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This paper presents the results of an experimental and numerical investigation in electric fracture
behavior of compositePh(Zr, Ti)O3] double torsionDT) specimens. DT tests were conducted on

a commercial piezoelectric ceramic bonded between two metals. Fracture loads under different
electric fields were obtained from the experiment. Nonlinear three-dimensional finite element
analysis was also employed to calculate the energy release rate for DT specimens based on the exact
(permeablgand approximatéimpermeablecrack models. The effects of applied electric field and
domain switching on the energy release rate are discussed, and the model predictions are compared
with the results of the experiments. ZD05 American Institute of Physics

[DOI: 10.1063/1.1925331

I. INTRODUCTION The results of simulations based on the exgsrmeablg
PK(Zr, Ti)O, (PZT) piezoceramics are candidates for usecrack modell for applied displacement are consstept with
. g]ese experimentally observed phenom%?ﬁhe numerical
results for the exactpermeablg model under applied load

tromechanical system®MEMSS). In most of these applica- ) 3 .
ystent ) PP AKe in contrast with those under a constant displacement, and

tions the PZT ceramics are exposed to severe mechanical a s s _ "
electrical loading conditions which may result into structural29"€€ with th_e three—p0|_nt bending test results. )
failure or dielectric breakdown. Considerable researches AS Seen in the previous works, the influence of electric
have been theoretically devoted to fracture problems of pzfi€ld on fracture behavior is different for each mechanical
ceramics and composites under mechanical and electrici@ding condition. Sun and Pérktudied a method for deter-
loads! ™ and experimental studies for cracks in various PZTgMining the fracture toughness of PZT-4 piezoelectric ceram-
have been carried out. Park and $performed mode I and icS using Vickers indentation with loads of 9.8 and 49 N. It
mixed mode fracture tests on PZT piezoelectric ceramicswas shown that for the indentation load of 9.8 N, experimen-
and showed that positive electric fieltiectric fields in pol-  tal phenomena agree qualitatively with the observations in
ing direction aid crack propagation, while negative electric Refs. 4 and 5. For the 49-N load case, the trend is not similar
fields impede crack propagation. Shindb al. also made to the 9.8-N load case for negative electric fields. Fu and
indentation fracturgIF) tests with a load of 9.8 N on the Zhang also conducted compact tension tests and IF tests
PZT ceramics, and employed a three-dimensional finite el- with a load of 49 N to study the effects of applied electric
ement analysis to calculate the fracture mechanics paranfields on the fracture toughness of PZT ceramics, and
eters such as total potential-energy release’ratechanical showed that application of negative or positive electric fields
strain energy release rate, and energy density fActley  reduces the apparent fracture toughness. A linear relationship
obtained the experimental result consistent with that of Parketween the fracture toughness and the applied electric field
and Surf The numerical results also showed that for a givenwas not observed. Schneider and HéYénvestigated the
load, positive electric fields increase the fracture mechanicerack growth in a ferroelectric barium titanat@aTiOs;) ce-
parameters for the exadpermeablg crack model, while ramic under applied electric fields up to four times the coer-
negative electric fields have an opposite effect, and agreecive field strength by using the Vickers indentation tech-
quantitatively with the experimental observations. Howevernique. The peak indentation load of 40 N was applied. The
the trend of the fracture mechanics parameters for the agurves of the measured crack length as a function of the
proximate (impermeablg crack model was not consistent applied electric field showed similarity with the strain hys-
with the experimental results. teresis. Shindet al'* investigated theoretically and experi-
On the other hand, Naritet al® observed opposite phe- mentally the fracture and polarization properties of PZT ce-
nomena in the crack growth in a PZT ceramic under electrigamics under mechanical and electrical loads ultilizing the
fields from the single-edge precracked beé®EPB tests modified small punch test technique.
and corresponding finite element analysis. The results |n this study, a theoretical and experimental investigation
showed that for center-cracked piezoelectric specimens unin electric fracture behavior of a piezoelectric ceramic was
der three-point bending condition, positive electric fields in-conducted. The DT tests were performed and the fracture
crease the fracture deflection, and negative ones decrease|§gds were obtained for a composite PZT specimen. The
electroelastic response of piezocomposite DT specimen un-
¥Electronic mail: shindo@material.tohoku.ac.jp der mechanical and electrical loads was also predicted using
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Ill. FINITE ELEMENT SOLUTION PROCEDURE
FIG. 1. Composite PZT double torsion specimen.
The most important class of ferroelectric materials is the

