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Abstract

The microstructure and dielectric properties of lead niobate zirconate titanate (PNZT),
rice husk ash (RHA) and Ordinary Portland cement (OPC) composites were investigated.
Ordinary Portland cement was partially replaced with rice husk ash at 20% by weight of binder.
The rice husk ash was ground for 180 minutes before using. PNZT of mid particle sizes (450 Lfm)
were used at 30%, 50% and 70% by volume to produce the composites. The composites were
mixed and pressed together and cured with 97%RH in chamber water bath for 3 days before
measurements. The dielectric properties were measured under room temperature at different
frequency. The results indicate that the dielectric constant of the PC/RHA-PNZT composites

increased with increasing PNZT content

Key words: Cement, RHA, PNZT, composites



a a

annssnlszmea

Ao A v 1% J a

Tnsan5 190309 Mamsoutazantane liwesiaanaudmuadnay 143190
a2 o a . . . .
e lydiannsn (Preparation and Electrical Properties of Rice Husk Ash Cement Based —
. R . . 0o < 1 [ a o 0o @ Aw
Piezoelectric Ceramic Composite) ”lﬁ'mmqmﬂﬂa"lﬁﬁUnquuumimmﬂmumﬂﬂua:ﬁ
1 =Y a a [ ] 9 o A Iy o

AUATHIVINTNISIABAT NH1INe1aeul 1 dseeusum 2556 HIIUVDUD VR WU
a @ 4 a 4 a o ] a ara 4 o 4
FIVNIFNIAAAAAT AUSINYIATAT NﬁW’J‘HfﬂafJL!iJ}ﬂyL!’d%ﬂTﬂ’J%’W‘Iﬁﬂﬁllﬁ%’)ﬁﬂ?ﬂﬁﬂi

a 4 a v A A & A A 4 [ ~ Y
AUZINYIAITAT lI‘H'I'J‘V]EﬂﬁfJL‘HfNGlWEJ NDYLATIZHITDITDIUN uazqﬂmmmwmwiﬂu

o A av Y ng 4
mimguumfn%ﬂclmﬁii]ﬁuﬁuu“im

),
x®



AR

UNAALD
Abstract
a A
fnanssulszma
NN
o w ~ A o Ao
1.1 anudagaz Nuvestdyiniiniside
1.2 YUY In5In15398
[ o Ao
1.3 Jagilszasnuedlnganisive

1.4 15z Teminamaaz 185w

U

» A4P
PATITHAZNUIVNING IV
=\ o o =1
2.1 Yuduuduazesnilsznaumanil
[ Y =S I3 4

2.2 MINAU IATIT3 19U IHUUAN T

Y =
2.3 wwnauluaunounia

9 dal Y a 4
2.4 Joyarpsduvesansislinanes lnua lnnuua (PZT)

a

2.5 auyagIu HAZATOULUININAAYDI IATINTIVY

EX]

2.6 MINUNIUITIUNTIN/ANTAUNA (information) NINEITD

IEMsAUHUMSIVe
=Y o A A A EY
3.1 dsiadl Ta9ginsal uazinsolen Fluminaans
a 4
3.2 A5TUIUMTATEN 5naa Towaes lama lnmua (PNZT)
Y
3.3 ATLUIUMTATENUD AR (Rice husk ash, RHA)

3.4 M3 BNIAQWAN PC-RHA-PNZT

d
NaNISNABD AT NI IZHING
4.1 NTATIVADUNITNITINYVDIVUIADUNIA
s =
4.2 ﬂﬁ@]‘i’)%ﬁﬂﬂ@\‘iﬂﬂizﬂ’é]“]J‘VlN!,ﬂll

9
a a [ 4
4.3 MInsnaeumsnamladiematinmsaenyuyeIsIdond (XRD)

13

15

19
20
24

25

26
27

29



44 ﬂ'lﬁﬂﬁ')%ﬁ@ﬂﬂ']'luﬁun!ﬁuﬂlﬂﬂfﬁﬂﬂﬁu
o adg a (%
4.5 ﬂ13@]3')%ﬁ@ﬂﬁyﬂﬂqﬂﬂmﬂﬂﬁﬂ SUEN'Jﬁ@WﬁiJ PC-RHA-PNZT
ﬁlﬁ]‘c’J LCZ meter
9 J = o
4.6 m’u‘m‘D%ﬁa‘uiﬂﬂﬁiNﬂqammmzmﬂﬂizﬂ’amﬂmlﬂmﬁ%ﬁu

PC-RHA-PNZT #18nd09 SEM tazinaiia EDS

asiwanaaswazvoravanuz
5.1 agiwanaaeq

)
5.2 UBDIAUBLUY

1PNAN1301999

HNARUIN

30
33

35

38
38

39



A3UYMIN

A

A ' P 7 ~ 7 P s
3197 2.1 moen ladas o Nilluesnilsznevuesudualosauaua

~ A A S ~ S & P
M3199 2.2 MslszneundiAyveuiuudlesauaua

9

~ J = Y
M1919N 2.3 panlsznpuMmualivoud unay

d‘ A Y o AA o ! k . .
M13190 2.4 mmﬂuwmamﬂm3Jmmu”laaaumm(ahovalent substitution)

A15191 2.5 auLAv09 Hard 18 Soft PZT

11

13



AV

gﬂﬁ 2.1 yHuMMaAl NI AN FaINg

gﬂﬁ 2.2 unupminaaamsnatljisen lamsdutazmsiaun Tnseadeduudinad
il
31/
1
31
il
i
1
il
1
1

v 1 Y
317 3.10 naAUATOIAIVANYUNYILATADNAFU(Water bath chamber)

[ 9 = o a o
2.3 aﬂymxTﬂﬁminwammmwaaeﬂa”lﬂwuawmmmam%ﬂmu@”lmmuﬁ

Eah
=)

3.1 LLNHNQﬂ”IﬁLN”ILLﬂﬂUl“HHWQ PNZT

=).

€ah
=h.

3.2 ATNUATT (Agate mortar)

1A o 2 A 9 1 o Aa A
33 meu‘wTammmmmﬁumﬂuﬂﬂmq 15 Waniuag

=).

Yy
34 ﬁﬂ‘]&lﬂ!gfﬂiﬁ]ﬂ‘iﬂ!\?WHﬁ'Wﬁﬁﬂﬂ'ﬁLN'}%ul@mg

Ean
=h-

o a 4 a
3.5 UHNUANNITINIS WA T 1NN PNZT

=h-

=).

3.6 ATNUATTAUAULIAT (stanless motar)

3.7 AzunNsd (sieve) AAUUIA

Can
=h-

Y
¥
3.8 (N-9) HEAINTEUIUNITIAT BN LA

€ah
=h-

9
3.9 uaAUM AT UB AT lanNuay

€al
=)

gﬂﬁ 4.1 uammiﬂizmamuma1gﬂ1ﬂmaa'%gﬁmnauﬁ’mﬂ%q
particle size distribution

ﬂ‘?i 4.2 Llﬁﬂﬂﬂiﬂﬁ%lﬁﬁ]ﬁmﬂ"llﬂﬁwﬁﬁlﬁiuﬂauﬁdwﬁ}?ﬂﬂgﬂﬁ SEM

ﬂﬁ 43 naaseardszneumanaiivesfudmusilesauauaninunsasieden
§10153 DIXRE

gﬂﬁ 4.4 uaReeaRlsznoUMUATIvIL A UTFNLAIAT N TOUEIIAE DY XRE

ﬂ"fi 45 uamsﬂuuumimmmummsqmaﬂcﬁ VOIHNUANAS LazHUUANA
nauawnavuaiiuna 3 92T

gﬂﬁ 4.6 LAAINANMIATIVTOUANUNU I UVB L TAANEAY PC-PNZT fidadiuves
pNZT Hufosaz 30, 50 waz 70 Tasi5u1as

