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Zone Refining of Plutonium Metal 

Introduction 

Plutonium was the second transuranium element of the actinide series to be 

discovered. The isotope Pu238 was produced in 1941 by A. C. Wahl, J. W. Kennedy and G. 

T. Seaborg by deuteron bombardment of uranium in the 60-in cyclotron at Berkely, 

California. Not one of the elements discovered during the last century appeared so surprising 

as plutonium, which was the first "artificial" element discovered by man, although it was 

later determined that minute amounts of plutonium do exist in nature. Since its discovery and 

its dramatic emergence at Nagasaki, plutonium has altered the course of history, changed the 

concepts and consequences of war, and paradoxically has become a powerful instrument for 

peace (1). 

The presence of impurities in plutonium is known to influence a number of its 

physical properties. When beads of plutonium were first produced in 1943 by 

micrometallurgical techniques at the University of Chicago, it was observed that some beads 

were malleable and had a density of about 16 g/cm3, while other beads were brittle and had a 

density closer to 20 g/cm3. It was later determined that this apparent discrepancy was the 

result of impurity elements stabilizing one of the lower density allotropes of plutonium (2).  

At the present time, many of the basic properties of plutonium are not accurately known 

because of the inability to produce even a small amount of plutonium metal of extremely 

high purity. Perhaps a zone refining technique might be capable of producing small amounts 

of high purity plutonium metal. 

Zone refining is a well-proven technology used by the electronics industry to produce 

highly purified silicon and germanium. The technique for producing ultra-high purity 

materials has been greatly improved in the past thirty years, based upon the concept of zone 

melting processes conceived by W. G. Pfann (3). The use of zone refining has made possible 
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the production of some extremely high purity materials. For example, during zone refining 

of the elements silicon and germanium, the spectacular results were that most impurity 

elements were reduced to less than 1 in 1O1O (one part in a ten billion) (3). 

The zone refining process is related to a fact that has been known to metallurgists for 

many years, i.e., the segregation found in alloy castings. Generally, constitutional 

segregation is considered a troublesome problem that foundrymen have to contend with, 

rather than a useful tool. Pfann, however, visualized a method of using segregation to move 

alloying elements about within a rod. The effectiveness of zone refining in reducing the 

concentration of unwanted impurities depends most importantly upon the way in which the 

impurity redistributes itself in the solvent during the melting and solidification processes. 

The zone refining process involves casting a rod of the substance to be purified and then 

passing a molten zone serially through the rod in one direction. Impurities travel with, or 

opposite to, the direction of motion of the zones, depending on whether they lower or raise 

the melting point of the rod metal, respectively. They tend to become concentrated in the 

ends of the rod, thereby purifying the remainder. The degree of separation 

(redistributiodpurification) approaches a limit as the number of passes becomes infinite (3). 

Zone refining of plutonium was investigated in the late 1950s at the Los Alamos 

National Laboratory (2). That investigation showed the elements cobalt, chromium, iron, 

manganese, nickel, silicon, and aluminum moved in the directions predicted from the 

respective binary constitutional diagrams, but the elements beryllium, bismuth, boron, 

calcium, copper, lanthanum, lead, lithium, magnesium, silver, sodium, tin, and zinc did not 

move. 

However, the two most common elements in plutonium are gallium and americium, 

were not present in this early study. Thus, it is not known whether these elements are 

affected by zone melting. The binary phase diagrams for these elements with plutonium 

indicate that gallium and americium should travel opposite to the motion of the molten zone. 

Additionally, some of the elements that were found not to be affected by zone melting may 
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evaporate in the high-vacuum environment that should be used for zone refining of 

plutonium. 

The purpose of this study was to investigate the possibility of developing an effective 

refining process to purify plutonium metal. If zone refining of plutonium metal can be 

carried out successfully, it may be possible to produce enough plutonium of very high purity 

to perform fundamental property experiments on plutonium metal that have not yet been 

done. This is because current methods for purifying plutonium do not produce sufficiently 

high purity plutonium metal. 

One of the most desirable experiments that depends upon a source of high purity 

plutonium metal is growing large single crystals of gallium-stabilized delta-phase plutonium. 

