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CHARACTERIZATION OF SINTERING 
PHENOMENA OF (Nao .sKo. S)Nb03 

Wolfgang Stannelt 

Inorganic Materials ResearC?h Division, Lawrence Radiation Laboratory, 
and Department of Materials Science and Engineering, 
college of Engineering, University of California 

Berkeley, California 

July 1970 

ABSTRACT 

~. 
/ 

Investigations of sintering behavior, densification and grain growth 

. of pure: and bari um;"doped s6di um-pota~si um niobate of the composition 

(Nao. sKo. 5 )Nb0 3 were made in an oxygen 'atmosphere at several tempera-

tures. Calcining conditions were optimized in preceding experiments. 

X-ray diffraction, microprobe analysis, weight loss data, scanning 

electron microscope and sintering data.were used to characterize this 

compound. A decrease in density accompanied by . large grain growth and 

an increase in pore size was observed. Examinations employing a scanning 

electron microscope revealed a microstructure consisting of well marked 

cubical grains. 
2+ 

Ba doped into the material in several amounts appeared 

to be a powerful grain growth inhibitor in this system. It is postulated 

that the low surface energy at the (100) planes of sodium-potassium 

niobates is responsible for the difficulties in conventional processing 

of these materials. 
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I. IN TRODUCT I ON 

Compounds of the perovskite-type structure, especially the titanates 

and niobates, have received considerable interest in recent years because 

of their ferroelectric properties. The solid solution. system between 

NaNb03 and KNb03 is reported to have low dielectric constants and righ 

electromechanical coupling coefficients. l Such properties are desirable 

for certain ultrasonic delay-line applications requiring thin-section 

. . 2·· . 3 
transducers. Earlier work by Shirane et ale has shown that most Of the 

phases in this system are ferroelectric at room temperature except those 

very close to the NaNb03 side of the diagram. Sodium-potassium niobate 

of the composition (Nao. sKo. s)Nb03 is reported to possess the most 

. 4 5 
desirable ferroelectric properties. ' 

Conventional processing of sodium-potassium niobates results in poor 

structures of the fired bodies; in particular,a residual porosity un-

6 desirable for thin-section applications was reported by L. Egerton et al. 

Furthermore, difficulties seem to exist in s:lntering these materials to 

sufficiently homogeneous dense ceramics possessing an adequate fine grained 

microstructure. As a result of these problems, most of the ceramic work 

done in the sodium-potassium niobate system is carried out using hot-

pressing techniques and little is reported about sintering. Although 

capable of supplying Quality material, hot-pressing is not a technique 

to provide a high volume low cost material. 

The purpose of this study was to investigate and to describe the 

compound (Nao. sKo. 5 )Nb03, to characterize its behavior in conventional 

processing, and to determine, and if possible to eliminate , the factors 

which are constantly leading to poor results in the sintered bodies. 
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A. PotassiUm .Niobate KNb03 

Potassium niobate has the ideal perovskite structure above its Curie 

temperature of 435°C~3 On cooling, the material undergoes the following 

two phase transitions which are connected with detectable temperature 

hysteresis: 

KNb03 : 
. 225°C . 435°C 

Orthorhombic.. ~ tetragonal +--+ cubic 

These phase transitions are quite similar to those of BaTi0 3• 

The phase diagram of the system K20-K2C03 and Nb20S as shown in 

Fig. 1 has been investigated by Reisman and Holtzberg. 7 It can be seen 

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

pound KNb03 corresponding to the composition 50 mole % K20 and 50 mole % 
. . 

Nb20S melts incongruently at a :temperature of 1039°C. KNb03 is reported 

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

of the peritectic. Weight losses of the order of 0.1% accompanied with 

reduction exhibited a dark blue to black coloration of the material. 

The lattice· parameters of orthorhombic KNbO 3 at room temperature 

1 
are reported to be: 

° a' = c' = 4.037 A 

° b = 3.9711 A 

The orthorhombic distortion is described in terms of monoclinic axes. 

KNb0 3 isnot known to form t; multiple unit cell. 

B •. Sodi'Ulll.Niobate NaNb03 

The dielectric and crystallographic properties of NaNbO 3 are quite 

complex in sharp contrast with the well-defined situation encountered in 

KNb03. The question whether or not NaNb03 is ferroelectric was rather 

• 



-3-

1600~--~--~--__ --~----~--~--~--~--~--~ 

3~O·22N~05 
+ LIQUID 

K20 .3NbzOs 
u 

o 1200 

~ 
::l 
~ 

~ ct 
W .0 
a.. z 

+ LIQUID 

2~O!3N~05 
+ LIQUID 3~ONbA 

+ LIQUID 
2K20'3N~0s 
+ LIQUID 

~ (\J 

w (\J 

~ q, 
900 ~ 

It) 

+ 
It) 

0 

800 
N 

~ .-=~~~ 
3K~'NbA+K~ 

700 
(V) (IV) (II) 

40. 50 
M% K20 

MOLE. PERCENT 

XBL 707-1464 

( Ref. 7) • 
• 



-4-

. . . . 
confusing until recent careful studies of the dielectric properties' 

showed that NaNb03 at room temperature is truly antiferroelectric. How­

ever, a ferroelectric state can be induced by the a:pplication of strong 

fields. 

The pl1ase transition occurring in NaNb03 have been studied by a 

number of authors • Reisman 'et al. reported the transition between the 

tetragonal and cubic phase at a temperature of 480°C. ' The phase diagram 

8 
as shown in Fig. 2 was investigated by Shafer and Roy. Consequently, 

NaNb03 exhibits the following phase transitions: 

. 368°c ,640°C 
NaNbOg: Orthorhombl.c.. .. tetragonal .. .. cubic 

Later on in" a correction of the inaccuracy in the e,arlier paper, Reisman 

et al. 9 were able to show that the transition temperature between tetra-

gonal and cubic phase is very sensitive to the state of strain in the 

samples. 

The compound NaNbOg corresponding to the composition 50 mole % 

Na20 and 50 mole % Nb20S melts congruently at a temperature of 1412°C. 

The liquid is reported to be very fluid. 

The lattice par~ters of orthorhombic NaNbOg at room temperature 

are reported to be: 

° a' = c' = 3i915 A 

° b = 3.88 A 

The orthorhombic distortion is described in terms of monoclinic axes. 

NaNb03 is known to form a multiple unit cell. 

,,. 

• 
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c. Solid Solutions ofKNb03 and NaNb03 

Despite of the large difference between the ionic radii of sodium 

and potassium, the two niobates form a solid solution across the whole 

composition range. 3 No miscibility gap was found to exist between the 

pure NaNb03 and the pure KNb03 orthorhombic structures. This fact is 

. 3 
supported by the continuous change in lattice constants and in density 

over the whole range of compositions. The appearance of the wide solid 

solution range becomes Iiloreunderstaildable ,however, if· one discusses 

the interaction of the cations with the anionic entity-present iIi.terms 

of some potential. In this respect, the cation-oxygen attraction, ex-

pressed as either field strength or ionic potential (cation charge/ 

cation radius), has proved a useful parameter for assessing the relative 

power of a cation to satis~ its coordination requirements and to dictate 

th f : t· 10 e con 1.gura l.on. Table I contains the ionic radii and the ionic 

potentials (Z/r) of all ions present. 

Table I. Radius and ionic potential of ions 

0 

Ion Radius in A Ionic potential (Z/r) 

Nb 5+ 0.69 7.25 

Nal + 0.94 1.07 

Kl + 1.33 0.75 
2+ 

Ba 1.34 1.50 

2-
O' 1.40 

.. , ' . , , . , , ' 

5+ . 
It is shown in the table that Nb dictates the spacial arrangement 

of oxygen; no other cation present could successfully compete with 

• 
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niobium (5+) • Thus , the structures of the solid solutions are determined 

by the very stable Nb06-octahedra which will be more or less distorted 

dependipg upon which of the cations is occupying the A-site of the 

1+ 5+ .• . . . 

