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Abstract

Lead iron phosphate glass frits were obtained from a mixture of NH4H2PO4, PbO and Fe2O3 melted in an induction

furnace. After milling, the material was pressed in a die, sintered, and sintered a second time. Three amorphous X-ray

di�raction halos were observed in samples produced from non-homogenized powders while two halos were observed

from homogeneous ones. These halos were assigned di�erent phosphate compounds. Sintered pellets were immersed in

a CsCl aqueous solution and the absorption of Cs was determined by scanning electron microscopy. The crystallization

temperatures and activation energies were determined by di�erential thermal analysis and by the Kissinger Method,

respectively. The weight loss and atomic absorption were used to measure the dissolution rate in deionized water. The

weight loss of sintered glasses was 3 ´ 10ÿ2 g/m2 d after 28 days at 90°C. The homogenized samples have an improved

corrosion resistance. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Glass powders can be used to immobilize nu-
clear wastes [1] if they are mixed, pressed, and heat
treated to reduce the porosity and to aggregate the
waste particles. This process is called vitri®cation
of nuclear wastes, even though this term is com-
monly used when both glass and waste particles
are melted together and cooled to form blocks [2].
Glass particle sintering is useful because glasses are
chemically stable [3], are corrosion resistant [4],
and do not degrade easily under radiation [2]. The
sintering process also avoids exposing nuclear
wastes to high temperatures required by a melting
process. Hence the loss of contaminants by vola-
tilization and chemical attack of the containers are
reduced. The most common glass materials used in
the vitri®cation processes are borosilicates with

several di�erent compositions, being hot or cold
pressed and ®nally sintered [1]. Porous materials
have also been investigated to immobilize nuclear
wastes in the liquid state. Diatomite and shamote
are examples [5].

Lead iron phosphate (LIP) glasses were ®rst
developed for radioactive storage in 1984, by
mixing with nuclear waste compounds and then
melting. These materials had a dissolution rate in
water of 10ÿ2 g/m2 d revealing an important fea-
ture for materials that were intended for that ap-
plication. The rate of dissolution decreased as the
solution pH increased. In salted water solution, the
LIP glasses dissolution rate was larger [6].

It was also noticed that these glasses could be
used in other applications by modifying their
composition. Glasses with thermal expansion co-
e�cients of 18 ´ 10ÿ6/°C and relatively large re-
fractive index (1.75±1.83 for visible spectrum)
could be obtained. These materials can be poten-
tially used in the sealing of ceramic to metals [7],
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and laser hosts and optical ®bers [8]. Recently it
has been suggested that these glasses can also be
used as nuclear particle detectors [9].

Chemical and physical properties of LIP glasses
depend on the glass composition. The P2O5 is as-
sumed to be the glass former and PbO is added to
reduce the viscosity and consequently the melting
point. By adding Fe2O3 it was possible to improve
the chemical resistance and to decrease the crys-
tallization rate [10]. The structure of LIP glasses
consists of Fe±O±P±O chains with Pb atoms in-
tercalating the structure, bounded to non-bridging
oxygen atoms. Iron can exist in two valence states
as Fe2� and Fe3� [3], so properties of LIP glasses
depend on the melting condition.

The aim of the present paper is to investigate
the chemical resistance of sintered LIP glasses after
CsCl absorption from an aqueous solution by
measuring the weight loss, and to compare their
chemical resistance to that of glasses produced in
di�erent processing conditions. Di�erential ther-
mal analysis (DTA) was used to determine the
major temperatures related to the crystallization
process. By varying the heating rate, /, the vari-
ation of the temperature of crystallization, Tp, and
the activation energy, Ec, could be measured. The
results of DTA are discussed on the basis of the
modi®ed Kissinger's expression for super®cial
crystallization [11].

