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ABSTRACT

Eight borosilicate glasses with LaBS and ABS compositions containing plutonium and/or hafhium as a
plutonium surrogate were prepared in Pt ampoules (Pu-bearing) and alumina or Pt crucibles (Hf-bearing)
and characterized by X-ray diffraction, optical and scanning electron microscopy, infrared and Raman
spectroscopy. Hf-bearing LaBS glasses were found to be amorphous whereas Pu-bearing glasses
contained trace of plutonium dioxide and britholite. Hf and Fe bearing ABS glasses contained minor
spinel structure phase. As followed from optical and SEM studies Hf-bearing LaBS glasses were more
homogeneous than Pu-bearing and ABS glasses. The structure of the anionic motif of the glasses
investigated by IR and Raman spectroscopy is typical of the glasses with relatively low silica content.

INTRODUCTION

Actinide oxides normally have low solubility in borosilicate glasses. Solubility limit for PuO, in a sodium
trisilicate glass is ~8 wt.%. Maximum PuO, and AmQO, concentrations in complex borosilicate glasses
were found to be about 2 wt.%. Solubility limits decrease with increasing atomic number and decreasing
ionic radius at the same valence [1]. Due to low PuO, and AmO, solubility in conventional borosilicate
glasses to increase Pu/Am-bearing wastes loading special compositions of the glasses were designed [2-
11] or melting under reducing conditions to convert Pu(IV) to Pu(l1l) was suggested [12]. The alkali-tin-
silicate, ATS [2] and lanthanide-borosilicate, LaBS [3,4] glasses are capable to dissolve up to ~10 wt.%
PuO, without its segregation in a separate phase. Higher PuO, solubility as compared to conventional
borosilicate waste glasses may be due to modification of the glass network caused by the incorporation of
larger-sized lanthanide cations. The melting temperature of the ATS glass is the same as of conventional
borosilicate waste glasses (~1100 °C); whereas, the melting point for the LaBS glass is much higher
(~1400 °C). The LaBS-type glasses were developed for immobilization of the (Am,Cm)-containing
Savannah River Plant waste. They are produced by melting an ABS frit and lanthanide and actinide
oxides [5]. LaBS glasses are more durable in water solutions than conventional borosilicate glasses [6].

There is limited information about the structure of the LaBS glasses. It has been found that the as-
prepared glasses may contain trace of undissolved PuO, [13] and britholite [14-16]. Thermal treatment at
1250 °C and even storage at room temperature for 1 year and longer time resulted in crystallization of
PuO,-HfO, solid solution [13] and extra PuO, and britholite [14- 16]. Pu in LaBS glasses is
predominantly tetravalent [17] and being partitioned between vitreous and crystalline phase (mainly
PuQ,) has different co-ordination environment which can be also varied in time [16,17].

Hf(1V) is used as both a neutron absorber and a surrogate for Pu(1V). In sodium boro-alumino-silicate
glasses with molar Na,O>Al,O;, i.e., peralkaline glasses, the solubility limit of hafnia is linearly and
positively correlated with excess sodium, represented by Na,O/(Na,O+Al,0s3) or Na,O/Al,O; and
maximum HfO, content was found to be ~16 mol.% [18].
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In the present work we continue our study of the structure of the LaBS glasses [13-17] using both actual
Pu and Hf as its surrogate.

EXPERIMENTAL

Frit compositions for Pu immobilization were designed at Savannah River National Laboratory [11].
Target chemical compositions of the glasses studied are given in Table I. The glasses #1 and #3 contained
actual Pu whereas the others — Hf as a Pu surrogate.

Table I. Target Chemical Compositions of the LaBS Glasses.

