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UNAALDMHIDINGY

This work studies bipolar electrical fatigue behavior of lead magnesium niobate titanate (PMNT)
ferroelectric ceramics for actuator applications. The PMNT ceramics were prepared by using conventional
mixed-oxide and sintered at 1240 °C for 2 hrs. Ceramics with > 98 % relative density and ~ 3 |[lm were
obtained. Fatigue behavior of ceramics was measured under an application of A.C. electric field with an
amplitude 2 times of the ceramic’s coercive field. The frequency of the applied electric field was also varied
as 5, 10, 50 and 100 Hz. The fatigue behavior was determined from the change of microstructures,
polarization-electric field hysteresis loops and strain-electric field curves measured at different cycle
numbers up to 10° cycles by using a scanning electron microscope (SEM), ferroelectric measurement system
and a strain in conjunction with a high voltage supplier, respectively. The damage of the surfaces underneath
the electrode layers was observed in all fatigued samples. The thickness of the damaged layers decreased
with increasing fatigue frequency. Moreover, remanent polarization and maximum strain tended to decrease
with increasing cycle number. The degradation of properties due to fatigue of the ceramics decreased with
an increase in frequency. The observed fatigue behavior of the ceramics was explained based on domain

pinning and electric field screening effects.
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curamic avaemn will b cosspared 10 Phebsged aml Ph-froe Trnehtrs
s [21-24].

2. Experinsenial proosdure

Pl b e ThowaDs (FRINT) powiders wire propacad by
ming Fh, Mg, Nhyly and TiD; pewdin e procarssrs. MgNhyl,
pormdeid wiene Eratly svallibnl and thei i with jisde e
amousts of P sl TiDy powders. The mined posdis, wins ealiisd
al B50°C for 2k PMNT powders weoe minad with 004 ol Zei
pomdens and then estwialy pred lobe pellids ande - 55 MFPa
promine. The pellets weee sinbensd &b 1240 for 2h. The Zalk
Elifiin] FENT corasas wilh an awrage relative density of 96N wine
Ol oobiliimad. AN ovrassds Samplis wene ool sl polislunl wisg 1200
i SR puapet o & Ramphe dimension of 1.5 « 25 ¢ 30 mm". The 3.5 =
L0 me’ serfaee of cach sample wis polishal using 5.0, 10 &nd
D05 pes abeseien powdirs, seduentially, e & mimee-Ee suffaoe. All
b plishind samplis wire ssseanl 0 005 for 5 b Ly oo any
rizadiiad Sires da 1o e polbsg proces. Elecivods wis painled s
thi 3.5 = 1.5 mm” serfiecss wsing & coloidsd sibver pete (DT1402,
Herwn, USAL The silver-paistal samplis wene carnl & 630°C for
15 i b dissmposs e ofgis: selvenl and incoeee: (e Ioading
arength bofween e decteode and U sassple suffess. Elcsical
Ealiggu lisls wide purioemnd &l fnageesecies of 5, 10, 50 asd 100 He.
For sl Eathgos Lisl, 4 samphe wis submetged = slicon of and
il inlo & e connecled by a high vollege sspelics (20420 C,
Trek, U5A) & bipoler sinisosbal chectzic Gkl with ssplinale & 2 e
ool i exswrev el (inguivalent to 4 14 KV 'em) wish apgdied senis e
eheetrndinl surfases of the sasspde Tor up o 10F cvels. AR eeh Datigie
Erogquency, polarimtbso-chetrie Gold [PE) carves al diffment cnde
b (W) wisi sisasidkind af Bs cveling fneguendy by @ Sawyvir-Tower
il For ech PoE biop, rimnesl polakeiben (F,) and awocie Seld
(ED valoes wene eslrechinl. [ anber Ly dilirssioe (e Dbt of
diimais pinning [revessible] and Seld sernening (Eaceemibie ) ol on
i Ealgue Budarvior of each fnequency eeramic, P-E loops af diffecent
shabies; (1) B Dutijpae best, (TT) i D0® eyl famigue test, (1IT) after
Fisisg dassgiid serlisob wsad (TV) after snncaliong et 500 0 for 2 h,
wihe pienrded. 1= onls o dderming e Goigee digradetios of

