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ABSTRACT

Investlgatlons of sinterlng behav1or, denslficatlon and graln growth.
fof pure and barlum—doped sod1um~potass1um nlobate.of the comp031t10n |
(Nao.sKo.g)Nb03 were made in an.oxygen aimospherevat several teﬁpera—
tures. Calcihihg'conditlons ﬁerevoptimized in precediné experiments.
X?ray diffraction,vmicroprobe:analjsis, weight:loss dafa, scanniné
electron microscope ano sintering:data.were ased't04characterize_this
compound; A‘decrease in densify'accompaniedvby-large gfain growtﬁeand'
an increase in pore size was observed, Examinations employihg a scanningj
velectron microscope revealed a microstructure cons1st1ng of well marked
cubical grains. Ba2+ doped into the materlal_in.several amounts appeared:
to be afpowerful grain growth inhibitor in this sysfem. It is postulated]v
. that the low surface energy at the (100) planes of sodlmn-pota551um :
nldbates_ls responsible‘for_the d1ff1ealt1eS'ln conventlonal processlng_‘}'

of these materials.
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i.v INTRODUCTION |
 C§ﬁ§6ﬁnds of the perovskite—type'structure, especially.the titanates:'
and niobatgé; hgﬁévfeceivea ébnsidérablg interest in recent years because,.
of their ferroelectric propéfties. Tﬁe éolid Soiutidnvsystem between
. NalNbO3 and,koOa is reported'ﬁb have léﬁ diéléctric consfénts_énd pigh
electromechanical couplingjcoefficients;l Suéﬁ propériies afe desirable

fdr‘ceftéin ultrasonic delay;lihe applicatipnsbreQuifing thin-sectiéh

tréhsducérs}2 Earlier ﬁork by Shirané'et!a1;3khas_éhown thaﬁ most of the
phases iﬁ.ﬁhis sysiem:éré féfrbélécffic at.room’température except those
very close'ﬁo the NéNbOa side of the diagram.. Sodiumepotassium nidbéte

of the éompoéifgéﬁv(Nao;éKﬁ.s)Nbb;vis,repofted tb posséss the most
desirﬁblévferroelectric proper‘t‘ieé.ui’5 |

CoﬁVentionai processiﬁé of sodium-potassium niobates results in poor .

structures of the fired bodies; ih:particular,'a7residual porosity un-

6

désirablé for thin—sectibﬁ.appiiéations was reported_by L. Egérﬁéh et él.?
: Fﬁrthefmore, difficﬁltieé seem té exist in Sinte?ing these maferials'to
sufficiently homogeneous dense ceramics possessiné an adequate fine grained
. microstructure. As a result of these problems, most of the ceramic work
done in the éodiumypotassiﬁm niobate system is carried out using hot-
pressiné techniques and little is reporﬁedvabout_sintéring.v Although
éaéablé'oijuppl&iﬁg qﬁalify matefial,vho£4bfessing is not a techniqﬁe
to‘pro&idéra high volume loﬁ-cosﬁ matérial.

The pﬁrpose‘of this sfudy was to investigatevand to describe the
compound_(Nao.sKo.s)Nb03, to characterize its,behévior in cohvehtional
proceSsing,"aﬁd to detefmine, and if’possible to.eiiminate,bthe-factors

which are constantly leading to poor results in the sintered bodies.
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"A. Potassium Niobate KNbO3"

Potassium.niobate has the ideal_peroVskite structure abOVe itsturiei:

temperature of u35°¢, 3

two phase.transitions which are connected'with.detectable tempereture-
hysteresis: .
. - o o o@ :

KNbO3: Orthorhombic %EE_, tetragonal EEE_, cubic -

Thesevphase transltlons are qulte 31m11ar to those of BaTlOa.

The phase diagram of the system KzO—KzCOg and Nb,Os as shown in

Fig. 1 hes been investigated by Reisman and Holtiberg.T It can be seen_

from the diagram that there are five well—defined compounds. The com~-

pound KNbO3 correspondlng to the compos1t10n 50 .mole % K20 and 50 mole %

szOs melts 1ncongruently at a temperature of 1039° C. KNb03 1s reported_:

to possess a marked tendency to lose oxygen, espec1ally in the vicinity

of the peritectic.’ Welght losses of the order of O 1% accompanled with

reduction exhlblted a dark blue to black coloratlon of the materlal.
The lattlce parameters of orthorhomblc KNbO at'room temperature

are reported to be:t

i

V . e}
a' = c¢' = 4,037 A

o
"

o
3.971} A

W
|

= 90° 15!
The orthorhombic diStortion is described in terms of monOCliniC'axes;
'KNb03 1s not known to form a multlple unit cell.

Sodium Niobate NaNbOa

The dielectric and cryStallographicvproperties’of NalNbO y are quite
complex in sharp contrast with the well-defined situation eneountered in

KNbO3. The question whether or not NalNbOj; is ferrcelectric was rather

- On cooling,'thevmateriai ﬁndergoes_tbe foilowing_j

.
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Fig. 1. Phase diagram of the sysﬁem’KZO-K2003-Nb205 (Ref. T).
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confusiﬁg'ﬁhtil reéeh£ éareful studies of tﬁg'die1eCfric=proPerties~
shdwed £haﬁ-NaNbOa éﬁ.room temperétﬁréﬁiévtruly.éntiferrbélethié. ‘wa-
ever, a ferroelectric stéxe cén be iﬁducéd by‘thé éﬁpiiéation of stfong
fields. | |

The_phase transition occurring in NaNbOa have been studied by‘a
number 6f;aﬁthors. 'Réismanlet al. répOrted.the tfénsition betﬁeen the
tetﬁagonél and cubic phase‘atvé‘témperaxﬁre.of 480°C. - The phase diagram
as shown.in Fig. 2 wéé.ihvestigated'by Shafer and qu58 Consequently,
NalNbOsj exhiblts the following phase tran31tlons.:' . |

NaNbOaz OrthorhoMblc zégi,.tetragonal.éé_ig.cublc
Later on iﬁ”a correction of the inaccuragy in thevearlier paper, Reisman .
et al.9 wefe abie to show that the transition température between tetra;
_1gonal and cubic phase‘is_very senéitive'to the state of sfrain‘in the
' samples.. |

The ébﬁpoﬁnd Naﬁbos cofreépdﬁdiﬁévto.¥hé composition 50 mole %
Na20 and,SO mole % szogvmclts congruently at a temperature of 1412°C.
The liquid is reported to be ﬁery fluid. |

The iatticé parameters of érthorhombic‘NaNbog at room températuref

are réported to be:

. [o]
a' = ¢' = 3,915 A
o o
b = 3.88 A
B =90° k1!

The Qrfhorhombic distortion is.descfibed in terms of monoclinic axes.

NaNbOs is known to form a multiple unit cell.
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C. Solid Solutions of KibO; and NebOs -

Déspifé>of the large diffefencé betweenwtﬁé iénié‘fédii éf_SQdium '
and Potassiuﬁ;Ithévtwb'ﬁiobates“form a ébiid soiu£i5n'a6£dés thé vhbie :
composifion rénge,3 No?miscibilitylgap was foupdifo é%isf bétweén the
pure NaNbOs; and the pure.KNb03 ortﬁorhombic sfrugtﬁfes;- This faéﬁ is
supportéd-by tﬁe cénﬁinﬁoué éhéhgé in lattice cdnéﬁants3 and in density
over thé wholevrQngg of'cb@pOSitions. _Thé'éppeérancé of the wide solid
sdlﬁtion:fange becOmes“mbre’understahdablé;'hoWever,,ifvdne'discusses
the_intefaétion Qf thé:cations wifh ﬁhe.anionievéntify;pfééent in . terms
of some botential. In this respect, the cation-oxygen attracﬁioﬁ, er
pressed1as either field'strength or iqnic poténfial (Cation charge/
cation radius), has proved a uséfﬁl_faraﬁefer fdr'asseSSing the relative’
"pawer of é cation to satisfy ité coordination feéuirements and to dictaﬁe
the Cénfiguration.lo Teble I 'conta.iné the ionicvra;dii and the >ion'ic-
pqtentials'(z/r) of all’iqnsipresent;

Tsble I. Radius and ionic potential of ions

. o ‘ . ’

Ion v Raedius in A . . Ionic potential (Z/r)
np-t 0.69 o T.es
vt 0.9% 107

Kk S 1.33 ot

BaZ" S L3k S 1,50

02" 1.%0 |

5+

It is shown in the table that Nb dictaﬁeé_the spacial arrangement

of oxygen; no other cation present could suéceséfully compete with
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niobium (5+). Thus, the structures of the solid solutions are determined
by the very stable NbOg-octshedra which will be.more'or less distorted

depending upon which of the cations is occupying the A-site of the
+_ 5+ ' 2 ‘
Al BS

