75

]
A

NV}

MWD SEM V0UHI 1IN -n)(Na, K, JNbO, — 0.05 LiTaO, — n LiSbO,

51

_

(0.95

3.41

o
FUINDINQUNYN 1075

°C

a
Rl

a



76

v
| |

53

-

A
1o

(0.95-n)(Na, K, JNbO, — 0.05 LiTaO, — n LiSbO,

51 3.42 WE1w SEM U0aL535130

U

s

°C

a
K

HUABINYUWHU 1100

a



71

6.0

”e; 5.0 X

o 40 % X X

“ i — =

5 30+ .

N [

& 20

§ ! —o— 1050

< 104 —=— 1075

r —X— 1100
0.0 -+ ‘ i : i : i : ; : ; :
0.00 0.02 0.04 0.06 0.08 0.10 0.12

LiSbO3 content (mole)
51 3.43 VANIURAEVELWI NN (0.95-n)(Na, K, JNbO, — 0.05 LiTaO, — n LiSbO,  IiJp

a s aa @
mumaiﬁqmwgumm U

3.2.6.4 m3asaevauiamevhveuwsslinlussuy (0.95-n)(Na, K, JNbO, -
0.05 LiTa0, —n LiSbO,
FmumsanmnautianaTlihvessuaussiin (0.95-n)(Na, K, JNbO, — 0.05
LiTaO, —n LiSbO, im,ﬁ@ﬂGTfyuqmﬁﬁﬂ'1mmwunuiu“l,ﬂt?ﬁﬁmﬁ’uﬁqmwgﬁ@umaﬂuﬂm 1050 —

° [ ay A [l o Aad 9 o = Y [ ds’
1100 “C ¥83NNAT n NIFATAL 2 VU WRIUMIMIaLan Insaua unﬂﬁﬂ‘HWﬁNUWVINHMﬁW PN

3.2.6.4.1 AN ladianasn
A A 1 A ac a . . J =
iensanmInd ladianasn (dielectric constant, €) tazuvlnmesmsgydelugl

k4
Y0IANWFOY (dissipation factor, tan 8) VoIA13AI0E1  Aanaaalugll 3.44 — 3.45 w1 e g

a1 4 Ty o 1 1 an 7 3 1 o ] 4
Uag tan O 1Jﬂ1eﬁuﬁ)§llﬂ‘ﬂﬁﬂﬁ']1‘m'l n LLﬁZQNWQN%HM@‘ZHJH@EJNNWﬂ Tﬂﬁlﬁ'l‘i@]’)'ﬁ)fﬂ\ilﬁf] n=20.0

v
Y

(NKN-LT) 1#a1 &, 0glug29 600 - 700 dmsumsdumes Tugae 1050 — 1100 °C Faa1h latiiile

A

o = =\ ] Aav 1 1 = 9 A = =} ] a
u1u11]L‘IJ38J‘]JL1/IEJ‘Uﬂ1N1U’J%‘(’JfJuG] [41] wWuN 1Jﬂ1q\'1ﬂ’ﬂl,aﬂu@EJLL@&M?J!“]J?EJ‘UL‘VIEJ‘Uﬂ“]JLc]ﬁHJﬂ

aow & ' Y1 o =N 1 < ' Ay v
(Nao_sKo_s)Nbos Glux'ﬂu’lﬁ]ﬁlu WUIT NKN-LT Gl?i‘ﬂWﬂﬂ’NLaﬂu@fJ E]EJNUI'D'ﬂ@ﬂJJ 1 8r Vlulﬂ%1ﬂﬁ$ﬂﬂ

