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ABSTRACT 

This program demonstrates that waste forms composed of a glass-crystal 
composite can be applied to a much wider range of waste streams than those 
amenable to homogeneous glass production alone. With this approach, 
radioactive constituents (U and Ce, the latter as an analogue for Pu) and 
hazardous metals (such as Cr, Cd, and Ni) have been strongly partitioned into 
corrosion-resistant mineral phases, with Pb also showing limited incorporation 
in minerals as well. A variety of corrosion tests have shown the glass- 
crystal composite to be more durable than high-level nuclear waste glasses, 
such as SRL 202. 

INTRODUCTION 

Waste forms made of a glass-crystal composite (GCC) are being evaluated at 
Argonne National Laboratory for their potential use in the disposal of 
low-level nuclear and hazardous waste materials. This waste form is being 
developed within the framework strategy of DOE'S Minimum Additive Waste 
Stabilization (MAWS) Program. The MAWS protocol involves the blending of 
multiple waste streams to achieve an optimal feed composition, which 
eliminates the need to use large amounts of additives to produce an acceptable 
waste form. 
incorporate waste streams with high metal contents, including those that 
contain large amounts of scrap metals, and in their potential for sequestering 
radionuclide and hazardous constituents in corrosion-resistant mineral phases. 

The GCCs have a particularly useful utility in their ability to 

This paper reports the results from tests conducted with simulated feeds 
representative of potential DOE and industry waste streams. Topics addressed 
include the partitioning of various radioactive and hazardous constituents 
between the glass and crystalline portions of the waste form, the development 
of secondary phases on the altered sample surfaces during corrosion testing, 
and the fate of waste components during corrosion testing, as indicated by 
elements released to solution and microanalysis of the reacted solid samples. 

EXPERIMENTAL 

Sample Castinq 

Eighteen samples representing a wide range of potential waste streams and 
contaminant compositions have been produced in crucible melts thus far. Test 
samples were formed by blending pre-dried (at 5OOOC) Idaho National 
Engineering Laboratory (INEL) soil with various chemical additives to derive a 
desired sample composition (Table I). Simulated amounts of EPA listed toxic 
and carcinogenic metals (Pb, Cr, Ni, Cd, and Cu) and the radioactive elements 
U and Ce (the latter as a surrogate for Pu) were also added to the samples. 

The sample mixtures were powdered in a ball mill and then added to a 99.8% 
A1203 crucible for melting. Samples were heated to temperatures of 1300 to 
15OOOC for 40 min, cooled to 1000 to 12OO0C, held at this temperature for 
three hours, and then allowed to cool in the test furnace to room temperature. 
The 3-h temperature hold saturated the melt with respect to certain crystal 
phases, allowing crystal formation to proceed at an accelerated rate. Times 
and temperatures used for individual melts are indicated in Table I. All 
samples were subsequently annealed at 50OOC for one hour to remove thermal 
stresses that built up during solidification. Volatilization of materials was 



noted by comparing the weight differences of the starting powder and final 
sample weights. 
be compiled in the future to determine which constituents were lost and in 
what proportions. 

Results from chemical analysis of the sol.idified samples will 

Test Procedures 

The GCCs have been subjected to vapor hydration tests at 2!OO°C and Product 
Consistency Tests (PCT) at 90°C so that the GCC durabilities could be compared 
against other waste forms. Toxicity Characteristic Leaching Procedure (TCLP) 
tests were also performed to determine the applicability of GCCs for EPA 
licensing as a nonhazardous waste. 

Disk-shaped monoliths (1-nun thick, 10-nun dia), polished to a 600 grit finish, 
were used in the vapor hydration tests. 
two monoliths by a Teflon wire inside a 304L stainless steel Parr reaction 
vessel (22 mL capacity) held closed by a compression fittimg. High-purity 
deionized water was added to each vessel in an amount (0.;!5 mL) necessary to 
achieve 100% relative humidity at test temperature, but 1i.mited enough to 
prevent dripping of condensed fluid from the samples. 
deemed necessary to prevent the dripping of leachate from the samples and a 
resultant loss in corrosion products. After completion of the prescribed test 
interval, the sample vessels were removed from the oven, cooled in an ice 
bath, and opened. 
microscopy, followed by detailed scanning electron microsc:opy/energy 
dispersive X-ray spectroscopy (SEM/EDS), X-ray diffraction (XRD), and 
analytical electron microscopy (AEM) analysis. Surfaces of the altered 
samples were characterized with respect to both the fate of the primary 
crystalline and glassy components of the waste form and the formation of 
alteration phases. 

