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(57) ABSTRACT

A multi-layer, fluid transmissive structure is provided that
comprises first and second fiber layers each comprising a
plurality of polymeric fibers bonded to each other at spaced
apart contact points. The polymeric fibers of these fiber layers
have diameters greater than one micron and collectively
define interconnected interstitial spaces providing tortuous
fluid flow paths through the first and second fiber layers. The
structure also comprises a plurality of nanofibers disposed
intermediate at least a portion of the first fiber layer and at
least a portion of the second fiber layer.
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MULTI-LAYER, FLUID TRANSMISSIVE
FIBER STRUCTURES CONTAINING
NANOFIBERS AND A METHOD OF
MANUFACTURING SUCH STRUCTURES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a divisional of application Ser. No. 12/706,
729, filed May Feb. 17, 2010, which claims priority to Pro-
visional Application Ser. No. 61/153,104, filed on Feb. 17,
2009, each of which are incorporated herein by reference in
their entireties.

BACKGROUND OF THE INVENTION

[0002] The invention relates generally to the field of
bonded polymeric fiber structures and, more particularly, to
multi-layer structures having nanofibers embedded in and
around the interfaces between layers of bonded microfiber
sub-structures. Such structures form very efficient filters fora
variety of liquid and gas filtration applications.

[0003] In the science of filtration, the achievement of high
filtration efficiency and concomitant low pressure drop (or
flow resistance) has been quite difficult. In order for a filter to
be engineered to provide excellent filtration efficiency of fine
particles, either in liquid or gas filtration applications, the
pore size of the filtration media must be small in relation to the
size of the particles being excluded by the filter. However,
conventional filter media, be it fibrous or made of particulate
matter (e.g. sintered plastic or metal beads) is typically com-
prised of components that are of a size either larger than, or on
the order of, the particulates being filtered. In such media, one
reduces pore size to improve efficiency by increasing filter
media thickness. When such filter media are employed, how-
ever, the pressure required to force the fluid (either liquid or
gas) through the pores of the filter can become quite large,
thus limiting the utility of the filter. The use of thicker and
heavier media to improve efficiency also has the related dis-
advantage of low recovery of desired ingredients caught
within the filter media, which causes filter media fouling.
[0004] One solution has been to form high performance,
low pressure drop filters from sintered metal wire, where the
metal fibers, typically of stainless steel composition, are con-
structed in either a woven or non-woven structure. These
filters are widely used as final, fine filtration elements in ink
jet printing applications, and are generally disposed adjacent
the print head. They are used to prevent particles of too large
size from fouling the print head, which would lead to clog-
ging and misfires. The metal structure provides an additional
benefit in that it is very abrasion resistant, and can withstand
rubbing, frictional and other forces most commonly found in
ink jet printers when the user installs, removes or changes the
ink jet cartridge.

[0005] These woven or non-woven stainless steel fine ink
filters are typically supplied in sheet or roll form, and are die
cut into the desired shape for installation into either the ink jet
cartridge or, in the case of printers which have the print head
installed in the printer rather than the cartridge, installed in
the ink conduit just prior to the print head. In both cases, the
manufacturer of either the cartridge or the printer itself must
die cut this hard, stainless steel, install it into a housing that is
most typically made from a plastic such as polypropylene,
and then affix it to the housing in such a manner so that it will
be permanently attached and not subject to leakage or loos-
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ening. To do this, complex manufacturing methodologies
may be employed to form a bond between the metal filter and
the plastic housing. There are deficiencies in this manufac-
turing methodology in that the forces required to die cut the
stainless steel filter may be large and the filter installation
technologies may be complex and expensive.

[0006] Thereis accordingly a need for a fine filter for ink jet
printer fine filtration applications, which has excellent fine
particle filtration capability, low pressure drop, excellent
abrasion resistance, is readily die cuttable, and is ultrasoni-
cally (or otherwise thermally) bondable to the plastic com-
ponents typically found in ink jet printer construction.