2. Experimental procedure

The LIP glass powders were produced by
melting and quenching appropriate chemical
compounds to obtain glass frits. This material was
then milled and sieved to reach a suitable particle
size distribution. The material so produced was
intended to be used in the vitri®cation of liquid
wastes. Powders were pressed and sintered leading
to porous pellets that were immersed in a liquid
solution containing cesium chloride, and ®nally
sintered again.

2.1. Glass powders

The LIP glass powders were obtained as frits by
mixing and melting 60.3 mol% NH4H2PO4, 30.9

mol% PbO and 8.8 mol% Fe3O3 and ®nally
quenching to room temperature. Melting was
performed in argon with and without homogeni-
zation in an alumina crucible placed in the center
of an induction furnace coil (Fig. 1). To heat the
material, a graphite crucible was placed externally
to the alumina one. Argon was used as the work-
ing atmosphere, so the graphite could be pre-
served. Initially the material was heated to 450°C
and soaked for 1 h to convert NH4H2PO4 to P2O5,
reducing the amount of NH3 during the melting.
Therefore, the working atmosphere was slightly
reducing. After that, the material was heated to
1050°C at 17.5°C/min and soaked for 1 h at that
temperature. Frits were obtained by pouring the
viscous liquid in a water tank. The selected com-
position was the same used in other work [12].

2.2. Powders processing

Powders were ground by ball milling for 30 h
using alumina as grinding medium. The material
was then uniaxially pressed in a 10 mm diameter
die at 100 MPa. The internal walls of the die were
previously lubricated with zinc stearate to reduce
the friction between the powder and the walls.
Therefore a more uniform internal stress distri-

Fig. 1. System for material homogenization.
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bution could be reached and the resulting pellets
could be easily pulled from the die. After pressing,
samples were heated to 400°C and soaked for 1 h,
cooled to room temperature, immersed in a CsCl
solution (4.8M) for 2 s, and dried in air for 24 h.
The ®nal densi®cation was performed at 780°C
(samples homogenized with Cs), 800°C (samples
homogenized without Cs), and 750°C (samples
non-homogenized with and without Cs) in air by
using an electrical furnace. Samples were heated at
20°C/min to those temperatures, and cooled down
to room temperature at 22°C/min. No soaking was
performed at those temperatures.

X-ray di�raction (XRD) and scanning electron
microscopy (SEM) were performed to identify
crystalline and amorphous phases in the material.
A di�ractometer (Philips model PW 3710) and a
scanning electron microscope (Philips model XL
30) were used for that purpose. To determine the
temperature related to the maximum crystalliza-
tion, Tp, and the melting temperature of the crys-
talline phase, Tm, thermal analyses were performed
in nitrogen by using thermal analysis instruments

(T A model 2100 and Netzsch model STA 4099 C/
7/E) adopting three di�erent heating rates: 10, 15
and 20°C/min.

3. Results

3.1. Powder properties

Fig. 2 shows the XRD patterns from the LIP
glass powders before milling.

Table 1 shows the LIP glass powder composi-
tion for non-homogenized (S1) and homogenized
(S2) samples determined by the X-ray ¯uorescence
analyses.

Table 2 shows densities for glass powders de-
termined by helium picnometry.

The medium particle size is 3.23 lm.

3.2. LIP glasses with and without Cs

3.2.1. DTA analysis
Figs. 3 and 4 show di�erential thermal analyses

patterns obtained for LIP glass pellets (sintered
once) that have or not been immersed in a cesium
chloride solution, respectively.

3.2.2. Chemical durability
Table 3 shows the weight loss (DRi), and pH's

of solutions where glass pellets (sintered twice)
were kept during the leaching tests performed ac-
cording to the Materials Center of Characteriza-
tion (MCC-P1) [13].

Figs. 5 and 6 show scanning electron micro-
graphs of sintered glass samples with Cs after
leaching tests and thermal etching at 700°C in air
for 20 min.

Fig. 7 shows the energy-dispersive X-ray spec-
troscopy (EDS) Cs dot map for an LIP glass
sample previously immersed in a CsCl aqueous
solution (4.8M) for 15 s.

