loading
4.0E-04 - 100 MPa loading
' 150 MPa loading
-% — 250 MPa loading
= 3,0E-04 1 350 MP .
T a loading
o
O 20E-04
@)
1,0E-04 1
0,0E+00 MM ‘
0 50 100 150 200
Time, s
Fig.6.1: creep strain at different stress levels in
PZT 4D poled parallel to load during loading.
0 50 100 150 2001 350 MPa unloading
0,0E+00 ‘ ‘ ‘ . |—250 MPa unloading
“WW 150 MPa unloading
100 MPa unloading
-1,0E-04 — 40 MPa unloading
< —0.2 MPa unloading
%)
o -2,0E-04 -
[0}
g
@)
-3,0E-04 1
-4,0E-04 -

Fig.6.2: creep strain at different stress levels in
PZT 4D poled parallel to load during unloading.
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Creep strain
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1,5E-04

1,2E-04 A

— 20 MPa loading
— 50 MPa loading
110 MPa loading
200 MPa loading
— 250 MPa loading
— 350 MPa loading

Fig.6.3: creep strain at different stress levels in
PZT 4D unpoled during loading.
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50 MPa unloading
— 20 MPa unloading
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Fig.6.4: creep strain at different stress levels in
PZT 4D unpoled during unloading.
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Creep strain
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Fig.6.5: creep strain at different stress levels in
PZT 4D poled perpendicular to load during

Time, s

loading.
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0,0E+00 . ‘ ;|— 200 MPa unloading
"':'w‘l 100 MPa unloading
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-3,0E-05 -| ]"\1 50 MPa unloading
— 20 MPa unloading
.% -6,0E-05 - —0.2 MPa unloading
B
o -9,0E-05
Q
g
O -12E-04 1
-1,5E-04
-1,8E-04 -

Fig.6.6: creep strain at different stress levels in
PZT 4D poled perdendicular to load during
unloading.
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Creep strain

—10 MPa loading

— 30 MPa loading
100 MPa loading
300 MPa loading
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Fig.6.7: creep strain at different stress levels in
PZT 5A poled parallel to load during loading.
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Fig.6.8: creep strain at different stress levels in
PZT 5A poled parallel to load during unloading.
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Creep strain

3.00E-04 - —20 MPa Ioad?ng
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Fig.6.9: creep strain at different stress levels in
PZT 5A unpoled during loading.
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Fig.6.10: creep strain at different stress levelsi
PZT 5A unpoled during unloading.
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Fig.6.11: creep strain at different stress levelsi
PZT 5A poled perpendicular to load during
loading.
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Fig.6.12: creep strain at different stress leveli
PZT 5A poled perpendicular to load during

unload

ing.
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Creep strain

7 0E-05 - — 30 MPa loading
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Fig.6.13: creep strain at different stress levelsi
LC during loading.
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Fig.6.14: creep strain at different stress leveli
LCC during loading.
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Fig.6.15: creep strain at different stress levelsi
LSM during loading.
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Fig.6.16: creep strain at different stress levelsi
LFSC during loading.
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Fig.6.17: creep strain at different stress levelsi
LSCNM during loading.
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PZT 4D poled parallel at 10 MPa
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Fig.6.18: logarithmic fitting of creep strain in
PZT 4D poled parallel at 10 MPa.
PZT 4D poled parallel at 100 MPa ‘
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Fig.6.19: logarithmic fitting of creep strain in
PZT 4D poled parallel at 100 MPa.
‘ PZT 4D poled parallel at 150 MPa ‘
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Fig.6.20: logarithmic fitting of creep strain in
PZT 4D poled parallel at 150 MPa.
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Creep strain

PZT 5A poled parallel at inflection point ‘
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Fig.6.21: logarithmic fitting of creep strain in
PZT 5A poled parallel at 30 MPa (coercive

stress).

Creep strain
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Fig.6.22: logarithmic fitting of creep strain in
PZT 5A poled parallel at 100 MPa.

Creep strain
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Fig.6.23: logarithmic fitting of creep strain in
PZT 5A poled parallel at 300 MPa.
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LC at 30 MPa
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Fig.6.24: logarithmic fitting of creep strain in LC

at 30 MPa
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Fig.6.25: logarithmic fitting of creep strain in LC
at 65 MPa (coercive stress).
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Fig.6.26: logarithmic fitting of creep strain in LC

at 100 MPa.
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Creep strain

LCC at 30 MPa
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Fig.6.27: logarithmic fitting of creep strain in

LCC at 30 MPa.
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Fig.6.28: logarithmic fitting of creep strain in
LCC at 130 MPa (coercive stress).
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Fig.6.29: logarithmic fitting of creep strain in

LCC at 260 MPa
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Creep strain

LSM at 20 MPa
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Fig.6.30: logarithmic fitting of creep strain in
LSM at 20 MPa.

Creep strain
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Fig.6.31: logarithmic fitting of creep strain in
LSM at 40 MPa.

Creep strain

LSM at 90 MPa
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Fig.6.32: logarithmic fitting of creep strain in
LSM at 90 MPa.
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Creep strain

LSFC at 107 MPa
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Fig.6.33: logarithmic fitting of creep strain in
LSFC at 107 MPa.
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Fig.6.34: logarithmic fitting of creep strain in
LSFC at 210 MPa (coercive stress).

Creep strain
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Fig.6.35: logarithmic fitting of creep strain in
LSFC at 320 MPa.
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Creep strain
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Fig.6.36: logarithmic fitting of creep strain in

LSCNM at 20 MPa.
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Fig.6.37: logarithmic fitting of creep strain in
LSCNM at 60 MPa (coercive stress).
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Fig.6.38: logarithmic fitting of creep strain in

LSCNM at 210 MPa.
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Log strain rate
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Fig.6.39: logarithmic strain rate-creep strain in
PZT 5A poled parallel at 10 MPa during loading.
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Fig.6.40: logarithmic strain rate-creep strain in
PZT 5A poled parallel at 40 MPa during loading.
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Log strain rate
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Fig.6.41: logarithmic strain rate-creep strain in
PZT 5A poled parallel at 100 MPa during
loading.
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Fig.6.42: logarithmic strain rate-creep strain in
PZT 5A poled parallel at 300 MPa during
loading.
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Fig.6.43: activation volume at different stress
level in PZT 5A poled parallel and PZT 4D polet

parallel.
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Fig.6.44: activation volume comparison in all the
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Chapter 7: Rayleigh-type behaviour

7.1 Introduction

In this chapter, the effects of rate and the teatpee on ferroelastic switching were
investigated, by studying the stress-strain hysterops under weak applied stress
(Rayleigh loops), in different perovskite ceramids. simplified procedure was

developed to separatetrinsic” and “extrinsic¢’ contributions to the strain, showing

that the former is dominant in the Rayleigh loopneyated. The results were
interpreted in terms of thermal activation and rile model proposed was applied to
estimate the effect of loading rate on the extdssiain. The model developed may be
regarded as a valid alternative to the empiricar@@ches currently used. In addition,
the combined effects of frequency and temperatarthe Rayleigh loops was studied
by keeping the stress amplitude constant in oml@stimate mechanical and thermal
contribution to ferroelastic switching in the Ragle loops. The results could be
useful in the design of ferroelastic/ferroelectdevices subjected to cyclic weak
applied fields, based on a more detailed knowlexfgbe effects of rate, temperature

and dopants on the strain response.

7.2 Rayleigh loops

Although an harmonic analysis would be necessamgstablish whether the material
behaves as a proper Rayleigh system as discusgé@]insuch an analysis has not
been performed, and regardless, the hystereticsldgyve been namedRayleigh
loops’, without considering eventual deviations from there Rayleigh behaviour.
Three different batches of data have been genesaatédhe results will be presented
in the following order:

1) at room temperature using sinusoidal dynamiditag

2) at room tempearature using triangular dynamadilog,

3) at different temperatures.
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7.2.1 Rayleigh loops at room temperature using sisoidal dynamic loading

Hysteretic loops were generated by applying a sicas stress wave of five different

amplitudes po= 2,4,6,8,1NPa) and four different frequencies
(f =0.01,0.05,0.1,08z), around a static stress bias of 12 MPa. In arogoas

manner to the magnetic susceptibility; (see Eq.2.15 Chapter 2) and the
piezoelectric coefficientsl; [10,41,79-85], the mechanical compliangg was found

to be linearly dependent on the stress amplitudesapressed as:
Sz = Sy taRAC (7.1)

where S

init

and a, are the Rayleigh parameters ahd the stress amplitude.

