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ABSTRACT 

Glass-zeolite waste forms are being developed for immobilizing the chloride waste 
salt generated from the electrometallurgical treatment of spent fuel. Glass-zeolite 
composites with high densities were made using hot isostatic pressing (HIP) 
techniques. Processing parameters were investigated to yield desirable structural 
ceramic properties such as mechanical, chemical, and thermal stability. Limits for 
these parameters were determined by differential thermal and thermogravimetric 
analysis. The resulting ceramic properties such as bulk density, open or apparent 
porosity, and leach resistance were determined. In addition, phase equilibria and 
particle-size distribution were observed by optical light and electron microscopy. 
Pre-HIP processing techniques were also studied to ensure intimate mixing of the 
glass and zeolite powders. Particle size distributions resulting from dry blending 
procedure are appropriate for needed flow and packing characteristics. 

INTRODUCTION 

A mineral waste form is being developed at Argonne National Laboratory to 
immobilize chloride waste salt generated during the electrometallurgical treatment of 
spent fuel.[l] This waste form is a two-phase composite ceramic and is referred to 
as a "glass-bonded" zeolite. The zeolite component of this composite incorporates 
the waste salt into its crystalline lattice or cage structure.[2,3] Initial studies of this 
composite used hot uniaxial pressing (HUP) to form a bulk product. Currently, we 
are investigating HIP processing attributes which can improve the overall 
performance of this waste form. 

Previous work has shown that the glass-bonded zeolite composite has adequate 
performance characteristics for consideration as a spent nuclear waste form. The 
overall mass loss during leach testing is relatively low, the normalized release rate is 
less than 1 g/m2d in MCC-1 type leach tests for 28 days at 363 K in deionized water 
and brine, and this rate decreases with time.[4] These samples were made using 
HUP processing techniques 

HIP processing offers several advantages in the production of the glass-zeolite 
waste form. First, bulk densities >99% of the theoretical density for a glass-zeolite 
composites can be achieved. Second, the ceramic composite can be intimately 
encased in the stainless steel canister used for the HIP procedure. Third, the 
maximum sample size is only limited by the size of the press, whereas uniaxial 
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pressing, hot or cold, is limited 
distribution of the applied load. 

to relatively thin samples to assure even 

In this study, HIP processing parameters were investigated to determine the ceramic 
properties that will yield mechanical, chemical, and thermal stability of the waste 
form. These parameters include glass composition, maximum temperature during 
the HIP cycle, soak time at maximum temperature, maximum isostatic pressure 
during HIP cycle, use of advanced thermal cycles, glass-to-zeolite powder loading, 
calcination of glass powders prior to dry blending with the zeolite powder, canister 
loading, and canister materials. 

EXPERIMENTAL 

Commercially available glass powders were obtained from Bayer (Baltimore, MD). 
Five different commercial glass compositions were studied, as well as an in-house 
derivative of one of these glasses (see Table I). Glass powders were generally used 
“as-received” and stored in air. Blended zeolite powders were made in-house by 
mechanically blending molten salt with dehydrated zeolite powder. The salt 
simulates the waste salt generated from the electrometallurgical treatment of spent 
nuclear fuels. The salt is a LiC1-KC1 mixture with small amounts of alkali, alkaline 
earth, and rare earth chlorides. The zeolite powder was obtained from UOP 
(Des Plaines, IL) and dehydrated at 800 K. The blended zeolite powders were 
processed in vacuum and handled under a purified argon atmosphere. This process 
is being optimized. 

Table I. Glass Compositions Included in HIP Optimization Study (wt%) 
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Dry blending of the glass and zeolite powders was carried out in a purified argon 
glovebox. Appropriate amounts of the powders were first blended briefly by hand 
(shaking and stirring) and then aggressively mixed and mechanically milled in a 
“universal” mill obtained from Glen Mills (Clifton, NJ). The mixtures of glass and 
blended zeolites were milled for 2 min. at batch sizes of 50 to 100 g. Smaller 
batches were milled identically in a smaller capacity “micro-mill” from Bel-Art 
Products (Pequannock, NJ). This method of milling was found beneficial in the 
processing of powders that agglomerate. [5] Preliminary studies showed the zeolite 
powders tend to agglomerate readily. This aggressive, short-duration milling 
breaks-up agglomerates while blending the two powders. After blending, the 
mixtures were stored in a purified argon glovebox. 
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Stainless steel (Type 304, 20-mil wall thickness) canisters were chosen for 
containment of the glass-zeolite blends. These cylindrical canisters are 2.54-cm in 
diameter and either 2.54- or 7.62-cm tall. A schematic of the canisters used is 
shown in Fig. 1. The powders were loaded directly into these canisters in a 
purified argon glovebox by means of uniaxial cold-pressing techniques. Layers of 
blended powders were successively pressed into the canisters until full. A 
hand-operated hydraulic press was employed. Layer depths varied from -0.2 to 
0.5 cm. This layering approach enhanced the green density of the ceramic. Tap 
packing was shown in preliminary experiments to yield insufficient green density 
for uniform densification during the HIP cycle. Successive cold pressing increased 
the green density -30% as compared to tap loading. Canisters loaded in this 
manner have consistently shown uniform densification in the HIP. 
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Fig. 1. Schematic of HIP Canister 