1J°?i 4.7 UAAINAMIATINAOUANUHUWUUYDITAAH Y PC-RHA-50PNZT

fidadumaunud PC @0 RHA fudosas 20, 30 ag 40 Tagthmin

21
21
22
22
22
23
23
24
24
25

26

27

28

29

32

32



ﬂﬁ 4.8 uanInaMInTAeANLR laBidnn3nves Taanay PC-PNZT fidadiuve
PNZT u¥eeaz 30, 50 az 70 Tae1f511a3

ﬂﬁ 4.9 AAINAMIATIVABU AR IABIANNI NVe I TaqWal PC-RHA-50PNZT
fidadaumsunui PC @0 RHA iHuZevas 20, 30 U@z 40 Tagrhmiin

gﬂﬁ 410 uaRanaMIATIVTEANITR InBiEnnI ndeA A RN UYe Y TaaN T

PC-PNZTHdadmvee PNZT fludovay 30, 50 uay 70 Taeal3unas

a ) a s a o
E'i.h’l 4.11 Iﬂﬁ\ﬂﬁi'l\ﬂ/l'l\?i]ﬁﬂ'lﬂl!ﬂgﬂ'lﬁ'lmi']gﬁﬂﬂﬂﬂﬁgﬂﬁ]iJVI'NLﬂll“UEN'JﬁﬂNﬁll

33

34

35

37



VNN

v v

=

L1 anudngazninvesifymnminside

Tuthpiuiaanaunaamauiluiauleedisniieune iiniselalvanuddaylums

L)

[

a Y] A o 9 Yq Y a 4 da! = Aa o 9 ] = a
9 ﬂuaxwwmzwammﬂﬁzqn%“lsv“lmﬂﬂﬂﬁﬂwummu mﬂummqmmﬁ@wamwaim

a = d o Yo 1 A [ tdyd
nnan nag Yudwudimaelasuanvaulaedianin ieann Taaruaunud Iniiii
o W [] 9 A 9 Y I @ (% & A 9
anudayesnnlunsiauniedszgndlmiuansrniamsduazmonlulasaiig
A X o 9 Aa g Aw A Y} ' o ' '
ABUNIAFINSWAUITgRauRaIailteaniuauddonaeud e lniuazds liunivaie
4
11NA5
a = ad a I [ a a é A:;d A d' 1
wsmnieTatiannin Wuiaawsiinatanilandiauiana i Taamulagmmn:
A A add a 2 A o Iq Y ‘a 3 a AL A A a
auaiie Tsdiannsn Fatiswtihunlszgnalsluginssiadnnseiindaiee auiiaiie Tad
I~} a a3 (=Y < { [ { 1] a3 [
dnnsndluaniamwizvesans wuae emseuso)asunaaanu i 1asu Tl undaanu
[ Y { [ I [ 4 4
na lunundunudimmnsaasunasauna liidundeau i 1dendaeiFondsignsalil
1 < A aa a 1 = A Y [ 1 a ~ ad a a ~
N UsingmsaiiieTsaiannin nannele Inussoaunsdniie Tsa@nnsn w318nNe
ad a @ @ @ LY a
Tgdiannsnagliussau Iihesnu lunsassnudiuminldus seau lihundaaiio 4o
< a [ a o g a ~ 1 d?
@nnIn Jagazinanasnunavumelulasszinanmslasunlasglsvy
o Y Y A o o ~ a g A o ~ s
NANANMINT AN INNO T e TsIa NI NUINAUA DY TN UAIT A0

a [

) Jd o d v [ o A 4 ) [
u'lllﬂﬂigQﬂﬁ‘ﬂ’]lﬂuWaﬁﬂmmgljﬁijﬂjﬂﬂ'liﬁuﬁglﬂ@u (IFULFDT) F1VTUIAAIY

o =

: = J ' o 1
duaziouluInssadwanaounia lagaimsuanudimuaasldzaermldaanudiunmu

=S a

) Y 2 o Y =X A A o a o < s a A
LT ULBIBDU GlﬂmﬂENﬂ‘]J"llﬂxﬂﬂ‘i\i’ﬁiNGlﬂﬂﬂuﬂi@lln@uWNﬁﬁﬂm"m%’uL%@‘iﬂNaﬁﬁﬂﬂlﬂf‘ﬂllﬂ

=

ad a ~ I 1 Y = = Yo o A 1T Aa
L‘W‘(’JI“]ff]l,aﬂ‘ﬂiﬂllﬁgﬁumlﬂu@iﬁiuiﬂiﬁﬁﬁ’mﬁﬂﬁ’lﬂ@]ﬂhlﬂiﬂlliﬂﬁuﬁgLﬂ@u%’lﬂllwu@uulﬁj

a o J J

{ ] I @ [ @ 1
waan s ueres luanazasunssduazion lhilunasnu Iihudraandaau v
A @ A 1 ] A A A @ Aa A Aa
nseulasdyanaiesienumanududziiounsnainil 1o nmsringauiNonan
= d v 1 Y a Y (% gJ/ 2K A a d' o 9J
YuFwudinazne linavanizniserna wazdyni Tandeou aaiu Ralinuraanaziinh

[ a =)

X g a I 1 4 1 14
unavsuiluiagaumasldnnsssumndnlniudiunaumiosioantsurmns 19 udmud

Q

a o 9 =~

~ Y A 9 A 1 1 [ L)
asluniseznaniagruaunaintiadudnale iednndiulsznonranvoal udmual
Aaa I J % 9 R [ A 9 Aaa I
aissanuuesdlsznou tazdndwnavoaguiudaqumasldonnlssnuuaziganuily
J < { o y a
panszneugade 70-00% Jelanuwiulldneziudwnaviwauivoaatsuimns 14

‘]J ~ % < "o 2 Y Yt =X a4y
“W]ﬂllu&?’]aQLLaSL‘]JLlﬂﬁGIf’JEJiﬂH1?(%!5]@?3ﬂullﬂ@ﬂlluﬁ‘lfl1ﬂﬁuﬂﬂﬂﬂ’38



1.2 Yo UUAYR41ATINIIIVY
= A Y o 1 4 F)
1. fAnEIauanamen I 1nsadingama uag oasidIuesnlsznouveum

a _Q =X a 9 P wa A ~ Y
u,ﬂa‘uuamﬂamm’m‘lﬂmﬁﬂymqtu‘wQu“lumnmmnmau“lmgmanmmmummmi

aan

Y] 1 ~ ~ = <Y 9 A A 45!
2. Wvpsanmuzanlumsumunusmuddradunautaz Ugnseninay
o 4
Tuvazisaarve s udmua

= P ~ 9 9 % a = ad a
3. NﬁiJTJJ‘H“IﬂiJHGWIQﬂLLVIHVW]"JEJ!,E]'ILLﬂﬂUﬂiJl"]ﬁ'l‘llﬂL‘WfJTGIfE]LaﬂVIiﬂ
F

[ Y as [ 4
4. ‘quﬂ’.]ﬁﬂNﬁuﬂ?ﬂ?ﬁ‘ﬂ’m?ﬁﬂﬁ’lﬁﬁﬁ

U Q

Dy

A g 1
npInsaadeganmaciondesganssniomnasouIIUADIN51A (SEM)

a ac a Y A
ﬂ‘}:l'lﬁllU@‘lﬂ'ﬂlaﬂﬂiﬂiﬂﬂi(’ﬂméﬂq LCZ meter

A R R

%% o J

7. fAnmanuduiussenigdnssadngamaazaniane e siaguew

8. NI HansANE luM s A mmMITeAUmAanIoUIUINA

(Y] d av
1.3 Inglszasnvedlnsansiag

o [

o ~ s Y Y
ﬂuazwwm’mmgummuwwmmummmuﬂau

L)

)

1.