i, peroist strain-chetsie Geld RS- carvie
al dEferent N up e 10° eyelis were nocondid by @ strain sersor (2X-
TOEOIT, OMRON, Japes]) in cospesction wilh e high volbge
spplier. For all the Galigae i, B MFrrode-E Gl wene missund
al & feojicney of 20 s=HE dis bo e Essmathon of lhi ddnses. Thi %
B which was dw EBfersner btwern e sudmum asel e
Eistsvamn MStrain, of cech MStrode-E corve was delirssised The
plemoelerivic eonstant {di) wis delirmsisend by e shope of & displace-
il €irve al bivd Bkl e sl wis nol dwn beee). 1o e
case of an asvmmetre bop, di was avessged fom buth the postie
amd megatier slopes 6 bero Geld. Mesmiructores of Chi oleeoe-like
st Dt Ui sariple o iech lebquency weoe olserind v & scanaing
eherizon [SEM, J5M-£335F, JECH., Jagan). Monsowee, e
sarfeor dasmge in & sample Gatigoed s 50 He, Le. chasge of thicksess
= thir diannagind Layse, wis also Dnveigatial

3. Resalis aned discussisn

B.I. Micriatructures of dectrically fatiguad Zellmodifed PANT
v ramics

BEM imighiss o he sssemuslruchires of the mssrrar-like serface of
Ui sasmspdics elicarically fatiguend ol different frequencies for LI ey
are shows in Fig. | Microstraeural of U ot imssied] by
wheetricad Dafigue were observed in all the samples. The checrved

suacs dasssgis e ool witk e il in e provios sudy
15 ] 0 s il Bl 1 Bl bt il Hatigue: bl min: prosasuncnd effee
on the desage of the surfeoes perpendiculic b B Erattion of the
appliod clectric Gold. This i comsstent with 4 peevious observnd resull
i Rl [35] Bosbler the dessge of the suffes undimeil the
alicrode, Tatigue indoead ks in e bolk region of the mirmor-like
surfsce wite observed for b ssseles Tatigued af 5 asd 10 He, s
dbwirwm in Fig. 2. The enlarged vires of craclks in both the sassples (5
asad 10 He), as slasiam B Fig. 2(a) and (b, indcabed as inkegranules
Teactune modi. 1t wisk also ohservied that the number asd site of ctads
in & zample Btigued o & e fregqeeney wene grialer than e al
higher Srequeney. Thickness of dimsged lever ased s of cwdls,
reprassnbed by Ly and Lo, spectively, of ceramics wene fund o be
with Eripaueney. Ly valuis of U samplis gl
a5, 13, 50 and 100 He wise egqual e 165 & 7, VX1 & 5,98 & 4 and
&6 & 9 um, respietively, Lo vabas of the sesspdes Biligond at 5 and
10 He were about 45 & 2 and 19 & | pm, respectively. Wi Boliive (sl
the initielios ahd of craclis e the eaise of
degradaln in fermodiatrie asd plepsdetre propasths of the T
ividEfed] PMINT cvramics. This will be deacssed in the fsel sl

32 Ferroefintris/pivandvctric properties of e My ffigmed
Enil-smnlifid PLNT ceramics

Polarfratsn-cleeis: Sl (P-E) curvis al d8Serenl N ol frequencio
of 5, 10, 50 ased L0 He weme msssend T oliess the sase Torro-
elitirie msponse as Digee s, the ojueney of the P-E leop
ieREEnl was e i as the Datige: Snegqeency. Ferrackotnic
oDy puramelies, Le nomnanl polarisatien (P ssd eoereive Geld
(E), msasined ol diferent N were norsslised 1o thoks fosseral
before filfgos tisl Plots of normalesd P, and norssalizel E s a
Tunctisn of N ane shiwn in Fog 3a) and (b), repectively. At N < 107
evelies, sormnalinnd Fooand E, of sl samples 35 st clange with the
evide number. However, the sormalned F, tedial b0 decotce with
furthir increse of N up to 10° oveles. The normaliced E, sl
with increasing N ep o 10" cveles and thes decreied with Turther
i neaisg of NV up o 0 oo, Howevr, for samples Tatigund o 5 and
10 He, the socmalizid E, did sol decocs Sastber whis ¥ o 4 o 10*
evelis. Ak obmervind in peivioss works, U dloetrieal Titigue degradalben
weis attributad By el scrocsisg cissed by serfece dameges and
demsain pinning |7,26,27], which will B deserilsed in the el puarts.

