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Abstract

Project Code:  MRGS080139

Project Title :  Fabrication and Properties of (Na, K, JNbO, -LiTa0, based Lead Free Piezoelectric
Ceramics

Investigator : Assist. Dr. Pornsuda Bomlai

E-mail Address : ppornsuda@yahoo.com 1Az pornsuda.b@psu.ac.th

Project Period : 2 years (2 July 2007 - 1 July 2009)

In this research, the processing and properties of (Na, K JNbO, -LiTa0, -based lead free piezoelectric
materials were studied. This project can be divided inte 2 sections which are 1) preparation and characterization of
(1-x)(Na, K, JNbO, —x LiTaQ, -based ceramics, and 2) preparation and characterization of {(Na, K.,
Li, ,,}{Nb, Ta, )0, ~based ceramics with different dopants.

The first part of the project, the effects of MnO and LiSbO, on the phase formation, microstructure,
physical and electrical propertics of compositions: (I-x}Na, K, INbO, ~x LiTa0, + y mol%MnO (x = 0.02, 0.05,
and 0.07 mol; y = 0 — 1.0 mol%) and (0.95-n)Na, K, ,JNbO, ~0.05 LiTaO, -n LiSbO, (n = 0, 0.02, 0.04, 0.06 and
¢.10 mol) ceramics were studied at different sintering temperatures {1010 -1100 *C for 2 h} using conventional
mixed oxide method. In addition, the effects of sintering atmosphere on the properties of 0.91(Na, K  JNbO, -
0.05LiTa0, —0.04LiSbO ceramics were also investigated.

The second part of the project, {(Na, XK, J, 4 Ligq, (N, Ta,,)O, —based ceramics with different dopants
such as alkali carbonates (Na, K, Li} — excess (0; 3,3,1; 3,5,1; 3,1, 1 and 1, 3, 1 wi%s), 0.005MnOQ -CuQ {0 -
0.015 mol), CaTiO,, CeQ,, ZeO, and SrTiO, (0.005 mol) were prepared at different sintering temperature (1025 —
1100 °C for 2 - 4 h). The effects of ball-milling type and time and additives addition on the properties of
{(Na, K, ), L, 53} {Nb,  Ta, )O, ceramics were investigated.

It was concluded that physical properties, phase formation, microstructure and electrical properties were
found to depend significantly on sintering temperature, sintering atmosphere, ball-milling type and time, Na, K, Li -
excess , type and amount of dopants. The {{Na_ K ), . Li, .J(Nb, Ta )O, with Na, K, Li - excess of 3, 5, | wi%
ceramics have optimized dielectric properties, which are € = 766, tan 8 = 0.042 and T. = 317 °C. Good
piezoelectric property (d,, = 213 pC/N) can be obtained in 0.995{(Na, K, ;) g,Liy it (N, Ta, )0, -0.005MnO

Ceramics.

Keywords : Lead-free piezoelectric materials, Sodium-potassium niobate, Electrical propertics, Phase

formalion, Dielectric and piezoelectric properties.
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¥
Qo o

TuenAfeil Idhnswiouas Winfill (Na, K, JNDO, - LiTa0, iuesitsznoundn Awitnay

s 4 VYo a . . . ’ o o o -
pantaruuuildfuialyl (conventional mixed- oxide) Tasnsudsagumgiifuwes misuazSuaves
a a a a o s 4 4 gy o = - +
made IaolswosBeavesmianil o ginssliazindesdionld aneasuitnmswiounazmsasandiasie

1 b d
gsarensimson1d danelUi

2.1 mandl Yag gunseluasniosle@ilumsse
211 Tmdeumiueng (Na,CO,) Harmniand 99.9+ % wan Taen3tn Sigma-Aldrich
212 TwunaSoumiuein (K,Co) fimmuiend 99.0 % winTaou3im Aldrich
213 Tulesuwufionlad (Nb,0,) TanuuTant 99.9 % wanlaowon Aldrich
214  Aiouaiuen Li,Co ) fnrmiani > 99.0 % winTavu3iv Fluka
215 unumiduoenlad (Ta,0) BarunSqut 99.0 % wialacu3in Aldrich
216 Inmiloseonted (Tio,) FrnwuSans 99.9 % wialavuiin Aldrich
217 uoudlufloonlad (sb,0,) TmuuSani 99.995 % waalaouSin Aldrich
218 wnsmfianisuemn (MnCo,) U3anTannnih 09.9% wiia Tavu3in Aldrich
219 nevnlesean e (Cu0) LS qnTINnit 99% Hin 1ALLSET Zigma - Aldrich
2110 nsouBuun oA (SICO,) AT TnE 99% anlavyin Aldrich
2111 unaiuumsuenm (CaCo,) A3 aNT 99+% nanTavuTiin Sigma - Aldrich
2112 wosladiveanlad (0, ATWUTENG 99% winTauu3in Sigma - Aldrich
2.1.13 Hifvuennlyn (CeO,) ﬂ?1uv§qw§99.9% Wi lArDTEN Sigma - Aldrich
2.1.14 1o mon SAMUTNT 95 % uaz 99.99 % wan TavuSin 1. T. Baker
2.1.15 Tndltioezdine (PVA) win laou3im Fluka
2.1.16 73U WA TAULTHN Metech Inc.
2117 azgiu fimmniSant 98 % wanlasuiin Riedel-de Hagn
2,118 NILMUNTIMET 400, 600 taz 1200
2.1.19 ndoaganssmidiinnsaunudensin (SEM) 31 JSM-5800LV TWa JEOL
2.1.20 3ouendsdavumnsnindnes (X-ray diffractometer; XRD) 31 X'Pert MPD §%a Philips
2121 19399 LCR Meter i Hewlett Packard 31 HP 4263B uaz LCR Meter 13 821 (Series 800) infa

GW INSTEK

2.122 1n3esFadsTsUATA0a Netiun 4 Summyis B¥a Metder Toledo JU AB 204-S
2.123 wiesFaamsszuuAtnen nedlon 2 fiumis §¥e Meter Toledo Ju AB 204-8
2.1.24 1nS0IUALELATS (Ball milling)

2125 wisad vl



2126 wiesmpuadumsuuimanndondianuiou
2127 n5038nlalnsdn (Hydraulic press)

2.1.28 Lﬂ?ﬂ@ﬁﬁﬂiﬂ‘ﬁﬁﬂ {ultrasonic)

2129 1@ FAM BN (Muffle fumace) §% Carbolite
2.1.30 weu i

2131 nizanood

2132 wamarandmivldasasdulumsvandy

2133 i Tanzdmiusatugy waduiugudnas 15 Dafiuas
2.1.34 AsnuAdIIHIAoNeimau

2.1.35 doudnais

2136 fwngfidavnnesgiin

2137 fimnedvuin 50, 100, 250, 600 tag 1000 ml Be Pyrrex
2.138 uneLNmandmIUMYUNENES (Magnetic bar)

2.139 gauAszgiu

2.1.40 Tn@ﬂmm‘ﬁu

2.1.41 aAnuIn

2.1.42 IWEANUIITENG

2.1.43 miniunaes

2.1.44 yiudmiumnmidy

2145 nofifivd 588 KOVET (Electronic digital calipers)
2146 VuFalau

2.0.47 e Iithgamaiiay 25 - 600 °C) dmuieauiid ladidna3n
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2.1-22
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To,0, 1AT 9B U A LMATIANTIBINUNR 0TI AEAT (X-ray diffraxtion, XRD) udrSathimsdarimitn

awfsn ldauaumsaii 2.1 - 2.2

Na,CO, (s} + K,CO, (s) + 2Nb,0, (s} —> 4(Nay K INbO; (5) + 2CO, (g) (2.1}

0.485K,C0, + 0.485Na,CO, + 0.03LL,CO, + 0.8NbO, + 0.8Ta,0, —> 24Ky 155Ny 4sLigp){Nb,, T2, JOY + 5C0O,  (22)
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222 MIASEMATANT (Na, (K, INDO, - LiTaO, 1iaz {(Na, K, ), Li, . }(Nb, Ta, )0, iflu
paniszneundn
Tuduneuiininsiulasnshnmsfes (Na, K, JNbO, 1ag{(Nay K, ) Liy s} (Nb, T2, ,)O,

VURLEIIDVHAA 1N AD

- LiTa0, T1/3310 0.02, 0.05, 1492 0.0.07 mol Az MnO /3310 0— 1.0 mol% Taoms¥a
A1IAWBATIEAIU (1-x)(Na, K Ds)NbO - x LiTa0, + y mol% MnO (I.NEI x =0.02, 0.05u82 0.07; y = 0.0- 1.0
mol%)

- LiTa0, Tut3u1a 0.05 mol ag Lisbo, Tuu3ua 0.0, 0.02, 0.04, 0.06 uaz 0.10 Tua Taums
Frnsamdnsidau (0.95-n) (Na, K, JNbO, - 0.05LiTa0, - n LiSbO, (n = 0.0, 0.02, 0.04, 0.06 1A 0.10 mol)

- {(Na, K, )y grLig st (Nby 4 T2, )0, 11 Na,CO,, K,CO, 1aE Li,CO, AU mudas eI Na,
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mol)
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4. Wl lumunmsuaznduneifigungiaie 1usa 1010 - 1100 °ciflunamim 2
alus ﬁuuﬁmmmsﬁu/awmqquﬁ 5°C Apudi Asuaaalugy 2.8-2.9 Falusrausnrugiigamai 500 °C
dhanamim 1 $aTue el Pva fidnashy desuTusunsuiida ez 18msiasiin (Na, K, JNO, - LiTaO,
1Az {(Nay K, )y LigosHNb, T2, JO, TiSof0msiiewilanien
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2.3 A1IATINABVAIIAIVEN
2.3.1 MmanTIomeUNgAnIINMsdaavesesfiethedemaiinnrsi@oanuwvesisdiond (X-Ray
diffraction technigue, XRD)
nlj J = o o * = =t ar ] t:' ¥ -] [}
Tuduseudidunsasn sz hmsdet i oy 14 dumsdsduauiideansnield
I3 9 = o - da A = = - a‘ = t o 8
nasiilassafrwdniiuuunia asessuimslimswisninavesriiauarySumsdeiauns 1 hdinadi
= 4:: = bl 4 J r oy A ~ ﬂ'
Winansdvunilas Tasaadaveamady niefamadusuumie i Taoldinaiin XxRD FuTumadah
v [ b » v
aendnnisveInstelsdendinswanuennau Wnsznutuanuasfams@eivuvesidiyuaiagfu
Taofifasudagann (Detector) iiin a3 udoya dagaldi 2.10-2. 11 ilpemnmsilsznevfifldunaunielassadte
] o o Y :Iy a 3 w ¥ SU e & t = A
anfu szriififansifenuufiyudedu deyaf 185uisannsatsvensiiavesmisdssnoviiiogluas
& ] o b ] = a o ¥ = ur ] a‘: a ;9 A~
faeti wazerusorinn [danysvazBoatnoaiy Inseadevesndnvesmisdenianiuq 1a uenaniidayai
YatmnsmbumiBinunigeeslSinanmntiusdn vurressinuazanuduesasilszneyiums
ar L] Y g Ay a :-y
A1ad11a8nA20 TaolTBNIsdeil
1. e sdaee vl s mnimunstedaminds ussyealuudminldéded (sample
holder) TaulARvBscsdArateeg ussuRofiufuwius s gensdes
2 hnsdiet lasnaeudimaies Xk Tavl¥nruaraing 30 kv uagnszua i 20 ma
¥ []
wdaimsTiuding 20 esnunluzilvesiinn sifuauu (diffraction patten) findnanImduAUTIzHIfAIN
o o o
iWuveessdiondfiugm 20

3. v 26 A% nam A dspacing 1INARYBINUING AMABNTTN 2.3
2dsin® = nA (2.3)

Trod ¢ fls  AZOTHNITHINISUIY (d-spacing)
A fe swnusrnauvesafiond (- 1.5406 A dmiuithwneains)

0 fie  yuwBIMUINA

o v . " N W o oo o
4. WM dspacing iR 20 uazdnuduvesdifendyi 18 lifendudeyatuuity

P - w ' y =
JcPDs Fuilugmdeymnasgnioafudeya XRD vosdstlssnoudieg iRensRARUMIHATYRIMS

@t



i 2.10 ma@oavuvesiafiendamnguewusni [36)

Powdered
sample

g~ X-ray
" source

¥ X-ray detector

1 2.11 3w 20 9 NnsAsI9dELAIRIBTINAILIMATIA XRD [36]

232 nnseasudugndneuaziassadsgamadiondesqanssmididnnsenuuudeinsin
(Scanning Electron Microscopy, SEM)

Fmyudnuazglin e manszawdveseymauaz Tnssedegamaveayiifiniinon 14
enasaadey Taumaiin SEM Sendnmsues SEM Taode Ao niolunadind (column) voun3saziiundaiuiia
818nAT0U (clectron gun) FavmihfilandeoBianaseusenu (primary electron) 1319 AWAVIUIU
ﬁzﬁﬂmamfuﬁ'wﬁﬂé"lw%qa 9 (high voltage) nazldaudusimanInily (electromagnetic lens) Tifald
SEnasoumiuannszNUIIa tandledidnasounnnsznuFuamzIARSUATN3UT (interaction) TAdyan
HUVAN 9 195U ﬁ@@nmmnﬁ;ﬁnmau‘lu"f;uamﬁuqﬂeanm (secondary electron) Bianasoufinszifandy
(backscattered electron) M3 X-ray fayansusazwiinzgnivliag detector nazulanmiludaygamia v nas
waidunmludige Fatunounaisioumsiedalife

1. dmdumsieteiduns dnwausuesmeandnirluSand Tadndifunaniulszn

A . o ad & o a ' e
30 w1 e l¥eynAreiin13 NIz WAIATL MIMINTIMABIUURIYB LN INBANABA (stub) Tia 13 Tun s



o @ qy a e o 2 g o ey 3 o "
2 dmsusuasiniuniniduiudng uazidendumuin 2 u de 1 dedi Tasldy
¥ ¥ ¥ ¥
fufanT (as-sintered surface) 1 31 11azRIBUNN (fractured surface) 1 Fu MMAwiwnihauaze iy
A a Y a d a8 1A o A o w a ¥ -
niaedand leiindfunanmuszina 30 wiit wwRndu iedimaudsandsningasen ldanfams
3 v ¥
aeth tazerB3lugey Wduihuam 12 $aTue e lfiasidouds iminh ld@auuurmeamiesia
Y - <, ¥ g o A :
milnmgemimIemunnmsveu ey ludnuszimunzauunnsasvaey
¥
3. thesdaedesia 2 wia vundeuimiidaoneadilasldinaila sputiering a2
= & a4 . v Y A = - o & o 2 I
17 nuiai ilessasudondes SEM nazidenuinaiiamnsadiudumuvesiusm 1dnsiu wieufy

Mnaoenmusnaiiaen

2.3.3 MIATIVTOVANIANIKIMENINVOITILYIIHN
233.1 MIMAMIHANITATUNAIN
o : P w J A w a o Y [ o a2 r::
uwuuuﬂmumsaﬂwgﬂﬁaumsmaﬂ"laimaﬂmmmumugmunmwawu U NINNU
[ v 4 u’)‘ ar = s A s @ a . Y ' q
FAdur uAUINA19BNATINAIMS IINFUIADS FIMMINAANTUFU (linear shrinkage, S,) VBITNTAIDIN p)

a ¢ ¢ o Y
ﬂmﬂmﬂaimm ﬁ'!ll'l'iQﬂWN']m‘lﬂinﬂﬁuﬂﬁ 2.4

D
s, = 1-—x100 (2.4)
B
2 & ) o = ar
e D fe rduruguEna 1o uTI WNMAINN
D, f® iduriugudnalsve s Minneum

2332 MIMAIANIRUINNY
' ' - a 4 a [ Y Y 40 .
Arnuru I uve iU iinfimi o 1dn 1 Tasldmdannisunuiiiives Archimedes
o a iy @ a : o | o tg < = =
Taonsiinfirmdarmiudanduhnhnduiideadiunm s 421w usfia 13 idu luemaiigungiites
v td . id 3
Shaan 24 2T imfninndalnd (w) nagFavazdon (w,) udnildeuludevmsifuaiim 24

