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Non-isothermal devitrification of sodium germanate glasses
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Abstract

The devitrification behavior of sodium germanate glasses, examined by Fourier transform infrared spectroscopy, differential
thermal analysis and X-ray diffraction is reported. The glass compositions are expressed by the general formula:xNa2O·(1−
x)GeO2 with x = 0.100; 0.125; 0.200; 0.250 and 0.333. The glass transition temperature values do not change linearly with
the increase in Na2O content but go through a maximum atx = 0.200. The phases crystallizing during DTA runs were
identified and devitrification mechanisms proposed. The effect on devitrification processes of the specific surface area of the
samples was also pointed out.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The coordination number of germanium atoms in
inorganic glasses has attracted much attention since it
is a network forming cation which can be presented
in 4-coordinated and 6-coordinated states.

The properties of R2O–GeO2 glasses have been
studied extensively[1–8], especially their density, re-
fractive index and viscosity. These studies indicate that
density, refractive index and viscosity pass through a
maximum as the R2O content increases. This behavior
was explained[9–12] by the change of the coordina-
tion number of Ge atoms from 4 to 6 with the addition
of R2O to GeO2 glass. Phase equilibria in binary alkali
germanate systems have been also reported[5,13].

The present paper is part of a more general study on
non isothermal devitrification of germanate glasses. In
previous papers[14–17] the effect on devitrification
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behavior in germanate glasses of a progressive substi-
tution of Li2O, K2O, BaO, and SrO for GeO2 were
reported.

In Li2O–GeO2 series all glasses studied exhibit in-
ternal crystal nucleation without the addition of nucle-
ating agent. The glasses containing 5.0, 12.5, 16.7 and
20 mol% of Li2O denitrify in more than one step. In
the first stage of all glasses metastable Li2Ge4O9 mi-
crocrystalllites are formed initially and are then con-
verted at higher temperatures into the thermodynamic
stable phases[14].

In K2O–GeO2 series the K2O·4GeO2 glass exhibit
internal crystal nucleation and devitrifies in two steps.
Metastable K4Ge9O20 crystals are initially formed
and then converted at higher temperatures into sta-
ble K2Ge4O9 crystals. K2O·7GeO2 and K2O·8GeO2
glasses devitrify from the surface into K2Ge4O9
crystals[15].

In BaO–GeO2 series all the glasses studied show
one glass transition temperature except the 5 mol%
BaO glass that exhibits two values of glass transition
temperature because of a phase separation. In 5, 10,
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20, 30 mol% BaO glasses only BaGe4O9 crystals are
formed in the bulk of the samples. The crystalliza-
tion degree increases with the increase of BaO con-
tent. In 40 mol% BaO glass surface crystallization of
BaGe2O5 and BaGeO3 occurs[16].

In SrO–GeO2 series the glasses containing 5.0 and
12.5 mol% of SrO are phase separated. The composi-
tions of the two phases are near to pure vitreous GeO2
and SrGe4O9, respectively. In all the studied glasses
the main crystallizing phase is SrGe4O9 and grows
from bulk nuclei. In powdered samples of glasses con-
taining 5 and 12.5 mol% of SrO the crystallization of
GeO2 also occurs from the surface of glass samples.
A small amount of�-SrGeO3 crystallizes in 25 mol%
of SrO[17].

In this work a series of sodium germanate glasses
has been studied in order to evaluate the effect of a
progressive substitution of Na2O for GeO2 on physi-
cal properties and devitrification behavior of sodium
germanate glasses.

2. Experimental procedures

2.1. Sample preparation

The glass compositions are expressed by the general
formula:

xNa2O(1− x)GeO2

with x = 0.100; 0.125; 0.200; 0.250 0.333. In the
course of this paper each glass will be named by the
correspondingx value. The glasses were prepared by
mixing appropriate quantities of ultra pure sodium
carbonate and germanium oxide in a batch sized to
yield 3 g of glass. The glasses were melted at 1450◦C
for 15 min in an uncovered Pt crucible in an electric
oven. The crucible containing the glass was weighed
both before and after the glass was removed. The
weight of the glass agreed with that anticipated from
the batch calculation. This result indicates that the ac-
tual glass composition is close to that based on the
glass batch. The melts were quenched by plunging the
bottom of the crucible into cold water. Although this
resulted in fracture of the glass, for all the composi-
tions pieces of transparent glass of size sufficient for
the experimental measurements were obtained by this
technique.

