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PURIFICATION OF ZIRCONIUN 
BY SOLID STATE ELECTROLYSIS 

AND ZONL REFINING 

INTRODUCTION 

Zirconium metal was first isolated in laboratory 

quantities in l82 by Berzeleus (1, p. 121-127). It was 

not until 1925 that the technology of zirconium made a 

significant advance due to the efforts of deßoer and 

Van Arkel who developed the basic iodide process for re- 

fining the metal. Netal produced in this manner was the 

first zirconium metal which exhibited good ductility and 

could be cold worked. It was recognized by these workers 

that impurities such as oxygen and nitrogen have a marked 

effect on the mechanical properties of zirconium especi- 

ally in the reduction of clactility. Since that time im- 

provements have been made on the iodide process as well 

as many new methods of producing ductile zirconium, i.e., 

bomb reduction of zirconium tetrachioride with sodium and 

magnesium reduction of zirconium tetrachloride commonly 

known as the Kroll process. li of these methods are 

designed to minimize the amount of oxygen and nitrogen 

contained in the metal. iLfforts to purify zirconium 

further have continued to this day. It is the purpose 

of this project to investigate two possible methods of 
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purifying zirconium still further in order that its true 

properties can be determined more precisely and that its 

relationships in alloying with other metals will be more 

accurately known. 

The impurity atoms exist in the parent metal in 

various forms depending upon the relative properties of 

the parent and impurity atoms. It is usual to classify 

the imperfections associated with some types of impurity 

atoms into three categories: atomic imperfections; line 

imperfections; and surface imperfections. Surface im- 

perfections (grain boundaries, twin boundaries, etc.) 

and line imperfections (dislocations) do not, in general, 

exist in thermal equilibrium below the melting point of 

a solid and are usually metastable resulting from mci- 

dents of growth, mechanical deformation, or thermal his- 

tory. Atomic imperfections, however, are characterized 

by the fact that they can exist in thermal equilibrium 

in a crystal. They consist usually of misplaced or 

missing atoms as in the case of lattice vacancies, sub- 

stitutional impurities, and interstitial impurities. 

The interstitial impurity is of primary importance 

to the investigations to be described here since this is 

the type of lattice imperfection associated most commonly 

to the hexagonal closed-packed crystal structure of zir- 

conium. n interstitial atom is one occupying a position 
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in the lattice which is not normally occupied in a per- 

fect crystal. An interstitial solution is formed then 

when the solute atoms are interspersed among the solvent 

atoms in the holes generated by the close packing of the 

solvent atoms. This type of solution, then, requires 

that the interstitial atoms be of small enough size to 

fit in their interstitial positions. In the face cen- 

tered cubic and hexagonal close packed structures the 

ratio of the radius of an interstitial hole to the radius 

of an atom at a lattice point is about O.'4l. This same 

ratio in the body centered cubic structure is 0.29 in- 

dicating a decreased tendency to form interstitial 

solutions. The elements FI, O, N, B, and O are known to 

form such interstitial solutions, and. their radii are 

all less than 1.0 A. 

the interstitial atom may be a normal atom of the 

crystal. e are, however, more interested in the case 

where a foreign atom (impurity atom such as oxygen) has 

taken a position in the lattice. From the atomic theory 

of structure of metals, the interstitial impurity atom 

can be thought of as being able to move from one site 

to a neighboring site through the crystal lattice. This 

fundamental idea will be of primary importance in the 

development of the theory of solid state electrolysis. 

.e are fundamentalllj concerned with the oxygen impurity 
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in zirconium under the solid state electrolysis portion 

of this investigation since oxygen is the element which 

is greatly affected by this treatment and because of' the 

great effect it has upon the properties of zirconium. 

irconium has the hexagonal close-packed crystal 

structure in the alpha phase at temperatures to 862 C 

where it transforms into the beta phase and exists in 

the body centered cubic crystal structure. Because of 

size differences (atomic radius of O = 0.66 atomic 

radius of Zr = 1.616 A) oxygen atoms are considered to 

occupy octahedral positions. In a study of the structure 

of interstitial compounds with transition metals, it has 

been shown that if the size of the nonmetal is less than 

0.59 of the metal atom, an interstitial structure is 

formed (10, p. 556). 1s a means of understanding the 

aspects of interstitial structures, the following 

characteristics are listed: 

1. The metal atoms are assumed to be in contact 

and the structure is usually the same as, or 

very similar to, the metal structure. 

2. The nonmetal atoms are situated in inter- 

stices between the metal atoms in such a way 

that the largest spaces are occupied. In 

this manner the maximum contact is maintained 

and maximum coordination is achieved. 
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3. wide range of composition is possible within 

each phase. 

It is well-known that o:gen is very soluble in 

zirconium and that the oxide formed is very stable to 

temperatures exceeding 2000 C. By means of a brief 

historical explanation, deBoer and Fast noted in 1936 

that a zirconium wire with considerable oxide on its 

surface brightened upon heating in a vacuum. They 

studied the influence of oxygen on the alpha to beta 

transition and concluded that oxygen diso1ved in the 

zirconium structure in large çuantities without forming 

a new phase. An X-ray diffraction study showed that up 

to 29 atomic percent oxygen can be dissolved in alpha 

zirconium without a phase change (20, p. 558). 

Results of these it-ray analyses and of other re- 

searches have shown that the specific gravity of this 

metal increases with absorption of oxygen. Also ciianes 

in the lattice cell dimensions are evident upon in- 

creasing the oxygen content. These facts lead to the 

conclusion that the oxygen atoms are absorbed in inter- 

stitial positions in the metal, probably in the octa- 

hedral positions as mentioned previously. Figure 1 

shows the probable position of the interstitial atoms 

of oxygen in the zirconium structure. 

The oxygen thus absorbed in the zirconium lattice 
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in solid solution is tightly bound as proven by the fact 

that the metal containing oxygen can be heated to the 

melting point (1852 C) or above without oxygen evolution. 

To illustrate the solubility of oxygen in zirconium the 

phase diagram for this system is shown in Figure 2. This 

shows that oxygen is soluble in zirconium to about 29 

atomic percent. In this range there is no evidence of 

compounds such as ¿rO or ¿r203. bove 29 atomic percent 

the compound Zr02 is in stable equilibrium with alpha 

zirconium. The crystal structure of Zr02 has been re- 

ported in four crystalline modifications: inonoclinic; 

tetragonal; cubic; and hexagonal (20, p. 559). The mono- 

clinic form is stable up to 1000 0, the tetragonal form 

to 1900 0, and the cubic forni at higher temperatures. 

The hexagonal modification has been formed by long 

heating at 1900 C. 

In recent years zirconium and its alloys have be- 

come very important materials used in the field of 

nuclear engineering. The use of zirconium stems pri- 

manly from its relatively good mechanical and chemical 

properties under varying reactor environments and from 

its low neutron cross section. Unalloyed zirconium was 

found to exhibit rather poor corrosion resistance to 

water under most reactor operating conditions. It be- 

caine important then to study the alloys ol' zirconium to 
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find suitable material which would withstand all the 

environmental conditions found in reactor operations. 

This naturally led to the study of the phase diagrams 

of the various alloys of zirconium, especially those of 

the ¿rFe, ¿rCu, ZriNi, ¿rhn, 2r3n, and arTi systems. 

The accuracy with which a phase diagram can be 

determined depends, among other things, upon the purity 

of the base metals and upon the type and number of 

lattice imperfections. In the case of zirconium alloys 

it is particularly true that the amount of oxygen present 

can change the transformation temperature by several de- 

grees. It is a well-known tendency of zirconium to dis- 

solve oxygen at elevated temperatures rather than form 

an insoluble oxide. This tendency has dominated the 

preparation of alloys used in equilibrium diagram studies 

which involve more than 5 to 10 percent zirconium. For 

instance, the effect of oxygen on the alpha to beta 

transformation temperature of alpha zirconium is raised 

with increasing oxygen additions, and the transformation 

takes place over a range of temperatures, rather than at 

a single point. This was clearly demonstrated by deBoer 

and Fast in 1940. s an example, one percent orgen 

raises the transformation temperature about 140 C. dith 

these facts in mind, it is easy to understand that no 

phase diagram can be considered as final unless a 



complete impurity analysis is given and that the elimin- 

ation of impurities is essential in the deteruiïnation of 

the true relationship between the metals to be alloyed. 
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THEORY OF ELECTROLYTIC ThAN.3PORT 

Solid State 1ectrolysis 

The first attempt to purify zirconium by means 

of solid state electrolysis was made in 1939 by deBoer 

and Fast (11, p. 161-167). They had earlier concluded 

from the influence of oxygen and nitrogen on the crys- 

tallographic transition from the hexagonal to the cubic 

lattice structure of zirconium that these elements could 

be absorbed in large quantities without a new phase being 

formed and that the oxygen and nitrogen were present in 

the metal lattice as a solid solution. 3ince that time 

no further attempts have been made to purify zirconium 

by this means. 