03‘Stfucturé,_vTherefdfe; it is ﬁotvunﬁsuél to see fhat desPite of_‘
the laﬁge'différenéés Bétw;eh thé iéhié radii and the pélarizabilities of
sodium;aﬁq.fotéssium;;tﬁeiéﬁrie temperature'réﬁaiﬁS'almost constant over
the whdl¢ $ystem of;solid solﬁtibns; eiéééf; of égurse, fér the regioh
near NallbOs. | | |
Nq_gréat chahgé”with respect to the cr&sﬁaliogréphic factors was ex-—
pectéd_by ihtroducing Ba®' in sevefélvaiOUnté'into (Na@.sKo.S)NbO3{
Such a éﬁbstitutibn 6f barium ions for sodiuﬁ‘and/or potéSsium creates
cation vacancies in the Aysitéé of the iatticef..The theoretical formula
of a sodium-potassium niobate doééd with l.ét %“Ba2+ can be.written as
| (N_ao-‘ésKo-us)Bao.'6,.-1""D?o-.‘o:1NbOé : |
v[:]_=;cati6n vacanéies o
'Thé 352+ doped. into the batches was é#pééﬁed'fo inbrease the dif;-
fusivity of Nb5+ ﬁhiéh wassthqﬁght to bé:the féte détefmining species in
sintering. A considefation.of the structure(of.sodiﬁmrpotassium nicbate
shows NbOe—octahedra which are sharing cbrners.v In order to diffuse

>

' ' + : .
through the lattice Nb” has to jump in a first step from its 6-fold

octahedrai site to.a vacant APsite haNing é_lE;fbld coordination. Iﬁ a
second Jjump Nbsf can occupy é.neﬁ bcfahedral’sipe;-:

fhe theoretical density_of ﬁndpped_sodiumppétassium niobate of the
compositién (Nao.sKogs)NbOQ'is reported to be 4.51 gr/em3. _The lattiée
pafaméters»versus compqsitién of the whole.solidvsdlutioﬁ range between

the end_memberé-NaNbOs and XNbOs have been determined by Shirane et al.3



II. EXPERIMENTAL PROCEDURE ANﬁ'RESULTS"

Ay Preparat1on of SodlumyPota531um Nlobate Powder

1. 'Startlng Materlals
| Batdhes used in- the first. éxperiments wefe prépared by mlxlng
szos, N32003, K2003 and BaCOa as starting materlals. Table IT gives
the ana1y51s of the carbonates as supplled by the manufacturers. Table
III shows the results of a seml—quantltaxlve spectrographlc analysis on
szos (99.5%) and BaCOs (99. OZ) carrled out by ‘the Amerlcan Spectro—
~ graphic Laboratories, qu. o

Table II._ Chemical analysis on fhe-cafbpnates as given by the producers3

/. NayCO3 , K,C03 ' BaCO3

Baker's reagent Mallinckrodt's  Baker's reagent
~ grade reagent grade _ grade
- 99.8wt %5 . . 99.8wt % . 99.0 wt %
NH, OH S 0.003 - | 0.01
As B 0.0000k 0.0001
Cu + Mg - | 0.0dh_ - ; 0.01 . .0.05
a 0.0008 0.003 o ow02
Heavy‘meﬁals  o.0002 0.0005 . 0.001
Fe 0.0002 - 0.0005 o 0.001
N '_‘_‘ ~ 0.0005 . 0.001 o 0.005
POL” o 0.0003 . 0,001 |
5102  :_: - 0.0002 | 0.005
Na - | -~ 0.02
e -  0.001 "~ 0.004

K : 0.00k -




i

Table III. Results of a semi~-quantitative spectrdgraphic
' analysis® on Nb20s and BaCOj.

Nb,0Os V ’ BaCO;

Alfa Inorgenic . Bakéffs reagent grade
LT 995wt E 9.0 wt &

B <woor . }_4’  -

e - - - 0.002

Ai;  0.8 © <0.003
st .01 o ~ <0.01

Cq..ﬂ - 0.015 : _. | 0.005

v . i . 0.005 o : ”-'»‘_ -

cu . <o.oz'v o 0.0005
sr o - o . 0.08

. ¥ Reported by American Spectrographic. Laboratories; Inc.

*% A1] reported as oxides in wt %.

Because of its very-lérge paiticle size and the bfoad particle size
distriﬁﬁfion range, the Nb,0s powder was'dry ground'for 50 hrs using a
"Sweco" multiple chamber vibfétion mill. A polyurethaneblined container
was chosen for this milling process.usipé Lucife»balls as_éfinding media
in order to avoid an increase of impurities due to abrésianiwhich'are
diffiéuit'to remove. | _

Aftérigrinding, the szos powder was screéned thrqugh ayilS mesh
sieve. The screened powder waé.ﬁbured'into a glas§ Jar covered‘

with aluminum foil and placed in a "Hevi Duty" furnace. The furnace was
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slowly bféﬁgﬁt to § téﬁ?erature'of 450°C esteblishing a héatihgvrate of
3-4 degfeéévﬁér minute._ After reaéhing thisvfeﬁpéfaﬁﬁré;<the Nb2O5 pow;
der was héld for 2k hrs in order to burn out ﬁhe.éléstié matgrial‘iﬁtro;':
duced‘during.thevgrihding.procéés. Earliér experiments-deterﬁiningv
sdaking time and,temperatﬁré for décompositioniof Lﬁcité‘have shown a
temperaturé df h50°C'aﬁd a.éoéking time of 24 hrs to be sufficiéht to
obtain coﬁétant weigﬁt Of the groﬁnd maﬁeriai.C*Fihél.meésuféﬁents of
particle_size ﬁsiﬁg a ?Fishérié'Sﬁb Sie&e SiZer"’féveéled én.éferagé
partiéle size of l;BO‘um.' Méasurements using the séanning electron
micrésébpé sdeed.a'ﬁartiéié'éiié distfibution'ffémv0;3 to l.5'pm.
Figure 3*£éken with the scénning-electron micros§6§e showé éffeéresentae 
tive bdrti0n 0f the ﬁbéos.poider as ?rocééséd..'The éhapé of:the par- |
ticlesiis.quiﬁe irregular.:.Ihvgenéral,vthe graiﬁé are soméwhat roﬁnded
fo, sometimes approachipgia”spherical'shépe faﬁhér thén cugiéal.-

" The Nb,0s powder as processéd was képt:in avdessicatdr untii usage.

A further prdceésing of the other raw_ﬁatefiais Na2003,1K2003 and

BaCO3 was not necesSary because the parﬁicie size bf these materials

was sufficiently small.

2. Powder Preparation with Carbonstes as Starting Meterials
A standard techniqﬁe_was de#eloped—and émployeﬁ for prepafation of
all'powdér'sampies'ﬁade out ofvcarbonates.as starting méterials.
After_drying the faw materials at 105°C in én electric oven for
50 hrs,:thé.reagent grade NézcogVand:choa,rtpgether with Nb20s, were
weighed:in propér portions to give a 3 mole batch'pf powder of the com-

position . (Nag.sKq.s)NbOj3.
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Fig. 3. Scanning electron micrograph of Nb20s powder after processing.



Tﬁé faw maferiels Were'placed ln a’runben lineé ball mill using
teflen balls as grlndlng and m1x1ng media.. To mlnlmlze contamlnatlonsb'
durlng mlxlng, 1000 ml of isopropyl alcohol was . added to about 600 gr of
dry raw material._ The ball mlll having a dlameter of 16 cm, was. allowed
to. tumble at Lo rpm for 50 hrs. The m1x1ng tlmevof 50 hrs determlned in |
earlier experiments was found to give sufficiently'homoéeneous materials;,

After fhe mixing process, the eontents.of the ball‘mill were poured'
.into e glaes beakef'nhlch>was put'on an electrieﬂ het plate having a
magnetielstirrer.f The’mixture; conSisting.ef'tne rew materials and
iéopropyl elcohol, was heefedth'ejtemperature»ef ebout.90°C which is
sufficienily high to evaperate ieopfopyl alcohel;: Inmediatexy efter
ponring the mixture into fhe_glass Beaker, the maénetlc stlrrer wae
turnedlon." Stirring was continued thrqngh the whole evaporation p;ocessl
in order te prevent segregetione of the_heavier.cOnstituents of the
| batch. At the point where stirrer could(not mover the'beaker‘was‘nlaeedj
in an electrlc oven for 24 hrs at avtempereture of 105°C .This.final
drying. step was followed by a dry milling process for 50 hrs in a "Sweco"
vibration mill using a polyurethane lined container w1th teflon balls asvt
_ grinding media. After finiehing_the mixing process, the powder was
filled into polyethylene bottles which were kept closed in a'dessicator.

At this state, initisl calcining experimenfs wefe made. Small
~amounts of poﬁder were calcined in a platinum.cnucible'at an arbitrarily
chosen'femperature of 900°C_for 6 hrs. The highwtempereture and the
long eelcining time were chosen in order to obfain_geod reaction of the
powder. X-ray powder diffraetion patterns were made_en —llSImesh portiens

of the calcined material. The evaluation of these patterns revealed,
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beéideéithé.maiﬁ:fééké.éf-(Na&.qu;s)Nﬁdg, smaller peaks due to NayNbg0Osy
ahd'KéNbgOéi. Calcul#iions for correction were éarried out on the basis
of the intensity of the extra'peaks. Further eXperiments showed an
excess of 1.5 mole %'Nazcoa éﬁé i}S mole %_KZCdg'fo be just sufficient

to eliminate the extra lihés."Figuré h éhdws'X;ray powder diffraction

» patterns on maﬁerials"with and_#ithout excess carbonates. All further

: baiches'prepared with carbonates had the same amount of excess Na2CO3

and K2C03. The stoichiometry of every batch was checked by means of
X-ray pcﬁder patterns.

