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Abstract

This research project aims to study new smart composites for the sensing and
actuation applications in civil engineering. Firstly, piezoelectric ceramic materials include Pb-
based compounds, lead zirconate titanate with nikel oxide addition (PZT-xNiO when x= 0.02-
0.10) and lead magnesium niobate titanate (PMNT, 0.67PMN-0.33PT) were fabricated. The
results of piezoelectric coefficient value is 298 pC/N and 527 pC/N respectively. Secondly,
lead magnesium niobate titanate (PMNT) and Portland cement (PC) composites of 0-3 were
produced for 50%PMNT by volume content with polyvinylidene fluoride(PVDF) addition for
1-10%by volume. Microstructure of PC-PMNT-PVDF composites were investigated by using
scanning electron microscope (SEM) and piezoresponse force microscope (PFM). The
ferroelectric and dielectric properties were also investigated. The dielectric constant and
instantaneous remnant polarization (P;,) of PC-PMNT composite with the third phase (PVDF)
addition was found maximum values at the composition of 2 volume % of PVDF while the
dielectric loss was found to decrease due to the increase in insulative PVDF addition. Also,
the PVDF addition in the composite can solve the problem relating to the porosity and show
good connectivity by filling the pores at the interface region between the piezoelectric
ceramic phase and the cement phase. Thus, the use of PVDF as a third phase and as an
insulator can be seen to evidently reduce the loss and noticeably improve the electrical
properties of the composites. Therefore, this novel composite is deemed suitable for sensor

application.

Keywords: lead magnesium niobate titanate, Portland cement, polyvinylidene fluoride,

composites



Frunynauil MRG5580050

withagulasenisg

(Executive Summary)



Frunynauil MRG5580050

nia3UlATIN"T (Executive Summary)

[
raa

Taqmanniolodidnvinuazyuduudduiaamauiidslasuanuaule Jetaquanuulvill
anuddyeganlunsiauiauinivedasiadwndmnssalestlunsiseiamunluidy
Tassaieaan Tannaudddassaiisuuvaaa fe Jaadalassasiaunsavimihildvainvansly
nandertu 91y nInsniannueien msannisduasiouiiiAstululassadne uasdiny
dinlunivesnnuannsalumsanuazmsruaunsduaziioululassadisld. fensiauigunsal
n5794U (sensor)  Tudlagtiuldlvauaulaiferfunsimunnaidafildngrninanudemeves
Tseadns wagluauided Iafianuaulafiesinuinaeien uazamaaou Yaquavaarauuulvsl
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paUFna PMNT fifistusazannnsasadeulassainnaniadendesqanssmisidnaseunuudos
nsauazndesganssmidyaraifisledidnninnuidisnsuietududuaunnlasanisuiiom
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1.1 uni (Introduction)
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Sanifieludiann3n (piezoelectric material) Wuwiiaussinnnilefifland@mm nande
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1.2 InUsezasA (Objectives)
= = Y a I ] a o ad a = 13 3 = an aa
\ewssu TannauvinlnissninesdndieleBidnvsn-YuiuudUesauaudlneinedlfa
Aurgoalsmdusiiy
d‘ a Al aad 6 1 b4 v
\enIvdeURansEnuTaIMsiunedhiladungeslsddelassairganiauazaudanialii
[ ' a = a & a IS (3 s [
YosiannaNsEniaesiinieledianvsn-Yudwudvasaiaus
LDWELNIHANUIT U SEgIINTIEAUUIWII ARAE ATUNaATe TN SanTIvINg

SEAUUIUIBIA

1.3 a@aw:éﬁﬁiuumnLaﬂmiﬁlﬁﬁmﬁ{f&lmﬁauwﬁﬁ‘ﬁ (Summary of literature review)
Un.f.1989 Moon-Ho Lee uagany [1] léAnufanavesauniliiill uazvuineyniaiise
autAieledidnyinluanuauianlyimiun-swend wuu 0-3 wuiriasuaufifiesdnvuineyaiaidn
1731 200 nm azdasldaniieliinnisdufivesnisina (saturation poling) UINNTIBUNIAVUIN
Tvgiilosnnnavu (rotation) vesnan iy Tawuien (single domain) Tusgninanisiwanazuen

Ko o a £ a a A a X A - )
IMNULINUINAN ﬂuﬂigaWﬁLWfﬂsﬁaLaﬂ‘VﬁﬂLWNGUULNQGUU']@@HJY]QIVIQJJGUU @QEU 1.1

(n) (%)
U 1.1 wavesawulih (n) wazgvuineynia() MiideaudiiieledianvsnluTannauianlnnium-8

Nand [1]

Up.A. 2001 [2] Beatrix Ploss wavAuy laAnw1an1uN15ailnavediannauLuy 0-3 sening
PZT/PVDF-TIFE wudnnisinaluusiazduneunuy antiparallel (Wansisgul.2) agvililadannand
~ o U ) Y 3 . . dyu U 5
wngaunandmniunisinluussyndldilu piezoelectric sensor wananidsladnwtunaunisin
a99938N3ENINY PZT/PVDF-TrFE wudnnislwaluwsiaztuneuaziinliiinnisidsuulaseand

wslsBdnvnuaziielediannsn nmsieamgivieauinlnihaldlunisinaseyilildmduysy
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3 o <

gleBlANVSNINNTY wanandFanuidloUSuiawed PZT Wudududseansineladidannsniay
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=
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=)

ho)}
2,
=

(n)
" —
o)
()
=T
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5U 1.2 dnvaiznsinsesiiveseunawsiinsesay 20 lngdunns (n) Segaz 60 lnedsuins (1)
voianuaugeusiafiutalnin(2]

= [y

U A.#1 2002 Zongjin Li, Dong Zhang tay Keru Wu [3] lavins@nerigamaunuy 0-3 1y

9

Aa 1 v

ledidnninuazyudiuud Tnefnufuiavesnuangesiaunlnimusiiseaiausiiuniudes
adeu Aduuszansamuliindeng wagadudsydviarunadon iieledidnnin nanismnaosils
uanafamsne 1.1 uagdsldfimauansaludmnuiifansmsy 1.3 (0 v wag Ausnani Zongin Li
Dong Zhang ua Keru Wu léwudgmnluduneuvesmanau fio ieifiudsinaaniseslawnlnm
wpnTu 70 Wesidudlaeuiinng andnnislidniuves fanuawminiu
Fenguiinddesananlduitamlasnsivansivislunstamisndll fe quidesnanadin
w3 (superplasticizer) uanawmﬁé’qﬁﬂmjmﬁL‘ﬁuqﬂaiiﬂasmmﬂsl,uﬁwuam'ﬁﬁﬁga (poling)

AautsINvasTanNay Beantawulnihunnifuluagyiliiinnig breakdown vasdanmaula
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Spacimen PZT PZT Piezoelectric Piezoelectric Electromechanical Dielectric
code Particle particle Strain Voltage Coupling constant
type content  factor, dj; factor, g, coefficient, &
vol%)  (10°C/N)  (10°Vm/N) Kt
a PZT | 35 1.2 18.6 11.6 43.5
b PZT | 50 9.5 16.8 12.9 63.9
C PZT | 65 18.0 22.1 18.6 92.1
d PZT I 35 8.1 15.1 12.9 60.7
e PZT Il 50 12.5 15.0 13.2 94.2
f PZT Il 70 33.4 20.7 20.7 182.2
Matrix 0 0 0 0 26.2
(n) @)
()

5U 1.3 nowiAludamgufenaninegaudiuing (n) A1 ds; (V) uag Angs; (A) sie USuna PZT [3]
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Up.f. 2003-2004 Shifeng Huang uazanz[4] labiruaulalunis@nuiiaguanieled

dnn3nuasyudiuuidaiiesogiiun (sulfoaluminate  cement) Fsudiuddainesogliunayd

e

1 ;Y

anURwunarudanuudusigawazanusafumunisianseulafniyudiuudsssuni uenaind
nguiinidedanandalianuaulaludomavesauny Iihuazinalunisina dsmanisvaaesiils
Wud%ﬁaLﬂuaumlw%ﬂﬁmi’a@mam QYA dss gasﬁu JUAY 4 kV flo mm A1 ds; azi3uAsTILAE
anad waznailunislng Wuindi 45 undl A dss avisunsh Anainnisausavesialnaluuus e
nMsnnaeIuanInegy 1.4 (0 uag @) uannG Shifeng Huang LagAMY Jenuindeiuu3una PZT
Tudannay aevilie dss wae 935 qﬁuﬁagﬂlj (N waz ) JsaenndastuNanIsNAADIYEY Zongjin

