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The lead-free piezoelectric potassium sodium niobate (K,,Na,,NbO,; KNN) powders were
synthesized by modified-solid state reaction and combustion method. The influence of excess
K,CO, on the perovskite phase formation has been investigated as a function of calcination
conditions by TG-DTA and XRD techniques. Morphology and particle size have been
determined via a combination of SEM techniques. The calcination temperatures and dwell
time have been found to have a pronounced effect on the phase formation and morphology of
the calcined KNN powders. However, the formation temperature and dwell time for single-

phase KNN powders were lower with the modified-solid state reaction technique. With



modified-solid state reaction, single-phase KNN powders consisting of nanoparticles 70-300

nm were successfully obtained for a calcination temperature of 400 °C for 2 hours.
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2.5 lnunmTendaenTulewn (K, ,Na, ,NbO,; KNN)

Twunandon TodonluTown (K, Na, Nbo, nis KNN) ldGuilasdnuluil
A.f. 1954 Tay Shirane tazamz [6] IdmsAnmnmsnaususzninmsazaevesda
gewrdaludadiudeqdy Ao Twmadoululowa  &NbO)  FeflaudRdly
wlo§ Ts8Bnn3nuuusTsua (Nomal ferroelectric) ta TafunluToia (NaNbO,) el
auiadluteudmles 158Ban3n (Antiferroelectric) 11AMIANEINLT A1sazatevod
fiildadnvesasihy K, ,Na, ;NbO, 1iluni3inasesaamea (Morphotropic phase boundary
Wi MPB) szuitameni Isseufindesriafiiuanfiamsilinefuandafy uansde
3 2.6 KNN Tilassatrailumesena'lndlneiilosouves Nb™ Sefivuradn wwoylu
Foamsulaniwes Fec fiRnnmssaiiseiaveslosey K uaz Na© fu'losou
auveseondiou figamgiies KNN azil Tnseairauuness Toseuiin fgumgilums
nlRsumaegilsena 200°c FuflumsnlAountaessTssoudinllfumnsz Tnuea
uazilqungiigrszina 400°c  TaefinisiBoundaaiaainme I 158@nnsninnse

Tauealidluwisiddnnsa Afwladludqina
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KNbO; Mol % NaNbOj (note change of scale at90%) NaNbO,

31 2.6 wnuriaigmavesas Tuszuu KNbO, - NaNbo, [11]



11

50 T

o
< L AT
’6 40 ‘4 l AN
S V LN >
8 30 N
8) 0 _ e
5 2015 oT- PRESSED K
g X_AIR-FIRED \
Q 10 3
O

0

<

500
S
(7]
C 400 =
3

200 !
L 0 HOT- PRESSED S A \{
= % AIR-FIRED %
O 200 ¢
Q@ N
2 100 [ ¥
0O KNbOy 80 60 40 20 0

0 20 40 €0 80 NoNbO3

Molar Composition in percent

d' e o a d a t & ad a A a 9
Ui 2.7 mufamaiisTs8@ans nuazan i ladidnnsnfigamgivesuosms luszuy

KNbO, — NaNbO, [6]

o

o ad o
anifmes Tsdianninlu KNbO, gndunuaiwsnlaauumitye Tas KNbo, fiya
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KNN  dlufaquiefTssidnsnldmsasdafifiaudama Wi lnmdusila
nils  (dy, =130 pC/N k=046 P, =200 \Clem’ E, = 134kViem &, = 500 Az T, -
450 °c) aenlafan TunszuunsnFuaeives KNN  iiveldIdiwsiinfifinam
miuniugafu qunsawdonldeninn desnn Na,co, taz K,C0, Tiganasumads
#io 851 uaz 891 °C ARy FedawaldRansszmevesmikdesyiineenvinesiin
Tuil a.f. 1962 Jaeger uazaniz [6, 71 IdinsAnumBoumisunsiuziesin kN
FEHINMSENFURBIUULUAR AumMInaTeu (Hot pressing) W1 AR UMM UFURNS
Al&nnnsnadougeniinardumediuulnd Tnefididy 99 uag 94 % iy
ENUMMILANMAEEYes KNN 1L 4.51 glem™ Belunimby wsiiinii1dnnmsna
You Hamiamaliihiidnmsen  Sumefuvulnd uanedigi 27 sdlsfow
nszuaumsnadou doeldtunuiiqe Sehimnzlumsiuiluenamnssu

ity ldhandfedu Ingsdnnmaniounaniinanumuuniugees
KNN usod lsnamdisemuiimsfieg Idemiaaumnmiugaiudszneudoias
waedaudagiy Tadsuils Ao nerdnarsivunadn delfaunsadavangamgiluns
widweeiadld uagiEnsflesedsunwdnliivadatanusiiiudeudtondae
Fnsmaal Gedeadedofaldiegs JAnumsdredatos nsyfulyeins
wreuiEy gisorazveady) Fuiliiinsilfinalugamunssitadhmadond
MU ANIINATN

it iyl inas@numun NaTa0, AiilusonluduosTangnsmddudas
Tnssafrudiumesena Indiidnsiinnedlasisnslsudga fisenluannzveands
(Modified solid state reation method) wsamIFuns1zia1093 0151w lual (Combustion
synthesis) [12] Fufumailaiildlunismioneenladimeriiaiy Heiinanolfisen