The 2OOOC temperature and high ratio of sample geometric surface area/liquid 
volume (SA/V) (-lo6 m-’) used in these tests accelerate the reactions 
occurring at the sample surface and thereby induce the fomation of a 
long-term corrosion sequence of minerals during a relatively short interval. 
Previous studies have shown that 50,000- to-140,000-year alteration trends 
produced during volcanic glass alteration in near-surface (-25OC) geologic 
environments may be replicated in 2OOOC vapor hydration tests in as little as 
21 days (1). This similarity also suggests that the reaction mechanism 
controlling the corrosion of glass remains unchanged within the temperature 
range of 25-200OC. 

Static corrosion tests used in this study followed a modifiied format of the 
PCT. Sample fractions of 100 to 200 mesh size (75 to 150 pm) were reacted in 
deionized water, in sealed Teflon vessels, at a SA/V of 2000 m-’, a 
temperature of 90°C, and for periods of 7, 28, and 91 days. The sample size 
fraction used in these tests produced particles with mean diameters that were 
often less than those of the primary melt crystals. Under these 
circumstances, the corrosion rates of the waste form, as determined during the 
PCTs, may be artificially accelerated by increasing the exposed SA/V ratio of 
the crystal. For this reason, the effect of crystal size on corrosion rates 
will be determined largely from the data generated in the vapor hydration 
tests. 

After completion of the prescribed PCT intervals, sample aliquots were 
withdrawn, at test temperature, for various solution analyses. Carbon content 
was measured with a Dohrman Total Carbon Analyzer, cations by inductively 
coupled plasma/mass spectroscopy (ICP/MS), and pH with a c:ombination 
electrode. All analytical measurements, including pH, were made at room 
temperature. Cation accuracy and precision are both <lo%, carbon accuracy is 
<5%, while analytical drift over the time period required for pH analyses is 
typically less than 0.02 pH units. Reacted surfaces of a limited number of 
PCT solids were also examined by SEM/EDS and AEM analysis. 

Tests were initiated by suspending 

Thk latter aspect was 

Reacted sample monoliths were examined first by Pptical 



The TCLP tests were conducted at room temperature following established EPA 
testing procedures ( 2 ) .  This test measures the leachability of eight toxic 
metals (Ag, As, Ba, Cd, Cr, Hg, Pb, and Se) after reaction in an agitated 
sodium acetate buffered solution for 18 hours. The TCLP tests are used to 
determine whether a sample meets EPA regulatory release requirements for 
hazardous wastes, which are set at a solution concentration equal to lOOX the 
established drinking water limits for each hazardous metal.. The leaching 
characteristics of nickel were also examined, with the land-based disposal 
limit for this element set as the targeted leachate level, 

RESULTS 

Waste Form Composition and Mineralow 

The unaltered GCC samples can best be described as porphyritic, with 
relatively coarse-grained crystalline phenocrysts suspended in a predominantly 
glassy matrix. 
blocky, trigonal, lath, and round-shaped crystals. The distribution between 
glassy and crystalline regions was generally nonuniform, with both glass- and 
crystalline-rich regions occurring in most samples. Sampl-e compositions with 
very high proportions of crystalline phases sometimes resulted in samples that 
fractured during sample preparation. 

The crystalline phases that formed were dominated by the spinel group 
minerals. The SEM/EDS compositional analysis suggests that magnetite (Fe30,) 
was the most common spinel formed, with this phase incorporating variable . 
amounts of Cr, Ni, Al, Ca, Zn, Cd, and Ti in its lattice structure. Other 
types of spinels formed when the melt composition was varied. 
additional spinel phases included hercynite (FeAl,O,) in Fe- and Al-rich 
melts, and franklinite (ZnFe,O,) in Fe- and Zn-rich melts. 