3uccess in purification depends to a great extent 

upon the mobility of oxygen in the zirconium lattice. 

That the mobility of oxygen in zirconium is substantial 

under certain conditions can be seen from two facts. 

First, oxygen is absorbed by solid zirconium from either 

gaseous oxygen or from ¿rO2 at temperatures above 1000 C 

and leads to a homogeneous phase. econd, the 

resistance-temperature curves of zirconium wire con- 

taming oxygen coincide for rising and falling temper- 

atures even in the transition region. This is due to 

the probable overlap of 4 electrons per atom of the 
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Brillouin zones. Jince the c/a ratio increases with in- 

creased temperature, this overlap will also increase thus 

causing a decrease in the electrical resistivity of the 

metal with an increase in the atomic volume. 

In an attempt to explain the migration phenomenon, 

it seems probable that if sufficient energy were given 

either an oxygen atom or a compound, such as rO2, the 

removal of an electron could be affected, thereby ion- 

izing the particle. If then an electric field of sul- 

ficient strength were applied, the particle would mi- 

grate. The passage of a direct current through a metal 

or alloy results in a transport of matter as well as a 

flow of electrons. This phenomenon can be easily seen 

by accepting the fact that electric charges can be 

transported by ions as well as the electrons in metals 

and their alloys in an electric field. If the electric 

field is produced by direct current a preferential move- 

ment of atoms may occur. This general phenomenon has 

been under consideration and investigation since l92'4- 

by Kremann, chwarz, eith, Jost, ùagner and their 

associates (14, p. 182-193). The transport of an atom 

through a metallic lattice depends mostly upon its mo- 

bility. The mobility, K, of an atom can be defined in 

general terms as the ratio of the average "drift 

velocity to the intensity of the electric field. 3irice 
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there is a direct relationship between the mobility of 

an atom and its diffusion rate, a knowledge of the 

diffusion rates of the system under consideration is 

essential. Also, it is important to know the valency 

of the atoms under consideration. 

In deriving the relationship between the mobility 

and the diffusion rate of an atom through a lattice under 

the influence of an electric field, one may obtain some 

basic relationships by considering a situation similar 

to that of the Boltzmann relationship. Consider a cloud 

of ions under the influence of a field of force and con- 

sider the forces on an elementary column of ions as in 

Figure 3. If the column of ions has a cross-sectional 

area of A square centimeters at constant temperature, 

free from all outside influences other than the electric 

field, and if x is the distance in centimeters measured 

in a direction opposite to that of the field, then one 

may write a simple force equilibrium equation. Let 

be the upward force due to a pressure p on the lower 

surface at x, let be a similar downward force at x, 

and let be a downward force due to the uniform field. 

Then one may write 

- 
3 

= 

or, for an area of square centimeters 



P2 

dx 

II -- 

FIGURE 3 

1i. 

SI-307 
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p(x) - tp(x + dx) - Áiinq(dx) O. 

Rewriting this equation in terms of its partial de- 

rivative 

or, 

where, 

tp(x) - [p(x) - - (cix)] - AnqE(dx) O 

- 
+ nq = o ---------------------- (1) 

= field strength, 

n = the flamber of ions per cubic centimeter, 

:is 

q = the ionic charge. 

ince p nid?, we may write 

-kT + ngi = p' 

where p' is now a force acting on a unit volume and 

is the concentration gradient which is equivalent in 

effect to an electric field since if the electric field 

is removed, the force of the equivalent field due to 

the concentration radient will redistribute the ions. 

Let this equivalent field equal h' where 

', kTdn 
£ = 

a (2) 

Therefore, if a concentration gradient exists between 

any two points in a lattice, its equivalent electric 
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field results in an apparent potential difference be- 

tween the points and will produce an identical ionic 

drift as an equivalent applied potential. 

By definition of mobility we may write an ex- 

pression for the average velocity of the ions as 

u= K E ------------------------------ () 

or, since we must include the effect of both the electric 

field, i, and the equivalent field, ', we may write 

u K (E + ib') 

substituting for ' we obtain the following relation, 

kTdn u= - - ). -------------------- (4) 

Furthermore, if it is assumed that the applied field E 

is removed, a diffusion current may be assumed to be 

present due to the motion of the ions under the influence 

of the concentration gradient. Nultiplying the previous 

equation by n and letting E = O, we obtain 

KkT dn nu= -j--a 

By definition of the diffusion constant, D, the 

charge q may be ecpressed as 

q= -i) = ne ----------------------- (5) 



and substituting this into the previous equation we 

obtain 

D kT - - (6 K e 
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which shows the relationship between the diffusion con- 

staat and the mobility of the diffusing ions. 

t.s mentioned previously the transport of atoms 

through a metallic lattice depends largely upon the mo- 

bility of the atoms. A number called the transport 

number, t, is usually designated to describe this 

phenomena and is defined as the number of gram-atoms, 

flj, of the component i which are transported by one 

Faraday, F. Therefore, by this definition 

n.F DOIF 
:1. iii f tj 

= kTÎJ 

where, I = electric current, amperes 

J = current density, amperes/square centimeter 

t' = time, sec 

, 

ci = concentration in gram atoms/cubic centi- 

meter 

D = rate of self diffusion of i 

E; = force due to the electric field strength. 

The term f is a factor which takes into account the 

various possibilities of the ions jumping for both the 

vacancy and interstitial diffusion. If we rewrite t 



in terms of the migration velocity u we may ecpress the 

transport number as 

u. C.F 
t1 

= -- 
(8) 

where k' is a specific conductivity. 

The above equations for the transport number are 

valid for the general case of an ion migrating through 

a metallic lattice. The general field force I must, 

however, be divided into two components, an atomic inter- 

action force and a field force L1.. Je may write for 

the field force 

= zeE ----------------------------- (9) 

where ze = charge on the ion, 

= field strength. 

The atomic interaction force E is proportional 

to eE. e may express this force as 

, 
E = ZeE . --------------------------- (io) 

where Ze charge on the matrix ion. 
Rewriting equation (7) we may obtain 

D C.F(Z - z )eE 

i = kTfJ . 
(11) 

flquation (il) describes satisfactorily the electrolytic 

transport of ions through a metallic lattice. It might 

be mentioned here that the sign and magnitude o± Z as 



compared to z determines the direction of transport of 

the migrating ion, a positive sign implying an inter- 

action force towards the anode and a negative sign im- 

plying transport towards the cathode. Therefore, if an 

atom Is to move towards the anode the quantity (z1 - z1) 

must be positive. 

Nany hypotheses have been put forth since 1924 

upon the transport theory of ions passing through a 

metallic lattice (l14, p. 192). In recent years attempts 

through quantum mechanics have been made in order that 

a more true picture may be made to conform to the 

theories and practices of modern atomic theory. 

H. B. Huntington in unpublished works has derived 

equations based upon the above basic concepts and using 

the additional resistance to migration imposed by lat- 

tice vacancies by quantum mechanical methods. His 

values have been in error by only one order of magnitude 

in comparison with experimental results accomplished by 

H. Wever (31, p. 283-290). 
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THEORY OF ZONE REFINING 

Floating Zone Technique 

The first paper published on zone melting was 

written by .. G. Pfann in 1952 (23, p. 1). 3ince that 

time over one hundred papers have been published 

describing various applications or modifications to the 

process originally developed for work in the then new 

semiconductor field. It was realized that zone melting 

could be applied to any crystalline substance capable of 

being melted which exhibits a difference in impurity con- 

centration between the liquid and the freezing solid. 

In general, zone melting denotes a family of methods 

which control the distribution of soluble impurities or 

solutes in crystalline materials. The term zone re- 

fining is used to denote a zone melting technique of 

which the goal is to purify the substance under con- 

sideration. 

To understand the purification process, it is 

necessary to analyze a molten zone traversing a rod. 

From the physical appearance of such a zone, the rod 

seems to have solid-liquid interfaces, one a freezing 

interface and the other a melting interface. It is pri- 

niarily what happens at the freezing interface which de- 

termines the redistribution of impurities. ì.t the 
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melting interface the material is melted and merely be- 

conies a part of the molten zone. However, at the 

freezing interface the solute concentration in the 

material about to freeze differs, in general, from that 

in the liquid. Hence, the melting point of the solvent 

is either raised or lowered depending upon the solute 

concentration in the freezing solid. 1f the solute 

concentration is lower than the liquid, the melting 

point of the solvent is lowered, and the solute will be 

rejected by the freezing solid and will then accumulate 

in the liquid. Alternately, if the solute concentration 

in the freezing solid is greater than in the liquid, the 

solute raises the melting point of the solvent, and the 

liquid will then be depleted of the solute. Hence, the 

freezing interface determines the impurity content, and 

it can either reject or attract solutes depending on 

the solute material and its concentration. 

