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Abstract

Damage mechanisms in bending piezoelectric actuators under electric fatigue loading are addressed in
this work with the aid of an acoustic emission (AE) technique. Electric cyclic fatigue tests have been
performed up to 10” cycles on the fabricated bending piezoelectric actuators. An applied electric loading
range is from —6 kV/cm to +6 kV/cm, which is below the coercive field strength of the PZT ceramic.
To confirm the fatigue damage onset and its pathway, the source location and distributions of the AE
behavior in terms of count rate and amplitude are analyzed over the fatigue range. It is concluded that
electric cyclic loading leads to fatigue damages such as transgranular damages and intergranular cracking
in the surface of the PZT ceramic layer, and intergranular cracking even develops into the PZT inner
layer, thereby degrading the displacement performance. However, this fatigue damage and cracking do not
cause the final failure of the bending piezoelectric actuator loaded up to 10° cycles. Investigations of the
AE behavior and the linear AE source location reveal that the onset time of the fatigue damage varies
considerably depending on the existence of a glass-epoxy protecting layer.

zirconate titanate) Algt®] o= A ¢

Gl o
.o . of ®al ztaL Zp-$-HA sAd -3 AeA
_ _ R =

) 2 AEolHA - 7—%%;@1149} F%’f@ e ZFa e Aew g A% 7
& A HeTle AFesd 2R T aag0mm gAY ade A 99RO 3
R AEA 2, A, 249 8T 4 Zoj= 7} Ale]=el EA7} Ale+AC) wlo|Am
7hel aela T ?Z%Xﬂiﬂﬂ J‘l:rLE]ll_f Al 2~ El Hu® gglm 2 EHEo] QFHE A =k
ol S&Hx Ah®? 53], n) FEFo] Al 28 2R AsEl 2oz o o9 Wyl sy
Aot EFARZ o]Fo FYEX HH EHIHA) 3 9l= Z=aolth kX9 pCAE PZTAlEHu] 3}
& ABZIPCA)S B FEARS PZT (lead  ygas wga), olF oF AR oz o
T AAAR}, 3, ALl ol g ts AL AlE] g of71d 4 e FEE, 48 F 7 Alse
E-mail : lilsuzy@hanyang.ac.kr AHZAAGTY zpolr BASE AHFSLE g

TEL : (02)3436-7091 FAX : (02)452-7091 - o =
G SRaae s, aFes o PZTAIRRY Al o] sl A9 AsH 54

o

~FERS AlE e T wARS qal vk B3 PCA




o %
£
fof
o,
ol
ol
=2

N

so, o I
—r’m_N
Rog =

- N

o

>

=2

o

ig: 2
do 3 ox
o
N
o
I
1o
=
fu

o]

Ao},

_‘0_4
T
*
2 =
b
N
2 )
o
o 1
Mo X
Te
fo j“. o
N
i o !
p‘L
o
g 4
g ¢

nl
Jo
o
ot

plane loading)°f %Qﬁ}
AR PZTAH B o

A3 A=Al %‘?}%
714 REESkg sl A A7|ZE A
A A AsiA A4 wHEeksste]
25L& PCAQ A2 53 AAste] e

N —4

u

>4

)
I

o

N,

o

N,

3 o

ask ek Ed £gel A gl B
Jue 459 A Adsme 44 e
A AT £ AAUTE A AL ol
8491 SHE Fasht

z 1—}7]};(

ol o

o
S tﬂ——“] A]

AN

Afds 53 9 9 pzTA
MEAQ F2EA # AFE
1S Hol gt pzTAIE Y Fa &4
AUZels =319 2209 740 agja %