The mineral phases exhibited a variety of shapes, including 

These 

Zirconolite (CaZrTi,O,) and a Zr-U oxide phase were formed in melts to which 
Zr and Ti were added. Zirconolite was able to incorporate up to 11 elemental 
wt.% uranium and 7 wt.% cerium in its mineral structure, while the Zr-U phase 
contained up to 10 wt.% uranium and 3 wt.% cerium. 
was not added, uranium was incorporated in unidentified uiranium oxide, 
U-Ca-oxide, or U-Na-Ca-oxide phases. In addition to zirconolite, other 
titaniferous phases were formed, including rutile (TiO,), titanite (CaTiSiO,), 
perovskite (CaTi03!, an unidentified Fe-Ti-oxide [possibly pseudobrookite 
(Fe2Ti05)], and unidentified Ca-Fe-Si-Ti and Ti-Ca-Ce-Fe phases. Perovskite 
also contained up to 9 wt.% cerium and trace amounts of uranium. 

Anorthite [a calcium-rich feldspar (CaAl,Si,O,)l was formed in melts with high 
Ca-A1 contents. Trace amounts of lead have been detected in anorthite, while 
the feldspar minerals also have the potential to incorporate barium, a 
hazardous element; and sodium and potassium, two elements that generally 
reduce the durability of waste glasses through the formation of nonbridging 
oxygen bonds. Augite [(Ca,Mg,Fe,Ti,Al)2(Si,A1)206)] was also detected in some 
samples, occurring as elongated crystals with a density and composition not 
too unlike the surrounding glass matrix material. 

All glass matrix regions were dominated by the presence of Si, with lesser 
amounts of Al, Ca, Fe, and K. The residual glass matrix was enriched in Si 
and A1 relative to the compositions of many high-level waste glasses, a 
feature that is expected to result in the formation of a relatively durable 
glass matrix. The following constituents were detected in trace amounts: Ti, 
Mg, Cr, Ni, M n ,  Zr, Na, Zn, Cd, U, Pb, and rare earth elements (including Ce). 
It is not known for certain if all of these elements were actually dissolved 
in the glass network or were present as crystals that were too small to be 
detected during SEM/EDS analysis ( 4 0 0  n m ) .  The AEM examhations of 
glass-rich regions from some samples revealed the presence of tiny crystals 
from regions of samples that appeared to be completely vitreous during the 
preceding SEM examinations. These crystals probably formed as the melt was 
allowed to cool to room temperature. 

In melts where zirconium 



Bulk distribution ratios were calculated for Cr, Ni, Fe, 1J, and Ce, as 
determined by using SEM/EDS analysis of the crystalline arid glassy regions of 
the samples. These results indicate that Fe, Ni, and especially Cr are 
strongly partitioned into the spinel crystals (Table I). 
were also strongly partitioned into crystals, especially when zirconolite 
formation was induced by the addition of Zr and Ti to the melt. 

Uranium and cerium 

Durability Testins 

The release of selected components from the GCC samples during PCT runs are 
presented as normalized elemental release values (NLi) in Fig. 1. These 
values reflect the release of a specific element i normalj-zed to both the SA/V 
ratio of the test and the proportion of element i contained in the solid 
material. Results can thus be used to directly compare release rates from 
waste materials with different compositions and tests conducted at different 
SA/V ratios. Note that the NLi values can be influenced by several parameters 
including the release rate of an element from the waste form, precipitation of 
alteration minerals containing element i, and/or differential release rates 
from primary phases contained in the GCC wastes. 