3 b ' i '
$21n9 vmhininndahwinudslueime (w,) faaaslugdi 2.12 udrdnamaammuuivye agsina

qAUNI 2.5
P = uk (2.5)
w,-W,
e o fe AU WHUVD BT 1IN
w, fo dminveasdindialuh
w, e viminveuarsiiindidsluememazdon
w, fe viminveawsiinfigaluemmdaeunde



s 2.2 gaRlddmivmannumuniu

2.3.4 m3asIvaevaNtamalvh
1 P o Y = wa n’:’ a” 9/ [ e a o ) )
AeufvziasmnufAnyautane WA Y FuauszdesiunisvisianInsa Awnismaa

mniuiftsresiu udnhinfigumgd 625 °C iWunam 10 wii e ldiianisir dhiifove s -

fin smudaiues i himnailesdnasnuaz AR 1sdidnain feil
2.3.4.1 auDR IAdIANA3N

v nmnmiu ey dundnoasinei lafidnedn €) uazei

urlnwesnsgapdomaliihluladidnasn (dissipation factor; tan &) #1019309 LCR meter 1Auamsdang

e Insy YSudnnuaiedndliasi 1000 mA waznatlys DC bias 811 Cp 1z D finwdiaen Tuas

0.1 - 200 kHz ﬁqmﬁgﬁﬁm wazfinwd 1 kHz ﬁqmngﬁﬁ'm — ~500 °C (gﬂ‘?i 2.13) ‘Iﬂafiaumﬁﬂﬁmﬂﬂsza

Fosdardoarminisim “open correction” LAY “short correction” WoTEnaimi edneii ladidnainamn

o ) a
A 1dnaunsn 2.6

cpd
3 - e (2.6)
g,A
& =1 " = a d a
e € #e  Awnsiladianain
. fio anmasnlumsiulszy i ()
¥
d Ao AUNUIVOITUIIU (m)
€ fo s ladidnaSnueseinma= 8.85x 10" (F/m)

4 . ' ¥
A fe Nunwihdavesusanig Wi (m)



v &y ad  a ¢ a ad a dyy o & 4a J
Tﬂaﬂ'lﬂm'lﬂaaaﬂmmmmﬂﬂmmm‘iqmmﬂu"lﬂamﬂmnw'lﬂ UANAADIUUDAITUDIWLVU

3

¥ .
= 4 o aw :hly v

¥ v b4
Tunpasdledie Aniuluanuldell Jsveriuruenansisen W93 IANAMNE 1 kHz Miu

= o b a a d a o = a d a o [ a
3% 2.13 msdamiaeh ladianasnuazumeesnsgadoluladianas niivuiugumgi

2.3.4.2 aniaRlsdEna N
TumsiesAnnauian ledidnnsnvesiumussimiu mssiiinezdperimnisii
(poling) Tasms Terum Ivivhnszuans svuia 3 kvimm urimsﬁ’mtinﬁwﬁ'e)g}ﬂlmfﬁu%ﬁiﬂuﬁqmﬂ:ﬁi 200 °C
e 15 Wil (U 2,14 n)) Lﬁﬂ‘lﬁ”lﬂ‘Iwa'lmuuﬁﬁag'mﬂ“luufams‘iTm'%’uaﬁa‘lﬂmuﬁﬁ‘uammuw%
nmbnhFunuiiums Tnadawd Ty Saadunss At A Te8iEnnsn (Piczoclectric Coefficient, d, [C/N]) Falu
il S d,, A2019304 piezo d,, meter Taons IWussnauazdat Inan lsiduiinaiu luasiinluimdoaiy

NAvews I (U0 2.14 v)

Sample d

3 . v W a odas ad a -
E'I.lﬁ 2.14 1) NITUIUMST poling LD %) ﬂ"l?'mﬂ"lﬂi]ﬂi::ﬁﬂ‘ﬁ“ﬂi‘ﬁmﬂﬂﬂiﬂ (d33) VDY IIUN



3, Ha NI MmN IzHNa

3.1 MR aNsiIeteluIzVY (1-0(Na, K, JNBO, - x LiTa0, + y mol% MnO (tile x = 0.02, 0.05 uaz
0.07; v = 0.0 - 1.0 mol%)
Y a =4 o ] . A o 3
TAinsmIona et lussuy (0-x)Na, K, JNDO, - x LiTa0, 1i18 x §f10.02, 0.05 uaz 0.07 #y
aa ¢ dawa & & - . o e v e = a o . ,
Iwawoen leduuuildiusia il iomnlFunves Litao, Mmingandmiubunduasiesidadis o dely
= é o 3 ~ Lid &
Taeden x = 0.0s iWugesusmmiAvamde Fvmstedusniienld Ao Moo uazsAuyTuna 0.0 - 1.0 moi% ds
o . - lancy . . . o o of d a ° 16]
M51AY LiTa0, uag MnO 1331433 reaction sintering  Taoi 1w iduaes figungi 1010 - 1100 °C ilu
o o (Y ] s a ~
naem 2 $lus d iy x = 0.05 wFumeiuvunaudonssgin Tueuegd x = 0.02 uag 0.07 IWwwLNAVAIL
A a a = 24 T o ' = ¢
Ha NKN (flpsanmsanpigniwavesussoimalunisdumeiseeznanae 1 luiade 3.3 wuhmsmdumes
uuunaudlong NKN vzt muni@ama i (adifinadn) fdndinmsnavdsnsezgiug Suaffeussnavain
»
ozadiun Tidflums NkN) TdnamsITudail
3.1.1 HOMIANHBNENave T LiTa0, MO tazguvgidumeififldenginssumsiamla
BT IR IBENIUIZVY (1-x)(Na, K, JNDO, - x LiTa0, + y mol%MnO Meinatin XRD
1 b
diothasdetiushinsinneddamedens@eniuvesiididng (XRD) wud Na, K, INbO,
a 7w P Y T4
ansanansveiudatumsazawveswmdety LiTao, MWilusdied dudl
3 [ R aa o .
Am3 x = 0.05 i Tassad 1IRBMIU orthorhombic YngumnliFunes nazlivaves K LiNb O,
a1 { ] - J o aa + !
iins e [37] GUA 3.1-3.2) udlunsdl x = 0.02 naz 0.07 InssadawdnesuogivgungiFunes fAs e
Funeingungd 1025 °C wiiTassadandn 2 uuvegs iy fie orthorhombic La tetragonal 1ag 1l secondary
a J o aa o’ o ° ~ o o -
phase IRAYU (JUN 3.3 naz 3.5) Tuvnzigunes Nguugl 1050 °C wnfiamistdsunlasinssaiananyesms
o3 T orthorhombic (514 3.4 uaz 3.6)
i = = ] ] o 1 a J "o o 0y o
diofiorswn1siiy Mno $20d90 wuh asdaededind inssadwdniuegivguuglizuees
naze13198 WaR1I x = 0.05 uazin MO Ysuw 0.2 - 1.0 mol% vzl Inseerdewiin 2 uiruags i fe
h g a 4 @ =3 a 4 =
orthorhombic W% tetragonat  Aauaatuglii 31 waz32  dufluidnuauznmiamaifesnsiiiossinda
g PN < e P Sad p e
polytrophic phase transition (PPT) Aigamiivos Fentainheeild ldaudine ldihfiadu nazdnyme PPT I
A d 4 s . .2 - ; - - o
szifiaduiiodune s lugis 1050-1075 °C miniu mszidlieFunesigungil 1100 °C szifiamstddvuuilas
Taseadtenanvesasmete lidunuy eragonal HoR9IMIx = 0.07 AR MnO UTHIM 0.5 - 1.0 mel%

Tnseadrmdnziinn iunfaou ) eragonal oFunoifgamyl 1025 °C dwanaluglit 3.3 vanfiefunes

o

figungdl 1050 °C vz1fin Insaad1anfn 2 uuVBYs AU fi orthorhombic #BE tetragonal AsuaAIlugUh 3.4
o [ - = b4 = = 3 a A a L4
AU x = 0.02 uazIAy MO U310 0.5 - 1.0 mot% InssadumdnziinunIdun/aond eragonal diadunes
faungil 1025 °C Awanaluzld 3.5 uazdieSwaoiAgamgd 1050 °C Taseadandnazaldou ) orthorhombic

Awmanslugiin 3.6
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diesndumesigemai 1050 °C a2 91 lue ¢ =K LiNb,0,)
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‘/M L0mol% | M‘ M j\)\_
_M 0.5 mol% JL A }\ M M
j 0.0 mol% J A " M

T T T T T Y T T T ™ T T Tr T T T T T
I H 1 ¥ 1 | L

20 25 30 35 40 45 50 55 60
20 (degree)

Intensity (a.u.)

¥ 3.3 uaRsfia XRD vouw313n 0.93(Na, K, INbO.- 0.07LiTa0, + y mol%MnO (y = 0.0, 0.5 14a 1.0} 1o
3 0.5 0.5 3 2y 7Y ¥

o el = o
FURNDINGMUN Y 1025 °C L"flurammu 2 ¥ lue

M MmN

1.0 mol% J

VN

Intensity (a.u.)

= =

0.5 mol% J L M M A

0.0 mol% k M N f‘\

T T T T T T T T Y

T
25 30 35 40 45 50 35 60

26 (degree)

Ui 3.4 nomaia XRD vawran 0.93(Na, K, JNBO,- 0.07LiTa0, + y mol%MnO (y = 0.0, 0.5 Lag 1.0) e

Funeingumnail 1050 °C Whinanims 2 H1lua
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314 3.5 udAaRn XRD Y0Uw31HIN 0.98(Na, K, INDO,- 0.02LiTa0, + y mol%MnO (y = 0.0, 0.5 uaz 1.0) oM

Frmoingumadi 1025 °¢ fhusamim 2 Falis

1.0 mol%
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Intensity (a.u.)

T N

0.0 moi%

N
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. T ——
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31 3.6 uttAsAR XRD YUy Hin 0.98(Na K, JNBO,- 0.02LiTa0, + y moi%MnO (y = 0.0, 0.5 uaz 1.0) dioint

a o o o
Fuwaifigunqil 1050 °C wWunannu 2 alus
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3.1.2 HaMsANIaNTAMINIBNINYEIa13AIBE TN IMSZUY (1-x)(Na, K, JNbO,— x LiTa0, +y
mol%MnO
Y = 1 ar t r 13 J 14 = oy =y o Y
eRmsanfmsnadazinumuiu nuhivediugampiiFuneiuaz Sudside deil
dAMiux = 0.05 uaziAL Mn0 51198 0.0 -1.0 mol%  WudEIIAIBEIINMMINARIBG U
ar o e o as i i o ' ' Ve a
derfulunngamgiduees Ao 14-15% Awmaailuasad 3.1 deRnsandinnumouiuruitigam il
1050°C 9yl gageeg1uga 4.31 - 4.40 giom’ Tanasinod ity MnO 15110 0.5 moi% TWr1gege fle
» - 1 ] » | ]
440+ 001 gom' ungnasvimiuszimanasedwdaiisuiiomugungigumes Meiiilasninaadifinis
¥ 3
gymeli/veamsAeduLI9R 19U Na,CO, Uz K,CO, 1iTaAsan 5@ MnO wird MO duaunisuiiudi
s ’ L] ¥ o qy J ¥ o g & Aa ] = o 4
¥t nazwuinsniudateziuedivySuumsitefiduas iy Tandiodnlulfinm 0.5 moi% sz1n
g aige Aaenalugdn g
o ol b = . o . =2 ¥ o J " as
dM3y x = 0.07 uaziAn MO WS 0.0 -1.0 mol%  WuhEnIAIBsNlsMsHATIUBEHU
pungiidumeiiiaz Mno st nihfudfy Truontmadifisgegailefumeifgungil 1025 °C Tumsded i
P - o < o : 4 aa 4 e =
11 MO U3 0.5 -1.0 mol% An 16% waanmiumanadizlmanaulieguugiitivau dumraslumnm
3.1 dieRnsandirnumuinivwuihiidasazmiloudummanasa fe Nguuall 1025 °C ssliiigege laoms
] ¥ .\ 1
F108157MAY MnO 13101 0.5 mol% de1gega e 4.22 1 0.05 giem’ nazndanmineziinnnasednaeiiioails
< an ¢ 4 a , o ¢ a4 g e o <
ngumnglifwnei lae Moo MiAuas ludwmaldmmmmuuniudiniudntos Auaaslugilii 3.8
o o = < " Ly » T s ‘;’ + o
AM5U x = 0.02 uazdy Moo US1NM 0.0 -1.0 mol% wWuhisAedlismInafIvusgiu
QunATuReTuaE Mo sduivid higuudaiufu x = 005 uay 007 TaumsnadalinigegailioFunesi
r ¥ .
gamgll 1050 °C Tuas@Indafifiu Mr0 Y5101 0.5 -1.0 mol% fe ~ 20% wianmiunvadaziinanasiie
aa 4 o & i o ) ' ey ' o o
aamgiiniy fuaaslumsied 3.1 defesenmammuniuwrifidnyus hiseanfestusimveads fo
fiqengil 1025 °C wxiisigage Taumsdaediefidin Moo Usum 0.5 mol% Mk gagn fp 4.19 £ 0.04 glem’ uoz
» 4 1 . )
niwmiuszlimannssisaiisuileomugungiduwes Tay Moo AduoslUluTIN 0.5 mol% vedwwnld
' R g =
AeumuiuRL Yy Awrasluglhn 39
nsanaseIninuiisuguvgiidumes luaisaasts lawguiniamagamivll
L3
YDITITAIAULINAD 19U Na,CO,, K,CO, l1az Li,CO,
mafdoursnauninesszgiiun lthifluns NKN desaldomnsoangumgilivduaes msdedis x
¥ Ed
= 0.07 uaz 0.02 1AUsznn 25 °C udmsHike NKN dududmats q a3 swdwaldnufanisnasudadims
ar ] A I ¢ g = 3 ¥ a paly v a ' n’; 13 A u’: 3
Frethe el ldnoRsemsdounsraulnl ualumalfia biowsensziuwinldidieannaisdsduves
o o o Iy ] ' ] o EY o o 9 ¥
NKN fi510mms dafunisinuunaudons NKN 3 limminzsanfisni l) M lussAugaamnssy vzl

a ¥ &
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A sad ¢ o o v . 4
3NN 3.1 lm’ﬂﬂl‘ﬂﬂ?E"])"uﬂﬂ'liHﬂﬂ?ﬂlﬂﬂﬁﬁﬂ?ﬂﬂ'}ﬂiui%‘LI‘U (l-x)(NaQ_sKn_s)Nbol— x LiTaO,+ y mol%MnO 119

WFwAeI A ar)TAI 9

3 LiTao, | U510 Mno % mwme‘hﬁqquﬂ%mm%ﬁn 9

(x; mol) (y; mol%o) 1010 °C 1025°C 1050 °C 1065 °C 1075 °C 1100 °C
0.05 0.0 - - 14.0 0.7 - 14.1+03 14.6 + 0.6
0.2 - - 13.7+0.1 - 13.9£0.1 14.0+£0.2
0.5 - - 14.0 £ 0.1 - 14.7£0.2 153402
0.8 - - 14.4+0.2 - 154+0.2 149+0.2
1.0 - - 143+03 - 150404 | 153+0.1

0.07 0.0 - 1441 0.6 127+ 1.8 - 10.1+£04 -

0.5 - 16.1+0.8 15.4+0.3 - 152+ 0.1 -

1.0 - 162+0.6 148202 - 14,6 0.2 -

0.02 0.0 72104 13.7+0.8 189+03 155206 - -

0.5 86102 154104 20.3+0.1 153+£04 - -

1.0 7.810.2 14.9+0.1 19.9+0.2 147110 - -

Density(g/em’)

had
(=23
-

]
s
'

32

~a=1056°C
- 1075°C
= 1100°C

’
T

0.2

0.4

0.6

i
T

0.8

Mn( content (mol%)

12

31U 3.7 AwruuYeuTI 1IN 0.95(Na, K, JNbO,- 0.05LiTa0, + y mol%MnO (y = 0.0,0.2, 0.5, 0.8 Az

