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This invention relates to method and apparatus for 
forming wires and ?laments, and more particularly to 
forming wires and ?laments from a material which has 
a relatively sharp melting point and can be handled in a 
molten condition. 

Although the method and apparatus of this invention 
are particularly suited to the formation of metal Wires and 
?laments having diameters ranging from a fraction of a 
thousandth of an inch to about one-eighth inch, it is not 
limited to this particular use. However, for convenience 
of presentation it will be described in terms of forming 
metal wires and of the advantages which ,are to be gained 
in metal wire formation. 

Extremely large quantities of aluminum, copper and 
ferrous alloys are used in the form of wires. Aluminum 
wires are used for electrical conductors, screening, ?lters, 
and some screw machine products. Copper wires are used 
in large tonnages for electrical conductors and in smaller 
quantities for screening and similar products. Ferrous ‘al 
loy wires in various sizes are used for making a vast as 
sortment of items from paper clips to spring wire. 

All metal wire is now manufactured by the mechanical 
reduction of either rods or ingots. The mechanical work 
ing which gives rise to the various Wires thus made in 
volves several steps ordinarily including hot rolling, cold 
drawing or rolling, and annealing. The necessity for such 
extensive mechanical working with its associated equip 
ment is responsible for a substantial increase in price be 
tween the ingot and the ?nished wire product. 

Several other alternatives for forming metal wires have 
been proposed, but are not now in use. One of these is the 
casting of the molten material directly into a solid mold 
with solidi?cation taking place as the material advances 
through the length of the mold out to the production line. 
lthough this technique can be applied to produce billets 

in the range of an inch or so thick, it has not been feasible 
to extend it to signi?cantly smaller sizes because of the 
increasing friction and drag on the Walls and the increased 
energy requirements for forcing the metals through the 
mold. A second method is that of ejecting a stream of 
molten material from a nozzle into a gaseous atmosphere. 
This requires maintaining the thread of liquid for a su?‘i 
cient time for the ?lament thus formed to solidify and 
thus it avoids the di?iculties associated with the use of 
the solid mold. However, the surface tension of the molten 
metal tends to break the ?lament into spherical particles. 
This requires then that the molten material be ejected with 
high velocity which in turn introduces problems in heat 
transfer. For any reasonably sized wire, the amount of 
heat to be extracted is too great to make this method 
practical. 

It is therefore an object of this invention to provide 
method and apparatus for rapidly forming wires or ?la 
ments from molten materials, the materials being those 
which exhibit a relatively sharp melting point. It is an 
other object of this invention to provide method and 
apparatus of the character described which is particularly 
well-adapted for making metal wires up to about one 
eighth inch in diameter. It is another object to provide 
such a method which is capable of materially reducing 
the cost of converting metals to wire form. It is yet an 
other object to provide a method of forming metal Wires 

3,3413% 
Patented Oct. 17, 1967 

CC 

2 
which are capable of improved quality control. Other 

_ objects of the invention will in part be obvious and Will 
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in part be apparent hereinafter. 
The invention accordingly comprises the several steps 

and the relation of one or more such steps with respect 
to each of the others, and the apparatus embodying fea 
tures of construction, combination of elements ‘and ar 
rangement of parts which are adapted to e?iect such steps, 
all as exempli?ed in the following detailed disclosure. The 
scope of the invention will be indicated in the claims. 
For a fuller understanding of the method and objects 

of the invention, reference should be had to the following 
detailed description taken in connection with the accom 
panying drawing in which 

FIG. 1 is a cross-sectional view of the apparatus suit 
able for carrying out the method of this invention; and 

FIG. 2 is a schematic diagram showing the entire ap 
paratus including ?uid supply, etc. 
By the method of this invention wires are cast from a 

melt by using ‘a continuously ?owing laminar stream of 
liquid as the mold. The molten material to be cast is con 
tinuously introduced in the form of a liquid molten ?la 
ment into the liquid mold and is substantially coaxial 
therewith. The liquid mold surrounds the molten ?lament 
and its velocity is maintained greater than that ‘at which 
the molten ?lament is being advanced. Moreover the 
velocity of the liquid mold stream is increased at least 
to the point where sui?cient heat transfer has been ef 
fected to solidify the molten ?lament to form the wire. 
By maintaining the velocity of the mold stream greater 
than the wire-forming molten ?lament, the diameter of 
the wire forming ?lament is reduced by the action of 
viscous shear forces at the liquid-liquid interface. By con 
trolling the liquid mold stream velocity and the rate at 
which it is increased, it is possible to control the diam 
eter of the wire formed and substantially to eliminate 
the control over the wire diameter which might other 
wise be exercised by the diameter of the nozzle through 
which the molten ?lament is originally ejected. Thus varia 
tion in nozzle diameter brought about through erosion 
or other factors does not affect the ?nal diameter of the 
wire and need not be continuously monitored or corrected. 

