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LOW VISCOSITY MELT SPINNING PROCESS 
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Louis, Mo. 
Continuation-impart of application Ser. No. 599,539, 
Dec. 6, 1966. This application Oct. 2, 1969, Ser. 
No. 863,311 

The portion of the term of the patent subsequent to 
Feb. 6, 1990, has been disclaimed 

Int. Cl. B28b 3/20 
U.S. Cl. 264—176 F 112 Claims 

ABSTRACT OF THE DISCLOSURE 

Continuous length ?bers are formed from inorganic 
molten materials of low melt viscosity. The continuous 
?bers are obtained by extruding a free-falling stream, 
?lm-stabilizing the stream against the disruptive effects of 
surface tension pending solidi?cation, and decelerating 
the solidi?ed stream at a selected point intermediate of a 
?rst point (D,) upstream of which an imposed stream 
decelerating force causes disruptions in the stream con 
tinuity and a second point (Db) downstream of which the 
net tensional force acting upon stream results in substan» 
tially uniform ?nite length ?bers. 

CROSS-REFERENCE TO' RELATED 
APPLICATIONS 

This application is a continu‘ation-in-part of copending 
and commonly assigned application Ser. 'No. 599,539, 
?led Dec. 6, 1966, now abandoned. This application is 
also related to the other copending and commonly as 
signed applications of: S. A. Dunn, L. F. R'akestraw and 
R. E. Cunningham, application Ser. No. 829,216, ?led 
June 2, 1969; S. A. Dunn, L. F. Rakestraw and 1R. E. 
Cunningham, application Ser. No. 838,603 ?led July 2, 
1969; and S. A. Dunn, L. F. Rakestraw, R. E. Cunning 
ham, application Ser. No. 596,286, ?led Nov. 22, 1966, 
now abandoned. 

FIELD OF THE INVENTION 

The present invention relates generally to the formation 
of shaped articles from materials of low melt viscosity 
and, more particularly, to the formation of shaped arti 
cles of inde?nite length directly from streaming low vis 
cosity melts. 

BACKGROUND OF THE INVENTION 

Many workers in the spinning art have expended con 
siderable effort in attempts to ‘answer the long recognized 
needs for practical and economical methods of fabricating 
continuous ?bers from materials of such low viscosity as 
to defy any practical application of the conventional 
spinning techniques commonly employed in the spinning 
of materials having signi?cant viscosities in the molten 
state as typi?ed by the glasses, organic polymers, and ma 
terials of large molecular size. 

"Until recently, attempts to produce inde?nite length 
metal ?bers has been limited to such techniques as reduc 
ing relatively large diameter wire through successively 
smaller drawing dies until the desired diameter is 
achieved, or by encasing the low viscosity melt material 
within a vitreous sheath during attenuation. In general, 
such approaches have been found particularly impractical 
for the fabrication of continuous, small diameter-?bers. 

Therefore, the present invention is primarily concerned 
with the manufacture of continuous fibers of less than 100 
mils and provides a particularly attractive technique for 
making ?ne diameter, continuous wire and other ?bers 
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of less than about 35 mils in diameter from inorganic 
melts of low viscosity. 

BRIEF STATEMENT OF THE INVENTION 

In attempting to form shaped articles directly from 
streaming melts of low viscosity, the problem initially 
encountered is one of stabilizing the liquidous portion of 
such streams, pending their solidi?cation, against an in 
trinsic tendency to undergo local ?uid mass transfers due 
to surface tension which, if unchecked, normally culrni— 
nate in stream disruption. The above referenced applica 
tions Ser. No. 829,216 and S'er. No. 838,603 together with 
US. Pat. 3,216,076 issued to Alber et al. on Nov. 9, 1965, 
are addressed to the multifaceted aspects of this problem. 
Moreover, these references disclose a unique and practi 
cal approach to solving the problem. In quite general 
terms, these approaches involve the concept of ?lm-sta 
bilized melt spinning wherein a low viscosity melt is free 
streamed under carefully controlled conditions through 
selected atmospheres productive of a rapid ?lm forma 
tion about the stream to thereby stabilize same against 
surface tension-induced breakup pending solidi?cation by 
normal heat transfer phenomena. 

In addition to the inability of low viscosity streams to 
withstand surface tension-induced disruptions while in the 
liquid state, they are also highly susceptible to disruption 
by forces engendered by the impact or deceleration inci 
dent to taking up the streaming body after solidi?cation. 
The forces generated during such deceleration often re 
sult in shearing rupture or deformation of the stream. 
A recognition of the fragile, substantially non-extend 

able nature of low viscosity melts generated in the form 
of free streams has brought the realization that such 
streams, however initially stabilized pending their solidi 
?cation, must be conveyed under carefully controlled con 
ditions to minimize stream disturbing forces if inde?nite 
length production of suitable quality is to be achieved. As 
herein disclosed, it has now been discovered that a criti 
cal interrelationship between the forces imposed upon a 
low viscosity stream at a given point and the stress ca 
pacity of the stream at points upstream thereof must be 
mainained if stream continuity is to be preserved. More 
precisely, we have now discovered that, in the case of low 
viscosity streams, there is a point -(D;,,), as measured from 
the stream origin, above which any given deceleration of 
the stream results in repeated disruptions. Also, there 
exists a point (Db), ‘as measured from the stream origin, 
above which the stream must be decelerated if repeated 
tensile breaking is to be avoided. Further, if stream con 
tinuity is to be preserved, the conditions under which the 
stream is transported from its origin must be so manipu 
lated as to maintain the point Da upstream of the point 
Db for a given mode of deceleration and such decelera 
tion must be applied at a point intermediate the points 
Da and Db. 
By virtue of such manipulation of the force system act 

ing upon the stream at given points therealong, a low 
stress spinning operation may be established wherein the 
fragile, low strength upper regions of ‘a low viscosity 
stream, initially stabilized against disruption due to mass 
transfer within the liquid regions, is effectively isolated 
from disrupting forces that would otherwise be imposed. 
As will be disclosed, the location of points Da and Db 
along the stream may realily be varied, both relatively 
and absolutely, by judicious manipulation of one or more 
spinning conditions to thereby facilitate preferred operat 
ing conditions and results. 