Y
A0 1

UNMEINII5 100 (Na, K, INbO, 1ua11338ue3 Guo, agamz [10] 110 Feiia1nlszuna 400



78

v 4
dMSUAIAE1TAN LiTaO, (n = 0.02-0.10) WU A1 €, Vg laga1sdiedy

a

A Y A a s ° o 1 A
1o n =0.04 1¥im €, gagaszunm 1510 WoFumasNgaunnl 1050 °C Haza15AI081UU0 n =
3q Y1 (Y ' ' 1o o @ [l A A
0.02 118z 0.06 NIAIguUnY Tagagluria 1300 — 1350 HAMUSUAIIAIOI1UUD n = 0.10 AN
Y o A Yy o o VA o & A P Ao
landuiiaranawaz IndiResiuasarediuiio n = 0.0 (31 3.44) Maililoa1nMsi LiSbo, N84
o aaa 1 L4 1
wlgnsen luawyselvauniood (31 3.35)
msfin g, gaszana 1510 Tuensdediadie n = 0.04 e lnfSsuiisuauves

Saito UAZAMUL FUATENET (K, Na, ,,Li Sby0,)0, AWID reactive grain growth

0.44

)(Nb, . Ta

0.04 0.10

& Ao 4 I [ A 1 Y wvAa
(RTGG) HNANHULINTUUVUINANGS (textured) [14] taziludnvazniienuig lvmawia
d’d 1 =W 1 1 =S 7 d! Y a A 3
malihig wud Seaeglusiudendn deenunsoagllai ma@uastens LiTao, oz
. 1 o = U ad Aa 4 a 1 Y [ 1 =1 A ad A Ao
LiSbO, FmAY  tazmsenaedssumesuuuilng  dwaldasdtediiauiia ladanainiia
= (Y =) 9 an
MEVIMAUMIINTINAITT RTGG
A a a s a d? A ° 1 1 A Y
enIaNMIFUNeINgUHYNGITY (1075 U308 1100 °C) WU M1 € N diiA1anal
o U v ' { a A a J v ] o o v 1
nazdInNAsAIRENFUMeINgUHYN 1050 °C Tastia1ag 11429 800 -1000 11T VNNAIBEN
dM5UA1 tan § VOITIAIVELBIAY LiSbO, WuNTAGIsznm 0.1 — 0.7 Tagsn

d' (% 1 d' Y ) [ Y 1 d' 1T Aa . 1 a0
qmqﬂwﬂumimammiwm Sr qga uazmmumsmamm"lmm LiSbO, A1 tan o UM
4

22 aa a4 £ & 4 A& A ~ 0
IWHUUAUYUHYUBUIAD I MNNUY (gﬂ 3.45) %91 tan O ‘ﬂqeumﬁ]mmm%mmmﬁmwm"lvxl%

~ o ' £ a a J o L 1 a 4
1/1@1'\1"’1]?)\1?(15@]'J'E)fJN“]i\Hﬂﬂiﬂ‘ﬂ']ﬂﬂ"lﬁQiylﬁfJﬂ@ﬂulclfﬂW'Jﬂ@ﬁﬂflauilﬁ%ﬁ’ﬂﬂﬂWﬁ“ﬁquﬁ



79

1600

1400 -

1200 -

1000 ~

800 +

600

Dielectric constant

400 —— 1050

—=— 1075
—— 1100
O+t

0 0.02 0.04 0.06 0.08 0.1 0.12
LiSbOs content (mole)

200

51 3.44 AneiiladidnaTnuoawsiin (0.95-n)(Na, K, JNbO, — 0.05 LiTaO, — n LiSbO, 1iie

Fumosngavgiinie fu

G

i —— 1050
i —&— 1075
0.8 -+ —a— 1100
S
& 0.6 -
<
e
2
£ 04
2
0.2

0 - i i i i i
0 0.02 0.04 0.06 0.08 0.1 0.12
LiSbO3 content (mole)

1 3.45 winwesmsgadslugiuesnnudouveussaiin (0.95-n)(Na, K, JNbO, — 0.05 LiTaO,

y a S a @
~n LiSbO, 1oFumpsNgungiaee i



80

3.2.6.4.2Md,,
o @ @ 1 dy Y A @ 1 A ad a Y] 1
mm‘umimamﬂuizuuu"l,maaﬂmsmammum”lﬂau,aﬂmﬂqqqﬂmmm d.,
= & g 1A ) 4 9 @
wu Imszana 170 po/N Gmﬂuﬂmquaﬁummazmmmu1"11J1J53qﬂm1umqmuaamw
a 4 L} 3 1 { [ 1 1 Aav Q 1
Tafing og1al5nay an lddalinmioaniluanuIdeves Saito azaae Falimszans 300 pCO/N
A = . 9 A = = [ 1 =\
weAnwITEvy (K, ,Na,,,Li,,,)JNb, Ta, Sb,,)O, AWITMIATEULUVUAYINY LAz d,, U

