Metadata, citation and similar papers at core.ac.uk

REAFEEBUKNSFY

Tohoku University Repository

Finite Element Analysis of Electric Fracture
Properties in Modified Small Punch Testing of
Piezoceramic Plates

00O OO0 OO0

journal or Journal of applied physics
publication title

volume 95

number 8

page range 4303-4309

year 2004

URL http://hdl.handle.net/10097/35765

doi: 10.1063/1.1682693


https://core.ac.uk/display/235796744?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 8 15 APRIL 2004

Finite element analysis of electric fracture properties in modified small
punch testing of piezoceramic plates
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Department of Materials Processing, Graduate School of Engineering, Tohoku University, Aoba-yama 02,
Sendai 980-8579, Japan

(Received 13 October 2003; accepted 20 January)2004

The fracture behavior of a piezoelectric ceramic under applied electric fields has been the subject of
recent studies. We have used finite element analysis to study experiments with the modified small
punch (MSP) technique. Nonlinear three-dimensional finite element analysis was employed to
calculate the MSP energy and maximum strain energy density. The effects of an applied electric
field, 180° and 90° domain switching on the MSP energy, and maximum strain energy density are
discussed, and the model predictions are compared with the results of the experiments. The
polarization switching zones corresponding to combined mechanical and electrical loads are also
obtained. ©2004 American Institute of Physic§DOI: 10.1063/1.1682693

I. INTRODUCTION examined the effects of applied voltage and polarization

Pb(Zr.Ti)O; (PZT) is widely used in piezoelectric de- switching on the v_alectroglastlc flelc_JI concentrat_lons ahegd of

. . lectrodes in multilayer piezoelectric actuators in a combined
vices, e.g., transducers, filters, sensors, and actuators. The

. . . i -~ experimental and numerical investigation.
high mechanical stresses and intense electric fields in thé . . . .
In the present article, fracture behavior of a piezoelectric

PZT ceramic may cause microcracks to develop which evenc_:eramic under an applied electric field is discussed using the
tually lead to failure of the device. The fracture behavior of pp 9

PZT under mechanical and electrical loads has been the suﬁ}c’d'f'ed small.pun_chiMSP) test technique. The purpose of
: . 10 : e present article is also to present a model for such a MSP
ject of recent studies? The single-edge precracked beam

f . test. This is done with a nonlinear finite element analysis of
tests were performed on a commercial PZT ceramic, an o .
: ) . - e whole apparatus, which includes the punch, the piezo-
these tests were simulated numerically with the finite ele-

. electric plate specimen, and the specimen holder. To carry
ment method. Indentation fracture tests were also made on . R o )
. . out the analysis, a polarization switching model is assumed
the PZT ceramics to estimate the fracture toughness, and_a ; . .

. . - : for the specimen material. The MSP energy and maximum
three-dimensiond3D) finite element analysis was employed . . .

. strain energy density are calculated to qualitatively account
to calculate the energy release rate and stress |ntenS|¥ o o
4 . . . . r the effect of electric field on fracture initiation load ob-

factor.” The crack growth in a ferroelectric barium titanate __.

. . . . L tained by the MSP test.
ceramic was investigated under applied electric fields up to
four times the coercive field strength by using the Vickers
indentation technique, and the change in crack length anly EXPERIMENTAL PROCEDURE
fracture toughness was discussed in connection with the in-  Commercially supplied P-ftMurata Manufacturing Co.,
fluence of polarization switching on the crack generatingLtd., Japah piezoelectric ceramic was selected for the ex-
stresses.The Vickers indentation technique was also used tqeriment. The material properties are listed in Table I. The
study the fracture behavior of poled ferroelectficBirect  coercive electric fieldE, is 0.8 MV/m. At least 32 small, thin
observations of domain switching were made, which suggesiiezoceramic plate specimens ofX00x0.5 mm used for
that switching induced by the indenter itself plays an impor-the MSP tests were sliced. Poling was done along the axis of
tant role in determining the apparent fracture toughness. the 0.5 mm dimension, and silver electrodes were coated on

