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DISCLAIMER 

This report was prepared as a i  account of work sponsored by an agency o f  the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that i ts  use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark, manu- 
facturer, or otherwise, does not necessarily constitute or imply i ts  endorsement, 
recommendation, or favoring by the United States Government or any agency 
thereof. The views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency thereof. 
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ABSTRACT 

This Cooperative Research and Development Agreement (CRADA) has been a 
three-year collaboration among the Y-12 Plant Development Division, Blasch Precision Ceramics, 
Inc., and Surface Alloys, Inc. The purpose of the CRADA was to evaluate the production of a 
totally new crucible that would be noncarbon and that could perform like graphite. The effort 
required materials fabricated into a workable crucible. The goal was to produce a crucible that 
could be induction heated and allow melting of reactive metals without appreciable carbon 
contamination. 
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STATEMENT OF CRADA OBJECTIVE 

The objective of the CRADA was to create a noncarbon metal-ceramic composite crucible 
with performance characteristics similar to a graphite crucible that would be capable of achieving 
the following goals: 

1. 
2. 
3. 

direct heating in a standard induction field; 
use temperature to 1500” to 1600°C in a vacuum or inert atmosphere; 
fabricated using the combined knowledge and capabilities of 

Blasch Precision Ceramics, Inc. (unique “freeze-cast” crucible forming capability), 
Surface Alloys, Inc. (knowledge of surface-treated metals), 
Y-12 Plant Development Division (noncarbon crucible technology), and 
Lockheed Martin Energy Research Corporation (technical expertise in ceramic forming 

scalable from very small through pilot-plant production. 
and sintering); and 

4. 

STATEMENT ON MEETING OF CRADA OBJECTIVES 

The CRADA objective as given in the Statement of Work was “to develop a noncarbon, 
susceptible (material that heats directly in an induction field) crucible for use in vacuum induction 
melting (VIM) operations involving reactive metal melting.” This goal was achieved. Because no 
crucibles of this nature existed before this work, the entire study involved the exploration of new 
technical territory. The objectives were met in remarkable fashion, not only as initially expected 
(using machine turnings) but also with a creative result from the collaborative effort. 

DISCUSSION OF DEPARTMENT OF ENERGY BENEFIT 

The U. S. Department of Energy (DOE) programs involving casting uranium and its alloys 
have long been concerned with reducing deleterious carbon pickup that results from the use of 
graphite crucibles. Therefore, the results of this CRADA provide an alternative that can eliminate 
carbon pickup from the graphite crucible. 



TECHNICAL SECTION 

INTRODUCTION 

A noncarbon crucible is desired for uranium casting technology with the following goals: 

1. 

2. 

3. 

to allow melting and alloying without the introduction of carbon or silicon into the melt 
while maintaining impurity levels at or below precasting levels, 
to allow operating temperatures 2 1450°C in a vacuum to ensure homogeneity and 
eliminate prealloying, and 
to provide a reliable and economical system that is compatible with existing induction- 
heating facilities. 

PRIOR WORK 

A long-term effort has been exerted at the Oak Ridge Y-12 Plant to develop noncarbon 
crucible systems for melting uranium and other reactive metals.’-’ The material TRlBOCOR 
(50 wt % niobium, 30 wt % titanium, 20 wt % tungsten, heavily nitrided) was indicated to be a 
usehi, though costly, candidate. Also, ceramic systems were shown to be usable but difficult. 
Therefore, this CRADA was initiated with the goal of combining the ceramic and TRIBOCOR 
systems, thereby producing a more economical crucible of metal-ceramic combination. 
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PRESENTATION OF EXPERIMENTAL WORK 

MATERIAL SCOPING AND COMPATIBILITY STUDIES 

The initial problem review, the definition of compositions and additives to be tested, led to 
the experimental design. The idea of using machine turnings for the metal addition was based on 
the fact that turnings are very economical. The ceramic would be made by the “Blasch” process, a 
precision casting proprietary process that uses ceramics. The first bars were initially created using 
the following compositions: 

1. 
2. 

BP 95/6-P (96 wt % alumina, 4 wt % silica composition) and 
62/8-SC (a silicon carbide-alumina composition). 