SUMMARY OF THE INVENTION

[0007] The present invention provides, in one particular
aspect, a multi-layer, fluid transmissive structure comprising
a first fiber layer comprising a first plurality of polymeric
fibers bonded to each other at spaced apart contact points. The
polymeric fibers of the first fiber layer have diameters greater
than one micron and collectively define a first plurality of
interconnected interstitial spaces providing tortuous fluid
flow paths through the first fiber layer. The structure further
comprises a second fiber layer adhered to the first fiber layer.
The second fiber layer comprises a second plurality of poly-
meric fibers bonded to each other at spaced apart contact
points. The polymeric fibers of the second fiber layer have
diameters greater than one micron and collectively define a
second plurality of interconnected interstitial spaces provid-
ing tortuous fluid flow paths through the second fiber layer.
The multi-layer structure also comprises a plurality of nanofi-
bers disposed intermediate at least a portion of the first fiber
layer and at least a portion of the second fiber layer.

[0008] Itisto be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only, and are not restrictive of the
invention as claimed. The accompanying drawings, which are
incorporated herein by reference, and which constitute a part
of the specification, illustrate certain embodiments of the
invention and, together with the detailed description, serve to
explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] In order to assist in the understanding of the inven-
tion, reference will now be made to the appended drawings, in
which like reference characters refer to like elements. The
drawings are exemplary only, and should not be construed as
limiting the invention.

[0010] FIG. 1 is a perspective view of a filtration structure
in which a layer of nanofibers is reinforced by a downstream
layer of backing material.

[0011] FIG. 2 is a perspective view of a multi-layer, fluid
transmissive structure according to an embodiment of the
invention.

[0012] FIG. 3 is a perspective view of a multi-layer, fluid
transmissive structure according to an embodiment of the
invention.

[0013] FIG. 4 is a perspective view of a multi-layer, fluid
transmissive structure according to an embodiment of the
invention.

[0014] FIG. 5 is SEM micrograph showing the relative size
and positioning of microfibers and nanofibers as they would
be found in various embodiments of the invention.
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[0015] FIG. 6 is SEM micrograph showing the relative size
and positioning of microfibers and nanofibers as they would
be found in various embodiments of the invention.

[0016] FIG. 7 is a perspective view of a multi-layer, fluid
transmissive structure according to an embodiment of the
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0017] Reference will now be made in detail to embodi-
ments of the invention, examples of which are illustrated in
the accompanying drawings.

[0018] The present invention provides multi-layer bonded
fiber structures that can be used for high efficiency filtration
applications. These structures make use of nanofibers to
enhance filtration efficiency without incurring an unaccept-
able pressure drop.

[0019] As used herein, the term “nanofiber” refers to any
fiber having a diameter less than or equal to one micron (1000
nanometers). Utilizing electro-spinning techniques well
known to those skilled in the art, nanofibers may be produced
that have diameters below 500 nanometers.

[0020] When filters are constructed utilizing nanofibers as
the filtration media, one can positively impact the ratio
between filtration efficiency and pressure drop. For example,
if filter media of the same porosity is compared during the
filtration of fluids with similar sized particles, where one
media is comprised of nanofibers with fiber diameters on the
order of 100-500 nanometers, and where the other is com-
prised of microfibers (the term used herein to refer to fibers
having diameters in a range of one micron to 100 microns),
the media comprised of nanofibers will have better filtration
efficiency and lower pressure drop.

[0021] Nanofibers, however, have limited structural integ-
rity due to their very small size and, as a result, are subject to
tearing and abrasion forces. Some mechanical integrity can
be imparted to a nanofiber layer by backing this layer with a
substrate material. In filtration applications, such a substrate
would itself be a porous material. For example, in the filtra-
tion application shown in FIG. 1, a layer of nanofibers 10 is
reinforced by a downstream layer of non-woven backing
material 20. The backing 20 serves to counter the pressure
applied by a fluid during the filtration process. Structures of
this type are typically pleated, and are finding increasing use
in high performance gas filtration applications, such as HEPA
filters, high performance vacuum cleaners, high performance
industrial air filters, and the like.

[0022] Nanofibers are most often made via electro-spin-
ning techniques, and are typically made by spinning fibers
onto a backing that comprising one or more of paper, film and
non-woven fabrics made up of conventional fibers. For
example, U.S. Pat. No. 6,743,273 (Chung, et al.) describes
such structures and their use in constructing filter media. As
described in this patent and in other literature, nanofiber filter
media as known in the art may be formed as a layer or web of
nanofibers laid down onto a porous backing, preferably com-
prised of a non-woven fibrous structure, where said non-
woven structure may be comprised of fibers with diameters
on the order of 10 to 100 microns, or higher. The resulting
filter media are essentially two layer structures where the
non-woven material serves as a structural support and the
nanofiber layer serves as the high efficiency filtration
medium.

