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EP 0 581 909 B1
Description
Technical Field

The present invention is directed to melt-blown fibrous webs, i.e., webs prepared by extruding molten fiber-forming
material through orifices in a die into a high-velocity gaseous stream which impacts the extruded material and attenuates
it into fibers, often of microfiber size averaging on the order of 10 micrometers or less.

Background Art

During the over twenty-year period that melt-blown fibers have come into wide commercial use, for uses such as
filtration, battery electrode separation and insulation, there has been a recognized need for fibers of extiremely small
diameters and webs of good tensile strength. However, there has always been a recognition that the tensile strength of
melt-blown fibers was low, e.g., lower than that of fibers prepared in conventional melt-spinning processes (see the
article "Melt-Blowing -- A One-Step Web Process For New Nonwoven Products," by Robert R. Buntin and Dwight D.
Lohkcamp, Volume 56, No. 4, April 1973, Tappi, Page 75, paragraph bridging columns 2 and 3). At least as late as 1981,
the art generally doubted "that melt-blown webs, per se, will ever possess the strengths associated with conventional
nonwoven webs produced by melt spinning in which fiber attenuation occurs below the polymer melting point bringing
about crystalline orientation with resultant high fiber strength" (see the paper "Technical Developments In The Melt-Blow-
ing Process And lts Applications In Absorbent Products" by Dr. W. John McCulloch and Dr. Robert A. VanBrederode
presented at Insight '81, copyright Marketing/Technology Service, Inc., of Kalamazoo, MI, page 18, under the heading
"Strength").

The low strength of melt-blown fibers limited the utility of the fibers, and as a result there have been various attempts
to combat this low strength. One such effort is taught in Prentice, U.S. Pat. No. 3,704,198, where a melt-blown web is
"fuse-bonded," as by calendering or point-bonding, at least a portion of the web. Although web strength can be improved
somewhat by calendering, fiber strength is left unaffected, and overall strength is still less than desired.

Other prior workers have suggested blending high-strength bicomponent fibers into melt-blown fibers prior to col-
lection of the web, or lamination of the melt-blown web to a high strength substrate such as a spunbond web (see U.S.
Pat. Nos. 4,041,203, 4,302,495 and 4,196,245). Such steps add costs and dilute the microfiber nature of the web, and
are not satisfactory for many purposes.

With regard to fiber diameter, there is a recognized need for fibers of uniformly small diameters and extremely high
aspect ratios, as discussed, for example in Hauser U.S. Pat. No. 4,118,531 (col. 5) and Kubik et al. U.S. Pat. No.
4,215,582 (cols. 5 and 6). However, as recognized by Hauser, despite the ability to get melt-blown fibers with very small
average fiber diameters, the fiber size distribution is quite large, with fibers in the 6 to 8 micrometer range present for
use with fibers of an average fiber diameter of 1 to 2 micrometers (Examples 5-7). Problems are also present in elimi-
nating larger diameter "shot", discussed in the above Buntin et al. article, page 74, first paragraph of col. 2. Shot is
formed when the fibers break in the turbulence from the impinging air of the melt-blown process. Buntin indicates that
shot is unavoidable and of a diameter greater than that of the fibers.

McAmish et al, U.S. Pat. No. 4,622,259, is directed to melt-blown fibrous webs especially suitable for use as medical
fabrics and said to have improved strength. These webs are prepared by introducing secondary air at high velocity at
a point near where fiber-forming material is extruded from the melt-blowing die. As seen best in Fig. 2 of the patent, the
secondary air is introduced from each side of the stream of melt-blown fibers that leaves the melt-blowing die, the
secondary air being introduced on paths generally perpendicular to the stream of fibers. The secondary air merges with
the primary air that impacted on the fiber-forming material and formed the fibers, and the secondary air is turned to travel
more in a direction parallel to the path of the fibers. The merged primary and secondary air then carries the fibers to a
collector. The patent states that, by the use of such secondary air, fibers are formed that are longer than those formed
by a conventional melt-blowing process and which exhibit less autogeneous bonding upon fiber collection; with the latter
property, the patent states it has been noted that the individual fiber strength is higher. Strength is indicated to be de-
pendent on the degree of molecular orientation, and it is stated (column 9, lines 21-27) that the high velocity secondary
air employed in the present process is instrumental in increasing the time and distance over which the fibers are atten-
uated. The cooling effect of the secondary air enhances the probability that the molecular orientation of the fibers is not
excessively relaxed on the deceleration of the fibers as they are collected on the screen.

Fabrics are formed from the collected web by embossing the webs or adding a chemical binder to the web, and the
fabrics are reported to have higher strengths, e.g., a minimum grab tensile strength-to-weight ratio greater than 0.8 N
per gram per square meter, and a minimum Elmendorf tear strength-to-weight ratio greater than 0.04 N per gram per
square meter. The fibers are also reported to have a diameter of 7 micrometers or less. However, there is no indication
that the process yields fibers of a narrow fiber diameter distribution or fibers with average diameters of less than 2.0
micrometers, substantially continuous fibers or fiber webs substantially free of shot.
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EP-A-0 322 136 describes a method for producing oriented melt-blown microfilters using a specific orienting cham-
ber. This orienting process is said to enable the production of fibers which are generally smaller in diameter than fibers
formed under conventional melt-blowing conditions without the orienting chamber. The fibers are also said to have a
more narrow distribution of diameters than conventional unoriented microfibers.