Before describing in detail the manner in which the 
method of this invention forms ?ne wires of -a desired 
diameter it will be helpful to describe in some detail a 
typical apparatus in which the method of this invention 
may be performed. 

In FIG. 1 there is a cross-sectional drawing of the 
wire-forming apparatus. It will be seen to consist of an 
outer tubing 10 which has a tapered section 11 ‘and an ex 
tended lower narrow section 12. Within this tubing ?ows 
a liquid stream 14 which is the mold ‘form used. As the 
stream enters the tapered section 11, it is accelerated by 
virtue of the narrowing of the cross-section through which 
it flows. Positioned within the outer tubing is a feed tube 
16 through which the molten, wire-forming material 17 
?ows and is ejected from the nozzle 18 to form a liquid 
stream 19 which upon cooling becomes the solid wire 20‘. 
Coils 21, ‘adapted to circulate a coolant, are in thermal 
contact with the external wall of tubing 10‘ in the area of 
solidi?cation. 

FIG. 2 is a schematic drawing of the apparatus of this 
invention as it is incorporated in one embodiment With 
auxiliary equipment. The Wire-forming element of FIG. 1 
is generally indicated by the numeral 24. It has associated 
with it means for supplying molten metal 25 which is in 
fluid communication with the wire-forming element 24 
through a suitable conduit 26 which has valve means 27, 
a pump 28, and if desired an auxiliary heater 2.9. The wire 
20 as formed is passed around av guide roll 32 to a take-up 
roll 33. 
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The liquid which is to form the liquid mold stream is 
supplied from reservoir 35 by way of conduit 36, which 
contains a valve 37 and a pump 38, into the wire-forming 
element 24. This liquid stream is then recovered from the 
bottom of the wire-forming element 24 through a conduit 
39 which has associated with it a pump 40 and if desired 
clean up or auxiliary heating system 41. 

It is now possible to look more closely at the mech 
anism by which wires are formed in accordance with the 
method of this invention. The molten metal which is to 
form the solid wire is introduced into the feed tube 16 
(FIG. 1) at a pressure greater than that of the local pres 
sure in the liquid mold stream. The ratio of nozzle open 
ing diameter to ?nished wire diameter is not critical over 
a wide range since the actual diameter of the ?nished 
wire Will be determined very largely by the relative ve 
locities of the two liquid streams. This means of course 
that the diameter and even the shape of the nozzle open 
ing can be varied and can change throughout operation 
Without appreciably changing the ?nished Wire diameter. 
This in turn means that with careful control of the two 
stream velocities it is possible to obtain good quality con 
trol over the wire diameter. 
The molten liquid ?lament which is to form the wire is 

positioned within the liquid molten stream so that there 
exists no appreciable velocity gradient in the molten 
stream across the ?lament at any one cross-section. Al 
though it will usually be convenient to inject but one wire 
forming molten ?lament into the liquid mold stream, it is 
possible if the stream is large enough in diameter to use 
it to mold more than one wire at a time. 
The mold form which, as de?ned above, is a stream of 

laminarly ?owing liquid is essentially inert to and unreac 
tive with the molten metal ?lament. The velocity of the 
liquid mold stream must be greater than that of the liquid 
?lament and it must be increasing up to the point in space 
where solidi?cation of the molten ?lament takes place 
to form the wire. 
With the surrounding liquid mold stream travelling at 

a higher velocity than the molten ?lament, the momentum 
of the outer liquid mold stream acts to resist lateral de 
?ection. If the two liquids wet each other, then in order 
for a neck to develop, the molecules of the outer liquid 
mold stream must be de?ected from their course. Their 
momentum acts to resist such de?ections, and therefore 
acts in opposition to the interfacial tension. If the mate 
rials do not wet, then cavitation can occur, but this creates 
a region of reduced pressure which equally opposes the 
necking forces. In the limit, this stress is about atmos 
pheric pressure and a simple calculation using the equa 
tion, d='y/1rP where d is the diameter of the ?lament, P 
is pressure and -y is surface tension, indicates that the min 
imum stable size of a ?lament is approximately 0.0003 
cm. in diameter for a metal such as aluminum with ‘a sur 
face tension of approximately 500 dynes/ cm. For the case 
of organic materials, this minimum diameter is nearly an 
order of magnitude less. 