[ @ @ = J 9 a ~ adg a
2 EJLmZWGJJu’I'Jﬁ'EIWﬁhﬂ”ucﬁmu@llﬂ'ﬂlﬂﬁﬂ-L“Iﬁ'liJﬂl,WEJIG]fE]!aﬂ‘ﬂﬁﬂ

) )

o o J

1 9 wa [ =~ Jd 9
3. ﬁﬂH']ﬂ'J'lllﬁ‘Jqu‘ﬁigW’J’NIﬂi\?ﬁﬁ’l\ulﬁgﬁMUﬁﬂ'l\ihl‘i/\lﬂ']"]]@\ijﬁﬂWﬁ'llﬂuuclﬂllu@llﬂ'l

a A ad a
LLﬂﬁU-L“Ii‘iHJﬂ!WEJIG]SEJLﬁﬂVﬁﬂ

¢ (Y
1.4 Uszlapiiimadiioglasy
o 0 A vl 9 d' = v
1. annsamsandmwaviniangan lumsldudunauumunluudwud 14
~ Lg v v 1 dl a
2. awsaasoutazIugiiaguanlusasiduiminzanvousiinaa luloa
¢ o 2 .
o3 Iaua Tnmniua tagudmud lagldaidunaunaunuuisainld
G [ a J = J J
3. dnsoesenddanduasiinea luTowames Taua lnmua Yuduudlosa
J dy { o {
uaud tazldunaunlautanielwihng 14
J ] awv 4 1 @ [ e J I
4. 1dpednnud Inilumsiteoasseanazimuiganauuud luiti lszgndiilu
a o Jd o @ o A Y X Y
panduAdInIamsdudzinoululasadeanla
5. AI0IHAUAITE M ST EATIMITEAUUINMALAZIHELNT U8 T

NMIATIFINITILAVUIUIFA 1@



U

Ay ad g
®NAIUASITHIVNINYIVOI

J d
2.1 Yudmuanazesnlsznaumanil [1-2]

= 4 o =R o = =< o 2 <] Yy 9 v

FLUURA (CementﬂﬂﬂﬂﬂqﬂﬁMWﬂﬂﬂﬁﬁﬂﬂigﬁ'lumﬁZ’fﬂﬂﬁﬂﬂﬂﬂﬁi)‘b’umﬂ q V1N IYNU
o 1 A a’gw a =< = 4 1 o [ Y a
MNBUUARIINUANUHIODITTFNUAN 18U 52N uAd 1S UOUAIUIAINT TN Tos e

[

, ) Y o % = A a A Y A ¥ Y g
NITNDE IR FIUUA HUIYDI ﬁﬂWﬂaglﬂﬂ@ﬁl‘ﬂ’]ﬁﬁ@&ﬂ’llm‘uluﬂWﬁllu’ﬁ]g'ﬁ'lll'lﬁﬂcl‘lﬂﬂu

[

= @ a a Y 9 [ 4 J 4 9
aqilszaubaiagissian 8y Wu waz N haenuugmualesataudilszneuaie

9 v v

1 d‘ dﬂl
AIUNTUNTIAUAIU

]

1. Calcareous material lattn #11)1 (limestone)ttazALadNDA (chalk)

U

U a =

A . Y aa 1 a ° a
2. Argillaceous material |A1LA FAN 2NUN magiugﬂmamuﬂm%ﬂumﬁm

(clay)tag iUAUATU (shale)

- . Y 1 < b A A .
3. Tron oxide material lLA UFIMan (iron ore)rI0AA AN (laterite)

[

A o a 1 Y aan a 49! I g‘/ dy
WBIANAUANC gﬂmﬂuwumm ﬂgﬂimi}zmmmﬂumumu JU
¥ 1 g’/
1. HIETLIHYIDDNVINTIUNTUNNINUA
9 4 o o a a A Y A
2. maasveulasenlua (CO,)£NTVUDDNMINHUY UIazAUTDNDI mae e
CaO
a @ 4 1 a a aa a
3. Lﬂﬂﬂ'l‘iﬂﬁ@ﬂﬁ')ellﬂﬁﬂﬂﬂvlc]f@ IEHMIN CaO mﬂwuﬂ“uuamuﬁawm, Fan1, 8TqUU
< J a o a ~ a
L!ﬁglﬁaﬂflflﬂll‘;]fﬂ Fl]'lﬂﬂu@'l‘ﬂ%ﬂﬂulﬁuﬂ? LHazauaIu

a o = J i g o
4, Lﬂﬂﬂ'l‘ii’JllGl'W]NLﬂiﬁlfoJﬂﬂul“]f@Gn\‘IG] LLﬁé‘ﬁ@l'liJﬁl’JﬂGU‘U’Juﬂ'liﬁﬂWﬁﬂlﬁleﬂu@]’JﬁQ

s I 4 ' !
Yudwualesanauan lfazilszneuaisoon lae 2 nqulune
@ Y . = @ 3 o
- 000 lwaran 1Aun CaO , Si0, , ALO, , Fe,0, Ba5aunuilszunm 90% v091iwiin
= J
Fua
4 Y . a o = S A g
- 000 lyATe9 1A MgO, Na,0 , TiO, , P,0, uag dudu Usumeen laaa1ee milu

o = 4 4 o
paA1lsznovveaumudlosanaua uaadlumsng 2.1



Y ! 7 { g s A ¢
M319h 2.1 Aoen laaag o Miluesailsznevvesuduailesauand(1]

9N 4 weddudlagimiin
aon lyandn
Ca0 60-70
Si0, 17-25
ALO, 3-8
Fe,0, 0.5-0.6
99N lrAsed
MgO 0.1-5.5
Na,0 + K,0 0.5-1.3
TiO, 0.1-0.4
PO, 0.1-0.2

J o @ 1 a < . a g Ao o
pon lyaranazswar luszniemsinayuda (clinker) alluasseneundinny 4

2819 AALAAIIUATT19 2.2

= J

! {o o s %
M3190 2.2 AsilszneundiAgvestudmualesauaud [1]

A ' a A
‘Uﬂﬁ]iﬂi&’ﬂi’)‘ﬂ ﬁ]uﬂi%ﬂﬂ‘ﬂ‘ﬂ]ﬂ!ﬂ&l TOuU

lasAaFeu Fame 3 CaO - SiO, of
(Tricalcium Silicate)
lanaidon Famna 2 Ca0 - Si0, C,S
(Dicalcium Silicate)
lasaaidonogiig 3 CaO - ALO, C,A
(TricalciumAliuminate)
waAaGouegil lules 154 4 Ca0 - ALO, - Fe,0, C,AF

(TetracalciumAluminoferrite)




Ufnsen’lamstuvesdaiBandamne (C S, C,S)

Aaa o aan [ %l 1 a
Aadougamaziilgnsennuih neldine Ca(OH), ez Calcium SilicateHydrate

A o 9 A 2 o a aan @ dy
(csHnMmmMnduanlseau muaumsmsinalfnssaai

2(3Ca0.8i0,) + 6H,0 —> 3Ca0.2Si0,.3H,0 + 3Ca(OH), 2.1)
130 2C,S + 6H,0 — C,SH,+3Ca(OH), 2.2)
g 2(2Ca0.8i0,) + 4H,0 — 3Ca0,.Si0,.3H,0 + Ca(OH), (2.3)
130 2C,S + 4H,0 — C,SH,+ Ca(OH), (2.4)

CSH Ca (OH), Ettringite

51 2.1 uwunuaael§asedaFeudamna [1]

U

]
A o v

Aaan ] a = A < A o A
i]Tﬂ‘]J{‘]ﬂﬁfﬂllalﬂﬁ“Hu NARD (geD)FAUNDLUIAIVENANHUSNAINY 2 szms fe

