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Abstract;: The different temperature-induced nonlinear behavior near a conducting crack tip in a ferroelectric single
crystal is studied based on a phase field approach containing the time-dependent Ginzburg-l.andau equation. Since
domain switching in a crack tip plays an important role in the fracture behavior, by using three-dimensional nonlin-
ear finite element method, the temperature-induced domain switching behavior of a ferroelectric single crystal is
simulated under applied electrical and mechanical loads. The simulations show that increasing the temperature will
enhance the crack propagation under a strong electric field, which results in switching-weakening. In particular,
increasing the temperature from 300 °C to 600 °C will impede the crack propagation under combined mechanical and

electric field loading, which results in switching-toughening. Salient features of the results are consistent with
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many experimental observations.
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1 Introduction

Ferroelectric ceramics have received much at-
tention owing to their temperature-dependent
spontaneous polarization which can be switched
below its Curie temperature by applied electric
or/and mechanical loading, making them have
wide applications in temperature sensors, actua-
tors, capacitors and transducers. However, the
ferroelectric materials are intrinsically brittleness

LU Therefore, it is necessa-

and prone to fracture
ry to study fracture behavior of ferroelectric ma-
terials under applied electric and mechanical
loads. Generally, insulating and conducting
cracks are two main models simulating the frac-
ture behavior of ferroelectric materials. Under
such a high local electric field, air discharge may
occur inside the crack, and consequently the crack
is converted into a conducting one!. Thus, con-
ducting cracks in ferroelectric materials have re-

ceived great theoretical and practical interest in
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recent years. McMeeking™ solved the problem of
an electric field around a conductive crack in di-
electrics, which showed that an electric field
caused stress intensification at the tip of a conduc-

J performed the failure behavior

ting crack. Suo!
of conductive tubular channels in ferroelectric ce-
ramics. Ru and Xiaot™ gave a systematic analysis
of conducting cracks in a poled ferroelectric based
on the strip-saturation model, showing that an
electric field loading, applied parallel to the pol-
ing axis, would not induce any stress intensity
factor at a conducting crack parallel or perpendic-
ular to the poling axis. Zhang and Gao'® intro-
duced the strip dielectric breakdown (DB) model
to study the failure behavior of ferroelectric ce-
ramics. Zhang and Gao'™ used the DB model in
fracture analysis of the electrostictive material
with a conducting crack. Their results showed
that the electric field loading parallel to the crack

would retard its propagation before the occurrence
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of DB.

It is well known that the above mentioned
models are based on linear piezoelectricity or sim-
plified electrostrictive theories, which can show
linear piezoelectric response at low electric field.
However, ferroelectric materials exhibit strong
nonlinear response under a large mechanical and/
or electrical loading. Such nonlinear effect be-
comes particularly significant near the crack tip
due to the singularity and field concentration. Re-
lated studies are focused on the toughening of
conducting cracks due to domain switching. In
the previous research, polarization switching is
based on switching criteria, which is proposed by
Hwang et al®’. Under small scale conditions,
Beom and Youn'!developed the domain switching
model to deal with the effects of electric fields on
fracture behavior for a conducting crack. Their
results show that the crack tip stress intensity
factor is negative at small value of the coercive
electric field to the applied electric loading.

In recent years, phase-field or time-depend-
ent Ginzburg-Landau ( TDGL) models, descri-
bing the formation and evolution of individual fer-
roelectric domains around the cracks explicitly,
have become an increasingly important approach
in the study of nonlinear behavior of ferroelectric

114 The major advantage of the phase

materials
field simulations is that the polarization switching
is the result of the total free energy minimization
of the simulated system, in which no pre-
described switching criteria are given in advance.

Recently, Wu et al.' have exhibited the
complex role of temperature and dislocations in
the domain switching of ferroelectric single crys-
tal by using phase field simulation. Amir and
Ariast' extended the simulation of the propaga-
tion of conducting crack under purely electrical
loading. Their results showed oblique crack prop-
agation and crack branching from the crack tip.
Although phase field simulations have been em-
ployed to investigate the domain switching
process around the conducting crack tip, it still
lacks of the underlying mechanism of the temper-

ature-dependent behavior of ferroelectrics. In this

paper, the effect of a conducting crack on the

temperature-dependent behavior is simulated

based on TDGL models.