The term S

init

practically represents the value of the mechanimaipliance
extrapolated tho =0, indicating the value 05,;corresponding to the bias stress of

12 MPa. It is worthwhile noting that this parametarincides with the élastic
compliancé only in the case of linear elastic materials.the present situation this
condition is observed only in LCC (Fig.7.1-7.5). PBA poled parallel and LC
exhibit highly non-linear behaviour from the vergdinning of the stress—strain
curves (see chapter 5) and hysteretic loops abithe stress applied. The parameter

aquantifies the domain walls displacement along lt@ps. Rayleigh hysteretic

loops were fitted using the following equation:
_ ag 2 2y _ ag 2 2
E=(Sy +0’RA0')0'17(AJ -0°)= 833017@0 -0°) (7.2)

The sign “+” describes the upper branch of the laof the sign “-* the lower one.
Examples of fittings are shown in Fig.7.1, whera, $implicity, the origin of the
coordinates system has been placed in the cenagachf compressive loop. In general,

the mechanical compliancg,, increases monotonically with the amplitude of the

dynamical applied stres&c and decreases with increasing frequency (Fig.52-7
The trends obtained are in agreement with prewstudies [37,83,85].
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The Rayleigh parameter§,, and a,were evaluated by fitting the data using Eq.7.1.

Hysteretic Rayleigh behaviour is clearly more digant in PZT 5A and LC, which
have larger Rayleigh coefficients than LCC (Fig,.7767). In LCC, the compliance

S,; is constant in all the range of the amplitudes ainthe frequencies examined. Its

variability is confined within the scatter of theperimental data, showing analogies
with a pure linear elastic material, by displayingn-hysteretic compressive loops,
with a, =0 (Fig.7.1-7.7).

A comparison between LC and LCC, suggests that ruthge particular static stress
bias imposed, the calcium inhibits the domain dwitg and reduces the hysteresis.
Even though the calcium produces a reduction of distortion, it increases the
domain switching stress threshold, evidenced ajsa bigher coercive stress in LCC
(see also Chapter 5). A similar effect of calciuopithg was observed in Ca-doped
KMnF; [37]. Analogous trends have also been found inl&ged barium titanate [83]
and in Nd-doped Pb(Zr, Ti)J85]. This is probably due to the generation ofygen
vacancies in acceptor-doped perovskites, whichaagpinning sites for the domain

walls.

The parametelS,, has a dependence on the frequency of the apgliesissin PZT

5A and LC, whereas it is constant in LCC, reprasgntts “elastic compliance
(Fig.7.6, 7.8). A dependence on the frequency v&s @bserved in previous studies
for the piezoelectric coefficiefd2,79,92] and for the mechanical compliance [&7].
Fig.7.8 the trend is plotted for PZT 5A for a widange of frequencies. Following
Damjanovic [42,79] and Schranz et al. [37], an agalis expression derived for the
magnetic susceptibilit}82] (introduced in paragraph 2.6 in Chapter 2) besn used
to fit the results:

ou-efonn(3)

where f is the frequency of the dynamical load.
Eq.7.3 describes with reasonable accuracy the wdddrend. The physical meaning

of the fitting parameters is explained in [32]. particular the parametd®, is related
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to the roughness of the domain walls and it iseny\good agreement with the other
values presented in the literature [37,42]. Themmrgpof its numerical value is still
under discussion and it could provide further ihgsginto the nature of domain wall
pinning and the geometry of domain walls, as it dlasady been shown by Paruch et
al. through the direct measurement of the roughegpsnent in PZT epitaxial thin
films [123]. Based on the analogy between Eq.7.3 and.E2ji# Chapter 2 and on the
accuracy of Eqg.7.3 in fitting the data, it can mnaduded that the Rayleigh-type
behavior is governed by domain wall pinning andriadly activated hopping, which
influence the ferroelastic properties and determitieir characteristic rate

dependence.

7.2.2 Rayleigh loops at room temperature using triagular dynamic loading

Hysteretic loops were generated at 26 differerdqUemcies in PZT 5A poled parallel
in order to obtain Rayleigh loops at constant feeguies and constant loading rate on
the same sample. A triangular stress wave of fivifferdnt amplitudes
(Ao =2,4,6,8,101Pa) was used and loops at eight different frequen(=8.004,
0.008, 0.016, 0.032, 0.064, 0.128, 0.256, 0.512 &) eight different loading rates
(0=0.064, 0.128, 0.256, 0.512, 1024, 2,04896, 8.192 MPa/), around the
static stress bias of 12 MPa, were chosen for théys The strain amplitude was
measured and the mechanical compliance and theeiBhylparameters were
estimated. Similar trends with the data obtainethvgine loading waves (section
7.2.1) were found. Examples of loops at differerading rates are shown in Fig.7.9.
The strain amplitude and the mechanical complianbey the Rayleigh laws,
presenting a parabolic and a linear dependencé@isttess amplitude respectively.
They both increase as the frequency and the loaditey are decreased (Fig.7.10-
7.13). Rayleigh parameters have shown rate depeadéiy.7.14-7.17). A particular

feature, whose origin is still unclear, is the moonotonic trend of the parametery,

as a function of the loading rate (Fig.7.17). Dt from the experiments at constant

frequency, wherer, decreases monotonically with increasing freque(fcy.7.16),

there is a particular loading rate wherg assumes a local maximum.
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7.2.3 Application of rate theory

In the literature, Rayleigh-type behavior is comigaattributed to the interaction of
domain walls with defects acting as pinning sitesvas proposed that domain wall
motion in Rayleigh loops involves several stepsnpig in an equilibrium position,

bowing, unpinning, displacement, repining in a neguilibrium position and

debowing [124].

As part of the overall ferroelastic phenomenoloBgayleigh-type behavior can be
modeled by assuming that domain wall movement énRhayleigh-type deformations
occurs through the nucleation and the expansioraativated nuclei, with the

nucleation being the rate limiting step of the @leprocess. The nucleation of
activated nuclei is characterized by an energeticidr, which can be surmounted by

supplying thermal energi,T (kg =Boltzmann constant) and/or via the application of

an external field, and a by time constant, thategivise to the observed rate
dependence. Therefore it is physically reasonalolesidering the Rayleigh-type

behavior as a thermally activated process and soribe its rate dependence in terms
of thermal activation rate theory. According to thedel developed in Chapter 3, the

rate of the strain produced by domain wall movengé&attrinsic straiti) is given by:

AH
E =& expg——— 7.4
ext 0 F{ kBTj ( )

Differently from the creep process, where the stiai mainly due to domain wall
movement, in the Rayleigh loops the strain hasdamributions: the élastic strair,
which does not involve domain wall motion and tHerfoelastic straifi due to
domain wall movement. The separation of the two poments is not straightforward

and a simplified procedure is proposed to estirbatb.

It should be noted that Eq.7.1 cannot be used th svaluation, because the
parameter S, is rate dependent and cannot be considered as"élastic
compliancég, as already pointed out in the section 7.2.1. Tin&rinsic contributior

can be determined exactly only at zero absolut@¢eature, where domain walls are

frozen, because of the absence of thermal enef]y [f®wever, it can be observed
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that as the loading rate increases, the paran&jedecreases to an asymptotic value
S.:.. Which can be considered as thiatfinsic compliancg with reasonable
accuracy. By accepting the asymptotic valueSyf as physically sensible for the

“intrinsic compliancg the “intrinsic strai’ Ag,, can be estimated as:

int
A‘gint = gnitAJ (75)

where Ao is the stress amplitude. The elastic modulus tatled from S, is around

80 GPa, which is higher than the value providedhgymanufacturer Morgan Matroc
(61 GPa), suggesting that the value estimated fitmenRayleigh-type loops is less

affected by extrinsic contributions.

The “extrinsic strairi can be then derived by subtracting thetrinsic strairi’, from
the experimental values of the measurtatal strain amplitudé Results are shown
in Fig.7.18, evidencing that theintrinsic deformations are dominant in the
conditions examined, in agreement with analogoudeigh-type analysis performed
on relaxor PZN-8PT, whereirtrinsic contribution$ to the piezoelectric response
were found larger than thextrinsic ones [125].

It is assumed that the experimental conditions usedarry out the tests (weak
applied field and small stress amplitudes) do notdpce dramatic changes in the
microstructure of the samples, ensuring small Wana in the pre-exponential

parameteé,, which, for simplicity, can be considered constamithout leading to

significant inaccuracies.

