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Preparation and characterization of quenched 
KNbOa-Nb205 glass 

T. SATO, Y. KOIKE, T. ENDOI M. S H I M A D A  
Department of Molecular Chemistry and Engineering, Faculty of Engineering, 
Tohoku University, Sendai 980, Japan 

KNbO3-Nb205 glasses were prepared with molar ratio of K/(K + Nb) from 0.16 to 0.5 by 
using a twin-roller quenching apparatus. Most KNbO3-Nb206 glasses crystallized to stable 
phases such as KNb03, K2Nb4011, K3NbT019, KNb308 and K2Nb802~ via metastable phases 
after heat treatment and K4Nb6017 glass directly crystallized to K4Nb6017 crystal. KNb03 glass 
consisted of the corner-shared NbO6 octahedra, while the amounts of the edge-shared Nb06 
octahedra in the KNbO3-Nb20~ glass structure increased with decreasing K § ion content. The 
band gap energies and the ionic conductivity of the KNbO3-Nb20~ glasses increased with 
increasing K § ion content, but the density and the activation energy of the ionic conduction 
decreased. The glasses possessed high dielectric constants approaching those of ferroelectric 
crystals at high temperature around the crystallization temperature. The dielectric constants of 
the glasses, however decreased greatly with decreasing temperature and with increasing 
frequency. 

1. Introduction 
Since amorphous materials sometimes showed ex- 
cellent properties such as high permeability, large 
ionic conductivity, high chemical stability and high 
fracture strength, many studies have focused on the 
characterization of amorphous materials. In fact, 
amorphous materials have been widely used in the 
fields such as semiconductors and magnets. Recently 
oxide glasses have attracted much attention, because 
several quenching techniques which enabled glass ma- 
terials to be produced containing no network former, 
have been developed and some new oxide glasses with 
many orders of magnitude greater ionic conductivity 
and dielectric constant than those of the single crystals 
have been found [1-3]. In the KNbO3-Nb20 5 sys- 
tem, many kinds of compounds with various crystal 
structures [-4, 5] have been synthesized and their 
various physico-chemical properties such as ferro- 
electric property I-6, 7], ionic conductivity [-8] and 
photocatalytic property [9, 101, have been investig- 
ated. As mentioned above, the synthesis and investiga- 
tion of physical and chemical properties of crystalline 
materials in this system have been carried out. No 
systematic research on the formation of amorphous 
materials and their crystallization and electrical prop- 
erties has been reported. In the present study, various 
KNbO3-Nb20 5 glasses were fabricated by the twin- 
roller rapidly quenching method and their character- 
istics were investigated. 

2. Experimental procedures 
Reagent grade K2CO 3 and Nb205 were used as 

starting materials. These powders were mixed in the 
desired molar ratio by wet ball-milling using ethyl 
alcohol, plastic balls and plastic containers for 48 h, 
and then calcined at 850~ for i2h. The calcined 
powders were uniaxially pressed at 100 MPa to form 
pellets, 8 mm in diameter and 5 mm in thickness, and 
placed in a platinum nozzle, 10 mm in diameter and 
100 mm in length, supported by alumina tube prior to 
melting in an electric furnace at 1200 to 1500 ~ After 
melting was completed, the samples were quenched in 
the twin-roller of tungsten carbide, 74 mm in diameter 
and 77 mm in length, rotating at 800 to 2000 r.p.m. 
and 400 MPa. The quenching rate is estimated as 
about 105 deg sec- 1 [11]. For comparison, crystalline 
compounds were also fabricated by sintering the same 
pellets below the melting temperatures. 