1.0) diondumesngamgil 1050-1100 °C1ifurnaimi 2 42 1ue
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4.4
&
4.2 T
~ 40°F
E
3 2
At
& 3.8
]
5
=)
3.6 1
—0— 1025
3.4 —a— 1050
—— 075
32 '
0.0 ’ 0.2 0.4 0.6 08 1.0 1.2

MnO content (mol%)

3N 3.8 Am ML MRYe U din 0.93(Na, K, JNBO,- 0.07LiTa0, + y mol%MnO (y = 0.0, 0.5 uaz 1.0) et

Fuwes Hgamgli 1025-1075 °C iWunaum 2 $aue

44
42
4.0
&
L2
W@ 3.8
2 s
oy
=1
g 36
—e— 010
—o 1025
3.4 —a— 1050
—0— 1065
3.2 ‘ , .
0.0 02 04 0.6 08 1.0 12

MnO content {mol%)

UM 3.9 AATmmuILuYES 10 0.98(Na, K, JNBO,- 0.02LiTa0, + y mol%MnO (y = 0.0, 0.5 48y 1,0) e’

Funed Hgampdl 10101065 °C Whuramm 2 $3Tu
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3.1.3 wamsAnwinssaieganmnvesmsietsluszuu (1-x)(Na, K, JNbO, - x LiTa0, +y

mol”%MnO shamadin SEM

diefnsanTassadrgamavaassiiinluszuy (1-x)}(Na, K, JNbO, ~ x LiTaO,+y mol%MnO
wu’hgﬂ‘i'mmwmmmm‘suﬁﬁﬁua{jﬁuqmwnﬁ%uma; 1104 LiT20, ag MnO Faviiansiuniouaaslu
e 3.2

dM3U x =0.05 Lﬂaﬁmmwﬁqmﬂgﬁ 1050 °C (317t 3.10) wusuile y = 0.0, 0.2 40z 0.5 mol% i3
seidnyazadiuane wazviaindosnd 1 pm Tuvasi y = 0.8 - 1.0 mol% dnvsnsun/doulliluns Ia
nuy 111Un# (secondary recrystallisation) nm:ﬁgﬂﬁmmumaﬁmﬁ'ﬂn Tﬂwmﬂimﬁmﬁmmzmm 10-15 gm
definennisdueeiAgungii 1075 - 1100 °C Tumsdaetiads y = 0.0 -0.10 mol% (JUR 3.11) wuhdnuuz
wswnans lanwy liledluynaisdise Taunsufivuaiuihaioufine Meo fudu

dmi x = 0.07 WoRnsanitgungi 1025 °C (U 3.12) wuduile y = 0.0 1.0 mol% insuazdl
dnwoe Tanuuliunfuasfigusaumms sdmaoy Taovualafigaiietszne 12 pm fefonomsfume i
gangil 1050 °C Juasdaetaiio y = 0.0 -0.10 mol% (U 3.13) wuhdnumzinsuians Tauuy litnd
wuiReafuAgungi 1050 °C uaziidnuaniRanisnasuuidaiio y = 1.0 mol% Taansufivimindhuide
51m MnO it Fantsnasuilifeturenndesiummmmuimiuiianas dafinammdalntade 3.1.2 uas

A e = o ) o v oy ’a e
t‘f]umiuuuuﬂmwummuuﬂ‘um NKN ﬂﬁﬂﬂﬁﬂ?ﬂﬂ"lﬂﬁnl'l‘iﬂﬁﬂqmﬂgﬁmulﬂﬂii'ﬂﬂﬁlﬂ'ﬁ‘lﬁ

MINA 3.2 VansUYatsinusEIy (1x)(Nay K, JNbO, - X LiTa0, + y mol%MnO LAZH NI

Fumesfgamail 1025 - 1100 °C a2 $2lan

Y31 LiTa0, 'umﬂmswmﬁ“‘f’mmﬁqmwgﬁ&mm{ﬁn 9 (um)
‘ Y3318 MnO (mol%)
{mol) 1025 °C 1050 °C 1100 °C
0.05 0.0 - 05201 49+09
0.2 - 06+0.1 50+ L1
0.5 - 0.8+0.2 65125
0.8 - 7E+35 B.1+22
1.0 - H4£57 92+2.0
0.07 0.0 6609 7713 -
0.5 84+0.8 91412 -
1.0 10419 11122 -
0.02 0.0 13.0+£22 139+1.5 -
0.5 157+ 1.8 19.1+4.1 -
1.0 17.0+£3.2 19.8 +3.0 -
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dmsy x = 0.02 isRar3enTigumgil 1025 - 1050 °C (JUN 3.14-3.15) wuduilo y = 0.0 - 1.0 mol%

a ] a W o o - = = @ a
wsuazigUs s smmasy e lndifestunniigadenlTouiiouiv x = 0.05 uaz 0.07 lannsuiivuia
2 & 4 s 4 & i ' o = :
WinAilovsIm Mo iniy Tasvuialangaiinilszans 20 um wulumsdaed e y = 1.0 mol% uazdumesi

guHQi 1050 °C

0.0 mol% A 0.2 mol% [REEd

5573

R
PSU 0503

20kV  10um

x2.000

31#13.10  AME1w SEM ¥0a153 100 0.95(Na, K, JNbO, — 0.05LiTa0, + y mol%MnO (y = 0.0,0.2,0.5, 0.8 uaz

o

1.0) tiarnduaes ngungil 1050 °C Whina 2 971w






29

0.93(Na, K, JNbO, - 0.07LiTa0, + 1.0 mol%MnO
n) )

UM 3.12 s SEM 09%u1m1w3 13N 0.93(Na, K, JNbO, — 0.07LiTa0, + y mol%MnO (y = 0.0, 0.5 1ag 1.0)
s dumesngamgil 1025 °C iWhuna 2 ¥ Tu
) ﬁ?ﬂﬁT (as-sintered surface)

) MAARYIN (fractured surface)
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0.93(Na, ;K JNbO, - 0.07LiTa0, + 0.5 mol%MnO

0.5

0.93(Na
n) )

K, JNbO, — 0.07LiTa0, + 1.0 mol%MnO

0.5

UM 3.13 e SEM 99353180 0.93(Na, K, JNDO, - 0.07LiTa0, + y mol%MnO (y = 0.0, 0.5 1oz 1.0)

05
- a ot a &
diewndumesigamgil 1050 °C e 2 $Tus

) A (as-sintered surface)

V) MAAAY (fractured surface)
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0.5 K[). 5

JNbO, - 0.02LiTa0,

0.98(Na, K, JNbO, — 0.02LiTa0, + 1.0 mol%MnO
n) V)

31 3.14 nne1o SEM we9¥uaniiersniin 0.98(Na, K, ) NbO, — 0.02LiTa0, + y mol%MnO (y = 0.0, 0.5 uaz 1.0)
diownFumesfigungil 1025 °C ifhunat 2 $2lu
1) #2111 (as-sintered surface)

V) NARAU (fractured surface)



0.98(Na, K JNbO, - 0.02LiTa0,

0.98(Na, K, JNbO, - 0.02LiTa0, + 1.0 mol%MnO
n) )

Ui 3.15 nmdw SEM vesFuanuastiin 0.98(Na, K, ) NboO, - 0.02LiTa0, +y mol%MnO (y = 0.0, 0.5 uaz 1.0)
WewrnFunesfigamgil 1050 °C e 2 $2Tua
) HINTI (as-sintered surface)

) NAAAVIN (fractured surface)

32
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3.1.4 HansAnEHTR IndEnA3 neIEIRI0g1alNIZI (1-x)(Na, K, JNDO, - x LiTa0, +y
mel%Mn0

[

dmivnsanuautani ladidnninveaussilin (1-x)(Nay K, JNO, — x LiTaO, +y mol%Mno

]
oy ¥

sdensuaniismammunniulndfvsuiigamaifumes Tusas 1010 - 1100 °C vaayagas IgAIas 2 Fu
dormmhBiEnnsauds s fnueuialadidesdn lesudsinamitussqomyi 18nans3sodail

ddumsinueAlesEnai afivufunnd wuhdneilasidnain ) fisanauiioninui
Ry uﬂnmnﬁdmaﬁ‘lﬂﬁtﬁnm?mxathuﬂﬂmas'miﬁmﬁaiu'lﬂﬁtﬁnm?n (tan &) guﬂg'ﬁ'uﬂ?mm LiTaOl,
MnO tiasquniidunos { SaanslugUi 3.16 - 3.18 Tasa13@30819 x = 0.05 UALIAN MnO ﬂnmu 0.5 mol% &
mmw‘laamnmnmqw #8 1040 uaﬂ'umuﬂnmesnﬁﬁmmuuawfgﬂ 490277 (A 1 kH2) Retudfosnindl
Prnedimammuuiugaiiae msufiviadnuazasiuoue

MENVINTIFINLIIMISIAL MnO eusnans an 5 Tidhas Waitanaiuiiennenaisunuiives Mn

a . o o 4 &
do0u T lattice Y99 NKN-LT mnalﬁmsmamaummr‘ﬂuﬂmumwu

g

Dielectric constant.

—— 1050
200 1 —o-1075 |

—a— 1 10 ‘|

(2 02 04 06 08 +.0 1.2
MnO content (mo%)

; —— 1050
I 94) O 3075
08 —&— 1100 |

I

06 |
4

|

|

‘

|

Dissipation factor

S T e e L

0.0 az 04 a6 08 3] 1z
MnQ content (mol%a)

i 3.16 snsitladidnaln n) uazivinieednis guudululadifinn3n ) vauwrsiiin 095(Na, K, JNbO;

o

0.05LiT20, +y mol%MnO (y = 0.0,02,0.5, 0.8 A 1.0) SowdunesReamgl 1050 - 1100 °C Wwamm 2

u

F2Ta4 inmd t kHz
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900 12
50 1 - 1025
10 —a— 1050
%0
- —a— 075
600 2 08
) P
2 06
0 H
—— 1025 @
300 1 e 1050 5 04
200 1 —— K075 02
100 1 ) )
0 + ; " 00 " ‘
0 02 04 06 08 10 12 a0 02 04 04 08 Lo
M0 (mol?) MaQ (mol%)
1 ey =g = = .
3U# 3.17 cwii tadianas nveaas 11in 0.93(Na, K, JNbO, - 0.07LiTa0, + y mol%MnO (y = 0.0, 0.5 #ag 1.0)
g = P o o < i
WewFrumeingumad 1025 - 1075 °C Whia 2 $alue finawd | kHz
1600 16
—— |GI0
—~0— |25
Loy 03 —a— (050
5 — 2065
60 8061
H) é‘ 04
= o H
~—1010
200 —0— 25 0.2
ﬂ) —k— 1050 %)
— 1065
o 00
00 02 04 06 08 10 12 00 02 04 06 [H1] 1.0 12
MnO content (mol%) MnO {mel)

e‘l e = = ) A
U1 3.18 auialaBidnesnunass1iin 0.98(Na, K, INBO, - 0.02LiTa0, + y mol%MnO (y = 0.0, 0.5 1oz 1.0) )8
3 0,50 0.5 3 1 Y

wiFwaeINguMad 1010 - 1065 °C a1 2 $lus findwd 1 kHz

o o Ll () - l:‘; ar o’ ’ - o ] n 3
dmsumsfnuant@d lndidnainhidufugangl wudursndnuaasfiamsuldsuidatvesdin

ad a4 4 = a o 4 4 4 a .
Tadiana3niufigungil transition 2 gemgd dwanslugifi 3.19 - 3.21 uasmnedi 3.3 Fefinusnaziauentls
msitfaeuutlaanlosin orthorhombic g teragonal (T, ,) uazfnhdesszvendinisnlasuulauvasin

1 ' g J ras =y e |, d' oy
tetragonal 11§ cubic () Tnowudia T, waz T, Yuefivgampiidumes, USus LiTz0, uag Mao Midwas

F 4
1

et
A 3 4 a J IS ¥ o J & = s < J ) o

T, fnua uanauedy Mao sntuuaslinu Iumuilegungiduneimuiudmiugn

oy . T L ¥ a o = Y ] A b . < &
UFuinves LiTeo, lawdr 1, sefiarlndifvsdvgungideunniiqailedy LiTao, Y31ei0.005 Tua i

qenndeafiunsAAMA orthorhombic HAE tetragonal sufiufigamgiifouiishns 12vda0 XRD
=t -4 & a aa o 4 @ = . A

T, fuuliuasauiiody Mo uazquugiFumeinniudmiuyniTnnees LiTao, Fuduns

» 1 .
fuduinia LiTao, uaz MO i lilumuiidumiisves A uag B site v831A3900378 perovskite 403 NKN usitise

ar Endd E!; 4 1 - = ﬁ' J + 1 q‘ J
WSsuifoufuandisinoades nudnmay Liteo, UTuauiniu (7%) sedawald T A uRugadu [38)
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' ¥ ¥ . ¥ ¥ :
Tuvaiznluami M T, YITUAIDUNN Li’}"aO3 USum 7% 1UuanA199In 5% 1NN muamﬁmm%m'ln

aunsamuuNsgYdves Li', Na' uaz K Tuszniunsyuaumsdumesala

18000

45
——02
16000 40
14000 35
12000 5 30
3
10000 < 25
£
8000 1 191' 20
6000 & 15
4000 EO
2000 05
0 0o
0 600 0 100 200 300 400 500 600
Temperature ("C) Temperature o
n)
5000 20
18
4000 16
14
-
]
3000 1 a2
]
.i Lo
2000 ‘g 08
z
0.6
1000 04
02
0 0o

o 100 200 300 400 500 60 0 100 200 300 400 500 600

Temperature ("C) Temperature (o)
V)

31 3.19 mniRladidnas nifouiugumgiveussiiin 0.95(Na, K, JNDO, - 0.05LiTa0, + y mol%MnO (y = 0.0,
0.2,0.5, 0.8 UAE 1.0) Lﬂmmiuma{ﬁ:qmﬂgﬁdu q i iunanm 2 F21ua

1) 1050 °C

¥) 1075°C
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Dielectric constant

Dielectric constant
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12000

6l
Temperature ‘c)
)
5000 t
40000 %
10000 v * |
4000 —e—0.5
20000 Py l 1
T |
3000 4 *
o
L] 00 400 i
2000 fg
1000
0 + + +
0 100 200 300 400 500 [c1]
Temperature ‘o
V)

Dissipation factor

600
Temperature [is)
25
20
g
& 1S
=
=3
=
2
K] 1.0
a8
05
0o
600
Temperature ("C)

320 awiidladidnaSmifieufugumgiveaysiiin 0.93(Na, K, JNbO, - 0.07LiTa0, + y mol%MnO (y = 0.0,

0.5 1z 1.0) iawFuines ngungiiais q Muhin 2 §1lue

) 1025 °C
) 1050 °C



Dielectric constant

45000

35000

30000

25000

20000

Dielectric constant

15000

10000

5000

70

60

50

40

Dissipation factor

20

a0

30

Temperature ('C)

n)
60
——0
—tr==0.5 50
-
540
%
S
H
= 30
2
2
S0
10
00 st
(] 100 200 300 400 600 0 100 200 300 400 500
Temperature (*C) Temperature ("C)
v)

it 321 auiid ladidnas mivuiugumgiiveassiiin 0.98(Na, K, JNbO, - 0.02LiTa0; + y mol%MnO (y = 0.0,

0.5 10z 1.0) tilownFrunes ngamgiiae q Muduna 2 Flus

1) 1025 °C
%) 1050 °C
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o = = ' H1 = d = o o ad o A
N1TNN 3.3 Qmﬂgnﬂ'ﬁlﬂﬂuulﬂﬁ ﬂ"lﬂ!’\ﬂ‘lﬂﬂmﬂﬁiﬂLL’ﬁ&’LLﬂﬂLﬂBiﬂ'!if_jﬂ;l,lﬂtlclu‘lﬂamﬂﬂifl‘UENL"lﬁ"limam‘iz‘U‘U

(1-0)(Na, K, JNbO, - x LiTa0, + y mol%MnO (y = 0.0, 0.5 ua 1.0) ilewnduinningumaiian 4 fu dhinan2