This Standarq technique for preparing powders using carbonates as

'starting materials was employed to_produce sodium—potassium niobate pow-

ders pure. and doped with several ambunts of BaCO3. Powder samples having
the followipg_theoretical_compositions were prepared:

(Nao.495Ko.495)Bag.00s D 0-005NbO3
(Nag.u90Ko.400)Bag.o01 E:} 0-01NbO3
(Nao.uaKoeua)B&o-ozz[:]OAOZNboé

(Neo.ueKo.u6)Bao.ou O 0.04NbO3

3. Powder Preparation with Nitrates as Sterting Materials

Nitrates as starting materials were chosen.for two important
reasons : |

(1) Bécausé of théir léw decompositién teﬁperatures, see Table IV ;

(2) Because of their very gbpd solubility in hot. and cold water,

. see Tgble Iv.

The fbllowing chemicals were chosen for preparation of powder

samples using nitrates. as starting materials, NeNO; 99.9%, KNO3 99.1%,
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Fig. k. Comparlson of X-ray diffraction powder patterns of (Nao sKo 5)N‘b03 calc:Lned w1th and without -
: ~excess sodium and potassium carbonates. . : : ,
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Table Iv.. Decomposition-tempEratureS'and solubilities of sodium,
~potassium and barium nitrete

~ Decomposition ‘Solubility in H,0
temperature 25°C .~ 100°C
in °C ' g/100¢m1~~~l~g/100.m;
NalNO3 380 73 180
K NOs 400 13.3 2hT
Ba(NOj)2 592 8.7 3k.2

aﬁd Ba(NO3)2 99.5%..' The same processed Nb2Os powder was used as des-
cribed uﬁder II-A-1.
Taﬁie V shows thevimpurities‘of the nitrates used as raw materials
as given By_the'producer.
Aftér’drying the nifréies in an eléétrié-bveh fdr SO'hrs at a
teméérature of lOS°C; the: yeagent grade NaNOa,‘KNOa;land Ba(NO3)2, to-
~ gether with NbéOs powder, were weighéd in pfopei ﬁoffiqné to éive 0.5
mole baﬁéhés of each of the fblloﬁingvthree compositions:

(Néo,ussKo.uss)Baq;obs[:] 0.005NbO03
(Nao.usKo.as)Bao.o;;[:]'o.o;Nb03

_(ﬁéo .uveKo‘.uvs')Bao -0k O 0.04NbO3

Each of the bétches was poured into a glass beaker; 500 m1 of disf
tilled énd degasedeaéér'were addéd. The beakers were flaced on an
eléctric hot plate having a magnetic stirrér.v Béfore‘inspissating, the
'solutioh,ﬁas kept af a:temperature'of sbout 90°C énd stirred for 2 hrs.

Then the temperature was raised so that the solution started~boilihg.
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Table V. Chemical analysis of the nitrates as given by the producer

N&N(Dg ; :‘KNOa' ;' - : Ba"(NO3)2‘ |
- 99.9.wt-% . . 99.1wt % 99.5wt %

a -~ 0.001 0.002  0.0003
I0s ' -‘<0}0005' . ,'<o}oooSf

NO3 - . <oloor - <0.001

PO . 0.0002 . .. - 0.00005

SQI‘ ' "0;001 a S 0.0005 . - 0.025
Ra03 0.002. . . 0.0005

PbLf_ : o 0.0002 ‘f. __0.0002.- J1 © 0.0005
Fe 0,000 o;dooos . ,,-5-0001
K. . 0.0k -

Na | . o.ow

ca, 6 S o oon

% J. T. Baker Chemical Co., Phillipsburg, N.J.

At theﬂpéint the stirrer stqppea aue to the high'viséosity, the beaker.
was>put inté én electric oven for 24 hrs at a teﬁpérature of 110°C.
Afﬁer,thiS'final drying proceSsé the cake consiﬁtiﬁg of mixed raw
materials_Was érushed siightly and filled into pol&ethylené bottles whichi
weré kept.in.a:dessicat§r.v  v. | | |
S@ail'pOrtions of powderrprepared with nitfateé as stgrting maferialé
were calcined for 6 hfs at a-temperature of 900°C;  Their stoichiometry

Wasvalsp checked by méans of powdef’X—ray di ffraction methods. The same
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extra péeks:due to NasNbgOz1 and Kng5021 were present but having a
.somewhat'weaker intensity. The elimination of these pesks could be
achieved' by addlng 1.3 mole % NaNOa and l 3 mole % KNOs.

‘ B} Calc1na£10n'0f the Mlxed Raw Materlals

]
An ettempt to- flnd some useful data 1n the llterature regardldg ‘
:calclnlng tlme and tempereture falled because of thevvery w1de spread
of valuee ieported.l’6w‘0alcihipé'temperaEures raﬁged from 750 to 1000°C
and caiciﬁing times”frcm}lctd 20 hrs. Therefore; experiments were
caqried:out to deﬁermine andeoptimize both the calcining time and
temperatﬁfe ueing tﬁe densify effaihed in elstendard'sintering treatment

as &a gulde.'

1. Optlmlzatlon of Calcinlng Temperature‘
| Experlments were carrled out using powder of the compos1tlon

(Nao.sKo.s)Nb03 prepared withvcarbonates. About lYQ‘gr of this powder
was fillea into'a’"Visteh".élestic tubing which'wes'closed and eealed at
both ecde endvinserted,intc an isostaﬁic press; .The isostetic piessing
- of the'dry-pcwdef at room temperaturevﬁrcduced a gfeen body cf rela-
tively high and uniform densify which‘facilitated hahdling. A pressure
of 30,000 psi epplied for iO3min was suitable for-pressing_this powdef. o
The preformed slug was cut-by ﬁeens'of a‘bahdvsuw-intovéight slices of
sbout equalbﬁeiéht. This eefieslof sliceS'ﬁas celcined in air for 2 hrs
in a plétinﬁm crucible, The'calcicing temperatgfe was varied between
550 and 900°C in 50° degree 1ntervals.

Xdray dlffractlon powder patterns were made of each of the calc1ned
specimens to check the degree of reaction at a spec1f1c temperature,

Flgures 5 and 6 show four of. the patterns. dbtalned.'
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Fig. 5.° 'Comparisor_i of X-ray _diffracti‘qn_ powder patterns of samples .C.G;J-Ciﬁe_d fat‘550°C -and: A S -

. 7 -600°C for 2 hrs.. .
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bFig. 6. Comparison of X-ray diffraction powder patterns of samples calcined at 700°C and 900°C

for 2 hrs.
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Pe11é£sj3/h inch in diemeter and about l/8‘in¢ﬁ'thick were pressed
of éaéhvéélcined powdef ;éﬁpiefﬁsing a'tﬁngsten.élloy sfeel die.v-Tﬁese
. pellets ﬁeré packed into a . platinum c;ﬁcible separated by layeré éfi
calcined packing powder‘of.éhé'sémé éomposifiéh‘and_sintered'ih‘éir at_a
temperaﬁure of 1056°C‘f0r'2 hrs.'_Aftér éooliﬁg; bc£h diémetefvbf‘the
peilets:énd their density weré measured. These results'aré shown in
Figs. T and 8. | |

2. Optimization of Calcining Time

Thé experiments to determine the oﬁtimum-fime of calcining'ﬁere
carried éut Wifh:powdér féken frbm'thé‘same bétcﬁ as:fdr optimization of
calcining‘temperature; ‘The sample prepafatioﬁ was basically the same  as
deScribed.alfeédy under'péinf“i. | | | |

vThe isostatically pfesséa élug of ﬁncaldined-pdwder'was‘Cut iﬂto éiX'
pieces of approximately.équai weight, All six‘pieéeé were'?écked into a: 
platinﬁm_crucible at fhe.same timevand'héétéd to £ﬁ¢ optimal calcining
temperafuré_of 850°C aé detérmined‘in.the.preééding.éxperiﬁents. Cal-
~cining fimés of 0.5, 1, 2;:h; 8; éhd 20 ﬁrs weré ﬁséd; :Afﬁér each length
of timé’Wone df»the pieces was téken §ut of the crﬁcible without cooling
dovn the remaining slices; Temperature change as indicated by tﬁe'con—
trél unit was less than 10°C dﬁriﬁg‘the removal éf.a piece,

Evefy‘calCinéd ﬁdwder sample was crﬁshédeith é Lucite mortar and
peétle.' X-ray powder diffraction patterns were takeﬁ on each of ﬁhe
specimens to check the degree of feaction. The'Paﬁterns‘thained showed
an almoé£ identicai intensity of cérrequnding péaké; No différenées
cbuld be observed between the,patfern of the samble‘caléined_for 1 h;

and the paftern of thé.sample caleined for 20 hrs. ' Only the pesks in
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Fig. 7. Diameter of the sintered pellets versus calcining temperature at constant calcining
time (2 hrs). '

=Tc-



. DENSITY, ‘g/cm?

