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Abstract

Project Code : MRG4880117
Project Title : Processing and Properties Evaluation of (Na, K )NbO, -based Lead

Free Piezoelectric Materials

Investigator : Dr. Pornsuda Bomlai
E-mail Address : ppornsuda@yahoo.com !la% pornsuda.b@psu.ac.th
Project Period : 2 years (1 June 2005 — 31 May 2007)

In this research, the processing and properties of (Na,_ K )NbO, -based lead free
piezoelectric materials were studied. This project can be divided into 2 sections which are 1)
preparation and characterization of (Na,_K )NbO, powders and 2) preparation and characterization of
(Na, K )NbO, ceramics with different dopants.

The first part of the project, (Na, K )NbO, powders with x = 0.2, 0.4, 0.5, 0.6 and 0.8 were
prepared at different calcinations temperature and dwell time using conventional mixed oxide method
and characterized by TG-DTA, XRD and SEM techniques. The calcination condition and K,CO,
content (x) were found to have a pronounced effect on the phase formation and powder morphology
of the calcined sodium-potassium niobate powders. An orthorhombic XRD pattern, consistent with
single-phase (Nal_xKx)NbO3, was obtained after calcination at 900 °C for 6 h for x = 0.5 and 2 h for x
= 0.2 and 0.8. Introducing 5 mol % excess Na,CO, and K,CO, to the (Na, K, )NbO, starting mixture
allowed milder calcination conditions to be used, for example 800 °C for 2 h with a large cuboid
shape around 1 pm.

The second part of the project, (Na, K )NbO, ceramics with x =0.2, 0.4, 0.5, 0.6 and 0.8 and
(Na, K, )NbO, ceramics with different dopants such as alkali carbonates — excess (0.00 — 0.05 mole),
LiTaO, (0.00 — 0.10 mole), BaTiO, (0.00 — 0.10 mole) and 0.05LiTaO,-LiSbO, (0.00 — 0.10 mole)
were prepared at different sintering temperature. It was noted that physical properties, phase
formation, microstructure and electrical properties were found to depend significantly on sintering

temperature, K,CO, content (x), type and amount of dopants.

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

formation, Morphology evolution.
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x = 0.6; 2Na,CO, (s) + 3K,CO, (s) + 5Nb,0, (s) 10(Na, K, NbO, (s) + 5CO, (g)  (2.4)

x =0.8; Na,CO, (s) + 4K,CO, (s) + 5Nb,0, (s)  —> 10(Na,,K  NbO, (s) + 5CO, (g)  (2.5)
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thermogravimetric and differential thermal analysis (TG-DTA) ﬁw%’ayja TG-DTA #launls
] a o o 4 :/l 1 1 o '
Uszneumsidenyrgamgldmsuwuaalel iniumisaswavaivazlsznm 5 niunld
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Tudeozgiiuadwdnivluwmaalond  Tasmsulsarguugiivaznanlumsuaaland  Tae
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gaungil 900 °C wugmdunawy 6 waz 10 ¥ ue (Tasurudaimswuna lniianyus
1A Y =~ A S g 2 = o w & Y
wuRedtugl 2.3 Wisaanlasunanin 120 Wi Wy 360 Wi 600 WIH mwdIAY) 1o 1A

'
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d o o Y :/l o 4
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9
dmSuasAI9819 (Na, K, JNbO, (x = 0.5) TdAnuidniwavesmsavasasduilszman
4 1 a a v g/ @
MIVBIUAAIUIAY (Na,COMay K,CO,) Tuilsua 0, 0.01, 0.03 uaz 0.05 Tua Tassasimtingls
k4 v v 9 '
asduana ldawaumsaia 2.3 mimiuiulsna K,Co, 1az Na,Co, 961982 0.01, 0.03
1 a lyl r( 1 o Y = ] = (% [
wag 0.05 Tua wazuilsmgargiunaa ks lugaa 600 — 950 °C Tagl¥I5Msn3 suBAEINUNY
n3diveeesaIoe1ei llinsiAn Na,Co, 1oz K,COo, daunu asiinaiuids
3 ) o ' A s 9 a a 9
nniwmhasaredirmumswaa laniudy  lileaseaeuwgdnssumaiamanie
a o [ A d
mAtln XRD 1azAsIv@euanyaz3li1aasuu1nued01n1naIenaniqans sauoanaso UL

@99N319 (Scanning electron microscopy, SEM) Fe51wazidearznanluiate 2.3
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.
»
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2.2.2 M3A38MBIAN (Na, K )NDO,
Tudunouiiimsitelasmaimeasdiod s a1 x @19 wag (Na, K, )NbO, fiiende
A a 1 A
13190 NUAAE) AD
) ¢ 1 - °

- msaedutlszmnasvoamnyye TudSua 0, 0.01, 0.03 vaz 0.05 Tua lagAiui
INIANDIN AU 2.3

- LiTaO, lutlSunar 0.0, 0.02, 0.05, 0.06 taz 0.10 Tua Tasmsseensalesasiaau (1-y)
(Na, K, JNbO, — yLiTaO, (y = 0.0, 0.02, 0.05, 0.06 L1aZ 0.10)

- BaTiO, Tuil51a1 0.0, 0.02, 0.04, 0.06 uaz 0.10 Tua TaeMsFeansareoaTIdIU (1-2)
(Na, K, JNbO, — zBaTiO, (z= 0.0, 0.02, 0.04, 0.06 11az 0.10)

- LiTa0, 13121 0.05 Twa uag Lisbo, Tui3unal 0.0, 0.02, 0.04, 0.06 taz 0.10 Tua Tag
MIFIEIAIEATIEIU (0.95n)  (Na, K, )NbO, — 0.05LiTaO, — n LiSbO,

(n=0.0, 0.02, 0.04, 0.06 L0z 0.10)

TagMsAsouws NS UNNMINI UK (Na,_K N0, aismsnnanuudiluriade

Ul P a ° I o 9 A A
2.2.1 uazwuna lsingavgi 900 °C lua 2 3 Tua (ea3u (Na, K, JNbO, Ndiy K,CO, 1ag
Na,CO, drunuiium 0.05 Tua naga13d10819N0A 8 LiTa0, Usum 0.05 Tua 1ag LiSbo,

a

a P o I o Qa/l ]
Tuaf5ua 0.0-0.10 Tua szwuaa laninguvgd 800 °C Wunat 2 $21u9) 1miuhens (Na,.
{ 4 o oy o
KONbO, rumsuna laniudqllualdaziBeadiensn  uazgaimin  (Na_K)NbO, uaz
A a 1 A o 9y A 1 vy o = 9 ax A @
M3eriaa1 aundnu lanngasinan B3dmuu dhldveasaunuuilendreisifead
= I o o q ¥ Y Y a 9 S
mamseuraiiuna 24 Fllueswea Mldudaazualiazides waudie Pva Alinnw
c;y v 3 { . 4 [} o Qy ' 4 09/’ °
Wududooaz 3 Tasthminduasdamition (binder) 1otelioaTuLIdN8TY 9 10tTUti 11
o 4 4 [ a { [y Y I 4 Qy {
avugldrenioda lalasaniianuau 2 au unawnu 3 i (3 2.4-2.5) e ldFuaund
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anvazduudunan (disk) hduanulinadesludieezgiivmda 1dnezgliuauaiuas
Qy [ ) o Y 1 { a 0911 4
nauduuuvesFuu awdaslugl 2.6 (Gwsumsdredni@uasasdulszinnmsuoua

A 3 1 a 4 @ 1
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%)

e

(% 1

a 1 4 { a a 1 4 I
Heezgiu  Usingiulewigurgiigaiuasailediunams Inwerioaninmsszmensiiiule
v k4
A 1d limidu S lulaemswuuunavasdtedeatonsezgiiun  udnildnglu

a o a 1 [ o @
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A

2 S o A = . 1 o
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[ Y [ 1
(Na, K )NbO,laz  (Na, K, JNbO, Midedrea1sestaaies  niuiuasiini ladiunile
4 ] § o o 4
as1vdeu Inseadnganindienied SEM uazdiuiitiaeiimndadionszanitees 400, 800
v Y
waz 1200 e ldRmniSeuldszuvuazmasnnurunlszina 1 mm mnduii liasieaey
Y v
awfaneamenw i UsinanhminiigymelUvaum n131aaa (shrinkage) HAZAMUHUILILIY
) [ vAa Qy a 4 o o :J’ ad

(density) drwsvautianma i Fuauasiinidudaudlnzgnididiannia (lectrode) Ao
9 a AAa 3 9 a Y o A a ° 3 =
MIMANIEY AFMITeIuveuwsn ndnh liwmnigargll 625 °C Wunanu 10 Wi

4
AedATIMsVL/aueIgUNgil 5°C Aouil

A [ a o v W Qy ra 4
51 2.5 1n50900 laTasand msusazuau luninus
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51l 2.7 mynadasezgiun luauen i fluiendunes igaungiiaie
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500 60 U
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@ a ] a | o
51 2.8 umudsmsFunes Tugagamvail 1,000 — 1,200 °C iflunaiu 2 ¥ Tuq
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2.3 ﬂ]iﬂﬁ']‘i]ﬁi’)ﬂﬁ1§$§hi’)ﬂ'1ﬁ
2.3.1 msm’maequﬁnsiamNmm%’aummmwam’fwmﬂﬁﬂ Thermogravimetric and
differential thermal analysis (TG-DTA)
a o dy Y o a 9 1 o’A s
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9 a =\ = 09/’ [ dy
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1. dmeansanedn niewsiinfidmumsdarnmiwdl vssyaslundudmsoldanedi
(sample holder) Tagl#rvesensdIod9oglusz iAo N uAUIHILITTYEIA 0619

2. Mmsaes lasragoudaniod XRD Tasldanuadng 30 kv uaznszua lnii 20

Y o o =R

E4 1
mA  uanihmstiuinygy 20 eenulugivedinma@euny  (diffraction  pattern) aAg

¥ o d

ANuFNRUTIEHINMANUT YRS sFonFiuLyL 20

) i o v . s {
3. vy 20 7 1A UIUNIAT d-spacing 9INAUBILDING AWAUNITT 2.6

2dsin® = nA (2.6)
Tagn d Ao MILYZHNITEHINITZUI (d-spacing)
A 1 d‘ [TAR= 4 o o (%
A AD  AIANNEIAAUVRITIAIENT (~ 1.5406 A dwmsuiih
NOWLAY)
A 4
0 A9 YUURIMVINN

o 1 . 1 1 o o~ o
4. 1A d-spacing M3AMN 20 tazAIANMTUYRSITONGN & lhfisuiudeyalundy
¢ g : [ 1 4 a
JCPDS Fuilugrudoyaniasgrunernudoya XRD veed13lsznoua1e moasivaeumsng

wlavesasnlods

Y [ 4 4
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Powdered
sample

7 ~ X-ray
T source

—~/ X-ray detector

51 2.10 3y 26 N1d0NmsasvdeUAIIRIDEIRIBMATIA XRD [35]

[y a da
233 M3asIvFeUFugIMINGAz]AI 31990019 I8NA0IYANI IAUDIANATOUILUADY
1319 (Scanning Electron Microscopy, SEM)
dmsudnpazglin . e msnszaedlveseymanay InseasganInuears 1N
= Y a £ [ [l A [ 4
wsonla gnasivdeulagmailn SEM ¥anannsues SEM lTagde Ao aelunedind (column)
A = 1 o a ad £ o Y A J ad
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qy { ad { a o
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] [ a [ I o I
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lungea FITUADUNMIATINAITAIDI TR
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Y
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Y 4 Y v
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HumanuagoaiINuns099anI 1 lsund@dunaiulssua 30 W1 URINY afIn

windsaniinlivgaeenlinniasdiedn vazenBludeon viiilunar 12 $1Tus ek
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2.3.4 MSASIVADVANVAMINMYMNWUBINSIBI 1NN
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2.3.5.1 auinladtannan
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v 1 [ Y
A = Nunvindaveausnaniv i m)

1 { adg a J
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WeFUMBIA3AIRE N IUITUVY Wi guuginmInFumes N Inaisdledadlesuad
| a A ] ar A Z A a 1 a P 4
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YNNATDAAADINUVNUIYDUNNIUNT  [10, 18] U A NIﬂN’C‘fﬁNLLUULW@i@WﬁlIﬂﬂ

[
I

A A . a = Y =®R I o a a9y 1
SVRISRY L1Ta03 ﬂiiﬂﬂ! 0.02 - 0.06 Tna ﬂgﬂiﬂiﬂfﬁ%iWaﬂlﬂulﬂﬁﬂf]ii‘ﬁiﬂﬂﬂﬂﬂ UNHUNDI LA

Q

< A

A a A a a A =~ 1 Y v o
Wwannsaaselsum 0.1 Tua winamsiasuulasvesiia XRD ’é)EJNLﬁullﬂ‘b'ﬂ UMD

e

o 1 a y 3 [
msdedrunamanlasulaslassadanan lildlumlamass Tnuea [10, 18] wazuon il
1 [ 1 a A [l 9 9y A v A . &~
nuNMeluaIIdeIunAmadUIINAIY  (LTAIAIBINTINNY *) TiuAD K Li,Nb.O,, [42] il
[~ o 4
Tassahaduisauauuseuduuumase 1auea  (tetragonal tungsten bronze structure) IABYE

d? 1 v A a = a dg}
Usingiuedndanuiomuaisaolsuim 0.06 Tua vull
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| I.
o« il y | ‘ 0.10 LiTaO,
et e L S SISO ) RSSO SR | RN LA W i § - AN, P e
3 I
> | | 0.06 LiTaO,
Q
: |
! r i N 0.05 LiTaO,
'”"‘"““"'“""‘“‘""‘““IL*-"——-“»J Ji ""l.._ﬁ.,*.-' Y S S VS ]
||I F |I I ||'L] f 002 L1TaO3
SRS TT - ) JlrJ' ,I’I'\ R »-'IL_ Ao Sa
T T T T | T T T T | T T T T | T T T T | T 1 I 1 | 1 1 T 1 | 1 I T 1 | 1 T I T
bed 40 &0 ]

