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Manufacturing of porous niobium phosphate glasses
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Abstract

Niobium phosphate glasses with composition 33P2O5 Æ 27K2O Æ 40Nb2O5 are usually very stable with regard to crystallization
resistance, with a relatively high glass transition temperature (Tg � 750 �C), and are potentially suitable for nuclear waste immobiliza-
tion. Porous niobium phosphate glasses were prepared by the replication method. The porous glasses were produced via the dip-coating
of an aqueous slurry containing 20 wt% powdered glass into commercial polyurethane foams. The infiltrated foams were oxidized at
600 �C for 30 min to decompose the polymeric chains and to burn out the carbon, leading to a fragile glass skeleton. Subsequent heating
above the glass transition temperature in the range of 780–790 �C for 1 h, finally resulted in mechanically stable glass foams, which main-
tained the original interconnected pore structure of the polyurethane foam. The struts showed the neck formation between particles, evi-
dencing the initial stage of sintering. The open and interconnected porosity of the glassy foams lies in the range of 85–90 vol.%. It was
concluded that porous niobium phosphate glasses are potential candidates for immobilizing liquid nuclear waste.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, interest in materials with cellular struc-
tures, such as foams and reticulated and biomorphic mate-
rials, has increased due to their specific properties, such as
low density (<1.0 g/cm3), low thermal conductivity, ther-
mal stability at temperatures up to 1500 �C, high surface
area, and high permeability [1–4]. Foams are a special class
of porous materials comprised of large voids (open or
closed cells), with linear dimensions approximately ranging
from a few micrometers to few millimeters (10 lm–5 mm),
and exhibit geometries similar to that of a tetrakaidecahe-
dron [5,6]. These properties make foams suitable for a wide
range of technological applications, including catalyst sup-
ports, filters for molten-metals and hot gases, thermal insu-
lators, refractory linings, and biomaterials [7–9]. Various
processing routes have been proposed for the production
of ceramic foams, including the polymeric sponge method
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[10,11], direct foaming and foaming agents [12–14] and
the space holder method [15]. The fabrication method
determines the range of porosity, the pore size distribution,
and the pore morphology.

The polymeric sponge method [11], or replication method,
is a simple, inexpensive and versatile way of producing cera-
mic foams. This method consists of the impregnation of a
polymeric sponge with slurries containing appropriate bind-
ers, followed by a heat-treatment to burn out the organic
template (sponge) and to sinter the remaining skeleton.
Among a wide range of ceramics that can be made by this
method, zirconia, silicon carbide and alumina are the most
usual [8,10,14,16]. However, only few studies have dealt with
the production of cellular glass–ceramics or glasses [17–21].

Phosphate glasses have received considerable attention
in the past few years due to the possibility of producing
new glass compositions with high chemical and thermody-
namic stability. Phosphate glasses can be used, among
other applications, in the hermetic sealing of metallic and
ceramic materials [22], optical applications [23] and nuclear
waste immobilization [24]. However, phosphate glasses are
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Fig. 1. DTA curve of the Nb40 parent glass.
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known to have low resistance to humid environments. The
addition of iron has increased the chemical durability of
these glasses enabling their use as nuclear wasteforms
[25]. When Fe is substituted by Nb, phosphate glasses with
leaching rates, in aqueous media at 90 �C, in the order of
10�6 g cm�2 d�1 are obtained [26,27]. The improvement
of chemical stability has stimulated the application of
phosphate glasses in several fields of materials science,
including optical and laser applications [28,29].

This paper reports the manufacturing and characteriza-
tion of highly porous niobium phosphate glass foams by
dip-coating. The porous glasses were physically character-
ized and analyzed in terms of their macro and microstruc-
tures in order to evaluate their potential application in
nuclear waste immobilization.

2. Experimental procedures

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 was 33P2O5 Æ 27K2O Æ 40Nb2O5 in
mol% (hereafter named as Nb40). The raw materials were:
Nb2O5 (supplied by Companhia Brasileira de Metalurgia e
Mineração, CBMM, Brazil), NH4H2PO4 (Merk) and KOH
(Cicarelli). The liquid was cast in a stainless steel mold.
After cooling, the Nb40 glass was milled for 3 h to achieve
particles with sizes smaller than �45 lm.