Li, Dong Zhang Waz Keru Wu Tul a.¢ 2002

(n) ()

5U 1.4 WAT0AT ds; D aunulnihildlunislna (n) waznavese ds; Ao Landildlunsina (v) [4]

(n) ()

5U 1.5 WAv0A1 ds; WAz g55 e USuna PZT Tuanuay [4]
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Ya.A. 2004 Zongjin Li, Bigin Dong kay Dong Zhang [5] levinnsanwnieaudfiieladiany
SnuagdnvazianzvesTagiiioledidnnin feaziuluneanuduiusvesdadelunisina wu
awalidils anfildlunislna wse UsunanamweslawumnlmnuslussuusazlaiinisSeudiou
Aitlsiiu Yaquan lwilia-wedwosdndie Fsarnuanisvaassmuindlodfivaualiin uas nan lu
mslwa Wediusunaanwoslawnlnnualuszuu asilildmdulssansmnuadoniieledidnm
3ndina Laneiansnsy 1.5 (n-9) Fauzaenndeaiusuideves Shifeng Huang wazaniz Tule.a.
2003-2004 1uiu wazsliATianmeenduims waven ds, AnTannan wiin-wedesanme

FINAN1TVNABDILFAIAINITN 1.2

() ()

(@) (9)
U 1.5 Anuduiusvesan ds; denaiiavysunn PZT ludannauesniia-Suus wagdaanasias

An-wedwas (n) A1 ds; senawazauuliinlalunisina (@) A1 d;; senakazsseziallung

lwa (A) wazA ds; slonaasUSua PZT Tuanuay (3)[5)
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M99 1.2 MIUTUTEUR & wae dss TaeTannaNeTin-Suuduas Tannauesin-nediues [5]

Materials Ceramic PZT PZT/PVDF PZT/rubber PZT/POM PZT/cement

g, 3000 120 55 95 300
ds3 (pC/N) 500 20 35 17 55

Um.#. 2005 Bigin Dong wag Zongjin Li [6] lﬁﬁwmiﬁﬂmﬁqmiL%auﬁiasuaﬁ'aqmaﬂut,l,uu
2-2 WinunBndne wazda@nedamanisaaeumivansalunisilusiduig1  Gctuaton wae
Fuiwes (senson) Fawafilddufiuwelausdsldfnslunisiluldeuldase 39 Bigin Dong uax
Zongjin Li lstinaue Tassairsmeganiavesiannaufidnesendes SEM fagu 1.6 (1) n3mwiusans

ANUFNTUSVDIAN ds; VOITAANANYIIIN-TUUANTIUTELANVBATTINNTA1AY fagU 1.6(%) Uawd

o Y ! [ a IS (3 v
LEAILUUNADINTTINANVDIISAANTULYINNN-TLUUA LUU 2-2 ﬁﬂgﬂl.é (A)

(A)

5U 1.6 lassainamnaganiavesTannaufiatgnlendad SEM (n) anuduiusuesan ds; vesdannay
L3 HiA-GLANIUTENUR ALY HATIANIY (WUAELUUTIARINITINAUE I TAANENIYTITA-TLUUA
wuu 2-2 () [6]
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v

Up.Ai. 2005 Shifeng Huang wavauz(7] delevinisAnwiiudiutianavetsgumgilunisina
wanenagy 1.7 neunasimsinandudssavsanueseaiielediannin Jamuitgamganldlunisi
InafiivugauazegUseuin 120 asanwaldea Lesainiinguugiasnindendudsedans

ANuLAsEALielaBLANVSNazilranas

5U 1.7 ¢ ds; wazgaungiitunisina [7]

& . o vee 1% 1Y) ~ a a a
wenanil Shifeng Huang uazame GilaAnuilassaiiameganinvesiannauiiieledidnninuas
Yuduidamlaseaiitug wazlaseainavasgniy Miendod SEM uanwisgy 1.8 (N wag ) Fawuing
wiundnelulasairvesiagnauwasNogusiinsewasening avesTaguay dzdwailviin

nseladl (leakage current) Tunisina vildlnalaenn

00286 7

S T H TS A HH S
| h9T101-PPME — hag1102-PPM i — |

0.0257 [t L

|
0.0228 : e bl

0.6200

00171

80% PZT

0.0143 |-
'

70% PZT

Normalized Volume {cc/g)

200 | S0 @ i S5 2 i 8§ 2 i 5 2 | &ES
100 10 1E0 1E4 $E2
Pore Diameter (pm)

(n) (@)
5U 1.8 §TUsENINNT0LM0YDLYTIEA PZT uaduudluvisnd (n) MAseilaseadeagniues
PZT, Janmuas wae Tuuinag Quanta Chrome POREMASTER-60 Automatic Pore Size Analyzers
(@) [7]
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2.1 Fsn1snaass(Methodology)
aoudl 2.1 Mmswseuwsiindieladianyin

aawaslawalniniua-liiaeanlad (PZT-NiO)

Fuanlfinafianisieeauuy Solid state reaction %3e 819138091 mixed oxidetilosan
annsavhmswienldluuinasnnuagyinaadsunsPZT smedsladulus (columbite method) 39
finmswdoaestunoulagBuan nswssunsaneeslawn (PbZro,: P7) Ssazyinmsiiuaalsilng
Hgamgll 800 esmiwada Wunan 2 Hlus Tnelddammstuasesgamnivity 5 ssde
uit dleldne Pz udr Alunauduna PbO way TIO, Wutumeuiiaedlasldgamgli 900 e
wadea Wuna 2 alus Tagldshrnstuasesgamglividy 5 ssndowdl aanduiing PZT
FlFumauiu NiO (PZT-xNIO) $nednsidiunaunse x= 0, 0.02, 0.04, 0.06, 0.08 uaz 0.10 #1133
mixed oxide wagltgamgilunsmunaley 900 ssrwaidea 1Wunar 2 Hlus Taglddnanis
Juaswosguugivinty 5 ssmdeundt Weldue PZT-NI fifiusmnamdnmesenalnsigeaauds 2z
nsdnTusUTuudaniossalansodnluifuilansfddnuasduuiunay (diso) Tsdvunmdu
HiuAudnans 15 Tadiuns mﬂﬁ?uﬁw%umuﬁr;humi%ugﬂLLéh (green  body)lUtkuiingae
guvindl 1150 1200 wag1250 ssenwaidoaifung 2 dalus Tnglédnsnistuasuesgnmgd

Wiy 5 29asiaunil Wsldlwsiin PZT-Ni Avrluasiaasuanazaudmnialiidisald

lanuunti@enlulaua-aalniniua (PMN-PT %38 PMNT)

aanundi@eululown-aalnmumBuaisnslsdidnaninfiinannissuiuszninnan
wundiFeululewn (PMN) wazaalnmun (PT) duiasuannswisuanuunii@edlulewun
(PMN)#e33Tadulus (columbite method) Aeudaduiinsinseunsuuuastunou Tngiduainnisg
LHLmSE(prereaction) neudnili@eteanled (MgO) wagniluleileusanles (Nb,Os) Tiegluguves
mﬂ@ﬁulnﬁﬁﬁgm5ﬂu MeNb,O, leldnsladuluiudFahnadildnnnuaalsisnadssmsunz i
(PbO) Tlgaumgiilumsunuaslet 800 ssmwaloa SnadufielmAnufAtorraudamudung PMN 7
flans10u Pb(Mgy/sNb,5)0; d@duanlnmiun (PT) w3suainnnsnauiuves PbO uay TiO, #aeds
mixed oxide ntuiieldaves PMN uaz PT fifianuuiguinuiidesnisudisiunaniudaeis
mixed oxide lugnsiaruluand 0.67PMN-0.33PT Lileldna PMN-PT miidosmsudafnlusaiusy

Y

Iy Y A ) a 1 a aa I3 ' . = Y ¢
SUUQ'WU@’JEJLﬁﬁaﬂaﬂlgﬂiaafﬂ,uLLNWNWW@M%VI&I AuUElUULNUNAY  (disc) %QN%UW@L@UNWU@USﬂa'}Q

15 faduns MNTWNTUNUNHIUNTIUIULET (green body)lwniinameaamll 1250 a4

Y
[

a < Q.Il Y v = a 1 Y 1 = dl 14 a
wageailual 2 Talug Iﬂsf[fuamwmsﬁuuawaqqmmmmﬂu 10 aeAsioun?  leolawsiiin

PMN-PT Avrlunsiaaevandanisluidsely
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Aaun 2.2 nMsn3endraanauwuy 0-3 Tnelinafiuafidudax