lo sider to delonnine cosas of e T dagadaions of th
curusies, P-F boops &l ESSerenl states; (1) & the Baginning of alkgue
tisst, (IT) aler Taligee estisg for 10F oyddis, [O0) efer emoving th
damaged bivess and [TV) efler anneslisg @ S00°C for ITh, weoe
isiacmarindl. The fisull & shown in Fig. 4 For all Tegquencis sissplis,
thi: P-E loogs: moscasnind st snabe 11 wien: saoee mesisicied, &1 which the F,
vl s weite much bowier Than e messuned sl stabe 1. A8 Swace 01, P~
E loops of samplis feligued ab 50 and 100 He wene csmpldely
revnvirind afles R L dessrged lavers. Howevis, PoE bops of
aassglic Lantgual ul 5 dind 00 Hz disd nod pisver cosspletely using U
s Dechriegies. A1 State [V alter (e hermal annealing, the F-E bop of
i samagde Caligued st 10 He wis completely netivsind whiks thal of the
sassple (atiguind ar 5 He wis osly partly coowensd. The incossple
petwviring of the P-E bop of the smple faSgual ab 5 He was dee b

Tatigse induon] crmels. Although the sample faigoed at 10 He had
eracis, svistheles, U cracks wese hasser and smaller. Hener, the P-E

Joosps of the 10 He sarple wen biss dificull 1o be nooverid by ke
removad and thermal

Mosaswer, i oeder b delermine & relitonship betwien the
Aamaged Lyer and the change of Gerroeloctrs propemies, o sanbes
depimdinces of an avesige dessged layers” thickness, P, and E, of the
samsple Gatigued at 50 He were observed, as shows i Fig. 5. 00 N < 10%
eyidics, an Eseased thickesss of damagiad kv resuted in a decnse
in P, and an ineresse in E. AN b eyikes, the Chickeess of
amgind Liyer cmdy s neased very slighty. A1 this ovek numiber sasge,
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P enitiniid by deesias while E, slarad d
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Fatigie: indusad degradation ovede numbie of leposlodtsic propes-
lﬁ.hiqﬁt“ﬂdﬂu&pﬂaﬁurﬂﬂ-ﬂlﬂ? i
.u.nmm, v ditesninsd and g in T ). Degradatin cycle

with ing, Toequency. This implied aster

.ﬂ..:hu of faliges degradalions in sesples fuigual W@ lower
wmwﬂmpmﬁnﬂhlﬂ'ﬂﬂddhbﬂ
T Tk ail Che begimsming, of the Lesls wise delersisd
u-'.lg_l.'.u- Tabile 1. The magnitude of thi: digradatios of izl
proprtics lissbed to dieree will incresisg frequency. 1 indieated
That e sty of Saligue degralalion o e noelielric propertas in D

s 1 wigh i F— .

