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Abstract

Project Code : MRG6180255

Project Title : Mechanical and ferroelectric properties and performance of
embedded lead-free piezoelectric ceramic/cement/PVDF composites

sensor for Structural Health Monitoring in concrete structure

Investigator : Assistant Professor Dr. Rattiyakorn Rianyoi

E-mail Address : r.rianyoi@gmail.com

Project Period : 2 years (May 1, 2018 to May 1, 2020)

This research project investigated mechanical, ferroelectric properties and
performance of embedded lead-free piezoelectric ceramic/cement/PVDF composites
sensor with 0-3 connectivity for Structural Health Monitoring in concrete structure.
Firstly, lead-free piezoelectric ceramic material, 0.94Bi, sNa, 5TiO3-0.06BaTiO; (BNT-BT)
was fabricated. Secondly, BNT-BT ceramic particles have been incorporated into
Portland cement (PC) with ceramic particles content of 30-60 vol.% to form 0-3
connectivity pattern BNT-BT/PC composite. In addition, BNT-BT ceramic, and PC
composites of 0-3 connectivity were produced using 50% BNT-BT by volume content.
Portland cement was replaced by polyvinylidene fluoride (PVDF) at 1, 3, 5, and 7% by
volume. The compressive strength, ferroelectric properties as well as electrical signal
response of the composites were investigated. The compressive strength was found in
the region of 28.19-35.30 MPa for these BNT-BT/PC composites is close to that of
concrete. Moreover, Portland cement was replaced by polyvinylidene fluoride (PVDF) in

composites show good connectivity by filling the pores at the interface region between
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the piezoelectric ceramic phase and the cement phase. The compressive strength of
these composites was found to be enhanced more clearly when the content of PVDF is
more than 3 vol.%. In addition, lead-free piezoelectric ceramic/cement/PVDF composites
with 0-3 connectivity show typical ferroelectric hysteresis loops at room temperature.
The instantaneous remnant polarization (P,) at and applied external electrical field of 6
kV/cm, was found to increase as BNT-BT ceramic content increases, and that the
highest value for P, of 22.36 pnC/cm? was obtained for a BNT-BT content of 60 vol.%.
Furthermore, the use of PVDF results in a lower P, value but a reduction in the lossy
appearance of P-E loops is observed. For the electrical signal response of the lead-free
BNT-BT/PC composites under frequency of 60 Hz were studies. The lead-free BNT-
BT/PC composites exhibits good sensing response characteristics. Moreover, for the
effect of PVDF on the electrical signal response of embedded BNT-BT/PC/PVDF in
mortar under impact (200 g was released vertically at a height of 20 cm) increases
significantly with an increase in PVDF content, however, background noise also

increases with an increase in PVDF.

Keywords: Lead-free piezoelectric ceramics; Cement composites; Mechanical property;

Ferroelectric property; Structural Health Monitoring



Confidential/ tanansuUnia vuinsuwinanldiuauga

ﬁﬁﬁﬁEﬂTﬂ‘idﬂ’l‘i (Executive Summary)

AMINAWINAIWIaEN1In o839 LazNITITlATINITRTI9AawNTA L1 la IR
' A & & e v = o a ' X
d199 ludsnalnowudnduitwiwenn uwdeg1slsiaulassainsnauniaa1eg mandh
819 1A TUANMULFNBITRINIMIITNNlE a9nuTzuuaTIIEaulaTIase (structural health

L. A & A o @ A A @ A [ a
monitoring) fatdudsdindunazaunsaltlunmsdiludanulasany iatlasnumsiia

Aa o

v v ] L= Qs & { ] v, H -5 PN
ANMUAULRAITDILATIFT O NALNAY  TINIUILNHIWIN LA AN IAN WAL LRI A
™ n{ a >3 a a A& a nid o [ = 6 6 6
maa'sa@;wamwamwma@;Lﬂﬁsmn"l,waimal,aﬂmﬂmmﬂ'sLﬂugml,m:gumuumﬂamLLau@

d'l ) YV & s’ni £ U a & = 1
Lwammﬂs:qﬂ@ﬂ"ﬁLﬂumumaiw%mmaaﬂQNfsmamm’amma FINMTANBINLIN

>

Taguanidaudanmedulndladiinninfd uazdrnnudunaudifeusaaifies (acoustic

. A v a o a A & o [ o o [ ' °
impedance) ddlndidssrivawasnaunianiduizglasaitonan Mldiminzuinmainly

ﬂi:qﬂ@ﬂﬁﬂuimaaﬁ”nam@wﬁmmmﬁmﬁﬁﬁLflm%umaﬂﬁ'ammaau‘[mmﬁ”ﬁaﬁfmai'm

D
>

riufiriule udedslananulusznivnuiunmindadsninindledidnninidazin
4:{ a & - = v a A Y a
Wuguwezillosznpvesesnloduasasnafiednu Snaliiianannedefiwiagen uazd
anuduisdasmouyedld dsiumilfisndngSasaemisfiunonsdayedblu

s s A a o a a a a v o = 6 6 6
maaIrguaniniannIagEniniwaledilinninlimmemuazudiuuddasauaud

AR LAULN aﬁﬂﬂﬂszqn@ﬂ‘f (1 ulwerasN T NI TRaU AT NANNIA1D3Y

1 =3 ) al A & =Y > a al A« a v Q/I
a9 lInauRNLG lwa lBLannInvag) 59) ey An lwdlodiannIn 1sr1Iaznauas

Undunalasauanea lWaunsniguyinnuaua lwa ladiann3na GRPLL Lryan bwd e

U
'
a A

= a < o a & & ¢ & LN ay . a & a a
Lﬂﬂ‘ﬂiﬂ“ﬂ&l@l:ﬂ’sLﬂug’luLLa‘;iq_JlWﬁmu@ﬂa‘i(ﬂLLau@ GﬁGﬁNUWVLWQIGﬁaLaﬂW'iﬂ"Ua@LWﬂLsﬁ‘S’]Nﬂ

o

a A« a > [ > Qs d'd 1 wa a A & a
waladiannin wazanunuluizguandudadod aninadaauta Iwdlodiannin
209TRQHEN HANINAINTUTBINFUNINFVITINUAUITINTUITRINIWRE I Ta LR YRS
Lwamswﬁmmuﬂaeﬁmuﬁﬂa%LLamﬂui'a@;NﬁmEl'cm'aslﬁl,ﬁ@m‘s%"maaﬂszLLaVLWﬁﬁzwm

N32UIKNIIHD2 (poling) maafi’aqwaw"lﬁ Talinadannusansnluniniivasizgnas

A @ A v v

. =S ] o n:i a ;3/ a n:i
(degree of poling) 3sldilinddnans g wimsuidymnifedulasmadunanana

A A Q a

luimquan wadhiladdungealsd (PVDF) iuirguikfigniwududuinafianulu

U

&

Taquanrndnindladiinninfifaznnduguuaziudinndlasauaunduaznoding

-7-



Confidential/ tanansuUnia vuinsuwinanldiuauga

\dunadhiiaddungealsd (PVDF) atluluiaguansunindivdysdszantninvasns

U

[
o £

. 1 a 6 A 6 ] 1 = a A

11193 (poling) LLa:a@mmmwgumﬂluwainsﬁmaameu@ ueagslsna g ldd

NMIANBIFNUALTING 817 AR ”@maﬁa@]‘Naumww\Imm’]ﬁﬂvl,wﬁimﬁl,ﬁnﬂ%ﬂvﬁms
< a & & & A ¢ A wa o @ | A A o

azm-Judluuddaiauand-wadiwas suduauas wadranialunisnarsmisinly

Uszgndldnu nuldiesud@nil@idnnin uaznmineuauas uazanwhivasdyyim

Lﬁamvlﬂﬂi:qﬂm“l,%am

Aa v dq'd weR wa A wa Aa a %
Twnwidpdisldfnmandfidinauazand@nslsdilinnin uazanssnuzasiag
NRNL TN WA LB LA NNIn I3 R1TaN/B LN we/PVDF ém%’uUszqﬂ@ﬁlfﬁlﬂué’amaﬁﬁu
=i o a v o a [ A A A& a o
amwwgﬂﬂ“ﬂuimmmﬂauﬂm vlmmmsmmma@;NammmﬂvlwaiﬁﬁaLaﬂmﬂvlﬁms
AZM/BLNUG/PVDF I3z UUMIIASEIGILLY 0-3 laiSuannsintndniladiannin

$an3az1a 0.94Biy sNay s TiO;-0.06BaTiO; (BNBT) Aaumwalwuuaiasniin BNT-BT Jen

~ 300-600 luasan INHURILATALTIIAN BNT-BT (V419 ~ 300-600 luasan) bu

a1 30%, 40%, 50% WAz 60% laslSuias waun"’uguﬁmm‘fﬂa?mmmi‘aavlﬂlu’i'a@

a a

q
NRY §IWIUNIIANINA09USu e PVDF azlgltUSunmuagiasniin BNT-BT adnn

&a

50% lasiSunas wawﬁugu%muﬁﬂas’muau@‘nﬁmmmuﬁ PVDF 0%, 1%, 3%, 5%

a 1 Gq: o a J v 4 g a A
LT 7% lagdSunay @amﬂuuuﬂﬂamugﬂmm@ﬁaaa@ laavadn TuuinNunwlansna

L [ 1 £ 1 i g v
N WVINIINTZUDN mmmaumug{uﬁﬂmaﬂi:mm 10 mm LLa:amugﬂlﬂ

v

%umuﬁmmgaﬂs:mm 20 mm LLﬁaﬁ'}%mm"Lﬂauﬁqm%Qﬁ 170 °C uarinlunasay
NAFALANINRIDA F1RTuANBIaNL AW ITaLAaNNINVastrsin waladannsnlsany
< A & v A @ AaA = [ A @
AN TLNWGA/PVDF 132 UUN139a13 8960 uY 0-3 AIBMIATLNIRQHANLRADUNTINT
WINTUIW MNagaUAIRNRIDa LL@immmaa%mﬁmzﬁmm@Lé’fumuguﬁﬂmaﬂi:mm 15

mm mwgaﬂi:mm 1.5 mm

o

FMIUNIINITIAR U N HNNIA LRIV FANFULTINAN I LB Lann3In 13513

v v q

AZNVTLNWG/PVDF 13 ULnN119a1589a0UL 0-3 ﬁﬁmim%'ﬂm”a@gwaulﬁﬁmm@Lé?uﬁhu

guﬁnmoﬂs:mm 15 mm awgILszunm 1.5 mm LAIVNITRTNTIN I RG2811Y

v { =Y Qs 1 > =Y Ag
TwadoauwuIWwY 1.5 kv/mm ﬁqm%gu 80 °C 1181 45 N LaIAANFNLIZAND

a A

Iwgladidnnin (ds) NnuwiadyyimmIneuauasvadirguanlasiadyyimildan

v



Confidential/ tanansuUnia vuinsuwinanldiuauga

o

msﬁa%mmi’a@;Nawuum%aaé'ua:l,ﬁauﬁmmﬁ 60 Hz wazyinnsIasuuIenIs

2]

6 v

o a X o (2 3’ v ' a &
aauauaIavirgHaNiiaiuannIguinnin 200 g ddesadlduufiafunuvasing
@T’mﬁﬁai’a@;Nammwﬁﬂ‘lwSISﬁﬁLﬁﬂw‘%n"L%awsmﬁ‘s/%mmT/PVDF $#1997NHY 1 cm N

ﬂ’l']&li;gd 20 cm

o ¥ @ a

HANNINARBIAITIAIATEIIEG NRNLTINUN TN LB LannIn ITa e N/ DL we/

'
] > a

Q Qo U o &J 4 QI = a
PVDF I%EZUUﬂ']T'ﬂ@L%EIGGI']LLUU 0-3 WuIAIIasaaLN NI adn TN uUI U bl d

o @ @

Qo QI £§’ U g { a 1
ﬂm"l,ﬂslma@gwau nMInaluzadatataathataazitasnnaninalsin BNT-BT {60

o o

o 1 1 o e e Q 1 AI &/ a
[ARER @]E;(\‘]ﬁ\‘i 210 MPa LLE\IZ‘W‘]J’]'Wﬂ’lﬂ’]adE]@]"IJa\‘]’Jﬁ@lNﬁNﬁﬂ’]LWN”B%@]’]&J‘LI?N']W)?JQ\‘]

a A A a

PVDF LLazﬁ@hgmE;mL@Jauﬂ’mmuﬂgu%mm?ﬂa%@LLau@T@Tw PVDF 5% lagd5u1e35

A P o A ' ' a &
91992 1aIN1NNVNITNIZAINLAIVDIWR PVDF ‘nmﬂumsqmamwms1uLWa6ﬁLuu@1

1 1 =) U 1 QJ &, 1 o Q Qs Q
LRZIENINIT0UA 0NN RBLUBALAZLTINTN be 19N D ININT LazAINAIaAYDIIEE
waugfialnsidaanulassasisnouniaiugiunldiiasantlszanm 22.2-41.2 MPa
fuTuRNUALWIIIBLAANIAWLI el NS NUS NN IeeETAN BNT-BT ELm"'a@;NamﬁImﬁﬂ
a A & a (2 o =\ 6 % = % [

IwaladiannInl3z13asna BNT-BT/FLune MIzUun1I9aL389a2Luy 0-3 lmaqwau

71 30% lasySunas 1du 60% lawdSunas vinlwen Instantaneous remnant polarization

né/ I ) s 4 nl a
P, §39431Nn 14.77 UC/em? 1ilu 22.36 UC/em” anuday LiladinnaiiudTunn, PVDF
slui'mgwammwﬁﬂvl,wSIGﬁSL&nﬂ%ﬂVL%’msmn”ﬁ BNT-BT/TLUUG Iz ULNITINI LI UL
° @ a Ad & @ ' a o a A A
0-3 Ml uFaINaSTaIANAILAZHI NLANANAIVDININTINITE 21992189970
guN ANl Ldvzuugs lwpawanazvinlwlatundaniwnsiwan lsoruwluianig

WUINUNINNA

C% >

HaNAINHEINLIN mmsnfi'@ammwmmﬂﬂﬂﬂﬁmni‘aqNamsni']ﬁﬂ"l,w 8loa

v o

BAANIN13R1I92AY BNT-BT/FLUe M3z UUNIT9aIS89621UL 0-3 tlafaundauuaIasg

t%

Gdl { { 1 o a &/ 4 ] a
suazifiaunaud 60 Hz uadsdsygrasuniwiadn ihasananylisuusniusiim

v QU

] 1 a 6 a [ o o A a n:? ° 2
saudasznhanadunduazinsaniinluisguan dwivdayawiifiaiuannsingu
g‘ b 1 a n‘y 6 v 6 v A o a al A Aa [
1w 200 g Ysdesaslduufrfunuuaididuidsiaquananinindladiinninls
. . - - Cae o X
130zN/BUG/PVDF %19310A7 1 cm NIAwg9 20 em wuhdsyyrsmuniuiadn

! o A v ea . & & A ' .
deudrsunifiasinlunaidrifanullsuysafvesiufistesdesznivaymavesny

waztWadiuudagunn asnurildnisderiunasnudona lidudgprondslddn bl

-9-



Confidential/ tanansuUnia vuinsuwinanldiuauga
LA @T&ﬁfumﬂﬂ’ﬁmaaa’i’a@lwawLém']ﬁﬂvl,wSIsﬁSLﬁﬂﬂ%ﬂ"lﬁ”mm:ﬁa/s?jmu@T/PVDF T

e a a P A a o A o o . o A
XUUNITIALILIAILLL 0-3 Tu@l'ﬂ“%&lLLu')IuNVlﬁ]Zﬁ’]N’]?ﬂW@Nu’]ﬂﬂUﬂ’]W@]avLﬂvL@]Lwa

