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Crystallization behavior of potassium niobium silicate
(KNS) glasses having compositions expressed by the gen-
eral formula xK,0-xNb,Og:(1 - 2X)SiO,, with x = 0.167,
0.182, 0.200, 0.220, and 0.250, has been studied by DTA,
X-ray diffraction, second harmonic optical generation
(SHG), and electron microscopy. Bulk crystallization of po-
tassium niobates in glasses with compositions near
K,0-Nb,042SiO,, as well as surface crystallization of
KNbSi,O-, phase, has been established. Transparent glass-
ceramics, based on potassium niobates with remarkable
SHG signal values, can be obtained from glasses with the
lowest silica content, by heat treatment at temperatures
just above T, while at higher temperatures from all of the
glasses under investigation the main crystallizing phase is
KNbSI,O, ferroelectric. Applying a dc electric field, grain-
oriented crystallization is produced in KNS glasses with
development of significantly anisotropic arrangements of
KNbSI,O- crystallites.

I. Introduction

FERROELECTRICg|aSS-C6ramiCS have been known for more
than 30 years. Mainly precipitation of perovskite ferroelec-
trics from multicomponent silicate glasses have been stud-
ied 2> Ferroelectric grain-oriented glass-ceramics with distinct
pyroelectric properties have also been obtained in PbO-
GeO,% 7 and La03;—-B,0,-GeO,8° systems based on
Ph,Ge;0,, and LaBGeQ ferroelectrics, respectively. For the
system LaO,—B,0,—GeQ, the range of stable glass formation
is near the composition of the corresponding ferroelectric crys-
tal. Most likely, lanthanum borogermanate stillwellite glass-
ceramic8 is the single example of a ferroelectric glass-ceramic

In the last few years new information on ferroelectric phases
in glass-forming systems has been published and we think
that special attention should be devoted to the ferroelec-
tric KNbSi,O; (potassium niobyl cyclotetrasilicate ,K
(Nb0),Si,0,,).1° Owing to difficulties in growing large
KNbSI,O; crystals, studies of glasses, glass-ceramics, and ce-
ramics of similar compositions have become quite topical. Te-
tragonal polar KNbSO, crystals P4dbm a = b = 8.741,c =
8.136,Z = 2) are characterized by very high optical nonlin-
earity, with their second harmonic generation (SHG) signal
approximately 500 times greater than the one dequartz.
They remain in a ferroelectric state up to congruent melting at
1180°CG°and show valuable ionic conductivity along thexis
above 300°C as well as its structural analogue KJagt!

The acentric character of the structure of KNJ&Biis mainly
due to a sequence of short niobyl (0.176 nm) and long Nb—-O
(0.231 nm) bonds along the 4-fold axes. It is important to
emphasize that the KNb&), composition lies in the glass-
forming range of the ternary system,®-Nb,0O-Si0O,, and
according to data from Ref. 12, potassium niobium silicate
(KNS) glasses also contain strongly distortec®Npolyhedra.

The existence of the KNbgD, phase makes the KNS sys-
tem more profitable than the sodium niobium silicate one, in
which transparent glass-ceramics, based only on NaNbO
perovskite-like phase, have been synthesizéd*In the KNS
system it is possible that glass-ceramics based on both potas-
sium niobates and KNbgD, can be synthesized. Considering
that the SHG signal of the KNb(perovskite exceeds by about
700 times the one for the NaNQ@rystalst® transparent glass-
ceramics could be prepared, in the KNS system, having higher
optical nonlinearity than NaNbQglass-ceramics, even if only
a small amount of KNb@nanometric crystallites precipitate

synthesized from a glass having the same composition as thefrom the glass matrix. This possibility is very important, taking

ferroelectric crystal. The closeness of the compositions of ini-

tial glass and ferroelectric phase allows minimization of the

residual glass content. Moreover, texturing of glass-ceramics
offers new perspectives on ferrolectric glass-ceramic technol-
ogy. Therefore, the search for new glass-forming systems with
ferroelectric phases is of great interest.
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into account also numerous attempts to produce SHG signals
from electrically poled glassé§-18In this connection, trans-
parent glass-ceramics containing KNp€&rystals would look
more advantageous than the usual glasses. Moreover, polar
glass-ceramics based on KNbS} phase may be considered as
prospective materials with ferroelectric, ion-conductive, or
nonlinear optical properties. Therefore, taking into account the
high quality of glass-ceramic textures obtained in PbO—GeO
and Lg05;B,0,-GeQ, system$° any attempt to obtain tex-
tures in the KNS system should be done.