A5} (dielectric breakdown)™el] €8k o= 4
gl a4 Ao 7)Ao
HAEHE Y2 £ A B ANHI o
AWk ol ARG Z7]o] Alme] EAS As)

o
o rsﬂ

2 e 8

53,

A717] W&ol 714 XAl Aow delA 9
o @M, A4 B vE2r5e 74

s, wAA T aal s FAd wet o
27 e s2Ede nladde A4y §

Ao oa FHE AR=H RATFE, AT 2
AArolel F2l, FrEE aga Afaida @

ARG AYATED N B 4AE BEA
2g olgelel MU HEPAS 2t BRI
A BEAE AE71e] ois) 4P Y2
oA wAs: 4R A WY AdE weld 3%
A Fe LA S st PZT FA, A5
%, Az F ¥F 4Bl MAE 9
2 Fetgit. of dvtel Al A A5

25719 & AAYSE 857
E Asta AeAdS okl A7HS dlellA
Hole] ZAswe 2 FsEs e ATTAEE
zrortt, =3 44 A4 158 stes e
Hag A As7lel ta 5FUER(AE)S ©]
&5 vay Frr HE Agete 53 g 33
I o WAYES ¥t AddAdE ks
vk7E 2l

2 AFolA = AgATNAN s sel 7HE
ot AT zk= 25 7] (actuator-2) <}
e Fo] HEARE BEAHA & A7

(actuator-1)5 tF o2 o529 #7|H IRl
3 &4 MAUES A5 Wskeh #aAof
Hrreeh, T3, T Z2A g Hgsgo}oq A=) 1
oM BAsE E UﬂﬂH vl k3 g 71y
=9 sl I E 4 H‘iﬂr o #ARs
E3te] Eelghh
2. & &

21 AN =E7| H =

Fig. 12 & Aol A ARES F 7HA P9
obd FEr] FRE VeI A g
Ao W= actuator-2= Al E# o]} ZHEA]
3 Ay ASTxY dFgoR Qs 7T AF
2 ZAERE Yt FErE s
Amel AFeAd wet 244 2 48 & A
FAUA 7L Gt Asdsel & FFS v
It} Actuator-29F Wlas] 2 o} actuator-1<

=

X o>J o

%FA“" upe Sl §le A9RHA PZTS ] B
T Tt Aele] RSN el A
= 9% dofatal PZTSoIA 9] J2Ets &

oA BAS] Aol AP A

HH FAE7l ALE fAAE dAARR e
AREE AL 9l PZT ¢lo]# (3203HD, CTS Co.),

HAE ErXF-oZA] T TPz (WSNIK-B,
SK Chemicals) 18]l H2 3 FE]Adfr-ol FA] 2

2271 (GEP108, SK Chemicals)Z A}ﬁo}mu}
BAY Af7dst BdAEE AMEg



858

3

Carbon-epoxy prepreg
(120 x 71 x 0.136 mm)

PZT Ceramic
(72 x 72 x 0.25 mm)

(a) Actuator-1

y Carbon-epoxy prepreg
(71 x 71 x 0.136 mm)

\_ PZT Ceramic

(72 x 72 x 0.25 mm)

Glass-epoxy prepreg
(120 x 92 x 0.07 mm)

(b) Actuator-2

Fig. 1 Configurations of piezoelectric actuators: (a)
actuator-1; (b) actuator-2. The poling
direction of the PZT is along the z-axis,
from the bottom to the top
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Table 1 Basic setting of the AE measurement
system

Model of AE sensor Micro30, PAC

Channel 2

Pre-amplifier gain 40 dB
Threshold level 45 dB
High filter < 600 kHz
Low filter > 40 kHz
Event lock out time 1 ms

Length of event 1 k (0.256 ms)

Mistras 2001
AE storage post-processor

Signal conditioner
& detector

Non-contact laser displacement
measurement machine

Osciloscope

Pre-amplifier AE sensor

Pre-amplifier

Polyurethane damper Rotating pin roller Slidind\pin roller

Preset zone (60 mm)

Fig. 2 Schematic of experimental set-up for an
electric cyclic fatigue test and in-situ

acoustic emission monitoring
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(d)

