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I. INTRODUCTION 

The polyphase ceramic nuclear waste immobilization form has been 

developed over the past three years for Savannah River Plant type defense 

waste compositions as an alternative to borosilicate glass. Several ceramic 

formulations have been developed for the broad range of SRP waste composi

tions. In particular formulations using alumina based phases, alumina-silica 

phases, and titania-iron-silica phases. With the DoE selection of a 

ceramic as the alternative waste form to borosilicate glass for SRP waste in 

1981, work has been focused upon the titanate-silicate based "Synroc-D" phase 

assemblage developed at Lawrence Livermore National (LLNL) Laboratory. 

The original Synroc-D ceramic form is an assemblage of crystalline 

phases including zirconolite phase, perovskite, two spinels (hercynite-type 

and an ulvospinel), nepheline and minor trace unknowns. This ceramic has the 

virtues of high waste loading and density while providing superior leach 

resistance to borosilicate glasses for uranium, and the actinides. The waste 

form did not, however, offer significant improvement over borosilicate glass 

for the short-lived radionuclides, Cs and Sr.^ In the fabrication of the 

titanate-silicate ceramic, a reduction step was called for using CO/CO2 

buffering at 600°C in a fluidized bed or the addition of metal powder, Fe or 

Ti, to insure the reduction of at least 50% of the waste iron to Fê "*". This 

reduction step caused the Fe to enter primarily the hercynite and ulvospinel 

phases. Hence the option of incorporating the iron as Fe into the magneto

plumbite phase, an important potential host for Cs, Sr, and rare-earths, was 

not examined. 
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The practical necessity of using the silicate phase, nepheline, to 

accommodate the high soda content produces significant amounts of an amorphous 

phase in the ceramic. This intergrannular material, which tends to include 

the highly basic elements such as Sr and Cs as well as such anions as 

2- 2-
Cl , SO. , and MoO« , is more soluble than the crystalline phases and can 

provide a short circuit leach path in the ceramic when present as a continuous 

phase. 

It was originally proposed in this laboratory in 1980 that a more 

stable ceramic waste form, fabricated by a simpler process, could be achieved 

if the most stable phases of the alumina-silica ceramics were combined with 

the titania-silica based forms. This paper describes the resulting 

"improved" ceramic form resulting from such a formulation and compares its 

properties to those published for the S29 LLNL Synroc-D waste form. 

II. OPTIMIZED CERAMIC DESIGN 

The Synroc-D S29 ceramic form incorporates uranium in the 4'*' state 

into a zirconolite-type crystalline phase. This phase, as produced in the 

waste form at 1040°C, lacks many of the superlattice XRD lines of pure phase 

zirconolite, but shows excellent uranium retention in leaching tests and was 

selected for the optimized form. Nepheline, present in both the Rockwell 

alumina-silica based and Synroc-D type ceramics, while not a high-performance 

crystalline phase, was retained in the waste form to provide the sodium host 

phase required for high waste loading. 
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The remainder of the phases selected for the optimized defense waste 

ceramic were based upon the experience gained in the alumina-silica ceramics 

designed in this laboratory. In these ceramics, the magnetoplumbite phase, 

prototypically the mineral PbFe]^20l9 O"" Hibonite, CaAl]^20l9» ^^^ preferred as 

a host for Sr and Cs as well as rare earths, alkalis, and alkaline earths. In 

addition, a magnetite-type spinel was selected for the transition elements 

rather than the combination of the less stable ulvospinel-type with hercynite 

found in the Synroc-D formulation. 

The formation of the magnetoplumbite phase requires that the iron in 

the SRP waste be retained as much as possible in the ferric state. Hence, the 

only reduction applied to the waste is that necessary to reduce uranium to the 

4"*" state which can be simply accomplished by heating in an inert gas to 

approximately 800°C. These mild reduction conditions are possible because 

6+ 5+ 4+ 
the U > U > U redox potential is not a constant but rather depends upon 

the crystal field stabilization of the valence states by host lattice sites. 

The availability of the zirconolite phase in the waste ceramic hence allows 

the reduction to the û "*" state to proceed under conditions which without Ti 

and Zr present would produce undesirable calcium uranates. 

With this realization, the major phases designed into the ceramic 

were zirconolite, perovskite, nepheline, magnetoplumbite, and magnetite. 

Residual amounts of pseudobrookite can be expected as a buffer phase forming 

from excess of Ti over that required for the zirconolite. This modified waste 

form used the same basic chemical composition as the S29 LLNL-Synroc-D. The 

chemical composition of the simulated SRP "Composite Waste" used in the formu

lations is given in Table 1 and the initial formulation of the optimized ceramic 

is compared to that for the LLNL Synroc-D S29 in Table 2. 
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Table 1. Chemical Composition of the Simulated Savannah 
River Plant "Composite Waste" Used in this Study. 