A B 0 3 structure. Therefore, it is not unusual to see that despite of 

the large differences between the ionic radii and the polarizabili ties of 

sodium and potassium, the Curie temperature remains almost constant over 

the whole system of solid solutions, except, of course, for the region 

near NaNb03. 

No great change with respect to the crystallographic factors was ex­

pected by introducing Ba2+ in several amounts into (Nao. sKo. 5 )Nb0 3 • 

Such a substitution of barium ions for sodium and/or potassium creates 

cation vacancies in the A-sites of the lattice. The theoretical formula 

of a sodium-potassium niobate doped with 

(NaQ • 49Ko .49 )Bao • 01 0.0 • 0 INbOg 

2+ 
1 at % Ba· can be written as: 

o =. cation vacancies 

. 2+ 
The Ba doped into the batches was expected to increase the dif-

fusivity of Nb 5+ which Was thought to be the rate determining species in 

sintering. A consideration of the structure of sodium-potassium niobate 

shows Nb06-octahedra which are sharing corners. In order to diffuse 

through the lattice Nb 5+ has to jump in a first step from its 6-fold 

octahedral site to a vacant A-site having a 12-fold coordination. In a 

second jump Nb 5+ can occupy a new octahedral site;' 

The theoretical density of Undoped sodium-potassium niobate of the 

composition (Nao.sKo.s)Nb03 is reported to be 4.51 gr/cm3• The lattice 

parameters versus composition of the whole. solid solution range between 

the end.meIDbers NaNb03 and KNb03 have been determined by Shirane et al. 3 
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II. EXPERIMENTAL PROCEDURE AND RESULTS 

A~-Prepa.ra.tiOn -<;If S6di~P6tElSSi Wi!. Niobate Powder 
-.. 

l. Starting Materials 

Batches used in the first eXperiments were prepared by mixing 

Nb20s, Na2C03, K2C03 and BaC03 as startin,g materials. Table II gives 

the analysis of the carbonates as supplied by the manufacturers. Table 

III shows the results Of a semi-quanti tati ve spectrographic analysis on 

Nb 205 ( 99. 5%) and BaC03 (99. 0%:) carried out by the Ameri can Spe ctro-

graphic Laboratories, Inc. 

Table II. Chemical analysis on the carbonates as given by the producers 

Na2 C0 3 K2C03 BaC03 
Baker's -reagent Mallincltrodt' s Baker's reagent 

_ grade reagent grade grade 
99.B wt % - 99.8 wt % 99.0 wt % 

NH 4 0H 0.003 0.01 

As 0.00004 O.OOOl 

Cu + Mg 0.004 0.01 0.05 

Cl o.OOOB 0.003 0.002 

Heavy metals 0.0002 0.0005 0.001 

Fe 0.0002 0.0005 0.001 

N 0.0005 0.001 0.005 

P04'- 0.0003 0.001 

Si02 0.0002 0.005 1,-

Na 0.02 

SO~- 0.001 0.004 

K 0.004 
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Table III. Results of a semi-quantitative spectrographic 
analysis* on Nb20S and BaC03 

"1* Ba 

Al 

Si 

Ca 

v 

Fe 

eli 

Sr 

NblOS 
Alfa·lnorganic 

99.5Wt % 

<0.001 

0.08 

0.01 

0.015 

0.005 

<0.02 

BaC03 
Baker:' s reagent grade 

99.0 wt % 

0.002 

<0.003 

<0.01 

O.OO~ 

0.0005 

0.08 

* Reported by American Spectrographic Laboratories, Inc. 

** All reported as oxides in wt %. 

Because of its very large particle size and the broad particle size 

distribution range, the Nb 20 s powder was dry ground for 50 hrs using a 

"Sweco" multiple chamber vibration mill. A polyurethane lined container 

was chosen for this milling process. using Luci te . balls as grinding media 

in order to avoid an increase of impurities due to abrasian which are 

difficult to remove. 

After grinding, the Nb20S powder was screened through a 115 mesh 

sieve. The screened powder was poured into a glass jar covered 

wi th aluminum foil and placed in a "Hevi Duty" furnace. The furnace was 
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. ' 

slowly brougnt to a temperature of 450°C establishing a heating rate of 

3-4 degrees per minute. After reaching this temperature, the ,Nb20S pow­

der was held for 24 hrs in order to burn out the plastic material intro-

duced during the grinding process. Earlier experiments determining 

soaking time and ,temperature for decomposi tionofLuci te have shown a 

temperature of 450°C and a soaking time of 24 hrs to be sufficient to 

obtain constant weight of the ground material. 'Final measurements of 

particle size using a "Fisher's Sub Sieve Sizer" revealed an average 

particle size of 1.30 llDl. Measurements using the scanning electron 

microscope showed a particle size distribution from 0.3 to 1. 5 }lm. 

Figure 3 taken with the scanning electron microscope shows a.representa­

ti ve portion of the Nb20S powder as processed. The shape of' the par-

ticles is quite irregular. In general, the grains are somewhat rounded 

off, sometimes approaching a spherical shape rather than cubical. 

The Nb 20 S powder as processed was kept in a dessicator until usage. 

A :further processing of the other raw materials Na2C03, K2C0 3 and 

BaC03 was not necessary because the particle size of these materials 

was sufficiently small. 

2. P()wd~r . Preparation' with Carbonates as Starting Materials 

A standard technique was developed and employed for preparation of 

all powder samples made out of carbonates as starting materials. 

After drying the raw materials at 105°C in an electric oven for 

50 hrs, the reagent grade Na2C03 and K2COa, together with Nb20S. were 

weighed in proper portions to give a 3 mole batch of powder of the com-

position (Nao.sKo.s)Nb03. 
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XBB 707-3222 

Fig. 3 . Scanning electron micrograph of Nb20S powder after processing. 
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The raw materials were placed in a rubber lined ball mill using 

tei'lon·ba.lls as grinding and mixing media. To minimize contaminations 

during lIl±xin.g, 1000ml of isopropyl alcohol was. added to about 600 gr of 

dry raw material. The ball mill, having a diameter of 16 cm, was allowed 

to tumble at 40 rpm for 50 hrs. The mixing time of 50 hrs determined in 

earlier experiments was i'ound to give sufficiently homogeneous materials. 

After the mixing process, the contents of the ball mill were poured 

irito a glass beaker which was put on an electric :p.~t plate having a 

magnetic stirrer. The mixture, consisting of the raw materials and 
'. ' 

isopropyl alcohol, was heated to a temperature of about 90°C which is 

sufi'iciently high to evaporate isopropyl alcohol. Immediately after 

pouring the mixture into the, glass beaker, the magnetic stirrer was 

turned on. Stirring was continued through the whole evaporation process 

in order to prevent segreg~tions of the heavier constituents of the 

batch. At the point where stirrer could not move, the beaker was placed 

in an electric oven i'or 24 hrs at a temperature 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 with teflon balls as 

grinding media. After finishing the mixing process, the powder was 

filled into polyethylene bottles which were kept closed in a dessicator. 

At this state, initial calcining experiments were made. Small 

amount~ of powder were calcined in a platinum crucible at an arbitrarily 

chasen temperature of 900°C for 6 hrs. The hlghtemperature and the 

long calcining time were chosen in order to obtain good reaction of the 

powder. X-ray powder diffraction patterns were made on -115 mesh portions 

of the calcined material. The eValuation of these patterns revealed, 
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besides the main peaks of (Nao. sKo. 5 )Nb03, smaller peaks due to Na2Nba021 

and K2NbIl021. Calculations for correction were carried out on the basis 

of the intensity of the extra peaks. Further experiments showed an 
, ., 

excess of 1.5 mole % Na2COS and 1.5 mole % K2C03 to be just sufficient 

to eliminate the extra lines. Figure 4 shows X-r~ powder diffraction 

patterns on materials with and without excess carbonates. All further 

batches prepared with carbonates had tl1e same amount of excess Na2COs 

and K2C03. The stoichiometry of every batch was checked by means of 

X-r~ poWder patterns. 