The properties of KNS glasses have been recently studied in
detail® The same authors assert, by visual inspection of
melted glasses, the existence of phase-separation phenomena in
a wide compositional range near g@®Nb,Og ratio equal to
1.1° Nevertheless, information on crystallization behavior of
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KNS glasses is poot?:2! contrary to NgO—-Nb,O5— Table Il.  d Spacing and Relative Intensity
Si0,*131420and K,0-Nb,Os—TeG,; glasses proposed as new g &7 Intensity dA)" Intensity
types of nonlinear optical glass-ceramfés. 812 >
The aim of this work is to study the crystallization behavior _ 6.19 67
of KNS glasses having compositions close to the stoichiometry 4 5, 46 438 74
of the KNbS,0, phase and in a wider compositional range 4,02 76 4.08 93
where presumably phase separation oct¥iss a result, both 3.01 20 3.02 100
transparent glass-ceramics with nonlinear optic properties and — — 3.86 9.0
nontransparent ferroelectric glass-ceramic samples can be 0b3.57 38 3.53 63
tained. Their microstructure and nonlinear properties will also 301 86 3?;4009 3460
be examined by electron microscopy and SHG, respectively. 599 29 > 08 =9
2.96 100 2.82 55
Il.  Experimental Procedure 2.80 48 2.77 96
2.60 11 2.46 6
Glasses, whose compositions are reported in Table I, were2.39 16 2.32 3
prepared from reagent-grade KhN@r K,CO;), Nb,Os, and 2.26 11 2.29 8
Si0,. Well-mixed batches calculated to yield 300 g of glass 2.17 5 2.19 4
were melted for 1.5 h at 1530-1560°C in Pt crucibles. The 2-10 8 2.12 15
compositions of glasses 1 to 5 may also be expressed by thezz1 _35 22'0054 236
general formulak ,0-xNb,Os: (1 — 2¢)SiO,, x = 0.167, 0.182, 196 16 196 90
0.200, 0.220, and 0.250. :91 6 1:93 14

1
The glasses were quenched by pouring out the melt into
. T - ~CImi .
another crucible and then were annealedlfb attemperatures xmgisss‘asm%rmi 0 e e ot el I 1050°C and then quenched.

close toT, as determined by DTA. From the glasses obtained
small bulk samples were cut, having sizes suitable for the DTA
sample holder. Part of the glasses were ground in an agate ) . ) .
mortar and then used as powder samples. Flat bubble-free g|aS§Jetween the intensity of the second harmonic radiation from a
samples with sizes of about 10 mm x 10 mm and 1-4 mm test sample and that from a referercgjuartz powder with a
thickness were polished and coated with Pt electrodes by sput-d'SperS'On of approximately 8m. The SHG technique applied
tering technique. Crystallization of Pt-coated plates was carried t0 glasses was the same as described in a previoustork.
out by placing them in a furnace at temperatures of afigut
and under dc electric fields of about 0.05-1 kV/cm, and treat- IIl. Results and Discussion
ing them in an intermittent regime to preserve the samples from
exg@rs:néﬁrf\}g:twgrguri(t:(;:ggljcfco(;ngjuulEtlc\)/:tgé)\lfvfjheerng(i‘g;ﬁja)sses. (1) Glass Transition and_DeV|_tr|f|cat|on Behawor. _
specimens of about 50 mg in air at a heating rate 1@k %, Clea_r glass_,es were obtained in all of the compositional range
using a Netzsch DSC 404 high-temperature thermoanalyzerunder investigation. The present data for 300 g batches for
with AlLO, as a reference material. Powdered®@Jwas added ~ Which both KNGy and K,CO; were used as potassium reagents
to improve heat transfer between bulk samples and the sampleconfirm the extensive glass-forming region found by Verna-
holder. X-ray diffraction (XRD) data were obtained using a Ccotola and ShelBy in the K;0-Nb,05-SiO, system for 15 g
Philips PW1710 and a DRON-3M diffractometer (Gu Ni batches. The same authors found phase separation in glasses
filter). Identification of the KNbSJO, phase was carried out by ~ With SiO, ranging from approximately 40 mol% to more than
direct comparison of XRD patterns of tested glass-ceramics 70 mol%. When we used JCO; reagent, some parts in the
with that of powdered KNbSD, pure crystal obtained by heat- obtained glass were nontransparent or crystallized while the
ing glass 1 fo 5 h at1050°C. The lattice distances)(and glasses prepared using KN@ere transparent. Therefore, in
intensities () of Bragg reflections measured for this sample are order to avoid any doubt, the results reported in this paper refer
reported in Table Il and agree well with those reported by exclusively to glasses melted with KN@s starting material.
Crosnieret al23 for KNbSi,O, prepared by a solid-state reac- ~ 1he DTA curves of the bulk glasses are shown in Fig. 1. All
tion. Scanning electron microscopy (SEM) of crystallized curves exhibit a change in slope that may be attributed to the
glasses was carried out using a Tesla BS-301 electron micro-glass transition. In this work, the inflection point at the slope
scope at magnifications from 100x to 10000x. change in the DTA curves (see the arrows in Fig. 1) was taken
The SHG experiments were carried out using a LTI-PCh-7 as the glass transition temperatuifg, The reproducibility of
solid-state pulsed laser operating in the Q-switching mode at athe T, values was 2 K. The DTA curves of bulk samples of
frequency of 12.5 Hz at room temperature. The thin polished glasses 1X = 0.167) and 2X = 0.182) show one change
plates cut out from the sythesized glasses and powder sampled slope due to glass transition, which is typical of a homoge-
both in the initial state and at different stages of crystallization Neous glass, while the DTA curves of the bulk samples of
were studied using transmission and reflection schemes, re-glasses 3X = 0.200) and 6 (Fig. 2) show clearly two glass