The phosphate glass containing 40 mol% NB2O5 was
chosen based on previous studies reported elsewhere
[26,30], due to its high chemical resistance in aqueous
media. The addition of niobium oxide in phosphate glasses
improves its chemical durability. This is associated with the
O–Nb–O and mixed O–P–O–Nb–O– chain bonds.

Aqueous slurries containing 20 wt% of glass powder and
0.15 wt% of carboxymethyl cellulose (CMC), used as a bin-
der, were prepared for the dip-coating of the foams. Com-
mercial polyurethane foams with a monomodal pore size
distribution (55 ± 5 pores per inch) and porosity of 95% ±
1% were used as templates. The polymeric foams were cut
in pieces of approximately 30 · 25 · 20 mm3 and immersed
in the Nb40 parent glass slurry for 2–3 s. The impregnated
foams were lightly compressed to remove the excess slurry.

Due to the relatively poor wettability of the polyurethane
[31], the relative low viscosity of the aqueous slurry causes a
rapid flow after impregnation, which prevents the forma-
tion of a homogeneous coating layer. Therefore, a drying
stage after coating was not adopted in order to avoid loss
of the material from the foam structure. The as-infiltrated
foams were then treated at 600 �C for 30 min to decompose
the polymeric chains and to burn out the carbon, leading to
a fragile glass skeleton. Subsequent heating above the glass
transition temperature (Tg), in the range of 740–780 �C for
1 h finally resulted in mechanically stable foams.

Thermogravimetric analysis (TGA, Du Pont Instru-
ments, 951 Thermo) of the polymeric foam was performed
in air with a heating rate of 10 �C/min in order to establish
an appropriate heat treatment. Differential thermal analy-
sis (DTA, Netzsch, STA 409) of the Nb40-glass powder
was performed in air at a heating rate of 15 �C/min to
determine the typical Nb40-glass temperatures. X-ray dif-
fraction (XRD, Diffrac 500, Siemens AG, Mannheim, Ger-
many) with CuKa radiation was used to identify the phases
of the final product. The strut density was determined by
He-pycnometer (AccuPyc 1330, Micromeritics, Norcross,
GA). The open porosity was derived from the relation
between the strut density and the geometrical density. Fou-
rier Transformed Infrared Spectroscopy (FT-IR, Thermo
Nicolet, Nexus, 670) was performed using glass powder
dispersed in dehydrated KBr pellets and also with a thin
piece of glass (monolithic).

3. Results

The TGA curve of the polyurethane foam revealed two
weight loss stages. The first one, between 250 and 400 �C,
which corresponds to the decomposition of the polymer,
resulted in an accentuated weight loss. The second stage,
between 400 and 600 �C, is attributed to the oxidation of car-
bon derived from the decomposition of the polymers of the
foam [18]. The TGA result allows the selection of the opti-
mized thermal cycle for the decomposition of the foams.

3.1. Nb-glass characterization

The characteristic temperatures of Nb40 glasses have
previously been reported elsewhere [26]. A Tg of 715 �C
and a crystallization temperature of 944 �C were reported.
However, a slight difference in the composition was
adopted in this study to improve the thermal stability of
the Nb40 glasses. The amount of P2O5 was increased whilst
the amount of K2O was decreased, which resulted in an
increase in both transition and crystallization tempera-
tures. The glass transition temperature determined by the
DTA curve (shown in Fig. 1) is 783 ± 5 �C and the crystal-
lization peak is located at 990 ± 5 �C. By knowing the tran-



Fig. 2. X-ray diffraction pattern of the powdered Nb40 glass foam.

Fig. 3. FTIR spectra of the powder (treated at 780 �C for 36 h) and the
monolithic Nb40 parent glass.
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sition temperature, it is possible to optimize the processing
conditions for producing the glass foams.