Component Oxide 

Fe203 

AI2O3 

Mn02 

U3O8 
CaO 

NiO 

Na20 

Si02 

Th02 

Ce203 

Zr02 

Na2S04 

Na3p04 

CS2O 

SrO 

Wt% 

30.4 

30.0 

6.9 

4.2 

4.2 

2.1 

7.2 

10.2 

0.77 

0.64 

0.53 

0.96 

1.18 

0.34 

0.38 
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Table 2. Comparison of the Composition of the LLNL-S29 Ceramic 
Form to the Improved RSC-S29 Form Developed at the 
Rockwell International Science Center 

LLNL-S29''' 

Component 
Oxide 

Fe203 

Mn02 

AI2O3 

*Ca0 

NiO 

Na20 

Na2S04 

U3O8 

Wt% 

23.80 

7.40 

18.60 

7.10 

3.00 

3.30 

0.60 

2.10 

Component 
Oxide 

06203 

Nd203 

CSgO 

SrO 

*Zr02 

*Si02 

*Ti02 

Wt% 

0.50 

0.50 

0.25 

0.25 

6.60 

7.20 

18.80 

100% 

62.7 Wt% waste 

RSC-S29 

Component 
Oxide 

Fe203 

Mn02 

AI2O3 

*CaO 

NiO 

Na20 

U3O8 

Th02 

Ce203 

Wt% 

18.17 

4.11 

17.87 

8.54 

1.25 

4.94 

2.51 

0.46 

0.38 

Component 
Oxide 

CS2O 

SrO 
2-

SO4 

< 
*Zr02 

*Si02 

*Ti02 

Wt% 

0.20 

0.23 

0.39 

0.41 

7.94 

9.98 

22.62 

100% 

60.0 wt% waste 

•Elements added to the waste stream in addition to any amount present to 
promote the formation of the desired phases. 

Minor variations in the waste compositions are due to change in the SRL 

supplied reference "Composit SRP waste." 
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The major phases found in the consolidated ceramic were those 

expected: however a new cubic crystalline phase was found in the waste form. 

The XRD pattern of the optimized ceramic, RSC-S29, in Fig. 1 shows the major 

lines of the new phase, subsequently identified as a face-centered cubic 
Q 

Structure believed to be related to murataite, with an approximate pure phase 

stoichiometry of Zr(Ca,Mn)2(Fe,Al)4 ^T^^IQ, based on electron microprobe 

analysis.^ In addition to the elements in the nominal chemical formula, the 

cubic phase also incorporates a minor amount of uranium, rare earths, and 

sodium. 

The XRD pattern in Fig. 1 also shows the presence of two trace phases 

hematite, Fe203, and hauynite, nominally Ca2NagAlgSig024(S04)2 or the related 

Cl~ containing form. The trace hauynite is a sodalite-like phase whose forma

tion is associated with the presence of residual sulfate and chloride anions 

in the ceramic powders. The hauynite is easily leached and, therefore, 

undesirable. Subsequent to discovery of the hauynite phase, care was taken in 

anion removal during redox processing to avoid this potential problem. 

The mineralogy and waste element distribution, as determined by XRD 

and analytical STEM, is shown in Table 3. The elemental distribution shows 

that the magnetoplumbite phase hosts the Sr as predicted, but that the cesium 

appears to preferentially associate itself with the nepheline phase. The 

zirconolite serves as the major host for uranium and frequently other tetra-

valents and trivalent transuranics. It should be emphasized that time has not 

permitted complete optimization of this form and 
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I ^ S "MURATAITE" 
r7777)^ ZIRCONOLITE 
Wv^ "MAGNETITE" TYPE SPINEL 
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20-

55 
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60 65 70 

Fig. 1 XRD pattern of the RSC-S29 ceramic waste form, (Hauyne 
phase is not present in the optimized form). 
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Table 3. Waste Element Distribution in the RSC-S29 Ceramic as 
Determined by Analytical STEM and X-ray Microprobe. 
Elements are Listed in a Decending Order of Relative 
Concentration. 

Phases 

Phases 

Nepheline 

Spinel (Magnetite-type) 

Zirconolite 

Perovskite 

Murataite-type Cubic 

Magnetoplumbite 

Amorphous Material 

Trace Phases 

Pseudobrookite 

Hematite 

Trace Unknown 

Phase 

Elemental Content 

Si, Al, Na, 

Fe, Ti, Mn, 

Zr, Ti, Ca, 

Ti, Ca, Fe, 
Rare Earths 

*Ti, Fe, Zr. 
Na, Ni 

Fe, Al, Ti, 

Si, Al, Ca, 

(Fe2Ti05) 

(Fe203) 

Ca, 

Al. 

u, 

Mn, 

Al, 

Mn, 

Fe, 

Fe, K, Ti, Cs 

trace Ca, Ni 

Fe, Mn, Al 

Zr, U, Sr, Si, Al, Na, 

Mn, Ca, Ce, Nd. U, Si. 

