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BLISTER FREE COMPOSITE MATERIALS MOLDING

CROSS-REFERENCE TO RELATED APPLICATION

L7

This application claims the benefit of co-pending United States Provisional
Application Serial No, 62/322,841 filed on April 15, 2016, the disclosure of which is

incorporated by reference herein in s entirety.

BACKGROUND

]
TECHNICAL FIELD

The disclosure relates (o an improved process for forming defect-free fibrous
composite materials. More particularly, the disclosure pertains to a process for

forming blister-free fibrous composites without having to actively monitor or control

et
L

blister formation, and o blister-free composite materials fabricated therefrom,

DESCRIPTION OF THE RELATEDR ARY

Ballistic resistant articles such as ballistic resistant vests, helmets, vehicle panels and
structural members of military equipment are typically made from composite armor
20 comprising high strength fbers. High strength fibers conventionally used to fabricate
composite armor include polysthylens fibers, particularly ultra-high molecular weight
polyethyiene fibers, and aramid fibers, particularly para-aramid fibers. In some
applications, the fibers are formed into woven fabrics wherein the fibers are

mechanically interlocked with each other. In other applications, the fbers are formed

N
h

into non-woven fabrics wherein the fibers are adhered together, such as with a coating
of a polymeric binder material, Various ballistic resistant article constructions formed
from woven andfor non-woven fabrics are known, For example, 118, patents
4,403,012, 4,437,985, 4,613,535, 4,623,574, 4,650,710, 4,737,407, 4,748,064,
5,552,208, 5,387,230, 6,642,159, 6,841,492 and 6,846,758, all of which are

360 commoniy-owned by Honeywell International Inc., describe ballistic resistant
composites formed from ultra-high molecular weight polvethyviens fibers, These
composites display varying degress of resistance 1o penetration by high speed impact

from projectiles such as bullets, shells, shrapnel and the fke.
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in the majority of anti-hallistic compaosite armor applications, the armer is fabricated
by merging a plurality of fibrous plies into a single, unitary structure, with varying
lgvels of ballistic protection against varying types of ballistic threats being obtainable
depending on the total number of incorporated plies. As an example, the National
instituie of Justice (N{}} has established various industry-recognized squipment
standards that specify the degres to which equipment is known to be safe and reliable,
such that it is expected to perform sccording to established minimum requirements.
For example, N1 Standard 0101.06 categorizes body armor into five threat levels
relative o threats of increasing danger: threat tevel LA {Type HA armor); threat level
H {Type H armor); threat level 1A (Type I armor); threat level 1 (Type HI armor)
and threat level IV {(Tvpe IV armor). The first thres levels are typically categorized as
soft armor articles designed 1o protect users against 9 mm FMI RN (Full Metal Jacker
Round MNose) bullets, 40 Smith & Wesson FMI bullets, 337 magnum JSP (Jacketed
Soft Point) bullets, 357 5IG FMI PN (Sig Sauer Foll Metal Jacket Flat Nose) bullets
and 44 magnuwm SIHP (Semi-Jacketed Hollow Point) bullets, with each threat having
specified energy level ratings. The last two threat levels are typically categorized as
hard armor articles designed to protect users against MB{ ball rifle bullets and
Springfield M2 Armor-Piercing {AP) rifle bullets, respectively, at specified energy

level ratings.

Generally, increases in the armor threat level are achisved by increasing the number
of fibrous plies incorporated in the composite. Methods of consolidating fibrous plies
to form unitary composites are well known, including passing the stack through a
calender nip set, pressing in 2 flat-bed laminator or another tvpe of prass, In an
autoclave, or by vacuum molding the material in 2 mold that is placed under a
vacuum. Each of these methods uses pressure, and optionally hest, to press the
plurality of plics into gach other and adhesively bond them twgether with binder

coatings or other adhesives on the fbers.

When using any known method fo consolidate fibrous composiies into a single,
unitary tayer, it is commonly kaown that alr can become entrapped between adjacent
plies. As the fibrous plies are pressed together, the entrapped air is forced tomove ina
direction opposite the direction of the applied force, causing a phenomenon known in

the art as blistering where areas of the composite swell or whers “bubbles™ are formed

2
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on the outer composite surfaces. Blistering in ballistic resistant armor is not
undesirable simply because it is unsightly, but because blisters are arcas of weakness
where portions of fibrous layers have delaminated from each other, which can lead to
catastrophic armor fatlure upon a projectile impact. Therefore, armor manufacturers
5 typically actively monitor blister formation and engage in active, intermediate

processing steps to oliminate blisters before compaosite materials are fabricated into
finished articles. For example, U5, patenis 6,183,834 and 6,893,704 each teach a
method of actively monitoring blister formstion wherein a stack of monclayers is
heated to a desired comprassion temperature and then compressed in thres or more

10 discontinuous steps, with the compression pressure being increased with each
consecutive step. 1LS, patent 8,329,084 and International Publication WO
2012/004392 each teach a multi-step method of monitoring blister formation where
prior to consolidation a stack of plies is first subjected o 8 low pressure pre-shaping
step in a mold. Afier this pre-shaping step, the mold is opened and inspected for the

15 presence of blisters, and if blisters are present they are removed, such as by piercing
them with a sharp object. Other methods they identify for actively preventing blister
formation include degassing during molding or melding under g vacuum. As
described in U.S. patent 6,524,504, degassing is a deliberate process wherein the force
in 8 press mold is reduced, the press molds are then separated a slight distance, and

20 that position is then held in that separated position for a desired time {o allow pressure
within the mold 1o be relieved. After sitting for the desired time, the mold is then
opened and the product is removed. Finally, as deseribed in ULS. patent 8,251,688,
enirapped air can be drawn out of a composite by vacuum molding, but this siill
requires active blister control by vacuum molding in discontinuous stages and

25 inspecting the composite for blisters.

Aceordingly, there remains a need in the art for an efficient means of preventing the

formation of blisters in the fabrication of fibrous composite articles, without

obligating the manufacturer (0 actively monitor and eliminate blisters and without
3 having to inplement inefficient quality control procedures to ensure that blister

formaation is prevented. The present disclosure provides a solution 1o this nesd.

SUMMARY

ok
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The disclosure provides ballistic resistant composites that are fabricated using dry
processing techniques wherein component fitwous plies, formed from fibers and/or
tapes {preferably multi-Blament tapes), are partially costed with a discontinuous, non-
figuid dispersed polymeric binder having no heat history, t.e., the fibrous plies are
partially coated with a dry particulate binder, 2.z, 2 powder binder, rather than 2 being
coated with g Hguid or molten binder. During processing, the particulate binder is
heated such that the binder at least partially melted, allowing i to at least partially
flow on and between the fibers/tapes of each respective fibrous ply, This bonds the
{ibrous plies together, but because the pliss are only partially coated with the dry
particulste binder, areas of the plies remain uncoated and portions of adjacent
fibers/tapes within each ply remain unbound {o each other. As a result, 8 degree of
gmpty space volume is left within each fibrous ply, i.e., each fibrous ply is partially
“open,” having open areas, or gaps, within the plies. Upon the subsequent stacking
and molding of a plurality of such open plies, entrapped alr will diffuse through the

open areas and out of the stack without forming blisters.

As such, the disclosure provides z blister-free, ballistic resisiant compostie comprising
a plurality of fibrous plies, each of said fibrous phies being at least pantially coated
with a discontinuous, non-liquid dispersed polymeric binder having a single-melt heat
history, wherein said plurality of fibrous plies ars united as a unitary composite, and

wherein said composite comprises an empty space volume of from 0% up to 5%.

Also provided is a method of forming a ballistic resistant composite, the method
comprising:

a) providing a first ply comprising a plurality of fibers and/or a plurality of tapes, said
first ply being at least partially coated with a dry, solvent-free particulate polymeric
binder, and whereln ong or more gaps are present within said first ply whereby the
first ply has an empty space volume;

b} spplying a second ply onto satd first ply, said second ply comprising a plurality of
fibers and/or a plurality of tapes, said second ply optionally being at least partially
coated with a dry, solvent-free particulate polymeric binder, and wherein one or more
gaps are present within said second ply whereby the second ply has an empty space

volume;

PCT/US2017/026111



LA

i0

15

WO 2017/180387 PCT/US2017/026111

¢} optionally applying one or more additional plies onto the first ply and/or the second
ply, each additional ply comprising a plurality of fibers and/or a plurality of tapes, and
each additional ply optionally being at least partially cogted with a dry, solvent-free
particulate polymeric binder, and wherein one or more gaps are present within each
additional ply whereby each of said additional plies has an erpty space volume; and
d} consolidating the first ply, second ply and any additional plies with heat and
pressure under conditions sufficient o at least partially melt the particulaie polymeric
binder in each ply and thereby uniting all of the plies to form a unitary composite,
wherein the unitary composite has a total empty space volume that is less than the
combined empty space voiumes of gach individual ply prior to said consolidation

step.

