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DISCLAIMER
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California, nor any of their employees, makes any warranty, express or implied, or
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" necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
- reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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PROCESSING OF'SODIUM-POTASSIUM'NIOBATE CERAMICS
Bob R.. Powell, Jr: .
Inorganic Materials Research Division,iLawrencejBefkeley Laboratory
) and Department of Materials Science and Engineering,
College of Engineering; University of Californis,
Berkeley, California 9uUT20
ABSTRACT

' Sintering studies of undoped'(Nao,sKo.s)Nbog and the same material

‘doped with 1/2, 1, 2, and 4 mole percent BaO and 2 mole % B203 were
+Op _ ] . !

made. :The persistancg of & second phase after_calciniﬁg to form the
compound led to a study bf-réactions ocdurring duriné calcination.

The calcining of sodiﬁm—potaséium niobates.involves the formation
of an intermediate cémpound (the second phase) and its subseqﬁént
réactioﬁ with sodium oxide and potassium oxide to form (Nag.sKp.s)NbOj.
éintering data show that up fo»l/2 mole % BéD added to the system in-
creas§s the initialldensification. However, fhe sintered bodies then
exhibit densifiéation and form sharp cubic grains and large voids.
Indications_are that A liquid phase is the major contributor to densifi-
cation of‘thisvsystém through the>mechanism of'particle'reafrahgement,
and théﬁ'the contribution of qﬁy sintering nechanism to densification. is

negligible.
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I. INTRODUCTION
deiﬁm—potéssium niobate.(henceforthbreferred'tq as'NKN) is a -
-perévskitévférroeiectric ceramic that has found extensive use in the-
Iproductibn of ultrasonic delay lines.l - NKN 'is thé name giveﬁ to the
solid solutiohvhaving equal mole percents of sodium niobate and potassium
:niobafé. Sodium niobate and potassium hiobatevforﬁva complete solid
solutiog series_having‘a low dielectrié_constant.' At the equal mole
percent édmposition the eleétfomecﬁanical cbupliﬁé éoefficient is a
maximum, -0.34% to 0.39 at room tem.péfatui‘e.2 It is the low dielectric
constant that makeé NKN particularly.usefﬁl in "high" freQuency ééﬁlica~
tions while it is the high coupliné coefficient that ié‘necessary for
'trénsducers;
Obtaining pufe, high density NKN, is usually accomplished by hot-
préssing.3 -NKIW is prbduced When.raw materials.éré calcined to bring

about the following reaction:
1/h NapCOs + 1/ K2CO3 + 1/2 Nb2Os + (Nag.sKg.s)NbOs + 1/2 €0z (1)

However, it is important to note that the common practice.fof preparing
the above batch'for'calcinihg.is'to add small amounts (up to 2 mole %)
excess 6f eaéh carbonate. . Egerton énd DillOnZ,added-O;lzmole % excess
whilé Stannekh_added 1.5 mole % excess of each carbonate; .Sfannek'exéﬁvv
plained that this was done to éliminate the fdrmafionvof‘a sééond phase;
(NaK)quoél which.formed dﬁring calcination of'the stoichiometricallyi

mixed materials. ©Stannek also tried nitrates as starting materials and

found that the second phase could be eliminated by adding 1.3 mole %



excess of.each nitrate.

| -Niiratésvhaverthe‘advantégé over carbdhates of aecdmposing at lower
tempefaturés,'about 400°¢ fof'sodium nitrate And potasSium nitrate as
compared té:abéut‘870°c for the respective Qﬁrbohates.v In addition, the
nifrates'are very:$oluble in water and as a result,_liqﬁid;solid mixing”»
can be used if anfevapdfation technique is used to‘remdve thevwatef.
‘Also, the'degreé of mixing is less critigal for the nitrateS'because

