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h i g h l i g h t s

� Nd2O3ACaOAFe2O3AP2O5 glass was investigated by hardness, infrared and Raman spectra.
� Homogeneous glasses were obtained within 10 mol% Nd2O3 additions.
� Hardness showed that Nd2O3 strengthened the crosslinking of the glass network.
� PAOANd bonds enter the pyrophosphate structure by replacing Q1 terminal oxygen.
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a b s t r a c t

Homogeneous glasses of the xNd2O3A(100 � x)(12CaOA20Fe2O3A68P2O5) system were obtained within
the 0 6 x 6 10 mol% composition range. The density and molar volume measurements helped to under-
stand the structural changes occurring in these glasses. Vickers-hardness results showed that addition of
Nd2O3 strengthened the crosslinking of the glass network. Spectra analysis indicated that Nd2O3 enters in
the structure of the phosphate glasses as a network modifier. The depolymerization of the glass network
by the addition of Nd2O3 is characterized by the increase in the concentration of pyrophosphate. The
decrease of the Q1 terminal oxygen with increasing Nd2O3 content indicated that PAOANd bonds partic-
ipated in the pyrophosphate glass structure, determined from the Raman spectra.

� 2014 Elsevier B.V. All rights reserved.

Introduction

In the nuclear field, vitrification is a worldwide recognized
method to confine the highly radioactive nuclear liquid wastes
arising from spent nuclear fuel reprocessing, which includes fission
products and minor actinides [1,2]. Iron phosphate glasses with the
40Fe2O3A60P2O5 (mol%) composition, alternative host matrices to
be used as radioactive waste immobilization, were found to have
the better chemical durability, compositional flexibility, higher
waste loading and lower melting temperatures than borosilicate
glasses [3–5]. Calcium phosphate glasses have distinct advantages
over the borosilicates for nuclear wastes disposal, which is due to
their low melting temperature and melting time, and low viscosity
in the temperature range of 800–1000 �C [5,6].

Recently, the CaOAFe2O3AP2O5 system, called base glass, has
been known and studied for vitrifying certain high-level nuclear
wastes [7,8]. Spectroscopic studies have shown that iron ions in
the calcium iron phosphate glasses can form stable PAOAFe cova-
lent bonds, and calcium ions can form PAOACa covalent bonds and
the non-bridging oxygen (PAO� Ca2+ �OAP) ionic cross-links, and
accordingly increase chemical durability [4,8,9].

In radioactive waste forms, trivalent lanthanide ions (such as
Nd3+ ions) are good surrogates only for the heaviest transuranic
elements occurring in high level waste (HLW) such as Cm and
Am [10,11]. Indeed, these two actinide elements have cation radii
r similar to the one of Nd3+ ion (for instance, in sixfold coordina-
tion: r(Am3+) = 1.09 Å and r(Nd3+) = 1.109 Å [12]). On the other
hand, rare earth glasses are well known for their superior proper-
ties, such as hardness, thermal characterization, especially, chemi-
cal durability, owing to higher field strength than traditional
network modifier cation [13,14].

Chouard et al. [15] investigated the effect of neodymium
addition (from 0 to 3.54 mol% Nd2O3) on the structure of SiO2AB2-

O3AAl2O3ANa2OACaOAMoO3 system for the vitrification of
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high-level radioactive wastes, the results showed that neodymium
acted as a network modifier and generated a depolymerization of
the glassy network. Quintas et al. [16] found that the neodymium
ion in aluminoborosilicate glass was surrounded by 7–8 non-bridg-
ing oxygens (NBO), and every NBO was charge compensated by
2–3 alkalis and alkaline-earths (Ca2+). However, little work has
been done to identify the effects of neodymium oxide addition
on the structure of calcium iron phosphate glasses. In the present
work, to investigate the effect of the Nd2O3 content on the struc-
ture of calcium iron phosphate glasses in detail using X-ray powder
diffraction (XRD), density, Vickers-hardness, Fourier transformed
infrared spectra (FT-IR) and Raman spectra.