) _ ) ) _ ) ) ) ) ) ) _ Frit ABS | Frit ABS
Frit X with| Frit X with | Frit X with | Frit X with | Frit Awith | Frit Awith| with HfO, | with HfO,
Oxides | PU©2 (1)| HfO;(2) | PuO:(3) HfO, (4) HfO, (5) | HfO, (6) @) (8)

mol.%|wt.%mol.%| wt.%|mol.%]| wt.%|mol.%| wt.% mol.%| wt.% |mol.%|wt.%|mol.%|wt.%|mol.%|wt.%

Li,O - - - - - - - - - - - - 110814910950
B2O; |21.811.8)21.8|120|224 (124|224 |125|16.2|108] 165 |11.2| 56 |59 | 56 |6.0
Na,O | - - - - - - - - - - - - 1146 113.8| 14.7 |140
AlbO; | 114 190|114 92 |118| 95 | 118 | 96 | 20.3|19.8|20.7 |20.7| 57 |88 | 57 |89
Si0, |39.1(181139.1|18.6 399 |19.0]39.9|19.2|468 |27.0|47.7|28.0|53.7 [49.1]| 53.9 |49.7
CaO - - - - - - - - - - - - 124 120 23 |20
MnO - - - - - - - - - - - - 11912018 |20
Fe,0; | - - - - - - - - - - - - | 49 |119| 49 |120

SrO | 29 |23]29 |24 |29 | 24|29 |24 |24 |24 |24 (24| - - - -

ZrO, - - - - - - - - 11012 1 12| - - - -

La,O; | 68 |17.2) 68 |175| 70 |181| 7.0 |183| 3.7 |114| 3.8 |119| - - - -

Nd,O; | 5.2 |13.6] 52 | 138 | 53 |143| 53 | 144 | 37 |119| 3.7 |124| - - - -

GdyO3 | 44 |12.2) 44 |126| 45 |128| 45 |130]| 23 | 80 | 23 |83 | - - - -
HfO, | 3.9 |63| 84 |140| 40 | 6.7 | 63 |10.7| 37 | 75| 19 38|05 |16]| 01 |04

PuO, | 45 |95| - - 123 50| - - - - - - - - - -
Sums ]100.0/100./100.0/100.0/100.0/100.0]/100.0{100.0/100.0]|100.0|100.0100.0] 100.0]100.0; 100.0 |100.0

Glasses were prepared from reagent-grade Al,O3, H3BO;3, SiO,, La,03, Nd,03, Gd,03, CaCOj3, SrCOs3,
Zr0,, HfO,, MnO, Fe,03, LIOH-H,0, NaNO3. Chemicals were intermixed in an agate mortar and
mechanically treated/activated in an AGO-2U planetary mill. Pu-bearing samples were produced from
mechanically activated precursor impregnated with a plutonium nitrate solution followed by drying of the
mixture under infrared (IR) lamp and calcining in a Pt crucible at a temperature of 600 °C for 3 hrs. The
Hf-bearing mixtures in amount of ~10 g each were charged in either alumina or platinum crucibles which
were heated in a resistive furnace to a temperature of 1500 °C at a rate of 10 °C/min followed by keeping
for 30 min and quenching of the melts onto a stainless steel plate.

The Pu-bearing calcines in amount of ~500 mg were filled in Pt ampoules, which were sealed and heated
in a resistive furnace using same regime as for the Hf-bearing mixtures. Then ampoules were removed
from the furnace and cooled down to room temperature in air.

The glasses produced were examined with X-ray diffraction (XRD) using a Rigaku D/MAX-2200
diffractometer (Cu Ka radiation), optical microscopy using an OLYMPUS BX51 polarizing microscope
(polished sections were prepared by smoothing on rotating mechanical disc using abrasives with grain
size from 0.105 to 0.003 mm followed by polishing with a felt), scanning electron microscopy (SEM)
using a Tescan Vega Il XMU unit with an INCAXx-sight energy dispersive X-ray (EDX) spectrometer, IR
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spectroscopy using a modernized 1KS-29 spectrophotometer (compaction of powdered glass in pellets
with KBr), and Raman spectroscopy using a Jobin Yvon U1000 spectrophotometer (excitation
wavelength is 514,4 A).