The samples were identified by X-ray powder dif- 
fractometry using nickel-filtered CuK~ radiation. 
Simultaneous thermogravimetry (TG) and differential 
thermal analysis (DTA) were carried out at a heating 
ra{e of 10 degmin -1 to determine the crystallization 
and melting temperatures. The band gap energy of 
the product was determined by the onset of 
ultraviolet-visible absorption spectra. Infrared 
absorption spectra were measured to examine the 
coordination state of Nb s + ions in the glasses. Densit- 
ies were determined by pycnometry. The ionic con- 
ductivity and dielectric constant were determined for 
the glass samples uniaxially pressed at 200 MPa into 
pellets of 8 mm in diameter and 5 mm in thickness by 
using YPH LH4192A type impedance analyser in air 
at 290 to 900 K and frequencies between 5 Hz and 
100 kHz in order to prevent the reduction of Nb 5+ 
to Nb 4+. 
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Figure 1 X-ray powder diffraction pattern of quenched KNbO 3 
sample. 

3. Results and discussion 
In the present experiments, KNbO3-Nb205 glasses 
showing halo patterns in X-ray powder diffraction as 
shown in Fig. 1 were obtained in the range of molar 
ratio of K/(K + Nb) from 0.16 to 0.5. The experi- 
mental conditions needed to form KNbO3-NbzO 5 
glasses with representative chemical compositions are 
summarized in Table I. The quenched samples were 
ash-coloured opaque flakes, about 7 mm in width, 5 to 
100 mm in length and 20 to 70 gm in thickness. The 
ash-colour of the quenched samples diminished by 
heating at 400 ~ for 1 h. 

DTA curves of the KNbO a glass and KzNbsO21 
glass are shown in Fig. 2. KNbO 3 glass and 
K2NbsO21 glass showed no noticeable endothermic 
peaks corresponding to the glass transition, but 
showed sharp exothermic peaks corresponding to the 
crystallization at 450 and 650 ~ respectively. Since 
the X-ray powder diffraction patterns of the samples 
annealed at 500 and 700~ for 1 h did not agree 
with those of KNbO3 and KzNbsO21 crystals, these 
glasses seemed to crystallize to stable KNbO 3 and 
K2NbsOzI crystals via metastable phases. The broad 
exothermic peaks observed at 700 to 800 ~ and 700 
to 850~ respectively, might be attributed to the 
phase transformation of these metastable phases to 
stable phases. The crystallization temperatures and 
the phase transformation sequences of the glasses in 
the KNbO3-Nb20 5 system are shown in Fig. 3. The 
reaction phase diagram of the KNbO3 Nb2Os system 
constructed by the TG-DTA and XRD analyses of the 
calcined samples is also shown in Fig. 3. Seven com- 
pounds such as KNbO 3, K4Nb6Olv, K2Nb4Oll, 
K3NbTO19, KNbaOs, K2NbsOzl and Nb20 5 were 
formed by the calcination in the present experimental 
conditions. These results agreed with those reported 
by Lundberg and Sundberg [5]. As seen in Fig. 3, the 

T A B L E  I Experimental conditions to prepare some 
KNbO 3- Nb20 s glasses 

Composition Melt temperature Rotation speed of 
(~ rollers (r.p.m.) 

KNbO a 1300 1000 
K4Nb6OI7 1350 950 
K2Nb4011 1450 1200 
K3NbTO19 1450 1200 
KNb30 8 1400 975 
K2NbsO21 1550 975 
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Figure 2 DTA curves of KNbO 3 glass (A) and KzNbsO21 glass (B). 
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Figure 3 Crystallization temperature, phase transformation 
sequence of the glasses and reaction phase diagram in the 
KNbO3-Nb20 s system. 
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T A B L E  I I  X - r a y  p o w d e r  d i f f rac t ion  d a t a  of  the  m e t a s t a b l e  phases  o f  A to H 

A p h a s e  B p h a s e  C p h a s e  D p h a s e  E p h a s e  F p h a s e  H p h a s e  

d (nm) In tens i ty  d (nm) In tens i ty  d (nm) In tens i ty  d (nm) In tens i ty  d (nm) In tens i ty  d (nm) In tens i ty  d (nm) In tens i ty  