5

they melt eutectically at 22&90 to form.a viscous liquid which should
goat.all the niobium pentéxide particles.
| Calcining results in Stannek's work and this study for hitrate—
prepared NKN Shdwed a second phaée, The.concentration'of the'seéond
phase increaéed toward the interior of a calciﬁed compact of tﬁe mixed
oxides. Thévfeactions occufring dﬁfing caléination’ére unknown, so é
study was undertaken to determine them. Tittle is actually known of the
structure of the sédiumrpotaséiUm niobate compouﬁds. Stannek%.inaexed
the pattern for‘pure NKN.buﬁ XQray pattérns'for_bther compoundé in ﬁhe
sodiﬁm:oxidéfpotassium oxide~nicbium pentdxide'pﬁase diagréms héVe to be
determined'from the X-ray patterné’of-the singlé alkali oxidefniobium
pentoxide édmpoﬁnds. Ofithése, the system Nazo—szos has Béén studied

6,57

extensively ° -and for this reason the calcinihg reactions in this

system were-studied. The éffécts of soiid solutionvof,pbtaSéium intQi__
thé.éy#tem should ﬁoﬁ changé fhé'réactions. .The NazO-szos,phase'dia—
- gram ag‘deférmiﬁéa‘bylShafer and‘ﬁoy6 is“shown in‘FigI l.v ” |

The complete (NaK)O-szbs phase d?agram has'not;been detérmined;
but frdm the data of Reismah énd-Bénks,g Shafef and Boj,6_éndﬂﬁeismaﬁ

and Holtherg,9 an approximate phase diagram for the system in the
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Fig. 1. Phase Qiagrams of the system Na20-Nb,Os (Ref. 6).
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region df in£erést'waé extrapolatéd; aﬁd is shown in fig. 2. From the
diagram it”ié clear thét:a émall'déviation frdm Stéichidmetfy causes a
large change in the‘élkali ﬁétal oxide activity. .This is showﬁf
.schematically.in Fig._Q.

.Siﬁtéfing.'o'f NKN is difficult. To déte, all i'ndﬁstr'ially 'p;roauced_._

NKN is hbt-preSsed.lo’ll

Conventional sintérihg,is‘ﬁhe most ééonbmicv
method because it fequifes iessvelaborate eqUipmeht ahd is moré appligable
to prodﬁciﬁé'lafgevﬁoiﬁmesvof material. .For NKN'if has not béen pbssible .
to obtéin high'deﬁsity-samplés using conventidﬁal sintériég; Stannekhri
tried varying the parameters of sintering and waé éble to reach 94% of
theoretical_dénsity."He §ayiéd atmosphefe, timé;Atemperdtufe and.tfiéd
doping NKN with'varying amounts of BaOi In some caseé_de—densifiéationf
was noted. . | | |

" Bal was added as a dopént to reduce grain'growth. The atmoéphgre,
‘also had é'significant éffect. Staﬁnekfs optimum sintering curves were
_obtaiﬂed ﬁith O.5Iﬁole'percenf BﬁO at llOQ°C in an o£ygen atmosphere
~and a paéking powder héving excess Nby0s (low alkaiivactivity); This
was for material prepared from nitréteé of sodium and-potassium.. -

It was the purpose éf this work to continue the Sfudy of the
'.processiné;stéps lgading tO'pﬁre nitrate prepared'NKN:énd:the_sintering:

Jof it.



- H39°C-
1Hoo°C
1000°%C |
900°C - _ —
(No,K)O : ~ NKN : Nb 05
(NO,K)LSNDO4 (NO K) Nb802| o
‘o 1.0 _
< ' 1 phose
X
6o \} 2 Dhose
Zo
- & o
e = | phase
N -
=0 |
2 2phase
0 B
< 0 ,_ : , — ‘

XBL7IlI-4745
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K ' . II. EXPERIMENTAL

" A. Preparation of Powders for Calcinimg ' .-~ .