20 (degrees)

31 3.27 HAN3AATIEHAIY XRD vouxs1in Uzl (1-y)(Na, K, JNbO, — y LiTaO, o

a

a o { a [ 1 { a
Fumps Ngangil 1075 °C sn3uasaIoe19ive LiTao, USuw 0.02 Tua mwumaimqmwﬂu

u

<

1100 °C Huranmnu 2 ¥ 1ue (* = K,Li,Nb,0,,)

3.2.4.2 HAMSATIVTDUAANUHHIUHHUALAIN THAN IV ABS NI UTT U
(1-y)(Na, K, JNbO, —y LiTaO,
defnsanmanumuuuveurslinlusE Uy (1-y)(Na, K, JNbO, — y LiTaO,
(31 3.28) wun ﬁﬂ'mﬂaqLﬁaqmwgﬁﬂmmc’fmmaﬂﬁuﬁuﬁamimummwuumazqﬁm (1075
°C, 1100 °C g 1125 °C) uaWﬂaué’fmme“aﬁm (1125 °C, 1150 °C) Lm%ﬁaﬁmimﬁamwgﬁ
Aerfumuimamnmiuda i deusinames LiTaO, WAy Ssamnsoosunelddad
_ seduifiauaniie LiTaO, 1512 0.02 Twa Iamanuvumiugaga 4.037 +
0.020 g/em’ figaivigil 1100°C
- et nfiuasie LiTaO, 133121 0.05, 0.06 uaz 0.1 Tua Heanurumiy

a

g0 4.344 +0.019 g/lem’, 4.381 £0.012 g/em’ 1AE 4.467 + 0.002 glem’ MUAAY NYUNYT 1075

U

°C
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A = = @ a a = 1A . A a s
uazienlFoueunuwsilin (Na, K, JNbO, D3gns (liay LiTa0,) ie%umasn
gauradl 1100 °C FIUAMAMMAUIMUY 4,205 = 0.068 g/lem’ WU MIAN LiTa0, lutl5una 0.05

dg} 1 9 dyd 1 ] Q' d?
Twa Yu'ld szaswalians luszuuiiaanurunuuumuay

4.6 T
r —e—0.02(N)
C o, —2— 0.06(N)
C —>—0.1(N)
42 + é —x—0.02(Y)
—~ . ---©---0.05(Y)
g 4 + AR ---a---0.06(Y)
= : - .:\A ---o----0.10 (Y)
2387 $
IP:
A~ ¢
34§
32+
3 - 1 1 1 1 I 1 1 1 1 I 1 1 1 1 II 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1050 1075 1100 1125 1150 1175 1200

Sintering temperature (°C)

1 ] a 4 a P a
31 3.28 AANUHUIUUYR AN (1-y)(Na, K, INDO,- yLiTaO, HHIFUIN0TNgarinla1e
J o A s A a o Y
Aunany 2 979 (N = INFUADTHDUINUUMIBEQNW, Y = IWFUN0THULINAUAIY
ANRELINTR)

9 (% 1

E4 ' 4 ]
A5 uMMInamIveeens Uzl (M3 3.8) WU TANNLTUII MY ITU-

s A d?’ us/‘ dy A A a d? @ 1 A A A 1w dg’ 1 ]
INDIINUUU mummmmﬂqm‘m{]mz;fwumgmﬂmm’mm3@fmmaaummwammﬂumﬂmmm"laJ

Y
v [ J 4 =<

doAnapINUAANNUILILR lAna1INLd7 1N NgungiiTunes galu A15A1081nANS

9 E4 1] 3 E4
gaderhminuniudisaiildsinnuruuiuanas tazilo@y LiTao, UsSunauiudiu wun
1 v A Y A ] A A P Aa A % o 9 9 [ o
MMsraaum Indifesny DB UIADINYUHUIAYINY ‘VIﬂ‘ViﬁﬁJﬁﬂﬁzﬂllﬂ’ﬂﬂWﬂﬁﬁﬂﬁ’J"’UEN

Y Y
(K an J 1 a
‘i$‘U‘Uﬁﬁuﬂﬂﬂﬂ@mﬂﬂi]%utﬁ@iuWﬂﬂ’NﬂiiJ111!5116\1 LiTaO,

u Q U
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1 S I 4 I @ (] A Ay . a
M1319 3.8 MY U/oSIFUAMIHIAGIVDIEIAIDE1N (Na, K, INDO, 11813928 LiTaO, lutlsum

1 a s a 1Y
AN uawumaiﬁqmmmnq nU

u

Ysina LiTao, (Tua) | gamgiiduwaes (°C) MIHAND (%)
1100 19.89 £0.92
0.02 1125 21.07 £0.62
1150 21.85+0.77
1075 21.28 £0.30
1100 19.45 +£0.34

0.05
1125 21.73 +£0.77
1150 24.35+0.75
1075 22.18+0.76
1100 19.86 £0.26

0.06
1125 22.21+£0.33
1150 27.01 £0.86
1075 2224 +1.09
1100 20.51 £0.54

0.10
1125 21.14 +£0.28
1150 2721 +0.57

3.2.4.3 HaM3A159a0U1A33031990MAVDUFNNIUIZVD (1-y)(Na, K, JNDO,-
y LiTaO,

vinnmeie SEM lugyl 3290 vewwsfinluszuy (Na, K, JNbO- LiTaO, tiloifiu
ol 0.05 naz 0.1 Twa TasrnFumesiuuneuumesgiu figuvigil 1075 °C wuh
U nvesnanTasd i Ingidnsazduginssdmdouazinsuvesmsieiefinuazidums
Tait litlnd (secondary recrystallisation) udieAuenIdelsinar 0.1 Twa davazueunIud
i Wasiasenniy uaashasdediiay LiTaO, Ysinannniiuezdwalifinsuaiiuaue
1AL uamﬂuwa”lﬁ’cﬁuqmmﬁwﬁﬂﬁmmwmuﬂuqm’h wazFusindaued s ann
Fudho Tasvnansuili 1 -10 um 1ag 1-4 um dwmsuasdmedniidudumstolsng 0.05

uaz 0.1 Twa awday (31U 329 (nN)-(v)  sazlonfSeumeuduainnimais SEM 31 3.29 (a)
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a ~ (= A <3 1 . =\ =
YOUTTIMN (Na, K, JNbO, N Wiliesive sgmiuias (Na, K, JNbO,- LiTaO, Juuiansumae
< ' @ :1‘ 1 a 1 @ 1 a 4
1NN (Na, K, JNbO, aariuamsaagyl 1ai1nmsidu LiTao, dawaldansdiednamnsogunos

v a2 ~ 44 3 A4 X 3
‘lﬂﬂqmﬁﬂumamazumiuwﬁmmuanmﬁuuma LiTaO, lNNUY

u

51 3.29 7o SEM veuwsiinluszuy (Na, K, JNbO,- LiTaO, ioidua1siiolsum

1) 0.05 Tua v) 0.1 Tua wFumosuuDNUURIeZgluINguHgil 1075°C

]
=

a 4 a 4 a a
uaz A1) 15100 (Na, K, )NbO,HBIFUADS HUDINUURID I MNguMal 1100 °C

K]
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3.2.4.4 wamsayaevantamlihveswsiiinluszuy (1-y)(Na, K, JNbO,- y LiTaO,

() [ =2

EZ
dmsumsanmantiane ifhvessuauasilin (1-y)(Na, K, JNbO,- y LiTaO, 92

a

Q91 ] ' f N Qy a S o
@onFunutivuudugegavonnal y miloulvaz 2 Fu feo wFumesngmuvgil 1100 °C

U

dm5uasaIeg1ale y = 0.00 - 0.02 aggungil 1075 °C dmSua1sdI0819ie y = 0.05 - 0.10

A o ad Y o =2 va Y dy
!N@N'luﬂ'lﬁﬂ'l@mﬂiﬂiﬂlmﬂ] mmﬁﬂmﬁnummﬂv\l% ANU

3.2.4.4.1 MAan ladianasn
A A 1 ~ adg a . . J a
iensanmnd ladianasn (dielectric constant, €) tazuvlnaesmsgydelugl

A
Y0NS OU (dissipation factor, tan 8) YOIA15AIBEN Aanaaalugil 3.30 Wy e e, 1Az tan S
Y

= d? "o o 1 1 I 1 Y A & oA ya A )
naduegnudadium y iuediaunn Tag y = 0.02 1da1 €, qaga Ao 1241 demi atiiserirli

=) = @ av A 1 1 1 A A a 1 :JJ
!ﬂiﬂ‘ﬂmﬂﬂﬂﬂﬂujﬁ]ﬂ@uﬂ [10] WuN HAGINI tazieusuu y Tu%9 0.04 - 0.10 1
Y 9

o A

1 1 Ay Y o o o ' aa A2 4 o &
WU A &g, ﬂhlﬂllﬂ'lﬁﬂﬁ\ﬁ]uﬂigw‘l y = 0.06 Mad91nUU € UANNNVHINATINUI NU
zﬂ' = 9 d‘ c; 1 [ 1 4‘ = (% 1 d‘
!‘Llf]\uﬂfl]"lﬂfnﬁMTﬂiQﬁiNﬂqafnﬂ‘ﬂﬁiJ']LﬁiJ@lﬂﬂﬂ'NﬁTi@'J’OEJN’E)L!G] uaﬂummﬂu fltan O 1D y

ISA 0 ~ Y A c?/l dy A o [ = 9y Ao
= 0.02 nUMEINGANIY A 1.325 ﬂﬂutu@ﬁﬂTﬂﬁWi@ﬂ@‘c’JNNﬂ'lﬁﬂ"lWﬂTUWWleV‘lﬁWﬂﬂTﬁﬁ tae
dyd 1 a . = 1 =S o Y = d? 1 =) =
UBDNINUNITIYIIUNNTIAN Li LWEN’E)fJNLﬂfJ'Jﬂ%“VHGlﬁﬂ"I tan O AU Llﬁiuﬂlﬂ!mﬂﬂ?ﬂuu

518911 Ta 32¥0a9 tan & 1 HAA19 & [18]

3.2.4.4.2md,,

a a

Wasaed1ulownNgungil 1100 °C SMSUMIAI08194D y = 0.02 Lazguugil

a a

Y

1125 °C dmsuamsalee1ailo y = 0.05 -0.10 11301 d,, HAIINARIUNTZUIUMS Inadndd

S v

WM M d, veuwsiinimionla Ialndinesiulunnaisaiedis auaasluaise 3.9 Taslia

IS

1 1 1 1< 1 { o [ 4 ~ o awv
aglua9 71-87 pCN g1 lsnawen d,, Nialdddisnieaiiomounuanuideluszun NKN-LT

Y 4
a %

Bu FallA1 200-300 pC/N [10, 16, 18] NetivrvtilosInInmANNU LU ligain dewald

A

Y v
M3 Inaauine 19 la Tna Tumudnmeluiiea s sadaunavesauun i de liane 39117 1% an



Dielectric constant

1400 T 2
- —e— dielectric constant | 18
1200 | ---o--- dissipation factor |
: é* 1.6
1000 | 114
1 1
800 | 112
i 1
600 | {os
400 | 1 0.6
i b 104
200 1 e — {02
0+ | | | | ML 10
0 0.02 0.04 0.06 0.08 0.1 0.12

LiTaO3 content (mole)

Dissipation factor
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1 A ad a J 2 a
51 3.30 snsh ladianasnuazunmes msgardelugdanuiouveussiiin(i-y)(Na, K, JNbO,

a

-y LiTaO, tioduaosngamail 1100 -1125 °C

U

M13193.9 A1 d, VouwI N lussvy (1-y)(Na, K, JNbO;- y LiTaO,

Y3110 LiTa0,, y (15a)

A d,, (pC/N)

0.00
0.02
0.05
0.06

0.10

87
82
80
84
71
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3.2.5 HaMSANB UL NN USZVY (1-2)(Na, K, JNDO, — z BaTiO,
§y A 4 Y 1 { v a a
iWeduaesa1sA108191usTUY (Na, K, JNbO, M39A0 BaTiO, WU gaInginsmFu-
sa o Y o ' J v a o | ar A X 4 A .
woesnihIvamsdediaesudaniusndnuazimanunuuiugealiaunuau iWeody BaTio, Tu
a d‘ A d? o 1Y ] Qd‘ Y a d A o o 4! d‘ 9
Ysnaimindn dwisuyguuginldlumsmnduees fe 1125 °C - 1175 °C Fuileld