ﬁ'}"l,ﬂﬂs:ﬂqﬂ@“l,%lﬂmﬂum“"sm’m‘i’uamwﬁgﬂ dalulaseainsnannsa

-10 -



Confidential/ lanansunia Wswsuwidauldivaygia

HADWITWIRY

1. NawazaNNEIA YT

luTtumavaninaluladnisdeaine uaznsldlasimaaiisneunialuau

v o ¥ . . e
1985196199 LN U T W T WIIWIBUIN LTH AW FLWI% DIATT FDTUNEIA A9
meludsznelng udadslsianulassasisnauniaangg wa1healasuanuiianis
2rIMITul e ndasuans g 13w ABFITNTE ®30NNNANNANVAANANA
NNNITBBNULLVBITIABFI [1-3] AIBUITVUATIVFAUIATIFIY (structural health

. . =) I nl o I ni a 1 o d'l L a

monitoring) Aatdudsdindunazaunsalilunmsdiludanudasany iNatlasnunmsiia

ANNANLARIVBILATIRTIID LA UNAY [1-11] AIWN TN W ILRZI AN VLT UL TN LT

lumsamaseulassassmuanasidslasuanusuladuagnounn [12-23]

=)

mmﬂu‘i'«ﬁ'mmum"l,@i”ﬁmsﬁﬂmﬁmﬁ'uawﬂ'ﬁmaﬁaqwauﬁwﬁmﬂm‘va@;Lqmﬁﬂ

A A& A Aa < = & & ¢ A o o &
Indlodidnninndaznduguuazyufuuduefausudinaviandszendliduamaain
L% U a ﬁ = ] [ n‘fd o % a a
ltamazaulasdaieaIuanasy mmnmiﬂﬂmwmnaqwawummmmamﬂwaiﬁna
= a Aa ) o A o A L. A o A o
WWANINNG LazANANNA N9 TITauILREY (acoustic impedance) AAlnatAusnuan
ma\‘maun%‘mﬁtﬂm"’aqimaa%mé’n 1 mm:u,rimiﬁnvlﬂﬁs:qnmﬂ‘*ﬁt&‘fluimaa%ﬁmamﬁ

¥

o v A o = & A v & ' A o " =
swsahwihnidwdugesinearseulasssinuagrmuiinule [12-23] udagnelsh
aulusznivnszniumniadaguaninlnaladiinninndaznndugvazdlominoves

& < a X A4 v a A % a & a1
sanlwsvasasnaiadn Finelwifenanizdefwiasey wazianuduivdosianme

v o & Y a (% < R A o @ ' N s a
ause el [24-26] danunsltianiing asaziidadununsdayedeblunsnamiag

A a a a a a & a (% ) = 6 6 () y oA
nanfnAaINIFqErndnindlodidnninSaaziusuduudiaiauaudriialnaiie

ﬁn"l,ﬂﬂs:zqm@ﬂﬁﬂuwnuwnai’ﬁlﬂummnaaauimoa‘?ﬁamuL’Jmﬁl‘%a

A ' A va Av AN v o =< A o [N o A a a
daliwminildfawisefldvns@nsufvinusut@vasizganinindled
wnninlmIazmuazyuuddasauaud [27-40] laslEiaguniiniwalodidnninlians
o< P a . a . =
@zi 819 LUSBN INInue (BaTiOs) wutSulwaslatua [ntue (BaZryesTinesOs) HULSEN
= . a Cd a
LWARLTONLTASLALUA MNINLUG (BagesCag 15Tio o2l 105) kazdaNalatdanlniniua

. . < ¥ s ' o ' wa o
(BiosNagsTiO3) LA [27-34] TIIMNNANIINANDINUININFINIIDUIVUGIFNUAVDIING
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wauLsniwﬁﬂvlwﬁisnﬁLﬁﬂw%ﬂ"lﬁ”mimﬁ";LLazgw’ﬁmmTﬂa%mLLau@‘iﬁﬁauﬂ”ﬁ"LwSIGﬁSLﬁﬂ'ﬂ%ﬂﬁ
= 1 v =1 =) v v A L v a v 1 o
ALAZAINNATWNIWLF LTI TanlnatA sInu latigTsvasnannIalwinuizunnisinly
ﬂi:qﬂ@ﬂ%\imlﬂwmmai‘ﬁlﬂumim’maaﬂmqﬁwmunmﬁa Le L9 N eNU RN A

a Aa & a [ a a Aa & a (% [ a 6 6 1
VLwaIGﬁaLaﬂwsﬂmaoaa@;LmswuﬂvlwaIsﬁaLaﬂmﬂ"l,ia'ﬁmmLLa:gumuumﬂaimLamﬂlw

a . @ wn a A& a @ a a A& A Ao < =

sansnifisuiviiuaud@ iwaledidnninvasiaqueniinindlodidnninndazindugm
uwaztudinudiaiauaud [13, 17, 27, 30, 35] Taawii@ walaBianninvaanairinng

A& a [ P v o, o AaA ' an a A& a o
la8idnnin uazanunuluizguaududivddyninadesudd ndladiinninasiag
WaW [13, 17, 27, 30, 35] waNMAIWNTUIBIWFNNINTVITINUAUAZTWIUTZAI WA UK
o6 amauwammﬁmmuwa%mmfﬂai{mmuﬂﬁlui’a@;wawﬂ'ariﬂﬁﬁwmﬁwaa

J o u?: . s v & = 1

ATTUR A TERIN9NTZUIUMIYINYI (poling) maaaaqwaw"l,@ FaduadanusIu1Inleng

v
£ v A

184 IRqHaN (degree of poling) [13, 17, 27, 30, 35] Lilaldwnanitlafiinidonans g
1 o U { a ; a { e a = a
riuinsuddywinifedulasnadunanauluiaquan [36-46] wadlailadd
6 IS a A A o a [ A [ a a A & a
waeald (PVDF) Wwiagnitefignianidadwnanauluizguananiinndlodiinnin
nflaznudupuuazsluduuddeiousuduaznuinuduned hitaddungeslsd (PVDF)
aﬂﬂlu‘i’aqNawmminﬂfuﬂ;aﬂiz?m%mwmadmiﬁwﬁ (poling) LLa:a@@hmmw;umﬂu
a € a 6 ' ' & £% A =S wva A a o @ a
WN3NTUITINUG [36-46] uaatinglsnanugslidnsdnmaut@iFing af efinadonvas
o A A A & a o o a & & & A ¢ 2
Taguavauiasaninndladidnninliaaem-yudundlaiauaud-welwad suilu

[ 1

@A o = a o ¥ A a a
mm@mmuamwmlumiwﬁmmﬂu’lvl,ﬂﬂizqﬂ@“lmm i’llleﬂﬁdﬁ&lU@LWﬂiaLﬁﬂ‘ﬂﬁﬂ bR

2

o A4 o o
minauauad wazanuhussdygadai lddszgndlgom

[ qq// Aa v gd d' = A A wn A& a
A9 INWITDRIIRU AN AN B FUTALEINALAZFNL LN LIBLENNSN LaTRUTIONS
VDITHQHAY AN W a lodiannsnlSavasn/T 1 une/PVDF ﬁﬂ%%’ﬂﬂizﬂqﬂ@‘lﬁﬂu@‘i’a

o a @ a
§3399U aﬂﬂ‘W‘ﬂQﬂ BTGI%I@N FINADUNIA
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Q

2. Joqilszasa

2.1 Lﬁaw”@umLLazﬁﬂmawﬁﬁL%aﬂaua:auﬂ'@ﬂﬂs&ﬁﬂﬂ?ﬂmaai’aqwammwﬁﬂ

Twaladiannsn I3z 30 n/aa1ke/PVDF

2.2 INBANMIFENIIOUSLTY NITADUFWAI LAzAIN ) maﬁa@;waméﬁﬁﬁn"l,wﬁ
Toaanninlfansazn2/diuwea/PVDF ém%’uﬂszqnﬂﬁﬂué’qm’sm‘i’uamwﬁgﬂﬁﬂu

Tas9r319nannIa

4 a a w =Y a = =) d
2.3 INANRANAIIWITUANUWIWINTFITITINITIZALWIWITIA TIUNAIUNII
Jonsiuasasniduneeansy wazd impact factor a1n1sanlUsnedanaldtiia

ﬂsﬂmﬁ@iaﬁfﬂ’iﬁ‘i’ml,a:pjﬁauslaﬁnmeia"l,ﬂvl,@i”

a ac A A [y
3. NN B UASITWIVLNLNIVDY

Y a a A& a
3.1 Jaquaaynanindladiannin-Yndiundlasauane

1
v a >

VRANFNULTTIAN I SImSLﬁﬂﬂ%ﬂ-gu%muﬁﬂ AsAUAUG NANIMAnNAazn

(]
Q?: v L é/ ] £ 4 s o v Qs
dugrunuldgnwamauadrindarnaielslunswawiuazi ludszgndlsiduen
) A @ a A Y A a & A @
@]ijﬁ]'ﬂuaﬂ’]‘wwgﬂﬁﬂluiﬂﬁﬁai']ﬁﬂauﬂi@ [1-4] Luadﬁnﬂaﬁ@lNaﬂﬂﬁiz@ﬁﬂmuwﬂaqwl,m’]

>

wlanulassaFinaunia tlesanddrainudiuniuwuesfsiidatan (acoustic

[
% o o

impedance) InaLAsdnuAaUNIA (R9.0X10° kg/m?-s [12]) Bnnsdsdauddtadiannin

laa o

wae ndlaBlann3nnadnans [12, 17, 47, 48]

Tud a.a. 2002 Z. Li wazame [12] "L@i”ﬁﬁmsﬁﬂmfaqwauﬁﬁmiﬁ?@ﬁ'mﬁumu
0-3 vLWSI‘ﬁSLﬁﬂVI%ﬂLLR:H%‘%LN%@T TauANEIAIUUIOVDINILAALTDS LALUA NN LaN Ud D
1 U a % ] [ a 6 1 a ] r a ng a
AN UNIWLTITDW mauﬂizaWﬁﬂmﬂWﬂﬂLmna LazAaNlIzANTANULATLA
a A & a > ' a A& a > = 6 d' =1 [N
vlwaIGHaLaﬂmﬂmaa’aa@;Namzmw‘lwaIsnaLaﬂmﬂﬂugumwu@ F9lun13AN RN A
o d? Y % tﬂl ] a a A & a A = 6 6
ma\na@;Luaa@mmuamlumﬁm 3.1 WuTnaAnIwaladlannsn wIaTLune LA

= a ' @ o a A @ L. v a
oz ladsualAdanumumuiiesdetan (acoustic impedance) lalnaiAes
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Rt U v = a U =) nﬂl g v Qs v 1 dl a
nudraNudunmisudifousasnauniaduduizglasiaiiananld udiliaNansm
a a 1 a a Aa & a s a 6 6 6
luiBangu] Trausuzniieninindladiinninduyudiuudilasauaudaunsn
ﬂ%’uLwioqmawﬂ'ﬁiﬁﬁmmmﬁmmmﬁmL%a%aulﬂﬁLﬁﬂoﬁ'uaauﬂ%@"l@i” Taawan Yo

NENMIA (3.1)
Ze=pVe = (pc Ec )% (3.1)

e Zc fia AANuduNMFsITITantalaqHan O AafANNAMILIUYIIFONFY
Ve ABAMITURBITITanUIENTY LAz £, Ao uaqasuaianwianguaading

4 . o 9 -
NRY sﬁaﬂ’m’nwmuuumaa’m@;Naummmmvlmmnaumiﬁ (3.2)

Pc =V1P1 TV (3.2)

| U a a = 6 o o
lag v, uaz W, Wusesazlagtsnnasuadnaianin waztWaBiund aus1ay was yol

waz 0, ludranunuudinss s InuasWaTund wananid1NoaaraIFNIN

Bangurasizguan (£) aansan ldanaunisn (3.3)

E _ 1
" (W/E)+(/E) (3.3)

A A Y A ' a = & o @
¥\1} E1 LR E2 ﬂaﬂ’]mﬂ@‘]aﬁmaﬂﬁﬂqwﬂ(ﬂ%ﬂqu"ﬂaﬂLWﬁLGﬁjr]NﬂLLaszasﬁLNu@ ANNNIAD

@
o £

nikgimuIamdenuTIisgiousasizguan ldanauniim (3.4)

£ %
_ C
Ve =| —
Pec (3.4)
WaRsandayaluami 3.1 dranudumuisaditausesizguanszning
Lsnﬁﬁﬂ"l,wﬁimﬁl,ﬁﬂw%ﬂﬁ'ugu%mm?ﬂa§<ﬂLLauﬁmmsnﬂ'ﬁ‘uLL@iﬂﬁﬁ@hlﬂ@TLﬁmﬁ'u
= ¥ n:i dl 3 1 a = 1 a a
ADWNIA L6 aauaslugn 3.1 mmngﬂa:mmﬂmmmwgaaqwamzmﬂol,sn‘smﬂ"l,wa
Isn&ﬁﬂﬂ’%ﬂﬁ'ugw?j'l,umi‘ﬂaf@LLau@Tﬁﬁﬂ?‘mmmadagmﬂLeﬁsﬁﬁﬂﬁ ~40%-50% lag

Suas Lﬂumaﬁﬁ@hmmﬁmmmﬁmL%osﬁaulﬂﬁLﬁﬁaﬂ°uaauﬂ%@mﬂﬁq@

-14 -



Confidential/ lanansunia Wswsuwidauldivaygia

@13191 3.1 aUAG gUITAN PZT Y1 Tluud uaznaunia [12]

PZT Cement Concrete
Ceramic Paste
Piezoelectric strain factor,10 12 CIN 513 - -
Dielectric constant 3643 56 -
Electromechanical coupling Coefficient, % 67 - -
Density, 10° kg/m® 7.5 ~2.0 ~2.4
Acoustic velocity, 10° m/s 2.83 ~2.64 ~3.73
Acoustic impedance, 10° kg/m2 S 21.2 ~5.3 ~9.0

30

257

kg/mzs)

B

Acoustic Impedance (10

0 20 40 60 80
Volumetric percentage of ceramic particles phase (%)

3111 3.1 ﬂ'ﬁmmﬁmmmﬁmL%d%aumaﬁa@;Nammﬁﬁﬂvl,wSieﬁﬁtﬁﬂﬂ%ﬂﬁugu%mu@?
UasauandNnun1I9a1389621uy 0-3 aunusasazlaglSuiasuadWaisnan

[12]

1 @.@. 2007 C. Xin wazams [17] te¥imIdnsauta iwdlodiannsn ladiann

30 waztWslsBldnniny 89IRANANLTINAN 0.08Pb(Li1sNbs4)05.0.47PbTi0;0.45PbZrO;
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& a

(PLN)ZT Audalwagiiiuadiandninisia

%

JU9AQLLY 0-3 TIIMNHANITNARBINDLIN

A a A& a v Aa a A &/ dl A 1A a o
ﬁ&l‘].l@leWﬂI‘ﬁaLfﬂﬂ‘ﬂiﬂ LLGZ:&&HJ@]VL@]E]LaﬂY]‘SﬂNﬂ’EEG?J% LNQNU?NWMLT?’]&JﬂI%']ﬁ@]‘Nﬁ&J