Fig. 4 Micrographs of actuator-1: (a) grains and boundaries on the surface of PZT ceramic with no electric
cyclic loading; (b) dominant transgranular fatigue damages loaded up to 10" cycles; (c) an intergranular
fatigue main crack propagated across the center of surface; (d) crack developed from the bottom
surface to the top surface of the PZT ceramic layer
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Fig. 5 Micrographs of actuator-2: (a) surface crack
on the PZT ceramic; (b) no fatigue damages
in PZT ceramic and fiber composite layers
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Fig. 6 Behavior of displacement and the AE count
rate with increasing the number of cycles
for actuator-1: (a) the entire cycling loading
and (b) the loading range between 2x
10%nd 10’cycles.
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Fig. 8 Behavior of displacement and the AE count
rate with increasing the number of cycles
for actuator-2: (a) the entire cycling loading
range and (b) the loading range between
6x10° and 10" cycles

v 3 15.8 % FrAsklTh

3.3 Actuator-22| ™M7|X L2HS

Fig. 82 PZTAI2}Y] ofef-Hl= A-F7st H3A)
2 H3FEol & actuator-29] 7|7 v 2 A]F
A3E Yetdith AAA w3 W9l 2 AE7 s
2 actuator-13} WLl s thE A YERS:
th A% 27] W9E 252 mmE SAHHoH
actuator-11.t} oFF =2 Frolth oA s 7l=
FRAFTFAA Ao eSS Heh=g®

T& T3 131 Hzi actuator-29] A ow =
48 FAFAGo o|zRE 9d HE|Y
25 ee T TIHTE 2AFOEA Ao &
4 Atk HE AEAZE 6.6x10° Ato] oA
A3t7]

A28 TR Actuator-10]  2.4x10° Alol Z
o] ;\]x_}g Aol wskd Z7] E&AA]

ALae & 7 Atk olF AE

S
2.6 , , 100
/& —e— displacement

2.4 e amplitude L g0
2 909490050

2.24 =
£ L 80 @
)
c ()
() e}
< Q.
2 &
o

6x10° 7x10° 8x10° ox10° 10’

Number of cycles (N)
Fig. 9 Behavior of displacement and the AE

actuator-2 between 6x10°

amplitude for
and 10’cycles

HAES A APFE AR 6.9x10° Abo]
A uZﬂ,d S7hetlem o AFeA S
W= 235mmz ZH5%7]9 W9 uY 6.8% 7
Akl ARl PZTAA AE HAES W
e #ge AA® gga B wbd (domain
switching)® el olef Z7}ete Aoz LA g
ot B AFolA AREE PZTE ©F #8.2 kViem
ol B wtdo] wHAEIER Fig. 8ol %7
AE TAFo] ZrlstE AL ZE7] UlHolA
Fig. 5(a)¢t &2 ol /HAlste] 1 &kl7] o
wolth o] AW Alo]E7HA] AERAES =
shlal w3 WY HAEE A4S wekg
ol Welel AERAES] AsS 7t
HAd APEE TAA A
o FAA A FGAY B2 ANE E4o] @
AstA] &2 Ao AZbEd. o] actuator-29]
A% pzTAIZNY olel-9l2 A48 BFgA 2
Z5lo] glo} pzTAlEte M FAYFE A
ak97] W elth,

Fig. 99ll5= Aol 2 S7tel whe AEXI %9
TE Ve Ao APE BAR ol
+ 45-53 dBO] AXF AlSTt FRE o] F3
A APFEo] vz H ol 6.9x10°% A Alo] E ol
4600 Wit g sre Aatel 43
T AUtk olY3 AES
of| x

Ean

fl
Horr © 2 Mo

oX,
o

Lo A o jo 2 jo

& o &



1579 =4 WAYE 863

1000 1000 1000

& 800 & 800 8
c c c
= =1 >
Q s) Q
© 600 O 600 o
w w w
<< <C <
2 o 2 2
s 5 K
S =] =]
g 20 b

£ i E £
o i S o o

0 00 o
-30 -20 -10 0 10 20 30

Length coordinate (mm)