2.2. Characterization

2.2.1. FTIR analysis
Fourier transform infrared (FTIR) absorption spec-

tra were recorded in the 4000–400 cm−1 range using
a Mattson 5020 system, equipped with a DTGS KBr
(deuterated triglycine sulfate with potassium bromide
windows) detector. A spectral resolution of 2 cm−1

was chosen. Each tested sample was mixed with KBr
(1 wt.% of the former) in an agate mortar, and then
was pressed into 200 mg pellets of 13 mm diameter.
The spectrum for each sample represents an average
of 20 scans, which were normalized to the spectrum
of the blank KBr pellet. The FTIR spectra have been
analyzed by Mattson software (FIRST Macros).

2.2.2. DTA analysis
Differential thermal analysis (DTA) curves were

recorded in air at a heating rate of 10◦C/min on about
50 mg of bulk or fine powdered (milled in an agate
mortar and passed through a 270-mesh sieve) speci-
mens from room temperature to 1000◦C. Powdered
Al2O3 was added to improve heat transfer between
bulk samples and the sample holder. A Netzsch ther-
moanalyser High Temperature DSC 404 was used with
Al2O3 as reference material. The experimental error
in DTA temperature is±1◦C. The DTA curves have
been elaborated by a Netzsch software.

2.2.3. XRD analysis
The amorphous nature of the glasses and the identi-

fication of the phases crystallizing in the glass during
the DTA runs were ascertained by X-ray diffraction
(XRD) using a Philips diffractometer. Powders of each
glass sample were scanned from 2Θ = 5–60◦ using
Cu K� radiation. All the samples were previously heat
treated in DTA furnace and then quenched after the
DTA run.

3. Results and discussion

The FTIR spectra of the five studied glasses and of
GeO2 glass are shown inFig. 1. These spectra exhibit
brad bands as expected for glassy systems. The highest
intensity band at 895 cm−1, due to Ge–O–Ge bond
stretching in amorphous GeO2 shifts (see first column
of Table 1) gradually toward a lower wave numbers as
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Fig. 1. FTIR transmittance spectra for glasses of composition
xNa2O(1− x)GeO2.

the Na2O content increases. This shift can be related
[9–12] to the change in the coordination number of
Ge from 4 to 6. The minus two charge of the GeO6
octahedra is balanced by the localization of Na+ ions.
The higher the Na2O content the greater the shift and
the GeO6/GeO4 molar ratio. This interpretation is in
accordance with the general notion that an increase
in co-ordination number from XO4 to XO6 causes a
decrease in X–O–X stretching frequency[18]. The
maximum shift can be observed at aboutx = 0.200.

Table 1
DTA glass transition temperaturesTg and peak temperaturesTp

for glassesxNa2O(1− x)GeO2

Glasses Tg (◦C) Tp (◦C) bulk
samples

Tp (◦C) powder
sampes

x = 0.100 528 675 638
x = 0.125 533 676 640
x = 0.200 543 594 594
x = 0.250 518 564 564
x = 0.333 445 545 516

Fig. 2 shows the DTA curves carried out on bulk
samples of the as-quenched glasses. All curves ex-
hibit a slope change followed by an exothermic peak.
Glasses withx = 0.20 and 0.25 show at higher tem-
peratures a small endo-peak and the glass withx =
0.33 shows at higher temperature a great endo-peak.

In this work, the temperature of the inflection point
at the slope change of the DTA curve,Fig. 3was taken
as the glass transition temperature,Tg and the values
are reported in the first column ofTable 1. TheTg val-
ues do not change linearly with the increase in Na2O
content but go through a maximum atx = 0.20. They
clearly show that the glasses investigated exhibit the
so-called “germanate anomaly”[1]. This behavior is
the result of conversion of germanium ions from four-
to six-fold co-ordination with increasing Na2O con-
tent. No non-bridging oxygens are formed. Eventually,
however, the formation of six-fold germanium ions
reaches a limiting value and non-bridging oxygens be-
gin to form in increasing number. The competitive ef-
fects of formation of six-fold coordinated germanium
ions and non-bridging oxygens lead to the observed
maximum. This hypothesis is supported by the FTIR
measurements.