a nonlinear finite element approach, and the effect of eIecperOVSkite oxides AB@ (e.g., PbTIQ). Above the Curie

tromechanical loading on the energy release rate for the e}_emperqture, the unit pell IS _the paraelectric simple cubic
act (permeablpand approximatéimpermeabli crack mod- perovskite structure, with a ¥fion at the cube center sur-

els was examined. Attempts are made to compare the resuﬁgunded Xy frl1x (?_ lons, tand §|ghth3(5 (ljons att th,? Clljbeh
of finite element analysis with experimental observations. corners. As the temperaiure IS reduced, a structural phase
transition into a ferroelectric state takes place, in which the

central T#* ion displaces off-center with respect to the sur-
rounding &~ ions, so that the unit cell possesses a sponta-

The effect of applied electric field on fracture load in neous polarizatiorP® and a spontaneous strayt aligned
PZT ceramic was studied using the DT technidti@he  Wwith the dipole moment of the charge distributitsee Fig.
specimen geometry used was a composite PZT DT speciméed).
described by the Cartesian coordinate systeny,z), as A single crystal is comprised of many unit cells. A single
shown in Fig. 1. The PZT samples of widi,=5 mm, crystal cooled below the Curie temperature contains many
thicknessd=5 mm, and lengthL=30 mm were cut. The domains in which the electric dipole is aligned in a specific
specimen was produced by first poling a 5-mm-wide PZzTallowed direction. With the dipoles randomly oriented, the
beam and then bonding it between two wider brass beams @iverall ceramic exhibits no piezoelectric effect. Piezoelectric
W,=7.5 mm,d=5 mm, andL=30 mm with high strength behavior is induced by the poling process, that is, by apply-
epoxy. A side groove of deptti—d,=2.5 mm and widthg,,  ing a high voltage to the ceramic. The electric field aligns
=1 mm was machined in the PZT. Before testing, a thindipoles along the field lines. This alignment results in the
notch is cut in the end of the PZT to a depth df remanent polarization, and the remanently polarized state has
=2.5 mm and a length af=5 mm. The PZTs were commer- aremanent strain. Polarization switching occurs when an ap-
cially supplied P-7(Murata Manufacturing Co., Ltd., Japan plied electric field exceeds the coercive field. In this section,
and C-91(Fuji Ceramics Co., Ltd., JapanMaterial proper- @ nonlinear finite element formulation is developed for pi-
ties are listed in Table | and the coercive electric fidigof  ezoelectric ceramics.

P-7 and C-91 are approximately 0.8 and 0.35 MV/m, re-
spectively. Young’s modulus and Poisson’s ratio of brass ar
taken to beE=100.6 GPa and=0.35.

The specimens were loaded by concentrated Ié%d2 The governing field equations for a ferroelectric will be
at x=0 mm, y=2.5 mm, andz=+2 mm in a screw-driven summarized. Equilibrium and Gauss’ law are given by
testing machine. The moment akv,, and distancé for our o =0 (1)
loading machine were fixed at 5.5 and 2 mm, respectively. Iy
To generate electric fields,, a power supply for voltages up D=0 )
to 1.25 kV/dc was used to apply a range of positive and b
negative electric fields of 0.25 MV/m. Loads which causedwhereg;; andD; are the stress and electric displacement, and
fracture were measured for each set of specimens for varioscomma followed by an index denotes partial differentiation
electric fields. with respect to a space coordinafé=1,2,3. We have em-

Il. EXPERIMENTAL PROCEDURE

(}3&. Prediction of polarization switching

TABLE |. Material properties of the piezoelectric ceramics.