Both nitrided and un-nitrided TlUBOCOR machine turnings (“chip”) additions were tested 
as additives in the 1 x 1 x 7-in. bars. Firing was at temperatures of 1325” to 1800°C with a 
1 “C/min heating rate and a 2- to 4-h hold time using a vacuum firing. These firings were 
conducted by T. J. Huxford of the Metals and Ceramics Division at Lockheed Martin Energy 
Research Corporation (LMER). To protect the furnace elements (tantalum or tungsten), the bars 
were double wrapped in a cocoon of niobium sheet metal. Figures 1 and 2 show these cocoons. 

Fig. 1. Niobium cocoons used to wrap ceramic-metal composite 
test bars. (Niobium cocoons after removal of Sample C.) 
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Test bars with 100% alumina and TRIBOCOR additions were wrapped in the niobium foil 
and firnaced at 1 " C/min to 1700 " C in vacuum for a 4-h hold time. Visual indication of reaction 
was evident after the testing and was confirmed by SEWspectroscopy. Un-nitrided TRTBOCOR, 
filly-nitrided TRIBOCOR, molybdenum, and niobium additives were considered for additional 
evaluation. These materials were incorporated into test bars using both the all-alumina 
composition and the standard 95% alumina @P 95/6-P) composition. These materials were to be 
fired in nitrogen to 1700°C for a 4-h hold. Comparisons of the bars were made visually (as- 
sintered and after breaking for strength comparison) and by optical microscope and SEM. Results 
showed that molybdenum had no reaction with the all-alumina composition and very minimal 
reaction with the 95% alumina composition. Nitrided TRIBOCOR was the best of the other 
additions, having little interaction with the ceramic compositions. Both un-nitrided TRIBOCOR 
and niobium reacted significantly and were not considered acceptable for hrther study. 

From these tests, investigators showed that molybdenum was the metal of choice for the 
first crucible fabrication attempts. Also, molybdenum is readily available as 0.050- to 0.060-in. (or 
even larger diameters) wire, molybdenum is the most economical metal, and molybdenum had 
already been demonstrated as a successfil susceptor in noncarbon fbrnace systems. Although both 
all-alumina and mullite systems could be used, the latter is more familiar to Blasch and was 
selected for hrther study on that basis. Nitrided TRIBOCOR was a second choice for hrther 
development, especially if direct contact with reactive metals (e.g., uranium) would be expected 
during the use of the metal-ceramic composite crucible. 

titanium nitride-were considered as the CRADA progressed. Of these materials, only the silicon 
carbide is readily used by Blasch; thus, it is the obvious material for first choice in crucible 
development. The titanium nitride is the second choice because it has the advantages of 
availability, stability with uranium, and possible substitution by TRIBOCOR (ie., ground 
TRIBOCOR "chips"). The aluminum nitride is water reactive, quite expensive, and hard to obtain 
in the particle size distribution needed for Blasch additions. Boron nitride reacts with uranium, 
resulting in boron contamination, a problem that would be worse than the carbon contamination 
resulting from the graphite crucibles. 

High-thermal-conductivity additives - including aluminum nitride, silicon carbide, and 

