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This invention is concerned with the melting and re 
fining of metals, or other materials of a refractory nature, 
by what is termed the floating zone method, in which a 
rod of material to be refined has a small portion of its 
length heated to melting point and the molten zone is 
moved along the length of the rod by relative movement 
between the rod and the source of heat, so that impurities 
having markedly different solubilities in the liquid and 
solid phases respectively can be made to concentrate to 
wards an end of the rod, leaving the major portion of the 
rod with increased purity. This method is advantageous 
in avoiding contamination, since a crucible is not needed 
if the rod is mounted vertically and the molten zone is 
kept sufficiently narrow for the surface tension of the 
molten portion to be effective in retaining it in place. 
The method has been applied to the purification of silicon, 
using localised heating, either by high frequency induc 
tion or by radiation from a short cylindrical refractory 
metal electric heater, but both of these ways of heating 
are very wasteful of power (a radiation heater needs to 
be very much hotter than the molten part of the rod), 
and it is difficult to keep the molten Zone sufficiently 
narrow. In the case of some very refractory metals, it 
may not be possible to concentrate the heat Sufficiently 
to be able to melt even a small Zone. 
One object of the present invention is to provide for the 

melting and refining in this way of materials, such as 
tungsten and tantalum and even of refractory non-metals, 
which would otherwise not be capable of being so treated 
because of the lack of sufficiently powerful radiation 
heaters or for other reasons. 
A further object is to reduce the power requirements 

for melting and treating refractory materials by the float 
ing Zone method, whilst another object is to ensure fine 
control of the temperature and dimensional limits of the 
molten Zone. 

Still another object is to provide for thorough out 
gassing whilst the zone refining is being carried out, of 
any materials containing occluded gases or which release 
gases when heated. 
These and other objects are achieved according to this 

invention by mounting a rod of the material to be treated 
within an evacuated enclosure and bombarding a narrow 
zone of the rod with electrons focussed on the Zone from 
an electron gun so that the electrons are accelerated on 
to said Zone and concentrated heating and melting occur 
without causing the melt to run from the bar. 

Thus, the rod can be mounted as the anode of an elec 
tron discharge system consisting of a cathode surround 
ing the rod with focussing electrodes to concentrate an 
annular electron stream from the cathode on to the rod 
which is maintained electrically positive to the cathode 
to accelerate electrons on to the rod to produce high con 
centration of heat over a very narrow sharply defined 
ZO. 

The traversing of the molten Zone along the rod can 
be done either by fixing the annular cathode and moving 
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the rod through it, or by fixing the rod and traversing 
the cathode and focus electrodes along it. 
The accompanying drawing illustrates, in cut away per 

Spective view, one suitable form of apparatus for carry 
ing out the invention. 

It is most convenient to have the specimen being 
treated and the major portion of the apparatus at earth 
potential and to maintain the cathode at high negative 
voltage. The whole electrode system is hung from a 
stainless steel metal cover it so that adjustments may 
easily be made before being enclosed in the container 2 
or bombardment chamber which is a flanged tube of 
Pyrex glass. The cover fits on the top flange of the 
chamber 2 and a hermetic seal at the joint is ensured by 
flexible seal rings 3. After closure the chamber 2 can be 
evacuated, through pipe 4, by vacuum pump 5 which 
produces and maintains a high vacuum inside the cham 
ber 2. 
The specimen of material to be treated is in the form 

of a rod 6 which is held at its ends in W grooves in mild 
steel blocks 7 and 7' by springs 8 which allow for ex 
pansion and contraction of the specimen during opera 
tion. The blocks 7 and 7' are recessed to provide better 
location of the specimen and to reduce thermal contact. 
The lower block 7 is attached to the ends of support rods 
9 on which the upper block 71 is slidable for adjustment 
by means of screw 10. The rods 9 are carried by the 
bridge 1 which is attached to the lower end of the 
operating rod 2 which is slidable up and down through 
the vacuum ring seal 13 in the cover to enable the 
specimen rod to be moved longitudinally through the 
electron source. The longitudinal noverinent of the 
operating rod 12 to move the specimen rod 6 is effected 
by means of the mechanism 14 driven by electric motor 
15 so as to give a traversing speed of between 1 and 2% 
cm./minute. 
The source of electrons for bombardment heating of 