]

ee

Tassasalianavoua

Q QA 9

= J = 22 (5 a
HINTU p9Alsenaumunlives CSHU VUDINVVIY gaUVIDU U
9

Y
{ A 2

o ' 2 0 a J = Yo 1 . iy A a 1 =
gasraauhneduua Tuntivz 19@28e CSH UMy Calcium Silicate Hydrate fitAiaau 11319z
7 < 1 { aaa ) s %
pensznovuaz Inssasruiuedielscaom),nlannlgnsen lawsdu s lddmudmaal
a3 1 ' A A & o o 1 = A Y
guaviailuaediawn fie I pH Uszuia 12.5 Faffoanumsnansouveunanadsu lded1a

=S
AN

UfnsenlaasiuveslasunaFanegiiun (C A)

aaa o a @ o 1 a <Y 1 <
ﬂgﬂiﬂ”lhlamssﬁumeAi}zmﬂﬂuﬁwuiﬂ Llagﬂ@iﬁllﬂﬂﬂWﬂEGU\W]’J@fﬂQi'JﬂLiTU@Q

=y o J @
FINUANTA ANTUNTT



3Ca0.ALO, +6H0 —> 3Ca0.ALO,.6H,0 (2.5)

130 C.A +6H,0 —  C,AH, (2.6)

4 ' ' a aaa I <3 1A (o '
e lildinalfasetied1siaaisa 3elaslan(caso, 2H,0) 11l lusznang
J a ) o aan [ 1 a g’; . . a
YUIUMTVATINUA olduazsi1lfnseny C,AnelRINATUYDY ettringitel UAIVDIDYNIA

C, AAIAUMT
C,A+CaSO,.2H,0 —> 3Ca0.AL0O, .3CaSO, .31H,0 (ettringite) 2.7

9 Y

FUVD ettringitend 1171NAN131111IN15NOAIVDY C Auazsilnnisneda lugiusnil
g "o aan o I 1 1 1 g’; . . W Y
Juognulfnselamssuves C suaz CSitludiulvg uasuve etringite 11 1dnganis
malfnsenlamssuues C,Ana1770 tHoINA ettringitedzNALTIAUNNININMTANT AT

<3 o A o g . A a Aaaa o 1

YOIV 115 3an Tz IR T UV ettringiteanoon uazinalfnse lamsduves C,Aua
A A o a . ) [ A ' aaa v A [ =
WeInaMIuAnad 92109 ettringite I Tununitlumswiaalgnse lamssudnasanils
2 < A o A S A 1A = ! Y a . q
Tuaouaziued19t 1Jaunszna sulphate ionstisuna luiisanenaznaliina ettringiteds

ez lansFuves C,ATaouldvuettringite 1111311 monosulphate

Ufnsenlamsiuveunnswnadeueaiilumles1sa (c AF)

aan % dy a ] Y o aan v A <
Ugnselamssuves c AFNIzinalugedy Tas C AF AT onuEl sy tag

]
=1

1 Aa J [ [
Ca(OH)zﬂi’Jiﬁlﬂﬂ@Hﬂmﬂﬁgﬂﬁﬁmﬁ@mﬂmm@ﬁ sulphoaluminatett& sulphoferriteANaNNIT

4Ca0.ALO, Fe O, + CaSO,.2H,0 + Ca(OH), — 3CaO(AL 0, Fe,0,) 3CaSO,  (2.8)

1y Jd d
2.2 MINHUIATIAINIVRITINUAINETA [1-2]
Y Y
nannlfnsen lamsduTagsiuvesaislsznounanig 4 HuazinanavesuaaFonda
R . A ] < A J < [l a aan
in 181a5A(CSH gelia ettringiteldovogumdaduua azitlumsniamsanalgnie ls
v =R a a | ] 1 A 9 12 a ds! I
IATFY F99F118A151AA “dormant period” STl ugIwIaIRAeUI9eE liTes I5mavuilunan

o g a 4 o = Y]
1-2 511'311]\‘] GLL!“]Jmzuu"]ﬂuu@]5]3EN?’NWTa3!La33Jﬂ313Jﬁ13J15ﬂ11!ﬂ”lﬁn/]]’lﬂ

U 32 o A

4 2 ! . o ) Y . R 1 A =
IOAUFAYIN “dormant period” NITLVIFYALLUVIAUITUAU (initial set)"]NL‘]JuGIf’JWI CSHn
[ 9

A UOGUUITIATIIUALANTIDDNAIBITIAY osmoticHITITUTIAAIINAMUUANAITE NI
9y 9 A T 1 @ = s
anududuvedlessuluaisazarsiiegsziiavanueymayudiuud uaz loseuves

dl 1 a o aan &Y 1 Aa a [ e’d' a
d1sazargneyious CSH ﬁ]%l,ﬂﬂﬂ1§ﬂ1ﬂ§]ﬂ581118m55b'u¢]’6]1ﬂ USaunaanualnnan



aan % [] 1 1 AL o aan 1 a [ PPN
Ugnsenlamsdu szdivualnanii 2 mwesdiwuanouiiilfnser duwaldwaadusining
aan o Ay 9 1 1 1 <= 4 Aa a o o 1 Y a 1
nnlgnsen lamsduiiazidn llgaresinssnnudaduua nazinaimduianaliinansne
@ = 4 4 ] Yy 9 aan A A aan Y da!
avesdudmdad a1y llanududuveslgasennasnilgnse laassuazuinau
' Y a D) v o o W A = 3 A 7 Yt 4 4 ]
e lMinanNuTuYe AT TInaMInasuNveulAdNua dama Inauuamadnaieu
s ¥ oa Y 2 o 9 . 9 A
YBIUUL UUAD MINIGYAUUIAIFANY (Final Seyauaradlugaln 2.2
a aaa ) 9 4 d‘
urunmudasvUIUMsnalns e lamsdu naz Inssadwveunaa naaslugali 2.7
7 < ° 4 { ..
TaoFudazuansdroiiada luumgh Ca(OH) zuanIR 031 iMasy WANUDI etiringite
Z = i :
ueas Tagidunee duq wag CSH iduduiinnmweneauals 11U 2.2 92 W31 dormant
< J a aaa @ 1 a < U T
period tlaFudazinalfnserlamssu nelina Ca(OH)1ag etiringite (Judrulng
% o A a X = ] < ) a o 2
Ma9910 1 $2 103 CSH gel 3unavn Tagigiaruiludulosy msnatazvesa CSH gel 1
[ Y a [ @ ~ A 49! 4 o w A [ 49!
nelinamsnodd Tuvaz N5 uaniuuy ANUNFUYOANAAIZAAAY LaZMAUTUWAILIYY
o o Y . 9 A A ] SA 1 o
189910 24 92 Tu9ud" sulphate ions gnlgvua 11 eglitiswnazianeon lya Funedd
4 I U a aaa v
naz ettringitegnitasu 111y monosulphatedau C,Suaz C,sezinalfnserlamsduly 14
AA o <3| 9 4 a o J aaa o & 2 ' ' '
csH nanvaziluduloiusdanaainnilgnse lamsdunaiuaiiog ligagesinesenin

I Jd o Y J
LUABLUURA 1/]']Elwﬂj'luwgumﬂﬂlWﬁ@ﬁﬂﬁ\iiuggﬂg‘(’nq

ISR

| ———
2 uf YT ™
Dormant period | Setting Hardening

— et —— —————  —— - —

a a asn o o Y J 4
5‘]]7] 2.2 LLNumWl,mmmimﬂﬂ;]ﬂmﬂmm%uuazmiwwuﬂﬂNﬂinmuuﬁmﬁ@l [1]

U



2.3 iwnavluanuneunin 2]