1 o N

Y s B \ u N | |
600 650 700 - 750 - .800 . 850 - .900 TooL
| | |  TEMPERATURE, °C o | e

' XBL 707-1470

'F_i_g_; -8, ._'.'-Dien_s_i'ty;bo"fﬂthe; sintered Pé‘l‘let’sﬂ ver Sus.',claﬁlciﬁiné -temperature ‘at constant calcining time (2 hrs).



»the”paﬁtérn of the powder sample calcined for o.s'h? showed a small
ﬁfoédeniﬁé.@f all linésf - '

Thélpfeparation of.peliets forﬁfhe sintgring process and the heat
;tréatmént ét'lOBOdC for 2 hrs ﬁére.éssentially thé same as for the ex-
:periméhtsidf.opti@izgtibnsbf'calcining £em§éfa£ﬁr¢.: Thé changés oé both
the diameter of ﬁhé ﬁeiietsvand théirddensity wéfekmeésufed and plotted
és.é funétion of calcining'fime. The‘resﬁlts are shown in Figs. 9 and
10. |

The opfimal conditidné for;caicining-in gir of sodium-potassium
niobate:bf'the,cdﬁpésition (Nao.gKﬁ.s)NbOQ prepared with carbonates as

rew meterials have beeh'de%érminéd to be

W

‘7 = 850°C

%

1}

-2vhré _

Tﬁé assﬁmption was made iﬁat thé.same‘conditions ﬁill be valid for cal-
éiﬁing éédium—poﬂassiﬁm niobafe,préparéd with nitrates as raw material.
Thereféfé; all batches have been calcinedvuﬁdef these éoﬁditibns.

Afﬁgr céicining,.each ﬁaich'was dry miiledufor'éﬁ hrs with the
vibratory mill usiﬁg_polyurethane lined containérs ahd téflon balls as
~ grinding media.

Finé;_parficlé sizé meaéﬁrements‘éarried.out'with "Fishers Sub Sieve
Sizer" Sﬁbwéd an'éverage particie sizé'of l.35_um whightremained almost
coqstant through all batcﬁés pfepared. Meésureménﬁsvof particle sizes.
.émployiﬁg the scanning electron microscope showed a partiéle size dis-
tribution range between 0.2 and l.SJumL Pictures (A)vand (B) of Fig. 11‘.'
show reprééehtative portions of the calcined powdefs after grinding.

The shape of the particles approaches a cubical form as can be seen,
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Fig. 10. Density of the sintered pellets versus calcining time at constent calcining temperature (850°C).
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Fig. 11. Scanning electron micrograph of (Nag.sKp.s5)WbOs powders after
processing.

A. Prepared with carbonates; B. Prepared with nitrates.
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particularly iﬁ.pictureb(B); of thé péwder sam§1é prepared,with hitrates;v
Aftef.all processing'steps,vthe.sodiumppotassium niobate powders

werevangl&zedkagaih by semi—quantitative‘analjsis to determine whether.

or no£ £heir iﬁpurity'content_had increéséd; The résults'of some samples

, are given in‘TableiVI.

‘ Tablé'VI.-'Reéults of a»semi-quantitatiﬁe SPééergraéhic

analysis¥* on sodium-potassium niobate samples
prepared with carbonates

Undoped 0:5% Ba doped =~ 0.5% Ba doped

- powder sample povwder sample pellet after
after caleining. after calcining sintering
850°C; 2 hrs 850°C; 2 hrs  1100°C; 8 hrs
Ba ©0.003 ok - 0.3
Na 12. T
k1. 6. | s,
Me  <0.001 N - : 0.001
IS 0.6 - o0az o2
Si ) - - 1 Co
Ca 0.007 0.005 - 0.01
v . . 0.03 - o0.02 0.002
Fe <0.01 <01 o
o <002 w02 <0.01
: Nb,. _ - Prinecipal ¢onstitﬁent iﬁveach sé@ple_ o

. % Reported by American Speétfbgraphié Laboraﬁories, Inc.

## 211 reported as oxides in wt %.
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'The prepared sodium-potassium niobate powders were kept in closed
-poiyethylene bottles until further use. -

C.'.Weight'ﬁbss Messurements on Stoichibmetfic (NaoﬁsKo.s)Nb03‘:

Thé weighf loss experiment was cohducted in air with thé weight
change_reéorded continuouslyboﬁ an automatic'microbalance. The sample
placed in'aﬁplatinum cruéible;suspended from a platiﬁum wire connected
to one ar@'bf the ﬁicrobalanté into é Kanthal wound tube furnace. Regu-
lation of témperatufé was cafried‘oﬁt b& a-variabie prépOrfionalvéén—
troller uéipg a coﬁtrol thérmdcoﬁﬁle.§t the hottest point.of the'ﬁuffle.v
fufnaée. . B | |

Approximately,320 mg of ‘=115 mesh péwder ofvéfdichiometric
(Nao.sKogg)Nboa calci#éd.in the_oﬁtimél feéion at aitéﬁpéraﬁure of
850°C for 2 hrs was heated ét a rate_of h—5°C per minute under'muffled.
cbnditiq#s;_ The final teﬁperétﬁie'ﬁas 12006C. The méasured values are
plotted in Fig. 12. | |

D. Influence of the'Sinterihg'Afmosphere on Density and Weiéht Loss

The‘high vapor pressures of the aikali oxides at high temperatures
suggested a determinatioﬁ of the:influeﬁce of sintefing atmbsphere on
deﬁsity.éndrwéight ldss of the pelléts._ For this pﬁrpose éintering ex— 
pefiments{yére carried out using péllets of the com@osition (Nao;;Ko75)
Nbba pfééafed ﬁith cafbonates, The pellets had 3 mgle % ekcess'car—'
bonates. .

A siﬁtéring run was‘cbﬁducted in aiffafvlgatm ﬁfessure'and in pure
oxygen_éas:of 1l atm pressufe; Sintéring tempéréture was 1OSO°C; sinter%.i
ing time 2,hrs. No packing powder was used. The peliets were placed

on a sheet of platinum.
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The pelle£s éintered.in air showed a weight loss of 2.é weight: %
and a denéity bf 88.5%'6£>theore£ical.  The peiléts sintered in oxygen
showed a;weight loss of 1.1 ﬁeight,%'aﬁd a aensify'of‘92.5% of theo— 

'The.diminufién of weight loss due to:sintering‘in oxygen 5tmospheré"
can bevexpiainedvby the following reaction.v |

Nay0 == 2Na + % 0,

neglecting the influence of higher oxides of sodium such as Na;0; and
NaOz. The eQuilibrium constént for this réaction'ist
p2 p 1/2

Na. 0z o

Feq Pl‘_’azo,
By changing ﬁhe sintefihg atmosphéfevfrom air to'paré'Qxygen,‘the pértial
pressure of oxygen increases by a féctor.of Sg'coﬁseQuently, the weight
loss of sodium has to decreaéé as_één Ee seen fréﬁvthe equiiibrium con-
stant..'Thé samé'cbnsidefafions are‘frﬁe forvpotassiuﬁ and ité oxides.
For this reason, all sintering EXperimenﬁSVWeré condﬁcted in a
flowing oxygén atmospheré; v | |
| CE. _s'int,éring_‘
’ Pélieté of13/¥ iﬁch_diameter ﬁere cold‘presséd usihg é tﬁngsten ] N .
alloy st?él:die and a preséufé.pf 20,000 psi. vThé pelléts ranged in
weightifrbm‘3.to L grams.f In?braervto impfove tﬁéagreen strength of thé‘ 
pellets,_the powder to be.presséd was weﬁﬁed slightly by adding appfoxi—
mately 2 cn® isopropyl‘alcoholﬂto 100 grams of dry ?owdér. Green

densities obtained ranged from 61 to 64% of theoretical depending upon
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the éomposition of the powder préssed. The pressing process was followed
by a drying Steb in an electric oven at a témperatufe_of 105°C for 24 hrs -
to evaporate the added isopropyl alcchol.