It is of course necessary that the outer liquid mold 
stream always be in laminar ?ow. If it is turbulent, the 
necessary uniform momentum gradient does not exist. 
Using the usual criterion that the Reynolds number must 
be less than 2100 in order to assure laminan?ow, it can 
be shown that maximum velocities greater than 2000 feet 
per minute can be tolerated for typical surrounding liq 
uids, such as molten salts flowing through an ori?ce with 
a diameter less than 1A inch. The desired ratio of ?lament 
diameter to the surrounding liquid mold stream diameter 
is primarily related, on the one hand, to the extent to 
which heat transfer from the walls is desired, and on the 
other hand, to the extent to which small size ori?ces 
would present dif?cult manufacturing problems and 
sharply increased pumping costs. In any event, since the 
?lament will be accelerated into the ori?ce by the sur 
rounding liquid mold stream velocities on the order of 
2000 ft. per minute can be achieved in a laminar ?ow 
regime. This is the same order of magnitude as the speeds 
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4 
utilized in the production of ?ne wire by wire drawing 
and hence this method is competitive with wire drawing as 
far as speed of formation is concerned. 
The fact that the combined liquid streams are formed 

at the entry to a tapered section, is responsible for two of 
the most important aspects of the method of this inven 
tion. In the ?rst place, the taper may be used to perform 
a liquid analogy to the drawing process, in which the 
inner ?lament stream is reduced in diameter by the viscous 
shear acting at the interface between the two liquids. This 
liquid drawing process which, of course, is a function of 
the particular geometry and velocities, is responsible for 
the fact that very ?ne ?laments can be formed even from 
a stream having a much larger initial diameter. It is, 
therefore, not necessary to rely on a precise diameter of 
shape of ori?ce in order to control the diameter of the 
?nal ?lament. Moreover, this implies that small changes 
in nozzle diameter such as might be caused by erosion, 
will not necessarily affect the diameter of the ?nished 
product. Finally the fact that the liquid mold itself is 
used to reduce the diameter of the wire means that it is 
possible to adjust the diameter over a reasonable range 
merely by adjusting the ?ow rates, temperature pro?les, 
and the like. 
The second major aspect with which the tapered section 

is concerned is related to the fact that the outer velocity 
of the surrounding liquid mold stream must be greater 
than that of the inner liquid ?lament. By proper design 
of the taper, the change in velocity of the outer stream as 
it progresses can be controlled as desired. It is not neces 
sary that the taper be uniform throughout. 

Solidi?cation of the ?lament to form the wire may be 
achieved by one of two mechanisms or a combination of 
both. Thus heat may be transferred from the ?lament to 
the liquid mold stream which is at a lower temperature 
than the melting point of the ?lament material. Heat may 
also be transferred from the ?lament through the con 
?ning liquid to the walls of the apparatus which may be 
cooled by the circulation of a coolant through coils 21 
(FIG. 1). Heat may also be transferred by a combina 
tion of these processes which in any case is based pri 
marily on conduction. It will be appreciated that reliance 
upon heat transfer through conduction in a liquid gives 
rise to much greater heat transfer coef?cients than could 
be obtained for example through conduction or convec 
tion using a gas in place of the liquid. 