the rod 6 is a cathode loop 16 preferably of tungsten wire 
as its emissive properties are not harmed by exposure to 
air between successive operations and during loading of 
the vacuum chamber. However, in some cases it may be 
advantageous in avoiding contamination of the specimen 
by volatile fragments of the cathode, to use a cathode 
loop of the same metal as that of which the rod 6 is 
made whenever that is possible. The cathode loop 16, 
with its focussing shields 17, is supported by blocks 18 
on the lower ends of two fixed metal rods 19 which con 
duct the heater current to the loop 16 and extend through 
insulating bushes 20 in the cover 1 to terminate in termi 
nals 21 for the attachment of heater supply leads from a 
power transformer secondary which is also connected 
to the negative side of a power Supply unit 22 having its 
positive pole grounded. An earthing terminal 23 is pro 
vided on cover 1 so that the rod 6 is thereby held at a 
potential highly positive to the cathode loop 16 and thus 
acts as the anode of the electron discharge system and 
attracts to itself with high velocity the electrons emitted 
from the cathode and focussed on a narrow Zone around 
the surface of the rod 6 which is thereby heated to in 
candescence and subsequently melted by the electron 
bombardment. The focussing shields 17 are of metal 
such as molybdenum or tantalum and are normally con 
nected directly to the cathode, but they can be at a lower 
or higher potential than the cathode to control the degree 
of focussing necessary. 

In operation, the cover plate 1 and the parts depending 
from it are removed from the chamber 2 and the speci 
men rod 6 is mounted with its ends held by the springs 
8 in the blocks 7 and 7. It is better to have the rod 6 
cut in half, with the cut ends aligned and touching, so 
as to avoid any danger of the setting up process causing 
stresses which might cause the two parts of the rod to 
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become misaligned when melting takes place. After 
checking that the cathode and focussing plates are aligned 
to clear the specimen rod throughout the length of its 
travel, the assembly is placed in the bombardment cham 
ber which is then evacuated. When the internal pres 
sure is sufficiently reduced the abutting ends of the two 
halves of the rod 6 are brought opposite the cathode loop 
16 and the H. T. supply from source 22 is Switched on. 
The emission current from the cathode is thereby caused 
to bombard the rod at the narrow zone surrounded by 
the cathode loop and this zone becomes red hot and 
finally molten and can be made to travel along the rod 
by moving the latter endwise by the traversing mecha 
nism 14, 15. 
The electron bombardment heating, besides requiring 

less power than radiation or eddy current heating, per 
mits very accurate control of the width of the molten 
zone so that there is never any danger of the Zone becom" 
ing so large that the surface tension of the molten mate 
rial fails to keep the melt from running out. The size 
of molten zone which can be attained without the melt 
running from the bar, depends of course on the surface 
tension and density of the liquid metal. The largest 
diameter of rods which can be so treated are about 1 
cm. dia. in the case of silicon and about 0.5 cm. dia. 
in the case of rods of tungsten. The length of the molten 
zone which can be supported by surface tension of the 
melt is about the same as the diameter of the rod. There 
is no theoretical lower limit of diameter, but there are 
practical limitations, although specimens as low as 2 mm. 
diameter have been Zone refined. 
As an alternative form of the apparatus illustrated, the 

supporting structure for the rod 6 can be fixed and the 
cathode loop 16 with its focussing shields 17 can be made 
to traverse along, the stationary rod; in that case the 
blocks 18 are a one-piece Mycalex insulating plate fixed 
to a screwed nut on a threaded rod or lead Screw be 
tween the two fixed rods 19. The threaded rod projects 
above the top cover 1 through a vacuum seal, and rota 
tion of the threaded rod by an external drive moves the 
electron source up and down sliding on the rods 19 as 
guides. In this case the heater current is carried to the 
heater loop by flexible metallic tapes from the termi 
nals 21. 
The material to be treated, which forms the rod 6, must 

of course be a substance which does not undergo exten 
sive physical or chemical changes when it is heated to 
melting, that is, it must be stable when molten. Also, 
since the treatment takes place in an evacuated chamber, 
the material should have negligible vapour pressure at 
its melting point (i. e. below about 10-100 microns of 
mercury). 