In the instant invention the materials employed to form 
continuous fibers and ?laments are those normally solid 
inorganic materials (solid at 25°) having melt viscosities 
approximately 10 poises or less. Among such materials 
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are the metals, alloys thereof, intermetallic compounds, 
ceramics, metalloids, and various salts. _ 
Among the metals which can be spun are beryllium, 

cobalt, aluminum, thorium, nickel, iron, copper, gold, 
uranium, zinc, manganese, magnesium, tin and the alloys 
of such metals. Representative of the low melt viscosity 
ceramics which may be suitably employed for spinning 
are alumina, calcia, magnesia, zirconia and mixtures of 
these and other oxides wherein such mixtures exhibit low 
melt viscosities, i.e., equal to or less than about 10 poises. 
Metalloids, such as boron and silicon, salts such as potas 
sium chloride and a variety of the other normally solid 
inorganic materials with low melt viscosities are capable 
of being spun into continuous ?laments according to this 
invention. 

DESCRIPTION OF THE DRAWINGS 
In undertaking a more detailed discussion of the present 

invention and the manner of its practice, reference shall 
be had to the accompanying drawings as being illustrative, 
but not limitative, thereof and in which: 
FIG. 1 is a diagrammatic graph depicting the typical 

interrelationship of ?ber length with stream free-fall 
distance; 
FIG. 2 is a vertical, partially sectionalized view of a 

simpli?ed apparatus which may be employed in the prac 
tice of the instant process; 
FIG. 3 is a schematic circuit diagram of conventional 

make-up which may be employed to electrically monitor 
and record the stream continuity; and 
FIGS. 4-7 are graphical presentations of pertinent data 

obtained in carrying out the reported examples which show 
the effect of variations in selected spinning parameters 
upon the interrelationship of ?ber length with stream free 
fall distance. 

DESCRIPTION 

Though the following discussion has particular ref 
erence to the production of ?lamentary-like articles, it is 
to be understood articles of other shapes, such as tubes, 
rods, ?lms, ribbons and wires of any desired size and 
cross-sectional con?guration, are as well contemplated 
where their formation from free-streaming low viscosity 
melt is attended by problems analogous to those of ?la 
mentary formation, insofar as such problems are over 
come according to the concepts and practices herein dis~ 
closed and their equivalents. 
As previously mentioned, the problem initially encoun 

tered in the streaming of low viscosity melts is one of 
stabilizing the liquid region of the stream against a surface 
tension-driven mass transfer mechanism. Although it is 
contemplated that such liquid region stabilization may be 
accomplished by the application of magnetic, electrostatic, 
or hydrodynamic systems, a preferred mode is to employ 
the concept of ?lm stabilizing the surface of the liquid 
region. As set forth in the above-referenced copending 
applications Ser. Nos. 829,216 and 838,603, it has re 
cently been discovered that breakup of the jet prior to 
solidi?cation‘ may successfully be suppressed by the 
generation of a stabilizing ?lm of minute thickness about 
the nascent stream prior to its disruption and pending 
solidi?cation by normal heat transfer phenomena. Brie?y, 
this has come about through an appreciation of the fol 
lowing considerations: (I) if the stream velocity of a low 
viscosity material is not su?icient, surface tension-driven 
ampli?cation and propagation of normally unavoidable, 
though initially minor, stream disturbances prevent the 
formation of an e?icient jet; and (2) at intermediate 
velocities, the jet is disrupted by varicose breakup, wherein 
slightly attenuated portions of a liquid cylinder tend to 
further attenuate which results in ultimate disruption 
under the urge of surface tension forces. With increasing 
velocity, sinuous breakup and undue aerodynamic de 
celeration (in which the stream becomes contorted by 
interaction with the spinning atmosphere) become the 
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4 
limiting considerations. Such disturbances are resisted by 
stream inertia and viscosity, but the viscosity of the ma 
terials of interest herein is negligible to the point that 
undue breakup of the stream normally occurs well before 
it can be solidi?ed in the form of inde?nite lengths. 
According to the teachings of the above-identi?ed ap 

plications and the Alber patent, the liquid portion of such 
low viscosity streams may be successfully \?lm-stabilized 
by spinning into suitable atmospheres which, either by 
reaction, decomposition or deposition, result in the rapid 
formation of thin ?lms about the nascent stream to thereby 
suppress the above referred to disruptive forces and pro 
vide shaped articles having aspect ratios greatly exceeding 
those previously obtainable via unstabilized free-stream 
spinning of low viscosity melts. 

