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ABSTRACT 

The feasibility of producing a single metal-matrix composite waste form rather than two 
separate forms consisting of a cast metal alloy ingot (such as Type 3 16SS + Zr) and a ceramic 
glass-bonded zeolite Nal2(A102) 1 z(SiO2) 12 has been demonstrated. This powder metallurgy 
approach consists of mixing the powder of the two separate waste forms together followed by 
compaction by hot isostatic pressing. Such a radioactive waste form would have the potential 
advantages of reducing the total waste volume, good thermal conductivity, stability, and surfaces 
with limited oxide layer formation. 

INTRODUCTION 

Argonne National Laboratory is developing an electrometallurgical treatment for spent nuclear 
fuel [l]. Resulting from this process are two waste forms-a ceramic (a glass-bonded zeolite, 
where zeolite (type A) is Nal2(A102)12(Si02)12 and contains fission products and actinide 
components) and a metal alloy ingot (comprises stainless steel ( S S )  or Zircaloy cladding hulls, 
zirconium, and noble metal fission products). Currently, these two waste forms are to be 
disposed of in a geologic repository. However, it would be extremely beneficial if a technique 
could be developed where only one waste form was produced. 

By synthesizing a metal-matrix composite (MMC), the glass that comprises a large fraction of 
the ceramic waste form would be eliminated, thereby resulting in less volume of waste for burial 
in a repository and a commensurate reduction in disposal costs. Furthermore, only one waste 
form would need to be qualified for disposal in a geologic repository. The metal waste form, 
with the nominal compositions of Type 316SS-15 wt.% Zr and Type 304SS-92 wt.% Zr, has 
been shown to be corrosion resistant and to have high strength [3]. As a result, a MMC with 
either of these nominal metal waste form alloys as the matrix, may exhibit beneficial waste form 
attributes, such as good corrosion resistance, good thermal conductivity (resulting in a relatively 
high possible loading of fission products per unit volume in the waste form), a potential for 
limited interaction between zeolite and matrix (A1203 and Si02 are oxide particulate that are 
added to metal matrix composites due to their stability and limited interaction with the metal 
matrix [3]), and surfaces with limited oxide layer formation (slag layers may develop on the metal 
waste form ingot that could complicate qualification of the waste form). 
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To investigate the potential for employing powder metallurgy (PM) techniques for producing a 
MMC waste form, with a stainless steel-zirconium alloy matrix and zeolite particulates, Type 
3 16SS-15 wt.% Zr alloy powders were produced and later HIP’d with and without added zeolite 
powders. Two approaches were studied: (a) using separate additions of stainless steel and 
zirconium to simulate the metal matrix and (b) directly producing the matrix composition from 
alloyed material. The former approach mixed the powders with zeolite powders and 
subsequently hot isostatically pressed (HIP’d) them into compacts. The latter powders were 
directly HIP’d. 

This paper describes the various HIP’ing runs that were conducted and the microstructures of the 
compacts that were produced. Based on the results of this investigation, the potential for using 
powder processing techniques to fabricate a metal-matrix composite for disposing of radioactive 
waste materials is discussed. 

EXPERIMENTAL PROCEDURE 

In the first approach, the materials used to simulate the radioactive waste form was gas-atomized 
Type 3 16SS (SCM Metal Products, Research Triangle Park, NC), Type-4A Zeolite (OAP, 
DesPlaines, IL) and a-Zr powders (Wah Chang, Albany, OR); the powder sizes used were 
approximately 125 pm, 1 pn, and 125 pm, respectively. Initial laboratory-scale HIP runs were 
conducted with Type 3 16SS powder, increasing the complexity of compositions with each 
succeeding run. In order to closely simulate metallic waste derived fiom electrometallurgical 
treatment of spent nuclear fuel, a-Zr was added to the Type 316SS powder. As-received Type- 
4A Zeolite (henceforth called zeolite) was used to simulate the actual zeolite that would contain 
entrained fission products and actinides. Table 1 lists the sample compositions studied in this 
work. After successful HIP runs using only Type 3 16SS powder, zeolite was mixed with Type 
3 16SS powders in order to simulate the metal matrix composition. This was accomplished by 
ball milling for 2 hours, using A1203 balls. a-Zr was incorporated at a later stage of the project. 
In order to create an atomistic level of mixing (and not a loose mechanical mixture), vigorous 
mechanical alloying (MA) was employed, utilizing a SPEX mill (model 8000, SPEX Industries, 
Edison, NJ) to synthesize Type 316SS-15 wt.% Zr alloy powders. The MA process was 
carried out with the addition of zeolite to fabricate sample 5. In another variation, MA’d Type 
3 16SS + Zr powders were mixed with zeolite, through a light ball-milling step (sample 6) .  