i, wilkh B N

Lo

L] L

53, Hleetric field-i
PMNT baf snmplis

S srruin of ehoctricaly farigead Selmodifed

Strads verios eheetrs Sl (5 E) buberlly-bops of samples Gigueed
al 5, 10, 50 and 100 Hz were seasurad o Jdifiest N cyeles up s 10°
ek, i alown in Fig. 6. For all feequencis smphes, tain S-E hoojs
Gatiguend Tor 10° ovcles were ssvmmetrie, ilusirating incomplete
dumnais swilckisg, For cack fraquency samph, & total siein (RS
s ol d by a J btwinen smiimim (S, ) and
mesesvan (NS ) srains. Moreover, H: valoe wici diterminial by &
slope @l Bero vollige in a displestmest versss voltage curve [The sl
B ot shown Benel A o8 vabee measuned befiooe fatigue was equal e
P70 pum. V. For sl fopusey sample, NS and df velses
measurid afier 10° evclis were compared s Base seasurnd o e
Bugginming of thi teet. Plots of chisgus in M8 and d7 o6 o funetisn of
fregpueney ans shown in Fig. Tal. As fooquency incremed, the chungys
NS and df, decresed.
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Pereenbages of changes in P, and E; afier 10* cyveles of samplis
Taligesd ar L0 H: were comparnd b lid-haed and ligd-fr Tiro-
elistrics as dlisw i Talie 2. The cdangis i lemodictrie propertiis of
Enlemedifind PMNT ceramics wose groaler i (ose of La-dopod
Pl s Myalidy (PEN] coramics [9). The change in P, of the
cormmi wis nol sgnificestly different from thal of OETSPBMg,,
b W0 EISFRTRO, (METSPMNALIISPT) ceramic [15), bul the
chasge in E, wis much bowes. Moreover, & Tatige: asderanes of the
cimamie in our work were groealer than et of commesdal PET
commmis [26) On e otber Bund, osmparisg 1o bead-Tee malorids,
i, OUOZSBICE, o Ti a0 AT Bl g K g TR0V 575 B, ey My g Ti
(Z5EMTHOEKT-575BNT) [24) SeTilg-ssdifiiod B Mg o TiDy-
BaTilly, [ST-mexlSfal  EBENT-BT)  [279] apd  Cadlr(k-ssedifio
T et iy s Ty o MWl w0y (s -mmpenliind] KNN) (30, Tl
il FANT oerasics showed & greater ssgsiude of the chisges in
fisrolectri: propertin. This indicatod et the Tatiges endurance of
EnOemusliliod FMNT oifasecs wis bwer uan thet of Red-fres
afaleials,

24, Decussiin

Diusisg an application of creling lictrie Aol sosw domain wals
il ot move Sallivwing a chasge of the Gekds direction. This might be
anrbued o & hindesing of shsuseopi: defets within grais: which
reduce the mobility of domeis walls [31], cumisg the formatisn of
inlmssl sinises. Serfee damagges could be aniginated o tess painls
whin shnss Etensilis moachod Be mechasssal Tractune loughnes
(K] o thee sssalvsiads [32,35]. Is ihe cicee of low eyeling Irequencies,
desmsing experienon] & bager lime undes local chostric febl in & sisgle
evele, which promotad doessain wall movessenis. As o resull, groaer
#lrizs inlessilies wete produsnd, cabaneing d o sarfacs damugiz
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Fig. 2. SEA imagen of micrer-like o ez

10™ eyclem u {a} 5 smad (b B0 . Blectric Bald

ST

barik

observed in ampisa ftiguad ot 5 and 10 1 s shoswn b fr) anad (d), reapestively. Crak widih @ demated s Lo

1t wis confirred ey the higher value of F, of the P-E biops sl al
i Eriogpauenecis, which wies indicalive of greater dossin will ne-
it i allvirws b Fig. TUb)L For samples Tatfigued 6 5 and 10 Ha, due
b thie Barge honcul sivisiiars withs igh intensitiis weee producsd, i
Esabhicad cracks wise perdlusnl i o s,

Fross Fig. 4, the Tatiges ohirved i the saspds fatignad i 50 and
L0 Hz wiss maisly anteibised 5o fhe serlie damages [t Eveversbde
prooess), sitee thedr PoE beops weoe shie 1o recover aflor rossovisg (he
damaged layers. The movery of PoE bops by messoval of s ged
hyirs was inenmplele e the sespls Gisgued at 5 and 10 He. This