It has further been ascertained that optimum produc 
tion, as regards product length and cross-sectional uni 
formity, may be thwarted by disruption or attenuation of 
the stabilizing ?lm prior to suf?cient solidi?cation of the 
stream. Such c?hn attenuation ofttimes results in total 
breakup of the stream; short of this, ?lm strength may 
become so non—uniformly weakened as to result in un 
desired variations in stream cross-section. As taught in 
application Ser. No. 838,603 such ?lm disruption may be 
minimized, for example, by passing the melt through a 
“short-bore” ori?ce to thereby provide the stream with a 
relatively flat velocity pro?le. The result is to minimize a 
viscosity-driven velocity relaxation mechanism towards 
the attainment of plug flow which can only be accommo 
dated by an acceleration or expansion of the stream 
surface. 
As herein employed, the term “short-bore” ori?ce has 

reference to one whose con?guration is essentially char 
acterized by a minimum cross sectional area which extends 
over a maximum distance, as measured in the direction 
of ?ow through said ori?ce, of less than about 5 times the 
major dimension of said minimum cross sectional area. 
For example, a capillary of circular cross-section having a 
ratio of length/diameter (L/D) of greater than 5/1 has 
been found to result in a stream which undergoes undue 
surface expansion as it progresses from the ori?ce, result 
ing in a reduction of ?lm uniformity and a consequent re 
duction in product uniformity and length. In many in 
stances the disrupting in?uence of stream surface expan 
sion up the ?lm is so extensive as to result in total break 
up of the stream itself, wherein only shot or extremely 
short length ?bers could be obtained. 
The term “major dimension of the minimum cross-sec 

tional ori?ce area” is employed herein to denote the maxi 
mum straight-line distance measurable over the minimum 
ori?ce cross section. It has been discovered that use of an 
ori?ce wherein the minimum cross sectional area extends 
over a distance, measured in the direction of ?ow, greater 
than approximately 5 times the distance of such major 
dimension, results in the issuance of a stream having such 
a pronounced parabolic ?ow pro?le as to result in at least 
partial disruption or weakening of the stabilizing ?lm be 
ing formed upon the surface of the stream. Though it may 
be possible to otherwise overcome the deleterious effects 
of such ?lm disruption, as by increasing the richness or 
rate of the reactivity of the ?lm-forming atmosphere, it 
has been found that production of a high order of uni 
formity is attainable only where the ?lm is maintained 
substantially intact pending solidi?cation. At extremely 
high rates of ?lm formation, it is possible that the ?lm 
structure may be renewed su?iciently rapidly to overcome 
the effects of incipient ?lm disruption, but such is not nor 
mally the case. In any event, in most instances, diameter 
uniformity deteriorates and ?lament length otherwise ob 
tainable become severely foreshortened. Thus, qualitative 
ly, the essence of the flow velocity pro?le aspect lies in the 
discovery that, contrary to considerations attending the 
streaming of non-?lm-stabilized jets, ?lm-stabilized spin 
ning from low viscosity melts improves signi?cantly, par 
t1cular1y as regards product cross-sectional uniformity and 



3,780,153 
5 

length, as the initial portion of the jet is caused to ap~ 
proach plug ?ow. 

Another closely interrelated aspect of ?lm-stabilized 
spinning practice relative to velocity pro?le considerations 
resides in velocity control of the free-streaming melt. It 
should be controlled to lie within such limits that the 
dimensionless quantity V\/pD/'y which quantity is the 
square root of the well known Weber Number and shall 
hereinafter be termed the Rayleigh parameter, wherein V 
is stream velocity and D, p and 'y are stream diameter, 
density and surface tension, respectively has a value within 
the range of l to 50, preferably within the range of 2 to 
25. It has been discovered that, where the velocity of ex 
trusion fails to satisfy this condition, the breakup time 
of the jet becomes so shortened that effective stabilization, 
either by the ?lm technique or some other mode, is not 
likely to be established, even in the presence of an accetpa 
ble velocity pro?le at the point of stream issuance. For 
a given melt composition of a known surface tension and 
density extruded as a free stream at a given diameter, the 
optimum velocity lying within the Rayleigh parameter 
range of 1 to 50 will normally by determined experimental 
ly, primary consideration being given to the density of the 
melt relative to that of the atmosphere into which extru 
sion takes place, as well as the temperature of extrusion 
relative to the temperature of the spin chamber. For ex 
ample, given a melt with a density of 4 gms/cm?, a sur 
face tension of 1000 dynes/cm., and a stream diameter of 
0.03 cm., it is necessary to have a stream velocity between 
approximately 90 to 4500 cm./sec. to be within a Ray 
leigh parameter range of 1 to 50. 

In general, propagation of varicose breakup determines 
the lower limit of the Rayleigh parameter range, while ei 
ther sinuous breakup or aerodynamic deceleration deter 
mine its upper limits. The upper limit of the range is in 
creased as the density of the melt relative to the spin at~ 
mosphere increases; i.e. the greater the density of the melt 
and/or the less the density of the spin atmosphere, the 
higher the Rayleigh parameter value (taken as a measure 
of extrusion velocity) at which successful spinning may be 
accomplished, though optimum performance may dictate 
a somewhat lower level. 
Though the above described ?lm-stabilization technique 