Gas-atomized Type 3 16SS + Zr powder (produced at Crucible Materials Corporation, Crucible 
Research Center) was also produced and was mixed with zeolite (sample 7) and “salt-occluded” 
zeolite’ (sample 8). The atomized powder appeared to be too coarse for producing a high- 
quality, green compact before laboratory-scale HIP’ing and, therefore, was MA’d for 1 hour, 
before subsequent mixing with zeolite and HIP’ing. Samples 9 and 10 were produced with a 
commercial HIP unit located at Bodycote IMT in Adover, Mass. and consisted of the as-gas- 
atomized Type 3 16SS-15 wt.% Zr powders. Here there was no necessity to artificially add a 
MA step and the powder was directly HIP’d. Table 2 shows details of the temperature profiles 
employed for each run. 

“Salt-occluded” zeolite has been exposed to LiC1-KC1 salt and has absorbed individual ions 
from the salt, and these ions have become incorporated into its structure. 
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Table 
Sample 

7 
8 
9 
10 

Sample Compositions Employed for HIP’ing Studies 
Powder Stainless Steel Zr Zeolite 
Type* (wt.%) (wt.%) (wt.%) 

E 
E 
E 
E 
E 
E 
E 
E 
P 
P 

100 
100 
100 
80 
68 
68 

76.5 
76.5 
85 

- 
- 
- 

12 
12 

13.5 
13.5 
15 

- 
20 
20 
20 
10 
10 

E-elemental powder; P-pre-alloyed powder. 

Table 2. Thermal Profiles of HIP Runs 
Sample HIP Temperature Duration Pressure 

1 L 700 2 25 
2 L 780 2 25 
3 L 790 2 25 
4 L 790 2 25 
5 L 790 2 25 
6 L 1,000 2 25 
7 L 1,200 2 25 
8 L 1,200 2 25 
9 C 800 2 15 
10 C 1,000 2 15 

Type* (“C) (hr) @si) 

* L-laboratory scale; C-commercial scale. 

To produce the laboratory-scale MP’d samples 1-8, the as-mixed powders were first cold- 
compacted into pellets of 0.5 inch diameter and of approximately 0.125 inch thickness at a 
pressure of 20 ksi using a hardened steel die and punch. The green pellets were then given a light 
coat of BN and placed over pyrex glass cullets within a BN-coated graphite crucible, after which 
the pellets were covered with more cullets. The assembly was then placed on a pedestal within 
the HIP chamber (Isospectrum, Columbus, OH). Subsequently, the samples were given a 
vacuum baking treatment at 300°C for 4 hours, in order to remove the absorbed moisture from the 
zeolite (up to 20 wt.%) and increase the integrity of the as-HIP’d pellets. The temperature was 
later raised to 750”C, at which point the chamber was pressurized with Ar. The temperature was 
programmed to increase to the desired level, and the pressure of Ar also increased simultaneously 
(during the soaking at high temperature the cullets melted and formed an encapsulation around the 
sample which was compressed with Ar). After cooling to room temperature, the crucibles were 
removed, the encapsulations were broken, and the samples were recovered. 

Gas-atomization of the powders used to fabricate samples 7- 10 was completed using Ar gas [4]. 
Fig. l a  is a SEM micrograph of the as-gas-atomized powders. For the laboratory-scale HIP’ing, 
the size of some of the gas-atomized powders was reduced by MA (Figure Ib). The morphoIogy 
of the zeolite powders that were employed are presented in Figure 2. 
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Fig. 1. SEM micrographs of (a) gas-atomized Type 316SS-l5wt.% Zr powders (-60 mesh) and 
(b) MA’ed, gas-atomized Type 316SS-15 wt.% Zr powders. 

Fig. 2. SEM micrograph of as-received 1 ype 4A Leolite powder. 

Samples were sliced from all as-HIP’d pellets and polished through 1-pm diamond paste. 
Samples were characterized using a Siemen D5000 X-ray diffractometer utilizing Cu Ka radiation 
operating at 40 kV and 30 mA. The resulting diffractogram was used to identify the phases 
present. The microstructures were further characterized using an Hitachi S2300 SEM operating 
at 20 kV. 