AMseu 416 pC/N 11101913 8uA877 reactive grain growth (RTGG) [14]



a v Y
4. f:rgﬂwaminmmzmmaummz

4.1 agwamsIvy
4.1.1 M3NIBNHG (Na, K )NbO,)
MSIASURIENTA0619 (Na,_K INDO,) 1iiD x = 0.2, 0.4, 0.5, 0.6 1Az 0.8 AIBHEN

J A Yo o 9 1< 09: 9 1 o ] a
pon lyauuunlgiuna i uazld Na,co,, K,C0, uaz Nb,0; iflumsasdu nui asdiediuna

a

J o I 2 Aa J a Yo A ~ ° IS
ﬂﬁW@illG]’mJuNaﬂ%NﬁMEJW]iLL‘]JTJE]E]‘JI‘ﬁiﬂuﬂﬂllﬂﬂLEJE]LNWqumﬂﬂil 900 °C Wunamu 2

£

a

o ) o ~ <3| @ ) o
G]f':ljll\‘] 11U x = 0.2, 0.4 11ag 0.8 Lag NYUHHN 900 °C e 6 5153111\1 aImTuy x = 0.5

o W Y Y ad ! < o o q .9 ¥
nazd sy x = 0.6 vwAvldguugiingand 900 °C Wunau 2 FTue ezl ldans
o 1 A a = A v A ' < Y= 2 o vy
A10819NVTENT esnndalifinues K,CO, Usingeg voninil Tadnynaveansandsaidy

J ' a @ ' 4 ' 4 a o vy
Uszinmasueuaduny (Na,Coaz K,CO,) Tuasdiediuiie x = 0.5 wuiule@uasaidn

a { A -4 a t( 9}:; 9 a

TulSinammuduilszna 005 Tua sgamnsaaaguugiilumsunalmilidiaddd fe azifa
s g =R Aa o a ]/ls} (] ¢ A lrl P a °
mavesuilunanniaunasuuvess Isseniin ldedauysaliliowuaa lsungangil 800 °C

Aunaiu 2 $2Tug

4
[ 1 1

dmsudnvazgliuazvinaveseymarzdvegiudadiuvesd x  Usmas

U

4 Yy 9
% v A s 1

J 1 a a A J

asduilszinnasveuadiuny guvgiuaznanlslumsuaaland fNaflvnaveseyninziin

42} A a o 4? A a 3 9 ] a A 42}
WnIuiiegumgiinaznauaa lninniunielsmumsasdudunumudy - Tasoynnvuia

1 ] [~ ! { @ ] { a
Tangadseuna 1.0 — 2.5 pm vagigdatlunsed@masuwolumsdeda (Na,, K, JNbO, ftdy

qa.: 9 4 ] a a P a ° I
msnsdulsziamasvetuaduiulsina 005 Tua wazwwaa laifguvgil 900 °C 1l

DAY 2 $2 Tug

4.1.2 MR350 (Na, K )NDO,)
o [ =~ a A 1 A A 9 A a 1
AMTUMINIT BTN NA1 x 4199 11ag (Na,, K, JNDO, N130AI8T15100%1AN139)
9
flo @sAsdulszinnmsUeIuAdIMIAY, LiTaO,, BaTiO, tay LiTaO, Ysua 0.05 Tua wauriy
a 1 [ ! a < o
Lisbo, Tudlsmmeng du Teewwnalaifguugd 900 °c Wunar 2 #lus (endu

(Na, K, )NbO, i3 K,CO, 1ag Na,CO, aauiny 1/5ua 0.05 Tua tagiiiy LiTao, 1/31as 0.05

a

Y a 1 4 < @ a {
Tua waruiy Lisbo, TuFuaene wwaalsingungil 800 °C funar 2 $11u9) wndumesy