RESULTS
XRD

As follows from XRD patterns (Figure 1) the as-prepared glasses ##2 to 6 produced in Pt crucibles are
fully amorphous. The glass #1 with ~9.5 wt.% PuO2 contains minor crystalline PuO2 and trace of
britholite but their amounts are lower than those found in the samples studied in our previous works [13-
15] due to higher cooling rate. The glasses ## 2, 4, 5 and 6 produced in alumina crucibles were also
amorphous. The Fe-bearing samples ## 7 and 8 produced in both Pt and alumina crucibles contain minor
spinel structure phase with a chemical composition close to magnetite as it is seen from location of the
strongest reflections at d311 = 2.512-2.513 A, d220 ~2.961 and d400 ~ 2.100.

I/lo

10 20 30 40 50 60 70

Nanrane 2-thata

Figure 1. XRD patterns of the glasses.
1-8 — Glass ID in Table I, B - britholite, P — PuO,, S — spinel.
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Optical and electron microscopy

Optical microscopic images demonstrate high homogeneity of the samples ## 2, 4, 5 and 6 produced in
both Pt and alumina crucibles (Figure 2). The glasses are visually transparent and have light-lilac color
with a typical conchoidal fracture. They are clear and uniform in transparent microsections (Figure 2,
1,3,6,7) and isotropic in crossed Nichols (Figure 2, 2,4,5). In crossed Nichols low double refracting
elongated or cross-like areas on the background of isotropic glass rarely occur. They are characterized by
non-uniform wavy extinction. These areas may be suggested to be crystallites formed at the initial stage
of glass devitrification. Major optical difference between crystallites and crystals are blurry contours and
non-uniform wavy extinction at rotation of microscope’s table at crossed Nichols. The microsections of
all the glasses are threaded with fractures pointing to high mechanical stresses in glasses.

Figure 2. Optical Microscopic Images of the Glasses ##2 (1,2), 4 (3,4,5), 6 (6), 7 (7,8,9,10), and 8 (11,12)
in Parallel (1,3,6,7,9,11) and Crossed Nichols (2,4,5,8,10,12). Glass ID is given in Table I. Scale bars are
given in microns.
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The quenched glass #7 demonstrates uniform texture in its bulk (Figure 2, 7,8) whereas near-surface zone
of same glass has layered structure and irisation pointing to formation of very fine crystals (crystallites)
with a size of <100 nm (Figure 2, 9). The layers are different in color which varies from light-brown to
dark-brown, nearly black. Some layers are occasionally split and crop out.

“Web” of microfractures testifies about high residual mechanical stresses in the glass. In crossed Nichols
there are fine inclusions which are lighter than darker, nearly black, background and can be attributed to
microcrystals of spinel (Figure 2, 10).

The glass #8 is rather uniform (Figure 2, 11,12). Layered texture is not clearly appeared but brown bands
on the background of light-brown glass are quite discernible. Similarly to the previous sample a “web” of
microfractures points to high stress in the glass.

SEM images demonstrate good agreement with optical microscopy data. While the glass #1 contains
minor pyrochlore and/or britholite (Fig. 3, 1) the glasses ## 2, 4, 5 and 6 were found to be fully
homogeneous (Figure 3, 2-4). Fine defects arose at polishing. As seen from Table I, the glasses with
relatively low target Al,O3 content produced in alumina crucibles are enriched with Al,O; due to its
dissolution in borosilicate melts. For the high- Al,O; glasses the difference between the target and actual
Al,O; contents is negligible. The glasses produced in Pt crucibles have chemical composition close to the
target one.

Figure 3. SEM Images in Backscattered Electrons of the Glasses ## 1 (1), 2 (2), 5(3), 6 (4), 7 (5), and 8
(6) Produced in Platinum Crucibles.
Glass ID is given in Table I. Scale bars are given in microns. P — pyrochlore/britholite, S — spinel.