This might be essentially a solid-state zone heating process. There have been many attempts 

at growing single crystals of plutonium, but to date the best result has been to grow large 

plutonium grains (7mm by 3mm) 4. This is because of crystal structure changes that occur 

when plutonium metal cools from the molten state to room temperature. 

Experimental 

To achieve the objectives of this experiment, a plutonium impurity alloy was 

prepared. The plutonium starting material was electrorefined plutonium metal, typically 99.5 

percent pure by weight. The impurity alloy contained 1 W/o gallium, with nine impurity 

elements (Al, Am, Co, Cu, Cr, Fe, Ni, Np, and U) at 1000 ppm each by weight making it a 

stabilized &phase alloy. 

The tantalum boats were fabricated from 0.020-in thick tantalum tubing stock with a 

1 in outside diameter. The tubes were laser cut in half longitudinally and then cut into 9 in 

long sections. Each section was cut such that a 5 in trough was left. Tantalum ends were 

then welded on each trough end to form a 5 in cavity. The boats were heat-treated for 6 h at 

450 OC in air to form a protective tantalum oxide coating. 
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Four boats were each loaded with the same amount of impurity alloy (Boats A, B, C, 

and D). The boats were then placed in a vacuum furnace, placed under a vacuum of 1 X 10 - 
7 torr, heated to 700 OC and held at temperature for 1 h The high vacuum step was used to 

out-gas the plutonium metal. Figure 1 shows one of the loaded tantalum boats after the high- 

vacuum melting step. 

I I 

I 
Figure 1. Tantalum boat loaded with plutonium metal. 

The zone refining equipment was built specifically for this experiment. The power 

supply used was a 75 kW Inductotherm unit that operated at about 2.5 kHz. To move the 

plutonium rod at a very slow controlled speed (1 or 2 idh) through the induction coil, a linear 

precision table was designed and built by Micro Kinetics Corporation. The induction coil 

was designed and built by the Fluxtrol Manufacturing. The coil consisted of a water-cooled 

copper three-turn pancake coil with a Fluxtrol flux field concentrator, and a water-cooled 

copper backing plate and heat sink for the tantalum boat to slide across. Two separate water 

cooling lines enter the coil, one to cool the coil, the other to cool the copper cooling plate and 

heat sink (Figure 2). 

4 



Fluxtrol 

COIL 

concent ra  

Fpper 
c o n c e n t r a t  

T a n t a l u m  boat 

Plutonium metal 

T a n t a l u m  boat 

Plutonium metal 

Figure 2. Three-turn pancake coil manufactured by Fluxtrol. The figure shows the 
three turns in the coil, copper cooling plate, Fluxtrol concentrator, heat sink, and 
tantalum boat loaded with plutonium metal. 
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The zone refining apparatus is shown in Figure 3. A copper cooling line on the lid 

keeps the vacuum chamber cool during processing. The O-ring seal on top of the vacuum 

chamber makes the chamber vacuum tight. The induction pass-through into the chamber is 

on the back side of the chamber. This feed-through supplies both the induction power and 

water cooling to the induction coil. The inlet and outlet water cooling lines) on the left side 

of the chamber that cool the copper plate and heat sink components in the left side of the coil 

assembly. The Fluxtrol concentrator the right side of the coil. The coil assembly is mostly 

surrounded in a green- colored insulating material called G- 10. The 
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zone refining boat holder and part of the induction pass-through is also made of G- 10. G- 10 

is used in this apparatus because the induction current must not make electrical contact with 

the chamber or make a short circuit and G-1 0 does not have an effect on the vacuum. The 

translation table cannot be seen because it is covered by a thin copper sheet that is required to 
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insulate the translation table from the induction field produced by the coil. The encoder 

motor and gear-head assembly are visible on the right side of the chamber. 

For this project, a run was made using the 4 boats with ten passes per run. Each pass 

started at the fiont of the boat (or rod) which will be defined as the head end. Also, the end 

of each boat (or rod) will be defined as the tail end. All experimental runs were done in a 

vacuum of 1x10-4 torr or better. 

The width of the molten zone was made as small as possible by manually varying the 

power to the coil for boats A and B. For boats C and D, constant power to the coil was used 

causing a wider molten zone, but with constant power to the coil, the process was much 

easier to control. 

