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ABSTRACT OF THE THESIS

The objective of this experiment was to demonstrate the possibility of developing a
plutonium metal zone refining process. Thus, the main objective of this paper was to
determine whether passing molten zones along a plutonium metal rod in one direction would
cause the impurities gallium, aluminum, americium, cobalt, copper, chromium, iron, nickel,
neptunium, and uranium to move along the rod. Minor objectives of this experiment were to
observe the distribution of gallium behavior during the zone refining process with and
without other elements present in plutonium metal, and an examination of the effects of the
number of passes, the molten zone speed, and the power settings.

The zone refining process was applied to plutonium metal containing known amounts
of impurities. The distribution of these impurities was determined by chemical and x-ray
fluorescence analyses. Rod specimens of plutonium metal were melted into and contained in
tantalum boats. Each boat was passed horizontally through a three-turn , high-frequency coil
in such a manner as to cause a narrow molten zone to pass through the plutonium metal rod
10 times. The impurity elements cobalt, chromium, iron, nickel, neptunium, and uranium
were found to move in the same direction as the molten zone as predicted by their respective
binary phase diagrams. The elements aluminum, americium, and gallium moved in the
opposite direction of the molten zone as predicted by their respective binary phase diagrams.
During this experiment it was discovered that as the impurity alloy was zone refined, §-phase
plutonium metal crystals were produced.

The first few zone refining passes were more effective than each later pass because an
oxide layer formed on the rod surface. There was no clear evidence of better impurity
movement at the slower zone refining speed. Also, constant or variable coil power appeared
to have no effect on impurity movement during a single run (10 passes). This experiment

was the first step to developing a zone refining process for plutonium metal.
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CHAPTER 1

INTRODUCTION

About a half a century ago in 1941 A. C. Wahl, J. W. Kennedy and G. T. Seaborg
succeeded in oxidizing a minute quantity of a new synthetic element, element 94, which was
later named plutonium. 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.
Plutonium was the second transuranium element of the actinide series to be discovered.

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).

Plutonium is a unique metal in that there are at least six equilibrium allotropes (the
phases: alpha, beta, gamma, delta, delta-prime, and epsilon), which range in crystallographic
structure from complex monoclinic at low temperatures to a simple body-centered-cubic
structure just below the melting point. The complexity of plutonium is further illustrated by
the fact that many of its physical properties do not vary with temperature in usual ways. For
example, plutonium metal has a low melting point of 640 ©C, but a very high boiling point of
approximately 3240 OC when compared to most other metals (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
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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
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 1010 (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
(redistribution/purification) 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
evaporate in the high-vacuum environment that should be used for zone refining of
plutonium.

The purpose of this study is 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. This is because of crystal structure changes that occur when plutonium
metal cools from the molten state to room temperature. With a plutonium alloy of one weight
percent gallium, the number of structure changes drops from six down to three, with the delta
phase being stable from room temperature to about S500C. Therefore, for this study to be
considered complete, it is desirable to better understand the behavior of gallium in the zone

melting process.



CHAPTER 2
THE THEORY OF ZONE REFINING
2.1. The Theory of Solidification

Zone refining is based on the principle that a difference in solute concentration exists
between the solid at the liquid-solid interface at the solidifying end of the molten zone and
the bulk liquid. This difference is a consequence of the equilibrium that exists between the
liquid and solid phases of a binary system. During solidification, equilibrium can be closely
approached between the liquid and solid at the liquid-solid interface. However, most metals
do not freeze under equilibrium conditions (3).

As an alloy is cooled from the liquid state, it reaches a point at which a solid begins to
form. The solid that forms generally has a different composition than the liquid from which
it is freezing. This redistribution of the solute produced by solidification is frequently termed
segregation (4).

