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‘ *
" Wolfgang Stannek and R. M. Fulrath
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
and Department of Materials Science and Engineering,

College of Engineering, University of California,
. Berkeley, California

December 1970

ABSTRACT

Sintering behavior and microstructure development were studied on
undoped and barium doped sodium-potassium niobate of the composition
(Nay .5Ka.5)NbO3. Calecining conditionS'were optimizea; A decrease in
density accompanied by large grain growth and én increase'in pore size
were obsefved. Examinations by séanning eleétrqn microscopy revealed a
microstructure consisting of well marked cubic grains. Barium appeared
to be a powerful grain growth inhibitor. It is postulated that the»low
-surfaqe energy of the (100) planes of sddiumrpotassium niobate is re-
‘sponsible for the difficulties in conventional sintéring of these

materials.

This work was done under the auspices of the U. 5. Atomic Energy Com-
mission. -

At the time this work was done the writers were, respectively, graduate
research assistant and professor of ceramic engLneerlng.

¥ Now at Technical University of Berlin, Germany.
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I. INTRODUCTION

Compounds of the berovskité type structure havé reéeived consider-
able interest in recent years because of their ferroelectric préperties.
The solid-solution system formed between NaNbOjs and KNbOs, despite the
large difference in ﬁhe ionic radii of sbdium.and.potassium, is reported
to have iow dielectrié constants and high electromeéhénical coupling
coefficiehts.. Earlier work by Shirane et al.l has shown that most of
the phases in this’System_are ferroelectric at rooﬁ temperatﬁre except
those veiy élose to the NallbO 3 side of the phase diagram. Sodium-
potassiumvniobate of the composition (Kag.sKe.s)NbO3 is réﬁorted.to
possess thé most desirable ferroelectric propertiesvof this solid solu-
tion system.e’3

Coﬁventional processing of ceramics of sodium-potassium niobates
'resplt in podr structﬁres of the fired bodies; in particular, a residual
péfosify was reported by L. Egerton et al.u Furthefmore, difficulties
seem to_éxist‘inbsintering these materials to sufficiently homogeneous
' densé_cefémics possessing an adequate fine grained microstructﬁre; As a
result of these problems, most of the ceramic wﬁrk done in the sodium-
potassium niobate sysfem is carried'ouf using hot-pressing techniques.
' Althqugh capablé of supplying quality material; hot—pressing is not
‘economical in high voluﬁe production. | |

The‘purpose of this study was to investigate and to characterize the
behavior of the compound (Nag.sKe.s)NbO3 in conventional ceramic process-—
ing, to determine, and if possible to eliminate, the factors which are
constantly leading to poof results in sintering, and to impfoﬁe the micro-

structure of sintered samples. The various sintering mechanisms for



2= " UCRL-19668 Rev

solid state sintering and for sintering in the presehce of a liquid phase

7

have been discussed in detail by Kingery and Berg;5 Kingery,6 Coble' and

Cahn et 51;8- N . '

II. EXPERIMENTAL PROCEDURES

(1) Powder Preparation

A staﬁdard technique was.develbped‘andvemployéd for preparation of
| all powdef sampleé made usiné carbonatesvof sodium and pbtassium. After
drying the components at llO°C‘fbr 50 h to remo&e sbsorbed water, fhe

SR . * L T %%
reagent grade sodium carbonate and potassium carbonate, together with

ﬁiobium pénfoxide,T were weighéd in proper portions to give the composi-
tion (Naﬂ,sKo.s)Nb03. The batch was mixed for 50 h in isopropyl alcohol
using a rubber lined ball mill with tefloﬁ'balls to minimize contémina—
tion. Isopropyl alcohol was1evaporated_uhder continuous stirring to pre-
veht segregétioﬁ'of the heavier éénstituents. Finagl drying conducted at
lOSdé.fér 2L'h Was”féllowed by a dry mixingvprOCeés for 50 h in a "Sweco"
vibratory mill uéing.a polyurethane lined~container with teflon bélls.
Initiai calcining expérimentg were ﬁade at 900°C for 6 h in air.‘
X-ray powder diffraction patterns madé on -ilS mesh.portion of £he cal-
cined samplé fevealed'a loss in sodium and potassium during calcination.

_The stoichiométry was corrected on basis of the X-ray intensity of the

extra lines observed in the powder pattern. .An excess of 1.5 mole % of
¥ J. T. Baker Chemical Co., Phillipsbufg, N.J.;/principal impurities
were Sioz, 0.002%; Ca + Mg, 0.004%; NH,OH, 0.003%.