One may more easily understand the purification 

process by using for an illustration a simple eutectic 

system with limited solubili.ty. euch a system is shown 

in Figure 4. The basic parameters of zone refining con- 

sist of two fundamental types: first, those of the 

apparatus, such as zone length, ingot length, number of 

passes, and rate of travel; and second, the distribution 

coefficient, a parameter of the material, defined as the 
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ratio of the solute concentration in the freezing solid 

to that in the main body of the liquid. This distribu 

tion coefficient is usually denoted by k and will be 

greater than unity if the solute raises the melting 

point of the solvent or less than unity if it lowers the 

melting point of the solvent. 

heferring now to FiLure 4, let us assume that an 

ingot of iien composition i is to be refined. is the 

zone bejns to cool roi tkiø liquid range, a temperature 

g on the liquidus is attained The alpha forming at 

this tempertture will be of mean composition f. s the 

zone traverses the length of the specimen, the material 

being loft behind in tÌe solid state will be of this new 

moan composition. by repeating this process the material 

will be purified to a &eter extent0 Zone refining of 

an inot of initial mean composition 2 is somewhat du- 

erent. i small zone produced in the ingot is moved along 

the inbot at a constant rate. As the molten zone is moved 

alozg the iriot, a portion begins to freeze at a temp- 

eratre indicated by e on Fibure 4 with a resultiug con- 

ceritration o of alpha. Vith further travel of the zone 

the composition of the alpha reaches a as the composition 

of LLe zore reacos b, the eutectic composition. s the 

inot travels further, the freezing of alternate layera 

of eutectic and alpha of composition a should appeor 
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since the zone is constantly taking in solids of compo- 

sition e. If thorough mixing of the zone occurs, the 

freezing out of alpha enriches the zone causing the 

freezing out of the eutectic which in turn freezes out 

the alpha since the eutectic was depleted out of the zone 

by its freezing. In this manner one may segregate the 

impurities, and. thus purify the ingot. 

Figure 5 illustrates the distribution of the 

solute after a single pass of the zone. is can be seen, 

the curve has three distinct regions and shows how the 

purification process occurs. When the zone width is 

first formed in the specimen, its concentration is that 

of the initial concentration of the melted material, C. 

s the zone advances a short distance it freezes out at 

x = O a layer of solid of concentration kC0 by melting. 

s a result the zone is enriched and subsequently freezes 

out the higher concentrations. As the zone progresses, 

enrichment continues at a decreasing rate until its con- 

centration attains the value C0/k. From this point on 

the concentration entering and leaving the zone are equal 

and the concentration in the freezing solid remains 

until the zone reaches the end of the specimen. For the 

last zone width as the heat source moves to the end of 

the specimen the zone width is decreased and causes the 

solute concentration to rise. From this curve one sees 
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that for a single pass the purification effect is 

initially at the beginning of the specimen. There 

follows a leveling process, and finally a higher im- 

purity region is formed at the end of the specimen. 

There have been developed several mathematieal 

methods for describing the purification process which 

occurs in zone refining (2, p. 28-56). iiquations de- 

veloped have been too difficult to solve analytically 

and so various numerical methods have been used. For 

the purpose of this investigation a method following 

that of N. .. Lord was found to be most useful (19, p. 

1531-1536). 

In order to simplify the calculations, the fol- 

lowing idealized conditions are assumed to exist: 

(1) a constant length and cross sectional area of the 

zone produced; (2) a constant distribution coefficient 

as defined above; (3) an initially homogeneous compo- 

sition of a binary alloy of zirconium; (k) no volume 

change when the molten zone freezes; and (5) no diffu- 

sion occuring in the solid portion of the rod. 

It is of particular interest to estimate the con- 

centration of an impurity atom after n passes of the zone 

over the rod. As above, we may define the distribution 

coefficient as 
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C (x) n -Cx) 
where C(x) is the impurity concentration of a solid 

ingot at some distance x during the nUi pass of a molten 

zone and C(x) is the impurity concentration of a liquid 

zone from which the solid at distance x is formed. 

The impurity concentration C(x) can be determined 

from the analysis of what happens when new material is 

taken into the molten zone and of what happens when the 

material is ejected upon freezing. The amount of solute 

added during an incremental advance, dx, is due to the 

melting in of a solid portion 1(x) dx and the freezing 

out of kCflL(x). This difference may be expressed for an 

ingot of length d and of zone width i as, 

i [C(x)] dx = C1(x+l) -kC(x) 

or in terms of O(x) 

C(x) + C(x) = C1(xl). ----- (2) 

The solution of equation (2) is 

X 

C(x) = e1 [f n_i1) e1 dx k] 

For boundary condition3 to evaluate the constant, 

, we have that at the starting zone (x = o), the total 

impurity content is constant. Therefore, 



Cr(0) CflL(0) fCn_i(x) 

or, substituting into equation (3) we may write the 

particular solution as 

X 

k icc/i 
= e [fc_1(x+1) dx + 

o 

fn 1 
dx} -------------------- (4) 

It will be convenient later to make the change of vari- 

able of x to a under the relationship of x al. We may 

then rewrite equation (4) as 

Ca(a) = ke 

[ 

fCn_i(a+l) e da + 

f0n_i(a) aa] . ------------------- (5) 

This last equation corresponds to the passage of 

a inolten zone of unit length in units of a and the result 

is the concentration existing in the rod after the pas- 

sage of the zone. If we let a single operation be 
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represented as e in the equation equivalent to equation 

(5), then, 

Ca(a) = e C_1(a). -------------------- (6) 

For repeated operations e(r) may be written in the fol- 

lowing form, 

Ca(a) e Cnr (a). 

If we then make repeated operations on the term 

we can express this as a finite sum of terms in- 

volving only a, k and the index of summation. Consider 

the effect of the first zone pass on a rod of uniform 

concentration, CO3 then 

C1(a) e C0 = ke_ka[ fc0eka da 
+ 

da] 

o o 

or, for a repeated operation 

C (a) = C (a) - (l-k) C e- -ka 
e --------- (8) n n-1 o 

which in terms of the differences in the concentration is 
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o (a) - C 1(a) 
e'" -ka n _____________ _____________________ e 

O (a) - C (a) 
= e 

(9) 
n-1 n 

Lord has published tables showing the first seven passes 

of a zone passing over a rod of uniform concentration 

which indicates the following general relationship 

e" 
-ka n-1 -ka 

e e e = 

e e 

(r + i - k) 

n-r-2 
where, fr" n 

(n-r-l)!r 

ar 

solutions of this general relationship can then 

be made to draw curves which will enable one to estimate 

the concentration of a rod specimen after any number of 

passes. 



TiST PROC1DU1ES 

1aterial Preparation 

The material used for this investigation was ob- 

tained from tie zirconium stores located at the J, S, 

bureau of ..ines in Albany, Oregon. ¶wo types 01' zir- 

conium wore used, estiniouse Iodide crystal bar zir- 

cordum and commercial roll process ductile zirccniurn. 

The basic differences between these rnateri1s lie In the 

relative impurity content as shown in Table I. 
Both materials were prepared for this 1nvestgtion 

in the san:e manner. Inots five incbes in dIameter ard 

about eight Inches in length were forred from bundles 

of zirconIum by consumable electrode arc melting under 
-2 

a pressure of about 2 X 10 rìn of l'he ingots 

wore then nachined free of surface voids nd cracks sind 

reduced to a diameter of l inches by press forthg at 

a tenAperaure of 850 C. urtlier reductions were niade 

by swaging at 5O C. At frequent intervals between the 

atases OL 5WCifl, thO rods were cleaned of scale by 

centerless rinding to avoid oxide contamination in the 

metal, ¿irconium rods 0.250, 0.183, and 0,125 inches 

in diameter were obtair.cd by this process. .hey were sub. 

sequeritly cut into lonaths of about ten inches and 

cleanod by chemical tchIn. 
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TABLL I 

Impurity Analysis Comparison 
Between Iodide Crystal Bar Zirconium 
and Kroll Erocess Zirconium Naterial 

used in this Investigation 

Impurity ilement Impurity Content-ppm 
Iodide Zirconium Kroll Frocess 

0 500 1300 

450 90 

Fe 260 600 

Cu 20 20 

Cr 20 80 

40 130 

Ng 50 100 

Ti 30 25 

Ni 50 12 

Sn 60 10 

iquipment 

The two methods chosen for study required two 

types of equipment. First, due to the high rate of re- 

activity which zirconium has with hydrogen, nitrogen, 

and oxygen, it was necessary and essential that all work 

for both methods be carried out under a high vacuum. 

Second, although both methods required heating the rod 
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specimens, the methods of heating for zone refining must, 

of course, be different from those of the electrolysis 

because of the theory behind each method. 