R
Wi P | gaunpl
- . | P tan § T ** tan &
LiTa0, MrO | Fwmnes . g, (T, . €, (T)
©0) (T ©0) (T
(x; mol) {y; mol%) o)
0.5 0.2 1050 44 1330 0.3366 > 425 5258 0.9754
1075 29 821 0.3926 425 4412 0.1667
0.5 1050 24 1204 0.2317 436 15243 2.347
1075 26 912 0.2923 423 4639 0.3077
0.8 1050 39 906 0.1933 430 8427 1.099
1075 28 831 0.2760 420 4639 0.3349
1.0 1050 30 869 0.1859 430 9144 1.080
1075 28 734 0.2258 416 4403 0.3524
0.7 0.0 1025 44 426 0.5245 396 10552 1301
1050 54 666 0.9417 404 34928 1.263
0.5 1025 44 759 0.4210 434 3051 0.4462
1050 56 797 0.2593 426 3468 0.5058
1.0 1025 38 626 0.2444 422 3090 0.4697
1050 50 492 0.0934 418 2382 0.3953
0.2 0.0 1025 47 996 2.732 426 24137 2.919
1050 52 1014 0.3737 430 39351 1.627
0.5 1025 48 525 0.3848 420 5207 1314
1050 49 467 0.3168 424 5024 1.645
10 1025 50 684 0.6078 420 4972 1.226
10350 42 502 0.3700 422 5114 1.379
Tor®* - qmwgﬁmﬂﬂ%wmmﬂﬁ orthorhombic tihuier tetragonal
T ¥ aampiinanldounnira etragonat iThana cubic (gumaiind)

L]
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3.2 WaMIANK IS HNIHIZUY (0.95-n)(Na, K, JNHO, — 0.05 LiTa0, —n LiShO,
¥
wnnnny T nmes Lita0, fimngaumorwufummfeluiade 3.1 iumuiniSunw 0.0s Tua
= . e ad o s wo‘:da o dd”o = & woa & A .
farerudanendh (ladidaein) Wdhge seluludenSaduwhnmsfinmnasienii 2 dufe Lisbo, la
EfSune 0.0 - 0.10 Tua woswnFumesuuunaudwnes giuigamail 1025 - 1100 °C iWhuaamm 2 $11us

»
ar &

1ananmsItoaail

3.2.1 HOMIATIVABUNGANS SN EDMH TV NTITINTHIZUY (0.95-n)(Na, K, JNDO, - 0.05 LiTaO,

~ n LiSbO, AIeinatin XRD

Li‘}aﬁmm;ﬂuwmsL'ﬁwmmuwa%”aﬁmncfmmm1ﬁn°luszuu (0.95-n) (Na, K, JNbO, - 0.05
LiTa0, - n LiSbO, nuilasead "andndusgiugungifumesuaz Lisbo, atniud ey Fail

Lﬁa%utma§ﬁamnnﬁ 1050 °C  wuhasdIedei hhan LiSbO, (n = 0.00) HTnssedrmanuuy
orthoshombic LBz a 58186 19HAN LisbO, (n = 0,02 - 0.10) Wy Tasserdrandndunn Wuitesn/fe iy
WY tetragonal Faamesseralndifintulutinugs uabdidlatuiasandan Feiife KLiNb,0, [37]
fiaduluynarsfaedis uaz LiSbo, AdingAs o livuamaeegiumsdetuii@y Lisbo, (n) = 0.10 Tua [39]
Faueraalugzaldi 322 cﬁaﬁqquﬁﬂzﬁﬂ PPT Sufiqungiives

dmsuasdintiaidunesigamgl 1075 °C T (Uit 3.23) wudhi Tassadendnuan teragonal
Wossn 1L, i1 048 056 Fuduslndifveim 1L, - 05) vos i Insaadndnuuy
tetragonal 1981984 [40] wonnniidefifnvesarsiu i K,LiNb,0,, [37) At lunnasdaetie uas Lisbo,
(391 A fnlFRS o e oy lumsdastiidu Lisbo, (n) = 0.10 milewufufigungil 1050 °C Tua was

deResanmssietuiiefunnifigungi 1100 °C wuilnssadundnezaldoulihilu orthorhombic

0.10 LiSbO,

Intensity (a.u.)

- A 0.06 LiSbO,
Y A A 0.04 LiSbO,

Jj\ 0.02 LiSbO,
-&
g8 He 24
WA e 2 undoped LiShO,
LN s B B A B A L A AL L LU
20 25 30 35 40 45 50 35 60

26 (degree)
i 3.22 wamsBiasiAau XRD veawsinluszun (0.95-n)(Na, K, JNDO, - 0.05 LiTa0, - n LiSbo, e

- o = o
HUADINYUANY 1050 °C Lﬂunmum 2 92 Tus
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11

Intensity {a.u.)

— (=1 ~
13 / V\c = ~ 't x=0
r 1] T T 1
20 40 45 50 55 60
20 (degree)

51l 3.23 Wan3inarzs i XRD veursiinluazuy (095-0)(Na, K, JNbO, - 0.05 LiTaO, - n LiSbO, tile

Fuwestguug 1075 °C iflunaunu 2 9 Tus

3.2.2 HANSATIVADLTMTANIIMENINVOATTIRAIHIZU (0.95-n)(Na, K, JNb - 0.05 LiTaO, - n
Lisbo,
A3 TOUMAIUHUNLUUYBITTUY (0.95-n)¥Na, K, JNDO, — 005 LiTaO, ~ n LiSbO, il
SunesHgungiaeg fu nud n'mammmnuunimﬂ?;uuuﬂmﬁua;jﬁ’uqquﬁ%uma%’adnﬁﬁuﬁwﬁm fig

o = - ' ' A 4 ' a
wanslugalil 3.241aofigamgil 1050 °C vz I¥AINMMUILIUGITA FaTif1 432 £0.01 grom’ e liify Lisbo,

¥
=1

pinvufAufuiuieuTina Lisbo, Aty Taufla 4.44 £ 0.01 gem’ ileidy Lisbo, UTum 0.10 Tua Vil
o9 InnsIAY Sb ‘ff"lﬁ'tfmﬂ'na:ﬂauqﬂuﬂ%‘mmﬁmn%u wazn1s iR NLufigIYes LiSbo, (5.45
glem’) [39)

Lﬁaqmﬂgﬁ%uma{qﬁ{u‘lu%’n 1075 - 1100 °C WU A niudifaaas Taomngi n =0.10
AN LU IZAANIDE15IAIT) %&ﬁ?ﬁmmmnmsqq‘uﬁu Li' uay K’ [40] dfeinfigeimgiigend 1050 °C

P - Y H
RS NHNTUAATM T HADNUUL T I
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4.50 R ——————
i —— -
400 & R
=
S
B 350
=
D
&
300 4 —e— 1050
—o— 1075
—a— 1100
2.50 : . : :
0.00 0.02 0.04 0.06 0.08 0.10 0.12

LiSbOs content (mole)

511 3.24 AnrmmuinvearlinlusEu (0.95n)Na, K, JNbO, - 0.05 LiTa0, —n LiSbO, dedumein

umgiiansq fu a2 42lus

@R aIAINITNAR B AFTIIN (0.95-n)(Na, K, JNBO, — 0.05 LiTaO, - n LiShO, WU AN

o ' J "o = oy o 1o ar 3 i » w ] ar »

wadaiimTusgfugamplizumesisuRviummommuuniy (Uil 3.25) winaasadwiu fie Amanadaiiin

= J A oo o J =¥ o v 4 r = o ed )

Wyduiogumgifuneigeiiu Tnelimigagadszanu 18% Tumsdlediudient n = 0.10 unzFumashgunnil

» & 13 » » (]

1100 °C Weilifosninfigungi 1100 °c msdpdsMARN AR TIRAMIRAIINNI NG WeRnsuh

= o <5 e r o i3 r s ﬁ. J 5 'Y or L H )

gumgiidumediferiunazi@n Lisbo, TulSinasiie fu wuh AmaduN vt fumTdeteh laling
a . o 4 2 i = . P IV . a .

@y Listo, unswedudviudmandenileUfinn Lisbo, wutu dafummsaagyldimsiu Lisbo,

- 82 4 v 1 - R .
USinafidiniu 3l esdreiaia densification 18

[\
[}

— —
o on

14 O

% Shrinkage
e S

—e— 1050
s —— 1075
E —a— 1100

[T NS I~ A =
!

0.02 0.64 0.06 0.08 0.10 0.12

o
3

LiSbOs content (mole)

51 3.25 simsmadavoams WUz (0.95-n)(Na, K, JNbO, - 0.05 LiTa0, - n LiSbO, ileFuinesigumail

199 fu e 2 $alue
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3.2.3 wannsieaevlnssadugamaveuas1HnusTL (0.95-n)(Na, K, JNbO, - 0.05 LiTaO, - n

LiSbO,

dmivdnvae Inssadsganinvearslinluszuy (0.95-0)(Na, K, JNBO, — 0.05LiTa0, - n
Lisbo, WU gils Nuaxﬂmwwmmsuﬁﬁﬁfua;}ﬁnqmwgﬁ%uma{uazﬂ?mm Lisbo, siiefiars aniigamai 1050
o (g1t 3.26) wsdnetivile n = 0.00 taz 0.02 uaRansuinBuzm L worvmAnteuadl | um Tuvasi
wsfaethaie n = 0.40-0.10 Fnwarznsunsiou ilums Taunu bitnAuaziigalseuuumsddmass Tavmna
Tatimsznim 5 um

dlofinenmsFuneiigamgl 1075 °C Tumsdaoduils n = 0.00 -0.10 (31/f 3.27) wudnuae
nsuiams Tanuy Wundluynasded TaunsusnaTefigaiisilszaio s pm datumssaetiedi lid
LiSbO, (n = 0.0) nEsnniunsuiinnadnaaidedy LiSbO, Tulfaiiniy Fednuszveunsufionuy lind
ffzﬁﬂi‘jruagiﬁ'a‘lﬂuwswﬁﬂ BaTiO, fifiitaeamnars o Ffulumsiets (0.95-n}Na, K, ) NbO, - 0.05
LiTa0, - n LiSbO, Nntaivziiuiana Inideafeaiu

iofinrennsSumedfigamgd 1100 °c lwasietadie n = 0.00 -0.10 wuh vAmsuilam
r?in%umnmﬁuma%ﬁqmwgﬁ 1075 °C Tavwun Tafigafiinlszuo 12 pum uAfiranauiiofinine Lisbo,
Fefidesninmatiinae unaveunauiuiulumsiiecs Tasnnansuniovesssisieiduaeid

M3 1050 -1100 °C uaraanasUh 3.28
oMy 3
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Ui 3.26 nMA1w SEM vea31iin (0.95-n)(Na, K, JNBO, — 0.05 LiTaO, — n LiSbO, iiedunes Ngmuail 1050
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1 L g = = ﬁ‘ E; = A =
i 3.57 awiidladidnadn (inawd 1 kHz) veuwsilintuszuy {(K (Nb, ,Ta, O, Fua3ouan

Nallﬁ)l) ‘)'.'Li

1.5 0.3 }

msuaRauAsAFosuanaunA g (H) Wuna 6 uay 12 s waznuanaufsnTesuanauuuRly
muia ) (©) Wwat 12 waz 24 F2Tua Akwmsidumesigamgil 1025 °C - 1075 °C Fhara 2 4 Tus

ey = o o w Y = ) <4
aulid lndanas niftoufuguvgliveuts iin TussUL K, Nay ), iy HND, . Ta, JO, AT Hu31N

0.
ﬂ'lﬁjﬂﬂﬁllﬁ')ﬁlﬂ?ﬂﬂﬂﬂﬂﬁﬂ'luq@(ﬂ) ﬁ]unm 6 %”JTNQ RS MTUAHTULIL conventional ball mill (C) Lﬂul’)i’ﬂ
12 unz 24 42Tua Lﬂmm%uma{ﬁqmﬂgﬁ 1050 °C UAZINMSUANTULDY high energy mill (H) luat 12
FaTus ilornFuinesigungd 1025 °C Fumastugld 3.58 woh asdsed s inuaasitananliouulas
mﬂaﬁhmﬁ‘lﬂSzﬁnﬁ?nﬁuﬁqmwgﬁ transition 2 gUWQN AB Ty, UAg T, 1wAeIfunssl (1-x)Na, K, NbO, —

. a a ot a 4 4 a J (9 a
xLiTa0, 1n9 T, Hshanad luvsed T, Suw Iuminvuilena lunsuanaumuin Asn1aedi 3.7
4 = 4 4w ad = ad a =
myi 3.7 qumplilunuwaous dnsii ledilnesnuazunmesmsgapiivluladianasnveursiiinly
. A = 5 .
TEUY (K, Nag )y grLip orHND,, Ta,,)0, FHATINIINNTTUARTULUL high energy ball milt (H) iWhuna 6 uag 12

2134 LATATUANTUILA conventional ball mill (C)idlural 12 uag 24 $21u4

fotlums | 7,0 | B, | @08y, | T(O | €, | tandy,
UaHay
H-6h 124 1212 0.058 313 4517 0.130
H-12h 88 1282 0.182 319 4669 0.226
C-12h 104 1124 0.024 317 4350 6.045
C-24h 86 1061 (0.026 321 4778 0.107

T, * : guugiinsildsuninve orthorhombic Khawd tetragonal

o-T

To** Qmﬂgﬁnmﬁﬁﬂummﬂﬁ tetragonal il cubic (aeimning)
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517 3.60 o iR laBiAnAT nve s Wn{(Na, K, ), orLiy s  (Nb, Ta, )0, 1iBIAY Na, K, Li daufulug5anm 0; 3, 3,

4 ' a oa = o
1; 3,51 1,3, 1 uae 3, 1,1 wi% Lﬁ'amuﬂmmmumawqmﬂgu 1050 °C Lﬂunm 2 92119

" a ad =
(n M ladianasn

@) uwinmesmsgapdoluganuiouvesladidnain

n a = ' ay ad a I a ad a
ATHN 3.8 meqmngﬂunmﬂaumﬂﬁ mﬂa‘n"lﬂ'amnm‘smm:uﬁﬂmasm‘sqtgmﬂ‘lu'lﬂammn%m

ws1nlusz VY {(Na, K

A = ol a = o
way 3,1,1 wi% ilewndumesngumgil 1,050 °C w2 4alus

. d’ = - L] - -
05K o7 Lo st (b, Ta, O, 1BIAY Na, K, Li danwiuluyFunm 0;3,3,1; 3,5,1; 1,3,

Y33ae Na, K, Li T, (C) wry | @andy, | TCO €. n) tand;
AINU (WE%)
0 86 1061 0.026 320.7 4778 0.107
3,3,1 96 1364 0.172 324 6987 0.532
3,5,1 100 1451 0.08 317 6474 0.243
1,3,1 12 1167 0.046 316 5642 0.207
3,11 108 1170 0.03 312 4719 0.077
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3.5 HONTIANHUTTWINIUIZUY (0.995-x){(Nay K, ), ;. Liy e} (Nby T2, )0, -0.005MnO —x CuO
Wipe9Infis10ame Mno Sadaiunsuindauazdiudsautiama v ez cuo Wumsdaw
mMifumedirnnsoanguungiauaed Wdias (42-43) Saldinmmloumsdiedluszun (0.995x){(Na,,
Ky yorlionst (NBy 5Ty, )0, <0.005MnO —x CuO il x ©1/1 0, 0005, 0.01 naz 0.015 Tua Fw3Treruosn laduuui
Wiualy Taoir lndumesuvunaudonsesgi fgmngd 1050 1070 °C ifhunam 2 $alue 14

o
M5BT

3.5.1 HamsAnumgAnssunsnaaveIm SN0 luIzIY (0.995-x){(Nay K, Jq 4 Lig ot
(Nb, T2, )O, -0.005MnO -x CuO HmALin XRD
ferhmsfietrm it s danmadianinioinmyeade@idnd (XRD) Wi
{(Na, K, Josrliqos} (NDg Tay O, annsofamsdesusuiiumsazatoveswdsiy Moo uay cuo 1Aifuedied
Ao 1510N 0.995{(Na, K, nj)OWLlnm}(NbMTaUZ)O -0.005MnO + x CuO i 1ns3ers WHARYY orthorhombic LA
tetragonal 3 %14 ﬂ1mwzm‘1ﬁnﬁnmma'Mﬁ‘mmm LAY AIDINAN CuO cl'u‘iJ‘snm.u,wuei'i"u dawa i Inssads

o = ) 2 o P
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. A4 = a S & - /d P - S w “
wuruiisanasiedy cuo USinmRstuuasS e nguvglgeiu Heliiesnnanddugaie iy
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3.5.3 pansAneinssaagan nve I sAIRmaIZUY (0.995-x){(Na, K, ), 5, Lk, (N, T2, YO, -

0.005MnO —x CuO FHIBMALIA SEM
diafintsanlasadieganinveuailnlus sy (0.995-0)1(Nag K, Josbioe! (Nb, Ta,,)0, -
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x2.000 0 20K 10um

10um x2.000
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A15199 3.9 VUIANTIR ROYBIFUINUTIWNIZUY (0.995-%) {(Nay K, oo Lty oy} (Nby T3, )0, -0.005MnCO,- x
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q” A o & ¥ b o & e a d a s;ag o P a
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0.005 Additive
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15198 4.3 VAN TUTDITUIEES M THIZUY {(Nay K, Jyorlin n) (Nby, T2 )O, iHi0IANT151T8 CaTiO,, ZrO,,
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: ':S,IOUG ; 10um
CeO,
Sum 20kY _T[m—,?.? %2000
SrTi0o,

%2000
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avide QU QI T, € tan Tor £, tan §
Fumed (°C) o (T (T (0 (Ty.p) (Tor)
1050 284 4904 0.1020 44 1338 0.1540
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gungii 800 °C 1Thuaan 2 $2Tus uazdumes igamgiinag Tusaa 1025 - 1100 °C Hunar 2 - 4 Falw dau
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sasmsiw/asvegumgll 5 °C deufl wud uua luuesgampiidumeiwannufieiiedw cuo, caTio,,
A o an A i A
srTi0, nog T e suanauasndsaugy wud Iduvesqumgiduaeiwwfiniuiiofedu Na, K, Li dnaiv,
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Lead-free piezoelectric ceramics in the system 0.95NagsKgs
NbO3-0.05LiTa05 were modified with <1 mol% MnO. Max-
imum densities occurred at a sintering temperature of 1050°C.
Characteristic changes in the relative intensity of X-ray diffrac-
tion peaks were consistent with Mn ions substituting on the per-
ovskite lattice to produce a change from orthorhombic to a
mixture of tetragonal and orthorhombic phases. Grain growth
during secondary recrystallization was also affected, leading to
increased grain sizes. The dielectric constant increased from
~600 in unmodified ceramics to ~1040 in ceramics prepared
with 0.5 mol% MnO.