A X o {
PWHUINDY @]GLLN@GI%Eﬂﬁ 3.2 uaz 3.3

LI +
—é— Amibamm modsl
o —*— [Dbemode]
st —"— Epperimerta Irails
!
= |
=T 11 f} %
m
3 ,"J (
A
A& ,,*’Jl
UL
_t*“"ir”’:
0 ._nﬁi::f:—"'_ﬁ—‘ . .
1 15 20 435 @1 75 50
I T wobame fractioed

u

WRY [17]

Adl o o & ' 1 A a a a a a o
51 3.2 ﬂi’W\lLLﬁ@]\‘iﬂ’J’]ﬁJa&lW%‘ﬁﬁzﬁ’)’]\‘lﬂ’]ﬂ(‘l‘ﬂvLWE]IGIiE]Lﬂﬂ‘ﬂiﬂ LLE‘]Z‘LI?SJ’]RLL‘HT]&IT]SL%’)&@J

10
40 F
120 L

106 rl
20T

e TRED

Lielectrc conctart

11

- — = SN

40 F

—r JIE D

20

ST

0

(%0

o 10 om0 0

5 f00 Vo
B bHz

B0 SO0 1007 11000 10

311 3.3 dasnladidnnInvesizguanuazfuudnanuiengg [17]
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uanani C. Xin uazams [17] delddnsaud@nsladidnninvasizguani
wuiﬁ'a@;wamLLamauﬂﬁLﬁﬂw%ﬂﬁogﬂﬁ 34 uaswuIldIuammvadiaIndn
. . Aa A . wn P—— a A A
0.08Pb(Li1sNbs3,)045.0.47PbTi050.45PbZr0; idnTwadaantawslsdiannin lasilad
a a na' n&’ 1 Y o o . .
USunasvadirndniAndnaina la lwan LSt tuadiae (remanent polarization, P,) Way

y o Sy 4 2 -
g lWi1AIAng (coercive field, £,) WNA% LadnsiinUSuasasndnann 50% 1w

a o o o A & 1 :
75% lapd3unas vilwenlwan lsiotuasiwdetfinduain 0.42 1w 1.85 PC/em?® uazen

¥

v lal &/ $ =Y Qs 1 =)

g IAae i aduan 3.31 1w 4.50 kv/mm TangdnssuasnaziniInaduele
AEANS 2 J32n13A8 11h8991NL AN 08Pb(LiyuNby,)040.47PbTi040.45PbZr0; {
a Aa & a d'l = a' a a ™ J =S a a
U aLNsIIBLIaNNIA maumnwmﬂimmmﬁmlmaqwaumnmmummaumL‘V\Iﬂsa

= P & a P A o A & a a o
WWNNINTALIUIINDY araanlsznInine maumnwmumaaﬂimmmimﬂlma@l
o v a{ o 1 a n' J £ =3 1 v
Nam:ml%amﬂ%lﬁmvlﬂm:m@aagmﬂmaummﬂ‘[mmaqumﬂmummamwa&l%

v 1 QI ‘&’ L= U {
amuﬂwmmaﬁmwagwuaam@"l@mgﬂﬁ 3.4

Pri{uC fe
)
5] f 2 o
J h oo
=
P C4am’)
o
N\

=y
L
o
=
&

:
-10 -8 -ffgfl -2 3‘./40810 o -8 c',(; 2 2 ’rt'- 8 10
; 05 '/ Ecﬂﬂf!mn) // B Anm |

/ 1 /y

() 65 Vol3%P(LINET (d) 75 Vol P(LMZT

311 3.4 2uSaineifavasizguanuuy 0-3 lwnfn (PILN)ZT Audalwagiiuadiund
(@) 50 Vol% (P(LN)ZT (b) 55 Vol% (P(LN)ZT (c) 65 Vol% (P(LN)ZT uaz (d) 75
Vol% (P(LN)ZT [17]
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' A &

1 @.¢1. 2007 A. Chaipanich uazame [47] la¥inn1sAnw1aNtd ladiann3n uaz
wgladiannInvesinguaniaaisaslauwalniniuea (PZT)Judiuud Niin133aduadn
wuy 0-3 lagltUSunmavas PZT 1 40%, 50% uaz 60% lasdSaunas lasdnufiednina

1 A A a al A a o A 1 1 dl Aa
w83 PZT @aawum"l@al,aﬂmﬂ LL@Z:VLWQIGﬁBLaﬂﬂ‘Jﬂﬂlad’Jﬁ@]‘Nﬁ&l ‘]JGW]J'J’]@’]@GV]VL@I?JL&TW]

a @ A & | ' 4 4 a a o { o
N (&) mama@;Namuwmuammmﬁauﬁaﬁﬂ’mwuﬂimm PZT ¢33Uf 3.5 wasann

NIRITWINBHIUNITAN TN o WA T 130 a9a L TALTYR LT w181 45 w7 uazld

q Q
sl 2 kv/imm wasniuinmsiadasninaladidnninvesinquan (Laaiaagy

=

{ v & 1 1 { =) =) = = > QI &/ 4
713.5) Han1INanaIuaadlRiAuINA AN INEloBIENNIN (ds) VasTRQRANLANTUTB

MAWNIRVBIUINILTIAN PZT (d33 VONIFQNIRNNUUINNID PZT 40% = 22 pC/N Uz

@ ]
s 1 =)

da; VaITRANANNTTINM 60% = 42 pC/N) MslAT ldINMIMAnaIRIUaIn1TeN 3.2

315 e 50
280 - L 45
245 -40 &
W
o)
o 210 L35 9
[j*]
0
175 L30 =
140 - L o5
105 T T T T T T T T 20
40 45 50 55 60
PZT(%)

51U 3.5 AN LABLANNIN (&) WaT dss VBIIRQWEN PZT-OPC [47]
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@1391 3.2 nvagdanddladildnninuaz indladiinninvasizguan PZT-OPC [47]

Mix PZT, % & tand da, PCIN
PZT40 40 139 0.95 22
PZT50 50 176 0.79 26
PZT60 60 290 0.75 42

<

watng lsAeuaan lwd lodiannInnadaznaduwswisruisznavvadianaan

o9

'l (lead oxide) iananInszinpuaziladuaangfuindounsuanizniienIzuIums

~a & I o vV a = 1 ﬁl v v
wuaaloil uaznizuaunifuine’ sudusingrnlfifauaiudoduiadenld [24-25]

2

= a v A [ o a a a & a L3 o = I P
UL%@J‘HGW‘H’J%UL‘H El’)ﬂ‘lJﬂ’]i%’WLGITT]&lﬂVLW SIGﬁBLﬂﬂﬂiﬂ‘liﬁ’]iﬁzﬂ’J NWY]@]LL‘Y]%'%GLIJWW&%T%

o_)f

ﬁa:ﬁnwﬂuﬁ%gﬁu [24-25]

¥ a a a & a o '3 6 I3
3.2 JaquaanAnlndladidnninliaazni-Undandlasauand

d'l 1 nq( v hed g a a A« a v 0/'
Lwavlumumu%wmswwmmqwaumen"lwaI%aLaﬂwsﬂ"Liaﬁi@zﬂa-
Hwﬁmm‘i’ﬂa%mmuﬁ Tuvzuundniaaseseauuy 0-3 lagldiondnlndladianninly
[ a a . . A .
81392A2 019 wuLSoN NG (barium titanate; BT) LULSouLaslaLua Miniua (barium
zirconate titanate; BZT) W & ¢ BaggsCag15TipeZrf0 103 (BCTZO) N @ LN %Ly 314 N
Aa A & a { < 2 & o o
walodidnninnfiaznindugiu [27-31, 33, 49-51] Tan1sdugdinquanluizguanlu
Aﬂld > = > = uq: n:? d' 1 =
FruuNdnIdateadauuy 0-3 IunauraIn1suuIUNite [52-53] UAzANHANIIAN®)
Y PN a A & A o o A & & & Aa
worizquaniendnindladidnninlfasazi-yudinudlasanand Tuszuuniinng
e a o ~ en A A& A Aa v a XY o =
AALSHIAUY 0-3 FaNUAINEloBIanNINNALazaNITTINW e NUlATIRIIIABUNTS

(MIVLNAINIANNTDULAZANANNA UM IR B TITaUInaAsInU laTeaiInaunIa)

[27-31, 33, 49-51]
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lud @.@. 2011 uaz 2016 R. Rianyoi Lazame [27, 49] la¥inn1sanuaN e lad
=3 a A& a a A& Aa o A 6 6
Wnnin slaBidnnin uazlwdlodidnninvesiaguanuuiionlniniua-Uasauaud

a & A o a @ ! wal] a & a aY A & A o a
PLUWH NNITIALILIAILUY 0-3 W]J'J']ﬁllu@]vl@]aLﬂﬂﬂiﬂLLavaWﬂIsﬁaLaﬂﬂiﬂTaﬂqa@lNaNN

'
a A

1 na' n&/ a a N é’ ‘:SI v I [} = R o a a a
ANV ROV IN LTI AN NN ND U T3 LL%']I%&IL‘U%L‘E%L@] gInNu ﬁ@lNﬁ&lLGﬁi’]&lﬂvLW BIGIJEI

Wnninidaznndugiu-Tiund [12, 47, 48] douaadluzuf 3.6 uaza13197 3.3 udiag

Aa &

a & & & A o a a A A a a
NaNLLULiU&JVLV]LYILu@-ﬂQ'S(ﬂLLau@‘ﬁLﬂJu@ NNIFAALIYINAILUY 0-3 Nﬂ’]ﬂ\ﬁ"ﬂvlwaisﬁal,aﬂ'ﬂiﬂ

A o oA A o o A A a & A _da < a & A 1a
NANINLUBLNE Y U?a@NaNLsﬁﬁqﬁJﬂvLWﬂIsﬁaLaﬂﬂiﬂﬂN@mﬂfJLﬂugqu-sﬁL&lu@] nuIuw

9
a 1 R d‘y Ai A A a = o @ ¥
LOUNENINY %E]ﬂ’inﬂ%l,llE]@Jl]i&l']mﬂ]adL‘Iii’]llﬂLL‘]JLiEJNvLY]L‘Y]Lu@]EL%’] ﬁ@!NﬁﬂJ UGKGNE‘II‘H

@ an A & Aa { & & o {
’JEW;Na&lﬁﬁ&m@]L‘V\lﬂiaLﬂﬂ‘ﬂiﬂﬁ‘ﬁ@]L’%%ﬂlu@dLLﬁ@]ﬂquﬂﬁ 3.7

500

400
3004
—
w ] /
200

100

10 20 30 40 50 60 70 80 90 100
BT concentration (Vol%)

a

317 3.6 BnSwavastSunouaninuuSeyininuadadinsnlediinnin (&) ferud 1

kHz 28918qNa% BT-PC [27]

a13191 3.3 aNUAIaIITNEN BT-PC [27]

BT (vol%) Pod tan® P, at 20 kV/cm E at 20 kV/cm 33,
(1kHz) (1 kHz) (LClem?) (kV/cm) pC/N
30 [27] 190 1.13 2.59 16.52 -
40 [49] 236 0.84 4.16 ~14.50 7
50 [27] 309 0.69 3.21 13.28 10
70 [27] 436 0.3 3.42 1114 16
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o o
&~ o

0.0

1—2—50% BT
{—*—70% BT

0.2

—=—30% BT

Polarization (pC!cmz)

-0.6 1

-0.8

-0.2
041

&

—7f1r r r r r 1t t 1 1 1 17
25 20 15 10 -6 0 & 10 15 20 26

Electric Field (kV/icm)

{—4—50% BT

—n—30% BT

—e—70% BT

Polarization (uC/cm?)
(=]

-3

25 20 15 10 5 0 5 10 15 20 25

b Electric Field (kVicm)

6

—=n—30% BT

i~ 4/—4—50% BT
& —e—70% BT
S 2
2 |
I
5
= -2
©
° A
[ W o

'6 T T T T T T T T

25 20 15 10 -5 0 5 10 15 20 25
C Electric Field (kV/cm)

3UNn 3.7 answavasdSunaaninuusoulniminasdatsindsn a%'%amaﬁa@;wammu

0-3 BT-PC (A28 90 Hz) igualwdnntauan (a) 10 kviem (b) 15 kViem

R (c) 20 kV/cm

[27]
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wananhlud a.a. 2013 R. Rianyoi kazame [30] S9WUINUSNI a8 9L310N
=) Aaa a 1 1 ot a nﬁl’ 1 a Qs dl
wuSoulniniweianswadadaulszans WAgaIuigang (Kt)mLLam'lugﬂw 3.8 LAY
1 ot a a U a 1 AI &/ a a { na' A&/
3.9 I@]ﬂmawﬂi:aﬂﬂWﬁmeuLmﬂafﬂ:ﬁmmmumuﬂsmmmaamsmnﬁmwu
eI NLEAIRNUANS b laBiannInanuwava s nAnNiNdn Las R. Rianyoi Way
ﬂm:ﬂ?ﬁwmwmmwﬁ’mmmﬁmL%asﬁaumaﬁaqNamzijfm’]ﬁmt,uL‘%ﬂuvl,mmum
LLG:H%%L&I%@TUE]{@ILLﬂu@Ta’]M’]iﬂﬂ%’ULL@GlﬁﬁﬁﬁlﬂﬁtﬁUdﬁ’Uﬂa%ﬂ%(ﬂvL@T @”ummlugﬂﬁ

A I ! a a o a & & &
3.10 sﬁﬁ'fﬂf]ﬂgllfﬂzl,ﬂuﬂ']'ﬂ a@lwa&lizwnomi’] AnLky LSEJ&IVLVI LN Lu@ﬂugu%l&l%@]ﬂ DIALLAUA

FUSUI MU ILTINTNT ~40%-60% lagtSunas 1TwE9NTa10Na I UNIwLREILTITa %

]
=)

lnﬁtﬁﬂaﬁuaauﬂ%'@mﬂwq@

a 100 -55 b 100 -55
5 —— Impedance Magnitude 40% BT || 90 | — mpedance Magnitude [ 50% BT I
a —— Phase 8415 7575 - —— Phase 782
= % = 4-60 g 80 s .60
2 70 <8410 2 70 o180
: | fl.7 B .3
= 60 & il.65 B = 60 H 2465 B
& 3840 e 76005 2 & S 5 2
S 50 g E 5 = s 1 »3] B
= 1 F o = H g =4
N 2 8400 = 3 8 i 2
» a s b4 a 9”<
g 40 E -70 § = 40H ] 1-70 2
= ()
3 L 195 % ~ B i n e
E 30 & IéS 166 167 168 169 170 17 I'.IZ 2 g— 30 / i
£ 20 P frogeeag 69 475 E 2| 4-75
-
10 - 10 F
0 1 1 1 T .80 0 1 1 1 T T .80
200 400 600 800 1000 200 400 600 800 1000
Frequency (kHz) Frequency (kHz)
c 100 =55 d 100 -55
90 —— Impedance Magnitude 60% BT | sl —— Impedance Magnitude 70% BT
= ———Phase 570 M, —— Phase 500 17428
g 80 _ss 1 -4 -60 & 8ot 495 150 4 -60
=2 S 566 = g“o {475
g 70 556 o 70 e 151.33 kHz 1150
i L e B Zass jmas g 65 ;;-v
= 60 EN 4658 £ 60 & {m0E 165 &
) e & & 2 {1 § i
§ 50 g 558 = § 50 § 475 17600 3 (=)
» E”" & P T 149.62 ki 122 10 '3
2 40 i) <70 & o 40 s 17650 e
= 552 X g 0 37678 &
3 %0 2 t e VIR R R R IR
S 150 155 160 165 o
E 2 /' Frequency (Kllz) 4.5 E 20} / E13
10 - 10
-80
0 80 0