The effect of solid state electrolysis ap;ears 

only in the application of a direct current field. For 

this reason the power to heat the rod specimen was pro- 

vided by a selenium rectifier d.c. power supply capable 

of producing 500 amperes at 24 volts. This power supply, 

manufactured by Rapid Electric Company, was controlled by 

a Rapidtrol oil submerged motor driven infinite variable 

transformer and operated from a 14O volt a.c. source. 

The stability of this power supply was excellent, oper- 

ating well within the -5 power variation of the station 

input voltage. 

Zone refining of zirconium requires that some 

method be provided by which a localized area of the rod 

may be heated to its melting point. Due to the high re- 

activity which zirconium exhibits, a floating zone is 

used to avoid contamination from crucibles. This usually 

entails the use of an induction coil or in recent years 

the use of a source of electrons properly accelerated 

and focused on the specimen. First attempts to zone re- 

fine zirconium were made using a 7.5 kw output induction 

unit operating at about 300 kc manufactured by scientific 

ilectric Company. It was found that this unit did not 
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provide sufficient control to produce a zone refined rod 

of uniform diameter. It was therefore necessary to use 

an existing electron beam zone refining furnace. The 

power source for this furnace was manufactured by 

Ulectro-Glass Laboratories and was designed to operate 

at a maximum beam power of 7.5 kw or 5000 volts at 1.5 

amperes beam current. This apparatus provided sufficient 

power and control to produce with fair consistency rods 

of uniform diameter. 

The vacuum chamber used in both methods consisted 

of an 18 inch diameter bell jar approximately 0 inches 

in height utilizing a standard "L" gasket to effect a 

vacuum seal to a polished base plate. The vacuum pumps 

were a Consolidated Vacuum Corporation 6 inch oil dif- 

fusion pump with a Kinney KC 15 c.f.m. roughing pump used 

also as the fore pump for the diffusion pump. baffle 

was made and placed inside the transition collar located 

between the base plate and the toggle operated 6 inch 

Veeco high vacuum valve. Sufficient holes were drilled 

in the base plate to allow for insertion of electrical 

feed-throughs, water coolant lines, and auxiliary 

electrical feed-throughs. 

It was calculated that a maximum current of 500 

amperes would be required to heat the rods to temperature 

for the solid state electrolysis portion of this 
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investigation. For this reason 3/4 inch copper bus bars 

were fabricated and connected to standard commercial 

electrical feed-throughs. Connected to the bus bars were 

water cooled copper specimen holders through which cur- 

rent flowed to heat the zirconium rods, ince the rod 

was to be heated from room temperature to 1800 C, some 

means of allowing for thermal expansion was required. 

This was provided by designing and fabricating a teles- 

coping sliding contact type of copper conductor used as 

the bottom (cathode) specimen holder. Figures 6, 7, and 

8 show the equipment used for these tests. 

Temperature measurements were made by using a 

standard optical pyrometer manufactured by Leeds and 

torthrup Company and calibrated by a Shaw two-color 

optical pyrometer. Accuracy of the measurements was 

5 C at 1800 C. 

Zone iefining irocedure 

As previously mentioned, zone refining of a solid 

material is accomplished by causing a molten zone in the 

material to traverse the length of the specimen. This 

may be effected in two basic ways; either move the speci- 

men through a stationary heating source or move the 

heating source past a stationary specimen. In this in- 

vestigation the first method was used. 



FIGURE 6-Solid State Electrolysis Purification 
Apparatus. 

SI-3O 



FIGURE 7. -- iquipment Used in the Investigation of Zirconium 
Purification by Solid State Electrolysis and Zone 
Refining. 

-'J 
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FIGURI 8. -- .i1ectron Beam Power Supply and Vacuum 
system Used for Zone Refining Zirconium. 
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First attempts to zone refine zirconium in this 

investigation used 3 inch diameter rods attached to a 

traverse mechanism driven by a threaded drive rod as 

shown in Figure 9. The threaded rod was rotated through 

a 34 inch rotary vacuum seal by means of a stepless vari- 

able speed transmission, In this way any rate of travel 

could be used in refining the specimen. 

The method of producing a narrow molten zone in 

the specimen posed a special problem due to the in- 

adequacy of the existing induction heating unit. Juf- 

ficient coupling could not be attained using an induction 

coil of a single turn. 1ultiple turn coils produced a 

zone much too wide to be of use in this application. t 

current concentrator was therefore designed and fabri- 

cated. The device used is shown in Figure 10. An in- 

duction coil of nine coils was placed around the current 

concentrator as shown in Figure 9. The field from this 

coil was then concentrated around the 34 inch diameter 

hole in the device due to the insulating air gap located 

between the water connections in the side of the appar- 

atus. This concentrated field then had sufficient den- 

sity to produce a molten zone about 3/16 inch wide in 

the zirconium rod. 

ii second method was used in producing a narrow 

molten zone in the specimen. By means of an electron 
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FIGUi 9. -- Traverse echanlsm arid Current Concen- 
trator s9d in Zone Refining Zirconium. 



FIGURJi 10. -- Current Concentrator Used. in Zone Refining 
Zirconium Rods by Induction. 
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beam produced from electrons emitted from a heated 

tungsten filament and accelerated by means of an electric 

potential of 3300 volts, a molten zone about 3/16 inch 

wide was produced. This means of heating proved to be 

the better of the two methods since more control could 

be obtained from the electron beam power supply. The 

filament support and traverse mechanism used are shown. 

in Figure 11. The filament used in this operation was 

fabricated by forming a tungsten ribbon filament 1/16 

inch wide and 0.025 inch thick into a semicircle and 

welding two such elements into a circle. lectrons 

flowing from such a surface travel approximately normal 

from the surface, thus acting also as a focusing device. 

A series of nine zone refining runs were made 

varying the rate of travel of the specimen through the 

heating element and also the number of passes. Rates 

of travel of 10, 5, and 2 inches per hour were made in 

passing the zone over the rod one, two, and three times 

at each rate. For each run the rod specimen was placed 

in the traverse mechanism in two sections as seen in 

Figure 11 and. the bell jar evacuated to about 8 X 10 

mm Hg pressure. weld was then made at the junction 

of the two pieces of zirconium and a length of three to 

five inches zone refined. By welding the two rods to- 

gether any stress or misalignment due to thermal 
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FIGURE 11. -- Traverse iechanism and Filament ssembly 
for Zone Refining Zirconium Rods by 
1ectron Beam lielting. 
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expansion of the metal upon heating was eliminated. 

After zone refining the rods were removed, cleaned by 

chemically etching in a solution of 45 ml HN0, 45 rai 

H20, and 10 ml HF, known commercially as B etch. Two 

samples from each rod, approximately 2 grains each, were 

taken from the center and last portion of the specimen 

for chemical analysis. 3ince impurities are supposedly 

swept along the rod as the zone progresses a comparison 

between the two analyses should show the effect of the 

purification process. 

-3o1id 3tate .Ii1ectro1ysis Procedure 

Utilizing the equipment described previously, 

procedures were developed to show the effects of 

electrolysis upon solid zirconium rods. Since the mo- 

bility of atoms is a function of their temperature and 

since the migration rate is dependent upon the mobility, 

it was thought that by keeping the specimens at as high 

a temperature as possible and still maintain a solid 

state the migration of oxygen atoms would occur at the 

maximum rate possible. For this reason all specimens 

used in this investigation were maintained at a temper- 

ature of 1800 C. 

For this series of tests, zirconium rods were 

placed between two water cooled electrodes and surrounded 
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by a cylindrical heat shield fabricated from zirconium 

sheet. The zirconium heat shield served two purposes. 

First, because at equilibrium its temperature was about 

1200 0, it acted as an excellent gettering material to 

absorb impurities in the system. Second, it was 

necessary to use such a shield to keep the glass bell 

jar at a safe operating temperature. After assembling 

the rod and heat shield, the bell jar was closed and 

evacuated to a pressure of about 3 X 10 min of Hg. The 

rod was then heated by its own resistance to a temper- 

ature of 1800 C by a direct current power supply. 

Three series of tests were carried out using the 

above procedure. iach series of tests was run at a 

different potential difference for varying lengths of 

time up to 2l-0 hours. This effected a variation of 

driving force upon the migration of the oxygen atoms. 

The variation in potential difference was made possible 

by using three different diameter rods as test speciniens. 

In this way the three series of tests were run at 3, 4, 

and 5 volts potential for rods of 1/4, 3/16, and 1/8 

inch diameter, respectively. The rods were ten inches 

in length, thus allowing about eight inches of test 

material which could be used for chemical and metal- 

lurgical analysis. 
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At the end of each test run, the power supply 

was turned off and the sample allowed to cool in the 

evacuated bell jar. period of O minutes was allowed 

for cooling before air was admitted to the system and 

the rods removed. There was, then, no possibility of 

the specimens absorbing oxygen due to ecposure to the 

atmosphere. 
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RESULT3 OF IWTESTIGáTION 

Results of Zone Refining 

Figures 12 and 13 show several zirconiu.in rods 

after zone refining by electron beam melting. The re- 

suiting rods were more uniform in diameter over the zone 

refined length as compared to rods previously zone re- 

fined by induction heating as seen in Figure 14. It was 

determined by experimental means that the non-uniform 

diameter was due to insufficient temperature control by 

the induction heating unit. It was not possible using 

this method to maintain the correct temperature in the 

zone which, when overheated, lessened the surface tension 

on the zone resulting in the non-uniform diameter. The 

lowered surface tension allows the molten zone to flow 

out causing a non-uniform diameter. Rods with the same 

type of imperfection could be produced by purposely 

overheating the zone with the electron beam. 