I. Introduction

NVIRONMENTAL concerns are stimulating research into
the development of lead-free alternative piezoelectric
ceramics.'” Alkali niobate tantalates are leading candidates
. as replacements for lead zirconate titanate, PZT.** Guo
et al’ investigated the binary solid solution system
[Nag sKq sNbO3), _ ,—[LiTaOs], (abbreviated, NKN-LT) and re-
ported a phase boundary, at 0.05<x<0.06, separating ortho-
- thombic and tetragonal phase fields. Compositions close to
this phase boundary gave the highest values of ds3 piezoelectric
charge coefficients, reaching a value of ~200 pC/N at x = 0.05,
with a corresponding Curie temperature (7;) of ~420°C. The
enhanced properties for these compositions arise from a pro-
gressive decrease in the orthorhombic—tetragonal transition tem-
perature with increasing LiTaO,, such that the polymorphic
phase boundary occurs near room temperature for compositions
around x =0.05-0.06. This proximity to the phase boundary
maximizes the piezoelectric properties. However, polymorphism
and electrical properties are expected to be more temperature
sensitive than for PZT, in which a near-vertical morphotropic
phase boundary exists.

Saito and colleagues®® studied a wider range of related
solid solutions, corresponding to the general formula
(Ko.sNag s)1—xLixNb;_,Ta,0s. For an NKN-LT composition,
x=0.03 and y = 0.2, the d33 was 230 pC/N, with a T, of 323°C.
Reactive template grain growth resulted in improved piezoelec-
tric properties in <00I)-oriented ceramics, giving values of
dy3 = 373 pC/N. Slightly higher values of ds; coefficients were
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obtained using Sb ion doping on the pentavalent sites of
the perovskite lattice. However, for health and environmental
reasons, it is preferable to avoid the use of toxic Sb compounds.
The piezoelectric properties of NKN-LT are themselves suffi-
cient to arouse keen interest in further developing alkali niobate
tantalates as a viable Pb-free alternative piezoceramic.5®

Although the highest piezoelectric coefficients were demon-
strated for textured ceramics, the fabrication procedures are
rather complicated and would be costly for commercial produc-
tion of bulk ceramics. Hence, it is important to optimize prop-
erties in conventional, randomly oriented ceramic samples.
A number of studies of nontextured ceramics of NKN and
NKN-LT have focused on increasing the density and improving
the properties b); adding potential sintering aids such as
Ks4Cu) 3Ta;002,” Cu0.* ZnO, and Sn0O,.°

It is widely reported that MnO can have a beneficial effect on
the electrical properties of other perovskite ceramics such as
BaTiO; and PZT.'™!! Here, we demonstrate the effects of add-
ing MnO (via the carbonate) to a binary NKN-LT solid solu-
tion, at levels up to 1 mol% MnO. Conventional mixed-oxide
processing was used, but involving a reaction-sintering step to
help minimize alkali oxide losses during the reaction of
NKN and LT. Phase development, microstructures, density,
and dielectric properties are reported for the composition,
0.95Nag 5K sNbO3-0.05LiTaO;.

II. Experimental Procedure

Samples were prepared by the conventional mixed-oxide process
using K,COs, TaOs (Sigma-Aldrich Inc., St. Louis, MO,
> 99.0% purity). Na,C0Os;, Nby,Os, MnCOs; (Sigma-Aldrich
Inc., 99.9+ % purity), and Li;CO; (Fluka, Buchs, Switzerland,
>99.0% purity), as the starting powders. A NagsKqsNbO;
powder was firstly prepared. The carbonate powders are mois-
ture sensitive; thermogravimetric analysis indicates that dehy-
dration is completed at ~200°C. Niobium and tantalum oxides
can also form hydrated phases. Hence, to avoid compositional
errors when weighing out the precursor mixture, the starting
reagents were dried in an oven for 24 h before use. Dried pow-
ders were allowed to cool to room temperature under reduced
pressure in a dessicator, and all powders were stored in the
dessicator until immediately before weighing in the correct pro-
portions. The starting materials were transferred to a 100 mm
diameter cylindrical plastic jar, partially filled with 10 mm di-
ameter alumina grinding balls. Sufficient ethanol was added to
cover the powder/media. Ball milling was carried out for 24 h,
followed by drying at 120°C, before grinding using an alumina
mortar and pestle to break up large agglomerates formed
during drying. The mixtures were calcined in alumina crucibles,
with loosely fitting lids, at 800°C for 2 h. The NKN powders
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were then ground, weighed, and ball milled again for 24 h with
Ta0s5, LiCOs;, and MnCQO; to obtain  compositions
O.QSNﬂo_sKg_sNbO:r0.0S LiT303+anO for x = 00,02, 05,
0.38, and 1.0 mol%. A reaction-sintering approach was used to
produce the NKN-LT and MnO-meodified ceramics, in that no
second powder calcination stage was used before sintering. The
mixed powders were dried, ground, and pressed at 100 MPa into
1.5 cm diameter disks and sintered in air at temperatures ranging
from 1025° to 1100°C, for 2 h, in closed crucibles.

Ceramic samples were examined at room temperature
using X-ray powder diffraction (XRD; Philips X' Pert MPD,
Eindhoven, Netherlands, Ni-filtered CuKa radiation) to identify
the phase(s) formed. Orthorhombic XRD patterns are indexed
according to JCPDS file 32-0822."” Sintered pellet densities were
measured using the Archimedes method. The microstructures
of the as-sintered surfaces of the samples were imaged directly,
using scanning electron microscopy (JEOL, Tokyo, Japan,
JSM-5800LV). To investigate the dielectric properties, pellets
was electroded with silver paste (silver conductor; Metech,
Elverson, PA), capacitance and dissipation factor (D) of the
samples were measured at room temperature using an LCR
meter (Agilent Technologies, Hyogo, Japan, model HP 4263B)
at | kHz, from which the dielectric constant was calculated,

III. Results and Discussion

Figure 1 shows XRD patterns of the 0.95NagsKqsNbO;-
0.05LiTa05+x mol% MnQO samples, which had been sintered
at 1050°C for 2 h. The unmodified x =0 sample displayed a
similar pattern to that reported previously for orthorhombic
NEN-LT*'? and was indexed accordingly. However, faint ex-
tra peaks were present that were of similar d-spacings to a tung-
sten bronze phase (e.g., KsLisNbygOsoh'* There was some
evidence that the tungsten bronze phase was also present in
some MnO-modified compositions sintered at 1050°C, Fig. 1.

A change in the relative intensities of certain main-phase
peaks, for example the 220 and 002 peaks at 45°-46.5° 28, was
apparent with changing MnO levels. Table 1 lists the intensity
ratios of the 220 and 002 main-phase solid solution peaks, for
different amounts of added MnO. For the x = 0 sample, sintered
at 1050°C, the peak intensity ratio Jhag/fogr was 1.38. For the
x = 0.2 sample, the lg/lpe2 value decreased te 1,15, and to ~0.9
for x = 0.5, remaining at this value (within experimental scatter)
for higher levels of MnQO modification, Table I.

For ceramics sintered at a slightly higher temperature,
1075°C, the value of Fayp/fpez for the x =0 sample was higher,
1.69, than for corresponding samples sintered at 1050°C, but the
intensity ratios for the MnO-modified ceramics were generally
similar to those sintered at 1075°C. There was an increase in
d-spacings for the x =0 sample, for example the dyyy value
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Fig.1. X-ray diffraction patterns of samples 0.95NKN-0.05LiTa0,+
*MnQ (mol%) sintered at 1050°C for 2 h {* = K¢LisNbygQs0). "
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Table 1. XRD Data Showing d-Spacings and Intensity Ratios
as a Function of MnrO and Sintering Temperature

d-spacing (f\)
MnO content, Sintering 2200r7H) 0% orTH) Laoffon
x fmol%} temperature (°C) (002reT)) (200¢reny) {Foma/Fre0)
0.0 1050 1,994 1.966 1.38
1075 2.003 1.971 1.69
0.2 1050 2.016 1.973 1.15
1075 2.006 1.972 1.13
0.5 1050 2015 1.974 0.86
1075 2012 1.972 0.86
0.8 1050 2013 1.972 (.89
1075 2.014 1.974 0.75
1.0 1050 2.015 1.974 0.92
1075 2,010 1.973 093

Note that 220/002 and 002/200 headings refer to Mitler indices of 45°—46.5° 20
pair of peaks for an orthorhombic NKN-LT pattern. The peaks would overlap
with 002 and 200 peaks of tetragonal phase NKN-LT. XRD, X-ray diffraction.

increased from 1994 to 2.016 A, on increasing the sintering
temperature, Table 1. Increasing the sintering temperature to
1075°C eliminated the secondary tungsten bronze phase from all
compositions. These comparisons suggest that the reaction to
form the desired chemically homogeneous NKN-LT solid so-
lution phase was incomplete at 1050°C.

Although the recorded changes in peak intensities ratios,
Table I, could merety be due to changes in the structure factor
as a result of Mn®* or Mn** ion substitution on Nb**/Ta®*
sites'® (respective values of ionic radii suggest substitution
at these sites),’® the levels of additive inducing the changes
were small, <0.5 mol% MnO, but the peak ratios changed
significantly.

in other work, we have measured an fyap/ fgg; ratio of 1,7 for
single-phase orthorhombic NKN-LT, and a corresponding val-
ue (strictly Joga/Fa00) of 0.5 for tetragonat NKN-LT.'? Recalling
that the base 0.95Nag K sNbO3-0.05LiTa0; composition in
the present study is reported to lie close to, but on the ortho-
rhombic side of the phase boundary between orthorhombic and
tetragonal phases, the change in measured intensity ratios from
~1.4 to ~0.9 suggests that MnQO doping affects the relative
stability of orthorhombic/tetragonal phases. Doping induces a
change from orthorhombic to mixed tetragonal and erthorhom-
bic phases, presumably because of a slight shift in the position of
the phase boundary.

Recently, it has been reported that MnO acts as a sintering
aid in related (Na;_,K)(Nb,_,Sb )05 ceramics, but MnO was
thought not to affect the crystal structure significantly.’” By
contrast, the present XRD data for the 0.95Nay K, sNbQ3—
0.05LiTa0; composition suggest that substitution of Mn®*/
Mn’* jons on the perovskite lattice occurs and affects phase
stability,

Density results are presented in Fig. 2. The highest density
samples were produced at a temperature of 1030°C. For x =0,
the densities were 4.31+0.01 g/cm®, increasing to 4.40 +0.01
giem® for x=0.5-08 samples, and decreasing slightly to
4.3540.01 gjem’ for x=0.1. Increasing the temperature from
1050° to 1075°C lowered the densities by ~2% for x = 0 and 0.2
samples. However, for x=0.5-1. there was no significant
change in densification at these temperatures. Increasing the
sintering temperature to 1100°C led to a significant decrease in
the densities of all compositions.

The microstructures of samples sintered at temperatures
ranging from 1050° to 1100°C showed that the grain size and
morphotogy were also sensitive to MnQO levels. For a sintering
temperature of 1050°C, Fig. 3, the x=0.0-0.5 compositions
showed uniform microstructures, with grain sizes, <1 um. How-
ever, the x > 0.8 sample exhibited a change 1o a bimodal size
distribution, indicating secondary recrystallization, with maxi-
mum grain sizes, Dyay, of around 10-15 pm.
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Fig.2. Density values of samples 0.95NKN-0.05LiTaOs;+x mol%
MnO when sintered at different temperatures.

At 1075°C, all compositions showed secondary recrystalliza-
tion. The x = 0 sample displayed Dp,ax values ~ 10 pm, increas-
ing to ~15 pm at x=0.5 and remaining around this value
for x=08 and 1. A similar trend, confirming a relationship
between MnO additions and increased grain growth, was ob-
served in samples sintered at 1100°C.

In other perovskites such as BaTiOa, secondary recrystalliza-
tion is often thought to be associated with liquid phase forma-
tion. A related mechanism leading to the distinctive bimodal
grain size distributions may be occurring in the NKN-LT and
NKN-LT+MnO systems. However, MnQO acts as a grain
growth inhibitor in the perovskite BaTiO3 and (Ba,Sr)TiO; sys-
tems.'® In NKN-LT, it is demonstrated here to have the reverse
effect, The reasons are uncertain, but if liquid phase is important

Fig.3. Scanning electron micrographs 0.95NKN-0.05LiTaO3+xMnO
samples when x are: (a) 0.5 mol% MnO, (b) 0.8 mol% MnO sintered at
1050°C for 2 h.

Fig.4. Diclectric constant and dissipation factor (measured at 1 kHz)
of 0.95NKN-0.05LiTaO3+x mol% MnO samples when sintered at
1050°C for 2 h.

in the grain growth mechanism, the additive may be altering the
liquid fraction. Changes in defect chemistry may also contribute
to variations in mass transport and grain growth.

The values of dielectric constant (at 1 kHz) as a function
of MnO content are shown in Fig. 4 for the highest density
samples (produced at 1050°C). The dielectric constant was 600
for the x =0 sample, increasing to ~ 1040 for x > 0.5 samples
sintered at 1050°C. Dissipation factors were rather high: 0.1-0.3.
Loss of volatile alkali oxide species may contribute to the
high dissipation factors but the highest values occurred in the
MnO-modified compositions. The samples showed only a
slight increase in density with increasing MnO content; there-
fore, the large measured increases in dielectric constant are
considered to relate principally to the effects of Mn ion substi-
tution on the NKN-LT crystal lattice, and to resultant changes
in phase content.

