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Abstract

Niobium phosphate glasses with composition 37P2O5 Æ 23K2O Æ 40Nb2O5 are stable in relation to crystallization during the heating
process, exhibit a low critical cooling rate, and are potentially good for nuclear wasteforms. The crystallization of these glasses was eval-
uated by optical microscopy after proper heat treatments, showing that surface crystallization is the main process occurring during the
heat treatment. Two main crystalline phases were observed. These crystalline phases were KNb3O8 and K3NbP2O9. Surface crystal
growth rates were measured in the temperature range of 806–972 �C (Tg = 683 �C) for both crystalline phases. Apparent crystallization
enthalpies were determined through the Arrhenius plots of lnU vs. 1/T. The enthalpies are 496 kJ/mol and 513 kJ/mol for each crystal-
line phase, respectively. The surface density of nucleation sites (Ns) on 3 lm diamond paste polished surfaces is (2.4 ± 0.7) · 108 nuclei/
m2 for one crystalline phase and (9.8 ± 0.8) · 109 nuclei/m2 for the other crystalline phase, when revealed at 838 �C/17.5 h, and these
values show a slight variation depending on the time and the temperature. At the tested temperatures, only one crystal phase appeared
inside the volume, and a volume density of nucleation sites Nv = 5 · 106 nuclei/m3 was measured.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has always been a concern about the final desti-
nation of nuclear wastes since the beginning of the use of
the nuclear energy for power generation. When leakages
of nuclear wastes were detected on storage tanks, research
efforts were employed to reach for a solution to prevent
the contamination of the environment with nuclear
wastes, and different solutions were proposed. One of
them was the immobilization of nuclear waste in glass
matrices. As the industry was prepared to easily produce
some chemical resistant glasses, borosilicate glasses were
chosen as the preliminary, and hopefully, the final solu-
tion. However, the chemical composition of nuclear waste
0022-3093/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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is not unique and there is not only one glass composition,
or even, a narrow range of glass composition that could
be used for all nuclear wastes. For example, wastes
containing chromium, phosphorous, etc. can cause
phase separation, or even crystallization in borosilicate
glasses.

Phosphate glasses could deteriorate in humid environ-
ments, and that was an important issue. When iron was
added to the composition of phosphate glasses, the chemi-
cal durability improved, creating a new area of research.

Lead iron phosphate glasses (LIPG) had been previ-
ously proposed to be used as a matrix for the immobiliza-
tion of nuclear wastes [1]. LIPG can be obtained at lower
melting temperatures (usually �1100 �C) when compared
to borosilicate glasses. Concerning the chemical durability,
the dissolution rate of LIPG could be 1000 times lower
than the ones for borosilicate glasses when samples are lea-
ched at 90 �C in aqueous solution with pH in the range of
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5–9 [2]. However, LIPG are susceptible to crystallization if
glass blocks with more than 5 cm in diameter and 10 cm
high are prepared. This effect can be disruptive to the main
characteristics required for wasteforms. At a previous work
we proposed the replacement of iron oxide by niobium
oxide, since large amounts of niobium are available in Bra-
zil, the properties of the material would be less susceptible
to valence changes, and the corrosion resistance of niobium
phosphate glasses has been proved to be better than the
one for iron phosphate glasses. These glasses could be pre-
pared in electrical furnaces, induction furnaces, and in
microwave ovens.

Sintered barium lead niobium phosphate glasses were
considered as potential candidates for the immobilization
of nuclear wastes [3], however crystallization was observed
after sintering for periods of time longer than 12 h. Prom-
ising results were also reported for niobium phosphate
glasses without barium and lead. Niobium phosphate
glasses 37P2O5–23K2O–40Nb2O5 show dissolution rates
of 10�6 g/cm2/day, when leached at 90 �C in aqueous solu-
tion. This value is in the range of values previously
reported for lead free iron phosphate glasses [3]. However,
crystalline phases were formed during the sintering pro-
cess. There might be interference in the physicochemical
properties of the material if crystallization occurs during
glass melting and forming, or during glass powder
sintering.

If wastes are incorporated to the matrix glass by sinter-
ing a powder mixture, the large specific surface area of the
glass will represent a large density of nucleation sites for
crystallization; nucleation sites are provided by the surface
area. If the glass is poured into moulds, surface crystalliza-
tion will occur only at the glass-mould interface; however
homogeneous crystallization might be responsible for the
crystallization in the volume.

