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Introduction

e Wide use of ferroelectric ceramics due to their electromechanical coupling properties

e Inherently brittle

e Complex fracture processes due to the interaction between crack tip stress fields and formation of
subdomains in the ferroelectric

e Aim of this work: analyze the quasi-static crack propagation and ferroelectric domain formation
under combined electromechanical loads



Introduction

e Coupled phase-field model to study brittle crack propagation and microstructure evolution
e Benefits

o  1PDE tosimultaneously track interfaces and model interfacial phenomena
o  Variational formulation

e Drawbacks
o  High computational cost
e Interface or jump BC must be encoded into the phase field



Phase field model of brittle fracture in ferroelectric
materials

Ferroelectric single crystals

e Electromechanical enthalpy density derived from the Helmholtz free energy

Y(e,p. Vp, D) = U(Vp) + W(p.£) + x(p) + %(D -p) (D-p)
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hie,p,Vp,.E) = 11}__i'11 [tv(e,p,Vp, D) — E - D]

= U(Vp)+W(p.e)+x(p) - - [EF-E-p



Phase field model of brittle fracture in ferroelectric
materials

Ferroelectric single crystals

e U(Vp), W(p,e) and X(p) are energy functions assuming plane polarization/strain
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Phase field model of brittle fracture in ferroelectric
materials

Ferroelectric single crystals

e Total electromechanical enthalpy

Hlu,p, o] = f hie(u). p, Vp. E(0))d - f t-udS+ [ wo dS
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Phase field model of brittle fracture in ferroelectric
materials

Phase field model for brittle fracture

e Total energy of a body made of brittle material following regularized Griffith’s fracture theory

(1=v)?
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Phase field model of brittle fracture in ferroelectric
materials

Brittle fracture in ferroelectric ceramics

e Coupling between crack phase field and other fields is determined by the electrical and mechanical
BC
e Mechanical BC: traction-free crack faces

o-n=I —l (v* + ) elastic energy F/ electroelastic energy W



Phase field model of brittle fracture in ferroelectric
materials

Brittle fracture in ferroelectric ceramics

e Electrical BC: Permeable crack

+ o

ot = o and D¥.n* =D .n= =l electric field E is not modified
e Electrical BC: Impermeable crack

Dt 'nt=D"-n" =0 — (v* +n.) electricfield E

e Electrical BC: Free polarization

dp;” _ dpy
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Phase field model of brittle fracture in ferroelectric
materials

Brittle fracture in ferroelectric ceramics

e Enthalpy for atraction free, permeable and free polarization crack
h(e,p, Vp, E,v) = (v + n,) [U(Vp) + W(p.€)] + x(p) - S |E’ -E-p
e Enthalpy for atraction free, impermeable and free polarization crack
2 T r o 2
h(e, p, VD, E,v) = (v* + 1) [r (Vp) + W(p.&) - JIE[ ~E- p] +x(p)
e Total electromechanical energy of a ferroelectric body
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Phase field model of brittle fracture in ferroelectric
materials

Brittle fracture in ferroelectric ceramics

e Weak form + Electrostatic equilibrium
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Phase field model of brittle fracture in ferroelectric
materials

Brittle fracture in ferroelectric ceramics

e FEMdiscretization + semi-implicit time discretization + staggered approach

Algorithm 1 for the coupled model
1: Let m =10
2 Setvp=1po=pPinit:. o=0and ug=0ifn=10
S etw=v" L, w=u",pp=p " land g =" Lifn >0
4
i)

: Tepeat

m+——m-+1

6:  Compute py, in (15) using pm—1, Wm—1: Pm—1 and vg_;

7. Compute u,, in (17) using p,, and v,,,_; under the constraint u,, = g(t"*) on T'p

8:  Compute ¢y, in (18) using p,, and v,,_; under the constraint ¢,, = f(#") on I'p 4

9:  Compute vy, in (16) using pp, HWE and #,—1 under the constraint v, = 0 for
.Hii—l 5-: o

10: until ||pm = p?i?—l”:n’_ *H{;. é[erra and |I?-'1m o Um—l”x_ ‘{: dﬂf:'e!d

11: Set 4™ = U, V" = Uy, P" = Py and " = oy,




Numerical simulations

Computational domain and parameter setting

u=(0,t)

et Normalized:

f 1 - Dimension: 200x200.
uz=t $ 2-P,=[1,0]
¢=Oi i» i 3 - u, = #t. (crack)
i . 4 - dV=V.
tp=-t | L:'f 5 - h=1. (80 000 tri)
! 6 - D-n=0 on the boundary surfaces. (€,<<1)

w=(0,-t) 7 - d(p+/-)/dn=0 in all BC and interface.