¥ Malllnckrodt Chemical Works, St. Louls, N.Y., pr1n01pal impurities
were POy, O. OOlb Ca + Mg, 0.01%; NH,OH, 0.01%.

+ Alfa Inorganic, principal impurities reported as oxides by American
'Spectrographlc Laboratories Inc., were Al, 0.08%; si, 0. 01%; Cu <0.02%.
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both-sédium and pdtassium carbbﬁate was found to be sufficient to
>elimiﬂaie the extra lines in the Xaray powder diffraction pattérns.
Powderé_were-pfepared with nitrates of sodium and potassium as
starting materials for two reasons:
(1) Becausé»of their low decomposition temperatures; and
(2) Becausevof their high solubility in hot and cold water.

Proper iatioé of reagent grade sodium* and potassium nitrate,** were dis-
solved iﬁ distilled and degased water to give the composition
(Néo.gKo.s)Nb03 when Nb20s was added. The solution was kept at a tempera-
tufe of gbout 90°C and stirred for 2 h., The temperature was then raised
and Water was iﬁspissated until thé stirrer stopped méving due fo the-
high viécosit&. Final drying was. conducted in an eiectrié oven for 24 h
.7at 110°C. Small portions of the material were calcined for 6 h at 900°¢C
in air. An examination of the stoichiometry showed a loss of sodium~andv
potassiﬁm similar to the carbonate prepared mateiials.’ An excess of -
1.3 mole % of both sodium and potassium nitrate waé found to provide
stoichiométric (Nao.sKg.s)Nboa éfter calcinafion.

(2) Calcination of theé Mixed Raw Materials

An attempt to find some useful data in the literature régarding cal-
cining'time and temperature failed because of the very widespread of
" values reported.9 Calcining temperafures ranged fram T50 to 1000°C and

’calcinipg times from 1 to 20 h. Therefore, experiments were made to

¥ J. T Baker Chemical Co., Phllllpsburgh N J.y prlnc1pal 1mpur1t1es
were: Cl, 0.001%; R203, O. 002%.

## Principal impurities were: Cl, 0.0027; R203, 0.0005%.
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determlne and optlmlze both calc1n1ng time and temperature u51ng the
: den51ty obtalned in a standard 51nter1ng treatment (1050°C for 2 h in : L

alr)'as a gulde. The optlmal condltlons for ca101n1ng in air of sodlum—

[43

potassium niobate ef the campoeition.(Nao sKo. 5)Nb03 prepared w1th car-
’ bonates were determlned to be 850°C and 2 h. Seme materlals cal01ned at
other than'the optimal conditions showed a drqp in sintered density of
8% or more.'vThe‘assumption was made that the same conditions would be
valid for.calciniﬁg eodium-potaséium ﬁiobate powders:prepared with
nitrates as:starting*materials;’ Final particle size measurements em—
ploying a'seanning electron microscope showed a‘particie size distribu—_
tion range between 0.2 and 1.5 um;‘ Figure 1 shows:a SEM micrograph of a
representatlve portlon of calcined powders after mllllng in a poly- |
:urethane llned contalner w1th teflon balls for_ 2h h. After all procese-
ing steps, the sodlumrpota351um nlobate powders were analyzed-by semi?-
quantitative ahalysis.* ' | o
(3)  Sintering

Pellets of 3/k inch in di ameter were cold pressed at 20,000 psi
‘using_a tuﬁgsten alloy steel die; The pellets ranged'in.weight from'3 to
h_grams._uln order to improve the green strengtﬁ of the pellets, the
‘powder to be pressedfwas wettiﬁg sligﬁtly by adding approximately 2 em3
isopropyl alcohol to 100 gr of dry powder. Green-densities obtained
ranged from 61 to 64% of theoretical depending upoh the composition of
the batch. Tﬁe pressiﬁg process was_fellowed by a drying step at 105°C
for 2k h to evaporate the added alcohol. .

. ¥ American Spectrographic Laboratories, Inc., principal impurities were
Al, 0.12%; Fe, <0.01%; Ca, 0.02% reported as oxides in weight percent.