2
(% 1 a Y o wAa 1 [ 1
MsdIvtuT NNl 3 eI deUaNIAa1eY feseazideane liil

3.2.5.1 wanInsaaUNgAnssuMsnaave w1l UIZUY (1-2)(Na, K, JNDO, -
z BaTiO,
wennsangAnssumsnamaasinluseun(i-2)(Na, K, JNbO,- zBaTiO, ugil
1 csy v A L= ~ 1 a a A
331 wuNgluuuma@enuuvesidmenFu I UNuANA199In 510N (Na, K, JNbO, 13D
k) A o A A dy = 9 =® a a A [
AMea1590A10U 9 Ao JUuuuMsReNUUTanYuzve InTsasHanuUUAILn [12] ieean T
= A A £ o A @ 9 = o
UMIuenVoINANYY 45 -47 3en FUTUYUNUTAITNHULIANIZV0I IATIATNNANIUDOOT 15-
a A d! nd' o = |~ = v a v 1
soudinviomase Inuea Fuilew lihnIouSeufounuauiteves Guo tazame [12] WU
dy Ay Y 1 v =) 09: A S 19 1
sUnuumsdenuun latinnuuana 19 fio 9I105189UYB Guo tazAM 1 11D 2z iAiosnd
A [ o 1 I Y =< 4 a =& =\ 9 =<
N3N 0.04 @15AI08NGWaAIIATIATNHANIDUDDS 35oNlin FIn13l TATIas WNANIDL
a Aa o o Y 1 ao dy 1 4 = [ J % 1
Andmsuasateonaluanudted madulesnnmMsinIurA@Ind 1 um (FI920a17
aolluiade  3253)  wazluvmz@enduldinamlavesasoullziuegdie  (ansdie
A [ <3 9Y o a sY a dyd' a a 42’
n3enane *) Tagvzdunamuladanunnmsimiziaiamaiaiiwo@uilsua 0.06 Tua du
S A o 1 dy v Y J
11 Taeiian d-spacing Uszanm 3.23 uaz 2.47 Werhaii liasrvaeudlegiudoya JCPDS A1A
1 [ . a g . .q’,' yw ]
unziluvlaues Ba, , Ti,0,, [43] visomnailumlaves Ba, , Ti0,, [44] uanstids luamnsasey1d

penFanuInumala
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|
[
R | 0.10 BaTiO,
,;.\ ot Mottt e "‘--—-—-—!'\-Luq.—f e _.“_u-r‘q'x_ I, N T N
)
z |
E ||
g i / A A 0.06 BaTiO,
s SRS | S AN, A i i ~
i | :
| | A A ) 0.04 BaTiO,
e S N o N WA | J J AN P I ——
f |
'| | I " 1 0.02 BaTiO,
Wm""'l ' 1, SO ) _r'h' S A\ D -
T T T Izl3 T T T | T T T Iélcll T T T | T 1 T Iell:ll I T I | 1 I T |9|: I T T I
20 (degrees)

51 331 wamsATILHAI XRD vouws1iinluszuy (1-2)(Na, K, JNbO,- z BaTiO, 1otk
a o a 1 a o [ 1 . a
FuAoILUUNAUR 8RN0z g (Mgangil 1150 °C dmsuesiide BaTio, Ysum 0.02 Tua

uag 1175 °C dmfuasiie BaTio, Usua 0.04-0.1 Tua ifunainu 2 #11u

3.2.5.2 HANIATIVADVMANNHINUUHUAZAINTHARIVDAB NN TV
(1-z)(Na, K, JNbO,- z BaTiO,
HONTUIAIANURUILUUYDIAT IUSZUD (1-2)(Na, K, JNbO,- z BaTiO, IpIH1d
ganiil 1125, 1150 1ag 1175 °C uuuNauaIeRsozgiiu (31 3.32) Wui AANuHUILLUYDS
dy A1 A d? A a . a a s aa J
FTUUTHILUANNIY WorAl BaTio, Tuiluas 0.02 - 0.06 Tua HaznFumes NguuNFun0s
L £ A A . a = 1 = = a o =
Ay Tagio@y BaTio, U5war 0.02 Twa aslianunuuiuganganguugi 1150 °C Tagil
ANUARUUUY T2 4.695 + 0.013 g/em’ uaz TUnTANAN BaTio, Y3u1m 0.04 , 0.06 1az 0.10
] A d?} a a S A dy = 9 ] A
Tua ANUHUIMUUISNNZIVUMNUNYUMIENFUADI IV FavglHanununiugngs
d’ a o d‘ Y 1 d' (% dyd
Nguugil 1175 °C Tagh x = 0.04 , 0.06 1Az 0.10 3 IHAMANUHUWUUGINTAAIUAD 4.464 +
0.021, 4462 + 0.026 WAy 4.148 + 0.046 g/lem’ MWARY waziefSeuReunusun

PRl

a a 1 1 § a S a 1
(Na, K, JNbO, Usgninuamanunuiugegaillodumoingugld 1100 °C  Taglininim



Density (g/cms)
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WUWUY 4.205 = 0.068 g/em’ M lWamnsaagl a1 msidn BaTio, 5w 0.02 - 0.06 Twa ag'lil
v Y v
Tuszuy vzdamalimsaredlimanumuudumuiu dmsumsareduiiaudsvolsnm
1 1 09; Y A a { o ] 1 o 1
0.10 Twa HaManuruivaaas Mtiiounnnmsfamsunuinued1a luauysaiszyin Ba

1Az Na 30 K Ndwnua A luuaans

5.00 T
450 +
4.00 +
3.50 4
3.00 4
2,50 4
2.00 +
1.50 1
: ——0.02BT
1.00 | —0-0.04BT
f ——0.06BT
0.50 1 —>—0.10BT
0.00 + : —_— : :
1120 1130 1140 1150 1160 1170 1180

Sintering temperature ("C)

51 3.32 Anuruuduve s ilinluszuy (1-2)(Na, K, JNbO,-z BaTiO, 1ot Fuiaes

a a < o
LL‘U‘UﬂaUﬁﬁﬂWﬂﬂ%gNuWﬁqmﬂ{]MﬁNﬂ Wunaiuu 2 ¥ Tug

Y
fvsummaradvesmsdltoonaluszuuil aaaaaluasng 3.10 wunauua Tty

A dgl A aa s A dg} 1 = Y A a . a A a
PNUUVUINOYUN YU B UIADTINNUY uavz v Iuanauiolsuna BaTiO, HassuInoIngmriy

Rl

a

= o = @ ] A a s °
PeIny Taelingegayszana 22.2% luesaledaile z = 0.06 LazFUABTNOMTIDH 1175 °C

U Q Q U

' '
A a

d! A | = v 1 ) dy 1T Aaa =S QJ 1 a
FUNToUNeUAUMANUHUWUUYDITLUV W‘]J’J”IiJVIﬁTanITJ‘V]”I\‘ILﬂEJ’JﬂH UALUBDINURUNNY

q Y

a ’q ¥ d? = ° 1 Y [l a
mumaﬂwqwuﬂﬂ (1200 °C) ‘]Jﬁ?ﬂg?]"lﬁ"l'i@]?lﬂlelﬂﬂﬂTiWaﬂll
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' - o o 1 A Ay .
M3 3.10 ﬂT‘UfJ\TL‘]JfJ'iL"]SuﬂﬂWiWﬂﬁ’JsUfNﬁTiﬁ’J’OEJN (Nao_sKo_s)Nbos LUBDIIDAIY BaTlO3 Glu

a 1 a s
ﬂ‘iﬂJWﬂ!@]N‘] LLﬁ%Gﬁuma‘iﬁQﬂ!ﬁ

U

NN AU

Usina Batio, (Twa) | gavgiiduaes (°C) MINAAI (%)
1125 21.60 +0.07

0.02 1150 23.18 £0.11
1175 22.02 +0.57

1125 14.77 +£0.14

0.04 1150 16.75 +0.04
1175 20.41 +0.33

1125 15.41£0.17

0.06 1150 19.37£0.08
1175 22.21+0.33

1125 13.19 £ 0.08

0.10 1150 17.17 £0.78
1175 20.92 £0.72

3.2.5.3 #anIN3I9a0UINIITI199aMAVe BN UsZVY (1-2)(Na, K, JNDO,-

z BaTiO,

1INM3asae Inseadganinveussinuszuy (1-2)(Na, K, JNbO, — z BaTiO,

1 A9 . = o Y @ 1 I~ A = ~ @
WU N5LBAIY BaTiO, Tramldvnansuvesansaledniiaanas (LiJi’]L“].]'iEJ”LImEJ‘Uﬂ‘]Jg‘]J 3.25

[ Y
(M) n39019na12 1871 BaTio, Mauas luiinai ¥inamsdudenis Tnuewunsu uan1siAy BaTio,

v 9 v
TuilSinaiuanaanuluge 0.0 - 0.10 Tua lifivh 19 Tassadegamavesszuviinldouwlag

TAgULNIANTUUBINNAITAIDINNADE TSI 0.2 - 0.4 pm Aueaaalugl) 3.33
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Tum x10,000

o

PsSU 1667

v
=1

Y ]
51 3.33 Mo SEM voauaiussiiinluszuy (1-2) (Na, K, JNbO,- z BaTiO, 1ot 13 uiaesn

QNI 1175 °C Wunannu 2 17w n) 2=0.04 v) z=0.06 1ag A) z=0.10

3.2.5.4 wamsasaevaniamliihve swsfinluszuy (1-2)(Na, K, JNbO,-

2 BaTioO,

9 [ =

Y
dwmsumsananians iihvessuauasilin (1-2)(Na, K, JNbO,- z BaTiO,

= Qy A ] ' A Qy an S A
SRDNFUNUNNAIANUHUUUUTIFAVDINNAT X mm’ﬂuul‘uaz 2 ¥U Tﬂﬂqmwawﬁumaima@ﬂ

[ 1

d M5 uAazA19819 Ao gural 1150 °C dIMSUA13AI0819H0 2= 0.02 tazgungll 1175 °C

) o o [ A A ] o A a Y ) = A
AUITUF1TAIDYNNLND z=0.04 — 0.10 LM@WWUﬂ']iVI']ﬂmﬂIVIﬁﬂLLa'J 'Iﬂil']ﬁﬂ‘kﬂﬁﬂ‘ﬂ@ﬁ’l'l\‘l%/\'ﬂ'l

€

=T

N

3.2.5.4.1 MAan ladtanasn
A A 1 ~ ad a . . o =
ionsanmnd ladianasn (dielectric constant, €) nazuvlnaesmsguydelugl

9
Y0IAW3 0 (dissipation factor, tan 8) Y09eIAI0619 Aandaslugy 3.34 wud Ne g, wag tan &
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A d? (Y [ 1 1 I 1 1 A d? o £ Y A
HANVUDYNUTAATIUAT z Wueaaun Tasa €, WINHVUNIEMI z = 0.06 CRATR €. qgn A
Y
A o

d! U d' yA =1 = [ a o d' U 1 ] = 1Y 1Y
1293 «mﬂm"l,ﬂumau lJl‘]JL‘]JifJ‘].IL‘]/]EJTJ'ﬂ‘]N"I‘L!’Jﬁ]EJE’J‘L!"’] NWUN @giummammmmmm Guo lag

1 9
Az [12] HANAIZINTIIUYDI Ann 1Az Schulze WNTINAGIgaLlszIn 540 [45] HA9INTUAM

U U

2 ) ' 4 4 E ) ]
HozanauilolSua z MuAY (z = 0.10) NITToININNMITWadY (BaTiO) $IuA18 Hazlia
ANUHUIUUNAINIIENTAI0819UD 2 = 0.02 - 0.06
4 ] v H
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Effect of Calcination Conditions and Excess Alkali Carbonate on the
Phase Formation and Particle Morphology of Nay 5Ko sNbO3; Powders
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Sodium-potassium niobate [Nagy 5K, sNbOs] powders were pre-
pared following the conventional mixed oxide method. An
orthorhombic XRD pattern, consistent with single-phase
Nag 5K sNbO3, was obtained after calcination at 900°C for 6
h. Introducing 5 mol% excess Na,COj3 and K,COj into the
starting mixture allowed milder calcination conditions to be
used, for example 800°C for 2 h. Primary particles in 5 mol%
excess samples were cuboid, with maximum sizes of ~2.5 pm.
Equiaxed 0.3—0.4-pm particles were formed for non-excess pow-
ders, and also for powders prepared with 1 and 3 mol% excess
alkali carbonates. The results suggest liquid formation during
calcination of the excess 5-mol% starting powders.

I. Introduction

LEAD oxide-based ferroelectrics such as lead zirconate titanate
[Pb(Zr,Ti)O3 or PZT] are widely used for piezoelectric ac-
tuators, sensors, and transducers due to their excellent piezo-
electric properties.' 2 Because of the detrimental effects of Pb on
human health, it is important that Pb-free ferroelectric and
piezoelectric materials are developed. The new environmentally
acceptable and biocompatible materials should exhibit electrical
properties comparable to those of Pb-based ferroelectrics, which
have been developed over several decades.

Sodium—potassium niobate, [Na;_,K,NbO; or NKN],
-based ceramics are one of the most promising alternative sys-
tems to PZT."* The NKN solid solution system, between fer-
roelectric KNbO5 and antiferroelectric NaNbO;, forms several
morphotropic phase boundaries (MPB), one of which exists be-
tween two orthorhombic phases near the composition
x=0.5."4" Although the piezoelectric properties of NKN solid
solutions improve close to this MPB, they are still substantially
inferior to PZT. However, it has been shown by Saito et al.% that
Li and Ta ion substitution of the base Naj sKq sNbO3; compos-
ition, together with <001 > grain orientation, results in piezo-
electric ds3 charge coefficients of ~400 pC/N. These values are
very competitive with PZT. For randomly oriented
(Ko.sNag s);—<Li(Nb,_,Ta,)O3 ceramics, ds3 coefficients are
~200-300 pC/N.%7 Guo et al.* have studied the more simple
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binary Nag sK(sNbO;—LiTaO3 system, and for compositions
at an MPB between tetragonal and orthorhombic phases, ds;3
values of ~200 pC/N have been reported for conventional, non-
oriented, ceramic samples.