Experimental procedure

Preparation of glass samples

Glasses with molar composition xNd2O3A(100 � x)
(12CaOA20Fe2O3A68P2O5), x = 0, 2, 4, 6, 8, 10, 12 mol%, were
prepared by reacting neodymium oxide (99.9%), calcium oxide, fer-
ric oxide and ammonium phosphate monobasic. After thorough
mixing the powders were introduced in corundum crucibles, in or-
der to prevent the excess boiling and consequent spillage, water
and ammonia in ammonium phosphate monobasic were removed
initially by preheating it at 220 �C for about 2 h and then the elec-
tric furnace was raised to 1250 �C (heating rate was 10 �C min�1),
and samples were melted at 1250 �C for 3 h. The melts were then
poured into preheated steel molds, and moved quickly to an
annealing furnace, annealed at 475 �C for 2 h and cooled down to
room temperature more than 12 h. Samples for property measure-
ments were cut from the ground.

Structural investigation

XRD analysis was performed on samples employing a X-ray dif-
fractometer (PANalytical X’Pert PRO, The Netherlands). The 2h
scans were made between 5� and 80� with step width of 0.03�
and utilized Cu Ka radiation (k = 1.5405 Å). Preparation of the sam-
ples used a simple top pack loading method for an acquired
smooth surface.

The density, D, of each glass was measured at room temperature
using the Archimedes method with water as an immersing liquid.
The sample weights varied between 3 and 4 g, and the measured
densities were reproducible within 0.03 g cm�3. The molar volume
(Vm) was calculated using the relation Vm =

P
(XiMi)/D, where xi is

the molar fraction and Mi is the total molecular weight of the com-
ponent. The composition of the prepared glass were used for the
calculation of Vm.

The Vickers-hardness was measured using a Hv-1000A hard-
ness tester equipped with a conical Vickers indenter at a load of
0.3 kgf for 13 s. The absolute hardness values were calculated auto-
matically according to the well known formula and expressed in
conventional units HV, HV = 2Fsin(a/2)/d2 = 1.8544F/d2, where d
is the average of two indentation diagonals in mm, F is the loading
force in kgf and a is the diamond pyramid edge angle in 136�. The
hardness was determined from the mean value of 8 indentations.
Hence the errors on the measured values correspond to the stan-
dard deviation is about 3%.

The infrared spectra of the samples were measured from 400 to
2400 cm�1 using a Spectrum One FT-IR spectrometer (Perkin–El-
mer, USA) and the KBr standard pellet method. Glass pellets were
prepared by mixing about 2 mg powder with 200 mg dried KBr
powder and compressing the resulting mixture in an evacuated
die. The accuracy of this technique is estimated to be ±4 cm�1.

Raman spectra at 300–1600 cm�1 were collected from glass
powders using the InVia Raman Microscope (Renishaw, UK) at
room temperature. The Raman spectra were excited by 514.5 nm
light from an argon ion laser. The spectral resolution was about
1–2 cm�1 and the wavenumber accuracy was 0.2 cm�1. Six multi-
ple measurements per sample were done to check for the potential
micron-range heterogeneity and for the effects of sample orienta-
tion; both have not been found, as it would be expected for a nearly
homogeneous glass sample.

Because the majority of the bands are large and asymmetric,
presenting also some shoulders, a deconvolution of the experimen-
tal spectra was necessary. This fact was made with ORIGIN 7.5

Fig. 1. XRD patterns of xNd2O3A(100 � x)(12CaOA20Fe2O3A68P2O5) glasses.

Table 1
The density, mole volume and Vickers-hardness of the studied glasses.

Physical parameters Nd0 Nd2 Nd4 Nd6 Nd8 Nd10

D (g/cm3) 2.82 2.91 2.99 3.07 3.21 3.23
Vm (cm3/mol) 47.94 47.92 47.90 47.81 47.13 47.92
Vickers-hardness (kgf/

mm2)
470 486 511 523 533 540

Fig. 2. IR spectra of xNd2O3A(100 � x)(12CaOA20Fe2O3A68P2O5) glasses.
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