To make the power changes (variable power) required visual observation of the 

molten zone during the first pass. Power changes to the coil were made by using an infrared 

pyrometer and the molten zone temperature readings recorded during the first pass for the 

other nine passes. This method becomes less accurate as the oxide layer became thicker with 

each pass. 

For each run the boat was started once the molten zone was visible (first pass) at 

either 1 i n h  (boats A and C) or 2 in/h (boats B and D). For the other passes, the boats were 

started once the molten zone reached the temperature recorded during the first pass. For 

boats C and D (constant power) the power was first set at 10 kW then reduced to 8 kW once 

the boat started. 

After completion of 10 passes, the tantalum boats were cut from the plutonium metal 

rods. For each rod a 1 g sample was cut from the rod center at the head end tail end and rod 

midpoint for chemical analysis. A 10 g sample was also cut from the same area and the head 

and tail end of rod A for metallography. A sample containing the largest plutonium crystal in 

the head end of rod B was cut for x-ray analysis. 
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The concentrations the impurities in each rod were determined using x-ray fluorescence for 

galliumand standard chemical analysis for the other impurities. Analyses were performed by 

the analytical chemistry group at the Los Alamos National Laboratory. 

Results and Discussions 

After the first pass was made with each plutonium rod there was evidence of 

plutonium crystals on the rod surface. In each case, the crystalline layer was visible on the 

top surface of the front half of the rod by the appearance of crystalline facets as shown in 

Figure 4. This crystalline layer was more clearly defined on rods that were run at 2 in/h 

(Boats B and D) than those run at 1 in/h (Boats A and C). On the second pass of each run, 

the molten zone was not as clearly defined because the molten plutonium was not as 

turbulent. The crystalline layer became larger and was capped by a thin skull layer. Little 

out-gassing was observed in the molten zone in this and subsequent passes. The crystals 

appeared to grow larger, especially at the front of the rod. 

Figure 4. Head end section of zone refined plutonium metal Rod B. 
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Metallographic Examination of Samples 

Metallographic examination of the Rod A samples revealed a-phase plutonium in 6- 

phase plutonium (acicular cored plutonium grains), which was a fine structure in the rod 

center and a coarse structure at the rod edge (Figure 5a and b). These acicular grains appear 

as a classic Widmanstatten structure (5) .  This structure became coarser from the head end to 

the tail end of the rod (Figure 5c and d). What appears to be impurities can be seen at the 

acicular grain boundaries (Figure 5c and d). 

Figure 5a. Rod A microstructure at the head end (center) of the rod (50X). 

9 



10 

Figure 5b. Rod A microstructure at the head end (edge) of the rod (50X). 

Figure 5c. Rod A microstructure at the head end of the rod (500X). 
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Figure 5d. Rod A microstructure at the tail end of the rod (250X). 

Table 1 shows the results of the chemical analyses on Rods A through D after each 

run was complete (1 0 molten zone passes made along each rod). In Table 1, the first row for 

each rod gives the as-cast concentration for each impurity element. The second and third 

rows for each rod give the head end and tail end concentration for each impurity, 

respectively. The fourth row for each rod gives the head end to tail end change in 

concentration for each impurity. 

Row 4 contains the most important data for determining the main objective of this 

project, namely to demonstrate that plutonium metal can be zone refined. The direction that 

each impurity moved in each rod can be seen by examining the data in this row. A positive 

per cent change indicates the impurity moved in the direction of molten zone travel; a 

negative per cent change indicates the reverse. 

From an examination of the results for uranium, Rods A, B, and C (six samples), it is 

clear that this element moved in the same direction as the molten zone. The amount of 

uranium in Rod D was below the detectable limit in both the head end and tail end samples. 

Except for the anomalous results for uranium in Rod D and copper in Rod C, all the 
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impurities listed in Table 1 moved in the direction predicted by their respective distribution 

coefficients. 