-5 UCRL-19668 Rev

Preliminary determinations of the influence of sinterihg atmospheres
on denSity‘and weight loss suggested firing in a.fiowing oxygen gas atmé—
sphere. Becaﬁse of the.high vapor ﬁressures of the alkali oxides, it
was necessary to use packing powder teéhniques to provide a well defined
activity of both sodiﬁm and potassium through the whole sintering
process. Undoped pécking'powder‘of the composition (Nag.sKg.s5)Wb03 ha&—
ing 3 mole % excess in alkali carbonates was used for'all sintering
eiperiﬁents.

'.After loadipg the furnace, it was evacuated to approximately one-
thousandth of an"atmosphere and refilied with oiygén gas. _The heating
rate was 15°C per minute. After firing,.éll sintered épeciméns were
parfly quenchea in air by removing the crucible from the furnace. As
the peiletsrreached a temperature of about 400°C ﬁhey were put into a
dessicatof'for further'cooling to room temperature. This precaution was
necessary'because of the hygroscopic nature of some specimens, especially
vof pellets sintered for short periodsvof time and of pelléts having low
densities.»‘ | ‘

Measureﬁents of the sintered density were méde’using a mercury
immersion_apparatus. Specimens used for density measurements were care-—
fully chééked for smali cracks, The accuracy of these ﬁeasurements was
approximately * O.S%.

| | IIT. RESULTS AND DISCUSSION

(1) ‘Sintering Behavior and Density

- The relative density of undoped carbonate prepared samples sintered
for varying times at 1000, 1050 and'llOO°C in oxygen atmosphere are

~given in Fig. 2. The initial densification rate shows a rapid increase
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with increasing remperature. This increase may be due to an increasing

amount of"iiquid phase preSent as the sintering temperature is increased, oA

aécompanied by a higher‘diffusivity of Nb5+, which-was.thbugﬁt to be the
sintefing,raté determining species because of its very high ionic
potential'and its. low vapor pfessure. Samples sintered at 1000 and 1050°C
show the fypical siﬁterinQ'behéVior for sintering in presence of a 1i§uid
phase, wheréas theé sample sintered at a teﬁperéture of 1100°C with its
very high initial densification rate Shows a decrease in density after a
transition stage. This de-densification is not éccompanied by a'lafge
wéight éhange'ofvthe.samples as can be seen from Fig. 3.

Figﬁfes 4k, 5, and 6 show the relative density of 0;5; 1.0 and k.0
atomic % bérium'doped carbonate pre?ared samples sintéred for varying
times at 1060, 1050 and 1100°C in oxyéenvatmosphere, The inifial densi-
fication rate undefgoes & maximum in the range of 0.5 atomic % dopant
and ihdiéatés a considerable é.mount of 1iquid p_has‘ev p’r_e.se'nt._ Furth'e_r_more',
the de—dehsifiéation,effect seehs to have a maximum value in the.same
region. The weight éhanées versus linear sinferingvtime for.sampies 
sintergd af llOd°C, as given'in Fig. 3; indiéateva.méximum in weight léss
for the 0;5 atomic % barium doped material., The material doped with
1.0 atomic %.bariuﬁ shows an initial ﬁeight gain followed by a weight
léss if-sintering continues. Fof this'material, weight gain and de-
-densification coincides. Samples doped with,moré than 2.0 atomic %
barium‘show a coﬁstant weightvgain‘during the sintering process:which
_prdbably_indicates the development of an increasing amount of a secbnd
_éhase on thé surface of the grains. No de—degsification could be

observed in the highly'doped material. The initial densification rate
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dropé ﬁcticeably with increasing doping level. An examination of the
microstructufe of samples doped with varying amounts of barium employing
a SEM shéwed'a reduction of grain size By a ratio of approximately 25 to
1 caused bj raising the doping level from O to 4.0 atomic %.

Small amounts of barium doped into the matérial seem to decrease thev
éctivities of sodium and potassium in the samples so that the pellets
startvlosing‘weight, whereas higher amounts of barium lead to an increas-

ing development of a barium rich second phase on the surface of the

~grains, which will be discussed later.