Ca. Si. Na, Ni, Sr 

Ti. Na 

•Microprobe analysis by F. Ryerson, LLNL. 9 

further improvements in the magnetoplumbite phase as a Cs host may well be 

possible by close control of the alkali/rare earth/silica ratios. 

The magnetoplumbite phase adds a great flexibility to this assemblage 

as it can host many of the trace elements which might otherwise seek an inter

granular phase. The XII fold lattice sites in the magnetoplumbite interspinel 
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layer have been shown to accommodate a wide variety of mono, di, and trivalent 

cations including alkalis, alkaline earths, transition elements, and rare 

earths. The details of this phase as a radwaste host structure have been 

discussed elsewhere.^ 
o 

The RSC-S29 ceramic has a density of 3.97 g/cm at 50 wt% waste oxide 

loading. The approximate volume fraction of the observed phases content and 

theoretical density can be calculated based on pure phase densities and 

stoichiometries. This is shown in Table 4. 

Table 4. Calculated Volume Percent Phase Composition of 
the Consolidated RSC-S29 Ceramic 

Phase 

Zirconolite 

Magnetoplumbite 

Murataite-type 

Perovskite 

Nepheline 

Magnetite-type spinel 

Amorphous 

Densi 

CalcL 

ty (g/cm3) 

4.96^ 

4.04^ 

3.44^ 

4.04^ 

2.63^ 

5.20^ 

2.7<̂  

lated D( 

Experimental 

;nsi ty 

Density 

Volume % 

3. 

3. 

18 

12 

26 

8 

22 

13 

id 

9 (g/cm^) 

.97 (g/cm^) 

^ Calculated from x-ray lattice parameters and electron microprobe 
stoichiometry. 
Measured from pure phase material. 

^ Estimate 
Estimate from STEM analysis. 

21 
R/3565A/cb 



III. PROCESSING 

The simulated SRP "Composite" high-level defense waste used in these 

studies was obtained from several sources with the basic composition shown in 

Table 1, with some variation in trace elemental content. In this laboratory, 

the simulated waste was prepared by vacuum drying nitrate, hydroxide and 

alkoxide mixtures of the waste elements followed by partial denitration at 

400°C in air. before mixing in the chemical additives. The use of alkoxides 

is especially convenient in that they form absorbant gelatinous "sludges" with 

the aqueous nitrate ingredients providing good mixing and easy handling. 

Other sources of the simulated composite waste were a batch supplied by the 

Savannah River Laboratory and bulk material prepared by the Western Chemical 

Company and supplied through Lawrence Livermore National Laboratory. In all 

cases the source of the simulated waste material was not found to effect 

significantly the final phases formed or the overall elemental release rates. 

The RSC-S29 ceramic requires only three major processing steps, mix

ing of the SRP waste with the chemical additives, heating in an inert Argon 

gas environment to about 800°C and consolidation by hot isostatic pressing. 

The mixing stage attempts to achieve near molecular mixing, using 

soluble or high surface area fine particle chemical additives with the waste 

stream. The redox control and denitration can be accomplished in a single 

heating step with an inert gas. The processing studies carried out at LLNL 

indicate that this can be readily accomplished with a fluidized bed 

calciner. The off gas system from the fluidized bed calciner will have to 

accommodate the water, nitrates, chlorides, sulfates, and mercury volatilizing 
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from the waste. However, there is no volatilization of Cs. The calcines pass 

from the fluidized bed into a steel vessel which, when welded under vacuum, 

will be consolidated by hot isostatic pressing (HIP). This process is shown 

schematically in Fig. 2. 

Our processing studies have shown that adequate reduction of the 

uranium is obtained at calcining temperatures as low as 800°C. Cesium 

volatility in the pre-ceramic powders is undetectable at this temperature. 

Figure 3 shows a plot of Cs evolution versus temperature from the pre-ceramic 

powders, as determined by atomic absorption. The powders were heated in a 

graphite crucible in a nitrogen gas flow with an atomic absorption beam 

passing through holes in the crucible directly above the powder. This 

technique, described in detail elsewhere, is highly sensitive and can be 

used to show the onset temperature for volatilization when a sufficiently slow 

heating rate is used for the sample. Figure 3 shows that over the range of 

heating rates used in this study no Cs volatilization was observed from the 

powders below 1100°C, well above the processing temperature. 

In the proposed process the calcines will be vibratory packed into 

the HIP canisters to green densities of about 40% of the final form. The 

green density controls the amount of consolidation and hence the size of the 

final form, but it is not a limiting feature in the process. Full density of 

o 

3.97 g/cm has been obtained for laboratory specimens packed to as little as 

25% green density at HIP operating conditions of 1040°C and 10,000 psi. 