In a series of articles, a model was developed to simulatéhe two 10 mmx10 mm surfaces.

the observed nonlinearities in material behaVidThe ce- All MSP tests were conducted using a screw-driven test
ramics were considered as an aggregate of many grainfachine. To generate electric fields, a power supply for volt-
which were modeled as single domain with switching. Inves-ages up to 1.25 kV/dc was used to apply positive and nega-
tigated in Ref. 9 was the fracture toughness variation due t@ve electric fields of 0.2, 0.4, 0.8, and 1.0 MV/m. Loads
small-scale domain switching near the tip of a conductingyhich caused fracture were measured for each set of speci-
crack. The shape of the switching zone around a crack tipnens for various electric fields. For 0.4, +0.8, and+1.0
was predicted by a work energy-based switching criterionMv/m, four or five tests were performed.
Hayashiet al1° investigated the displacement and polariza-
tion switching properties of piezoelectric laminated actuatorq“_ BASIC EQUATIONS AND PREDICTION
theoretically, numerically, and experimentally. Shirel@l!!  oF POLARIZATION SWITCHING

In this section, the governing field equations for a ferro-
dElectronic mail: shindo@material.tohoku.ac.jp electric will be summarized.
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TABLE |. Material properties of the P-7 piezoelectric ceramic. lElecmc field
Elastic stiffnesses Piezoelectric coefficientsDielectric constants
(X 10'°N/m?) (xX10"2m/v) (x1071°C/Vm) —
Ci1 Csz3 Casa Ci2 Cy3 da ds3 dis &1 €33
13.0 119 25 8.3 8.3 —207 410 550 171 186
0
(a) 180 switching
Newton’s and Gauss’ laws give Stress
i i =0, )
=
D; =0, (2

where oj; and D; are the stress and electric displacement,
and a comma followed by an index denotes partial differen- .
tiation with respect to a space coordinai¢i=1,2,3). We (1) 90 switching

have employed Cartesian tensor notation and the summation

convention for repeated tensor indices. Quasistatic and sma#{G. 1. Polarization switching induced by electrical and mechanical loads.
strain conditions are

E=—a;, 3
' ! oijAzij+EAP;=2P5E,, (10
1 where Ag;; and AP; are the changes in the spontaneous
8":_(U"+U' ) (4) . J . . . . .
SRR LS strain and spontaneous polarization during switching, respec-

tively, and E. is the coercive electric field. The values of
whereE; and ¢ are the electric field and electric potential, Ae;; andAP; are given in Appendix A.
ande;; andu; are the strain and displacement. In a ferroelec-  Wwhile each grain obeys the constitutive relatigfsand
tric, domain-wall motion within each grain leads to a change(g), the direct piezoelectric constant in the constitutive rela-
in the remanent strais;; and remanent polarizatid® . The  tions depends on the orientation of the polarization vector in
total strain and electric displacement are given by the ceramic. The components of the piezoelectricity tensor
during switching are
sij=ei€j+8irj, (5)

d’., =1 daaningn, + daq(N: 5 — N:NN
Di:Df+P{, (6) ikl 33 itk 31(N; & itk I)

. . 1
where the superscrigt refers to linear and + §d15( Sy — 2NN+ 8, ¢ (11)

‘Siej:Siikl ot dii B () wheren; is the unit vector in the poling directiom;; is the
Kroneker delta, andl;;=d333, d3;=d3qq, and dy5=2d;3;

D =di o+ &y Ex. (8)  are the direct piezoelectric constants when the piezoelectric
ceramic is completely poled in the direction. The primed

T . .
In Egs.(7) and(8), Siju , diij ande;y are the elastic compli- g antities denote the piezoelectric constants associated with
ance, direct piezoelectric constant, and dielectric permittivity,o original coordinate system during the polarization

at constant stress, which satisfy the following symmetry re'switching.oij and Die during polarization switching are re-

lations: lated toe{; andEy by
_ _ _ _ _ T_ T ¢
Sijkl = Sjiki = Sijik = Sjilk = Sklij»  dkij=dkji, &= Eki- Uij:CijkISkl_eI,(ijEkv (12)