=)

13- AUUTYUAUDY (Selfsustained reaction) F¥nINIAGRT0s lavinlfisenuaie
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UNN 3

IEMINAad

uniinaredimsed ounerdn TmmmFou Tadon lu TewndaeTa §isenaos
¥o4UTq (Solid state reaction) TaslFasasdudariiamu 3 unw 1&ud 1. mswidonTlasld
msnaduilszinna1ueiun (Carbonate) e nisasidruiiniusuves TnunaFouvoans
manInunaiFouTndoululowalussuy (K, _Na,  JNbO, 2.  A1SIATUURINGN
Twunadeu Txdon luTowadisaisasduilszinnoonsian (Oxalate) Tnoiiouranin
Twumadon Taden Ty Tewaluszuy (K, Na, )Nb0, Fussonahdusasidaufiuiueu
Annlduinatonmandn Tnunm@ou Indou TuTemaiiuinarssaduilszan
afueiua 3. niswsourandn Tnumendeoy TsReon luToiualaon1s@eySe (Urea) aslu

? v
fmmmuﬂszmmaanmmﬁ

3.1 maminlFlumsnaaey
1. Twmadoumisueiua (K,CO,) A1 gNE308az 99.0 #aTae1SHN Carlo Erba
szmeds g

= = é b = @
2. Tw@sumiusiua (Na,CO,) A7NUSgNT300as 99.5 Han IAgLSEN Fluka Uszine

wosUU

: ¢
3. Tnunadeusensuan lululamsn (K,C,0,H,0) aAnuusgnidesas 99.9 waa

TaeusEm Fluka Usemeaea sy
r'd
4. TwAeuesnyuan (Na,C,0,) ANNUSYNTI0vas 99.9 Haa TaeUSEN Fluka ilszing
GGEET!
~ J a é{sl a & o .
5. luladisumuazesanled (Nb,0) a1LSgnTiesas 99.9 HaalasuTHy Sigma -
Aldrich Ussinsignsiy
I'd
6. lolaTwsniuea ((CH,),CHOH) A1misqnsiesas 99.8 Wan1asUSHN Carlo Erba
szmeadSusa

7.  1ofiauoanaaod (Ethyl alcohol) AuUSgMiToray 99.9 waalaeuSHN Merck

Uszmseasiy
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3.2 gilnsainazinesiioNlFlumsnaass

I.
2.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22,
23.

24.

25.

26.

IneTiRInBanWazBen 0.0001 NSy HaATAgLIEM Sartorius
niziloamaradnniourhila 1ddmsuuadey

gnuares Taifle (2:0,)

InpsuRdasHaNMsILLAdedItTiATA (Ball-milling)

fintnesuuia 1000 Taaans

finnesuuin 500 Tadans

finnesvuia 100 fadans

finnesvuia 50 iaaans

aszawvlosd (Foil)

wukuI#nmTou (Hot plate) wHeudmaumsuuuntimin (Magnetic stirrer)
uiaMAndmSuUnIUas (Magnetic bar)

Tn3uAe1T (Agate mortar)

FouAnmITviA oAU

Foudnmismdignaadn

@usnelusasud

milunrumo

goudsgangil 200°% #iaaTauLFIM Memmert

o Iihgungd 1500° dmfurnans wanlasuiym Vecstar

§700gi 11 (Alumina crucible) niaurhil

AIzrOU

Auntly

Lﬂ%mmmﬁaunmgmmuﬂmﬁa%mncﬁ' (X-ray diffractometer) 3U D 8 Advane
NA099aNsIAIBIANATOUILLABINTIA (Scanning electron microscope) HAA TALLITEY
LEO ju LEO 1455 VP

insesiviesuBoanaunuiliunas3iined (Differential Scanning Calorimeter) HA®
Tag5H9 Perkin Elmer 'gl UDSC7

in3ounes Tunsriuaineur laiwe? (Thermogravimetric Analyzer) Wi Tng13Em
Perkim Elmer ju TGA 7

n3esirirlesuFuamensnoutlawo? (Differential Thermal Analyzer) #an Ing

UTHN Perkin Elmer ‘é UDTA7
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o d
3.3. matasanpananiwmadeslylawalneldmsasdudszanaiveun

w3suAe luszuY (K, Na, )NbO, #18A518U x = 0.40 0.45 0.50 LA 0.60 FIAW1IA

Y aas o . . o &
wiven ldAsauns§isonanuzveauda (Solid state reaction) a3l

(Na,CO, ), + 2(1-x)K,CO, ), + 2Nb,0) > 4((K, Na , )NDO, ), + (2(1-x)+1)CO,, (1)

10.

y ¥

] 9y f 1 °
FeesaInunenualanszawosa lulS i f ldnnaisaiuia

Py ddnyy v o # a Iy Y a
nauaaaduiige L ididedulunssllemaradniiussygauames Tadisudady

) %‘a oy 1 Y v 4

loTaTnsmueaaslvunangnua  andudacdhtuiundousuiumiliie
floenunissh
o ° [} 4 [} I~ &
i ldhasuadesdraasesuagoniliunal 18 41 uq

Py 4 . ) - 7y v v
uenmsAwuirhumIvadsaudasanaingnuaatludininefdrenszasouudadis
de'leTa Twswiuea