.Thé.nitfafé.coﬁpoﬁndéiuSéd ﬁéfévsﬁppiiea.éva: T::Ba£§f‘C£émié;iu
‘Company while the niobium ﬁéntoxide-came.from Atomergic Chemetals Compaﬁyf
' The impurity of each nitréte'éompéund'ié“ShQWﬁ.ih'Tébié:I..

| The powder.prépératioﬁ mefhdd used.waSadry mixing; Befdfé'weighing;'
the maferiais were kepf'in a dryer for SOIhéﬁrs. NKN was made in one

mole batches according to the reaction:
1/2 NeNO; + 1/2 KNO3 + 1/2 NbaOs -+ (Nag.sKo.s)NbOs + NO» + 1/L4 0,  (2)

v Mixing was done in a polyethylene cdntainer with teflon media. Mixihg
time was 2#‘hqurs;r Néxt, the mixéd bbwdefs were fired iﬁ air>for 20>hour$
at 450°C to eliminate orgdnic impurities picked up.during.prOCessing.l'
This createa a liquid phase which causéd the partiéles to agglomerate{’
Furﬁher gfiﬁding was no£ needed becéuse the liquid phase reformed dﬁring..
calcining and intimate contact.betﬁeen nitrate and_szosvparficies was
maintained. h |

To produce doped NKN forvéintéring, Ba(N03)2 was used. Froﬁ ionic
radii dats it is believed that Ba - substitutes for either Na' or K'
“in the pefo&skite lattice, the A~sites (see Fig. 3). Fo.r.eacl'bl-Ba+‘-2 ion
,lthat is substituted, a vacanéy.of eit_her.Na+ orvK+ oceurs. The:reaCtiéﬁ

for produéing 1.0 mole % BaO doped NKN is: .
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Tabie I. Impurity levels in nitrate compounds

KNOs Wewo; . Ba(WOs)2
< Baker's reagent Baker's reagent Baker's reagent
~grade ~grade grade
99.9 wt% 99.6 wt% . 99.9 wtk
a 0.002 o.ooi_  som
103 <0.0005 <0.0005 | -
NO» <0.001 <©0.001 -
PO, 0.0001 0.0002 | -
504 0.0005 0.001 = - . B}
Ca,Mg | 0.005 0.002 . 0.0b
Heavy metals 0.0002 0.0002 - 0.0001
Fe ' 0.0001 0.0001 | 0.00005
Na 10.003 - .
K - 0.00h ' . -
Sv - .— " 0.5

s
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o
0.49 NalNO3 + 0.L49 KNO3 + 0.01 Ba(NO3)2 + 0.5 Nb20s
g (Nao-uaKo-ug)Bao-01[]o~o1Nb03 + NOz + 1/h 0y ' (3)

One-tenth:mble_doped batches of NKN weré'made.for:
(NaOQugsKo-gss)BojddSEjo~ooéﬁboa |
(NQOoustfue)Baorpltj 0-01Nb03.

(Nao}quo-ue)Ba0502E] o-oszog
(Nao.ueKo.u46)Bag.ou L g.9uNbOs
Mixtures of NaNQO; and szOs'were prdduced to yield compounds of:
N__alsz'aou' |
NaéNb§§051
NaNbO3j -
Na3NbOy

B. Célcinihgﬁand the Reaction Studies

Caléiﬁing was ddne in air and o;yéén at 8SO°C for two hours. This
time and temperature was selected‘because Sténnekh found it to be
6ptimum for hié carbonateé. .Crystai phases in the fired‘powder was
checked uéing_X-ray diffréctioh analysié.

_ For thé'firsﬁ_;alciniﬁgbruns, sﬁall amounts of NKN_wére loosely
v pléced in the béttom'of a cdvéréd platinum crﬁéible. The reéults:of»_
X—réy analyéis.showéd'singie phase NKN. :Latef.laréér quantitieé;of .
powder and éo;d préssed one inch.diémeter, one'inch high péliets_were_
calcined.  The resulfé.for the powder are‘shoﬁn:in Fig.'h. The concer~

tration of the éecond phase increased as the interior of the;system was
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approached with the pressed pellet showing an even greeter éradient.