Further provided is a method of forming a ballistic resistant composite, the method
comprising:

a) providing a first fibrous ply comprising a plurality of fibers andfor a plurality of
tapes and having a fiber areal density of less than about 80 g/m?, said first fibrous ply
being at least partially coated with a dry, solvent-free particulate polymeric binder,
and wherein one or move gaps are present within said first fibrous ply whereby the
first fibrous ply has an empty space volume;

b) applying at least one thermoplastic overlay tw a surface of the first fibrous ply,
wherein said at least one thermoplastic overlay only pantially covers said surface, and
whergin said at least one thermoplastic overlay has a meling point below 3 meliing
point of said polymeric binder;

¢} applying a second fibrous ply onto said at least one thermoplastic overlay, said
second fibrous ply comprising a plurality of fibers and/or a plurality of tapes and
having a fiber areal density of less than about 80 g/m’, said second fibrous ply
optionally being at least partially coated with a dry, solvent-free particulate polymeric
binder, and wherein one or more gaps are prosent within said second fibrous ply
whereby the second fibrous ply has an empty space volume;

d} optionally applying one or more additional fibrous plies onto the first fibrous ply
and/or the second fibrous ply, optionally vis one or more intermediate thermoplastic
overlays, each additional fibrous ply comprising a plurality of fibers and/or g plurality
of tapes and each having a fiber areal density of less than about 80 g/o, and sach
additional fibrous ply optionally being at lesst partially coated with a dry, solveni-free

5
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particulate polymeric binder, and wherein one or more gaps are present within each
additional fibrous ply whereby cach of said additional plies has an empty space
volume; whergin each of said thermoplastic overlays have a melting point below a
melting point of each of said polvmeric binders; and

e consolidating the first fibrous ply, second fibrous ply and any additional fibrous
plies with heat and pressure under conditions sufficient 1o af least partially mel the
particulate polyimeric binder in each fibrous ply and thereby uniting all of the fibrous
plies to form 2 unitary composite, wherein the unitary composite has a total empty
space voiume that is less than the combined empty space volumes of each individual

fibrous ply prior to said consolidation step.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a top-view stereomicroscope image of a 2-ply open fabric having flattened

resin paiches betwaen the plies,

FIG. 2 s a duplicate of the top-view stereomicroscops image of Fig. | having the

resin patches circled.

FIG. 3A is a lop-view scanning electron microscope (SEM) photograph {at an order of

magnitude of x70) of a resin patch in the fabric of Fig. 1.

FIG. 38 is a top-view SEM photograph (at an order of magnitude of x250) of the

portion of the resin patch illustrated in Fig, 3A that is identified by 2 while box.

FIG. 4A is a top-view SEM photograph (st an order of magnitude of x70) of a resin
paich in the fabric of Fig. 1.

FIG. 48 is a top-view S3EM photograph (at an order of magnitude of x250) of the

portion of the resin paich ilustrated in Fig, 44 that is identified by & white box.

FHG. 5A is a top-view SEM photograph (st an order of magnitude of x70) of a resin
paich in the fabric of Fig. 1.

PCT/US2017/026111
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FIG. 5B is a top-view SEM photograph (8t an order of magnitude of x258) of the

portion of the resin paich iHustrated in Fig. 5A that is identificd by a white box.

FIG. 6A is g top-view SEM photograph {at an order of magnitude of x78) of g resin

patch in the fabric of Fig. 1.

F1G. 6B is a top-view SEM photograph {at an order of magnitude of <250} of the

portion of the resin paitch iHustrated in Fig. 64 thai is identified by a white box.

FIG. 7 is a top-view BEM photograph {at an order of magnitude of x70) of three resin

patches in the fabric of Fig. 1, also illustrating the presence of binder particles.
FIG. € is a schematic representation of a flat-bed laminator,

FIG. 9 15 a side~-view schematic representation of a mubtilaver ballistic reaistant
material having two fiber plies coated with a powder binder and an intermediate

sorinn,

DETALED DESCRIPTION

The composite materials provided herein are particularly intended for the fabrication
of ballistic resistant armor, and therefore it is particularly intended that the composite
materials are to be fabricated using high tensile strength fibers and/or a 1apes formed
tfrom high tensile strength fibers, However, the dry binder processing technigue is
equally applicable to the fabrication of blister-free non-armaor articles, and therefore
this disclosure should not be interpreted as being Hiited to armor applications only

nor i fibrous composiies comprising high tenacity fibersftapes only.

As used herein, a “fiber” is 8 long strand of a material, such as a strand of 8 polymeric
material, the length divsension of which is much greater than the iransverse
dirnensions of width and thickness, The fiber is preferably a long, continuous (but of a
definite longth) strand, rather than a short segment of a strand referred to in the art as
a “staple” or “staple fiber.” A “strand” by s ordinary definition is a single, thin
length of something, such as a thread or fiber. The cross-sections of fibers for use

7
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herein may vary widely, and they may be circular, flat or oblong in cross-section,
They also may be of lrregular or regular mubti-lobal cross-section baving one or more
regular or irregular lobes projecting from the Hnear or longitudinal axis of the
fitament. Thus the term “fiber” includes filaments, ribbons, strips and the like having
regular or irregular cross-section. [t is preferred that the fibers have a substantially

circular cross-section.

A single fiber may be formed from just one filament or from muliiple filaments. A
fiber formed from just one filament is referred to herein as either a “single-filament”
fiber or a “monofilament” Gber, and s fiber formed from a plurality of filaments is
referred to herein as a “multifilament™ fiber. Multifilament fibers as defined herein
preferably include from 2 to about 3000 filamenis, more preferably from 2 to 1000
filaments, siill more preforably from 30 to 500 filaments, still more preferably from
430 to 500 filaments, still more preferably from about 40 filaments o about 240
filaments and most preferably from about 128 1o about 240 filaments. Multifilament
fibers are also often referred to in the art as fiber bundles or a bundle of flaments. As
used herein, the term “yarn” is defined as a single strand consisting of multiple
filaments and is used interchangeably with “multifilament fiber.” The term “tenacity™
refers to the tensile stress expressed as force (grams) per unit linear density {deniery of
an unstressed specimen. The term “initial tensile modulus” refers 1o the ratio of the
change in tenacity, expressed in grams-foree per denier (g/d) to the change in strain,

expressed as a fraction of the original fiberftape length (in/in).

The term “denier” is a unit of linear density equal (o the mass in grams per %000
meters of fiber/varn. In this regard, the Bbers forming cach layer may be of any
suitable denier. For example, fibers may have a denier of from about 30 to about
3000 denier, more preforably from about 200 1o about 5004 denier, still more
preferably from about 200 to about 3000 denier, still more preferably from about 200

t about 1000 denier, and most preferably from about 260 to about 500 denier.

A “fibrous layer” as used herein may comprise any type of uni-axial or multi-axial
fabric, Including a siogle-ply of unidirectionsily oriented or randomlby oriented (ie.
felted) non-woven fibers, a plurality of plics of non-woven fibers/tapes that have been
consoiidated into a single unitary structure, a single-ply of woven fabric, a plurality of

&
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woven fabric phies that have been consolidated into a single unitary structure, 2 single-
ply of knitted fabric or a plurality of knitted fabric pliss that have been consolidated
into a single unitary structure. 1n this regard, a “layer” describes a generally planar
arrangement having an outer top (frst) planar surface and an outer bottom {second)
planar surface. The term “fibrous ply” as used herein refers to a single array of
unidirectionally oriented fibers/tapes, s single woven fabric, s single knitted fabric or
a single fehted fabric. Each fibrous ply will also have both an outer top surfiace and an
outer bottom surface and a plurality of “fibrous plies” deseribes more than one ply of
the fibrous structures. A “single-ply” of usidirectionally oriented fibers/tapes
comprises an arvangement of fibersfapes that are aligned in a unidirectional,
substantiably parallel arrgy. This type of arrangement is also known inthe artas a
“unitape”, “unidirectional tape”, “UD” or “UDT.” As used herein, an “array”
describes an orderly arrangement of fibers, yvarns or tapes, which is exclusive of
woven and knitted fabrics, and a “paralle! array” desoribes an orderly, side-by-side,
coplanar paraliel arrangement of fibers, varns or tapes. The term “oriented” as used in
the context of “oriented fibers/fapes™ refers to the alignment direction of the
fibersfiapes rather than o streiching of the fibersAapes. The term “fabric” describes
structures that may inclode one or more fibrous pliss, with or without
consolidation/molding of the plies. A non~woven fabric formed from unidirectional
{ibers/tapes typically comprises a plurality of non-woven fibrous pliss that are stacked
on gach other surface-to-surface in 8 substantially coexiensive fashion and
consciidated. When used herein, a “single-layer” structure refers to any monolithic
fibrous structure composed of one or more individual pliss, wherein multiple plies
have been merged by consolidation or molding technigues. The term “composite” in
the context of this disclosure refers to combinations of fibersfyvarnsiiapes with a
polymeric binder material, and the term “fibrous” denotes materials made with

fibersfyarns as well as tapes,

As used herein, 2 “high tensile strength™ fiber is one which has a tenacity of at least
1& g/denier, an inttial tensile modulus of at least about 130 g/denier or more, and an
energy-to-break of at least about 8 Jg or more, cach as measured by ASTM D2256.
The high tensile strength fibers preferably have a tenacity of greater than 10 g/denier,
more preferably at least about 15 g/denier, still more preferably at least about 20

gldenier, still more preferably at least about 27 g/denier, more preferably a tenacity of

@
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from about 28 gidenier to abouwt 60 gldenier, still more preferably from about 33
g/denier to about 60 g/denier, still more preferably 39 g/denier or more, still more
preferably from at least 39 g/denier to about 60 g/denier, still more preferably 40
gidenier or more, stll more preferably 43 g/denier or more, or at Jeast 43.5 g/denier,
stilt more preferably from about 45 g/denier to about 60 g/denier, still more preferably
at least 43 p/denier, at least about 48 g/denier, at least about 50 g/denier, at least about

53 g/denier or at least about 60 g/denier.