Specialist fabrication routes, including hot pressing and
spark-plasma sintering, have been investigated in order to over-
come the difficulties that have been encountered in fabricating
high-density NKN-based ceramics.>®® However, there are also
reports that high-density alkali niobate ceramics may be ob-
tained by normal sintering methods, particularly if high-energy
powder milling is used.” > Whichever densification method is
used, the most cost-effective means of producing a starting pow-
der is by a mixed-oxide solid-state reaction route. For
Nay 5K sNbOs-based compositions, this normally involves cal-
cination at > 800°C for prolonged periods.'*> However, rela-
tively little is known about the sequence of phase development,
or particle formation, during powder calcination, even for the
basic Nag sK( sNbO3; composition. The Nb,Os starting compo-
nent is relatively refractory, with a melting point of 1520°C,
whereas Na,CO; and K,CO; have much lower melting points,
851° and 891°C, respectively.'® The alkali components therefore
become volatile at moderate calcination temperatures, and this
combination of properties in the starting reagents makes it
potentially difficult to prepare chemically homogeneous,
single-phase alkali niobate powders by the mixed-oxide route.
Variability between starting powders may in part be responsible
for some of the reported discrepancies in the densification char-
acteristics of NKN-based ceramics.

The present communication investigates phase development
in Nag 5Ky sNbO; powders as a function of calcination condi-
tions. The effects of introducing excess alkali carbonates into the
starting mixture, in order to compensate for probable alkali ox-
ide losses during calcination, are considered. Particle size and
morphology are also evaluated for different calcination tem-
peratures and dwell times.

IL

Samples were prepared by the conventional mixed-oxide process
using K,COs; (Sigma-Aldrich, St. Louis, MO, > 99.0% purity),
Na,CO;, and Nb,Os (Sigma-Aldrich, 99.9+% purity), for
which SEM micrographs are shown in Fig. 1. The two carbon-
ate powders are moisture sensitive; thermogravimetric analysis
indicates that dehydration is completed at ~200°C, and there-
fore to avoid compositional errors when weighing out the
Nay sKo.sNbO3 precursor mixture, the starting reagents were
dried in an oven for 24 h before use. Dried powders were

Experimental Procedure
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Fig.1. Scanning electron microscopy micrographs of the starting pow-
ders: (a) Nb,yOs, (b) Na,COs, (¢) K,COs. The carbonates are hydrated
phases.

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 proportions. The
starting materials, 30 g, were transferred to a 100-mm diameter
cylindrical plastic jar and partially filled with 10-mm diameter
alumina grinding balls occupying ~40% of the total volume of
the container. Sufficient ethanol was added to cover the powder/
media and bring the final volume to ~50% of the jar. Ball
milling was carried out for 24 h, followed by drying at 120°C for
24 h, before grinding with an alumina mortar and pestle. The
mixtures were calcined in alumina crucibles, with loosely fitting
lids, at temperatures ranging from 600° to 950°C, with dwell
times of 2, 6, and 10 h. Powders containing excess Na,CO3; and
K,COs, at levels of 1, 3, and 5 mol% were prepared using sim-
ilar procedures. This type of approach is often used for PZT
powders by adding excess PbO to compensate for the volatility
of PbO. In the present work, powder samples were made with an
equimolar ratio of Na,CO3; and K,COs.

Calcined powders were examined at room temperature using
X-ray powder diffraction (XRD; Philips X’ Pert MPD, Eindho-
ven, the Netherlands; Ni-filtered CuK radiation) to identify the
phase(s) formed. Powders were imaged directly, using scanning
electron microscopy (SEM; JEOL, Tokyo, Japan, JSM-
5800LV) in order to gain information on the particle size and
morphology for the various calcination conditions, and starting
alkali carbonate contents. For ceramic fabrication, powders cal-
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cined at 900°C for 2 h, or in the case of the 5 mol% excess
powder 800°C for 2 h, were pressed at 100 MPa into 1.5-cm
diameter disks and sintered in air at 1140°C for 2 h in closed
crucibles. Sintered pellet densities were obtained by measuring
their dimensions and mass.

III. Results and Discussion

The XRD patterns of batches of powder, prepared from stoi-
chiometric starting mixtures, calcined at different temperatures
in the range 600°-950°C for 2 h are shown in Fig. 2(a). Broad
peaks near the expected positions of the desired sodium potas-
sium niobate phase were present in the sample calcined at 600°C
for 2 h.>!'*13> However, closely spaced peaks characteristic of the
orthorhombic Naj 5K sNbO3 pattern 1415 could not be distin-
guished until much higher calcination temperatures, 900° and
950°C. In samples calcined at temperatures <900°C for 2 h, a
low-intensity extra peak (//Iy ~4%) was present at 28.4°26,
Fig. 2(b), which is attributed to unreacted Nb,Os, the major
component of the starting mixture.'® There was no conclusive
evidence of any intermediate binary alkali niobates at these
temperatures.

Overall, these observations suggest that the majority of the
starting K,CO;, Na,CO;, and Nb,Os had reacted to form so-
dium potassium niobate at relatively low calcination tempera-
tures. However, broadening of the XRD peaks, and the
progressive peak sharpening as the calcination temperature
was increased, suggest that the product at 600°-850°C was not
a chemically homogeneous solid solution phase. Any spatial
variations in the Na and K ratios due to imperfect mixing and
incomplete reaction would produce a series of NKN solid solu-
tion compositions with differing values of x, in different regions
of the sample. Because of the small shifts in d spacings with
changing composition reported for intermediate values of x,*!°
an overlap of XRD peaks from compositionally inhomogeneous
regions would occur, and result in single broad peaks, as shown
in Fig. 2 for temperatures <850°C. As calcination temperatures
increase to 900° and 950°C, the NKN solid solution becomes
more homogeneous, XRD peaks become narrower, and a pat-
tern similar to that expected for orthorhombic Naj 5K sNbOs is
produced, in which closely spaced peaks such as the 101 and 001
peaks at ~22°20 can be resolved.

The effect of increasing the dwell time from 2 to 6 and 10 h
was investigated for powders calcined at 900°C. The peak indi-
cating unreacted Nb,Os disappeared when the calcination per-
iod was increased to 6 h, but no other changes were observed in
either the 6- or 10-h samples.

An excess of 5 mol% Na,CO; and K,COj3 was found to have
a significant effect on phase development. Peak splitting show-
ing well-crystallized NKN became apparent after calcination at
800°C, as opposed to 900°C for the other powders (Fig. 3). In
addition, evidence of unreacted starting material disappeared at
a calcination temperature of 700°C, which is 200°C lower than
for standard, non-excess powders. Reducing the level of additive
to 3 mol% produced XRD patterns similar to those of the non-
excess powders, but the calcination period at 900°C required to
eliminate second phase Nb,Os was reduced from 6 to 2 h
(Fig. 4). Estimated lattice parameters were a=5.59 A,
b=15.73 A, and ¢ = 5.67 A for all sample t;/pes; these are sim-
ilar to the values reported in the literature.’

The dependence of particle size and morphology on calcina-
tion temperature, dwell time, and the level of excess alkali
carbonate is shown in Fig. 5; particle size ranges observed in
SEM images are summarized in Table I. For standard, non-
excess powders, calcination at 700°C for 2 h resulted in equiaxed
particles, with estimated maximum primary particle sizes of
~0.15 pm. The maximum size increased to ~0.2 um at 800°C
and to ~0.3 um at 900°C (Fig. 5). Increasing the dwell time at
900°C from 2 to 10 h resulted in maximum sizes of ~0.4 um.

Particle properties of 1 and 3 mol% powders were similar to
the non-excess powders. However, the samples made with
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patterns of NKN powders calcined at various temperatures for 2 h (¥,Nb,Os).'®

5-mol% excess alkali carbonate showed a major difference in
particle morphology and size (Figs. 5(d)—(f)). Between 700° and
800°C, the shape changed from approximately equiaxed to cu-
boid, and the maximum particle size increased to ~1 pm
(Fig. 5(d) and (e)). Increasing the calcination temperature to
900°C resulted in particles up to ~2.5 um in edge length
(Fig. 5(f)). Intergrowth of the cuboid particles was evident, par-

ticularly at the highest calcination temperature, resulting in ag-
glomerates with strong interparticle necking (Fig. 5(f)).

The characteristic cuboid particle morphology in the 5 mol%
excess alkali powders indicates that the additive leads to a very
different Nag 5K sINbO; particle formation mechanism. The in-
creased size and the cuboid shape of the particles are indicative
of secondary crystallization (exaggerated particle growth). In
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Fig.3. X-ray diffraction patterns of Na;_ K. NbO; powders with 5 mol% excess of K,CO; and Na,COj calcined at various temperatures for 2 h.
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Fig.4. X-ray diffraction patterns of Na; K. NbO; powders with various amounts of K,CO; and Na,COj; excess calcined at 900°C for 2 h. (¥, Nb,Os
peak, which appears only in the non-excess sample under these conditions (see inset diagram).

this type of particle growth process, large particles grow by
consuming small particles; evidence of this was found in par-
tially formed cuboid particles in the 800°C sample. The regular
particle morphology results from the preferential growth of low
surface energy planes. A liquid phase is often associated with the
related mechanism of secondary crystallization during high-tem-
perature sintering of perovskite ceramics, leading to large an-
gular grains. The present results for particle growth during the
calcination of NagsKqsNbO; powders infer the presence of a
particle-liquid interface in the 5-mol% excess carbonate samples
at > 800°C, and this was responsible for the change in the par-
ticle growth mechanism.

A published detailed phase diagram of the ternary Na,CO;—
K,CO3-Nb,Os system is not available to help interpret the re-
lationships between phase content, particle properties, and start-
ing alkali carbonate composition. Phase equilibria for the binary
join, NaNbOz;—KNbOj; indicate Na, 5K sNbO5 to undergo par-
tial melting at ~1100°C.> The present results could point to
much lower melting temperatures for Na,CO3;—K,CO3;-Nb,Os5
ternary mixtures on the alkali-rich side of the NaNbO;—KNbO3
join, for compositions equivalent to ~ 5-mol% excess of equi-
molar Na,CO; and K,COj;. Alternatively, a liquid could form
under non-equilibrium conditions due to melting of the excess
alkali carbonates at an early stage of the calcination reaction.
Pure sodium and potassium carbonates melt at 851° and 891°C,
respectively,'® but these temperatures are higher than the present
implied liquid formation temperature of between 700° and
800°C. However, reference to a phase diagram of the

Na,CO;-K,COs5 system indicates that under equilibrium con-
ditions, melting temperatures of mixtures of the two carbonates
decline to a minimum of ~710°C at a composition ~ 55-mol%
Na,CO5."® This composition is close to that of the starting ex-
cess used here (50 mol%).

Hence, melting of the equimolar mixture of residual excess
alkali carbonates could provide a straightforward explanation
of liquid formation in the excess carbonate powders calcined at

> 800°C. It is assumed that eventually all of the excess alkali

oxides, over and above the level required to maintain the stoi-
chiometry of the NKN product, will evaporate during the latter
stages of calcination, and the composition equilibrates to
Nay 5K sNbOj3. In the 5-mol% sample, volatilization of the ex-
cess portion is presumed to be incomplete, creating conditions
where liquid formation occurs. In the case of the 1- and 3-mol%
samples, there is insufficient excess carbonate remaining to cause
any major changes to reaction conditions.

The cuboid particle shape is similar to the form we have ob-
served for particles of the orthorhombic NaNbO; end member
made via a hydrothermal synthesis method, involving secondary
crystallization.!” An increased rate of mass transport, due to the
presence of a transient liquid, would also allow a highly homo-
geneous solid solution to be produced under milder calcination
conditions, as found from the XRD results.

The 5-mol% powders calcined at 900°C showed the sharpest
XRD peaks of any of the samples investigated (Figs. 2—4). The
slightly more diffuse XRD peaks in the patterns of the other
powders for the maximum calcination temperatures probably
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Fig.5. Scanning electron microscopy micrographs of the calcined Na;_ K, NbO; powders: non-excess powders (a) 700°C, (b) 800°C, (c) 900°C; and 5-
mol% excess Na,CO3 and K,CO;3 powders, (d) 700°C, (e) 800°C, and (f) 900°C.

reflect some continuing distribution in Na/K ratios, but on a
much reduced scale compared with lower temperature samples
(<850°C). There may also be some contribution to peak-broad-
ening effects from the much smaller crystallite sizes (Table I).%°

In terms of preparing suitable Nay Ky sNbOs powders for
ceramic fabrication, the present study indicates that adding 5-
mol% excess Na,CO3; and K,COj; enables lower calcination
temperatures and shorter times to be used. Normally, this would
be beneficial for ceramic fabrication, as smaller particle sizes and
weaker agglomerates would be expected. However, the change
in the particle formation mechanism leads to much larger par-
ticles, and strong inter-particle necking giving a less sinter-active
powder. Preliminary ceramic fabrication trials support this view.
Table II illustrates the densities of sintered pellets prepared from
the powders containing 0—5 mol% of starting excess carbonates;
each powder was calcined at the minimum temperature to pro-
duce an orthorhombic XRD pattern. The non-excess samples
reached a density of 3.91 g/cm”, increasing slightly for 1-mol%
additions, and reaching a maximum value of 4.14 g/cm? for 3-
mol% excess, before declining to ~3.83 g/em?® for the 5-mol%
excess carbonate starting powder. These values represent an in-
crease from ~86% to a maximum of ~91% theoretical density
for the 3-mol% excess sample (assuming a theoretical value'® of
4.51 g/em?). The decrease in density on moving from 3 to 5 mol
% of the additive is attributed to the larger particles in the latter
powders. The lower density of the non-excess and 1% excess

pellets may be associated with uncompensated alkali oxide
losses from the NKN product phase. The limiting sintered geo-
metric density for the optimum level of excess carbonates is
around 3% lower than the Archimedes density values reported
for NKN ceramics made from (non-excess) powders prepared
using planetary milling.'® In part, this may be due to differences
in measurement techniques, as at these porosity levels, geo-
metric densities are often lower than the corresponding values

Table I. Particle Size Ranges of (Nay 5K s)NbO3; Powders
Calcined under Various Conditions

Calcination conditions

Temperature Dwell time Excess of K;CO; and Na,CO;  Particle size range

§e) () (mol %) (k)

700 2 0 0.1-0.15
800 2 0 0.10-0.2
900 2 0 0.15-0.30
900 10 0 0.30-0.40
900 2 3 0.25-0.50
700 2 5 0.18-0.22
800 2 5 0.30-1.0
900 2 5 1.0-2.5
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Table II.  Density of Sintered Pellets Made from Powders with
Different Levels of Excess Na,CO; and K,CQOj; in the Starting

Mixtures
Excess of K,CO3 Measured density Relative density
and Na,CO; (mol%) (gfem’) (%)
0 3.91 86
1 3.99 88
3 4.14 91
5 3.83 84

measured by water displacement. The literature suggests that
significantly higher densities than 91% could be achieved for the
NKN-3-mol% excess powders bzy replacing ball milling with
high-energy attrition milling.”'%!