Table 1

Composition of LIP in mol% determined by X-ray ¯uorescence analyses

Sample code Precursors (mol%) After melting (mol%)

NH4H2PO4 PbO Fe2O3 P2O5 PbO Fe2O3

S1/S2 60.3 30.9 8.8 43.6 43.6 12.8

Fig. 2. X-ray di�raction patterns for non-homogenized (S1) and

homogenized (S2) LIP glass powders.

S.T. Reis, J.R. Martinelli / Journal of Non-Crystalline Solids 247 (1999) 241±247 243



4. Discussion

4.1. Powder processing

No crystalline phases were observed in XRD
patterns shown in Fig. 2. Three amorphous XRD
halos can be seen in non-homogenized samples
(S1) which correspond to ferric metaphosphate,
(Fe(PO3)3 (halo #1), lead iron phosphate,
Fe2Pb3(PO4)4 (halo #2), and lead orthohosphate,
Pb3(PO4)2 (halo #3). In homogenized samples
(S2), only halos #2 and #3 were observed.

Fig. 4. Di�erential thermal curves for homogenized LIP glasses

with and without Cs (heating rate: 10°C/min).

Fig. 5. Scanning electron micrograph from the S1 type glass

with Cs after leaching at 90°C during 28 days in distilled water.

Fig. 6. Scanning electron micrograph from the S2 type glass

with Cs after leaching at 90°C during 28 days in distilled water.

Fig. 3. Di�erential thermal curves for non-homogenized LIP

glasses with and without Cs (heating rate: 10°C/min).

Table 2

Densities determined by helium picnometry

Sample

code

Melting temperature

(°C)

Soaking time

(h)

Density

(g/cm3)

S1 1050 1 5.30 � 0.02

S2 1050 3 5.22 � 0.03

Table 3

Weight loss (DRi)e pH after leaching

Sample code pH (after 28 days) DRi (g/m2 d) ´ 102

S1 with Cs 7.1 (5.0 � 0.1)

S2 with Cs 6.8 (3.0 � 0.2)

V01 a 6.8 1

V02 b ÿ 4

a V01 LIP glasses with nuclear waste simulators [4].
b V02 borosilicate glasses with nuclear waste simulators [1].
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From Table 1 we note that approximately 81
mol% of NH4H2PO4 was converted to P2O5.
Ammonia and water were also evolved during the
process.

4.2. DTA analysis

From the DTA we infer that Cs does not
change the crystallization peak temperature for
either sample (see Table 4). However, for the S2-
type glass, the melting temperature of the crystal-
line phases formed during the DTA is split
(Fig. 4). The material was sintered in a tempera-
ture relatively low to allow the incorporation of Cs
as a modi®er in the glass network (S2 glass type).
The Tms change is related to impurities introduced
in the crystal lattice during the immersion in
cesium chlorine solution. The XRD patterns
(not presented here) showed the presence of

Pb5(PO4)Cl. Tms determined by DTA indicate the
maximum sintering temperatures allowed if mate-
rial softening is to be avoided.

The original Kissinger equation is only valid
for predominantly surface crystallization or when
crystal growth occurs on a ®xed number of nuclei.
This means that, when a glass crystallizes pre-
dominantly by surface crystallization (for exam-
ple, glasses consisting of very ®ne particles),
®tting the maximum crystallization temperature
as a function of heating rate with the original
Kissinger equation will yield the activation energy
suitable for the adopted model [11]. It has been
shown that lead iron phosphate glass powders
(type S1 and S2) with particle sizes smaller than
35 lm show predominantly surface crystallization
[15]. Since the particle sizes of glasses type S1
and S2 are smaller than 35 lm (see Table 5),
the original Kissinger equation [11] should be
adopted:

ln�/=T 2
p � � ÿEc=RTp � k: �1�

In this equation Tp is related to Ec (parameter
related to the activation energy for crystallization)
and to a constant, k; / is the DTA heating rate, 10,
15 and 20°C/min in the present investigation.