This standard technique for preparing powders using carbonates as 

starting materials was employed to produce sodium-potassium niobate pow-

ders pure, and doped with several amounts of BaC03. Powder samples having 

the folloWiIlg theoretical compqsi tions were pr~pared: 

(Nao.49SKO.49s)Bao.oos 0 o.oosNb03 

3. Powder' Prep ara.ti on 'n th Nitrates as' Starting Materials 

Nitrates as starting materials were chosen for two important 

reasons: 

(1) Because of their loW decomposition temperatures, see Table IV ; 

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

see Table IV. 

The following chemicals were chosen for preparation of powder 

samples using nitrates as starting materials, NaNOs 99.9%, KNOs 99.1%, 
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Table IV'. Decomposition temperatures and solubilities of sodium, 
potassium and barium nitrate 

Decam~osition . S61ubili t;y: iIi H~O 
temperature 25°C 100°C 

in °c g/lOOml . g/IOO ml 

NaNOa 380 73 180 

KNOg 400 B.3 247 

Ba(NOa ) 2 592 8.7 34.2 

and Ba(NOg h 99.5%. The same processed Nb20s powder was used as des-

cribed under II-A-l. 

Table V shows the impurities of the nitrates used as raw materials 

as given by the producer. 

After drying the nitrates in an electric oven for 50 hrs at a 

temperature of 105°C, the:reagerlt grade NaNOg, KNOg, and Ba(NOg h, to-

gether with lTh20S powder, were weighed in proper portions to give 0.5 

mole batches of each of the following three compositions: 

(NaQ.49sKo.49s)Bao.oOs 0 o.oosNbOa 

(NaQ.46Ko.46)Bao.04 0 0.04NbO:i 

Each of the batches was poured into a glass beaker; 500 ml of dis-

tilled and degasedwaterwere added. The beakers were placed on an 

electric hot plate having a magnetic stirrer. Before inspissating, the 

solution was kept at a temperature of about 90°C arid stirred for 2 hrs. 

Then the temperature was raised so that the solution started boiling. 
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* Table V. Chemi cal analysis of the nitrates as given by the producer 

NaN03 
99.9 .':Itli?. % 

Cl 0.001 

r03 <0.0005 

N03 <0.001 

,POi;-- 0.OQ02 

SOO;:- 0.001 

RZ03 0.'002· , 

Pb 0.0002. 

Fe 0.0001 

K 0.004., 

Na 

Ca, Si' 

KN03 
99.1wt 

, .... , . 

0.002 

<0.0005 

<0.001. 

0.00005 

0.0005 ' 

0.0005. 

0.0002 

0.00005 

0.004 

% 
Ba(N0 3 h 
99.5 wt % 

0.0003 

0.025 

0.0005 

0.0001 

0.035 

* J. T. Baker ChemicaJ. Co., Phillipsburg, N.J. 

At the point the stirrer stopped due to the high viscosity, the beaker 

was put into an electric oven for 24 hrs at a temperature of 110°C. 

After this final drying process, the cake consisting of mixed raw 

materials was crushed slightly and filled into polyethylene bottles which 

were kept in a dessicator. 
. . 

Small portions of powder prepared with nitrates as starting materials 

were calcined for 6 hrs at a temperature of 900°C.' Their stoichiometry 

was also checked by lDeans of powder X-r~ diffraction methods. The same 

\, 



-17-

extra peaks due to Na2Nba021 and K2Nba021 were present but having a 

somewhat weaker intensity. The elimination of these peaks could be 

achieved by adding 1. 3 mole % NaNOs and i.3 mole % KNOg. 

B. CalCination ·ofthe Mixed Ra.w Ma.terials 
I 

An attempt to find some useful data in the • literature regarding 
. . 

, calc;ining time and temperature failed because of the very wide spread 

of values reported. l ,6 ·Calcining temper~tures ranged from 750 

and calcining times from 1 to 20 hrs. Therefore, experiments were 

carried out to determine and optimize both the calcining time and 

temperature using the density obtained in a standard sintering treatment 

as a guide. 

1. O~timizationofCaicining Temver~ture 

Experiments were carried out using powder of the composition 

(Nao.sKO.s)NbOg prepared with carbonates. About 170 gr of this powder 

was filled into a "Visten" plastic tUbing which was Closed and sealed at 

both ends and inserted into an isostatic press. The isostatic pressing 

of the dry powder at room temperature produced a green body of rela-

tively high and uniform density which facilitated handling. A pressure 

of 30 ,000 psi applied for 10 min was suitable for pressing this powder. 

The preformed slug was cut by means of a band saw into eight slices of 

about equal weight. This series of slices was calcined in air for 2 hrs 

in a platinum crucible. The calcining temperature was varied between 

550 and 900°C in 50° degree intervals. 

X ... ray diffraction powder patterns were made of each of the calcined 

specimens to check. the degree of reaction at a specific temperature. 

Figures 5 and 6 show four of the patterns obtained. 
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Pellets 3/4 inch in diamet~r and about 1/8 inch thick were pressed 

of each calcined powder sample using a tungsten alloy steel die. These 

pellets were packed into a platinum crucible separated by lavrers of 

calcined packing powder of the same composition and sintered in air at a 

temperature of 1050 0 C for 2 hrs. After cooling, both diameter of the 

pellets and their density were measured. These results are shown in 

Figs. 7 and 8. 

2. Optimization of Calcining Time 

The experiments to determine the optimum time of calcining were 

carried out with powder taken from the same batch as for optimization of 

calcining temperature. The sample preparation was basically the same as 

des cribed already under point 1. 

The isostatically pressed slug of uncalcined powder was cut into six 

pieces of approximately equal weight. All six pieces were packed into a 

platinum crucible at the same time and heated to the optimal calcining 

temperature of 850 0 e as determined in the preceding experiments. Cal­

cining times of 0.5, 1, 2, 4, 8, and 20 hrs were used. After each length 

of time, one of the pieces was taken out of the crucible without cooling 

down the remaining slices. Temperature change as indicated by the con­

trol unit was less than lODe during the removal ofa piece. 

Every calcined powder sample was crushed with a Lucite mortar and 

pestle. X-:-ray powder diffraction patterns were taken on each of the 

specimens to check the degree of reaction. The patterns obtained showed 

an almost identical intensity of corresponding peaks. No differences 

could be observed between the pattern of the sample calcined for 1 hr 

and the pattern of the sample calcined for 20 hrs. Only the peaks in 
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the pattern of the powder sample calcined for 0.5 hr showed a small 

broadening of all lines. 

The preparation of pellets for the sintering process and the heat 

. treatment at 1050 0 C for 2 hrs were essentially the same as for the ex-
I 

periments of optimization of calcining temperature. The changes of both 

the diameter of the pellets and their density were measured and plotted 

as a function of calcining time. The results are shown in Figs. 9 and 

10. 

The optimal conditions for calcining in air of sodi~potassium 

niobate of the composition (Nao.sKo.s)Nb03 prepared with carbonates as 

raw materials have been determined to be 

t = 2 hrs 

The assumption was made that the same conditions will be valid for cal-

cining sodium-potassium niobateprepared with nitrates as raw material. 

Therefore, all batches have been calcined under these conditions. 

After calcining, each batch was dry milled for 24 hrs with the 

vibratory mill using polyurethane liried containers and teflon balls as 

grinding media. 

Final particle size measurements carri.ed out with "Fishers Sub Sieve 

Sizer" showed an average particle size of 1.35 llDl which remained almost 

constant through all batches prepared. MeasUrements of particle sizes 

employing the scanning electron microscope showed a particle size dis-

tribution range between 0.2 and 1.5 llDl. Pictures (A) and (B) of Fig. 11 

show representative portions of the calcined powders after grinding. 