N a Ao o = < A )
uluraanantamanyasndinguin Fadszma lnedlulsamanasoandinuin

A o w

nga haimseaailaz 25 Swdu luilniien oz 1dunavanmsdanalszum 5 duedu Tu

(Y A

wazduiedudsziinnavegiszum 200 Alansy nazlorwnay ldwes Ididunan

o—

E4 " " 1]
ﬂizmm%’aaaz 20 Y99UIIUNUDILNAY Wioseua 40 nlansu Lﬁﬁ]i%'lﬂlﬁﬁllﬂﬁﬂﬁﬂ%%?iu

an I a { o [ ) o o & [
FANIG ﬁﬂgﬂuNaﬁNa‘vmmimymi‘ﬁmmzfmﬁmsuﬂ15ummmumuﬂu’;ﬁ@ﬂ@ﬂ%mu

d = %
2.3.1 aandszneumaniiveutunay

s ~ Y = = "y N =
penszneumaniiveudwnavuaaaluaised 2.5 Fawuaudwnavil Sio, gauin o
Uszanmdosaz 90 Fudwnaviwnlulszmelnedl sio, egioeny 92.28, 95.36, 1ag 91.84

o w J A A I 4 = = = A A I
Aud1ey aaunmaeueen laaveTmasy Tdsuamdon uaaiFey uuniliFen 1an
[} [ J 1 = %’ Y] d‘ L .. A é
Woavlosd nazdamles wazamsgadoriviindios91nn 1511 (loss on ignition #30 LOI) 9

an 1 9 aa X IS ! '
audn@all Lol @Qﬂiﬁﬂﬂ!i@ﬂﬁ% 2-5 qmwgw%ﬁlumsmmnawwaﬂ@m LOI IN318 N3N

De

v
o =

Bld' 1 4 Y 9 =\ ] 9 [} [} I~ [
Indinldawysaiszihldidwnaui Lot geau Lot fegludwnavainlvngaziusigaiu

a

¥ )

A o o Yo w = Y
ﬂﬂu'li:f\i L!,azﬂmmuaumﬂﬂzﬂﬂwmmﬂlmﬂﬁwmmaﬂmulﬂ [2]

~ ¢ a v
M1519N 2.3 99A1U5ENOUNMIUANVOUDULNAL [2]

ﬁ']ﬁﬂi%ﬂi’)‘ﬂ sé’mnau

SiO, 90
ALO, 0.5
Fe,O, 2.0
CaO 0.5
MgO 0.2

SO, 1.5

LOL 4.7




2.3.2 pa@utiaveudunay

AIND D UW

[

' ° Y 2 ' A ' S AA A '
ANt IzvedwnavIuegnu s M Il liauysaiselaaiw Indlinua

14 1 1 o ° 1 o { 1
naza1sveutueguinaziinnualssumizar anwaassuwmzidnauimn lnfaeudia

a

o ' 1 o =1 (5 a {
auYysaAIEnaN 1.9-2.3 nazdaauegnugamgi lumswn swnauwigangil 500 °C T

U o A g {
AN SN 2.06 HAZAND NI UNIZ LN U 22488 2.3 ﬁqmﬂﬂuﬂWﬁlWﬂl 800

R

o w A 2 1 o 4 4
1ag 1000°C auaay ﬂ'l5L‘Wllﬁ‘uGU’E]Qﬂ’J'IiJf]’Nfl]'IL‘W'I$Lﬁﬁ]\ﬁJ'IiﬂﬂiEﬂJ']ﬂ!ﬂ"lﬁJ’ﬂuﬂﬂ‘f!}ﬂfJﬂﬂ [3]

ANAZIDEAVD AN NAL

Y 1
msdavesoymaveudwnautenldnunaisunz anuaziveaveudunay

@ a

é’ Y] ax 9y dy as ] A
UBNITINVUBYNVLIAN a5 lumsvana’ AUVUBYNUITNITIWULNAY LBU NYUHYNINTILLNAD

QU

Y Y A:;ddy Aa A gdy Aa 1 I
500 °C “lmmuﬂammwuﬂmmqﬂ NYUHHUFINIUNUNHIVCAAAIDYWNIN 1NN5ITu

a

9 I

o [ ¥ ia o Y
Han uazmivhateInseaduradningu myiaanuazidea lagnumsunzveusunay
9 as [ Y v 9 1 A Yo A Y A [ = J
A3z ITMIIA lvFanu wnavdIu vy lsiuivinaeyaialnameanuluduud

inamaseynneg lurlszana 5-20 lunseu

2.3.3 anududagileslvaruveudnay

(2

< @ 1Y 1 o A o
ﬂ’J'lllUJu’Jﬁﬂﬂf]G]fIG]fa’]u"llf]\?lﬁ}'”,!ﬂaﬂﬁ']ll’lifljﬂqﬁliﬂﬂﬂqiﬂ@ﬁﬂﬂﬂqﬂ%if!ﬂ'] N2MEY

[

o v o A v J 7
1933714 ASTM  C311 I@ﬂi%ﬂ’liﬂﬂﬁ@ﬂﬂ’laﬁ@ﬂﬂ@’lq 7 g 28 U "Uf]\‘lll’f]ig]}']iﬁﬂ']ﬂ'lﬂ

= s A AA A = Y 9 9 ¥ v o 1T o oA
ﬂ”‘w]imuﬁ Wﬁ@ﬂllﬂWillﬂuw]ﬂ”ucﬁluu@@'gﬂlﬂnlﬂaU§@8a$ 20 Iﬂ&lu11’iuﬂ’mﬂﬂi$ﬁ1u AYU

@ [ Y

° A ° A v A ~ v o o sY JAq Y ~ s s Y
NN ﬂ1ﬂ1ﬁ\11/l1/]ﬂﬁ’é]ﬂulﬂlilflllﬁEl“]JlfI/lEI“]Jﬂ’]Jfﬂa\‘IBUENIJ’E]‘i(v'niﬂﬂlﬂ)”]a’]u“]ﬂllu@]ﬂﬂ‘immuﬂﬁ’)u

v A

1 v Ao 1 I @ Ax
W'Iﬂﬂ'lﬂﬁlﬂv!ﬂTﬁ\1llﬂ1f,;fxiLlﬁﬂﬁﬁdﬂ31illﬂu3ﬁﬂﬂﬂcﬁicﬁﬁ1‘1!1/]@"1]’6]\11,’[3}1!,!ﬂﬁﬂ

X ¢
2.4 Yoyasllosiuvasm sty Anaasoslaua Innuua (PZT) [3]

]
a

a 4 I a J ad A o ] 1
mﬁmmam%ﬂmum"lmmm (PZT) L’]J‘L!ﬁ'?i!“lﬁ”lﬂﬂﬁ’\liiﬁ@!,ﬁﬂWﬁﬂﬂﬁ]ﬂ@gjuﬂqu

a { 4 : 3| 4 1
Yoy nnil Inssadruumeselalnd (perovskite) Fuilurovosnguiilassadanan

Y 2 o Y ' a . A o 3 '
ﬂ's‘ﬂﬂﬂaﬂﬂ‘]JIﬂi\‘lﬁi?\ﬂ]@ﬂuilmal“]ffliJll‘VlWlLu@] (CaTlO3) VI?JQ’@]?VI'JLI‘]JL‘]JH ABO, 159

=\ " Y wa 4 ac a 1 A 9y o Aa wa 4

uﬂm%u”lmmu@]”ln”l@uamanumwﬂimafmimmmimgﬂﬂuwumwamnmmwmvh
ad a a A Y 1 J dy 1 =) .