Provided the material is stable when molten and has 
low vapour pressure, the method of the invention is 
applicable, not only to the refining and treatment of 
metals, but also to semi-conductor materials, and even 
to normally insulating materials, such as alumina for 
instance, since nearly all insulators become conductive 
when hot or molten, and only at the start of the process 
is it necessary to make them slightly conductive, as by 
marking them or coating them with graphite. Alterna 
tively, an electron gun, similar in principle to that em 
ployed in many cathode ray tubes may be used. In this 
case the electrons are accelerated by and through an 
auxiliary anode to impinge on the target with enough 
energy to liberate more secondary electrons from, than 
primary electrons incident upon, the target. The collection 
of some of these secondary electrons by the accelerating 
anode ensure that the potential of the target approxi 
mates to that of the anode and so bombardment heating 
of a non-conducting target is feasible. The invention 
also permits the refining of metals or materials which 
would not otherwise be obtainable in a state of very 
high purity. 
The invention is particularly applicable to the treatment 
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4. 
or refining of (a) body-centered cubic lattice materials, 
such as molybdenum, tungsten, and iron, in which minute 
traces of carbon, oxygen or nitrogen can cause brittle 
ness, especially at low temperatures; (b) reactive high 
temperature metals whose ductility can be seriously im 
paired by amounts of carbon, oxygen, or nitrogen exceed 
ing 0.1%, such as beryllium, titanium, zirconium, haf 
nium, vanadium, columbium, tantalum, thorium, ura 
nium and rare earth elements. This invention enables 
the amount of such impurities to be reduced to harm 
less proportions, in consequence of Zone refining or of 
vacuum fusion. 

Besides purification by zone refining in which the im 
purities dissolve in the molten zone, the material being 
treated in the way above described is also further puri 
fied by evaporation of volatile impurities and by very 
thorough outgassing as the result of fusion of the mate 
rial in a vacuum. 
The evaporation of the very volatile parts of the mate 

rial as a result of vacuum fusion can be utilised for 
vacuum deposition of the volatile products on to other 
articles which are to be coated with or have deposited 
on them such volatile products by placing the articles 
inside the evacuated chamber. 2 before the process is 
started in operation and locating them in such positions 
that the evaporate is driven on to them. 
The outgassing may be considerable with some speci 

mens when the material first melts, and the outgassing 
may be so violent as to disrupt the specimen if too much 
of it is melted at one time. The sudden surge in bom 
bardment current which occurs during excessive out 
gassing may cause the Zone length to increase and become 
unstable, so that continuous control of the cathode emis 
sion current is necessary during outgassing. The proce 
dure for zone melting a material which may evolve large 
quantities of gas during melting is therefore to do the 
heating in stages; first the bombarding current is con 
trolled so that only the outer layer of the bombarded 
Zone becomes molten and the released gas carries out 
droplets of molten material as a shower of sparks. The 
current is then held at that value and a first pass of 
the molten strip along the rod is made at about 1 cm./min. 
and then successive additional passes are repeated with 
gradually increasing values of bombarding current until 
no more gas evolution with showers of sparks occurs. 
At this time outgassing is complete and the molten zone 
extends right through the specimen. Repeated passes of 
the molten zone along the rod results in rapid increase 
of grain size and finally in the production of a single 
crystal of the material forming the treated rod. 

Single crystal production in this way is only possible 
in refractory metals which do not undergo phase changes 
on cooling, but the method of the invention has enabled 
large single crystals, from 2 mm. to 1 cm. diameter and 
up to 16 cms, long, of the following refractory metals 
to be obtained, namely 

Tungsten Platinum 
Tantalum Nickel 
Rhenium Silicon 
Molybdenum Ruthenium 
Vanadium 

In some cases it may be necessary to start the crystal 
growth by means of a seed crystal to ensure the desired 
orientation. 
The invention is particularly useful for zone refining 

the metals listed above, but it can be used for treating 
many other metals and also other materials such as 
alumina, which has been successfully zone melted by the 
method of the invention. 
The method has the great advantages that the heat 

input is highly concentrated, making it possible to float 
ing zone melt tungsten and the other refractory metals 
where power requirements would otherwise be prohibitive. 
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Control of the power is extremely simple and the method 
is applicable to small diameter specimens. 
We claim: 
1. A method of refining a refractory material which 

is stable when molten and has a negligible vapour pres 
sure at its melting point but contains an impurity of 
higher solubility in the material when molten than in 
the material in its solid state, which method comprises 
the steps of supporting a solid rod of the material in an 
evacuable enclosure containing an electron gun, evacuat 
ing said enclosure, heating the rod of material in the 
evacuated closure by electron bombardment from said 
gun confined to a limited zone of the rod to melt the 
material at said Zone without causing the melt to run 
from the rod, and traversing said rod and said gun rela 
tive to one another to move the melted zone along the 
rod to collect in said zone the impurities soluble therein 
and thereby to transfer them to an end portion of the 
rod. 