CRUCIBLE FABRICATION AND TESTING 

The direction of the CRADA partners at this point was to attempt the first crucible 
fabrication using single-strand, molybdenum wire (0.050 in. diam). The wire was wrapped onto a 
grooved metal mandrel and cast with the mullite ceramic to create a test crucible of approximately 
6.5 in. OD x 8 in. H, with - 7/16 in. wall thickness. Firing conditions were 1700°C at 1 "C/min, 
4-h hold, in a vacuum with argon or nitrogen. When the investigators attempted to remove the 
molybdenum from the mandrel, the molybdenum wire had a springiness similar to a "slinky" and 
was therefore unmanageable for use. An additional attempt to use the molybdenum wire was 
made using a steel mandrel wound with the molybdenum, heating the wound mandrel to 1100°C 
for a 1-h "soak" in argon. The fixturing of the wire winding to allow the ceramic to be cast 
around it proved to be a major problem. As a result of these practical difficulties in using 
molybdenum wire, additional directions were sought. 
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The CRADA partners concluded that a new direction for the molybdenum 
structure/mandrel should be taken: using molybdenum that is perforated, similar to a colander 
used in a kitchen. For the ceramic to filter adequately through the holes of the colander, the 
perforations had to be large enough for the coarse-grained (up to 1/8-in. grog aggregates) 
ceramic mix to flow through. Two molybdenum colanders were prepared. The first colander 
consisted of 0.088-in.-thick molybdenum measuring 5.3 in. OD x 5 in. H that included a 
hexagonal-design hole pattern with electrical-discharge-machined (EDN holes and heli-arc 
welded. The second colander was made from 0.062-in. molybdenum and measuring 5.3 in. OD x 
6 in. H that included a milled square-design hole pattern that was electron-beam (EB) welded at 
the Y-12 Plant. F ia res  3(a) and (b) show two of the colanders made according to the suggested 
guidelines. 
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Fig. 3(b). Molybdenum colanders in vertical position as welded for 
encasement with ceramic. 

The colanders were then shipped to Blasch, where they were encased in a friable, high- 
alumina mix. The colanders were then cast inside the high-silicon-carbide formulation (67.5 wt % 
silicon carbide, 29.4 wt % alumina, 3.7 wt % silica) to form the crucibles (6 in. OD x 5 in. ID x 8 
in. €3) The fiiable alumina coating on the colander provides a medium to allow for the differential 
thermal expansions of the metal and matrix ceramic during each heating cycle and to act as a 
"shock absorber" €or the thermal differentials. Also, the alumina does not react with the 
molybdenum and prevents the silicon carbide material from interacting with the molybdenum. 

Both of the crucibles with the molybdenum colanders inside them were shipped to LMER, 
where they were successhlly sintered. The heating parameters were run at 1.5 " C h i n  heating rate 
to a 1450°C "soak" temperature with a l-h soak. Vacuum was used until 550" to 600"C, and 
argon was used for the rest of the sintering. Cooldown was Z"C/min. Figure 4 shows one of the 
crucibles after sintering. 
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Fig. 4. As-sintered crucible with embedded 
molybdenum colander. 

The first milestone for crucibles was induction heating tests without loads to test the 
crucibles' ability to suscept and heat. In the first test, a crucible was insulated with a ceramic fiber 
blanket shown in Fig. 5. The induction fbrnace was operated at a frequency of 150 kHz. A second 
test involved surrounding the second crucible by a l-in.- thick bed of zirconia bubble insulation 
and heating at a frequency of 3 kHz. The goal was to heat the crucibles at or below 2.5 " C h i n  
(l5OoC/h) to 1000" C because such a rate had been shown to allow heating of foundry crucible 
without thermal shock degradation. The first test at 150 kE3z resulted in heating the crucible to 
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only 800°C and was not considered a complete success because high power was required. The 
second test at 3 kHz was entirely successhl with heating rates accomplished of between 2" and 
5"C/min and a final temperature of 1080°C . The maximum power used in the second test was 
about 5 kW. These tests showed that the lower induction frequency was most effective for 
heating the crucibles. 

crucibles containing metal loads for melting. Discussions with Blasch indicated an industrial 
interest in the colander crucibles for melting of high-purity copper. Because transfer of technology 
was one of the objectives of the CRADA, copper was chosen for the first melt. A yttria wash coat 
was placed on the interior of the crucible to inhibit wetting of the crucible by copper or uranium 
as indicated by previous ~ t u d i e s . ~ , ~  For the first melt, 25 copper bars having a total mass of 12.5 
kg were placed in the test crucible. The crucible and load were heated at 3 kHz frequency in a 
vacuum of 20 mtorr at S"C/min to 1 18O"C, with a 30-min dwell temperature. The temperature 
was monitored by a thermocouple that was attached to the crucible wall. 

Following the crucible cooldown, the copper ingot was removed from the crucible, and 
the crucible was examined for heat-related defects. Figure 6 shows the copper billet and the 
crucible used for the melt. The crucible was free of cracks, and the test was deemed a complete 
success. Balsch requested that the Y-12 Plant ship the crucible to them for analysis and as a 
"show and tell" crucible to tout the crucible success. 