The shape of the particles approaches a cubical form as can be seen, 
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XBB 707- 3220 

Fig. 11. Scanning electron micrograph of (Nao . sKo . s)Nb03 powders after 
pr ocessing. 

A. Prepared with carbonates ; B. Prepared with nitrates. 
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particularly in picture (B), of the powder sample prepared with nitrates. 

After all processing steps, the sodium-potassium niobate powders 

were analyzed again by semi-quanti tati ve analysis to determine whether 

or not their impurity content had increased. The results of some samples 

are given in Table VI. 

Table VI. Results of a semi-quantitative spectrographic 
analysis* on sodium-potassium niobate samples 

prepared with carbonates 

** Ba 

Na 

K 

Mg 

AI 

Si 

Ca 

v 

Fe 

Cu 

Nb 

Undoped 
powders ample 

after calcining 
850°C; 2 hr's 

0.003 

12. 

12. 

<0.001 

0.06 

0.007 

0.003 

<0.01 

<0.02 

0 .. 5% Ba doped 
powder saIilple 

after calcining 
850°C; 2 hrs 

0.4 

8. 

6. 

0.12 

0.005 

0.002 

<0.01 

<0.02 

Principal constituent in each .sample 

o . 5% Ba doped 
pellet after 
sintering 

1100oC; 8 hrs 

0.3 

12. 

15. 

0.001 

0.12 

0.01 

0.002 

0.01 

<0.01 

* Reported by American Spectrographic Laboratories, Inc. 

** All reported as oxides in wt %. 
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The prepared sodi um-potassi um niobate powders were kept in closed 

polyethylene bottles until further'use. 

e. Weight Loss Measurements on Stoicldometric (Nao. sKo.s )Nb03 

The weight loss experiment was conducted in air with the weight 

change recorded continuously on an automatic microbalance. The sample 

placed in a platinum crucible suspended f'rom a platinum wire connected 

to one arm of' the microbalan'ce into a Kanthal woUIid tube furnace. Regu­

lation of temperature was carried out by a variable proportional con­

troller using a control thermocouple at the hottest point of the muffle 

furnace. 

Approximately 320 mg of -115 mesh powder of st6ichiometric 

(Nao • sICo. S)Nb03 calcined in the optimal region at a temperature of 

850°C for 2 hrs was heated at a rate of 4-5°C per minute under muffled 

conditions. The final temperature was1200oC. The measured values are 

plotted in Fig. 12. 

D. Influence of the Sintering Atmosphere on Density and Weight Loss 

The high vapor pressures of the alkali oxides at high temperatures 

suggested a determination of the influence of sintering atmosphere on 

densi ty and weight loss of the pellets. For this purpose sintering ex­

perimentswere carried out using pellets of the composition (Nao.sKo.s) 

Nb03 prepared with carbonates. The pellets had 3 mole % excess car­

bonates. 

A sintering run was conducted in air. at latm pressure and in pure 

oxygen gas of 1 atm pressure. Sintering temperature was 1050oC; sinter~ 

ing time 2 hrs. No packing powder was used. The pellets were placed 

on a sheet of platinum. 
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The pellets sintered in air showed a weight loss of 2.2 weight, % 

and a density of 88.5% of theoretical. The pellets sintered in oxygen 

showed a weight loss of l.l weight % and a density of 92.5% of thea-

retical. 

The diminution of weight loss due to sintering in oxygen atmosphere 

can be explained by the following reaction 

neglecting the influence of higher oxides of sodium such as Na202 and 

NaOz. The equilibrium constant for this reaction is: 

K = . eq 

p2 P 1/2 
Na. 02 

P 
Na20 

By changing the sintering atmosphere from air to pure oxygen, the partial 

pressure of oxygen increases by a factor .of 5; consequently, the weight 

loss of sodlum has to decrease as can be seen from the equilibrium con-

stant. The same considerations are true for potassium and its oxides. 

For this reason , all sinteringexperiments were conducted in a 

flowing oxygen atmosphere. 

E. Sirttering 

Pellets of 3/4 inch diameter were cold pressed using a tungsten 

alloy steel die and a pressure of 20,bOO psi. The pellets ranged in 

weight from 3 to 4 grams. In order to improve the green strength of the 

pellets~ the powder to be pressed was wetted slightly by adding approxi­

mately 2 cm 3 isopropyl alcohol to 100 grams of dry powder. Green 

densi ties obtained ranged from 61 to 64% of theoretical depending upon 

, . 
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the composition of the powder pressed. The pressing process was followed 

by a drting step in an electric oven at a temperature of 105°C for 24 hrs 

to evaporate the added isopropyl alcohol. 

For the sintering process the pellets were packed into a cylindrical 

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

the alkali oxides, it was necessary to use packing powder techniques to 

provide a sodi umand potassium vapor surrounding the pellets. Undoped 

packing powder of the composition (Nao. sKo. 5 )Nb0 3 was used ha:iring 3 mole % 

excess in alkali carbonates. The excess in alkali carbonates in the 

packing powder was chosen to provide a well defined activity of both 

sodium andpotassi um through the whole sintering process. This pre­

caution was necessary because of the jump in activities which will occur 

by going from the sodium and potassium-rich to the sodium and potassium­

poor side of the compound (Nao.sKo.s)NbOa. This change in activities 

implies only a small change in composition because of the narrow solid 

solution range of both the compound (Nao. sKo. 5 )Nb03 and the single nio­

bates NaNb0 3 and KNb03, as can be seen from the phase diagrams of the 

system K20-Nb03 Fig. 1 and of. the system Na20-Nb20S Fig. 2. Such an un­

controlled jump in activities can change the sintering characteristics 

drastically. 

A Kanthal-wound furnace shown in Fig. 13 was used for sihtering the 

pellets. After loading the furnace, it was pumped down to approximately 

one thousandth of an atmosphere and refilled with oXygen gas. A flowing 

oxygen atmosphere was established and maintained through the whole fir­

ing period. The furnace 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 ±5°C. After firing, all sintered specimens were quenched in air by 

removing the crucibl~ from the furnace. As the pellets reached a tempera­

ture of about 400°C they were put into a dessicator for further cooling 

to room temperature •. This precaution was necessary because of the hygro­

scopic nature of some specimens, especially of pellets sintered for short 

periodso:t time and of pellets having low densities. Samples with high 

densities did not appear hygroscopic; even a normal exposure to labora­

tory atmosphere for several weeks had little effect on the material. 

Furthermore, color changes from bright yellow to white were ob­

served as .the samples were cooled. High density pellets exposed to 

white light exhibited photoChlromatic effects. .An exposure of these 

samples to UV light changed their color to blue. The same color change 

but much more marked could be obtained by heating the high density sam­

ples in air. The color change did not reverse on cooling. 

Weight of the packed platinum crucible was detennined before and 

after each firing period. 'rhe weight change observed was less than 0.1% 

weight loss for every event and appeared to be quite constant. 

Density measurements were made using a mercury immersion apparatus 

combined with an Ainsworth balance. Specimens used for density measure- . 

ments were checked carefully for small cracks. The accuracy of all 

densi ty measurements is approximately ±O. 5%. After finishing thes e 

measurements, the specimens were kept in a dessicator. 

Figures 14 through 18 show graphs of the relative density plotted 

versus linear time for speqimens prepared with Na2 COs, K2COS and doped 

with several amounts of BaC0 3 , .whereas Fig. 19 shows a graph with the 

weight changes plotted versus sintering time of samples sintered at a 



0.90"-1 ----r------r--~~~--::-~~~~----:-~_____, 

>-
I-
en 
z 
w 
a 
w 
> 
.... 
e::( 
...... 0.70 w 
Q: 

0.6°0' 100 

COMPOSITION: (No.5 K.5) Nb 03 UNDOPED _ 
SINTERED IN OXYGEN ATMOSPHERE OF I ATM. PRESSURE 

o 1000°C 
.6 1050DC 
Cl 1100 DC 

200 . 300 
TIME, MIN. 