Elastic stiffnesses Piezoelectric coefficients Dielectric constants
(X210 N/m?) (CImd) (x101°C/Vm)
Ci1 Cs3 Cas C12 Ci3 €31 €33 €5 €11 €33
P-7 13.0 11.9 2.5 8.3 8.3 -10.3 14.7 135 171 186
C-91 12.0 11.4 2.4 7.7 7.7 -17.3 21.2 20.2 226 235
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ployed Cartesian tensor notation and the summation conven-
tion for repeated tensor indices. The straipand electric
field E; are

1
gij = 3(U + Ui ), (3
Ei == ¢,i1 (4) -’
whereu; and ¢ are the displacement and electric potential, P>
respectively. In a ferroelectric, domain-wall motion within
each grain leads to a change in the remanent str{@iand
remanent polarizatiof®;. The total strain and electric dis- X3 B

placement are described by

i+ e (5) o

&ij = &j T &)

=Dl+ P
Di=Di+ P, 6) FIG. 3. 180° and 90° polarization switchings.
where the superscriptdenotes the linear contribution to the
. . . . . o
strain and electric displacement, and the linear piezoelectric  pl=g! &l + ¢,E,. (15)

relationships are
The value of piezoelectric constegj, of each grain is given

i) = Sija ok * OhijEx, (7)  in Appendix C.

Di = diyoi + €xEx. (8

. . B. Energy release rate
In Egs.(7) and(8), Sj«. dij, and ey are the elastic compli-

ance, direct piezoelectric constant, and dielectric permittiv- Due to the polarization switching, piezoelectric media

ity, which satisfy the following symmetry relations: are often nonhomogeneous. The piezoelectric properties vary
from one location to the other, and the variations are either

Sijki = Sjiki = Sijik = Sjik = Suij»  diij = yji» €k = €&ir  (9) continuous or discontinuous. Weichert and Sch‘hlpro-
posed an extension dfintegral to multiphase materials. The
J integral for heterogeneous materials can be extended to
o = Cijk|8L| — 6 Ex, (10) piezoelectrif: crac.k problems. Figurt_a 4 depict_s a cqntour in-
tegral path including the bounded piezoelectric region. A lo-
(11) cal orthogonal coordinate system is defined at the crack tip
such thatx; andxs axes lie parallel and normal to the crack
wherec;;; andey are the elastic and piezoelectric constants faces, respectively. The energy release @tmn be obtained
and from the following crack-tip integral:

oij andDj are related te:j; andE; by

I
Di =ewew + €xEx

Gijki = Cjiki = Cijik = Cjilk = Ckiij»  xij = Eji- (12 G= f (H&y; = oyu; 1 + D;Ey)n;dl
The constitutive equatior(d0) and(11) for PZT poled in the fo
X5 direction are found in Appendix A.

The direction ofP® of each grain can change by 180° for - Jr (Héyj = oy 1 + DBy, (16)
ferroelectric switching induced by a sufficiently large electric P
field opposite to the poling direction. The 90° ferroelasticwherel'y is a small contour closing a crack tip, is a path
domain switching is induced by a sufficiently large stressembracing that part of phase boundary which is enclosed by
field. Figure 3 illustrates several possibilities. The criterionl'o, J; is Kronecker delta, andj is the unit normal vector.
states that a polarization switches when the electrical and
mechanical work exceeds a critical valtie X

o-ijAgij + EiAPi = ZPSEC, (13)

whereAe;; andAP; are the changes in the spontaneous strain
and polarization during switching, respectively. The values
of Asij:s{j and AP;=P! are given in Appendix B for polar-
ization switching in thexgx; or X,X3 plane withxs as the
original poling direction. The constitutive equatiofi®) and
(11) during polarization switching are

— | ’
ij = Gijki 11 ~ deEk' (14) FIG. 4. Contours for the path-independent integrals.
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The electrical enthalpy density is expressed as sl T T T T ; ]
L ® P-7 ]
1 1 _
H=35Cijeijen — 26 EE — ek (17 o col .