Theoretically, the extrinsic strain amplitude undeonditions of constant

microstructure can be obtained from Eq.7.4 as:

A

NE =& Tex{—%jdt (7 6)

ext 0 .
o kT

EQ.7.6 can be rewritten in a more convenient form:
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20

Dé, =&, [exp(A+Bt)dt (7.7)
0
where:
V,0
Az—AU ndB =-2_2%¢ (7.8)
keT K,

The integral in Eq.7.6 can be analytically caloedathaving:
£ L9 g Ao
A, = EO[GXF(A+ B'[)]OU = EO{GXF(A-F B—.j - epr} (7.9)
o

Let us indicate withAeg, ,and Ac,,,two strain amplitudes obtained with the same

stress amplitude, but with different loading ratgsand o, respectively. The ratio

will be given by:
kBTfEO ex;{A+ Va0, M] —expA
Agexll - Vaal L kBT 0, N (7 10)
Ag [ ) ] '
e kBTst exr{A+Vf"J2 A_Uj—epr
V.0, L sl O i

Although the pre-exponential parameter is unknovaonstant microstructure

conditions are reflected in a coincident valueggiior Ae,,, and As,,,. Therefore the

previous ratio leads to:

Boq -0y (7.12)
A‘ge><t2 Jl

In Fig.7.19-7.23 both the ratios were plotted dsraction of the loading rate at the
different stress amplitudes. The highest accuracy wlatained for 2 MPa stress
amplitude (Fig.7.19), which is the experimentaluaiion that guarantees smaller
changes in the microstructure and consequentlgptesents the most appropriate

condition to apply the model expressed by Eq.7.4.
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7.2.4 The effect of temperature

The strain amplitudée of the Rayleigh loops is a function of the type:

Ae =Ae(og, Ao, T,T) (7.12)

where o, is the static bias appliedyo is the stress amplitude of the dynamical load,
f is the frequency of the dynamical load applied @anthe temperature. In order to

minimize creep effects, facilitating the generatminclosed loops, the analysis was
performed by choosing only one stress bias, witlnsub-coercive field region in all
the materials tested. The specimens were subjeztadtatic compressive load of 12
MPa and to a triangular dynamic load superimposedhe static one. In order to
analyze solely the effect of the temperature aaduency, the stress amplitude of the
dynamical load was kept constaid = 4MPa) and the frequency=£0.008, 0.016,
0.032, 0.064, 0.128, 0.2982) and the temperaturd%£25, 30, 40, 50, 60, 7€C)
varied. Hysteretic stress-strain loops were geadrahd the measured loop-strain was
plotted as a function of frequency and temperatimd=ig.7.24 stress-strain loops of
PZT 5A poled parallel A\o=4 MPa, f=0.064 Hz) are shown for three different
temperatures. Increasing the temperature, the doampliance increases and larger
strain is produced. Analogous trends were obsemisd on LC and LCC, in
agreement with recently published data on PZT timsf[126]. The strain amplitude
increased with increasing the temperature and dsierg frequency in all the
compositions examined (Fig.7.25-7.27). The trendn@e pronounced in PZT 5A
poled parallel, due to a larger domain wall motiorder the conditions studied. The
overlapping of data in LC and LCC (Fig.7.26, 7.23)due to the prevalence of
“intrinsic deformation’ in the considered circumstance that have sma# end
temperature dependence, precluding the observatiolear trends. By increasing the
stress amplitude a greater number of domain catctswend more clear trends can be
observed (Fig.7.28, 7.29), confirming the functicskependence (7.12). A comparison
between LC and LCC, once again suggests that uhdestatic stress bias imposed
and forAc=4 MPa, the calcium has a hindering action on traan wall movement,
probably due to the formation of oxygen vacanciésciv act as pinning sites for the

domain walls.
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7.3 Conclusions

Rayleigh-type analysis is a powerful tool to stuiiy rate and the temperature
dependence of the mechanical response of ferraelasiterials under weak applied
mechanical stresses. The results confirmed thaeiegt behaviour and domain wall
mobility are influenced by doping. Rayleigh-typeuatjons (7.1), (7.2), and (7.3)
have been successfully applied to ferroelastic ri@d$e proving that different ferroic

systems can be described using analogous models.rateedependence of the
Rayleigh loops was attributed to the thermally \aated nature of the ferroelastic
switching process. A simplified procedure was psmub for the separation of the
intrinsic and the extrinsic strain, suggesting ttte former is predominant in the
Rayleigh loops generated. Rate theory is ableddiprthe effect of the change in rate
on the extrinsic strain, representing a sensibisipghl model to describe the effect of
rate on Rayleigh-type deformations. The accuradh@fprediction is higher for small

stress amplitudes, where the assumptions of theelrtmmld more reasonably. The
effect of temperature was found to increase trersamplitude of the Rayleigh loops
reconfirming that thermal energy represents an tmaail driving force for the

ferroelastic switching process.
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Fig.7.1: fitting of Rayleigh loops generated using

sinusoidal stress waves witihe=10 MPa and =0.0:

Hz.
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Fig.7.2: S3-Ac from loops generated using
sinusoidal stress waves with f=0.01 Hz.

0.030 - ~-PZT 5A poled
' parallel

0.025 - / = 1C
0.020 - LCC

<
@®
0
O o054 . . .
2
" 0.010
0.005
0.000 T T T T T 1
0 2 4 6 8 10 12

Ao, MPa

Fig.7.3: S3Ac from loops generated using
sinusoidal stress waves with f=0.05 Hz.
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Fig.7.4. S3-Ac from loops generated using
sinusoidal stress waves with f=0.1 Hz.
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Fig.7.5: S3Ac from loops generated using
sinusoidal stress waves with f=0.5 Hz.
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Fig.7.8: frequency dependence of the Rayleigh
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Fig.7.9: example of stress-strain loops generated
using triangular stress waves with different
loading rates in PZT 5A poled parallel.
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Fig.7.10: strain amplitudeAo from loops
generated using triangular stress waves at eight
different frequencies in PZT 5A poled parallel.
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Fig.7.11: S3-Ac from loops generated using
triangular stress waves at eight different
frequencies in PZT 5A poled parallel.
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Fig.7.12: strain amplitudeAos from loops
generated using triangular stress waves at eight
different loading rates in PZT 5A poled parallel.
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Fig.7.13: S3Ac from loops generated using
triangular stress waves at eight different loading
rates in PZT 5A poled parallel.
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Fig.7.14: the Rayleigh parameter & as a
function of frequency in PZT 5A poled parallel
(from loops generated using triangular stress

waves).
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Fig.7.15: the Rayleigh parameter & from loops
generated as a function of loading rate in PZT
5A poled parallel (from loops generated using

triangular stress waves).
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Fig.7.16: the Rayleigh parametemr as a functior
of frequency in PZT 5A poled parallel (from
loops generated using triangular stress waves).
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Fig.7.17: the Rayleigh parametei as a functior
of loading rate in PZT 5A poled parallel (from
loops generated using triangular stress waves).
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Fig.7.18: extrinsic strain at different stress
amplitudes and different loading rates in PZT 5/

poled parallel.
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Fig.7.19: comparison experimental values-model at
2 MPa stress amplitude in PZT 5A poled paralle.
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Fig.7.20: comparison experimental values-model at
4 MPa stress amplitude in PZT 5A poled parallel.
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Fig.7.21: comparison experimental values-model at
6 MPa stress amplitude in PZT 5A poled parallel.
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Fig.7.22: comparison experimental values-model at
8 MPa stress amplitude in PZT 5A poled parallel.

Extrinsic strain ratios

140
120 -
100 -

80 A

s *°

60
40 1
20

4 Experimental values
Model (Eq. 7.11)

4 6

Loading rate, MPa/s

10

Fig.7.23: comparison experimental values-model at
10 MPa stress amplitude in PZT 5A poled parallel.
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Fig.7.24: examples of loops generated using
triangular stress waves at 0.064 MPa/s and
different temperature in PZT 5A poled parallel.
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Fig.7.25: strain amplitude of loops generated
using triangular stress waves with 4 MPa
amplitude and eight different frequencies, at
different temperatures in PZT 5A poled parallel.
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Fig.7.26: strain amplitude of loops generated
using triangular stress waves with 4 MPa
amplitude and eight different frequencies, at
different temperatures in LC.
4.0E-05 - ~-0.004 Hz
=-0.008 Hz
0.016 Hz
o SOE057 0.032 Hz
= —0.064 Hz
= 3.6E-05 - +-0.128 Hz
% —+0.256 Hz
C 34E05 —0.512 Hz
g
7
3.2E-05 A
3.0E-05 ‘ ‘ ‘ ‘
0 20 40 60 80
Temperature, °C

Fig.7.27: strain amplitude of loops generated
using triangular stress waves with 4 MPa
amplitude and eight different frequencies, at

different temperatures in LCC.
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Fig.7.28: strain amplitude of loops generated
using triangular stress waves with 10 MPa
amplitude and different frequencies, at different
temperatures in LC.
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Fig.7.29: strain amplitude of loops generated
using triangular stress waves with 10 MPa
amplitude and different frequencies, at different
temperatures in LCC.
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Chapter 8: The effects of loading rate and
temperature on compression stress-strain curve

8.1 Introduction

In this chapter the influence of loading rate aethperature on the compression
stress-strain curve of ferroelastic/ferroelectriatenials is presented. The analysis is
based on an alternative experimental technique,clwhinvolves studying the
compression stress-strain curve at different lcadites and temperatures on the
same sample, avoiding data scatter arising fronmgusiifferent specimens. The
variations of the coercive stress with loading ratel temperature were measured,
identifying a logarithmic and linear functional agbnship in the respective cases.
The data generated were then used to estimate tikaten volume and enthalpy, by
applying rate theory. The method could representeéiitient characterization
approach in ferroelasticity, where rate and tentpeeadependence under mechanical

loading can be hardly found in the literature.