spectively. The reported SHG signaj,,, indicates the ratio  transitions, Ty, and Ty, indicating that these glasses are or
become phase separated during the DTA run. The second,

high-temperature, glass transition for samples<4=( 0.220)

and 5 & = 0.250), if it exists, is covered by a strong endo-
thermic peak (see Fig. 1). The glass transition temperature
values are reported in Table | and agree well with the data from

Table I. Glass Compositions andT, Values of the Studied
GlassesxK,0-xNb,Og: (1 - 2x)SiO,

Composition (mol%) Ref. 19.
Sample X K0 Nb,Os SO, T (°C)  Tg2(°C) The DTA curves of bulk samples of the high-silica glasses
0.166  16.7 16.7 66.6 733 (1, 2, and 3, Fig. 1) do not exhibit any exothermic peak. This
0.182 18.2 182  63.6 724 indicates that these glasses do not crystallize during DTA. Two

0.200  20.0 20.0 60.0 721 1022  exothermic peaks appear in the DTA curves of bulk samples of
0.220 222 22.2 55.6 705 i low-silica glasses 4 and X (= 0.220 and 0.250), indicating
0.250  25.0 25.0 50.0 688 ' that they crystallize during the DTA run. This is confirmed by
16.7 196 6338 768 1063 XRD analysis (Fig. 3) of glass samples heated, at 10°C/min in
'Glass transition not detected. the DTA furnace, up to the temperature of the first and second
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Fig. 1. DTA curves of bulk samples of the studied glasses. the temperatures of the first and second exothermic peak.
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exothermic peaks. The XRD pattern of the sample heated to the ¥=0.250

temperature of the first exothermic peak shows only a few T~ ]
broad and low-intensity peaks, indicating the growth of very r TN /\/K :
small and not well-shaped crystals, as often observed for glass

samples crystallized during a DTA run. Therefore, to identify I
the crystalline phases formed in this stage is difficult, because -
under these conditions from a multicomponent glass system [

[ BT

more than one crystalline phase may grow. Nevertheless in this | 1
XRD pattern some peaks may be assigned to potassium nio- L..... .. . . 0. . 1
bate; the others are due to unidentified phases. At temperatures 400 600 800 1000 1200
aboveT,, (about 1000°C) a second exothermic peak leads to Temperature (°C)

the crystallization of phases different from those formed at the

first DTA peak since in the XRD pattern of a glass sample Fig. 4. DTA curves of powdered samples.

heated in the DTA furnace up to the temperature of the second

exothermic peak (Fig. 3) the Bragg reflections of the phases

previously formed completely disappear. Even in this case no pletely absent>?¢Nevertheless, comparing the lattice distance
crystalline phase between those known in the system underrelative to the XRD pattern in Fig. 3 (Il exo) with those of a
investigation may be identified for certain. Moreover, it is im-  well-crystallized KNbSJO, glass sample (Table II), we may
portant to note that often during the nonisothermal crystalliza- suppose that an unknown slightly different form or a preform
tion of a glass, especially when crystallization starts from sur- of KNbSi,O; crystallizes at this stage. This hypothesis seems
face nuclei, grain-oriented crystallization occurs and that as ato be well confirmed as the crystalls, formed during the DTA
consequence in the XRD pattern some peaks may be morerun, change in KNbSO, by prolonged heating. The DTA
intense than they should be while some others may be com-curves of glasses 4 and % € 0.220 and 0.250) also show two
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Fig. 5. XRD patterns of glass samples 3 and 4 heat-treated at 730°C.