Z °
%@ 2001 ° o

C. Analysis & . o o

. . . . . e
Three-dimensional finite element calculations were sl 1
made to determine the fracture mechanics parameters for the i SR
02 01 0 0.1 02

composite DT specimens shown in Fig. 1. A mechanical load
was produced by the application of a prescribed fdPgE2
atx=0, y=d,, andz==W)/2. For electrical loads, a positive FIG. 5. Fracture load vs electric field.
or negative electric potentiab,=—(W,/2)E, was applied at

the interface, b<x<L-b, ~(d-d,) <y<d, z=W,/2. The  face. This impermeable assumption is based on the fact that
interface  b<x=<L-b, —(d-dy)<y=dy, z=-W/2 iS there is a very large difference between the dielectric con-
grounded. If the crack faces are perpendicular to the polingiants of the body and the air. When a spherical or a sphe
direction and the electric field resulting from the application qiqal defect problem in piezoelectric ceramics is analyzed,
of ¢y is oriented perpendicular to the crack, we have a modegne impermeable condition is a good approximation. The
| problem. Because of symmetry, only the right half of the gjectroelastic fields around a defect for the impermeable

Ey (MV/m)

model was used in the finite element analysis. model, however, are quite different from those for the per-
~ The crack faces are stress-free, and the crack face elefeaple model when the defect becomes a sharp notch or a
trical boundary conditions are crack® The permeable model provides predictions of fracture
E(xy,00=ESxy,0) (-b<x<a-b, 0<y=d,, properties due to electromechanical loading and better quali-
tative agreement with the experimental restiifsand is ap-
E/(xy,0) =EXxy,00 (-b<x<a-b, 0=<y=d,), propriate for a crack in piezoelectric ceramics.

Each element consists of many grains, and each grain is

#(xy,00=0 (a-b<x<L-b, O0<ys<d,), (18 Mmodeled as a uniformly polarized cell that contains a single
domain. The model neglects the domain-wall effects and in-

D,(xy,00=D%x,y,00 (-b<x<a-b, O<y=<d,, teractionamong different domains. In reality, this is not true,
but the assumption does not affect the general conclusions

(19) drawn. The polarization of each grain initially aligns as

where the superscrit stands for the electric-field quantity closely as possible with the direction. The polarization

in the void inside the crack. The electric potential is all zeroswitching is defined for each element in a material. Bound-
on the symmetry planes inside the crack and ahead of th&'y loads are applied, and the electroelastic fields of each
crack, so the boundary conditions of Ed48) reduce to €lement are computed from the finite element analysis. Inho-
#(x,y,0=0(-b<x=<L-b,0=<y=d,). The electric-field in- mMogeneities in the local electroelastic fields and the effects
tensitiesEy(x,y,0) and E)C,(x,y,O) are equal to zero, and the of the grain size and orientation are ignored so that each

electric displacemer®S(x,y, 0) is determined precisely. The grain is subjected to the same loading conditions. The
loading conditions can be written as switching criterion of Eq(13) is checked for every element

to see if switching will occur. After all possible polarization

yy(X,dn,2) = = (Po/2) 8(x) 8(z = WI2), (200 gwitches have occurred, the piezoelectric tensor of each ele-
B ment is rotated to the new polarization direction. The elec-
D%y, Wy/2) = /2 troelastic fields are recalculated, and the process is repeated
[-bsx=<L-b, -(d-d)=<y=<d,, until the solution converges. The macroscopic response of
(21) the material is determined by the finite element model, which

is an aggregate of elements. The spontaneous polarization
where &( ) is the Dirac-delta function. Equatior(48) and  and straim® are assigned representative values of 0.3 €/m
(19) are the exactpermeablgboundary conditions. On the and 0.004, respectively. Our previous experimenté veri-
other hand, the approximatempermeablgboundary condi- fied the accuracy of the above scheme, and showed that the
tion is results obtained are of general applicability.