EP-A-0 190 012 discloses a conventional melt-blowing process whereby non-woven fabric composed of fibers hav-
ing an average single filament denier of 0.005 to 2.0 is produced.

Disclosure of Invention

The present invention provides new melt-blown fibers and fibrous webs of greatly improved fiber diameter size
distribution, average fiber diameter, fiber and web strength, and low-shot levels. The new melt-blown fibers have much
greater orientation and crystallinity than previous oriented melt-blown fibers,'as a result of preparation by a new method
which, in brief summary, comprises extruding fiber-forming material to a metering means at a low polymer feed rate of
from 0.01 to 3 gm/hr/orifice, and then through to the orifices of a die having a diameter of 0.025 to 0.5 mm into a controlled
high-velocity gaseous stream of reduced pressure (about 70 kPa or less at an air gap of 4 mm) where the extruded
material is rapidly attenuated into fibers; directing the attenuated fibers and gaseous stream into a first open end, i.e.,
the entrance end, of a tubular chamber disposed near the die and extending in a direction parallel to the path of the
attenuated fibers as they leave the die; introducing air with both radial and axial components into the tubular chamber
such that the air blowing along the axis of the chamber is at a velocity sufficient to maintain the fibers under tension
during travel through the chamber, and preferably introducing air perpendicular to the longitudinal axis of the chamber
along substantially the entire length of the chamber; optionally directing the attenuated fibers into a second tubular
chamber where quenched fibers are further drawn by air blowing along the axis of the chamber; and collecting the fibers
after they leave the opposite, or exit end, of the last tubular chamber.

Brief Description of the Drawings

Figs. 1 and 2 are a side view and perspective views, respectively, of different apparatuses useful for carrying out
methods of the invention to prepare fabrics of the invention.

Fig. 3 is a graph showing the theoretical relationship of polymer flow rate-to-fiber diameter for the continuous sub-
micron fibers.

Fig. 4 is a scanning electron micrograph of the submicron fibers of Example 5.

Detailed Description

A representative apparatus useful for preparing blown fibers or a blown-fiber web of the invention is shown sche-
matically in Fig. 1. Part of the apparatus, which forms the blown fibers, can be as described in Wente, Van A., "Superfine
Thermoplastic Fibers" in Industrial Engineering Chemistry, Vol. 48, page 1342 et seq. (1956), or in Report No. 4364
of the Naval Research Laboratories, published May 25, 1954, entitled "Manufacture of Superfine Organic Fibers," by
Wente, V. A.; Boone, C. D.; and Fluharty, E. L. This portion of the illustrated apparatus comprises a die 10 which has a
set of aligned side-by-side parallel die orifices 11, one of which is seen in the sectional view through the die. The orifices
11 open from the central die cavity 12.

Fiber-forming material is introduced into the die cavity 12 through an opening 13 from an extruder (not illustrated).
Air gaps 15, disposed on either side of the row of orifices 11, convey heated air at a very high velocity. This air, called
the primary air, impacts onto the extruded fiber-forming material, and rapidly draws out and attenuates the extruded
material into a mass of fibers. The primary air is generally heated and supplied at substantially identical pressures to
both air gaps 15. The air is also preferably filtered to prevent dirt or dust from interfering with uniform fiber formation.
The air temperature is maintained generally at a temperature greater than that of the melt polymer in the die orifices.
Preferably, the air is at least 5°c above the temperature of the melt. Temperatures below this range can cause excessive
quenching of the polymer as it exits the die, making orientation in the chambers difficult. Too high a temperature can
excessively degrade the polymer or increase the tendency for fiber breakage.

From the melt-blowing die 10, the fibers travel to a primary tubular orienting chamber 17. "Tubular" is used in this
specification to mean any axially elongated structure having open ends at each axially opposed end, with walls sur-
rounding the axis. Generally, the chamber is a rather thin, wide, box-like chamber, having a width somewhat greater
than the width of the die 10, and a height (18 in Fig. 1) sufficient for the orienting air to flow smoothly through the chamber
without undue loss of velocity, and for fibrous material extruded from the die to travel through the chamber without
contacting the walls of the chamber. Too large a height would require unduly large volumes of air to maintain a ten-
sion-applying air velocity. Good results for a solid walled chamber 17 have been obtained with a height of about 10
millimeters or more, and we have found no need for a height greater than about 25 millimeters.
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The walls 26 along the width of the chamber 17 can be made of air-permeable or porous material. A secondary
cooling diffuse airstream can then be introduced along the width of the chamber. This airflow serves the function of
increasing the polymer solidification and/or crystallization rate in the quenching chamber 17. This secondary cooling air
also helps keep the fibers in the center of the chamber 17 and off the walls 26. However, the air pressure of this cooling
airstream should not be so high as to cause turbulence in the chamber. Generally, a pressure of from 2 to 15 PSI| has
been found acceptable.