[0023] The two layer structure as described above and
depicted in FIG. 1 may have disadvantages. In ink jet filtration
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application, the currently used metal fiber filters are typically
die cut and in use are subject to rubbing, frictional and other
forces found when the user installs, removes or changes the
ink jet cartridge. If one looks to substitute the metal fiber filter
with a two layer structure as depicted in FIG. 1, the act of die
cutting and the frictional or rubbing forces found in these
applications would be anticipated to damage or otherwise
interfere with the exposed nanofiber layer (10 in FIG. 1). It is
desired to have a filter that is die cuttable and would also
protect the sensitive nanofiber component from frictional or
rubbing forces.

[0024] The present invention provides self-sustaining,
composite bonded fiber structures that incorporate and take
advantage of nanofiber filtration characteristics. These struc-
tures provide porous fiber layers that are typically formed
from microfibers. These outer layers define an entry surface
through which a challenge fluid enters the structure and an
exit surface through which the challenge fluid exits the struc-
ture. The structure also includes a plurality of nanofibers
disposed within the interior of the structure. In some embodi-
ments, these nanofibers may form a third fiber layer interme-
diate the two outer layers, which are bonded to it to form the
multi-layer composite structure. In other embodiments, the
outer layers may be bonded to each other with the nanofibers
disposed around and between the outer layer fibers in the
vicinity of the bond interface.

[0025] Embodiments of the invention will now be dis-
cussed in more detail. With reference to FIG. 2, a multi-layer
composite structure 100 according to an embodiment of the
invention has first, second, and third fiber layers 110, 120 and
130 bonded to one another. The first and second fiber layers
110, 120 are bonded fiber structures that define a challenge
surface 112 and an exit surface 122. The third fiber layer 130
is a matrix of nanofibers. In a typical filtration application, the
first layer 110 could provide an abrasion-resistant challenge-
side prefilter, the third layer 130 could provide a low pressure
drop fine filter, and the second layer 120 could provide a
porous structural backing material.

[0026] The bonded fiber structures of the first and second
fiber layers 110, 120 may be formed from webs of thermo-
plastic fibrous material comprising an interconnecting net-
work of highly dispersed continuous and/or staple fibers
bonded to each other at paced apart points of contact. As
described in U.S. Pat. Nos. 5,607,766, 5,620,641, 5,633,082,
6,103,181, 6,330,883, and 6,840,692 (collectively, “Bonded
Fiber Structure Patents”), each of which is incorporated
herein by reference in its entirety, such bonded fiber struc-
tures may be formed using a wide variety of fiber types and
manufacturing methods. Of particular utility are structures
made from macrofiber or microfiber webs that are formed
into substantially self-sustaining, three-dimensional porous
components. The dispersed bonded fibers of these structures
define tortuous passages through the structure that can pro-
vide very high surface areas and porosity, and may be formed
in a variety of sizes and shapes. The polymer materials that
can be used to form the fibers may include but are not limited
to polyolefins, polyesters, polyurethanes, and polyamides,
and copolymers thereof. Particular materials include polyeth-
ylene, low density polyethylene, polypropylene, polyethyl-
ene terephthalate, polybutylene terephthalate and nylon.
[0027] The first and second fiber layers 110, 120 may, in
particular, comprise a non-woven microfiber material, which
may be carded, air laid, wet laid, melt blown, or other non-
woven construction. The fibers may be mono-component or
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multi-component in nature, and may be bonded to one
another by thermal or chemical means to impart strength to
the non-woven structure. In a particular embodiment, one or
both ofthe first and second layers may be a carded, through air
bonded, non-woven structure comprising sheath-core bicom-
ponent fibers. As used herein, the term “bicomponent fiber”
refers to the use of two polymers of different chemical nature
placed in discrete cross-sectional areas of the fiber. While
other forms of bicomponent fibers are possible, the more
common techniques produce either “side-by-side” or
“sheath-core” relationships between the two polymers. For
example, bicomponent fibers comprising a core of one poly-
mer and a coating or sheath of a different polymer are par-
ticularly desirable for many applications since the core mate-
rial may be relatively inexpensive, providing the fiber with
bulk and strength, while a relatively thin coating of a more
expensive or less robust sheath material may provide the fiber
withunique properties. Sheath materials are often selected for
their relative bondability as compared to the more structurally
robust core materials.