The PCT results indicate that the GCC waste has favorable NLi rates when 
compared to simulated nuclear waste materials, such as the SRL 202U high-level 
nuclear waste (HLW) borosilicate glass. The NLi rates for most alkali and 
alkaline earth elements overlap with those of the SRL 2021J glass. For 
example, NL,, data from the GCCs are nearly identical to those of the SRL 202U 
glass (Fig. la), while NL, values also overlap with the SRL 202U glass but . 
display more variability among the different samples (Fig. lb). Release rates 
for both Si and U are significantly lower than those of the SRL 202U glass 
(Figs. IC and Id). Silicon is primarily contained within the glass matrix, so 
its reduced NLi reflects a more durable glassy material in the GCCs relative 
to the SRL 202U glass. 
attributed to the solution pH values that result from the leachate being in 
contact with the samples. The leachate attains pH values of 8.9 to 9.9 for 
most GCC samples during test periods of 7 to 182 days. A pH of -9 represents 
a minimum for the solubility of silicic acid in these systems. Thus, the 
lower pH values in these tests is reflected by lower silicon release rate. 
contrast, the pH for the SRL 202U glasses averages between 10.0 and 10.4 for 
test periods of 7 to 540 days. These slightly higher pH values have resulted 
in a greater degree of glass dissolution relative to the tests with the GCCs. 

PLACE FIG. 1 HERE 

The low NLSi exhibited by the GCC tests can be 

By 

The NL, values from the GCC samples are also significantly reduced relative to 
the rate of the SRL 202U glasses (Fig. Id).. This trend may reflect the 
reduced solubility of the silicon-rich glass matrix as di:;cussed above or, 
alternatively, the incorporation of uranium in corrosion-iresistant mineral 
phases. This latter hypothesis was further examined by comparing NL, values 
from two samples with a similar overall composition, except that one sample 
(G2) had Zr and Ti added to induce the formation of zirconolite, while the 
other (G4) did not. A comparison of the NL, patterns for the two samples 
indicates that uranium release was reduced by a factor of 5 to 15 when the 
uranium was preferentially partitioned into the zircono1it:e phase (Fig. 2). 
The release of Ca and Ti was also significantly reduced, while cerium was only 
slightly reduced as a consequence of its incorporation in zirconolite. 
the G2 and G4 samples also have NL, values that are still lower than those of 
the SRL 202U glass doped with a similar concentration of uranium. 

PLACE FIG. 2 HERE 

Results from vapor hydration tests also suggest that the GCCs are a durable 
waste form. 
and the compositions of the alteration phases suggest that: the iron-rich 
crystalline phases are relatively inert to chemical attack when compared to 
the glassy matrix. On most samples, the slightly corroded crystals are 

Both 

Overall appearances of the reacted sample surfaces after testing 



surrounded by depressed surface regions that mark the 1oca.tions'of more 
rapidly corroded glass matrix regions. 
phases that does occur probably results in the formation of iron-oxide 
precipitates on the sample surface. 

The minor alteration of the spinel 

The SEM/EDS investigations revealed only minimum development of secondary 
reaction products on the G2 samples at 7, 28, and 91 days, with most of the 
phases being composed of clays, iron oxides, and calcite (CaCO,). 
Radionuclide and hazardous element contents in these alteration phases are 
also minimal, indicating that these components are being retained in the GCC 
waste form. Lead was present in trace quantities in the dteration phases 
deposited on samples in which lead was added, a feature that probably reflects 
its release from the glass regions during corrosion. Cerium was also present 
in alteration phases on samples where the glass matrix was the primary host 
for this element. When crystalline phases such as zirconolite and perovskite 
hosted cerium, its release was diminished to the point where it was no longer 
detected on the sample surfaces. Similarly, uranium was not detected in any 
of the alteration phases observed. This suggests that uranium was retained in 
the primary waste form, despite the very corrosive conditi.ons of the tests. 

The TCLP results indicate that release rates for hazardous elements are 
generally below EPA established limits for hazardous waste declassification 
(see Fig. 3 for Ni, Pb, Cd, and Cr results). Exceptions ciccur when waste 
loadings of specific elements are very high, for example, 16% NiO (sample G19) 
and 20 to 25% CdO (samples G14 and G15). These high metal. concentrations were 
included in the study to aid in identifying host crystals and to bracket the. 
maximum waste loadings allowed for the respective hazardous elements. These 
concentrations are not necessarily representative of the c:ompositions expected 
for DOE waste streams. 

