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ABslRAa 
Transmission electron microscopy (TEM) has been used to determine the 
microstructure of crystalline phases present in zirconium- and titanium- 
bearing glass crystalline composite (GCC) waste forms. The GCC materials were 
found to contain spinels (maghemite), zirconolites, perovskites (CaTiO3); and 
plagioclase feldspar (anorthite) mineral phases. The structure of the uranium- 
and cerium-bearing monoclinic zirconolite was characterized by medium 
resolution TEM imaging and electron and X-ray diffraction (XRD). The phase 
was found to contain high levels of iron in comparison to Synroc-type 
zirconolites. Excess zirconium in zirconolite has resulted in martensitic 
baddeleyite (2r02) formation. Anorthite (CaA12Si208) was present as elongated 
crystallites within a calcium-rich aluminosilicate glass. Lead-and iron- bearing 
precipitates were occasionally observed within the anorthite lying along distinct 
crystallographic planes. 

INTRODUCTION 
Immobilization of radioactive wastes with very high metal contents by 
vitrification will not always result in a homogeneous glass. Vitrification of 
wastes from the Idaho National Engineering Laboratory, Fernald, and the Oak 
Ridge K25 site may produce glass waste forms containing significant quantities of 
crystalline phases [I]. The crystals that form during vitrification may 
incorporate radionucldies and hazardous elements and also influence glass 
durability; therefore, these phases need to be identified. The crystalline and 
glassy components of these glasses were examined by TEM, which is a powerful 
tool for examining the structure and composition of microcrystalline phases. A 
series of GCC waste forms have been prepared at Argonne National Laboratory and 
are being evaluated for their potential use in the disposal of low-level nuclear 
and hazardous waste materials. The details of the formulation, preparation, and 
durability have been presented by Wronkiewicz et al. elsewhere [2]. 

The object of this paper is to describe the TEM microanalysis of a limited 
number of crystalline phases in GCCs and how this microstructural information 
can be used for process optimization. 



BPERIMENTAL MEMOD 
In earlier studies GCCs were examined by scanning electron microscopy and XRD 
[2]. However, these techniques do not have sufficient resolution to make positive 
identifications of many of the sub-micron-sized crystalline phases present in 
GCCs. In the present study, glass samples were prepared for TEM by three 
methods: ion milling, ultramicrotomy, and dispersion of crushed GCC on a holey 
carbon grid. Each method yielded a different type of information. Ion milling 
preserves some of the details of the microstructure and allows observation of the 
defects and stacking faults within the crystal. However the method is time 
consuming and is not amenable to examining all phases and it is more difficult to 
locate regions of interest in a polyphase material. In addition, differential 
thinning rates are problematic. Generally, thinning rates decreased 
approximately as glass > anorthite > zirconolite=maghemite. Ultramicrotomy is 
more precise in that specific phases can be extracted. Crushing the samples 
provides a larger number of different types of particles, and is good for quickly 
determining the variety of phases in the sample, but only a small fraction of the 
particles are electron transparent. Samples prepared by a combination of these 
methods were analyzed on a JEOL 2000 FXll TEM that includes X-ray energy 
dispersive spectroscopy (EDS) and a charged couple device (CCD) camera for 
real-time low intensity observation. Analysis of electron diffraction patterns 
was assisted by using computer simulations from Virtual Laboratories 
DesMopMicroscopist and the XRD data bases. 

RESULTS AND DISCUSSION 
A number of examples of the analysis of crystalline phases in GCC waste forms 
will be discussed. In the first sub-section TEM and XRD was used to examine the 
structure of zirconolite in three GCCs, termed G2, G9, and G10. Each of these 
materials contained zirconium and titanium. Details of the composition of these 
materials are given by Wronkiewicz et al. [2]. In the second sub-section, the 
microstructure of feldspar and lead-bearing phases from G9 is discussed and in 
the last section the formation of a zirconium-rich phase is described. G9 and G2 
crushed samples were analyzed by TEM. These GCC waste forms were found to 
contain spinel (mainly maghemite), zirconolite, perovskites (calcium titanate 
with some cerium), and anorthite. There were also some minor zirconium-rich 
and aluminum-zirconium phases. 

Characterization of Zirconolite 
Zirconolite, which was present in all GCC waste forms containing both zirconium 
and titanium, was examined in detail by TEM. Electron diffraction and XRD from 
the samples appeared to match fairly well (see Table. 1). The unit cell 
parameters for zirconolite (CaZrTi207) are a=l.24258 nm, b=0.72734 nm, 
and c=l.17924 nm with @=I 00.533" 141. A great diversity of zirconolite-type 
structures can be created by re-arranging the titanate sheets or changing the 
interlayer cation loading. The diffraction patterns and TEM images obtained from 
the zirconolite in the GCCs suggest that twinning and extended defects have 
formed, resulting in unique zirconolite-type phases. Figure 1 shows a medium 



resolution TEM image and electron diffraction pattern taken along [110] from 
sample G9. 