[y

Fauauwuy 0-3 Maenldlunuidel As wawuni@oululaiunlnmiun(PMNT)-Yuduud

Y
¥

Josauaua (PC) nsdenanuunili@eululaiunlnmunPMNT U Nanluiagnaussuuiliiasaind

b

De

autAmalaififndy aaweslawslimun-Tiiasenles (PZT-NO) Fslussuutaguanuuy 0-3 4
wliaauunidesluleiualnnundufamsamaiiases) uaglijuuuidesauaudiduuning
wa(lanan)

Gunmsseuyuiiuuiveiauaudliliduiiuiuton anduinhlunauiuigndn PMNT
Frlunisuafavualugie 300-600 Tuaseu Tne3Sn1sauwuusssual (normal  mixing)  #ae
§n37du 0, 30, 50 uaw 70 fevarlneUTuinsues PMNT uazfidnsndiusosas 50 lneU3annsves
PMNT fagyinnsuasinanodiwesdaduauulivhuiiidumaiamdilulussuude wagly
mAteiilfiden wedlaidRungealss PVOF Wumaiianudenan ndudleldnmanasTanuauly
é’mwdaumﬁﬂizﬂawm6]muéfaqmméﬁﬁ%ﬁﬂﬂé’msﬁugﬂﬁ’mLﬂ‘%'aaé’miamaﬁﬂ PIBLTY 1-1.5 6iu
Gunan 10 Junit Tuwsifismlansfifidnuasdunsunay (dise) vunmduriguénans 15 Jadiuns

dn¥utanuanszuy PC-PMNT-PVDF ndsansinunisdndusuudiagdesiluriunszuiunis
Taufeuiionmniivseana 160 ssmeaidoadunal 3 Falus iilelsmediuesnealidady
wgoslsd \Aansnidensiovesasldluananazanunsavaouvalunsnduilulugnpilutaguauls
nduthiunuiiunistuguudian fadedueiosnuaugumgiitemperature bath) fiannsn
UANARULARY 97 Wosiudfigungil 60 esmwaidea Hunan 3 Yu Weliyudunsideiity
wvEnduia Iinnsudsiuasvimihfidessrauenia PMNT Sadufamiama wazwedliasu
wgeslsd (PVOF) Fadumafiaw uanifieliinufftolawnstuiianysal aniudailuasoaey
ANURRN

wnudaasUduneunsnseuiagnas PC-PMNT-PVDF uananasy 2.1
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WS 1deieleBlannsn (PMNT) 9
HUNISUARAYUIALUTEIS 300-600

a P ¢ ¢ ca 1 |
WsENYUTIUAUaSALAUATINILNTTU
Lailssusnududau

.

WAL LTUUATUTIEA
PMNT way PVDF Tu
gn371d7u PC:PMNT T

ALY UBUATUIEA PMNT T

DNTAIUNAY YU:w53A
30:70, 50:50, 70:30

50:50 wag PVDF 0-10%

y

TngUSung Y 1% v e
& oo PANUSUNUIARNE
: FusUluwdiuivun et
1 v 1 4 v - -
L, >l Laumqﬂuaﬂaqq 15 L. 32UU PC-PMNT-PVDF#
a <
fadians gaunQil 60 BeA WU
3 g
\ 4 i
Unlupanuduigamgil 60 |
I3 o oA v E
2977 1 0U0AT 3 TULNETH  |emmmcmcmecmecmeeeee i
Yududiend
\ 4
A5 UANUR
v
1A59835199a01AKAE augmnelaih
A159LIBF VD
Y i o audaslsdiannsni
NdvIRanIsAuBannToU > -
> | DUNNUNDY
WUUEDINTIA SEM e
Y ‘o B andRladiannsni
| ndeaganssAldy iy .
> e - DUNNTTDY
l98anN3n PFM T

o

5U 2.1 UARUNUATIDIFEY Tu

(%
aAa o v

MBUﬂ'lﬁLGI’%EJlILLﬁ%ﬂ?i%iﬁﬁ]ﬁ@U’:}JﬂﬂNﬂN
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3.1 NanN1sNAaRaLazlNsaina (Results and Discussion)
d‘ a =] a & a
AOUN 3.1 WwSInAeLBLANYSN

nwaslauslnivius-tifiaeenlyd (PZT-NiO)

Wqﬁﬂiiumstﬁ@w\la%amwaauﬁwLwﬂﬁﬂmilﬁmLuumaq%’q?ﬂaﬂ‘*ﬁ (XRD) v@a9518ATEUY
(1-X)PXT-xNIO 118 x= 0, 0.02, 0.04, 0.06, 0.08 Waz 1.0 muduLanafagy 3.1 gﬂqumsL?:mLuu
vosfadidndvonusniia PZT-Ni iuniswiadnsisgamall 1250 ssrwa@oaduna 2 dlus
Tnelddnsnistuasvasgungiviidy 5 ssmdouniaenndosiudoyavesans PZT ans
Pb(Zros,Tinas)Os tubilutoya JCPDS  vianesay 33-0784 %Qﬁiﬂiqa%ﬁmuuLwaﬁaWa”LﬂﬁLunﬂ
dandunaudeazilassaiendnduiuunnszlnueaazsesludnsea F9angui 3.1 azifiudilsl
Usingulavesiiia (N) tae o1audululdiniesanuiinadilddnluiiuiinames Ni- desuniili

= v a ! £
LL‘U“UE“LJﬂ’ﬁLﬁEJ'JL‘UWUENNEL’P]ﬂ‘?ﬁmlﬂﬁ’]ﬂ’]iﬂmiﬁ‘i]WUlﬂ

sU 3.1 suuunsidgiuuvesssdiendveuysiida PZT-Ni Wigufiu JCPDS file No.33-0784
Vs PZT
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Nan1IRTIREUAELUTEANS e leBIENTSN (dsy) T8UTTNTZUU(I0PXTXNIO 1ile x= 0,
0.02, 0.04, 0.06, 0.08 Wa 1.0 Ferum st minTigamail 1150, 1200 waz 1250 srniwaidvariy
nen 2 $al Teelddarnstuasesgamgiiviiy 5 ssmsewifiuansiegy 3.2 angUasituin
AduUsyAvBiigledidnyin (ds) veswsIfinssuu PZT-NI figaumndinisieniin1200 way 1250

= Y A v o = A a = = a
PNGRINBISHEE ﬂi'ﬁ/\lLLa@ﬁLLu’ﬂu@JWﬂaqﬁJﬂu‘U\‘i'ﬂQﬁuﬁq&lﬂqiLNWN‘Uﬂ1250 DALY ALY Y FATUAN d33 ‘Vq]ﬂ

a

dandiugaiigadsannsautsosuiglfanutaansm saausnil x=0.02 @1 ds; anaudntesiietia
U3 NiO 210 230 1Tu 224 pO/N wae 290 1Ju 273 pC/N dwsu PZT-Ni wsdniiwiingae
9aumQii1200 uay 1250 ssmiwaioa amd1iy Tsfiaeadleifiuuiunm NiO fis x=0.04 wuin e
dys SAufiatu (271 pON dufugangiivn 1200 91 uaz298 pO/N dwiugangiivn 1250
a3 ) Fadue dss geandmiulwsdinsguy PZT-Ni oradululanfisnsidn x=0.04 Hans
unuiLuuanysaives Nio Tulassairawesewalndves PZT iWeifleurudnsdndug annsaesute
g nmsiistures dss WuNaunanMsiinTuesesing (vacancieslu PZT [8,9] §¢ Ni° #itl3wd
losou 0.69 Ssanseuunazdluunuiidumis T eilsailloosy 0.68 Sransey duuuulula
Aamsdadovedasadsaneasdnuealdfusenluinseadmarilinisinidosvedaunly
nstnadnetunasyinlilamn ds, Viqﬁu [10] eealsAmandlefinusuna Ni innndn 0.04 Fuluauds
x=0.10 WU ds; deanasdadululsindunaniaind Ni duduluszuuandull [11] de
svozviasyvienla NO  Tu PZT  anawilesainuSuna NO fiiiudusiuiainnsazauves
Sidnnsoudaszuinussvinasaanntudsaonadeatunguiinelaadu (percolation) wesian

W@ [12]

a

35U 3.2 wanINansENuveINIsiy NiO derdudszavaisledianysniigamginiswmndneneges

9

WSILATZUU PZT-Ni
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nMsInssaivedamuluszuu PZT-xNi 1o x= 0, 0.02, 0.04, 0.06, 0.08 uaz 1.0 FINIUAT

wRiinTigaumgl 1250 aseuwalvailiuigt 2 Hiluuansdisgy 3.3 (n-a) auddu

dl N
U Q)
il D)