U

Y
1 Y o =2

A 1 I o a 1
UNHUAN 111‘11:1% 1000 — 1200 °C Wuan 2 Glﬂjll\? ﬂ?ﬂﬂ@ﬁTﬂTﬁﬂlu/ﬂﬂﬂlﬂquﬁQN 5°C 919

1 aa 4 -4 4 [ 1 a a
Wi W wur TuvesgamgiFunes sz el iWedadinues x, Usum BaTio,uazi/5ua

A

v J v a oA 4 an J 4 a
mmQﬁuﬂizm‘wmﬁumummumuﬁmmuﬁu uazumTffmmqmwgu%umai%aﬂm Lﬁ’f)miJ



82

v F4
LiTaO, ﬂimmmuﬁu HAZNNMINATDUTNTANNIMININVOIAITAIGN WL ANNHU MUY

a J

4
M3naaa ez Inseaiegamaziimiuegiuguunisumes, A x, slauazdsuuueIa1sae
a oij 4 1 a o [ (Y] 1 3 1A
L!,az1Ji3JTmm3mﬁ'uﬂszmmmiummmumu mmﬂmm%’nwﬁﬂmmmsmamquu”lmﬂﬂ
A Ao p A A Ay S v s
mdasuu/aslaelanyusaunasiuuess 155euln  Wolonled1sasaulssianmsveua

1 a a 1 : I a a 4 3
ARy uag LiTao, U5ua 0.00 - 0.06 Twa ugazildsuiunnudiiniione BaTio, nagling

a

o a 1 o 4 §y A s
uuVees Isseuiing wnumasy Inuoalloiledie LiTao, uag LiSbO, iioFunesnguigil 1050

Rl

9
v A

1 < 4 a -4
°C a1 l5Ay aztmatulownavudie aatl

A A 9

- @ K,Li,Nb,0, Tunsdifiidedrs LiTao, U5 0.06 Tua yu'ly

- wld Ba,, Ti,0,, Wi5ould Ba,,Ti,0,, Tunsaiiidedls BaTio, Usum 0.06 Tua
4
yulal

- e K,Li,Nb,,0,, Tunsaiaw LiTa0, 15113 0.05 Tua uag LiSbo, USum 0.0 -

1.31 1.07

0.10 Tua
. A A a . a . A
- e LiSbO,naumiaeng 1ea LiTao, U5uas 0.05 Tua tag Lisbo, 1511 0.10
Tua
o o va @ 1 A d? "o aa Jd o 1 1
dmsvauiianie lihvesasdaeds nuniimiuegiugungidunes dadiua x
a a A [ csy
yuaazlsaeso Al

sa

- aiediuiio x = 0.5 a1 € gegailszana 896 ieFuines Ngaivgi 1100 °C

i
Y] 1 A A 3 9 4 1 a a Y
- f:’fTiG]’J’é)EJN‘ﬂmll’ﬁTﬁG]\iGl‘Llﬂi%!ﬂﬂﬂ1iﬂﬂluﬁﬁ’)ulﬂuﬂim1m 0.01 Tm Glfl/i?ﬂ €,
A a S a °
gagailszana 1707 ioF Um0 NgaM 1100 °C
% 1 d' a . a Y d‘
- mMIMeENAN LiTao, 15w 0.02 Tua Tvie g gqugalszinm 1241 1le
a c’d‘ a °
FUADINYUNHY 1100 °C

- @iiedi@y BaTio, Ysnar 0.06 Tua ¥ & gaga dszanm 1293 1o

a

a s
FUADINYUNUNN 1175 °C

U

- @13AI08WIIAN LiTao, Ysua 0.05Twa waz Lisbo, 15w 0.04 Tua lda

a

qagaszina 1510 ieFuwesgavgil 1050 °C

QU

[ <3 o v A A Yo A 1 1 9 9 o 1 AA Y
?JEJNbl‘JﬂmiJ ﬁ'ﬁﬂj@ﬂ']\iﬂlﬁﬁﬂllllﬂﬂquﬂ'] tan O ADUINGI INLIUFITAIDYNNLIIDAIY