PREPARED WITH 
CARBONATES AS' 
STARTING MATERIALS 

400 500 

XBL 707-1453 

Fig. 14. Relative density of undoped sodiurn-potassi urn niobate versus linear sintering time • 

.. ~ 
. 
~ 

.1 
W 
+:­
I. 



t_ ... 

>-
l-
ff) 

Z 
IJJ 
C 

ltJ 
> 
..... 
« 
~ 
w 
a: 

0.90 

0.00 

COMPOSITION: (No.SK.S) Nb03 DOPED WITH 0.5. AT. % So. 

SINTERED IN OXYGEN ATMOSPHERE OF.I ATM. PRESSURE 

o 10000C 
C::t. 1050 °c 
o 1I00oC PREPARED WITH 

CAR SON ATES AS 
-STARTING MATERIALS 

0.60' I I I I I 

o 100 200 300 400 500 
TIME, MIN. 

XBL 707 -1455 

Fig. 15. Relative density of 0.5 atomic % barium doped sodium-potassium niobate versus linear 
s intering time.· 

I 
W 
V1 
I 



0.90 

~ 

CO MPOSITION: (No.5 K.S) Nb03 DOPED WITH 1.0 AT. 0J0 Bo . ," 

SINTERED IN OXYGEN ATMOSPHERE OF I ATM. PRESSURE 

o IOOO°C 
6 I050,oc 
o 1I00oC PREPARED WITH 

CARBONATES AS 
STARTING MATERIALS 

0.60 1 I , " ! o 100 200 300 400 500 
TIME, MIN. 

XBL 707-1454 

Fig. 16. Relative density of 1.0 atomic % barium doped sodium-potassium niobate versus linear 
sintering time. 

'. 

I 
W ,"" I 



>­
I-
(f) 

Z 
.. ~. 

W 
> 
l­
e:{ 
..J 
W 
a: 

• 

0.90 

o 

Ll, .. 

COMPOSITION: (No.SK.S) Nb~ DOPED WITH 2.0 AT.OJo eo 
SINTERED IN OXYGEN ATMOSPHERE OF I ATM. PRESSURE 

o IOOO°C 
6 I050°C 
o IIOOoC PREPARED WITH 

CARBONATES AS 
STARTING MATERIALS 

o 

Ll, 

O. 60~' ___ ---:-:::-___ --:-:--::---___ ....1-____ 1-.--;... __ --1 
o 00 200 300 500 400 

TIME, MIN. 

XBL 707-1456 

Fig. 17. Relative density of 2.0 atomic % barium doped sodium-potassium niobate versus linear 
sintering time. 

. I 
W 
~ 
I 



>­..... 
en 
z 
w 
o 
lLJ 
> 
..... « 
..J 
W 

.0:: 

.0.90 
o 

0-

COMPOSITION: (No.SK.5) Nb03 DOPED WIT,H4At.CYo 80 

SINTERED IN OXYGEN ATMOSPHERE OF I ATM. PRESSURE 

100 

o looooe 
l:::J. I0500 e 
o lIoooe PREPARE D WITH 

CARBONATES AS 
STARTING MATERIAL 

200 300 400 
TIME, MIN. 

500 

XBL 707 -1457 

Fig. 18. Relative density of 4.0 atomic % barium doped sodium-potassium niobate versus linear 
sintering time. 

I. 
W 

7' 



~ o 

w 
(!) 

z « 
:I: 
U 

..... 
::1: 
(!) 

W 

• 

2 

~ -2 

-3 
" PURE 
~ 0.5%80 
o 1.0% 80 
" 2.0% Bo 
o 4.0°4 Bo 

v? 
T= 1100 °c 

OXYGEN ATMOSPHERE 

400 

• 

500 

XBL 707-1461 

Fig. 19. Weight changes of barium-doped and undoped sodi um-potassi um niobate prepared with carbonates. 

I 

~ 
I 



:..40-

temperature of 1100oC. Figures 20 and 21 show plots of the relative 

densi ty versus linear .time of specimens prepared with NaN03, KN03 and 

doped with Ba(N03)z. 

Further'sintering experiments were carried out using materials. 

prepared with nitrates having an addition ~f 5 weight % NaCl. No densi­

fication could be obtained eVen at a temperature of 11000C and a sinter­

ing time of 6 hrs. These samples maintained their green density and 

showed a weight loss in the range of5 weight %. 

Figure 21 shows a plot of the relative density versus linear time 

of pellets prepared with nitrates having excess of alkali nitrates. These 

pellets were sintered at a temperature of 11000C using a packing powder 

with a little excess Nb20S. The large difference in the sintering be-

havior and the density obtained between Fig. 20 and Fig. 21 is caused 

only by changing the composition of the packing powder from the sodium 

and potassiuril-rich to the sodium and potassium-poor side of the compound 

(Nao. sKo. 5 )Nb03. 

F. ElectrohProbeMicrOaha.gsis 

A "MAC" Electron Probe M:1.croanalyzer was employed in studying the 

homogenuity of the sintered pellets with regard to the distribution o'f 

sodium, potassium and barium in the bulks. The apparatus was equipped 

with three scanning dispensive spectrometers which can simultaneously 

analyze for any element between sodium atomic number 11 and uranium 

atomic number 92. One of the spectrometers was especially equipped with' 

thin windows and a special analyzing crystal to extend its analyzing 

range to oOtain. good data on sodium. 
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Two samples of each composition prepared were polished and coated 
·0 

with a conductive l~er of carbon 100 A thick. The samples chosen were 

the pellets possessing the highest density and the pellets sintered for 

the longest time at the highest sintering temperature (llOOOC). 

Corresponding areas of each sample were scanned recording the in-

tensities of sodium K , potassium K and barium Lradiation as a print a a a 

out. Because of the very homogeneous distribution of all components 

recorded, no pictures have been taken. 

G.X~RayStudies 

All X-ray examinations were done by X-ray diffractometer methods 

exclusively. A "Norelco" diffractometer utilizing copper radiation was 

operated at 35kV and 20 m A. X-r~ diffraction patterns were taken from 

both -115 mesh portions of each calcined powder sample and from polished 

surfaces of sintered pellets. 

The X~ray powder patterns were first used to control the stoichio-

metry of the calcined powder samples, see Section II-B-l. A scan speed 

of 1/20 2 e per minute provided a sufficiently high resolution for this 

purpose. Figure 4 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 experiments made for optimization of calcining 

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

on -115 mesh powder samples with a scanning speed of 1/20 2 e per minute. 

Thirdly, the X-ray powder patterns were used to determine the in-

fluence of the amount of dopant introduced into the sodium-potassium 

niobates. Figure 22 shows the changes occurring in the (100 peak due to 
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increasing amount of barium~ The peaks are drawn from patterns taken on 

polished surfaces of sintered pellets with a scarining speed of 1/8° 2 8 

per minute. 

Fourthly, the X-r-ay patterns were used for identi fying correspond­

ing crystallographic planes (hkl) to all peaks in the pattern and 'for 

calculation of the lattice parameters. 

1. Indexing the X.,.ray-Diffraction _Pattern of (Nao~ sKo. 5 )Nb0 3 

For the indexing process, X-ray diffraction patterns were taken on 

pure and on 4 atomic % barium doped sodium-potassium niobate. The pat-

terns were made using polished surfaces of pellets sintered at a tempera-

ture of 11000C for 8 hrs in o~gen atmosphere. A scan speed of 1/8° 

2 8 per minute provided a sufficient resolution of the lines. The peaks 

of both the doped and undoped material appeared at the same angles; how-

ever, differences were observed in the intensities of the lines. Table 

VII shows the 2 8 values of the peaks and their intensities as observed 

in the pattern taken on undoped pellets. Futthermore, the corresponding 

d-spacings and Q..;.value s calculated on b-asis of the observed d-spacings 

are listed. Table VIII shows a match of Q-values for all possible 

planes in the unit cell up to an angle of 2 e = 84° as calculated on the 

basis of the Hesse-Lipson plot shown in Fig. 23~ All calculations made 

are based on the assumption of an orthorhombic cell unit having a perov-

skite type structure as shown in Fig. 24. 