The second milestone of the test schedule was induction tests at 3 HIz  frequency with 

' I '  

. .  

Fig. 6. Crucible in fiber blanket insulation as readied for induction 
heating testing. 
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The second part of the metal melt milestone was a test in which depleted uranium was 
melted. The second colander crucible was used for this test. This crucible was also coated by an 
yttria wash coat before uranium metal was added for the melt. This test was performed at the 
Y-12 Plant Development Division foundry in a vacuum induction furnace. The melt was 
conducted at heating rates comparable to the copper melt with a final soak temperature of 
1450°C. Figure 7 shows both the final billet and the crucible used for the melt. This test was also 
deemed a complete success. 

Fig. 7. Crucible after the uranium melt. 
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The third milestone of the “colander-crucible” testing was to examine the ability of the test 
crucible to undergo successive melts. Depleted uranium was the material of choice for these tests 
because the Y-12 Plant foundry was thought to be the primary customer for the crucibles. Five 
uranium melts have been performed in this test array. The crucible has successfilly maintained its 
integrity throughout the successive tests. 

determine if larger colander-containing crucibles could be built. 

using the techniques developed for the first set of crucibles. Figure 8 shows one of these large 
colanders. The colanders were then shipped to Blasch, where they were coated with an alumina 
protective slurry, and then the crucible was formed around the colander using the proprietary 
“freeze-cast” technology. 

Following the initial tests with the 6-in.-size “colander-crucibles,” the next step was to 

Two 10-in.-H x lO-in.-diam molybdenum colanders were made at the Y-12 Plant facility 

Fig. 8. The two 10-in. colanders. 

The 10-in.-H x 10-in.-diam crucibles were then shipped to LMER for sintering. One of 
the large crucibles was successfblly sintered using a protocol similar to the method used for the 
smaller crucibles. F i s r e s  9 and 10 are photographs of the sintered crucible. The large crucible 
looked very good after sintering; however, several small cracks are visible around the bottom 
drain hole. These cracks are thought to be the result of uneven drying before sintering. Blasch and 
workers at LMER made several suggestions as to methods to eliminate the problem in fbture 
crucibles. 
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Fig. 9. Ten-inch ceramic crucible. 
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Fig. 10. Ten-inch ceramic crucible after sintering. 

The large sintered crucible was then shipped to Blasch and cut into pieces for analysis 
iolybdenum colander. It was reported that the colander passed the sintering test with no 
vable damage. The second large crucible was sintered by the conclusion of the CRADA. 
are planned for the second large crucible because additional expensive induction furnace 

.es would have to be purchased to pefiorm the tests. 

of 
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POSSIBLE FUTURE WORK 

The following areas should be addressed as this metal-ceramic composite crucible evolves 
in the future. 

ALTERNATNE CRUCIBLE DESIGNS 

Figure 11 shows a one-piece crucible using an embedded colander. Several modifications 
have been considered and are believed to improve the performance of this crucible as it is scaled 
up to larger sizes. 

Alternate 
Hole Pattern 

ORNL-DWG 95-3064 

Fig. 11. Schematic of a one-piece crucible with embedded colander. 
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One modification uses a corrugation of “expanded” metal and is shown graphically in Fig. 
12 (corrugation suggested by W. A. Pfeiler, expanded metal suggested by the author). 

Figure 12. “Expanded” metal colander design 
with corrugation not drawn. 

In another variation expected for larger crucibles, the bottom would be removable (Le., 
the two-piece crucible7 that has already been shown to reduce thermal stresses, licensed by Blasch 
Precision Ceramics, Inc.). This variation is shown graphically in Fig. 13. 

Still another variation would use a molybdenum “banding” instead of an embedded 
colander; the banding would be on the outside of the ceramic crucible, which would be slotted, as 
illustrated in Fig. 14. A hrnace stack using a two-piece (removable bottom), metal-ceramic 
composite crucible is depicted in Fig. 15. The two-piece crucible is ideal for this system because 
the sidewalls heat up as a result of the susception of the molybdenum in the induction field then 
transfer the heat to the surrounding ceramic by conduction (thus requiring a high-thermal- 
conduction ceramic to reduce thermal stresses). The thermally floating bottom cannot be stressed 
fiom the heating sidewalls because it is mechanically decoupled fiom the sidewalls (or housing). 