. Y1 & 9 o A
BaTiO, 3 1Am1HAs U119 TagazliAn)szana 0.088



83

dmsua d,, veemsaredeimson latiangega 170 pC/N Fawnluaisdodaiay
LiTa0, J511as 0.05Tua 1ag Lisbo, Usuar 0.04 Tua dvisuansdredndious nundalinm

171 100 pC/N

4.2 VoAU

9

1 9 c; v A 4 [] aa 4
42.1 mluszpuiilgamalnoudndr SN IMA AU IsanguUITUINDS
q

o $ o ¢ o ¢
T¥idae ieretlosiumsgadovesennleqiszinndan lay

4

Y A o A 1 Y Y VoA R
422 ﬂﬂa’f]qcl(’]ﬂﬂi@\iﬂﬂWﬁn’tff'ﬁwa\‘l\ﬂuqq lWf]i]3"]f’)ﬂslﬁllﬂﬂ']ﬂ?'ulﬁu’]lluuﬂqqeuu

4
% % a

A A A 1 dgl 1 an J v R o 1
42.3 !quiﬂﬂﬁll‘]JG]‘VINllV\IﬁWMﬂFUU’E)g VIUHUHUBUIADT ANUU WAITIANTNNYUNHU

U



10.

11.

12.

13.

84

1PNE1391999

Jaffe B, Cook W R, Jaffe H. Piezoelectric Ceramics. Academic press, New York, 1971, pp.
185 —-212.

Waanders J W, Piezoelectric Ceramics-Properties and Applications. Philips Component,
Eindhoven, 1991.

Maeder M D, Damjanovic D, Setter N. Lead Free Piezoelectric materials, J Electroceram
2004; 13 : 385 —392.

Cross E. Materials science: Lead-free at last. Nature 2004; 432 : 24-25.

Singh K, Lingwal V, Bhatt S C, Panwar, Semwal B S. Dielectric properties of potassium
sodium niobate mixed system. Mater Res Bull 2001; 36 : 2365 — 2374.

Wang R, Xie R, Sekiya T, Shimojo. Fabrication and characterization of potassium-sodium
niobate piezoelectric ceramics by spark-plasma-sintering method. Mater Res Bull 2004; 39 :
1709 — 1715.

Tashiro S, Nagata K. Influence of Mixing condition and nonstoichiometry on piezoelectric
properties of (K, Na, Pb)NbO, ceramics. Jpn J App Phys 2004; 43[9B] : 6711 —6715.

Ichiki M, Zhang L, Tanaka M, Maeda R. Electrical properties of piezoelectric sodium-
potassium niobate. J Eur Ceram Soc 2004; 24 : 1693 — 1697.

Guo Y, Kakimoto K-I, Ohsato H. Dielectric and piezoelectric properties of lead-free
(Na, K, )NbO, — SrTiO, ceramics. Solid State Commun 2004; 129 : 279 — 284.

Guo Y, Kakimoto K-I, Ohsato H. (Na, K, JNbO, — LiTaO, lead-free piezoelectric ceramics.
Mater Lett 2005; 59 : 241-244.

Park S-H, Ahn C-W, Nahm S, Song J-S. Microstructure and piezoelectric properties of ZnO-
added (Na, K, )NbO, ceramics. Jpn J Applied Phys 2004; 43[8B] : L1072 —L1074.

Guo Y, Kakimoto K-I, Ohsato H. Structure and electric properties of lead-free
(Na, K, JNbO, — BaTiO, ceramics. Jpn J Applied Phys 2004; 43[9B] : 6662 — 6666.
Matsubara M, Yamaguchi Y, Kikuta K, Hirano S-I. Sinterability and piezoelectric properties
of (K, Na)NbO, ceramics with novel sintering aid. Jpn J Applied Phys 2004; 43[10] : 7159 —
7163.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

85

Saito Y, Takao H, Tani T, Nonoyama T, Takatori K, Homma T. Nagaya T, Nakamura M.
Lead-free piezoelectrics. Nature 2004; 84 - 87.

