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ABSTRACT 

In the defense community, certain uranium-alloy components have 
been manufactured by methods which generate large quantities of uranium 
bearing waste. Our estimates show that these components can be 
fabricated by vapor deposition and reduce waste generation by more than 
an order of magnitude. 

We present results from a series of uranium-alloy vapor deposition 
tests designed to produce samples of free-standing structures. Both flat 
plate and cylindrical shells were produced. The deposits were fully dense, 
defect free and displayed a high quality surface finish. The uranium-alloy 
was co-evaporated from a single source. Bulk chemistry specifications for 
the material were met, although some residual variation in chemistry was 
observed in sample cross sections. After heat treatment, the vapor 
deposited samples exhibited tensile properties similar to conventional 
ingot processed material. 

INTRODUCTION 

Lawrence Livermore National Laboratory is involved in research and development on 
a broad range of electron beam related manufacturing technologies: 

• Fabrication of precision free-standing structures by electron beam vapor 
deposition. 

• Real-time density and composition sensors for control of electron beam 
manufacturing processes. 

• Recycle of uranium-alloy scrap by electron beam cold hearth melting and 
casting. 

• Plasma enhanced vapor deposition for high rate coating applications. 



The sensor development and uranium scrap recycle projects are described in the 1994 
Reno Conference proceedings (1,2). This paper will focus on the fabrication of precision 
free-standing structures by electron beam vapor deposition. 

BACKGROUND 
Fabrication of free-standing structures by vapor deposition is well suited to a number 

of high value manufacturing applications. Tooling for the injection molding industry is 
currently made by electric discharge machining. The process is both expensive and time 
consuming. Complex tool sets can cost more man $100K and can take months to 
fabricate. A vapor deposition based process has the potential to reduce manufacturing 
time to weeks and to greatly reduce the amount of hand polishing required. 

A series of mold replication tests have been performed under a small business 
CRADA between Lawrence Livermore National Laboratory and Laser Fare Inc. An 
aluminum-bronze test mold was deposited and used to injection mold 5000 plastic parts 
(Fig. 1). Results of the mold replication tests are reported elsewhere (3). 

In the defense community, certain uranium-alloy components have been 
manufactured by methods which generate large quantities of uranium bearing waste. Our 
estimates show that these components can be fabricated by vapor deposition and reduce 
waste generation by more than an order of magnitude. 

Electron beam evaporation has the unique advantages of high deposition rate, fully 
dense deposits with tailored microstructure and excellent surface finish in the as-
deposited structure. Chemical vapor deposition based processes have much lower 
deposition rates and a very limited set of alloys which can be deposited. Plasma and 
liquid metal spray have high deposition rate, but achieving full density and high quality 
surface finish are problematic. Electrodeposition offers many of the advantages of vapor 
deposition but there are environmental issues associated with disposal of the plating 
solutions. The disadvantage of electron beam vapor deposition is that the coating 
hardware is generally more expensive than competing methods. 

It is unlikely that any one of the competing methods will be superior for all 
applications. Instead, competing coating technologies will move into niches where the 
particular characteristics of that coating technology are well suited to the application. For 
example, in the uranium-alloy deposition process, the cost of the uranium qualified 
facility that houses and supports the electron beam coater far outweigh the cost of the 
coater itself. Minimizing uranium qualified floor space and contaminated waste 
generation dominate process selection. 

The electron beam process concept is illustrated in Fig. 2. A mandrel is coated by 
vapor produced by an electron beam. Full deposit density is attained by controlling the 
temperature of the substrate and, optionally, by bombarding the deposition surface with 
ions during the deposition process. 