Tsoannsnmany 9 %u@ﬂﬂﬁmiwagﬁluﬂqnumu wuiF e Tnmua (BaTiO,, BT) aalnm

. J . A A
e (PbTiO,, PT) aayas laa Inmiue (Pb(Zr,Ti, )O,, PZT) waztaauunthmey lule



10

1A (Pb(Mg, ,Nb,)0,, PMN) Hludu dednvazlassafrauuumesenalndazlidnumziilu

Taseard 191U Cubic closed-pack aanaaslugy 2.3

©Po :0 @zr/Ti
51l 2.3 dnwazTassaframanuuumesevldlndvesasilinaames Tama Tnmuar4]

J . < < 1 J
aaes laa Inmua (Pb(Zr,Ti)O,,PZT) Wuasazaeve UL HNanEes la
i@ (PbzrO,) nuaa lnmiua (PbTIO,) HI0ATIAIUILHIN Zr/Ti 1zlinnudAnedaun
o a A Aadg a { { A [ 1 [ 1
lumsirldiasiliniiguiaie Tadanninia gasidouaioununin Ao manldadiu
J J 4 1 . 3 = g v
p9AlsyneusErIaaes latuanoaa lnmua (ZuTi) 11w 0.52:048  Fuiludadiu
J A ' =) ' y 1
p9nlsznounegluuSnusesaoa (morphotropic phase boundary (MPB)) seninavlaie
A52InUA (tetragonal) HaziasenTudasea (thombohedral) i1 l¥id1enemsiasunas
9 A A g’/ A Yo [ I [ 1 4 ~ A A
Taseadeniivuie lasunasnuannmeuentaziludaaivesndszneuiuaasanyaiio
ad a 1
Txdannsn laanga

A A

4 = 1 o = Y 4 a
@AIre3 laua (PbZro,) Ngmuglgiegn 234°s laslIAseasiauuuees Insoniin

4

Y KX o =} a = va g a 14 ad a
As1eadeny uuiseu lnmuanuyuees Inseudn ualautimiuveuansIssiannsn
. . (% A =2 A (3 4+ A = [
(antiferroelectric) 810911910 A Inadunavnmsviaveslessu zr' Wemeuny lessu
2- dl ] g’/ g’/ = v A (% [ d'dy a 9 (% % o Y =
0" fegiouns 6 Uu azlimsvaizesdd luanvaznslunaneasedmaaunu i ldmsi
H a 2 A I o
7 lihuuunaduestissauilugud
4 = A A ' 4 A o =
malnmua (PbTIO)  vzligagingeninaawes laualagegh 495w uazl
Tassafraunuwmase Inueandeaasnvuuen Inmma uaiiosnuan C vouaa lnmua
) v 9
HUTANNE1ID 6% 1AnuAd a M liwsidama lnmwmaivenlumsivisazineg
g £
uaniluau 9 meldaulddnszuaasegaq

o

a ua gy 4 g 1 4 o '
Glu‘vmﬂgumtmmmcﬁaﬂmummzmﬂhl“nml,uﬁuullunﬂiﬂwuumuﬂ LANTT WU

[

< @ Y ' H
A1509210UDIVOTIV0ITAANIADI NA1IAD PbZrO,-PbTiO, W30 Pb(Zr,Ti)O, HioN3oN



11

4 g’/ 1 a o L I Aa A ad a '
luwe PzT uunelinalse Texinuolumsdszgnalsauiuesiinnlstannin &
9 9
Tumsviannszuy PzT Wuldnavulugianaissy 1950
P g s
e’ Iaa Innuua (Pb(zr, T, wnie PzT) wulilaseadwuuuwesonalna
I o 4 ad a Ao 4 <3
paziludaqui1501@nMsn uwugi NI (phase diagram) vo93zUU PZT  Fldfuds
[ d' o v 1 d[ = 1 dld [ A Y .
ANHUSNTIAYDINUUIAD i@ﬂﬂ@tﬂﬁ‘lflnﬁmgWHLﬁu@uﬂu (Morphotropic Phase Boundary
= d = 9 (] v A o A 1
MPB)  Fudlumisiasulaseasvesrenunnulanaiunanla q lusrwesaisazaie
< 2 = a & a § Y o A
youdlae lulimsulasumnlasvesguugd Tuszuy PZT vy MPB inavulndifssnun
! . 3 2 A ,dy = A adg a o a £
AIUNANVDY PbZrO.PHTIO, 11U 1:1 &3l MPB Hazliauaia ladiannsnuazduilsz@ns
4 1 v o 1 i L 1
M3HeNAD (coupling  coefficient)  gaga &9 latimsihdiunanilliszgnaldauedia
9
131907219
~ ] ~ R Ao v/ o ) ~ A
MIUNUN Zr A idion (HH) BaNduaulszpmnuiu azlinalunisden MPB
1Uf 52% TaeTua vee PoTio, TuvmzNau (Sn) sziimalunmsnou MPB TUn 42% Tag
Tuaves PbTiO, wazaayagsnin 370w lUn 250 msunud Pb ludumis A dao
looountidszamiiu wu uuiSen (Ba) ansowdiou (Sr) uay uaadoy (Ca) Unavld
= :, 1 (BN} AAa A [ o 1 A % 3 A a g a
99939109 La luAvelionsnane MPB  1in uaransznullausavziluauiia lagannin
=\ adg a A~ ~ 1Y) g'/ A v 1 ddﬂg
wazelaoannsn laaolmsununluseay 5-10% lagluady duiinainaldazauu
dy L . 4 4 8
nsunuidlelossunisiuiulszguanaiseinlooouiignunui (aliovalent
9
substitution)HU UHagoauAU0Y PZT o81vau a5 1% (donor  dopants) Ao
A d'do 1 ~ A & Y =\ ) o 1 '
arsenlsuulszguinnilesouiignunui F99zAoelin1s¥ABEAIBA 11TV
i p ~ A o o A A Aa
uan'loosu (cation vacancies) luvaznaIsRealIsy (acceptor dopants) ADHITLIDNY
Tulszyiesnii loveungnunui taglinsyared10a 111911999000 FY (oxygen
{ { < a a 4
vacancies) 13190 2.1 uaasansenldlaenall s inytiamesenalnd

9 [

4‘ A AA o ! c . .
M3 19N 2.4 MTUNUNAY ﬁ@ﬂmwmu”laaamm 91 (aliovalent substitution) [3]

Donors Acceptors
A-site B-site A-site B-site
La’, B, Nd Nb™, Ta’, Sb™ K', Rb’ co, Fe, Se,
Ga%, Cr3+, MnH,
Mn%, Mg2+, cu”’




12

Tagn ludrdmiansveanan lessuszinasuin ldenndruai9ve e nEau

9 Y
v A

A a A o 1 A A A o Y = o '
mmummﬂ"l/e‘)aeummaaﬂ%mu%xumgmuﬂuua@‘wwmmmmﬂwﬂmﬂaaumgmm
' [ o ) 1 1 dy é A ' o ) 1 a g’/ d’ d‘
ixmw"l,aeauﬂwmmmmmamu FUUToUAUOUNA WK UIINVDI0ONFAUH AT UN
Y A a AR o 2 A LI~ 2
llﬂt]’]fj L!ﬁ%ku’ﬁ]ﬂ%Wﬂﬂ']'imuﬁ'lil%ﬂ%\ﬂﬂfJ“I/I?ul‘IJ%ZJJﬂ'iNTm 0.05-5 iesiua lngoznon
9
Wnvzneldinadng laTnaszyniieleoouvesd1senUMLMLNI1N (vacancies) 8NAIDE1S

' < g 1 ¥ 1 v v W o [
U 2La,-V, N30 2FeV, 1udu uazyeldin 9agizninedaiunudumiainges

=} (3

Y 1 1
ponFuuIzInaou Iad1end1 Mldenzgniaizesdalmildiieniinieldau i
= 1 o Y Y = K Y o v A A A o
nazfiwagsielumsilidlasead e Tawuatos i Sednvuzguil msnaeunvemis
I o w J 1
Tawunaggnina dewaldanimeounislidwasmsgadenialiduazninaasas ua

'
v A

Y N A 49! = A A9 Y = A 1 dy
AUINAVAN (coercive field) ILIWUIU ¥3 PZT NHIUNITADAWAITUNUFTUUAHAIUDD

U

1 v 9 9 o Y 1 Y @
58091 “Hard PZT” luneasanudiumsiaeaieaaly (donor doping) veiimaldimiialamu
A Ay Y1 49! o a £ A 1 3 T . .
maaum”lmwsuu uasﬁuﬂizﬁwﬁmiwaumgwu 1A electromechanical coupling