By using calculated atomic positions for zirconolite, simulated electron 
diffraction patterns can be constructed and compared to experimental data. 
Zirconolite can be described in terms of an anion-deficient superstructure of 
fluorite [5] .  A suitable transformation matrix can be represented as: 

- -  where subscript F stands for fluorite, and 
subscript Z stands for zirconolite. 

Fig. 2. (a) Medium Resolution Image of Zirconolite along [110] with (b) Selected 
Area Electron Diffraction Pattern (SAED). (c) Idealized Atomic Model of a 
Zirconolite projected along [l lo], which shows the arrangement of the interlayer 
cations. 



The diffraction pattern in figure l b  shows the reflections indexed to this fluorite 
superlattice. The patterns are indexed for both zirconolite and fluorite. 

The image in figure 1 shows a lattice spacing of 5.6 A. This spacing is also 
marked on the atomic model of zirconolite in figure IC. Electron diffraction 
reflections at (001),where I is odd, are absent in the SAED pattern, whereas they 
were present in the computer simulated diffraction pattern of CaZrTi207, using 
atomic positions of Mazzi and Munno [3]. The streaks in the patterns are due to 
stacking faults in the zirconolite structure, possibly induced by incorporation of 
Ce, U, and Fe. The monoclinic angle /? was calculated to be 100.5" from the 
diffraction patterns. 

Table. 1 Electron and X-ray Diffraction Parameters from Zirconolite and GCCs 
Measured Electron 

Diffraction Spacings (nm) 
Sample G9 Sample G10 

1.178 
0.648 
0.61 1 0.609 

0.592, 0.588 
0.523 

0.304, 0.305 
0.303 0.300 
0.298 0.286 
0.259 0.246 

0.225 
0.177 

zirconolite 

JCPDS 17-495 
1.135 
0.621 

0.567 

0.310 
0.293 

0.290, 0.279 
0.251, 0.249 

0.180, 0.174 

XRD Experimental d- 
spacings (nm) 
Sample G9 

0.292 
0.281 

0.269, 0.251 
0.229 
0.174 

hkl 
monoclinic 

-31 2 
-402 
004 

-404 
-406 

Quantitative analysis of zirconolite found in the GCCs, using Noran Instruments 
software routines, showed that it contained variable levels of uranium and 
cerium, significant amounts of iron, and a higher Zrn i  ratio than typical Synroc 
zirconolites (see Fig. 2 and Table. 2) [6]. Studies by van Koynenburg and 
Wronkiewicz on Synroc and GCCs respectively, determined that both Ce and U 
entered zirconolite [7, 21. Ce and U are used as surrogates for plutonium; 
indeed, zirconolite is being considered for immobilization of plutonium. Ce3+, 
which has an ionic radius of 0,103 nm, and U4+, which has an ionic radius of 
0.093 nm, can be compared to Pus+ and Pu4+, which have ionic radii of 0.100 
nm and 0.090 nm, respectively [7]. The suggestion from our studies is that 
zirconolite may accommodate both Pus+ and Pu4+, as zirconolite accepts both Ce 
and U. 

At low concentrations, rare earths and actinides are incorporated into zirconolite 
by isomorphic substitution to yield a dilute solid solution; as levels of these 
elements increase the structure accommodates them through structural 
modifications. White has shown that rare earths partition into the calcium site 
(0.126 nm) and uranium goes into the zirconium site and may induce twinning, 
depending on size [8]. Table. 2 indicates the GCC zirconolites contain a larger 
amount of uranium than typical Synroc zirconolites. Zirconolites from the 
different GCC formulations also showed low levels of titanium and high levels of 



zirconium, but were generally fairly similar in composition. The excess 
zirconium has led to the formation of zirconium oxide (baddeleyite), which is 
discussed below. Iron, which was not present in significant quantities in the 
studies by White and Smith et al. on Synroc zirconolites [8, 61, is a major 
component of the GCC zirconolite, and may be replacing titanium in the 
structure. Uranium and cerium (or total rare earth) levels are much higher in 
the GCC zirconolites than typical Synroc zirconolites. 

Table. 2 Compositions of GCC Zirconolites determined by AEM and a Synroc-type 
zirconolite taken from [6]. Values in element wt%. A small amount of aluminum 
and copper was also observed in the GCC zirconolites. 