endothermic peaks at 1142° and 1164°C. They may be attrib- | T T
uted to melting of crystalline phases, as the melting point of 2+ K,0.Nb,O,.25i0,
pure KNbS}O; is 1180°C and the melting points of the dif- 120
ferent potassium niobate phases lie in the range 1000-1050°C. [
Moreover, the endothermic peak at about 1000°C lies in the
range of the second glass transition and covers it.

Even though a detailed study of the nucleation and crystal-

lization mechanisms will be performed and reported in a fol- 8o

lowing paper, to get preliminary information DTA runs were [ 1 1
carried out on powdered samples of glasses 3, 4, and=5 ( C 01 f 7
0.200, 0.220, and 0.250) and the resulting curves are reported r 750 80 950

in Fig. 4. As is knowre”-28the nonisothermal method allows a0 | T €0 U

easy evaluation of the influence of the specific surface area of ¢ Transparent or opalescence fontosicatrie

L glass-ceramics based on

potassium niobates glass-ceramics

KNbSi,0,

the sample on the nucleation mechanism. For a given heating
rate, the higher the total number of nucli (bulk and/or
surface), the lower the temperature of the maximum of the 0 T ‘ .o
DTA exothermic peakT,, according to the following equation: 700 800 900 1000 1100 1200
InN = a(1/T,) + b, wherea andb are constant& For glasses T . (°C)

4 and 5 k¥ = 0.220 and 0.250) the temperature of the first ht

exothermic peak is the same as that of the corresponding bulk | [~ T T~
sample. This indicates that potassium niobates grow mainly 2o [ K,O.Nb,0,.4SiO, ]
from bulk nuclei. The higher-temperature exothermic peak, due  so0 =
to the crystallization of KNbSO,, shifts toward lower tem- [ 10 grrrrrerp e o ]
perature with respect to the bulk sample peaks, indicating that Pl €
for this phase surface nucleation is dominant. On the other L 1L
hand, the DTA curves for the powdered glass sample 3 ( 3 :
0.200) do not show any peak at low temperature, confirming
that postassium niobates do not nucleate from surfaces. The
large change of baseline is due only to the softening of the glass
powder. On the other hand, a small exothermic peak appears f 000 o
just above 1000°C. This demonstrates that some crystallization 200 - T ¢C) Untrasparent
occurs in the temperature range of KNg3j growth, confirm- ht fﬁ;@f‘:ﬁgg‘ s ]
ing that this crystalline phase grows from surface nuclei. The - g

DTA curves in Fig. 4 show also the endothermic peak due to E KNbSi, 0,
the melting of KNbSjO, phase while the melting peak of -
potassium niobates is completely masked by the crystallization 700 800 900 1000 1100 1200
of KNbSi,O;. T . (°C)

To investigate the initial stage of the crystallization process ht
we have performed isothermal heat treatment at 730°C, for 3
and 15 h, on samples of glassesx3= 0.200) and 4 X =
0.220). The chosen temperature is just aboveThevalue of
glass 3 and lies in the range where the anionic network reaches
the mobility required for structural rearrangements as nucle- during the DTA run crystallizes, becomes nontransparent. Af-
ation and/or phase separation. The sample of glass 3, whichter 15 h heat treatment the sample of glass 3 is still opalescent
during the DTA run does not crystallize, aft® h heat treat- but the sample of glass 4 appears completely crystallized. The
ment becomes opalescent, while the sample of glass 4, whichXRD patterns of the heat-treated samples (Fig. 5) show that

Ly

— T T

01l

Fig. 6. SHG signals of glasses 1 and 5 heat-trdateh atdifferent
temperatures.
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Fig. 7. SEM micrographs of untextured (a) and textured (b) ferroelectric glass-ceramics based on®Niifise.