RESULTS AND DISCUSSION 

Laboratory Scale HIP’ing 
A SEM micrograph of the microstructure of a HIP’d sample of Type 3 16SS powder (sample 3) 
is presented in Fig. 3. This sample was HIP’d at a temperature of 790°C, and about 5% porosity 
was observed in the microstructure. This micrograph demonstrates that, even at this relatively 
low HIP’ing temperature, a reasonably dense material with a uniform microstructure can be 
produced. All of the initial HIP runs (samples 1-5) were carried out near 800’C to explore the 
feasibility of producing an acceptable-quality MMC at this low of a temperature (or perhaps 
lower). A low HIP’ing temperature could be used to try and control zeolite transformations that 
can occur at higher temperatures (e.g., zeolite can transform to a smaller sodalite molecule 
(N~Al3(Si0~)~Cl)  at temperatures near 65O9C, when C1- ions are present in the zeolite structure 
[5]). It may be beneficial to avoid such transformations during HIP’ing of a MMC because if the 
zeolite transforms to a smaller molecule, there will be less space available to contain waste 
constituents. 
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Fig. 3. SEM micrograph of Type 3 16SS powders HIP’d at 790°C and 25 ksi for 2 hours. 

Fig. 4a shows the microstructure of sample 4, which is a Type 316SS-zeolite MMC. The Type 
3 16SS is the brighter contrast phase and appears in relief of the zeolite particles. As indicated in 
Table 1, the material contains about 20 wt.% zeolite, which translates to a volume fraction of 
about 50%, since the density of zeolite is around 4 times less than that of Type 3 16SS (zeolite 
has a density near 2 g/cc while Type 3 16SS has a density near 8 g/cc). This composition was 
chosen as the maximum-loading case for emplacing zeolite in the metal alloy matrix. A situation 
more likely to be implemented would be a ceramic-loading of around 30% by volume. Fig. 4a 
shows the overall surface features, where the ceramic (dark phase) is inter-dispersed between 
Type 3 16SS particles (bright phase). Fig. 4b shows the same area at high-magnification. The 
compact appears to be of high integrity. 

Fig. 4. SEM micrographs of Type 3 16SS and zeoiite powders HIP’d at 790°C. (b) is the area 
inside the white box depicted in (a), and it emphasizes the small zeolite particles between the 
alloy powders. 

Figure 5a shows a micrograph of sample 5, which was HIP’d from powders of MA’d Type 
316SS, zeolite, and Zr. The sample became somewhat brittle due to the addition of Zr and 
separated into two parts during the removal from the glass encapsulant. This means that the 
sample lost some ductility, compared to previous compositions. This brittleness is expected due 
to the formation of a Zr(Fe,Cr,Ni)2+x intermetallic when Zr is added to Type 3 16SS in the 
appropriate amount. This intermetallic has been observed in as-cast Type 3 16SS-15 wt.% Zr 
waste form alloys [3] and may be produced during mechanical alloying. While the exact location 
of such intermetallics was not identified, the obvious grain pull-out sites during polishing is seen 
from the micrograph in Fig. 5a. Fig. 5b shows the flat area of the as-polished surface at high 
magnification. The surface shows the intermingled bright and dark phases, which could be the 
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Fig. 5. SEM micrographs of HIP’d MA’ed Type 3 16SS, Zr, and zeolite powders. (b) shows a 
flat area of the as-polished surface at high magnification. 

eutectic structure reported by McDeavitt et al. [3] in an as-cast alloy, or it may be a result of the 
intense MA process. Based on SEM/EDS analysis, Zr is located within the bright phase. 

Fig. 6a is a low magnification micrograph of sample 6, which was produced by HIP’ing, at a 
temperature of l,OOO°C, zeolite powders that were mixed with MA’d Type 3 16SS+Zr powder. 
Some evidence of possible segregation of constituents was observed in this sample. XRD results 
show that the zeolite has transformed to nepheline (Na2O.Al2O3.2Si02). 

Fig. 6. 
Type 316SS + Zr powders and HIP’d at 1,OOO”C (dark-contrast nepheline is between brighter- 
contrast alloy) and @) sample 7, consisting of gas-atomized Type 316SS-15 wt.% Zr alloy 
powders, MA’d and then mixed with zeolite powders and HIP’d at 1,200”C. 