200 400 600 800 1 002) 200 400 600 800 1000
Frequency (kHz) Frequency (kHz)

511 3.8 mﬁuﬁu@wﬁﬁﬁuﬁummﬁmmi’a@;mawLLmJ 0-3 BT-PC Ni/Sanmwiensndin BT

(a) 40 vol% (b) 50 vol% W&z (c) 70 vol% [30]
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17
] (* ]
16+ /
| (* ]
15 - /
§ 14 - [+
13
19
Tl
1 [* )
10
9 v T ‘ T T T : T ;
30 40 50 60 70 80

BT content (vol.%)
3111 3.9 WavasLdin BT dadn K, 289389NauLUL 0-3 BT-PC [30]

25

N,; —n— Theory i
£ —a— This work

=p 20 F /
=
=

= r ||

= 15

2 ra

2 u/‘

E 1wt et

< ]

o =

- ./5/

- ./

=1 I/

o s5fF

<«

1 1 1 1 L 1 L 1 L

0 10 20 30 40 50 60 70 80 90 100
BT content (vol.%)

Eﬂﬁ 3.10 WaYRILINN BT ¢adn @hmmﬁmmmﬁﬂu%dsﬁamaoi’aqwammu 0-3

BT-PC [30]

A a A a & a o o = & & & Aa
LuaamﬂLemmnvlwaIsﬁaLaﬂmﬂ"l,imimm-gwmuumﬂa‘mLLau@ luszuuninig
Aa389a2uuy 0-3 lagltiaanindlaodiannsnlsarsaznduwuuiSaulniniue g9i
e a P A A, ' a a P a Aa < = & &
sul@ iwdladianninfidinieninlwdladiinninffaznndugu-yudinudileda
6 1 =3 va £ a a Aa & a 2
WAUA @8N R. Potong Wazamie [ 28-29, 31] 39lainiswanoninlndlodiannin’ls
mmzﬁ'@-%u%muﬁﬂﬁmmuﬁ Tuszuundnivaasssaanuy 0-3 lagldimsanlnglasd
= A 'Y < o a ' wn
wnninliansaznndunuiSouewasiama lninua (BzT) lasainnsnaaadnuinaua

al Aa & a Aa & a o a a A a A
VLWﬂI‘ITaLﬂﬂ“ﬂiﬂLLﬂzw\lﬂiﬂLﬂﬂ“ﬂiﬂ‘llﬂd’)ﬁ@lNﬁ&lL‘ITT]&JﬂVLWE]I"ITaLaﬂﬂiﬂLLUL‘SEJ&IL‘ITE’J‘%I@L%GI
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= & 6 & A 04 a a a & a a
VLYIW]L%GI-QHGHLN%@’HJQ?@ILLES%@I Nﬂ’]@;{\‘lﬂ?']’]K@JNﬁNL‘ﬁiﬁllﬂVLWﬂIGHBLaﬂYliﬂLLUL?EI&IVLYIW]

LA -gw’fﬂ,uuﬁﬂﬁml,ami‘ @”ol,l,amlugﬂﬁ 3.11 way 3.12

o i e 40% BZT 10 /== skviem 50% BZT
—A—10 kV/em e —A— 10 kV/em Loy
—4—15kV/em G B —4—15 kV/em

e 5T i /

g s

3] 3]

2 z

£ g i ot
] i &

£ £

E] =

£5F £S5k

L L L L L L L
-15 -10 -5 =15 =10 -5 0 5 10 15
Electric Fi

10 | —+—5kViem

SN 4

—A—10kV/em =

—a—15KViem §
S /
0 y / :

&

E &

P

v r

10| —+—5kV/iem
—4—10kV/em
—~&—15 kV/em

%
o

Polarization (uClem’
& =

Polarization (uClem?)

L L
10 15 -15 -10 10 15

-5 0 s
Electric Field (KV/em)

31N 3.1 1udmineiFavasizguanuuy 0-3 BZT-PC fiawalwiinsuand1ag uaz

u

fiUSunos BZT (a) 40%BZT (b) 50%BZT uaz (c) 60%BZT uaz 70%BZT [29]

—A— measurement
100

TTTIT

Cube model R

Series model

=
—
O
&
—
=
2
-~
g 0F
) L
=
o
E 40
= 35
—g /. 30 a
s R e
s If 20 g
[-o 3 15 3
I lo —
[ - 5
[ 60 70
i M " i 1 1
0 20 40 60 80 100

BZT content (Vol.%)

31 3.12 daefilwdladiinninifisunulueazasizguan 0-3 BZT-PC [31]

uaﬂ"ﬂqﬂﬁiuﬂ f.¢. 2014 S. Hunpratub LS A Tl [33] vlﬁﬁﬂﬂ’]iﬁﬂﬂ’mwﬂamaﬂ’lbﬁ@l
. = ] d a & a
AREN Bao_85Cao_15T|O_QZr0_1O3 (BCTZO)-%LN%@T Glj\‘mﬂi‘ﬂ@amWU’J’mﬁﬂdﬁvL(ﬂaLﬁm‘YISﬂ RS

1 t-ﬂl a A a A nl 13’ a a t:!l nl &’ o dl d'
ﬂ']ﬂx‘i“(lvl‘wE]I‘Iiataﬂ“niﬂ&lﬂ']LWN‘ll%(ﬂ’]Nﬂiuﬂm‘ﬂﬂu‘ﬁ'ﬁ’]uﬂﬂLWNT%LL&@O@\‘]@HT’IG“H DINR
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Asnaaadduwilinldlufian1a@einuuidoves R. Rianyoi [27, 49] LazA e R.

Potong [28, 31]

M137191 3.4 A1AIN LABLANNIA, tand LLa:@hmﬁ"lwﬁisﬁSLﬁﬂw%nmaﬁa@;Nau BCTZO-

Fuuud Ndsuraeuniaiiniais 569.8 um uaz 8.9 pum lasfiinisiaaudan
annilviad [33]

BCTZO Dielectric constant at 1 kHz tanO at 1 kHz ds; (PC/N)

content

(vol%) 569.8 Llm 8.9 Um 569.8 Llm 8.9 Um 569.8 Llm 8.9 Um
30 46.1 38.7 0.12 0.11 4 10
50 80.7 64.1 0.10 0.12 18 32
70 154.0 107.0 0.11 0.09 44 52

LL@iamaVlsﬁmm‘"ﬁ@muLéﬁﬁﬁﬂ"lw SIsﬁSLz?ﬂw'%ﬂ"l%’mmzﬁ"s-gw?j'mwi‘ﬂ ATALAUG

A9 o a a A & a v o ' aa = | A a a
altiandnludladildnninlFasazimlungunivuSoylnmuadugiuiidiamlad

%

<3 a { 1 Y o a Q( 1 g a A a ; J 1 a n‘
Laﬂmﬂﬁgaaawa%mawﬂsza‘ﬂﬁmmmqﬂﬂﬂwahamnmnm (g) D9AFNUIEANTD

D

v

ﬂ’)']&l@i’]\‘iél’ﬂﬂw SIGﬁaLﬁﬂ'ﬂ%ﬂ‘Uﬂﬂﬁx‘iﬂ’ﬂ&lﬁ’]&ﬂiﬂluﬂ’ﬁ@]i’]llﬁ"(uﬂ\‘j“ll D9IRANRINITORI

q

o
v K A =

ANNANANE IUATAALAUBIABAMNULAWTINR L uIndasNusla aInuialin1dnen
mianwuasRamanianin ndlasianninlsasazna 017 BigsNagsTiO; (BNT)
Fefdlnalsituasdrs (P) = 38 pciom? wazfidndudszanianudsdndlnalad
Lﬁﬂﬂ%ﬂLLﬂZﬁﬂ§NﬂS$§ﬂ%}jﬂ’JU1Wﬂ’]L%\‘maﬁiﬂd“ﬁdm&l’]‘;a&l@iaﬂ’]‘ifb’lvlﬂslfﬂ’]iﬂ‘i‘;iqlﬂ@ﬂf

Nwmduibuisas (sensor) dunnIN [54-55]

a8 lsAe AN WA Lot annIn BNT An1337%09N 32 LRIZRININITZLIWANT

[
o

¥ (poling) Aautn9g4 asnndarauwn lWwinans (coercieve field) 59919 7.3 MV/m
A A a A« a ' o o A a a o a a P a o
uazdia1nan lwd lodiannIndanteduiatdSouisunuin wdladiannsnlizns
< A A o & =& v o A a a & a . .
ALNITRADU [54-56] I3 I la R TN U1 AN Ilwd lodiann3n 0.94Biy sNag s TiOs-

0.06BaTiO; (BNT-BT) ti aUsudgeaud@nisdiulnaladiinnin [24-25, 57 4+
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A

BiosNagsTiO; fignidadan BaTio; natlwdrauinlivindrsaaas drnaninaled

= a & AL @ a a% . o ¢ ay a & A A a o
Laﬂ“fliﬂq\?“ﬂ% LAzl IZENTANGSANE VLWQIGﬁaLaﬂﬂiﬂﬂgdaﬂmﬂ

lull a.¢. 2008 C. Xu uazame [58] levimdnslasiaianagamaunazansia

N9 N1 we 9180 (1-x)Bip sNag s TiO5-xBaTiO; (BNBT) lae 0.06<x<0.12 434311

M3AnEINgANITUNSIAAN&TIATIIRBUAIBINARANITIR LU BITIRLENT (XRD)

v & U . . n:ll a v . a n:i v 1 a =)

a3l AuIN BigsNagsTiO; NYnLAndIn BaTio; ludIunmd x asndn 0.06 tasniind
% 6 6 A A a . :&’ 1

lassananassena lnduuy rhombohedral LialwNUSuNae BaTiOs dndnlasiasns

]
=

2898139213 LAIIFTIIUUL tetragonal uaz?l x> 0.10 L dnazilfsulassgsnadn

Q dl & v & 1 ~ 1
WUY tetragonal Auaadlu3Ufl 3.13 FeuaaslfiAiuiiniaidy BaTio, 1uga9 0.06<x<10

liianiinilassashauuy rombohedral Wag tetragonal amasuuuluatdr1oniufad

Qq: é ~ ~ = 1 1
N9 TINAaUIIMUSII I da TR I (MPB)

%aNANH C. Xu Uaza e [58] El'avlﬁﬁmim'maaa‘[mm%’mmaﬁg‘amﬂmaa (1-
X)Biy sNag 5 TiO5-xBaTiO; (BNBT) @Tf;ﬂnﬁaaaammﬁﬁLﬁnmauuuuz&aanm 7l x = 0 uaz

@
o

x = 0.06 "Tj\‘]‘ﬂ\‘ifj ’]ﬂ’l?&lﬁu’]LLuuﬁ&lW‘ﬂﬁﬁ\‘l >97% ﬂEI’WGVLSﬂ@]']&lEl\‘]W‘LI’]’]L&IEI&Iﬂ’]iL@]&l

o a

BaTiO; 3088z 6 laalua Ml¥wurainIuanadasdvlinudrany ma@ﬂugﬂﬁ 3.14
Fusurusa badannInuaz ndladidnnInues (1-x)BiysNay s TiOs-xBaTiO; (BNBT)
e dl 1 1 ot a =) =) =) = =) 1 Q =) le ~a
LFAIAIFLN 3.15 WU AandszanTInaladiinnsn (ds) uazAaLsEANTgAILIT
WA (k) 71 x = 0.06 Teingagaiviail 120 pC/N uaz 36.7 % a1Nd16L udeasnlad

9

LaN3n (dielectric constant; &) LLa:ﬁﬂ@”’JﬂizﬂaumigmLﬁf_lvl,(ﬂﬁLgﬂVl%ﬂ (dielectric loss;

tand) i fldnannigadl x = 0.08 (& = 1099 uaz tand =3.30%)

ﬂV]VGL‘ﬁﬁ’W&IﬂVLWE]IGITaLaﬂYliﬂ BNT-BT 83daud@iGinan (ﬂ’]ﬂ’]ﬂdﬂ@] =210

MPa [59]) [24-25, 57, 59]
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| —( =
| 1 A P R, S X:{) 1(}_ Hﬂ |
i v\
I _,M "\
AR A \ A e i Mo
_ | x=0.08
S ) AN
« - - e - - | ] et . S
= r| x=0.06 N
h= |
E N )'I I\_ S A ..M.«w"/ \‘\-‘__,_P___
}E} |1| =0.04 A
- . JII' A N A _,.,_..._.,-/j \\\_
| x=0.02 r“
o 1|L o A ]
| X0 ,\
__...J'l : ; _Jl IL . JI'I : _.JI.IL_ ¢ . j‘ . ; ; M \‘vmm
20 30 40 50 60 70 45 46 4? 48
20(°) 20(°)

31U 313 JdunuMITReNURYITIRENF VR ILT I8N (1-X)BigsNag sTiOz-xBaTiO;

(BNBT) [58]
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)=

- > o Soph
,ZGkU ;XZ.;., BE6 lmn

€.