Alloy solidification can take place under four distinct sets of conditions as discussed
below. In practice, case 3 solidification with no diffusion in the solid, partial mixing in the
liquid, dominates. (3, 4, 5)

2.1.1. Equilibrium Selidification (Case 1)

Consider a hypothetical alloy indicated by the dot-dash line in the eutectic-type phase
diagram shown in Figure 1. The way in which such an alloy solidifies in practice depends in
rather a complex way on temperature gradients, cooling rates, and growth rates. The alloy
whose composition is X, begins to solidify at temperature T{, if no nucleation barrier
interferes, with the formation of a small amount of solid of composition Xg or KX, Itis
useful to define the equilibrium distribution coefficient K as the ratio of the composition of

the solid to that of the liquid at any temperature of interest:

K= X[solid] X

 Xlliguid]  Xo @
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with values of X and X, taken from the binary phase diagram. The equilibrium distribution
coefficient K < 1 for systems in which the solute element lowers the melting point such as in
Figure 1 and K > 1 for systems in which the solute element raises the melting point of the
alloy. As the temperature is lowered more solid forms. If cooling is slow enough to allow
extensive solid-state diffusion, the solid and liquid will each be homogeneous and in
equilibrium with each other with compositions following the solidus and liquidus lines, as in
Figure 1. The relative amounts of solid and liquid at any temperature are given by the
inverse lever rule. At temperature T, the last drop of liquid will have a composition X /K
and the average composition of the solid will be X, the same as that of the original melt (4,

5).

Temperoture —=

beta + liquid

Solid | ! !
alpha lalpha + k{eta

L l | l

KX, X Xo/K Xe X solute

Figure 1. Hypothetical solid-liquid region of a eutectic-type phase diagram.



2.1.2. Solidification with No Diffusion in Seolid and Perfect Mixing in Liquid, (Case 2)

If the rate of cooling is rapid enough, no diffusion will take place in the solid.
Assuming that the liquid is kept homogeneous during solidification by efficient stirring, then,
as in case 1, the first solid to appear when T is reached will have a composition X, Figure
2. This first solid contains less solute than the liquid from which it forms. The solute atoms
are rejected into the liquid and increase solute concentration above X,,. The temperature must
therefore decrease below Ty before further solidification can occur, and the second layer of
solid will be slightly richer in solute than the first. As this sequence of events continues, the
liquid becomes progressively richer in solute and solidification takes place at progressively
lower temperatures. However, since there is no diffusion in the solid, the separate layers of
solid retain their original compositions. Thus, the mean composition of the solid (Xgp,) is
always lower than the composition at the solid/liquid interface, as shown by the marked line
that starts at Xg in Figure 2. It follows that the liquid can become much richer in solute than
Xo/K and it may even reach a eutectic composition, Xe. Solidification will thus tend to
terminate close to T, with the formation of a eutectic structure. This case begins to show the
principle of purifying a metal (removing the solute) by zone refining (5).

2.1.3. Solidification with No Diffusion in Solid, Partial Mixing in Liquid, (Case 3)

As solidification occurs with partial mixing in the liquid, by far the most common
case, the liquid is no longer uniform. Again consider the molten alloy in the hypothetical
phase diagram shown in Figure 1. When alloy X, begins to solidify at Ty, the advancing
solid rejects solute more rapidly than can mix into the main body of liquid, and hence a layer
of liquid enriched with solute builds up ahead of the interface. The solute concentration in
this layer, rather than that in the main body of liquid, determines the solute concentration of
solid forming at the liquid-solid interface. The solute concentration in the bulk liquid, X7 ,

can be described by an effective distribution coefficient K¢ equal to the ratio Xy/X7 (3).



Temperature —

beta + liquid

KX X Xo/K Xo X solute

Figure 2. Hypothetical solid-liquid region of a eutectic-type phase diagram.

2.1.4. Solidification with No Diffusion in Solid, Diffusion in Liquid, No Stirring,

(Case 4)

If there is no stirring or convection in the liquid phase, the solute rejected from the
solid will only be transported away by diffusion. Cases of completely diffusion-dominated
transport in the liquid are rare in practice, for metals at least. Hence, there will be a rapid
build-up of solute ahead of the solid and a correspondingly rapid increase in the composition
of the solid formed. If solidification is made to occur at a constant rate, it can be shown that
a steady state is finally obtained when the solid-liquid interface temperature reaches T in
Figure 1. The liquid adjacent to the solid then has a composition X/K and the solid forms
with the bulk composition Xq (3, 5).



2.1.5. Segregation During Normal Freezing

No segregation remains after equilibrium solidification because sufficient time is
allowed for complete diffusion in the solid. In practice, solidification occurs fast enough that
there is usually little or no diffusion in the solid and thus segregation results. The degree of
segregation will depend on transport conditions in the liquid, as in cases 2, 3, and 4 discussed
above. Since the equilibrium distribution coefficient K is the extreme value of the effective
distribution coefficient K, for a given system, freezing conditions for which the K is equal
to K are those corresponding to maximum segregation.