2 Simulation Methodology

Consider an isotropic ferroelectric single
crystal, the static equilibrium equations in any ar-
bitrary volume V and its bounding surface S can

be expressed as

i+ fi=0 in V (D
Oij — O0ji in V (2)
oin; =T, on S (€D

where ¢, is the Cartesian components of the
Cauchy stress, f; the mechanical body force, T,
the surface traction, and n; the unit vector normal
to a surface element.

Under the assumptions of linear kinematics,
the straine; is linked to displacements u, as

e,ij%(u,_JJruj_,v) inV 4)

Meanwhile, the quasi-static forms of Max-
well’s equations in any arbitrary volume V and its

bounding surfaces S are given by

D[,*q:O 1nV (5)
Dn,=—w onS (6)
Ei:*ﬁi D)

where D; , E; , ¢, w s and ¢ are electric displace-
ment, electric field intensity, volume charge den-
sity, surface charge density and electric potential,
respectively. For the case of ferroelectrics, the
paraelectric phase transforms into ferroelectric
phase when the temperature is lower than its Cu-
rie point. In the present work, the spontaneous
polarization P; is assumed to be embedded in a
paraelectric background material. It is more suit-
able to employ the spontaneous polarization as the
order parameter to calculate thermodynamic ener-
gies of the ferroelectric phase in our phase field
models. Note that the electric displacement can
be decomposed into two parts such that

D, =k, E, + P} €))
where x, and P! are the permittivity of vacuum
and total polarization, respectively. The total po-
larization P! can be divided into two components

P;=P;+ P, (€D)
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where P} and P, are the induced polarization and
the spontaneous polarization, respectively. Since
the background material is the paraelectric phase,
the dielectric constant does not change with an
electric field so that the induced polarization will
be linearly proportional to the electric field inten-
sity as
Pl=ky(k, —1)E (10)
where k, is the dielectric constant of the back-
ground material. Substituting Egs. (9, 10) into
Eq. (8) yields
D, =k, E; + P, 1D
In this phase field approach, the temporal

evolution of the polarization can be calculated

from the following TDGL equation'*
IP;(r,t) _ oF .
0, = L67P,(r,t) 1=1,2,3 (12)

where ¢ represents time , L is the kinetic coeffi-
cient related to the domain mobility, 6F /8P, (r.t)
is the thermodynamic driving force for polariza-
tion evolutions, and r the spatial vector, r = (x, ,

To solve the TDGL equation, the total
]

Ty s2y) .

free energy F can be generally expressed as'"
F={ [fute PO + fra (P + funCes) +
fcoup(eij’Pi)_’_f‘clcc(Di’Pt)]dV (13)

where fuuks fard s felus » feomps and fae. are the Lan-
dau free energy density, the domain wall energy
density, the elastic energy density related to the
total strain, the coupling energy density, and the
electrostatic energy density, respectively. In
phase field model, an equilibrium polarization
vector field minimizes the total free energy of the

system for fixed strain and electric displacement.

For computational reasons, following a Legendre
transformation, FZJ h + D,E.dV , the electrical
\%

enthalpy of ferroelectrics is a function of polariza-
tion P, , polarization gradient P, ; ., straine; and
electric field E; , which can be expressed as

h(P,,P., e, E) =aP?+a PP’ +
az’,’/eP,ZP§Pi + %Gz;k/P[.;Pk.[ + %Cljhz&ﬁu -

_%K()E,'E,_E,P; (14)

where a1 = (T — T,)/2k,C, is the dielectric stiff-

qijri€ 1‘ijPZ

ness. a;saj » and a;, are the higher-order stiffness
coefficients. T, Ty, and C, are the temperature,
Curie-Weiss temperature, and Curie constant, re-
spectively. G, are the gradient coefficients, c;y
the elastic stiffness constants, and g;;, the electro-
strictive coefficients.