0.787 m 0.616 m 0.550 m 0.792 vw 

0.737 vs 0.584 w 0.3882 vs 0.603 m 

0.700 s 0.523 m 0.3663 v w  0.522 vw 

0.394 vw 0.3072 vs 0.2091 w 0.4282 w 

0.3606 vw 0.3047 vs 0.2078 w 0.3967 m 

0.3331 vs 0.2875 vw 0.3647 m 

0.3188 vs 0 .2800 vs 0 .3312 m 

0.3144 vs 0.2655 vw 0.3076 vw 

0.2992 m 0.2610 vw 0.3015 vs 

0.2828 m 0.2496 w 0.2909 m 

0 .2620 w 0.2194 vw 0.2809 w 

0.2519 w 0.2051 w 0.2083 vw 

0.2471 vw 0.1983 vw 0.2644 vw 

0.2386 m 0.1939 w 0.2359 vw 

0.2226 vw 0.1879 w 0.2293 vw 

0.2129 m 0 .1814 m 0.2281 vw 

0.2052 m 0.1762 vw 0.2171 vw 

0.1718 w 0.2108 vw 

0.1670 vw 0.1984 vw 

0.1605 vw 0.1970 vw 

0.1542 m 0.1952 vw 

0.1888 vw 

0.1852 vw 

0.1841 vw 

0.1824 vw 

0.1805 vw 

0.1755 vw 

0.1767 vw 

0.1759 vw 

0.1705 m 

0.1624 vw 

0.655 m 

0.3871 m 

0.3254 vs 

0.2848 m 

0.1880 vw 

0.1863 vw 

0.1627 m 

0.1077 m 

0.3422 vs 

0.3151 m 

0.2809 w 

0.842 vs 

0 .514 vw 

0.503 vw 

0.4213 w 

0.3811 m 

0.3741 m 

0.3538 w 

0.3220 vs 

0.2543 vw 

0.2460 w 

0.2422 w 

0.2088 w 

0.2038 vw 

0.2013 vw 

0.1950 vw 

0.1847 vw 

0.1741 m 

0.1711 vw 

s: s t rong ,  m: m e d i u m ,  w: weak ,  v: very.  

crystallization temperature of the glasses showed 
similar compositional dependence to liquidus curve in 
the reaction phase diagram. Only K4Nb6017 glass 
directly crystallized to K4Nb6017 crystal, but the 
crystallization of other glasses proceeded via meta- 
stable phases. The X-ray powder diffraction patterns 
of the metastable phases are summarized in Table II. 
The identification of the crystalline structures of these 
metastable phases is now in progress. 

The band gap energies of KNbO3-Nb20 5 glasses 
and polycrystals determined by the onset of the 
ultraviolet-visible absorption spectra are shown in 
Fig. 4. The band gap energies of the polycrystals were 
in the range of 3.1 to 3.6 eV, and changed discontin- 
uously with the composition. On the other hand, the 
band gap energies of the glasses increased from 3.3 to 
3.9 eV with increasing K/(K + Nb) molar ratio from 
0.16 to 0.5. The values of the band gap energies were 
slightly higher than those of the polycrystals. These 
results indicated that the glass structures changed 
continuously with increasing K + ion content. 

Infrared absorption spectra of the KNbO 3 poly- 
crystals and various KNbO3-Nb20 5 glasses are 
shown in Fig. 5. The KNbO3 crystal showed a sharp 
absorption peak at 620 cm- 1 corresponding to Nb-O 
stretching of the corner-shared NbO 6 octahedra [12]. 
The considerable broadening of the peaks around 
620 cm- ~ in the glass samples might be interpreted by 
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symmetry lowering. Other broad peaks attributed to 
the stretching of Nb-O in the edge-shared NbO 6 
octahedra [12] were observed around 900 cm-1 in the 
glass samples except for KNbO 3 glass. The intensity of 
the peak around 900 cm-1 increased with decreasing 
K § ion content. These results indicated that KNbO3 
glass structure consisted of the corner-shared NbO 6 
octahedra, and the number of the edge-shared NbO 6 
octahedra increased with decreasing K § ion content. 
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Figure 4 O p t i c a l  b a n d  g a p  of  K N b O  3 glasses  a n d  crys ta ls .  
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Figure 5 Infrared spectra of KNbO 3 Nb205 glasses and KNbO 3 
crystal. The molar ratio of K/(K + Nb) of 0,5, 0.4, 0.3, 0.25 and 0.2 
refer to KNbO3 glass, K4Nb6Olv glass, K3Nb7019 glass, KNb308 
glass and K2NbsO21 glass, respectively. 