4 . f
asasauilalilszmela TaTnswiueasen Taeasldaudeud sy

9 k% @ 1 3 [ 1 o 2 EY)

ANuIBuUNIsuAumsTunudeuanivanaasaal nel3au le Ta Tnswivea

=Y

szmeeonuuaudni lheufiganai 80°s Huiaa 16 $2Tua
thansfieuudauadasnsnuads

wmismisivauda l3mseidremaiamed Tunsduminuasavolos u-ien
mofusaezinlada (16-DTA) F'lddeens llihnisTinsediigudisieaile
Tnmand uninndsasnuniung iensrsguuginmunzanudnisem
una lanineaisdiedie

H 3
ieya TG-DTA Mldniszaeumissnuuunimanssluduneuniswnna

Temad

a

tharsnnde 6 TdasludunmienTladudni hiuna lond Taoudawniigumngi

L'}

600 700 800 850 Uz 900°% TagldBasINISINgUNYEN 2000 Ao tHwar13 4

Wi
' o ) I ] 2 W " g a
ummi‘nLmuﬂa"l*‘tfuum"lﬂmfoa‘ummrﬂuwanmmmwaﬂﬂ’mmmwmﬂuﬂ

dy o I'd
TNV UYDITIAONY (XRD)
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3.4. mamssuralmadsul @l ulowalaslimsasdulszianeenaian

= Y ' ' o a = o
W3euHaluITUY (K, Na, )NbO, NoAs1duiusuiannsamnan Tnunadey T@oy

< % d’ aan
TuTerwnusqns 18a ldwasinaeui 1 uazaunsamdonldannaumslfisoanius
<1 . . @ 1

YDA (Solid state reaction) ALl
0.55K,C,04H,0,,+0.5Na,C,0,, + Nb,O,, >

4(s) 5(s)

2(K, ;;Na, JNDO, +CO, +0.60,,+0.55H,0,,  (2)

2g)

v

ac ° ' =1 o = = =1 9 v Y
1. AEMINAasaiusuaeInUM e ous ITwanadeou Tndsy TuTowa laeld a15aadu

Uszinnmisuea onidu 9 iisssiniinisldsumlasguvgiinimuaa laniivon

'
=

1 a a’ a v °
1 anunsamonns Inunadon Tydon Tu Tewwa i qns lengangiimila aaldv
matruna laningainagil 300 350 400 450 500 550 600 650 700 750 ttaz 800°x Tau 1
v < ad 1 ~ ) v &
BAIINIINNRU M NIN 20°F ABUIA 13 13 4 52 Tasg
' = < 2 = 2 o oy a
2. whmsienuaa laniuda llasrvasuanuilusdanvesvinandodademaiinms
¥
@ONUUVDITITONE (XRD)
' a 1 a = a <
3. wismnsoinde 2 Anusuaailupandn InanaFou Txdou luTowauigns i
asvdoudanyus Insaadsganinlagl¥ndesganssmidi@nasouuuudoania
(Scanning electron microscope; SEM)
4. hwain 14910 3 e N UL nae N IAR 8 BITLR I IdAUIFUAT (Linear

intercept)

=4 =t - A ) :l YV
3.5. mamssusalmmandgdadonlleualasmsidegiSuad uainadnlszianoens

an

aan o = 5 @ {
L awnsawsen laninaumsdfasendniuzuoid (Solid state reaction) A1auATN (2)
A = a4 v 3 @ ' S 4 o Yy 1w '
2. woyieadluasnwsonldninde 1 TusadiugSeremsiwionldmidy 2 de 1

3. wuna lsifigaivail 300 350 400 450 500 550 600 650 700 taz 750°% TaulHAT

MITINNQUMANT 20 °% Ap U Wy 134 ¥ T

& a a =) = a a £ v :" ° P
4. dennugangilumsinans Tnmadon Tadon TuTewanui gniudinmiviwei

=

v ¢ ad = ' &
lﬁl‘iUleﬂinﬂﬂﬁlN'\llﬂﬁ"l‘Bu o qf.unn11uumnﬂauuuﬂmizuxnaﬂumilmu‘nmim
y

u

Tavmslasuntlaanautuwng® 1530 90 nay 120 v

115220
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UNMN 4

Hanisnaasazenliuna

v
4.1 HaM3NIVTBUNGANIINMIANNTBUVEIMsAIINATIA TG-DTA
TG (Thermal Gravimetry Analysis) @luiaesileTinsgimsgadniminiio
Yo I & o {,’ @ Y 1 A o = [ a
Tdsuanuou Fezdalhminvesasdredruiieinsulasuntamniivaungi