@

Length coordinate (mm)

(b)

Length coordinate (mm)

©

Fig. 10 Location of the detected AE counts for actuator-1: (a) at 6.0x10° cycles; (b) at 7.2x10° cycles; (c) at
10"cycles
400 400 400
ﬁ 300 é 300 ‘2 300
g 200 # 200 # 200
% 100 % 100 g 100
£ ) g g
o [eliinsy Sy (8] (8]
ol it o | 0 o
-30 -20 -10 0 10 20 30 - R
Length coordinate (mm) Length coordinate (mm) Length coordinate (mm)
G (b) ©
Fig. 11 Location of the detected AE events for actuator-2: (a) at 7.0x10° cycles; (b) at 9.0x10° cycles; (c) at
10" cycles
2 o), actuator29] A¢ PZTEIA AU A2E AR kd FE7) AolwFo AYHYLS ¢
Aol AujA oA g & 4 Atk 107 AbelFelA F oAtk MEAY FEAHEA 10" Abe] S (Fig.
Z4E w3 WE 232 mmEA 2Ex7] W 10c)ell A= PZTZolM el W wdo]l YAE
of Bl 7.9 % 23kl om actuator-12] W9 7} g} Agstar AAle] WS ow FW Yol X
28 (15.8%)0l Hlal] W& o)tk Fig. 504 & Ak AEol7] wiitol #EAA A NA G
Ql H %ol ol PZTS oldllfl= M43t & o] ANz 7t HFHAS Wuk ofyet #E 3 A
FARE HEH 3= actuator-29] -5 PZTS 2 o]9)9 JAXE AEATEC] T FAH

oft o

=2
o

Aol md #dol F Wz AMsA o} %

S
Aol 7barF A7 4gd Holr)

o

34 X EH

Fig. 102 actuator-1° th3ale] 54 Alo]E A
oA 7153 99X xAe A¥E yeld 3lelth
x5 el -3000 4] +309] Aol AE AlA17} AlA
2 Atolo] mlE] MAHE fa AXNEA d9L, A
7715 FHE AE ARMYSE 247 e
6.0x10° A}o] Z(Fig. 10a)ol A58 #93d A=
of AxFA] BE AL & F Arh 7.2x10° A
o] Z(Fig. 10b)ell A= Tdo] AAdHE AN AE

Ao BEL OG FEdgon ARG 9

At

Fig. 11 actuator-20l thsle] 54 Alo]& w7
oA 71EgE A EAe] AdE ekl Zet
Actuator-17t= 2], AtolEo] F7hghel whet o
2 A A ol9e] 9ol B2 AENS S
o] FHE A&, o] Fig. 5(b)ol YERARC]
PZTZ oA A% o] HAHol e Al
e wjZEedd pzTE J®E AgskA %38l
uFolt}, ojo} e o]f=E, EE actuator-201 A
% PZTZoIA wde #F HIJAN, F4% AE

G E SHA AL actuator-10] BI3l FH3] S
S <& 5 U
AA .



864 85

4. 24 =

B oATAE ATl e gRaEsel
gl 474 Wz &4 MAUES &%
WEYI RPN Be) ndsn 4714 v%
Eaol AE71e Aol of® e mAEA
tgste] et ge AEe Ao

O ANA A2 A5l oo By G &
B9 4L PZTEAA QU A zrE A4
o ApolFo] Frhgel met o FzEA]
A5 5 w3 AAANA o] FFHo| W=
Fdol WA Aol T w2 AE)
o W9l Fa ABE A%HAY FAHow
asts Aol ohnt o8 AA wdol 4
©ogorlut wAoR WAt os ge
Avpe B Al 28 9 AEA7 39 A
52 a7 WEold,

() A48t 534 FoAe= A7|A g2
st = Qlledl ol EAUE
= pzTAHE o] wHl&] AIE

A A4 wol |
foa AEAe) 79 A7t BEARe] &4
2 z2d% AER 24 &%7] wFolr)

o A7 AL Bs o 2
o W=EAe] B A77F ek

Ho
fn)

