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Abstract-The TEAM Workshops originated from probknss in
fusion reaeareh. Based on his recent observations regarding
automotive modeling, the author asks whether TEAM-i&e
worksho~ and the accompanying cooperation among
model= are of vahse in areas of economic competition.

I. cO&@ETtTtON AND ~PSRATION

In her study of advanced automotive government-industry
cooperative programs, Melissa Polverini [1] compared the
Advanced Clean Energy Project in Japan, the Car of
Tomorrow in Europe, and the Partnership for a New
Generation of Vehicles (PNGV) in the USA. The Advanced
Clean Energy Project assigned individual appointments to
each company. That meant the companies needed to share
little or no research information, The Car of Tomorrow is to
come up with only one car design, which will then be put
into production. Because of tha~ the companies have to
share information, which for competitive reasons they don’t
want to do, resulting in delays for the program. The PNGV
attempts something in between. The companies work
together on pre-competitive issues, but in the vehicle
engineering phase, they act independently.

I talked about this earlier this week in my panel
presentation on PNGV modeling [2]. This morning let’s
think about cooperation in competitive industries. In
particular, consider what role TEAM or TEAM-like
workshops can play in this process.

11. A VOLATfLEMEETING

What got me thinking about this was a particular PNGV
Technical Team meeting. Each Technical Team has
members from the ‘*BigThree” US automakers, from
government agencies, and from the national laboratories [3].
This particular meeting was a meeting of the Systems
Analysis Team, who are responsible for developing
modeling tools and encouraging the other teams to do
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modeling. Members of other teams were also present as
well as other people with broader responsibilities within
PNGV.

Every year the Peer Review Panel from the Nationai
Research Council [4] recommends cost modeling for
PNGV, and every year the automakers demur. But this
particular meeting was about modeling somethhg else,
modeling that the PNGV secretariat and the US Department
of Energy (DOE) had km pushing for. The modeling had
finally been done, but was badly flawed because it was
based on bad assumptions. Because of these bad
assumptions, the results ilom the modeling were a clear-cut
“The bigger, the better” or “The smaller, the better.” Even if
the modeling had been done correctly, the results would be
controversial because the different automakers had each
been promoting different choices.

The modelers and those of us tlom the Systems Analysis
Technical Team believed the purpose of the meeting was to
provide better assumptions, so the modeling could be
redone. Instead, some of the industry people questioned the
need for cooperative modeling, saying their in-house,
proprietary modeling tools were far better, and could
provide all that was needed.

This sort of response is not unique to the auto industry. A
week ago, representatives of another industry visited
Argonne National Laboratory (ANL), and a number of us
gave presentations on our capabilities. Again, the industry
people spoke of their superior in-house tools. This is just
one example of the generaI process. Chapman [5] reports
what works well in that situation: ‘The industry personnel
enlightened the lab scientists about the conditions under
which the device (or process) might be adapted for
automobile production. This broadened the industry
personnel’s perspective on the range of new technology that
might be applied to a problem. At the same time, the
laboratory personnel were exposed to real-world
manufacturing considerations; they thus narrowed their field
of inquiry.” By contrast, what doesn’t work is when the
laboratory scientist, unfamiliar with an industry, claims to
have the solution to all the industry’s problems.

111. THESTORYOFTEAM

At this point 1told the story of the origin of the TEAM
workshops and problems [6]. TEAM originated from the



needs of the fusion community. In 1985 it was clear that
existing 3-D eddy-current codes were inadequate to mode
effects such as the forces on components of fusion reactors
due to plasma disruptions. On a rainy evening during
COMPUMAG-Colorado, more than 60 people gathered in a
meeting room on the Colorado State University campus to
express their interest in the undertaking. The first TEAM
Workshop was held the following March at the Rutherford
Appleton Laboratory. Solutions to several of the problems
were presented, even though some of the presenters had
only received the problems two weeks before. That
October, the first workshop in Japan was held at the Tokyo
Electric Power Company. There Akihisa Karneari
summarized the Japanese solutions to all six problems. To
me, the success of TEAM was assured at that point.

Iv. “NoT A SHARED VISION”

I also told the Technical Team meeting that the effect of
the TEAM workshops and problems had been to improve
the competency of the electromagnetic modeling
community. I felt that a similar effort could raise the overall
competency of the automotive modeling community. I saw
a couple of people from the automobile industry talking
together, and one of them spoke up: “That is not a shared
vision. Why should we support an effort whose only effect
is to decrease the comparative advantage of our own in-
house modeling? It’s all very well to speak of fusion, but
fusion is not a field of industrial competition.”