is the preferred mode of initially stabilizing the liquid 
region of the stream, it is again emphasized that other 
modes of accomplishing initial stabilization of the liquid 
region are as well contemplated in the practice of the in 
stant low stress spinning process in that its principles are 
equally applicable to low viscosity streaming regardless of 
the mode of initial jet stabilization. In other words, prac 
tice of the instant process presumes effective stabilization 
in the liquid region and is concerned with the preserva 
tion of such region from those disrupting forces normally 
encountered during further progress of the now solidi?ed 
stream. For example, the liquid jet may also be stabilized 
under the influence of a magnetic or electrostatic ?eld of 
such intensity and direction as to counteract those forces 
tending toward ?uid mass transfer. It is also possible that 
the liquid jet may be stabilized by hydrodynamic control. 
Experience has indicated, however, that the above-refer~ 
enced ?lm stabilization technique is to be preferred for its 
greater reliability and simplicity of execution, once the 
relevant factors are understood in their proper relation 
ship. 
As employed herein, the term stream shall be taken to 

denote both the liquid and solid regions of a free-stream 
ing body and, absent a contrary connotation, to include 
the ?lamentary shapes issuing from the streaming body. 
Where a ?lm is employed as the mode of initially sta 
bilizing the liquid region, the term stream has reference 
both to the extruded melt and the applied ?lm as a single 
entity. The term freeze point of the stream shall be taken 
in the pragmatic sense to denote that point along a solid 
ifying stream at which discrete particles (shot) having an 
aspect ratio greater than unity are obtained on intercept 
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6 
ing the stream at that point; thus, interception at any up 
stream point by a chosen mode of deceleration results, by 
this pragmatic de?nition, in an indiscrete, as opposed to a 
particalized, mass. The term stream breaking strength 
shall be taken in the conventional sense as denoting that 
force beyond which stream discontinuities occur. As a 
practical matter, the properties characteristic of the mol 
ten region of a low viscosity stream are such that its yield 
and ultimate (or breaking) strengths are of the same, low 
magnitude. This follows from the fact that the incipient at 
tenuation of a low viscosity melt stream accompanying a 
force exceeding what would conventionally be termed 
its yield strength rapidly culminates in a surface tension 
driven breakup of the stream without a further increase 
in the applied force. Thus the breaking strength of a low 
viscosity stream may, for all practical purposes, be equated 
to its yield strength. The term inde?nite length is em 
ployed herein to connote extruded shaped articles of pos 
sible continuous length, that is, lengths which are not nec 
essarily limited by the process of their formation. 

In exemplifying the practice of the present invention, 
a simpli?ed spinning assembly, as schematically depicted 
in FIG. 2, was employed. As there indicated, such an ap 
paratus essentially comprises a melt crucible 10 which, 
in the case of the examples which follow, was fabricated 
from stainless steel. The crucible is provided with an 
upper header plate 12 and a lower ori?ce plate 14, both 
of which are maintained in sealing engagement with cru 
cible 10 to provide a gas~tight melt chamber 16. The ori 
?ce plate 14 has seated centrally thereof a watch-sized 
jewel 18 formed of any suitable material chemically com 
patible with the melt being processed; the jewel is drilled 
to provide a suitable spinning ori?ce 20. In the examples 
which follow, a ruby jewel having an ori?ce diameter of 
100 microns and a length/diameter ratio of unity was em 
ployed. Melting of the spin charge within chamber 16 was 
accomplished by means of electrical resistance heating ele 
ments 22 and charge temperature was monitored by 
meansof a thermocouple arrangement 24. Preferably, the 
spinning charge was melted under a vacuum prior to ef 
fecting extrusion under an inert gas pressure; this may 
readily be accomplished by the two-Way valve and con 
duit arrangement indicated at 26, whereby chamber 16 
may be alternately evacuated and pressurized to effect 
the desired extrusion rate. In order to con?ne the various 
reactant and cooling gas mixtures employed, a glass 
(Pyrex) spinning column 27 is arranged to receive the 
stream extruded through ori?ce 20. The spin gas mixture 
is supplied through conduit 28 to be gently deployed 
throughout the spinning column by means of a gas distri 
bution ring 30 provided with equi-spaced gas ori?ces 32. 
Prior to extrusion into the desired gas mixture, the spin 
ning column is preferably evacuated under vacuum, rwhich 
may be provided by means of a valved connection 34. Of 
course, during evacuation, the lower end of the spinning 
column may be temporarily sealed by means of any suit 
able plate arrangement, not shown. The extruded stream 
was collected as selected distances down the column by 
means of a collection surface 36, which may take the form 
of a metal plate. As indicated by the two-way'arrow heads, 
the collection surface 36 is adjustable in the vertical direc 
tion to establish the desired catch distance. Normally, the 
plate was maintained horizontal, but we have found that 
it may be inclined at widely varying angles without any 
substantial effect upon the ?ber lengths obtained. 

It is to be understood that the above-describing spin 
ning assembly merely represents a typical apparatus which 
may be employed in the practice of the present invention, 
‘which latter is in no way limited to the details of the 
apparatus. For example, where it is desired to spin high 
melting point materials, an induction-heated spinning as 
sembly would be found preferable, if not essential. 