3 o

1 a a o = o ] a
feyadi Idninmsnadeuaunsailiffimsednsnldsunlawesmsdiodiinade
1 { o [}
1Y Mgy Teeenilsznou (Decomposition) A1sidAsunlasTaseafraiiumrsin
. I
(Formation) dludu
. e \ o3 & A a d a 9 Y
DTA (Differential thermal analysis) Wnsesiiwinsisideniuiou Tagda
soninlugllvesgamgiiaenuszuiemisatedsnumsdias luseninldanuiou
gavgivesdled1uasunlasludnymueaa (Endothermic) ~ ninniaainieu
(Exothermic) (ila191nm1siasuinlassequndaaiuniely (Bnthalpic transition) 11 910
nmsnfaswda myazate msulfounilaslaseadundn msdea maenlud as
¥
Mg N1IA1eH1 ATUANAT ATSUIUAITBBNTIAYNY (Oxidation) AN (Reduction)
3 1 1
waziPnsenniinie demaiiteiinslinseiidanuioudinnise TG-DTA iess
Tivswigungiilaglsznuvesimsnialjizouai
[ Ed
wamatfasundamnnmudouseaisaidu K,CO, Na,CO, itag Nb,O, tizrasly
{ : =1 [ a o aan
s 4.1 vingdezmuldnigamngiivszmn 100 da wilitnvedfzergannuiou
3 & 1 a 1Y H 9y = a
singium entainainmsaatsdavesitlulaseaiie uaziquugiivszuia
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Synthesis and Morphology Evolution of Lead-Free
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A synthetic route for modified solid state reaction has been developed for the synthesis
of the perovskite phase of potassium sodium niobate, K1,Na;2NbO3 (KNN). Potassium
oxalate monohydrate (K3C204.H20) and sodium oxalate (NazC204) were employed
as a source of potassium and sodium, respectively. The formation of the K12Na;,NbO3
phase was investigated as a function of calcination conditions by TG-DTA and XRD
techniques. Morphology and particle size were determined via an SEM technique.
It was found that the minor phases of NayCO3 and K3COj3 tend to form together
with K1pNa;pNbO3, depending on calcination conditions. The perovskite phase was
successfully synthesized at a low temperature of 400°C. As calcination temperatures
increased from 600° to 850°C, the KNN solid solution became more homogeneous,
XRD peaks became narrower, and a pattern similar to that expected for orthorhombic
K12Na;aNbO3 was achieved after 600°C, as indicated by the separate peaks of 0 2 2
and 2 00.

Keywords Materials preparation; piezoceramics; potassium compounds and sodium
compounds
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Introduction

For almost half a century, lead zirconate titanate (PZT) and PZT-based ceramics have
been widely investigated and used as actuators, sensors, transducers, resonators, surface
acoustic wave (SAW) filters and other piezoelectric devices, due to their excellent dielectric,
piezoelectric and electromechanical properties [1-5]. Lead-based PZT materials contain
more than 60 wt% of lead oxide, which cause various environmental problems and numerous
medical symptoms, i.e. headaches, constipation, nausea, anemia and reduced fertility [6].
In terms of legislation at the EU level, two recent directives have put severe restrictions
on the use of hazardous substances in electronic equipment. According to these, lead and
other heavy metals should have been phased out by 1st July, 2006 [7]. Therefore, lead-free
and/or low-lead-content piezoelectric compositions have been studied and developed for
replacing the lead-based compositions in commercial application [1, 5]. Alkali niobates
of the general form, ANbO; (A: alkali metal), were proposed as alternative piezoelectric
materials [7]. Among various candidates, potassium sodium niobate [(K,Na)NbO3; KNN] is
the most promising one, because of its outstanding piezoelectric and ferroelectric properties.
Although KNN has been studied since the 1950s, research on it has not been intensive. A
recent article in Nature by Saito et al. attracted more attention on this lead-free piezoelectric
ceramic [8]. KNN powders have been prepared by a conventional solid-state reaction
method using oxide or carbonate compound as raw materials [9]. This reaction creates
several problems, which are caused by moisture-sensitive compound [7]. Moreover, high
calcination temperature can lead to the evaporation of volatile compound. It was found that
potassium niobate (KNbO3) powder has been successfully synthesized at a temperature as
low as 500°C through a modified solid state reaction [10] and other compositions such as
NaTaO; powder, which also was synthesized by using this method [11].

Thus, the purpose of this study was to explore a modified solid state reaction method
for the production of K;/2Na;;2NbO3 powder at a low calcination temperature. The phase
evolution, morphology and particle size of the powder calcined at various temperatures
were investigated and discussed.

Experimental Procedure

Potassium sodium niobate (K,,2Na;;2NbO3) powders were prepared by the modified
solid state reaction method. Reagent grade potassium oxalate monohydrate (K,C;04.H,O,
99.9%), sodium oxalate (Na,C,04, 99.9%) and niobium oxide (NbyOs, 99.9%), in required
stoichiometric ratio related to reaction bellow, were mixed by the ball-milling method in
isopropanol for 18 h.

0.5K2C2O4.H20(5) + 0.5N212C204(5) + NbZOS(s) + Oz(g)
— 2K0.5N30.5Nb03(s) + ZCOZ(g) + 0.502(g) + O.SHzo(g) (1)

The mixture was dried at 80°C for an approximate length of time. After drying, the reaction
of the uncalcined powders taking place during heat treatment was determined by thermo
gravimetric and differential thermal analysis (TG-DTA, Perkin Elmer). Based on the TG-
DTA results, the mixture was calcined in air at various temperatures ranging from 300°C
to 850°C in a closed alumina crucible in order to investigate the formation of KNN.

All powders were subsequently inspected by room temperature X-ray diffraction (XRD,
Advance D8) using Ni-filtered CuK,, radiation to examine the phases formed and the
optimum calcination condition for the formation of KNN powder. Powder morphologies and
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Figure 1. TG-DTA result of an uncaicined powder mixed in the stoichiometric proportion of
K,/2Na;;2NbO;,

particle size were directly imaged using a scanning electron microscope (SEM, LEO1455
VP).