8.2 Experimental procedure

Compressive stress-strain curve at different lcadates were generated using the
Procedure 1 and Procedure 2, while the curvedfatelit temperatures were obtained

applying Procedure 3 (see section 4.8 in Chapter 4)

8.2.1 Loading rate dependence

In Fig.8.1 the complete incremental cycles gendrdig using Procedure 1 (see
Chapter 4 for details) are shown for PZT 5A poledajpal at four different loading
rates. By considering the maximum points of eaatiecgnd by fitting the data points
using a cubic polynomial expression, the stressrstturves at the four loading rates
applied were obtained using only one sample (F2(.8The same procedure was
applied on LSFC and the curves shown in Fig.8.3wenerated. The region near the
coercive stress shows the highest rate sensitii§ig.8.2, 8.3). The
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assembled curves show smaller deformation for higgegling rates (Fig.8.2, 8.3). A
very good agreement between the stress-strain ganerated incrementally and the
ones measured from a single monotonic compresssh (see Chapter 5) was
observed for LSFC (see Fig.8.4), demonstratingetfieiency of the implemented

experimental procedure.

The fitting functions allowed the work hardeningb® estimated as a function of the
applied stress (Fig.8.5-8.6), in order to get thercive field at each loading rate, as
the stress at which correspond a minimum in thgegathmodulus (minimum work
hardening). Very similar coercive stress valuegh®ones obtained from a single test
were measured in LSFC (see Fig.5.5 in Chapter rb)agreement with previous
studies [97, 98], the dependence of the coercresston the loading rate was found
to be of the logarithmic type, in both the composi$ (Fig.8.7, 8.8).

A further proof of the validity of the experimentaiethodology comes from the
results shown in Fig.8.9, where it can be obsenved the stress-strain trends at
different loading rates are totally reproduciblenpepeated cycles. A good match is
verified also in the unloading portion and in theversible strain. Along with [102],

higher strain recovery (back switching) can be olex at slower rates, leading to

smaller irreversible strains corresponding to lol@ading rates.

An interesting phenomenon related to the presericéhe back stresses (never
reported in the literature) can be observed agualffig.8.9. After the cycle indicated in
the graph as “15000 N/mirt"], the loading rate was reduced again to 1500 N/iain
check the reproducibility with the previous cyctetae same rate (1500 N/miff)1A
strain recovery was observed at the beginning efltlading portion, determining a
negative slope (negative tangent modulus) at tiggnbang of the stress-strain curve,
(see Fig.8.9 test indicated with “1500 N/miff“p This effect happened also in the
following tests, labelled in Fig.8.9 with “1500 Nifm3™™, where the reproducibility at
1500 N/min was checked again. The curves generatadive same loading rate are
completely superimposed, evidencing a strong menediigct. The validity of the

developed technique relies on the described reprbitity.
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Results obtained with Procedure 2 are shown in8Hi:8.12. The difference
between the two curves in Fig.8.12 is not cleadtedtable, as the loading rates used
were very close each other. The advantage of tlusepure is represented by the
possibility of generating also the unloading portiat different rates. The main
drawback comes from the difficulty in using morarhwo different loading rates.

All the results obtained confirm that domain switchis enhanced at small loading
rates. The reason for such behaviour arises fronthenally activated nature of
domain wall movement. It is therefore appropriaieapply a rate model based on
thermally activated phenomena in order to quarttiy loading rate sensitivity. The
procedure developed in [45] for the ferroelectase and formulated in Chapter 3 for

the ferroelastic case will be followed.

8.2.2 Application of rate theory

The curves obtained at different rates on only ocampde are considered to be
obtained by testing identical samples at differeyading rates, assuming that a
variation of the loading rate does not produce iBgnt changes in the

microstructure (constancy of the pre-exponentighjeand in the internal stress, .

Based on these assumptions, the model develop&hapter 3 has provided the

following expression:

\ 20Iné

a

{kj}}% (8.1)

It should be noted that the most appropriate wagesferating stress-strain curve at
different rates would have been performing the @rpents in strain control mode,

which was not possible in the experimental equipgnaeailable. Therefore, the only

way of obtaining the strain rate was from the ddfdiation of the strain-time curves
shown in Fig.8.13, 8.17, generated using Procetlufide strain rate as a function of
strain is plotted in Fig.8.14 and Fig.8.18 for PZA &d LSFC respectively.

Plots 7,,,—In& were generated at different strain levels, usihg strain rate

extrapolated at each strain using the plots in8Flg. and Fig.8.18. In compression
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loading conditions, the maximum shear stregg is half of the normal stress,, .
Plots 7,,, —In £show a linear trend (Fig.8.15, 8.19) and from topes the activation

volume was estimated for the entire range of sirathe curves generated in both the
compositions tested (Fig.8.16, 8.20).

Minimum value of the activation volume occurs i tboercive stress region, where
the materials exhibit the highest rate sensitivitlge values calculated in this region
are in a very good agreement with the ones obtdireed the creep tests (Fig.8.16,
8.20). In PZT 5A at the coercive stress, activatiolume was estimated as 7.49m
from creep test and 2.44 frftom the rate experiment. In LSFC at the coersivess
activation volume was found to be 0.81%imcreep experiments and 0.91 himrate
experiments. Significant discrepancy with the créegts can be observed at very
small strain in both the compositions, arising aially from the different character of
the two tests performed. The increasing of the atitm volume above the coercive
stress is higher compared with the creep testdahmtyg because the curves were
generated using odd functions (cubic power funsfidmaving an inflection point at
the coercive stress, determining symmetric valdi¢seoactivation volume for smaller
and higher stresses than the coercitivity (cleaidible in Fig.8.20). The comparison
between the two compositions (Fig.8.21) confirms thsults shown in Chapter 6.
Higher activation volume indicates smaller chanastie times and faster domain

switching kinetic.

8.2.2 Temperature dependence

The effect of temperature has been studied in PZPp&Ad parallel by applying the
Procedure 3 (see Chapter 4). Stress-strain curaes been generated on the same
sample at five different temperatures (T=30, 40,880,70°C). Room temperature was
not included in order to speed up the cooling psec&he curves in Fig.8.22, 8.23
were generated using only one loading rate (5000ifN/ in order to study solely the
effect of temperature.

In general, with increasing temperature, the féasiec phase transition temperature

is approached and the distortion of the unit celluces, producing compressive
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deformations in poled samples with prevalence th¢®nal structure such as PZT
5A. In Fig.8.22 the origin of the curve at 30°C vpdaced at (0,0) for practical reason.
The curves at higher temperatures start at thenstediles experienced by the samples
at the different temperatures, before the load aygsied. For simplicity the origin of

all the stress-strain curves have then been plaic€0) as shown in Fig.8.23.

It can be observed that at higher temperatureaheation strain becomes smaller, in
analogy with the electrical case, where the P-Edapw a decreasing of saturation
polarization with increasing temperature [45]. Mtle curves cross in a particular
point (Ocross €crosy, Whose strain can be produced with the same expgliress at all
the temperatures (Fig.8.23). Below the crossingtpdhe temperature reduces the
stress needed to achieve a fixed amount of stAbove the crossing point, if the
temperature is increased, higher stresses are ah@edproduce a certain level of
strain (Fig.8.23). This is reflected also in the kvbiardening and in the strain rate
curves, evidencing the influence of the temperatmedomain switching kinetic
(Fig.8.24, 8.25). Referring to the latter, it is o noting at stresses belowoss
increasing the temperature the strain rate incsgastile in correspondence of
stresses higher thasss the strain rate decreases by increasing the tertuype
(Fig.8.25). The ranges of the applied field where thucleation (or the growth)
prevails have not been clearly established yet. &ifext noticed in the strain rate is
probably related to the predominance of one of tthe mechanisms mentioned,
which may change below and above the crossing.point

By increasing the temperature a linear decay ofdbercive stress was measured
(Fig.8.26) in agreement with previous studies [10®lis is due to a reduction in the
spontaneous distortion of the unit cell at highenperatures. It is evident that the
temperature significantly influences the deformatibehaviour of ferroelastic
materials, supplying part of the energy necessaryhie domain switching process. In
previous investigations it was shown that the epeegjuired for the formation of
critical nuclei is mainly provided by the work dohg the applied electric field [45].
In order to quantify the amount of energy supplwdthe thermal fluctuations, the
activation enthalpy can be estimated. The approaelsepted in [45] has been

adapted for the ferroelastic case developing theeinaresented in Chapter 3.

127



Chapter 8: The effects of loading rate &mperature on compression stress-strain curve

From the relationship:

el {3] :

it follows that:
AH
Iné=Iné —— 8.3
T T (8.3)

The effect of the temperature can be quantifieddiynating the activation enthalpy
AH under conditions of constant microstructure. InE Foops, constancy of
microstructure conditions at the coercive field armore readily verified by a
constantly null value of the polarization in copesdence of the coercive field for
every frequency and temperature at which the P-Ppslcare generated [45]. The
difficulty of generating tension-compression loopghe mechanical case determines
the impossibility of producing experimental plotghere the coercive stress occurs
always at the same value of the strain, as showAg8.27. Regardless, it is assumed
that the density of nuclei is constant at the dgerstress, for all the temperatures and
the loading rates applied. Therefore, by partialfjecentiating Eq.8.3 respect with

(1/T) at constant coercive stress value, the followeigtionship can be obtained:

diné | _ AH
(aamlc Tk 54

The previous equation states that the activatiorhadmy can be obtained by

measuring the variation of the strain rate consegitea change in temperature at the
coercive stressr., which is assumed to be the most appropriate th@ymamical

conditions to perform the analysis, as for all thessible loading rates all the

compositions display a minimum work hardening and/maximum strain rate.