In the following discussion and examples, the term 
free-fall distance shall be taken to denote that vertical 
distance between the spinning ori?ce and the collection 
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surface. However, it is to be emphasized that free-fall dis 
tance is not necessarily de?ned by the position of a solid 
collection surface such as depicted in FIG. 2. Such a sur 
face is merely to be taken as symbolic of that point below 
the ori?ce at which a decelerating force is brought to bear 
upon the stream. This force may arise by the sudden im 
pact of the stream upon a solid surface or a more gradual 
stream deceleration, such as may be effected by causing 
the stream to pass through a signi?cantly denser and/or 
counter?owing spin atmosphere; similarly, a more grad 
ual stream deceleration may be achieved by the imposi 
tion of a suitable electrostatic ?eld. It is only in service 
of simplicity that the following discussion is made largely 
in terms of effecting stream deceleration by collection 
upon a solid surface. 
As before related, the process embodying the present in 

vention is based on the discovery that, in the case of low 
melt viscosity streams, there is a point D8 above which 
such streams cannot undergo a given deceleration without 
disruption and a point Db below which hte stream will, if 
not decelerated, undergo tensile breaking; further, the 
force system imposed upon a low viscosity stream may be 
so manipulated as to cause the point Da to be maintained 
upstream of the point Db to thereby enable one to de 
celerate and collect the stream at some intermediate point 
without provoking stream disruption. The proper inter 
relationship for inde?nite length production is diagram 
matically typi?ed by the graph appearing in the upper 
portion of FIG. 1, wherein the free-fall distance of the 
stream is plotted against ?ber length. As there shown, four 
distinct regions appear on this curve. For free-fall dis 
tances less than the distance Do (denoting the freeze point 
of the stream, as hereinbefore de?ned) the stream is yet 
molten and any attempt to collect the stream at lesser dis 
tances results in but a molten mass. For distances inter 
mediate the points Do and Da, ?ber length is seen to in 
crease exponentially with increasing free-fall distance. 
Although the stream is at least partially solid in this re 
gion, a disturbance sufficient to disrupt is caused by the 
sudden deceleration due to impingement upon the collec 
tion surface. At free-fall distances intermediate points Da 
and Db, continuous length production may be obtained. 
When the stream is allowed to fall through distances equal 
to or greater than Db, the tensile force due to increasing 
stream length (and, therefore, weight) is su?icient to 
cause stream breakage. Thus, at points below Db, rela 
tively uniform ?ber lengths independent of free-fall dis 
tances are obtained. 
As the examples will illustrate, the reltaive and abso 

lute positions of the points Do, Da and Db may be manip 
ulated as desired by proper variations of the process varia 
bles. For example, the points Da and Db may occupy 
relative positions such that Db occurs upstream of Da; in 
such a case, there is no free-fall distance at which con 
tinuous length ?laments can be collected. Such a circum 
stance may arise by numerous combinations of factors 
affecting the force system being imposed upon a stream, 
but is found to be a particular problem in the case of spin~ 
ning high density melts, especially in the larger diameter 
range. In such cases, the force system acting upon the 
stream must be modi?ed in light of the present teachings 
such that the point D, is caused to be shifted downstream 
relative to the point Da if inde?nite length production is 
to be obtained. 
An effective aid in determining stream continuity rela 

tive to free-fall distance may take the form of a very sim 
ple electrical continuity tester circuit, such as schemat 
ically diagrammed in FIG. 3. As there indicated, such a 
tester serves to electrically interconnect the collection sur 
face with the melt crucible to thereby sense electrical con 
tinuity, or lack of it, between the collection surface and 
the spinning head where an electrically conducting melt 
is being processed. Similar determinations are, of course, 
made by directly measuring the ?ber lengths obtained at 
varying free-fall distances, but use of the continuity tester 
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8 
allows one monitor stream continuity continuously and 
to modify spinning conditions accordingly. 
As previously indicated, the ?ber lengths obtained under 

various process conditions will vary in a characteristic 
manner with free-fall distance, as shown in FIG. 1. Indi 
cations of the mechanism by which stream breakup occurs 
in the regions above point Da and below point Db are 
obtained by relating ?ber length to free-fall distance to 
indicate where and when stream breakage occurred, while 
microscopic examination of the ends of broken lengths 
serve to indicate stream state at the position of break as 
well as the rapidity of the break. In the lower portion 
of FIG. 1 is shown a recording of the continuity tester for 
the typical graph appearing there-above. In relating this 
recording to the free-fall distance curve, it may be observed 
that the freeze point D0 of the stream is the point below 
which ?brous shapes, as opposed to a molten mass, may be 
collected. Thus, when the stream is caught at distances 
less than Do, there is electrical continuity between the 
collection surface and the spinning head via the liquid 
stream, as indicated by the continuous positive de?ection 
on the recorder curve. For free-fall distances between Do 
and D,,, the on-o? shape of the continuity curve indicates 
that the impingement of the stream upon the collection 
surface initiates a disturbance su?icient to effect stream 
breakage at some point upstream of the collection surface. 
An examination of the ?ber ends obtained by collection 
within this region indicates that stream breakage occurs 
very rapidly, but after a solidi?cation su?icient to retain 
a ?brous shape. Thus, the disturbances set up in the 
stream upon impingement on the collection surface at 
these free-fall distances are suf?cient to physically dis 
rupt the stream and only broken lengths can be obtained. 
The exponential increase in ?ber length as the point 

D.,, is approached is highly suggestive of a damped dis 
turbance superimposed upon increasing stream strength 
as it passes downstream, which factors combined to deter 
mine the ?ber lengths obtainable in the region interemdi~ 
ate the points D0 and D... 
As indicated by the graph and recording of FIG. 1, 

continuous ?bers are obtained for free-fall distances be 
tween points Da and Db; the continuity tester, of course, 
indicates electrical continuity within this region. 
The recorded continuity curve of FIG. 1 clearly illus 

trates that, for distances greater than D1,, the stream under 
goes breakage before impingement upon the collection 
surface. Because the force due to gravity has, beyond this 
point, become greater than the sum of stream strength 
and the drag force generated under the chosen spinning 
conditions, the stream is caused to break prior to contact 
ing the collection surface; thus, the recording indicates 
a continuously open circuit. The appearance of the ends 
on the broken lengths obtained at free-fall distances 
greater than Db indicate that they break in a very hot, 
solid region or in the liquid region; further, the lengths 
of the resultant ?bers indicate that they break very near 
the freeze point. 