Results and Discussion

The TG-DTA simultaneous analysis of a powder mixed in the stoichiometric proportions
of Ky/,Na;;,NbOj is illustrated in Fig.1. From Fig. 1, four endothermic peaks centered
at 106, 359, 451 and 508°C are observed. The first endothermic peak is attributed to
the dehydration of potassium oxalate monohydrate with mass loss of 3.4% on the TG
curve [12]. The second endothermic peak can be ascribed to the formation of potassium
carbonate through potassium oxalate decomposition [12]. The third endothermic peak also
results from the formation of sodium carbonate through sodium oxalate decomposition
[13]. The fourth endothermic peak is assigned to the formation of K; 2Na(,NbO; by
combination reactions of Na,0O, K;0 and Nb,Os. In addition, there is an obvious mass loss
of 17.3% during the temperature rise from 460 to 530°C on the TG curve, which indicates
the decarbonation of K,CO3; and NayCOs. These data were used to define the range of
calcination temperatures for XRD investigation between 300°C to 850°C.

Therefore, to investigate the effect of calcination temperature on the phase develop-
ment, the mixed powders were calcined for 2 h in air at various temperatures up to 850°C,
followed by phase analysis using XRD. Figure 2 shows the XRD pattern of the KNN
powders calcined at different temperatures for 2 h. It can be seen that fine KNN crystallites
were developed in the powder at a calcination temperature as low as 350°C, accompanied
by Nb,Os, K,CO;3 and Na,CO;3. Upon calcinations at 400°C, an essentially monophasic
of perovskite phase (yield of 100% within the limitations of the XRD technique) was
observed. This phase was indexed based on a simple orthorhombic perovskite cell, as pro-
posed by Stannek [14]. However, for the composition, K, 2Na;2NbO3, a JCPDS-ICDD
powder diffraction card did not exist. The material was orthorhombic and isostructural
with orthorhombic KNbO3, with a unit cell derived from the simple perovskite cell by
rotating two axes by 45°[15, 16]. We successfully synthesized the single perovskite phase
by firing at a low temperature of 400°C. The resuits of the X-ray diffraction measurement
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Figure 2. XRD patterns of K;,,Na;,2NbO; powder calcined at various temperatures for 2 h with
heating/cooling rates of 20°C /min.

support the DTA observation (Fig. 1) that the perovskite phase is formed at a temperature of
~400—-500°C. This temperature was more than 350°C lower than the ordinary synthesis
temperature of solid state reaction.

Although the pure perovskite phase was obtained at a low temperature of 400°C, broad-
ening of the XRD peaks was observed at temperatures between 400—550°C. This indicated
that the KNN powder at 400-550°C was not a good homogeneous solid solution phase.
Any spatial variations in the Na and K ratios, due to imperfect mixing and incomplete reac-
tion, would produce a series of K(;_)Na,NbO; solid solution 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
for temperatures < 550°C, as shown in Fig. 2. As calcination temperatures increased from
600° to 850°C, the KNN solid solution became more homogeneous, XRD peaks became
narrower, and a pattern similar to that expected for orthorhombic K; 2Na|,NbO; was
achieved after 600°C, as indicated by the separate peaks of 0 2 2 and 2 0 0 in Fig. 3.
Estimated lattice parameters were a = 5.56 A, b =15.70 A, and ¢ = 5.62 A for powder
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Figure 3. XRD pattern of the K;/,;Na,»,NbO; powder, showing doublets (2 2 0) and (0 0 2).

that was calcined at 600°C; which is close to the values reported in the literature [17]. This
study also shows that crystalline orthorhombic KNN is the only detectable phase in the
powder, after calcinations in the range of 600-850°C. The experimental work carried out
here suggests that the optimal calcination conditions for the single orthorhombic phase,
K,/2Na;,,NbO3 (with impurities undetected by the XRD technique), is 600°C for 2, with
heating/cooling rates of 20°C/min. Moreover, the formation temperature and dwell time
for the production of K/;Na;,NbO3; powders observed in this work are also lower than
those reported by Ichiki et al. [18] (950°C for 5 h) and Singh et al. [19] (900°C for 1 h).
The morphology evolution and particle sizes can be directly investigated using scanning
electron microscopy (SEM). Micrograph of KNN powders calcined at 400°C for 2 h, with a
heating/cooling rate of 20°C/min. is displayed in Fig.4(a) and 4(b). In general, the particles
are conglomerated and irregular in shape and the morphology of the calcined powders are

SEl 160KV X20000  1pm WD 15.0mm EMRSC CMU SEI 160KV X40.000 100nm WD 16 0mm

Figure 4. Scanning electron micrograph of the K, /,Na;,,NbO; powders calcined at 400°C for 2 h,
with a heating/cooling rate of 20°C/min. (a) low magnification and (b) higher magnification.
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about the same. The range of particle size was found to be about 70 to 300 nm. No evidence
of secondary phase was found. This observation was in good agreement with the evidence
suggested from the XRD technique. A detailed study at higher magnification [Fig. 4(b)]
showed that the smallest particle size estimated from SEM micrographs was ~40 nm.