The d-spacings as a function of cell edges in an orthorhombic lat-

t o ° 11 lce 1S: 
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Table VILEvaluation of the patterns t!3ken on an 
un doped pellet sintered ata temperature 

of 1100 0 c for 8 hrs in C2-atmosphere 

I 
d 
0 

2 e (%) (A.) 

22.270 80 3.9917 

22.600.. 40 3.9460 

3L650 60 2.8269 

3L87C ICC 2.8079 

39.170 3 2.2998 

45.390. 57 L9980 
,. 

46.0.40 8 1.9713 

51.0.20. IT 1. 790.0 

5L210 24 1.7838 

5L6'75 7 1. 7690 

56.525 36 1.6282 

65.925 12 1.4169 

66.590 17 L4043 

70.640 7 1.3334 

7L120 9 1. 3256 

75.121 13 1.2646 

76.150 2 1.2500 

79.550 2 1.2049 

84.0.75 6 1.1513 

84.300 6 1.1487 

Q 

0.06275 

0.06420 

0.12513 

0.12687 

0.18906 

0.250.50 

0.25732 

0.31204 

0..31427 

0.31955 

0.37720 

0.49310 

0.50707 

0..56244 

0.56907 

0.62530 

0.64000 

0.68880 

0.75544 

0..75783 



-47-

Table VIII. MatCh of observed lines with calculated 
Q-values using Hesse-Lipson plot for all 
possible planes of the orthorhombicuni t 

cell up to an angle of 28 = 84° 

: ... 
Q # of lines Q # of lines 

. Plane Calculated observed Plane Calculated obgerved 

001 0.0625 1 121 0.3820 11 

100 0.0627 1 202 0.5008 12 

010 0.0642 2 022 0.5068 13 

101 0.1253 3 ·220 0.5078 13 

011 0.1267 4 003 0.5625 14 

110 0.1269 4 300 0.5643 14 

111 0.1894 5 212 0.5650 14 

002 0.2500 6 ·122 0.5695 15 

200 0.2508 6 221 0.5701 15 

020 0.2568 7 030 0.5778 15 

102 0.3127 8 103 0.6252 16 

201 0.3133 8 013; 0.6268 16 
301 

012 0.3142 9 310 0.6285 16 

210 0.3150 9 031; 0.6405 17 130 

021 0.3193 10 113 0.6894 18 

120 0.3195 10 311 0.6910 18 

112 0.3769 11 131 0.7030 18 

211 0.3775 11 



20 .. 0.063 0.064 0.125 0.12~;. 0.189 

15 

I 
.po , 'r-

_0-· II '" .. 

o 0.050.10 . 0.15 ·0.2() 

AQ 

XBL 707 -1460 

Fig. 23. Hesse-Lipson plot for the orthorhombic unit cell of (Naoo sKo.s )Nb03. .,. ... 

~ . ' 



A~ 

00 
B • 

-49-

I .... 
I I 

. I 

0o:b:~ 
. I I 

D -~ 

CUBIC PEROVSKITE STRUCTURE 

N 1+ KI+ o • , . (80 2 +) 

0 
2-

Nb5+ 

XBL 707 -1452 

Fig. 24. Unit cell of (Nao ~ sKo. S) Nb0 3. 



-50-

or as a fUnction of' reciprocal-cell edges: 

1 -
~l 

The quantity 

.1 
Q_~ = ~ 
-vrtkl ··2 . 

··~l 

is the dot product of' a reciprocal latti ce vector vi th itself'. 

Because of' the linearity of this relation , it is possible to form dif-

f'erent equations of' the type 

Table IX contains the ~Q values calculated f'orall peaks observed in 

the pattern. The Hesse-Lipson plot examines the frequency of' recurrences 

of certain ~Q-values. An evaluation of this plot gives the following 

lattice parameters f'or the unit cell of' (Nao • sKo .5 )Nb03. 

QIOO = 12 x a 
*2 = 0.0627 

12 * QOIO = x b 2 = 0.0642 

.12 .. 
QOOI = x c 2 = 0.0025 .. 

0 

a = 3.99 A 
0 

b' = 3.95 A 
0 

c = 4.01 A 



c' • 

Table IX. lIQ-values as calculated from d-spacings obse!ved on a sample of undoped sodium-potassium niobate, 

Q 1 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

1 .06275 

3 .12513 .06238 

4 .12687 .064l2 .00747 

5 .18906 .l2631 .06393 .06219 

6 .25050 .18775 .12537 .12363 .06144 

7 .25732 .19457 .13219 .13045 .06826 .00682 

8 .31269 .24934 .18513 .18522 .12303 .06159 .05477 

.31427 .25152 .18914 .18740 .12521 .06377 .05695 .00218 
I 

9 V1 

io .31955 .25680 .19442 .19268 .13049 .06905 .06223 .00746 
I--' 
I 

11 .37720 .37445 .25207 .25033 .18814 .12670 .11988 .06511 .05765 

12 ,.49310 .43035 .36797 .36623 .30404 .24260 .23578 .18101 .17883 .11590 

13 .50707 .38194 .38020 .31801 .25657 .25387 .19498 .19280 .18752 .12987 
14 .56744 .37338 .31194 .30512 .25035 .24817 .24289 .18752 .06934 

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 
18 .68880 .37453 .36925 .31160 .19570 .18173 .12636 .11980 .06350 .04880 
19 .75443 .37723 .26113 .24736 .19199 .18536 .12913 .11443.06563 

20 .75780 .26470 .25073 .19536 .18873 .13250 .13250 .06900 .00337 
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Calculations using these lattice constants reproduced every peak in the 

pattern but they are not values obtained by precision lattice constant 

measurements. A fully indexed pattern is given in Fig. 25. 

Investigations werelnadewi th a "Jeolco" scanning. electron micro-

scope. All pictures were taken from fractured surfaces of sintered 

pellets. The samples glued with silver paint on the specimen holder 
o 

were coated with a platini.mi .. palad1umlaYer having a thickness of 100 A. 

The first series of pictures in Fig. 26 show the decrease of grain 

size caused by the increase of Ba introduced into the material. These 

pictures were taken from pellets prepared with carbonates and sintered 

at a temperature of 11000C for 8 hrs. 

Figure 27 shows the analogous series ofpiotures for a material 

prepared with nitrates. 

The series of pictures in Fig. 28 show the grain growth sqeuence 

related to the sintering time for materials prepared with carbonates. 

Because of the very inhomogel1ous grain growth, no average grain si ze has 

been determined. 

Pict;ures shown in Fig. 29 show some details of crystal growth. 
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XBB 707-3219 

Fig. 26 . Scanning electron micrograph showing decrease of grain size 
due to an increasing amount of barium doped into material 
prepared with carbonates . 

A. undoped, sintered at 11000e for 8 hrs. 
B. 0.5 at. % Ba, sintered at llOOoe for 8 hrs . 
e. 2.0 at . % Ba, sintered at 11000e for 8 hrs. 
D. 4.0 at. % Ba , sintered at 11000e for 8 hrs . 
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XBB 707-3221 

Fig. 27. Scanning electron micrograph showing decrease of grain size 
due to an increasing amount of bar ium doped into material 
prepared with nitrates . 