Using the electrical enthalpy through the
Legendre transformation, the mechanical equilib-
rium equations Eq. (1), the electrical equilibrium
equations Eq. (5), and the dynamic evolution
equation Eq. (12) in the present phase field model

have the following forms, respectively.

Jd (dh
AL 1
T (%,,) 0 (15
0/ Ak
911( 3E1)fo (16)
aP, . Tah 2 ( dh
a L[ﬁPl dx; <9P,.J” an

Here, the mechanical body force and extrin-
sic bulk charge are to be negligible. Using the
variation of virtual work, a nonlinear multi-field

coupling finite element method is employed .

The governing Egs. (15—17) are expressed in the

weak form as

oh oh
L { Hoe, + SpoE +

;| de
1P ah | 2 (o _
[f a1 +9P,»+91j (HPI.]'”(SP"} V=
Ih

JS(T'S“I*MSD* ’1.,3P1)dS (18)

P,

where inj is the surface gradient flux. By defi-

P

ivj

ning & = P, ; and x; Z%m , Eq. (18) becomes
ivj
dh dh
jv {asq‘%” R OE

1 9P,  ah oh B

(f = +api)aP,»+9&65(] av =
J (T,é‘u,*aﬁgo—FmSP,)dS (19)

S

Eq. (19) is the foundation of the derivation of fi-
nite element equations for the model. For the
space of discretization, authors employ an eight-
node brick element with seven degrees of freedom
containing three mechanical displacement, electri-
cal potential and three spontaneous polarization

components at each node. Finally the strain,



No. 2 Huang Cheng, et al. Temperature-Dependence of Microstructure Evolution in--+ 213

stress, electric field, the electric displacement
and polarization gradient are derived within the
elements. The detailed formulation of the three-
dimensional (3D) finite element method can be

found in our previous work .

3 Simulation
3.1 Simulation model and its parameters

In order to perform numerical simulations, a
3D PbTiO; ferroelectric single crystal plate with a
conducting crack in the center is simulated under
the applied electrical and mechanical loadings in
the present work. A schematic drawing of the
ferroelectric single crystal with a conducting crack

is shown in Fig. 1.

3

1 nm’

T=

Fig.1 Schematic drawing of ferroelectric crystal

The dimension of simulated ferroelectric
plate in the x, y, z directions are 120, 90, 1 nm,
respectively. Here, the conducting crack is trea-
ted as a narrow but open ellipse. The sizes of
semi-axis for the elliptical crack are 20 nm and
1 nm, respectively. To create a conducting crack.,
the electric potential is fixed to zero along the

crack surface. The electric potentials on the left

and right sides are set as —V and V', respective-
ly. Therefore, different electric loadings can be
applied in the x direction by giving different val-
ues for driving voltage V. The electric boundary
conditions on other surfaces are set as zero surface
charges (i.e., Din; =0). On the upper and bot-
tom surfaces, a uniform tensile stress is applied.
The mechanical boundary conditions on the other
surfaces are chosen to ensure the traction free
condition. Here, free-polarization boundary con-
ditions are commonly assumed, corresponding to

dh
P

zero gradient flux (i. e. n; =0). In the simu-

i

lation, 3D brick elements are used. For computa-
tional reasons, the element thickness in the 2z di-
rection equals the plate thickness, so the simula-
tion can degenerate into the plane stress problem.
Fig. 2(a) shows the details of the mesh partition
of the ferroelectric single domain. A refined mesh
is generated in a small region of interest around
the crack tip as shown in Fig. 2(b), where the
size is small enough relative to the width of do-
main walls.

The material parameters of P, T;0, are listed
in Table 11, In order to avoid divergence, au-
thors employ the following set of dimensionless
variables in the simulations.