Compositional dependence of the density of the 
glass samples is shown in Fig. 6 together with the 
theoretical densities of the crystals. The theoretical 
densities of the crystals changed discontinuously with 
the compositional change. It is seen that the theoret- 
ical densities of the layer structure compounds such as 
K+Nb6017 and K N b 3 0  s and the tunnel structure 
compound of K3NbTO19 are much smaller than 
others. On the other hand, the densities of the glasses 
decreased continuously with increasing K + ion con- 
tent. These results indicated that the N b - N b  distance 
in the glasses decreased with decreasing K + ion con- 
tent due to increasing the amount of edge shared by 
NbO 6 octahedra. It is well known that the density of 
glass is smaller than that of the crystalline sample. In 
the present study, as seen in Fig. 6, the density of glass 
is larger than that of the crystalline sample with layer 
and tunnel structures. For  the sample with chemical 
composition of KNb3Os,  the density of the crystalline 
sample with layer structure is much smaller than that 
of glass sample, but the density of metastable phase is 
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Figure6 Measured densities of KNbO3-Nb205 glasses (0) and 
metastable phase (~) and theoretical densities (�9 of 
KNbO3-NbzO 5 compounds as a function of the K/(K + Nb) 
molar ratio. 

larger than that of glass. The detailed discussion is not 
clarified at the present time, but the present results 
will give us interesting information on the relation- 
ship between glass structure and crystal structure. 
KNbO3-Nb205  compounds are expected to possess 
K + ion ionic conductivity. The a.c. electrical conduct- 
ivity, cy, of K N b O  3 NbzO 5 compounds was measured 
at frequencies between 5 Hz and 100 kHz at 290 to 
900 K in air. It is well known that the reduction of 
Nb 5+ to Nb 4+ occurs at a high temperature in an 
inert gas atmosphere and in vacuum, but this was 
not observed in the present experimental conditions. 
The plots of ln(oT)  against T -1 for the various 
K N b O 3 - N b 2 0  s glasses are shown in Fig. 7, where T~ 
indicates the crystallization temperature of the glass. 
As expected for the ionic conduction, in each experi- 
ment the plot was a straight line up to a temperature 
of 100 K lower than the crystallization temperature, 
therefore, it could be suspected that the glass trans- 
ition or the nucleation reaction of the glasses started 
at a temperature of 100 K lower than the crystalliza- 
tion temperature. The activation energies determined 
from the slopes of the straight lines and the electric 
conductivities at 300 ~ are plotted as a function of the 
molar ratio of K/(K + Nb) in Fig. 8 together with 
those of the polycrystals. The activation energies of 
the glasses and the crystals were 65 to 85 kJmol -1 ,  
which seemed to be adequate for K + ion ionic conduc- 
tion. Although the activation energies and electric 
conductivities of the crystals changed discontinuously 
with the composition, the increment of K + ion content 
in the glasses resulted in the decrease of the activation 
energy and the increase in the electric conductivity. 
The increase in the electric conductivity might be 
interpreted by the increase in the carrier concentra- 
tion. On the other hand, the decrease in the activation 
energy might be due to the decrease in the energy 
barrier to migrate K + ion in the channel with increas- 
ing the number of corner-shared NbO 6 octahedra. 
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Figure 7 Plots of lnoT against 1/T for 
KNbOs-Nb205 glasses. (a) KNbO3, (b) 
K4Nb601 v, (e) K2Nb4011, (d) K3NbvO19, 
(e) KNb308, (f) K2NbsO21. 