A good approximation for the effective distribution coefficient K, that can be

calculated from the following equation:

Ke =2Co/Crax if K<1 (2a)
or
Ke = 2Co/Crin if K>1 (2b)

where C,, is the macroscopic composition of the material and Cpyax or Cppip, is either the
maximum or minimum microscopic composition across the grains in the material. The Cpax
or Cpyjp values are obtained using an electron microprobe. This equation is based on the
theory that the solute is being rejected by C/K (liquidus line in Figure 1), but there usually
are two major grain walls (dendrite-type structures), thus the need for a factor of two in the
above equation. This theory is derived from work done by Self at the Colorado School of
Mines (6).
2.2. The Theory of Single-Pass Zone Refining

Consider a rod of length L of the hypothetical alloy whose composition X, is shown
in Figure 1 and cause a molten zone of length / to traverse the rod slowly, as shown in Figure
3. Since K < 1, passing the zone through the ingot distributes the solute as shown in Figure
4. The curve has three distinct regions: an initial region starts with composition KX, and

ends with composition X, at the start of the central region; the central region ends at the start
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Figure S. Curves for single-pass zone refining showing solute concentration in the solid
versus distance in zone lengths from beginning of charge, for various values
of K; taken from Pfann (3).

of the end region when the composition begins to increase above Xo; the end region is a
short region of length / (molten zone width) where the solute has concentrated. The area
below the X, line (Figure 4) for the initial region must equal the area above the X, line for

the end region in order for mass to be conserved. After one pass of the zone through the rod,
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the concentration, X, at a distance, d, from the end at which the zone began, can be shown to

be given by:
X

=101 Ke X! 3)

The equation is valid in all but the last zone length. See Figure 5 for the curves for single-
pass zone refining showing solute concentration in the solid versus distance in zone lengths

from beginning of charge, for various distribution coefficients ranging from 0.01 to 5 (3).

2.3.  Multiple Pass Zone Refining

The merits of zone refining become evident when multiple passes of a molten zone
are made along a rod. During a second pass through the rod, the first solid to form is further
depleted of solute, enriching the liquid in solute. In each successive pass, the first solid to
form is increasingly depleted of solute and the total amount of solid depleted in solute also
increases. The mathematics of multiple zone refining passes are beyond the scope of this
paper but Pfann shows an good example of multiple pass results (Figure 6) (3). Upon
examination of Figure 6., it must be noted that the distribution coefficient used in the figure
(K =0.9524) is considered poor for zone refining as can be seen in Figure 5.
2.4. Molten Zone Heating

The problem of producing and maintaining a molten zone amounts to establishing a
temperature in the zone that is above the melting point of the solid, and establishing on either
side of the zone a cool region whose temperature is below the melting point of the solid. If
the zone length is to remain constant, this temperature profile must be held correspondingly
constant (3).

The problem of moving a zone amounts to moving the heat source and heat sink, i. e.,
furnishing heat of fusion at the melting interface and removing heat of fusion at the freezing
interface. Even at the low travel rates used in zone refining, the heats of fusion and freezing

can markedly change the temperature profile when an established zone begins its travel (3).
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Figure 6. Relative solute concentration C/Cg versus distance x with number of passes n
as a parameter for K = 0.9524, / = 1, and L = 100; taken from Pfann (3).

24.1. Molten Zone Heating Techniques

Many techniques can be used for heating the molten zone, from the simple method of
resistance heating to the more complex laser heating methods. An ideal heating method that
has many advantages f01; zone refining is induction heating. Induction heating provides a
means for precise heating of electrically conducting objects that is clean, fast, and
reproducible. The heat can be generated within the charge itself; thus reducing contamination
from the container material. The eddy currents produced by induction provide some degree

of stirring in the liquid depending on the frequency used. Usually the molten zone length is
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shorter for the induction technique than that of other techniques such as resistance or
conduction heating.

2.4.2. Induction Heating

The basis for induction heating lies in the ability to induce electric currents in
electrical conductors. Resistance to the electric currents generated lead to heating of the
conductor. Associated with the current, I, is a voltage drop, V, which, for a pure resistance,
R, is given by Ohm's law (V = IR). When a drop in potential occurs, electrical energy is
converted into thermal energy, (watts, W), (W = VI = IzR), or heat (7).