URANIUM-ALLOY DEPOSITION TESTS 

To evaluate the feasibility of the uranium-alloy deposition process, we conducted a 
series of tests at Lawrence Livermore. Our objective was to make a defect free, 
cylindrical shell (1.5 mm wall thickness, 1" ID) and a flat plate that could be used for 
materials testing. The evaporant was uranium-6wt% niobium. Vapor pressure of 
uranium is roughly two orders of magnitude greater than niobium at temperatures 
sufficient for high rate evaporation. Because the magnitude of vapor pressures is 
relatively close, it was decided to co-evaporate the alloy from a single pool. The 
composition specification for the alloy is 5.2 < wt% Nb < 6.5. 

Evaporation was from a bottom fed crucible. Feedstock was made by electron beam 
cold hearth melting and casting of scrap alloy material (Fig. 3). The vaporizer is shown 
in Fig. 4 before the substrate was installed. The system in Fig. 4 was originally designed 
for melting and casting, so the electron gun is mounted on the top of the vacuum vessel. 
The feed ingot is visible in the lower left side of the coating chamber. The substrate was 
installed on the leftmost wall of the coating enclosure about 2/3rd's of the way to the roof. 
Figure 5 shows the cylindrical substrate. Two materials are shown in Fig. 5, a cylinder of 
alumina foam and a thin wall tantalum cylinder (2 mils). 

Uranium undergoes a phase change upon cooldown from temperatures greater than 
about 650°C. Along with this phase change is a significant change in volume. As a 
result, a crushable substrate is needed to accommodate cylinder shrinkage during 
cooldown. This, along with the requirements for high temperature vacuum compatibility, 
dictated the choice of substrates. The alumina foam simply crushes on cooldown and the 
tantalum shell buckles. 

Uranium evaporation rate was under closed loop control during the tests. Probe lasers 
were tuned to monitor the densities of the uranium and niobium vapor. Uranium density 
was used in a feedback loop to control the electron beam power. Niobium density was 
monitored but not controlled during the tests. Video images of the melt were digitally 
processed to determine melt level. Melt level was then used in a feedback loop to control 
feed rate. 

TEST RESULTS 

A total of three runs were made. Test conditions are summarized in Table 1. Note 
that Run 02 was terminated after only an hour of coating time due to a hardware failure. 
However, both Runs 01 and 03 produced high quality samples. 



Table 1: Summary of Test Conditions 

Run 01 Run 02 Run 03 
Rotator 

Substrate 
Temp. C 
Voltage, V 

Al-20rod 
1100 
2000 

Al-20rod/Ta 
tube 
1000 

0 

Al-20rod/Ta 
tube 
1000 

0 
Vapor Rate, kgU/hr 4.7 5.7 5.1 

Ingot fed, kg 55 25 95 

Shutter open, hrs 12 1 17 

Deposition rate, A/s 
(stationary substrate 
equivalent) 

750 

, 

700 

Cylinder wall thickness, 
mils 

32 2 42 

Figure 6 shows the uncalibrated uranium evaporation rate from Run 01 as measured 
by the diagnostic laser probe. After calibration, the average uranium evaporation rate 
was determined to be 4.7 khU/hr. The feedback control system stabilized the evaporation 
rate to within about +1-5%. 

Figure 7 shows the measured niobium evaporation rate and the electron beam gun 
emission current. Niobium evaporation rate was not under feedback control during the 
tests and, not surprisingly, fluctuates more than uranium evaporation rate. There are two 
potential sources of niobium fluctuations: the feed ingot has compositional variations 
along its length due to alloy segregation during the casting process and pool level control 
during evaporation was relatively coarse. 

The feeder was actually an ingot puller designed to cast hundreds of kilograms per 
hour. For evaporation,, the motor direction was reversed and operated at roughly five 
kilograms per hour. At these low motor speeds the ability to make small adjustments to 
feed rate was limited. Deposited samples were in-spec on bulk composition but showed 
some compositional banding in etched cross section micrographs. 

Figure 8 shows the cylinder recovered from Run 01. The cylinder was mechanically 
sound and parted easily from the crushable alumina substrate. The surface of the cylinder 
was relatively rough but was easily machined. In Run 03 we determined that surface 
smoothness is highly dependent on the choice of substrate material. Figure 9 shows 



micrographs of cross sections through cylinders deposited on alumina foam (top) and the 
tantalum shell (bottom). The large dark veins running through the deposits are a second 
metallurgical phase, not voids. 