Figure 7 shows the relative demsity of 0.5, 1.0 and 4.0 atomic %
barium doped nitrate pfepared sampies sintered for varying times at 1100°C
in.oxygen'aﬁmosphére. The sintering beﬁavior of this material differs
noticeably from the sintering behavior of the carbonate prepared material.
A1l curvesilevel after a short'sintering time and no further densifica-
tion is observed. No de-densification effect could be observed. Sinter-
ing ofrﬁellets prepared with nitrates and of allvbellets prepared with
carbonatés'as well, Waé'conducted in packiﬁg powder of the composition. '
(Nao.sKo.;)Nboa having high activities of sodium and potassium.

vFurther'sinteringvexperiments employing the same nitrate prepared
mﬁteriais-Were carried out using packing'powder with an excéss of Nb20s,
i.e., é lowervactivity of sodium and potassiuﬁm These results are given
in Fig, 8;. The sintering chafacteristics of these specimens indicate a
lover or negligible liquid phase content. Fairlyvhigh densities could
be oﬁtainedeithﬂthe 0.5 atomic % barium doped material after a sintering
time of 15 h at llOOOCF No de-densification effect could be ocbserved.

Because of the low liquid phase content due to the change in the packing
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powder cqmposition, it would be possible to raise the sintering tempera-

ture and to achieve high densities in much shorter times.

(2) Pore Gfowth and De-Densification

The accelerated densification rate due to thé.presénce of a liquid
phase bfings the samples tQ high dénsities in a very‘short time whére a
large porﬁiqn éf thé pores can be assumed to be élosed.' Uéually, there

will be avnegative pressure in each pore given by the relafion '

LY o (1)

P =vP£eSSure
YLV'# Surface energy (liquid‘vﬁpor)

'.rp.?'pbre radius.

' Hoﬁe&er, if a gas is tfapped inside the pores, diffusion of the gas
to the surfaéé may become negligible compared with.fhe diffusion fluk:
bétﬁeen the.pofeé ahd a'volﬁme ekpansion may occuf. Cupta and CoblelO
pfesumé'thét_thé dri§iﬁg-force for dénsifiéationvmay approach zero or
ﬁecome negative when the gas trapped inside the pores equiliﬁrates with
the surfacevtension and the gas is relatively inséluble in the matrix
material;rllh.thiSvcase, oné or more of the pbfe_gfovth mechanisms, pore-
ﬁore materiél transfef or pore migration; could bécome effective: In
_ éeneral;'howevef, a decrease in de;si£y>implies either a weight 1loss or
a volume expansion or both. |

The constant weight of the undoped carbonate prepared samples during

de-densification indicates an equilibrium situation between the activities

of sodium and potassium in the sample and packing powder. Therefore, the
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material leaVing or entering the sample during de-densification is
negligible. Thus, the de-densification has to occur by volume expansion
exclusively.

‘The series of SEM micrographs in Fig. 9 are of undoped samples sin-

. tered at 1lQO°C for varying-times; their densities are shown in Fig., 2.

Figﬁfe'9A Shbws'a sempie sintered for 15 min; The microstructure of the
‘fired_body shows a relatively uniform érain'size with a few large grains
interspersed. All grains show a well-developed cubic shape. Figure 9B
taken after a sintering time of 1 h shows a very inhomogeneous micro-
structure with a few gfains having a size of approximately 15 to 20 Hm
and a large number of smaller grains having a size of 1 ton3 unm, Figure
9C taken on the same material after a sintering time of 4 h, reveals that
all grains with a diameter less than 5 um have disappeared, leaving a
more open etructure. A comparisen with Fig. 2 shows that this sample has
exhibited a cohsiderable de-densification.  Figure 9D shbws a sample
after e‘sintering time of 8 h. This material exhibits a very open micro-
stfucfuretWith lerge'grainsvand open pores.

These figures suggest that the material originating from the small

~ grains isvtransferred to the large grains which are growing. Because

the de-densification during grain growth is not accompanied by a weight
change, the centers of the large grains have to move apert. This possi-
bility is given by assuming a liquid layer between the cubic grains as
propeeed in the model of sintering ih-presence of & liquid phase. This
'assumptiop isg ?alid because the two-phase diagraﬁs of the system

Naz0-Nby0s and Kp0-lby05 indicate a ligquid phase in this- temperature

'_region (llOO?C) if excess Naz0 and K20 are present.
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If the initial‘dehSity is sufficiently high!to peride a large por-
tion of élOséd pores, small amounts of‘CO and Coglgés genefating from a
late decomposition.of BaC03 with itS‘véry high\decomboéitioﬁ temperafﬁré
of lh5C°C may-equiiibrate ﬁith the sgrfaCe tension and sfdp’or ré&erse‘
denéificatién. The de-densification effect ap?ears more rapidfby the_
introdﬁction of BaCO3 but disappears if the amount dvaa003.exce¢dé
2 mole %. The disappeérance of the de—densification effect is acéompanied
by a nétiééable decrease in the initial densification rate. Furthermore,
it is interéSting that all samplés éxhibiting de-densification attéin'a
final densi.ty‘ of approximately 80% of thedretical._