The effects of pressure and temperature have been investigated in the 

HIP consolidation of the waste form. A good temperature for the consolidation 
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RSC-S29 ceramic waste form for SRP high-level waste. 
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process has been found to be about 1040°C. This temperature produces suffi

cient crystallinity, while at higher temperatures amorphous grain boundary 

material is observed to increase in the ceramic. The effect of pressure upon 

consolidation is shown in Fig. 4. Full density is obtained in the ceramic at 

pressures as low as 7000 psi; below this pressure lower final density is 

observed. At the selected HIP conditions of 1040°C and 10,000 psi, no 

improvement in the waste form crystallinity or density was observed through 

using temperature hold times longer than 30 minutes for the standard 150 g HIP 

samples or through using slow cool annealing. DTA has indicated that a 

eutectic exists at about 1000°C in this system, so that the HIP process is one 

of reactive densification in the presence of a liquid phase. This ensures 

rapid densification by the solution reprecipitation/grain boundary sliding 
1 p 

mechanism.-^^ Except for residual grain boundary layers or glasses, this 

generally allows good approach to thermodynamic equilibrium of the crystalline 

phases and explains the relatively low fabrication temperatures and pressures 

required for this ceramic. 

IV. CHARACTERIZATION 

The basic phase assemblage and elemental distribution of the RSC-S29 

form have been given in Tables 2 and 3. Detailed microstructural and analyti

cal analyses have been conducted on the form. Figures 5 and 6 show micro

graphs of ion-beam thinned foils of the RSC-S29 ceramic. The micrographs show 

the material to be extremely fine grained with some characteristic patterns of 

grain formation. 
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Fig. 4 The effect of HIP pressure on the final density of 
the RSC-S29 ceramic form. Full density is reached at 
7 ksi from an in i t i a l green density of about 25%. 



SC 82-19048 

Fig. 5 STEM micrograph of a region of the RSC-S29 ceramic form 
showing the f ine grain size and preferent ia l grouping of 
the l a t h - l i k e magnetoplunbite grains. Magnetoplumbite = mp. 
Nepheline = N, Perovskite = P. 
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SC82-19049 

Fig. 6 STEM micrograph of the RSC-S29 ceramic showing nepheline, 
zirconolite, murataite-type, perovskite, and magnetoplumbite 
grains labeled N, Z, M, P, and MP, respectively. The nephe
line grains show electron beam damage. The spinel phase is 
not present in the microscopic region. 
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The typical platelet magnetoplumbite grains, which in section appear 

lath-like, show a tendency to form clustered regions as shown in Fig. 5. A 

second characteristic feature is the formation of the nepheline grains within 

a thin glassy phase. The nepheline grains, labeled N in Fig. 6. exhibit elec

tron beam damage which limits detailed analysis of their structure. On leach

ing the thin microscope foils in DI water, » the intergranular material is 

removed as shown in Fig. 7 for a sample of LLNL LS04HP4A ceramic. The holes 

left by the leaching of the intergranular regions clearly outline the 

nepheline grains, demonstrating the pattern of formation for the intergranular 

glassy phase. This micrograph also reveals how the glassy phase can act as a 

short-circuit leach pathway into the ceramic form and controls the short term 

behavior observed in the laboratory leach testing by solution analyses. At 

higher magnification the foil, in Fig. 8, shows some nepheline dissolution 

also occurring. 

One of the major advances in the RSC-S29 formulation over previous 

defense ceramic forms with silicate phases is that the intergranular material 

is minimized and does not preferentially concentrate radionuclides as observed 

in the Synroc-D samples for Sr. This is due to the availability of stable 

crystal lattice sites for the radionuclides and intimate mixing of the reac

tive chemical additives to enhance the formation of the desired phases. 

Specific evidence of the success of the RSC-S29 form in avoiding the 

partitioning of the radionuclides into the amorphous intergranular phases 

comes from both the leach data and examination of the intergranular phase by 

X-ray photoelectron spectroscopy. XPS analysis of fracture surfaces of 

Synroc-type ceramics with a continuous glassy phase have demonstrated that 
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SC82-18917 

Fig. 7 STEM micrograph of ion-beam thinned foil of LLNL-LS04HP4A 
ceramic after immersion in DI water for 4 hours at 90°C. The 
amorphous intergranular phase has dissolved preferentially, 
leaving the holes in the foil that appear light. The nepheline 
grains also show some attack. The amorphous regions obviously 
form around the nepheline grains, probably as the nepheline 
crystallizes out of a liquid phase during consolidation. 
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SC82-18916 

Fig. 8 Higher magnification micrograph of leached thin foil shown in 
Fig. 7. Note partial dissolution of nepheline grains in addition 
to removal of the amorphous phase. N = Nepheline, G = Glass. 
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cesium can be observed to preferentially concentrate in that phase. The 

RSC-S29 fracture surfaces shows no cesium at detectable levels with the Fe 3p 

lines clearly visible in the 700 to 750 eV binding energy region. The early 

Synroc-D samples exhibited a high Cs concentration in the exposed surface, 

overshadowing the Fe peaks though the bulk Cs concentration was equivalent to 

that in the RSC-S29 ceramic. 