] 1 Y
° Y 1o o ' 1
coefficient, Q 1/INﬂauazﬁumaumwzﬁmmm @Qaﬂymztaﬁuﬁﬁﬂﬂ’ﬂ “Soft PZT”

=~

A A A Y Y Y ] P ad a
IU9391n PZT ﬂlﬁ]@ﬂ?ﬂ@niﬂnﬁﬂ’lwﬂﬁ]ﬂJﬂTQ]’lV\lﬂulﬁZﬁﬂﬂigﬁﬂ‘mwaicﬁﬂlﬁﬂﬂiﬂﬂﬁﬂ

U

1 { (I o { o I o
N1 PZT Nemeadsy hldmngauiegldlumsulasmsdunisna lddumsauns
Wi wazdreman PzT Adedreda i aalsmsgapdewinnit hld lumanzhee
o 3 @ 4 T < o a £ 4
il 1iudansesnan (wave filters) uaed1elsnamdledulszansnisidouaiuely

{ 'o { (% L 1 [

(aging) N1 PZT NRemedi liiveiilse Temi luvatensaiimsuny
A A Y v o ° Y o o X A Ad Y Aaa o 9
PZT Nidedemsudnnsomldidulszansgungivesnnuddunesniiaidiasld

@

Y a dad 9 A o v W 1 4 =\ 1
mﬂmsmmwmmaﬂﬂaumsmﬂn”lmmumzm uazﬂiuamwmumawnaﬂmuﬂm@"lwm

Y
Fley UonNUMIANTATHIeN (Cr) ¥ amen (L) (<1%) adludmnia B azaelu
A Aa A A 9 (Y 1 A A 9 A
M3aaMs@ouMNeINNIIN 1Y PZT Nd0a8a250 aauluuenstindesms PZT NNns

1 H 9
Aa A = % o

ad o gJJ A ad a 1
gadenunataznelasianasniidl saunsaiaiie lxdanesnigaiuansosildedis
Nilszanimangadiomsunuidinyius B alonsnauszninaa liuazdisy 1w
TuTeion (Nb™) vazuuni@eon (Mg') aedadiuezaon 2:1 151990 2.5 1WSeuiiey

auian1e 9 ves PZT uaagilsenn



13

M35190 2.5 auiiAved Hard 1ag Soft PZT [3]

Soft PZT Hard PZT
i)y
APC-855 | PKI-552 | APC-840 | PKI-406

Density (g/cm’) 7.5 7.6 7.6 7.7
Curie temperature ('C) 195 200 340 300
Relative dielectric constant, 8r 3250 3400 1250 1500
Dielectric loss tangent, tan 0 0.020 0.022 0.004 0.005
Piezoelectric change coefficient 590 550 300 120
d;; (10 m/V)
Piezoelectric voltage coefficient

g 19.5 18.3 26.0 24.1
g,; (10" Vm/N)
Electromechanical coupling factor, k,, 0.75 0.71 0.70 0.70
Planar coupling factor k 0.65 0.63 0.62 0.55

" APC-855, 840 1y PKI-552, 406 fio s¥aaumeuneInain

2.5 aUNAFIM 1AZNIOVUUIANNAAVBIIAIINITIVY
o Y ~ = 4 [ o aan 9 9 =
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L ' & o A o ~ s 7 7 3
U sio, ogiuvian tlewann U uauualosauaua (Portland  cement)  tagul (H,0)
4 4 o o aan Y] %} I a o . v [
Yududlesanauavzinlgnsenui Idiflundana’lewws s (Hydration product) ¥3d7u
gy 1dun unaBondaina lawmsa (Calcium silicate hydrate; CSH) tazunadouogiuale
9
v J
T9(Calcium aluminate hydrate; CAH) saunaunasen lanson laa (Calcium hydroxide;

v A

o aan 4
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Temperature (0 O)

sintering temperature dwell time 2hr
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1 hr heating rate 5'C/min cooling rate 5°C/min
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Time (min)

ﬂﬁ 3.5 UHUAIM S UIR 05 195100 PNZT
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JOUNIUAZLNTY (Sieve) maﬂﬂmmﬂm%hmuﬂimg 3 VUIANENY AB AzLnTAUeT 30,
50 waz 100 Asg1l 3.7 Fawuwsiiniriuaziiving 600, 300 taz 150 lunsou Fauuans

PNZT#iden1#1un1snaaosiivzeglugae 300-600 lunso

gﬂﬁ 3.7 azunia (sieve) Aauua



24

3.3 NITUIUMSIAISNUDMNAY (Rice husk ash, RHA)
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o navi ldanmswnnaiudomain Issnuyuuiv danedamea
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3.4 M3 iaguan PC-RHA-PNZT
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v 1 Y
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nisgngeatsasuaanInsiines (X-ray fluorescence Spectrometer, XRF) Liaadaa31) 4.3
o w 1 = 4 4 = I 4 o
Hag 4.4 MuAAUNanIINAaeInyN Yuiuudilesanaua 1 Cao 1iluseilszneunan
"oy = . " oy Y A < =
MINDIeEaz 59.18 N1FMav04 Si0, MINUTREAE 24.50 WLNAVVAT 3 32 TuallTuaved
. I 4 [ T v Y A A 4 ~ wAa
sio, WluvsAlsznounanmnuIosas 71.98 iWeansaeIAlszneuMuAltazaNianIg
v [
mennveudwnaviaduiaalosleaiu Class N @mun1AsgIMASTM  C 618 [18]
= o 14 IR A = 14 A o aan [ g Y = o
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O~ O . o) »
Wit 8 e

‘]Jﬁ 4.3 th’f@ﬂ@iﬂﬂi ﬂ@“]J1/1NLﬂiJ“UE]\‘]‘lJuclﬂll‘L!ﬁﬂ05@Lmuﬂ‘ﬂNWHﬂWiG]i’Ji]ﬁ'E]“U@’JfJLﬂi’O\‘I

80

Compound
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1 v d
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4.4 MINTIVTOUANNHMUUVDIITANAN
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Apparent density = ——— 4.1)
W, —W
d ss
TaoN  Apparent density 4 ANUUUWUNIIING (g/em3)
W, = Wminuia (g)
W, - wninlui (g)

4.4.1 YaQuay PC-PNZT

v

2 a T4 s a s
nnnsnantaz gl iagrauudwudlesaunaudnaziysiinea luTerames In
A o 1 a Y
e lnmiua (PC-PNZT) Taslions1aauveuss1in PNZT Seeag 30, 50 uag 70 laglf5uas
Tagldnarsiin PNZT fllvuaoynialaomasilszum 450 Tulasmaswanisnaaoaaaia
"o s AR a -
31 4.6 WAN1INARDINVNAIANUHUIMUUTAUNVIUANUTNIVYIITN PNZT NANTUE
a v o 1 ] o v o J =
ANI00FUIIANNAUNUTIZHUINANUHU WU UVBITAQNAUAVIAT 1A TaglTuInsued

15130 PNZT az)udiud 1annngnsaiadeduns 4.2

M = Menzr + Mpe (4.2)
Taoh M flo wIauedlaqHaL
My, A9 428903 PNZT Tudaquay
M, A8  w3av03 PC Tuiaquay
- ' M
MINUGWANHULLY P= (4.3)
M = oV (4.4)

unua 4.4 Ty 42 9218 AV = PonrtVersr + PecVee (4.5)
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Density (g/cm3)

PNZT content (Vol%)
ﬂﬁ 4.6 mewamm33%ﬁ@ummwumuummmﬂmu PC-PNZT ‘Vlﬁﬂﬁ’lusllﬂx‘l PNZT nJu

fowaz 30, 50 uag 70 laeifSuas
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4.94

4.92

4.90

4.88

4.86 —

Density (g/cm3)

4.84

4.82

4.80 —

4.78

RHA content (Wt%)