Orienting air is introduced into the orienting chamber 17 through the orifices 19 arranged near the first open end of
the chamber where fibers entrained in the primary air fromthe die enter the chamber. Orienting air is preferably introduced
from both sides of the chamber (i.e., from opposite sides of the stream of fibers entering the chamber) around curved
surfaces 20, which may be called coanda surfaces. Generally, the Coanda surfaces can be used having an infinite range
of radii. However, as the radii decreases to nil, the angle will be to sharp, and the air will tend to separate from the
surface. Radii have been used as low as 1/8 in and are generally 0.5t0 1.5 in. A larger radius Coanda surface is preferred
for the orienting chamber 17 when the polymer used is less crystalline or has a slow crystallization rate. Further, with
low crystalline polymers, preferably the air exits from an orifice adjacent the Coanda surface at an angle to a line per-
pendicular to the axial centerline of the chamber. At an angle of zero, the air would exit the orifice parallel to the axial
centerline. Generally, the orienting air exit angle was varied from 0 to 90 degrees, although higher angles are feasible.
An air exit angle of 30 to 60 degrees was found to be generally preferred. A lower orienting air exit angle is acceptable
if a quenching chamber is used prior to the orienting chamber or a highly crystalline polymer is melt blown.

The orienting air introduced into the chamber bends as it exits the orifice and travels around the Coanda surfaces
to yield a predominately axial flow along the longitudinal axis of the chamber. The travel of the air is quite uniform and
rapid, and it draws into the chamber, in a uniform manner, the fibers extruded from the melt-blowing die 10. Whereas
fibers exiting from a melt-blown die typically oscillate in a rather wide pattern soon after they leave the die, the fibers
exiting from the melt-blowing die in the method of the invention tend to pass uniformly in a surprising planar-like distri-
bution into the center of the chamber and travel lengthwise through the chamber without significant oscillation.

After the fibers exit the chamber 17, they typically exhibit oscillating movement as represented by the oscillating
line 21 and by the dotted lines 22, which represent the general outlines of the stream of fibers. This oscillation results
from the expansion or flaring at the chamber 17 exit. This oscillation, however, does not result in significant fiber breakage
as it would tend to cause if present closely adjacent to the melt-blown die orifice. The orienting chamber significantly
strengthens the fiber so that post-chamber oscillation, with the resulting increase in peak stress that the fibers are ex-
posed to, is more readily endured without fiber breakage.

As shown in Fig. 1, for the single orienting chamber 17 embodiment, the chamber 17 is preferably flared at its exit
end 23. This flaring has been found to cause the fibers to assume a more randomized or isotropic arrangement within
the fiber stream, however, without fiber breakage. For example, a collected web of fibers of the invention passed through
a chamber which does not have a flared exit tends to have a machine-direction fiber pattern (i.e., more fibers tend to
be aligned in adirection parallel to the direction of movement of the collector than are aligned transverse to that direction).
On the other hand, webs of fibers collected from a chamber with a flared exit are more closely balanced in machine and
transverse orientation. The flaring can occur both in its height and width dimensions, i.e., in both the axis or plane of
the drawing and in the plane perpendicular to the page of the drawings. More typically, the flaring occurs only in the axis
in the plane of the drawing, i.e., in the large-area sides or walls on opposite sides of the stream of fibers passing through
the chamber. Flaring at an angle (the angle 0) between a broken line 25 parallel to the longitudinal axis of the chamber
and the flared side of the chamber between about 4 and 7° is believed ideal to achieve smooth isotropic deposit of
fibers. The length 24 of the portion of the chamber over which flaring occurs (which may be called the randomizing
portion of the chamber) depends on the velocity of the orienting air and the diameter of fibers being produced. At lower
velocities, and at smaller fiber diameters, shorter lengths are used. Flaring lengths between 25 and 75 centimeters have
proven useful.

The orienting air enters the orienting chamber 17 at a high velocity, sufficient to hold the fibers under tension as
they travel lengthwise through the chamber. Planar continuous travel through the chamber is an indication that the fibers
are continuous and under stressline tension. The needed velocity of the air for orientation, which is determined by the
pressure with which air is introduced into the orienting chamber and the dimensions of the orifices or gaps 19, varies
with the kind of fiber-forming material being used and the diameter of the fibers. For most situations, velocities corre-
sponding to pressures of about 70 PSI| (approximately 500 kPa) with a gap width for the orifice 19 (the dimension 30 in
Fig. 1) of 0.005 inch (0.013 cm), have been found optimum to assure adequate tension. However, pressures as low as
20 to 30 PSI (140 to 200 kPa) have been used with some polymers, such as nylon 66, with the stated gap width. If
chamber 17 is used primarily as a quenching chamber, pressures as low as 5 PSI can be used for the orienting air.

Surprisingly, most fibers can travel through the chamber a long distance without contacting either the top or bottom
surface of the chamber. However, in the first chamber (17 or 37) preferably a secondary cooling airflow is introduced
perpendicular to the fibers in a diffuse manner through the chamber sidewalls. The secondary cooling airflow is preferred
with polymers having a low crystallization rate, as they have an increased tack and, hence, a tendency for stray fibers
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to adhere to the chamber sidewalls. The cooling airflow also increases fiber strength by its quenching action, decreasing
the likelihood of any fiber breakage before, in or after the first chamber (17 or 37).

The chambers are generally at least about 40 centimeters long (shorter chambers can be used at lower production
rates or where the first chamber functions primarily as an orienting chamber) and preferably is at least 100 centimeters
long to achieve desired orientation and desired mechanical properties in the fibers. With shorter chamber lengths, faster
air velocities can be used to still achieve fiber orientation. The entrance end of the first chamber is generally within 3-10
centimeters of the die, and as previously indicated, despite the disruptive turbulence conventionally present near the
exit of a melt-blowing die, the fibers are drawn into the chamber in an organized manner.