The coincidence of a gecreasing initial densification rate with'thé
disappearance of Qe-densif;cation deépite an increasing amount of BaCOg
~introduced, indicates ﬁhat‘tﬁe amounts of CO02 and CO gas are sufficiently
high that the gases éaﬁ leave the sample Wiﬁhout_a;lowing la?ge portions
of closed éOresbto be formed. The.remaiﬁing barium carbonate or barium |

oxide may ébtain sodium and potassium frém the packirig powder permeating .

through these open pores to form the’barium—rich second phase. This
mechanism would also accownt for the decreasing initial densification
with.incréaéing BaCO3 content and for the steady weight gain even after
' reiatively long sintering times. The important role of CO, and CO gases,
which cén be assumed to_be quite insoluble in the matrix material, in de-
densifiéation of sodium-potassium niobate is Supported by’the fact that
this effect could not be observed iﬁ any experiment carried out with

nitrate prepared materials.

UCRL-19668 Rev
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(3) Surfaée»Energy arid Driving Force for Sintering

The driving forcé'forvevery sintering mechaniém proposéd is the de-
créaée.éf the surface free eﬁergy due to the decrease of surface area
during denéification. Assuming a camplete wetting of>the solidvphase by
the liduid.phase and avpenetration between grains in a liquid phase sin-

te.ri_ng modé_l,_the following surface energy relationships are required:

S,> 2Ysl (2)

sV

You ~ Y1y~ Vg

Where's,'l; and v refer to sdlid, liquid'and.vapor respectively.

In the processvwith appreciable liquid present or at least sufficient
liquid to cover all solid surfaces, the driving force for densification
becomes the liquid—vapér surface energy. Even thqugh liquid-vapor surface
energiéSnare lower than solid-vapor surfaée eneréies, the increase in
diffusivity in liquids relative to solids greatiy enhances initial densi-
fication:rates.' In undoped sodium-potassium niobatevthe high initial
densification is accompanied by a rapid grain growth leading to an
eéuilibrium microstructure. The microstructure of all samples sintered
in packing powder with high activities in sodiuﬁ and potassium consisted
of cubic'gféins. Figure»lOA shows a SEM microgfaph of the equilibrium
miqrostrﬁcture of a 0.5 atomic % barium doped nitrate prepared sample
sintered for 8 h at 1100°C in oxygen atmosphere. Figure 10B shows the
same nitrate prepared material sintered at 1100°C for 15 h in packing
powder of the same camposition but with added Nb,Os to give low activities

of sodium and potassium.
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The gréatvdiffefence_betﬁéenvthe microstrﬁctufes shdﬁn in thesé two
figureé was achieved only b&'a élight change of the packing powder'frqm W
the sodium and pbtassium—rich.to fhebniobium—ri¢h side of the compound.
(Nao.sKo.s)Nbda. The sample in Fig. 10A shows an equilibrium micro-
structure whére the driving force for a further dens?fication has become
exfremely loﬁ,’wheréas Fig. 10B shows & sémplé ﬂaviﬁg.a density.bf 96%‘
vofbtheoretical (h.BI g/cm®). The grains in this sample are quite
irrégular and show no distinct planes.

In Flg. 10A all grains are cubes having very sharp edges and dlstlnct
cdrners. Intersectlons of grains are very sharpj; no necks can be ob-
served. All crystallographic planes cbtained in the micrpstructure of
all Sampléé sintered in packing'powder having high activities in sodium
and‘potaséiuﬁ are believed to belong to the cﬁbic {lO0} family.