For the sintering précéss the pelleté}weré_packéd into a cylindrical

' platinum crucible with a cover. Because of the high vapor pressures of

fhe alkali oxides, it was neceséary to use éacking powder teéhniques to
provide a sodium and pofassiﬁm vapér surroﬁnding the péllets. Undoped
packing_pdwdér of the composifionj(ﬁgé;sKo.s)Nbog‘waé used having 3 mole %
excess in alkali carbonates. Tﬁé‘exceSs in glkali céfbonaies in the |
packing;p&wder-was chosen to provide a well defined activity of both

sodium and”pbtéssiuﬁ tbrqugh the whole sintering.proceés. This pre-

caution was necéssary"Bééausé of the jump in actiﬁifies'which will occur -

by'goiﬁg from the sodium and pbtéésium—fich to the sodium and potassiumr

. poor side Qf the compdund (Nag.sKo.5)NbOj. This chenge in activities

implies Oniyfa small change in édmposition because of.the narrow solid
solution range of both the compound (Nao.sKg.s)NbO3 énd fhe single nio-
batestaNbOQ and KNbOj, as.caﬁ be seen froﬁ‘the bhgée'diagrams of the
system Kzo—Nb03vFig. 1 and of,thé systém NaZO—Nbéos Fig..2. »Such an un-
controlléd‘jumb in activities can ﬁhange the sintering chéraCteristics
drasticélly.‘

A Kanthal—ﬁound fﬁrnace.shown in Fig. 13 wa$'ﬁsed-for sintering the

pellets. After loading the furnace; it was pﬁmped.down to approximately‘

~one thousandth of an atmosphere‘éﬁd fefilled with okygen‘gaé. "A flowing

oxygen atmosphere was established and maintained through the whole fir- -

ing period. The furnacé heating rate was 15°C per minute and the thermal

~gradient in the hot zone determined in previous measurements was less
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than iSéc. iAftér fifing,_all sintéred specinens ﬁére quenched in air by
removiﬁg £he cfucibi?'from'thé furnace. As the pellets reached a tempera-
ture of‘gboﬁf L00°C they were put into a dessicgtpr'for furfher cooling
to room}temperature. '?ﬁis precaﬁtipn Was,neéessary:because of the hygro-
scbpic hétﬁre of some épecimghs,'especiaily of peliets sintered for shért
periodsofftimé and of ﬁellets having’low densitieé; Samples with high
densities did nof'appéarvhygrésédpic; evén'a normal_expdéure to iaborar
tory atmésphere for several weeks had little effect oﬁ.thermaterial.

Fuffhermbre, C6lor changes from ﬁright yelldw td white were ob-
sefved as4£hé samples were cooled. High densitykpéllets exposed ﬁo
white light éxhibited photochromatic effects. An expdsure of these
samples tbiUV light cﬁanged their color fo blpé; Thé same color change
but muéh more marked could be obtainedibyvﬁeatiﬁg the‘high density sam-
ples in”aif. The coldf change did not reversé.on_cooling.

Weigﬁt of the packed plaﬁinum crucible was'determined Before and
after eééﬁ firing peribd. The weight change obééf&ed was less than O.l%__
weight loss for everyAéyent'and apﬁeéréd to be'qﬁité.caﬁsiant.

Density measurements were made using s mercﬁry immersion apparatus
combined with an Ainsworth balance. Specimens used for denéity measure—’v
ments were cﬁeckéd carefully_for_small cracks., The'ﬁccuracy’of ali
density méasurements is épproximately $0,5%. - After finishiﬁg these
measurements, the specimené were kept in a dessicator.

E Figﬁrés 1k thrqugh 18 show. graphs of the relative density plotted
versus linear time for sPecimens'prepared with NaﬁCO3, K,CO3 and dopéd
with several amount$vovaaC035,whereas Fig. 19'shdws.g graph ﬁith the

weight changes plotted versué_sintering time of samples sintered at a
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Fig, 1. Relative density of undoped sodium-potassium nicbate versus linear sintering time.
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'Fig. 16. Relative de*xsa.ty of 1.0 atomlc % ba.rlum doped aodlum-potasswm nlobdte versus llnear
sintering tlme ' '
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niobate prepared with carbonates,’
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temperature of llOO°C. Figures 20 and 21 show plots of the relatlve h
den51ty versus llnear tlme of spec1mens prepared w1th NaN03, KN03 and
doped w1th Ba(NOa)z. | |

Further s1nter1ng experlments were carrled out uslng materlals
prepared w1th nltrates hav1ng an addltlon of 5 welght % NaCl " No densi-
flcation could ‘be obtalned even at a temperature of 1100°C and a- 31nter—v
ing time of 6 hrs. These samples malntalned thelr green density and
showed a weight loss in the range of 5 welght % o

Flgure 21 shows a plot of the relatlve dens1ty versus linear tlme
of pellets prepared with nitrates having excess of alkali nitrates. These
pellets were 31ntered at a temperature of 1100°C u51ng’a packlng powder
w1th a llttle excess szos. The large dlfference 1n the 51nter1ng be-
havior and‘the denslty ohtalned between Fig; 20 and flg. 2l is caused
only by changing the composition'of the.packing powder from the sodium
and potassiumprich to the sodlum and potassiumrpoor side of the compound
(W80 sKo. 5)NbOs .

~ F.  Electron Probe Mlcroanalys1s

A "MAC" Electron Probe Mlcroanalyzer was employed ln studying the
homogenuity of the 51ntered pellets with regard‘to thevdlstrlbutlon,of
sodium, potaSSium'and bariumvin the‘bulks; The apparatus”was eduipped
.with threevscanning dispensite'spectrOmeters which can simultaneously
analyzelfor'anyvelement betueen sodium atomic number'll:andvuranium‘
atomic number 92. 'One of the spectrometers was especially equipped witht
thin windows and a special‘analyzing»crystal to extend its analyzing

range to obtain good data on sodium.
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Fig., 21, Relative den51ty versus llnear sintering time of barlum doped sodium-potassium nlobates
prepared with nitrates and sintered in packlng powder with excess in niobium,
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vao-saﬁéleé of éaéﬁ cdmpositidﬁ prepared wefé’poiished_and coated
with a‘cdnductivé l&yef:ofbéarbon lOO‘K.thiék.' The é;mpleslchosen were
the ﬁeiléts posséSSing the'highest densify and the peliets sintered for
the‘loﬁgésﬁ'time at the highest sintering ﬁémperafureb(liodoc).

_Corréspdnding areas of each sample were scamned recording the in-
tensities of sodium Ka; potaséium Ka énd,barium.La\réaiation aé a print
ouﬂ. Béééusé of the very homogeneous distriﬁﬁfidn 6f'all components
recorded, no-pictures have been téken.

" G. ‘X-Rey Studies

AT X—réy examinations'were'doné'By XQfay difffactometer methods
exclusiﬁély. A "Norelco" diffrac£ometer utiliziﬁg.copper radiation was
operated at 35kV and 2d’m A. X;ray_diffractién paiiérns were taken from
both -115 mesh portions éf each calciﬁéd powder samplé and from polished
surfaces'of:sintered pellets.v | |

The X—rﬁy powder patterns were first used to control thé stoichio-
metry of theICalcihed poﬁder sampleé,>5ee Seétion IiQB—l. A scan speed
of 1/2° 2 6.per hinuté.providedva sufficiently high resolution for this
purpose. Figure L shows a pattern with and without correction of sodium
and potassium in the calcined powder samples. |

The X-ray powder patterns were used secondly to investigate the

" degree of reaction in the experimenfs made for optimization of calcining

time and.temperature. ‘The patterns shown in Figs. 5 and 6 were obtained

on -115 mesh powder samples wifh a scanningbspeed of l/2° 26 per minute,
. Thirdly, the X—fay ppwder patterns were used to determine the in-

fluence of the amount of dopaﬁt introduced into fhe sodiumrpoéassium

niobates. Figure 22 shows the changes occurring in the (100 peak due to
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increasi‘ng é.mount of bé.rium.’ The pesks are drawn from patterns taken on
polisﬁed'gﬁrfaces of sintered pelleté with‘a scanhing speed of 1/8° 2 8
Vper minute. -

Foufthlj, the X—réy'paiterhs'were used for idéntifying correspond-
ing cryétalloéraphic'plahe55(hkl)'to all peaks-invfhé pattern and;for

calculatidn'of the lattice parameters.

1. Indexing the X-ray Diffraction Pattern of (Nao:sKo.s)NbOs

Fof'fhe indeiing'proéesé, k—r;y diffraétion battérns were taken on
‘pure and on k4 atomic % b;rium doped sodium-potassium niobate. The pat-
terns wéfe made using pblished Sﬁffaces df'pelleﬁs éiﬁtered at a tempera—‘
ture of 1100°C for -8 hrs in oxygen étmosphére.' A scan speed of 1/8°
20 péffminﬁte prgvided.a sufficientvreéolutioﬁ of the linés. The pesaks
v of both:fﬁévdoped and'undobed_matérial appearedfatnthe same angles; how-
ever, diffefehées wéré dbsefved in'thevinténéitieé.éf'the liﬁes;. Table -
VII showé fhe 2 0 values of the_peéks and their inténsities as observed
in the pattefn taken on undoped pelléts. 'Furthérmore,_the corresponding
d-spacings and'Q—valﬁes caiculated on.baﬁis of thé observed d-spacings
are listed. Table VIII sﬁows a match of Q~values for all pqssible
planes‘in'the unit cell up to an angle of 2 8 = 8hbvas éalculated on the
basis of‘the Hesse-Lipson plot shown in Fig. 23; A1l calculations made
are based'on the assumption of an'érthorhombic cell unit haVing-a perov-
skite fyée»structure'as shown_in Fig. 2L,