glass 3 remains amorphous after 3 and 15 h heat treatment atonventional powder technology with the use of high-pressure
730°C, so its opalescence is due to the enhancement of phaséchniques (hot pressing, hydrostatic pressing, etc.) may be
separation. Glass 4 begins to crystallize @B treatmentand  used. But a completely reorganized microstructure of
is well crystallized in 15 h. Moreover, we have prepared a glass KNbSi,O, glass-ceramics can be alternatively obtained, orient-
(6) in the composition range where Vernacotola and SH&lby  ing the crystalline grains by means of different external aniso-
found evident phase separation. This composition may be con-tropic actions. In the case of polar crystals such as KMbSi
sidered to be derived from glass 1, replacing Si® Nb,Os. it is supposed that the grain-oriented crystallization of mother
The DTA curve of this glass shows two glass transitions as it glasses can be obtained by high temperature gradient, hot ex-
is phase separated (Fig. 2), but in the DTA curve of a glass trusion, dc fields, et€-°2°-35The results of oriented crystal-
sample previously heatedrfd h at774°C, the second glass lization of KNbS,L,O; by hot extrusion and heat treatment of
transition T, disappears. This clearly shows that it becomes glasses in a high temperature gradient will be published in a
homogeneous during the heat treatment and that its composi<following work. Here we report only preliminary data on crys-
tion is close to the metastable immiscibility cupola, a boundary tallization of KNS glass plates coated with Pt electrodes under
of which lies between 730 and 774°C. a dc field. Using a dc field of about 0.05-0.1 kV/cm in an

. intermittent regime and at temperatures betw&gnand T,,,

(2) SHG Measurements and Textured Glass-Ceramics KNbSIi,O, crys%allites grow alor?g the dc field di%ction §/ri2eld-
Glasses 1 and 5 have been chosen to be heat-treated anghg a high-quality anisotropic microstructure (Fig. 7(b)). The
studied by electron microscopy and SHG methods. These twodepth of propagation of textured regions into glass may reach
glasses are representative of different crystallization behavior. ghout 0.5 mm from the surface. At the present time the main
Glass 1 (KO-Nb,0O5-4Si0O,), corresponding to the stoichiom-  goal is to obtain large dense uniform samples suitable for mea-
etry of KNbSLO;, crystallizes predominantly from the surface  surements of the anisotropy of properties like the temperature
with precipitation of KNbSJO; ferroelectrics, whereas low-  dependence of dielectric parameters, electrical conductivity,
silica glass 5 (KO-Nb,O5-2Si0,) is characterized by bulk  SHG, etc., similar to the measurements carried out in Ref. 9.

nucleation of potassium niobates at temperatures figar The properties of the obtained textures and the characterization
Glass samples 1 and 5 were heat-treated at temperaturesf their structure will be published later.

ranging from 700° to 1100°C for 0.5—4 h and their SHG signals
measured (Fig. 6). Two temperature regions are clearly seen in )
the curves of Fig. 6. At temperatures up to about 950—1000°C IV. Conclusion

slow growth of SHG signals with the increase of heat treatment crystallization behavior of JO—-Nb,O—SiO, glasses
5

temperature is connected predominantly with bulk precipitation i, 1 ojNb,0. equal to 1 and silica contents from 50 to 66.6
of potassium niobates (glass 5) or with the beginning stage of mol% were studied. In low-silica glasses at first bulk crystal-

surface crystallization of KNbD, (glass 1). It is important to lization of potassium niobates occurred. At higher temperature

emphasize that for glass 5 the rangel gf values from 0 to intensive ; :

. X growth of ferroelectric crystals (KNBSi,) took
about 1-3 units oé-quartz ('f'g' 6) corresponds to transparent place from surface nuclei, while inhigh-silica glasses only
or slightly opalescent glass-ceramics based on potassium nio KNbSi,O, crystallization was observed

27 .

Bgzﬁsél 2o Vggﬁgﬂgeﬁ?&ii\%ggfrsigﬁfa&hnegf":hgelaéses of Transparent glass-ceramics based on nanometric crystallites
P Y S of potassium niobates with nonlinear optical properties were

phase occurs, leading to nontransparent ferroelectric glass- . : . :
ceramics. Therefore, transparent poreless glass-ceramics witpynthesized, and their SHG was estimated to be some units of

ceraml ' : Y-quartz as a reference.
g‘éi‘gﬁ:g dS|i_|nG tﬁgt"f'(% Sabg;;tzcr)nmeAl:ntILSeei-glrjnaertztirrr?gy \?Vi”_ It was established that well-textured ferroelectric glass-

crystallized ferroelectric glass-ceramics based on KMBSI ceramics based on KNb&), phase can be obtained by crys-

phase with high SHG signals, about 500 unitscafuartz, may tallization of starting glass in a dc field.

be synthesized in a wide range of compositions from glasses 1
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