The X-ray pafterns are'included in the figure to showirhis gradient. To

eliminate this second phese, mixtures with varying amounts (up to 2 mole

%5'of,exeess nitrates were calcined. dThe second phasevwas-still'present.
BeCausevthe interior of the‘ca1Cininé’compact_conﬁained the second

phase, calcining in thin eections_to allow for gas escepe wes tried,

assuming the gas reaction product inhibited the reaction. In order to

obtain more materiai per firing, plates of fused Silica were used. The

plates were six inches square and were used to support platinum foil on4

which thin coatings of the mixed oxides were placed forming a'shallow
bed. The results of this method of calcining are shown in Fig. 5.
Again, as the depth of the material increased, the second phase concen-

tration increased. Also, the single phase’material'was crusty and hard

~and appeared.to have formed from a melt, while the two-phase sections

were unagglomerated and eesily_crushed.

To better understand the calcining reactions; two thermogravimetric
anaiyses rere run oﬁ the dry mixed materialé.at heating rates of 2 1/2°C
and 12°C per minute. The resolts showed that only one majorvloss of.v
weight occurred which coincided wifh the decomposition of the nitrates
and was quantitatively predietable according to Ed. (2). The data aiso.
showed that at the slow heating rate,'the decomposition was complete at
about 700°C, compared to 830°C for the faster heatlng rate.

leferentlal thermal analyses of the mlxed powders were also done
The results.are shoWn in Fig.*6 It is ev1dent from the data that the
degree of packlng of the powder before ca101n1ng has a marked effect on

the reactrbn; At 690°C an endothermlc and exothermlc reactlon take_
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- Fig. 5. X-ray patterns showlng ‘concentration gradlent of second phase, .
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place. Loose packiﬁg favors the endothermic reeetion‘Wﬁileﬂtight ﬁaék—
 ing shows ah exothermic reaqtion; | |

An additieﬁel'experiment done wasda gradient‘fi;ing experlmeﬁt.l2
The gradient‘firing experiment was donie in a'fﬁrnace designed:to keep the
tempefature gradient Between the center and exterior of the sample eoh}
stant. For example, for an endothermie reactioh,_the'heatiné.rate is
slowedndowﬁ until thedreaetibn is completed. The gradient firingvdata
is shown in Fig. 7. When the decision to study thedNer03 Systeﬁ waS" 
made, fhe'calcining experiments, the DTA studies, end the'thermogravi— -
metric dnalees had already been done on the NKN materials. The gradient
firing experiment served ﬁo show that_the reactionsioccurring'in'the
NaNbO3 and the NKN systems are analgous. | | |

C. Sintering Studies

Each bf-the‘diffefent batches of calcined slngle phase NKN; doped
and und0ped,:was ground forlSO:hours in a polyethylene eentainer with
teflon medla_so'reduce particle size. Thisrwas followed by airvfiringf
at 450°C for 20 hoursf Next the powder'was psssedﬁthroughaa 325 mesh
screen and average particle size of 4.2 microns was detérmined usidg the
"Fisher Sub Sieve Sizer." | |

The powder‘agglomerated.easily so that no binding agent was needed
in cold pressing One—half 1nch dlameter by one—elghth inch hlgh pellets
were cold pressed at 40,000 pSl Den51ty'determ1nat10ns were made by '
two methods, mass volume measureﬁents and ﬁefeury lﬁmersioﬂ; Green.
densities ranged from 63% to 72% of theoretical dens1ty |

The pellets were sintered in a covered platlnum cruc1ble with an

- oxygen pressure of one atmosphere. They were surrounded.by packing
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bowder cohtaining 3 mole % eXcéss Nb20s to keep the s&stem on.the'hiéh
niobiﬁm side of the phase diagram. . |

Sinﬁering was done in a kanthal wound furnacé £ﬁ§t was_designéd'for
ldading énd quenching from the hét zone in'lesé than 10 seconds. 'Beforé
insertion’iﬁto the hot zone, the lbaded'crhcible was evacuated in a
dessigaﬁbr andbtheh filled with oxygen,gaé. Afteﬁ»égch inéertiéﬁ'inﬁo‘
the hotvzone, BOvminutes were allowed for the speciﬁéns'to reach_tﬁe
sinteriﬁg temperature. -

Fracture surfaces of pellets coated with a thin platinum-palladium
layer to prevent charging were observed with thefépanning electron micro-
scope:to study theirlmicrosfructure;'

Alsé, one sample of LI> x >37‘micron sized NKN,'undoped and in a
harid pressed pellet was sintered in the hot-stage of the microscope.
Photos were taken at 100° to 15d° intervals up ta 1100°¢. .