PLACE FIG. 3 HERE 

DISCUSSION 

Experiments to date have shown that simulated waste streanis containing Cr, Ni, 
Pb, Cd, U, and Ce (as a surrogate for Pu) can be incorporated into GCCs, with 
all elements except lead being strongly partitioned into the crystalline 
phases. 
almost exclusively into spinel crystals that are resistant to chemical attack, 
resulting in these elements being immobilized in the waste form. Similarly, U 
and Ce can be isolated in crystalline phases such as zirconolite and 
perovskite. 
array of other hazardous elements into their structures, including Ag, As, Ra, 
and Th, and glass network-breaking elements, such as Na, E', S, and P. With 
homogeneous glass waste forms, the addition of significant quantities of metal 
and network-breaking elements may significantly diminish the waste-form 
durability. With the GCCs, however, these elements are incorporated into a 
variety of crystalline materials, thereby leaving the residual glass material 
enriched in silicon. High-silicon glasses have been shown to be resistant to 
corrosive processes. 

The results from this study indicate that Cr and Ni are partitioned 

Crystal phases also have the potential to incorporate a wide 

Of key interest to this study is the fate of the various hazardous and 
radioactive components during exposure of the GCC waste form to corrosive 
fluids. Results from durability tests indicate that the GCC has corrosion- 
resistant properties that are similar to, or better than, those of simulated 
HLW glasses. Solution results from static PCTs show NL, rates for Al, Na, K, 
and Ca that are comparable with those of SRL 202U glass reacted under, similar 
test conditions, while NLi values for Si and U are significantly lower than 
those of the SRL glass. Samples that have incorporated uranium into 
crystalline phases, such as zirconolite, have the lowest overall N k  levels. 
This reflects the high durability of the crystalline phases relative to 
predominantly glassy materials (Fig. 2). 



Sample reactions on the vapor hydration tests offer an int:eresting insight 
into the mobility of the GCC components during corrosion t:esting. 
that are released from the altered samples in these tests rapidly accumulate 
in the thin film of water that is present on the sample surface. Various 
minerals will precipitate in this film of water, as their respective solution 
concentrations increase, thus recording the preceding release of elements from 
the solid samples. 
into the crystalline phases during melt solidification are nearly absent from 
the altered sample surfaces, and this indicates a strong retention by the 
primary crystal hosts. Elements that are present largely in the glass matrix 
occur in greater abundance in secondary alteration products on the sample 
surface but still are relatively uncommon, and this indicates a high degree of 
chemical durability for the glass matrix as well. 

Elements 

Hazardous and radioactive elements that are partitioned 

CONCLUSIONS 

The test results indicate an exceptional potential for the development of a 
low-cost MAWS process for disposing of mixed waste streams with high metal 
content. 
easily exceed the minimum disposal performance criteria. The production of a 
durable tailored GCC waste form depends on proper processhg parameters, such 
as waste stream composition, melt temperature, and cooling rate. However, 
tests conducted thus far suggest that these processing parameters are 
relatively flexible and allow GCCs with acceptable durabilities to be produced 
with a minimum of processing requirements and additives. 

This process would form a highly durable waste product that should 

Crystalline phases formed in GCC wastes include spinels, zirconolite, 
perovskite feldspars, and Fe-Ti oxides. 
resistant to aqueous corrosion; thus, their formation is responsible for the 
low amounts of hazardous and radioactive elements released from these waste 
forms during sample alteration. Results from durability tests indicate that 
the GCC waste form has corrosion-resistant properties that are similar to, or 
better than, those of simulated HLW glasses such as SRL 202U. 

Most of these phases are also 

The glass fraction of the GCC serves as a binder for the crystalline phases 
and also incorporates elements excluded from the crystal structures. 
amounts of U and Ce, as well as the majority of the lead present, have been 
detected in the glass matrix. The release rates of glass matrix components to 
solution also appear to have been lowered relative to tests with high-level 
waste glass, presumably because of fractional crystallization processes that 
increased the A1 and Si concentrations of the residual glass matrix material. 