Glasses #7 (Figure 3, 5) and #8 (Figure 3, 6) are less uniform. In both the glasses the vitreous matrix is
rather homogeneous but fine individual and chain-type aggregated white inclusions also occurred. They
may be assigned to crystals of the spinel phase occurred in the samples and that was confirmed by XRD
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data. Precise determination of chemical composition of the spinel crystals is impossible due to small
crystal size and only bulk chemical composition may be determined (Table I1). Similarly to the glasses
##2, 4, 5, 6 extra Al,O; is present in the glasses produced in alumina crucibles due to Al,O, dissolution in
borosilicate melts. Oxide concentrations in the glasses produced in platinum crucibles are close to the
target values and the glasses are more homogeneous. Thus, glasses with relatively low Al,O, content
cannot be produced in alumina crucibles and require platinum crucibles for their preparation.

Table I1. Chemical Compositions (wt.%) of Glasses #2, #6, #7 and #8 Produced in Alumina (Al) and
Platinum (Pt) Crucibles Determined by EDX.

2 6 7 8
Oxides Target | Al Pt |Target| Al Pt |Target| Al Pt |Target| Al Pt
Li,O* - - - - - - 49 | 46 | 49 | 50 | 47 | 50
B,Os* 120 | 48 | 117|112 | 73 | 109 | 59 | 56 | 59 | 6.0 | 56 | 6.0
Na,O - - - - - - 13.8 | 10.0 | 13.8 | 14.0 | 10,5 | 13.9
Al,O; 92 | 237 | 93 |20.7 (225|209 | 88 | 278 | 89 | 89 | 269 | 9.0
SiO; 186 | 18.7 | 18.7 | 28.0 | 33.5 | 28.1 | 49.1 | 39.1 | 49.2 | 49.7 | 40,7 | 49.7
CaO - - - - - - 20 | 16 | 20 | 20 | 1,7 | 20
MnO - - - - - - 20 | 16 | 21 | 20 | 14 | 20
Fe,O, /FeO - - - - - - 119 | 83 | 120 | 120 | 8,0 | 121
SrO 2.4 17 | 24 | 24 | 29 | 24 - - - - -
ZrO; - - - 12 | 14 | 13 - - - - -
La,O; 175 | 1565 | 176 | 119 | 11.1 | 120 - - - - -
Nd,O3 138 | 11.6 | 13.8 | 124 | 106 | 124 - - - - -
Gd,0, 126 | 114|126 | 83 | 7.2 | 83 - - - - -
HfO, 140 | 126|139 | 38 | 35| 39 | 16 | 13 | 16 | 04 | 06 | 05
Sums 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.4 | 100.0 | 100,0 | 100.2

* Li and B are not determined by EDX; for glasses #2 and #6 B,O3 concentrations were calculated by
difference 100% - Sum of other oxides; for glasses #7 and #8 the target values are given.

IR and Raman Spectroscopy

IR spectra of the glasses produced in Pt crucibles are shown on Figure 4. In the spectra of both glasses
weak absorption bands due to absorbed or crystallized water in the high wavenumber range (vas ~3400-
3600 cm™ and vs ~1600-1650 cm™) are present. Weak absorption around 2800-2900 cm™ is due to
vibrations of hydrogen bonds (Figure 4, left).

Within the range lower 1600 cm™ strong absorption bands are due to vibrations of the chemical bonds in
the anionic motif of the glass network (Figure 4, right). IR spectra of all the glasses studied within this
range consist of strong broad bands at 850-1200 cm™ and 400-600 cm™ and weaker bands at 1200-1500
cm™ and 600-800 cm™. The bands are split into several components due to superposition of the bands
caused by major vibrations in various silicon-oxygen, boron-oxygen, and aluminum-oxygen groups in
vitreous phase and minor vibrations of the bonds in crystals. This splitting is mostly typical of the spectra
of glasses ## 1-3 (Figure 4).
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Figure 4. IR Spectra of the LaBS Glasses Produced in Pt Crucibles. 1-8 — Glass ID in Table I.

Maximum of the band within the range of 800-1200 cm™ in IR spectra of the materials with Frits X, A
and ABS is positioned at about 1000 cm™, 1030-1040 cm™, and ~970 cm™, respectively. At that, this band
in spectra of the glasses with Frit X is multicomponent (mainly in spectra of the glasses ##1-3), with Frit
A consists of two major components at 1030-1040 cm™ and 940-945 cm™, and with Frit ABS is nearly
structureless.
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Within the range of 1200-1500 cm™ in IR spectra of glasses with Frit X the band with a maximum near
1400 cm™ is stronger than that of 1250-1270 cm™ whereas in spectra of glasses with Frit A the latter
looks like a shoulder and in spectra of the materials with Frit ABS its intensity is comparable with that of
higher wavenumber band.