Microprobe analysis of individual grains was carried out when appro

priate to confirm the stoichiometry of the crystalline phases. For example, 

the new cubic Murataite-type phase had the observed stoichiometry shown in 

Table 5.^ Similar analyses conducted on the magnetoplumbite phase show the 

cation/anion ratio to be quite close to the theoretical composition, 
2+ 3+ 

A B,20ig« Table 6 shows the measured stoichiometry of magnetoplumbite grains 

in a sample of the RSC-S29 ceramic. The large number of cations present in 

the grains confirms the flexibility of the magnetoplumbite structure for 

hosting the waste elements with several mechanisms of charge balancing. 
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Table 5. Electron Microprobe Atom Ratios of Elements Observed 
in the Murataite-type Cubic Phase in the RSC-S29 
Ceramic Waste Form.* 

Si 
Na 
Mn 
Nd 

0.0723 
0.2676 
1.0546 
0.0496 

Al -
Zr -
Fe -
U 

2.1982 
1.3518 
3.4695 
0.0847 

Ti -
Ca • 
0 
Ce • 

- 4.0845 
- 1.5917 
- 21.0000 
- 0.0694 

Approximate stoichiometry prepared as pure phase: 

ZrMno^9Cai,2Ti3''e2.5^^.5016 
Q 

*Performed by F. J. Ryerson of LLNL. 

Table 6. Atom Ratios Determined by Electron Microprobe 
Analysis of the Magnetoplumbite Phase in the 
RSC-S29 Ceramic by F. J. Ryerson of LLNL. 

Magnetoplumbite Stoichiometry = AB2^2^19 

Normalized to 0 = 19 

Ca 

Sr 

Na 

Cs 

Ce 

Nd 

Emp 

A Site 

EA 

i r i c a l 

Cations 

0.544 

0.060 

0.415 

0.005 

0.013 

0.010 

= 1.049 

stoichiometry A1.05B 12 

B 

Al 

Fe 

Mn 

Ni 

Ti 

Zr 

Si 

.O1O19 

Site 

EB 

Cat 

= 

.ions 

4.913 

3.954 

1.152 

0.291 

1.630 

0.045 

0.029 

12.014 
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V. CRYSTAL CHEMISTRY 

The phase formation in the titanate-silicate based ceramics for the 

SRP defense waste is a function of the chemical additives, the redox state of 

uranium and iron, and the consolidation temperature. The number of phases in 

the RSC-S29 form gives the chemistry a complex appearance. It can however be 

broken down into five fairly separate phase groupings for discussion pur

poses. These groupings are the fluorite type structures (zirconolite, 

murataite), the spinel related structures (magnetite, and magnetoplumbite), 

perovskite, the silicate phase (nepheline) and the inert buffer phases forming 

from excess additives (pseudobrookite, and hematite). 

The zirconolite phase, prototypically CaZrTi20y, provides the prin

cipal host lattice sites for the long-lived radionuclides U , Th , Np , and 

secondary host sites for the trivalent actinides and rare earth, as well as 

15 Sr. The formation of the zirconolite phase requires that Ca and Ti be 

present in excess over the stoichiometric amount to accommodate the U and 

added Zr . The typical ratio of Zr to U has been selected as approximately 7 

to 1 in the pre-ceramic powders. Critical to incorporation in this phase is 

the conversion of the uranium from the 6+ to the 4+ valence state. 

Depending upon the availability of excess Ca , Ti , and Fe the 

murataite-type cubic phase appears in the ceramic. In the RSC-S29 composi

tion, the redox state of the iron controls the amount of this phase present. 

With high Fe levels, Al. Ca and Ti can associate with excess Zr in the cubic 

phase, nominally Zr(Ca,Mn)2(Fe.Al )4Ti30]^g. The relative equilibrium between 

murataite •••zirconolite and other phases is quite complex. In related work 
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where uranium was left out it appeared that more murataite and less 

zirconolite was formed. Samples heated to higher temperatures in air also 

produced more of the murataite-type and it is surprising that this phase seems 

to be a wery rare mineral in view of its ease of formation in this ceramic 

formulation. 

Under the redox conditions of the LLNL Synroc-D where Fe'- dominates, 

the two ferrous spinels, hercynite-type FeAl204. and ulvospinel Fe2Ti04, are 

formed. These phases do not contain radionuclides yet they make up a signi

ficant volume fraction of the waste form. The lesser stability of the ulvo-

type spinel solid solution makes extensive reduction undesirable.^ With the 

2+ 2+ 

Fe trivalent, the two spinel phases do not form. The Fe and Al readily 

combine with Ca and Sr̂ "*", Bâ "*" or Naw2 + l-a-]̂/2 to form the magnetoplumbite 

solid solution, A (Al,Fe)-1^2019' with some of the remaining trivalents going 

to a magnetite-type spinel and the murataite-type cubic phase. The discovery 

of Pu fission tracks in meteroitic Hibonite.^ as discussed elsewhere,^^ 

suggests magnetoplumbite as a host for Pu , Am . and Cm̂ "*". The stability of 

the NaQ^5LAQ^5Al-]^20l9 ^nd NaQ^5NdQ^5Alj20i9 magnetoplumbites unDer highly 

aggressive acid conditions has also recently been reported by French researchers. 