Element I Zirconolite I Synroc I GCC Zirconolites i 
~ a z r ~ ~ q  Zirionolite 

Ea I (j2 I G10 
ca 17.6 14.3 12.6 12.3 13.1 
Zr 40.2 32.5 40.8 30.9 36.3 
Ti 42.2 44.8 23.8 20.4 25.4 
Fe 0.0 0.2 7.3 10.4 11.9 
U 0.0 2.3 7.8 16.6 2.4 

Ce +RE& 0.0 5.8 7.7 9.4 10.8 

5 1 '0 1'5 5 1 '0 1'5 2 '0 
Energy [kew Energy [kew 

Fig. 2. (a) EDS Analysis of Zirconolite Phase in G2 and (b) Perovskite in G2. Note also 
the high Fe content in the GCC zirconolite. A typical GCC zirconolite formula is close 
to UO.lCeO.ZFe0.5Cal.Z~r1.7T~1.807~ 

As the zirconium-bearing GCCs contain large single crystals of zirconolite, 
radiation damage as a result of a-decay of transuranics could induce aniostropic 
expansion of the lattice [7], and possible cracking of the waste form. If a single- 
phase zirconolite is intended to be used to immobilize 239Pu, the distribution of 
plutonium within zirconolite will be important. In fact, GCC zirconolite may be 
representative of the type of zirconolites that could be produced from the 
weapons plutonium waste streams, as these will be highly enriched in many 
other elements, such as transition metals. The location of added neutron poisons, 
such as gadolinium, in relation to the plutonium will be important to avoid 



criticality concerns in the zirconolite structure. Although, these should be 
minor considerations, as gadolinium is known to enter the zirconolite structure 
[6]. In the GCC materials, the high levels of U and Ce have resulted in structural 
modifications through the formation of stacking faults, similar effects may occur 
in plutonium-bearing zirconolites. 

Microstructure of Feldspar in GCC 
In G2 and G9, a major crystalline calcium-bearing phase was identified by EDS, 
crystal morphology, and electron diffraction as the calcic plagioclase, anorthite. 
The anorthite appeared to grow as lath-shaped crystals within the glass 
component of the GCC. In contrast, perovksite and zirconolite, occurred most 
often isolated from direct contact with the glass. Figure 3 shows the elongated 
crystals of anorthite within a calcium-rich aluminosilicate glass. SAED 
determined that the growth of the dendrites was along [OIO] in the crystals. 

TEM was unable to resolve antiphase boundary (APB) formation in anorthite. 
The size and morphology of APB domains in anorthite depend on both the 
composition and thermal history of the melt. The kinetics of domain formation 
are slow and, generally, only geological systems, cooled over long time periods, 
display extensive APBs. The domains arise during crystallization of the calcic 
plagioclase with a high-albite like arrangement in which aluminum and silicon 
are disordered [SI. 
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Fig. 3. TEM Image of Anorthite Needles within a Calcium Aluminosilicate Glass 
Matrix and (b) SAED Pattern along the [loll  Zone Axis. Lead and cerium were 
located only in the glassy component, however in some regions lead was found to 
precipitate as a separate phase within the anorthite crystals. 



It was apparent that the lead had been excluded from anorthite crystals to the 
interdrenditic calcium-rich aluminosilicate glass, however, in some regions 
lead and iron had precipitated as crystallites within the anorthite (see Fig. 4). 
This phenomenon occurred where the anorthite crystals were much larger than 
in shown figure 3, and were not close to any glass. The precipitates had formed 
along specific crystallographic directions. The anorthite component appears to 
be unable to take-up lead into its structure. This pattern suggests that lead was 
originally present at high temperatures in the feldspar but exsolved from the 
structure during cooling. 

Formation of Baddeleyite (Zr02) 
As mentioned earlier, the GCCs contained an excess of zirconium relative to 
titanium to make zirconolite the only zirconium-bearing phase. In figure 4, a 
zirconium oxide phase, identified as baddeleyite, has formed nearby to 
zirconolite. The TEM contrast from the baddeleyite is due to the martensitic (a 
diffusionless transformation) from tetragonal to monoclinic symmetries. This 
transformation typically occurs at around 1000°C [8].  

Fig. 4 Lead-Beating Crystallites 
found in Anorthite Crystals. 

- 
50 nrn 

Fig. 5 TEM Image of Baddeleyite 
Exhibiting a Martensitic Reaction in 
Zirconolite Matrix , 

Small probe analysis of intergrannular regions in the samples was performed to 
look for amorphous regions and enrichment of hazardous elements within both 
triple points and grain boundaries. No preferential enrichment was observed. 

Corrosion testing of GCC waste forms, show that these materials are extremely 
durable 121. However, performance evaluation modeling of these highly 
heterogeneous waste forms will be extremely difficult. Along with the major 



crystalline phases that form in these materials, such as; spinels, zirconolite, 
perovskite, and feldspars, there were many other minor phases in the GCC waste 
forms. These minor phases may concentrate the radioactive or hazardous 
elements, such as the iead-bearing particles which were found in G9. 

coNcLusK>N 
It is apparent that the compositions used to produce the GCCs were inadequate to 
maximize the amount of zirconolite formed. Too little titanium was added, 
although the excess iron appears to have been incorporated into the structure of 
zirconolite with little change in the overall structure. This paper has shown that 
TEM can obtain very detailed information on the form of the glass ceramic waste 
form. Information obtained from defects and domain structures can be used to 
determine the thermal history of a sample and suggest improvements in 
processing. Although, it unlikely that the identification of dislocations and 
defects within specific phases will improve the understanding of the GCC 
corrosion, knowledge of the microstructure may help to identify specific 
problems with a waste form formulation. 
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