Conclusions

In summary, we have exploited a simple method to synthesize perovskite-type
Ki/2Nay2NbO; powder, with high crystallinity at a lower temperature. A pyrochlore-free
perovskite K;/,Na;;;NbO3 phase was obtained in this study by using potassium oxalate
monohydrate and sodium oxalate as a source of potassium and sodium, respectively, to-
gether with a careful calcination treatment. The perovskite phase was successfully synthe-
sized at the low temperature of 400°C. As calcination temperatures increased from 600° to
850°C, the KNN solid solution became more homogeneous, XRD peaks became narrower,
and a pattern similar to that expected for orthorhombic K, /,Na; 2 NbO3 was achieved after
600 °C, as indicated by the separate peaks of 02 2 and 2 0 0. The resulting KNN powders
consisted of agglomerated particles of 70 to 300 nm in size. As a final remark, the present
method could also be applicable to the preparation of other materials such as KNbO;,
NaNbO; etc.
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Alistréct A modified solid-state reaction was applied to
produce lead-free piezoelectric sodium niobate (NaNbO;)
powders The mixture of Na,C,0,4 and Nb,O5 was identi-
ﬁe‘d by thermo gravimetric analysis (TGA) and differential
thermal analysis (DTA). The powders were characterized
usi:ng a scanning electron microscope (SEM) and the X-ray
diffraction technique (XRD). The SEM image suggested
that tqe particle size of the powders obtained ranged from
180 t0 360 nm. The XRD pattern showed that the pure
perovskite phase of NaNbO; could be synthesized at the
lo#v temperature of 475 °C for 1 h, with an average crys-
tallite| size of 31.45 + 5.28 nm. This temperature was
about 300 °C lower than that when using the conventional
solid-state method with Na,CO; as reactant, which resulted
inja cost-, energy-, and time-saving method.
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Introduction

Alkaline niobate materials are considered a lead-free can-
didate for the substitution of widely used commercial lead-
based piezoelectric material, based on the aim to avoid
highly harmful lead compounds [1-4]. Among several
compounds, sodium niobate (NaNbQ3) has attracted con-
siderable attention because of its unique properties [3] and
high dielectric constant (2000-3000) at Curie temperature
[5]. Unlike most oxidic perovskite, NaNbO, possesses six
phase transitions from the ferroelectric phase at low tem-
perature (thombohedral) to the antiferroelectric room
temperature phase (orthorhombic) and non-polar cubic
structure at 640 °C [6]. It can form solid solution with
other niobate compounds, such as LiINbO; and KNbO;, to
acquire good ferroelectric and piezoelectric properties
[7-10]. Traditionally, alkali metal niobate powders have
been synthesized via the solid-state reaction of alkali metal
carbonates and Nb,Os {3, 11]. This method requires a high
calcination temperature (about 750 °C or more) for a long
period of time, possibly causing volatilization of the alkali
metal and leading to poor compositional homogeneity
[3, 4, 11]. The powders can be agglomerated during heat-
ing, which affects their properties [3, 12). Thereafter,
powders with high sinterability and stoichiometric control
are necessary for developing NaNbO;-based piezoelectric
ceramics. Numerous alternative methods are used to pre-
pare NaNbO; such as hydrothermal [13}, chemical [12],
and polymeric precursor processes [14], and the mecha-
nochemical process [3, 15, 16]. Although NaNbO; was
performed by mechanochemical activation after thermal
treatment of a stoichiometric Na,CO3/Nb,Os mixture at
600 °C, this procedure required a long operational period
of up to 30 days [3]. Moreover, NaNbO; was also obtained
at a low temperature (450 °C) by the wet-chemical method

@ Springer
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usi:ng a water-soluble malic acid complex [17]. However,
most chemical techniques require specialized experimental
apliaratus and high purity reactant, which are more
expenswe Interestingly, sodium tantalate (NaTaOs) pow-
der w1th high crystallinity has been successfully synthe-
sized at 600 °C through a simple method called modified
solid-state reaction or combustion synthesis, in which urea
plays jan important role. Unusual starting material
(NAZCLO‘, instead of Na,CO3/Na,0) has been described.
Thls method was found to produce NaTaOj; as a general
route at the lower temperature of ~500-600 °C, when
corlnpa:red with conventional solid-state reaction [18]. On
the other hand, urea, which was added as fuel in order to
achieve the final product, could cause problems in this
me;thoc'i, due to risks if performing on a large scale.
No:netheless, the aim of the present study was to produce
NaNbO; using a simple, rapid, low cost, and environment
friéndfy route, such as a solid-state reaction of Na,C,0,4
and Nb,Os without the addition of any fuel.

I

Ex’per;iment

NaNbe3 was synthesized by a solid-state reaction method.
Reagent grade sodium oxalate (Na;C,04, 99.9%) and nio-
biu'm oxide (NbOs, 99.9%) were employed as raw material.
Flrstly, starting materials were weighed according to the
reqmréd stoichiometric ratio that related to the reaction
below

N 2C204(s) + Nb205(s) — 2NaNbO3(s) + 2C02(g) (1)

en, raw materials were mixed together by ball-milling
in ethyl alcohol using partially stabilized zirconia balls for
18(h. After drying on a hot plate by regularly stirring at
ab?ut 80 °C for an approximate period, the thermal
behavior, during heat treatment was determined by thermo
grzllvin1e§ﬁc analysis (TGA, Perkin Elmer) and differen-
tiall thermal analysis (DTA, Perkin Elmer). According to
TG-DTA results, the mixture was subsequently placed in
a iclosed alumina crucible and calcined for different
periods jof time in air at various temperatures, ranging
fr?m 00 to 600 °C, in order to investigate the formation of
N: Nb03

AftL:rward calcined powders were subsequently inspec-
tecll by|room temperature X-ray diffraction (XRD, Advance
D8), using Ni-filtered Cu K, radiation, to examine the effect
of|therma] treatment on phase development and the opti-
mal ¢ lcmatlon condition for the formation of crystalline
N| bp3 powders. Powder morphologies and particle size
were figured directly using a scanning electron microscope

(SEM| LEO1455 VP).