311 3.14 mimfmaaﬂmaai”wwm;amﬂmaa (1-x)Big sNag s TiO3-xBaTiO; (BNBT) @2¢)

NADIANTIANBIANATOUUULFBINTIA 11 (a) X = 0 Uaz (b) x = 0.06 [58]
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—o—k —
¢ “--D-____________
— - 0.30
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@) .
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i e . -
yd ’
60 - - 0.15
T 1 T 1 T 1 T 1 T 1 T L
/_\_"‘--__
—N— £ / __-_"'i\\\ - 4.5
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—— land // \
] / = 4.0
800 - . [ g
o 35 3,
4 o B v\‘x §
N H"\_ —
600 - ~_F 3.0
A K
g "‘-7;,__—7"_’ o MR
400 4~
—— 2.0
0.00 0.02 0.04 0.06 0.08 0.10 0.12

X

317 3.15 auif bladidnnInuaz IwdloBiannInva (1-x)BigsNagsTiOsxBaTiO; (BNBT)
1 a a a =) A & =) 1 ot a le ~a

() AauLszans IwaloBLanN3N (dss) wazAdNdszEndgaiudelni (k)

uaz (b) A1Aa7laBIaM3N (dielectric constant; &) uazdeaUsznauMIgLLFY

ladidnn3n (dielectric loss; tand) [58]
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% A A A & A a Aa A
3.3 Jaquaananindladidnnin-dndiunalasauana-lnalikaddn

Waoalsd

wANNUINTUVBUNFINNINDYDITLUUAUAZINTUTZAT NN UHITO Ud 0 VR IN R
wndnuazafinuddatauaudluinguandinaliiionisiivesnszualiiiszning
o & . Y = \ 0o & )
N3zUINNINGT (poling) vasiaguawled Gilnadannumunsnlunisiivesiaguas
. 4 ' M o o Ao ' o (Y { a &

(degree of poling) [27, 30] e ldwuanilaiunIsenais g inwinsuddyminiieds
a { Qs a a a [ Qs é {
lasnmaduianauluiaqguay [60-61] wadlhfiafdungealsd (PVDF) iluiagnited
o P A Y A a A& A Aa < a &
anihwndndunsfauluizguaueniinndladildnninffieziudugiuuaz ubiuud

dafauauduaznuimmandunedlfinddungaslsd (PvDF) adldluiagquanaunin

[
a '

Usudysdseinininwainiivingd (poling) UAzAAAIANUNIHAN olulunInduasBiune

[60-61]

Tull @.¢. 2014 Jaitanong N. wazamue [35] le¥inmMInaaadienuanswavedlng b

ﬁaﬁﬁuﬂgaa"Li@T@iaauﬂ'ﬁ"lwﬁisﬁ&é:ﬂﬂ%ﬂmaﬁaqNammu 0-3 1w3dn PZT-Yudiunud
6 6 & dq’ v & 1 a = A s

Uasauana-PVDF GINANIINARaITIALAWIINITLAN PVDF 1O uiWan 3 luaaqam

mmmﬂ%’uﬂgmmﬁmw SImﬁLﬁnﬂ%ﬂmaﬁaqwau Ta piRauaNNUTuI M dn PZT

$auae 50 laoU5inas uazfinsidy PVDF 3asas 5 lasdSunasddrsudszansinglos

a L a As‘ 1 Q =y a a AI &/
WN3n wazandszanTanuea1sand lwdlodiannsniAaudwdu 24 pCIN waz 25.7X10°

o o %

Vm/N @189 U muamlugﬂﬁ 3.16 #anINRIINUINLNaNUSu w89 PVDF ELmya@;
& ' o o & o A A o &
NEUNINDBALFING LAIZHL I AVBINIZUIBNN TNt Ll aguwd IR A LTl wn13vin1

v '

WAL 1 kV/mm thadannidainisi@y PVDF Mi'agwam*’ﬁ’;ﬂugwgmzmwﬁa
gwﬁmmﬁmzLsﬁﬁﬁﬂ‘sw"l,ﬂﬁoﬁwmﬂmwagw‘fjmuﬁa@ao lwdszansawuain1Ivin
qqdl Q =Y &/ > {
12U0ITRQHANULY 0-3 Lain PZT-Q%%‘L&M@T}Ja‘i’@]LLauﬁ-PVDF A% muamlugﬂﬁ

3.17
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28 40
24 4 - 35
- 30
20 - 4 L
1 —A - 25 e
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Z
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A -5
0 T T T ' T ! T ' | 0
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PVDF content (Vol%)

H = a =) a =) ~ = L a Q( 1 Qs =) a ~ a
311 3.16 daulszantlnaladiannin wazsulssansanudsdndlnalasisnnsnves
TROHANULY 0-3 Lodn PZT-gu%Luu@Tﬂa%mLLau@T-PVDF WounuUTunm

va41iin PVDF luigquay [35]

poling period (hr)

T ' T % I * I " I
10 15 20

PVDF content (Vol%)

o
(4]

(%
£ %

311 3.17 szo2alglun13vin97 (poling period) VOSIRANANULY 0-3 LH3din PZT-

Yndudlasauaud-PVDF [35]
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o o [~ % (%)
3.4 w@wirasdamsudszgndlnduwarasasuamnlulassaiisaanwnia

MINTIIFOUFNINVBILATIRTIIAaUNTA (Structural health monitoring, SHM) W
ad & A = Aa & o o a 2
AFnInian gt lunisuenuszanuFurieminedunulasigsvainaunia [62] T
ﬁagu”um:mu?%‘tumsmnaaummmﬁﬂﬁ%sjmi@maaamﬁaﬂiuﬁuamwmu
1 dl Vo 1 v v dl v d! 1 U
°1mnmﬂ"l@m’mu@"lﬂ@ﬂmi’mm;dmmmmummmmaau Faanlringlunsasiagan
uwdazaisAautogy dromginmawawiawseidmivltlunmerseuaninlasains

a va a [ a A '
aaunialasliinisdszaranaaiuaiasitazandumna luladnisgas1sdsznaunisss

L v L &/ I 1
yanudslagnWanduduatnaann [63-66]

waluladdnsunisUsziinniani1TaslarauanInvedlaTiassnaunia
. . 1 | Qs &/ @ =) =
(Structural health monitoring, SHM) 81unInuLsaantdu 5 szaudnagnuilscdnsnIw
warszauANNFutaudinaasluzln 3.18 (67, 68] n1tsziliuaniwlasninasauuuy
. “ asm 5 - . 4
laviansfinarnnansdd Uszneu'ldeae ultrasonic inspection [69] Teaw15alsluns
ATIARBLAMNLTEWIE LU TR8UAN LasRINNTnduwn batduszau | wia I [67, 70]
o ) & al A A o = o =
fnsuwasnlilunasiaseuanulfoniedng saunsasuwnla lanissza 11 09
') & | o ° ° a a 'Y
LU V Juagiunannisniview dmidszifiunianisanazeuaninsadlasiaing
ABUNTA (Structural health monitoring, SHM) lapldizquauiduiagaaiasiuin

Fuwnlie gjﬂmm”u IV ez V

Level V
Detect presence, location, severity, consequence of

damage and self-healing

Level IV
Detect presence, location, severity and

consequence of damage

Level Il
Detect presence, location and
severity of damage

Level Il
Detect presence and
location of damage

Increasing Sophistication

gﬂﬁ 3.18 GIATIIRAURNINYBILATIFIIADUNIA (Structural health monitoring, SHM)

FAOFNITONNVDIAINTIVFOL WASIZALANNTUSDY [71]
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YU SHM &1N1T03IUBAANNANNTUTaU LARANETZAL §IARTUTEUY SHM 71
aEmLLUU;J']H’@%’M%’U&:W’]%&'}N’]?E}ammuﬁm'}wfusﬁauﬁaUﬁﬁg@]vlﬁ AIuFaluansen
3.5 [72] #2881955UU SHM Naanuuua lT§1WIURZWIULEY -35 W St. Anthony Falls
Bridge Nl¥52uy SHM Nusznaualaisuisas 500 aatNaltluszaze1n shavad
{d‘ Y o A ¥ ' . . . .
wwigasnltidwinadaalnuidenelawn vibrating wire strain gages (VWSGs),
thermistors, fiber optic (SOFO) sensors, resistance strain gauges, accelerometers, linear

potentiometers (LPs) LLaz corrosion monitoring sensor [73, 74]

JLAUANMNTUTaUY0I SHM dawaim&ia@iaqmmw LLaz@TuV;umaﬁzuu J2UY
Ao o P & A Aa A o
SHM fAsudanilszlomiiat1auntihaIan lan 1N AU RLITEUUITRINITNIANIT
U = v dl 1 U =3 a dl
1o w3alulat9gaNanIzia1zaILaz g nLANITLITN D 1uﬂ1aq@uﬂmszuua33ﬂaz
a wna R 7 A o 6 v [ =3 v v 6
sansaUfidnwlatwiiddwnemwsasion agnelstauszuudasldisuemainae
ﬁaﬁfmawﬁomzmumidﬁa;&aLLazsz‘uuﬁﬂ'amTNéﬁ’u%au 1uﬁmﬁunumaaswu
sundsuldanusievasisuwaasniianld wazn1taanuuuIzuy SHM laginaluladn
6 % ]
lFlumsaanuuurwiaas SHM laun
® Fiber Optic L8 Bragg Grating Sensors
® Piezoelectric Sensors
® FElectrochemical Sensors
® \\ireless Sensors
® Self-sensing Concrete

= a &€ a o A
gl LLN%J’]’WW“DE]{'IL‘Y]ﬂIuIﬂElL‘Ii%LGIiaiLL@lﬂzﬂi%@ LL&@N@NE‘LI‘Y] 3.19
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Minimal General Complex

Minimal General

Complex

Minimal General Complex

Weather station
Temperature sensor
Fiber Optic Sensor, strain
Inclinometer

Corrosion cell

Biaxial accelerometer

Same as in minimal +
following:

Laser displacement
sensor

Global Positioning
System (GPS)
Weigh-In Motion (WIM)
station

Triaxial accelerometer
Anemometer

Humidity sensor
Ground water pressure

Seismic accelerometer

Same as in general +
following:

Road wear sensor
Microwave interferometric
radar

Acoustic emission sensor
Pyradometer
Photogrammetry
Hydraulic pressure sensor
Ground penetrating radar
Bridge WIM station

Thermography

Tud a.4. 2017 S. Yan uazame [75] IEWAUITZULATIVFOUFNINY B9 LATIRINS
ABNIA (Structural health monitoring, SHM) luzdunuvasasinaaalizny (Wireless
Smart Aggregates) lag S. Yan Laza e vl@i”aaml,‘i_miwmﬁgﬂﬁ 3.20 uazleaanuuy
WIATINANA FIeaIgUn 3.21 wazlumnasasldimmeseudynalas Tumnuild

1umimaﬁ1aau ﬁﬂWWLLﬁ@G@v\TEﬂﬁ 3.22
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(a) Fiber Optic Sensor (b) Fiber Bragg Grating Sensor

External parameters of interest:
External ¥ s of o, o ’ temperature , strain, humidity, etc.
strain, humidity, rotation, chemistry, etc.

Light |npu«——/ V4 o b l
Fiber Links Modulation Incident Light I r Transmitted Light
—» Light Output g Ty
p— et

Modify (spectral) attenuation, Reflected Light /
delay, polarization costing

(c) Piezoelectric Sensor (d) Electrochemical Sensor

External parameters of interest:
pressure, strain, humidity, etc. Reference
Electrode

Bragg Grating Cladding

| Control
| Unit

Working
Electrode

> Reinforcement
Bar

— Auxiliary

A l Electrode
| . Signal Generation
Embedded :
: > / Data Acquisition 3
Piezoelectric Sensor @ 5 Uit .,f "‘é" i ?f

| ERRRE

(e) Wireless Sensing (f) Self-Sensing Concrete
b 4

Functional fillers with
-~ self-sensing properties

Sensor Node ((

A Servi
v Wireless o
Sensor Node
s —
| Sensor Node

ind

® Data Collection

a
Transmission

Concrete Infrastructure

Sensor Node
Database/End User Electrodes [ 0

Eﬂﬁ 3.19 LHNBNTWUDITWIN (a) optical fiber sensor, (b) fiber Bragg grating sensor, (c)
piezoelectric sensor, (d) electromechanical sensor, (e) wireless sensor

system LLaz (f) self-sensing concrete [71]

Gateway
NIS074 PZT amplifier \“
- [0 [ -,
Charge Sampling  Radio frequency,’
amplifier module module

..............................

Wireless Smart
aggregate sensor

Smart aggregate
actuator

module

317 3.20 N3faAITzULLALIANIVIF QI MIBITELLNMIATIIROULATIRINS [75]
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Outsourcing Concrete
PZT

A — i
0 | | Radio Frequency Module |— \
I | | Power I
i |
I I S:implmg Modlule |— Module I
\ Charge Amplifier I— I
S S p—— — /

Epoxy Waterproof Shielded Wire

3171 3.21 MIATIIROURNINAILITVUNIATINAAA LTFY (WSAS) [75]

517 3.22 dravrareusnwildlunimasas [75]

=) g { IA 4 ] =)
UI8TIVRANTTNIHILEIAN PZT aﬂﬂmgﬂﬁ 3.23 Fadausnirannialu
s A = > a t:!l ‘é A 1
VIRTINHAA LATUULIINARTOUITIA wmmmmﬂngmﬂaﬂuLfluﬂixﬁ;vLWWW FI58n30

. . . . . A o
lli’mg]mini Piezoelectric effect LU Direct piezoelectric effect mmmsnﬂsxqﬂ@ﬂmﬂu

]
¥ @ a

LrwLeras la a3l

U

3.23a lwnsnaunumelansidasuwnasvasgwiy Wi ananlng

lodiannsnaunsatdfounasanw i luidun1sauidinale (Inverse piezoelectric

a

l§ v L= g U = >
effect) mmmmlf*ﬁm&mmm@aﬂmmzulumsﬂszqﬂ@ﬂmmmﬂu actuator UEA4AI3L
e A o ~ 2 & 1 A A
3.23b WanTULEINAVBINIATINRANAUIAIAITUN 3.23¢ T9aziAwiN Tw PZT azgniadey
AdBTuLne g N9 2 du uazgndilunaunia Walinduanuduanaeuniadiiiuiy
Qq// =Y a o v a Qo A‘ v o
g9TwAvad Iw PZT asvldifeidusyanunsWinau dwindawaldsdhannses
=) a 4 v z ¥ v 1 = Qs {
NUTW PZT ﬁﬁ]:m@ﬂﬁummLﬂumunﬂﬂluLﬁaﬂauﬂ%@]@ammuﬂumuamiugﬂﬁ 3.23d

n3# S. Yan uazame lavhmadsz@sgananvamalasiiduaaudizln 3.24
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Polaxis External F External F
force force
+ -
O O,
- +
Electrodes
(a)
Polaxis External S External S
voltage voltage
+ -
O ©
- +
Electrodes
(b)
Stress wave
O
Layer |§ Area As
& PZT E
O Layer | Concrete
(¢)
concrete PZT concrete
k1 kz k1 F(f)
—A\NN—] m "\ \\— ny —\\\—l nms —
O Q O QO O Q
(d)

Eﬂﬁ 3.23 Piezoelectric effect WA WINTHUIRITINARA (a) Direct piezoelectric effect
(sensing), (b) Inverse piezoelectric effect (actuating), (c) LULINRDININTIN

2819 WA (d) WUUIaadTInavadiTwiTas PZT nandy [75]

\

Weldin g

%

“Moulding. - NG
9

3111 3.24 NELIUMINAANIATINAMA (a) MILTBY (b) MIHAKY (C) MINEBAS

WURUN Uz (d) wuUaaTInavadLTwTas PZT nands [75]
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ﬁm%’umsmaaummmam@Lﬁ'a‘lﬁﬁmué’mvmvwma:ﬁﬁmimaaﬂﬂﬂlﬁm%laa
electro-hydraulic servo testing machine MTS (CSS-2801-250) wazldinTosn BN FTY T T
Hengke (HK9038) LLazﬁ'tyﬁy’]mﬁlzgﬂﬂ'uﬁ nlasld National instrument data acquisition

system (N19234) @T&Lm@ﬂugﬂﬁ 3.25

load signal

Sinusoidal
signal

electric
AR charge voltage

signal signal

Smart ‘ chal"gvc NI 9074
arrergate | amplifier | 7

311 3.25 MINPURYYIUIINILNMINAROUNINTINAAG [75]