It was found during the course of this investi- 

gation that the uniformity of diameter of a zone refined 

rod was also greatly dependent upon the design and fabri- 

cation of the electron beam filament. everal different 

diameter and configurations of filaments were tried. 

circular filament li inches in diameter was found to 

produce the most satisfactory results. Eiiaments which 



FIGUR1 12. -- ¿irconiu.in Rods after ¿one Refining at 
10, 5, and 2¼ inches/hour for One, Two, 
and Three .asses. 



FIGURE 13. -- Zirconium iod .fter Zone Refining for 
Three Passes at 2Y2 inches/hour. 
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FIGUTh. 14. -- Zirconium Rod fter Zone Refining by 
Induction. This shows the effect of 
overheating during the refining process. 

FIURE 15. -- Zirconium Rod After Zone Refining by 
1ectron Beam. This shows the effect of 

a non-uniform beam causing an incomplete 
zone through the diameter of' the rod. 
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were not concentric around the rod or were warped due 

to being strained produced an uneven heating zone which 

either did not produce a uniform zone or did not melt 

completely through the rod diameter. Figure 15 shows 

a specimen produced from such a filament. 

Two grain specimens were analyzed by chemical 

means by the Technical ervices Branch of the U. . 

Bureau of' Nines, iUbany, Oregon. Because of the low 

impurity content, special analytical procedures were 

developed. 

The method used to analyze these zone refined 

specimens consisted basically in placing the zirconium 

specimens into HC1O4 and HF and evaporating the solution 

twice to remove all the HF. Sensitive reagents were 

then used to separate the iron, nickel, copper, and 

aluminum impurities into organic solutions and quanti- 

tative results obtained spectrophotometrically. These 

methods of' analysis are accurate to within plus or minus 

one part per million over the range of sensitivity for 

which the analyses are valid. Using the above described 

procedures detection of Fe, Ni, Cu, and Al can be ob- 

tained to a lower limit of 0.05 ppm, 0.02 ppm, 0.05 ppm, 

and 0.2 ppm, respectively. An upper limit of detection 

of 60 ppm was found for the case of iron. 



52 

It must be emphasized. at this point that it is 

very difficult to detect and analyze quantitatively for 

the impurity contents in the extremely low impurity 

levels which were obtained in this investigation. n 

industry wide problem has been the accurate analysis of 

Impurities in low concentration by chemical means. 

Other methods such as measurements of resistivity have 

been used successfully in some instances. As will be 

mentioned later, some efforts to measure the resistivity 

of specimens containing various amounts of oxygen were 

made for this investigation but met with only minor 

success due primarily to the lack of electrical circuits 

stable enough to detect small changes in resistivity. 

Table II shows the results of these chemical 

analyses. Determinations of the impurity levels of 

iron, copper, nickel, and aluminum after zone refining 

at rates of' travel of 10, 5, and 2 inches per hour for 

one, two, and three passes over the specimen are shown. 

These data show that, in general, a marked decrease in 

impurity level of the constituents was achieved. For 

example, in the case of' a rod zone refined three times 

at a rate of 236 inches per hour, the iron content was 

reduced to i ppm from an initial content of 600 ppm, 

copper to O.05 ppm from 20 ppm, nickel to 1.8 ppm from 

12 ppm, and aluminum to 5.?i ppm from 90 ppm. There are, 



TABLE II 

Impurity inalysis of Zone Refined ¿irconium Rods 

Rate of Travel Number of Fe Cu Ni Al 

inches/hour Fasses mid end mid end mid end mid end 

10 1 1.6 0.8 3.7 31 7.9 10 10 l0 

10 2 33.5 29.7 0.86 4.52 28 75 3 4 

10 3 26.8 29.2 1.14 2.78 79 57 5 4 

5 1 1.2 0.4 .05 .O5 6.0 9.0 1O zlO 

5 2 14.8 20.8 .O5 1.71 90 lO0 3 5 

5 3 18.8 20.6 .O5 0.75 36 53 3 2 

25/2 1 24.1 30.7 .z.O5 52 2.8 30 3 

2) 2 16.5 28.6 .05 1.11 1.1 63 1 

23 3 1.0 25.3 .z.05 1.11 1.8 3.3 
* 1.0 

This sample was lost in the process of spectrophotometric measurement. 
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however, some serious descrepancies shown in these data 

when one compares the runs made at 10 inches per hour 

and 5 inches per hour. In both cases, after a single 

pass over the rod, chemical analysis indicates a greater 

degree of purification than after multiple passes. tlSO, 

some data indicate the rod to be more pure at the end of 

the zone refined region than in the center. Both of 

these results are contrary to the theory previously 

described. 

These results can be explained by considering the 

rates of travel of the zone along the rod. At the more 

rapid rates of travel, time for segregation of impurities 

was not allowed. The decrease in the impurity level in- 

dicated by the analysis was then due primarily to the 

vaporization of the impurities since at the melting tern- 

perature of' zirconium, 1852 0, the vapor pressure of 

iron, nickel, copper and aluminum is above the operating 

pressure of the vacuum system. In addition, it was men- 

tioned previously that a new chemical analysis procedure 

was developed in order to detect the lower levels of im- 

purities realized in this investigation. It was reported 

by the analyst that there was sorne difficulty in repro- 

ducing results from one run to another. This was be- 

lieved to be due to the extreme sensitivity of the re- 

agents used picking up impurities from the different 
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glassware, water, and chemicals used for each run. Be- 

cause of this the quantitative results of the analyses 

may not show accurately the true relative impurity levels 

of the specimen. s will be described later, metallo- 

graphic investigation of the specimen indicates results 

agreeing more with the theory of zone refining. 

The analyses of specimens zone refined at 2Y 

inches per hour indicate that sufficient time for im- 

purity segregation wa allowed. In this case data in- 

dicated that for the case of iron the impurity level was 

reduced from 600 ppm to 24.1 ppm, 16.5 ppm, and i ppm 

for one, two, and three passes, respectively. This, of 

course, agrees with the theory in that more impurities 

were removed with an increase of the number of passes. 

3imilar results are shown for the other impurities for 

which analyses were made. ividence from other investi- 

gators zone refining similar material indicates that 

good results from zone refining occurs only at the slower 

rates of travel. This work has, in general, indicated 

that good segregation of impurities occurred only at 

rates of travel less than one inch per hour in zone re- 

fining titanium metal. 

Further evidence of purification can be seen in 

a inetallographic study of the specimens taken at the 

middle sections of the zone refined rods. These 



specimens were mounted in bakelite and polished mechan- 

ically under light pressure so as to avoid disturbing 
the appearance of the grain structure. fter polishing 
the grain structure was made visible by means of chemical 

etching as previously described. Figures 16, 17, and 18 

show the photoinicrographs of the grain structure for each 

of the test conditions under polarized light at a magni- 

fication of 150 L. Under polarized light the impurities 
show up as white spots on the photomicrograph. By coin- 

paring the three photornicrographs on each figure there 
is evidence that the impurity level is reduced as the 
number of passes is increased at each of the three rates 
0± travel. Noreover, by comparing each of the figures 
there is also evidence of a large decrease in impurity 
level for various rates of travel for one, two, and three 
passes. For example, there is a marked difference in 
the rnicrostructure of a rod zone refined once at 10 inches 
per hour and a rod zone refined three times at 2 inches 
per hour. In the latter case, the grains are much larger 
and are almost completely free of the evidence of im- 

purities. 

Results of Solid State .mlectrolysis 

Figure 19 shows a typical zirconium rod after 
purification by solid state electrolysis. Alter a time 



One pass at 5 inches/hour Two passes at 5 inches/hour Three passes at 
5 inches/hour 

FIGURE 16. -- Photomicrographs Showing the Relative Impurity Content of ¿irconium 
Rods after Zone Refining for One, Two, and Three iasses at 
5 inches. Folarized light, B etch, 150X. 
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One pass at 10 inches/hour Two passes at lo inc 

V 

10 inches/hour 

FIGURÓ 17. -- Photomlcrographs Showing the Relative Impurity Content of Zirconium 
Rods after Zone Refining for One, Two, and Three Iasses at 10 inches 
per hour. .iolarized light, B etch, 150X. 