[0028] An exemplary bicomponent fiber that may be used
in the structures of the invention is one having a polyethylene
sheath material and a polypropylene core material. Other
sheath and core polymers may be used and would be well
known to those skilled in the art. In some embodiments, the
first and second layers 110, 120 may be formed as a melt
blown web of bicomponent fibers, which may be calendared
or un-calendared. Woven fabrics, articulated films and other
porous media could also be employed.

[0029] The specific fiber materials of the first and second
layers I 10, 120 may be chosen to enable facile die cutting,
ultrasonic or thermal bondability and/or to provide a rela-
tively large porosity and pore size. The materials of construc-
tion are preferably chemically and mechanically resistant to
the particular fluid being filtered. As will be discussed, the
material and structural characteristics of the first layer 110
may be different from those of the second layer 120 and the
characteristics of both may be tailored to particular applica-
tions.

[0030] The third fiber layer 130 is a web or matrix of
nanofibers to which the first and second fiber layers are
bonded. These nanofibers may be produced using any method
known in the art, but will typically be electro spun or melt
blown. Such nanofibers may have a diameter in a range of 50
to 500 nm. In a particular embodiment, the nanofibers have a
diameter in a range of 100 to 400 nm, and, in a particularly
effective embodiment, are in a range of 150 to 250 nm. The
nanofiber web may have pore sizes ranging from 0.1 to 15
microns, and more preferably from 1 to 6 microns as mea-
sured during manufacture of the structure 100. The nanofibers
of'the web may be formed from any suitable material includ-
ing polyvinylidene fluoride (PVDF), polyamides, polyesters,
polyolefins, polyurethanes, polycarbonates, polystyrene, or
other polymeric systems. The materials of the third layer 130
are preferably chemically and mechanically resistant to the
particular fluid being filtered.

[0031] The thickness of the third layer 130 will typically be
in a range of 50-5000 nm. In particular embodiments, the
thickness will be in a range of 150-1500 nm.

[0032] Inone particular embodiment, the third layer 130 of
the composite structure 100 may be a web of PVDF nanofi-
bers with diameters in a range of 150-250 nm which provide
pore sizes in a range of 1 to 6 microns.
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[0033] Multi-layer fiber structures of the type described
above are not limited to three or any other particular number
of layers so long as the nanofiber layer is bracketed by
microfiber of macrofiber layers. With reference to FIG. 3, for
example, a composite structure 200 according to an embodi-
ment of the invention has three non-nanofiber layers 210,220,
240 supporting two nanofiber layers 230, 250. The supporting
layers 210,220, 240 may be any form of bonded fiber material
as described above for the outer fiber layers 110, 120 of the
structure 100 illustrated in FIG. 2. One, some, or all of the
supporting layers 210, 220, 240 may be bonded non-woven
fiber materials. The supporting layers 210, 220, 240 may use
the same or different fiber materials and/or may have the same
or different structural and fluid flow characteristics.

[0034] The nanofiber layers 230, 250 may each be a web or
matrix of nanofibers to which the supporting layers 210, 220,
240 are bonded. The nanofibers themselves may be produced
using any method known in the art, but will typically be
electro spun or melt blown. Their size, material and other
characteristics may be substantially the same as those
described above in relation to the nanofiber layer 130 of the
structure 100 illustrated in FIG. 2.

[0035] There is no limit to the number of layers that may be
used in the multi-layer structures of the invention. In particu-
lar applications, the characteristics of these layers may be
established so as to provide a desired efficiency profile within
the filter. For example, a particular structure may be config-
ured so that the nanofiber layers increase in filtration effi-
ciency in the flow direction through the structure. The multi-
layer structures may also include adjacent non-nanofiber
layers with no nanofiber layer between them.

[0036] Inorderto provide a cohesive, self-sustaining struc-
ture the multi-layer fiber structures described above require
that the supporting (i.e., non-nanofiber) layers be bonded to
the nanofiber layer(s), typically by thermal bonding. Depend-
ing on the materials, however, it can be difficult or impractical
to structurally bond the supporting layers to the nanofiber
layer(s). Further, the lack of structural integrity of the nanofi-
ber layers themselves may significantly reduce the integrity
of the overall composite structure.