5U 3.3 wananmnsinisesvedlauuiildanduaaieledinrdniildannisawnuiiuil 10x10
umz LAy 5x5 pmz USasessesyiinanareuesiinseuu PZT-NIO 1 x=0.0 (n), x=0.02 (),
x=0.04 (A), x=0.06 (3), x=0.08 (3) oz x=0.10 (@)

105U 3.3 (n-9) wansnmlauandyraniieledidnminlnunannsawnuitug 10x10
um’ 4ay 5x5 um’ UShasesseseminunaveawsfinszuy PZT-NO ddldmnusisdnglunisadia
A 12 Tadwazarwd 7.5 kHz wuhmsinisshvedanmiduideietuedaiiulddnlumgn
Snsndnddnvarmsiadosvedawuiinanaenndesiunuisoneuniniues Zeng uazan
[13] nnnsdnisesiivedawudunisiudyaranisndeuiivarnsduduiieananauiybilii

[ '
a &

Aeuen (Va=Vosin@t) sewinalaneidu (tip) wardianingm (electrode) vasuauiilesanndeyyio

Aaunasaieledidnnsn dsiuluauAddedruinuirusnuiunvedauunisnvaziduwarainaudy
v Y a A v LY ! v A (Y (@]

NANIDINNNTINLS L9920 LALUUIUNANATIT9AUY LU N15IMLSE9RILUU 180°  vadlauu [14,15]

& A Aa i i a <, a a & a aa 1 Aa =
WUVIGUENI@Lllu%llﬂ')']lla']'W\TQJ"Iﬂﬂ'J’]"U%llﬂ'JqllL‘IJULWEJI"?]@LﬁﬂVliﬂV]@ﬂ'J']I@LNUWNQ?’]@JWULLﬁ\T
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AU ILLULAZTU AL URAETO MY ATEUL PZT-NIO wanedesy 3.4 91nguidunis

=

Yo P a a & A 2 ]
aunulaelddyaaiieledianninluiiug 5x5 um” wuivuialawuanad (0.95um-0.89 um) il

=

NIO WLAUN x=0.02 waldloindsuias NiO 11nTUNUIIUIALAMULANTY (0.89 pm-1.03 um)as

]
A

aonndastuAndulsyandiftelediinvinddlusideinuing x=0.04 fvuelaumiadegsiian fo
1.03 um anthndlewfia NiO 9uds x=1.0 suelawuadsiidianas 0.81 um) Tnevhludn ds; il
ANUFUNUSAUIUIALNTULASVUIA LAY NATIAD AT dss sediAfiutudiovunansuazunalammd
sunlnatu [16] uaﬂmﬂﬂfﬁqmmﬁiumﬁmmﬁﬂ 1250 a9Aalded AUMULILUUYOIITITN LY
s¥UU PZT-NIO fidufistunagnuindenuniign Ao 7.96 ¢/cm’ i x=0.04 udsaintursdaianas

ety NiO 1 x=0.08 (Wuauld Madlenadenaini NiO Ysuadruiuluszuuunniuly [11]

U 3.4 LanWaTRINTLAN NIO FiBvuIAlAURRILAYAIVUILLLYBUYTIATYUY PZT-XNIO 1

gaunilennin 1250 aervalded
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wanunti@edlulaiun-taalniniug (PMN-PT %32 PMNT)

‘anﬂﬁuﬂ’]ilﬁﬂLWﬁ%QWi’J%ﬁ@Uﬁ’JEJLVIﬂﬁﬂmiLgEJ’JLUusU’eJ\‘i%JQ?iLE]ﬂ"ﬁ (XRD) @49518n58UY
0.67PMN-033PT uamsstagl 3.5 sUnuUMIAsnULvesssdidnduasesiia 0.67PMN-033PT Firinu
mawmiindaegumnd 1250 esmwalsaduna 2 dalus laeldshnistuamosgungiiviiy
10 asrsauniaenndesiutoyavesars PMN Tuuiludeya JCPDS viuneway 81-0861 uaxans
a15 PT luwiludeya JCPDS wwneway 6-452 uazdausingialnlsaass (Pb,Nb,O,) Fisumus
20=28.14  Faududnuasinulasiluvensdnssuui mﬂgﬂqumiL?:mLuuﬂsmﬁé’ﬂwmzﬁﬂ

wviay (sharp peaks)duludnuwazvenssiiandanululederiunasanulundnga[17]

_ * szNbZO_,
S
0.67PMN-0.33PT
3 T g s s
= * = = s
=
S
=
»
&
= ‘ PT JCPDS of file no.6-452
| | | | I T |
PMN JCPDS of file no.81-0861
| , L |
10 20 30 40 50 60

20 (degree)
U 3.5 sUwuunsifgiuuvessidiondveussidin PMN-PT Wieufiu JCPDS file No.81-0861

2849 PMN wag JCPDS file No.6-452 w99 PT

'
=

U 3.6 wanHaN1InTIIdeUMATLABENYEN(E) warAnsgaidevedladiannin(tand) ¥

QUNNINBIIEAUNL-100kHz  VBUYIATEUY 0.67PMN-033PTARIUNTIHINTNAI8R UM H

9 Y

1250 sAwsadeadual 2 9alug laglddn1n1sPuasvesgun)iitindu 10 8emsaulfl 3N
ﬂ'ﬁﬁﬂ/\l‘wudwﬂ'wmﬁim&ﬁﬂw%ﬂﬁﬁmﬂmLﬁamm&ﬁu%u%a%mq%’mﬁuﬁhmﬁqmlﬁmaﬂiﬂﬁlﬁﬂw%ﬂﬁ
a QI dﬂf d' I [ a 1 a o a d' U a Y dl'
sgdaniuduiiasandudnyusianizvedesinngumslsddnninalawuasnduiianisliviuie
anuddiuguiliAnnsdendanulusviuuvesanuseu (oss) [11] Amdudssanddieledianysn
(ds5) U maInNIsinaveesdasyuy 0.67PMN-033PT wananagy 3.7 3nATIMNUINAT dss Hen

~ 1 [ a 1 1% a IS ) [ PP
EW’I%NL&IEJL’J@WN']UIU%@Q‘\]']ﬂLeﬁiﬂllﬂN’IUﬂWﬂWﬁW’]EJQﬂJMQN6O paAngaedUuLIaN 30 U N

al

aulil 3kv/mm s ds; Adlaunigadendeainnisinailunan 24 dalusfieindu 527

pC/N



17 Jryey1auil MRG5580050

2700 0.039
L 0.038
2650 < !
> 0.037
F 2600 - L 0.036
ot S
= [ o
§ -0.035 @
Z 2550 ! oy
S - 0.034 C
= | )
£ 2500 - L 0.033
3 g
= i =
a L0032 &
2450 4 !
- 0.031
2400 : — —————1 0.030
0 20 40 60 80 100

Frequency (kHz)

U 3.6 wanmansnTIadeuAAsladianyan(e) warAnsgadevedladianyiin(tand) 7

oMYA sNEANNA1-100kHz Vel TATEUY 0.67PMN-033PT

540

Z  520-
&)

& -

500

(5]

~ J

= 4804
¥

;‘;’ 1

S 460-
(=]

() p
(]

‘B 4401
~—
(&)

2 -

g 420-
N

2 1
[~ ™

400

1 U 1 U 1 U 1
0 30 60 90
Time (days)

sU 3.7 WARINANIATIVARUAAUUSEANTI N TwBENYTSA (ds5) AUNAIMAINS AU INATEUU
0.67PMN-033PT
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u} 5 10 15
[rn] Curn]

a 10 20 30
[prn]

35U 3.8 uansanuairn1sdnsesivadlawuandyganiieldianninusnaimiiveesiaseuy
0.67PMN-033PT 2MnANsanufiudl 40x40 um” (1) 20x20 um’ (1) 30x30 um- (A) waz 10x10 um” ()

913U 3.8 (N-9) wansnmnsdnsesiuazanuazvedamuandyaanieledidnvsnivun
Tneldannmsaunuituiiinveaesiinszuu0.67PMN-033PT ngUNUIINITIRSesivedauuy
doertuedafivlgda amnsTnsesiivedlaumdunsdudygiunsindeuiivasnsdusy
eananawaliihaieuen (Vae=Vosin@t) sewinelaneidal (tip) wazdianinge (electrode) vos
Furuiiesndygrureunesaiisledianvin mnamesnuitusnaiuiivedauuiiidnvasa
Wunazaiaduiuludunaunanmsdadosivedauulufiefinsedieiu wu msdndeeiuuy
90° wie 180° Feituivedauuiifinnuainaminnineiieududieledidnsniinninlawuiid
ANUTULLES uaﬂmﬂﬁgﬂquﬁwuwﬁaaaé’ﬂwmz Ao Tnwuiilidnvazadsaneiiile (fingerprint
pattern domain) 45U 3.8 (0 Uag ) wazlaumiidnuueadieinie (celand pattern domain) #4