{a)

m
=B @ T Hz s
i

wh
=
1

0
—m— 4P 3 Sz
—a— P
T-s—tP @5 Hz —=— P @ S HE nﬁ 1
—s— P @ 0 HE —o— P @ 120 H '$

&
S

Marmalissd remnant paladzalion

5
i
1
&

-

indicatinl et the degradation of Sernocdentric propemics dui 1o the
faliges: a1 5 asal 10 Ha wiss alen atisibulid b e dessain pissisg ool
{the Frvessibile prodss). Undis elictri: Gebd al lew eyelsg roquency,
charged defints such as oovgen vecascies could move bo local inber-
fuces, i domsin wall, and oharociel domeiss Tross swisching,
resulting s the degradation of herodetrs: peoperties [24]. When
thorssally anmabed, thi P-E luog of the sample Saisgued ai 10 He was
enmplhetedy nscoveril, Hoswerer, i P-E koop of th sarnple Taigud &
5 He oaly improved slightly after 1he sasspli: was thermally ssealinl
This could be causid by the: prisence of the kirge sl crads Semel

‘E —E—sE, @OH —o—E @M
E L —s—+E, @ I0Hz —o— E @ 0H

T —a—E, MMz —i— Eg 30 Hr
E | ——+E, @103 Kz —o— E, 1M Hz

" w 1ot ' ' 1;;“ 11|;r' 1|;|‘ 1’ 1|;|‘
Cyche sumbar [Cyeka) Cyh numbar [Eyekia)
Wig. 1. Plaia af {1} and srchva ] sa s of 1ha wacmpdes under bipalar - of

14 Ve ot Prouancion of 5, B0, 50 and 300 11,
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Fig. 4. AL in wat, (1T 5t L ool (e Levers smed [TV aferr snsasling s 500 "C for 2 b of e asmpliae faiguesd
at fu] 5, ) b fe] S0 anad ) 10KD PR
R i L el Tabla 1
- 24 | 1] taigna al ariguer wziog kar DY ovclea
- +as w1 P s of TnO-mediied FHNT ok
= |
2§ :au . Freguanoy N ofrehes] % chonge b % changs
13 =‘| 4 ixy dae P i
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HE! Y 5 W00 %L 3
L LTo = 1 L1500 - 20
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'ic.H; 100 08 -33 I
&0 mi|l =
m g ﬁ!EDE Nowr N repressatn tha cpcle pepber @ which the nomralioed Prdeosss
5 ; EI.“ E,. of the materials
4 = s shows in Fig. 5, al N o 10 epeles, the dreg of P, witk decreasing
W A2 “hR E; was aitrlubed io e forssation of dessaged lavers that had b
L w - i L Tesroskectracity and dileriric properties, Le & bew F,, a high E, sl a
wele b Jerw dichortric consast (350 N shoshl be noted thet af this range of
Fig. & Flow of dSouged Lever thickrasa, aad el = 5

feramion of oydde oamber of TrC-medilad FHUNT ek nigead a1 500

B (ke fuligoe. From shove discusios, greabs micstrectural da-
Egs, L the demage of the electrodil surfices and the latiges
Emaluipind ek, wimir susaslted] wsaler hwer cvelisg Trequéncy, conlsi-
Butisg b the larger ion of Serroderric and presodicte
prupertiis, Le. ihe decroase i P M asd 48 and the b b

evelis numiber T serovsed elictrie Tidd Tros Seld scrsening eflid was
still bigher than the E, of the el ths prosclisg & cosplite
dessiin switching. A1 N » 10" cycles, alibough the thickness of the
Aamgend liver anky inereied slEghtly, it was believed thatl misnscsadic
etrudll e o] by Brtigpsns il sl Lismge vl numbsers, Thaerefone, a1 N
= 107 svekes, thiapplind field ws senomned by bt e damaged ke
asd the micreracks. This cassed the decrease in the amplitude of the
el aetig oo that sl gt liyer. Thee Sl ampitude coald b b
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Mesminser, e Evpmmplite switching of e domaiss gl resultid in e
biwiriad inlisection sl betwen the dossing. Sulsoently, B

mruanerial roeieal a lower espEtude of the Gild wsed Tor switching ils
dessiin, resulling in the decrvass i E, of the seramic.