Particularly suitable high tenacity fibers include polyolefin fibers, such as high
molecular weight polyethylene fibers, particularly ultra-high molecular weight
polyethyiene fibers, and polypropyiens fibers, Also suitable are aramid fibers,
particularly para-aramid fibers, polyamide fibers, polvethylone terephthalate fibers,
polyethyiene naphthalate fibers, extended chain polyvinyt aleoho! fibers, extended
chain polyacrylenitrile fibers, polybenzaxazole (PBO) fibers, polybenzothiazole
{PBT) fibers, liguid crysial copolyester fibers, rigid rod fibers such as M3® fibers,
and glass fibers, including electric grade fiberglass (E-glass; jow alkali borosilicate
glass with good electrical properties), structural grade fiberglass (S-glass; a high
strength magnesia-alumina-silicate} and resistance grade fiberglass (R-glass; a high
strength alumine silicate glass withow magnesium oxide or caleium oxide). Fachof
these fiber types is conventionally known in the art. Also suitable for producing

polymeric fibers are copolymers, block polymers and blends of the above materials,

The maost preferred fiber types for the second fibrous material and optional third
fibrous material are high performance fibers including polyethylene fibers
{particularly extended chaln polyethylene fibers), aramid fibers, PRO fibers, Hquid
erystal copolyester fibers, polyvpropylene fibers (particularly highly orlented extended
chain polypropylens fibers}, polyviayl alcohol fibers, polyacrylonitrile fibers, glass
fibers and rigid rod fibers, particularly M3® rigid rod fibers, Specifically most

preferred are polyethylene fibers and aramid fibers,

in the case of polyethylene, preferred fibers are extonded chain polyethylenss having
molecular weights of at least 300,000, preferably af least one million and more
preferably between two million and five million. Such extended chain polvethylene
{ECPE} fibers may be grown in solution spinning processes such as described in 1.5,

3)
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patents 4,137,354 or 4,336,138, which are incorporated herein by reference, or may be
spun from a solution to form a gel structure, such as described in UL8. patents
4,413,110; 4,336,536; 4,551,296, 4,663,101, 5,006,304, 5,032,338; 5,578,374;
5,736,244, 5,741,451, 5,938,582, 5,972 498; 6,448,35%; 6,746,875; 6 468,553,
7,078,099, 7,344,668 and U5, patent application publication 20070231572, all of
which are incorporated herein by reference. Particularly preferred fiber types are any
of the polyethylene fibers sold under the trademark SPECTRAR from Honeywel

International Ing. SPECTRA® fibers are well known in the art.

Particularly preferred methods for forming UHMW PE fibers are processes that are
capable of producing UHMW PE fibers having tenacities of at least 39 gidenier, most
preferably where the fibers are multi-filament fibers. The most preferred processes
include those described in commoniy-owned UL8, patents 7,846,383; 8,361,366,
8.444,898; 8,747,718, as well as ULS, publication no. 20110269339, the disclosures
of which are incorporated by reference herein to the extent consistent herewith, Such
processes are called “gel spinning” processes, also referred to as “solution spinning,”
wherein a solution of ultra high molecular weight polyethylene and a sobvent is
formed, followed by extruding the solution through a wulti-orifice spinneret to form
solution filaments, cooling the solution filaments into gel filaments, and extracting the
solvent to form dry filaments. These dry filaments are grouped into bundles which
are referred o in the art as either fibers or yarns., The fibers/varns are then stretched

{drawn} up o a maximum drawing capacity 1o increase thelr tenacity.

Preferred aramid {aromatic polyamide) fibers are well known and commercially
available, and are described, for example, in U.S. patent 3,671,542, For example,
usetul aramid flaments are produced commercially by DuPont under the trademark of
KEVLAR®. Also usefisl harein are poly{m-phenylene isophthalamide) fibers
produced commercially by DuPont of Wilmington, DE under the trademark
NOMEX® and fibers produced commercially by Teijin Aramid Gmbh of Germany
under the trademark TWARON®:; sramid fibers produced commercially by Kolon
industries, Inc. of Korea under the trademark HERACRON®; p-aramid fibers

S¥YM ™ and RUSAR™ which are produced commercially by Kamensk Volokno JSC
of Russia and ARMOS™ p-aramid fibers produced commercially by ISC Chim

Yolokno of Russia.
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Suitable PBO fibers are commercially available and are disclosed for example in U8
patents 5,286,833, 5,296,185, 5,356,584, 5,534,205 and 6,040,050, each of which is
incorporated herein by reference. Suitable liguid crystal copolvester fibers are
commercially available and are disclosed, for example, in U.S. patents 3,975,487,
4,118,372 and 4,161,476, each of which is incorporated herein by reference, snd
including YVECTRAMN® liguid orystal copolyesier fibers commercially available from
Kuraray Co., Lid. of Tokyo, Japan. Suitable polypropylens fibers include highly
oriented extended chain polypropyiene {(ECPP) fibers as desoribed in U.S. patent
4,413,110, which is incorporated hersin by reference. Sultable polyvinyi alechol
{PYV-OH} fibers are described, for example, in UK, patents 4,440,711 and 4,599,267
which are inoorporated herein by reference. Suitable polyacryionitrile (PAN) fibers
are disclosed, for example, in LULS, patent 4,335,027, which is incorporated hersin by
reference. Each of these fiber types is conventionally known and is widely
commercially available. MS® fibers are formed from pyridobisimidazole-2, f-diyl
{2,5-dihydroxy-p-phenylene) and were most recently manufactured by Magellan
Systems Internations! of Richmond, Virginiz and are described, for example, in U8,
patents 3,674,969, 5,938,553, 5,945,537, and 6,040,478, each of which is incorporated
herein by reference. The lerm “rigid rod” fibers is not Himited to such
pyridobisimidazole-based fber types, and many PBO and aramid fiber varieties are
often referred o as rigid rod fibers. Commercially available glass fibers include 52-
Glass® S-glass fibers commercially avatlable from AGY of Atken, South Carcling,
HiPerTex™ E-Glass fibers, commercially available from 3B Fibreglass of Battics,
Belgium, and VETROTEX® R-glass fibers from Saint-Gobain of Courbevoig,

France,

As used herein, the term “tape” refers to a flat, narrow, monolithic strip of material
having a length greater than its width and an average cross-sectional aspect ratio, ie.
the ratio of the greatest to the smallest dimension of cross-sections averaged over the
fength of the tape article, of at least about 3:1, Known tapes may be fibrous or non-
fibrous, wherein a “fibrous” iape comprises one or more filaments. The cross-section
of a tape of this disclosure may be rectangular, oval, polygonal, irregular, or of any

shape satisfving the width, thickness and aspect ratio requirements outhined herein.

&
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Such tapes preferably have a substantially rectangular cross-section with a thickness
of about 0.5 mun or less, more preferably about §.25 mm or less, still more preferably
about 0.1 men or less and still more preferably about .05 mm or less, In the most
preterred embodiments, the polymeric tapes have a thickness of up to about 3 mils
{76.2 pm}, more preferably frony about 8.35 mil (8.8% pm) to about 3 mils (76.2 um),
and most preferably from about 033 mil to sbout 1.5 mils (38,1 pm). Thickness is

measured at the thickest region of the cross-section.

Tapes usetul herein have preferred widths of from about 2.5 mum to about 50 mm,
more preferably from about § mm to about 25.4 mm, even more preferably from
about § mm o about 20 mim, and most prefevably from about & mm to about 10 mm.
These dimensions may vary but the tapes used herein are most preferably fabricated
5 have dimensions that achieve an average cross-sectional aspect ratio, Le. the ratio
of the greatest to the smallest dimension of cross-sections averaged over the length of
the tape article, of grester than about 311, more preferably at least about 501, still more
preferably at least about 11, still more preferably at least about 2001, still more
preferably at least about 5{01, still more preferably at least about 10001, still more
proferably at Jeast about 25301 and most preferred tapes have an average cross-

sectional aspect ratic of at least about 400:1,

Tapes are formed by conventionally known methods. For example, 2 fabric may be
cut or skt into tapes having a desired length, An example of  slitting apparatus is
disclosed in U.5. patent 6,098,510 which teaches an apparatus for slitting a sheet
material web as it is wound onto said roll, Another example of a slitting apparatus is
disclosed in ULS. patent 6,148,871, which teaches an apparatus for slitling a shest of a
polymeric film into a plurality of film strips with a plurality of blades, The
disclosures of both U5, patent 6,098,510 and U8, patent 6,148,871 are incorporated
herein by reference o the exient consistent herewith., Such methods are particularly
useful for forming non-fibrous polymeric tapes but the method of fabricating non-

fibrous, polymeric tapss s not intended 1o be Hmiting.