I had to admit she had a point. During a visit to Europe
about twenty years ago, I heard about a proposal for
cooperative research in fusion, evoking the example of
CERN. (CERN has always been praised as an early example
of European cooperation.) But some opposed MISkind of
cooperation on fusion: “It’s all very well to speak of CERN,
but high energy physics is not a field of commercial
competition. We’re talking fusion. Every European country
will want to have its own fusion industry.

~. WHY ~M ~RE

After that meeting, I thought about modeling in
competitive industries, and about the differences between
electromagnetic modeling and automotive modeling. I asked
Nathan Ida, international TEAM chairman, whether it
would be worthwhile to talk about this issue at this TEAM
Workshop. He said yes, but he thought it should have a
wider audience—like COMPUMAG. I asked Bill
Trowbndge, president of the International Compumag
Society, if he agreed with Nathan. In response, he invited
me to be on his COMPUMAG panel, to talk about joint
industry-government projects and about cooperation in
compditive fields.

That’s why I’m here raising the question: Is TEAM or a
TEAM-like program of problems and workshops of value in
an area of economic competition? I remember
COMPUMAG, if not TEAM, always had the strong support
of Tom Preston at GEC and Simon Pohk at Philips.
Perhaps some Japanese experience may be relevant here.
Yesterday morning at COMPUMAG there was a

presentation about a benchmark problem on thin-film write
heads (7], surely a competitive field. It might be uselid to
know how this problem was developed and whether
workshops have been held for the discussion of problems
like this one.

I’d like to know what the rest of you think about this
topic.
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CHARACTERIZATION OF A GLASS-BONDED CERAMIC WASTE FORM
LOADED WITH U AND PU
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ABSTRACT
This paper presents microscopic characterization of four samples of a ceramic waste form
(CWF) developed for disposal of actinide-containing electrorefiner salts. The four samples were
prepared to investigate the influence of water content and the Pu:U ratio on CWF microstructure
and performance. While the overall phase content is not strongly influenced by either variable,
the presence of water in the initial zeolite has a detectable effect on CWF microstructure. It is
found to influence the distribution of the major actinide host phase, a (U,PU)OZmixed oxide.

INTRODUCTION
Argonne National Laboratory (ANL) has developed a spent fuel treatment process for sodium-
bonded metallic spent nuclear fuel from the EBR II fast breeder reactor. The process involves
electrometallurgical separation of the spent fuel in a KC1-LiCl molten salt bath. The three
products are a) cladding hulls remaining at the anode, along with elements noble to the
electrorefinement, b) uranium metal which is deposited on the cathode, and c) the electrorefmer
salt bath, in which Na, Pu, U, rare earth, alkali and alkaline earth fission prOcl@.S accumulate. .

Disposal of the electrorefiner salt is the most challenging aspect of the
electrometallurgical spent fuel treatment. In order to immobilize the water soluble chlorides, the
initial step in disposing of the salt is blending with zeolite 4A in a v-mixer at 500”C. This results
in a reduction of the free chloride content to less than 19Z0of the initial quantity. Subsequently,
the salt-blended zeolite is mixed with a borosilicate glass frit and hot isostatically pressed
(HIP’ed). During HIP, the zeolite 4A transforms to sodalite, a mineral al@nosilicate phase
which contains chlorine and alkali elements. The resuhing material is a glass-ceramic in which
the primary phases are glass and sodalite, with minor constituents nepheline (NaAISiOA), “
(Pu,U)OZmixed oxide, halite (NaCl) and a rare earth silicate containing some Pu. The micro-
structure and leach behavior of this materkd has been presented in several previous papers [1-3].

Part of the qualification process for acceptance of the electrometallurgical treatment is to
investigate the effect on the CWF of variations in processing and compositional parameters over
ranges within which they may vary during operations. The present work addresses two
important compositional parameters. The fnst of these is the water content. Water is introduced
into the processing in slightly varying amounts due to the inevitable presence of a small quantity .
of water in the zeolite 4A. The second compositional variable addressed here is the ratio of U to
Pu in the electrorefiner salt. In the case of driver fuel processing, this ratio is typically large, on
the order of 2:1. In the case of blanket fuel processing, which is pkumed at a later stage in the
fuel treatment, the U:PU ratio will be lower, on the order of 1:2.

The issue of water content is of particular interest for the CWF. The motivation for using
zeolite for salt disposal is the well-known ability of zeolites to occlude salt ions [4]. While
blending with zeolite dramatically reduces the overall free chloride quantity, previous studies of
the CWF have suggested that occlusion may not occur in the case of the actinide salts. ,hstead,
the U and Pu chlorides have been found to transform to a separate oxide phase during the
saltizeolite blending step. When water is present, the formation of (U,PU)OZis explainable as a
direct reaction of actinide chlorides with water, which is strongly favored thermodynamically.
However, the observed formation of a separate oxide phase rather than occlusion raises an
important basic question as to whether zeolite occlusion of actinide salts can occur if the
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competing reaction with .water is suppressed by using sufilciently dry zeolites, and/or artificially
large actinide contents. The present study was in part designed to address this question.