After exiting from the orienting or last chamber (17 or 38), the solidified fibers are decelerating, and, in the course
of that deceleration, they are collected on the collector 26 as a web 27 as a possibly misdirecting mass of entangled
fibers. The collector may take the form of a finely perforated cylindrical screen or drum, a rotating mandrel, or a moving
belt. Gas-withdrawal apparatus may be positioned behind the collector to assist in deposition of fand removal of gas.

The collected web of fibers can be removed from the collector and wound in a storage roll, preferably with a liner
separating adjacent windings on the roll. At the time of fiber collection and web formation, the fibers are totally solidified
and oriented. These two features tend to cause the fibers to have a high modulus, and it is difficult to make high-modulus
fibers decelerate and entangle sufficiently to form a handleable coherent web. Webs comprising only oriented melt-blown
fibers may not have the coherency of a collected web of conventional melt-blown fibers. For that reason, the collected
web of fibers is often fed directly to apparatus for forming an integral handleable web, e.g., by bonding the fibers together
as by calendering the web uniformly in areas or points (generally in an area of about 5 to 40 percent), consolidating the
web into a coherent structure by, e.g., hydraulic entanglement, ultrasonically bonding the web, adding a binder material
to the fibers in solution or molten form and solidifying the binder material, adding a solvent to the web to solvent-bond
the fibers together, or preparing bicomponent fibers and subjecting the web to conditions so that one component fuses,
thereby fusing together adjacent or intersecting fibers. Also, the collected web may be deposited on another web, for
example, a web traveling over the collector; also a second web may be applied over the uncovered surface of the
collected web. The collected web may be unattached to the carrier or cover web or liner, or may be adhered to the web
or liner as by heat-bonding or solvent-bonding or by bonding with an added binder material.

The fiber diameter averages less than 5 micrometers and more preferably less than about 2 micrometers, preferably
the largest fibers will differ from the mean by at most about 1.0 micrometers, and generally with 90 percent or more of
the fibers are within a range of less than 3.0 micrometers, preferably within a range of about 2.0 micrometers or less
and most preferably within a range of 1.0 micrometer or less.

An embodiment suitable for forming fibers of extremely small average diameters, generally averaging 2 micrometers
or less, with a very narrow range of fiber diameters (e.g., 90 percent within a range of 1.0 micrometers or less) is shown
in Fig. 2A. The fiber-forming material from the extruder 30 is passed into a metering means that comprises at least a
precision metering pump 31 or purge or the like. The metering pump 31 tends to even out the flow from the extruder
30. It has been found that for exceeding small diameter, uniform, and substantially continuous fibers, the polymer flow
rate must generally be quite low through each orifice in the die. Suitable polymer flow rates for most polymers range
from 0.01 to 3 gm/hr/orifice with 0.02 to 1.5 gm/hr/orifice preferred for average fiber diameters of less than 1 or 2 mi-
crometers. In order to achieve these low flow rates, conventional extruders are operated at low screw rotation rates
even with a high density of orifices in the die. This results in a polymer flow rate that fluctuates slightly. This slight flow
fluctuation has been found to have a large adverse effect on the size distribution and continuity of the resulting extremely
small diameter melt-blown fibers. The metering means decreases this fluctuation.

Preferably, a system of three precision pumps is employed as the metering means, as shown in Fig. 2A. Pumps 32
and 33 divide the flow from metering pump 31. Pumps 32 and 31 can be operated by a single drive with the pumps
operating at a fixed ratio to one another. With this arrangement, the speed of pump 33 is continuously adjusted to provide
polymer feed at a constant pressure to pump 32, measured by a pressure transducer. Pump 33 generally acts as a
purge to remove excess polymer fed from the extruder and pump 31, while pump 32 provides a smooth polymer flow
to the die 35. More than one pump 32 can be used to feed polymer to a series of dies (not shown). Preferably, a filter
34 is provided between the pump 32 and the die 35 to remove any impurities. Preferably, the mesh size of the filter
ranges from 100 to 250 holes/in2 and higher. Although this system is preferred, other arrangements are possible which
provide polymer to the orifices at the necessary low and substantially non-fluctuating flow rate.

The polymer is fed to the die at a flow rate per orifice suitable to produce the desired fiber diameter as shown, for
example, in the hypothetical model shown in Fig. 12, where the y axis represents the log of the resin flow rate (in
grams/min/orifice) and the x axis represents the corresonding 0.9 density isotactic polypropylene fiber diameter in mi-
crons at two fiber velocities (400 m/sec, upper line, and 200 m/sec, lower line). This models the demonstrated need for
reduction in flow rate to produce uniform diameter microfibers. As can be seen, a very low polymer flow rate is needed
to produce very small average diameter continuous microfibers using the invention process. The total theoretical polymer
feed rate to the die will depend on the number of orifices. This appropriate polymer feed rate is then supplied by, e.g.,
the metering means. However, the invention method for obtaining uniform, continuous, high-strength, small-diameter
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fibers with such low polymer flow rates was not known or predictable from conventional melt-blown techniques.