[0037] To address these potential drawbacks, another
embodiment of the invention provides self-sustaining, multi-
layer bonded fiber structures that incorporate and take advan-
tage of nanofiber filtration characteristics without requiring
the use of discrete nanofiber layers to which other layers must
be bonded. With reference to FIG. 4, a multi-layer composite
structure 300 according to an embodiment of the invention
has a first fiber layer 310 bonded to a second fiber layer 320.
As will be discussed in more detail hereafter, the composite
structure 300 further comprises a plurality of nanofibers inter-
spersed between and among the fibers of the first and second
layers 310, 320 in the region 315 where the first and second
layers 310, 320 are bonded to one another.

[0038] The first and second fiber layers 310, 320 may be
formed from a variety of porous materials, including woven,
non-woven and sintered polymeric materials. As in the pre-
vious embodiments, the first and second fiber layers 310, 320
may be formed from webs of thermoplastic fibrous material
comprising an interconnecting network of highly dispersed
continuous and/or staple fibers bonded to each other at paced
apart points of contact. Of particular utility are structures
made from macrofiber or microfiber webs that are formed
into substantially self-sustaining, three-dimensional porous
components. The dispersed bonded fibers of these structures
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define tortuous passages through the structure that can pro-
vide very high surface areas and porosity, and may be formed
in a variety of sizes and shapes. The fibers used to form these
structures may be mono-component or multi-component in
nature, and may be bonded to one another by thermal or
chemical means to impart strength to the structure. Staple
and/or continuous fibers may be used.

[0039] The first and second fiber layers 310, 320 may each
be formed from more than one fiber type, each type imparting
different characteristics to the fiber layer. In some embodi-
ments, for example, some of the fibers may be selected pri-
marily for their bonding characteristics.

[0040] In a particular embodiment, one or both of the first
and second layers may be a carded, through air bonded,
non-woven structure comprising sheath-core bicomponent
fibers. An exemplary bicomponent fiber that may be used in
the structures of the invention is one having a polyethylene
sheath material and a polypropylene core material. Other
sheath and core polymers may be used and would be well
known to those skilled in the art. In some embodiments, the
first and second layers 310, 320 may be formed as a melt
blown web of bicomponent fibers, which may be calendared
or un-calendared. Woven fabrics, articulated films and other
porous media could also be employed.

[0041] As in previous embodiments, the specific fiber
materials of the first and second layers 310, 320 may be
chosen to enable facile die cutting, ultrasonic or thermal
bondability and/or to provide a relatively large porosity and
pore size. The materials of construction are preferably chemi-
cally and mechanically resistant to the particular fluid being
filtered. The material and structural characteristics of the first
layer 310 may be different from those of the second layer 320
and the characteristics of both may be tailored to particular
applications.

[0042] It will be understood by those of skill in the art that
fibrous structures of the type described above may be bonded
to one another so that the fibers of one fiber structure are
bonded to the fibers of the other structure. This is generally
accomplished by heating the surfaces of the structures and
pressing them together so that fibers of each layer bond to
fibers of the other layer. This results in a porous interface zone
that comprises fibers of both structures and connects the
tortuous passages of one structure to those of the other struc-
ture to allow fluid to pass from one to the other.

[0043] In the multi-layer structure 300, the first fiber layer
310 is bonded to the second fiber layer 320 at an interface
zone 315. A plurality of nanofibers is disposed within the
multi-layer structure at the interface zone 315. The plurality
of nanofibers is disposed so that some or all of the nanofibers
are positioned within the interstices between the fibers of the
first layer 310, the fibers of the second layer 320 or the fibers
of both the first and second fiber layers 310, 320. At least a
portion of the nanofibers is disposed within the interface zone
315 itself.

[0044] FIGS. 5 and 6 are micrographs taken during the
manufacturing of a multi-layer structure similar to structure
300. While these micrographs do not illustrate the final multi-
layer structure, they do serve to demonstrate the size and
positioning of the nanofibers relative to the microfibers of a
support layer.

[0045] Like the previous embodiments, the multi-layer
structure 300 provides three distinct regions through which a
challenge fluid may flow. The first region is defined by the
flow characteristics of the first fiber layer 310, the second
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region is defined by the flow characteristics of the interface
zone 315 within which nanofibers are disposed, and the third
region is defined by the flow characteristics of the second
layer 320. Unlike the earlier embodiments, however, the first
and second layers 310, 320 are bonded directly to one another
through the nanofiber-containing interface zone 315, thereby
providing a robust, self-sustaining structure.