IV. Conclusions

Powders of NagsKysNbO3 were prepared by a mixed-oxide
route under various calcination conditions. Evidence gained
from XRD revealed that an orthorhombic single-phase prod-
uct with particle sizes <0.4 pum could be obtained by calcination
at 900°C for 6 h. Adding 5-mol% excess of Na,CO3 and K,CO3
allowed a well-crystallized Nay 5K sNbO5 phase to be produced
under milder calcination conditions, for example 800°C for 2 h.
A change in particle shape to a cuboid form, coupled with an
increase in particle size, may be due to the formation of a liquid
phase during calcination of 5-mol% excess alkali carbonate
powders. The maximum-sintered density was achieved for 3
mol% of the combined additive; particles in these calcined pow-
ders were similar to those of non-excess samples.
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Effect of alkali carbonates excess on the properties of sodium potassium niobates
ceramics
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Abstract

Nowadays, lead-free materials have been urgently demanded from the viewpoint
of environmental protection. One of the promising candidates to replace the lead
containing materials is sodium potassium niobate. In present work, sodium-potassium
niobate ((NagsKos)NbOs; NKN) ceramics with excess of alkali carbonate starting
powders (0, 0.01, 0.03 and 0.05 mol) were prepared by solid — state reaction. The results
showed that the amount of K,CO3 and Na,COs excess affected significantly to sintering
temperature, bulk density, microstructure and dielectric property. Whereas, the XRD
result showed the orthorhombic phase and there was no secondary phase formed in all
samples. The highest dielectric constant value was found to be 1707 for sample with
excess of 0.01 mol when sintered at 1100 °C. This is believed that the uniform

microstructure and smaller in grain size were obtained.

Keywords: Powders: solid state reaction, Dielectric properties, Niobates,

Microstructure- final
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1. Introduction

Lead oxide based ferroelectrics such as lead zirconate titanate [Pb(Zr,Ti)Os or
PZT] are widely used for piezoelectric actuators, sensors and transducers due to their
excellent piezoelectric properties [1-2]. Because of the detrimental effects of lead on
human health, and because of European Union legislation it is important that Pb-free
ferroelectric and piezoelectric materials are developed. The new environmentally
acceptable and biocompatible materials should exhibit electrical properties comparable
to those of Pb-based ferroelectrics, which have been developed over several decades.

Sodium-potassium niobate, [Na;xKyNbO3; or NKN], based ceramics are one of
the most promising alternative systems to PZT [1, 3]. The Na;x\KxNbOs3 solid solution
system, between ferroelectric KNbO; and antiferroelectric NaNbQO;, forms several
morphotropic phase boundaries (MPB), one of which exists between two orthorhombic
phases near the composition x = 0.5 [1,4-5]. Although the piezoelectric properties of
NKN solid solutions improve close to this MPB, they are still substantially inferior to
PZT. However it has been shown by Saito et al. that Li and Ta ion substitution of the
base NajsKosNbOs; composition, together with <001> grain-orientation, results in
piezoelectric ds; charge coefficients of ~ 400 pC/N. These values are very competitive
with PZT [6]. For randomly oriented (KosNags)ixLix(NbiyTay)O3 ceramics, ds3
coefficients are ~ 200-250 pC/N [6-7]. Guo et al. have studied the more simple binary
Nay 5K sNbOs; — LiTaOs3 system, and for compositions at a MPB between tetragonal and
orthorhombic phases, ds; values of ~ 200 pC/N are reported for conventional, non-

oriented, ceramic samples [3].



Specialist fabrication routes, including hot-pressing and spark-plasma sintering,
have been investigated in—order to overcome difficulties which have been encountered
in fabricating high density NKN-based ceramics [5, 8-9]. However there are also
reports that high density alkali niobate ceramics may be obtained by normal sintering
methods, particularly if efficient milling is used prior to compaction [9, 10-12].
Whichever densification method is employed, the most cost-effective means of
producing a starting powder is by a mixed-oxide solid state reaction route. The Nb,Os
starting component is relatively refractory, with a melting point of 1520 °C, whereas
Na,COs and K,CO; have much lower melting points, 851 °C and 891 °C, respectively
[13]. The alkali components therefore become volatile at moderate calcination or
sintering temperatures, and this combination of properties in the starting reagents makes
it potentially difficult to prepare chemically homogeneous, single-phase alkali niobate
powders by the mixed-oxide route. Variability in the starting powders may in-part be
responsible for some of the reported discrepancies in the densification characteristics of
NKN- based ceramics.

The present work, the effects of introducing excess alkali carbonates to the
starting mixture as a function of sintering conditions, in order to compensate for
probable alkali oxide losses during calcination or sintering on phase development and

the properties in Nag 5K sNbO;3 ceramics were investigated.

2. Experimental procedure
Samples containing excess of Na,CO; and K,COs, at levels of 0, 1, 3 and 5
mol% were prepared by the conventional mixed-oxide process using K,CO; (Aldrich

Chemical Company, Inc., > 99.0% purity), Na,CO; and Nb,Os (Aldrich Chemical



Company, Inc., 99.9+% purity). This type of approach is often used for PZT powders
by adding excess PbO to compensate for the volatility of PbO (losses during subsequent
sintering can be addressed by using an ‘atmosphere’ powder). In the present work,
powder samples were made with an equimolar ratio of Na,CO3 and K,COs. This 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 NagsKosNbOs; precursor mixture, the starting reagents were
dehydrated in an oven for 24 h prior to use. Dried powders were allowed to cool to
room temperature under reduced pressure in a dessicator, and all powders were stored in
the dessicator until immediately prior to weighing in the correct proportions. The
mixed starting materials were transferred to a plastic jar containing 10 mm-diameter
alumina grinding balls. Ball-milling was carried out for 24 h using ethanol as the liquid
medium; this was followed by drying at 120 °C for 24 h, prior to grinding with an
alumina mortar and pestle. The mixtures were calcined in alumina crucibles at 900 °C,
exempt sample with 5 mol% excess was calcined at 800 °C, for 2 h with loosely fitting
lids. The calcined powder was ball-milled in ethanol again for 24 h. After drying, it was
mixed thoroughly with a PVA binder solution and uniaxially pressed at 100 MPa into
disk samples with a diameter of 15 mm. The disk samples were then sintered in air at
temperature ranging from 1075 - 1160 °C for 2 h, using heating and cooling rates of
5 °C/min.

Phase formation in the polished surfaces of sintered samples was examined at
room temperature using X-ray powder diffraction (XRD; Philips X’ Pert MPD, Ni-
filtered CuK,, radiation). The geometric density of samples was calculated by mass and

volume. The microstructures of the as-sintered surfaces of the samples were imaged
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directly, using scanning electron microscopy (SEM; Jeol : JSM-5800LV). To
investigate dielectric property, capacitance and loss tangents (tan &) of sample with
silver paste electrode was measured at room temperature using a LCR meter (HP

4263B) on the basis of frequency, and the relative permittivity (€;) was then calculated.

3. Results and Discussion

The XRD patterns of samples with different alkali carbonate starting powders
sintered at 1140 °C for 2 h are shown in Fig 1. The diffracted peaks are identified to
perovskite phase with orthorhombic structure, formed without secondary phase in all
samples. An excess of 5 mol% Na,CO; and K,CO; was found to have a significant
effect on phase development, but 1-3 mol % produced similar results to the non-excess
samples. This is confirmed that the increase of diffraction peak intensities was obtained.
The addition of excess alkali carbonates had no measurable effect on d-spacings, with
estimated lattice parameters: a = 5.59, b = 15.73 and ¢ = 5.67 A for all sample-types.
These values are similar to those reported in the literature [14].

The density of samples as a function of amount of alkali carbonate and sintering
temperature is shown in Fig. 2. The density of non-excess sample decreased
significantly with increasing of sintering temperature. This is due to the loss of alkali
oxide during sintering. After introducing excess alkali carbonates, the maximum density
was reach to 4.14 g/cm’ for the sample containing 0.03 mol% of alkali carbonate
powders at sintering temperature of 1140 °C. The density values represent an increase
from ~ 89 % to 92 % theoretical density (assuming a theoretical value of 4.51 g/cm’
[10]) through adding 3 mol % excess alkali carbonates to the initial powder mixture. At
sintering temperature of 1100 °C, the density decreased with increasing the excess alkali

5



carbonate content. This is due to an adding with high content of excess Na,CO3 and
K>COs (5 mol %) showed significantly larger agglomerated cuboid particles, are
potentially more difficult to mill into a sinter active powder resulting in increases its
porosity. At higher sintering temperature, the presence of Na,COs; and K,CO; rich
liquid phase usually helps higher densification in sintering. Further increasing of
sintering temperature to 1160 °C makes too high for sintering NKN ceramics and causes
the density decrease. The limiting sintered geometric density for the optimum level of
excess carbonates is around 3 % lower than Archimedes density values reported for
NKN ceramics made from (non-excess) powders prepared using conventional planetary
milling [10]. In part this may be due to differences in measurement techniques as at
these porosity levels geometric densities are often lower than corresponding values
measured by water displacement.

The dependence of microstructure on the level of excess alkali carbonate and
sintering temperature is shown in Figs 3-4. By using the intercept method, the average
grain sizes at 1100 °C were 4.41 £ 2.51, 0.85 £ 0.07 and 1.37 £ 0.32 um for samples
with the excess alkali carbonates of 0, 1 and 3 mol%; whereas at 1140 °C they were
4.25 £ 0.87, 3.77 £ 1.65, 4.07 £ 2.25 and 5.56 £ 1.09 um for samples with the excess
alkali carbonates of 0, 1, 3, and 5 mol%, respectively. This result showed that the grain
size was strongly dependent on sintering temperature and addition of excess alkali
carbonates, especially at lower sintering temperature of 1100 °C. Inhomogeneous grain
was observed in non-excess NKN samples, while homogeneous and smaller in grain
size was obtained for excess-sample. This is directly attributed to the addition of excess
alkali carbonate suppressed grain growth with sensitive to sintering temperature. After

sintering at 1140 °C, grain structure of non-excess sample was more uniform than that
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of the samples contained alkali carbonates -excess. This is suggested that the higher
liquid phase in excess-sample promoted an inhomogeneous grain growth at higher
sintering temperature.

The dependence of dielectric property (g and tand) on frequency for both of
non-excess and excess-samples was investigated. It was found that the & and tano
decreased with increase of frequency. The €, and tand at 1 kHz as a function of amounts
of excess alkali carbonates and sintering temperature at room temperature is shown in
Fig 5. The amounts of excess alkali carbonates and sintering temperature were found to
have a significant effect on the relative permittivity. The results showed an increase in
relative permittivity up to a maximum of 1707 in the 1 mol% excess alkali carbonates
contained sample. This is contributed to the more uniform and much smaller in this
sample. However, at the higher alkali carbonates contained the relative permittivity
decreased at lower sintering temperature (1100 °C). This result attributed to the
lowering of density at the higher alkali carbonates, which causes the high porosity. The
& decreased continuously and tan 0 increased with increase of excess alkali carbonates
content at higher sintering temperature of 1140 °C. This is due to the inhomogeneous

grain structure and low densities were observed.

4. Conclusions

Naj sKosNbO;3 ceramics were prepared by a mixed-oxide route under various
sintering conditions and amount of excess alkali carbonates starting powders. Evidence
gained from XRD revealed that an orthorhombic single-phase product, with adding
excess of Na,CO3 and K,COs up to 5 mol %. Maximum sintered density was achieved

for 3 mol %, of the combined additive; this is attributed to an optimized liquid phase
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amount to promote densification and compensation of probable alkali oxides losses. An
excess-sample showed a much smaller and uniform grain size than that of non-excess
sample when sintered at low temperature of 1100 °C. This is resulting in the highest

relative permittivity of 1707 for 1 mol%-excess sample.
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Figure 1 X-ray diffraction (XRD) patterns of samples with different amount of alkali
carbonates when sintered at 1140 °C

Figure 2 The density of samples with different amount of alkali carbonates and

sintering temperatures.

Figure 3 SEM micrographs of samples with different amount of alkali carbonates when
sintered at 1100 °C; (a) Non-excess, (b) 0.01 mol and (c) 0.03 mol.

Figure 4 SEM micrographs of samples with different amount of alkali carbonates when
sintered at 1140 °C; (a) Non-excess, (b) 0.01 mol, (c) 0.03 mol and (d) 0.05
mol.

Figure 5 The dielectric property of samples with different amount of alkali carbonates

and sintering temperatures; (a) relative permittivity and (b) tan o at 1 kHz.