= [ Y o o 2 '
TINRIINN S. Yan LLa:ﬂmﬂ@mmsn@aaunu%mmﬂauﬂ%‘@lwmﬂmas’mam@
v a a Aa A A ¥ A v
vLiﬁ’]El%JlliZﬁﬂﬁﬂ?Wﬁ']%J’]iﬂiz‘LJﬂ')’]ﬁJLaElﬂ’]Uﬂ?ﬂl%ﬂﬂ%ﬂi@]‘l(ﬂ LLE‘]Z&']N’]?E]NLL%’JI%ZJ

s/ 1 ~ v v G [
W@llu’]@]E]LWE]sLﬂ Lflmzuuvlimmmzﬂiw PANRIITW

[

T a.¢1. 2019 M. Lezgy-Nazargah LLazathe [76] lévinnnseanuuy LLazﬂizﬁﬂg

6 6 A 6 a A & a o o o i % [
mumasaa@waﬂwLuas-mum\-‘lwaIsﬁaLaﬂﬂiﬂmmm@mmmmumﬂuimaasw
AAUNSA T@ﬂ@i’ﬁﬂﬂﬁmaadﬂaLsﬁuvﬁaﬂwSIGﬁSLﬁﬂw%ﬂﬁchumsﬁw”aLL&T’J@TﬁEﬂﬁ 3.26
MU TR T U I UT LN UEUUIA 5 cm x 5 cm x 5 cm a93U7 3.27-3.28 TauWgLansSng
Usznavlddrotasauauadiune 135% ¥ Gan1azl8e Lazldwlawafinas ®WadaInih
inlunearaudiainiad servo-hydraulic test machine Iﬂﬂl"ﬁ’LLSdﬂ@@hdﬁIu@vﬁgﬂﬁ 3.29-
3.30 lumIneaasd M. Lezgy-Nazargah uazamues @ lTusInauu1a 700 N N1anNd 0.5

e & ' o &d & o A V)
Hz waztiufindnanudadndniowsainouauaIuaaiaizlf 3.30 HAMINARBILFAIGT
317 3.31 PRINUBAIINIINAF09 a8 l¥LIIVUIa 500 N NANNAG1INK 2, 5,10 Lz 20

i o @ { = . ' d :
Hz wamswmaaﬁvlml,ammgﬂﬁ 3.32 smwmﬁvl,uﬁmnﬁaumaqu:mwsawaaLm

A9 o o a9 o &l a A9 o a o @ 3
‘YﬂfﬁLLazﬁtyfy']mﬂi@'ﬂ’]ﬂ“ﬁu“ﬁafﬂﬂ’l’]unq@ 1%ﬂ5mﬂ1°ﬁﬂ’lqwﬂ@nﬁ]$a\ﬂﬂ@]Lﬂulawama\'iiall
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c.i v ™ c.i 2 6 d' =3 v s a
ussnlinuiWsassyumn ldnnwrasinisfeuanios sy ImMINETWLTDS 1N
A« a dl a dl n:i dl :; Qq' = . .
laBidnnInfiiamaianfianudalunniuiua1aasiiannguiain piezoelectric effect
d‘ 1 (t:l' 1 1 = 6 a o v 1 1
Wasananaldauyssifisesdaszniranafinnduazioniin PZT ildnnsssniau
wé’amm%anamﬂW\Ias'fjmum“lﬂﬂ'ams’]ﬁﬂvl,wS‘[sﬁﬁﬁﬂﬂ%ﬂ"l&iauystﬁ LanNDYaILTIN
v nal &/ L= a { 1 1 Led a 1 v a
IiAuIunaInuwdnanazsdidiwldduanin PZT aaas uazsinaliuaunagasasny

! Qs ﬁ 4 o Qs 1 Qo 1 1 Q {
dvAngr1oonanad DololduuaNNFNNRTIZA Y YIMAIANEAN SN laa1n

iwwpasnuunliluguenuidn 9 wldanuduiufiduduasauaaslugi 3.33

Electrodes

Poling direction

25 mm

Piezoelectric sheets

‘ " Induced electric
potential

Fiber-cement-resin I
composite matrix
50 mm

Sensor

| 50 mm ‘

317 3.27 TuaouveInIUszdugiaweses [76]
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(b)

311 3.28 uRaWlanzuasTwuTweses (a) HoWnWEWYENG waz (b) WaINWNING [76]
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800

700
600
500 +
400 -
300
200 +

100 o

Confidential/ lanansunia Wswsuwidauldivaygia

Servo-hydraulic
test machine

Voltage signal { Kol fier]_{l)n i Ioggcr]

Y

‘ Computer \

gﬂﬁ 3.30 LHWANLEAITSUUMINAFO LTS [76]

~
8

Voltage (mV)
nN w o w (2]
8 8 8 8 8

8

o

317 3.31 MInBURUBIVBILTULTEIABWTI 700 N 109 NA 0.5 Hz [76]
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600 450
5001 350 |
400 -
= S 250
Z E
g 300 A o
2 2 150
200 - ]
100 4 50
0 T T T T -50 T T T T
0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8
Time (s) Time (s)
(a)
600 360
500 - 300 -
240 -
400 .
= 2 180 -
T 300 4 <
2 oo
5 0 % 120 4
Z 60 -
100 4 0 -
0 Y u ¥ Y -60 T T T T
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8
Time (s) Time (s)
(b)
600 250
500 200 -
400 - - 150
z E
@ 300 A o 100
o Qo
2 P
200 1 S 50 4
100 4 0
0 ¥ ¥ ¥ ! -50 T T T T
0 0.2 04 0.6 08 1 0 0.2 04 0.6 0.8
Time (s) Time (s)
()
600 160
140
500 -
120
400 - . 100
- >
£ E 80
o 300 4 Q
o w60
5 8
- °
200 S 40
20
100 4
0
0 -20
0 0.2 0.4 06 0.8 1 0 0.2 04 0.6 0.8
Time (s) Time (s)
(d)

3111 3.32 MNINELRLENTBIIWTESHaUTd 500 N inwd (a) 2 Hz, (b) 5 Hz, (c) 10 Hz

uaz (d) 20 Hz [76]
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600

*
500 - + Voltage

——Fitting curve

400 -

300

Voltage (mV)

200 -

100 -

0 T T T
0 200 400 600 800

Force (N)

(a)

700

600 -
+ Voltage
500
—— Fitting curve
400 ~

300 4
200

Voltage (mV)

100

-100 T
-100 400 900

Force (N)

®

500

400 - + Voltage
——Fitting curve
300 +

200

Voltage (mV)

100 -

0 200 400 600 800 1000 1200 1400
Foree (N)

(©
300

+ Voltage

i *
250 ——Fitting Curve

200

150 -

100 ~

Voltage (mV)

50 -

LR 2 T T T T T T
0 200 400 600 800 1000 1200 1400

Force (N)

(d)

311 3.33 nWanuFNuSIznIILeuniIavaiL N liTLLauNiIvasdTy MmN

w3 uaanfinud (a) 0.5 Hz, (b) 5 Hz, (c) 20 Hz was (d) 40 Hz [76]
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4. A5N1INARDY

wa a a A ® a
4.1 ﬂ']il@l%ﬂ&lLLazﬂﬂ‘i‘nﬂﬁa‘Uﬁ&lﬂ(ﬂﬂ'\\‘ilﬂﬁ'\"ﬂadL%‘JﬁNﬂlWﬂT‘ﬁﬂLﬁﬂﬂiﬂl%

#1901217 0.94Bi, Na, .TiO,-0.06BaTiO, (BNBT)

lavinninaasssaoniosintndlaodidanninlszg13asna 0.94Bi;Nag s TiOs-

v ada

0.06BaTiO; (BNT-BT) @1835UfATu a0 uzvasudy (Solid state reaction) lasld

a

qm%nﬂﬁlumsm’nmavlmﬁﬁ 850 °C 1Juwian 3 °I?’JI§J(1 LLE\]Zﬁ’m’]iLN’]‘;fi%L@]ﬂ%ﬁ’)ﬂ@‘m%ﬂ&l

U

=] QII Y g a 1 Qo .
1100 °C 1fuaan 2 Talad I@mlmmwmwuawaaqm%gmmﬂu 5°C /min

= [ 1

42 mfimszmaa@Nammzmsnﬂaaumﬁm"&a"’mwam"'ﬂqwﬂwmﬂﬁn'lwﬁquS

& A [ S '8 - | o
1annsnlsarsazny/siue/PVDF Tuseuun1soaise9aauyy 0-3

v ad

WLdaLrin 0.94Bi, sNag sTiO5-0.06BaTiO; (BNT-BT) ﬁ'gmm’%wm p35U N3N

80Uz VBILTY (Solid state reaction) WTARIRUILNaNIaFIERNUINNAAINGI8NTZA
NIULLDS 600 LAIFININILA LNaAATWIAbRUUIALTINEN BNT-BT 461 = 300-600

luasau anuuidaissndn BNT-BT (aw1a ~ 300-600 luasaw) ludSunm 30%,
a s = 6 6 6 s o e
40%, 50% W8z 60% laslSu1as Nﬁuﬂugumwu@ﬂaimmu@m"lﬂlma@qNmn fFINIV
NIANEINAURILUTIN I PVDF @iaauﬁ&%aﬂamaafmwau 18991 AINNINUI LN HIWUN
203771371 [61] lavinsiadianadunuidssdifeusesizquanioniningled
BAnn3nl351702n2 BNT-BT/GLuwe/PVDF wadawuinNuSunme 13180 BNT-BT 50%
a = (3 a a k3 v A Qs = % u?: = v 1A

TaudSuna39sda1anud I MW R a9 TITawnaLALINUABLNSA  AItuaI L TUSITMYa9
371800 BNT-BT @471 50% lasilIunes Nmmyugu%mmfﬂa%mLLau@’ﬁﬁmiLmuﬁ
PVDF 0%, 1%, 3%, 5% W&z 7% 1auiSunas asuradluansnen 4.1 daanwwinllae
&/ v tﬁl Qs a 1A dld L= = 1 v ]

S HICERREL laavadn Tuuinunlanenian i dwnrianIInTzuan YWIALEHRY

= =) { -5 ‘3’ 9/:
quﬁﬂmaﬂ‘s:mm 10 UadLNAY (gﬂﬁ 4.1) LLa:aﬂmugﬂlﬁmmmﬁmmqaﬂs:mm 20

a

ARLNAT ”dLLaﬂalugﬂﬁ 4.2 LL@T’JﬁW%uom‘lﬂauﬁqmwnu 170 aamlfnal,s?jﬂa@”agﬂﬁ 4.3

u

)}

@1'amnﬁfuﬁﬁ'aqwau"[ﬂ’naslum%admquqnmn"ﬁ 60 a4ALTALTHE PWRNIIZND

ANNTUTFUNRNT 98% Tulaan 3 Tu (UM 4.4) nasnniuinmmaseudiasdadas

1384 HOUNSFIELD 3 H10KS (3U 4.5)
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4' % 1 > a a A& a % < a 6
M1319N 4.1 LLﬁ@GB@iWﬁ’J%Nﬁ&JTﬂG’JEW;I‘NﬂllLG]IT]&JﬂVLWE’JIGIIE]Laﬂﬂiﬂvlﬁﬁ'ﬁ(ﬂzﬂ’l-gusﬁl,&]u@l

Uasauaua-wadiuas lwIisuunIaa3896ILuy 0-3

789) Jovazlawd3unas
wr318n BNBT 50 50 50 50 50
Undunddaiauaud 50 49 47 45 43
PVDF 0 1 3 5 7

o o

{ o i ny d o &/ v 4 o a o et 4 o
;Sllﬁ 4.2 mamwmmﬁmmswugﬂmslLﬂ%aaa@"Lamaaﬂmmumiw@aaummm @
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gﬂﬁ 4.4 @Taaﬂ'ﬁa%umulum%aamuquqmﬁn“ﬁ 60 AIALTALTYR TWRNIZNAAINUT

RUNNT 98%

gﬂﬁ 4.5 meﬂﬁmaaummﬁﬁaé’maai’a@;Nfsm
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\@Ieandin 0.94Bi, Na, TiO,- wiuuflunddaiauaud Indhiladdungoalsd
- - U
+ A . 9 wes o o
0.06BaTiO, (BNT-BT) 2u1@ ruwnsrowldlvsuaainu (Polyvinylidene fluoride;
300-600 lunsan dunau PVDF)

v

waugwﬁmu@ﬁrﬁmmﬁﬁn BNT-BT Iaeld
Usumsiesdn BNT-BT fauaz 50 1ol
Sums wazijud Luum’gmmuﬁﬁ’ﬂm PVDF
Tudmadausanaz 0, 1, 3, 5 uaz 7 lag

UTume

v

& A
[ Iugu/luuaiinw ]

v

- P
gl 60°C AN TU

[ duluwiaiasmunnamnai . .
A 98% LuiIan 3%

v

NARELANAIRIEAAIL
1389 HOUNSFIELD
31 H10KS

(7
% o £

3143 useauNw SehRE mu@laumim’%wLLa:mimafﬂaauauﬂ'ﬁmaﬁa@;Nam‘fﬁﬂﬁﬂ"l,wﬁ

ImﬁLﬁﬂﬂ%nvl%’mimﬁ'a-gu&wuﬁﬂa%LLauﬁ-waﬁL;Jm( TusuumyIaisseanuy 0-3

a L5

A A & a a a a
4.3 msmsamaqﬂaa\luazﬁnmauu@1Lﬂﬂsatanﬂsnmaavm'lamvlwafm

(-3 a o Y v
LEAN3NISFINZNUBLNWG/PVDF T3 UUN159AL589@uLY 0-3

WLl alw3niin 0.94BiysNaysTiO5-0.06BaTiO; (BNT-BT) g nia3une 18351 JATen

FOUZVBILT I (Solid state reaction) INTVARIRHNORIIARIFNUINNAANIAIBNTZABNTE
& v R o A o o A A

1Was 600 LA23IRINILA LN aAAUWIA R AUIALTITINN BNT-BT J61 = 300-600 luasan

B ndatssdn BNT-BT (211@ ~ 300-600 tuasan) IuUSuas 30%, 40%, 50% Was

60% laet5anas Nawﬁ'ugu%l,&lu@‘i‘ﬂai’ml,auﬁ (PC) #nIUMANBNaUIUSuNh PVDF da

LWﬂiﬁﬁﬂﬂ?ﬂmaﬁa@;Nau Al FUSIN eI dn BNT-BT @991 50% laadSanasnauny

Hw’ﬁ'mu@? UaTAUAUAN U NNTUNUN PVDF 0%, 1%, 3%, 5% Waz 7% laglSunas daanniu

o a é’ v 4 s a A v 1
m"l,llamugﬂmmﬂ%aoa@"l,amaan IuLLu‘wmwﬁa%:mumLaumug{uffnmdﬂizmm 15
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=)

a A 5 ‘; waw =~ a A L
ENRRIYNp) LLGS:E']ﬂﬂ%ﬁﬂlﬁ‘ﬁudﬁ%&lﬂ’J']&lfﬂdl]izll']m 1.5 UafLNeT 931N

U

4.6 LRI TUINW 1

aufignnd 170 asruaalfos devniuwiniaguanlunsluinIasaivquaungil 60
a n:id g s s 6 I L s qq: o

AIANTALT U IWRANENAAMUTUTFUANT 98% LTWIA1 3 1% RRINBUHINIINaFaL

suUANSIsaidann3Inlasldszuy modified Michelson interferometer  (helium—neon laser;

monochromatic source A = 632.8 nm) TIUNU Sawyer—Tower circuit fnud 0.2 Hz

q' s 1 nq’ n{ o ng 2 dll ™ a o o K [N Aa & a
gﬂ‘n 4.6 mama"nummmﬂ’mugﬂmzumaaa@VLamaaﬂmmuﬂnmauu@1LWﬂiaLaﬂmﬂ

QA

o Aa 3 Aa a a & a <
4.4 finsdlszhugiaanasadinlndladiinninliarsasnudiund/PVDF

LS

o v 3 = 6 6
sl‘u,sguu NIFIALIYIAIILUY 0-3 1A $ﬂ1ﬂ15ﬁ01%%%\‘]1%&| a3A17

R R R RV ﬁQNﬁNLGﬁi’]ﬁﬂle Al LA NN TN IAN/TLUWE/PVDF 3z uun1Y
TN 0-3 laptudairdn 0.94BiysNay sTiO5-0.06BaTiO; (BNT-BT) anUafiiviiin

NI ARIENUINNAANIAIUNTZABNTILLILAST 600 LRIFINNNLA LNaAaUUIa AU

w5313 BNT-BT {61 ~ 300-600 luasan annuiidaisinin BNT-BT (3%1a = 300-
600 lunvan) lud3unm 30%, 40%, 50% uaz 60% lasuIunas naunuyudiuudleia
%] 1 Oq: ) s J v § a a [ {

waudad W lulzquan denntwilddatugidroniasda lanvadn luudwaunlanznd
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Abstract

In this research, lead-free piezoelectric ceramic 0.94BigsNagsT10;-0.06BaTi0;
(BNBT)/Portland cement (PC) composites have been fabricated for use as sensor in
structural health monitoring applications. BNBT ceramic particles have been
incorporated into Portland cement with ceramic particles content of 30-60 vol. % to form
0-3 connectivity pattern (BNBT/PC) composite. The compressive strength, acoustic
impedance. dielectric and piezoelectric properties of the composites were investigated
as a function of ceramic content. The results indicated that the compressive strength was
found in the region of 29.22-35.65 MPa for these BNBT-PC composites. The BNBT
ceramic. content of ~ 40-60 vol% are the optimal BNBT contents for acoustic
‘mpedance matching between composites and concrete structure. The dielectric constant

value of composites increased as BNBT ceramic content increased while the dielectric
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loss value reduced with higher BNBT ceramuc content. Moreover, composite with BNBT
ceramic content of 60% vol % exhibited highest piezoelectric coefficient (d33) value of

to be in the

42 pC/N. The piezoelectric voltage coefficient of composites wa
range of 1396 mV-m/N to 17.00 mV-m/N. Furthermore, the 1c stant of
composites was close to the cube model. According to thses

composites have good compatibility with concrete structu Not al for use as

sensor in structural health monitoring applications. :

Keywords: B. Composites; C. Mechanical prop : ielectric properties; C.