In designing an induction heating system, the major consideration is the power supply
frequency. Induction heating is efficient if certain basic relationships between the frequency
of the magnetic field and the properties of the conductor produce a suitable degree of skin
effect. Skin effect is the phenomenon by which the eddy currents flowing in a cylindrical
conductor tend to be most intense at the surface, while currents at the center are nearly zero.
There is no induction heating unless the power developed near the surface is larger than the
power induced near the center of the conductor (7, 8).

The mathematics needed to explain the skin effect are beyond the scope of this
discussion, but one of the most important benefits obtained from the solution of the
differential equation describing induction heating is that it gives an "effective" depth of the
current-carrying layers. This depth, which is known as the "skin depth," d, depends on
frequency of the alternating current field and on the electrical resistivity and relative
magnetic permeability of the workpiece. The skin depth is very useful in gauging the

suitability of various materials for induction heating. The definition of d is:

d=3160 -2 4
W @
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where d is the skin depth, in inches; p is the resistivity of the workpiece, in ohm-inches; p is
the relative magnetic permeability of the workpiece (dimensionless); and f is the frequency
of the coil, in hertz. The skin depth is defined as the distance from the surface of a given
material at which the induced field strengths are reduced to 37% of their surface values.
Ideally, for melting operations the skin depth should be three to four times the diameter of the
workpiece. When using the skin depth concept for zone refining applications, the lower the
frequency, the more stirring of the molten zone. The more stirring in the molten zone, the

higher degree of purification per molten zone pass (7, 8).
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CHAPTER3
REVIEW OF THE LITERATURE

3.1. Zone Refining of Plutonium

Modest success in the zone refining of plutonium was reported by Tate and Anderson
in 1958 (2). They made zone refining runs on five different plutonium rods (10 passes each)
at five different speeds (0.23-1.3 in/h). The starting plutonium contained impurities
averaging less than 100 ppm per impurity. They used a 450,000 Hz power supply to run a
single-turn coil. This induction setup produced a large molten zone compared to rod
diameter with little stirring in the molten zone. The results showed that the impurities cobalt,
chromium, iron, manganese, nickel, silicon, and aluminum were moved in the direction as
predicted by the respective binary constitutional phase diagrams. They also confirmed that
the slower the molten zone speed, the greater the segregation . However, in most cases, a
speed of 1.3 in/h had poor separation, a speed of 0.9 in/h had better separation, and slower
speeds down to 0.23 in/h did not improve the separation. The elements beryllium, bismuth,
boron, calcium, copper, lanthanum, lead, lithium, magnesium, silver, sodium, tin, and zinc
did not appear to move. Three deficiencies with this study were that all five rods used had
different compositions, the impurity levels were very low making it difficult to measure
element movement, and the induction frequency was so high that there was very little
induction stirring in the molten zone. Also, analytical chemistry techniques for plutonium
were not as well developed in the 1950s as they are now.
3.2. Zone Refining of Similar Metals

As already discussed, plutonium is a unique metal. The closest naturally available
metal to plutonium is uranium. The most obvious difference between uranium and plutonium
is in the melting points, 1132 OC for uranium compared to 640 ©C for plutonium. Modest
success has been documented in zone refining of uranium metal. Both natural impurities and
fission products have been segregated. There have been several studies on zone refining of

uranium using many different techniques and with starting materials containing impurities
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ranging from 50 ppm to over 1000 ppm. In all cases, there was some degree of uranium
purification (3, 9, 10, 11).

One of the best examples of uranium zone refining uranium with moderate impurity
levels (1000 ppm) was by Bieber, Schreyer, and Williams(9). Using an electron beam zone
refining technique, they purified uranium from 1000 ppm to about 50 ppm in 6 passes using
different speeds (0.75-5.0 in/h). However, they determined that the oxide layer formed
during each molten zone pass had to be removed before the next pass or poor zone refining
resulted.

The most current uranium zone refining work is that of Suzuki, Shikama, and Ochiai
(13). Using an induction zone refining technique under high vacuum, they have been able to
obtain uranium purity of 99.99 weight percent (100 ppm total impurity content).