Careful examination of the substrate-deposit interface in the top micrograph shows a 
reaction layer. The initial uranium which deposits on the alumina reduces the alumina 
and in the process pits the surface. These surface defects then propagate through the 
deposit and roughen the surface. On the other hand, the tantalum substrate shows no 
reaction layer and no surface roughness. 

Heat treatment of this material is required to obtain the desired mechanical properties. 
Tensile specimens were machined from the flat plate samples collected in Run 01. The 
specimens were then heated to 800C, held for 3 hrs and then water quenched. Best 
results were obtained when the quenched samples were then aged at 200C for 2 hrs. 

Dimensional checks before and after heat treatment showed no measurable distortion. 
Tensile properties are summarized in Fig. 10. The solid line corresponds to the vapor 
deposited material and the two dotted lines refer to material produced using the 
conventional ingot metallurgy process flowsheet. The vapor deposited material is in-spec 
on elongation to failure and ultimate stress. Yield stress is somewhat lower than the ingot 
processed material. It is actually somewhat remarkable that the vapor deposited material, 
with a pronounced columnar microstructure, behaves as similar to ingot processed 
material as it does. 

SUMMARY 

The feasibility of fabricating uranium-alloy structures by electron beam vapor 
deposition has been demonstrated. We achieved good dimensional replication of the 
substrate, achieved fully dense, defect free coatings and achieved a high quality surface 
finish. Bulk composition of the samples is in-spec, however some compositional banding 
is present in sample cross sections. Mechanical properties of heat treated and aged 
material is similar to conventionally process ingot material. 

ACKNOWLEDGEMENT 

This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Liverrriore National Laboratory under contract No. W-7405-Eng-48. 

ST95-209/TMA:dlb 
L-20941-1 



REFERENCES 

1. T.M. Anklam, et. al., Evaporation Monitoring and Composition Control of Alloy 
Systems with Widely Differing Vapor Pressures, Proceedings of the Conference on 
Electron Beam Melting and Refining - State of the Art 1994, Bakish Materials 
Corporation 1994, ISSN 0740-8706. 

2. R.H. McKoon, Progress Toward Uranium Scrap Recycling Via Electron Beam Cold 
Hearth Refining, Proceedings of the Conference on Electron Beam Melting and 
Refining - State of the Art 1994, Bakish Materials Corporation 1994, ISSN 
0740-8706. 

3. G.M. Heestand, et. al., Rapid Mold Replication, Proceedings of the 27th International 
S AMPE Technical Conference, Society for the Advancement of Material and Process 
Engineering 1995, ISBN 0-938994-73-5. 



Figure 1 
Aluminum-bronze test mold made by electron-beam vapor deposition. 
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Figure 2 
Vapor deposition process concept. 



Figure 3 
Uranium-alloy feedstock produced by electron beam melting. 

Figure 4 
Vapor deposition system used to produce uranium-alloy samples. 



Figure 5 
Substrates for fabrication of cylindrical shells. White material is alumina foam, silver 
material is thin wall tantalum shell (2 mils). 

10 

U vapor 
rate 
(kg/h) 

U . l i H i - J 4*114. IJKL.HLI -ildL LB. 1 . . I - I I- <i \ J.UU* .JL .ft LI IJI I -

0 «~ 
13 Time of day (h) 23 

MAM 08/30/94 03 

Figure 6 
Uranium evaporation rate as a function of "time for Run 01 (uncalibrated). 
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Figure 8 
Cylindrical shell produced in Run 01. 
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Figure 9 
Etched cross sections from cylindrical shells produced in Runs 01 and 03. 
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Figure 10 
Comparison between tensile properties of vapor deposited material and ingot processed 
material. 
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