Suitable orifice diameters for producing uniform fibers of average diameters of less than 2 micrometers are from
0.025 to 0.50 mm with 0.025 to 0.05 being preferred (obtainable from, e.g., Ceccato Spinnerets, Milan, Italy or Kasen
Nozzle Manufacturing Corporation, Lid., Osaka, Japan). Suitable aspect ratios for these orifices would lie in the range
of 200 to 20, with 100 to 20 being preferred. For the preferred orifices, high orifice densities are preferred to increase
polymer throughput. Generally, orifice densities of 30/cm are preferred with 40/cm or more being more preferred.

When producing uniform fibers having average diameters of less than 2 micrometers, the primary air pressure is
reduced, decreasing the tendency for fiber breakage while still attenuating and drawing out the polymeric meltstreams
extruded from the die orifices. Generally, air pressures of less than 10 lbs/in2 PS| (70 kPa) are preferred, and more
preferably, about 5 lbs/in2 (35 kPa) or less, with an air gap width of about 0.4 mm. The low air pressure decreases
turbulence and allows a continuous fiber to be blown into the chamber 17 or 37 prior to fiber breakup from turbulence
created in the melt blowing. The continuous fiber delivered to the chamber 17 or 37 is then drawn by orienting air (in
chamber 17 or 37 and/or 38). The temperature of the primary air is preferably close to the temperature of the polymer
melt (e.g., about 10°C over the polymer melt temperature).

The fibers must be drawn by the first, and/or second, chamber from the melt-blown area at the exit of the dieface
to keep the proper stress-line tension. The chambers (17 in Fig. 1, and 37 and/or 38 in Fig. 2A) keep the fibers from
undergoing the oscillatory effect ordinarily encountered by meli-blown fiber at the exit of a melt-blown die. When the
fibers do undergo these oscillatory forces, for randomization purposes, the fibers are strong enough to withstand the
forces without breaking. The resulting oriented fibers are substantially continuous and no fiber ends have been observed
when viewing the resulting microfiber webs under a scanning electron microscope.

From the die orifices, the fiber-forming material is entrained in the primary air, and then, the orienting air and sec-
ondary cooling air, as described above for chamber 17 or chamber 37 (which can be used with or without chamber 38).
In a preferred arrangement, the material exits chamber 37 and is further attenuated in chamber 38. Tubular chamber
38 operates in a manner similar to chamber 37. If the secondary chamber 38 is used, this chamber is used primarily for
orientation in which case the air pressure is generally at least 50 PSI (344 kPa) and preferably at least 70 PSI (483 kPa)
for a gap width of the air orifice (not shown) of 0.005 inches (0.13 mm). When this secondary chamber 38 is used, the
corresponding pressures in the first chamber 37 for an identical gap width would generally be 5 PSI to 15 PSI (35 to
103 kPa). The first chamber 37 in this instance would act primarily as a cooling chamber with a slight degree of orientation
occuring.

The secondary chamber 38 is generally located from 2 to 5 cm from the exit of the first chamber, which first chamber
would not be flared as described above. The secondary chamber dimensions are substantially similar to those of the
first chamber 37. If the secondary chamber 38 is employed, preferably its exit end 40 would be flared as described above
with respect to the Fig. 1 embodiment.

The ramdomization of the fibers is further enhanced by use of an airstream immediately prior to the fibers reaching
the flared exit 40. This can be done by an entangling airstream provided from the chamber walls. This entangling air-
stream could be provided through apperatures in the sidewalls (preferably widthwise) and preferably close to the exit
end 40 of the chamber 38. Such an airstream could also be used in an arrangement such as described for Fig. 1.

The above-described embodiment is used primarily for obtaining extremely small-diameter, substantially continuous
fibers, e.g., less than 2 micrometers average diameter fibers, with very a narrow ranges of fiber diameters and with
high-fiber strength. This combination of properties in a microfiber web is unique and highly desirable for uses such as
filtration or insulation.

As discussed above, the oriented melt-blown fibers of the invention are believed to be continuous, which is appar-
ently a fundamental distinction from fibers formed in conventional melt-blowing processes, where the fibers are typically
said to be discontinuous. The fibers are delivered to the orienting chamber(s) (or to the quenching then orienting cham-
ber) unbroken, then generally travel through the orienting chamber without interruption. The chamber(s) generates a
stress line tension which orients the fibers to a remarkable extent and prevents the fibers from oscillating significantly
until after they are fully oriented. There is no evidence of fiber ends or shot (solidified globules of fiber-forming material
such as occur when a fiber breaks and the release of tension permits the material to retract back into itself) found in the
collected web. These features are present even with the embodiment wherein the fibers average diameter is less than
2 micrometers, which is particularly remarkable in view of the low strength of the extremely small diameter polymer
flowstreams exiting the die orifices. Also, the fibers in the web show little, if any, thermal bonding between fibers.

The fibers may be formed from a wide variety of fiber-forming materials. Representative polymers for forming
melt-blown fibers include polypropylene, polyethylene, polyethylene terephthalate, and polyamide. Nylon 6 and nylon
66 are especially useful materials because they form fibers of very high strength.

Fibers and webs of the invention may be electrically charged to enhance their filtration capabilities, as by introducing
charges into the fibers as they are formed, in the manner described in U.S. Pat. No. 4,215,682, or by charging the web
after formation in the manner described in U.S. Pat. No. 3,571,679; see also U.S. Pat. Nos. 4,375,718, 4,588,537 and
4,592,815. Polyolefins, and especially polypropylene, are desirably included as a component in electrically charged
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fibers of the invention because they retain a charged condition well.