X—r@y diffraction.patterns were defermined fdr the sihterea pellefé

showing that they were still single phase'NKN.
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III. RESULTS AND DISCUSSION

A. ‘Calcining>Reactiohs

The X-ray diffraction pattern for pure single phase NKN as indexed

by Stahnekh is shown in Fig. 8. Added to the patfern, however, are two

broad peaks at Bragg angles of about 11.2 and 15.8. These peaks were

calculated to be caused by diffraction from the multiple cell planes

{00 1/2} and {l/é 1/20} reSpéctiVely; Tﬁis'seems reasbnable_because
both end'members of  the Sbiid solution? NaNbO3 énd KNbO3 exhibit this
multiple cell d_.i_ffradtiori bph:enomer‘lox.l as shown by E A. Wooa.l3
Cdncerning the reéctibns oécurring dufing the Calciniﬁg'of.NKN; it
is less complicated to study the NaNbOj system for phase identification.

Pure NaNbO3 is shown in Fig. 9, albnguwith a typical calcined specimen:

broken down into various regions. Notethe increasing concentration of

' the second phase and hOWVSimilar £he'grédient is ﬁofthat'of NKN in Fig. b4..

In Fig. 10 the X-ray diffraction pattern of.NéNbOa with a high con-
céntfatioﬁ of the second phase is shbwn. Also shown ié‘the'pattern for -
Na2N5g021. It is évident_that NangaOél-iS'the.second phasé preseﬁt.

Bésea on the X-ray patterns takeﬁ at various tempgratures-and the
DTA pattérns, a possiblevréaction series has been postﬁlétéd; |

. The following is the_reaction'seriésﬁv At about 150°C the noisture .

'in the powder evaporates and the syétém remains unchangéd uhtil 2h0°C-::

when the nitrate compounds melt. As 600°C is approached, the nitrates

and Nb,Os start reacting endothermically to form NazNbgOzy for the

Nall03-Nbz05 system and (N&K)NbgO2; Tor the ternary system.” The tempera- ~ =

ture of this reaction is lower in the gradient run because oniy NalOj

is present but the order and magnitude of the peaks are the same as the
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DTA analyses for NKN material. From X-ray patterns shbwh in Fig. 11,
the (NaK)Nb@Ozl isvforming:af the expénse.of Nb20s and‘the.nitrates;_ But
loss of Wéiéhf-doesn't occur in the_NKN system until a siightly higher
temperature, 615°C. At some tempéfature above 600°C the firét,NKN peaks
appear and és femperature increases ﬁo 700°C, the NKN phaée continued to
grow at'the éxpense of the-(NaK)Nb3021 phase. If the reaction goes to
completioﬁ then all the (NéK)Nb302i should converf to NKN.

.The reason for the conpentfaﬁion gradient Of_(N&K)NbeOzl appéaring
in this system is a diffusion problem and is shown in Fig. 12. Initially;

at just under 600°C the pellet or powder compact of raw materials has

formed a solid solution of (NaK)NbgO2) and (NaK)O, or (NaK)NOs liquid.

As the temperature increases, the nitrate gaées leave tHe'system (account-
ing for the weight loss). Also, (NeK)O begins to evaporate from the

surface_résulting in the concehtrationvgradient shown in Fig. 12A. The

‘temperature for the formation of NKN is reached at the surface and the

(NaK)o reacts with the (NaK)NbgO,, at the surface to form NKN; This
reaction acts like a sink for (NeK)O and the system sees the same (NaK)O0
conceﬁtration gradient as in Paft A but with a smallér:diameter pellet
and léss (NaK)O as shown in'Pért B. As the.reaction temperature moveé_

inward, the above process continues, Part C. The last stége is the innt'

at which the entire pellet has reached the reaction temperature and ﬁhe

_remainihg (NaK)O has réacted'to_férmfNKN. If there is a deficiency of

(NaK)O in the sysfem due to vaporization, then the presence of the second

. phase in the .center afﬁeeralcining_is exﬁlained. 'The'sQlution ié to

"add a larger quantity of excess NaNOj and KNOj before'calcining.‘ _
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appreciably ﬂhe densification of PZT ferroelectrics. Undetected im-
purities in NKN could account for the liquid phase.