The d—spacings.as afonctionjdf_qell edges in an orthorhombic lat-

tice is:ll

dzl':.l’-l—— + k(_.. + .l-_
' a? b? c?
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Table VII. .Evaluation of the patterns taken on an
. undoped .pellet sintered at a temperature
of 1100°C for 8 hrs in Oz-atmosphere

| B L a
Time 20 @® @& Q
1 22.270 - 80 . 3.9917 ' 0.06275
2 22.600 MO 3.9460 0.06420
3 31.650 - 60 2.8269 0.12513
b 31.870 . 100 2.8079 0.12687
5 .70 3 2.2998 10.18906
6 45.390 . - 5T . 1.9980 0.25050
(. 46.0M0 8 1.9713 0.25732
8 51.020 - ot - 1.7900 - 0.31204
9 51220 2k 11,7838 1 0.31k27
10 51.675 . 7 1.7690 © 0.31955
11 56.525 - 36 1.6282 0.37720
12 65.925 12 11,1169 10.149310
13 66.590 1T 1.h0b3 © 0.50707
14 70.6L0 7 1.3334 0.5624)4
15 T1.120 1.3256 0.56907
16 75.121 13 1.2646 0.62530
17 76.150 2 1.8500 0.64000
18 79.550 2 1.2049 0.68880
19 84,075 6 1.1513 0.755uk
20 8Lh.300 - 6 1 0

L1487 .75783




Teble VIII. Match of observed lines with calculated
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Q-values using Hesse-Lipson plot for all
possible planes of the orthorhombiC'pnit
cell up to an angle of 2 § = 8L° -

. L Q. - l# of liﬂes _ o Q .# of lines
‘Plane " Calculated . - observed ¢ Plapgv...“Cgiqulgﬁgd.k “obseryed
001 '0,0625. 1 121 ©0.3820 11
100 10.0627 1 202 0.5008 12
010 0.06k2 2 052 0.5068 13
101 0.1253 3 220 0.5078 13
011 0.1267 ok 003 0.5625 14
1110 © 0.1269 Y 300 - 0.5643 14
111 0.1894 5 212 0.5650 1L
002 0.2500 6 ‘122 0.5695 15
200 - 0.2508 6 221 0.5701 15
020 . 0.2568 T- 030 0.57718 15
102 0.3127 8 103 .0.6252 16
2ol 0:3133 8 U3 o.6268 16
012 0.31k2 310 . 0.6285 16
210 0.3150 ggé; 06405 17
021 ©0.3193 10 113 0.689% 18
120 0.3195 10 311 10,6910 18
112 . 0.3769 11 131 0.7030 18

211 0.3775 11 - |
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 "Fig. 24. Unit cell of (Nag.sKo.s)NbOs.
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or as a function of reciprocal-bellvedges:v

The quantity

is the dot product of a:reciprocal lattice vector with itself.

: %, PO
Quq =h* a2 +x?2p % +1% c?

Because of the lineaiity of;this_rélatioh,'it is possible to form dif-

ferent equations of the type

4 - = ph? a2
thklll Qh2k1l1 : .
Table IX contains the AQ values calculated for all peaks observed in
the pattern. The Hesse-Lipson plot_éxamines the fiequenCy of recurrences’
of'certain AQ~-values., . An evaluation 6f'this plot giVes the folloWing

latti¢e parameters. for the unit cell of (Nag.sKq.s)NbOs.

Qoo =17 x & % = 0.0627
L *,. 0 -
Q10 = 12 xb 2 = 0.0642 -
. a2 L %2 _ -
Qpgy =17 x.¢ ® =0.0025 -~
.a = 3.99 A
) o e
b= 3.95 A
.o
c = 4,01 A



Table IX. AQ-values as calculated from d-spacings observed on a sample of undoped_sod:_ium-potassiux_n n_iqbatE__ .

10

12

13

1h

15

16

17 18 719

Q 1 3 5 6 7 S
1 .06275
3. .12513 .06238
L .12687 .06412 .00THT _
5 18906 .12631 .06393 .06219
6 .25050 .18775 .12537 .12363 .061kk
T .25732 .19457 .13219 .13045 .06826 ,00682
8 .31269 .24934 .18513 .18522 ;1é303 L06159 (05477 .
9 .31k27 .25152 .1801k L1870 .12521 .06377 .05695 .00218
10 .31955 .25680 .19h42 ;19268 .13049 .06905 .06223 .00T4E
11 .37720 .37kb5 .25207 .25033 .1881L 12670 .11988 .06511 .05765
12 L9310 .43035 .36797 .36623 .3040L4 24260 .23578 .18101 .17883 .11590 =
13 ;50707 .38194 .38020 .31801 .25657 .25387 .19498 .19280 .18752 .12987 _'_
1k ,5674L .37338 .3119% .30512 .25035 .24817 .2k289 .18752 ;0693u
15 .56907 .31857 .31175 .25698 .25480 .24952 .19187 .07590 .00663 .
16 .62530 ' .36798 .31321 .31103 .30575 .24810 .13220 .11823 .05623 . ) _
17 .64000 .32791 .32573 .32045 .26280 14690 13293 .07756 .07090 11470 S
18 .68880: .37k53 .36925. .31160 .19570 .18173 .12636 .11980 .06350 .0L88O
19 ,75h43 .37723 .26113 24736 .19199 .18536 .12913 .11L43 .06563
20 .75780 : .26470 25073 .19536 .18873 .13250 .13250 .06900 .00337

—g-
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Calculatlons using these lattlce constants reproduced every. pesk in the
pattern but they are not values dbtalned by prec151on lattlce constant
measurements. A fully indexed pattern is given in Flg. 25.

H. Seatning Electron Microsecopy

VInﬁeetigations were made with a "Jeoleo" scanning electron micro-
scbpe;'FAli:pictures were taken frembfractnredvsnrfeeesve% sintered
pellets;"The samples'gluedfﬁith-eiiver peint on thefspecimen holder
were coeted‘with e platinnﬁepaiediumhla&er having a:thicknese ef 100 X.

The first series of plctures in Flg. 26 show the decrease of graln
size caused by the increase of Ba 1ntroduced into the material. These
pictures yere taken from pellets prepared_with_carbonates and sintered
at & temperature of llbO°C for 8 hrs.

Figure 27 shows the analogous series of:pintnres for a material
prepared with nitrates. |

The series of pictures in Flg. 28 show the graln growth sqeuence
related to the 51nter1ngvtime for materials prepared with carbonates.
Because of;the very inhomegenOUS grain grokth, noiaﬁerage grain size has
been deterndned.

Pictures shown in Fig. 29 show some details of crystal growth.
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Fig. 25. Index Y-ray powder diffraction pattern of (Nag.sKg.s5)b03s.
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Fig. 26.
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XBB T07-3219

Scanning electron micrograph showing decrease of grain size
due to an increasing amount of barium doped into material
prepared with carbonates.

undoped, sintered at 1100°C for 8 hrs.

0.5 at. % Ba, sintered at 1100°C for 8 hrs.
2.0 at. % Ba, sintered at 1100°C for 8 hrs.
4.0 at. % Ba, sintered at 1100°C for 8 hrs.

O e
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XBB T07-3221

Fig. 27. Scanning electron micrograph showing decrease of grain size

due to an increasing amount of barium doped into material
prepared with nitrates.

A. 0.5 at. % Ba, sintered at 1100°C for 8 hrs.
B. 1.0 at. % Ba, sintered at 1100°C for 8 hrs.
C. k4.0 at. % Ba, sintered at 1100°C for 8 hrs.



Fig. 28.
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XBB 707-3218

Scanning electron micrograph showing grain growth behavior of
undoped sodium-potassium nicbate sintered at 1100°C for

A. 15 min C. k4 hrs.

B. 1 hr. D. 8 hrs.
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XBB 707—SélT

Fig. 29. Crystals grown in carbonate prepared materials.

A. 0.5 at. % Ba sintered at 1100°C for 1 hr.

B. 1.0 at. % Ba sintered at 1100°C for 8 hrs.

C. Undoped packing powder after 32 hrs at 1100°C.
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ITITI. DISCUSSION

Great care has been taken during processing raw materials and pre-
paring batches in order to obtain reproducible and reliable data. The
extensive experiments carried out to optimize both calcining time and
temperature with respect to the fired density were of great value because
this method which really optimizes grain size, grain shape, and degree
of reaction during calcination provides a starting material with optimal
properties for obtaining high density ceramics. Egerton et al.l took a
step in this direction when he reported that "low-temperature calcines
provide good ceramics." The assumption that the optimal calcining con-
ditions determined for materials prepared with carbonates are trans-
ferable to materials prepared with nitrates is probably not valid because
of the large difference in the decomposition temperatures of these com—
pounds.

Investigations of the sintering behavior of the compound (Nag.sKq.s)
NbO3 disclosed a great complexity as can be seen from the graphs shown
in Figs. 14 through 21.

A. Sintering Mechanisms

Four basic sintering mechanisms for single phase materials by which
solid particles in contact may adhere and grow together are given by
Kingery and Berg:12

1. Volume diffusion

2. Plastic flow

3. Evaporation-condensation

4, Surface diffusion.

However, only volume diffusion and plastic flow result in densification.



" _59_;.

An@fﬁéf Quite differehtvp;écess ﬁhich 1eéd§‘to densification is
sinteringuin the preéehce_éf.a liQuid phésé. Iﬁ:céhtrast to thé‘single
éhase éintering, the densification proceSé in presence of a second phase ‘
is markedly écceleréted.' Kinééryl3 and other authors report that (1) an
aﬁprecidbiévamount of liquid; (2)-an’appreciable solubility of the solid
in the'iiquid phéée;‘énd (3) a complete wetting_of tﬁe solid by the
‘liquid'afé'réquifements‘for'cdmpléte'densificafibn.