9)

The direction of spontaneous polarizati®t? of each
grain can change by 90° or 180° for ferroelectric switchingwhere c;;; and e/, are the elastic and piezoelectric con-
induced by a sufficiently large electric field. The 90° fer- stants.; is the dielectric permittivity at constant strain, and
roelastic domain switching is induced by a sufficiently large
stress field. Figure 1 shows the schematics of polarization  Cijki = Cjiki = Cijik = Cjiik = Cxiij » el;ij:eliji' Eik
switching for different types of external loading. The crite- e (14)
rion states that a polarization switches when the electrical ki
and mechanical work exceeds a critical vélue For the 180° switching, the coercive field is obtained as

Df:ei,k|8ﬁ|+8ikEk, (13)
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FIG. 3. Fracture appearance of MSP specimen.

r¢ =,
— el Lower die The polarization of each grain initially aligns as closely
z as possible with the direction. The constitutive Eqg$12)
and (13) for PZT poled in thez direction are found in Ap-
pendix B. The polarization switching is defined for each el-
ement in a material. Boundary loads are applied, and the
electroelastic fields of each element are computed from the
E;=—E, (150  finite element analysis. The switching criterion of ELQ) is
checked for every element to see if switching will occur.
which is not affected by the applied stress. However, accordafter all possible polarization switches have occurred, the
ing to the criterion in Ref. 12, the coercive field for 180° piezoelectricity tensor of each element is rotated to the po-

FIG. 2. Finite element model of the MSP test.

switching is larization direction. The piezoelectric constagj, of each
element is given in Appendix C. The electroelastic fields are
E. recalculated, and the process is repeated until the solution
Esg=— (16) converges. The macroscopic response of the material is de-

- - )
1-(2d5/PY o5 termined by the finite element model, which is an aggregate
It is noted that the second term in the denominator include8f eléments. The spontaneous polarizatihand strainy®
the normal stress effect as a result of piezoelectricity, and th@'® assigned representative values of 0.3 “Camd 0.004,
coercive field increases or decreases depending on the md§SPectively.
nitude and direction of the stress;.
V. RESULTS AND DISCUSSION
Figure 3 shows the fracture appearance of piezoelectric
V1. EINITE ELEMENT ANALYSIS ceramic P-7. All specimens fa_llgq in a brittle manner. Table
Il shows the average fracture initiation loadls and the sta-
We performed 3D finite element calculations to deter-tistically determined standard deviations under different elec-
mine the MSP energy and maximum strain energy densityric fields E, obtained from the experiment. At low electric
for the PZT specimens. A rectangular Cartesian coordinatéield levels, positive electric fields increase the fracture ini-
system K,y,z) is used with thez axis coinciding with the tiation load. A decrease in the fracture initiation loadEgt
poling direction. The analytical model is shown in Fig. 2. A =1.0MV/m is considered to occur because of dielectric
mechanical load was produced by the application of either a
prescrlped .forcd:)o ora p_rescrlbed dlsplacemeug along . TABLE Il. Average fracture initiation loads and statistical standard devia-
the z .dll’eCtIOI’l.' For electrical loads, a negative or positiVejjons under electric fields for MSP specimens.
electric potential$, was added on the surface=h. The
surfacez=0 is grounded. We used the commercial finite Pc(N)
element co_de\NSYs. Eight-node 3D space solid was used in E, (MV/m) Average Standard deviation
the analysis. The contact between the specimen and the