SEM micrographs of (a) sample 6, consisting of zeolite powders mixed with MA’ed 

Fig. 6b is a SEM micrograph of a sample of zeolite powders mixed with gas-atomized Type 
3 16SS- 15 wt.% Zr alloy powders, which were ball-milled fiom an original size of -60 mesh to a 
final size of around -325 mesh (sample 7). This sample was HIP’d at a temperature of 1200°C to 
try and produce the highest quality product possible. This sample appeared to be quite dense. 

The microstructure of sample 8, which had “salt occluded” zeolite powders mixed with MA’d, 
gas-atomized Type 316SS-15 wt.% Zr alloy powders (HIP’d at 1200”C), is presented in Fig. 7. 
Samples that contain “salt-occluded” zeolite powders are of particular significance because they 
can be used to conduct leach tests to determine how well components absorbed by the zeolite 
and alloy matrix are retained in the MMC. 
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Fig. 7. A SEM micrograph of gas-atomized Type 316SS-15 wt.% Zr alloy powders, MA’d and 
then mixed with “salt-occluded” zeolite powders and HIP’d at 1,2OO0C (sample 8). 

The microstructures for samples 7 and 8 are very similar to each other. Zeolite did not seem to 
be present in these samples, based on X-ray diffiaction results. Instead, albite (Na(A1Si3)08)and 
zirconia (ZrO2) phases were detected. This suggests that the combination of high temperature 
and high pressure during HIP’ing caused the zeolite to transform into albite. The zirconia may 
have resulted from oxidation of some powders during MA. In Figs. 6b and 7, the albite is the 
dark-contrast phase and the zirconia appears as small, bright-contrast phases intermingled in the 
darker albite phase. The large, bright-contrast phases are the alloy powders. The transformation 
of zeolite into albite may not be beneficial, since the zeolite is intended as the carrier phase for 
fission products and actinides. A transformation of the zeolite into another phase may 
deleteriously affect how well waste components are retained in a MMC waste form. This would 
suggest that 1200°C may not be an optimal temperature for HIP’ing. 

The samples produced in this laboratory scale study using P/M techniques were quite dense with 
a reasonably uniform distribution of alloy and ceramic phases. The highest quality MMCs were 
produced by HIP’ing at or above l,OOO°C. HIP’ing near 8OO’C produced samples with reduced 
density, and HIP’ing at 1200°C produced fully dense products, but the combination of high 
temperature and pressure appeared to cause the zeolite structure to collapse, resulting in a 
transformation to albite, which may be undesirable. 

CommercialScaIeHIP’ing 
Fig. 8 are SEM micrographs of the commercially HIP’d samples of Type 3 16SS-15 wt.% Zr 
powder (Table 2, samples 9 and 10) HIP’d at 800°C (a) and l,OOO°C (b). The two HIP’ing 
temperatures were chosen carefully in an effort to bracket a fully dense and less than fully dense 
condition; Fig. 8 demonstrates that this was done successfully with the 1,OOO”C sample being fiee 
of porosity while the 800°C sample was not fully dense. However, if it is necessary to reduce the 
HIP’ing temperature in commercial practice to retain the zeolite, the HIP’ing pressure can be 
increased from the 15 ksi used in this work; albeit at higher cost. 

CONCLUSIONS 

Based on the work reported in this paper, it appears that the concept of producing a MMC 
waste form, which consists of the metal components residual from Argonne’s electrometallurgical 
treatment and the zeolite that is used to contain the other waste components, is feasible, using 
P/M techniques. The majority of the present work was done using a simuiated laboratory 
practice to produce the desired Type 316SS-15 wt.% Zr + zeolite product. However, 
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Fig. 8. SEM micrographs ot gas-atomized Type 316SS-IS wt.”/~ Lr alloy powders that were 
HIP’d at 15ksi for 2 hours at temperatures of (a) 800°C and (b) l,OOO°C. Bright-contrast areas 
are where material was pulled out of the samples during polishing. 

preliminary commercial scale HIP’ing suggests that the P/M approach can be used in “real- 
world” conditions, although this remains to be verified. Identification of the desired HIP’ing 
temperature, based on the behavior of the zeolite and the necessity to obtain full density, in a 
real-world environment with the real (rather than simulated) waste composition is needed. The 
general corrosion behavior of the HIP’d samples and the leachability of the contained waste 
components (which are of interest if this type of waste form is to end up in a geologic 
repository), must also be studied. 
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