Fibrous webs of the invention may include other ingredients in addition to the microfibers. For example, fiber finishes
may be sprayed onto a web to improve the hand and feel of the web. Additives, such as dyes, pigments, fillers, sur-
factants, abrasive particles, light stabilizers, fire retardants, absorbents, medicaments, etc., may also be added to webs
of the invention by introducing them to the fiber-forming liquid of the microfibers, or by spraying them on the fibers as
they are formed or after the web has been collected.

A completed web of the invention may vary widely in thickness. For most uses, webs have a thickness between
about 0.05 and 5.0 centimeters. For some applications, two or more separately formed webs may be assembled as one
thicker sheet product.

The invention will be further described by reference to the following illustrative examples.

Example 1

Using the apparatus of Fig. 2 without the secondary chamber 38, a ultrafine submicron fiber was blown from poly-
propylene resin (Himont PF 442) the extruder temperature was 435°F (224°C) and the die temperature was 430°F
(221°C). The extruder operated at 5RPM (3/4 inch diameter, model No. D-31-T, C.W. Brabender Intruments of Hack-
ensack, New Jersey) with a purge block. Excess polymer was purged in order to approximate a polymer flow rate of
less than 1 gm/orifice/hr. The die had 98 orifices, each with an orifice size of about 0.005 inches (125 micrometers) and
an orifice length of 0.227 inches (0.57 cm). The primary air pressure was 30 PSI (206 kPa) and a gap width of 0.01 in
(0.025 cm). The primary air temperature was 200°C. The polymer was blown into the orienting chamber. The secondary
orienting air had a pressure of 70 PSI (483 kPa) with an air gap width of 0.03 inches and was at ambient temperature.
The Coanda surface had a radius of 1/8 in (0.32 cm). The chamber had an interior height of 1.0 inches (2.54 cm), an
interior width of 4 inches (10.16 cm), and a total length of 20 inches (including a flared exit portion).

The fibers formed had an average fiber diameter of 0.6 micrometers with 52% of the fibers in the range of 0.6 to
0.75 micrometers. Approximately 85% of the fibers were in the range of 0.45 to 0.75 micrometers. (The fiber sizes and
distributions were determined by scanning electron micrographs of the web analyzed by an Omicon™ Image Analysis
System made by Bausch & Lomb.) Some roping of fibers (approximately 3%) was noted.

Example 2

This example again used the apparatus and polymer of Example 1 without the chamber 38. In this example, the
chamber 37 was provided with sidewalls formed of porous glass and had a chamber length of 15 1/2 inches excluding
the flared exit portion. The air knives on the chamber 37 were also adjustable to allow the air to be delivered to the
Coanda surface at different angles. The Coanda surface had a radius of 1 in (2.54 cm) and an air exit angle of 45
degrees. The temperature of the extruder ranged from 190 to 255°C from inlet to outlet and rotated at 4 rotations per
minutes (a 0.75 in, 1.7 cm, screw diameter). A purge block was again used to keep the polymer flow rate down and
prevent excessive residence time of the polymer in the die. The polymer flow rate was 260 gm/hr (2.6 g/min/orifice).
The die temperature was 186°C and had orifices each with an orifice size of 0.005 in (0.013 ¢cm). The primary air pressure
was 10 PSI (70 kPa) with an air gap width of 0.005 in (0.013 cm). The secondary orienting air had a pressure of 20 PS|
(140 kPa) with an air gap width of 0.03 in (0.0076 cm). Cooling air was introduced through the porous glass walls at a
pressure of 10 PSI (70 kPa). The collector was located 22 in (56 cm) from the die. The fibers under microscope appeared
to have an average diameter of one micrometer.

Examples 3-15

The set-up and polymer was used as in Example 1 above. The conditions of the process are setforth in Table | below.
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Table I

ExTL T2 T T, T, B PRy R I
3 240 250. 250 230 25 50 80 2 180
4 240 250 250 230 25 30 80 15 179
5 240 250 250 230 25 25 80 10 180
6 240 250 250 230 25 50 80 4 180
7 240 250 250 230 25 10 20 2 180
8 240 250 250 230 25 10 10 2 177
9 240 250 250 230 25 15 2 180
10 240 250 250 230 25 35 2 180
11 240 250 250 230 25 35 25 2 177
12 240 250 250 230 25 35 2 180
13 240 250 250 230 25 30 50 2 180
14 240 250 250 230 25 20 50 2 177
15 240 250 250 230 25 5 50 2 177
T, - extruder exit temperature (°C)

T, - purge block temperature (°C)
T, - temperature of the die (°C)

T,-T,, - temperature of the airstreams (°C), the
primary air and the first orienting air,
respectively.

P,-P,2 - the pressures of the above airstreams (PSI).

40

45

50

55

F, - polymer flow rate yas approximately
2.5 gm/hr/orifice, for Examples 31-33.
R - extruder RPM

T, — temperature of melt (°C)

The fiber size (in micrometers) distribution was then determined with the results set forth in Table Il below.