Particularly usetul methods for forming multi-filament fibrous tapes are described in
commonly-owned 1LS. patents 8,236,119, 8,697,220; §,685,51%; 8,852,714;
8,906,485, each of which is incorporated herein by reference 1o the exient consistent

i3
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herewith. Each of these patents describes methods where a multifilament feed
fiber/yarn is compressed and flattened o form a tape. Particularly, U5, patent
8,236,119 teaches a process for the production of a polyethviens tape article
comprising: {a} selecting at least one polyethylene multi-filament varn, said yarn
having a c-axis orientation function at least .94, an intrinsic viscosity when measured
in decalin at 135°C by ASTM D1601-89 of from abomg 7 dlfg to about 40 dlg, and
said yarn having a tenacity of from about 15 g/d o about 100 g/d as measured by
ASTM D32256-02 at a 10 inch (254 cm) gauge length and at an extension rate of 140
Y%/min; (b} placing said varn under a fongitudinal tensile force and subjecting said
yarn 1o at least one transverse compression step to flatten, consolidate and compress
said yarn 8t a temperature of from about 25°C 1o about 137°C, thereby forming a tape
article having an average cross-sectional aspect ratio at least sbout 1801, each said
compression step having an outset and a conclusion wherein the magnitude of said
longitudinal tensile force on each said yarn or tape article at the ouiset of each said
compression step is substantially equal o the magnitude of the longitudinal tensile
force on the yarn or tape article af the conclusion of that same compression step, and
is at least about 0,23 Kilogram-foree (2.45 MNewtons); {c} siretehing said tape article at
least once at 3 temperature in the range of from about 130°C to about 160°C at 2
streteh rate of from about 0.001 min” {0 about T min™; () optionally repeating step
(b} one or more times at s temperature from about 100°C to about 160°C; {e}
optionally repeating step {¢} one or mors times; {f) optionally relaxing the
longitudinal tensile force between any of steps {b) 1o {e); {(g) optionally increasing the
longitudinal tensile force between any of steps b) to {2); and {h) cooling said tape
article to a temperaturs less than about 70 °C under tension. This process may also be
moditied by, prior to step (b}, optionally continuously passing the varn through one or
more heated zones at temperatures of from about 180°C 1o about 160°C under tension,
tollowed by stretching the heated varn at least once at & siretch rate of from about
0.01 min! to about § min. The compressed and flattened multi-filament tapes
formed aceording to the methods of these commoniy-owned patents are particularly

desirable herein.

Particularly suitable high-strength, high tensile modulus non-fibrous polymeric tape
materials are polyolefin tapes. Preferred polyvolefin tapes include polyethylens tapes,

such as those commercially available under the trademark TENSYLON®, which is
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commercially available from E. L du Pont de Nemours and Company of Wilmington,
DE. See, for example, LS. patents 5,091,133; 7,964,266; 7,964,267, and 7,976,930,
all of which are incorporated herein by reference. Also sultalde are polypropylens

tapes, such as those commercially available under the trademark TEGRIS® from

o

Milliken & Company of Spartanburg, South Carolina. See, for example, U8, patent
7,300,691 which is incorporated herein by reference. Polyolefin tape-based
composites that are useful as spall resistant substrates herein are also commercially
available, for example under the trademark DYNEEMA® BT10 from Royal DBSM
MN.Y. Corporation of Heerlen, The Netherlands and under the trademark
10 ENDUMAX® from Teijin Aramid Gmbh of Germany. Also useful are the fibrous
and non-fibrous tapes deseribed in commonly-owned U8, patents publications
8,986,810; 9,138,961 and 8,291,440, each of which is incorporated herein by
reference to the extent consistent herewith. Non-fibrous, polymeric tapes useful herein
will have the same preferred thicknesses and aspect ratios as the fiber-based tapes, but
15 may be fabricated to have wider widths of from about 2.5 mm to about 21 om, more
preferably from about 2.5 mm to about 10 om, still more preferably from about 2.5
min 10 5 o, still more prefersbly from about 2.3 mm to about 25 mm, even more
preferably from about 3 mm o about 20 mm, and most preferably from about S mm

1o about 10 mm,

20
Like fibers, multi-filament tapes may be fabricated from the exact same polymer
fypes discussed above for fibers, because such tapes are formed by compressing and
Hlattening such fibers. Accordingly, like fibers, the tapes may be of any suitable
denier, preferably having a denier of from about 56 to about 30,600, more preferably
23 from about 200 to about 10,000 denier, stilt more preferably from about 658 to about

2000 denier, and most preferably from about 800 to about 1500 denier. Additionally,
usefil tapes are preferably “high tensile strength” tapes having a tenacity of at least 190
gidenier, an initial tensile modulus of at least about 150 g/denier or more, and an
energy-to-break of at least about & ¥y or more, each as measured by ASTM DES2-09

30 at 16 inch (254 cm) gauge length and at an exiension rate of 100%/min. The high
tensile strength tapes preferably bave a tenacity of greater than 10 g/denier, more
preferably at least about 15 g/denier, still more preferably at least about 20 g/denier,
siitl more preforably at least about 27 g/denier, more preferably g tenacity of from

sbout 28 g/denier to about 60 g/denier, still more preferably from about 33 g/denier o
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about 60 g/denier, still more preferably 39 gidenier or more, still more preferably
from at least 37 gidenier to about 60 gldenier, still more preferably 40 g/denier or
more, still more preferably 43 gidenier or more, or at least 43,5 g/denier, still more
preferably from about 45 g/denier to about 60 g/denier, still more preferably at least
45 g/denier, at least about 48 g/denier, at least about 58 g/denier, at least about 55
gidenier or at least about 60 g/denier, cach as measured by ASTM D8E2-09 at 10 inch

(25.4 cm) gauge length and at an extension rate of 100%/min.

The fibrous plies of this disclosure may individually comprise any type of uni-axial or
mulli-axial fabric, including woven fabrics, non-woven fabrics formed from
unidirectionally oriented fibers/tapes, non~woven felted fabrics formed from
randomly oriented fibers, or knitted fabrics, Woven fabrics may be formed using
techniques that are well known in the art using any fabric weave, such as plain weave,
crowloot weave, baskel weave, satin weave, twill weave, three dimensional woven
fabrics, and any of thelr several variations, Plain weave is most commeon, whers
fibers/tapes are woven together in an orthogonal 0°/80% orlentation with warp
fibersftapes oriented perpendicalar to weft () fibersitapes, and is preforred. The
warp and weft (fill} count, known in the art as a “pick count” or “mesh count,” is g
measure of the density of the woven fabric. Plain weave fabrics may have an equal or
unequal warp and weft count. o this regard, preferved first fibrous materials have a
preferred pick count of from about 20 ends per inch to about 8¢ ends per inch in sach
of the warp and weft directions, more preferably from about 25 ends per inch 1o about
78 ends per inch in each of the warp and weft divections, and most preferably from
about 25 ends per inch to about 80 ends per inch in each of the warp and weft
directions. Preferred second fibrous materials have a preferred pick count of from
about 15 ends per inch to about 70 ends per Inch in each of the warp and weft
directions, more preferably from sbout 20 ends per inch to abowt 60 ends per inch in
each of the warp and weft directions, still more preferably from about 20 ends per
inch to about 50 ends per inch in each of the warp and weft directions, and most
preferably from about 25 ends per inch to about 40 onds per inch in each of the warp

and weft directions.

Knit fabric structures are typically formed from fibers rather than tapes and are

constructions composed of intermeshing loops, with the four major types being tricot,
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raschel, net and oriented structures. Phug to the nature of the loop structure, kaits of
the first three categories are not as suitable as they do not take full advaniage of the
strength of g fiber, Oriented knitted structures, however, use siraight infaid varns held
in place by fine denier knitted stitches. The fibers are very straight without the crimp
ettect found in woven fabrics due o the interlacing effect on the varns. These laid in
varns can be oriented in 2 monoaxial, biaxial or multi-axial divection depending on ihe
engineered requirsments. It is preferred that the specific kot eguipment used in

laying in the load bearing yarns s such that the yarns are not pierced through.

Felis are also formed from fibers rather than tapes and may be formed by one of
several techniques known in the art, such a3 by carding or fluid layving, meh blowing
and spin laying. A felt is a non-woven network of randomly orlented fibers,
preferably at least one of which is a discontinuous fiber, preferably s staple fiber

having & length ranging from about 0.23 inch (0,64 cm) to about 10 inches (25.4 cm).

A non-woven unidirectional fibrous ply of the disclosure may be formed by
conventional methods in the art, but withow! impregnating the ply with a resin, as
discussed below, For example, in a preferred method of forming a non-woven
unidirectional fibrous ply, a plurality of fibers/tapes are arranged into an array,
typically being arvanged as 3 web comprising a plurality of fibers/tapes aligned ina
substantially parallel, unidirectional array. In a typical process that utitizes mult-
filament fibers, fiber bundles are supplisd from a creel and led through guides and one
or more spreader bars into a collimating comb. This is typically followed by coating
the fibers with a particulate polymeric binder material. A typical fiber bundle (as well
as a typical multi-filament tape) wili have from about 34 to about 2000 individus!
filaments. The spreader bars and collimating comb disperse and spread out the
bundled fibers, reorganizing them side-by-side in a coplanar fashion. ldeal fiber
spreading results in the individual filaments or individual fibers being positioned next
to one another in a single fiber plane, forming a substantially unidirectional, parallel
array of fibers withowt fibers overlapping cach other. When tapes are utilized rather
than fiber bunddies, the tapes are arranged in a side-by-side array, preferably edge-to-
edge without adjacent tapes overlapping sach other, directly from a creel without the

need o spread filaments using spreader bars or a collimating comb.
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Whether unidirectional non-woven, felted non~woven, woven or knitted, the ballistic
effectiveness of the compaosite material is maximized by combining and merging &
plurality of fibrous plies into a unitary composite. In this regard, 2 plurality of single
plizs of the selected fabric/fibrous ply type are stacked on top of cach other in
coextensive fashion and merged, Le. consolidated, together. The number of plies in
the unitary compaosite will vary depending on the desired end use and the desired
ballistic resistance and weight requirements. In preferred embodiments, g multi-ply
fibrous material preferably includes from 2 1o about 106 fibrous plies, more
preferably from 2 to about 83 fibrous plies, and most preferably from about 2 o gbout
&5 fibrous plies. When the multi-ply composite comprises a plurality of
unidirectional non~woven fibrous plies, it is typical for a plurality of such plics to first
be formed into a 2-ply or 4-ply unidirectional non-woven fibrous “layer,” also
referred to in the art as a “pre-preg,” prior to combining & phurality of such *layers” or
“pre-pregs” together to form the section, Each fibrous “layer” or “pre-preg” typically
inciudes from 2 to about 6 fibrous plies, typically being cross-plied at §%/90°, but may
include as many as about 10 to about 2§ fibrous pHes as may be desired for various
applications, with alternating layers preferably being cross-plied at alternating 0°/90°