The temperature dependence of the dielectric con- 
stants of KNbO3 polycrystals and KNbO3 glasses at 
the frequencies of 1, 10 and 100 kHz are shown in 
Fig; 9. The peaks at 210 and 415~ observed for 
the dielectric constants of ferroelectric KNbO3 
polycrystals were attributed to the orthorhombic to 
tetragonal and the tetragonal to cubic phase trans- 
formations, respectively. Although it is reported that 
the dielectric constants of LiNbO3 glass were many 
orders of magnitude larger than those of LiNbO3 
crystal [1, 2], the dielectric constants of the KNbO 3 
glass were much smaller than those of the KNbO3 
polycrystals around room temperature. The dielectric 
constants of the KNbO3 glass increased with increas- 
ing temperature, but the temperature coefficient of the 
dielectric constants was small at high frequency. The 
dielectric constants of the KNbO 3 glass around the 
crystallization temperature approached those of 
KNbO3 polycrystals at 1 kHz, but were much lower 
than those of polycrystals at high frequencies such as 
10 and 100 kHz. These results indicatedthat the ferro- 
electric property of the KNbO 3 glass might be inter- 
preted by space-charge polarization [13]. 

The temperature dependence of the dielectric 
constants of various KNbO3-NbzO5 glasses is shown 
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in Fig. 10. As seen in Fig. 10, the dielectric constants 
at low temperature increased with decreasing K § 
ion concentration. The magnitude of the dielectric 
constant at 25~ was in the order of 
K2NbsO2a > KNb308 = K3NbTO19 = K2Nb4Oll  
>K 4 N b 6 0 1 7  > K N b O  3. These results might be 

interpreted by a symmetry lowering in the glass 
structure due to increasing number of edge-shared 
NbO 6 octahedra. On the other hand, since the 
temperature coefficient of the dielectric constants in- 
creased with increasing K § ion content, the dielectric 
constants increased with increasing K + ion content, 
the dielectric constant at 400 ~ was in the order of 
KNbO 3 > K4Nb6017 > K2Nb4Oll  = K3Nb7019 
> K N b 3 0  s = K2Nb8021. These results indicated 

that the dielectric constants of the KNbO3-Nb205  
glasses were predominantly affected by space-charge 
polarization at high temperature. 

4 .  C o n c l u s i o n s  
The conclusions are as follows. 

(1) KNbO3-Nb205 glasses were prepared in the 
range of the molar ratio of K/(K + Nb) from 0.16 to 
0.5 by the twin-roller rapidly quenching method. 
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Figure 8 (a) Activation energy and (b) electrical conductivity at 
300 ~ of the KNbO3-Nb2Os glasses and polycrystals as a function 
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Figure 10 Temperature dependence of the dielectric constants of 
K N b O 3 - N b 2 0  s glasses at 100 kHz. KNbO 3 glass (�9 K4NbeOlv 
glass (A), K2Nb4Oll  glass (D), K3Nb7019 glass (0) ,  KNb308 
glass (&), K2Nb8021 glass (ram). 

(2) K 4 N b 6 O t 7  glass directly crystallized to 
K4Nb6017 crystals, but the crystallization of other 
glasses proceeded via metastable phases. 

(3) K N b O  3 glass consisted of corner-shared NbO 6 
octahedra, but the number of edge-shared NbO 6 octa- 
hedra increased with decreasing K + ion content. 

(4) The band gap energy and the ionic conductivity 
of the KNbO3-Nb205  glasses increased with increas- 
ing K + ion content, but the density and the activation 
energy of ionic conduction decreased. 

(5) KNbO3 glass possessed high dielectric con- 
stants approaching ferroelectric KNbO3 crystals at 
high temperature and low frequency, but the dielectric 
constants of the KNbO3 glass decreased with decreas- 
ing temperature and increasing frequency. 

(6) The dielectric constants of the K N b O 3 - N b 2 0  s 
glasses at low temperature decreased with increas- 
ing K + ion content, but those at high temperature 
increased. 
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