Table Il
Ex. | Mean | Median St.Dev. 90%+ range Ct
3 27 28 0.6 1.5-3.5 15
4 48 46 24 0.1-8.1 16
5 22 2.1 1.4 0.5-4.5 21
6 27 27 0.6 2.1-87 13
7 1.7 1.7 0.3 1.4-2.2 15
8 20 20 0.5 1.5-3.5 22
9 26 25 0.4 1.6-3.4 19

Continuation of the Table on the next page
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Table Il (continued)

Ex. | Mean | Median St.Dev. 90%+ range Ct

10 25 23 1.0 1.0-4.0 28
11 24 24 0.6 1.0-4.0 20
12 25 26 0.4 1.7-3.8 20
13 0.93 0.82 0.38 0.6-1.6 37
14 0.80 0.81 0.25 0.3-1.2 | 101
15 0.90 0.85 0.07 0.78-0.92 | 100

In Table I, the 90% range is the size range in which 90%, or more, of the fibers are found, Ct is the number of fibers
measured, and St.Dev. represents the standard deviation. Generally, narrower size distributions were noted with lower
polymer flow rates. Examples 4 and 5 had higher extruder speeds and a significantly wider range of fiber diameters
compared to Examples 3 and 6.

The last three examples in Table Il (13-15) have smaller mean diameters than the other examples. It is believed
that this arose form the combination of relatively lower primary pressure and relatively higher air pressure from the
orientation chamber orifices.

Example 15 yielded extremely small average diameter fibers of a very narrow range of fiber diameters. The scanning
electron micrograph of the Example 15 fibers of Fig. 4 shows this uniformity of fiber diameters (the small line below "5.0
kx" represents 1 micrometer).

Example 16

In this example, the same arrangement and polymer were used, as in Example 2, except that a secondary chamber
38 was used. The extruder and a ratio of metering pumps were used to control the purge block. The extruder outlet
temperature was 240°C and the purge block and die were 250°C. The extruder was run at 2 RPMs.

The action of the purge block was controlled by three precision pumps (pump 1, "Zenith" pump, model no.
HPB-4647-0.297, pumps 2 and 3, "Zenith" pumps, model no. HPB-4647-0.160, obtained from the Powell Equipment
Company, Minneapolis, Minnesota). Pumps 1 and 2 were driven by a precision, adjustable, constant speed motor (model
number 5BP56KAAB2, Boston Gear Company, of Boston, Massachusetts). These pumps were connected by a full-time
gear drive which drove pump 1 at five times the speed of pump 2. Pump 3 was driven by another precision speed motor
of the same type. These pumps divided the onflowing stream of resin into two streams. The larger polymer stream from
pump 3 was removed ("purged") from the system. The smaller stream from pump 2 was retained.

The smaller stream was passed through a filter bed of small glass beads with a mesh of 240 holes/in2, capable of
removing any foreign matter larger than 1 micron (1 micrometer). It was then conveyed into the die and extruded through
the orifices (0.012 inches diameter, 0.03 cm).

Primary air ("Air 1") was supplied to the die, at a controlled temperature (210°C), pressure (5 PS| with an air gap
of 0.01 in), and volume per unit time.

Before beginning the actual formation and collection of the fibers of the invention, the flow rate of the polymer through
the die was measured by collecting samples of the emergent resin stream at a point just beyond the die by placing a
small weighted piece of mesh/screen at that point. After five minutes, the screen was re-weighted, the weight of resin
collected and the extrusion rate in grams/hole/minute were calculated.

After making this measurement, the resin stream was routed through two separate chambers.

The first orienting airstream was used to carry the stream of melted-but-cooling resin on through the first chamber.
The pressure of the orienting air was 10 PSI (70 kPa) with an air gap of 0.03 in (0.0076 cm). Air was also introduced at
5 PSI (35 kPa) through the porous sidewalls of the chamber.

The fibers were then intercepted by a second orienting chamber 38, when they were substantially or completely
cooled, this orienting chamber had an orienting airstream at 60 PSI (412 kPa) with an air gap of 0.03 in (0.0076 cm)
and an entangling airstream adjacent the chamber exit introduced through apperatures, at 5 PSI (35 kPa). Pump 1 (31
in Fig. 2A) was operated at 1730 RPMs, pump 2 (32 in Fig. 2A) was driven at one-fifth this speed with pump 3 (33 in
Fig. 2A) operating at approximately 900 RPM at steady state. The polymer feed rate was 1 gm/hr/orifice. The fiber
formed had a mean diameter of 1.1 micrometers with all fibers (6 counted) in the range of 0.07 to 1.52 micrometers.

As a matter of comparison, this same polymer was blown without either chamber (37 or 38 of Fig. 2A). All conditions
in the remaining steps of the melt-blown process were identical with the exception of the primary air pressure, which
was increased to 10 PSI (70 kPa). The fibers collected had an average fiber size of 1.41 micrometers with a standard
deviation of 0.37 micrometers. All fibers lay in the range of 0.5 to 2.1 micrometers.
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Example 17

This example was run in accordance with the procedure and apparatus of Example 16. The polymer was a poly-
ethylene (Dow Aspun™ 68086, available from Dow Chemical Co., Midland, MI). The extruder was run at 3 RPMs with
an exit temperature of about 200°C. The die block and purge block were also about 200°C. The gear pump 1 was run
at 1616 RPMs with gear pump 3 operating at 1017 RPMs. The polymer feed rate was about 1.0 gm/hr/orifice. The
primary air temperature and the melt temperature were both 162°C. The air pressure was of the primary air was 6 PSI
(32 kPa). The orienting air in chamber 37 was 50 PSI| (345 kPa) (room temperature) with an 0.01 in(0.025 cm) gap width
and the cooling air was at 10 PSI (70 kPa). The second chamber had orienting air at 50 PSI (345 kPa) and an entangling
airstream at 10 PSI (70 kPa). The mean fiber diameter was 1.31 micrometers with a standard deviation of (0.49 microm-
eters) (12 samples). All the fibers lay in the size range of 0.76 to 2.94 micrometers, 94 percent were between 0.76 and
2.0 micrometers. The die had 56 orifices, each 0.012 in (0.03 cm).