orientations {although other angular orientations are also useful),

There are many means available for joining a plurslity of fibrous plies together into a
mslti-ply structure, including mechanical means {e.g., stitches, staples, rivets, bolts,
screws, efc.} and adhesive means {L.e., with 2 polymeric binder, often referred o in the
art as a “polymeric matrix”™), with adhesive attachment being the most common.
When combining non-woven plies in particular, a polymeric binder is generally also
needed to initially to merge the fibersftapes together Into individual ply form prior 1o
forming pre-pregs and/or merging & plurality of plies together. Methods for applying a
polymeric binder material to fibrous plies/layers are well known inthe art. Ina
conventiona! method of the prior art, 8 binder is applied as 8 continuous coating,
typically wherein fibers are fully coated or encapsulated by the binder, typically by
coating fibers with a molien polymer or 3 polymer solution, thereby allowing the
binder to flow around and between fibers, sspecially when the fabrics are
thermopressed. Additionally, in the conventional methods of the prior art, fibrous
plies are formed by “impregnating” the plies with the binder wherein the binder
material diffuses into the fibrous ply and is not simply on a surface of the ply, Le.,

I8
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such that the fibers are embedded in or encapsulated by the binder polymer. However,
inn the present disclosure, the fibers/tapes are not coated with a molten polymer ora
polymer solution, but rather with a particulate binder material, and although the

fibrous plies are attached to each other using adbesive means, the fibrous plies are not

73

impregoated with, embedded in or encapsulated by the resin. Rather, they are surface
coated only, and more specifically only partially surface coated with the binder. After
being coated onto fibersftapes in particulate form, the coated plies are preferably
heated 1o a temperature that is sufficlent to soften and/or melt all the particles,
preferably fully and completely melting all the particles. In this regard, a3 described
18 herein, “fully melted” is intended to mean that all of the binder panticles will be at
least partially melied, preferably completely melied. A used hersin “completely
melied” is intended to mean that ali the particles have been entirely melied rather than
some or all particles being only partially melted. However, even when the binder is
fully and completely melted, the particles are so small that they remain localized in
15 their original location of application. In this regard, the particles preferably have an
average particle size (diameter) of from about 36 pm to about 700 pm, more
preferably from about 80 piw to about 600 pm, still more preferably from about 80
wmt 0 about 384 pm, still more preferably from about 80 wm to sbout 400 um, still
more preferably from about 80 wm to about 300 prm, still more preferably from about
26 BU pmto about 200 um and most preferably from about 100 pm to about 200 pm.
Preferably, gt least about #0% of the particles have a particle size (diameter) that is

within 40 pm of the average particle size.

As discussed below, in 2 preferred embodiment wherein the particulate costed fibrous

25 plies are initially passed through a press to form pre-pregs, such as a flat-bed
laminator, the application of pressure will spread the binder out by a small amount.
However, the binder remains discontinuous and does not encapsulate fibers/iapes or
otherwise impregnate the fibrous plies. Additionally, a cooling step that optionally
tollows the heating/pressing of the plies causes a re-solidification of any melted

i binder. When the binder is g crystalline polymer, any meliing of the binder transforms
the polymer into an amorphous state while cooling back below is transition
temperature results in re-solidification and recrystallization. Polymers shrink as they
cool from ther melied state, and accordingly, the surface area coverage of the binder
on the fibers/tapes may be reduced upon cooling and re-solidification of the molien

i
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binder. This uniquely maintains the open, empty spaces within the pre-pregs prior to
moiding/consolidation, so that upon molding/consolidation air present within the
fiber/tape layers and/or multi-ply composite is pressed out or evacuated through the

open areas in the plies/stack of pliss instead of pressing through resin-costed areas.

Any useful method of applying the particulate binder may be employved, including
particle/powder spraying, including conventional electrosiatic spray methods such as
corona powder spraying or ribo powder spraying with commercially available corona
or tribo powder spraying cquipment. Also useful is particle/powder sprinkling such as
gravily sprinkling, which can be accomplished manually or can be automated, or any
other well-known powder coating technigue that will effectively coat the fibersftapes
with a dry particulate binder without using a Hauid carrier. Sultable powder spraying
equipment is commercially available, for example, from Mitsuba Systems of Mumbai,
India, such as the Multistatic Series 700, Sprayright Series 700, Tribo Series and fcoat
Series equipment from Mitsuba Systems, as well commercially available Aulomatic
Powder Coating equipment from Mitsuba Systems. Also suitable are powder
applicators commercially available from Neordson Corporation of Westlake, Uhio.
One exemplary powder spraying apparatus useful herein is described in U.S. patent
5,678,77( to Mitsuba Systems, which is incorporated herein by reference to the extent
consistent herewith, Other useful methods are described in UK, pre-grant publication
2005/0169836, which is incorporated hergin by reference to the extent consistent
herewith, Also useful are methods of electrostatic fluidized (dry) bed coating and
electrostatic magnetic brush coating, which are well known powder application
technigues. The method of particle application is not intended 1o be sirietly limiting
gxcept that the particles are applied dry and solvent free, and this specifically excludes
the application of particulate resing in the form solutions, emulsions or dispersions.
This dry binder application method is particularly desirable because i enables the
resin 1o be applied to the fiber/tape surfaces without the need to support the fiber/tapes
on & release paper/tilm, which is conventionally needed when coating unidirectional
fiber arrays with & molten/liguid resin. In said conventional methods, such a release
paper must be removed prior o further processing, which adds additional, undesirable

complexity o the fabrication process,
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The binder as applied will also not have 3 heat history. In this regard, a binder having
no “heat history” is a binder that has not been melted prior o its application onto the
fibers, with the exception of any heating/melting that may have occurred during
polymerization/manufacture of the powder itself. Atter the binder is applied and
subsequently melted, the binder will then have a “single-melt” heat history, which
means that i has been heated anly ance. If the binder is re-solidified after application,
e.g. by cooling, and then melied again in 2 molding/conselidation step, the binder will

then have a “double-melt” heat history.

in arder to optimize the anti-ballistic properties of the fibrous materials of the
disclosure, if is preferred that the binder is such that the total weight of the binder ina
fibrous material comprises about 30% by weight or less, more preferably about 20%;
by weight or less, still more preforably about 10% by weight or less, still more
preferably 7% by weight or less, still more preferably about 6% by weight or less and
most preferably about 5% by weight or less of the fibrous material, based on the
weight of the fibersftapes plus the weight of the binder. In more preferred
embediments, the binder comprises from about 2% to about 30% by weight, more
preferably from about 2% to about 20%, stil! more preferably from about 2946 to about
20%, suill more preferably from about 2% to about 20%, and most preferably from

about 2% to about 10% by weight of the fibers/tapes plus the weight of the binder.

Suitable polymeric binder materials include both low tensile modulus, elastomeric
materials and high tensile modulus materials. As used hereln throughout, the term
tensite modulos mweans the modolus of elasticity, which for polvmeric binder materials
is measured by ASTM D638, For the purposes of this disclosure, a low modulus
elastomeric material has a tensile modulus measured ai about 6,000 psi (41.4 MPa) or
fess according to ASTM D638 testing procedures. A low modulus polymer s
preferably an elastomer having 3 tensile modulus of about 4,000 pei (27.6 MPa) or
less, more preferably about 2404 psi {16.5 MPaj or less, still more preferably 1200 pai
{8.23 MPa) or less, and most preferably is about S0 psi (3.45 MPa) or less. The
glass transition temperature {Tg) of the low modulus elastomeric material is
preferably less than about 0°C, more preferably the less than about -40°C, and most
preferably less than about -S0°C. Preferred low moduhss elastomeric materials also
have a preferred elongation to break of at least about 50%, mare preferably at least

2
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about 100% and most preferably at least about 3008%. Whether 2 low modulus
material or 2 high modulus material, the polymeric binder may also include fillers
such as carbon black or silica, may be extended with oils, or may be vulcanized by

sulfur, peroxide, metal oxide or radiation cure systems as is well known in the art,

A wide variety of low modulus polymers and formulations may be utilized as a binder
sol long as that they are capable of being applied in particulate form In accordance
with this disclosure. Reprasentative examples include polvbutadiene, polvisoprene,
natural rubber, ethylene-propylene copolymers, ethylene-propyiens-diene
terpolymers, polysuifide polymers, polvurethane slastomers, chiorosulfonated
polyethylene, polychloroprene, plasticized polyvinyichioride, butadiene acrylonitrile
elasiomers, poly{isobutylene-co-isopreng}, polyacrylates, polyesters, polvethers,
flucrociastomers, silicons elastomers, polyolefing (preferably thermoplastic
polyolefins) including polvethylens and copolymers of sthylene, polyamides (useful
with some fiberftape {ypes), acryionitrile butadiene styrene, polycarbonates, and
combinations thereof, as well as other low modulus polymers and copolymers curable
below the melting polat of the fiber. Also useful are blends of different elastomeric

materials, or blends of elastomeric materials with one or more thermoplastics.