Because the coercive stress and the strain ratedbainge with the loading rate and
temperature, from the stress-strain curves obtastdte different temperature with

five different loading rates (Fig.8.28-8.32), a gtea plot g.—In& at different

temperatures was generated (Fig.8.33). Once algaisttain rate was not externally
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controlled, but obtained indirectly from the detiga of the strain-time curves. The
proposed method allowed also the activation volumée estimated at different

temperature.

From the master plot, the activation enthalpy wstsmated through Eq.8.4 for six
values of the coercive stress (Fig.8.33), obtainimgher activation enthalpy in
correspondence of smaller coercive stresses (B#.8The highest value of the
activation enthalpy measured (0.88 eV) is 5.5 tilmgher than the ones measured in
the ferroelectric case (0.16 eV) [45]. This mentmiokscrepancy, the dependence of
the activation enthalpy on the choice of the caeratress, the dubious constancy of
microstructure in the present experimental cond#iand the particular strain rate
dependence on the temperature (Fig.8.25) are cthriaof uncertainty for the value
of AH measured.

8.3 Conclusions

Alternative experimental procedures were develdpextudy the influence of loading

rate and temperature on ferroelastic switching. Q@ssion stress-strain curves at
different rates and temperatures were generatédermsing similar trends previously

found in the literature for the analogous ferrogleccase. By applying rate theory,

the rate dependence was quantified by estimatirg rtiie sensitivity and the

activation volume for different strain levels. Aasmnably good agreement with the
values obtained from the creep experiment was faarithe coercive stress region,
identifying the activation volume as a fundamepta}sical parameter, which controls
the domain switching time dependence. The influentethe temperature was

guantified by calculating the activation enthalpyhose estimation requires an
improved experimental technique to reduce the uaicgy on the values obtained.
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Fig.8.1: incremental cycles at different loading
rate in PZT 5A poled parallel using Procedure 1.
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Fig.8.2: fitting of data points at different loading
rate generated by fitting the data obtained using
Procedure 1 in PZT 5A poled parallel.
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Fig.8.3: fitting of data points at different loadng
rate generated by fitting the data obtained using
Procedure 1 in LSFC.
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Fig.8.4: comparison between stresstrain curves
generated with Procedure 1 and with monotonic
loading in LSFC.
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Fig.8.5: work hardening as a function of stress ¢
different loading rate in PZT 5A poled parallel.

200000 - — 15000 N/min
— 5000 N/min
@ 180000 1 1500 N/min
S 160000 - 500 N/min
2 140000 |
cC
g 120000 -
T 100000 -
Y4
= 80000 -
= 60000 | <
40000 : : ‘ ‘
0 100 200 300 400 500
Stress, MPa

Fig.8.6: work hardening as a function of stress ¢
different loading rate in LSFC.
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Fig.8.7: coercive stress as a function of loading
rate in PZT 5A poled parallel.
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Fig.8.8: coercive stress as a function of loading
rate in LSFC.
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Fig.8.9: reproducibility at different loading rate
in PZT 5A poled parallel (Procedure 1).
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Fig.8.10: stressstrain loading rate dependence i
PZT 5A poled parallel using Procedure 2.
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Fig.8.11: stress-ghin data points at two different
loading rates in PZT 5A poled parallel using
Procedure 2.
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Fig.8.12: stressstrain data points at two different
loading rates in PZT 5A poled parallel using
Procedure 2.
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Fig.8.13: strain —time plots at different loading
rates in PZT 5A poled parallel using
Procedure 1.
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Fig.8.14: strain rate as a function of strain at
different loading rates in PZT 5A poled parallel
using Procedure 1.
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Fig.8.15: examples of ,,, —In éplots at three
different strain levels in PZT 5A poled parallel.
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Fig.8.16: activation volume comparison with
creep experiment as a function of strain in PZT
5A poled parallel.
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Fig.8.17: strain —time plots at different loading
rates in LSFC using Procedure 1.
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Fig.8.18: strain rate as a function of strain at
different loading rates in LSFC poled parallel
using Procedure 1.
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Fig.8.19: examples of ,,, —In & plots at three
different strain levels in LSFC.
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Fig.8.20: activation volume comparison with
creep experiment as a function of strain in LSFC.
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Fig.8.21: activation volume comparison in PZT
5A poled parallel and LSFC.
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Fig.8.22: stress-strain loading curve at different
temperature at 5000 N/min in PZT 5A poled
parallel using Procedure 3.
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Fig.8.23: stress-strain loading curve at different
temperature at 5000 N/min in PZT 5A poled
parallel (same origin).
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Fig.8.24: work hardening as a function of stress
at different temperature in PZT 5A poled
parallel (5000 N/min)
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Fig.8.26: coercive stress as a function of
temperature in PZT 5A poled parallel.
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Fig.8.28: stress-strain curve at different loading
rate at T=30°C in PZT 5A poled parallel.
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Fig.8.29: stress-strain curve at different loading
rate at T=40°C in PZT 5A poled parallel.
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Fig.8.30: stress-strain curve at different loading
rate at T=50°C in PZT 5A poled parallel.
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Fig.8.31: stress-strain curve at different loading
rate at T=60°C in PZT 5A poled parallel.
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Fig.8.32: stress-strain curve at different loading
rate at T=70°C in PZT 5A poled parallel.
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Chapter 9: Ferroelectric switching in PZT 5A

9.1 Introduction

Domain switching is responsible for the non-lineard hysteretic behaviour of
ferroelectric systems upon the application of darahting bipolar electric field. The
shape of the loops and the magnitude of the hyssedepend on the amplitude and
the rate of the applied field, on the temperatund an various microstructural
features such as crystal structure, doping ageefects and impurities, domain and
grain size. Ferroelectric switching has been subggcextensive theoretical and
experimental research for decades, but at the irés& mechanisms involved are still
not completely understood. The main purpose of sk is to understand the
evolution of the domain configuration along the Rkl butterfly loops and to clarify
the physical mechanisms involved in the domaindwilg dynamics in the different
regions of the hysteresis loops. The experimentatagezh employed is based on the
analysis of the P-E loop, the butterfly hysteresid ereep relaxation curves with the
simultaneous measurement of polarization and stdainng the application of a
constant electric field of different magnitude.addition P-E and butterfly loops were
generated at different frequencies in order toystate effects, investigating the role

of thermal fluctuations in ferroelectric switching.

9.2 P-E loop

Alternating electric field ramps with 1 Hz frequgneere applied to PZT 5A samples,
using the equipment described in Chapter 4. I-Eesu(¥ig.9.1), P-E loops (Fig.9.2)
and the butterfly loops (Fig.9.3) were generated stadied. In Fig.9.1 the current |
represents the polarization rate and it has beettegl as a function of the applied
field. The field corresponding to the maximum cutregpresents the coercive field
Ec. In the P-E (polarization-electric field) loop (s€&g.9.2) the coercive field

coincides with the field at which the polarizatio& zero (point B in Fig.9.2).

Experiments were started with a poled material @&itpolarization P=-@(point A in
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Fig.9.2). The application of a positive electricldidirstly determines a depoling
process of the material, evidenced by the decrgasiagnitude of the polarization
until the coercive field (point B in Fig.9.2), wheethe material is completely unpoled,
having P=0. Above the coercive field, the matesialrts to be poled in the opposite
direction, displaying a positive value of polaripat which increases in magnitude
until the saturation valuesPwhich corresponds to the maximum electric fighpleed
(point C, where E=4 kV/mm in Fig.9.2). On decreading field (unloading), part of
the domains switch back, determining a decreasieegbolarization. When the field is
completely removed (point D, where E=0 kV/mm in Big), the material shows a
“remanent polarizatioh (Pr). The process just described is then repeated en th
reverse direction if a negative field is appliedeTbops and the coercive field are not
always symmetrical. In some materials, such as HZThé presence of point defects
generates defect dipoles that can produce a lalas Tihe PZT 5A was chosen for this

study because it produces reproducible and symraktoops.

9.4 Analysis of the “butterfly loop”

Due to their piezoelectric and electrostrictive geuies, ferroelectric materials also
experience deformations when subjected to an appdiectric field. Unlike the
polarization, which has a monotonic dependencéderelectric field, the strain shows
a non-monotonic trend with the applied field, desphg loops with a characteristic
“butterfly shape” (Fig.9.3).

The butterfly loop in Fig.9.3 was generated usirgwlaveform generator HP33120A,
software controlled. Two electrical field ramps wewgplied to the sample and the
data during the second ramp (when reproducibled@ap be generated) was acquired
by the software and plotted as a function of tke&lf(Fig.9.3). In the butterfly loop in
Fig.9.3, the values and the sign of the strain fzaxeative validity as they depend on
the settings at the beginning of the tests. In ithéséance before each test, the strain

has been conventionally set at zero as the refeneiot.