TABLE 1: RESULTS OF CHEMICAL ANALYSIS OF RODS A, B, C, D 
Concentration in ppm by weight (3 sig. figs. max) 

Element Concentration 
Rod Ga A1 Am Co Cu Cr Fe Ni Np U 
A As-cast 9,850 1,120 2,074 1,095 1,105 520 1,100 1,120 962 248 

Headend 9,100 503 1,466 100 700 230 510 650 825 50 
Tailend 7,110 456 1,246 230 760 480 1,050 1,220 863 430 
YO change 
Head-tail -22 -9 -15 130 9 109 106 88 5 760 

B As-cast 9,850 1,120 2,074 1,095 1,105 520 1,100 1,120 962 248 
Head end 8,590 462 1,499 110 640 75 365 620 770 <5 
Tailend 7,360 387 1,463 240 820 500 1,140 1,280 857 30 
% change 
Head-tail -14 -16 -2.4 118 28 567 212 107 11 500 

C As-cast 9,850 1,120 2,074 1,095 1,105 520 1,100 1,120 962 248 
520 775 <5 
840 898 90 

Headend 8,800 448 1,550 80 610 180 360 
Tailend 5,440 374 1,260 170 600 290 590 
% change 
Head-tail -38 -17 -19 113 -2 61 64 

D As-cast 9,850 1,120 2,074 1,095 1,105 520 1,100 
Head end 9,610 441 1,600 1,200 580 140 270 
Tailend 6,750 372 1,200 60 690 186 880 
YO change 
Head-tail -30 -16 -25 250 19 186 226 

62 16 1700 
,120 962 248 
420 829 <5 
,120 966 <5 

167 17 

X-ray diffraction analysis of the sample taken from Rod A indicate that the sample 

contained mostly &phase plutonium with some a-phase plutonium. based on the x-ray 

diffraction analysis of the rod A sample, the plutonium crystals are &phase. 
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Conclusions 

This study shows that after 10 passes of a molten zone in a zone refining operation 

through a bar of plutonium metal, moderate movement of certain elements was achieved. 

Cobalt, copper, chromium, iron, nickel, neptunium, and uranium moved in the direction of 

zone travel. Aluminum, americium, and gallium moved in the opposite direction. These 

results are in accord with anticipated element movement based on the distribution coefficient 

determined from the binary phase diagram of each element, with plutonium. 

Although systematic analysis of the full length of each bar was not feasible so that a 

complete mass balance could be carried out, there is indication that vaporization of the 

impurities may have occurred. All experimental work was carried out in vacuum. 

All plutonium rods exhibited facets on their surfaces exposed to the vacuum chamber 

atmosphere. Metallographic examination below the surface revealed large grains. X-ray 

diffiaction analysis proved the large grains to be &phase plutonium. The cause of the 

formation of these facets has not been demonstrated, but is assumed related to the presence of 

one or more of the impurities and to solidification in the zone melting process. 

The microstructures observed after zone melting in the most part acicular grains of 6- 

plutonium and a-plutonium. This structure appears the be the classic Widmanstatten 

structure. 

Molten zone speeds of 1 or 2 ink had no effect on impurity element movement. 

Likewise, applying constant or variable (continuously adjusted manually) power to the coil 

had no effect on the movement of the impurities. 

This study has demonstrated that zone melting caused redistribution of the 10 

impurity elements investigated and implies that development of a zone refining process to 

purify plutonium is feasible. Development of a purification process will be hampered by two 

factors. First, the effect on impurity element redistribution of the oxide layer that formed on 

the exposed surface of the study material, and its relation, if any, to the underlying plutonium 
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metal grain structure is not understood. Second, the tantalum container material is not inert 

in the presence of plutonium. 

To alleviate the latter and possibly the former, another study will be carried out. In 

place of the tantalum boat, a so-called “cold” boat will be used to contain the plutonium 

metal. The cold boat is made from copper and gold, and is water cooled. The cold boat is 

designed to provide a levitation force to the plutonium metal. The levitation force serves to 

suspend the hot and molten material so that it will not come into contact with the cold boat. 

Because the boat is cold, any molten material that contacts the boat surface solidifies before it 

can react with the boat surface. 

An additional advantage of using the cold boat is that it permits higher temperatures 

to be used in the material being purified. Higher temperatures in the molten zone will result 

in greater mixing and greater release of impurities by vaporization. It may also affect the 

formation of the skin on the exposed surface of the test material. Higher vacuum levels are . 

desirable for the next study. 
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