[0046] Multi-layer structures having nanofibers embedded
within bonded fiber layers are not restricted to the two sup-
porting layers of the structure 300 of FIG. 4. Any number of
support layers may be used and nanofibers may be disposed at
the interface between any two support layers. With reference
to FIG. 7, for example, a composite structure 400 according to
an embodiment of the invention has a first non-nanofiber
layer 410 bonded to a second non-nanofiber layer 420 at a first
interface zone 415. The second layer 420 is, in turn, bonded to
a third non-nanofiber layer 430 at an interface zone 425. The
first, second and third layers 410, 420, 430 may be any form
of fiber material as described above for the outer fiber layers
110, 120 of the structure 100 illustrated in FIG. 2 or the
supporting layers 310, 320 of the structure 300 illustrated in
FIG. 4. One, some, or all of the supporting layers 410, 420,
430 may be bonded non-woven fiber materials. The support-
ing layers 410, 420, 430 may use the same or different fiber
materials and/or may have the same or different structural and
fluid flow characteristics.

[0047] A first plurality of nanofibers is disposed within the
multi-layer structure at the first interface zone 415 and a
second plurality of nanofibers is disposed within the structure
at the second interface zone 425. The nanofibers of the first
plurality are disposed so that some or all of the nanofibers are
positioned within the interstices between the fibers of the first
layer 410, the fibers of the second layer 420 or the fibers of
both the first and second fiber layers 410, 420. At least a
portion of the nanofibers is disposed within the interface zone
415 itself. The second plurality of nanofibers is similarly
disposed with respect to the fibers of the second and third
layers 420, 430 at the second interface zone 425. The nanofi-
bers themselves may be produced using any method known in
the art, but will typically be electro spun or melt blown. Their
size, material and other characteristics may be substantially
the same as those described above in relation to the previous
embodiments. The two sets of nanofibers may have different
materials, size, and flow characteristics.

[0048] Again, there is no limit to the number of layers that
may be used in this type of multi-layer structure. In particular
applications, the characteristics of these layers may be estab-
lished so as to provide a desired efficiency profile within the
filter. For example, a particular structure may be configured
so that the nanofiber layers increase in filtration efficiency in
the flow direction through the structure. The multi-layer
structures may also include adjacent non-nanofiber layers
with no nanofiber layer between them.

[0049] The multi-layer structures of the invention may be
formed using any of several manufacturing approaches. Indi-
vidual non-nanofiber layers may be separately manufactured
using any of the techniques described in the Bonded Fiber
Structure Patents or by any other methods known in the art.
These layers can then be supplied for use in forming the
multi-layer laminates of the invention.

[0050] An illustrative method of forming the multi-layer
fiber structures of the invention comprises providing a first
(non-nanofiber) fibrous material, which will act as a porous
base layer for the multi-layer composite structure. A nanofi-
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ber web, formed by electro-spinning or melt blowing, is
deposited onto the base layer. The nanofiber web may option-
ally be hot-rolled to better adhere the web to the base layer. A
second (non-nanofiber) fibrous material, which acts as a
cover layer, is then placed over the nanofiber web. Additional
layers may be added by treating the assembled layers as a base
layer and repeating the nanofiber and cover layer steps.
[0051] Inan alternative to depositing directly onto the base
layer, the nanofiber web may be spun or melt blown onto
backing paper, or other disposable substrate for later removal
and placement onto the base layer.

[0052] The layered materials are then passed through a heat
forming device such as heated calendar rolls. The rolls are
heated to a temperature sufficient to permanently bond the
three layers together to make a single structure that can be
used as a filter element. Alternatively, the materials may be
passed through a heated forming die. The heated forming die
may use steam or hot air to heat the materials and can be used
to form structures having a lower density and higher thickness
than can be created on the calendar rolls. Heated dies can also
be used to form the structure into desired shapes. In both the
heated die and calendar roll methods, heat and pressure are
applied so that the fibers of each non-nanofiber layer are
bonded to the nanofibers of the web and/or to the fibers of one
or more other non-nanofiber layers.