Since scarce information is available on crystallization
of niobium phosphate glasses, the occurrence of crystalliza-
tion of the glass matrix was investigated in this work. The
crystal growth of two different crystalline phases was mea-
sured and the apparent crystallization enthalpy was deter-
mined considering an Arrhenius behavior. These values
were compared with values previously reported in the liter-
ature for other phosphate and silicate glasses.

2. Experimental methods

2.1. Glass preparation

A niobium phosphate glass was obtained by melting
mixtures of inorganic precursors (Reagent Grade) in an
electrical furnace at 1350 �C for 1 h in alumina crucibles.
The glass composition is 37P2O5–23K2O–40Nb2O5 in
mol% (named in the present work as Nb40). The raw mate-
rials were Nb2O5 (supplied by the Companhia Brasileira de
Metalurgia e Mineração, CBMM, Brazil), NH4H2PO4

(Merk) and KOH (Cicarelli). The liquid was cast in a stain-
less steel mold and annealed at 697 �C.
2.2. Characterization

The density of each glass was measured by the Archi-
med’s method. X-ray diffraction analysis (XRD) was per-
formed in the 2h angle range of 3.5–90� (Philips, model
PW1700), by using the Cu Ka radiation. Differential
thermal analysis (DTA) was performed for powder glass
samples (Netzsch, model STA 409) at 10 �C/min, in a
dynamic air flow, from room temperature to 1320 �C.
The DTA was also recorded during the cooling cycle at
10 �C/min, and the sample was re-heated again to 1320 �C.

The thermal stability (resistance to crystallization on
heating) was evaluated considering the parameter proposed
by Hrubý (KH), which can be determined from the DTA
curve, according to the following equation:

KH ¼
T h

c � T g

T �m � T h
c

; ð1Þ

where T h
c is the onset of the crystallization peak, Tg is the

glass transition temperature, T �m is the melting temperature.
According to Hrubý and Houserova [4], the more stable

the glass is, the higher KH will get (the glass will be less sus-
ceptible to crystallization during the cooling).

Micrographs were taken by using an optical microscope
and a scanning electron microscope (Philips model XL30)
to observe the glass surfaces after different heat treatments
and to determine the crystal sizes and counts.

2.3. Surface crystallization

The crystal growth rate was determined from the grain
size as a direct functional relationship between time and
temperature of heat treatment and by calculating the
slope of a plot of crystal size vs. time. The same proce-
dure was applied at different temperatures. The crystal
density was determined by the number of crystals
counted in a given surface area. Since two different kinds
of crystals (distinguished by their size) were observed on
the surface, this procedure was performed for each type
of crystal.

An optical microscope was used to determine the num-
ber and the crystal size on the sample surfaces. Crystal
growth rates were determined by measuring the largest
crystal size on the surface. Surface density of nucleation
sites were determined by counting the number of developed
crystals in random optical fields of a known area.

For the small crystals, the nucleation density was deter-
mined by counting the number of crystals per surface area
by analyzing 10 different micrographs. The same procedure
was used for the large crystals, except that a larger number
of micrographs were used because the number of crystals
per surface area was smaller. The size of the crystal was
assumed to be the largest linear dimension and the crystal
growth rate was determined considering half of that value
as a direct functional relationship of the time of heat
treatment.



Table 1
Temperatures and times used to nucleate surface crystalline sites on Nb40
glasses

Temperature (�C) Time (min)

806 900–3600
838 360–3120
871 125–215
905 7–102
937 5–25
972 2–7
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Fig. 1. DTA curve for a monolithic Nb40 glass.
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Glass samples 2 · 2 · 1 mm3 were polished to 1000 grit
with SiC paper, and finally polished to 0.3 lm with dia-
mond powder cloth and heat treated at various tempera-
tures and times. Table 1 presents the experimental
parameters used for the nucleation study.