10



-
=" o
S Z
o —
. S
= Q N~ ~ _ N
S S ZaQ S o~ N
0.05 mol lr i s | g S8 g)
—— A o ~ ‘_‘II.IllL___;‘r"hv . mﬂ:?..a .
0.03 mol ‘L H |I
e S Y L WA - ,.leiﬁy__."ll"'_.___._.nlk'-__._._,mv._.._ "I'k_w-._.
Non-excess l f |
. _J i /| Iin A i
- T T T T 4-_[“/ e T B T T T T T T T Z I.:, T

20 (degrees)

Figure 1 X-ray diffraction (XRD) patterns of samples with different amount of alkali
carbonates when sintered at 1140 °C. The orthorhombic pattern is indexed according to

JCPDS data file no. 32-0822 [15].
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Abstracts
Lead-free piezoelectric ceramics in the system (0.95-x)NagsKosNbOs -
0.05LiTa0; - xLiSbO;, x = 0-0.1, were synthesized by a reaction—sintering method. The
effects of the content of LiSbO;, and the sintering temperature on phase-development,
microstructure and dielectric properties of the samples were investigated. Additions of
LiSbO; produced a change in crystal system from orthorhombic to tetragonal. The
additive reduced the temperature at which secondary recrystallisation occurred, and also
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(for 2h) was the optimum for this system in order to achieve a high density and high

dielectric constant. A maximum dielectric constant of 1510 was recorded for the x = 0.04
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1. Introduction

Environmental concerns are stimulating research into the development of lead-
free alternative piezoelectric ceramics [1-2]. Mixed alkali niobate-tantalates are leading
candidates as replacements for lead zirconate titanate, PZT.

Guo et al[3] investigated the alkali niobate solid solution system
[NaysKosNbOs]ix — [LiTaOs]x ( abbreviated, NKN-LT) and reported a morphotropic
phase boundary (MPB), at 0.05 <x < 0.06, between orthorhombic and tetragonal phase-
fields. Compositions close to this MPB gave the highest values of ds; piezoelectric charge
coefficients in the system, reaching a value of ~ 200 pC/N at x = 0.05 with a
corresponding Curie temperature (T,) of ~ 420 °C.

Saito ef al. [4-5] studied a wider range of related solid solutions, corresponding to
the general formula (Ko sNag 5)ixLixNb;.,TayO3. For a composition, x =0.03 and y = 0.2,
close to the MPB of this system, d;; was 230 pC/N, with a T, of 323 °C. Reactive
template grain growth resulted in enhanced piezoelectric properties, giving values of
d33 =373 pC/N and T, =323 °C for <00I> grain-oriented ceramics. Slightly improved
values of ds; 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 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, Marcos et al. [12] have used conventional ceramic processing techniques to



fabricate ceramics of  (Kg44Nag s2Lig.04)(NbogsTag 10Sbo04)O3, a composition in the
system reported by Saito et al. [4], and also a ‘non-stoichiometric’ composition
(Ko.38Nag s2Lig.04)(Nbo.gs Ta0.10Sbo.04)O2.97. A higher piezoelectric coefficient was obtained
for the latter, with ds3 ~ 200 pC/N.

The present paper addresses phase development, ceramic densification,
microstructural evolution and dielectric properties in compositions expressed by the
general formula (0.95-x)NajsKosNbOs3-0.05LiTaO;-xLiSbOs3;, made by a mixed-oxide
processing route, employing reaction-sintering. The end-member composition,

0.95(Nay 5Ky sNbO3)-0.05LiTaOs lies near the MPB in the base NKN-LT system.

2. Experimental procedure

Samples were prepared by the conventional mixed-oxide process using K,COs3,
TayOs (Aldrich Chemical Company, Inc., > 99.0% purity), Na,CO3;, NbyOs (Aldrich
Chemical Company, Inc., 99.9+% purity), Li,CO; (Fluka, >99.0% purity) and Sb,Os
(Aldrich Chemical Company, Inc., 99.995% purity), as starting powders. The
stoichiometric NagsKosNbOs; powder was firstly prepared for this system. 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 Naj 5Ky sNbOs 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 dessicator, and all powders were stored in the dessicator until
immediately prior to 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 cover the powder/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.
The NKN powders were then ground, weighed and ball-milled again for 24 h with
Ta,0s, Li,CO; (dried) and Sb,0Os to obtain the compositions (0.95-x)Nay 5K sNbOs- 0.05
LiTaO; — x LiSbOj; (abbreviated as NKN-LT-LS) for x = 0.0, 0.02, 0.04, 0.06 and 0.10. A
reaction-sintering approach was used to produce the NKN-LT-LS ceramics, in that 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 temperature ranging from 1025 - 1150°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. Sintered pellet densities were obtained by the Archimedes method. 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. To investigate dielectric properties,
pellets were electroded with silver paste (SPI Supplies) and capacitance and loss tangents
(tan 9) of the samples measured at room temperature using a LCR meter (HP 4263B) at 1

kHz, from which the dielectric constant was calculated.

3. Results and discussion
Figure 1 shows XRD patterns of the (0.95-x)NagsKosNbOs3-0.05LiTaO; - x
LiSbO; samples which had been sintered at 1050 °C for 2 h. It was found that the phase

structure of the product depended significantly on the addition of LiSbOj;. Perovskite



phase was formed in high yield in all samples, but secondary phases appeared. An extra
phase, giving faint peaks with a similar pattern to KsLisNb;oO39 [13], was detected in all
compositions, Fig 1. Residual LiSbOs [14] was detected in the x = 0.10 sample, Figl.
Further phase analysis was conducted with reference to XRD patterns of a single—phase
orthorhombic material (NKN), and of a tetragonal pattern of a 0.94NKN-0.06LT
composition, as shown in Figure 3 [15-16]. For the orthorhombic perovskite phase the
lower angle peak in the 45-46.5 °20 pair (highlighted for the x = 0 and 0.04 compositions
in Figure 2) is the most intense, whilst the reverse holds true for the tetragonal phase.
These peaks correspond to (022) and (002) peaks for the orthorhombic phase, and (002)
and (200) peaks for the tetragonal phase. Figures 1 and 2 thus indicate the main product
phase for the x = 0 composition, 0.95Nag 5Ky sNbO3-0.05LiTaO3;, to be orthorhombic
[3], while all samples with added LiSbOs, x = 0.02 — 0.10, showed a tetragonal perovskite
solid solution [5]. There was a slight increase in d-spacing between x = 0 and x = 0.02
samples, for example from 1.994 A to 2.010 A, for the orthorhombic 022 and tetragonal
002 peaks respectively, Table 1 and Fig 2. However no significant variation in d-spacings
were detected for compositions, x = 0.02-0.1.

Calculation of the respective peak intensity ratio within the 45-46.5 °26 pair of
peaks (calculated from peak heights) for an orthorhombic NKN ‘standard’ pattern gives
a Loxo/looz value of ~ 1.3 [15], whilst Iypo/Ig0 1s ~ 0.5 for the © standard’ tetragonal phase
[16]. In the present ceramics sintered at 1050 °C, the characteristic XRD pattern of the x
= 0 composition, gives a peak ratio (Ipx/Ipo2) of ~ 1.4, whereas the LiSbOs; modified
samples have corresponding values ( Iopz /I200) of ~ 0.6- 0.8, Table 1. Although structure
factor differences between NKN-LT and NKN-LT-LS solid solutions and those of the

selected reference materials will influence specific values, the reference materials



nevertheless provide a basis from which to evaluate the phase content of the experimental
samples in detail. The comparative values illustrate that the main product phase for x = 0
is solely the orthorhombic NKN-LT phase. However although the LiSbO; modification
induces a stabilization of the tetragonal polymorph, the actual values of peak ratios (0.6-
0.8) are somewhat higher, in relative terms, than for the reference tetragonal pattern (0.5).
This suggests that after sintering at 1050 °C for 2 h there may be some coexisting
orthorhombic material along with the predominant tetragonal phase. The net result is a
slight increase in intensity ratio from the base tetragonal value of 0.5.

Increasing the sintering temperature to 1075 °C  brought the experimental
intensity ratios closer to the values expected from single- phase tetragonal systems for x
= 0.02-0.1. However there was still a very small amount of LiSbOj; second phase present
in x = 0.1, and a small amount of the second phase K¢LisNb;¢O39 — type structure in all
compositions.

A major change in phase content occurred at the highest sintering temperature
investigated, 1150 °C, Figs 2 and 4. The tetragonal pattern was replaced by a pattern
similar to that of cubic perovskite. This probably is indicative of partial melting occurring
at 1150 °C.

The variation in densities of the (0.95-x)Nay ;K sNbO3-0.05LiTaO3-xLiSbO;
ceramics for different sintering temperatures, is shown in Fig 5. It was found that density
was very sensitive to slight changes in sintering temperature. The highest density samples
were produced at a sintering temperature of 1050 °C. This is around 50 °C lower than
required for ceramics of related compositions prepared by full calcination prior to
sintering [16], indicating the effectiveness of the reaction sintering approach. Density

values were 4.32 + 0.01 g/em’ for a sample with x = 0.0, increasing gradually with



increasing amounts of LiSbOj; giving a value of 4.44 + 0.01 g/cm’ for a sample with x =
0.10. This trend may reflect the higher mass of Sb. Indeed recalling that some LiSbO;
was detected in the x = 0.1 sample at 1050 °C, the higher density of LiSbO; (~5.45
g/cm’) will increase the measured density of this sample, Fig 5. At 1075 °C, the ceramic
densities were ~ 2% lower than at 1050 °C; this trend generally continued with further 25
°C increments in sintering temperature, Fig 5. However for the highest LiSbO; samples, x
= 0.1, and to a lesser extent, x = 0.06, the density fell more rapidly with rising sintering
temperature. This is attributed to structural changes, and possible melting (Figure 5). For
all sample compositions, an increase in volatilisation losses, particularly of Li and K [16]
and possibly Sb at temperatures > 1050 °C may contribute to the observed gradual
decrease in measured densities with increasing temperature

The microstructures of samples sintered at temperatures ranging from 1050 -1100
°C showed that grain size and shape depended strongly on sintering temperature and on
LiSbO; content, Figs 6-8. For a sintering temperature of 1050 °C, the x = 0 and x = 0.02
compositions each showed grain sizes < 1 um, however at x = 0.04 a change to much
larger maximum grain sizes, and a distribution typical of secondary recrystallisation was
evident, Fig 6. This mechanism produced cuboid grains with maximum grain sizes ~ 5
um in a fine grained matrix, Fig 6c¢,d.

At 1075 °C all compositions, x = 0.02-0.1, showed secondary recrystallisation.
Maximum grain sizes were ~ 8§ um for x = 0. A slight decrease in grain size was observed
with increasing LiSbOs content. Sintering at 1100 °C produced a maximum grain size of
~ 12 pm in the x = 0 sample. Again the trend of decreasing grain size with increasing

LiSbOj; substitution was observed.



Variations in average grain size, as calculated by the linear intercept method, are
shown in Fig 9. There was a marked discontinuity in the 1050 °C plot between x = 0.02
and 0.04 due to the change in grain growth mechanism. A gradual decrease in average
size with increasing x is evident for higher sintering temperatures, where all compositions
exhibit secondary recrystallisation.

In other perovskites such as BaTiOs, secondary recrystallisation is often thought
to be associated with liquid phase formation. A similar mechanism leading to bimodal
grain size distributions may occur in the NKN-LT-LS system. Changes in microstructure
with increasing temperature, and increasing LiSbOs content, may relate to changes in the
amount and composition of any liquid phase.

Dielectric properties of dense samples, sintered at temperatures ranging from 1050
— 1100 °C, are shown in Fig 10. The dielectric constant of the x = 0, NKN sample was ~
600-700 for the full range of sintering temperatures studied, 1050-1100 °C. This value is
higher than that reported in previous studies for 0.95Nag 5Ky sNbO3-0.05LiTaOs [17] or
for NKN ceramics sintered at 1110 °C [3].

The incorporation of LiSbO; brought about substantial increases in the dielectric
constant. Values were a maximum of 1510 for the x = 0.04 starting composition, sintered
at 1050 °C, Fig 10. Values for x = 0.02 and 0.06 were also relatively high, 1300-1350,
for this sintering temperature, but the x = 0.1 sample had a much lower value, similar to
that of x = 0. The latter effect may be due to the presence of unreacted LiSbO;. A
dielectric constant of 1510 for x = 0.04 is very close to that reported for textured
ceramics of (Ko 44Nag 52Li9.04)(Nbg g6 Tao.10Sbo.04)O3 for which the value reached 1570 [4],
and is much higher than values reported for alkali niobate tantalate (NKN-LT)

compositions produced by conventional calcination and sintering [3, 7].



Sintering at higher temperatures, 1075 °C or 1100 °C  produced lower dielectric
constants than for the 1050 °C samples, which may relate to their lower densities. For all
compositions, the value was between ~ 800-1000. Dissipation factors for the LiSbOs -
modified samples were higher than expected, varying between ~ 0.1-0.7. The highest
value occurred for the x = 0.04 sample sintered at 1050 °C. One possible reason for the
high dissipation factors may be a high electrical conductivity, which could be related to
alkali oxide (or antimony oxide) losses during sintering. However oxide volatilisation
would increase with increasing sintering temperature, yet the dissipation factors were

lower, ~ 0.5, for the x = 0.04 ceramics sintered at 1075 °C and 1100 °C.