Table 4

Densities, crystallization activation energy and relevant temperatures for samples with and without Cs

Sample code Tp (°C) Tm (°C) Ec (kJ/mol) Density (% TD)

S1 526 767 116 � 15 98 � 0.5

S1 with Cs 526 767 93 90 � 0.3

S2 565 820 131 98 � 0.6

S2 with Cs 565 800 116 94 � 0.5

Se76Sb6Te20
a 416 ÿ

a Material for comparison purpose [14].

Fig. 7. Energy-dispersive X-ray spectroscopy (Cs dot map).

Table 5

Densities from sintered S1-type glasses as a function of heat-

ing rate. The initial medium particle size was kept constant to

3.67 lm

Heating Rate (°C/min) Density (%DT)

5.0 89 � 0.4

10.0 90 � 0.5

15.0 94 � 0.6

20.0 98 � 0.4
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Figs. 8 and 9 show a plot of ln(//T2
p) as a

function of 1/Tp for Tps obtained from the DTA
performed at di�erent heating rates. From the
curve slopes, Ecks are calculated.

Table 4 shows Tp and Tm for /� 10°C/min and
densities determined by the Archimedes method.
The activation energy for crystalline phase for-
mation Ec was calculated from the curve slope [11].
These Ecs are shown in Table 4 too. We also note
that the addition of Cs leads to smaller Ecs, and
consequently smaller ®nal densities.

4.3. Chemical durability

In the S1 type samples we note the presence of
Fe2Pb3(PO4)4 agglomerates, Pb3(PO4)2 with needle
shapes (indicated by an arrow in Fig. 5), and
(Pb5(PO4)3Cl) crystals with hexagonal shapes (in-
dicated by a broken arrow in Fig. 5). In the S2
type samples we also note the presence of large
Fe2Pb3(PO4)4 agglomerates (indicated by an arrow
in Fig. 6), and whitish grains that were identi®ed
as P-rich phases by EDS analyses. No
(Pb5(PO4)3Cl) crystals or Pb3(PO4)2 needles have
been found in these materials. All crystalline
phases observed in the present work were previ-
ously identi®ed [10].

Data from Table 3 show that the S2 type sam-
ples are a promising material for use in the im-
mobilization of Cs since they have a minor weight
loss during the leaching tests comparable to LIP
glasses previously obtained by melting [4]. Fur-
thermore, the leaching tests show that this material
can be considered better than the S1 glass type and
even sintered borosilicate glasses [1]. The leaching
solutions where S1 type samples were kept show a
larger pH variation compared to the one where S2
type samples were exposed. This fact might be
related to the hydration and releasing of phos-
phate chains in the solution where the S1 samples
were kept, since a `non-bridging' oxygen in the S1
type samples may hydrolyze the phosphate chains.

Fig. 7 shows a non-homogeneous distribution
of Cs atoms that probably occupied speci®c posi-
tions on the surface boundaries of glass particles
prior in the ®nal sintering process. Apparently
there was no Cs di�usion in the glass matrix.

5. Conclusions

Homogenized frits are shown to improve those
properties a�ected by the leaching tests, increase
densities, and inhibit crystallization. Activation
energies determined by Kissinger method for all
LIP glasses are comparable to the ones previously
reported in the literature for phosphate glasses. S2
type glasses are promising materials for waste im-
mobilization because they show better chemical
durability when compared to S1 type glasses and

Fig. 8. Plot of ln(//T2
p) as a function of 1/Tp for S1-type glass

with and without Cs.

Fig. 9. Plot of ln(//T2
p) as a function of 1/Tp for S2-type glass

with and without Cs. Lines are drawn as guides for the eyes.
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others. The leaching test results show that S2 type
glasses containing Cs have a greatest chemical re-
sistance to aqueous solution than do S1 type glasses.
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