EXPERIMENTAL
Four laboratory scale samples of CWF were produced as a test matrix shown in Table 1. At
ANL-East, salts of composition given in Table 2.were blended with wet or dry zeolite 4A for
20 h at 500”C under argon. The saltizeolite blend had 10.5 wt% salt. -

Table 1. Overview of experimental matrix showing sample designations
zeolite HZO(W%) U:PU Ratio 3:1 UPU Ratio 1:3

0.12 1 2
3.5 3 4

Table 2. Approximate composition of actinide bearing 300 driver electrorefmer salt (w%)
LiC1-KClt NaCl Cscl BaClz REC13 AcCl~ others

65.0 12.7 2.1 1.0 7.9 10.1 1.2
‘Eutectic composition with 47.1 wt%KC1. RIZ Rare earths; Ac: Pu and U in 3:1 or 1:3 ratio

..

Following blending, the salt-loaded zeolite was mixed with a borosilicate glass fit in 1:3
proportion by weight (glass:blended zeolite), and sealed in small 1“ diameter evacuated HIP
cans. At ANL-West, the samples were HIP’ed at 850°C for 1 h under 100 MPa pressure.
Powder x-ray diffractometry (XRD), sctig and transmission electron microcopies (SEM and
TEM) were performed on Scintag Xl (Cu Kcx),Zeiss DSM 960 and JEOL 2010 instruments,
respectively. TEM sample preparation was perfonqed using standard dimpling and ion milling
techniques.

RESULTS
a) X-Ray Diffractometry
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Fig. 1. XRD scans of samples 4 (top) and 2 (bottom).
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Fig. 1 shows XRD scans of samples 2 and 4. The phases identified in the scans are sodalite,
nepheline, the mixed actinide oxide (U,PU)02 phase with fluorite structure, and halite. In
addition, the broad rise in the background intensity near 25° 2@ is consistent with the presence of
a glass phase. As can be seen, the traces are nearly identical, indicating that the influence of
water on the phase content of the final CWF is minor. The only significant variation of phase
content caused by the presence of water is an increase in the peaks associated with halite for high”
water content. For changing U:PUratio, the only discemable influence in the XRD trace was on
the lattice parameter of the mixed oxide (U,PU)OZphase. This varied in a way consistent with
solid solutions with U:PU of 3:1 or 1:3.

b) Scanning Electron Microscopy
Fig. 2 shows the typical appearance of wet and dry zeolite in SEM, backscattered electron (BSE)
mode. The predominant microsh-ucture of the CWF consists of polycrystalline sodalite regions
joined by a glass phase. The lightest features in the images are actinide and rare-earth bearing
regions. Sodalite regions appear a more continuous light tone and glass regions appear diffuse
and darker. In the case of sample 1 made with dry zeolite, the actinide species appear to be more
homogeneously distributed within the sample, giving the BSE image a slightly noisy appearance.
In contrast, actinide-rich regions in the BSE image of the sample made with wet zeolite are more
strongly clustered. No significant difference was found in SEM between samples made with
high and low U:PU ratios.

Fig. 2. SEM BSE micrographs of samples 1 (a) and 3 (b). G Glass; S: Sodalite; bright
particulate phase is actinide oxide.

c) Transmission Electron Microscopy
Fig. 3 shows a typical low-rnagniiication microstructure image from sample 1. The major glass
and sodalite phases, as well as halite and the mixed oxide phase, are all visible in the image.
Energy dispersive spectroscopy (EDS) spectra from the glass and sodalite phases do not differ
significantly from those presented previously [3]. In particular, the actinide content in these
phases is negligible. The major actinide-bearing phase in the CWF is the mixed oxide. Both this
phase as well as halite tend to be found within the glass near the glass/sodalite boundary, as
shown in Fig. 3.
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Fig. 4 shows a cluster of mixed oxide crystals in sample 3, which is identical to sample 1
except that it was made using wet zeolite. There is a clear difference between the distribution of
mixed oxide particles in Figs. 3 and 4, which was consistent in all observations of these samples.
Mixed oxide clusters in the samples made with wet zeolite tended to have well-defined
boundaries with a roughly constant density of fine mixed oxide particles within these boundaries.
In contrast-to this, use of dry zeolite tended to result in large but rather incoherent and ill-defined
agglomerations of the mixed oxide phase, such as that seen in Fig. 3. While a clear micro-
structural difference was detected between samples made with high and low water contents, no
difference among the samples as a function of the U:PUratio was detected using TEM.