To avoid residual contamination from polishing which
could induce crystallization in the glass, samples were
washed in distilled water with ultrasound three times dur-
ing 3 min each turn, changing the water, and letting them
to dry in hot air. The crystalline phases were observed on
the surface of these samples. The surface density of nucle-
ation sites (Ns) was determined by developing the crystals
at a given temperature T, counting the number of crystals
in a known glass surface area. Ns was measured as a func-
tion of time and temperature (see Section 3.2).
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Fig. 2. DTA curves with different cooling rates for Nb40 glasses.
2.4. Volume crystallization

Glass samples 1.5 · 1.7 · 0.7 cm3 were heat treated at
806 �C for different times (24, 48,96,120 h) to induce the
nucleation and afterwards at 838 �C/24 h for growing. This
procedure was necessary to allow the counting of the sites.
Since surface crystallization occurred, a crystalline layer
arose around the samples, but they were large enough to
remain glassy inside.

To determine the volume density of nucleation sites,
samples were imbedded in a resin and sliced to facilitate
the observation inside the bulk by using a microscope.
Since there was the occurrence of only few crystals in the
whole sample volume after heat treatment, Nv values were
determined as the quotient between the total number of
crystals found in all the equivalent samples and their total
volume. Five samples of the glass were analyzed to deter-
mine the volume density of nucleation sites (Nv).
3. Results

3.1. Differential thermal analyses

Fig. 1 shows the DTA curve for a NB40 glass.
An endothermic step is observed at 683 ± 3 �C. An exo-

thermic peak with the onset at 924 ± 4 �C, maximum at
936 ± 3 �C, and ending at 947 ± 4 �C, and an endothermic
peak at 1178 ± 2 �C are also observed.
Fig. 2 shows the DTA curves for Nb40 glass samples
cooled at different cooling rates during the analyses. From
these data the critical cooling rate qcr was determined.

Differential thermal analyses were also performed for
powder glass samples with different particle size distribu-
tions. Fig. 3 shows the DTA curves obtained for three dif-
ferent particle size distributions shown in Fig. 4 for the
NB40 glass.

3.2. Nucleation and crystallization

Nb40 glass samples were heat treated in the temperature
range of 800–980 �C, for times in the range of 2–3600 min.
Particularly, no crystal formation was observed on the
glass surface after heat treating at 791 �C/72.5 h.

After the heat treatment the surfaces of the samples were
observed by using optical and scanning electron micro-
scopes. Fig. 5 shows the scanning electron micrograph of
the surface of a glass sample after the heat treatment for
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Fig. 4. Corresponding particle size distribution for the NB40 glass.

Fig. 5. Micrograph of a glass surface (Nb40-type glass) after heat treating
at 838 �C/17 h.
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crystallization. Two different crystalline phases (named in
this work as a1 and a2), and distinguished themselves by
the size of the crystals, are observed on the surface.

The X-ray diffraction pattern shown in Fig. 6 is for the
Nb40 glass after heat treatment at 972 �C/4 h.

The glass density determined by the Archimedes princi-
ple is 3.42 g/cm3.

Fig. 7 shows the SEM micrograph of the glass surface,
after heat treatment at 838 �C/17 h.

The crystal growth was determined for different temper-
atures. Fig. 8 shows the crystal growth at 972 �C for the
large crystals (a2).

Table 2 presents the crystal growth rate and the density
of nucleation sites for two different crystalline phases found
on the surface of the Nb40 glass.

Table 3 presents some data of surface nuclei density
reported elsewhere corresponding to different glass sys-
tems, for comparison with our glass. Details concerning
the reported values can be found in Ref. [5].

Concerning the volume nucleation, only after 120 h at
806 �C and 24 h at 838 �C volume crystallization could be
observed. No crystals were observed after heat treatments
at 806 �C/24–96 h followed by 838 �C/24 h, which is evi-
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Fig. 6. X-ray diffraction pattern for a Nb40 glass crystallized at 972 �C/
4 h.

Fig. 7. SEM micrograph of a glass surface (Nb40-type glass). Small and
large crystals can be observed, besides the glass matrix.
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Fig. 8. Crystal size as a function of time (t) for a constant temperature
(972 �C).

Table 3
Density of nucleation sites (Ns) for different materials

System Ns (nuclei/m2) Reference

Li2O Æ 2SiO2 (lithium disilicate) 6 · 1021 [5]
CaO Æ Al2O3 Æ 2SiO2(anorthite) 5 · 1016 [5]
PbO Æ SiO2 2 · 1013 [5]
Crystoballite (plain glass) 2 · 109 [6]
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Fig. 9. Crystal growth rate as a function of reverse temperature for the
following crystalline phases: (j)a1 and (d) a2.
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dence that the nucleation at 838 �C can be distinguished at
this temperature. Therefore, five 1.82 cm3 samples were
heat treated during 120 h at 806 �C and during 24 h at
838 �C and 33, 3, 6, zero and zero crystals were observed
on each individual sample. The nucleation site density
was calculated considering the ratio between the number
of crystals and the volume of the sample, and the average
nucleation site density is 5 · 106 nuclei/m3.