Thevmain‘driving force for.eﬁery sintering mechanism proposed is
“the decreaSe.of the sufface free energy due to the decrease of surface
area'dufiﬁg'densification. Cdble;s equation for sintering a single

1L

phase solid during second and final stage sintering is given as:

Nh=Age6métxy factor

D =.diffusivity of slowest»moving specie =

Y = surface energy (solid-vapor)

= vacancy volume

1 = grain size

k = Boltzmann's constant

T = temperature

P = pofosity

't = time

Thié-équation shows that‘fhe sintering'raté'ﬁill decreaée by lower-

ing the surface energy.
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ASSuming a complete wetting ¢f'the‘solid-phase in liquid phase
sintering and a penetration between grains, the‘foildwing.surfacejenergy
relationships are'required: :

Ysv > Yiy >_Yss,? 2Ysl o (2)

where s; 1l and v refer tO‘solid, liquid and-vapor:feSpectively.

In thié process ﬁith éppreci&ble liqﬁid present or at leaét suf-

ficient 1liquid to cover all solid surfaces, the driving force for densi- -

'fication becomes the liquid~vapor surface energy. Even though liQuid— |

vapor surface energies are lower than solid-vapor surface energies, the

in¢rease'in diffusivity in liquids relative to'solids greatly enhances

' densification rates.

A B.- :Pore'Growth

The accelerated densification rate due to the presence of a liquid
phase bfings the samples to high densities in a very short time where a

large portionvof the pbres can be:assﬁmed td,be closed. - Usually, there .

will be‘avnegative pressure in each'pore‘given by'fhe relation

p = . 1v T . (3)
P S : .

p = pressure

Y{, = surface energy liquid-vapor

rp = pore radius
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However; if a gas is trapped inside the pores at this state, diffusion
of the gas to .the sUrface may become négligible compared with the dif-
fusion flux between the pores and a volume expansion may occur. Gupta

and Coble15

presume‘that the dfiving fércé fér densificdtion may approach
zéro or become négativé when thevgésvtrappéd inside_thevpores equili-
brates with surface tension aﬁd the gas is relatively insoluble in the
matrix ﬁéterial. In tﬁis case, oﬁe of mofé 6f the bore'growfh mechanisms,
pore—pore.material tranéfef or pore migfaﬁion, céﬁld'bééome effective.
Invgénéral, however;»a.decrease in density impiies éithef a weight loss
or a volﬁme'expansion or both.

C. Materials Prepared with Carbonates

The“relative density of undoped samples sintered fof varying times
at 1000, 1050 and ilOCOC in oxygen atﬁosﬁhere are_given in Fig. 1h.
. The initial densification rate shows a raéid increase with an increase
in temperature. This increase may be due to an increasing amount of
liéuid phase presenﬁ or.a more rapid d4iffusivity in iiquid phase. The
curves taken on éampleé éiﬁtered at lCOO and IQSOOC.show the typical
sintering behavior in presence of a liquid pﬁase, whereas the curve
taken on samples sintered at a temperature of 1160°C with its very high
initial densification rate shows a decrease inhdensity-after.a ﬁran—
sition stage. This de-densification iS'notvaccoméahied by a weight
phange of the samples as can be seen from Fig._195 *The cohstant weight
of the samples,.even after a sintering time of 8 hrs, indicates an
eéuilibrium situation between the activities éfvsodium and potassium in
sémple and packing powder. .No material leaves or enters the sample dur-

ing the de-densification of the undoped sodium-potassium nicbate. Thus,
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_the de—dehsification ha# t6 occﬁr by V&lume expansion excluSively.:
fhe'series of SEM micrographs in Fig.‘28 are'df ﬁndoped samples

siﬁtered at 1lOO°C for‘vafying.times;‘their densities are shown in

Fig: lh...fiéuré 28A'shdwsfa sampie sintered fo£ i5 min. The micrb— ‘: L

structurélof the fired bédy shows a:réiativély uniform gfain size with'

a few larée“grains intéfspersea. All grains shoﬁ.a:ﬁeil—developed-cubic‘

shape. Figure 28B,v£éken'after a.sintering time of 1 hr, shows a very

inhomogeheous miéroétrﬁctﬁ;evwiﬁh é fewlgrains hé%ihg a large size of

approxiﬁatéiy 15'£o 20 uﬁ and é iafgé nﬁﬁber'df much smailer gréins

- having avdiémeter.of 1 to 3 um. Figﬁre 28C takéﬁ on the same material

after a_sintering‘time of‘h'hrs, reveals that ﬁll'gfains withva diameter f

less than 5.um have disaﬁpeared leaving'avmdre oﬁén structure. A com-

parison with Fig. lﬁ shows that this saﬁple alreédy éxhibits a large..

de-densification. ‘Figure 28D shows a sample afﬁef é ginﬁering timé of

8 hrs. This materiélvéXhibifs é very bpen micros£fucture with large

~ grains and open pores. |

TheSe:figﬁres imply thax‘fhe'méfétiai briginaiing from the small

v gr?ins is fransferred to the large grains which afe growing.' It is

thnghﬁ that during ﬁhe growth of the iarge crysﬁéls, their centers are_f

moving apart. This possibility is_giveﬁ by_assuming'a liquid layer |

Befweeh the cubic grains touching each‘other as proﬁosed in the model

of sintering in presence of a 1iquid pahse. This éssumption is valid

o

because the two phase diagrams, Eigs. 1 and 2, indicate a liquid phase
in this temperature region‘(lloo°C) if excess Nay0 and K20 are present.
Ifbthe-initial-density is sufficiéntly highlt0jprovide‘a large portioh

.of closed pores, CO and COz gas originating from a late decomposition
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of the carbonates, especially of BaCOg with its fery high decomposition
temperature of lhsooc,.may equilibraté with the_surface tension and stop
or fevoréévthe densificatiOn;

Howefer, a re§erse of densification implies méterial transfer to
the inteffaoes of touching cubio grains resulting iﬁ a moving aport of
Vthe_grain centers. This behavior of de—densification in the pfesence
of a.liquid phasé cannot be exﬁlained suffioiently by pore—pore material -
transfer:ohd/or pore migration alone. Cd and CO2 gas which can be
assumed to be Quite ihéoluble in the matrix maﬁeriél seem to play an
importahf role in the'de—donsification of sodium-potassium niobate pre- -
pared with carbonates. |

Figﬁrés 15 throﬁgh 18 show the relative density'of 0.5, 1.0, 2.0
~and M.Ovatomic barium.doped sampies sintered.for Varying times at. 1000,
leO,and 1100°C in an oxygen atmosphere. The initialvdénsification rate
uﬂdergoeo avmaximum'in the range of 0.5 atomic % dopant indicating a |
considerable amount of iiQuid phase preéent. Furthermore, the.de—
densificaﬁion effeet seems to have a maximum value in.the same region. .
The weigﬁt changes versus linear sintering time for the samples sintered .
at'llOO°C, as given in Fig. 19, indicate a maximum in weight loss for
the 0.5 atoﬁic % barium doped material. The curvo>obtoined on materiél
doped with 1.0 atomic % barium shows an initial weight gain followed by
a weight'loss if the sintering process. continues. For this material,
weight gain.and de-densification_ooincides. Samples dopéd with 2.0
atomic % oarium and more show a coﬁstant weight‘gain during the sinter-
'iné prooeés which'probably indicates the dovelopment of an increased

amount of a second phase on the surface of the gréinso No de-densification
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could be bbéérved'in'a highly dopéd material. The initial densification f"

rate dfops)ﬁoticeablY'Vith tﬁe inéréésihg dbping léﬁel; Figs; 17 and 18.
Small amouhﬁs of barium dopéd:intb:the material seéms.to deérease'
the aéti&itiés 6f_sodiﬁmva£dlpotaésiﬁm in.tﬁé éaﬁples éo;thai fhe pellets
Start-losiné wéight, ﬁhereés higher amounts;of'bariﬁm lead to an in- |
creaéinévdevelopmgntzof é.ﬁariumyrich second bhase on fhé surfacé of the"
grains. This drastic chaﬁge'(éeé Fig. l9)_mqy_bé éxpléined by the
limited soiubility of Ba®' in fhevéélid combound,(Nao.gKo.s)NbOQ. The
‘coincidencé of a decreasihg’initiél densification'rﬁte with the dis-
aPPearéﬁCe of the.deAdénsifiéaéion efféétvdéépite an inéréaéing amount
of BaCO3 inﬁroduced may indicate that fhé amount ofh002 ahd CO gas are
sufficiently h_igh that the gases cen leave the sample not allowing large
portions_of closed pores. The rémaihing ba}ium;méy obtéinbsodium and
potassium from the paéking powder permeating thfough these open pores
to férm-the.bariumrrich second phase. 'This mechaniéﬁvwbuld aiso accdunt
for the deé;easiﬁg initial aeﬂsificatién_ﬁith increqsing BaCOa content
and for tﬁé steady weighf:gain even after relétivéiy lbhg sintering'
times. | | | |
The‘seriesvof SEM ﬁicrographs shown‘ih Fig. 26 are taken on samples_
doped with varying amounts 6f'bafium sintered at 1100°C for 8 hrs in
oxygen atmosphére.ngigufes 26A through 26D_aem§nstrate the decrease of
_grain size by a ratio of approXigately 25th 1-c§used by raisingvthe
doping.leveibof bgrium:ffpm 0 to 4 aiomic %. Eigﬁre 26D shows almost
no grain:growth after a sintering time of 8 hrs in compérison with the
| powder ﬁSéd for préssing.the pellets (Fig. 114). It is thought that

the'decrease of grain size is mainly due to the development of the
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barium—richisecoﬂd rhaée‘on;the surface»df the grains.