Particularly useful are block copolymers of conjugated dienes and vinyl aromatic
monomers. Butadiene and isoprene are preferred conjugated diene elastomers,
Styrene, vinyl toluene and t-butyl stvrene are preferred conjugated aromatic
monomers. Block copolymers ineorporating polyisoprene may be hydrogenated to
produce therrmoplastic elastomers having saturated hydrocarbon elastomer segments,
The polymers may be simple tri-block copolymers of the type A-B-A, multi-blogk
copolymers of the type (AR (n= 2-10) or radial configuration copolymers of the type
R-{BA (x=3-150}; wherein & is a block from a polyvinyl sromatic monomer and B
is 7 block from a conjugated diens clastomer. Many of these polymers are produced
commercially by Kraton Polymers of Houston, TX and described in the bulletin
"Kraton Thermoplastic Rubber”, 5C-68-81, Also useful are resin dispersions of
styrene~isoprenc-styrene {818} block copolyvmer sold under the trademark PRINLIN®
and commercially available from Henkel Technologies, based in Disseldorf
Germany. Conventional low modualus polymeric binder polymers emploved in
ballistic resistant composites include polystyrene-polvisoprene-polystyrene block

22
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copolymers sold under the trademark KRATON® commercially produced by Kraton

Polymers.

Suitable particulate polyethylenss non-exclusively include VLDPE (Very Low
Beensity Polyethylens}, LDPE (Low Density Polyethylene), LLDPE (Linear Low
Density Polyethyleng), MDPE (Medium Density Polyethyione}, HDPE (High Density
Polyethyviene), poly(methylene}, m-LOPE (metabliocens-LDPE), m-LLDPE
{metallocene-LLDPE}, m-MEPE {metallocens-Medium Density Polyethylens) and
COCs (Cyelic Oletin Copolymers). Such polyethyienes are commercially available,
such as from Goodfsliow Corporation of Coraopolis, PA or Resines of
Buckinghamshire, United Kingdom. Useful ethylene copolymers non-exclusively
include ethylene vinyl acetate (EVAY, ethylene acrylic acid (EAA) and others

preferably having high ethylens content,

Sutiable particulate nylons von-exclusively include homopolymers or copolymers
selected from aliphatic polyamides and aliphatic/aromatic polyamides having a
molecular weight of from about 5,000 to about 200,000, General procedures useful
for the preparation of polyamides are well known to the art. Such include the reaction
products of diacids with diamines. Useful discids for making polvamides include

dicarboxylic acids which are represented by the general formula

HOOGC-Z--{C00H

wherein 7, is representative of a divalent aliphatic radical containing at least 2 carbon
atoms, such a5 adipic acid, sebacic acid, ocladecanedioic acid, pimelic acid, suberic
acid, azelaic acid, dodecanedioic acid, and ghutaric acid. The dicarboxylic acids may
be aliphatic acids, or aromatic acids such gs isophihalic acid and terephthalic acid.

Suitable diamines for making polyamides include those having the formula

HaN{CHop eNH2

wherein n has an integer value of 1416, and includes such compounds as
rimethylenediamine, teiramethyienediamine, pentamethylenediamine,
hexamethylenadiamine, octamethylenediamine, decamethyienediaming,
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dodecarnethylenediamine, hexadecamethylenediamine, aromatic diamines such as p-
phenylenediamine, 4,4'-diaminodiphenyl ether, 4 4 -diaminodipheny! suiphone, 4,4'-
diaminodiphenyimethans, alkyviated diamines such as 2,2~

dimethylpentamethy lenediamine, 2,2, 4-irimethylhexamethylenediaming, and 2,4,4
trimethyipentamethylenediamine, as well as cycloaliphatic diamines, such as
diaminodicyclohexyimethane, and other compounds, Other useful diamines include

heptamethylensdiamine, nonamethylenediamine, and the like.

Useful polvamide homopolymers include poly{4-amincbutyric acid) {nyvion 4},
poly{é-aminchexanoic acid) (nylon 6, also known as polyv{saprolactam}), poly{7-
amincheptancic acid} {nylon 7}, poly{&-aminooctancic acidi(nylon &), poly(®-
aminononancic acid) (nylon 9}, poly(18-aminodecancic acid) {nylon 10}, polv(ii-
aminoundecanoic acid) (nylon 1), poly{1Z2-aminododecanaic acid) {nylon 123, while
useful copolymers include nylon 4,8, poly(hexamethyiene adipamide) {nylon 8,6,
poiy{hexamethylene sebacamide) (nylon 6,10}, poly(heptamethylene pimelamide)
{aylon 7.7}, poly{octamethylene suberamide) (nylon &8}, poly(hexamethyiens
azelamide} (nylon 6,9}, poly(nonamethylene azelamide) {(nylon 9.9),
poly{decamethylene azelamide} {nyvion 10,9), poly(tetramethyienediamine-co-oxalic
acid) {nylon 4,2}, the polyamide of n-dodecanedioic acid and hexamethylenediamine
{nvlon 6,12}, the polvamide of dodecamethylenediamine and n-dodecanedioic acid
{nylon 12,12} and the like. {her useful aliphatic polyamide copolymers includs
caprolactarvhexamethylene adipsmide copolymer (nyvion 6,6/6), hexamethylene
adipamide/caprolactam copolymer (nylon 6/6,6), irimethylens
adipamide/hexamethyiene azelalamide copolymer (nylon trimethyl 8,2/8,2),
hexamethylene adipamide-hexamethylene-szelaiamide caprolactam copolymer (nylon
6,5/6,9/6) and the like. Also included are other nylons which are not particularly

delineated here.

Of these polyamides, preferred polyamides include nylon 6, nylon 6,8, nvlon 6/6,6 as

well as mixtures of the same. Of these, nyion 6 is most preferred.

Aliphatic polvamides used in the practice of this invention may be obtained from

commercial sources or prepared in accordance with known preparatory technigues.
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For example, poly{caprolactam) can be obtained from Honeywell Intornational Ing.,

Muorristown, New Jersey under the trademark CAPRON®.

Exemplary of aliphatic/aromatic polyamides include polyQietramethylenediaming-co-
isophihalic acid) (nylon 4,1, polvhexamethylene isophthalamide (nvion 6,14
hexamethylens adipamide/hexamethylens-isophthalamide (nylon 6,6/61,
hexamethy lene adipamide/hexamethylencterephthalamide (nylon 6,647, poly (2.2.2-
trimethy! hexamethylene terephthalamide), poly{m-xylviene adipamide) (MX D6},

poiv{p-xylylene adipamide), polyv{hexamethylens terephthalamide),

polyamide MXDE, and the like. Blends of two or more aliphaticiaromatic polyamides
can alse be used. Aliphatic/aromatic polyamides can be prepared by known
preparative technigues or can be obtained from commercisl sources. Other suitable
polyamides are described in ULS. patents 4,826,955 and 5,541,267, which are

incorporated herein by reference.

High modulus, rigid materials generally have an initial tensile modulus greater than
5,000 psi. Useful high modulus, rigid polymeric binder materials fnchude
polyurethanes (both ether and ester based), epoxies, polyacrylates, phenolic/polyvinyl
butyral (PVB) polymers, vinyl ester polymers, styrene-butadiene block copolvmers,
as well as mixtures of polymers such as vinyt ester and diallyl phihalate or phenol
formaldehyde and polyvinyt butyral, However, low moedulus binder materials are
preferred over bigh modulus binder materials. Also useful are the binder materials
described in LS. patent 6,642,159, the disclosure of which is incorporated hersin by
reference. However, any resin that is available or sold in the form of a solution,
erpulsion or dispersion must necessarily be separated from its solvent or liquid carrier

prior to deposition onto the fibers/tapes.

Most specifically preterred binder polymers are polar resins or polar polymers,
particularly polyurethanes within the range of both soft and rigid materials at a fensile
modulus ranging from about 2,000 psi (13,79 MPa) to about 8,000 pai (55,16 MPa).
Such includes polvester-based polyurethanes and polyether-based polyurethanes,
ineluding aliphatic polyester-based polyurethanes and aliphatic polvether-based
polyurethanes. The most preferred polyurethaves are those having a modulus at
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100% elongation of about 700 psi or more, with a particularly preferred range of 700
pst to about 3600 psi. More preferred are aliphatic polyurethanes having a modulus at
100% elongation of about 1300 psi or more, and still more preferably about 1100 psi
or more, Most preferred is an aliphatic, polyether-based polyursthane baving a

modulus of 1000 psi or more, preferably 1100 psi or more.

In an embodiroent where the binder comprises g blend of any of the above materials,
it is preferred that the blend comprises two different binders having different melting
points, In this embodiment, the binder-coated fibrous plies may be heated/laminated
al a temperature above the melting point of a first binder such that all of that first
binder is softened and/or partially melied, but below the melting point of the second
binder, such that none of the second binder s soflened or partially mehed. For
example, the particulate binder blend may comprise a blend of 3 low modulus binder
and a high modulus binder having differing melting points. Such may include
polymers that are chemically different (2.g., & blend of a polvester and an acrylic
potymer} or chemically the same (2.2, 2 blend of a low modulus polyurethans and 2

high modulus polyurethang), as would be determined by one skilled in the art,

In the process of the disclosure, prior fo coating with the particulate hinder, the
fibers/tapes are first pre-arranged into a continuous web of the desired fibrous
structure (L.e., non-woven unidirectional, non-woven felt, woven or knitted} according
o conventionat fabrication methods, For example, in a typical method of forming a
non-woven unidirectional fibrous ply, a plurality of continuous fibersfiapes are
formed into a fiber/tape web comprising fibers/apes aligned in g substantially
paratiel, unidirectional array of side-by-side fibers/tapes, As described above, when
the {ibrous ply is formed from multi-filament fibers rather than tapes, this is typically
accomplished by supplying fiber bundles from a ores! and leading the bundles through
guides and one or more spreader bars into a collimating comb, The spreader bars and
collimating comb disperse and spread out the bundled fibers, reorganizing them side-
by-side in a coplanar fashion. ideal fiber spreading resulis in the individual filaments
or individual fibers being positioned next t0 one another in a single fiber plane,
forming a substantially unidirectional, parallel array of fibers withowt fibers
overlapping each other. When tapes are utilized rather than fiber bundles, the lapes
are arranged in a side-by-side array, preferably edge-lo-edge without adjacent tapes
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overlapping each other, directly from a creel without the need 1o spread filaments

using spreader bars or a coliimating comb.