The apparent enthalpy for crystallization was deter-
mined considering the Arrhenius behavior as shown in
Fig. 9, where the growth rate is plotted against the recipro-
cal of the absolute temperature.

For the Nb40 glass the activation energies for crystalli-
zation of phases a1 and a2 were determined to be
496 ± 7 kJ/mol and 513 ± 14 kJ/mol, respectively.

4. Discussion

4.1. Hrubý parameter and critical cooling rate

The endothermic step observed at 683 ± 3 �C in the
DTA curve of Fig. 1 might happen due to the glass transi-
tion. The exothermic peak with the onset at 924 ± 4 �C,
maximum at 936 ± 3 �C, and ending at 947 ± 4 �C is due
to a crystallization process. The endothermic peak at
1178 ± 2 �C is due to the melting of that crystalline phase.
Table 2
Crystal growth rate (v) and surface density of nucleation sites (Ns) for phases

Heat treatment va1 (lm/h) va2 (lm/h)

806 �C/24 h 0.035 ± 0.002 0.171 ± 0.0
838 �C/12 h 0.205 ± 0.003 0.949 ± 0.0
871 �C/2 h 0.95 ± 0.08 4.56 ± 0.1
905 �C/35 min 3.8 ± 0.3 16.6 ± 0.9
937 �C/10 min 18.4 ± 0.9 73 ± 2
972 �C/3 min NAa 235 ± 25

a Not available.
For the Nb40 glass KH is 0.95 ± 0.04. This value is rela-
tively high when compared to reported values for silicate
glasses [7] in the range of 0.14 ± 0.03 to 0.68 ± 0.05. There-
fore the Nb40 glass is very thermally stable.

No exothermic peaks that could be related to crystalliza-
tion process were observed for cooling rates higher than
2 �C/min in Fig. 2. Although the same was true for samples
cooled at 1 �C/min, some white spots were observed on the
surface of the sample in the crucible after cooling, but the
bulk was still transparent indicating that surface crystalli-
zation occurred. Since a discrete crystallization process
occurs at 1 �C/min, this cooling rate is assumed to be crit-
ical. This cooling rate is relatively low when compared to
critical cooling rates reported for the 40LiO2–60SiO2 glass
[7]. The value reported is 24 ± 6 �C/min. Therefore the
Nb40 glass composition can easily be prepared if cooling
rates higher than 1 �C/min are used.

It is important to notice that when cooling large glass
blocks as the ones found in an industrial scale, the cooling
a1 and a2 at different heat treatments

Nsa1 (nuclei/m2) Nsa2 (nuclei/m2)

01 (1.3 ± 0.4) · 1010 (8.3 ± 0.8) · 107

03 (3.9 ± 1.2) · 1010 (2.4 ± 0.5) · 108

3 (6.4 ± 0.9) · 1010 (2.9 ± 0.6) · 108

(8.4 ± 1.8) · 1010 (6.7 ± 2.2) · 108

NAa NAa

NAa NAa
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rate inside the block is always lower than the one at the sur-
face. For a borosilicate glass block 30 cm in diameter and
74 cm high, it takes 3 h to reach 800 �C inside the block
from the starting temperature of 1100 �C [2]. That means
an approximated cooling rate of 1.7 �C/min. This value is
higher than the one determined for the Nb40 in this work,
so the Nb40 glass would not have appreciable bulk crystal-
lization in that situation.

4.2. DTA analysis with different particle size distributions

Considering that crystals grow from the surface during
the heating process, samples with larger specific surface
(smaller particle size) exhibit lower crystallization tempera-
ture. If we assume that there is a surface density of nucle-
ation sites Ns, as the specific surface of the powder
increases, the number of nucleation sites in the sample will
also increase.

Otherwise if only homogeneous nucleation takes place,
the specific surface will not affect the temperature of the
crystallization peak in the DTA curves of different particle
size distributions.

Smaller particles display lower crystallization tempera-
tures which confirm the presence of surface crystallization.