The non-monotonic trend of the strain with the figldthe loading part of the loop,

suggests that the material experiences shrinkageskimgation under the action of
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the applied field, as also explained in [49,127br Fhe relative validity of the
magnitude of the strain values and of their sigomfthe butterfly loop itself, is not
easy to distinguish in which range of the applietdfshrinkage and elongation take
place. This can be addressed by studying the sitireddtrain rate as a function of the
electric field (Fig.9.4) as it depends only on th@nges in strain during the ramps and
not on the initial settings of the tests. The streate was obtained by the first
numerical differentiation of the plot strain-timadaplotted against the electric field
(Fig.9.4).

As previously mentioned, the experiments were peréol on a poled PZT 5A
sample. The sample tested had a prevalence ofdetbgtructure [44] and therefore,
in the poled state, the samples are elongated ahengoling direction. By applying
the field, domain switching takes place, produdmgally a depoling and a shrinkage
process in the material, through 90° domain switghwhich reduces its elongation
along the poling direction. Shrinkage is consisteitlh the initial negative sign of the
strain rate plot in Fig.9.4. In correspondence oEE2.2 kV/mm, a maximum in the

shrinkage rate can be observed.

In the range IKE<E, the shrinkage rate reduces, until it becomes aete=£=1.5
kV/mm (Fig.9.4). For E>E the strain rate changes sign indicating thatntiagerial
begins to elongate.

In the range E<E<E:, the material recovers the shrinkage until E=tvhere the
material is unpoled. In the butterfly loops presenin [49] the overall strain of the
material was zero at the coercive field. In Fig.8n8 butterfly loop was not shifted,
having as zero strain, the strain at the beginofrthe each test, as already mentioned
above. At E>E the overall polarization changes sign, the mdtstats to elongate

in the direction of the field, with a rate that cesses with increasing the field.

In order to understand the trend of the overadlistm correspondence of,H, and

Ec, the slope of the butterfly loop was numericalijcalated and plotted as a function
of the electric field (Fig.9.5). It can be obsentbdt at E=E, the plot presents a local
minimum and it corresponds to an inflection pointthe butterfly loop (see also

Fig.9.3). At E=R the slope is zero reflected in a minimum in thédytly loop (see
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also Fig.9.3). At E=E the slope of the butterfly loop assumes a locakimam,
indicating another inflection point in the buttgrfbop (see also Fig.9.3). According
to the strain rate and the butterfly loop slopey fieegions can be identified:

1) E<gk

2) E<E<BE

3) E<E<Ec

4) BE>EK

9.4 Ferroelectric switching mechanisms

Differently from the mechanical case, where donsintching occurs only through
the movement of non-180° domain walls, ferroelecswvitching is believed to occur
through a combination and a succession of non-E@F 180° domain switching
events. It was proposed that in the tetragonalghdmmain switching occurs through
two 90° switching steps and in rhombhohedral pliasmigh a first step of 70.5° and
a second step of 109.5° [49]. The idea of multipdes switching process is supported
also by other previous studies [127]. Based onpitesent analysis of the P-E and
butterfly loops, it is proposed that polarizati@versal involves two consecutive steps
of 90° or multiple consecutive steps of the moreegal non-180°, as follows. In the
region O<E<E, the domains more favourably oriented with theligdpfield start to
switch in direction of the field, performing thedi step of non-180° switching. This
produces a shrinkage of the material until B==E2 kV/mm. The predominance of
non-180° domain switching of domains favourablyeoted with the external electric
field in this region is confirmed by small variatian the polarization as a function of
the electric field (see P-E loop).

In the region E<E<E,, even though the material continues to experiatrankage
(strain rate still negative), the strain rate staotdecrease in magnitude (see Fig.9.4),
indicating the exhaustion of the first step of rk88°, with also the possibility that
some of the domains are able to complete theit &@8° switching, or at least are
capable of performing multiple switching steps,hnain overall switching higher than
90°, producing a reduction in the shrinkage rates Thalso suggested by an increase
in the P-E loop slope, in that region.
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At E=E,, the strain rate and the butterfly loop slopelsth zero. This indicates that
the material at that point has finished shrinking & is about to recover the shrinkage

and then to elongate along the direction of thdiegield.

In the region E<E<Ec, massive variation of polarization upon small &aon of the
electric field can be observed in the P-E loop @&R). A significant amount of
domains are able to perform a domain switching drighan 90°, producing also a
complete recovery of the shrinkage previously poedu At E=Ek the material is
depoled and undeformed. In the region ExfEost of the domain complete their 180°

domain switching, producing an opposite polingestat

9.5 Analysis of creep-relaxation curves

Further insight regarding the switching mechanismshe different regions of the

loops can be gained with an accurate analysiseottbep-relaxation curves (Fig.9.6-
9.9). The simultaneous monitoring of polarizationl atrain during the application of

a constant field gives the possibility of observthg domain switching evolution in

different regions of the hysteresis loops in a Emgime scale compared with the
simple monotonic loading at finite rate. Furthermatreep experiments allowed the
study of the combined effect of the constant aplpfield and the thermal fluctuation

on the domain switching process during the dweilkti

Experimental results showed that the creep magnitudeoth polarization and strain
strongly depends on the level of the applied dledield (Fig.9.6-9.9), in agreement
with previous studies [68-70] and analogously ® ittrechanical case (see Chapter 6).
In Fig.9.6, 9.7, the polarization and the straimimy creep were normalized using
their respective initial values at the beginningtteé dwell period, when the electric
field was held constant. It can be observed thahduhe dwell time the polarization
is always a monotonic function of the time, whhe strain shows a more complicated
trend (Fig.9.6, 9.7).

In the range O<E<E (with E;=1.2 kV/mm), the strain during creep is always
monotonic with time. During dwell at EzEL.2 kV/mm the strain starts to display a
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non-monotonic trend. Such inversions of trend waly sneasured only in the range
Ei<E<E, (with E;=1.5 kV/mm) as shown in Fig.9.7. For E>Bo more inversions

were observed.

Referring to the creep strain curve at E=E2 kV/mm, a visible turning point can be
observed (see Fig.9.7). Before the turning poiet riaterial experiences shrinkage
and beyond the turning point, the shrinkage startse recovered. It is likely that at
the field where the strain inversion starts (E-Ehermal energy helps some of the
domains to complete their total 180° switching, air least thermal fluctuations
promote multiple switching steps with an overalitshing higher than 90°. Besides,
a comparison between all the creep strain curvéiseimange O<E<fconfirms that at
E=E; the material has the highest shrinking rate, &vipusly observed from the
analysis of the strain rate plot in Fig.9.4. Intfaccan be noticed that the creep strain
measured until the turning point in the creep cyamproximately after 1.3 seconds)
is higher than the creep strain produced at loveddd in the entire dwelling time (3

seconds).

Considering the three curves at E=1.2, 1.4 and \l/Bk (Fig.9.7), it can be noticed
that by increasing the field, the turning point wscin a shorter time range. By
holding the field at E=1.4 kV/mm and E=1.5 kV/mm, timaterial changes poling
state and the overall polarization changes signm fnegative values to positive (see
Fig.9.8). It is now clear that thermal fluctuatidmsve significant effects under static
condition and minor ones in dynamic conditionsalE® observed in the mechanical
case. In fact, it should be noted that by applyangionotonic loading the material
depoles at E£1.68 kV/mm and creep results show that the depstate could be
achieved by statically applying a smaller fieldr(fostance E=1.4 kV/mm or E=1.5
kV/mm).

At E=E,=1.5 kV/mm the highest creep polarization was olesbr(Fig.9.6). By
holding the field at E=g, the magnitude of the creep polarization reducespared
to E=1.5 kV/mm (Fig.9.6), probably because in thage B<E<E: part of the
domains that are able to perform the complete B8@fching degree, exhaust. The
highest polarization rate at this field (Fig.9.4)yeflected in the highest initial slope of
the polarization-time curve at Egltsee Fig.9.6).
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At the coercive field, the creep strain is monotopecause the material experiences
only elongation. At E=E the material shows the maximum amount of creeprstas

at this field the material has the highest elommgatiate (maximum in the strain rate
plot in Fig.9.4) and does not experience any slgek like it does at lower applied
fields. In the range Exfboth the creep polarization and creep strain redoenpared

to lower fields, due to the exhaustion of the shiitg sites at increasing field (Fig.9.6,
9.7).

By analysing the unloading part after the creepg.@8, 9.9), it can be noticed that for
the polarization, the unloading part has the saoreature at any applied field (see
Fig.9.8). For the strain this is valid until E=1.¥/knm. By holding fields above

E=1.2 kV/mm, the material changes poling state @&vipusly mentioned and the
unloading part of the strain changes curvature Eg@®.9). So, it is likely that during

the unloading after dwelling at a field in the rar@<E<Ek the material recovers the
shrinkage. In the unloading process after dwellaigfields higher than [ the

material recovers the elongation produced duriegctieep.