Piezoelectric properties; Portland

* Corresponding author’s e-mail: 1 rianyo

1. Introduction m

Two phases of pi ic/cement based composites incorporating
lead-based piezoelectric tive phase have been extensively developed and
studied for use as real-time s al health monitoring i concrete structure due to 1its

. %ﬁ'ﬂ(hﬂ'&, good dielectric and piezoelectric properties [1-4].

iezoelectric ceramic which contain lead oxide can be vaponzed

compatibility

However, lead-

ing calcination and sintering processes and cause environmental
15 reason, the research topics of lead-free prezoelectric ceramic 1s

5-6].
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The newly developed lead-free piezoelectric ceramic/cement-based composites
such as lead-free piezoelectric ceramic (such as barium titanate (BT), Barium zirconate

and Portland

titanate (BZT) and BaossCaoi15Ti09Z10103 (BCTZO) as active

0-3 connectivity pattern of composites 1s easy to icate and ble to mass
production [16-17]. These works. [7-15] concluded that ~ tivity lead free
piezoelectric ceramic/cement-based composites possess iezoelectric properties
and are compatible with concrete structure (thermal sion matching and acoustic

impedance value close to concrete structure of ~ 25 [1]). Nevertheless. with

incomplete switch of polarization in poling process. Therefore, 0.94BiosNaosT103-
0.06BaTi0 1ezoelectric ceramic have been developed in order to improve the
properties of this ceramic [5-6, 21]. BipsNagsTiO; doped with BaTiO;
eases the coercive field (Ec) and increases the piezoelectric coefficient

ile the piezoelectric voltage coefficient (g33) 1s still maintained high value,
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BNBT also has good mechanical properties (compressive strength =210 MPa [22]) [5-6,

21-22].

In this research, lead-free piezoelectric ceramic 0.94BigsN 3-0.06BaT103

0-3 connectivity pattern (BNBT-PC) composite. The effec T ceramic content on

acoustic impedance, compressive strength, dielectric and zoelectric properties were
mvestigated. Moreover, the cube model was us: te dielectric constant of the

composites and compared with the experimen

2. Experimental

2.1 Fabrication of 0-3 connectivi piezoelectric ceramic 0.94BiosNao.sTiOs-

0.06BaTiO; (BNBT)/Portland cemer composites

The 0-3 connectwity free piezoelectric ceramic 0.94BiosNaosTiOs-

1€ad

0.06BaTi0s (BNBT)/Po cement (PC) composites were fabricated using BNBT

piezoelectric cmﬂe&m particle size ~ 425um at 30%, 40%, 50% and 60% by
volume. The piezoelectric ceramic and normal ASTM type I Portland cement

were kept in a curing chamber with 98% RH at 60 °C for 3 days.
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2.2 Testing Methods
The microstructure of 0-3 connectivity lead-free piezoelectric ceramic
0.94B10 sNag sT103-0.06BaTi0: (BNBT)/Portland cement (PC)/ composites was
mvestigated using scanning electron microscopy (LV-Scanning Eleetron Microscope:
JSM -IT300LV). The density of the composites was measured using the Archimedes
method and the experimental values of the acoustic impedance (Z.) were obtained by
multiplying the densities (o) with the velocities (7). 7 were measured by TM-8812
ultrasonic thickness meter. The acoustic impedance (Z;) equation can be written as;
Zo=pc-Vq 0
For compressive strength tests (S-series: Hounsfield Test Equipment, Surrey,
UK) were carried out after the samples were subjected to curing for 3 days. Moreover,
for dielectric constant, dielectric loss and piezoelectric coefficient (d3;) measurement,
the composites were electrode with igh punty silver paint on both sides of the samples.
An impedance meter (Hewlett Packard. model 4276A) was used to obtain the
capacitance and the dielectric tangent loss (fand) of the composites at room temperature
with frequency of 1 kHz The dielectric constant (5) was then calculated from the

equation;
& =—— @

where C'1s the sample capacitance, t 1s the thickness, £; 1s the permittivity of
free space constant (8 8541072 F/m). and A is the electrode area. In order to investigate
the mflvence of BNBT ceramic content on piezoelectric coefficient of composites, the
composites were poled 1n a stirred silicone eil bath at a poling time of 45 min under

electrical poling field of 1.5 KV/mm and the poling temperature was 80°C. Piezoelectric
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coefficient (d33) was measured using a d3; meter (piezometer System Model PM25).

Moreover, the piezoelectric coefficient (g33) of composites was calculated using the

following equation: “
d
3 3

&nw ="~
3. Results and discussion &

3.1 Microstructure characterization
The schematic of the 0-3 connectivity -free piezoelectric ceramic
0.94B10 sNao sT103-0.06BaTi03 (BNBT)/Portl 'C) composites are shown in

Fig. 1 (a). In two phases composite with 0- vity, the BNBT ceramic particles
are not in contact with each other w ment matrix phase is self-connect.
Moreover, the scanning electron microsc EM) image of fracture surfaces and the
Energy Dispersive X-Ray Spectr spectrums of BNBT/ PC composites are
shown in Fig. 1(b). It can that the BNBT piezoelectric ceramic particle
surrounded by dense hy ucts of Portland cement phase such as calcium
silicate hydrate (C-S-H) and hydroxide (CH) phases. The EDX spectrums of the
composite sh sweﬂts of BNBT piezoelectric ceramic (spectrum 1) are
bismuth; Bi, s : Na, bartum; Ba, titantum; Ti and oxygen; O. Moreover, calcium;

Ca. silicon; gen; O were detected as the main elements of cement hydration
product cium silicate hydrates (CSH) and calcium hydroxide Ca(OH):
(
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Peizoelectric
ceramic particles

Spectrum 2
<

8 : "

ot S BNB1
(=] S
Spectrum 1

Gl

Fig. 1 (a) Shematic representation of 0-3 co; ivity pattem and (b) SEM image (Left)

and EDX spectrums (Right) of 0-3 ivity BNBT/PC composites.

3.2 Density and acoustic impedan
The density (p.) and ag ce (Z.) of lead-free piezoelectric ceramic
0.94B105sNao sT103-0.06Ba NBT)/Portland cement (PC) composites are shown in

Fig. 2. As the BNBT piezoelectric ceramic content of composites increases, density (o.)

observed that at BNBT ceramic content of 30% — 50% by volume, the
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composite matched acoustic impedance with concrete structure (Zc ~ 9x10° kg-m?s?

(1.
6
—@— Density
—A— Acoustic Impedance
5
~
o
B o n
2 o—
= -— o
£ ;.
@
g /
=] /A
24 A
1 T T
20 30 40
BNTBT co
Fig. 2 Density (o) and acoustic i Z:) of 0-3 conenvtivity BNBT/PC
composites. m
3.3 Mechanical properties

Fig. 3(a) shows schematic diagram of compressive strength testing and
compressive strength results lead-free piezoelectric ceramic 0.94BigsNagsT10;-
nd cement (PC) composites. From Fig. 3(b), 1t 1s observed

of lead-free piezoelectric ceramic 0.94BiosNaosTiOs3-

th increase of BNBT ceramic content may be attributed to high
7e strength of BNBT ceramic phase (210 MPa) [22].The increase is similar to

's can be observed by Jaitanong et al. [23] for composite made of PZT particles
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and cement matrix phase. Moreover, these mechanical strengths of 0-3 connectivity

BNBT/PC composite are similar to those used in normal conerete structure (= 22.2-41.2

MPa for 3 days cuning [24]), and therefore these composites will wmsist the

same mechanical loading as normal concrete structure. Q

7 (b)

354
344
334
1 2

Compressive strength (MPa)

kT
29+
25 4 T T T
20 40 50 60 70
QBT content (vol.%)
Fig. 3 (a) Schematic diagram of 1ve strength testing and (b) effect of BNBT
ceramic content on co strength of 0-3 conenvtivity BNBT/PC

composites.

m&
[ t (&) and dielectric tangent loss (fand) as a function of the

ic content 0-3 conenvtivity BNBT/PC composites 1s shown in

3.4 Dielectric p

The d

a), it 1s clear that the dielectric constant increases with increasing
ic content due to the & value of BNBT (& = 2210 at 1 kHz) ceramic pure 15

e & value of Portland cement (g = 58 at 1kHz), this may be attributed to
the sum properties of two-phases [25]. In addition, the decrease m the dielectric

tangent loss (tand) 1s related to decrease of the content of Portland cement phase, The
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-10-

reason due to the conductive effect from conduction ion such as Ca?*. OH- and AP* in
Portland cement phase would contribute the dielectric loss [2].
Moreover, the cube model for dielectric constant [26] w.

»ﬁjmed and
plotted with dielectric constant results mn Fig 4(b). The dielecin t of 0-3

at the BNBT

connectivity is seen closely fit to cube model ptedictionﬁhi

ceramic particles are well packed and dispersed in a continu

=@~ Diclectric constunt
—A— Diclectric tangent loss

g 01 407
é 250 ;
2 A 06 .
£ om \ .
> -
z o {os s
Z 150 a— 10 ’
100+

20 30 40 50 0
BNBT coatent (vol.%)

2030 40 50 60 T0 S0 %0 10
BNBT content (vol.%)

Fig. 4 (a) Effect of BNBT cer dielectric constant (&) and dielectric
tangent loss (fans) and (b) on between experimental and cube model
values for dielectric ith different BNBT ceramic content of 0-3

conenvtivity BNBT/PC composites

BNBT ceramic content on the piezoelectric coefficient (d33) of 0-3

conenvtivi composites is plotted in Fig. 5. It can be seen that the d33 values
/N for 30 vol.% of BNBT to 42 pC/N for 60 vol %. Moreover, the
-3 conenvtivity BNBT/PC composites are higher than that of 0-3

ty other lead-free such as barium titanate (BT) —cement composites, Barium
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. 7

zirconate titanate (BZT)-cement composites and BaggsCag1sTigeZ1g103 (BCTZO)
cement composites at the same ceramic volume content [7. 11, 13].

50

d,, (pC/N)
\o

) A
A

lO T T Al
20 30 40 60
BNTBT con 0l.%)

Fig. 5 Effect of BNBT ceramic Q piezoelectric coefficient (d3;) and
piezoelectric voltage coeffici ) of 0-3 conenvtivity BNBT/PC composites.

The piezoelectric voltage cient (g33) of composites as a function of the
BNBT ceramic content 1s ) in Fig. 5. The g3; values were calculated using the
measured value of piezoelec oefficient and dielectric constant of composites. The

g33 value inchM.sTiOs ceramic content increased. This 1s a consequence of

the greater in of ds; than that of 5. The highest value obtained of 17.00
mV-m/N ww the composite with 60 vol % BNBT. Comparing the g33 value of
1 [1] lead zirconate titanate (PZT)-cement composites i1s ~15.00

ceramic content in composites, that of 0-3 conenvtivity BNBT/PC

3

s 1s higher (16.32 vol.% mV-m/N with BNBT content of 50 vol.%). The high

g33 value makes the composite a very sensitive for sensor applications.
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~q12-
4. Conclusions

0-3 connectivity pattern lead-free piezoelectric ceramic f0.94B1osNaosT10s-
0.06BaTi0; (BNBT)/Portland cement (PC) composites with lowswelume content of
BNBT ceramic (30%-50%) are the most compatible %th 6 structure. The

compressive strength, dielectric constant () and pie ‘:‘

composites mcreased with the increase of BNBT c

cient (d33) of
t. For the composite
with 40 vol% BNBT ceramic, the values of comy Ay ength, & and ds; are
obtained to be 35.65 MPa, 278, 42 pC/N and 17.0® respectively. Moreover, the
dielectric constant behavior is well described by odel for 0-3 connectivity pattern
BNBT-PC composites. Therefore, considerati d be made for both Zc and gz3 for

optimal performance of sensor in real-tume s al health monitoring applications.

Acknowledgements

for the research facilities made possible for this research work.

gversity 1s also acknowledged.

References

-85 -



Confidential/ tanansunia Wuwsuwidauldivauga

-13 -

[1] Z. Li. D. Zhang, K: Wu, Cement-based 0-3 piezoelectric composite. J. Amer.

Ceram. Soc. 85 (2002) 305-313.
[2] C.Xin, SF. Huang, J. Chang, Piezoelectric, dielectric, and fc@mpeﬂics
of 0-3 ceramic/cement composites, J. Appl. Phys. 101 (2007).094110.

[3] A. Chaipanich, N. Jaitanong, T. Tunkasiri, Fabrication

[4] F. Wang. H. Wang. Y. Song, H. Sun, High piezo icity 0-3 cement-based

piezoelectric composites, Mater. Lett. 76 (2012)0
[S] T. Takenaka, and H. Nagata, Current %d Prospects of Lead-Free
Piezoelectric Ceramics, J. Eur. Ceram. é ) 2693-2700.

[6] E. Aksel, and J. L. Jones, Advance Free Piezoelectric Materials for

Sensors and Actuators, Sensors. 1 35-1954.
[7] R. Rianyoi, R. Potong, N. T. g. imnirun and A. Chaipanich, Dielectric,
ferroelectric and piezoelec es of 0-3 bartum titanate—Portland cement

composites, Appl. Phys.[A Mater. Sci. Process.104 (2011) 661-666.

[8] R. Potong, R. Ri A Chaipanich, Dielectric Properties of Lead-Free

Composites from 0-3 Ba fum Zirconate Titanate-Portland Cement Composites,

Ferr. L 23.

[91 R. Poto: > yoi, A. Ngamjarurojana and A. Chaipanich, Ferroelectric
ies of 0-3 lead-free bartum zirconate-Portland cement

c ites, Ferr. Lett. 39 (2012) 15-19.