r*=rya,| /Gy st = ‘ao ‘Lt

P =P/P, . ki =k |ao|

ay :al/‘ao ‘ s an :ailpg/‘ao ‘

ai, =a$, P}/ |a, |

(a) Global mesh

(b) Refined mesh around the crack tip

Fig. 2 Mesh partitions of simulated ferroelectric single crystal with a conduction crack
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Table 1  Values of material coefficients for P, T;O; used in
simulations
Parameter Value

a; /(m*NC™%)
ay /(m°NC™)
a, /(m*NC™)
an /(m'""NC %)
an: /(m'""NC %)
ap; /(m'NC™ )
ap; /(m' " NC™ )
¢ /(m *ND
¢z /(m *N)
ey /(mEND
qi1 /(m*NC %)
qi» /(m*NC %)
qu /(m*NC %)
Gy, /(m'NC™%)
Gz /(m'NC™%)
Gy /(m'NC %)
G’y /(m'NC™?)
a, /(m*NC™ %)
P, /(m™*C)
Gy /(m"'NC™%)

Ko /(m—2N71C2)

(T—479) X3.8X10°

—7.3X107
7.5X10°
2.6X10°
6.1x10°

—3.7X10°

—3.7X10°

1. 746 X 10"

7.937X10"

1.111x 10"

1. 14X 10"
4. 60X10°
7.49 X107

2.768X10°"
0

1. 384 X107

1.384 X107 %

(25—479) X 3.8X10°

0.757
1.73X10°"
8.85X107 "

an :anPé/‘(lo ‘ ) (11*12 :allng/‘ao ‘

a1*23 :alzspg/‘ao ‘

CI1*1 :CIU/‘ao ‘ ) qu :Chz/‘ao ‘

g1 :(144/“10 ‘

e =cn/ay | PY) s ey =ci/(Jao | PD)

ch=cu/(Jao | P

Gl =G /Gy » Gy =Gy /Gy

G =G /G » G L =G, /Gy

Ev =E/(la/|Py) s o =0/ (ay | Py)
20)

The normalized material coefficients are lis-

ted in Table 2.

Table 2 Values for the normalized coefficients in simula-

tions
Landau Elastic Coupling Coupling
coefficient constant constant constant
a);, = 1.405
G, = 1.6
aly, = 2,443 ¢y, = 1776 q5 = 63.3 Gr — o
ain = 0.49 ¢, = 802.0 g, = 2.6 N
Gi = 0.8
a;, = 1.2 chy = 1124 g = 41.6 o g
aiy = —17.0 v
3.2 Simulation results and discussion

Figs. 3 shows the effects of the applied elec-

trical loading on the microstructure evolution,

electric field and stress field distribution ahead of
the

ture.

conducting crack tip under the room tempera-

(a) Spontaneous polarization with E"=0.166 7

(e) Normalized stress field o,, with E =0.1667

(b) Spontaneous polarization with E" = 1.667

(d) Electric field with E' = 1.667

£

(f) Normalized stress field o, with E =1.667

Fig. 3 Effects of the applied electrical loading on ferroelectric domain structures at room temperature
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Figs. 3 (a,c,e) correspond to the distribu-
tions of spontaneous polarization, the electric
field and the normalized stress field o, ahead of
the conducting crack with E* =0.166 7, respec-
tively. Figs.3 (b,d,f) show the same physical
quantities as Figs. 3 (a,c,e) with E* =1. 667, re-
spectively. The arrows in all the figures denote
the direction of the spontaneous polarization.
From Fig. 3, it is found that the region beside the
crack tip forms a nearly 90° angle to the poling di-
The shape of the

switched zone is almost symmetrical with respect

rection in a small scale.
to the crack , but the switching direction is asym-
metrical. Therefore, the applied electric field in-
duces the charge accumulation ahead of the crack
tip, which in turn causes a high electric field a-
round the crack tip. The intensified electric field
contains huge electrostatic energy, and further

brings forth the domain switch of 90°. Since do-

main switch near the crack tip reduces the poten-

(a) 200°C

tial energy of the system, the microstructure evo-
lution finally generates an internal stress field,
resulting in switch-toughening, as shown in Figs.
3 (e,f). Figs. 3(e,f) show that the normalized
stress field o,,ahead of the crack tip is found to be
positive at the right side, but it lowers the stress
at the left side. From Fig. 3, it is found that the
positive electric field tends to keep the stress in-
tensity factors negative. Nevertheless, the in-
creasing electric field leads to high local electric
field ahead of the crack tip, which will enhance
the electric field intensity factor. The result is

consistent with many previous theoretical works
[1]

and experimental observations

To investigate the mechanism on the temper-
ature-induced switching behavior in a single crys-
tal, the temperature-dependence of the spontane-
ous polarization and stress field near the crack tip

with E* =1. 667 is shown in Fig. 4.