1t wiss poogosiad by Lo that the Tators inllusnesd on the Gaigue
behaviors of Rrroclerisie forasis Sbebc () Ope of chodode
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Percam charges o ; und fhldl of Taiemed Fid FUINT cramicn comiparsd witd (3ees f bad-bosd 2 Bad-ired (Rl e ol wadasd o thel

Esraram.
Ml ansarkal veling freguency, Sald’ Cryeli mismiberrs & change In P, S chaings b L, Rifs.
Eal-madiiad FMNT 10 Ha, 1, o - + This wark.
1% La~foped. PAENE - 1 -1 ] Il
LTSN T 10 1, e o -T2 +E2 5]
frag 10 M, 1, 5am* - s [= 1)
ZHMT-HET-5TSENT 10 Ha, 33K, 1 -1 -2 24
ST-meadified INT-HT 10 Ha, HE, 1 -1 - =9
Clr-maalifind KM% =0 M, HE, o -4 4 1

° Tad massrerr Hean Lald s o manpes of te ey S

mune of material, (W) oryvetal micosinectony Ealalisg cosspasition,
grain size wsd pociity, (V) doping wilk siber dermenls, (vi) procissing
exsindilhong s i Talbsicalion of malersl and (VB8] denntion of property
EEsursnenl 6 noped b flgue cyding dinsdion [26]. From e
csmparison in Table I, dSferen) fusgue Boluaviee of ZeOumoiiied
FMNT cerassis and the FIT oerasss: coubd b caisid By iheir
diffierenot in crystl structes. The PET cramic his & wiragonal phics
(K350, Piew Technobegies, Indiasapols, N, USA] while the Znl-
snlifiiad PRINT ceramic has & combinatssn of ssaoclinie and lfra-
ol phices [20]. For FAN-Besed materiak, o greater Giliges digra-
dition coubll B cassid by thi higher degree of This wid
sapportid by e observed resull investigatnd By Jissg o al., whene e
Eatsgoe digradalisns of materials witk a chossbolind el syt wine
il lowet Than those of ssliish with wessgonal o eethorhombie
sy rie (9] The enselbent Wrgue enduranc: of ked-lne o
exsiiled b it o & b comenilEalios of inlFinsie defests aich as eation
and anks vacandes [13] an Beresse in ergoedicity and & lack of
Esaliicind petriggonalivy durisg Gatigue cychis [ 17]. From the axnpasison,
Ui Tatigans Pismistasei of e oD -ssodifled FMNT ceramic wis sighily
greater Thas et of & soft FET ceramic, bul pooter thas that of s
B - piicnoslictrie ceramics. Thirefsee, for the spplications sech o
aclustors and FRAM, the Tatiges csdurasss of ToD-selifind PMNT
s by B Turther Espeovid, whtah segquinnd Tumber investigalaon.

4. Canclasions

Elestrical luliges teels on Zoll modiied Tl
crarmies &l Mnagueseses of 5, 10, 50 and 100 He wese stidiad. Sorfece
dimages welerseatl e clectndes werr obsrvmnl in all samples, whie
eheetrical Tatigue indeced crachs in the bulk weee saly chasryved in e
sarnplis Taliguiind ut 5 sl 10 He Thrheims of the dessagind bivess and
sire of the el dinwvasnl wilk Eercasing Ieqeency. Faligee
ing el aieses Bs sarnplies ab hewer froquencies wens inflistnd Goner than
thonar at Bigher frguisches. The clsnges of P, E, MStrain and d5
dincreasind with incseasing froguesey. Leeal Tatigue inducsd simss by
Ul appliad clectric Gelds wes minbood wilk e inereas = Poguossy.
Thi conleibolad 1o e besesing digree of Baliges Bbicnd surfac
g asml, consquently, s digrclatsas of properie. Faligs
Budrviors of the samples ot bew il b esied By boah
riversibke (dossin ey effint) s irnevemsible (s dmage)
procesees. A Bgh Irequency, e Eeeversbde prosess had moee
proodesend] offecl on e GiSgue Beluaviss, The fligoe endusanss of
Tl modilied FMNT corass: wis dlightly greator thas et of & FZT
ceramie bul poseer than that of monothie PMN and leed-fe plene-
eheetric errassi Therdloes, Turtler deviloprenl is sondind os B
cryatal strostuee and Shvesincen: of Tele-modified FMNT in onder
B ek i o actesior sl FERAM applicatioes
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