_ For a more detailed understanding of the present inven 
tion, reference is now made to the following examples 
which are illustrative of the effects of the more pertinent 
spmmng parameters upon the force system imposed upon 
an extruded low melt viscosity stream at varying free-fall 
distances. ‘In all of the following examples, stream decel 
eration collection was effected by catching the stream 
upon a metal plate. The spinning assembly previously 
described with reference to FIG. 2 was employed and the 
spinning charge was in the form of a mixture of 62 weight 
percent lead/ 38 weight percent tin. The stream was ?lm 
stabilized by extrusion into an oxygen-containing atmos 
phere to form an oxide ?lm. Unless otherwise speci?ed, 
the spinning conditions were as follows: extrusion pres 
sure of 20 p.s.i.g. argon at an extrusion temperature of 
400° C., a reactant/cooling gas mixture of 7 vol. percent 
oxygen/93 vol. percent helium at room temperature and 
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atmospheric pressure, extrusion through a 100 micron 
diameter ori?ce formed in a watch-sized ruby jewel, the 
ori?ce having a L/D ratio of unity, a Pyrex spin column 
of 6 in. inside diameter and 300 cm., length. The melt 
crucible was fabricated from stainless steel having an 
inside diameter of 1% in. and a depth of 6 in. Prefer 
ably, heating to melt was accomplished under a vacuum 
of below 100 microns of mercury pressure. Also, extru 
sion was commenced prior to introducing the spin gas into 
the spinning column. 

EXAMPLE I 

This example illustrates the effect of a variation in the 
reactant gas concentration upon the ?ber length obtain 
at given free-fall distances. Utilizing the apparatus of 
FIG. 2, a helium/oxygen spin gas mixture was supplied 
to the spin column through the gas distribution ring 32 
positioned approximately 50 cm. below the ori?ce, in 
a manner to effect a gentle gas motion in the vicinity of 
the ori?ce. The helium which functions as a coolant gas 
had a constant flow rate of 2.5 c.f.m. to maintain a rela 
tively constant heat transfer rate, the oxygen flow rate 
being varied to obtain the desired volume percent oxygen 
in the mixture. Oxygen functions as the reactant gas in 
forming an oxide stabilizing ?lm about the lead/ tin melt 
as it is given issue as a free stream through the ori?ce. 
The variation in ?ber length with free-fall distance was 
determined at oxygen concentrations of 2, 7 and 15 
volume percent, the resultant data being presented in the 
graph of FIG. 4. As there shown, under the conditions 
speci?ed, an oxygen concentration of 2% is virtually the 
minimum level at which inde?nite length ?laments can 
be obtained. That is, at a free-fall distance, as measured 
downstream from the ori?ce, of approximately 95 cm., 
substantially continuous lengths are obtainable, whereas 
a small decrease in free-fall distance (i.e., shifting the 
collection surface upstream) results in impact breakage 
of the stream; alternatively, a small increase in free-fall 
distance is seen to result in tensile breakage. At somewhat 
lesser oxygen concentrations, the impact and tensile break 
points DE and Db would come to occupy positions wherein 
the tensile breaking point D'b occurs upstream of the im 
pact breaking point D:,,, with the result that continuous 
lengths would not be obtainable at any free-fall distance. 
As the oxygen concentration is increased to the levels of 
7% and 15%, it is seen that the free-fall range over which 
continuous lengths may be obtained increases; that is, the 
distance downstream of the tensile break point Db from 
the impact break point D“, increases with increasing react 
ant gas concentration. It is surmised that, with increasing 
oxygen concentrations, the stabilizing ?lm is of increasing 
thickness and, consequently, strength, resulting in both an 
upstream shift of the impact break point D,,, as well as 
a downstream shift of the tensile break point D1,. 

It is possible that, even when employing optimum 
ori?ce con?gurations as above discussed, too high a con 
centration of reactant gas may result in such an early 
formation of the stabilizing ?lm that the velocity of the 
extruding stream has not had su?icient time to relax to a 
?at pro?le, with the result that the ?lm is either unduly 
attenuated or entirely disrupted to thereby prevent the 
formation of substantially continuous length ?laments 
or, at best, ?laments which exhibit a high degree of cross 
sectional uniformity along their lengths. As shown in the 
data of FIG. 4, an oxygen concentration of 15% is not - 
suf?cient to precipitate stream breakage under the condi 
tions speci?ed. It has ‘been observed however that spin 
ning melts into high reactant gas concentrations (viz. 
100% oxygen) results in stream breakage into short 
lengths, very likely due to premature formation of the 
stabilizing ?lm. 