A. 0.5 at. % Ba , sintered at 11000C for 8 hrs. 
B. 1.0 at . % Ba, sintered at 11000C for 8 hrs. 
C. 4.0 at. % Ba, sintered at 11000C f or 8 hrs. 
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XBB 707-3218 

Fig. 28. Scanning electron micrograph showing grain growth behavior of 
undoped sodium-potassium niobate sintered at 1100 0 C for 

A. 15 min C. 4 hrs. 

B. 1 hr. D. 8 hrs. 
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XBB 707-3217 

Fig . 29. Crystals grown in carbonate prepared materials. 

A. 0.5 at. % Ba sintered at 11000C for 1 hr. 
B. 1. 0 at . % Ba sintered at 11000C for 8 hrs. 
C. Un doped packing powder after 32 hrs at 1100oC. 
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III. 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. 
1 

Egerton et ale 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 (Nao.sKo.s) 

Nb0 3 disclose d 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 parti cles in contact may adhere and grow together are given by 

12 
Kingery and Berg: 

1. Volume diffusion 

2. Plastic flow 

3. Evaporation-condensation 

4. Surface diffusion . 

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



., 
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Another quite different process which leads to densification is 

sintering in the presence of a liquid phase. In contrast to the single 

phase sintering, the densification process in presence of a second phase 

is markedly accelerated. 
. 13 

Kingery and other authors report that (1) an 

appreciable amount of liquid; (2) an 'appreciable solubility of the solid 

in the liquid phase; and (3) a complete wetting of the solid by the 

liquid are requirements for complete densification. 

The main driving force for every sintering mechanism proposed is 

the decrease of the surface free energy due to the decrease of surface 

area during densification. Coble I s equation for sintering a single 

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

N = 

D = 

y = 

$t = 

1 = 

geometry 

dP 
dt 

factor 

di ffus i vi ty of 

surface energy 

vacancy volume 

grain size 

slowest moving 

( solid-vapor) 

k - Boltzmann's constant 

T = temperature 

P = porosity 

,t = time 

specie 

This equation shows that the sintering rate will decrease by lower-

ing the sUrface energy. 



-60-

Assuming a complete wetting of the solid phase in liquid phase 

sinteringand a penetration-between grains, the following surface -energy ~. 

relationships are required: 

Y > y- > y > 2y 
.sv Iv ss sl 

( 2) 

where s, 1 and v refer to solid, liquid and vapor respectively. 

In this process with appreciable liquid present or at least suf-

ficient liquid 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 

increase in diffusivity in liquids relative to solids greatly enhances 

densification rates. 

B •. ·Pore· Growth 

The accelerated densification rate due to the presence of a liquid 

phase brings the samples to _ high densities in a very short time where a 

large portion of the pores can be assumed to be closed. Usually, there 

will be a negative pressure in each pore given by the relation 

p = 

p = pressure 

-,2Ylv 
r 

p 

Y 1 v = surface energy liquid~vapor 

r = pore radius 
p 



However, if a gas is trapped inside the pores at this state, diffusion 

of the gas to the surface m~ become negligible compared with the dif­

fusion flux between the pores and a volume expansion may occur. Gupta 

and Coble15 presume that the driving force for densification may approach 

zero or become negative when the gas trapped inside the pores equili­

brates with surface tension and the gas is relatively insoluble in the 

matrix material. In this case, one or more of the pore growth mechanisms, 

pore-pore material transfer or pore migration, could become effective. 

In general, however, a decrease in density implies either a weight loss 

or a volUme expansion or both. 

C. Materials Prepared with Carbonates 

The relative density of undoped samples sintered for varying times 

at 1000, 1050 and 11000C in oxygen atmosphere are given in Fig. 14. 

Theini tial densification rate shows a rapid increase with an increase 

in temperature. This increase may be due to an increasing amount of 

liquid phase present or a more rapid diffusivity in liquid phase. The 

curves taken on samples sintered at 1000 and l0500C show the typical 

sintering behavior in presence of a liquid phase, whereas the curve 

taken on samples sintered at a temperature of 11000C with its very high 

initial densification rate shows a decrease in density after a tran-

sition stage. This de-densification is not accompanied by a weight 

change of the samples as can be seen from Fig. 19 •.. The constant weight 

of the samples, even after a sintering time of 8 hrs, indicates an 

equilibrium situation between the activities of sodium and potassium in 

sample and packing powder. No material leaves or enters the sample dur;" 

ing the de-densification of the undoped sodium-potassium niobate. Thus, 
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the de-densification has to occur by volume expansion exclusively. 

The series of SEM micrographs in Fig. 28 are of undoped samples 

sintered at 11000C for varying times; their densities are shawn in 

Fig. 14 •. Figure 28A shows a sample sintered for 15 min. The micro­

structure of the fired body shows a relatively uniform grain size with 

a few large grains interspersed. All grains show a well-developed cubic 

shape. FigUre 28B, taken after a sintering time of 1 hr, shows a very 

inhomogeneous microstructure with a few grains having a large size of 

approximately 15 to 20 ~ and a large number of much smaller grains 

having a diameter of 1 to 3 ~m. Figure 28c taken on the same material 

after a sintering time of 4 hrs, reveals that all grains with a diameter 

less than 5 ~ have disappeared leaving a more open structure. A com­

parison with Fig. 14 shows that this sample already exhibits a large 

de ..... densification. Figure 28p shows a sample after a sintering time of 

8 hrs. This material exhibits a very open microstructure with large 

grains and open pores. 

These figures imply that the material originating from the small 

grains is transferred to the large grains which are growing. It is 

thought that during the growth of the large crystals, their centers are 

moving apart. This possibility is given by assuming a liquid layer 

between the cubic grains touching each other as proposed in the model 

of sintering in presence of a liquid pahse. This assumption is valid 

because the two phase diagrams, Figs. 1 and 2, indicate a liquid phase 

in this temperature region (llOOOC) if excess Na20 and K20 are present •. 

If the initial· density is sufficiently high to provide a large portion 

of closed pores, CO and C02 gas originating from a late decomposition 
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of the carbonates, especially of BaC03 with its very high decomposition 

temperature of l450oC, may equilibrate with the surface tension and stop 

or reverse the densification . 

However, a reverse of densification implies material transfer to 

the interfaces of touching cubic grains resulting in a moving apart of 

the grain centers. This behavior of de-densification in the presence 

of a liquid phase cannot be explained sufficiently by pore-pore material 

transfer and/or pore migration alone. CO and C02 gas which can be 

assumed to be quite insoluble in the matrix material seem to play an 

important role in the de-densification of sodium-potassium niobate pre­

pared with carbonates. 

Figures 15 through 18 show the relative density of 0.5, 1.0, 2.0 

and 4.0 atomic barium doped samples sintered for varying times at. 1000, 

1050 and 11000C in an oxygen atmosphere. The initial densification rate 

undergoes a maximum in the range of 0.5 atomic % dopant indicating a 

considerable amount of liquid phase present. Furthermore, the de­

densification effeet seems to have a maximum value in the same region. 

The weight changes versus linear sintering time for the samples sintered 

atllOOoC, as given in Fig. 19, indicate a maximum in weight loss for 

the 0.5 atomic % barium doped material. The curve obtained on material 

doped with l.0 atomic % barium shows an initial weight gain followed by 

a weight loss if the sintering process continues. For this ma~erial, 

weight gain and de-densification coincides. Samples doped with 2.0 

atomic % barium and more show a constant weifSh;t gain during the sinter­

ing process which probably indicates the development of an increased 

amount bfa second phase on the surface of the grains. No de-densification 
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could be observed in a highly doped material. The initial densification 
. . . . 

rate drops noticeably 'with the increasing doping level, Figs. 17 andl8. 