After the tapes are arranged into a tape-based web (side-by-side array of tapes), or
after the fibers are spread to form a fiber-based web {or after one of the ahternative
fibrous web structures are formed by weaving, knitting or felting} the particulate
binder ts then applied to the fibrous web according to the preferred application
method. Thereafter, the cogted web is then transferred to a flat-bed laminator where
the web is heated and pressed at a temperaturs within or above the melting point of
the binder polymer, and optionally followed by cooling in a cooling section of the
flat-bed laminator. This continuous lamingtion step at least softens and/or partially
melts the binder so that it bonds o the fiber/tape surfaces. In one embodiment, the
binder is only softened and/or partially melted by the heating step in the laminator. In
another embodiment, all of the binder particles are at least partially melied, but not
necessarily completely melied. In another embodiment, the entire binder s fully and

completely melted with none of the binder particles remaining unmehed.

in the preforred embeodiments, the flat-bed laminator is a dual belt flai-bed laminator,
such as the apparatus illustrated in Fig. 8 This preferred flat-bed laminator is
described in greater detail in commonly-owned U5, patent application serial no.
15/060,862, which is incorporated by reference herein to the exient consisient
herewith. As shown in Fig. 8, a binder coated fibrous web 20 is transporied through a
flat-bed laminator 38 which includes a first or upper belt 32 that is rotaiable about a
plurality of rollers 33, and a second or lower belt 34 that is rotatable sbout a plurality
of rollers 35, First and second belts 32, 34 may be costed with g non-stick costing,
for exarnple a fucropolymer-based material such as TEFLON®, commercially
avaiiable from E. L du Pont de Nemours and Company of Wilmington, Delaware,
First and second belts 32, 34 are spaced apart from cach other by a passagewsay 34 for
fibrous web 20 to pass through,  As shown in FIG, §, illustrative first belt 32 rotates
in a counter-clockwise direction and second belt 34 rotates in a clockwise direction
which advances fibrous web 28 through flat-bed laminator 30, In one embodiment,
first and second belts 32, 34 rotate at g speed of 1125 meters/second, and mreferably 3

meters/second to about 15 meters/second. {lustratively, first and second belts 32, 34
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have approximately the same length such that fibrous web 20 15 in contact with hoth

first and second belt 32, 34 for approximately the same length of time.

Flat-bed laminator 38 of FIG. § further includes a heating portion or zone 3§, a
5 cooling portion or zone 40, and a plurality of nip or pressure rollers 42 positioned

between heating portion 38 and cooling portion 46, As fibrous web 20 advances
within flat-bed laminator 30, fibrous web 20 is heated in heating portion 38, For
example, heating portion 38 may be configured for operation at temperatures of as
litte as 50°C, 80°C, 70°C, &0°C, or as great as $0°C, 100°C, 110°C, 120°C, 130°C,

1o 140°C, 150°C, or any range delimited by any pair of the foregoing values. Ina
preferred embodiment, the temperature of heating portion 38 is set above the melting
termnperature range of the particulate binder such that the binder fully melts, optionally
completely melting, in heating portion 38, Alternatively, as discussed in greater detail
below, in an optional pre-processing step, the heating portion 38 s setioa

15 temperature within the melting temperature range of the particuiate binder, but not
above the melting temperature range, and the coated web is sent for a first pass
through the laminator wherein the binder is not fully melted. This first pass may
optionally be followed by a second pass at a higher temperature where the binder is
fully meled, or the full and complete melting of the binder may be achieved during a

2 subsequent consolidation/molding of the fibrous material, as discussed in further
detail below. In the most preferred embodiments, heating poriion 38 is set to and
operates at a temperature of from about 100°C 1o sbout 150°C, more preferably from
about 160°C to about 140°C, and wherein the selected binders have melting points

within said range. In order to ensurs that the particulate binder is completely melted,

e
LAy

the fibrous web 28 is heated for as Hittle as about 80.81 second, about .05 second,
about 8.25 second, about 8.4 second, about §.50 second, about 1.0 second, about 1.5
seconds, about 2.0 seconds, about 2.5 seconds, about 3.0 seconds, about 4.4 seconds,
about 5.0 seconds, about 30 seconds, abo 40 seconds, or as much as about | minute,
about 2 minutes, about 3 minutes, about 4 minutes, or about 5 minutes, or any range

30 delimited by any pair of the foregoing values, as determined by one skilled in the art
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depending on factors including the melting point of the selected binder and the

emperature of the heating portion 38,

As fibrous web 20 leaves heating portion 38, pressure is applied to fibrous web 20
through pressure rollers 42, preferably while the binder is in 8 molten/mebed state,
Pressure rollers may be comprised of various materials, such as metals {e.g., steel),
polymers (2.8., elastic rubber), and/or ceramics. Additionally, one of pressure rollers
42 may have a {ixed position and the other of pressure rollers 42 may be movable
when a force is applied therelo, such that when a force is applied t one of pressure
rollers 42, a force also is applied to fibvous web 20, More particularly, pressure
rollers 42 may apply a pressure of less than one bar o fibrous web 20, For example,
pressure rollers 42 may apply a nip pressure 1o fibrous web 20 of 10 psi, 30 psi, 50
psi, 70 psi, 90 psi, 110 psi, 130 psi, 150 pai, 170 pai, 190 psi, 210 pai, 230 psi, 250 psi,
276 psi, 290 psi, 310 pai, or within any range delimited by any pair of the foregoing
vahues, In one embodiment, pressure rollers may apply 8 pressure of 14 psi to fibrous
web 20, In the flat-bed laminator 30 as illustrated in Fig. &, the greatest pressure
apptied to fibrous web 20 ocours at a tangent 50 of pressure rollers 42 which is
paraliel to first and second belis 32, 34, Different designs of flat-bed laminator 30

may apply different pressures o fibrous web 26,

Pressure from pressure rollers 42 is applied to fibrous web 20 for about 0,02 seconds
to about 3 seconds. More particularly, pressure may be applied to fibrous web 20 for
a duration of tune of as littie as about 8.01 second, about §.045 second, about (.4
second, about 0.30 second, about 1.0 second, about 1.5 seconds, about 2.0 seconds,
about 2.5 seconds, or as great as about 3.0 seconds, about 3.5 seconds, about 4.0
seconds, about 4.5 seconds, about 5.0 seconds, or within any range delimited by any
pair of the foregoing values.  In one embodiment, pressure may be applied to fibrous
web 24 for a time duration of {rom about .045 to about 0.4 second. Additionally,
because pressure rollers 42 have circular cross-sections, the aforementioned times

signify the tolal time duration that fibrous web 20 experiences pressure,

After pressure s applied to fibrous web 20 with rollers 42, fibrous web 20 moves
through cooling portion 40 and then exits fat-bed laminator 30, In one embodiment,
cooling portion 40 s configured for temperatures less than the melting temperature of

%



WO 2017/180387 PCT/US2017/026111

the binder polymer. For example, cooling portion 40 may be configured for operation
at temnperatures of §°C, 5°0, 10°C, 153°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, 50°C,
&0°C, 70°C, 80°C, 90°C or within any range delimitad by any pair of the foregoing
values, depending on the particular binder polymer. Because the length of cooling

5 portion 40 is approximately the same as the length of heating portion 38, fibrous web
20 may be cooled for approximately the same amount of time 15 heated. More
particularly, fibrous web 20 may be cooled for as little as about 0.01 second, about
0.05 second, about §.2% second, about .4 second, about §.50 second, about 1.0
second, about 1.3 seconds, abowt 2.0 seconds, about 2.3 seconds, about 3.0 seconds,

10 about 4.8 seconds, about 3.8 seconds, about 30 seconds, about 40 seconds, or as much
as about | mimste, about 2 minutes, about 3 minutes, about 4 minutes, or about §
minutes, or any range delimited by any pair of the foregoing values. In an alternative
embodiment, cooling portion 40 may be eliminated from flat-bed laminator 30 and the
binder/composite will cool naturally to a temperature below the melting point of the

i$  binder.