U 3.8 (A waz 9) [13,14]
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noull 3.2 Taguauyuduud(PO)-amweilawnlulaualnmun(PMNT) Tuszuunsideusauuy
0-3 laefinadiwuas(PVDF) \udufia
3.2.1 la59a5199a01ALAL T8RRI WEYaTaANHY PC-PMNT
Faman PC-PMNT Aotaguavifinisnauiussnitajuiismsiuaziosiiin PMNT fidun1sén
yualieglutag 300-600 Tuasou onaufunusnmauiiFoanisudiTahm Satusuluusifiug
Taviz uazthlunslussmuauenmnd (water bath) Tuusseniaveseutuduing 97% flgamgd
60 ssmugadadunm 3 Yu Sunuiilduansdegy 3.9 (1) uarlugu 3.9 (0) uandidfiusosde

seNIUNASIRA PMNT haziadiuudzeiiuingsiila PMNT nseanoflanudiuusmavsng

(n (¥)

5U 3.9 uananmaneFunulaenaeiganssadiasveiaguan PC-PMNT vasdugy (n)

warURIIAAHaN PC-PMNT (¥)

lassafeganiakaz g uIng1vegiuudnad PC, wi1la PMNT wazdanuay PC-PMNT
wé’amumiﬁugﬂl,t,amé’agﬂ 3.10 (N 2 wag A ANadu) 103U 3.10 (n) asiiiudnlasaineganinves
Budmadinuiiselewnsiuszninmamiseuiauysalidesnasiuweaifendainaleinse
(CSH) uae Lovidslnd (ethringite) FadundafusiniAavdminifnufisonlawmsdunszatesiogiu
lssadavesdiudnadudodnglsfnundmugngululasiadneundiiy duguiveveuysiia
PMNT wanssfagy 3.10 (@) azsfiuinmdildifudnunzvessosunnsin(fracture) Fansuasiidnuny
Duwdsnyuusfnsiignsurssdianneglulasiainede uavgu 3.10 (a) Wulassaiisganiaves
Sanuan PC-PMNT  aingUagifiuinaveawsifiauazinavosdumdimaduonsustrsdaaudady
dnwarlaginluvestaguaniiogliiv§Azerdedu fudinduudmadazdanizdnatuesiia

PMNT lsiraudnsfudognslsnanudmsdinguannunelulasiadslagansusnusessossninua
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(n) (@)

(V)a

5U 3.10 wananmlaseasegan1anaansTuguvesyudiuus, PC (n) lwsnila PMNT () uay Tannay
PC-PMNT (m)

anwENIIINSBIIvRLlauUS Moo sE I WavasTaaNay PC-PMNT Iagldndes

¢ o N Y L a o = ad a a v v o
anssaddaralniunsiilndnvaugiuiiuasdyyraieledianniniaglideyaveanisdnies
U a 4 a 2 U
MlAUlngNITALNUUTIIUNUERITWIA 10x10, 20x20 Uag 35x35 um’ wanenegy 3.11 31nAm
Yy A S g gy Y P & a < ] & oA
HediegudunmitlaandyaralnlunsmAnianyue iR I AUANLLANANTENIIINUR Y09
wsfianasduudegiuiuldtndiuiivesduudesiiniuvgussuas snguaoudaunineang
USnsessasyniunausiiveslrazisouunuNedliviugngy

wenaninmnsdnisesdiveddamuaindyaaniieledianninzuansanvuzlauuadiy
anihile (figure print pattern) Faunazidunaniainnisdnisesivesdauuluiiafinsedneiu wu
M3InEeamuy 90° vise 180° Fennsiaseadilugduuuillamuanansanduiialaiedeldsuus

o 2 & V1 a ! ! = ¥ < =

nspvhdadululanlaumuinnsegsoseninalalinnudugendunauiainanuasunngluyes
Yududndssiemnduesiauiinsesdeseninuals Jsdemarililamuusinusessesyninanad

4 ) 1 a va a x a v
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The effects of nickel oxide addition on the piezoelectric properties and domain config-
urations of lead zirconate titanate (PZT) ceramic were investigated. PZT with nickel
additive having the compositions of (1-x) PZT-xNiO when x = 0, 0.02, 0.04, 0.06, 0.08,
and 0.10. The piezoelectric properties (ds3) of all ceramicswere measured at room tem-
perature using ds3 meter. The domain structure was observed using piezoresponse force
microscopy (PFM). Fromtheresults, it could be seen that the properties of PZT ceramic
with nickel addition changed significantly with regardsto the sintering temperature and
nickel content.

Keywords Piezoelectric materials; atomic force microscopy; NiO; PZT

Introduction

Lead zirconate titanate materials (Pb(Zr,Ti)Os; PZT) having perovskite-type ABO;3 are
well known for their good piezoelectric properties and are ideal candidates for use as
position ultrasonic transducers, hydrophones, speakers, fish finders, sensors, actuators,
electrical resonators, and wave filters [1-5]. It has been reported that fabricating PZT
through an improved synthesis process and appropriate substitutions at A and/or B sites
can modified the microstructures and properties of PZT [6-11]. Therefore, the PZT powder
synthesis also plays an important role in achieving the required properties of the PZT
based materials. Moreover, it has been reported that doping of some modifiers such as
Nb, Sb, Mn, La, Sm, Eu, and Nd could mainly improve the properties of PZT [12-16]
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and a variety of substitutions have been made at different atomic sites of PZT to enhance
the electrical properties. Miclea et al. [17] investigated effect of Fe and Ni substitution
on the piezoelectric properties of P(BN)ZT ceramics and the results showed that for Ni
doped samples, ds3 values were higher than Fe doped samples. Chua et al. [18] reported
the effects of complex additives on toughness and electrical properties of PZT ceramics
where addition of additives in the PZT system resulted in high densification, smaller grain
size and enhanced fracture toughness values. Xiang et al. [19] studied sintering behavior,
mechanical and electrical properties of lead zirconate titanate/NiO composites from coated
powders and the results showed that high fracture strength, fracture toughness and the
electrical properties of the composites were all improved. Interesting results were obtained
from these referred studies. However, there are no reported works on NiO being added
to PZT powders prepared by a conventional mixed oxide method on the piezoelectric and
size of domain configurations. Thus, the purpose of the present study is to investigate the
effects of nickel oxide additions on the piezoelectric properties and domain configurations
of PZT ceramics and a relationship between piezoelectric properties and size of domain
configurations.

Experimental

PZT powders were synthesized through the modified mixed-oxide method, in which lead
zirconate (PbZrOg3) was first prepared and pure PbZrO3z phase was formed by calcining
at 800°C for 2 h with heating/cooling rates of 5°C/min. PbZrO3; powder was then mixed
with PbO and TiO, and calcined at 900°C for 2 h with heating/cooling rates of 5°C/min
to form single phase PZT. The following compositions of (1-x) PZT-xNiO system, where
x=0,0.02,0.04,0.06, 0.08, and 0.10, were prepared by a solid state reaction method and all
compositions were calcined at 900°C for 2 h with heating/cooling rates of 5°C/min in order
to obtain single phase (1-xX)PZT-xNiO powders. The calcined PZT-NiO powders were then
pressed hydraulically to form disc-shape pellets with a diameter of 15 mm and a thickness of
1.5 mm. The sintering was carried out at various temperatures between 1150 and 1250°C for
2 hwith heating/cooling rates of 5°C/min. Ferroelectric domain images were obtained using
custom-built piezoresponse force microscopy (PFM) based on a commercial atomic force
microscope (SPA 400, Seiko Inc., Japan). For the electrical measurement, silver paste was
painted on both sides of the polished samples as the electrodes. The piezoelectric properties
of all sintered samples were carried out with ds3 meter (ZJ-3A) at room temperature after
poling at 3 kV/cm, 80°C and 20 minutes.