4.3. Crystallization

Two crystalline phases observed in Fig. 5 were identified
by X-ray diffraction: KNb3O8 (JCPDS 28-0788) and
K3NbP2O9 (JCPDS 48-0863).

Since the number of crystals is low after heat treatments
at temperatures lower than 972 �C, X-ray diffraction pat-
terns were obtained, in this case, from powder samples so
a larger surface area would provide an amount of crystal-
line phases above the minimum detection limit of the X-
ray diffraction analysis. As an example, a powder sample
was heat treated at 905 �C/3 h, grounded, and heat treated
again at the same temperature and time. This procedure
was repeated three times before getting the X-ray diffrac-
tion pattern, so the diffraction peaks related to crystalline
phases could be resolved. The identified crystalline phases
were the same ones previously observed for the heat treat-
ments performed at higher temperatures. The same proce-
dure was done for a sample heat treated at 1030 �C, and the
same crystalline phases were identified.

Since the crystalline phase density is larger than the cor-
responding amorphous phase density, the crystal growth
will occur from the surface to the bulk of the sample. This
effect can be easily seen on the SEM micrograph presented
in Fig. 7.

The presence of tiny crystals on the surface of the large
crystal, with the same apparent morphology as the a1 crys-
tals, is also observed in Fig. 7. It is not possible at the
moment to assure that these crystals are a1-type crystals,
however, if they are, there are two possible reasons: (1)
since one of the phases does not have phosphorous in its
structure (as demonstrated by the XRD), one region will
be depleted of phosphorous atoms and the other region will
be P-rich, and both kind of crystalline phases will be found
in the same region; (2) since the crystalline phases have dif-
ferent growth rates, the a2 crystal will involve the a1 crys-
tal, considering that both nuclei are close enough during
the nucleation process.

Besides that, regions with circular shapes can also be
observed on the surface of the a2 crystals, which could be
assigned to a third crystalline phase, not identified by
XRD, or a residual glass phase. Further work is required
to confirm this observation, even with glasses with different
amounts of niobium.

The surface density of nucleation sites (Ns) increases as
the temperature is raised, and for a 100 �C rise, the number
of nuclei increases almost one order of magnitude. How-
ever, there is an experimental limit to perform that mea-
surement. For temperatures higher than 905 �C samples
become soft and the original flat surface of the glass sample
becomes rounded, making the measurement of the surface
area difficult because of the limited depth of field of the
optical microscope. In this case, since the Ns measurement
was not accurate, they were discarded.

For the Nb40 glass, the maximum Ns value is
8 · 1010 nuclei/m2, considering both crystalline phases.
This value is about three times higher than the value
reported for plain glasses taking into account just a single
phase and two orders of magnitude lower when compared
to the value reported for lead silicate glasses.

Metcalfe and Donald [6] reported that the apparent
enthalpy for crystallization of two different crystalline
phases in sodium iron aluminum phosphate glasses were
363 kJ/mol and 385 kJ/mol, respectively. Enthalpy values
reported for silicate glasses [8] are 110 kJ/mol for crysto-
ballite, 115 kJ/mol for b-wollastonite and 220 kJ/mol for
devitrite. The enthalpy values determined for the Nb40
glasses (Ea1 = 496 ± 7 kJ/mol and Ea2 = 513 ± 14 kJ/
mol) are higher than the ones reported by Metcalfe and
Donald [6]. Therefore, it is assumed that the resistance to
crystallization of Nb40 glasses should be higher than the
one for iron phosphate glasses previously investigated.

5. Conclusions

A glass with composition 37P2O5–23K2O–40Nb2O5 in
mol% was found to be thermally stable in relation to crys-
tallization during heating: it shows a Hrubý parameter
equal to 0.95, which is larger than the ones reported for
some known silicate glasses. This is an important charac-
teristic in case the material is considered for the immobili-
zation of nuclear wastes. The critical cooling rate, by
cooling from the melt in alumina crucibles, was determined
to be 1 �C/min. Therefore, large glass blocks could be
obtained without volume crystallization. However, this
glass presents surface crystallization if exposed to tempera-
tures above 792 �C. Two crystalline phases, KNb3O8 and
K3NbP2O9 were identified. The apparent enthalpies for
crystallization are 496 ± 7 and 513 ± 14 kJ/mol.
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