The non isothermal devitrification of glasses is well
described by the following equation proposed by Ma-
tusita and Sakka[19]:

−ln(1 − α) = C

(
N

βn

)
exp

(
− nE

RT

)
(1)

where � is the volume fraction crystallized at tem-
peratureT, β the DTA heating rate,N the number of
nuclei for crystal growth,n a parameter related to the
crystallization mechanism, ranging betweenn = 1 for
surface nucleation andn = 3 for bulk nucleation. The
shape of the crystallization peak is related to the pa-
rametern. The higher the value ofn, the narrower the
peak[20].

The total number of nuclei per unit volumeN, is
the sum of surface nucleiNs, bulk nucleiNh, formed
during the DTA run and of bulk nucleiNn, formed
during a previous heat treatment of nucleation[21].
The values ofNs, Nh and Nn are proportional to the
specific surface area of the sample, to the reciprocal
of the DTA heating rate and the time of the nucle-
ation heat treatment. As in this work the DTA runs
were carried out on as-quenched samplesNn = 0 and
N = Ns+Nh. Moreover, it can be easily derived from
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Fig. 2. DTA curves recorded at 10◦C min−1 for glasses of compositionxNa2O(1− x)GeO2.

Eq. (1) that the higher the number of nucleiN, the
lower the temperatureTp, of the DTA peak[22].

The shape of the DTA crystallization peaks suggests
a bulk crystallization in the glasses withx = 0.200
and 0.250 and a surface crystallization in the other
glasses. To confirm this hypothesis on the crystalliza-
tion mechanisms DTA and XRD measurements were
therefore carried out on bulk and very fine powdered
samples of the investigated glasses.

In Table 1 the temperatures of the crystallization
peak detected on DTA curves recorded on powdered
samples are compared with those detected on DTA
curves recorded on bulk samples. In spite of the great
increase of the specific surface area in powdered sam-
ples the crystallization peak of glasses withx = 0.200
and 0.250 occur at the same temperature (the value of
the number of nuclei for unit volumeN, is indepen-
dent by the specific surface area of the samples) and
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Fig. 3. DTA curve of the termx = 0.250 shown on expanded
ordinate scale to well display the slope change attributed to the
glass transition.

show the same shape on the DTA curves carried out
on bulk and powdered samples. These results indicate
that in both bulk and powdered samples internal crys-
tallization is dominantNh � Ns. Each crystal grow
three-dimensionally (n= 3) in the bulk of the glass.

On the other hand the DTA curves of glassesx =
0.100, 0.125 and 0.333 exhibit broad peaks typical
of surface crystallization. Moreover the great increase
of specific surface area of powdered samples leads to
an increase of surface nuclei so that the DTA crystal-
lization peaks in powdered samples are shifted toward
lower temperatures (Table 1). In these glasses surface
nucleation is dominantNs � Nh. The crystals grow
one-dimensionally (n= 1) from the surface to the in-
side of the glass.

In order to identify the phases crystallizing during
the DTA runs XRD measurements were carried out on
bulk samples heated at 10◦C min−1 up to temperature
of the DTA peak or up to 900◦C and then cooled to
room temperature.

In the first two terms of the seriesx = 0.100 and
0.125 the XRD patterns of samples heated up to the
temperature of the DTA exothermic peak exhibit,
Fig. 4, sharp reflections all attributed to Na4Ge9O20
crystals. On the XRD patterns of samples heated up
to 900◦C the strongest reflection of GeO2 crystals
was also found.