A key simple test for whether magnetoplumbite. of the 1^^12'^ig type, 

is formed is the measurement of the c/a ratio of the hexagonal unit cell. 

For the RSC-S29 formulation, using the strong, easily distinguished, (220) and 

(20.11) lines, the values are: a = 5.76A, c = 22.61A, c/a = 3.93. This 

measurement confirms the 1:12:19 stoichiometry and is an easy scoping test for 

quality control. 

18 
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The waste form as designed contains only one silicate phase, 

nepheline, NaAlSi04. However, the presence of residual chloride or sulphate 

anions, from incomplete calcining, or through the use of incorrect additives 

can produce sodalite or Nosean related phases such as hauynite. These phases 

require only small amounts of anion impurities to form and are quite 

soluble. Hence, some care must be taken in the powder denitration/reduction 

stage to volatilize these anions. It should be noted that the Hayune group 

contains many complex members including molybdates. At temperatures below 

1000°C the nepheline phase does not fully form while at temperatures above 

1100°C, additional amorphous material and/or carnegieite appear. Hence, the 

temperature range for optimizing the nepheline as well as overall densifi

cation centers around 1040°C. 

To accommodate variations in the waste composition, excess levels of 

the chemical additives are normally included. The excess additives form 

"buffer" phases, useful internal indicators that tailoring is satisfactory. 

In the RSC-S29 formulation excess titanium forms pseudobrookite with Fe , 

(Fe,Al)2Ti05. Silica in excess substitutes into the magnetoplumbite matrix or 

forms silica-rich intergranular amorphous material. In those cases where 

insufficient Ti is present or mixing has not totally occurred during consoli

dation some trace hematite, Fe203, may appear in the ceramic. 

VI. LEACH PERFORMANCE 

The RSC-S29 ceramic form has been extensively examined in static MCC-

1, 2, and 3 type leach tests.^° In all the tests, the RSC-S29 was found 

superior to the Synroc-D S29 phase assemblage. As described earlier, the 
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major form of attack upon the ceramic form by ground waters is the dissolution 

of exposed intergranular amorphous material followed by slow decomposition of 

the nepheline phase. The major radionuclide-containing phases, zirconolite, 

magnetoplumbite, murataite. and perovskite, show essentially no dissolution 

even in the MCC-tests with finely divided powders at 150°C. 

Tables 7. 8. and 9 summarize the solution analyses observed in the 

static leach tests of the form. The brine data on the form is the least 

extensive due to the difficulties in conducting chemical analyses in the brine 

medium. As can be seen, the bulk of the dissolution occurs in the first 2 to 

3 days of leaching as the high surface area exposed by cutting releases 

soluble species from exposed grain boundaries. After this, the only dissolu

tion observed is attributable to the nepheline and surrounding glassy phases. 

XRD, SEM, and XPS analyses of the leached surfaces, carried out 

through a separate study of the dissolution mechanisms of ceramic waste 

forms, has shown that surface layers slowly build up upon the ceramics. 

These surface layers have tentatively been identified as stratlingite 

(Ca2Al2Si02*8H20), in silicate water and magnesium oxychloride 

(Mg2(0H)3C14H20) in brine. 

The extent to which the long-term dissolution of the ceramic form 

will be controlled by saturation effects versus solid-state diffusion will be 

a function of the flow rate of ground water in the ultimate repository and the 

penetration of ground water into the bulk ceramic via the dissolution of the 

nepheline and glassy phases. The short term (3 to 200 day) leach tests con-
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Table 7. RSC-S29 Solution Analysis from MCC Leach Tests in DI Water 

Day 

Na 

Cs 

Al 

Si 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

3 

2.37 

2.83 

1.23 

5.15 

0.35 

<8 X 10-^ 

7 

1.30 

1.83 

0.75 

1.99 

0.15 

<3.4 X 10-^ 

14 

0.78 

0.53 

0.43 

1.11 

8 X 10-2 

<1.7 X lO-'' 