2. A method as claimed in claim 1 in which the pass 
ing of the molten zone along the rod is repeated to in 
crease the material grain size and produce single crystals 
of said material. 

3. A method of outgassing and refining a refractory 
material which is stable when molten and has a negligible 
vapour pressure at its melting point but contains an im 
purity of solubility different in the solid and liquid phases 
of said material, which method comprises the steps of 
supporting a solid rod of the material in an evacuable 
chamber containing an electron gun, evacuating said 
chamber, heating a limited zone of the surface of said 
rod by electron bombardment from said gun, traversing 
said rod and said gun relative to one another to move the 
heated zone along the rod, repeating the passes of the 
heated zone along the rod at successively increasing in 
tensities of bombardment until the rod is gas free and 
heated right through to melt a portion of said rod without 
causing the melt to run from it, and traversing the rod 
and gun relatively to one another to pass the molten por 
tion along the rod to collect in said zone the impurities 
soluble therein. 

4. A method of producing large single crystals from 
refractory metal which is stable when molten, has neg 
ligible vapour pressure at its melting point and does not 
change phase on cooling, comprising the steps of mount 
ing a rod of said metal within an evacuated enclosure 
containing an annular electron gun surrounding said rod, 
heating a limited portion of said rod by electron bom 
bardment from said gun to melt a zone of the rod so 
limited that the molten zone is held to the unmelted part 
of the rod by natural forces in the material, and re 
peatedly passing the molten zone along the rod by trav 
ersing the rod and gun relatively to one another in the 
direction of the length of the rod. 

5. The method of outgassing, refining, and converting 
into a single crystal a rod of a refractory metal which is 
stable when molten, of negligible vapour pressure at its 
melting point, and does not change phase on cooling, 
comprising mounting a rod of said metal upright within 
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an exacuated enclosure as the anode of electron discharge 
System consisting of a ring cathode around the rod with 
focussing means to concentrate a stream of electrons 
from the cathode on to the rod to melt by electron bom 
bardment a narrow zone thereof which is so limited that 
it is held to the unmelted remainder of the rod by natural 
forces in the metal of the rod, and traversing said molten 
Zone along the rod by relative movement, longitudinally 
of the rod, between the rod and the cathode. 

6. Metallurgical apparatus comprising a rigid chamber 
which can be hermetically sealed, a vacuum pump for 
evacuating said chamber, supports within said chamber 
for mounting by its ends a rod of refractory material, an 
electron gun operative to bombard with electrons a 
limited area of said rod and means for moving said rod 
and said gun relatively to one another longitudinally of 
said rod. 

7. Metallurgical apparatus comprising a chamber which 
can be hermetically sealed, pumping means for con 
tinuously evacuating said chamber, supports inside the 
chamber to grip the ends of a refractory metal rod and 
hold it upright within the chamber, an electron gun 
adapted to bombard with electrons a limited area of said 
rod, and mechanism for moving said rod and said gun 
relatively to one another longitudinally of said rod. 

8. Metallurgical apparatus comprising a rigid chamber 
which can be hermetically sealed, pumping means for 
continuously evacuating said chamber, supports inside 
the chamber to grip the ends of a refractory metal rod 
and hold it upright within the chamber, a ring cathode 
around said rod inside the chamber, supply leads for 
conducting heating current to the cathode to energise 
it to electron emission, focussing means associated with 
the cathode to direct electrons from the cathode on to a 
limited zone of said rod, a voltage supply source to main 
tain said rod positive to the cathode to accelerate the 
electrons on to said zone, and drive mechanism for travers 
ing the cathode and gun relatively to one another longi 
tudinally of said rod. 

9. Metallurgical apparatus comprising a rigid chamber 
which can be hermetically sealed, a pump for evacuating 
said chamber, vertically movable supports inside the 
chamber to hold the ends of a refractory metal rod and 
hold it upright, guides for said supports, a fixed ring 
cathode around said rod inside the chamber, supply leads 
to conduct heating current to said cathode, focus shields 
to direct the electron emission from the cathode on to 
a limited zone of said rod, a voltage source to maintain 
the rod positive to the cathode, and drive mechanism 
for drawing the rod longitudinally through the cathode 
and its focus shields. 
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