Results and Discussions

The phase formation behavior of the (1-x)PZT-xNiO ceramics, where x = 0.00, 0.02, 0.04,
0.06, 0.08 and 0.1, is revealed by XRD as shown in Fig. 1. The XRD diffraction patterns
of PZT-Ni ceramics sintered at 1250 °C for 2 h with heating/cooling rates of 5 °C/min
match exactly with the perovskite Pb(Zros,Tig4s)Os (JCPDS file no. 33-0784) for all
compositions. From Fig. 1, it can be seen that no reflection line of Ni phase appeared in
diffraction pattern of the PZT-Ni system. It is possible that there is small amount of nickel,
so the XRD pattern did not show any different. The piezoelectric coefficient (ds3) results
of the (1-xX)PZT-xNiO ceramics, where x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 sintered at
various temperatures (1150°C, 1200°C and 1250°C) are shown in Fig. 2. At the sintering
temperature of 1200°C and 1250°C, graphs showed similar trends and a comparatively
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Figure 1. X-ray diffraction patterns of PZT-NiO ceramics with various compositions.

high value of piezoelectric coefficient was found for the sample sintered at 1250°C of all
composition. From Fig. 2 the sample sintered at 1200°C and 1250°C give the variation of
the piezoelectric coefficient as a function of NiO content, it was obvious that the curve can
be divided into three sections for the piezoelectric coefficient.

The addition at up to x = 0.02, the ds3 value decreased slightly with increasing nickel
where daz reduced from 230 to 224, and 290 to 273 for ceramic sintered at 1200°C and
1250°C respectively. After that, the value increased with the addition of nickel oxide until
x = 0.04 (271 for 1200°C and 298 for 1250°C) and yields in maximum piezoelectric
coefficient value in the PZT-NiO ceramics system which resulted from complete solubility
of NiO in PZT perovskite structure compared to other compositions. It can be explained by
the assumption that the increasing of the piezoelectric coefficient was direct effected from
the presence of dopants can be increase a vacancies into the PZT [13, 14] also is congruent
with the ionic radius rule. On the other hand, Ni’* has an ionic radius of 0.69 A° and
probably enters the Ti** position, which has a radius of 0.68 A°. Thus, making possible
a shift from tetragonal to rhombohedral structure that favors stronger piezoelectric effects
because of the increased easy of domain reorientation during poling [15].

Moreover, further addition of nickel more than x = 0.04 and up to x = 0.10, the
value started to slightly decrease (ds3 at X = 0.10 = 185 for 1200°C and 270 for 1250°C)
which could possibly be explained by a slight inhibiting effect of the addition for higher
concentrations [20]. When the distance between NiO phases in the PZT solid solution is
decreased due to an increase in the NiO phase concentration then the free electron population
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Figure 2. Effect of NiO content on piezoelectric properties with various sintering temperature of
(1-X)PZT-xNiO ceramic.

in the region between the two phases increased, it can be attributed to a percolation
phenomenon due to the presence of NiO nanoparticles in the PZT ceramic matrix [21].
Afterwards, the ds3 values were found to be lowest for samples sintered at 1150°C at all
compositions which may be attributed to higher porosity and lower density.

The domain configurations of the (1-x)PZT-xNiO ceramics, where x = 0.00, 0.02, 0.04,
0.06, 0.08 and 0.1, using sintering temperatures of 1250°C are shown in Fig 3(a), (b), (c),
(d), (e) and (f), respectively. Fig. 3(a—f) shows the piezoresponse mode images of 10um x
10 umand 5um x 5 umscanning areas of PZT-NiO phase, in which the image voltage has
amplitude of 12 V and a frequency of 7.5 kHz. It can be clearly seen that the piezoresponse
images show inhomogeneous domain configurations for all compositions which agree with
the kind of domain morphology reported previously by Zeng et al. [22]. According to PFM,
domain imaging is based on detecting locally piezoelectric vibration of the ferroelectric
domains caused by alternating external field (Vi = Vo sin wt) between the tip and the
counter electrode of the sample due to the converse piezoelectric effect. The amplitude
and phase of the piezoresponse signal are related to the magnitude of the piezoelectric
coefficient and the direction of local polarization, respectively. Thus, in the present work, it
is found that the irregular bright and dark contrasts regions in 5 um x 5 um scanning areas
of all condition of PZT-NiO phase are believed to be antiparallel polarization domains, i.e.
180° domains [23-24]. The bright areas in the piezoresponse amplitude image can resulted
in greater piezoelectricity, whereas the dark areas weaker piezoelectricity [25].

Density and average domain size of PZT-NiO ceramics are calculated from SP14000-
DFM program and illustrated in Fig 4. It is interestingly to see that the graph of average
domain size changed with changing compositions as compared under the same magnifica-
tion (5 um x 5 um). According to areas of PFM images, it can be seen that the average
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Figure 3. The corresponding piezoresponse image with scanning area of 10 x 10um? and 5 x
5um? at surface zone of (1-x)PZT-xNiO for (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06,
(e) x =0.08 and (f) x = 0.10. (Color figure available online.)

Figure 4. Effect of NiO content on average domain size of (1-xX)PZT-xNiO ceramic was sintered at
1250°C.
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domain size was found to decrease (0.95 ;+m-0.89 nm) with increasing NiO content to x =
0.02. After added more NiO contents, the data increase (0.89 um-1.03 m), which related
with piezoelectric coefficient. The average domain size of this study it is found that x =
0.04 yields in maximum domain size (1.03 um) and continuously drops to 0.81 xm when
increasing more NiO content (x = 0.10). In general, the piezoelectric coefficient (ds3) was
reported to increase with grain size of PZT ceramic and there is a relationship between the
grain size and the domain size where the larger the grain size the larger the domain size [25].
Thus, the increase in the domain size relates to an increase in the piezoelectric coefficient.
Moreover, At the sintering temperature of 1250°C, it can be seen that the addition of nickel
(x=10.02-0.10) improved the densities of the ceramics and when the nickel content was x =
0.04, the density reaches a maximum value was 7.96 g/cm?. However, with further addition
of nickel up to x = 0.08, the densities decreased, which could possibly be explained by a
slight inhibiting effect of the addition for higher concentrations [20].

Conclusions

The XRD diffraction patterns of all compositions of PZT-Ni are attributed to the PZT
ceramic and no reflection lines of Ni were observed in this system. From the study of the
piezoelectric properties and domain configurations of NiO added PZT ceramic with the
various NiO content of x = 0-0.10. It was found that the highest piezoelectric coefficient
was found in PZT-NiO ceramics system when the nickel oxide content was added at x = 0.04
at sintering temperature of 1250°C which indicates a normal behavior of the piezoelectric
materials. Moreover, the average domain size of PZT-NiO ceramics was found to have
similar trend as piezoelectric coefficient. The maximum average domain size of sample
was observed at the sintering temperature of 1250°C with the nickel oxide content at x =
0.04.
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Lead magnesium niobate titanate (PMNT) and Portland cement (PC) composite were
fabricated as a new cement-based piezoelectric composite. Scanning Electron Micro-
scope and Piezoresponse Force Microscope were used to investigate the morphology
and domain configurations at the interfacial zone of PMNT-PC composites. Angular
PMNT ceramic grains were found to bind well with the cement matrix and PMNT grains
can be seen to disperse randomly in the cement matrix. Moreover, the angular shape
PMNT particle contributes to better mechanical interlocking with the cement paste due
to the angular aggregate having rough surface appearing to provide better mechanical
interlocking with the cement paste.

Keywords PMNT; Portland cement; composite; PFM

Introduction

Cement based piezoelectric composites have been developed for structural health moni-
toring [1-7]. It not only has sensing function, but also actuating property, which is very
suitable for application in civil engineering fields, such as high-rise buildings, long-span
bridges and some buildings [1]. Moreover, cement based composites would be able to sense
the loadings and a response can be made to provide safety to the structures (also known as
SMART structures) [1, 8].

Recently, lead magnesium niobate—lead titanate (PMNT) with high piezoelectric prop-
erty has been widely studied as an alternative piezoelectric material for PZT [9]. It is
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the solid solution of a relaxor ferroelectric (lead magnesium niobate PMN) and a normal
ferroelectric (lead titanate PT). PMNT with 33 mol% PbTiO3 is near its morphotrophic
phase boundary (MPB) region (0.67PMN-0.33PT) [10], and the dielectric and piezoelectric
properties are maximized because of the enhancement of polarizability between the energy
states of rhombohedral and tetragonal structures [11].

In addition, piezoresponse mode scanning force microscopy, i.e. piezoresponse force
microscopy (PFM) based on the atomic force microscope has been developed as a powerful
tool for imaging and control of submicron-scale domain structure in ferroelectrics [11-14].
However, little work [15] has been found on the investigation of submicron scale domain
configurations at the interface region between the piezoelectric ceramic and the Portland
cement phase (PC) by piezoresponse force microscope.

Thus, the aim of this work is to investigate the interfacial layer morphology and
the corresponding domain structures in the (PMNT)-cement composites by using high
resolution piezoresponse force microscope in order to provide better understanding of the
surface and interface of these cement-based piezoelectric composites.