ﬂﬁ 4.7 mewamsmnﬁa‘ummwumuummmﬂmu PC-RHA-50PNZT Vlﬁﬂﬁ’luﬂﬁ

unufi PC §10 RHA Hufovay 20, 30 LAY 40 Tagrhmin
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4.5 M3A3IVARUANTA IABIENNIN Vo IIaQNan PC-RHA-PNZT ¢3¢ LCZ meter
1 A adg a 1 2 adg A A a g
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1A X & g a Aa 1 . o
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Abstract. The microstructure and dielectric properties of lead niobate
zirconate titanate (PNZT), rice husk ash (RHA) and Ordinary Portland cement
(OPC) composites were investigated. Ordinary Portland cement was partially
replaced with rice husk ash at 20% by weight of binder. The rice husk ash
was ground for 180 minutes before using. PNZT of mid particle sizes (450um)
were used at 30%, 50% and 70% by volume to produce the composites. The
composites were mixed and pressed together and cured with 97%RH in
chamber water bath for 3 days before measurements. The dielectric
properties were measured under room temperature at different frequency.
The results indicate that the dielectric constant of the PC/RHA-PNZT
composites increased with increasing PNZT content

Introduction

Cement, such as Portland cement, has long been used as structural
materials. Cement-based piezoelectric composite has good compatibility with
civil engineering’s main structural material-concrete. Therefore, research and
development of the cement based piezoelectric composite play an extremely
important role in advancing all kinds of civil engineering structure to be
intelligent [1]. In addition, the benefit form the use of such piezoelectric-
cement based composites is that these composites possessed better

matching to the host structure than the normal piezoelectric ceramic or other
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types of piezoelectric composites. One of the mostly used piezoelectric
ceramic materials is lead zirconate titanate (PZT) as it has very high
piezoelectric coefficient (ds3) and dielectric constant (g;) [2-3] and most of the
piezoelectric-cement based composites were produced using PZT as the
piezoelectric ceramic in the composite [4-6]. Moreover, it is well known that
PZT ceramics could be modified with different additives to make them more
attractive for specific applications [7—8]. Niobium (Nb) is one of the most used
additives to evaluate the dielectric and piezoelectric properties of PZT [9-11].
Also furthermore, it is well known that rice husk ash (RHA), an agricultural
waste material, can be a highly reactive pozzolanic material produced by
controlled burning of rice husk and providing several advantages, such as
improved strength and durability properties, reduced materials cost due to
cement savings and environmental benefits [12]. Reactivity of RHA is
attributed to its high content of non-crystalline silica, and to its very large
surface area governed by the cellular structure of the particles [13-14]. Thus,
it is interesting to study the fabrication process and properties of
Cement/RHA-PNZT ceramic composites where the rice husk ash in 20%
replacements of Portland cement by mass in cement, without optimization of
the ash by controlled burning. In this work, composites consist of Portland
cement (PC) together with rice husk ash (RHA) matrix and lead niobate
zirconate titanate (PNZT) ceramics were prepared and investigated.

Experimental Procedure

The following materials were used in this work: Ordinary Portland cement
(OPC), Type |, rice husk ash (RHA) and lead niobate zirconate titanate
(PNZT) ceramics. Ordinary Portland cement was partially replaced with rice
husk ash at 20%by weight of cement (the rice husk ash was ground for 180
minutes before using). Lead niobate zirconate titanate (PNZT) ceramic
particles of composition Pb.x),Nbx)(Zross, Tio47)O3 where x=0.04 were
produced using PNZT powder sintered at 1250°C for 2 hours. The variations
of PNZT ceramic of mid particle sizes (450um) were used at 30%, 50% and

70% by volume. Then, PC, RHA and PNZT ceramic were mixed together and
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axially pressed into disks of 15 mm in diameter and about 1.75 mm in
thickness to form PC-RHA-PNZT composite. Thereafter, the composites were
placed for curing at 60°C and 98% relative humidity for 3 days before
measurement. Dielectric properties such as dielectric constant (&) and
dielectric loss (tand) were investigated at room temperature after the pellet
composite were coated with high purity silver paint. Scanning Electron

Microscope was used to study the microstructure of the composites

Results and Discussion

Fig. 1 showed the dielectric properties of PC-RHA-PNZT composites were
investigated. The dielectric properties of the both composites are measured
as a function of content of PNZT ceramic has been studied at frequency for 1
kHz at room temperatures. It can be seen that there is a roughly nonlinear
increase of the dielectric constant values of the composites as a function of
the PNZT content. It can also be explained that with increasing the PNZT

volume fraction, the dielectric value of the composite increased gradually.
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Fig. 1 Effect of PNZT content on dielectric constant and dielectric loss of
PC/RHA-PNZT composites.

The reason is probably that the larger the volume fraction of PNZT
ceramic, the larger the contribution of the interface polarization on the total

polarization of the composite, which leads to an increase of the dielectric
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value of the composite. This means that the change of the dielectric constants
of the composites is mainly caused by interface polarization of the composites
and various polarization of the cement/RHA matrix. Moreover, the
enhancement in & value can be attributed to the introducing of PNZT content
which with high dielectric constant of cement/RHA-based composite. PNZT
ceramic exists in the composites as tiny grains, just as introduces a lot of tiny
capacitors. The more PNZT content, the more tiny capacitors introduced.
Therefore, the higher dielectric constant appears in the composites with
higher content of the PNZT ceramic [15]. On the other hand, the dielectric loss
results were found to decrease with increasing PNZT ceramic content due to
loss cement/RHA being used. Conduction ion in the cement/RHA matrix
would contribute to the loss in the dielectric. A reasonably low tan 6 value was

obtained for composite with high ceramic disperse phase content [4, 6].

Fig. 2 SEM micrographs at interfacial zone of PC/RHA-PNZT composites

The SEM images of the PC/RHA-PNZT composites are shown in Fig. 2.
The SEM micrograph reveal that a typical microstructure of the composites at
the interfacial zone between the PNZT ceramic particle and the cement/RHA
matrix where PNZT ceramic grains can be seen next to cement hydration
products such as calcium silicate hydrates (CSH), Calcium hydroxide Ca(OH),
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and ettringite (the SEM micrographs of Ca(OH), and ettringite do not show
any specific crystalline form). Moreover, the angular shape PNZT patrticle is
believed to contribute to better mechanical interlocking with the cement/RHA
phase due to the angular aggregate having rough surface appearing to

provide better mechanical interlocking with the cement/RHA phase [16].

Spectrum 1 Spectrum 2
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Fig. 3 EDS spectrum of PC/RHA-PNZT composites at interfacial zone : (a)

spectrum of PNZT ceramic phse, (b) spectrum of Cement/RHA phase.

However, the properties of cement based products are largely dictated by
CSH. Hydrated phases, mostly CSH, form slowly and the material
consolidates as space is filled with CSH and crystals of Calcium hydroxide
and Ettringite phase. Furthermore, RHA which contains high amount of silica,
as in cement, is important as a minor cement substitute. When water is added
to cement, the hydration starts topically and showed product of cement
hydration which were calcium silicates hydrate, CSH and calcium hydroxide,
Ca(OH),. The SiO, will combine with the released Ca(OH), which contains
more CSH [17].The energy dispersive x-ray diffraction of PC/RHA-PNZT
composites can be seen in fig. 3. The elements of PNZT ceramic (fig. 3(a))
such as Pb, Nb, Zr, Ti and O were detected for confirmation also the elements
of cement hydrates (fig. 3 (b)).
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Conclusions
The composites consist of Portland cement (PC) together with rice husk

ash (RHA) matrix and lead niobate zirconate titanate (PNZT) ceramics were
prepared. The results found that the dielectric constant of PC/RHA-PNZT
composite increased when volume percentage of PNZT was increased while
the dielectric loss result was found to decrease with increasing PNZT content.
Moreover, SEM micrographs show angular PNZT ceramic particle bond well
with the cement/RHA matrix with the percentages of cement replaced by 20%
RHA.
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