3.3. Plutonium Phase Diagrams

For this study, ten elements which commonly appear as impurities in plutonium metal
were selected. These are gallium, aluminum, americium, cobalt, copper, chromium, iron,
nickel, neptunium, and uranium. By examining their binary phase diagrams, predictions can
be made whether each can be removed from plutonium metal by zone refining.

The plutonium binary constitutional diagram (the latest available version) for each of
the ten selected impurities is presented in Figures 7a through j. For each element of interest,
regions of each binary phase diagram were enlarged to estimate the equilibrium distribution
coefficient at the appropriate concentration. This was accomplished by first drawing in the
X, concentration for each impurity on the enlarged plutonium-rich end of each phase
diagram (10,000 ppm by weight for gallium and 1000 ppm by weight for the other nine
clements), then drawing a line perpendicular to the X, line at the intersection of the liquidus
line (this line extends to the left if K <1 and to the right if K > 1) to determine the point KX,
as is shown in Figure 1 (where K was greater than one in this case). Based on the phase
diagrams, predictions were made of impurity (solute) movement direction and how well the

impurity would move. It should be mentioned that with some of these systems the
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predictions made by the phase diagrams are only estimates because of the lack of available
information. Because of this, a better estimate of the equilibrium distribution coefficient for
plutonium metal impurities is to use the effective distribution coefficient determined by using
a electron microprobe as is discussed in section 2.1.5. The effective distribution coefficients
of impurities were reported in the cases where the effective distribution coefficients were

determined in the Kristofova, Kuchar, and Wozniakova paper (12).
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Figure 7a. Plutonium-gallium binary phase diagram; taken from Binary Alloy Phase

Diagrams (13).

3.3.1. Plutonium-Gallium Phase Diagram

Figure 7a shows that adding gallium to plutonium raises the melting point of a

plutonium-gallium alloy. Consequently, the distribution coefficient should be greater than

one and gallium should move in the direction opposite to the molten zone when this alloy is

zone refined. The equilibrium distribution coefficient for a plutonium alloy with 10,000 ppm

gallium by weight (1 W/o or 3.4 A/o) is 1.4, which should result in a modest gallium

segregation during zone refining.




19

Weight Percent Aluminum

0 0
1800 - . , . — l.' eererery 20 30 40 5060 80100
e e s iy i
1600 3
1540450°C
\\\\
4004 /e ™ 3
) o
1200 laeme__\ £
(&) S
) x| “
o =~ \
bt e cp--102TC__
5 10001 9'3,2\ 4
-~
o 2500 i L2
o 80113°C
a, 800 ] X
£ 78815°C 3
S t
£ 840°C 850°C 860.452°C
600+ 590+5°C 645°C 984}
1o / 5605°C - =
— |
wod 9 ¢ E % 3|
H ¢ - ) - 3
< < <] =
320°C} ! S S <l =
215°%C T'y 'C a, a, o
20014 e s T S S (A1)~
126°C - 19313°C al &
_;_a E PugAl(¢')—
0 a Ty f vy T T Ty 7 v ¥ MU S T TY
0 10 20 30 40 50 60 70 80 90 100
Pu Atomic Percent Aluminum Al

Figure 7b. Plutonium-aluminum binary phase diagram; taken from Binary Alloy Phase
Diagrams (13).

3.3.2. Plutonium-Aluminum Phase Diagram

Figure 7b shows that adding aluminum to plutonium raises the melting point of a
plutonium-aluminum alloy. Consequently, the distribution coefficient should be greater than
one and aluminum should move a direction opposite to the molten zone when this alloy is
zone refined. The equilibrium distribution coefficient for a plutonium alloy with 1000 ppm

aluminum is approximately 1.4, which should result in a modest aluminum segregation

during zone refining.
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3.3.3. Plutonium-Americium Phase Diagram

Figure 7c shows that adding americium to plutonium raises the melting point of a

plutonium-americium alloy. Consequently, the distribution coefficient should be greater than

one and americium should move a direction opposite to the molten zone when this alloy is

zone refined. The equilibrium distribution coefficient for a plutonium alloy with 1000 ppm

zone refining.

americium is approximately 2.7, which should result in a good americium segregation during

20
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Figure 7d. Plutonium-cobalt binary phase diagram taken; from Binary Alloy Phase
Diagrams (13).

3.3.4. Plutonium-Cobalt Phase Diagram

Figure 7d shows that adding cobalt to plutonium lo