Rianyoi, R. Potong, A. Ngamjarurojana and A. Chaipanich, Influence of

um titanate content and particle size on electromechanical coupling coefficient

- 86 -



Confidential/ tanansunia Wuwsuwidauldivauga

-14-

of lead-free piezoelectric ceramic—Portland cement composites, Ceram. Inter. 39

(2013) S47-S51.

[11] R. Potong, R. Rianyoi, A. Ngamjarurojana, R. Yimnirun, R. S. Bhalla and
A. Chaipanich, Acoustic and piezoelectric properties of jum zirconate
titanate-Portland cement composites-effects of BZT con particle size,

Ferroelectrics. 455 (2013) 69-76.

[12] R. Rianyoi. R. Potong, A. Ngamjarurojana, A «Chai , Microstructure and
electrical properties of 0-3 connectivity _barfum' titanate—Portland cement

composite with 40% barium titanate content, Ferr. Lett. 43(1-3) (2016) 59-64.

[13] Sitchai Hunpratub, TeerapormnYamwo: uthamSrilomsak, SantiMaensir, Prinya

Chindaprasirt. Effect of particle s1 e dielectric and piezoelectric properties
of 0-3 BCTZO/cement compos: eramics Intemational 40(1):1209-1213 -
January 2014

[14] Ruampom Potong. Rattiyakom Rianyoi, Athipong Ngamjarurojana, Rattikomn

Potong, R. Rianyoi. A. Ngamjarurojana, P. Chindaprasirt. A.
crostructure, dielectric and piezoelectric properties of 0-3 lead free

onate titanate ceramic-Portland fly ash cement composites, Ceram. Int.

D18) 76-82.

- 87 -



Confidential/ tanansunia Wuwsuwidauldivauga

18-

[16] A. SafariDevelopment of piezoelectric composites for transducers. Jowrnal de

Physique III., 4, 1129-1149 (1994).

[17] M.H. Lee; A. Halliyal; R. E. Newnham Poling studies of px ic posites

prepared by coprecipitated PbTi0; powder. Ferroelectrics., 0 (1988).

[18] J. Suchanicz. K. Roleder, A. Kania, and J. Handerek\ 7,107, 1988.

[19] M. S. Hagiyev. I. H. Ismaizade, and A. K. Abiyev, Fi lectrics 56. 215, 1984.

[20] KH. Lam, DM. Lin, and HL W. Chan, ustic emission Sensors,
REVIEW OF SCIENTIFIC INSTRUIVIENT% 9, 2007.

[21] T. Takenaka. K. Maruyama, K. Sakata, 3 103-BaT103 System for Lead-

Free Piezoelectric Ceramics. Jpn. J. A , 30 (Part 1. No. 9B) (1991). pp.

2236-2239.
[22] P. Yusong, S. Qiangian, ication and mechanical properties of
Nao sB10.5T103-BaTi0; lead- lectric ceramics, Ceramics — Silikaty 58

(1) 50-55 (2014)

[23] A. Chatpanich , R. o1 a , R. Potong , N. Jaitanong, P. Chindaprasirt,

Compressiv gth and microstructure of 0-3 lead zirconate titanate ceramic-

Portlan sites. Ferroelectrics, 457:53—61, 2013.

oli¢, D. Bojovié, L. Loncar, Z. Romakov, The estimation of

- 88 -



Confidential/ tanansunia Wuwsuwidauldivauga

-16 -

[26] F.Xing, B. Dong, Z. L1, Dielectric. piezoelectric, and elastic properties of cement-

based piezoelectric ceramic composites, J. Am. Ceram. Soc. 91 (2008) 2886-2891.

-89 -



Confidential/ tanansunia Wuwsuwidauldivauga

Enhanced ferroelelctric and induced strain behavior of PVDF

modified 0-3 lead-free 0.94Bi0sNaosTi03-0.06BaTiOs piezoelectric

ceramic/cement composites &

Rattiyakorn Rianyoi*’, Ruampom Potong®. Athipong jana®,

Arnon Chaipanich? @

University, Chiang Mai 50200,

“Department of Physics and Materials Science, Faﬁ*nce, Chiang Mai

®Division of Physics, Faculty of Science and Tec yjamangala University of

Technology Thanyaburi, Pathu 110, Thailand

*Corresponding Author’ il: r-nanyoi@gmail.com

Abstract

Polyvinylidene fluon odified 0-3 lead-free 0.94Bio.sNaosT10s-
0.06BaT10; piezoelectric ¢ ic (BNT-BT)/cement composites were fabricated using
the mixing and pressing The structure, ferroelectric properties as well as induced

strain behavior wese snvestigated. The ferroelectric hysteresis loops showing reduction

loss area when PVDF content was increased from 0 to 10 vol.%. The strain-electric field
apparent in composites modified with PVDF where the composite
tent achieved the highest peak-to-peak strain. Therefore. PVDF
as the third phase in these composites, which enhanced the structural and
ctric properties of 0—3 BNT-BT/cement composites.

Composites; Lead-free piezoelectric ceramic; cement; Polyvinylidene
fluoride; Ferroelectric properties.
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1. Introduction

Smart materials of 0-3 lead zirconate titanate-based piezoelectric ceramic (PZT-
based)/cement composites have been extensively mvestigated and developed as smart
composites for concrete structural health monitoring due to this compesite'has good
dielectric, ferroelectric and piezoelectric properties as well as acoustic impedance
matching with conerete [1-3]. However, lead content in PZT-based ceramic cause serious
environmental problems because high evaporation of lead oxide during calcination and
sintering processes [4-6]. Therefore, 0-3 lead-freg piezoelectnic ceramic/cement
composites have been attracting attention to develop as friendly environmental
composites m place of 0-3 PZT-based/cement composites and achieve the desired
properties.

Recently, BaTi0; [7] and BaZrg g5T1g,gs05 [8] have been developed as promising
candidates lead-free piezoelectric ceramies for fabricating 0-3 lead-free piezoelectric
ceramic/cement composites owing o several advantages including easy to fabricate, good
dielectric properties as well as acoustic impedance can be adjusted for match with
concrete structure. Howeveg; these composites are difficult to obtain good piezoelectric
properties and not quite a5 hagh as 0-3 PZT-based/cement composites. This 1s due to with
the leakage current.of eomposites 1s mainly caused by the mnterface pore between ceramic
particles and cement phase, the pore in cement phase and their inner water, which makes
1t difficult to pole the ceramic phase in the composites, thus may not be able to obtain
complete polanzation [2].

To umprove the piezoelectric properties of 0-3 piezoelectric ceramic/cement
composites, the cement phase m composites modified with different polyvinylidene
fluonide (PVDF) content additive have been developed [9-10]. It was found that the PVDF

content played an important role in the total period of poling process and piezoelectric
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properties of PVDF modified 0-3 piezoelectric ceramic/cement composites.
Nevertheless, no research works have been reported on ferroelectric and induced strain
behavior of PVDF modified 0-3 lead-free piezoelectric ceramic/cement composites.
Therefore, new and novel results on this type of composite are report: time.
In this experiment, the effect of PVDF content on the stru ture and
ferroelectric properties as well as induced strain behavior& ified 0-3 lead-

free piezoelectric ceramic/cement composites were meas; s

O

2. Experimental procedure
PVDF modified 0-3 BNT-BT/cement com%w fabricated using 50 vol.%

BNT-BT and different PVDF volume content of 0%, 1%, 2%. 3%, 4%. 5% and 10%. The
BNT-BT, Portland cement (PC) powder ere mixed together and pressed into
disks of 15 mm in diameter and 1.5 @ess to form 0-3 composites. Then, all
samples were heat treatment at 17 h and then kept in curing chamber at 60°C
and 98% RH for 3 days.

The phase formatio; composites was analyzed by the X-ray diffraction
technique (XRD; Philips 9 diffractometer). Scanning electron microscopy (SEM;
JSM-IT300LV) 1 cattered electron imaging mode was used to investigate their
surface mo: “&polarizaﬁon-electric field loops and strain-electric field

butterfly curvi ined using modified Michelson interferometer (helium-neon

laser; mon ource L= 632.8 nm) combined with Sawyer—Tower circuit at room

d under an electric field of 6 kV/cm (frequency of 0.2 Hz).
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3. Results and discussion
The XRD patterns of BNT-BT ceramic, PC after 3 days of hydration, PVDF after
heat treatment and PVDF modified 0-3 BNT-BT/cement composites are shown in Fig. 1.

It can be seen that XRD patterns of BNT-BT ceramic displays a pure ité structure

ite (C2S) phases and

calcite (CaCO;) are also detected. Moreover. the at 26 of PVDF

were studied as also shown in Fig. 1. With the increase in PVDF content of 1 to 5 vol %,

no diffraction peaks are visible in composites which may be due to XRD
technique limitation in detects 1 w levels of PVDF content and the intense
diffraction peaks of BNT; ic overshadowing PVDF peaks. At high PVDF
content of 10 vol.% in ¢ can be observed diffraction peaks from PVDF phase.

&
Q
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Fig. 1. The XRD patterms of BNT-B C. PVDF and PVDF modified 0-3 BNT-
BT/cement composites.
Fig. 2(a) shows SE the fracture surface of 0-3 BNT-BT/cement
composite. It can be BT phase were found to bind with cement phase,

however, many pores can be found in the interface between BNT-BT phase and cement
phase as well . The elemental mapping analysis for fluorine (which 1s

the main elem 'VDF) and SEM images of 0-3 BNT-BT/cement composites

vol % PVDF are shown in Fig_ 2(b) and Fig. 2(e). respectively. It
PVDF phase shows good compatibility and binding by filling the

e between BNT-BT ceramic particle and cement phase along with

it can be'observed that some cement particles are wrapped by PVDF and contains more

residual unhydrate cement particles, which can cause more porosity at the interface.
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Fluorine |50

Fig. 2. (a) SEM image and EDX analysisiof 0-3 BNT-BT/cement composites. (b. d)
elemental mapping analysis and (¢, €)'SEM images of PVDF modified 0-3 BNT-
BT/cement composites at 5 and 10 vol.% PVDF. respectively.

The polarization-electric. field (P-E) loops of PVDF modified 0-3 BNT-
BT/cement composites are presented in Fig. 3(a). It can be seen that P-E loops of
composites show 2 ios;y»fea,mre with round characteristic due to many weak conducting
ions in cement phase such as Ca®>", OH™ and AP*" [15], hence fully saturated P—E loops
cannot be aclneved for these composites. For comparison, we define the y-axis intercept
as the “apparent™ remnant polarization (Pr) and x-axis intercept as the “apparent”
coercive field (E-). With an increase of PVDF content in composites, the P-E loops
showing reduction area in loss and it becomes slimmer. It should also be noted that when

increasing PVDF content in composites, the Py and Ey values tended to decrease as shown
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in Fig. 3(b). The lower P, value at higher PVDF content in composites can be attributed

to the low remanent polarization of pure PVDF phase [16].

e, * [ (b) |
B e

8
)
s

>
i

"
=
n

i

Polarization (pClcm!)
=

“

=t PVD) == 1% PVDI
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A VDE
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-6 -4 -2 0 2 4 6 [

Electric field (kV/em)
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Fig. 3. (a) The P-E loops and (b) the Py and Er’% PVDF modified 0-3 BNT-

BT/cement composites. 0
Fig. 4 shows the stain-electric curve of PVDF modified 0-3 BNT-
BT/cement composites. In composites w1 3 vol.%. non-180° polarization rotation

results in large hysteresis with Si%&nﬂlt strain. Moreover, the highest strain

under the electric field of 6 kK ese composite was improved in composite with 5
vol.% PVDF modification: in value reaches a maximum value of 0.0023% at an

electric field of 4.9 kV/em. the strain response dropped when the higher PVDF

comteat of 107 w
>
£
Q
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Fig. 4. The S-E curve of PVDF modi - -BT/cement composites.

4. Conclusions

All PVDF modified T/cement composites were successfully

fabricated. The PVDF c¢ se composites has a beneficial effect on the

ferroelectric and induc vior. The polarization-electric field loops results

showing a reduction of loss area charactenistics in PVDF modified 0-3 BNT-BT/cement

composites. field-induced strain of these composites was enhanced with 4-

10 vol. % PVDF modification. The highest strain value of 0.0023% at an electric field of

49kV/em composite with 5 vol %.
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In this research, lead-free piezoelectric ceramic 0.94Bi; ;Nap ;Ti0;-0.06BaTi0;
(BNBT ) Portland cement (PC) composites have been fabricated for use as sensor in structural
health monitoring applications. BNBT ceramic particles have been incorporated into Portland
cement with ceramic particles content of 30-60 vol.% to form 0-3 connectivity pattermn (BNBT-
PC) composite. The compressive strength, acoustic impedance, dielectric and piezoelectric
properfies of the composites were mvestigated as a fimction of ceramic content The results
indicated that the compressive sirength was found m the region of 29.22-35.65 MPa for these
BNBT-PC composites. The BNBT ceramic content of = 40-60 vol.% are the optimal BNBT
content for an acoustic impedance match between composites and conerete stucture. The
dielectric constant value of composites increased as BNBT ceramic content increased while the
dielectnc loss value reduced at higher BNBT ceramic content. Moreover, composite with BNBT
ceramic content of 60% vol % exhibited highest piezoelectnic coefficient (da) value of 42 pC/IV.
The piezoelectric voltage coefficient of composites was found to be in the range of 1396
mV-m'N te 17.00 mV-m/N. Furthermore, the piezoelectric coefficient and piezeelectnic voltage
coefficient of composites were close to the cube model. According to the results, it 15 noted that
these composites have good compatibility with concrete stmcture and has potential for use as
sensorl in structural health monitoring applications.
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Abstract

Polyvinylidene fluoride (PVDF) modified 0—3 connectivity cement-based/lead-free 0.94BiosNaosTi0:-0.06BaTiO: (BNT-BT)
piezoelectric ceramic composites were fabricated using the mixing and pressing method. The composites were fabricated
with different PVDF volume content of 0%, 1%, 2%, 3%, 4%, 5% and 10% (BNT-BT ceramic content was kept
constant of 50 vol 26). The structure, microstructure. ferroelectric as well as mduced strain behavior were investigated
and their ferroelectric and induced strain behavior were measured by a Sawyer-Tower circuit in conjunction with
Michelson interferometer at frequency of 0.2 Hz. The X-Ray diffraction (XRD) patterns of composites was mainly
attributed to BNT-BT piezoelectric ceramic, Portland cement and PVDF phases and the intensities of the PVDF phase
peaks increased with increasing PVDF content in composites. Moreover, polarization-electric field hysteresis loops at
room temperature showed that the apparent remnant polanzation of all composites mereases with increasing electric
field. Under the same electnc field for evalvating polarzation-electnic field hysteresis loops, the ferroelectric
hysteresis loops showing reduction area in loss when the PVDF content was mereased from 0 vol % to 10 vol %. The
strain-electric field hysteresis loops become more apparent in composites modified with PVDF which the composite
at 5 vol.% PVDF content achieved the highest peak-to-peak strain. Therefore, PVDF was useful as the third phase in
composttes, which improved the microstructure and electric field induced stramn of 0-3 connectivity cement-based lead-

free 0.94B1g sNao s T103-0.06BaT10;: piezoelectric ceramc composites.

Keywords: Composites; Lead-free piezoelectric ceramic; Portland cement; Ferroelectric properties; Hysteresis
loop; Induced strain behaviour
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