Numerical simulations

Computational domain and parameter setting

u=(0,t)

et Normalized:

I 8 - BaTiO,
Bk ; 9-K=049 MPaVm. (intrinsic fracture toughnes, Curie Temp. /
S i Po B o paraelectric / no domain switching )
i - 10 - E=100GPa, v=0.37, G_=2J/m?*,G’ =4
tp=-t | X 11 - k=2. (h/x=0.5, h\x<<1[2%:30]
!

h/k=1 is ok, but free surface over estimation).

w=(0,-t) 12 - a,'=0.1 (Sharp domain wall).



Numerical simulations

Computational domain and parameter setting

u=(0,t)

HERERREE Normalized:
; 13- 6ferro=6field=/I -e3
=1 T 14- G=2e-2
¢ OI i’ b=V 15_“p=1
P 16 - =15
y=-t i T_:'f 7 - 100
e laedbydl 18- T=3, t, =0.1



Numerical simulations

Mechanical Loading

- V=0.
- Permeable T =g¢ and Dt.nt=D".
- Impermeable. Oront 2D i =0



Numerical simulations

Permeable crack
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Numerical simulations

Permeable crack

a) t=1.05
b) t=249 7
c) t=258
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Numerical simulations

Permeable crack

a) t=105, n++->2twinsaheadthe crack (wing).

(a)
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Numerical simulations

Permeable crack

b) t=1.05, More Twins.Due toinitial twins touching outter boundary (D-n=0)14?!,

(b)c::a ¢‘=:= <=
%{h => 2o —
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Numerical simulations

Permeable crack

c) t=258
d t=267

Crack propagation.
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Numerical simulations

Permeable crack d
= ==Single—phase kA
1)  Single-Phase (no twin) _ 081" | — Multi-phase (Permeable) ' d/
2)  Multiphase (Perm) ‘o sl == Multi-phase (Impermeable)| | '
3)  Multiphase(ImPerm) E '
o 5 04f
All: crack initiation around 0.9 o
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0
0

Load Step



Numerical simulations

Permeable crack 1
= ==Single—phase kA
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Numerical simulations

Permeable crack

a) Crosssection before the crack, before and ahead th
b) ©,,increasesinthe crack region. Twin toughening.

e crack.
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Numerical simulations

Permeable crack

After crack

1) 0y,

free BC.).

0, =0, because traction free BC.
2) 0,, hot 0, near crack edges. (no traction
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Numerical simulations

Impermeable crack
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Numerical simulations
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Numerical simulations

Impermeable crack

Domainwalls -> |D|=0. a) Perm: D-nnot0,nocrack.  b)ImPerm: D-n=0, crack + Boundary layer.

(@

(P=[0,1]->P=[1,0])




Numerical simulations

Impermeable crack

D1=O inside the domain and not to O in the crack
edge and boundaries.

D,=0in the crack edge and boundaries and not O
inside the domain.

This shows the Boundary layer in the edge of the
crack (D, not =0).
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Numerical simulations

Electromechanical loading

E=-V/L
More complex -> E -> twin and P.

1V -> coercive stress, shrinked/disipated twins ahead the crack.



Numerical simulations

Electromechanical loading

Permeable:
(a)
a) E=1e-3 |
b) E=1e-4




Numerical simulations

Electromechanical loading

a) 1V ->Single-phaseisrecovered.
b) Small-V -> not consistent twins and toughening.  1-V -> Single-phase recovery.
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Numerical simulations

Electromechanical loading

a)
b)

*Impermeable

Small V ->not consistent twins and toughening.
Small -V -> not consistent twins and toughening.
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Conclusions

Reproduction of:

1) Slow-fast crack propagation.

2) Retarding effect (Impermeable).

3) Low applied electric fields below coercive field®%>>!,

4)  High applied electric fields with coercive magnitude!>®..



Conclusions

Pro: Major technological implementations.

Future research:

1)  Anisotropy!.

2)  Morerealistic BC.
3) Selection of M, and .



Review

How Elastic potential is addressed?

(1=wv)*

E.u,v] = ]{1}2 + 1. ) F(e(u)) d2 + G, / — + &|Vo|*| dQ -f t-udS
0 412 4'h' Cau

\ .

Hlu,v,p,¢] = Lh(s{u}._ p. Vp.E(3),v) dQ2 +G:[

1

[
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