lower die was modeled using contact elements. Young's :(1).3 i;; g'g
modulus and Poisson’s ratio of the puncher and lower die are 04 139 16
taken to beE=206 GPa and»=0.3. Because of the double 0.2 11.9
symmetry of the body and loading, only one-quarter of the 0.0 13.7 0.49
body was modeled. The total number of nodes and elements +0.2 15.0
in the finite element calculations were 6445 and 15057, re- ig'g ig'g (2)'25
spectively. Each 3D finite element consists of about 10 000 410 4.79 10
grains.
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0.6 — r r "’E T T T
Criterion, Eq. (10) =
[ommm==== Smooth switching model, Ref. 13 “?o
—~ 04 P,=oN ] z |l o @ .
g | 180° switching < 100+ 4 B
< 82 |
W 0.2- / B Y
Q 7 5 .
g I B ¢ .
*§ o 4 ]
5 Bl T
2 5 so- ) ]
& 02 7 8 o |
041 x=y=0mm |
, Lz g?S mm é e 180° switching
2 -1 0 1 2 § *
| 1 " 1
Applied electric field, £y (MV/m) = 0 -1 -0.5 0 0.5 1

o . I Applied electric field, £y (MV/m)
FIG. 4. Polarization vs applied electric field f&,=0 N.

FIG. 6. Maximum strain energy density vs applied electric field.

breakdown and irreversible damage of the PZT. When the

electric-field level in the negative direction reaches coercivedlloys and weldments for superconducting magnets, and as-
field, E,= —0.8 MV/m, the direction of polarization of the Sessed correlation between SP energy dpd Fracture
stress-free sample switches. Bg= — 1.0 MV/m, the polar- properties measured using this miniature specimen testing
ization has reversed and is now aligned with the negativé@PProach have been shown to reasonably accurate for a wide
electric field. Also, the effective coercive field under applied"@nge of metals, but have yet to be explored for piezoelectric
stress changes as a function of mechanical load. The behageramics. Figure 5 presents the critical MSP eneEgyp

ior of the fracture initiation load for approximatelg,=  including 180° and 90° switching effectepen triangle for
—0.4MV/m leading toE,= —1.0 MV/m is expected to be Various electric fieldsEy. The load—displacement curves
very complicated because of all of these phenomena. were drawn up to the average fracture initiation Iddus-

Figure 4 shows the polarizatiop, at x=y=0mm, z  ing the finite element method, and th§,sp Was calculated
=h/2=0.25mm versus electric fiel&, for P,=0N. The from the area under the curvenergy to failurg It is inter-
model was used to predict macroscopic nonlinear responsting to note that the MSP energies 5= +0.8 MV/m
involving 180° switching, and simulations were carried outand Eq=—0.8 MV/m have very nearly the same values. A
with the assumption that the value of saturation polarizatiorsimilar phenomenon was observed fBfsp without 90°
is 0.3 C/nf. The hysteresis loop foP,=0 N shows that switching effect(solid circlg), and the 90° switching has no
switching commences wheli,= +0.8 MV/m and changes effect on the critical MSP energy. Figure 6 shows the maxi-
rapidly as the electric-field magnitude increases. The curve®Um strain energy densityysp versusE,. The Wysp as a
generated by the model are also compared with a smootfinction of applied load is computed via finite element
switching modef® (see Appendix @ When the smooth analysis without 90° switching effect. Thavysp Occurs at
switching modeling type is used, the shape of polarization-the observed crack initiation location.
electric-field curve is changed. However, the strain—electric ~ Figure 7 shows the MSP ener@sp of the finite ele-

field curves for the MSP specimens are almost the same fdpent solutions without the 90° switching effect under an
these two modelgnot shown. average fracture initiation load for zero electric fidRy

Shindoet al** used the small punc{SP test to charac- = 13.7 N and different electric fieldS,, where the result has
terize the elastic—plastic fracture toughndgsof structural ~been normalized by the MSP energiyspo for Eog