After the blended powder was loaded into the canisters, the tops of the canisters 
were welded on, in air, using a tungsten inert gas (TIG) welder. These lids 
incorporate a tube used for pre-HIP evacuation. 

Loaded canisters were heated under vacuum to 775 K for -16 h to assure removal 
of trapped moisture and gases. The canisters were then cooled to room 
temperature. Once cooled, the evacuation tubes were crimped and sheared while 
still under vacuum by use of a hydraulic pinch-off press. The vacuum tight crimp 
was then TIG welded to assure that the tube remains sealed during HIP processing. 

Initial processing conditions were determined from data obtained from differential 
thermal and thermogravimetric analysis @TA/TGA). The raw glass and zeolite 
materials were heated separately to determine a processing temperature window 



within which the zeolite showed potential stability and the glass would lend 
sufficient densification. 

The evacuated and sealed canisters underwent HIP using several thermal profiles. 
These profiles can be classified into two general types: 

1) Slow heating and cooling (5 Wmin.) to a soak temperature for various 
durations (Fig. 2). 

2) Rapid heating and cooling (20 Wmin.) to a maximum temperature (no 
soak), followed by a lower temperature soak for various durations, then 
slow cooling (5 €Urnin.) to room temperature (Fig. 3). 
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Fig. 2. Slow HeatingKooling Thermal Profile 
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Fig. 3. Rapid HeatinglCooling. Two-step thermal profile. 

The heating was accomplished with a molybdenum resistance heater in ultra-purity 
argon (99.999%). Isostatic pressure was usually maximized during the HIP cycle, 
170 MPa (as determined by the HIP equipment). However, two samples had 
maximum pressures of 6 MPa. 

Preliminary screening tests were used to gauge the performance of the composite 
ceramics resulting from the HIP runs. Bulk density and apparent porosity were 
determined using Archimedes’ principle, crystalline phases were identified by use 
of X-ray diffraction (XRD); and leach resistance was measured by an abbreviated 
MCC-1 leach test (for 3 days instead of the standard 28 days). Using these data, 
processing parameters have been adjusted to achieve ceramic composites with 
optimal characteristics. 

RESULTS & DISCUSSION 

The DTA/TGA data from the raw glass and zeolite powders suggested that 
processing temperatures >975 K would yield dense composite ceramics. Glass 
transition and softening temperatures for most glass compositions were observed at 
e975 K. The D T m G A  data also indicate that the zeolite crystalline structure can 
survive these processing temperatures. However, in the initial HIP samples slowly 
heated (5 Wmin.) to maximum temperatures of 975 K or 1025 K for 1 to 4 h, the 
zeolite transformed to a denser, sodalite crystalline structure. Measurements of 
bulk density and open porosity conf i ied  the samples had densified to >99% of 
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theoretical density. These data are shown in Table II for samples slowly heated and 
cooled (5 Wmin.) to soak temperatures greater than 975 K. Also included in 
Table I1 are leach test results. A 3-d mass loss was measured for rapid screening 
of the samples. These data guided subsequent efforts in the development of HIP 
processing techniques. 

Table II. Screening Data for HIP Samples Slowly Heated and Cooled 
with T~L+x >975 K 

*These samples contain blended zeolite with a salt loading theoretically 
appropriate for the sodalite crystalline structure. 

All of the samples in Table I1 represent composites with sodalite and glass as major 
phases. As can be deduced from the data, these samples have all densified well; all 
open porosity values are less than 0.8%. The high mass loss for the 
B/1025 W4 h sample indicates that these samples can be “overcooked,” and that 
there is a limit on soak times at temperatures >975 K. 

Samples denoted with an asterisk in Table I1 were made with a “nonstandard” 
blended zeolite. This blended zeolite had a low waste salt loading (ratio of waste 
salt to dehydrated zeolite), which is considered more appropriate for the sodalite 
structure to occlude. Samples made with this blended zeolite showed improvement 
in leach resistance as compared to similar samples made with the standard zeolite 
powder. However, this improvement does not appear great enough to justify the 
lower waste loading per unit volume of the waste form. 