D,xy,00=0 (-b=x<a-b, O0=sy=d,),
IV. RESULTS AND DISCUSSION

¢y,0=0 (a-b=x<L-b O<y=dy). (22 Figure 5 shows the measured fracture lo&jsof P-7

In electrostatics, at a surface separating two dielectric bodiegnd C-91 for the crack lengiéi=5 mm under various values

the normal component of the electric displacement and thef applied electric fielde,. A positive electric field increases
tangential component of the electric field are continuousthe fracture load, and a negative one decreases it. Hence, the
However, when one of the bodies is air, these two conditiongrack opens less under a positive electric field than under a
can be approximated simply by one, namely, that the normategative electric field. These experimentally observed phe-
component of the electric displacement vanishes at the interomena contradict the results of three-point bertianyl IF
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--------- a=5 mm
/“
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FIG. 6. Energy release rate vs crack length. FIG. 8. Energy release rate vs electric field with switching effect.

d:ertain negativé=,, and then it begins to decrease for larger
hegative electric fields. On the other hand, as the magnitude
of positiveEg is increased from zero, the energy release rate
G' can be made to decrease. When a positive or negggve
is larger, a negativ&' is produced. It has been pointed out
reviously(e.g., Refs. 2 and)3The energy release rate for
he impermeable crack model has questionable physical sig-
nificance. Figure 8 shows the dependencé&dbr the per-
meable crack model without and with switching effect under
Py=205 N onE, for a=5 mm, normalized by values for
Eo=0 V/m. Also shown is the result for the impermeable
crack model without switching effect. A monotonically in-
creasing negativ&, causes polarization switching. Afté&y
reaches about —0.4 MV/m, polarization switching in a local
region leads to an unexpected decreas6 ifor the perme-

(Ref. 9 tests. It is suggested that the negative electric fiel
puts the DT specimen under tensigrear the crack tipand
the positive electric field exerts a compressive sti@ear
the crack tip. The growth mechanism for a crack in the DT
specimen is quite different from that in the conventional
fracture tests with SEPB and Vickers’ indentation specimen
The fracture loads depend on the material properties.
Figure 6 gives a plot of the energy release 1@teersus
crack lengtha for brass/P-7/brass =0 and 0.5 mm under
Py;=205 N andgy=0 V/m. Also shown is the energy release
rate for P-7(W,=20 mm,d=5 mm, andL=30 mm) without
brass aty=0 mm. The magnitude ofs increases witha
reaching a maximum value and then decreases. Ghs
largest on they=0-mm plane. Figure 7 shows the energy

release rates for the permeable crack ai=5 mm under able crack. Our previous experimental stﬁ'dshowed a sig-
Py,=205 N withE, divided by G, at the same load but with- .. - Dur previ P SI9-
nificant nonlinearity in the fracture load due to polarization

Snuetatgli ilgét&'mﬂg' Eﬁfﬂt;\%i %23 p;ggﬁg{;g;é?sagzersw@tch?ng. The nonlinear_ effect c_aused by pol_arization
) ' . switching may affect the piezoelectric crack behavior.
the energy release rate for the permeable crack, while nega-
tive Ey has an opposite effect. The increasePpnwith in-
creasing positivee, is attributed to the decrease Gf with
increasing positiveey under a constant loaB,. Numerical
results for the permeable crack under a constant load are i The fracture behavior of piezoelectric ceramics was in-
contrast with those for SEPERef. 7) and IF (Ref. 6 tests  yestigated under mechanical and electrical loads utilizing the
under a constant load. In the impermeable case, the energyr technique. The magnitude as well as the direction of the
release rate' first increases up to a maximum value for a applied electric field was found to have a significant influ-
ence on fracture load and energy release rate. Based on the
— experimental and numerical results for the piezoelectric com-

V. CONCLUSIONS

brass/P-7/brass posite DT specimen, the following conclusions may be in-
P=205 N ferred:
LammTToS a=5 mm

T (1) A negative electric field decreases the fracture load,
whereas a positive electric field increases it.

»=0 mm

Lj (2) At low electric-field levels, the energy release rate for

C | . the permeable crack model under negative electric field

0.5] without switching effect . is higher in magnitude than those under positive electric

Permeable crack fields. An increasing negative electric field causes polar-

— Impermeable crack ization reversal, and polarization switching in a local

I region leads to a decrease of energy release rate.