Cne pass at 23 inches/hour Two passes at 2Y2 inches/hour Three passes at 
2 inches/hour 

FIGURi 18. -- Ehotoinicrographe showing the Relative Impurity Content of Zirconium 
Rods after Zone Refining for One, Two, and Three Passes at 
2 inches per hour. Polarized light, B etch, 150X. 



FIGURE 19. -- ¿irconium Rod After Having Undergone 
Solid State lectro1ysis at 1800 C 
for 200 Hours. 
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interval of 213 hours at 1800 0, the rod has retained 

its original luster but has developed a segmented 

appearance. Fietallographic examination showed this 

segmentation to be due to large beta grain growth at 

the elevated temperature, the grain boundaries of which 

were retained upon cooling. It was at first thought 

that single crystals might have been formed, but both 

metallographic and A-ray analysis showed this not to be 

the case. It was found that extremely large and oriented 

grains had been formed. Also, it can be noticed that 

slipping has occurred near the cathode end of the rod. 

This type of behavior was observed in every case in the 

saine location of the specimen. 3ince the rod was 

initially in tension before heating, the slipping must 

be due to the weight of the rod material above the 

slipping region because of its low strength at 1800 0. 

After each test run the rods were removed from 

the electrodes. At this point it was evident that th 

mechanical properties of some rods were not uniform over 

the length of the rod. In nearly every case these rods 

could be easily broken at the anode end of the rod next 

to the electrode while remaining ductile at the cathode. 

One gram specimens were removed from the rod at various 

positions along the length of the rod by careful cutting 

to avoid overheating of the zirconium. These specimens 
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were then analyzed for oxygen by the Technical ¿ervices 

Branch of the U. S. Bureau of Nines. 

The oxygen analysis was accomplished by means of 

the Leco gas analysis procedure. This is a commercially 

weil known method of analysis now common in most labor- 

atones and affords a relatively simple method of 

accurately determining the oxygen content in zirconium. 

The procedure starts with a solid sample of known weight, 

heated in pure argon with platinum and purified graphite. 

A solid solution of zirconium, platinum, and carbon is 

formed and carbon monoxide formed according to the fol- 

lowing reaction, 

¿rO2 + 20 - ¿r + 2GO. 

The carbon monoxide coming off as a gas is then bubbled 

through a catalyst and leaves as carbon dioxide according 

to the following reaction, 

2GO + 20 2002. 

The resulting carbon dioxide is then bubbled through a 

solution of barium hydroxide, and a change of electrical 

conductivity is measured and compared to a standard. 

The resulting measurement is then compared with a stan- 

dard curve of oxygen content versus resistance which de- 

termines the amount of oxygen in the zirconium. Because 
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insufficient standards were available, no limit of 

accuracy could be assigned to the results of these 

analyses. 

Table III lists the results of the oxygen analyses 

for the series of tests completed over a period of var- 

jous lengths of time and at three, four, and five volts 

potential. It can be seen that the oxygen content is 

higher at the anode end of' the rods than in the center. 

.idso, if one examines the analyses of' the rods run at a 

three volt potential, it is evident that little if any 

migration has taken place. It is only at a four volt 

potential and above that a significant amount of oxygen 

migration occurs. 

samples were analyzed at various intervals along 

rods run at a five volt potential and the results of 

those analyses are given in Table IV. These results show 

that there is a heavy concentration of' oxygen at the 

anode end of the rod near the electrode and that this 

concentration decreases along the length of' the rod to- 

ward the cathode. Figure 20 shows a curve of oxygen con- 

tent as it is distributed along the length of' the rod. 

The average initial oxygen impurity level in the rods 

was 1100 ppm. i.fter purification the average oxygen 

level is seen to be 365 ppm or a decrease of' about 70 

percent. 
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TABLE III 

Oxygen Analysis of Zirconium Rods 
Submitted to olid thtate Electrolysis 

Time of Run Oxygen Content-ppm Rod Potential 
Hours Anode Iuidd1e Volts 

240 4,150 550 5 

240 k,O00 190 5 

240 36,000 1,140 5 

213 510 360 3 

200 2,720 490 4 

188 750 590 5 

172 16,000 1,020 5 

111 500 540 3 

110 810 430 4 

96 290 270 5 

70 440 240 3 

48 560 330 3 

46 560 260 4 

24 300 280 3 

24 200 250 4 

24 290 270 5 

The polarity of this run was opposite to that of the 
other runs. The sample for chemical analysis was lost 
due to its extreme brittleness and the oxygen result 
is an estimate. 
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TABLE IV 

Analysis of Oxygen Content Along the Length 
of Zirconium Rods Which Have Been ¿ubmitted 
to the nffects of 3olid Jtate i1ectro1ysis 

for 240 Hours 

$ample Number iiistance from Anode Oxygen Content 
inches ppm 

18 0 16,000 

0.5 1,540 

2.125 1,030 

3.375 1,020 

4.875 1,150 

7.000 1,100 

19 0 36,000 

1.125 1,780 

2.25 1,290 

3.375 1,350 

5.875 1,140 

20 0 4,000 

0.25 1,870 

0.75 830 

1.32 310 

3.25 260 

5.00 190 

7.75 190 

21 0 4,150 

0.25 2,050 

2.70 520 

4.25 550 

6.00 540 

7.63 540 
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FIGURE 20-Oxygen Concentration Gradient Over Length of Zirconium 
Rod After Heating By Direct Current to 18000 C. for 240 Hours. 
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3ince this process is of the nature of a diffusion 

process, it was assumed that this curve should be of the 

form y = Ce1 following that of a diffusion distribution 

function. It was found that the portion of the curve for 

x greater than unity followed this general form of the 

equation but that for values of' x less than unity a 

marked deviation occurred. This can be explained by 

realizing that in the region for x greater than unity 

the oxygen migration is caused primarily by the voltage 

potential across the specimen since, in this region, the 

oxygen concentration is initially uniform. Even after a 

test run of 2O hours the curve on Figure 20 shows only 

a very slight concentration gradient in this region. 

However, at values of x less than unity the concentration 

gradient is large and it is evident that diffusion due to 

this gradient must occur and is opposite to the diffusion 

due to the potential across the specimen. There is then 

the effect of two opposing rates of' diffusion in this 

latter region and thus may occur the deviation of the 

experimental curve from the above general form of the 

diffusion equation. 

Calculations to consider a material balance of 

oxygen in the specimens is given in Appendix II. These 

calculations show that on the basis of' the chemical 

analyses the number of oxygen atoms before and after the 



test runs of 2L4.0 hours was 2.18 X io20 atoms and 

20 1.156 X lo atoms, respectively. Ihis shows good 

agreement within the accuracy limits of the chemical 

analyses and the assumptions made for the simplification 

of the calculations. These calculations indicate that 

in the latter runs of this investigation very little con- 

tamination of the specimens had occurred. 

In addition, if the diffusion coefficient for 

oxygen in zirconium were known, it would be possible to 

calculate not only the average mobility of the system 

but also the transport number according to the theories 

previously described. thorough literature search re- 

vealed no such data for the oxygen-zirconium system were 

available. However, the diffusion coefficient for oxygen 

in zircaloy 2 has been determined by iallett and his co- 

workers and can be used as an estimate for the oxygen- 

zirconium system (21, p. 181-185). The investigation of 

Ilallett showed the diffusion coefficient for the oxygen- 

-4 beta zirconium system to be 8 X 10 square centimeters 

per second. Using this value the mobility of oxygen in 

zirconium can be calculated from the equation 

K= 

or, 



K 
(8)(10Y4(k.8)(10)6 = 2.47X105cm2/sec-volt. 

(300) (1.38) (10Y'6(2073) 

This result shows a rather low value for the mo- 

bility which is reasonable considering the length of time 

required to cause the oxygen atoms to migrate to the an- 

ode end of the specimen during the test. 

The transport number related to a specific system 

is an indication of the number of gram-atoms of a compo- 

nent in the system which are transported by one Faraday 

and according to the theory previously described may be 

written as 

J) C.F (.-z4) ei ii i ti= kTfJ 

The term f is the correlation factor for diffusion 

which takes into account the various possibilities of ion 

movement through an interstitial lattice. The deterinin- 

ation of this factor has been accomplished by Conipaan and. 

Haven for various crystal lattices by translating the 

problem of diffusion into the theory of electrical net- 

works (7, p. 786-801). Their value for the correlation 

factor for the zirconium lattice is 0.78114.6 and will be 

used in the determination of the transport number for 

oxygen through zirconium. In addition, the calculations 

shown below are given for the specific conditions under 
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which this investigation was carried out, that is, a 

0.125 inch diameter zirconium rod heated by a direct 

current of 120 amperes at 5 volt potential to a temper- 

ature of 1800 C. The effective length of this rod was 

20.3 centimeters and the diffusion constant used will 

be 8 l0 square centimeters per second. The approxi- 

mate values of the terms used in the derived transport 

number equation give the following. Using the conditions 

under which the test was run the following terms are 

found. 