Fig. 2 shows the X-ray diffraction pattern of the pow-
dered foam after the thermal treatment. The glass foam
consists of an amorphous phase, characterized by two
halos centered in 2h = 30� and 55�, respectively, and
Fig. 4. Optical photograph of the s
its XRD pattern shows the absence of sharp peaks that
could be related to crystalline phases. Surface crystalliza-
tion could not be detected by XRD, which typically
detects crystalline phases in concentrations higher than
1.5 wt%.

The FTIR spectra of the Nb40 glass (powder and mono-
lithic) are shown in Fig. 3. The powder was heat treated at
780 �C for 36 h to promote crystallization. The monolithic
glass was not crystallized and exhibits no defined bands due
to the absence of periodicity, characteristic of an amor-
phous material. The glass powder bands exhibited smaller
widths compared to those of the monolithic glass with no
differences in their positions, which suggests that after heat
treatment, the sample retained its local structure [32]. Most
of the IR bands have been previously identified. IR bands
located at 1228, 990, and 910 cm�1 have been assigned to
P@O stretching, the (PO4)3� ionic group and P–O–H bend-
ing, respectively [33,34]. Bands located at 740–714 cm�1 are
assigned to P–O–P stretching vibration. Bands located at
584– 630 cm�1 are assigned to O–Nb vibration. The bands
at 530–510 cm�1 are related to P–O–P stretching vibra-
tions, or harmonics of bending O–P–O and O@P–O bond-
ing [33,34].

3.2. Foam characterization

Fig. 4 shows optical micrographs obtained by optical
microscope, evidencing visual aspects of the surface of
the Nb40 glass foam. A surface characteristic of a foam
structure is clearly seen in Fig. 4(a). In Fig. 4(b) a slightly
reflective surface characteristic of a glassy surface can be
seen. The pores are uniformly distributed on the glass sur-
face. The open, interconnected porosity of the foams lies in
the range of 85–90 vol.%, with an apparent density of 0.4–
0.5 g/cm3.

Fig. 5 shows the SEM micrographs of the Nb40-glass
foam. The glass foam exhibits a relative non-homogeneity
in pore morphology, characterized by cell wall discontinu-
ity on the surface (Fig. 5(a)). Large voids (up to 1 mm) can
be seen within the small pores (0.2–0.5 mm), forming a
mixed pore network. Additionally, the pores of the foam
are mostly open and interconnected.
urface of the Nb40 glass foam.



Fig. 5. SEM micrographs of the glass foam. (a)–(d) Show different magnitudes of the same sample.
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4. Discussion

By heating the material above the Tg, a significant defor-
mation of the original polyurethane foam structure is
observed, which explains the observed elongated pore mor-
phology in Fig. 5(a) and (b). The struts showed the neck
formation between particles, evidencing the initial stage
of sintering (Fig. 5(c)). Surface crystallization also
occurred, evidenced by the presence of small crystals on
the strut surface (Fig. 5(d)). The crystal nuclei exhibit sizes
of approximately 2–5 lm and are homogeneously distrib-
uted on the surface of the struts with a density of approx-
imately 1.1 · 107 nuclei/mm2, which is one order of
magnitude lower than the density reported by Ghussn
et al. [35]. Surface crystallization is less critical than volume
crystallization with regard to the effects caused by possible
defects arising from the devitrification process if the glass
foam is intended to be used for nuclear waste immobiliza-
tion. However, a compromise between the densification
and crystallization temperatures must be found without
losing the mechanical strength of the foams.

5. Conclusions

Niobium phosphate glass foams with interconnected
pores and high porosity (90–95%) were obtained by the poly-
meric foam method. This method allowed the partial replica-
tion of the original polyurethane foam structure. The glass
foams consist mainly of an amorphous phase. Dense struts
with minor surface crystallization were obtained by sintering
the parent glass particles. Niobium phosphate glasses with
controlled porosity can be used as scaffolds in biomedical
applications, filters and porous hosts for liquid nuclear waste
after sealing.
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