In the x = 0.200 and 0.250 terms of the series the
XRD patterns of samples heated up to the tempera-
ture of the DTA exothermic peak exhibit several sharp

Fig. 4. Powder X-ray diffraction patterns of samples heated up to
the DTA exo-peak. Glassesx = 0.100 andx = 0.125 all lines:
Na4Ge9O20 JCPDS card no. 38-1184. Glassx = 0.333 marked
lines: Na2GeO3 JCPDS card no. 34-693 other lines: Na2Ge4O92

JCPDS card no. 21-1352.

lines,Fig. 5b. The major crystalline phase was found to
correspond to Na2Ge4O9 a phase which is not reported
in the Na2O–GeO2 phase diagram[5] but which has
been obtained by reheating a glass of the same compo-
sition [23]. In addition to the peaks due to Na2Ge4O9
the strongest reflections of Na4Ge9O20 crystals were
also found on these patterns. On the XRD patterns
of samples heated up to 900◦C, Fig. 5a, all the re-
flections were attributed to Na4Ge9O20 crystals. The
structure of Na2Ge4O9 contains isolated GeO6 octa-
hedra connected by Ge3O9 rings consisting of three
GeO4 tetrahedra to form hexagonal crystals[24]. The
oxygen atoms are all of the bridging type; the struc-
ture can be described by the formula Na2[Ge(Ge3O9)].
The structure of Na4Ge9O20 contains chains of GeO4
tetrahedra connected by Ge4O16 groups which con-
sist of edge shared GeO6 octahedra to form tetragonal
crystals[24]. Thermal phase transitions generally oc-
cur from a structure of low symmetry (and high order)
to one of higher symmetry (and lower order). In order
to get transformation from a low to a high tempera-
ture phase the latent heat of transformation,
H, must
be provided and an endothermic peak appears on the
DTA curve. This behavior can be observed in glass
with x = 0.200 and 0.250. Na2Ge4O9 hexagonal crys-
tals are initially formed and then converted at a higher
temperature into Na4Ge9O20 tetragonal crystals. This
transformation from a high order phase to a lower or-
der one involves an endothermic effect on the DTA
curve,Fig. 2. If more than one crystal is precipitated
from the glass the structure of the metastable phase can
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Fig. 5. Powder X-ray diffraction patterns of glassx = 0.200: (a) sample after a DTA run up 900◦C; (b) sample up to the DTA exo-peak;
(c) as quenched sample.

Table 2
Crystallizing phases during DTA runs

Glasses x = 0.100 x = 0.125 x = 0.200 x = 0.250 x = 0.333

Heated up to DTA exo-peak Na4Ge9O20 Na4Ge9O20 Na2Ge4O9 Na2Ge4O9 Na2Ge4O9

Na4Ge9O20(tc) Na4Ge9O20 (tc) Na2GeO3

After a DTA run up to 900◦C Na4Ge9O20 Na4Ge9O20 Na4Ge9O20 Na4Ge9O20 Crystals fusion
GeO2 (tc) GeO2 (tc)

be supposed to be more like the mother glass than the
stable one. In the GeO6 octahedra may be connected
with GeO4 tetrahedra by sharing corner oxygen and
the coalescence of GeO6 octahedra by sharing edges
to Ge4O16 groups may not occur.

Finally in thex = 0.333 term of the series the XRD
patterns of samples heated up to the temperature of
the DTA exothermic peak exhibits,Fig. 4, broad lines.
The crystalline phases were found to correspond to
Na2GeO3 and Na2Ge4O9 crystals. The samples heated
up to 900◦C were found melted.

The results of the XRD are summarized inTable 2
no appreciable differences between XRD patterns of
devitrified bulk and powder samples were found.

4. Conclusions

From the experimental results the following conclu-
sions can be drawn about the non isothermal devitri-
fication of sodium germanate glasses.

(a) The glass transition temperatures of the investigate
glasses do not change linearly with the increase
of Na2O content but go through a maximum at
20 mol% of Na2O according with the “germanate
anomaly”.

(b) Germanate glasses containing 20 and 25 mol%
of Na2O exhibit internal crystallization with-
out the addition of any nucleating agent. The
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devitrification process occurs in both glasses in
two steps. Metastable Na2Ge4O9 hexagonal crys-
tals are initially formed and then converted at a
higher temperature into Na4Ge9O20 tetragonal
crystals.

(c) In germanate glasses containing 10, 12 and
33 mol% of Na2O surface crystallization is domi-
nant. The crystallizing phases in 10 and 12 mol%
of Na2O were Na4Ge9O20 and GeO2 crystals, in
33 mol% of Na2O were Na2Ge4O9 and Na2GeO3
crystals.
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