4. Conclusions

Small increments to sintering temperature, and changes to the amount of LiSbO;
strongly affect phase content, densification, microstructure and dielectric properties of
(0.95-x)Nay 5K sNbO3-0.05LiTaO3-xLiSbO; ceramics.  The additive promotes the
formation of a tetragonal crystal structure, as opposed to the orthorhombic structure of the
0.95Nay 5K sNbO3-0.05LiTaO3; end-member. The reaction-sintering approach employed
produces maximum densities of 4.3-4.4 g/cm’ for a sintering temperature of only 1050
°C. This is a lower temperature than is usually reported for ceramics of related
compositions fabricated using full powder calcination before sintering. A composition
0.91(Nag sKo5)NbOs - 0.05LiTaOs — 0.04LiSbOs sintered at 1050 °C shows the highest
dielectric constant in this system, with a room —temperature value of ~1510. Raising the
sintering temperature from 1050 °C to 1075 °C, produced ceramics with ~ 2 % lower

density and dielectric constants were reduced in value to ~ 1000.
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(the LiSbOs content) and sintering temperatures.

Table I XRD data showing d- spacings and intensity ratios as a function of x

LiSbO; | Sintering d-spacings (A)
content, | temperature | 022/002 | 002/200 | Toz2/Tooz | Too2/T200
x (mole) | (°C)
0.00 1050 1.994 1.966 1.38 -
1075 2.003 1.971 1.69 -
0.02 1050 2.010 1.972 - 0.62
1075 2.014 1.975 - 0.56
0.04 1050 2.006 1.972 - 0.78
1075 2.011 1.974 - 0.58
0.06 1050 2.002 1.969 - 0.71
1075 2.005 1.973 - 0.56
0.10 1050 2.004 1.972 - 0.72
1075 2.004 1.973 - 0.48
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Phase and morphology evolution of (Na, K )NbO, powders related to
calcinations and K CO, content
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Sodium-potassium niobate ((Na, K )NbO,) powders with x = 0.2, 0.4, 0.6 and 0.8 were prepared
following the conventional mixed oxide method and characterized by TG-DTA, XRD and SEM techniques.
The effects of calcination temperature, dwell time and K,CO, content on phase formation behavior and
morphology of the powders were investigated. The calcination temperature and dwell time were found to
have a pronounced effect on the phase formation of the calcined sodium-potassium niobate powders. It was
found that the crystallized phase depended on calcination conditions. The high calcination temperature and
long dwell time clearly favored particle growth and the formation of large and hard agglomerates. All the
(Na, K )NbO, powders showed a similar orthorhombic phase structure. The K,CO, content significantly
affected the calcination temperature and particle size and shape. Large particle size, cubic shape and a lower
calcined condition were observed in (Na, K )NbO, powder with low K,CO, content (x = 0.2).

Key words : sodium-potassium niobate, lead-free piezoelectric material, phase formation,
morphology evolution

'Ph.D. (Materials Science), B.Sc. Student in Materials Science, Materials Science Program, *Ph.D. (Materials
Physics), Assoc. Prof., Department of Physics, Faculty of Science, Prince of Songkla University, Songkla,
90112 Thailand. “Ph.D. (Ceramics Science), Institute for Materials Research, University of Leeds, Leeds LS2
9JT, UK.

Corresponding e-mail: pornsuda.b@psu.ac.th

Received, 17 July 2006  Accepted, 18 September 2006



Songklanakarin J. Sci. Technol.
Vol.29 No.2 Mar. - Apr. 2007

2

UNAAEYD
w3 o vala' e w lw@' qa sy Rk waz ALY W o’
matianl wag “wgruingrvesns (Na K)NbO i “wiwusiumsunalsiinaz
PSnalnua Feumsveiun tr
3. UAIUASUNS M. 2550 29(2) :

walataen-lnuea ienlulaiun ((Na_K)NbO) Wi x JA 0.2 04 0.6 waz 0.8 tassnIulasliis
msn weenlsauuuinlynumll wazinldasia sudrsmatiaid-afe (TG-DTA) M3tagdLtuuYaISa 1o
(XRD) waznaesganssaratanaseuuuy '8ansa (SEM) lagimsanyaninavesgaumngiinldluniswen
unalyd v wazlBnaveslnua WWeumsiveluai vaengAnssumsnetial wazanvazma ‘mgiu
Ingvesnaiadonla anwamsnaaesmuganginaznililumswnuaalmifinanematiaw veq

= A A a A o = X T A H v ¢ A a
nalstfon-nua ealulown Ao maiawl milunanyuedgivileuluilslumsuaalsy  Fegmumgi
waalsin suaglynalumswniny swademslavessymanazmstiangauvetseymaiiudanasivinalvay

=S = = v =S [ a - U L3 Al a
ualstfon-nua ealulowniilase Sananuuvesilsseadnkieuiunndnn w  USnavedlnua -
WFeoumsvetuadinaegnaiite dyaegungiiuaaled  untvinauazzlneeseuma lagieumaving

Phase and morphology evolution of (Na, K )NbO, powders
Bomlai, P., et al.

Tviny
PSwnalnwa @eumsveiuam (x = 0. 2)

sUnuiluzinss” masuuazmsinuaalmilangamgiimwuluralndon-nua Feoalulowanii

1

9
wan_a3)
@ a

a =)

A UHNINYIasan

2 a

1Y <

av o
992

Lead oxide-based ferroelectrics, represented
by lead zirconate titanate (Pb(Zr,Ti)O, or PZT)
for example, are widely used for piezoelectric
actuators, sensors and transducers due to their
excellent piezoelectric properties (Guo et al.,2004;
Jaffe et al., 1971). Because of the detrimental
effects of lead (Pb) on human health, the environ-
mental problems caused by the emission of PbO
vapors, the problems of safe disposal of waste
chemicals and the difficulties in removing Pb
during component recycling, it is imperative that
new ferroelectric, pyroelectric and piezoelectric
materials be developed. The new environmentally
acceptable and biocompatible materials must
exhibit electrical properties at least comparable to
those of Pb- based ferroelectrics which have been
developed over the past four decades.

Sodium-potassium niobate ((Na, K )NbO,)
ceramics are considered to be one of the candidates
for an alternative system (Guo et al., 2004; Guo
et al., 2005). This material is a combination of
ferroelectric KNbO, and antiferroelectric NaNbO,

ala ¢ a 4 a 1 a ¢ o T v 3 o
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v v A < v
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(Guo et al., 2004; Shirane et al., 1954; Wang et al.,
2004). Generally, the mixed oxide method involves
heating of the mixture of this material above
800°C (Guo et al., 2004; Guo et al., 2005; Singh
etal., 2001; Wang et al., 2004). However, the
relationship between the phase formation and
calcination condition of (Na_K )NbO, system
over a large composition range has not yet been
clarified, and the optimization of calcination
conditions used in the mixed oxide process for
this material have not received detailed attention.
The aim of this work was, therefore, to invest-
igate the phase formation and morphology of the
(Na, K )NbO, powders calcined at various
conditions.

Materials and methods

Samples were prepared by the conventional
mixed oxide process with reagent grade starting
materials of NaCO,, K,CO, and Nb,O, (Aldrich
Chemical Company, Inc., 99.9+% purity). The use
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of two different powders with carbonate origin
requires extra care to be taken against humidity.
Thermogravimetric analysis (TGA) showed that
the powders lose weight up to 120°C, which is
equivalent to the water absorbed. Therefore, in
order to obtain the stoichiometric material com-
position, all powders were separately dried in an
oven at 150°C for 24 h prior to mixing. The start-
ing materials with the nominal composition of
(Na, K )NbO, (with x =0.2, 0.4, 0.6 and 0.8) were
weighed and transferred to a plastic jar, which was
previously filled with 10 mm-diameter alumina
grinding balls. They were ball milled for 24 h
using ethanol as the medium. Drying was carried
out at around 120°C for 24 h. The powders were
then ground to break a soft agglomeration from
drying. A (Na K )NbO,, which is a middle com-
position, was firstly calcined at various calcination
conditions, i.e. temperatures ranging from 600 to
950°C, dwell times ranging from 2 to 10 h. The
other compositions of (Na_K )NbO, powders
(x = 0.2, 0.6 and 0.8) were then calcined at the
optimized conditions from (Na, K )NbO, powder.

The reactions of the TG-DTA curves for the
uncalcined mixture of Na CO,-K,CO,-Nb,O_ with

amole ratio 0.6 : 0.4 : 1, respectively, taking place
during heat treatment were observed by thermo-
gravimetric and differential thermal analysis (TG-
DTA, Perkin Elmer TGA7), using a heating rate of
10°C/min from room temperature up to 1200°C.
Calcined powders were subsequently examined
by room temperature X-ray powder diffraction
(XRPD; Philips X' Pert MPD), using Ni-filtered
CuK  radiation to identify the phase formed and
optimum calcination conditions for preparation of
(Na,_K )NbO, powder. Miller indices of diffract-
ion peaks marked in the figures are indexed on the
basis of the standard JCPDS data for orthorhombic
NaNbO, [(PDF #33-1270)]. Powder morphologies
and particle sizes were directly imaged, using
scanning electron microscopy (SEM; Jeol : JSM-
5800LV).

Results and discussion

The TG-DTA analysis of a powder mixed in
the stoichiometric proportions of (Na, K )NbO,
is given in Figure 1. The TG curve showing overall
weight loss was equal to 11.5% from room temper-

ature to 1200°C. It showed a 0.4% weight loss
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Figure 1. TG-DTA curves for the mixture of Na,CO,-K,CO,-Nb,O, with a mole ratio

0.6 : 0.4 : 1, respectively.
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between 25 and 200°C. In the same temperature
range, the DTA curve showed an endothermic peak
positioned at around 93.02°C, which is associated
to the decomposition of water molecules. The
decrease in weight of around 10%, occurring in
the temperature range between 440 and 650°C,
was correlated with the exothermic peak of DTA
curve at 495.59°C. The crystallization of sodium-
potassium niobate was, therefore, observed at
around 495.59°C. No further significant weight
loss was observed for temperatures above 650°C,
indicating an absence of decomposition and/or
volatilization of Na and K oxides after forming to
sodium-potassium niobate. These TG-DTA data
were used to define the range of temperatures for
calcination.

To further investigate the phase formation
with increasing calcination temperature in the
(Na, K )NbO, powders, they were calcined for 2
h in air at various temperatures, up to 950°C. The
powder calcined at a temperature below 800°C for
2 h, it was found that unreacted precursors of
Nb,O, and K,CO, were detected due to the form-
ation of reaction was still incomplete during the
low firing process. X-ray diffraction patterns of
(Na K )NDO, powders are shown in Figure 2.
After calcination at 800°C, the major Bragg peaks
corresponding to the expected sodium-potassium
niobate phase were obtained (Guo et al., 2005;
Birol et al., 2005). All peaks of the powders
coincided well with those of NaNbO, (PDF # 33-
1270), suggesting that calcination temperatures
ranging from 800-950°C for 2 h converted the
mixed oxides of Na CO,, K,CO, and Nb O, to
a single phase, which was observed to be a
perovskite structure (Zhang et al.,2006). However,
a slight displacement of the 26 position to lower
values was observed with relation to the positions
of NaNbO, (PDF # 33-1270). With calcination at
800°C the expected orthorhombic phase for this
powder could not be indexed as the peak splitting
characteristic of that phase at the 26 angles of the
diffraction peaks around 45-47" and 51-52° did not
appear. The crystalline and single phase was, then,
obtained after being calcined at 850°C. This result
revealed that the increase of calcination temper-

ature leads to an increase of the crystallinity
accompanied by an increase of diffraction peak
intensities and a simultaneous decrease in the
breadths of the peaks.

Apart from the calcination temperature, the
effect of dwell time was also investigated. Three
dwell times (2, 6 and 10 h) were selected for
calcination condition at 900°C as a full crystalliz-
ation of sodium-potassium niobate phase was
obtained at this temperature. It was found that there
was no significant difference for XRD patterns of
powders (Figure 3) with increasing dwell time
ranging from 2 to 10 h. It is obvious that a full
crystallization of single phase for sodium-potass-
ium niobate was found to be possible in powders
calcined at 900°C with a dwell time of 2 h or more
(yield of 100% within the limitations of the XRD
technique).

The effect of K,CO, content for (Na, K )
NbO, (x=0.2, 0.4, 0.6 and 0.8) powders was also
investigated and found to be quite significant
(Figure 4). Similar XRD patterns for all powders
calcined at 900°C for 2 h were observed, suggest-
ing the formation of a single phase solution with a
perovskite structure over the whole composition
range. All diffraction peaks of the (Na, K )NbO,
powders coincided well with those of NaNbO,
(PDF # 33-1270) or KNbO, (PDF # 71-0946).
However, a slight shift of the diffraction peaks,
such as around 22-23°, 31-32°, 45-47°, 51-52°, 56-
57" and 66-67", with increasing K content was
observed. The d-spacing values of powders were,
therefore, found to increase from the NaNbO, side
to the KNbO, side. As reported earlier, Shirane et
al. showed the phase structure of a NaNbO, -
KNbO, system in detail using XRPD. They found
that the corresponding lattice parameters decreased
continuously from the KNbO, side to NaNbO,
(Shirane et al., 1954). The completely crystallized
phase was found in all compositions, except at
x = 0.6, because the minor amount of unreacted
precursor of K CO, still appeared. It is suggested
that the single phase of sodium-potassium niobate
depended on the K CO, content. All the (Na, K)
NbO, powders showed a similar orthorhombic
phase structure (Zhang et al., 2006; Jaffe et al.,
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Figure 3. XRD patterns of (Na, K  )NbO, powder calcined at 900°C with various dwell times.
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Figure 4. XRD patterns of (Na, K )NbO, powder calcined at 900°C for 2 h (* = K,CO,).

1971).