: . : é T T ~ T T
= sl i 2 1.04L Py=137N 4
P 180° switchin,
= s a - \% SWi g l/
< oal A i Q1,021 .
o8 5
& A 5
& 4 s ] 5t ]
g %
o 2F A i =
g | g 098t .
® 1L & 180°and 90° switching =
= o . 7 E without stress effect
5 * 180" switching A z 096- . with stress effect n
1 Il | ! N 1 L 1
0 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Applied electric field, £y (MV/m) Applied electric field, £y (MV/m)
FIG. 5. Critical MSP energy vs applied electric field. FIG. 7. MSP energy under various electric fields for applied force.
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the remanent polarization is now diminishing, the MSP en-
P,=137N ergy falls. The electric field in the direction is now in-
creased again toward 1.0 MV/m. The results show that
switching recommences at approximat&y= 0.5 MV/m to
eliminate the existing negative remanent polarization. This is
completed by the time the field reaches approximately 0.7
MV/m. As the field is cycled between approximatehl.0
MV/m and 1.0 MV/m, the hysteresis curve is reproduced. In
Eo = -0.3 MV/m addition, it is noted that the results using either E3$) or
(16) are almost the same for the thin piezoelectric plates.
Figure 8 shows the 180° and 90° switching zones of the
specimen undePy=13.7 N andg,= — 0.3, —0.5, and—0.7
MV/m. The size of the switching zone increases with in-
creasing negative electric field.
Using a reaction ak=0, z=0 for P4=13.7 N andE,
=0 MV/m, the applied displacementy=40.8um, was ob-
tained. Figure 9 shows the normalized MSP energy
Enmsp/ Evspo Of the finite element solutions without the 90°
switching effect under a constant displacement
=40.8um and different electric fieldg,. For a given dis-
placement, the MSP energy decreases at first when the elec-
tric field Eq is reduced starting at zero. As the electric field
E, continues to be reduced, a negative remanent polarization
develops in the portion of the specimen and the MSP energy
rises steeply. As the field is cycled between approximately
—1.0 MV/m and 1.0 MV/m, the butterfly loop is repeated.
The numerical results under a constant displacement are in
contrast to those under an applied force. Fracture mechanism
is due to the addtional stress induced by the applied electric
Eo = -0.7 MV/m field.

== 180° switching

O . .
== 90 switching
VI. CONCLUSIONS

FIG. 8. Polarization switching zone induced by applied force and electric

field The fracture behavior of piezoelectric ceramic P-7 was

investigated under mechanical and electrical loads utilizing
the MSP technique. A finite element model was developed to
=0MV/m. Also shown are the prediction with stress effectSimulate the relation between MSP energy and applied elec-

for the MSP specimen by Eq16). The curve rises at first Iric field. The strain energy density was also computed.
when the electric fieldE, is reduced starting at zero. As the These results have four important consequenti¢sMea-
electric fieldE, continues to be reduced, polarization switch- Sured fracture initiation loads and calculated maximum strain
ing commences at approximatefig= — 0.5 MV/m and since  €nergy density are sensitive to the change in the applied elec-
tric field and polarization switchindii) At low electric field
levels, a negativépositive electric field introduced starting
1.05— - - at zero increase@ecreasgsthe computed values of MSP
[ ] energy for applied load. For applied displacement, the nega-
tive (positive electric field decrease@ncreasesthe MSP
energy, at first(iii) The increase of the negative electric field
causes the switched area to grow, and the MSP energy versus
electric-field curves show the nonlinear behaviiw) For the
piezoelectric thin plates, the 180° switching dominates the
nonlinear material response, and the 90° switching can be

—_—
— T

Normalized MSP energy, Epsy/ Emspo

0.95\ 1
I 1 = 40.8 pm neglected.
180° switching
— without stress effect
P ===-- with stress effect ]
1 1 1 1
09— APPENDIX A

Applied electric field, Ey (MV/ . .
pplied electric field, £o (MV/m) The values imMAe,; and AP; for 180° switching can be