HCC-1 90° 

28 

0.40 

0.29 

0.22 

0.60 

4 X 10-2 

<9 X 10"* 

Normal 

56 

0.22 

0.26 

0.10 

0.30 

5 X 10-2 

1.9 X 10-2 

3.6 X 10-* 

<1 X 10-2 

<3 X lO-* 

<1.2 X 10-2 

<1.4 X 10-3 

<3 X 10-3 

<3 X 10-* 

<6 X 10'* 

ized Release 

112 

0.17 

7 X 10-2 

6 X 10-2 

0.18 

2 X 10-2 

<1 X 10-2 

2.1 X IQ-^ 

<5.6 X 10-3 

<1.4 X 10-* 

<6.3 X 10-3 

<7 X 10'* 

<1.5 X 10-3 

<1.3 X 10"* 

<6 X 10-* 

Rate g/m^d 

200 

0.10 

9 X 10-2 

4.5 X 10-2 

0.13 

3 X 10-2 

4 .8 X 10-3 

9.3 X 10"^ 

<3.1 X 10-3 

<7.8 X 10-^ 

<3.5 X 10-3 

<3.9 X 10-* 

<8.4 X 10-* 

<7.3 X 10-^ 

<3.4 X 10"* 

MCC-2 

Day 

Na 

Cs 

Al 

Si 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

150°C 

28 

0.55 

0.43 

0.23 

0.66 

7.4 X 10-2 

<2.9 X 10-2 

6.7 X 10"* 

<1.7 X 10-2 

<4.3 X 10-* 

<1.9 X 10-2 

<2.1 X 10-3 

<4.6 X 10-3 

<3.9 X 10-* 

<9 X 10-* 

Na 

Cs 

Al 

Si 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

MCC-3 150 

Day 28 

0.27 

<8 X 10-3 

7.1 X 10-2 

3.2 X 10-2 

1.3 X 10-3 

<5 X 10-3 

1.4 X 10"* 

<3 X 10-3 

<7 X 10-^ 

<3 X 10-3 

<3 X 10"* 

<7 X 10"* 

<6 X 10'^ 

<1.4 X 10"* 

'C 

56 

0.47 

3.4 X 10-3 

9.8 X 10-2 

1.2 X 10-2 

<4 X 10-5 

<1.1 X 10-3 

1.4 X 10-5 

<7 X 10-* 

<2 X 10-5 

<7 X 10-* 

<8 X 10-5 

<2 X 10-* 

<1.5 X 10-5 

<7 X 10-5 



Table 8. RSC S29 Solution Analysis From MCC Leach Tests in Silicate Hater 

Normalized 

MCC-1 90°C 

Day 

Na 

Cs 

Al 

SI 

Ca 

Sr 

U 

Ce 

Fe 

La 

Hn 

NI 

TI 

Zr 

14 

<0.21 

<6.9 X 10-2 

0.16 

<0.21 

3.6 X 10-2 

<7.7 X 10-2 

1.4 X 10-3 

<4.6 X 10-2 

<1.2 X 10-3 

<5 X 10-2 

<5.7 X 10-3 

<1.2 X 10-2 

1.6 X 10-3 

<2.5 X 10-3 

21 

<0.14 

<0.12 

0.15 

<0.14 

4.9 X 10-2 

<5.5 X 10-2 

1.2 X 10-3 

<3.3 X 10-2 

<8.3 X 10-* 

<3.6 X 10-2 

<4 X 10-3 

<8.8 X 10-3 

<1.2 X 10-3 

<1.8 X 10-3 

28 

<0.11 

<8.8 X 10-2 

0.12 

<0.11 

1.9 X 10-2 

<3.9 X 10-2 

8.1 X 10-* 

<2.3 X 10-2 

<5.9 X 10-* 

<Z.6 X 10-2 

<2.9 X 10-3 

<6.2 X 10-3 

<8.2 X 10-* 

<1.3 X 10-3 

84 

0.17 

<3 X 10-2 

4 X 10-2 

0.13 

1 X 10-2 

<1.3 X 10-2 

2.5 X 10"* 

7.5 X 10"3 

<2 X 10-* 

<9 X 10-3 

<9.4 X 10'* 

<1.7 X 10-3 

<7 X 10-* 

<1.1 X 10-3 

Day 

Na 

Cs 

Al 

SI 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

ease Rate g/m^d 

MCC-2 150°C MCC-3 ISO'C 

14 

<0.21 

0.48 

0.77 

<0.21 

0.19 

<7.5 X 10-2 

1.4 X 10-3 

<4.5 X 10-2 

3.4 X 10-3 

<5 X 10-2 

<5.5 X 10-3 

<1.2 X 10-2 

<1.1 X 10-3 

<2.5 X 10-3 

28 

0.57 

0.20 

0.37 

0.54 

0.12 

3.8 X 10-2 

9.1 X 10-* 

<2.2 X 10-2 

1.1 X 10-3 

<2,5 X 10-2 

<2.8 X 10-3 

<6 X 10-3 

<5.4 X 10-* 

<1.2 X 10-3 

56 

0.56 

0.21 

0.26 

0.38 

4.9 X 10-2 

2.8 X 10-2 

4.3 X 10"* 

2.2 X 10-2 

4.2 X 10'* 

<1.2 X 10-2 

<1.4 X 10-3 

<3 X 10-3 

<2.6 X 10"* 

<1.5 X 10-3 

Day 

Na 

Cs 

Al 

SI 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

NI 

Ti 

Zr 

28 

0.43 

<8 X 10-3 

7.7 X 10-2 

ND 

1.9 X 10-3 

<5 X 10-3 

2.8 X 10-* 

<3 X 10-3 

<7 X 10-5 

<3 X 10-3 

<4 X 10-* 

<7 X 10-* 

<6 X 10-5 

<1.4 X 10-* 

56 

0.35 

5 X 10-3 

6.8 X 10-2 

ND 

<4 X 10-5 

<1.1 X 10-3 

1.9 X 10-* 

<7 X 10-* 

<2 X 10-5 

<7 X 10"* 

<8 X 10-5 

<1.7 X 10-* 

<1.5 X 10-5 

<7 X 10-5 



Table 9. RSC S29 Solution Analysis From MCC Leach Tests in Brine 

Day 

Na 

Cs 

Al 

S1 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

14 

-

<7.0 

<8 X 10-2 

<0.80 

0.97 

<3.8 

<1.4 X 10-2 

<2.3 

<6 X 10"2 

<2.6 

<0.28 

<0,6 

<6 X 10-2 

0.13 

MCC-1 90°C 

28 

-

<3,4 

<4 X 10"2 

<0.39 

0.41 

<1,90 

<7 X 10-3 