It will be preferable to achieve as much of the heat 
transfer from the ?lament by conduction to the liquid 
mold stream. Generally, where smaller-diameter ?laments 
are to be made, the major portion of heat transfer can be 
accomplished in this manner. This means that the liquid 
mold stream should have a bulk temperature somewhat 
below the melting point of the ?lament material to act 
as a heat sink of su?icient capacity to cool the molten 
liquid ?lament and solidify it. In practice, this amounts 
to the existence of a gradient between the interface of the 
two liquids and the bulk of the containing liquid, such 
that at the interface (near the nozzle) the temperature is 
at, or slightly above, the melting point, whereas in the 
bulk, a relatively short distance away, the temperature is 
a reasonable distance below the melting point, perhaps as 
much as 50° C. Calculations can be made utilizing the 
heat capacity of the liquid mold stream and the heat of 
fusion of the material being cast to determine the relative 
amount of liquid mold material which would be required 
to solidify a unit length of ?lament. For example, if the 
metal to be cast is aluminum and the liquid mold is a 
molten salt having a bulk temperature 50° C. below the 
melting point of the metal, the volume of the liquid mold 
stream must be approximately 25 times the volume of 
material being solidi?ed. If the relative velocity is small 
compared to the overall velocity through the tube, then 
the diameter of the liquid mold stream must be of the 
order of 5 times the diameter of the ?lament. 
When the liquid mold stream is used primarily as a 
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heat transfer path, it is necessary to supply an external 
coolant to maintain the walls of the tube at a tempera 
ture much lower than the melting point of the ?lament. 
If a parameter L is de?ned as the distance along the 
stream which an element of the ?lament travels while 
losing its heat of fusion, and the equation is derived 
which relates this quantity to the physical parameters of 
the system, there is obtained as a ?rst approximation the 
following relationship: 

where L and d are in cm. and the proportionality constant 
is obtained by substituting the following reasonable val 
ues: velocity, v=103 cm./sec.; heat of fusion, Q:24O 
cal./cm.3; ratio of liquid mold stream to ?lament diam 
eter, D/d=5; thermal conductivity of fused salts, )\=10-2 
caL/cm. sec. ° C. and AT=SOO° C. To keep L a reason 
able length for diameters about 0.01 cm. an increase in 
the thermal conductivity or the temperature gradient will 
be required. An increase in the temperature gradient sim 
ply implies reducing the thickness of the outer ?lm and 
this is possible so long as the ?lament size is above some 
reasonable minimum size. Thus this manner of heat tran 
fer for solidi?cation is necessary only for the larger 
diameter wires. 

Materials which are suitable for forming wires or ?la 
ments may be any material which exhibits a relatively 
sharp melting point and which can be maintained in the 
molten state without adversely effecting its properties. 
In addition to metals, other substances such as plastics, 
organic materials, and some ceramics may be cast into 
?lament form by the method and apparatus of this inven 
tion. 
The liquid mold material must of course be one which 

is essentially nonreactive with the material being cast. It 
must also be thermally stable at a temperature above the 
melting point of the ?lament material as well as tempera 
tures below this melting point. For convenience of opera 
tion it is preferable that the liquid mold stream material 
is one which does not react violently with air, water vapor 
or the available materials of construction. It should of 
course have a suitable viscosity and thermal conductivity 
in its liquid form. For example, if wire is to be formed 
from a metal having a melting ‘point up to and including 
copper (1985 ° F.) various molten salts, for example po 
tassium chloride or sodium chloride, may be used as the 
liquid mold stream. For wire-forming materials which 
have a melting point lower than about 500° F. it will be 
possible to use any one of a number of well-known high 
temperature organic or silicone ?uids. For metals, the 
melting points of which are appreciably greater than that 
of copper, the liquid molten stream may be a molten 
metal or a molten salt. 
The structure of the ?lament or wire produced by the 

method and apparatus of this invention will be essentially 
that of a cast material. However, because of the ?ne size 
and the one dimensional geometry involved and because 
of the fact that the wire is cast in a protective liquid, the 
properties of the wire may be unique. It is of course 
possible to further treat wire or ?lament made by this 
method to give it desired metallurgical properties. Thus 
the wire may be rolled or drawn to produce speci?c me 
chanical characteristics. 
From the above description of the method and appa 

ratus of this invention it will be seen that there is offered 
the possibility of forming wires rapidly and with good 
quality control directly from a molten liquid. The method 
thus eliminates the need for mechanical working of ingots 
or rods and thus it is possible to produce wire at a lower 
cost inasmuch as the intermediate steps are minimized 
or eliminated. By the simple control of the velocity of 
two liquid streams it is possible to accurately control the 
quality of the wire produced both with regard to its me 
chanical properties and its diameter. Finally the method 
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6 
of this invention lends itself to any material which has a 
relatively sharp melting point and which includes such 
diverse materials as metals, plastics, organics, and in 
organics. 