D. ‘Materisld Prepared with Nitrates

Figﬁré'EO‘shows'the‘relaﬁive density of 0.5, 1.0 and 4.0 atomic %
_barium_ﬁdﬁed samplééféin%éréd,fbr varYingitimes at 1100°C in oxygen
dtmbsphé#éQ; The initial sinteringbrate is noticéablj lower than in the
materiéls'yrepared with carbonaiesvand.shows a decrease with incr;asing
amount df dopant. Allﬁcﬁrves léveivaffer é short sintering time and the
sémples.sfay at that aéhsity. Nd'aeedeﬁsificafidﬁ effect could be cb-
sérvéd.: The éihteriné 6f thesé'peiiétsvprepared Wifh nitrateébahd of
all peilets prepa?ed with.cérbbnafes és‘ﬁéiig'w;s §0nducted in packing

pqwder:bf the cbmpositidn.(Nao.sKo.s)NEOa having'high‘activities of
sodium end potassium. -

Fﬁiﬁher sintering éxPeriments emplqyihg the same nitrate prepared
materiais were carried out.using padking powder with excess in Nb20s,
i.e., a iowér activity in sodiﬁm andrpotassium.' Thése results are
~given in Fig. 21; The gintering chafact@ristics of these specimens
indicate & lower or négiigible 1iQUid:pﬂéée content; Fairly high dgn-
sitiesbcduld be dbtaiﬁed@%ith;fhe Ouﬁ“ﬁtémic % barium ‘doped material
after é sintering time-df'ISVﬁrs; No de+densificafidn3effects could be
observed. Because of tﬁe'lOW liquid phase contént-dﬁe to the change

in the packing powder éqm?ésition, itiﬁouid'be possibierto raise the
sintering température and to obtain high dénsities_in shorter times.

Additional sintering eX?efiments-using nitraté prepared pellets
with high liquid phase conténts introduced by adding 5 weight % NaCl

showed no densification at all.
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The,series of pietunes shown in Fié:527_areitaken on nitfate pre-
pared seﬁoies‘doped with-Verying'amountsvofzbarinm.sintefed at 1100°C
for 8 hrs in oxjgen»Using tne packing powdef with nigh activities of
sodium snd potassium.:vThe decrease in»gfain size:due to the increesing |
amonnt‘of dopant is-tasically the seme as in the‘carbonate prepared
samples;vshown_in_Fig.iQG;:'The”decreesing gfeinisiié ﬁith increasiné
amount:Qfdbarium is probably'cansed b& the deveiopment of the earlier
mentioned baiiumpnich-séoond;phese on.the snifaoe of'thedgrains. 'Inves— :
tigations made on a representatiﬁe number.of samples‘empioying the
electron probe mlcroanalyzer showed 8 very homogeneous distribution of
all elements in the samples. No. second phase could be observed but thlS.
may be due to the llmlted resolutlon of the mlcroprObe, for in some
cases, the dlameter of the electron beam.was greater than the 51ze'of o

the particles inVestigeted}f

The 1nf1uence of Bs, 2% on the structure of (Nao 5Ko 5)Nb03 was
determined by means of X—ray dlffractlon methods.f No shift in the Braggx?
angles (29) of the peaks was expected to cccur with' ‘increasing amounts
of barium.doped-into the msterielkbecause of the.almost identical ionic
size of Ea2+ and Kl+, end no shift could be obServed..'However, a shift -
_intintensities appeared-especially in.diffraction'neaks containing the
"bo" 1attioe direction; Fignre 22 gives the intensity change observed
on the (010) piane. A steady 1ntens1ty decrease at the (010) line with .
increasing amount of barlum‘was observed. At 4 atomic % barium the (010)
line aimost venishes, which indicates that;the unit cell becomes more

.cubic. .
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F. Surface Energy and Driving Force for Sintering

A1l samples examined gxhibiﬁéd a,microstructﬁré‘consistiﬁg of cubic

‘graihs; Tﬁévpictures‘bf Fig;‘29 show some intefestipg features of the

cubic grains. All cubes have very sharp edges and distinct corners

Intefséhfioﬁs of grains'are”veiy éhﬁrﬁ; no necké can bevobserved}
FigurgsiéaA and 28B shdw:cuﬁesvﬁifh.incomplete idyérs on their.suffaée.
A1l crjéféllographic planes appéaring in the‘microéfructuré éf all sam-
ples sintered belqﬁged to the cubic {L'Oo} family Eg ‘other planes could
be observed. | | | o

Iﬁ‘is-obvious thdf fhié plahe'must'haﬂé,by'fér the lowes£ surface
enérgy;of all possible planes. This beéomeé mofé clear if one considers
the unit'.ce.ll ofb (Nao.sKov.fs).NbO'a in F.ig'. 2k, T‘hve’ {100} plahes consist
only of fﬁe large ions oxygeﬁvsbdium, and pétassium having low ionic
potentials. This configuration resembles very much the configuration of
the'{lOO}‘planes in NaCl ﬁhichvaré‘known fér,their low surface energy.
Every other plane in the unit cell of sqdium»potaSSium nicbate would
expose a niobium.(5+) to the surface which would iﬁply a drastic increase
of the,sﬁrface energy. The low .surface energyvof:the (100) planes in
-contraét with the muich higher surface energy of all other possible
planes is probably the reason for the absence'ofgany necks in the micro-
structﬁre_and_the devélopﬁent of,very.diétinct,edges and corners of the
cubic grains; Furthermore, this low surface energy of the cubic planes
is probebly the reason for the reduced sintering rate due to the re-~
‘duction of the drivingbforce er densification Y as proposed in éil

~ sintering models.
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1v. SUMMARX
”An:iﬁvéstigatidn 6f théASiﬁtering”behéNior.éfﬁbériﬁm'dépéd aﬁd

'undoped‘sodiumépotassium,niobate‘Qf_thé’éomposifiéﬁ”kNao.st.s)N503-has vh
béén coﬁdﬁ¢%ed{ N | - _ . |

(1) The optimai‘éaléiqing‘cOnditions with‘féspecf to the sintered
density off(Naﬁ.sKo;g)Nb03 prepared with garbonatesrwere found to be
850°¢ fdr‘é.o hrs. » | ,.

(Z?IvA.decréase iﬁ:déhsity for undoped (Néd.ﬁKo.s)NbO3.after a
.sinteriﬁéyfime of 2 hrs at'a.teﬁﬁefétufe'of 1100°¢ ﬁas observed. This
de-densﬁfiééxionneffeét ﬁasﬁacdéﬁ?anied'by a aigéppearance éf all
éméllef gféins in the'miér§structure and ‘an inbfeééé'ofkfhe pore size.

(3). Tﬁe de—densificatiéﬁfﬁés foﬁnd.to bé févbféd by éméll émounts "
of barium doped into thé'ﬁétéfiaiibhtiihhibitedfﬂy.aAditibhé of more
than 2 atomic % barium. 5fhe.dé43eﬁsificatibn has-é méximum.in the range t
of 0.5 atqmic % dopant. | ‘ |

| (hj_ it wés'foﬁnd:that de-densifiéétioﬁ in”ﬁhdoped SOdium;potassium* 

ﬁiobaté'oécﬁfs without any déﬁect&ble wéigh£ chaﬁgé'bf>the sampies,_ -
which implies a negligible amOunt.of material is~eﬁtéringvor'leaving
the pellet during firing; Furthermore, it implies an equilibrium.betweéh 
the activities of all elements in sample:and paékiﬁg powder. | |

(5):VBariuﬁ (2+)_wa$ found to inhif}tvgrain:gfowth;v Even'éfter ;; -' ;H

sinterihgvtimes'of 8 hrs at & temperature of 1100°C the microstructure

©

remained very uniform and the grain. size was less than 1 ym.
(6) A'slight change in composition of the packing powder from the .
‘sodium and potassium-rich side of (Nag.sKo.s)NbOs to the nicbium-rich

side was found to have a iargé-influence on sintering behavior and
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density, by”changing the sintering mechanism from liquid phase to solid

state siﬁtering.; |

(7) IndicationSuwere found that additions of’mbre than 2.0 atomic %
barium lead to a formation of a bariumﬁrich sepbné_phase on the‘sufface
of the grains. It is possible that this’éeéond.phase.is mainly respon-
sible fbr thé decrease in grain size.

(8) It is postulated that the low surface energy of the {100}
planes of (Nag.sKo.s)NbOs formed is the main reason‘thét.undervconven—
tionai,sintering the driﬁing fcfée for densificatiohvis iowered and

densification stops.
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