Data obtained for HIP samples slowly heated to temperature <975 K are shown in 
Table 111. The goals of these tests were to achieve bulk densities similar to the 
samples processed at temperatures above 975 K and to retain the zeolite crystalline 
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structure. The zeolite crystalline structure can theoretically incorporate more than 
twice the waste salt that the sodalite structure can. 

Table ID. Screening Data for HIP Samples Slowly Heated and Cooled 
with T~.u e975 K 

Sample ID Bulk Density Open Porosity Leach Mass Loss 
(glass/temp/time) (g/cm’> 
N875 K/1 h 2.19 9.84 7.60 
N875 K/2 h 2.04 13.47 11.46 
N875 K/4 h 2.41 0.3 1 8.40 
N950 K/1 h 2.49 0.12 1 .oo 
B/875 W1 h 1.95 18.71 11.70 
B/875 W2 h 2.28 3.70 6.43 
B/875 K/4 h 2.41 0.07 1.20 
B/950 W1 h 2.37 0.39 1.60 
C/875 K/4 h 2.40 0.20 3.40 
D/825 K/1 h 1.95 12.87 7.11 
Dl875 K/2 h 2.19 1.17 5.60 
E/875 K/2 h 2.28 4.14 5.53 
E/875 K/4 h 2.39 0.20 0.96 
F/875 K/1 h 2.35 8.54 7.00 
F/950 W1 h 2.35 0.70 1.8 

The samples slowly heated to soak temperatures <975 K usually yielded 
composites with zeolite and glass as the major phases. However, samples heated to 
a maximum temperature of 950 K still showed partial or complete conversion to the 
sodalite crystalline structure. Conversion to the sodalite structure was also 
observed for samples heated at 875 K for 4 h. The data in Table III illustrate the 
importance of high bulk density and low open porosity with respect to leach 
resistance. However, as with the B/1025 K/4 h sample, high leach resistance is not 
guaranteed by a high degree of densification. 

As evidenced by test results to date, simple heating and cooling profiles have 
yielded either highly dense sodalite composites, relatively low-density zeolite 
composites, or extremely brittle zeolite composites. Two-step thermal profiles have 
been previously used in the densification of bulk, superconducting ceramics.[6,7] 
Such thermal profiles combine the benefits of liquid or near-liquid phase and 
solid-state sintering. Several two-step thermal profiles were investigated for HIP 
processing. These profiles involve rapid heating and cooling to and from a 
maximum temperature, which strongly initiates densification at liquid or near-liquid 
phase sintering rates. The samples are rapidly heated and cooled through the ‘‘hot” 
portion of the profile to minimize potential zeolite-to-sodalite transformation. The 
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HIP samples processed in this manner retain their zeolite crystalline structure and 
show high bulk density, low porosity, and leach performance similar or better than 
glass-sodalite composites as seen in Table IV. 

Table IV. Screening Data for HIP Samples Heated and Cooled Using the 
Two-step Thermal Profile 

Sample ID Bulk Density Open Porosity Leach Mass Loss 

Blstandard 2.19 0.00 0.45 
B/special* 2.42 0.00 0.25 
Dlstandard 2.11 0.00 0.3 1 

(glass/zeolite type) (g/cm3) (%'.> (%I 

Dls pecial* 2.29 0.00 0.12 
*Different raw zeolite powders investigated concurrently. 

Select samples prepared by the different HIP techniques have been analyzed with 
optical light and scanning electron microscopy. High temperature (>975 K) 
processing yields uniform, homogeneous microstructures. The HIP samples 
processed at lower temperatures show islands of the two phases, which may 
explain their lower leach resistance. Samples made using two-step thermal profiles 
are being analyzed. 

CONCLUSIONS 

Processing parameters have been investigated for production of both zeolite-glass 
and sodalite-glass composite ceramics. Two glass compositions continually show 
superior performance with respect to the other glasses in this study, namely, 
glasses B and D. Screening tests show that composites with these glasses have 
sufficient leach resistance for further consideration as a nuclear waste form. 
Physical characterization of these composites, including long-term leach resistance, 
compressive strength, modulus of rupture, toughness, and thermal expansion, is in 
progress. 

Matching thermal expansion of the glass to either the zeolite or sodalite phase 
should greatly enhance the structural integrity of these ceramics. Performance 
enhancements may also be realized by the introduction of secondary phases that can 
either improve leach resistance or structural integrity. 
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