(b) 600°C

(c)200°C VS
10
1.0 F~—. _
_._\'\ —— O'/ s
09} =P — .
(@) - o e
a, 0.8 \ . / \ .b§
/0/ """" :\\_ A
07F* ® = [
06|
0100 200 300 400 500 600"
T / °C
(e) E=1.667

Fig. 4 Temperature dependence of spontaneous polarization and stress field near crack tip with E* = 1. 667
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From Fig. 4, it is found that with the tem-
perature increasing, the spontaneous polarization
increases along the y direction while decreases a-
long the x direction. The temperature-induced
microstructure evolution, expanding the typical
90° domain switching region along the conducting
crack surface, in turn, causes the stress field o,
to increas. It is indicated that increasing the tem-

perature will enhance the crack propagation with

E* =1.667, resulting in switch-weakening.

(¢) 300°C

(€) 500 °C

Furthermore, the effects of applied E* =
1.667 and 6%,° =20 on the temperature-depend-
ence of the spontaneous polarization and stress
field near the crack tip are shown in Fig. 5.

Figs. 5(a—f{) show the domain switching for
a ferroelectric single crystal with a conducting
crack at temperature from 25 °C to 600 °C., It
should be mentioned that the stress field s, ahead
of the crack tip increases significantly when the

combined tensile stress 6%, and electric field load-

 (©)200°C

460
440
420

380
360
340
320
300

280
260

400 ,\. ...... -«

(f) 600 C
© @
©
H—

0 100 200

300 400 500 600
T/°C

(g) E'=1.667, 05=20

Fig.5 Temperature dependence of spontaneous polarization and stress field near crack tip with E* =1. 667 and ¢¢," =20
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ing are applied. The spontaneous polarization dis-
tribution of Fig. 5 (a) is similar to the saturation
state in Fig. 3(b), only the size of the 90° domain
switching region becomes a little larger. From
Figs.5(a—c), it is found that the spontaneous
polarization component P, increases when the
temperature increases from 25 °C to 300 °C. It
can be found that the switched zone moves back-
wards from the crack direction. Furthermore, the
switched zones growing in both x and y directions
cause the increase of stress field ¢, in turn.
There is a peak in the curve at T=2300 °C , where
it obtains the maximum stress field o,,. It is im-
plied that the total free energy of the system ac-
cumulates to a energy barrier. Therefore, the
two switched zones grow to reduce total free en-
ergy, and the stress field ¢, decreases enormous-
ly with the temperature increase from 300 °C to
600 °C. The reduction of the stress field o,
means that the increase of temperature from
300 °C to 600 °C will impede the crack propaga-
tion with E* =1. 667 and ¢}," =20, thus resulting

in switch-toughening.
4 Conclusions

The temperature-dependence of the domain
switching and nonlinear of a conducting crack in
ferroelectric ceramics under the integrated electri-
cal and mechanical loadings has been investigated
based on a phase field approach containing the
time-dependent Ginzburg-LLandau equation. The
effects of the applied electric field or/and mechan-
ical loading on the microstructure evolution, elec-
tric field and stress field distribution ahead of the
conducting crack tip are studied at the increasing
temperature. A phase field simulation shows that
increasing temperature will enhance the crack
propagation with the purely high electric field of
E* =1.667, which results in switch-weakening.
Especially the increase of temperature from 300
°C to 600 °C will impede the crack propagation
with E* =1.667, and ¢}," =20, thus resulting in
switch-toughening.

In summary, phase field simulations of fer-

roelectric materials are capable of exhibting de-
tailed microstructure to investigate the mecha-
nism on the temperature-induced switching be-
havior in a single crystal by applying combined
tensile stress and electric field loading. There-
fore, a phase field model of ferroelectric ceramic
can simulate or/and predict the fracture behaviors
in a conducting crack under applied mechanical
or/and electric field loading at unusual tempera-

ture.
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