Experimental

Cement based piezoelectric composites were prepared using two raw materials: normal
Portland cement, PC and lead magnesium niobate titanate, PMNT. Solid solution of
33 mol% of lead titanate in PMNT system has been prepared. Portland cement (PC)
and PMNT ceramic were mixed together and axially pressed into disks of 15 mm in diam-
eter to form PMNT-PC composites of 0-3 connectivity using PMNT volume content 50%.
Thereafter, the composites were cured at 98% relative humidity for 3 days before taking
measurements.

A scanning electron microscope (SEM; JEOL JSM-840A) was used to study the mi-
crostructure of the composites. Ferroelectric domains images were obtained using customer-
built piezoresponse force microscopy (PFM) based on a commercial atomic force micro-
scope (SPA 400, Seiko Inc., Japan). The PFM imaging domain principle is based on the
detection of local piezoelectric vibrations of ferroelectrics under an ac voltage due to con-
verse piezoelectric effects. The local vibration amplitude is proportional to the effective
piezoelectric coefficient, while its phase is related to the local polarization orientation [16].
Domains with oppositely oriented polarization could be distinguished by different contrasts
on the piezoresponse images. In PFM, a commercial tip-cantilever system (Pt) with spring
constant of 20 Nm~* was used. Domain visualization was performed under an applied ac
voltage with the amplitude V,c = 12 V and frequency f = 8.0 kHz. All piezoresponse
images were taken at room temperature.

Results and Discussion

The sample image and the optical microscope images of PMNT-PC composites are shown
in Figure 1(a) and (b) respectively. It can be seen that PMNT grains disperse randomly in the
PC matrix (Fig. 1(b) and Fig. 2(a)—(c) show the microstructural characteristics (SEM image)
of the PC, fracture surfaces of PMINT ceramic (uniformly sized grains with a high degree
of grain close-packing) and the interfacial of PMNT-PC composites. The PMNT grains
bind firmly with the Portland cement products such as calcium silicate hydrates (CSH)
and calcium hydroxide through their interfacial layer (Fig. 2(c)). Calcium hydroxide is
present as a major crystalline phase. However, the properties of cement based products are
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Figure 1. The sample image (a) and the optical microscope images (b) of PMNT-PC composites.
(Color figure available online.)

largely dominated by CSH. Hydrated phases, mostly CSH, form slowly and the material
consolidates as space is filled with CSH and crystals of calcium hydroxide. Calcium silicate
hydrate (CSH) of rather indefinite composition which is mainly amorphous [17].

Figure 3 is the topography image (a) and piezoresponse image (b) of 35 um x 35 um
scanning areas in interphase between PMNT and PC. Grain and Irregular domain patterns
are observed in Fig. 3(b) and can be clearly seen in the corresponding small scanning areas
of 20 um x 20 um, 10 um x 10 pm, as shown in Figs. 4(b) and 5(b), respectively. It can
be seen that the domain orientated at the interface region in submicron-scale between the
piezoelectric phase PMNT and the Portland cement phase (PC). However, no piezoresponse
from PC phase was found. From topography image of PC phase (Figs. 3(a), 4(a) and 5(a)),

Figure 2. SEM micrographs at magnification 2000x of Portland cement (a); fracture surfaces of
PMNT ceramic (b) and interfacial zone of PMNT- PC composites (c). (Color figure available online.)



Downloaded by [Magjo University], [N. Jaitanong] at 18:59 22 December 2013

114/[818] N. Jaitanong et al.

Figure 3. The topography image (a) and the corresponding piezoresponse image (b) for scanning
area of 35 x 35 um? at interfacial zone of PMNT-PC composites. (Color figure available online.)

a detailed image of the product and pore microstructure was obtained. The pure cement
paste has a variable surface intersected by pores, with some part at the being smooth and
some part having a rough surface due to angular particle of cement. The internal surface of
the cement paste at the interfacial zone presents small spheroid bulges giving an additional
roughness which likely to be that of C—S—H phase depositing around the pore walls areas
[18].

Moreover, in PMNT phase the contrast is so strong and the patterns seem to be the
distinct fingerprint domain structures with bright and dark contrast are a typical image of
antiparallel polarized domain structure. In the fingerprint domain pattern, the ferroelectric
180° domain walls have arbitrary orientation [19]. The unique domain structures of these

Figure 4. The topography image (a) and the corresponding piezoresponse image (b) for scanning
area of 20 x 20 um? at interfacial zone of PMNT-PC composites. (Color figure available online.)
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Figure 5. The topography image (a) and the corresponding piezoresponse image (b) for scanning
area of 10 x 10 um? at interfacial zone of PMNT-PC composites. (Color figure available online.)

materials might result from polar nanoregions in the relaxor ferroelectrics [14]. In addition,
the microstructure of the interface between PMN-PT particles and cement show good
bonding in which the shape of PMNT particle, (angular aggregate) having rough surface
appearing to provide better mechanical interlocking with cement paste [18-19], however,
pores can still be found at the interfacial zone.

Conclusions

The SEM micrograph shows that a typical microstructure of the composites is observed
at the interfacial zone between the PMINT ceramic particle and the cement matrix, where
PMNT ceramic grains can be seen next to cement hydration products such as calcium
silicate hydrates and calcium hydroxide. Moreover, the domain orientated can be seen to be
clearer at the interface region in submicron-scale between the piezoelectric phase (PMNT)
and the Portland cement phase (PC) by using piezoresponse force microscopy. However, no
piezoresponse from PC phase was found. Therefore, it can be assumed that the amplitude of
the piezoresponse signal reflects the local piezoelectricity of the domains in PMNT phase.
The bright areas in the piezoresponse amplitude image show greater piezoelectricity and
the dark areas show weaker piezoelectricity.
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Abstract

PZT-cement based composites are developed for use as sensors for smart concrete
structures. However, these sensors would in real life be under a certain stress. PZT -cement
composites of 0-3 connectivity were produced using 50% PZT vol. content. The ferroelectric (P-
E) hysteresis behaviors and the effect of stress on the ferroelectric polarization-electric field (P-
E) hysteresis of the composites were reported. A noticeable reduction in the instantaneous
remnant polarization (Pj;) was observed, while the instantaneous coercive field (Ej.) remained
approximately the same when the stress was increased. Finally, the scaling law between the
hysteresis loop area <4> and the field frequency f, field amplitude £y and applied compressive

stress o were shown to follow the relation (A—A__,) oc f**E;* 0",

Keywords: PZT; cement; composite; scaling; hysteresis loop
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1. Introduction



Cement, such as Portland cement, has long been used as a structural material. The use of a
structural material for electronics enables a structure to provide electronic functions, thereby
making the structure multifunctional and smart. Many researchers [1-10] have been working to
develop smart structures in civil engineering such as high rise buildings, large span bridges,
dams, and so on; in which severe vibration and significant internal damage may be caused by
dynamic loading from different sources, such as a strong wind or earthquake. Cement-based
composites would be able to sense the loadings and a response can be made to provide safety to
the structures (also known as SMART structures) [1-3, 11]. In a smart structure, sensors and
actuators are essential components for sensing and controlling purposes. Generally, sensors and
actuators are made of the so-called smart materials. A new cement-based piezoelectric sensor has
been developed recently. Although the study of the cement-based piezoelectric composites has
made great progress, many problems remain to be solved. Moreover, the study on the
ferroelectric hysteresis, which is an important behavior for materials with ferroelectric properties
[12] that can be used to give indication of the difficulty of the poling process involved in
piezoleclectric-cement composites, is limited. In the previous works, Cheng ef al., Chaipanich et
al. and Jaitanong et al. [7, 13, 14] reported the ferroelectric hysteresis behaiors of P(LN)ZT-
sulphoaluminate cement, PZT-Portland cement composites and PMNT-Portland cement
composites, respectively. Moreover, Chaipanich ef al. reported the effects of stress on the

ferroelectric hysteresis behavior of PC-PZT composites [7].

The dynamic hysteresis characteristics i.e., hysteresis area <A> as a function of the field
amplitude Ey and frequency f have become important consideration in many applications [15-
16]. Many theoretical studies have been carried out to investigate hysteresis curves in spin and

polarization systems to understand the dynamic responses and focused on the power-law scaling,



< A > fMED (1)

where m and n are exponents that depend on the dimensionality and symmetry of the system [17-
19]. Previous investigations reported the scaling relations in thin-films, bulk ferroelectric
ceramics and stress-dependent scaling in bulk ceramic [20-26]. However, there has been no
report on the scaling behavior studies of ferroelectric hysteresis loops in cement-based
piezoelectric composite at stress free and under applied stress. This present study is thus aimed to

investigate the stress-dependent scaling behavior in the cement-based piezoelectric composite.