It will thus be seen that the objectives set forth above, 
among those made apparent from the preceding descrip 
tion, are essentially attained and since certain changes 
may be made in carrying out the above methods and in 
the construction set forth without departing from the 
scope of the invention, it is intended that all material 
contained in the above description or shown in the ac_ 
companying drawings should be interpreted as illustrative 
and not in a limiting sense. 

It is also to be understood that the following claims 
are intended to cover all the generic and speci?c features 
of the inventions herein described and all statements of 
the scope of the invention which as a matter of language 
might be said to follow therebetween. 
We ‘claim: 1 

1. A method of casting a continuous solid ?lament 
from a melt, characterized by shaping a continuously 
moving molten ?lament to a desired diameter in a mold, 
said mold comprising a continuously moving liquid stream 
in laminar ?ow completely surrounding said ?lament and 
in surface-to-surface contact therewith, the velocity of 
said mold stream being greater than that of said molten 
?lament and increasing to the point in space where the 
temperature of said ?lament is sufficiently reduced to 
solidify it to form said continuous solid ?lament. 

2. A method of casting a continuous solid ?lament, 
comprising the steps of 

(a) forming a continuously moving molten ?lament 
having a predetermined forward velocity; 

‘ (b) completely surrounding said molten ?lament with 
a liquid mold stream in laminar ?ow in surface-to 
surface contact therewith and having a forward ve 
locity greater than that of said moving molten ?la 
ment; and 

(c) increasing said forward velocity of said liquid mold 
stream thereby, through the viscous shear forces 
developed at the interface between said molten ?la 
ment and said mold stream, to reduce the diameter 
of said ?lament to a predetermined value prior to 
its solidi?cation. 

3. A method in accordance with claim 2 wherein the 
bulk volume and temperature of said liquid mold stream 
are at levels such that said solidi?cation of said ?lament 
is elfected at least in a major portion by transfer of heat 
to said liquid mold stream. 

4. A method in accordance with claim 2 wherein said 
solidi?cation of said ?lament is effected at least in a ma 
jor portion by transfer of heat through said liquid mold 
stream to an external coolant. 

5. A method of casting a continuous solid ?lament, 
comprising the steps of 

(a) ejecting a molten stream of a ?lament-forming 
material from a nozzle and imparting to the result 
ing molten liquid ?lament a forward velocity; 

(b) completely surrounding said molten liquid ?la 
ment with a liquid mold stream in laminar flow in 
surface-to-surface contact therewith and having a 
forward velocity greater than that of said moving 
molten ?lament; 

(c) increasing said forward velocity of said liquid 
mold stream thereby, through the viscous shear 
forces developed at the interface between said molten 
?lament and said mold stream, to reduce the diam 
eter of said ?lament to a predetermined value; 

(d) cooling said molten ?lament thereby to solidify 
it to form said continuous solid ?lament; and 

(e) separating said ?lament from said liquid mold 
stream. 

6. A method in accordance with claim 5 wherein said 
?lament forming material is a metal. 
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7. A method in accordance With ‘claim 5 wherein said 
?lament forming material is a synthetic resin. 

8. A method in accordance with claim 5 further char 
acterized by recycling said liquid mold stream. 

9. An apparatus for continuously casting a ?lament 
from a material which exhibits a relatively sharp melting 
point, comprising in combination 

(a) a ?rst tube terminating in a nozzle and adapted to 
conduct said material in a molten state under pres 
sure for ejection from said nozzle; 

(b) a second tube surrounding said ?rst tube, extend 
ing beyond said nozzle, and having a decreasing 
diameter over that length which extends from at 
least just above said nozzle to a predetermined point 
below said nozzle; 

(c) means for introducing said molten material under 
pressure into said ?rst tube; and 

(d) means for introducing a liquid mold stream in a 
laminar pattern into said second tube around said 
?rst tube and said ?lament at a pressure suf?cient to 2 
impart a velocity to said liquid mold stream greater 
than that of said ?lament and to increase said ve 
locity through that length of said second tube having 
a decreasing diameter. 

10. Apparatus in accordance with claim 9 further char 
acterized by having means for withdrawing the liquid 
forming said mold stream and recirculating it. 
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