0 B N A T e— 1y A 1 (3 Increqsing negative and positive eIec'Fric fields lead to a
E, (MV/m) negative-energy release rate for the_ |m_permeabl_e crack

model, and therefore the fracture criteria for the imper-

FIG. 7. Energy release rate vs electric field without switching effect. meable crack model are unreliable.
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The values inAg;;=¢j; and AP;=P; for 180° switching
This work was supported by the Ministry of Education, can be expressed as
Culture, Sports, Science and Technology of Japan under the
Grant-in-Aid for Scientific ResearcB). A1 =0, Aep=0, Aeg=0, Aep=0,

(B1)
A823:0, ASgl:O,
APPENDIX A AP, =0, AP,=0, AP3=-2PS. (B2)
For piezoceramics which exhibit symmetry of a hexago-For 90° switching in thegx, plane, there results
nal crystal of class 6 mm with respect to princigal x,, and _ _ _ _
X3 axes, the constitutive relations can be written in the fol- Aen=7" Aex=0, Aeg=-7, Ae1,=0,
lowing form: (B3)
r 3 o ar 3 A823:O, A€31:O,
[
o1 Ci1 Ci2 ¢z 0 0 O |]|&
oy C12 Cll C13 0 0 0 8|2 AP]_ =t PS, APZZ 0, AP3: - PS. (B4)
{ 03 - Ci3 Ci3 Ciz 0 0O O ) 8'3 } For 90° switching in thexXs plane,
Oy 0 0 0 Cag 0 0 8|4 AE]_]_: O, ASZZ: ’}/S, A833: - ’}/S, AS]_Z: O,
s 0 0 0 0 cy O |]s (B5)
l06) [0 0 0 0 0 cg kglsj Ag;3=0, Aey=0,
0 0 ey AP, =0, AP,=+PS AP;=-PS (B6)
0 0 e
31 E1
0 0 e
- B (A1) APPENDIX C
0 es O £
es 0 O : The new piezoelectric constag, is related to the elas-
0O 0O O tic and direct piezoelectric constants by
( N ) €111= 0114C11 + 112+ di3Lis,
1
| ’ ’ ’ ’
€ €1,,=0d1;C1o+d +d .
D! 0 0 0 0 eg0 I2 122 O111C12+ O1pL11 + U13L13
| _ &3 ’ ’ ’ ’
D=0 0 O &s 0 O < ! > €133~ O11:C13+ A1pL13+ d13Las,
D) |en en €3 O 0 O]} , ,
€5 €123 201,44,
[
€6
\ °J oyl
€131 = 2d;3.Caa;
€11 0 0 El 131 131~44
+ 0 €11 0 E2 ' (AZ) 8112: Zd:;_lZCG@’
O O €33 E3
€)1,= 05,1+ d5 +d; ,
where 211~ U211C11 F U L12 + Up3Ca3
o= 041, 0= 09y, 03= 033 €20 = Up11C12+ Upp 11 + UpaeCas,

04=0p3=0C O5=031=0 O0g= 01,= 051 (A3)
4=023= 033, 05=031=013, 0g=012=021 o ’ /
€933= Up11C13+ Oz 13+ U)zeLas,
[ [ [
€1= €11 €2= &7 €3~ €33 "o
|_2| _2| |_2| _2| |_2| _2| y 8223—2d22§44,
€4—= £E)p3— L83y, E5—£LE31= <813, Ep—£LE1p—£LEY

(A4) €531= 20531Cas,
C11=C1111= Co222»  C12=C11220  C13= C1133= Co233 €12= 2051 Le6
C33= Ca333 C44= C2323= C3131, (A5) €311 = U311C11 + A3 L1+ d3aeLas,
Ce6= C1212= %(Cn —C12), €300 = U311C12+ A3pC11 + d3aCas,
€15= €131= €93 ©€31=€311= €395 €33~ E333. (AB) €333 U311C13+ 5o C13+ dgalas,
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€323 = 2d55:Cas,
€331 = 2d53,Cas,

€312 203; Lep- (CY
The components of the piezoelectric tendfy are
il = {daanin; + daa(n & — mingny)
+ 30s(Sy = 20y + S}, (C2
wheren; is the unit vector in the poling directio; is the

Kronecker delta, and;3=d333 d3;=0d3q;, di5=2d;3; are the
direct piezoelectric constants.
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