Small amounts of barium doped into the material seems to decrease 

the act±vi ties of sodium and potassium in the samples so that the pellets 

start losing weight, whereas higher amounts of barium lead to an in-

creasing development of a barium-rich second phase on the surface of the 

grains. This drastic change (see Fig. 19) IIl8\Y be explained by the 

limited solubility of Ba
2
+in the solid compound (Nao.sKo.s)Nb03. The 

coincidence of a decreasing initial densification rate with the dis­

appearance of the de"";densificati'on eff~~t despite an increasing amount 

of BaC03 introduced may indicate that the amount of C02 and CO gas are 

sufficiently high that the gases can leave the sample not allowing large 

portions of closed pores. The remaining barium IIl8\Y obtain sodium and 

potassium from the packing powder permeating through these open pores 

to form the barium-rich second phase. This mechanism would also account 

for the decreasing initial densification with increasing BaC03 content 

and for the steady weight gain even after relatively long sintering 

times. 

The series of SEM micrographs shown in Fig. 26 are taken on samples 

doped with varying amounts of barium sintered at 11000C for. 8 hrs in 

,oxygen atmosphere. '. Figures 26A through 26D demonstrate the decrease of 

grain size by a r.atio of approxi~ately 25 to I caused by raistng the 

doping level of barium from 0 to 4 atomic %. Figure 26D shows almost 

no grain growth after a sintering time of 8 hrsin comparison with the 

powder used for pressing the pellets (Fig. llA). It is thought that 

the decrease of grain size is mainly due to the development of the 
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bari um-rich second phase on' the surface of the grains. 

D •.. Mat er'i $J.$ . fre;es.re.d . wi th . Ni trates 

Figure 20 shows the relative density of 0.5, 1.0 and 4.0 atomic % 

barium doped samples sintered for varying times at 11000C in oxygen 

atmosphere. The initial sintering rate is noticeably lower than in the 

materials prepared wi thcarbonates and shows a decrease with increasing 

amount of dopant. AllcUryes level after a short sintering time and the 

samples stay at that density. NOde-densification effect could be ob­

served. ~e sintering of these p~llets prepared with nitrates and of 

~ pellets prepared with carbonates as well, was conducted in packing 

powder of the composition (Nao. sKo. s)NbO 3 having high activities of 

sodium and potassium. 

Further sintering eXperiments employing the same nitrate prepared 

materials were carried out using packing powder with excess in Nb20S, 

Le., a lower activity in sodium and potassium. These results are 

gi ven in Fig. 21. The sintering charact~ristics of these specimens 

indicate a lower or n~gi1gible liquid, pl\s.se content. Fairly high den­

sities cduld be obtai.~ed-.w:ith,the O.5li.tomic % bariumdbped material 

after a sintering time o'fl5 firs ~ No de.dem~ification effects could be 

observed. Because of the lOW liquid phase content due to the change 

in the packing powder composition, it would be possible to raise the 

sintering temperature and to obtain high densities in shorter times. 

Additional sintering experiments using nitrate prepared pellets 

with high liquid phase contents introduced by adding 5 weight % NaCI 

showed'no densification at all. 
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The series of pictures shown in Fig. 27 are taken on nitrate pre­

pared samples doped with vary-ingamoutits of barium sintered at 11000C 

for 8 hI's in oxygen using the packing powder with high activities of 

~ 

sodium and potassium. 'l'he decrease in grain size, due to the increasing 

amount of dopant is baSically the same as in the carbonate prepared 

samples, shown in Fig. 26. The decreasing gra.in size with increasing 

amount of barium is probably caused by the development of the earlier 

mentioned barium-rich second phase on the surface of the grains. Inves-

tigations made on a representative number of samples' employing the 

electron probe microanalyzer showed a very homogeneous distribution of 

all elements in the, samples. No second phase could be observed but this 

may be due to the limited resolution of the microprobe, for in some 

cases, the diameter of the electron beam was greater than the size of 

the particles investigated. 

E. ' 'Influence,6fBariUIil.' 60 the 'Cttstal' Structure 

, 2+ ' "", 
The influence of Ba on the structure of (Nao.sKo.s)Nb03 was 

determined by means of X-ray diffraction methods. No shift in the Bragg 

angles (28) of the peaks was expected to occur with 'increasing amounts 

of barium doped into the material because of the almost identical ionic 

. 2+ 1+ 
Slze of Ba and K ,and no shift could be observed. However, a shift 

in intensities appeared especially in diffraction peaks containing the 

"bO" lattice direction. Figure 22, gives the intensity change observed 

on the (010) plane. A steadY intensity decrease at the (010) line with 

increasing amount of barium was observed. At 4 atomic % barium the (010) 

line aLmost vanishes, which indicates that the unit cell becomes more 

cubic. 
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F. Surface· Energy- ·8.lid . Dri "ring· FOrce· .for . Sintering 

All samples examined ,exhibited a niicrostructure consisting of cubic 

grains. The pictures of Fig. 29 show some interesting features of the 

cubic grains. 

Intersections 

i 
All cubes have very sharp edges and distinct corners. 

I 
of grains are very sharp; nO necks can be observed. 

Figures 28A and 288 ShOlIT cubes with incomplete layers on their surface. 

All crystallographic planes appearing in the microstructure of all SaJJl­

ples sintered belonged to the cubic {LOO} family ~ !!£. other planes could 

be observed. 

It is obvious that this plane must have by far the lowest surface 

energy-of all possible planes. This becomes· more clear if one considers 

the unit cell of (Nao. sKo. s)Nb0 3 in Fig. 24. The {lOO} planes consist 

only of the large ions oXygen sodium, and potassium having low ionic 

potentials. This configuration resembles very much the configuration of 

the {100} planes in NaCl which are known for their low surface energy. 

Every other plane in the unit cell of sodium-potassium niobate would 

expose a niobium (5+) to the surface which would imply a drastic increase 

of the surface energy. The lowsurfa~e energy of the (100) planes in 

contrast with the much higher surface energy of all other possible 

planes is probably the reason for the absence of any necks in the micro'"-

struoture and the development of very distinct edges and corners of the 

cubic grains. Furthermore, this low surface energy of the cubic planes 

is probably the reason for the reduced sintering rate due to the re-

duction of the driving force for densification y as proposed in all 

sintering models. 
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IV. SUMMARY 

An investigation of the sj.ntering behavior of barium' doped and 

undoped sodium-potassium niobate of the composition (Nao. sKo. S)Nb03 has 

been conducted. 
i 

(1) The optima.l'caJ..cin.ing conditions with~espect to the sintered 

density of (Nao.sKo.s)Nb03 prepared with carbonates were found to be 

850°C for 2.0 hrs. 

(2) A decrease in density for undoped (Nao.sKo.s)Nb0 3 after a 

sinteriIlgtime of 2 hrs at a temperature of llOOoC was observed. This 

de-densification effect was', accompanied by a disappearance of all 

smaller grains in the microstructure a.nd an increase of the pore size. 
. . . . . 

The de-densification was found to be favored by small amounts 

of barituri. doped into the material but:.inhibi ted by additions of more 

than 2 atomic % barium. The de"':densification has a maximum in the range 

of 0.5 atomic % dopant. 

(4) It was found that de-densification in undoped sodium-potassium 

niobate occurs without any detectable we,:ight change of the samples, 

which implies a negligible amount of material is entering or leaving 

the pellet during firing. Furthermore , it implies an equilibrium between 

the activities of all elements in sample and packing powder. 

(~) Barium (2+) was found to inhibit grain growth. Even after 

sintering times of 8 hrs at a temperature of 11000C the microstructure 

remained very uniform and the grain., size was less than I lJ1!l. 

(6) A slight change in composi tionof the packing powder from the 

sodium and potassium-rich side of (Nao. sKo. S)Nb03 to the niobium-rich 

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

state sintering. 

(7) Indications·were found that additions of more than 2.0 atomic % 

barium lead to a formation of a barium-rich second phase on the surface 

of the grains. It is possible that this second phase is mainly respon-
I 

sible for the decrease in grain size. 

(8) It is postulated that the low surface energy of the {100} 

planes of (Nao. sKo. S)Nb03 formed is the main reason that under conven-

tional sintering the driving force for densification is lowered and 

densification stops. 

, 
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