EXAMPLE II 

This example illustrates the effect of coolant gas prop 
erties, particularly as regards viscosity, density and oo 
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10 
e?icient of heat transfer, upon the variation in ?ber length 
with free-fall distance. As graphically recorded in FIG. 5, 
two series of runs were conducted employing spin gas 
mixtures of 3.3 c.f.m. helium/0.3 c.f.m. oxygen and 1.7 
c.f.m. nitrogen/ 0.3 c.f.m. oxygen. 
The molecular weight of the coolant gas affects the 

stabilizing ?lm formation through its mass transfer ef 
fects on the rate of diffusion of the reactant gas to the 
stream surface; the freeze point and temperature history 
of the stream through its heat transfer effects; ?nally, the 
force system on the stream through its momentum trans 
fer or viscous drag effects. Nitrogen is not as good a 
heat transfer agent as helium; it provides a greater vis 
cous drag; ?nally, it retards the diffusion of oxygen to the 
stream surface necessary to form the stabilizing ?lm. 
These effects combine to re?ect the data set out in FIG. 
5, wherein it is seen that, comparing nitrogen to helium, 
larger distances are required for freezing the ?bers (the 
freeze point Do being approximately 20' cm. below the 
ori?ce for the helium mixture and approximately 40 cm. 
for the nitrogen mixture), larger distances are required 
for disturbances due to impingement upon the collection 
surface to cease to be detrimental to stream continuity 
(as indicated by an impact break point D8 of approxi 
mately 90 cm. for the helium mixture and 120‘ cm. for 
the nitrogen mixture), and, ?nally, longer lengths of 
stream are required before tensile breakage occurs due to 
the difference in stream weight and viscous drag, stream 
plus ?lm strength being substantially constant in both 
cases (the tensile break point value Db being approxi 
mately 160 cm. for the helium mixture and 205 cm. for 
the nitrogen mixture). 

It should be pointed out that, for higher melting ma 
terials, viz. over 1500-1600" C., heat transfer by radi 
ation becomes more important so that the type of coolant 
gas will have less effect on the overall heat transfer rate 
at such higher temperatures. 

EXAMPLE III 

This example illustrates the effect of spinning velocity 
upon the interrelationship between ?ber length and free 
fall distance. The rate at which a low viscosity melt is ex 
truded through an ori?ce determines the free, unbroken 
jet length of the stream in the absence of a reactant gas, 
as well as affecting the viscous drag force and heat trans 
fer of the stabilized stream through its in?uence upon the 
relative velocity of the stream with respect to the spinning 
atmosphere. These factors combine to provide the net 
result set out in the graph of FIG. 6 when following the 
procedure and conditions set out in Example I (using a 
reactant gas of approximately 7% by volume oxygen/ 
93% by volume helium supplied at a rate of approximate 
ly 3 c.f.m., extrusion being carried out at a temperature 
of approximately 400° C.). 

It is seen that at an extrusion pressure of 12 p.s.i.g., the 
resulting stream velocity of 365 cm./sec. is too low to 
provide continuous lengths under these conditions, prob 
ably because of an insufficient free jet length. Further, it 
is seen that, at least up to extrusion velocities of approxi 
mately 900 cm./sec. (under a pressure of approximately 
60 p.s.i.g.), sign?cant increases in the range of free-fall 
distances over which continuous lengths can be collected 
is achieved by increasing the extrusion velocity. This is 
accounted for by an increase in the distance from the 
ori?ce of the tensile break point Db resulting from an 
increasing viscous drag force on the stream with increas 
ing stream Ivelocity. The freeze points Do and impact 
break points D8 are also seen to shift downstream with 
increasing spinning velocity due to the fact that mass ?ow 
rates increase faster than heat transfer rates, while the 
downstream migration of the tensile break point Db is 
greater than that of the impact break point 1),, resulting 
in the observed increases in the free-fall distance range 
over which continuous lengths may be collected. 
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EXAMPLE 1v 

It is the purpose of this example to demonstrate the 
effect of spinning temperature upon the variation in ?ber 
length with free-fall distance. The temperature at which 
a low discosity melt is extruded directly affects the heat 
transfer requirements necessary to solidify the stream and 
indirectly affects the rate of formation of the stabilizing 
?lm through the temperature-dependence of the ?hn 
forming reaction. Following the procedure of Example 
I, two series of runs were conducted at extrusion tem 
peratures of 300 and 400° C. and an extrusion pressure 
of 42 p.s.i.g. the results obtained being graphically set 
forth in FIG. 7. The decrease in heat transfer require 
ments at the lower temperature are clearly re?ected in 
the signi?cantly lower freeze point DO and impact break 
point due to a more rapid increase in stream strength. The 
change in the rate of formation in the stabilizing ?lm 
for these two temperatures is apparently not su?icient 
to cause signi?cant changes in the tensile strength of the 
?lm, as re?ected by the small changes in tensile break 
point Db. It is thus observed that a greater free-fall dis 
tance range for collection of continuous lengths obtains 
at the lower extrusion temperatures. 
As may now be appreciated, the position of the tensile 

break point Db relative to the ori?ce is determined by 
the balance between the force of gravity, on the one 
hand, and stream strength and the viscous drag force, on 
the other hand. As disclosed in the previously referenced 
copending application Ser. No. 596,286, now abandoned, 
where gravity force is decreased (as by spinning lower 
density melts and/or smaller diameter streams) and/or 
the viscous drag force is increased (as by an increase in 
spin gas density and viscosity, a lower co-current or higher 
counter-current gas flow, or a higher spinning velocity), 
a point is reached where the viscous drag force overcomes 
gravity to the extent that, upon the initiation of normal 
ly unavoidable deviations of the stream from a straight 
line path, the drag force is su?icient to effect a progressive 
bending of the stream. 
At viscous drag force levels where the rate of such 