Matsubara M, Yamaguchi T, Sakamoto W, Kikuta K, Yogo T, Hirano S —I. Processing and
piezoelectric properties of lead-free (K, Na)(Nb, Ta)O, ceramics. ] Am Ceram Soc 2005;
88[5] : 1190 — 1196.

Hollenstein E, Davis M, Damjanovic D, Setter N. Piezoelectric properties of Li - and Ta —
modified (K, ;Na, )JNbO, ceramics. App Phys Lett 2005; 87 : 182905.

Zhen Y, Li J-F. Normal sintering of (K, Na)NbO,-based ceramics: influence of sintering
temperature on densification, microstructure, and electrical properties. ] Am Ceram Soc
2006; 88[12] : 3669 - 3675.

Saito Y, Takao H. High performance lead-free piezoelectric ceramics in the (K, Na)NbO,-
LiTaO, solid solution system. Ferroelectrics 2006; 338 : 17 - 32.

Yoo J, Lee K, Chung K, Lee S, Kim K. Piezoelectric and dielectric properties of
(LiNaK)(NbTaSb)O, ceramics with variation in poling temperature. Jpn App Phys 2006;
45[9B] : 7444 — 7448.

Du H, Li Z, Fusheng T, Qu S, Pei Z, Zhou W. Preparation and piezoelectric properties of
(K, sNa, JNbO, lead-free piezoelectric ceramics with pressure-less sintering. Mater Sci Eng
B 2006; 131 : 83 — 87.

Chang Y, Yang Z, Wei L, Liu B. Effects of AETiO, additions on phase structure,
microstructure and electrical properties of (K, Na, )NbO, ceramics. Mater Sci Eng A 2006;
in press.

Zuo R, ROdel J, Chen R, Li L. Sintering and electrical properties of lead-free Na, K, ;NbO,
piezoelectric ceramics. J. Am Ceram Soc 2006; 89[6] : 2010 — 2015.

Takao H, Saito Y, Aoki Y, Horibuchi K. Microstructural evolution of crystalline-oriented
(K, sNa, JNbO, piezoelectric ceramics with a sintering aids of Cuo. J. Am Ceram Soc 2006;
89[6] : 1951 - 1956.

Pettry J-R G, Said S, Marchet P, Mercurio J-P. Sodium-bismuth titanate based lead-free
ferroelectric materials. J. Eur Ceram Soc 2004; 24 : 1165 - 1169.

Hao X, Yang Y F. The dielectric and ferroelectric properties of tungsten bronze ferroelectric

(K, ;Na,,), (Sr,Ba, ), ,sNb,O, ceramic. ] Mater Sci 2007; 42 : 3276 — 3279.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

86

Raghavender M, Kumar G S, Prasad G. Dispersion of relaxation time in impedance
measurements of Na, K NbO, mixed ceramic. Ferroelectrics 2005; 324 : 43 — 47.

Li J-F, Wang K, Zhang B-P, Zhang L-M. Ferroelectric and piezoelectric properties of fine-
grained Na, K ;NbO, lead-free piezoelectric ceramics prepared by spark plasma sintering. J.
Am Ceram Soc 2006; 89[2] : 706 - 709.

Cross L E. Electric Double Hysteresis in (KxNal_x )NbO3 Single Crystals. Nature 1958; 181 :
178 - 179.

Ringgaard E, Wurlitzer T. Lead-free piezoceramics based on alkali niobates. J. Eur Ceram
Soc 2005; 25 : 2701 - 2706.

Egerton L, Dillon D D. Piezoelectric and dielectric properties of ceramics in the system
potassium-sodium niobate. J. Am Ceram Soc 1959; 42[9] : 438 - 442.

Jaeger R E, Egerton L. Hot pressing of potassium-sodium niobates. J. Am Ceram Soc 1962;
45[5] : 209 - 213.

Haerting G H. Properties of hot-pressed ferroelectric alkali niobate ceramics. J. Am Ceram
Soc 1967; 50[6] : 329 - 330.