IV. Conclusions

The introduction of MnQ (MnCQO») affected the phase content,
microstructure, and dielectric properties of 0.95Nag 5K sNbO3—
0.05LiTa0; ceramics. There was also a small increase in sintered
density. Significant changes in peak intensity ratios in XRD
patterns, and increases in dielectric constant, were evidence that
Mn?*/Mn** ions were substituting on the Nb**/Ta’" sites of
the NKN-LT lattice, up to a limit equivalent to ~0.5 mol%
MnO. The additive produced an increasing amount of tetrago-
nal phase solid solution, which coexisted with the orthorhombic
phase. Microstructures showed a change from normal grain
growth to secondary recrystallization for compositions with 0.8
1 mol% MnO, sintered at 1050°C. At higher temperatures, all
compositions underwent secondary recrystallization, and max-
imum grain sizes increased with increasing MnO additions. Di-
electric constants increased from 600 in the base composition to
1040 for MnO-modified samples sintered at 1050°C.

References

'European Council. “Directive 2002/95/EC of the European Parliament and
Council of 27 January 2003 on the Restriction of the Use of Certain Hazardous
Substances in Electrical and Electronic Equipment,” Off. J. Eur. Union, L37,
19-23 (2003).

2E. Ringgaard and T. Wurlitzer, “Lead-Free Piezoelectric Based on Alkali Nio-
bates,” J. Eur. Ceram. Soc., 25, 2701-6 (2005).

*Y. Guo, K. Kakimoto, and H. Ohsato. **(Nag sK¢.s)NbO5-LiTaO; Lead-Free
Piezoelectric Ceramics,” Marer. Lent., 59 [2-3] 241-4 (2005).

4y Saito and H. Takao, “High Performance Lead-Free Piezoelectric Ceramics
in the (K.Na)NbOy-LiTa0, Solid Solution System,” Ferroelectrics, 338, 17-32
(2006).

5Y. Saito, H. Takao, 1. Tani, T. Nonoyama, K. Takatori, T. Homma,
T. Nagaya, and M. Nakamura, ‘‘Lead-Free Piezoceramics,” Narure, 432, 84-7
(2004).

®E. Hollenstein, M. Davis, D. Damjanovic, and N. Setter, **Piezoelectric Prop-
erties of Li- and Ta-Modified (Nag sKq s)NbOy Ceramics,” Appl. Phys. Lett., 87
[182905] 1-3 (2005).



February 2008

M. Matsubara, K. Kikuta, and S. Hirano, *Piezoelectric Properties of

(KosNag si(Nby -, Ta,) 05-K;CuTay Oy Ceramics,” J. Appl. Phys., 97, 114103

{2005).

M. Matsubara, T. Yamaguchi, W. Sakamoto, K. Kikuta, and T. Yogo, *Pro-
cessing and Piezoelectric Properties of Lead-free (K, NayMb, Ta)(; Ceramics,”
J. Am. Ceram. Soc., 88 [5] 1190-6 (2005).

R. Zuo, J. Rédel, R. Chen, and L. Lj, “Sintering and Elcctrical Properties of
Lead-Free NagsKqsNbO; Piezoelectric Ceramics,” J. Am, Ceram. Soc., 89 {6]
20105 {2006).

4 Kishi, N. 1. Kohzu, Y. Tguchi, J. Sugino, M. Kato, H. Ohsato, and
T. Okuda, “Occupational Sites and Dielectric Properties of Rare-Earth and Mn
Substitwted BaTiOy,™ J. Eur. Ceram. Soc., 21 [10-11] 1643-7 (2001).

Y. Hou, M. Zhw, F. Gao, H. Wang, B, Wang, H. Yan, and C, Tain, " Effect of
MnO, Addition on the Structure and Electrical Properties of PB{Zn;sNbys)020
(ng,so'l‘lu,so)o_suo3 Ceramics,” J. Am. Ceram. Soc., 87 [1] 847-50 (2004).

Zpawder Diffraction File No. 32-0822, International Centre for Diffraction
Data, Newton Square, PA, 2001

Communications of the American Ceramic Society 627

3T A Skidmore and S. J. Milng, “Phase Development During Mixed-Cxide
Processing of a [NagsKp sNbOsly  ~LiTa0s), Powder,” J. Mater. Res.. 22 [§]
2265-72 (2007).

Ypowder Diffraction File No. 48-0997, International Centre for Diffraction
Drata, Newton Square, PA, 2001

I*M. . Glinchuk, 1. P. Bykov, V. M. Kurliand, M. Boudys. T. Kala, and
K. Nejezchleb, “Valency States and Distribution of Manganese fons in PZT
Ceramics Simultaneously Doped with Mn and Nb,” Phys. Status Solidi, A122,
341-6 (1990).

%R _D. Shannon, **Revised Effective Ionic Radii and Systematic Studies of In-
teratomic Distances in Halides and Chalkogenides,” Acta Crystallogr.. A32. 75)-
67 §'19'1'6).

YTy Lin K. W. Kwok, H. Tian, and H. W, L. Chan, “Phase Transitions and
Electrical Properties of (Na,. K. J(Nb,_,Sy,)0; Lead-Free Piezoelectric Ceramics
with a MnQ- Sintering Aid,” J. Am. Ceram. Soc., 30 [5] 1458-62 (2007).

18N, 1. Al and S. J. Milne, “Comparison of Powder Synthesis Routes for
Fabricating (Bag 5557545 Ti03 Ceramics,” J. Maier. Res.. 21 |6} 1390-8 (2006).0



HAHUIN A

Reaction-sintering of lead-free piezoceramic compositions; (6.95-x) (Na, K, JNbO,-0.05LiTa0,-x LiShO,



J Mater Sci (2008) 43:6116-6121
POl 10.1007/510853-008-2940-3

Reaction-sintering of lead-free piezoceramic compositions:
(0.95 - x)Nao_sKO,5Nb03—0.05LiTaO3—xLiSbO3

Pornsuda Bomlai - Sureewan Sukprasert *
Supasarete Muensit + Steven J. Milne

Received: 30 May 2008/ Accepted: 7 August 2008/ Published online: 4 September 2008

© Springer Science+Business Media, LLC 2008

Abstract Incorporation of LiSbO; into the lead-free
piezoceramic composition 0.95Nag sKq sNbO1—0.05LiTa0,
produced a change from an orthorhombic to tetragonal crystal
system in samples produced by reaction-sintering. The
inferred limit of solid solution along the compositional join,
{0.95 — x)Nag 5Ky sNbO;—0.05LiTa03—LiSbO,, occurred
at x ~ 0.06. Differential scanning calorimetry indicated
broad peaks at temperatures associated with ferroelectric—
paraelectric transitions. The transition temperatures decreased
with increasing values of x, up to x = 0.06. Microstructures
showed secondary grain growth: a slight decrease in grain-size
with increasing LiSbO; modification was identified.

Introduction

Environmental concerns are stimulating research into the
development of lead-free alternative piezoelectric ceramics
[1, 2]. Mixed alkali niobare-tantalates are leading candi-
dates as replacements for lead zirconate titanate, PZT.
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Guo et al. [3) investigated the alkali niobate solid
solution system [NagsKg sNbOs),_—[LiTa04], (abbrevi-
ated, NKN-LT) and reported a morphotropic phase
boundary (MPB), at 0.05 <x < (.06, between ortho-
rhombic and tetragonat phase fields. Compositions close to
this MPB gave the highest values of d33 piezoelectric
charge coefficients in the system, reaching a value of
~ 200 pC/N at x = 0.05 with a corresponding Curie tem-
perature {7.) of ~420 °C.

Saito et al. [4, 5] studied a wider range of related solid
solutions, corresponding to the general formula (Kg sNag )«
Li,Nb,_,Ta,0;. For a composition x = 0.03 and y = 0.2,
close to the MPB of this system, ds3 = 230 pC/N, witha T, of
323 °C. Reactive template grain growth resulted in enhanced
plezoelectric properties, giving values of dy; = 373 pC/N and
T. = 323 °C for {001} grain-oriented ceramics. Slightly
improved values of d3; coefficients were obtained using Sb ion
doping on the pentavalent sites of the perovskite lattice, These
values approach those of some PZT ceramics and consequently
have aroused keen interest in developing this compositional
system further as a viable Pb-free piezoceramic [6-11]}.

Although the highest piezoelectric coefficients were dem-
onstrated for textured ceramics fabricated using reactive
template grain growth, these fabrication procedures are rather
complicated and would be costly for commercial production.
Hence it is important to optimize properties in conventional,
randomly orientated ceramic samples. For example, Marcos
et al. [12] have used conventional ceramic processing tech-
niques to fabricate ceramics of (Kg4aNagsolioaX{Nbogs
Tan.105bp.04)O0s, and also a ‘non-stoichiometric’ composition
(Ko.38Nag s2Lio 04)(Nbo g6 120.10500.04)02 97 [4]. A higher
piezoelectric coefficient was obtained for the latter, with
d33 ~ 200 pC/N

There are still unceriainties regarding the precise
compositional range of solid-solution formation in
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LT

NKN

Fig. 1 Schematic showing location of compositional system,
(0.95 ~ x)Nag 5K sNbO3—-0.05LiTaOs—xLiSbO; (solid line marked
by squares) in the NKN-LT-LS ternary system. For comparison,
the binary join studied previously, 1 — x[0.95Nag sKq sNbO+-0.05
LiTa03}-xLiSbO5 is shown by a dashed line [12]

Sb-modified alkali niobates. The present paper reports the
findings of a study of phase formation and microstructures of
ceramic compositions along the unreported compositional
join, (0,95 — x)Nay sKg sNbO3—0.05LiTa03-xLiSbO,, cor-
responding to the elemental formula Nag.zs_.Kgars—x
Lig 054Ny g5 _,Sb, Tag 05)Sb,O;. The position of this series
in the NKN-LT-LS ternary system is shown in Fig. 1. To
minimize losses of volatile components during ceramic
fabrication, a reaction-sintering method was employed.

Experimental procedure

Samples were prepared by the conventional mixed-oxide
process using K,COs, Tay05 (Aldrich Chemical Company,
Inc., >99.0% purity), Na;CO;, NbyOs (Aldrich Chemical
Company, Inc., 99.9-+% purity), Li;CO; (Fluka, >99.0%
purity), and SbyOs {Aldrich Chemical Company, Inc.,
099.995% purity}, as starting powders. Firstly the
Nag sKg sNbO; powder was prepared. The two carbonate
powders are moisture sensitive; thermogravimetric analysis
indicates that dehydration is completed at ~200 °C.
Therefore to avoid compositional errors when weighing out
the Nag ;Ko sNbQ; precursor mixture, the starting reagents
were dried in an oven for 24 h prior to use. Dried powders
were allowed to cool to room temperature under reduced
pressure in a desiccator, and all powders were stored in the
desiccator until immediately prior to weighing in the cor-
rect proportions. The starting materials were transferred to
a 100 mm diameter cylindrical plastic jar, partiaily filled
with 10 mm diameter alumina grinding balls. Sufficient
ethanol was added to just cover the powder and grinding
media. Ball milling was carried out for 24 h, followed by
drying at 120 °C, prior to grinding with an alumina mortar
and pestle 1o break up large agglomerates formed during
drying, The mixtures were calcined in alumina crucibles,

with loosely fitting lids, at 800 °C for 2 h. For reaction-
sintering, the NKN powders were ground, weighed, and
ball-milled again for 24 h with Ta,0Os and the volatile
Li,C0; and Sb,0Os components to obtain the compositions
(0.95 — x)Nag sKg sNb0O3-0.05LiTa05—xLiSbO4 (abbrevi-
ated as NKN-LT-1.5) for x = 0.0, 0.02, 0.04, 0.06, and
0.10. No second powder calcination stage was employed
prior to sintering. The mixed powders were dried, ground,
and pressed at 100 MPa into 1.5 cm diameter discs and
sintered in air at temperatures of 1050 °C and 1075 °C for
2 h in closed crucibles.

Ceramic samples were examined at room temperature
using X-ray powder diffraction (XRD; Philips X' Pert
MPD, Ni-filtered CuK, radiation) to identify the phase(s)
formed. No mechanical grinding or polishing was carried
out prior to XRD. Sintered pellet densities were obtained
by the Archimedes methed. The density of ground pellets
was determined by liquid displacement pycnometry using
dry toluene; this enabled sintered pellet density to be
expressed as a percentage value. The microstructures of the
as-sintered surfaces of the samples were imaged directly,
using scanning electron microscopy (SEM; jeol: JSM-
5800LV). The average grain size was calculated by the
mean linear intercept method. Differential scanning calo-
rimetry (PerkinElmer, DSC7) was carried out in a N;
atmosphere at a heating rate of 10 °C/min.

Results and discussion

XRD patterns of ceramics of (0.95 — x)Nag sKg sNbO3s—
0.05LiTa05—xLiSbO; compositions x = 0-0.1 are pre-
sented in Fig. 2. The intensity ratio of the pair of peaks at
45-46.5°28 in each pattern was used as an indication of the
tetragonal/orthorhombic phase content [13). The lower angle
peak in the pair corresponds to the 022 peak of an ortho-
rhombic NKN-LT phase, or the 002 peak for tetragonal-
phase NKN-LT {14, 15]. The neighbouring higher angle
peak corresponds to the orthorhombic 002 peak, or the 200
peak of tetragonal NKN-LT. For orthorhombic NKN-LT,
the peak intensity ratio, fyyaflpgz is ~ 1.5-1.8; the precise
value in this range depends on fabrication conditions, and
possibly the level of volatilization losses {13, 16]. For a
tetragonal, single phase NKN-LT pattern the corresponding
ratio, fogaffagg 18 ~ 0.5 [13]. The reported phase boundary
between orthorhombic and tetragonal phases on the NKN-
LT binary occurs around 6 mol% LT [3]. Hence the ortho-
rhombic phase is the expected phase for the x =0
composition, NKN-5 mol% LT, studied here {3{. The peak
intensity ratios for all the (0.95 — x)}NagsKgsNbOs—
0.05LiTa0+-xL.iSb0+ samples are shown in Table 1. The
x = Ocomposition had a peak intensity ratio of ~ 1.7 for the
1075 °C sample, Table I, confirming it to be orthorhombic

@ Springer
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Fig. 2 XRD patterns of samples (0.95 — x)[Nap sKq sNbO;3;-0.05
LiTa0;)-xLiSbO, sintered at 1050 °C for 2 h (* = K4LisNbgOsp
[18); ¥ = LiSbO, [17))

Table 1 XRD data showing d-spacings and intensity ratios as a
function of x (the mole fraction of LiSbO;) and reaction-sintering
temperatures

LiShO; Sintering d-spacings (A) Jopallooz TooafTaoo
content, x temperamre -
0 022 002
002 200
0.00 1050 1994 1966 138 -
1075 2003 1971 1.69 -
0.02 1050 2010 1972 - 0.62
1075 2014 1975 - 0.56
0.04 1050 2006 1972 - 0.78
1075 2011 1974 - 0.58
0.06 1050 2002 1969 - 0.71
1075 2005 1973 - 0.56
0.10 1050 2004 1972 - 072
1075 2004 1973 - 048

NKN-LT [13]. However, the values of peak intensity ratio of
alt the Sb-modified samples, reaction-sintered at 1075 °C,
were around 0.5, close to the value expected for a tetragonal
NKN-LT perovskite solid solution. This change in crystal
system, from orthorhombic to tetragonal, infers that solid
solution formation has occurred as a result of reaction with
the LiSbO; component. However there was no significant
change in 4-spacing over this range of compositions x,
Table 1. Second-phase LiSbO; was detected in the x = 0.1
samples, Fig. 2, inferring a limit of LKN-LT-LS tetragonal
solid solution around x = 0.06 [17].

The peak intensity ratios were slightly higher (~0.6-
0.8) for samples sintered at the lower temperature of
1050 °C, which probably indicates that some orthorhombic
phase was present, along with the main tetragonal phase.
All samples showed faint XRD peaks due to a tungsten
bronze phase [18] which has also been reported for various
compositions along the binary NKN-LT join (3].