It is obvious that.this pléne must héyé the lowest surface energy
of all possible planes. Tﬁis becomes more cleafvif-oné considéfs thé'
perovskite typevunitvcéll of (Naa.qu.s)NboaQ The'{lQO} planes consist
| oﬁly of the large oxXygen ions and sodium and potaséium ioné &hich have
iow ionié potentials. This configuration resgmbles the configuration of
the'{lOC}'pianes iﬁ NaCl which are kndwn for their low surface enefg&.
Every other plane in.the‘unit cell of sodiumépotassium niobatévwould
. expose a niobium (5+) to the surface which would imply a drastic increase
éf the,surface energy. The low-surfacé_energy Qf_the.{lOO} planes in
'contfast with the much higher surface energies of éll other possible
plahes.is probaﬁly the reason for the shsence of.any necks in the micro-
structure and the developmenf of vety distinct edges and corners of the

cubic grains. Furthermore, this low surface energy of ‘the cubic planes
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is probably the reason for the reduced sintering rate due to the reduction
of the driving force for densificatibn, Y, as proposed in all sinteriné
models.b' |

IV. SUMMARY

An iﬁvéstigation of the sintering behavior of barium doped and un-
doped sodiﬁm#potassiuﬁ niobate of the éomposiﬁign (Nag.sKo.5)NbO; was
conductéd.

(1) The optimal calcining condifions with respect to the sintered
density of (Naﬁ.sKo.s)NbO3 prepared with carbonates were found to be 850°C
and 2.0 h. -

| (2) A.décréase in density'for'undopéd (Naq.sKg.s5)NbO3 after a sin-
tering time of 2 h at a temperature of>llOO°C was observed. This de-
~ densification effect wasvéccompanied by a disappearance of.all smaller
'grains in the miéfoétructure and an increase of the pore size.

'(3) The de-densification waé.foﬁnd fo be favored by small amounts
of barium doped intovﬁhe material but inhibited by additions of-mofe than
2 dtomic # barium. The de;densifiéation has a maximum in the range of
0.5 atomic % barium.

(h).‘It was found that de—densification in undoped sodium-potassium
niobdte_bccurs Withoﬁt any detectable change in weight of'the samples,
which implies é negligible amount of material is entering or leaving the
sampie dufing.firing; Furthermore, it implies an equilibrium between
the aétivities of all elements in éample and packing powder.

(5) Barium (2+) was found to inhibit grain growth. Even after
sintering times of 8 h at a teﬁperature of 1100°C the microstructﬁre in

4.0 atomic % doped material remained very uniform and the grain size was
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,leés”than i,uﬁ; |

(6) a slight Changévin éompoéition of ﬁhe‘padkihg powder frdm the
sddium’and po£assiﬁmrrich side Of'(Nao.sKo;stb03 téfihe'hiObiumprich |
‘side was_féﬁnd to have a large influence on'sintefingvﬁehavior:and den-
4sity,“by Chaﬁging the sintering mechanism from liquidiphase to solid
state sinﬁering,

(1) Indications were found that additions of more than 2.0 atomic %
barium lead'to.a formation of a barium-rich second phase on the surfacé
of the grains. It is‘possiblé that this second phase is.mainlf respon—
sible'for“thé'decfease in grain size. .

- (8) 1t ié postulated that the low surface energj of the {100} 'planes

of (Nao.sKo.s)NbOa formed is the main reason that.dﬁring conventional

"tion stops.
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FIGURE CAPTIONS
Séaﬁhing electron micrograph of (Nag . sKo . 5 )NbO3 powder.prépared
ﬁith'nitrates.'
Relétive dénsity of unddped sodium—potassium nicbate Qersus
sintering time. o
Weight éhahggs of bariumpdoped énd undbﬁed sodiumPpotassiﬁm
niﬁbate prépared with. carbonates. |
ﬁelative'dehsity'of-O.Slatomic %_bariﬁm_dopgq sodium-potassium -

niobate versus sintering tiem.

" Relative densify of 1.0 atomic % barium doped sodium-potassium

niobate versus sintering time.

¢

Relative density of 4.0 atomic % barium doped sodium-potassium

" niobate versus sintering time.

7.

10.

Rélétive denSiﬁy versus sintering time of barium doped sodium-

‘potassium niobates prepared with nitrates and'sinterediin pack-

ing powder with excess sodium-and potassium.

Relative density versus sintering fime of bariﬁmvdoped sodium-—

'potaséium_niobate prepared with nitrates and sintered in pack-

ing powder with excess niobium.
Scanning electron micrograph showing grain growth behavior of

undoped sodium-potassium niobate sintered at 1100°C for .

"A. 15 ming B. 1 hr; C. 4 hrs; D. 8 hrs.

Scanning electron micrograph showing nitrate preparéd material
doped with 0.5 atomic % barium sintered at 1100°C in
A, Packing powder with high activities in sodium and potassium;

B. Packing powder with low activities in sodium and potassium.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

. resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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