Fig. 3. Microstructure image of sample 1. S: Sodalite, G: Glass, H: Halite. The fme-grained
dark phase is (U,PU)OZ,found in clusters of grains with approximately 20 nm crystallite size.

,

Fig. 4. Image from sample 3 showing an actinide-rich region in the glass phase. Short unlabeled
arrows show examples of the rare earth based silicate phase. M: mixed oxide clusters.
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In addition to the different morphology of clusters of mixed oxide particles, two other
distinctions were noted between samples made with wet and dry zeolite. In samples made with
dry zeolite, there were a significant number of larger single crystals of the mixed oxide phase, on
the order of 100 nm up to sizes in excess of one micron. In contrast, such crystals were rare in
the case of the samples made with wet zeolite. Finally, in a few instances, very fine mixed oxide
crystals were found to have formed in the interior of sodalite grains or at sodalite grain
boundaries in samples made with dry zeolite 4A. An example of this is shown as Fig. 5.

Fig. 5. TEM bright field image from sample 1 showing sodalite grains with intragranular
precipitates of the mixed oxide phase (small dark inclusions).

While the majority of actinides were contained in the mixed oxide phase, a rare earth
based silicate phase was found in all four samples. Examples of several rare earth based silicate
crystals are seen in Fig. 4. This phase forms faceted crystals with somewhat larger sizes than the
mixed oxide phase. They are commonly found within or at the boundaries of mixed oxide
clusters (see Fig. 4). EDS spectra showed strong rare earth lines (primarily Nd and Cc), as well
as a minor actinide component. The ratio of Pu to U was consistently higher than in any nearby
mixed oxide, judging from significantly stronger intensity of the Pu La characteristic x-ray
relative to U Let. Because of the small quantity of this phase, its role as an actinide host is
nevertheless small. The rare earth based silicate could not be indexed to any rare earth or
actinide silicate phase found the JCPDS database. An orthorhombic unit cell was determined to
which all diffraction patterns could be indexed. The cell parameters are:

a=22.9 ~; b=9.9 ~; c=7.2 ~

The errors are approximately 2% on the relative axis lengths, and 5% on the absolute lengths
(due to uncertainty in the microscope camera length). Evidence for a b glide plane par~el to a
and an a glide plane parallel to c was found in systematic absences. In addition, reflections with
index 1odd showed a pronounced streaking in the a-axis dh-ection, indicating that there is
significant stacking disorder along the a-axis.
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DISCUSSION
While the phase content of the glass bonded sodalite CWF is relatively independent of zeolite
water content and U:PU ratio within the present ranges, a microstructural effect of high water
levels was detected by TEM and SEM. The present results suggest that the water content of the
zeolite 4A may influence the kinetics of actinide oxide formation. In particular, the strong
clustering of actinide oxide crystals seen in Fig. 4 suggest that this region originated from the
decomposition of a particle of an initial chloride phase containing actinides and rare earths by
reaction with water. The reaction with water occurs during saltfzeolite blending, since it is
known that the much of the actinide oxide forms during this processing step. After formation of
the actinide-bearing clusters, the mobility of actinides is greatly reduced. The observation of
tightly constrained clusters with well defined morphology in the case of samples made with wet
zeolite 4A thus suggests that these clusters represent the outlines of initial chloride particles.

In the case of samples made with dry zeolite, the clusters of actinide-bearing crystals are
less well defined. This is consistent with a more sluggish decomposition, occurring perhaps at
higher temperature, thus allowing the salt particles to melt and disperse via diffusion prior to
transformation to oxides and subsequent immobilization. More sluggish actinide oxide phase
formation is also consistent with the observed greater quantity of large (>100 nm diameter)
actinide oxide crystals in the samples made with dry zeolite 4A. The formation of larger crystals
is aided by more controlled conditions of growth and a reduced thermodynamic driving force. In
the case of a reaction not with water but with oxygen deriving from other phases in the CWF (the
glass or zeolite), the thermodynamic driving force would be reduced. The common observation
of halite crystals near to clusters of the mixed oxide phase (see Fig. 3) supports a transformation
of the actinide chIorides to oxides by ion exchange with sodium.

Finally, the present work suggests that when the water content is insufilcient for reacting
all of the actinide chloride to oxide, competing mechanisms such as actinide salt occlusion into
the zeolite 4A may become viable. Fig. 5 illustrates the presence of intragranular and
intergranular actinide oxide precipitates, which are occasionally found in sodalite regions in
samples made with dry zeolite 4A. This suggests that the zeolite from which the soda.lite has
formed initially absorbed actinides. Precipitation of the actinides intergranularly as oxides may
then have occurred during the transformation of zeolite 4A to sodalite.
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