)

2 e dAmeEleAY sHdTAe A
Abel (A S KRF-2006-005-J03302)¢] 3%
2 FPH0en ol BAA oA FAE
Ytk

o
|

ot

P

Ao
ok

(1) Heo, S., Wiguna, T., Goo, N.S. and Park, H.C.,

2007, "Mechanical Design, Fabrication and Test
of a Biomimetic Fish Robot Using LIPCA as an
Artificial Muscle,” Trans. of the KSME(A), Vol.
31, No. 1, pp. 36~42.

(2) Akella, P., Chen, X., Cheng, W., Hughes, D.
and Wen, J.T., 1994, "Modelling and Control of
Smart  Structures with Bonded Piezoelectric
Sensors and Actuators,” Smart Materials and
Structures, Vol. 3, pp. 344~353.

(3) Yoon, KJ., Park, K.H., Lee, S.K.,, Goo, N.S.
and Park, H.C., 2004, "Analytical Design Model
for a Piezo-Composite Unimorph Actuator and Its
Verification Using Lightweight Piezo-Composite
Curved  Actuators,” Smart Materials and
Structures, Vol. 13, pp. 459~467.

(4) Teymoori, M. and Ebrahim, A., 2005, "Design
and Simulation of a Novel Electrostatic Peristaltic
Micromachined Pump  for Drug  Delivery
Applications,” Sensors and Actuators A, Vol. 117,
pp. 222~229.

(5) Uchino, K., 1998, "Piezoelectric Ultrasonic
Motors:Overview," Smart Materials and
Structures, Vol. 7, pp. 273~285.

(6) Wood, R.J., Steltz, E. and Fearing, R.S., 2005,
"Optimal Energy Density Piezoelectric Bending
Actuators,"” Sensors and Actuators A, Vol. 119,
pp. 476~488.

(7) Chung, S.W., Hwang, I.S. and Kim, S.J., 20086,
"Large-Scale Actuating Performance Analysis of a
Composite Curved Piezoelectric Actuator,” Smart
Materials and Structures, Vol.15, pp, 213~220

(8) Mulling, J., Usher, T., Dessent, B., Palmer, J.,
Franzon, P., Grant, E. and Kingon, A., 2001,
"Load Characterization of High Displacement
Piezoelectric ~ Actuators  with  Various End
Conditions," Sensors and Actuators A, Vol. 94,
pp. 19~24.

(9) Robels, U., Schneider-Stormann, L., and Arlt,
G., 1995, "Dielectric Aging and Its Temperature
Dependence in Ferroelectric Ceramics,"”
Ferroelectrics, Vol. 168, pp. 301~311.

(10) Pan, M.J., Park, S.E., Park, C.W., Markowski,
K.A., Yoshikawa, S. and Randall, C.A., 1996,
"Superoxidation and Electrochemical Reactions
during Switching in  Pb(Zr2Ti)O3 Ceramics,"
Journal of the American Ceramic Society, Vol.
79, pp. 2971~2974.

(11) Atsushi, F. and Kenji, U., 1993, "Dynamic
Observation of Crack Propagation in Piezoelectric
Multilayer Actuators,” Journal of the American
Ceramic Society, Vol. 76, pp . 1615~1617.



EREIEEL S e

(12) Chen, X., Kingon, A.l, Al-Shareef, H. and
Bellur, K.R., 1994, “Electrical Transport and
Dielectric Breakdown in Pb(Zr,Ti)Os Thin Films,"
Ferroelectrics, Vol. 151, pp. 133~138.

(13) Gamstedt, E.K. and Sjogren, B.A., 1999,
"Micromechanisms in Tension-Compression
Fatigue of Composite Laminates Containing
Transverse  Plies,” Composites Science and
Technology, Vol. 59, pp. 167~178.