D = 8 X 10 cm2/sec 

= 4.08 X 10 gram atom/cm3 

F = 96,540 coulomb/gram equivalent 

(z1-z) 2 gram equivalent/gram atom 

e 4.8 X io10 esu 

= 8.2 X 10 stat volt/cm 

k = 1.38 X io16 erg/K 

T = 2073 K 

f = 0.78146 

J = 1515 coulomb/sec cm2 

Therefore, 

(8) (10Y'(4.o8) (1o4(9.654) (1o)(2) (4.8) (10)-10 
3. 

(1.38)(lo) (2.073)0.0) (0.78146) 

(8.2)(1o) 

(1.515) (io) 



or, 

t = 3.662 X 1O gram-atoms/Faraday. 
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This is then the number of' grain atoms of oxygen 

which is transported per Faraday toward the anode end 

of the specimen during the course of the test. As be- 

fore, in the calculation of the mobility, this is a 

relatively small number and was expected due to the long 

length of time required to show the effects of the solid 

state electrolysis. 

In considering the earlier experimental results 

of this investigation, it is evident that although a 

marked increase of oxygen content is evident at the an- 

ode end of the rod, little if any decrease in oxygen con- 

tent was accomplished as compared to the initial impurity 

level. It is believed that this was primarily due to 

the contamination of the specimen from leaks in the 

vacuum system. .everal attempts at preventing this con- 

tamination by means of gettering shields to physically 

protect the zirconium were made. i?inally, new vacuum 

seals and a complete reassembly of the base plate of the 

vacuum resulted in a low leak rate system which resulted 

in a lower impurity level. It might be mentioned here 

that other methods, such as placing an envelope of in- 

ert gas (argon) around the bell jar and base plate of 
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the system, were tried in order to investigate the possi- 

billty of lowering the amount of contamination in the 

zirconium. These methods produced no significant re- 

suits. 

Calculations were made to obtain an estimate of 

the amount of possible contamination assuming a reason- 

able leak rate into the system. Basic considerations of 

kinetic theory were used. It was found that for over a 

period of 2+O hours sufficient oxygen could have been 

admitted into the system to cause the contamination 

showed by the chemical analysis. See n.ppendix I. 

Resistivity measurements were made on some speci- 

mens in order to correlate on a qualitative basis the 

resistivity of zirconium as a function of its oxygen con- 

tent. The results show that where there was a signifi- 

cant difference in oxygen content, there was a corres- 

ponding difference in resistivity, that is, a higher re- 

sistivity for a higher oxygen content. It was also 

noticed that after about 100 hours of' testing a high 

temperature region appeared at the anode indicating a 

higher resistance in that region. 

In addition to resistivity measurements, attempts 

were made to relate the zirconium hexagonal close-packed 

lattice parameter measurements to the oxygen content. 

since oxygen occurs in the lattice as an interstitial, 
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an increase in oxygen content should produce a variation 

in the lattice parameter. It has been determined by 

Treco (20, P. 366) that the a0 and e0 dimensions for 

alpha zirconium both vary linearly and in the same pro- 

portion with the content of oxygen. This work was 

carried to only 2.5 atomic percent oxygen and showed that 

since both varied in the same proportion their ratio c/a 

would remain constant. It was therefore thought that if 

data could be found at the lower levels of oxygen con- 

tent, an extrapolation could be made, and thus a method 

of estimating the oxygen content of the zirconium could 

be obtained. 

Lattice parameter measurements were attempted 

using specimens of known oxygen content from 300 ppm to 

1300 ppm. A Norelco high precision back reflection 

lattice parameter measuring camera was used in this in- 

vestigation. However, because of the highly oriented 

grains of the material, no precise measurements could be 

made. 

The effects of oxygen migration was also seen 

through metallographic studies of the material tested. 

The alpha crystals formed by transformation from the beta 

phase often show complicated microstruetures which varies 

greatly with the impurity content. It has been found 

that this is due to the way in which the alpha crystals 
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form in transforming from the beta phase, i.e., into 

oriented platelets instead of randomized equiaxed grains 

(20, p. 380). 'Jhese impurities will cause a '.lidman- 

statten structure in the material and can give a qual- 

itative estimate as to the relative amounts of impurity 

levels present in the material. 

Figure 21 shows the photomicrograph of a zirconium 

rod run at a three volt potential for periods of time of 

70 and 213 hours. Both structures show little if any 

Widinanstatten structure but do show grain boundaries with 

a feathered appearance indicating some impurity effect 

and a relatively rapid cooling rate. The specimen run 

for 213 hours has considerably larger grain size. There 

is, however, little difference in their appearance which 

indicates no migration of' oxygen. This is substantiated 

by chemical analysis which showed about 500 ppm oxygen 

content in each specimen. 

With specimens run at a four volt potential the 

situation is not the same. This is shown in iigure 22. 

After a period of 24 hours the structure is similar to 

the case of the three volt potential exhibiting little 

Wid.manstatten structure and feathery grains. f ter a 

period of 110 hours the microstructure is much differ- 

ent. This microstructure is dominated with an acicular 

and idmanstatten structure indicating a great deal more 



(a) 213 hours (b) 70 hours 

FIGURk! 21. -- Fhotomicrographs Showing iiicrostructures of Zirconium Rods Being 
Held at 1800 0 at 3 Volt Potential for (a) 213 Hours and (b) 70 
Hours. Polarized light, B etch, 250X. 

-n 



(a) (b) Cc) 

FIGIHE 22. -- Photoxnicrographs Showing Nicrostructure of Zirconium Rods After 
Being Held at 1800 C at - Volts J'otentia1 for (a) 2 Hours, 
(b) 110 hours, and (c) 200 Hours. lolarized light, B etch, 
250X. 
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migration of' oxygen. The same is true for the specimen 

run for 200 hours. In addition, the retained beta grain 

boundary is evident and indicated a great amount of im- 

purity located in and around the grain boundary. These 

results were again substantiated by chemical analysis, 
the oxygen content being found to increase at the anode 

with increasing time. For 24, 110, and 200 hour runs at 
four volt potential the oxygen content was found to be 

280, 810, and 2720 ppm, respectively. 
Figure 23 can be compared to Figures 21a and 22c 

to see the effective difference in microstructure of 

material run for approximately the same interval of time 

but at three, four, and five volt potentials. This 

difference is again the variation in the amounts of 

vlidinanstatten structure which increased with the in- 

creased amount of oxygen in the specimens. 

Finally, Figure 24 shows the effective difference 
in microstructure along the length of a rod. It is evi- 
dent that there is a large increase in impurity content 
as one compared the inicrostructure of the mid-section oí' 

the rod to that at the anode. The mid-section of the 

rod exhibits large grains containing sonie Widmanstatten 

structure and feathery grain boundaries while at the an- 

ode there is little indication of grain boundaries left, 
the entire field being in the form of fine 4idinanstatten. 
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FIGUiiI 23. -- Ihotoinicrograph showing Nicrostructure of 
¿irconiuni iod Held at 1600 0 for 2L.0 Hours 
at 5 Volt lotential. This may be compared 
to Figures 21a and. 22e 'ihich were at 3 and 
'4- volt potentials, respectively. Folarized. 
light, .13 etch, 250X. 



(a) Nid-section (b) Anode 

FIGURE 24. -- Photomicrographs of a Zirconium Rod Held at 1800 C for 240 Hours 
Illustrating the Difference in Fiicrostructure due to the Relative 
Oxygen Content at the Mid-section and Anode of the dod. Polarized 
1iht, B etch, 250X. 

"C 



Chemical analysis for the oxygen content of the mid- 

section and the anode were 1140 and 36,000 ppm, respec- 

tively 



CONCLUSIONS 

The results of this investigation show conclu- 

sively that further purification of zirconium can be 

obtained through the processes of zone refining and 

solid state electrolysis. Use of such material in the 

determination of physical properties, phase diagrams of 

alloy systems, and studies in the solid state should 

prove useful in obtaining more accurate and reproducible 

results. 

In purification by zone refining the ultimate 

purity was obtained by passing a molten zone over the 

rod three times at a rate of' 23 inches per hour. In 

this case the impurity levels of Fe, Ni, Cu, and d were 

i ppm, 2 ppm, 0.05 ppm, and 1 ppm, respectively. Coin- 

parison of these values with the initial impurity levels 

given in Table I indicates that the effect of the puri- 

fication process is considerable. These values are by 

no means the ultimate obtainable. Further purification 

could be obtained by cropping the contaminated ends of 

the specimen and repeating the zone refining process. 

The data presented indicate that more purification 

by zone refining took place when the rods were subjected 

to the slower rates of travel and for multiple passes 

over the rods. This is in accordance with the theory of 



zone refining and is what would be expected since time 

is required for the impurities to diffuse through the 

melt and segregate. also, since the process can be re- 

peated many times, the impurity level must drop with an 

increase in the number of passes over the specimen. It 

was due to the lack of time for segregation at the higher 

rates of travel which caused some unpredictable results 

from chemical analysis. 