]
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Results and discussion

The TGA and DTA of a powder mixed in the stoichiom-
etric proportions of NaNbO, are illustrated in Fig. 1. The
TG curve accordingly revealed a weight loss of 16.8%,
occurring during the temperature rise from 400 to 500 °C.
This observation corresponded to the endothermic peak of -
the DTA curve, which cantered at 484.8 °C. This endo-
therm may be related to the decomposition of Na,C,0;4 to
Na,CO3, which lies on the temperature of 450-550 °C, and
abruptly to the decomposition of Na,CO; to Na,O
(decomposition temperature in the range of 400 °C) before
releasing CO and CO, molecules, as revealed below [19].

Na,C,04 — Na,CO5; + CO (2)
Na;CO; — Na,O + CO, (3)

It is interesting to note that there was no weight loss or
thermal effect at a temperature of about 100 °C, at which no
decomposition occurrence was indicated. The endothermic
peak cormrelates at the range of 100 °C with the release
of water molecules. This confirmed that non-absorptive
Na,C,04 raw material contrasts with Na,CO; because
Na,COj is the hygroscopic compound which can lead to the
erroneous stoichiometric ratio. Therefore, powders with
good compositional homogeneity, when comparing with the
conventional solid-state method with Na,CO; as reactant,
may possibly be produced via this solid-state reaction.

Thus, based on TG-DTA data, the powders were cal-
cined at temperatures ranging from 300 to 600 °C for 4 h
in order to investigate the calcination temperature outcome
in the development phase. The mixture of starting material
was calcined in air using the steady heating/cooling rate of
20 °C at various temperatures, and followed by phase
analysis using the XRD technique. Figure 2 shows the
XRD pattern of the NaNbQO; powders calcined at different

. :
£ Ba83C s | B
U -
L =3
= 2
< 2
>

TGA |

200 400 600 800

Temperature (°C)

Fig. 1 TG-DTA result of an uncalcined powder mixed in the
stoichiometric proportion of NaNbOj;
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Fig..2 XRD patterns of NaNbO; powder calcined at various
temperatures for 4 h with a heating/cooling rate of 20 °C/min

I
tem:per!fitures for 4 h. It can be seen that fine NaNbO,
crystallites were developed at a calcination temperature as
low as; 400 °C, accompanied by the phase of unreacted
Nb,Os (JCPDS file no. 30-0873) and Na,C,04 (JCPDS file
no. 20-'1 149). This observation suggests that nucleation of
theperovskite NaNbO; phase did occur. In addition, the
miqor Iphase of Nb,Os and Na,C,04 was also decreased
with escalating calcination temperature, and disappeared
conzlple:tely after the powders were calcined at the calci-
nation femperature of 500 °C for 4 h. Whereas, the inten-
sity| of the perovskite NaNbOj; peak was enhanced further
and an|essentially monophasic NaNbO; perovskite phase
(yield of 100% within the limitations of the XRD tech-
mque) lvas observed. This NaNbO; phase could be indexed
accord1|ng to an orthorhombic structure with the space
group Pbma (no. 57), which was consistent with JCPDS
file| No. 33-1270. Although the calcination temperature
rose at|550 and 600 °C, the monophasic NaNbO; perov-
skite phase was also obtained. There was no evidence of
the |pyrochlore diffraction peak. This result also correlates
w1tﬂ1 the TG-DTA analysis shown above. As the calcination

perature increased, so too did the amount of the NaN-
bOj; crystallite phase, and this can be seen as intensity of
the|amplified peak. Since the diffusion coefficient is a
temperature dependence parameter, the higher temperature
has|the[most intense effect on the rate of diffusion [20], and
canenh ance higher atomic mobility [11].

s the' ﬁnest calcination temperature was established at
SOQ °C| a ‘dwell time ranging from 15 min to 4 h was
applied at 475 °C (instead of 500 °C). This temperature
was preferred because of the rapid diffraction peak change

|

|
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| |
]

|
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Fig. 3 XRD patterns of NaNbO; powder calcined at the calcination
temperature of 475 °C for various dwell tires with a heating/cooling
rate of 20 °C/min

of the powder calcined at 450 and 500 °C. The XRD pat-
tern of the NaNbO; powders, which were calcined at
475 °C with different dwell times, is shown in Fig. 3. It
was found that the single-phase of NaNbO; powder was
also successfully synthesized at the calcination temperature
of 475 °C, with a dwell time of 60 min or more applied.
The increase in crystallinity of the NaNbO; phase was seen
to relate with the escalation of dwell time. Although the
calcination temperature of 475 °C was higher than the
nucleation temperature of the powder obtained by a poly-
meric precursor [14], this was a single-step and low-cost
starting material method that could save time, energy, and
cost. Likewise, this temperature was much lower than the
conventional solid-state reaction process with Na,CO; as
reactant, which was in the range of 750 °C [3]. This
observation indicated that calcination temperature and
dwell time might play an important role in evolution of the
pure phase product and also be consistent with other sys-
tems [21].