Raman spectra of all the glasses produced in Pt crucibles except glass #1 (Figure 5) contain strong bands
within the range of 850-1150 cm™ with maxima at 950-970 cm™ and lower 700 cm™ due to stretching and
bending modes in SiO, tetrahedra and weaker bands at 1300-1500 cm™ due to stretching modes in BO3
and complex borate groups [19-22]. Raman spectra of Pu- bearing glass #1 and, in much less extent, glass
#3 contain the bands including the strongest band with a maximum at 844-850 cm™ typical of
orthosilicate units in the apatite structure [23-25]. The band at 850-1150 cm™ in the spectra of the glasses
#7 and #8 prepared using Frit ABS is markedly asymmetric. Moreover a weak absorption within the range
of 700-800 cm™ is present (Figure 5, 7, 8).

) 955 950
1180
w N

Intensity (Arb. Units)
970

200 400 600 800 1000 1200 1400
Raman Shift (cm-1)

Figure 5. Raman Spectra of LaBS Glasses Produced in Pt Crucibles.
1-8 — Glass ID in Table I, B — britholite
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DISCUSSION

All the materials studied are mainly amorphous and homogeneous and may be considered as glasses. Pu-
bearing glasses produced using Frit X (#1 and #3) contain minor britholite and PuO, or PuO,-based solid
solution. HfO, is higher soluble in borosilicate melts than PuO, [1-11] and no crystalline phases in the
HfO,-bearing glasses have been found.

In both IR (Figure 4) and Raman spectra (Figure 5) of the glasses the wavenumber ranges of 1300-1500
cm™ (with a maximum at ~1370 cm™) and ~1230-1270 cm™ are typical of vibrations in the boron-oxygen
groups with trigonally coordinated boron (boron-oxygen triangles BO3) [19-22,26-30]. These bands were
attributed to components of twice degenerated asymmetric valence v, O—B—0 vibrations (stretching
modes). The band with components 720 and 655-657 cm™ are due to twice degenerated asymmetric
deformation 5(v,) O—B—0 vibration (bending modes) [19]. Stretching v; O—B—0O modes at ~805-810 cm’
! are inactive in IR spectra but observable in Raman spectra [20] and may associate with the edge of the
band at 800-890 cm™ in the Raman spectrum of the Pu-bearing LaBS glasses. The shoulder at ~500 cm™
and the band with a maximum at ~467-470 cm™ are components of 8s (v,) O—B—0 bending modes. Their
appearance exhibits distortion of BO; units linked in network.

Strong absorption in both IR and Raman spectra within the range of 850-1150 cm™ is caused by
asymmetric v vibrations in silicon-oxygen units linked to zero (850-900 cm™), one (~900-950 cm'™), two
(~950-1000 cm™), three (~1000-1050 cm™) and four (>1050 cm™) neighboring SiO, tetrahedra (Q°, Q*,
Q% Q° Q* respectively) [21,22] and, in less extent, BO, tetrahedra (1030 cm™). The bands in IR spectra
at ~595, ~460 and 432 cm™ are due to bending modes in the SiO, units. The bands due to vibrations of
Al-O bonds in AlO, units are positioned within the range of 700-850 cm™ [31] and overlapped with
strong bands due to vibrations of B-O and Si-O bonds.

Both IR and Raman spectra of the glasses based on Frit A demonstrate dominance of meta- (Q%) and
pyrosilicate (Q") units in their structure and major ternary-coordinated boron whose units form local
structures having a tendency to chemical ordering. Fraction of ternary- coordinated boron increases at low
Al,O3 content, when both Al and B become tetrahedrally coordinated for oxygen [32]. The band with a
maximum at ~650-750 cm™ is a characteristic of [AlO,] units [20,30]. Moreover Raman spectrum of the
glass #1 demonstrates appreciable contribution of the spectrum due to britholite whose occurrence in the
sample was revealed by XRD.