drag-sustained bending exceeds stream velocity, the bend 
ing will be caused to migrate upstream relative to the ori 
?ce into the hot, weak region of the stream where it be 
comes arrested by stream disruption or total severance. 
Thus, it is seen that, though viscous drag-sustained stream 
deviations may initiate in the solid, relatively higher 
strength downstream region, it may propagate upstream 
at a velocity (VP) greater than the stream velocity (V5) 
to result in stream disruption. Where such a stream force 
system obtains, obviously the tensile breaking point Db 
has, for all intents, been shifted an in?inite distance 
downstream and, where inde?nite length production is to 
be obtained, the force system imposed upon the stream 
must be modi?ed by reducing the viscous drag force to a 
level at which the propagation velocity of drag-sustained 
deviations is less than stream velocity. Under these con 
ditions, the tensile break point Db will occupy a position of 
?nite distance from the ori?ce and, if this distance be 
greater than the distance of the impact break point D,,, de 
celeration of the stream at an intermediate point may be 
accomplished without provoking breakage. 

It may now be appreciated that there has been herewith 
disclosed a novel process for spinning inde?nite length 
articles from low viscosity inorganic melts by inter-con 
trolling the force system imposed upon the stream relative 
to that point to which a predetermined deceleration is 
brought to bear. Thus enlightened, many obvious varia 
tions, modi?cations and substitutions may readily occur 
to those skilled in the art. It is to be understood, there 
fore, that the invention herein set forth, particularly as 
regards the many alternative process manipulations, is 
limited only by proper construction of the appended 
claims. 
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We claim: 
1. A process for the formation of continuous ?bers 

which comprises spinning a free, molten, ?lamentary 
stream of a normally solid inorganic material having a 
melt viscosity of less than ten poises into a gaseous ?lm 
forming atmosphere at a velocity such that the dimension 
less quantity, 

V a) 
‘Y 

lies between 1 and 50 where p, D and 7 represent the 
density of the molten material, the diameter of the stream, 
and the surface tension of the molten material, respec 
tively, whereby a stabilizing ?lm is formed on the pe 
riphery of said free, molten, ?lamentary stream, allowing 
the ?lm-stabilized free ?lamentary stream to solidify and, 
thereafter, decelerating the solidi?ed stream at a point 
intermediate a ?rst point D,,, above which deceleration 
of the stream causes disruption in the stream continuity, 
and a second point Db, below which the net tensional 
force acting on the stream is suf?cient to disrupt stream 
continuity. 

2. The process of claim 1 wherein the inorganic melt 
is a metal or alloy thereof. 

3. The process of claim 2 wherein the metal or alloy 
thereof is selected from the group consisting of aluminum, 
beryllium, cobalt, copper, iron, magnesium, nickel and 
alloys of such metals. 

4. The process of claim 1 wherein the inorganic melt 
is a ceramic. 

5. The process of claim 4 wherein the ceramic is alu 
minum oxide. 

6. The process of claim 1 wherein the inorganic melt 
is a metalloid. 

7. The process of claim 6 wherein the metalloid is se 
lected from the group consisting of boron and silicon. 

8. The process of claim 1 including inserting a collect 
ing surface intermediate Da and Db to cause the solidi?ed 
stream to collect as continuous ?bers. 

9. The process of claim 1 including the steps of moving 
a column of gas counter to the stream movement at a 
position intermediate of Da and Db, causing the solidi?ed 
stream to decelerate, and collecting said solidi?ed stream 
as continuous ?ber. 

10. The process of claim 1 wherein the dimensionless 
quantity 

V t9 
7 

has a value between 2 and 25. 
11. A process for the formation of continuous wire 

which comprises spinning a molten metal or alloy thereof 
as a free ?lamentary stream into a gaseous oxide ?lm 
forming atmosphere at a velocity, V, such that the 
Rayleigh parameter, equal to the value 

lies between 1 and 50, where p, D and 7 represent the 
density of the molten metal, the diameter of the stream 
and the surface tension of the stream, respectively, where 
by the molten ?lamentary stream is stabilized by the 
formation of an oxide ?lm on the periphery of said 
stream and thereafter solidi?ed, the improvement which 
comprises decelerating the solidi?ed stream at a point 
intermediate a ?rst point, above which deceleration causes 
breaks in the solidi?ed stream, and a second point, down— 
stream of which the net tensional force acting on the 
stream causes breaks in the stream, said ?rst point being 
upstream of said second point. 

12. In a process for the manufacture of continuous 
wire wherein a molten metal or alloy thereof is spun as a 



3,780,153 
13 

free ?lamentary stream into a gaseous atmosphere at a 
velocity, V, such that the value, 

lies between 2 and 25, where p, D and 7 represent the 
density of the molten metal or alloy, the diameter of the 
molten stream and the surface tension of the molten 
stream, respectively, and wherein the molten stream is 
solidi?ed in ?lamentary form, the improvement which 
comprises applying a decelerating force to the solidi?ed 
stream at a point intermediate a ?rst point, above which 
such decelerating force breakes the continuity of the solidi 
?ed stream, and a second point, below which the solidi?ed 
stream breaks because the net downstream tensional forces 
exceed the strength of the molten stream, said ?rst point 
being upstream of said second point. 
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