The volume fraction of the perovskite phase formation
was considered at various calcination temperatures and
dwell times. These relative amounts of perovskite,
Na,C,04 and Nb,Os phases, were approximated by cal-
culating the ratio of the main X-ray peak intensities of
perovskite NaNbO;, Na,C,04, and Nb,O5 phase using the
following equation [22]:

] perov

Wt% perovskite = x 100  (4)

Ipemv + INa,ca04 + INb,05

where I,.,,., INa,C,0,» and Inp,o, stand for the intensities
belonging to the strongest reflection peak of (002)

@ Springer
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Table 1 Fraction of perovskite phase formed as a function of calci-
nation temperature and dwell time

NaNbO; Calcination temperature (°C)

300 350 400 450 500 550 600
%Perovskite 0 0 3542 62.86 100.00 100.00 100.00
NaNbO; Dwell time (min) at 475 °C

15 20 30 40 60 120 240
%Perovskite 41.89 60.56 89.13 97.00 100.00 100.00 100.00

perovskite, (111) Na,C,04, and (180) Nb,Os, respectively.
A volume fraction increase of the perovskite NaNbOj
phase formation of the calcined powders, resulting from the
calcinations process at various temperatures and dwell
times, is shown in Table 1. As the calcination temperature
rose, the yield of the perovskite phase increased signifi-
cantly until the temperature reached 500 °C, and a pure
phase of NaNbO; was established. Likewise, in observing
powders calcined at 475 °C for different dwell times, the
NaNbO; phase was enlarged as the dwell time increased up
to 60 min, and the monophasic phase of NaNbO; was seen
to form.

Accordingly, the Johnson—-Mehl-Avrami, or IMA equa-
tion was used in the present study. This equation was found
appropriate for describing a wide variety of isothermal
solid-state transformations [23, 24]. It was used to study
the kinetic of the reaction and mechanism involving
nucleation and growth, and has the general form of:

x(1) = I = expl (k). (5)

where x is the volume fraction of the perovskite phase
formed, k the reaction rate constant, f the calcination time,
and n the Avrami exponent. For analyzing the results,
the relation of In [In 1/(1 — x)] versus In ¢ was plotted.
Figure 4 shows a good linear fit of the Avrami plot for
NaNbO; powders calcined at 475 °C. This shows that the
isothermal formation of the perovskite phase can be
described accurately by the theory of phase transformations.
The constant n, which can be calculated from the slope of
this Avrami plot, was found to be 1.79. This indicated that
the reaction of solid solution formation is diffusion con-
trolled (n is less than 2.5) [25]. The beginning stage of
transformation is a fixed number of perovskite nuclei [26].

The average crystallite size of the powders obtained can
be determined from the XRD pattern according to Scher-
rer’s equation [27]:

kA

Rt Pos O (6)

where D is the average crystallite size, k a constant equal to
0.89, 4 the wavelength of X-ray radiation, f the full width
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Fig. 4 Johnson-Mehl-Avrami for the formation of perovskite phase
in NaNbO;y powders isothermally heat treated at 475 °C

at half maximum (FWHM), and 03 the diffraction angle.
The average crystallite size of powders calcined at 475 °C
for 15 min to 4 h was found to be from 21.52 to 35.56 nm,
and that of powders calcined at the optimum condition
(475 °C for 60 min) was about 31.45 nm. The increase in
crystallinity of the NaNbO; phase was affected by
increasing dwell time. This may confirm that the dwell
time also plays an important role in development of the
pure phase creation.

SEM micrographs of the powder calcined at 475 °C for
60 min are given in Fig. 5. The particle size, which can be
estimated from these micrographs, was found to be in the
range of 180 to 360 nm. This value is greater than the
average crystallite size calculated from XRD patterns.
The inconsistency value could point out the agglomeration

Fig. 5 SEM micrographs showing NaNbO3 powders synthesized at
475 °C for 60 min, with a heating/cooling rate of 20 °C/min
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of the calcined powders. No evidence of difference phase
or pyrachlore phase was found. This outcome relates to the
XRiD result, in which the monophasic perovskite phase of
NaNbO); can be established after calcination at 475 °C for
60 min.

Conclusion

Cr)Jstalline powders of sodium niobate NaNbO, were syn-
thesized from a modified solid-state reaction of Na,C,0,
and Nb,Os. This method is an excellent, simple and cost
effelcti e way to prepare stoichiometric, homogeneous, and
ﬁne] poLvders. The perovskite phase of NaNbO; was suc-
cessfully synthesized at the low temperature of 475 °C for
L h} with an average crystallite size of 31.45 + 5.28 nm.
This temperature is about 275 °C lower than that used in the
conlven ional method, which lies in the 750 °C range. As
dwell time increased, XRD peaks became narrower, and a
pattern [sifmilar to that expected for orthorhombic NaNbO,
was achit:av'ed, as indicated by the separate peaks. The
resulting NaNbO; powders comprised agglomerated parti-
cles of 180 to 360 nm in size.
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