The morphological evolutions in the
(Na, K )NbO, powders formed by a mixed oxide
are illustrated in Figures 5-6 as a function of cal-
cination temperatures, dwell time and K content.
The effect of calcination conditions and the K,CO,
content on particles size is displayed in Table 1.
In general, the particles were agglomerated and
basically irregular in shape, with a substantial
variation in particle size, particularly in samples
calcined at high temperature (Figure 5(b)). The
effect of dwell time on the morphology of the
calcined powders was also found to be quite signi-
ficant. It is clearly seen that longer heat treatment
led to larger particles and hard agglomeration
(Figure 5(c)). This finding was also similar to that
in NiNb,O, or ZnNb,O, powders (Khamman et al.,
2006; Ngamjarurojana et al., 2006). The results
indicated that differences in particle size and
degree of agglomeration tend to increase with
increasing temperature and dwell time (Table 1).
After calcination at 900°C for 2-10 h, the powders
seem to display a significant level of bonding as

if they were in the initial stages of sintering (Fig-
ure 5(c)), and the shape of the powders tends to
cubic. The samples with various K CO, contents
showed differences in particles size and shape
(Figures. 5 (b), 6). As can be seen, the larger particle
and shape tending to cubic were found in the
sample with low K CO, content (x = 0.2). After
increasing the K CO, content up to x = 0.8, the
particle size decreased and the shape was basically
irregular. This result showed that the content of
K,CO, significantly affected the calcination
temperature because of powders seem to display a
significant level of necking and bonding as if they
were in the initial stages of sintering. Hence, a low
K,CO, content sample could synthesize with a
lower temperature than 900°C for 2 h.

Conclusion

The (Na, K )NbO, (x =0.2-0.8 mol) powders
were prepared by a solid state reaction. Evidence
gained from XRD revealed that a complete single
crystallized phase of orthorhombic phase structure
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Figure 5. SEM micrographs of the (Na K  )NbO, powder calcined at various conditions;
a) 800°C for 2 h, b) 900°C for 2 h, and ¢) 900°C for 10 h

Figure 6. SEM micrographs of the (Na, K )NbO, powders calcined at 900°C for 2 h;
a)x=0.2 and b) x=0.8.

Table 1. Particle size range of (Na, K )NbO, powders calcined at various conditions.

Calcination conditions K,CO, content Particle size range (10 nm)
Temperature (°C)  Dwell time (h) (mol)

800 2 0.4 140-180

900 2 0.4 160-270

900 10 0.4 170-420

900 2 0.2 170-310

900 2 0.8 150-200
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of (Na, K )NbO, powder with particle size rang-
ing from 160-270 nm could be obtained in this
study after being calcined at 850°C for 2 h. The
formation of a single phase solution of (Nal K )
NbO, with a orthorhombic structure was produced
in the whole composition range when calcined at
900°C for 2 h, except when x = 0.6, due to the
minor amount of unreacted precursor of K CO,
still remaining. It is suggested that the single phase
of sodium-potassium niobate depended on the
K,CO, content. The corresponding d-spacing
values of powders increased continuously from
the NaNbO, side to KNbO, side. The resulting
(Na, K)NbO, powders consist of a variety of
agglomerate particles sizes and shape, depending
on calcination condition and amount of K CO..
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Effect of dopants on sintering behavior and properties of sodium potassium niobate
ceramics

Bomlai, P.*°, Wichianrat, P.*, Muensit, S.°, Milne, S.).°

“Materials Science Program. Faculty of Science, Prince of Songkla University, Songkla 90112
*Department of Physics, Faculty of Seience, Prince of Songkla University, Songhla 90112
“tnstitute for Maierials Research | University of Leeds. Leeds LS2 9JT. United Kingdom.

Abstract

Lead oxide based ferroelectrics such as lead zirconate titanate (Po{Zr,Ti)O; or PZT) are widely
used for piezoelectric actuators, sensors and transducers due to their excellent piezoelectric
properties, Because of the detrimental effects of lead on human health, il is imperative that new
ferroclectric, pyroelectric and piezoelectric materials be developed. The new environmentally
acceptable and biccompatible matenals must exhibit electrical properties comparable to those of
Ph-based ferroelectrics which have been developed over the past four decades. Sodium-
potassium niobate (Na;.,KNbBOj;, NKN) based ceramics are considered to be one of the most
promising alternative systems to PZT. The (NajK;NbOs) solid solution system between
ferroclectric KNbO, and antiferroelectric NalNbO; forms a morphotropic phase bound
(MPB) between orthorhombic phases near the 50/50 composition {x = 0.5) and exhibil a
moderate dielectric constant and an optimum piezoelectric response. However, ong of the major
problemns of NKN is sinlering;, according to early reports the sloichiometric material is
extremely difficult 1o obtain the dense NKN ceramics due to their low sinterability. In this
study, NKN ceramics with dopants was, therefore prepared to achieve the dense samples by
conventional mixed oxide process, Tt was found that sintering temperaiure, density and
microstructure depended strongly on kind of dopants, BaTiOs doped-NKN ceramics showed
highly dense samples with 99 % of theoretical density and uniform microstructure with grain
size vanging from 0.2 — 0.4 um at sintering temperature of 1175 °C for 2 h.

Keywords: Lead-free piezoelectric materials, Sodium potassium niobate, Sintering behavior
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Phase and Morphotogy Evolution of Sodium-Potassium Niobate Powder

Svnthesized by Solid-State Reaction

Pornsuda Bomlaj'

"Materials Science Program, Faculty of Science, Prince of Songkla University. Songkla 90112

Phone 0-7428-8506, Fax 0-7444-6681. E-mail: ppornsudari yahoo.com

Abstract

Sodium-potassium niobate ((Nag sKns)NbO:) powders
were prepared following the conventional mixed oxide
method and characterized by TG-DTA. XRD and SEM
technigues. The effect of calcination 1emperature. dwell
time and excess of starting powders on phase formation
and morphelogy of the powders were investigated, The
caleination temperature and dwell time were found fo
have @ pronounced eftect on the phase Tormation ol the
calcined sodium-potassium  niobate powders. L was
feund that the crystallized phase depends on calcination
comdlitions. An excess of Na.CO; and K.CO, starting
powders favored  particle

clearly growth and the

furmation of large and hard agglomerates

1. lstroduction

[ead oxide based ferroelectries, represented Dby lead
zrconate titanate (Pb(Zr.TO; or PZT) for example, are
widely use for piczoelectric actuators, sensors and
transducers duc 10 their excellent piczoelectric properties
[1.2]. Because of the detrimental eftects of lead (Pb) on
buman health, the environmental problems caused by the
amission of PO vapors, the problems of safe disposal of
wiste chemicals and the difficulties in removing Pb
during compenent recyeling, it is imperative that new
terrmelectric, pyroelectric and piezoelectric materials be
developed. The new environmentally acceprable and
hiecompatible materials must exhibit electrical properties
at feast comparable 1o those of Pb- based ferroclectrics
which have been developed over the past four decades.
Sodium-potassium  niobate {(Na, K NbO; or NKN)
veramies are considered to be one of candidates as the
allernative systems [1.3]. (Na, K, )NbO; is a combination

of ferroelectric KINBO; and antiferroeleciric NaNbQ;, and

forms a morphotropic phase boundary {MPB) near 50/50
composition (x = 0.5) separating two  orthorhombic
phases [1.4-3). Generally, the mixed oxide method
involves the heating of mixture of this material above 800
°C for long tme [1,3.5]. The optimization of calcination
conditions for this material, however, have not received
detailed attention. the excess of starting powder have not
yet been studied extensively. The aim of this work was,
terelore,  to

investigate  the  phase  {ormation  and

morphology of the powder calcined at various conditions,

2. Experimental procedure and methods
Samples were prepared by the conventionally mixed
oxide process with the reagent grade of starting muaterials
ol NaCO,. K.CO:. and Nb:O. (Aldrich

Companv. Inc., 99.94% purity. The use of two different
Pans | Y

Chemical

powders with carbonate origin requires extra care 1o be

taken agamst humidity. Thermogravimetnic  analysis
(TGA) shows that the powders lose weight up 1o 120 °C,
which is equivalent 1o the water absorbed. Therefore, in
order to obtan the stoichiometric material composition
all powders were separately dried in an oven at 150 °C
for 24 b prior to mixing. The stoichiometric amounts of
starting powders were weighed and transferred 0 a
plastic jar. which was previously filled with 10 mm-
diameter alumina grinding balls. They were ball milled
for 24 h using ethano! ag the medium. Drying was carried
out at 120 °C for 3 h, prior to grinding. After grinding,
calcined  al  various  calcination

the mixlures were

conditions in an alumina crucible, ie. temperatures

ranging rom 800 10 950 °C. dwell times ranging [rom 2
to 10 h and addition of starting pewders (Na.CO. and
K-CO:) up to §

mol%, in order 1o Investigate the

formation of (Nay Ky« NbO;. The reactions ol the
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uncalcined NKN powders taking place during heat

treatment were observed by thermogravimetric and
differential thermal analysis (TG-DTA, Perkin Elmer
TGATY, using a heating rate of 10 °C/min from room
temperature up to 1200 °C.  Calcined powders were
subsequently examined by room temiperature X-ray
powder diffraction (XRPD: Philips X* Pert MPDJ, using
Ni-filtered Cuk,, radiation o identify the phase formed
and optimum calcination conditions lor preparation of
NKN powder. Powder morphologies and particle sizes
were imaged. electron

directly using  Scanning

microscopy (SEM; Jeol - JSM-3800LV).

AT (*Cimg)

T T e o
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Fig.l TG-DTA curves for the mixture of Na-CO-K,COy-
Nb.Os,

3. Results and Discussion

The TG-DTA analysis of a powder mixed in the
stoichiometric proportions of (Nag Ky ONDbOQ; s given in
Fig.l. The TG curve showing overall weight loss was
equal w0 12.53% from room temperature to 1200 °C. It
shows a 0.5% weight loss berween 25 and 200 °C. In the
same temperalure rvange, the DTA curve shows an
endothermic peak positioned at around 94.39 °C. which is
associated 10 the decomposition of water molecules.
According to TGA curve, the highest weight loss attains
value at around 10%, occurring between 465 and 650 °C.
This loss is correlated with the exothermic peak at 495,14
°C, tn accordance with DTA curve. The crystallization of
sodium-potassium niobate was, therefore. observed at
49514 °C. No further significant weight loss was
observed for the temperature above 650 °C, indicating an
absence of decomposition above this temperature. These
TG-DTA data were used to define the range of

temperatures for calcination,

[UTERURRTN]

[RACTLCE RN

Tt
(a0
12200

20N

Intensity (a..)

2 O (degrees)
Fig.2 XRD patierns of NKN powder calcined at various

conditions: a) 800 =C for 2 h. b) 850 °C for 2 h, ¢) 900 °C
for 2 h. d) 930 °C for 2 b, ¢) 900 °C for 10 b and ) with
an excess of 0.05 mol of starting materials (= K.CO,).

To further investigation the phase fonmation with
mncreasing caleination temperature in the powders. they
were caleined for 2 b in alr at various temperatures, up to
054 °C. Xeray diffraction patierns of NKN powders are
shown in Fig. 2. After caleination at 800 °C, the major
Bragg peaks corresponding to the expected orthorhombic
sodium-potassiurn niobate (NKN) phase are obtained
[3,6] accompanying with KyCO; as a minor phase. The
erystalline and single phase i1s obtained after calcined at
850 °C. The increase of calcination temperature leads 1o
an increase ol the crystallinity accompanied by increase
of diffraction peak intensities and a simultancous
decreasing in their breadths of peaks. Apart from the
caleination temperature. the effect of dwell time and an
excess of NaxCOy and K.CO; were also invesligated.
Three dwell times (2, 6 and 10 W) were selected for
calcination condition at 900 °C. A full crystallization of
NKN phase was obtained al this temperawre. It is found
that there is no significant difference for XRD patterns of
powders with increasing dwell lime ranging from 2 to 10
h (see in Fig. 2(e)). 1t is obvieus that a full crystallization
of NKN phase was obtained in this study at lower Ume

than the previous work [3] and it provided more




addition of excess starting materinls, three amounts
(. 0.03 and 0.05 mol) were selected for calcination

condition at 900 °C for 2 h. It can be seen that the single

phase of NKN is still observed with increasing the
amount of Nax’Q, and K-:CO; up to 0.05 mol
(Fig. 2(Hn.

Fig3 SEM micrographs of the NKN powders caleined at

~warious conditions; a) 900 °C for 2 h, b) 900 °C for 10 h,

and ¢ with an excess of 0.05 mol of starting materials.

The moiphological evolutions tn the (Nag iy sINDO;

‘powders are illustrated in Fig. 3 as a function of

NAC2006%%
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crystallized phase than other investigations [1,3,5-6]. For  calcination temperature, dwell time and the excess of

slarting powders. In g_eneml. the particles are agglomerate
and basically irregular in shape (Fig. 3 (a-h)). Particle
size tends 1o increase willy increasing temperature and
dwell time ranging from 0.14 to 0.30 pum for powder
calcined at 900 °C for 2 h and 027 to 0.41 pum for
powder caleined at 900 °C for 10 h, The sample with 0,05
mol excess of Na,COQ; and K,COy shows larec cubic
particles with particle size ranging from 1 to 2 pm (Fig.
3(c)). This result shows that the addition of an excess
Na:COy  and  K.COy  can  significantly  reduce  the
calcination temperature to lower temperature than 900 °C

for 2 h.

4. Conclusion

The (Nag «KasINBO; powder is prepared by a solid state
reaction, Evidence gained from XRD revealed that a
completely single crystallized phase with particle size
ranging from 0.]4 1o 0.30 pm was obtained in this study
by using a calcination temperature @ Y00 for 2 h. The
resulted NKN  powders consist ol o variely of
agglomerate particle sizes. depending on calcination
condition and amount of an excess of Na,CO; and
K,COx
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