[0053] Theabove-described method canbeused to produce
multi-layer structures having discrete nanofiber layers to
which the outer layers are bonded or multi-layer structures in
which the outer layers are bonded to one another with the
nanofibers disposed at the interface zone between the bonded
outer layers. The former are generally produced using rela-
tively thick or dense nanofiber webs (e.g., webs having a
standalone DOP efficiency greater than 95%), while the latter
are produced using relatively thin, dispersed webs (e.g., webs
having a standalone DOP efficiency less than 50%) that are
readily pressed into the interstices between the outer layer
fibers and allow the fibers of the base layer to bond to the
fibers of the covering layer. As used herein, “DOP Efficiency”
refers to a percentage of 0.3 micron DiOctylPhthalate (DOP)
particles blocked by the filter. DOP filtration tests use a mono-
disperse particle of 0.3 micron diameter DOP particles for
evaluating the efficiency of depth filters, membrane filters,
and other particle-collecting devices. 0.3 micron is used as it
is near the most penetrating particle (i.e. most difficult to
filter) size.

Examples

[0054] A web of electrospun PVDF nanofibers was spun
onto a backing of a carded, through air bonded non-woven
material formed from 4 dtex sheath/core bicomponent
microfibers. The sheath polymer was low density polyethyl-
ene and the core polymer was polypropylene. The basis
weight of the non-woven material (referred to as “Alpha™)
was 75 grams per square meter. The nanofibers had diameters
in a range of 180 to 200 nm. Samples were constructed using
two nanofiber web porosities: a web with a porosity of 1.5 pm
and a web with a porosity of 5.5 pum. On each of these
structures a second nonwoven web Alpha was placed. The
materials were then passed through heated calendar rolls,
which in both cases provided a well bonded, porous structure.
[0055] The 1.5 and 5.5 um porosity structures were then
subjected to filtration testing. A control structure was also
tested. This control structure was comprised of melt blown
bicomponent microfibers with a core of polypropylene and a
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sheath of nylon/polyethylene glycol copolymer, with a fiber
size of 15-20 um and a porosity of 0.8 pm.

[0056] Two filtration tests were conducted. The first was
“Clean Air Permeability per ISO 4022 (1987)”, in which the
laminates were placed in a test chamber and air was passed at
a flow rate of 3 liters per minute/cm?2 through a test area of
9.44 cm2. The differential pressure in mm water was
recorded. The results are found in Table 1.

TABLE 1

Clean Air Permeability per ISO 4022 (1987)

Differential Pressure

Media Tested (mm H,0)
1.5 pm Nano composite 95
5.5 um Nano composite 60
0.8 pm Non-woven 250

[0057] The second test was a simulated ink particulate
removal test, entitled “Initial Retention Efficiency per ASTM
F795-88. The fluid tested was a solution of glycerin and
water with a viscosity of 2 cps. Flow was recorded at a
differential pressure of 11010 mm water. The contaminate
was a PTF Fine Test Dust 12013-1 A2, with particles mea-
suring 3-4, 4-5, 5-8, 8-10, and >10 microns. Laminate sheets
were cut into 90 mm diameter discs, which were placed into
the test fixture and tested. The results are found in Table 2.

TABLE 1

Initial Retention efficiency per ASTM F795-88

Flow @ 110
Media mm H,O Particle Filtration Efficiency (%)
Tested diff pres. 3-4pm 4-5pm  5-8pum  8-10um >10 um
1.5 ym 29 Vhr 99.2% 99.2% 99.3% 99.5% 99.5%
Nano
composite
5.5 pm 29 Vhr 99.6% 99.7% 99.7%  99.7%  99.8%
Nano
composite
0.8 pm 26 Vhr 19% 27% 40% 66% 85%
Non-
woveln
[0058] The data in Tables 1 and 2 show that the laminates

containing the nanofiber material have significantly better
filtration efficiency, lower pressure drop and improved flow
characteristics over a standard non-woven sheet, which has a
lower porosity rating than either the nanofiber laminates
tested.

[0059] In another example, webs of electrospun PVDF
nanofibers were spun onto a carded, through air bonded non-
woven material formed from staple fibers having an average
length of 40 mm and a denier of 4 dpfata 75 gsm basis weight.
The staple fibers were bicomponent fibers with a low density
polyethylene (LDPE) sheath and a polypropylene core. The
nanofiber layer was covered with a second non-woven layer
substantially similar to the first. The materials were then
passed through heated calendar rolls to form the final bonded
fiber structure.