2. Material and methods

The normal Portland cement, PC (ordinary type: ASTM type I cement) and lead zirconate
titanate ceramics, PZT (Pb(z0.52Ti045)O3) were used as raw materials in producing these cement-
based piezoelectric composites. PZT solid solution were pressed with an applied pressure using
uniaxial press and sintered at 1200 °C for 2 h. PZT ceramic particles of median size of 450 um
were used in this study. Portland cement (50%vol) and PZT ceramic (50%vol) were mixed and
axially pressed into disks to form PZT—PC composites of 0—3 connectivity. Afterwards, PZT-PC
pellet composite with diameter of 15 mm and thickness of 1.7 mm were kept in a curing chamber
with 98% RH at 60 °C for 3 days. The room temperature (25°C) ferroelectric hysteresis (P—FE)
loops were measured using a computer controlled modified Sawyer-Tower circuit with a
frequency from 20 to 100 Hz and Ej from 10 to 20 kV/cm. The electric field was applied to the
sample by a high-voltage ac amplifier (Trek 610D) with the input sinusoidal signal from a
function generator (HP3310A) after the pellet composites were coated with high purity silver

paint. Furthermore, these measurements were carried out under applied stress of 0—57 MPa using



a uniaxial compressometer. The P-E loops were recorded as a function of mechanical stress
discretely applied between 0 and 57 MPa for each applied field and frequency. At each constant

stress, the loop was obtained after 20 sampling cycles to average out the noise deformation.

3. Results and discussion

From the P-E loops seen in Fig. 1 (a), one can define two parameters based on the x- and
y-axes intercepts. With a lossy behavior, it is difficult to achieve the fully saturated loops, hence
the typical hysteresis parameters; i.e. the remnant polarization (P,) and the coercive field (£.)
cannot be suitably extracted. For better comparison, we define the y-axis intercept at a given
applied field as the “instantaneous” remnant polarization (P; ), while the x-axis intercept as the
“instantaneous” coercive field (E;.) [7]. The hysteresis dynamics for various frequencies f,
electric-field Ey, and compressive stress ¢ are obtained. The hysteresis loops at different f but
fixed Ey (20 kV/cm) and ¢ (0 MPa), at different E, but fixed /(20 Hz) and ¢ (0 MPa), and at
different ¢ but fixed £y (20 kV/cm) and /(20 Hz) are shown in Fig. 1(a), (b), (¢), respectively. At
fixed Ey, “instantaneous” remnant polarization (P, ) decreases with increasing frequency due to
the increase of the delayed response of the polarization reversal [25] and “instantaneous”
coercive field (E;. ) decreases with increasing frequency due to the decrease of remnant
polarization because the coercive field is defined as the magnitude of electric field required to
bring remnant polarization back to zero. It should be noted that a conduction loss from the
cement can be seen to be more sensitive at higher frequency especially at 100 Hz where an oval
shaped loop is obtained. At high frequency the interfacial polarizations cannot follow the change
of the electric field due to the longer time taken for the space charge polarization to occur [26].

Also, when an external electrical field acts on the cement matrix, in addition to the dipolar



activity many weak conducting ions such as Ca>", OH, AI’" begin to migrate. These ions move
slowly and reach the interface of PZT and cement or in the defect areas. This is an accumulation
effect which in turn results in the polarization of a space charge. Moreover, the P—E loop area
indicates the polarization dissipation energy subjected to one full cycle of electric field
application of a ferroelectric material and this amount of energy loss is also termed energy loss
being consumed for self-heating of the specimen and related directly to the amount of domains
participating in the switching process during an electric field loading cycle [27-29].

When the compressive stress is applied, the P—-E loop area <4> is found to decrease
steadily with increasing stress, as seen in Fig. 1(c). This is because more and more ferroelectric
domains are constrained by the applied stress and cannot be re-oriented by the electric field so as
to participate in the polarization reversal [30-31]. Consequently, both “instantaneous” remnant
polarizations (P;) and “instantaneous” coercive field (E;,. ) become lower with increasing the
compressive stress, indicating that the sample volume contributing to polarization reversal
decreases with increasing stress [28-30].

To obtain the suitable scaling relation for the composite, the power scaling law given in
Eq. (1) was employed to determine exponent m and n directly from the experimental data. By
plotting <4> against f at fixed Ey, one obtains the exponent m. Furthermore, the exponent n can
be obtained from plotting <4> against Ey at fixed . From Eq. (1), the appropriate scaling
relation of hysteresis area <4> against frequency ( /) and field amplitude (Ey) on stress-free
conditions can be obtained, as plotted in Fig. 2. It can be seen that the suitable exponent m for
the frequency component has the value of —0.27, while the hysteresis area <4> is found to

increase nearly quadratically with increased the electric field £y, hence the exponent n shows the



value of 2.28. Therefore, it is revealed that the data obtained under stress-free condition is best

fitted (R* = 0.99) with the following scaling law formulae;

< A >oc fOERS )

Moreover, to investigate the scaling behavior under the effect of the applied stress,
instead of including only the field amplitude Ey and the frequency f terms, the scaling relation

should also include the stress (¢ ) term in the power-law scaling [26-27]., i.e.

< A =0 fmElaF 3)

To obtain the exponent m and n in the same way, the stress term exponent p can be
extracted from plotting <4> against ¢ at fixed Ey and f. Consequently, by substituting the fitted
parameters it is revealed that the majority of experimental data can be fitted (as plotted in Fig. 3,

with R* = 0.99), by

CA> — <A,y =<A > — <A,y > fREEIBE G0N 4)

where <A4,-p> refers to stress-free hysteresis area that will be a term for zero stress. The data of
the scaling area from all f, Ey, and o was found to confirm Eq. (4) as seen in Fig. 3. From the
appearance of stress o , <4 — A,—p>, the difference in energy dissipation between stress-loading
and stress-free conditions, increases with increasing stress, indicating a decay of <4> with the

applied stress at a rate of ¢ "*.



To explain the meaning of the scaling exponents, the frequency-exponent m, as shown in
Fig. 1(a), refers to how fast the domain can switch following to frequency of electric field
switching. If exponent m is negatively high, this indicates that the response of ferroelectric
domains to the field switching is rather slow due to the domains cannot immediately switch in
catching up with the electric field switching, which may be caused by barriers inside the domains
such as space charge, defects, etc., [25]. For this reason, total polarization and hysteresis area
<A4> decrease significantly with negatively high exponent m. On the contrary, if exponent m is
negatively low, this indicates that the ferroelectric domains response to the field switching is
rather fast. The ferroelectric domains can switch more speedily in catching up with switching of
the electric field. For the electric field amplitude-exponent 7, this exponent refers to the comfort
of domain wall motion [31], as shown in Fig. 1(b), and the high exponent n refers to the high
ability of domain switching in following the applied electric field direction, then hysteresis
parameters (<4>, P;., E;. ) increase steadily with increasing E,. The low exponent n refers to the
poor capability switching of domain in following the direction of applied electric field.
Ultimately, the stress-exponent p indicates the decay rate of <4> with the applied stress caused
the domain elimination as shown in Fig. 1(c). High exponent p means that area <4> decays
much with applied stress and reversely, low exponent p means that area <4> decays less than

that of high exponent p with applied stress [24-26].

4. Conclusions



The hysteresis properties of the PZT-cement composite under the effect of compressive
stress at various frequencies and external electric field are investigated. Following the scaling
law at stress-free for P-E loop area, it is found that the area scales in a power law function in
relation with frequency and the external electric field. Nevertheless, these exponents (m and n)
to the scaling in this composite system do not match with those obtained in previous
investigations on thin films and bulk ceramic structures. Moreover, when including the
compressive stress exponents (p) to frequency and external electric field in stress-free condition,
the difference of the energy dissipation between the under-stress and stress-free condition is

shown to scale with f~%28 g235500%
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Figure Captions

Fig 1 Hysteresis loops for PZT—cement composite; (a) at various f; Ey = 20 kV/cm; and o
=0 MPa, (b) at various Ey; /=20 Hz; and ¢ = 0 MPa, and (c) at various o ; f =20 Hz;

and £y =20 kV/cm.

Fig 2 Scaling of hysteresis area <A> against f ~%*7 E5-*® for PZT—cement composite.

Fig 3 Scaling of hysteresis area <4> against f~"**E;** g% for PZT-cement composite

at various stresses with linear fitting, R*=0.99.
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