(14) Dzenis, Y.A., 2003, "Cycled-based Analysis of
Damage and Failure in Advanced Composites Under
Fatigue: 1.Experimental Observation of Damage
Development Within Loading Cycles," International
Journal of Fatigue, Vol. 25, pp. 499~510.

(15) Woo, S.C. and Goo, N.S., 2006, "Analysis of
a Plate-type Piezoelectric Composite Unimorph
Actuator Considering Thermal Residual
Deformation,” Trans. of the KSME(A), Vol. 30,
No. 4, pp. 409~419.

(16) Woo, S.C. and Goo, N.S., 2007, "Prediction of
Actuating  Displacement in a  Piezoelectric
Composite Actuator with a Thin Sandwiched PZT
Plate by a Finite Element Simulation,” Journal of
Mechanical Science and Technology, Vol. 21, No.
3, pp. 455~464.

(17) Woo, S.C. and Goo, N.S., 2006, "Influence of
Applied Electric Fields and Drive Frequencies on
The Actuating Displacement of a Plate-type
Piezoelectric Composite Actuator,"” Trans. of the
KSME(A), Vol. 30, No. 5, pp. 576~584.

(18) Woo, S.C. and Goo, N.S., 2007, "Non-destructive
Evaluation of Damage Modes in Bending
Piezoelectric Composite Actuators Based on the
Waveform and Frequency Analysis," Trans. of the
KSME(A), Vol. 31, No. 4, pp. 409~419.

(19) Woo, S.C. and Goo, N.S., 2007, "ldentification
of Failure Mechanisms in a Smart Composite
Actuator with a Thin Sandwiched PZT Plate
Based on Waveform and Primary Frequency

1579 =4 WAYE 865

Analysis,"” Smart Materials and Structures, Vol.
16, pp. 1460~1470.

(20) Woo, S.C., Park, K.H. and Goo, N.S., 2007,
"Influences of Dome Height and Stored Elastic
Energy on the Actuating Performance of a
Plate-Type Piezoelectric Composite  Actuator,"”
Sensors and Actuators A, Vol. 137, pp. 110~119.

(21) Naik, N.K., Sekher, Y. and Meduri, S., 2000,
"Damage in Woven-Fabric Composites Subjected
to Low-Velocity Impact,” Composites Science and
Technology, Vol. 60, pp. 731~744.

(22) Chung, H.T., Shin, B.C., and Kim, H.G,,
1989, "Grain-Size Dependence of Electrically
Induced Microcracking in Ferroelectric Ceramics,"
Journal of the American Ceramic Society, Vol.
72, pp. 271~277.

(23) Jiang, Q.Y., Cross, L.E., 1993, "Effects of
Porosity on Electrics Fatigue Behavior in PLZT
and PZT Ferroelectric Ceramics," Journal of
Materials Science, Vol. 28, pp. 4536~4543.

(24) Fang, D. and Liu, B., 2004, "Fatigue Crack
Growth in Ferroelectric Ceramics Driven by
Alternating  Electric  Fields,” Journal of the
American Ceramic Society, Vol. 87, 840~846.

(25) Choi, D.G. and Choi, S.K., 1997, "Dynamic
Behaviour of Domains During Poling by Acoustic
Emission Measurements in La-Modified PbTiO;
Ferroelectric Ceramics,” Journal of Materials
Science, Vol. 32, pp. 421~425.

(26) Prabakar, K. and Rao, S.P.M., 2006, "Study of
Domain Depinning during Repeated Polarization
Reversal in Hard PZT Ceramics Using Acoustic
Emission,” Journal of Physics D, Vol. 39, pp.
2433~2437.

(27) Mohamad, 1.J., Mangion, L.Z., Lambson, E.F.
and Saunders, G.A., 1982, "Acoustic Emission
from Domain Wall Motion in Ferroelectric Lead
Germanate," Journal of Physics and Chemistry of
Solids, Vol. 43, pp. 749~759.