Creep experiments were performed also in the umgadranches of the loops, in
order to obtain further information regarding thack switching process. Results
show a higher recovery in polarization (back cremm) practically no back creep in
the strain at high field (Fig.9.10-9.13). This mighiggest that the beginning of the
unloading process is dominated by the process 86K switching, which does not
produce strain recovery. Having a poled state atbiginning of the unloading, the
strain mismatch between adjacent domains is mimd)ias most of the domains are
aligned along the same direction (like in textustdictures). At smaller fields, the
back creep in the strain increases and the ba@p aé the polarization decreases,
meaning that the last stage of the unloading psocegrobably dominated the 90°
back switching. At the end of the unloading prooeken E=0, the material remains
poled, showing significant remanent polarizatiorhick implies a limited back
switching process.
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9.6 Mechanically and electrically induced domain suching

A comparison between stress-strain curves, P-E lboperfly loop and mechanical
and electric creep, gives the possibility of a mdetailed understanding of domain

switching process, stress and electric field induce

In the mechanical case, the stress-strain andriekdctlisplacement-stress curves of
ferroelastic/ferroelectric compositions presentrdlection point both at the coercive
stress [44]. P-E loop presents one inflection painthe coercive field, while the
butterfly loop shows two inflection points, one @&lthe coercive field and one at the
coercive field. This is due to the fact that by gpm a mechanical compression, only
90° domain switching can be driven, producing oalyepolarization process on
samples initially poled. The depoling process couneat to the application of
mechanical compression on poled samples causeeteébopment of internal stresses
due to the increase of strain mismatch between ohenja28]. The application of an
electric field on a poled sample, instead, firgitpduces a depoling of the material
and then a poling process in the opposite directiorough a succession non-180°
switching events. Due to the occurrence of two @sses (depoling and poling), the
evolution of the back fields in the electrical casenore complicated and it is still

object of ongoing discussion [127].

Remarkable difference can be noticed also betwesshamical and electric creep. In
the mechanical case, strain and electrical displecé have monotonic time
dependence during creep at every level of appliexss [44]. In the electrical case,
instead, the polarization is monotonic with timeeegry field applied, while the strain
shows also non-monotonic trend, at certain electigtd level, as previously
discussed. The magnitude of the creep polarizatiothé electric case and of the
creep strain in the mechanical case could be eteluwith respect to the polarization
at saturation and the strain at saturation respeygti Considering the electric field
E=E, where the creep polarization is maximum, it cambgced that it represents a
very high percentage of the polarization of sataratThe creep strain at the coercive
stress (maximum in the creep strain) instead, sgmts a much lower percentage of

the saturation strain.
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The rate decay of the creep strain upon compressauing in poled samples along
the poling direction has been mainly attributedht® build up of the internal stresses,
which represent the major obstacle to the domamnieetation and to the depoling
process, at every stress applied. In the elecase cit has been shown that at certain
levels of the applied electric field, the matercan reverse its poling state during
creep (see curves at E=1.4 kvV/mm and E=1.5 kV/mmigrOR), evidencing a more
complicated evolution of the back fields, also tatis condition, compare to the

mechanical case.

9.7 Rate dependence

P-E loop and butterfly hysteresis curves were géeerat different frequencies in
order to analyse the rate sensitivity of ferroelecswitching in PZT 5A. The
possibility of applying a bipolar field allowed thmicrostructure to be recovered,
generating reproducible and stable loops. Fouewsfit frequencied<0.1, 0.5, 1, 5
Hz) were chosen in a range that allows nearly @mishicrostructure and that at the

same time ensures significant effects that carebsilsly measured.

P-E and butterfly loops at different frequencies sinewn in Fig.9.14 and Fig.9.15
respectively. By observing the P-E loops (Fig.9.14)an be noticed that by
increasing the frequency the coercive field incesasand that the saturation
polarization R and the remanent polarizatioq Poth decrease at higher frequencies.
The reduction in Pand R is more pronounced in correspondence of the highes
frequency used (5 Hz). The frequency effects areensggnificant in the region of
high electric field, where the curves evidencedhbrgrate dependence (Fig.9.14).
Opposite trend can be observed in the butterflypdoauite rate sensitive at small
applied fields and weakly frequency dependentgtidni fields (see Fig.9.15).

The described rate effects arise from the thernaaitivated nature of the ferroelectric
switching process, where thermal fluctuations dabaote to the formation of new

nuclei with polarization favourably oriented withetapplied field. In order to produce
increments of polarization switching, energy basiibave to be overcome. Energy

barriers are produced by long and short rangeaaotiens (see also Chapter 3), where
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the former act throughout the material and thestadte superimposed on the former
ones and have only local effects. Thermal fluctuetisupply an additional amount of
energy to overcome short range interactions. At lfigquency the contribution of the
thermal fluctuation to the switching process is ligg#gle and most of the energy
required is provided by the applied field. On thkeo hand, when the frequency of
the applied field is low, thermal fluctuations havere time to accumulate energy

having more significant contributions to the switchprocess.

There is a general agreement in the literature thabelectric switching occurs

through the nucleation and the subsequent exparwiatritical nuclei. The rate

limiting step is here assumed to be the nucleatibmctivated nuclei, having the
domain walls as the preferred sites for the nuideagvent, as also mentioned in
previous studies [45]. If thermal activation iseakinto account, the polarization rate
can be expressed as [45]:

. AU -E, PV,
P=Aexg ——= %2 (9.1)
koT

Pis the polarization rateAis the pre-exponential term which depends on coxple
structural factors, such as the density of nuabeasites, the volume swept by nuclei,
the entropy variation during domain wall movemerie term AU represents the

variation of the internal energykgPF,V,is the work done by the electric field to
produce activated nuclei, wilf,being the effective electric field acting on the

domain walls,P, the spontaneous polarization avigthe activation volume. With an

analogous procedure used in the mechanical case,Hg.9.1 it follows that:

Eeff POVa

INP=InA+ (9.2)

B
The previous equation predicts a linear variationthef logarithm of the polarization
rate with the effective fieldE,;. In order to study the effect of rate in ferroéfiec
switching, the coercive field was chosen as theregice point to perform the rate

analysis. The choice is justified by the fact thatcorrespondence of the coercive

field, the same value of polarization (P=0) is proed at every frequency,
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guaranteeing constant microstructure conditiongddition, at the coercive field, the
highest polarization switching rate is produceceatry frequency, determining the
most appropriate thermodynamical conditions to yaeakate effects compared with
other regions along the loops. By assuming thattheg coercive field the

microstructure remains constant when the frequenciianged and that a variation in
the frequency does not produce significant changeshe back fields, the rate

sensitivity in ferroelectric switching can be defihnfrom Eq.9.2 as:

_ keT _ OE.
PV, dInP

3P

It should be noted that the best way of quantifying rate sensitivity would have
been by generating the P-E loops in polarizationtroh Due to the absence of an
adequate equipment for such measurements, theieléeld was chosen as the
independent variable and the polarization rate walkulated as the numerical
differentiation of the polarization respect witmg.

Fig.9.16 shows a linear variation of the coerciiddfwithin P. In order to estimate

the activation volume/, from Eq.9.3, the value of the spontaneous poltoaaP,

was calculated from the saturation polarizatigraPthe smallest frequency multiplied
by the geometrical factor 1/0.83 used in tetragairaicture, to take into account the

fact that in polycrystalline materialss ¥ smaller tha®, [45]. From the slope of the
plot in Fig.9.16 the activation volumé was estimated to be 77 Amvhich is around

half of the value calculated in PZT 5H (162 Himith a similar method [121]. This

suggests that the PZT 5A has greater rate depeadeac PZT 5H and confirms that
domain switching in soft compositions involves @gtivated nuclei. Large activated
volume is also consistent with the idea that domaait boundaries in PZTs are broad
and diffuse regions of finite thickness, representihe most preferred site for the

nucleation to take place [45,121].

The activation volume calculated at the coercivesst from rate experiments in the
mechanical case (3 rfinn PZT 5A is around twenty-five times smaller rihéae one
calculated in the electrical case (773inThe difference is attributed to the different

experiments performed, to the different domain urétion in the two cases and to
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the different domain switching mechanisms (only480° domain switching in the
mechanical case and non-180° and 180° in the makttase). Other sources of
discrepancy might come from the validity of the rabassumptions in the mechanical

case.