[0060] Samples were formed using six different nanofiber
layer basis weights. Four of these (identified as Basis Wts. 1-4
in Table 3) were used to produce structures in which the
non-nanofiber layers were bonded to each other while two
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(identified as Basis Wts. 5 and 6 in Table 3) were used to
produce structures where the non-nanofiber layers were sepa-
rated by the nanofiber layer. In all cases, the nanofibers had
diameters in a range of 180 to 200 nm DOP filtration effi-
ciency and air permeability tests were performed on all
samples to assess the relative performance using various
nanofiber amounts. The results are shown in Table 3.

TABLE 3

Nanofiber Composite Structure Performance

DOP Filtration Air Perm (@ 125 Pa

Sample Efficiency backpressure)
Basis Wt 1 36.4% 154.8 cfm
Basis Wt 2 44.3% 125.7 ¢fm
Basis Wt 3 68.1% 70.2 cfm
Basis Wt 4 79.7% 23.2 ¢fm
Basis Wt 5 96.5% 11.5 cfm
(distinct nano
layer)
Basis Wt 6 98.4% 9.07 cfm
(distinct nano
layer)

[0061] It will be apparent to those skilled in the art that

various modifications and variations can be made in the
method, manufacture, configuration, and/or use of the present
invention without departing from the scope or spirit of the
invention.
What is claimed is:
1. A method of manufacturing a multi-layer, fluid trans-
missive structure, the method comprising:
providing a first fiber layer comprising a first plurality of
polymeric fibers having diameters greater than one
micron;
disposing a web of nanofibers on the first fiber layer;
positioning a second fiber layer over the web of nanofibers,
the second fiber layer comprising a second plurality of
polymeric fibers having diameters greater than one
micron; and
applying heat and pressure to adhere the second fiber layer
to the first fiber layer.
2. A method according to claim 1, further comprising:
adhering the web of nanofibers to the first fiber layer prior
to positioning the second fiber layer over the web of
nanofibers.
3. A method according to claim 1, wherein the action of
applying heat and pressure comprises one of the set consist-
ing of
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calendering the combined first fiber layer, web of nanofi-
bers and second fiber layer using a heated calender roll,
and

passing the combined first fiber layer, web of nanofibers

and second fiber layer through a heated die.

4. A method according to claim 1, wherein the action of
disposing a web of nanofibers on the first fiber layer includes

forming the nanofibers by one of the set consisting of an

electro-spinning process and a melt blowing process;
and

forming the web of nanofibers by depositing them on the

first fiber layer immediately after they are formed.

5. A method according to claim 1, wherein the action of
applying heat and pressure results in at least a portion of the
second fiber layer to be bonded directly to at least a portion of
the first fiber layer.

6. A method according to claim 1, wherein the action of
applying heat and pressure results in the first and second fiber
layers being bonded to the web of nanofibers.

7. A method according to claim 1, further comprising:

disposing a second web of nanofibers on the first fiber

layer; and

positioning a third fiber layer over the second web of

nanofibers, the third fiber layer comprising a third plu-
rality of polymeric fibers having diameters greater than
one micron,
wherein the action of applying heat and pressure serves to
adhere the third fiber layer to the second fiber layer.

8. A multi-layer, fluid transmissive structure according to
claim 1, wherein at least a portion of the nanofibers comprise
at least one polymer material selected from the group con-
sisting of polyvinylidene fluoride, polyamides, polyesters,
polyolefins, polyurethanes, polycarbonates, and polystyrene.

9. A multi-layer, fluid transmissive structure according to
claim 1, wherein at least one of the set consisting of the first
and second plurality of polymeric fibers includes fibers com-
prising one or more of the materials selected from the set
consisting of polyethylene, low density polyethylene,
polypropylene, polyethylene terephthalate, polybutylene
terephthalate and nylon.

10. A multi-layer, fluid transmissive structure according to
claim 1, wherein the first and second fiber layers each com-
prise at least one of the set consisting of. woven and non-
woven polymeric materials.

11. A multi-layer, fluid transmissive structure according to
claim 1 wherein at least one of the set consisting of the first
and second fiber layers is a bonded nonwoven fiber structure
comprising a plurality of sheath-core bicomponent fibers.
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