@ Springer

Normalized heat Flow {(W/g), Endo ——w

300 350 A0 450 500

Temperature ("C)
Fig. 3 DSC results of samples (0.95 — x)NagsKysNbO+-0.05

LiTaOx—xLiSbO, sintered at F075 °C for 2 h. Asterisks indicate
peaks thought to relate closely to the 0.95Nag sKg sNbO3-0.05LiTa0;
end member—see text for details

DSC experiments revealed an endothermic peak for the
x = 0 sample at a temperature of 425 °C, Fig. 3. This
temperature is consistent with the reported value for the
ferroelectric—paraelectric phase transition for binary NKN-
LT compositions [3]. The DSC peak temperatures as a
function of composition are summarized in Table 2. For
the x = 0.02 sample an endotherm, made up of a distinct
peak at 403 °C and an overlapping, much more diffuse
peak centered around 385 °C (omset ~365 °C) was
observed, Fig. 3. For sample x = 0.04, the DSC profile had
similarities to the x = 0.02 sample, but the broader endo-
therm was relatively more intense and occurred at a lower
temperature ~ 360 °C (onset 340 °C): a decrease in the
temperature of the sharper peak, from 403 °C 1o 378 °C,
also occurred. For the x = 0.06 and 0.1 compositions, only
one broad endotherm was observed, centered at 346 °C
{onset 328 °C).

The DSC data infer that two distinct types of solid
solution exist in the x = 0.02 and 0.04 samples; peak
broadening suggests the phases are each compositionally
non-uniform. The sharper DSC peak in the x = 0.02 and
x = 0.04 Sb-modified samples {marked by an asterisk on
Fig. 3) appears to correlate to the ferroelectric-paraelectric
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Table 2 Peak temperature from

DSC analysis with various LiSbOs Estimated peik
. content, temperature (°C)

LiSbOx contents, x: two peaks x (mole)

could be distinguished in

x = 0.02 and 0.04 0.0 425 -
0.02 403 385(broad)
0.04 378 360 (broad)
0.06 — 346 (broad)
0.10 — 346 {broad)

(tetragonal—cubic) peak of the unmodified NKN-L.T phase.
The change in peak temperatures in x = 0—x = 0.06 is
consistent with modification of the crystal lattice by sub-
stitution of Li and Sb ions. The similarity in DSC data
between x = 0.06 and 0.01 suggests that the limit of Li
$b0O; solid selution occurs at x ~ 0.06, which is in
agreement with the limit inferred from XRD data.
Reasons for the existence of two phases in the x = .02
and 0.04 samples are not fully understood. Based on the
experimental XRD and DSC data it seems plausible that
two distinct tetragonal solid solution phases, differing in
average composition and transition temperature, are
formed for x = 0.02 and 0.04. The phase giving rise to the
broadest DSC peaks is presumed to approximate most
closely to the desired product composition. Broadening
points Lo local variations in ion ratio within each phase.
The question arises as to why only a single, but very broad,
peak exists for x = 0.06 (and 0.1). Liquid formation is very
likely in this system given the low melting point of the
$b,05 component (380 °C), and the lack of full powder
calcination prior to sintering. An increase in the SbyOs
content {in x = 0.06 and 0.1) would be expected to give an
increase in the volume of liquid present, and contribute to
higher reactivity, resulting in only one product phase.
Support for the premise of inhomogeneity in the samples
is found in literature reports of related binary NKN-LT
ceramics made by conventional processing (i.e. not involv-
ing reaction-sintering) in which SEM-EDX revealed the
presence of severe compositional fluctuations [19]. The
inhomogeneity could not be eliminated by prolonged high-
temperature annealing [19]. Thus it seems that the broad, and
in some cases double DSC peaks in the present samples are a
consequence of compositional variability within the sample.
XRD showed little evidence of peak broadening (Fig. 2), but
our previous study into phase development during conven-
tional powder calcination of NKN-LT indicated that
d-spacings in such systems were insensitive to small changes
in phase composition [13]. Here it is demonstrated that DSC
s more sensitive than XRD in probing compositional
homogeneity in lead-free alkali niobate piezoceramics.
Marcos et al. [12] reported that the formation of a solid
solution along the more commonly " studied  join,
1 - x[0.95(Na,K)NbO;-0.05LiTaO4]-xLiSbO;, (indicated

by a dashed line in Fig. 1) is extremely difficult to achieve
due to the crystal structural differences between KNbO; and
NaNbO,, with perovskite crystal structures, and LiTaOy with
a hexagonal pseudo-ilmenite crystal structure. However
there are a number of reports into solid solution formation of
refated compositional series: for example (I — x)Kos
Nao,5(Nb0_925Ta0_075)03—xLiSb03 O=<x<0D and also
(Ko.4aNag soLigos) (Nbg geTag 105bo0a)0s [12, 20} The
results of conventional mixed oxide reactions for these
compositions reveal that Li* and Sb°* diffuse into the parent
lattices to form a solid solution with a perovskite structure
[20). It is reported to be an orthorhombic phase at x < 0.02
and tetragonal at x > (.04. Co-existence of the orthorhom-
bic and tetragonal phases is found at 0.02 < x < (.04. The
present XRD results for reaction-sintering at 1075 °C infer
only tetragonal phase for the join (0.95 — x)Nag sKg sNbOs—
0.05LiTa03—xLiSbO;. Although sintering at a lower tem-
perature, 1050 °C leads to co-existence of tetragonal and
orthorhombic phases, based on XRD peak intensity ratios
(Table 1). A comprehensive study of the NKN-LT-LS
section of the phase diagram would be required to determine
the full extent of the compositional area of solid solution
formation in this region.

In terms of the ceramic processing characteristics, there
was little variation in density with increasing values of x,
Fig. 4. A maximum density of 4.4 glem® at 1050 °C cor-
responded to ~92% of the value of powder density
{4.78 g!cm3).' The slight decrease in sintered pellet density
between 1050 °C and 1075 °C, Fig. 4, is most probably
due to the effects of loss of volatile oxides. The sintering
temperatures are close to the melting temperature; sintering
at 1150 °C resulted in major changes to phase composition,
with the appearance of a cubic phase inferring that partial
melting and subsequent crystallization had occurred.

All compositions, x = 0.02-0.1, showed secondary
recrystallization (secondary grain growth) after reaction-
sintering at 1075 °C, Fig. 5. With increasing LiSbO;

30

4.5 1
—~ 1 ,__.'__./“"—’””
E g 2
)
=~ 404
z
7
=
o
[a]
3.5 9
—a— [050"C
—o— W75°C
30 T T T T T T
0.00 902 oM 0.06 008 019
Li5bQ, (mole)

Fig. 4 The density values of samples (0.95 — x)[Nag sKq sNbO+—
0.05LiTa0x}-xLiSbO; when reaction-sintered at different temperatures
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Fig. 5 SEM micrographs (0.95 — x)[Nag sKq sNbO3-0.05LiTa0;]-xLiSbO; samples where x is: (a) 0; (b) 0.02; (¢) 0.04 and (d) 0.10 reaction-

sintered at 1075 °C for 2 h

modification, there was a reduction in the fraction of sec-

ondary grains. The resulting variation in average grain size .

is shown in Fig. 6. In other perovskites such as BaTiOj;,
secondary grain growth is often associated with liquid
phase formation. A similar mechanism leading to bimodal
grain size distributions is probable in the NKN-LT-LS
system. For samples sintered at 1050 °C, secondary grain
growth occurred only in the x = 0.04-0.1 compositions,
inferring that insufficient liquid was present in x < 0.04
samples at this lower temperature to induce secondary
recrystallization (Fig. 6).

£ 'L_"-—-—_‘___
3 ——— .
8 4
.l =4 O 0
E 1
2]
cn
B 27
)
7]
-4
< i ]
—0— 1050 °C
] —m— 1075°C
n T T v T T T - T
0.00 0.02 0.04 .06 0.08 0.10
LiSbO (mole)

Fig. 6 Average grain size of (0.95 — x)Nag sK; sNbO3-0.05LiTaO3~
xLiSbO3 samples reaction-sintered at 1050 °C and 1075 °C for 2 h

@_ Springer

Conclusions

Ceramics were produced by reaction-sintering of pre-cal-
cined powders of NagsKgsNbOs with Li,CO5, Ta;O5 and
Sb,05 powders, according to the formula, (0.95 — x)Nag s
Ko.sNbO3—0.05LiTa03-xLiSb0;. Solid solution with LiS-
bO; induced a change from orthorhombic to tetragonal
crystal system. Broad phase transition peaks were observed
in DSC plots, suggesting significant levels of chemical
inhomogeneity. The limit of solid solution is estimated to
occur at x ~ 0.06. The maximum sintered pellet densities
were around 92%.
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Abstracts

Lead-free piezoelectric ceramics have aftracted considerable attention as new
piezoelectric materials for replacing Pb(Zr,Ti)O; (PZT)- based ceramics because of
environmental protection reasons. Among lead-free piezoelectric systems, the termary system of
Nag 5K 5NbO; — LiTaO;3 - LiSbO; has proven to be an outstanding lead-free piezoceramic with
properties almost comparable to undoped PZT. In this research, addition of LiSbO; to the
0.95Nay sKosNbO3 - 0.05 LiTaO; lead-free piezoceramic composition showed a change from an
orthorhombic to a tetragonal crystal system in samples prepared by reaction-sintering. The limit
of solid solution along the compositional join, (0.95-x)Nag sKgsNbO3 -~ 0.05LiTaOs - xLiSbOs,
occurred at x ~ 0.06. Differential scanning calorimetry analysis and measurements of dielectric
constant as a function of temperature indicated broad Curie peaks which inferred that the
samples were not chemically homogeneous. Curie temperatures decreased from ~ 425 °C for x
= (}, to ~ 345 °C for the limiting x = 0.06 composition. The improvement of dielectric properties
was obtained for LiSbO; modified samples. Microstructures exhibited secondary

recrystallisation, with LiSbOs addition giving rise to a small reduction in average grain size.

Keywords: Lead-free piezoceramic; Phase transition; Dielectric properties; Reaction-sintering.
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INTRODUCTION

Lead oxide-based piezoelectric ceramics such as lead zirconate titanate (Pb(Zr, Ti)Os,
PZT) are widely used for piezoelectric actuators, sensors and transducers due to their excellent
piezoelectric properties."2 It is believed that the high piezoelectric response is related to the
morphotropic phase boundary (MPB) between thombohedral and tetragonal 1:>hases.3'4 However,
the toxicity of lead oxide and its high vapor pressure during processing has led to a demand for
alternative piezoelectric materials. In order to achieve high piezoelectric properties, the concept
of MPB should be used to design new lead-free piezoelectric ceramics. The sodium potassium
niobate, (NagsKgs)NbO3: NKN, -based ceramics with a MPB between two orthorhombic
ferroelectric phases were considered as a promising candidate due to attractive piczoelectric
properties and Curie temperature. However, it is very difficult to obtain dense and well-sintered
NKN ceramics by ordinary sintering process. The new solid solution of NKN with other ABO;-
type compounds, e.g. LiTa0O3, LiSbO; and the special fabrication technique, ¢.g. spark plasma
sintering were used to improve sintering behavior and electrical properties.s'g

Among them, mixed alkali niobate - tantalates solid solution system [Nag sKo sNbO3]1.x —
[LiTa0s]s (abbreviated, NKN-LT) is reported to exhibit a MPB, at 0.05 <x < 0.06, between
orthorhombic and tetragonal phasc:-ﬁf:lds.10 Compositions close to the MPB gave the highest
values of ds3 piezoelectric charge coefficients (the induced charge per unit force applied in the
same direction) in the system, reaching a value of ~ 200 pC/N at x = (.05 with a corresponding
Curie temperature (T;) of ~ 420 °C. However it is uncertain if a true, near-vertical MPB exists in
NKN-LT, or instead the transition is strongly dependent on temperature as well as composition.
Saito et al'! studied a wider range of related solid solutions, corresponding to the general
formula (K¢ sNags).xLixNbyTay03. For a composition, x = 0.03 and y = 0.2, close to the MPB

of this system, gave the ds3= 230 pC/N with a T, of 323 °C.
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The NKN-LT- LiSbO; composition was first synthesized by Saito et al in 2004."
Reactive template grain growth (RTGG) method was developed and resulted in enhancement of
piezoelectric properties, giving a high value of d3; =416 pC/N for <001> grain-oriented
ceramics. The improvement was attributed to the existence of a MPB and <001> orientation.

Although the highest piezoelectric coefficients were demonstrated for textured ceramics
fabricated using reactive template grain growth, these fabrication procedures are rather
complicated and would be costly for commercial production. Hence it is important to optimize
properties in conventional, randomly orientated ceramic samples. For example, Fu et al'? have
used conventional ceramic  processing techniques to  fabricate ceramics of
{(Nag 52K0 44)(Nbg.96Sbg 06)O1 — 0.04LiTaO; system, the high d3;3 of ~ 335 pC/N was obtained.

In this study, the LiSbO; was added to 0.95NKN-0.05LT composition considering the
compromise between the property and Curie temperature. The base for achieving intrinsically
enhanced properties is on the formation of a MPB between orthorhombic and tetragonal phase.
It has been basically believed that more spontaneous polarization states are available owing to a
coexistence of two kinds of ferroelectric phases. A MPB can be expected with changing the
content of LiSbOs;. The phase transition behavior and various dielectric properties of NKN-LT
ceramics as a function of the LiSbO; content were investigated in detail. Ceramic samples were

fabricated using a reaction-sintering method, which was employed because of the particularly

high volatility of lithium and antimony oxides.

MATERIALS AND METHODS

Samples with composition of (0.95-x)NagsKosNbO;-0.05L1Ta0O5-xLiSbOy  were
fabricated by the conventional mixed-oxide process using K,COs, Ta,Os (Aldrich Chemical
Company, Inc., 2 99.0% purity), Na;CO;, NbOs (Aldrich Chemical Company, Inc., 99.9+%

purity), Li2CO; (Fluka, >99.0% purity) and Sb,Os (Aldrich Chemical Company, Inc., 99.995%
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purity), as starting powders. Firstly, the NagsKosNbO; composition was prepared. The two
carbonate powders are moisture-sensitive; thermogravimetric analysis indicates that dehydration
is completed at ~ 200 °C. In order to avoid compositional errors when weighing out the
Nay sK o sNbOs precursor mixture, the starting reagents were dried in an oven for 24 h before use.
Dried powders were cooled to room temperature and stored in the dessicator until immediately
before weighing in the correct proportions. The starting materials were transferred to a 100 mm-
diameter cylindrical plastic jar, partially filled with 10 mm-diameter alumina grinding balls.
Sufficient ethanol was added to just cover the powder and grinding media. Ball-milling was
carried out for 24 h, followed by drying at 120 °C, prior to grinding with an alumina mortar and
pestle to break up large agglomerates formed during drying. The mixtures were calcined in
alumina crucibles, with loosely fitting lids, at 800 °C for 2 h. For reaction sintering, the NKN
powders were ground, weighed and ball-milled again for 24 h with Ta,Os and the volatile
Li,CO3 and Sb,Os components to obtain the compositions (0.95-x)Nag sKg sINbO3 - 0.05LiTa0;
— xLiSbOs (abbreviated as NKN-LT-LS) for x = 0.0, 0.02, 0.04, 0.06 and 0.10. No second
powder calcination stage was employed prior to sintering. The mixed powders were dried,
ground and pressed at 100 MPa into 1.5 cm diameter discs and sintered in air at temperatures of
1075 °C for 2 h in closed crucibles.

The polished ceramic samples were examined at room temperature using X-ray powder
diffraction (XRD; Philips X* Pert MPD, Ni-filtered CuK, radiation) to identify the phase(s)
formed. The microstructures of the as-sintered surfaces of the samples were imaged directly,
using scanning electron microscopy (SEM; Jeol: JSM-5800LV). The average grain size was
calculated by the mean linear intercept method. Differential scanning calorimetry (PerkinElmer,
DSC7) was carried out in a N; atmosphere at a heating rate of 10 °C/min. To investigate
dielectric properties, silver electrode (Metech, Elverson, PA) was fired on both sides of the

surfaces of disc samples at 600 °C for 10 min. The capacitance and dissipation factor (D) of the
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samples were measured as a function of temperature, heating rate 3 °C/min, using a high

precision LCR meter (Gw INSTEK; LCR 821) at 1 kHz, from which the dielectric constant was

calculated.