9.4 Conclusions

Ferroelectric switching dynamics has been studiedynamic (electric field ramps)
and static (creep) conditions. Analysis of the Rafd butterfly loop allowed
identifying the ranges of the applied field whehe tmaterial experience shrinkage
and elongation. A domain switching mechanism hasnbproposed based on
successive non-180° steps, clarifying the evolutibthe domain configuration in the
different regions of the hysteresis loops. The dansavitching dynamics depicted is
also supported by the analysis of creep relaxationes, which allowed the switching
kinetic under constant electric field of differemaignitudes to be studied. The creep
trends also revealed analogies and differenceseeetwlomain switching induced by
a mechanical stress and by an electric field. I waticed that by holding a static
electric field of certain magnitude, the materiaperiences a poling state change,
determining a complex evolution of the back fieldSue to this additional
complication and due to the non-monotonic trendthed creep strain during the
electrical creep, the rate model proposed to desdthie creep strain in the mechanical
case could not be applied in the electrical casediftations of the rate model
proposed in the mechanical case are required tceitbd time evolution of creep
polarization and strain, during the applicationaotonstant electric field. A more
detailed knowledge of the changes in the intertra@sses during creep at different
stages based on in situ analysis could represesigmificant progress for the
implementation of a sensible model. Rate effectsewstudied by generating P-E
loops at different frequencies, denoting that thercive field increases ang Bnd R
decrease with increasing frequency. The rate degpeedwas modelled by applying
rate theory and the activation volume was estima®ed7 nm Its relatively large
value indicate a quite small rate dependence anfirots the idea that domain walls
are the favourite sites for the nucleation of attd nuclei, being a region highly

diffused and mobile.
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Fig.9.1: I-E plot in PZT 5A at 1 Hz.
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Fig.9.2: P-E loop in PZT 5A at 1 Hz.
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electric field in PZT 5A at 1 Hz.
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Fig.9.7: creep strain as function of time in PZT
5A in the loading part of the hysteresis loops.
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Chapter 10: General conclusions and future
work

10.1 Conclusions

The present thesis contains several novel aspéuthare listed below:

» The effect of thermal fluctuation on domain switapiprocess was taken into
account by developing a rate model based on Amiserate theory. It was
shown that the model can be used to estimate ttieaton parameters of
ferroelastic switching, to quantify the rate semgit of ferroelastic materials
and to predict the effect of loading rate on thgl&gh-type behaviour.

» Different novel experimental techniques have beewebbped to study rate
dependence in ferroelastic switching.

* Novel and original aspects include also the stud$he influence of acceptor
doping on the ferroelastic properties of LaGd@sed perovskites.

* Rayleigh-type relationship were proposed to descrthe Rayleigh-type
behaviour in ferroelasticity, proving that hysterebehaviour of ferroic
materials upon weak fields can be described usiagpgous models.

« A comparison between domain switching mechanicaltyd electrically

induced was performed evidencing analogies andreifices.
The main conclusions of the present thesis camuimenarized as follows:

* The role of thermal fluctuations in ferroelastic swtching

Thermal fluctuations assist the domain switchingepss, supplying additional energy
to produce activated nuclei. The effect of therfhattuations is more significant in
hard compositions that show greater rate dependandegreater creep effects than
soft compositions. In hard materials domain switghoccurs through the nucleation
and the expansion of small activated nuclei, coegbdao the soft compositions that

have shown higher activation volume and therefdester domain switching kinetic.
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* The role of dopants in ferroelastic switching

Doping agents dramatically influence the ferroétastwitching properties. In
particular, it was noticed that calcium doping adoQ; increases the coercive stress,
the hysteresis area and the irreversible straird Harroelasticity generated by
calcium doping could arise from the oxygen vacana@quivalent to the acceptor

doping which have a clamping effect on domain walls

e Characterization of rate and temperature dependenceof ferroelastic
switching

Different experimental techniques were successfidlyeloped to study the rate and
temperature effects on domain switching mechangtaéss induced. Rate and
temperature dependence of ferroelastic switchinge vaystematically studied via
Rayleigh-type analysis and with newly developed hods. It can be generally

concluded that:

Rayleigh-type analysis represents a powerful teghnito study the rate dependence
under weak mechanical stress applied, enablingh¢esine sample under dynamic
loading at different frequency/loading rate, throutpe generation of reproducible
stress-strain loops. Rayleigh-type analysis canals® regarded as an efficient
methodology in studying the effect of composition the rate dependence of
ferroelastic switching. In addition it allows theudy of the influence of temperature
during the application dynamic load of small ammi, with the possibility of

evaluating mechanical and thermal contributiondmdin switching, when the stress

amplitude is kept constant and the temperaturedari

By analysing the mechanical compliance in the Rglgldoops it is possible to
estimate intrinsic and extrinsic contribution te thtrain. It was found that under the
application of a weak field the intrinsic contrilmrt is higher than the extrinsic in the
Rayleigh loops generated.

Stress-strain  Rayleigh loops and mechanical comqaiacan be successfully
described with Rayleigh empirical relationshipslagaus to the expressions used in
ferromagnetic and ferroelectric systems, providiatjd constitutive relationships for
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the response of ferrolastic solids to cyclic wealdss of different amplitudes and

frequencies.

The novel methodologies developed to study theihgadate and the temperature
sensitivity of ferroelastic switching along the iemtstress-strain curve on only one
sample prevented data scattering that would arise the use of different specimens.
The set of data provided prove that the developetiniques represent a promising

experimental tool for such studies.

Based on the experimental results, it was foundttteacoercive stress region has the
highest rate sensitivity. Furthermore it was obedrthat the coercive stress increases
logarithmically with increasing the rate of the Apg load and it linearly decreases

with increasing the temperature.

« Rate theory model

The rate model developed is able to describe tlemhl activated nature of

ferroelastic switching. According to rate theotye trate decay of creep deformation
arises from the development of internal stressas, td the rearrangement of the
domain configuration during the switching. Applyingte theory, the volume of

activated nuclei was identified as a key paramatepntrolling the domain switching

kinetic and estimated.

Rate theory allowed quantification of the effecttbé loading rate on the extrinsic
strain in the Rayleigh loops. The model predict for constant stress amplitude the
product between extrinsic strain and loading rateanstant for every loading rate
applied. The accuracy of the prediction is higrar dmall stress amplitudes, where

the assumptions of the model hold more reasonably.

Rate theory model enables quantification of thelilog rate sensitivity of ferroelastic
switching at different temperatures and to prodackrst rough estimation of the

activation enthalpy of ferroelastic switching.
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» Ferroelectric switching

Based on an accurate analysis of the P-E loopeifiytioop and creep relaxation
curves, further insights on the evolution of thema@m configuration under the
application of an electric field were obtainedislfproposed that polarization reversal
is achieved through multiple steps of non-180° donswitching, which in turn
determine a complex strain evolution, with a susesof shrinkage and elongation

events, whose stages were identified and distihgdis

Ferroelectric switching kinetics was studied viaep tests at different electric field
levels, which allowed the comparison with mechanicaeep. In the mechanical case
creep strain and electrical displacement are momofanctions of time during creep.
In the electrical case, polarization has monotdime dependence, while the creep
strain showed non-monotonic trends. This confirhat tin poled compositions,
domain switching mechanically induced occurs thiotige movement of non-180°
domain walls, while the application of an electiield produces the complete 180°

domain switching.

It was observed that if the applied electric fiddsufficiently large a change in the
poling state can be produced with the applicatiba constant field (during creep).
Since the material can go through different poBteges during creep, the evolution of
the back fields is very complex and cannot be es#ioh without more specific

investigations.

The effect of thermal fluctuations in ferroelectisgvitching was investigated by

generating P-E and butterfly loops at differengfrencies. By applying rate theory

the rate sensitivity and the activation volume weséimated, whose values suggest
small rate dependence and a nucleation event tgkaog at the domain walls, which

can be thought as mobile region with broad andedfithickness.
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10.2 Future work

« The effect of calcium doping on LaCoQ@

In order to clarify the role of calcium doping dretferroelastic properties of LaCgO
a systematic study could be carried out, by testingipositions with different
calcium contents. Unit cell distortion and graireesicould be estimated and
compression stress-strain measurements and cr&spcteild be performed to clarify

the relationships microstructure-dopants-ferroegsbperties.

* Rayleigh-type analysis

Future investigations could attempt the predictbérthe dependence of the Rayleigh
parameters a, and S ,on loading rate and/or frequency. Furthermore, the
temperature effects could be analyzed using dyndmaids of different amplitudes.
The rate model developed could be then appliedestribe the temperature effects,

by estimating the activation enthalpy of the Rayheiype deformations.

» Effects of temperature on ferroelastic switching

In Chapter 8 it was found an interesting trendhef $train rate as a function of stress
at different temperature. At higher temperaturedinain rate increases until a certain
value of the stress applied;oss While at higher stresses the strain rate rediidbe
temperature increases. Further investigations myatptclarify the reason behind the
described trend, opening new research perspectimash would provide a clearer
picture of domain switching kinetic, with the pdsbty of extending the findings to
other types of ferroelastic/ferroelectric systenmsl also to other types of ferroic

materials.

< Evolution of internal stresses during polarizationreversal

In order to quantify the evolution of the intersaéilesses during the application of an
electric field, in-situ neutron diffraction analgsis suggested. Neutron diffraction

experiments would enable to monitor the latticeapaaters change during the domain
switching process, determining the lattice straid eonsequently the internal stresses
developed. Similar analysis would be indicativeatsthe mechanical case.
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» Development of a rate model to describe ferroeledtr creep

The evolution of the back fields could be deterrdimestatic and dynamic conditions.
Once the evolution of the back fields in the statise is known, an implementation of
a rate model to describe the electrical creep bhehawcould be attempted and the
microstructural parameters controlling the rate ageduring the application of a

constant electric field could be estimated.
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