For thicker-walled crucibles, it is also envisioned that two colanders could be embedded, 
each one such that the “holes” in the colanders are offset. The added colander would hrther 
distribute the heating of the ceramic matrix material of the crucible sidewalls. 
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ORNL-DWG 953065 

Fig. 13. Schematic of a two-piece crucible with embedded colander. 

17 





ORNL-DWG 95-3067 

Fig. 15. Furnace stack with metal-ceramic composite crucible. 
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ALTERNATIVE COLANDER MATEFUALS AND DESIGNS 

1. Nitrided TRDBOCOR can readily be substituted for molybdenum as the colander material. 
The nitrided TRDBOCOR should be much more resistant to molten reactive metal 
(uranium, titanium, beryllium, rare earth metals, etc.), and this improved stability should be 
a great advantage as the crucible is penetrated from puncturing or abrasion over time. 

2. Titanium nitride (either as the pure material or as scrap TRIBOCOR “chips” or ground- 
and-sized nitrided TRTBOCOR) should probably be substituted for silicon carbide as 
temperatures exceed 1400°C to avoid the oxide and silicon carbide reactions that occur in 
vacuum, leading to silicon monoxide and carbon monoxide evolution. Although this 
substitution could increase the cost of the crucible, it would prevent any possible carbon 
contamination from the evolved carbon monoxide as use-temperatures in the range of 
1400” to 1500°C are reached. 

3. The designs for the colanders and the overall crucible design should be modeled to 
determine the best thickness and the best “hole” size for the colander and to calculate the 
optimum thickness and material for the thermal-shock-absorber barrier coating on the 
colander. Designs should be optimized with these theoretical predictions. 

4. The metal-strapped, slotted crucible concept should be evaluated fbrther because it might 
allow heating rates equal to graphite, based on previous tests of slotted ceramic crucibles 
using a “thermal can” external susceptor material .7 
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REQUIRED STATEMENTSKIVFORMATION 

STATEMENT ON INVENTIONS 

The possibility that the embedded molybdenum (or nitrided TRIBOCOR) colander is 
patentable has been considered. The concept was derived through equal participation of the 
CRADA partners and, therefore, was submitted to Lockheed Martin Energy Systems, Inc., with 
all of the partners as co-inventors. 

ASSESSMENT OF COMMERCIALIZATION POSSIBILITIES 

Blasch had licensed the two-piece crucible’ before the onset of this CRADA. This metal- 
ceramic composite crucible is expected to be of general interest to the reactive specialty metal- 
melting industry. Blasch is expected to continue to develop and commercialize the crucible. 
Whether the TRTBOCOR is used in the crucible will determine if Surface Alloys will continue to 
be interested in the crucible. The interest of the Y-12 Plant is expected to continue as higher- 
purity, smaller melting schemes are being developed. 

PLANS FOR FUTURE COLLABORATION 

Continued dialog with Blasch and Surface Alloys is of interest because both companies 
possess skills needed for designing metal-ceramic composite crucibles and systems that will be 
needed in the future. As was mentioned in the “Future Work” section, the modeling and further 
improvement of this metal-ceramic composite crucible would be very beneficial to all parties; such 
efforts could lead to excellent optimization and greatly improve the salability of the crucible. This 
work would probably involve a follow-on CRADA and would be expected to involve more 
participation by the Metals and Ceramics Division at LMER (particularly J. 0. Kiggans and other 
personnel of that division) as well as Y-12 Plant personnel. Although these directions are quite 
promising, no formal plans exist for continuatiodfollow-on of the CRADA. 
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CONCLUSIONS 

This CRADA has been beneficial to all parties. The decisions and directions have been 
mutually undertaken. Very difficult materials compatibility problems were uncovered and solved 
through the excellent exchange of ideas in this CRADA. The CRADA partners have demonstrated 
their willingness to participate joifitly in research and development of a new product. 

From the CRADA, a totally new metal-ceramic composite crucible resulted and appears to 
be capable of evolving into a usefbl product over time. 
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