Minor 

The reduction in waste volumes associated with the elimination of the need for 
glass additives during GCC formation will be a great economic benefit during 
the disposal of large volumes of low-level radioactive waste materials. The 
high durability of the GCC waste form also indicates exce:Llent potential for 
its application in the processing to other DOE waste streams, including 
intermediate- and high-level nuclear waste materials; DOE wastes with high 
levels of Na, P, S ,  Ba, and As; and plutonium-laden defense wastes associated 
with weapons production and dismantling activities. The use of a GCC waste 
form offers an attractive and economical alternative to waste disposal by 
using homogeneous vitreous materials. 
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FIGURE CAPTIONS 

Figure 1. Normalized elemental release (in g/m2) for glass-crystal composites 
and high-level waste (HLW) borosilicate glass samples from Product Consistency 
Tests. All tests were conducted in deionized water, at 90°C, at a glass 
surface area/liquid volume ratio of 2000 m-'. The sample compositions are 
given in Table I, while the composition and solution release data for the 
SRL 202U HLW glass are from Ebert ( 3 ) :  (a) Ca, (b) K, (c) Si, and (d) U. 

Figure 2. 
identical compositions. For the G2 samples, Zr and Ti have been added to 
induce the precipitation of zirconolite, while zirconolite is absent in the G4 
sample. Test conditions, sample key, and source of SRL 202U data are the same 
as in Figure 1. 

Figure 3 .  Solution concentrations from Toxicity Characteristic Leaching 
,Procedure tests compared to established EPA release limits for the delisting 
of a hazardous waste. 

Log normalized elemental release of two samples with nearly 



Composition and Melt Characteristics for Glass-Crystal Compositesa 

G2 G4 G6 G7 G8 G9 G10 G11 G14 G15 G16 G17 G18 G19 

SiO, 21.75 23.43 21.21 21.21 20.52 20.52 27.77 16.58 34.81 35.81 36.15 30.33 16.72 16.70 

A1,03 7.71 8.72 7.52 7.52 3.98 3.98 3.27 3.21 6.75 27.54 7.01 8.13 3.24 3.24 

Fe,P3 37.96 41.15 37.01 37.01 35.99 35.99 16.24 39.88 2.76 2.83 2.86 6.90 55.72 55.80 

CaO 14.60 15.87 14.23 14.23 12.58 12.58 12.85 6.31 4.01 4.12 14.61 14.75 1.93 1.92 

K20 0.70 0.81 0.68 0.68 0.84 0.84 0.69 0.68 1.43 1.47 1.49 1.25 0.69 0.69 

MgO 0.66 0.73 0.64 0.64 0.76 0.76 0.63 0.61 1.29 1.33 1.34 1.12 0.62 0.62 

Na,O 0.32 0.36 0.32 0.32 0.38 0.38 11.22 0.31 0.64 0.66 0.67 15.29 0.31 0.31 

PzOtj 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.85 0.00 0.00 

TiO, 5.05 0.47 11.07 11.07 10.17 10.17 12.94 0.40 27.88 0.86 24.09 0.73 0.40 0.40 

ZrO, 3.74 0.00 0.00 0.00 7.37 7.37 7.85 0.00 0.01 0.01 0.01 0.01 0.00 0.00 

CrzO3 1.46 1.65 1.43 1.43 1.38 1.38 1.49 2.21 0.01 0.01 0.01 0.01 16.00 0.00 

CdO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 20.25 25.18 0.00 0.00 0.00 0.00 

PbO 1.76 2.00 1.71 1.71 1.80 1.80 0.00 2.19 0.00 0.00 2.32 0.00 0.00 0.00 

uo, 1.76 1.94 1.71 1.71 1.75 1.75 2.18 2.21 0.00 0.00 2.32 2.24 2.15 2.14 

CeO, 1.76 2.02 1.71 1.71 1.80 1.80 2.18 2.20 0.00 0.00 2.32 2.26 2.15 2.13 

N i O  0.63 0.76 0.62 0.62 0.58 0.58 0.62 1.10 0.00 0.00 0.00 0.00 0.00 15.98 

ZnO 0.01 0.00 0.01 0.01 0.00 0.00 0.00 22.02 0.01 0.01 0.01 0.01 0.00 0.00 

I CuO 10.00 10.00 10.00 10.00 10.00 0.00 0.00 0.00 ! 0.00 0.00 19-65 0.00 0.00 0.00 1. 
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