Example 18

The polymer of Example 17 was run as per Example 16 above with a polymer feed rate of 0.992 gm/hr/orifice (gear
pump 31, gear pump 33, and extruder RPMs of 1670, 922 and 3, respectively). The primary air (170°C) was at 10 PSI
(70 kPa) with an air gap width of 0.01 in (0.025 cm). The melt temperature was 140°C extruded from a die at 200°C
(the extruder exit temperature and block temperature were about 170°C). The unoriented fibers formed had a mean
fiber diameter of 4.5 micrometers and a standard deviation of 1.8 micrometers. 93 percent of the fibers were found in
the range of 2 to 8 micrometers (47 fibers sampled).

Examples 19 and 20

These examples were run in accordance with the procedure of the previous example. The polymer used was nylon
(BASF KR-4405) using a die insert with 0.005 in (0.013 cm) and 0.012 (0.03 cm) in diameter orifices for the unoriented
and the oriented examples, respectively. The extruder was run at 2 and 20 RPMs, respectively, with exit temperatures
of 310 and 300°C, respectively. The die and feed block temperatures were 280 and 270°C, and 275 and 270°C, re-
spectively. The gear pumps 31 and 33 were run at 1300 and 1330 RPMs, respectively. The melt temperatures were 231
and 234°C, respectively, with a primary air temperature of 242 and 249°C, respectively. Example 19 was unoriented
using only the primary air at 7 ft3/min (0.2 m3/min) with an air gap of 0.01 in (0.025 cm). The resulting fibers had a mean
diameter of 1.4 micrometers with a standard deviation of 1.0. 95 percent of the fibers (62 counted) had fibers in the
range of 0.0 to 3.0 micrometers.

Example 20 was oriented using a primary air at 3.5 ft3/min (10 PSI or 70 kPa with a 0.01 in (0.025 cm) air gap). The
first chamber 37 had orienting air at 20 PSI (140 kPa) and sidewall air at 5 PSI (35 kPa). The second orienting chamber
had air at 40 PSI (277 kPa) and entangling air at 5 PSI (35 kPa). The resulting fibers had a mean diameter of 1.9
micrometers with a standard deviation of 0.66 micrometers. 91.6 percent of the fibers (24 counted) had diameters within
the range of 1.0 to 3.0 micrometers.

The above examples are for illustrative purposes only. The various modifications and alterations of this invention
will be apparent to those skilled in the art without departing from the scope and spirit of the invention, and this invention
should not be restricted to that set forth therein for illustrative purposes.

Claims

1. A non-woven substantially shot-free fabric comprised of oriented, substantially continuous, melt-blown fibers char-
acterized in that the mean diameter of the fibers is less than about 5 micrometers, and at least 90 percent of the
fiber diameters are within a range of 2 micrometers from the mean fiber diameter.

2. The non-woven fabric of claim 1 wherein the mean fiber diameter is less than 2 micrometers.

3. The non-woven fabric of claims 1 or 2 wherein at least 90 percent of the fiber diameters are within a range of about
1 micrometer or less.

Patentanspriiche

1. Nicht-gewebter, im wesentlichen einschuBloser Stoff, der ausgerichtete, im wesentlichen kontinuierliche Fasern

10
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umfaBt, dadurch gekennzeichnet, daf3 der mittlere Durchmesser der Fasern geringer ist als etwa 5 Mikrometer, und
wobei mindestens 90 Prozent der Faserdurchmesser in einem Bereich von 2 Mikrometern von dem mittleren Faser-
durchmesser liegen.

Nicht-gewebter Stoff nach Anspruch 1, wobei der mittlere Faserdurchmesser kleiner ist als 2 Mikrometer.

Nicht-gewebter Stoff nach Anspruch 1 oder 2, wobei sich mindestens 90 Prozent der Faserdurchmesser in einem
Bereich von etwa 1 Mikrometer oder weniger befinden.

Revendications

Tissu non-tissé essentiellement sans effet changeant, constitué de fibres orientées, essentiellement continues et
soufflées a I'état fondu, caractérisé en ce que le diamétre moyen des fibres vaut moins d'environ 5 micrométres, et
au moins 90 % des fibres ont un diamétre égal au diamétre moyen des fibres + 2 mm.

Tissu non-tissé selon la revendication 1, dans lequel le diamétre moyen des fibres vaut moins de 2 micrométres.

Tissu non-tissé selon la revendication 1 ou 2, dans lequel au moins 90 % des fibres ont un diamétre compris dans
une plage d'environ 1 micrométre ou moins.
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