B,03 waé added to create a liquid phase. Its sintering curves agree
with the postulated theory, rapid initial densification only.

StannekLt said that the cubic grains of NKN had a very low surface
energy and that this would lead to a small driving force for sintering.
This is why densification stops after the rearrangement stage.

Barium was added as a dopant to reduce grain growth. Microstruc-
Lures of doped and undoped NKN as observed with the scanning electron
microscope are shown in Figs. 17, 18, 19, 20, and 21. Figure 17 shows a
series of pictures of undoped NKN sintered in the hot stage. These pic-
tures showlthe disappearance of the smaller grains and some rearrange-
ment. Figures 18, 19, and 20 show the effect of Ba+2 additions to NKN
at different sintering temperatures. At each temperature the effect of
increasing éa+2 additions on reducing grain growth is evident. However,
as temperature is increased, the effectiveness of Ba+2 as a gréin growth
inhibitor decreases. The effect of B203 on microstructure is shown in
Fig. 21. It is similar to the undoped NKN in that the liquid phase
appears td have been formed.

The amount of liquid phase appears to decrease with increasing Ba+
additions. From Kingery's relationship between rearrangement densifica-
tion and volume fraction liquid, the Ba+2 is postulated to prevent

formation of a liquid phase, i.e., fearrangement.
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XBB 7111l 5600
Scanning electron microscope pictures of NKN in hot stage in
Yacuum.
A. 5k0°C
B. 950°C
¢, 1050°C ;
D. 1100°cC .
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Scanning electron microscope pictures of fracture surfaces of NKN
pellets sintered for 10 hours at 1050°C in oxygen.
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Fig. 19. Scanning electron microscope pictures of fracture surfaces of NKIN
pellets sintered for 10 hours at 1100°C in oxygen.
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Fig. 20.

Scanning electron microscope pictures of fracture surfaces
pellets sintered for 10 hours at 1125°C in oxygen.
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Fig.

21.

XBB 711l 5603

Scanning electron microscope pictures of fracture surfaces
of NKN pellets sintered for 10 hours at 1100°C in oxygen.
The pellets were doped with 2 mole percent B203.
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.IV. _CONCLUSiONV

Thélsystem (Nag;sKo,s)Nbog'présents several intérestingvprocessing
préblems thchJére jﬁst begihning fo be undérstood. 'The rééétiéns taking
piécé dﬁfing éalciﬁipg aié; fhe formation of an‘intermediafe compound,
thé_réagﬁipnléf £his comppupa with sodiﬁm and potassiu?-oxide to form
NKN; LosS]Of sOdium and potaésiumkpxides dﬁe té Vapofizatioh dufing
this reacfibn are significant enéugh té.aCCount for the presenaeof the
intermediafe compbund in the:calcined cbmpaéf éftgr célciniﬁg reactions
hévéiceésed. |

g NKN does not sinter p¢r se.».DensificatiOnvéccﬁrs_by'pafticle

.'rearréngémeﬁt'iﬁ the preéeﬁée‘offé iiquid phase- 'Théfdriving fofce for
sinteriné'of NKN:is'so.Smallithéﬁ densification of the»powder essentially
stop§'affé?.réarfangement althqughvsome de-dehéifiéétion is observed.
::BafiumfadditioﬁsVeffeétiveij redﬁce grain‘grOWtﬂ but do not ihcreaée
:sintering.:>ln fact, large additions (2 gnd'h;m01e'%)‘of Ba0 reduce the

rearrangement densification.
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LEGAL NOTICE ==

This report was prepared as an account of Work_ sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor

‘any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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