Du H, Tang F, Luo F, Zhou W, Qu S, Pei Z. Effect of poling condition on piezoelectric
properties of Na, ;K ;NbO,-LiNbO, lead-free piezoelectric ceramics. Mater Sci Eng B 2007;
137 : 175 -179.

Du H, Tang F, Luo F, Zhu D, Qu S, Pei Z, Zhou W. Influence of sintering temperature on
piezoelectric properties of Na K NbO,-LiNbO, lead-free piezoelectric ceramics. Mater Res
Bull 2007; in press.

Askeland D R. The Science and Engineering of Materials. Chapman & Hall, London, 1996,
pp. 67 -68.

Lingwal V, Semwal B S, Panwar N S. Dielectric properties of Na,_K NbO, in orthorhombic
phase. Bull Mater Sci 2003; 26[6] : 619 — 625.

Birol H, Damjanovic D, Setter N. Preparation and characterization of Na, K, ;NbO, ceramics.
J. Eur Ceram Soc 2006; 26 : 861 - 866.

Zhang B-P, Li J-F, Wang K, Zhang H. Compositional dependence of piezoelectric properties

in Na K, NbO, lead-free ceramics prepared by spark plasma sintering. J. Am Ceram Soc

2006; 89[5] : 1605 - 1609.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

87

Powder Diffraction File No. 32-0822, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Powder Diffraction File No. 32-0842, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Kim M-S, Lee D-S, Park E-C, Jeong S -J, Song J-S. Effect of Na,O additions on the
sinterability and piezoelectric properties of lead-free 95(Na, K, ;NbO,)-5LiTaO, ceramics. J.
Eur Ceram Soc 2007; in press.

Powder Diffraction File No. 34-0122, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Powder Diffraction File No. 80-0911, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Powder Diffraction File No. 80-0908, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Ahn Z S, Schulze W A. Conventionally sintered (Na, K, ,NbO,) with barium additions. J.
Am Ceram Soc 1987; 70[1] : C-18 — C-21.

Powder Diffraction File No. 48-0997, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Powder Diffraction File No. 84-2003, International Centre for Diffraction Data, Newton
Squre, PA, 2001.

Skidmore T A, Milne S J. Phase development during mixed-oxided processing of a
[(Na, K, ,NbO,)], —[LiTaO,] powder. ] Mater Res 2007; in press.

Yang Z, Chang Y, Liu B, Wei L. Mater Sci Eng A 2006; 432 : 292-298.



OUTPUT

%% d' Yo
«innimam‘s"simﬂ‘lmunumﬂ ani.

88



89

OUTPUT 910ln33m339afi1a5umuain ana.

v
U

vy v 1A aa a a o S A y
1. Nﬂﬁ]uﬂ"!ﬂi'll/i]ﬂﬁQ!WBﬂWNWﬂu’J1iﬁ15’J‘1ﬂﬂ15u1u1‘1ﬂﬂ IUIUTNAU 3 1304 Taun
Aav A Yy a ¢ 9 A
1.1 wmmmﬂﬂ"lﬂmwuwum 113049
- Bomlai P, Wichianrat P, Muensit S, Milne S J. Effects of calcination conditions and excess
alkali carbonate on phase formation and particle morphology of (Na, K, )NbO, powders.

J Am Ceram Soc 2007; 90[5] : 1650 - 1655. (MANUIN N)

1.2 HamiSuiidsaduitomsaim 2 Seq

- Bomlai P, Wichianrat P, Muensit S, Milne S J. Effect of alkali carbonate excess on the
properties of sodium potassium niobate ceramics. (manuscript submitted to special issue of
Ceramic International) (N1ANUIN U)

- Bomlai P, Sukprasert S, Muensit S, Milne S J. Phase Development, Densification and
Dielectric Properties of (0.95-x)Na, K, ,NbO, - 0.05LiTaO, - x LiSbO, Lead-free
Piezoelectric Ceramics (manuscript submitted to Materials Research Bulletin)

(MANUIN A)

a W d‘ 4 U d‘ A A a o d‘
2. Na\1"IH'J"l]ﬂ‘ﬂvlﬂﬂ159]9Uiﬂ!WﬂﬂWNWﬂu]15ﬁ15]‘H1ﬂ"lﬁTL!‘lJﬁS!‘ﬂﬂ PIUIU 11999
- Bomlai P, Saengchote W, Muensit S, Milne S J. Effects of calcinations conditions and
K,CO, content on phase and morphology evolution of (Na_K )NbO, powders.