FIG. 9. MSP energy under various electric fields for applied displacementexpressed as
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A811=0, A822:0, A833:O, o -Cll Clz C13 0 O 0 il r Sﬁ \
XX
Ae1=0, Aey=0, Aeg=0 Al oy | |2t e 0
€10=U, €23= Y, €317 Y, ( ) o,y 013 C13 033 0 O O ) SCZ/ }
= ¢
AP,=0, AP,=0, AP,=—2P5. (A2) Ovzf |0 0 0 cu O 0 28,
Tzx 0 0O 0O 0 cy O 28?
For 90° switching in thex,x; plane, there results Oxy (0 0 0 0 0 cgf' 28,y )
Ae11=0, Aeyp=17° Aezg=—7> [0 0 eél-
0 0 e
A812=0, A823: 0, A831: O, (A3) O O eég EX
- ! Ey 1 (Bl)
AP,;=0, AP,=+PS% AP;=—PS (A4) 0 es O0]|E
. . L es 0 0
wherey® is the spontaneous strain. For 90° switching in the 0 o0 o0
X3X; plane, L i
¢
. . s 82"‘ 3
A811_‘)/ ’ ASZZ_O! ASSS__‘Y 1 Dﬁ 0 0 0 0 eJ,_S 0 S)éy
€ ’ €27
Ae1p=0, Aepn=0, Aexn=0, (A5) D¥ =| 0 0 0 es 0 0 Zsf,z (
D, € ey € 0 0 0] 5.0
AP;=*P5 AP,=0, AP;=-PS, (AB) 260
\ Xy J
APPENDIX B eu 0 O |(E,
+| 0 e O |{Eyp, (B2)
For piezoceramics which exhibit the symmetry of a hex- 0 0 &g E,
agonal crystal of class 6 mm with respect to the principal
y, andz axes, the constitutive relations can be written in the
following form: where
|
C11=C1111=C2222,  C12=C1122, C13=C1133=C2233, C33=Ca333
, (B3)
C44=C2323= Ca131,  Ce6™ C122275 (c11—C12)
€15= €131~ €53~ U15Cas, €51~ €317= €395= U31(C13+ C1p) +d33Ci3 (B4)
€33~ €333~ 2031C13+ d3:Cas '
|
APPENDIX C €311~ 021:C11+ Ao L1+ doaLia,
The piezoelectric constam, is related to the elastic — ! !
and direct piezoelectric constants by €227 U211C127 U22L117 U25elas,
€111=011,C11+d 15 L1o+ d13L13, €233= U11C13+ Ugo 13+ dpaCas,
(CY

ro_ ’ ’ - ’
€12o= d111C121+d15C13+ d13La3, €203 2055:C4s,

€133= 011:C13+ A1 L13+ di3Las, €231~ 2093:Ca4,
€125~ 201,44, €212~ 2051 L6,
€131~ 2d13Cas, €311= 031:C11+ A3 L1+ d33Laa,
€115~ 2011 o6, €325~ 0311C12+ d3pL11+ d33Lia,
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€335= U311C15F d3pL13+ d33Cas, placementD; were considered. For this case, the normal
straine3z and electric displacemeifii; during 180° switch-
€323~ 203,844, ing are
_ €23= 5120111 S130 90+ Saz0 23+ U4-Ea, D1
€41=20%3,Ca, 33= 51307117 S1307227 S330°331 Uggk3 (D1)
D3=d3,011+ 03,025+ d33033+ P3(E3), (D2)

€310~ 203, Le6- o

P3(E3) is given by

APPENDIX D sggEg— P... O<E;<E,

In this Appendix, the smooth switching model is out- — ! (1cP+ T VEa—E./cP E.<E.<E.+cPP

lined. Kamlah and Tsakmakfspostulated the existence of a Pa(Ea) (T ¢3Es~Eo cTT e sa
region of reversible behavior, such that sufficiently small £33F3+ Psar  EctCPPgs<Eg

changes of the electric field cause no change of the remanent (D3)

polarizationP5. Only the normal straim 33 and electric dis- and

eaEatPeyt —EctCPP<E3<0
Pa(Eg)={ (UcP+el)Es+Ec/cP  —E —CPPgu<Eg<—E +CPPgy (D4)

T
833E3_ Psat Esg - Ec_ Cppsat

where Py is saturation polarization ancP is non-negative  *Y. Shindo, M. Oka, and K. Horiguchi, ASME J. Eng. Mater. Techd@3
material constantPg,~0.3C/nf and cP=2.0MV m/C are ~ _293(200D.
used to get andD G. A. Schneider and V. Heyer, J. Eur. Ceram. Si®;.1299(1999.
33 Ch M. J. Busche and K. J. Hsia, Scr. Matéd, 207 (2002).
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