RESULTS AND DISCUSSION

XRD patterns of (0.95-x)Nag sKo sNbO3-0.05LiTa03-x1iSbO3 ceramics sintered at 1075
°C, for compositions x = 0 - 0.1, are displayed in Fig. 1. Samples with 0 < x < 0.06 showed a
perovskite structure, indicating Li* and Sb>* completely diffused into NKN-LT lattice to form
solid solutions. In order to identification of phase formation, the intensity ratio of the pair of
peaks at 45-46.5 °20 in each pattern is used as an indication of the tetragonal/orthorhombic
phase content.'* The lower angle peak in the pair corresponds to the 022 peak of an
orthorhombic NKN-LT phase, whilst it is the 002 peak for tetragonal NKN-LT."'¢ The
neighbouring higher angle peak is the orthorhombic 002 peak and the 200 peak of tetragonal
NKN-LT. Hence, the orthorhombic phase is the expected phase for the x = 0 composition,
lozo/lgez is ~ 1.7. The phase boundary, at room temperature, between orthorhombic and
tetragonal phases on the NKN-LT binary join occurs around 6 mol % LT." However, the values
of peak intensity ratio of all the Sb-modified samples were much lower, ~0.5-0.8. This change
suggests that the LiSbO; solid solutions are mainly tetragonal, with some co-existing
orthorhombic phase, giving intensity ratios slightly higher than expected for single-phase
tetragonal samples."

Second-phase LiSbQ; was detected in the x = 0.1 samples, Fig. 1, indicating a limit of
the LKN-LT-LS tetragonal solid solution at, or around, x = 0.06.'7 All samples showed faint
XRD peaks due to a tungsten bronze phase which has also been reported for various
compositions along the binary NKN-LT join.'""!® Its proportion did not appear to change with

LiSbO; content.
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Ceramic microstructures were also studied, it can be seen that all samples were well
densified, showing a significantly improved sinterability compared to pure NKN ceramics.
However all compositions, x = 0.02-0.1, showed secondary recrystallisation (secondary grain
grow’ch)'9 after reaction-sintering at 1075 °C (Fig. 2). In the higher x samples, there was a
reduction in the fraction of secondary grains. Changes in secondary grain growth characteristics
gave a small decrease in measured average grain size from ~ 4 pm for x =0to ~ 3.7 pym forx =
0.06. In other perovskites such as BaTiOs, secondary grain growth is often associated with liquid
phase formation. A similar mechanism leading to bimodal grain size distributions is probable in
the NKN-LT-LS system.

The DSC heating curves of samples were measured to reveal the phase transition
temperatures. Figure 3 showed an endothermic peak for the x = 0 sample at a temperature of 425
°C. This temperature is consistent with the reported Curie temperature for the ferroelectric-
paraelectric phase transition for binary NKN-LT compositions.10 Atx =0.02, there was a much
broader endotherm, the transition temperature decreased from 425 °C to 403 °C and an
overlapping, much more diffuse peak centered around 385 °C (onset ~ 365 °C), Fig. 3. Atx=
0.04, the DSC profile had similarities to the x = 0.02 sample, but the broader endotherm was
more pronounced and occurred at a lower temperature ~ 360 °C (onset 340 °C) than for the x =
0.02 sample. A decrease in the temperature of the more distinct peak, from 403 °C to 378 °C
also occurred between the two compositions. For the x = 0.06 composition, only the broad
endotherm was observed, centered at 346 °C (onset 328 °C). The DSC plot for x = 0.1 was very
similar to x = (.06, consistent with x = 0.1 lying beyond the limit of solid solution, x ~0.06. DSC
peak temperatures are plotted in Fig. 5. However, the orthorhombic-tetragonal transition
temperature from DSC analysis is difficult to determine exactly above room temperature.

The temperature dependence of the dielectric constant for comparable samples to those

analyzed by DSC is shown in Fig. 4. Dielectric Curie temperatures are also included in Fig. 5
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to compare to DSC peak temperature. The Curie temperature for x = 0 from the dielectric data, ~
422 °C is similar to the DSC peak temperature (425 °C). A low-temperature discontinuity
occurred in the dielectric plot at ~ 55 °C (onset), consistent with transformation of the
orthorhombic NKN-LT to the tetragonal phase. This low-temperature transition is evidence that
the NKN-LT system does not possess a true morphotropic phase boundary. The orthorhombic
to tetragonal transition occurs in NagsKosNbOs3 at ~ 200 °C; the incorporation of LiTaO;

progressively reduces the transition temperature, until it reaches a value of ~ 55 °C at NKN- 5%
LiTaOs.

The dielectric data for the x = 0.02 samples again showed a Curie peak at temperatures
consistent to those inferred from the DSC data. For x = 0.02 the dielectric peak maximum
occurred at ~ 405 °C but with a slight shoulder at 360-350 °C, Fig 4(a). The temperature range
of the low temperature orthorhombic-tetragonal discontinuity for x = 0.02, 55-100 °C was
similar to that of the x = 0 plot. The changes in XRD peak intensity ratios (Fig. 1) indicated that
the LiSbO; solid solutions were composed mainly of a tetragonal phase; the dielectric anomaly
at low-temperatures (Fig. 4(a)) presumably arises from the co-existing orthorhombic phase
transforming to tetragonal phase on heating above 55 °C. The reasons for an additional faint
irregularity at ~ 300 °C in the dielectric plot of x = 0.02 are uncertain (there was no evidence of
a corresponding DSC effect). The x = 0.04 dielectric data showed a reduction in the dielectric
constant peak temperature to ~ 380 °C; the peak was broader than for the x = 0 or x = 0.02
samples. The x = 0.06 sample continued the trend of decreasing Curie temperature and increased
peak broadening; peak temperature was ~ 340 °C similar to the DSC value, 346 °C. The low-
temperature region of the x = 0.06 dielectric plot displayed a weak broad dielectric peak, rather
than a step increment as observed for x = 0.0-0.04 samples. The dielectric data for an x = 0.1
sample were similar to the x = 0.06 plot. The room temperature dielectric constant increased

from ~ 690 in the x = 0 sample to ~1290 in the x = 0.06 - 0.10. Whereas values of maximum
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peak dielectric constant increased from ~ 8,000 in the x = 0 sample to ~10,000 in the x = 0.06 -
0.10 LiSbO; solid solution, Fig. 4(a). The dissipation factor of modified-samples reduced to
~0.05 at temperatures below 200 °C and reached a peak at near the T, after which it increased
rapidly owing to conductive losses, Fig. 4(b).

The trends in dielectric constant as a function of temperature are generally consistent
with a ferroelectric material, and confirm that the DSC endotherms were due to ferroelectric —
paraelectric transitions. For x = 0.02 and 0.04, the combined results suggest there are two
different compositional ranges of solid-solution present in each sample. One of which may be
closely related to the NKN-LT end-member, but with minor LiSbO; modification- giving rise to
the distinct peak toward the higher temperature range of the DSC endotherm in x = 0.02 and
0.04. The second type of phase present in x = 0.02 and 0.04 may have higher levels of Li*/Sb™*
substitution {giving lower Curie temperatures) and represent a more advanced stage of inter-
diffusion reactions. Hence this phase more closely approaches the desired target solid solution
formula, e.g. (Nag.465K0.465510.07)(Nbg 935bg 02 Tag 05)03 for x = 0. 02. For x = 0.06, only the latter
type of phase appears to be present. Compositional variations in each sample may contribute to
the characteristic Curie peak profile above Tec, which was very different from that of a normal
ferroelectric that follows the Curie Weiss law.,

The possible explanation for the phase heterogeneity inferred from the DSC and
dielectric data is that samples have not reached chemical equilibrium after sintering for 2h at
1075 °C. This seems to be particularly true for x = 0.02 and x = 0.04. The somewhat narrower
temperature range of the DSC peak profile for the x = 0.06 sample is consistent with an
improved reactivity during reaction sintering. Liquid formation during reaction sintering is
plausible given the low melting point of the Sb,Os component (380 °C), and the lack of full
powder calcination prior to sintering. The formation of a narrower range of solid solution

compostitons in x = 0.06 relative to 0 < x < (.6 samples, could be due to more liquid phase
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being formed in x = 0.06 samples during sintering. This would increase the rates of mass
transport and inter-diffusion reactions, and hence increase component reactivity.'* However, a
degree of compositional heterogeneity perststs in x = 0.06 samples, as Curie peaks are stilt
relatively broad. Regions in the ceramic sample with slightly different compositions (ratios of
constituent jons) would give rise to variations in Curie temperatures, with the net effect of
producing a diffuse Curie peak.

The similarity in DSC and dielectric data for x = 0.06 and 0.1 samples indicate the limit
of solid solution lies close to the x = 0.06 composition. The XRD data
(Fig. 1) showed little evidence of peak broadening, but a previous study into phase development
during conventional powder calcination of NKN-LT" indicated that d-spacings were insensitive
to small changes in phase composition, and hence no noticeable XRD peak broadening would be
observed.

Although the reaction sintering method adopted avoids powder calcination of lithium
and antimony oxides, some volatilization losses may occur during sintering. Some of the
differences in local composition may arise due to evaporation of volatile antimony and alkali-
metal oxides, in addition to sluggish inter-diffusion reactions. Therefore, the surface may differ
in composition from the interior of the pellet.

Severe phase inhomogeneity in binary NKN-LT ceramics made by conventional
calcination of all powder components prior to sintering has been identified by others using SEM-
EDX.? The inhomogeneity could not be eliminated by prolonged high-temperature annealing.?’
Therefore, problems in attaining compositional uniformity in NKN-LT-LS are not restricted to
the reaction-sintering route employed. The refractory nature of Ta,Os and NbyOs in conjunction
with the volatility of the other oxide components makes this system very challenging in terms of

ceramic fabrication.
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F-Marcos et al’! reported that the formation of a solid solution between (Na,K)NbO;—
LiTa0;-LiSbO; 1s extremely difficult to achieve due to the crystal structural differences
between KNbO3 and NaNbOj3, with perovskite crystal structures, and LiTa0Q; with a hexagonal
pseudo-ilmenite crystal structure. However, several researchers paid attention into solid solution
formation of related compositional series to the one presented here, involving different NKN-
LT binary compositions and extending along the join to LiSbO;; for example (I-
x)[(Ko sNag s}(NbogasTage75)03] — xLiSbOs (0 < x < 0.1) and also (Naps2KoasxLix) (Nby.
ySbyTa,)03 (0 < x < 0.07, 0 < y < 0.16).2'* The results of conventional mixed oxide reactions
for these compositions reveal that Li* and Sb>* diffuse into the parent lattices to form a solid
solution with a perovskite structure?’ but seems to reduce its orthorhombicity because of the
coexistence of orthorhombic and tetragonal phases.”? For this work, it is reporied to be an
orthorhombic phase at x = 0 and tetragonal at x > 0.02. Therefore, coexistence of the
orthorhombic and tetragonal phases is observed at 0 < x < 0.02. Evidence in the alternative
compositional join studied here, also infers co-existence of orthorhombic and tetragonal phases
at toom-temperature. A comprehensive study of the NKN-LT-LS section of the phase diagram
would be required to determine the full extent of the compositional area of solid solution
formation in this region, and to confirm the extent to which tetragonal/orthorhombic phase-

content is due to difficulties in achieving compositional equilibrium.

CONCLUSIONS

Lead-free piezoelectric ceramics prepared by reaction sintering of pre-calcined powders
of NagsKgsNbOs with LiCO;, TayOs and SbyOs, according to the formula, (0.95-
x)Nag 5Kg sNbO3-0.05LiTa03-xLiSbO; displayed a change from orthorhombic to tetragonal
crystal structure and broad Curie peaks inferring that the samples were not chemically

homogeneous. Chemical modification of the end-member 0.95Nay sKq sNbO3-0.05L1Ta0O; by

10
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LiSbO; reduced the Curie temperature from ~ 425 °C to ~ 345 °C for a composition x = 0.06,
which lies close to the estimated limit of the (0.95-x)Nay 5K s8NbO3-0.05LiTa0;-xLiSbO; solid
solution. Microstructures showed secdndary grain growth; a slight decrease in grain-size with
increasing LiSbO; modification was observed. The increment of dielectric properties was
obtained for LiSbOs; modified- samples. The room temperature dielectric constant increased
from ~ 690 in the x = 0 sample to ~1290 in the x = 0.06 — 0.10 LiSbOj3 solid solution. Due to the
good dielectric properties and sintering behavior, the studied ceramics have a potential as a

candidate for the application of lead-free piezoelectric ceramics.
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Figure céptions

Fig. 1 XRD patterns of samples (0.95-x)Nag 5K sNbO3-0.05LiTaO3 — x LiSbO; sintered at
1075 °C for 2 h (* = KsLi4NbjgOsq [18] ; » = LiSbO;[17}).

Fig. 2 SEM micrographs (0.95-x) Nag sKosNbO3-0.05Li1Ta0O; — x LiSbO; samples where X is : a)
0; b) 0.02; ¢) 0.04 and d) 0.10 reaction- sintered at 1075 °C for 2 h.

Fig. 3 DSC results of samples (0.95-x)Nag 5K sNbO3-0.05LiTaC; — x LiSbOs sintered at

1075 °C for 2 h.

Fig. 4 Dielectric constant a) and dissipation factor b} as a function of temperature of samples
(0.95-x) Nay sKo sNbO3-0.05LiTa0; — x LiSbO; reaction-sintered at 1075 °C for 2 h.

Fig. 5 Curie (peak) temperature from DSC analysis and dielectric constant measurement for
samples (0.95-x)Nag sKo sNbO3-0.05LiTa0; — x LiSbO; reaction-sintered at 1075 °C

for 2 h.
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PROPERTIES OF Mn-DOPED 0.95Na 5Ky sNbOs - 0.05LiTaO; LEAD-FREE
CERAMICS

4 ﬂ.’ =
wigan 1ula,’ qaalsy nidns, uaz afmu w il

Pornsuda Bomlai!, Supasarote Muensit® and Steven J. Milne’

'Materials Science Program, and “Department of Physics, Faculty of Science, Prince of Songkla
University, Songkhla 90112 Thailand. E-mail: ppornsuda@yahoo.com

*Institute for Materials Research, University of Leeds, Leeds LS2 9JT, United Kingdom.

w 1 o o w a4 o 3 ¢
unfAage: msnausam laluTewa-unumeadidaiiumadenihaulslumsiunldnaumuanmes Tniua
Tamua (PZT) e ilindifio Tadifina3 nfiduliasaedanaden [1-2) luadded 1dvhmsySudsaeningd
Tuszuy 0.95Na, K, NbO, - 0.05LiTa0, A30msiie MnCO, Us1nm 0.2 - 1.0 §evaz TaoTua wuh maidAy MnCO,
: H W ' el \ W o A L
Wanulauaiivewdn Tasmsnldsusasidmmmuduvesssdisndeiihiediy Femunsoagyldindums
= ' ' a & Y 4 @ way ad
wWasunaaaszniness Isseuiinuazimaszlnuea  sndeyavesmsiduuuuvesiidionduarauiialadian
Asn wuh Yadinvesmsazarvveadavesnside Mnco, ogluza 05 -08 JevaxTasTua mawsouAwis
UFAToveIms Fuiaess mud amunivgagaveasiindlin 4.4 giem” doFunes igunail 1050 - 1075 °C
" ' " » .
wulumsioiaiidedao MaCo, Y51 0.5 0.8 fovaz TauTua Ansii ladidinas nilduiinduein 600 dmsumsh

TifimaAnasielussuy 0.95Na, K, NbO, - 0.05LiTa0, 1w 1050 dwiuasiindniims s udysdrouuamiia

Abstract: Mixed alkali niobate-tantalates are leading candidates as replacements for lead zirconate
titanate, PZT, in the quest to find environmentally benign alternative piezoelectric ceramics [1-2]. In
this study, ceramics in the 0.95NagsKqsNbO; - 0.05LiTaO; system were modified by additions of
MnCO; in the range 0.2 to 1 mol %. Additions of MnCO; changed the crystal chemistry, producing
significant changes in XRD peak intensity ratios which could infer changes in orthorhombic/
tetragonal phase. A solid solution limit of between 0.5 and 0.8 mol % MnCO3 was inferred from XRD
data and dielectric properties. The reaction- sintering method resulted in maximum ceramic densities
of ~ 4.4 g/em® after sintering at at 1050 °C -1075 °C, for compositions with 0.5 or 0.8 mol % MnCO:;.
The dielectric constant increased from 600 for unmodified 0.95Nag sKq sNbO; - 0.05LiTaOs to 1050
for selected Mn-modified ceramics.
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