<1.1 

<3 X 10-2 

<1.25 

<0.14 

<0.30 

<2.6 X 10-2 

<6.5 X 10-2 

Normalized 

56 

-

<0.43 

<9.5 X 10-3 

5.8 X 10-2 

3.8 X 10-2 

<0.19 

2.1 X 10-2 

<2.9 X 10-2 

<7.2 X IQ-^ 

<3.1 X 10-2 

2.1 X 10-3 

3 X 10-3 

<2.7 X 10"* 

9.2 X 10-2 

Release 

MCC-

Day 

Na 

Cs 

Al 

Si 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

Rate g/m^d 

2 150°c 

56 

-

<0.43 

<9.5 X 10-3 

0.39 

0.19 

<0.19 

3 X 10-2 

<2.8 X 10-2 

<7 X 10"^ 

<3.1 X 10-2 

6.9 X 10-3 

4.5 X 10-3 

<2.7 X 10"* 

0.12 

Day 

Na 

Cs 

Al 

Si 

Ca 

Sr 

U 

Ce 

Fe 

La 

Mn 

Ni 

Ti 

Zr 

MCC-3 150°C 

28 

-

0.18 

<4 X 10-'^ 

7.4 X 10-3 

0.16 

0.11 

8.1 X lO-'* 

<1.1 X 10-3 

<1.1 X 10"^ 

<1.2 X 10-3 

4.9 X 10-2 

<3 X 10"^ 

<3 X 10-^ 

<6 X 10"^ 

56 

-

0.12 

<4 X 10-^ 

2.9 X 10-3 

0.30 

0.10 

4.1 X 10-* 

<6 X 10-* 

8 X 10-5 

<6 X 10-* 

3.6 X 10-2 

<1.5 X IQ-* 

<1.3 X 10-5 

<3 X 10-5 



ducted in this laboratory suggest that the microstructural isolation of 

nepheline grains by the insoluble phases could totally shut down the major 

dissolution processes with time in a monolith as could the formation of 

protective surface layers. In these cases, the release of all waste elements 

into the ground water would essentially be under diffusion control with sur

face ion-exchange and it is doubtful that any of the radionuclides would ever 

reach saturation levels in the repository ground waters from this waste form. 

Summary 

The combining of the high performance crystalline phases from the 

alumina-silica, and titanium-silica based ceramic waste forms has produced a 

significantly improved, if not optimized, defense waste ceramic. The RSC-S29 

ceramic maintains high-waste loading, while improving the ceramic leach resis

tance and ease of fabrication. 

The RSC-S29 ceramic takes advantage of both the zirconolite and 

magnetoplumbite phases as primary hosts for the long-lived radionuclides while 

also providing perovskite and murataite-type phases as secondary waste element 

host phases. The presence of multiple lattice sites for the major radio

nuclides gives a greater flexibility to the form for accommodating variations 

in the waste composition and processing parameters. The variety of coordina

tion sites also offers a greater ability to accommodate the effects of trans

mutation in the form. 

The processing requirements are compatible with remote operation; 

only mild reduction is required, no Cs volatilization occurs, and consolida-

42 
R/3565A/cb 



tion can be accomplished at 1040°C and pressures less than 10,000 psi. The 

fabrication process for the RSC-529 ceramic is also compatible with the 

fluidized bed calciner technology being demonstrated at LLNL and used remotely 

at INEL/ICPP for 18 years. 

In all testing the RSC-S29 appears to have the highest overall leach 

performance reported for any uncoated defense waste form at a waste volume 

reduction approximately a factor of three greater than the reference boro

silicate glass form. The leach testing also indicates that the ceramic form's 

performance is such that additional engineered barriers such as geologic 

repository bentonite backfills are unnecessary with such a high quality basic 

form. 

In summary this work supports the RSC-S29 formulation as the best 

ceramic form developed to date both with respect to processing and performance 

and shows the waste form to be a practical, permanent solution to the immobil

ization of high-level diffuse nuclear waste. 
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