IR spectra of the glasses ##7 and 8 with high Fe203 content are similar to those of borosilicate glasses for
immobilization of Savannah River Site SB2 and SB4 high level waste surrogates [33,34]. The anionic
motif of these glasses is built from meta- and shorter pyrosilicate chains with minor fraction of [SiO,]
units with higher degree of connectedness (the band at ~1025 cm™). The splitting of the band in this range
may also be due to the effect of highly charged cations (Fe**, AI**). Occurrence in the IR spectra of these
glasses the band with a maximum at 535-555 cm? due to vibrations of Fe**-O bonds, which is absent in
the spectra of Fe-free glasses ##1-6, and splitting of the band at 400-500 cm™ testifies in favor of
contribution from vibrations in the structure of fine spinel crystals. Stretching vibrations of Ln-O bonds
positioned at 450-480 cm™ [35,36] probably make some contribution to the band at 400-500 cm™ and
these are overlapped with stronger bending modes in SiO, tetrahedra.

In silicate glasses the Ln** ions act as network-modifiers increasing the fraction of SiO, tetrahedra with
the lower number of bridging oxygens thus resulting in depolymerization of glass network [37,38]. In
borosilicate glasses Gd** ions increase the fraction of the BO; units and first partition to the borate-rich
environment following by excess Gd cations enter silicate-rich one [39]. In the Frit X and Frit A based
glasses total Ln,O3 concentration reaches ~45 wt.% (~17 mol.%) and ~32 wt.% (~10 mol.%),
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respectively, therefore Gd** (and probably La** and Nd**) ions are linked with both boron-oxygen and
silicon-oxygen fragments of the glass network. This is in good agreement with data of our previous work
for Pu [16] and a model suggested in [22].

On the whole, the glasses based on Frit X are the most structured and have a tendency to chemical
differentiation with formation of chemically and structurally ordered microareas as it is seen from the
splitting of absorption bands in IR spectra. Storage of these glasses in air for ~3 yrs resulted in surface
devitrification with segregation of the britholite and PuO,-HfO, solid solution phases especially in glass
#3 [17]. Glasses produced with Frits A and ABS have higher polymerized network.

CONCLUSION

Glasses for Pu immobilization were prepared using three Frit compositions: REE,Os- bearing
aluminoborosilicate Frit X, high-Al,O; REE,Oz-bearing aluminoborosilicate Frit A, and lithium-sodium
borosilicate Frit ABS. The as-prepared Frit X based glass with 9.5 wt.% PuO, (#1) contained trace of
PuO, and britholite, the Frit X and Frit A based glasses ## 2-6 were fully amorphous, although glass #3
(5.0 wt.% PuO,) may contain trace of PuO, and britholite as well. Glasses ##7 and 8 (Fe-bearing)
produced using Li-Na-B-Si Frit ABS contained minor spinel structure phase or crystallites formed at the
early stage of crystallization. HfO, seems to be some more soluble in borosilicate glasses than PuO, and
Hf-bearing glasses were found to be more homogeneous than the Pu-bearing at the same molar oxide
concentrations of HfO, and PuO,. Incorporation of Fe,O; in the LaBS glasses results in textural non-
uniformity of the glasses and formation of microcrystals of magnetite-type spinel. As follows from IR and
Raman spectra the glasses based on Frit X are the most structured and have a tendency to chemical
differentiation with formation of chemically and structurally ordered microareas as it is seen from the
splitting of absorption bands in IR spectra. Raman spectrum of the glass with the highest PuO, content
demonstrates appreciable contribution of the spectrum due to britholite. The glasses based on Frit A are
much more homogeneous; glasses based on Frit ABS have compositionally uniform matrix with minor
fine spinel crystals distributed within its bulk and their anionic motif is closer on structure to borosilicate
glasses containing high-Fe SRS SB2 and SB4 surrogates
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