Songklanakarin J Sci Technol 2007; in press. (A1ANYIN 3)

° av d da a
3. marhwaanddelild s lew as Uszleriddnims
Y J Y 1 [ @ [ a .é’ 9
- 303 9eINAN IntReInuMIHaN Tagria luivuunlduny pzT
9 XY dyd [ £ @ =\ [ [ I'4
- e lsnuideildludiuninnlumswannmsseumsdonluangasidamadns
AUZINGIFNFAT WHIINGRITUAIUATUNT
a Aaov 4 o Aa A a L
- amnsonaaranuIdeoitaue TunulszgnEainms wazdnuilumsasng
Y
i lussdumnaLaz U 1a

a v av 1 1A o o a {
- awnsoraminddegulrniniinnuianuanse uazdszaumsal lumsianuisen

taunmae il 1dTueuina



90

[ 9
Av A A 9 %

- awnsaaduaieneanuiwiie lumshnuasenunguiseineadeisnnnely

wazusnaaiuld

4. mavhwanulflfalselamicnadug

Y 1 o a a
4.1 ﬂ15!611Ti'JNHHQ’HGNEI\ﬂ‘Iﬂ‘I—!\ﬂ‘I—!l]ﬁS‘IgN!‘UQ’J‘lﬂfni
- ”lﬁ’”lﬂmuawmm‘i%’ﬂiumiﬂszﬂgu 1509 “The 5" Asian Meeting on Electroceramics
(AMEC5)” at Tsausudunsa Tatlma ngammn luszwdneduil 10— 14 Sunaw 2549
Bomlai P, Wichianrat P, Muensit S, Milne S J. Effects of K,CO, and Na,CO, excess on
the properties of sodium potassium niobate ceramics. The 5" Asian Meeting on
Electroceramics (AMECS5) 10-14 Dec, 2006, 98, Bangkok, Thailand. (D1ANUIN ?)

v 1

9 awv v a [l awv
1@ lauenanuideTumsiszyu «indtegulnt. wu wsiee1) Ta ana.” a Tsusuy
= o o w @ ~ ' o A
FAUN ¥ TInTamasys TusenIiun 12 - 14 gainw 2549
Bomlai P, Wichianrat P, Muensit S, Milne S J. Effect of dopants on sintering

behavior and properties of sodium potassium niobate ceramics. (NANUIN R)

- "l?f"lﬂmuawmm%’a“luﬂﬁﬂizﬁgu “The 4" Thailand Materials Science and Technology
Conference” w1 anennenmaasUszmalng SwSatnusiil luszwihedui 31
VAN — 1 WG 2549
Bomlai P. Phase and Morphology Evolution of Sodium-potassium niobate Powder
Synthesized by Solid-state Reaction, Proc. 4" Thailand Materials Science and Technology

Conference, Bangkok, Thailand, Mar. 31-Apr. 1, 2006 : 52-54. (DANUIN %)



journal

J. Am. Ceram. Soc., 90 [5] 1650—1655 (2007)
DOL: 10.1111/j.1551-2916.2007.01629.x
© 2007 The American Ceramic Society

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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Fig.2. (a) X-ray diffraction (XRD) patterns of Na;_, K, NbO; (NKN) powders calcined at various temperatures for 2 h; the pre-calcined mixture is

also shown (¥, Nb,Os; +, K,COs; ®, Na,COs). The orthorhombic pattern is indexed according to JCPDS data file 32-0822.%! (b) The expanded XRD
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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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.
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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
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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.
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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
affected average grain size, and dielectric constant. A sintering temperature of 1050 °C
(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

composition.
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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.