The oxygen content of rods subjected to the 

effects of solid state electrolysis was reduced from 

1100 ppm to a minimum of 190 ppm. Again, further puri- 

fication could be obtained by either extending the time 

of the test or by cropping the end of the specimen and 

repeating the purification procedure. 

The migration of oxygen was shown conclusively 

by chemical analysis, inetallographic examination, and by 

the observation of the mechanical properties of the 

material after purification by solid state electrolysis. 

Further proof of this migration was accomplished by re- 

versing the polarity of the potential across the speci- 

men and finding that the increase of oxygen content had 

occurred at the opposite end of the rod. 

The theoretical considerations in this investi- 

gation were limited in two important ways. First, in 



the derivation of the transport number describing the 

parameters in the migration of oxygen through the zir- 

conium lattice, it was shown how the transport number 

was dependent upon the diffusion coefficient of the 

oxygen-zirconium system. complete survey of the 

literature showed that this constant has not been found 

for this system but had been found for the oxyen-zirca- 

by 2 system. Using these data as an approximation, the 

mobility and transport numuber for the oxygen-zirconium 

system was found to be 4.47 X bO cin2/sec-volt and 

3.662 X lO gram-atoms/Faraday, respectively. 

econd, in the case of zone refining, the theor- 

etical derivations presented, following those made by 

Lord, did not take into consideration the amount of 

material lost due to vaporization. Consideration of the 

vapor pressures of iron, nickel, copper, and aluminum 

shows that this loss i. considerable. 

From the data presented, lt may be concluded that 

in the case of purification of zirconium by solid state 

electrolysis the amount of oxygen removed is definitely 

a function of the voltage potential across the specimen 

and of the length of time exposed to the temperature and 

potential. It may be reasoned that it would also be a 

function of the temperature but this parameter was not 

determined in this investigation. It was found that the 



amount of oxygen migrating increased with an increase in 

potential and with the amount of time of the test. It 

was also found that no migration was achieved at a po- 

tential of three volts or less but that this migration 

began at a potential of four volts. 

evere contamination of the zirconium was found 

in the earlier test runs in the course of this study. 

i. small leak in the vacuum system could cause this con- 

tamination since the specimen was held at a high temper- 

ature for a long period of time. Calculations showed 

that a leak rate as low as 10 micron-liters per second 

permitted the absorption of many parts of oxygen into 

the zirconium. 



RECOr1IIENDATIOLJ 

It was previously mentioned that the diffusion 

coefficient for the oxygen-zirconium system has not been 

determined. It is then recommended. that this coefficient 

be determined in order that the data found in this in- 

vestigation be of greater value. Nethods of determining 

this constant are varied and numerous. One practical 

method is with the use of isotopic tracers such as 18 

introduced into the zirconium. Iquipment used in this 

study, or equipment of similar nature, could be used in 

such determinations. Final analysis could most effec- 

tively be made by use of a mass spectrometer to determine 

the number of oxygen atoms crossing a plane of reference 

in a given time. 

It is also reconimnended that further studies should 

take place in a vacuum system composed of glass parts 

throughout and that a vacuum better than i ì( io6 mm of 

Hg be used. By this means a cleaner system could be 

maintained and more accurate results thus obtained. 

The most effective means of purifying the zircon- 

juni rods by zone refining was at the slowest rates of 

travel obtainable with the equipment used in this in- 

vestigation. This indicates that a more efficient means 

of purifying might be obtained at even slower rates of 



travel. Equipment should then be made and this point of 

the investigation carried further. 
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APPENDIX I 

The following analysis is used to compute by 

means of basic kinetic theory the possible oxygen con- 

tainination to zirconium rods submitted to a temperature 

of 1800 C under a vacuum of 2 X 10 mm of 11g. It is 

assumed for the purpose of these calculations that the 

vacuum system has a leak rate of 10 micron liters per 

second and that it has a volume of 112.7 liters 

(11.27 X cubic centimeters). 

By the &ay-Lussac law we know that pv = RT where 

RT has the units of energy. If we assume that n is the 

number of molecules per cubic centimeter in the system 

we can express this as the ratio N0/V0 where N0 is the 

constant iwogadro's number and V is the volume of a 

gram molecule of the gas. Therefore, we may write 

or, 

T RT RnT 
.. = 

V- = -r-- 
o o 

P = n.kT ---------------------------- (1) 

where k = 1.8 X io16 ergs/K 

I = dynes per square centimeter 

n = molecules per cubic centimeter 

T = absolute temperature, K. 



Assuming an operating pressure of 2 X 1O mm 11g and an 

environmental temperature of 4-OO K we may find the number 

of molecules per cubic centimeter by use of equation (1). 

P (2)(10Y5(l.33)(lo)3 n = 

(l.8) (lO)6(L4.00) 

= X loll molecules/cubic centimeter 

Assuming that this number of molecules is in the chamber 

at the start of the test run is in fact air, we may 

assume that one-fifth of this amount are oxygen molecules. 

Therefore, 

n = (k,82)(lo» = 1.93 X loll atoms/cc. o5 
For a volume of 112.7 liters, the total number of oxygen 

atoms in the system is then 

n = (1.93)(lo)11(ll.27)(lo)4 2,17X1016 atoms. 

For the assumed. leak rate of O micron liter per 

second, we calculate by similar means the number of oxy- 

gen atoms at 2 X io2 mm oí' Hg, the difference between 

this and the concentration at 2 X 1O mm Hg being the 

number of atoms entering per second of time into the 

system. Let this number at 2 X io2 mm Hg be denoted by 

n'. Therefore, 
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(2)(10Y2(1.33)(lo)3 
= 4.82 X iol4 molecules/cc n 

= (1.38)(l0)_16(kOO) 

Converting from air to oxygen atoms and assuming that the 

test rum was for 240 hours (8.64 X lO5 seconds), we can 

write for the total number of oxygen atoms entering the 

system during the test run, 

n = (k.82)(l0)14(1000)(8.64)(10)5 atoms 

n = 1.67 X io23 atoms. 

The difference between this and the original number in 

the system being negligible, we can use this figure as 

an estimate of the number of oxygen atoms which have 

entered the system over a period of time of 240 hours. 

Converting this number into the possible atomic percent 

in the zirconium rod 10.5 grams in weight we obtain 

n.tomic percent Zr = 

No. of oxygen atoms (100) 
No. of oxygen atoms + No. of zirconium atoms 

= (l.67)(1O)23ïCU) 
(1.67)(10)23 + (6.92)(lo)22 

70.6 a/0 

This number is of course much higher than the 

average concentration of oxygen found in the first 

specimens tested by solid state electrolysis. However, 
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since the specimen was surrounded by the heat shield it 

can be assumed that some oxygen was absorbed by the 

shield. stl5O these calculations do not take into 

account the number of atoms swept away by the vacuum 

pumps. It is therefore reasonable to assume that in 

the initial stages of this investigation substantial 

contamination could have occurred. 
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AAJ)Ii. lI 

Oxygen Naterial Balance 

Chemical analysis of the zirconium rods makes 

possible the calculation of an oxygen material balance 

on the specimen before and after purification by solid 

state electrolysis. As shown in Figure 20, the initial 

oxygen content in the 10.5 grani specimen was 1100 ppm. 

To estimate the total number of oxygen atoms in the rod 

before and after purification, assume the distribution 

curve is formed from two straight line segments. It is 

possible then to calculate the number of oxygen atoms in 

the first Y2 inch (segment A) and the last 7 inch (seg- 

ment B) of the rod assuming two linear distributions. 

The number of oxygen atoms initially in the rod 

can be found using the chemical analysis which showed 

that the rod contained 1100 ppm of oxygen distributed 

uniformly along the rod. The weight of oxygen is then 

(O.00ll)(l0.5) = 0.01155 grains 

or, the number of atoms of oxygen is 

(0.01155) I6.02(10)2 
32 = 2.18 X io20 atoms. 

This should compare to the total number of oxygen atoms 



in the two segments A and B as calculated below. 

For segment , assuming a linear distribution 

over the 3 inch interval, the average oxygen content is 

0.235, by weight. Therefore, the nu.naber of atoms of 

oxygen is 

(0.5)(io.) (6.023(10)23 
(8)(32) 2.92 x io19 atoms. 

For segment B, assuming a linear distribution 

over the remaining 7Ya inches of the rod, the average 

oxygen content is O.O5l5, by weight and the number of 

oxygen atoms in this segment is therefore, 

(7.5) (1o.) (6.023(10)23 
io19 atoms. (8,ì(32) = 

The sum of the oxygen atoms in segments A and B 

is therefore estimated to be 1.156 X i02° atoms of oxy- 

gen which compared favorably with the initial oxygen 

content of the specimen when one considers the assump- 

tions made in the calculations and upon the accuracy of 

the measurements. 