As the fibrous web 20 passes through passageway 36, first and second belts 32, 34
may spply 2 low pressure to fibrous web 20 (L., a pressure that is less then the
pressure applied by rollers 42}, Alternatively, belis 32, 34 may not apply any pressure

o fibrous web 20 when passing through chamber 36, In one example, first and
second belis 32, 34 may apply a pressure to fibrous web 20 of as little as about 0,01
psi, about 6.03 pst, about 8.10 psi, about .15 pst, sbout 0.20 psi, or about 0.25 psi, or
as great as about 1.0 psi, about 2.0 psi, about 3.0 psi, about 4.0 psi, about 5.0 psi,
about 6.0 psi, about 7.0 pst, about 8.0 psi, about 3.0, pai or about 16.0 psi, or within

25 any range delimited by any pair of the foregoing values, as fibrous web 20 passes
through heating portion 38 and cocling portion 40, In one embodiment, the pressure
applied by first and second belts 32, 34 is less than about 0.5 psi. More particularhy,
the pressure applied by first and second beits 32, 34 is applied for a time duration
which is inversely proportional 1o the belt speed of flai-bed laminator 38, Inone

3¢ embodiment, the residence time that pressure is applied to fibrous web 20 by first and
second belts 32, 34 ranges from as {itle as about § second, about 3 seconds, about 3
seconds, about 7 seconds, about 9 seconds, or about 11 seconds, or as nuch as about |
minute, about 2 minutes, about 3 minutes, about 4 minutes, or about 5 minutes, or any

range delimited by any pair of the foregoing valuss. As such, fibrous web 20 may
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experience two distinct pressures — a first low pressure applied by first and second
belts 32, 34 when passing through heating and/or cooling portions 38, 40, and s

second higher pressure applied by pressure rollers 42,

While this particular flat-bed laminator 30 described above and the aforementioned
lamination conditions are most preferred, the unigue materials of this disclosure may
be fabricated using other flat-bed laminators or modified versions of flat-bed
laminator 38, and the use of this specific flat-bed laminator Hustrated in Fig. 8 is not

intended o be sirictly limiting.

As noted above, prior to fully melting the particulate binder, it may be desirable to
first subject the coated web to a first lower temperature pass through the flat-bed
laminator {or other similar/equivalent apparatus) with the heating portion setio a
temperature within but not above the melting temperature range of the binder(s), to
thereby soften andfor partially melt 2 portion of the particles. Subsequent pressing of
the softened/partially melted particles, e.g. betwsen belts 32/34, will shape the
softened/partially melied particles into flattened patches that are bonded 1o the fibers
{or tapes) and enhance the siability of the plies for further processing. See, for
examyie, Figs. 34, 3B, 44, 4B, 34, 5B, 64, 6B and 7 iHustrating patches of binder
bonding portions of adjacent fibers {or adjacent tapes, not Hlusiraied) to sach other,
enhancing the structural stability of the fibrous ply, and each of the imaged patches in
these magnified images was g portion of the fibrous composite shown in Figs. 1 and
2. Fig. 2 is a duplicate of Fig. 3 but with @ localized paiches marked for clarity. In this
precursor embodiment, portions of the binder also preferably remain in dry particulate
form and unbonded to the fiber/tape surfaces, other portions of such adjacent
fibers/tapes within the ply will remain unattached 1o each other. The presence of such
dry particles combined with the discontinuous patches helps maintain the fibrous phies
as partially open structures wherein empty spaces are maintained within the plies, as
shown most clearly in Figs. 1, 2, 3A and 7. Subssquently, the web may be passed
through the tlat-bed laminator {or a second similar/equivalent apparatus) to fully meh
the binder particles, or the web having a non-fully melted binder may be subsequently

provessed to fully and completely melt the binder.

PCT/US2017/026111
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As discussed above, after the costed fiber/tape web is processed through the flat-bed
{aminator, the web is then cut to 3 desired length to form a plurality of filwous plies of
the desired lengths, and thereafier a desived number of plies are stacked on each other
surface~-to-surface in a substantially coextensive fashion and consolidated inio a
5  unitary composite. With particular regard to fibrous materials comprising a pluralisy

of unidirectional non~woven fibrowus pliss, it is conventionally known in the art to
cosxtensively stack individual fibrous plies upon each other such that the
unidirectionally oriented fibers/tapes in each fibrous ply are orjented In a non-paraliel
fengitudinal fiber/tape direction relative to the longitudinal fber/tape direction of each

10 adjacent ply. Most typteally, the fibrous plies are cross-plied orthogonally at 0% and
90° angles wherein the angle of the fibersitapes in sven numbered layers is preferably
substantially the same and the angle of the thers/tapes in odd numbered fayers is
preferably substantially the same, but adjacent plies can be aligned at virtually any
angle between about §° and about 90° with respect o the longitudinal fiber/tape

15 direction of another ply, including for the formation of pre-pregs {e.g., 2-ply, 4-ply, 6-
ply pre-pregs, etc.} as discussed above. For example, a five ply non-woven structure
may have plies oriented at a 0%/43°/90%/45°/4)° or al other angles. Such rolated
unidirectional alignments are described, for sxample, in 1LS. patents 4,457,985,
4,748,064, 4,916,000; 4,403,012; 4,623,574 and 4,737,402, all of which are

2 incorporated herein by reference to the exient compatible herewith, With particular
regard o fibrous materials comprising one or more woven fibrous plies, it is also
typical for the warp and welt component fibers/tapes forming a single fibrous material

to be oriented orthogonally 1o each other,

e
Ly

Merging of the mubltiple phies into unitary composite structures may be accomplished
using conventional iechniques in the an, including both low pressure consolidation
techniques and high pressure molding technigues, with or without heat. Methods of
consolidating fibrous plies/layers are well known, such as by the methods described in
U5, patent 6,642,139, For example, consolidation may be conducted under mild

30 conditions, Lo, al temperatures ranging from about 50°C to about 175°C, more
preferably from about 93°C to about 173°C and most preferably from about 185°C o
about 175°C, and al pressures ranging from about 5 psig ((.034 MPa) to about 2560
psig {17 MPa}, more preferably from about 3 psig 1o about 160 psig (0.69 MPa), with
& duration of from about (.01 seconds to sbout 24 hours, more preferably from about
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0.02 seconds to about 2 hours, still more preferably from about 5 seconds to about 2
hours and most preferably from about 30 seconds to about | hour, Consolidstion may
be conducted, for example, by passing the stack through a calender nip set, by
pressing in a flat-bed laminator (such as that described above and illustrated in Fig. 8
§  adouble belt or sieal belt press or in an autoclave. Consolidation may also be
conducted by vacuum molding the material in a meld that is placed under a vacuum.
Yacuum molding technology is well known in the art. Most commonly, consolidation

is conductad using 3 flat-bed laminator,

10 However, the stack of plies is most preferably merged together using high pressure,
high temperature molding techniques in a suitable molding apparatus, whereby the
stack is converted from a stack of flexible plies into hard, rigid armor. In g preferred
embodiment, the stack is molded at s pressure of from about 50 psi (344.7 kPa) 1o
about 5,000 psi (34,470 kPa), more preferably about 160 psi (689.5 kPa) 1o about

15 3,000 psi {20,680 kPa), most preferably from sbout 150 psi (1,034 kPa) to about
1,500 psi (10,340 kPa). Molding may aliernately be conducied at even higher
pressures of from about 5,000 psi (34,470 kPa) to about 15,000 psi (103,410 kPa),
more preferably from about 730 psi (5,171 kPa) to about 5,000 psi, and more
preferably from about 1,000 psi to about 3,000 psi. The molding step may take from

26 about 4 seconds to about 60 minutes, or even more depending on the thickness of the
article being molded. However, in order o ensure that the binder is fully melted and
all air is pressed out of the stack, molding should be conducted at relatively high
emperatures and for a relatively long duration. In this regard, preferred molding

temperatures range from about 200°F (-93°C) (o about 350°F (-177°C), more

2
A

preferably at a temperature from about 200°F to about 300°F {~149°C) and most
preferably at o emperature from about 200°F o about 280°F (~138°C), and is held
within the mold for greater than 5 minutes, more preferably at feast about 10 minutes,
still more preferably at least about 15 minutes, still more preferably for about 15
minutes to about 45 minutes, still more preferably at least about 20 minutes, and most

30 preferably for about 20 minutes to about 45 minutes,

While gach of the molding and consolidation techniques deseribed berein are similar
and the terms are often used interchangeably in the srt, “molding™ as used herein
specifically refers to a method of merging by bonding fibrous pliss/layers together in
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& batch process, while “consolidation” refers to 8 method of merging by bonding
fibrous plies/layers together in a generally continueous process. Howsever, this is not
intended to be sirictly Hmiting. Also, in either process, suitable temperatures,
pressures and times are generally dependent on the type of polymeric binder coating

materials, polymeric binder content, process used and fiber/tape type.

As discussed above, as s result of the dry coating process described hereln, the
resulting materials have binder-free areas where portions of fiber/taps surfaces are not
coated with the binder. In general, only one surface of gach fibrous laver will be
coated with the particulate binder, and accordingly about 309% or less of the fiberiape
surface area of each individual fibrous ply will be coated with the particulate binder.
it is noted that the process of passing the filrous web through the flat-bed laminator
and consolidation of the multi-ply stack of fibrous plies, which causes a spreading of
ihe molien/melted binder, will thereby slightly increase the surface area coverage.
MNevertheless, even after these processing steps, it is preferred that less than 50% of
the surface area is covered by the binder, preferably less than about 40%, preferably
loss than about 30%, preferably less than about 20%, more preterably from about 2%
o about 20%, still more preferably from about 5% o about 153%, and most preferably

from about 5% to about 10% of the surface area of the fibers/tapes in each fibrous ply,

By virtue of wtilizing a particulate powder rather than a Higuid binder or molten
binder, fibrous plies of this diselosure may be fabricated having extremely low aresl
densities while maintaining effective levels of ballistic resistance. In preferred
embodiments, cach fibrous ply of the disclosure has a preferred total areal density (e
the fiber areal density (FAD) plus the binder areal density} of about 125 g/m? or less,
more preferably about 100 g/m? or less, still more preferably about 95 g/m? or less,
stifl more preferably about 90 g/m or less, still more preferably about 85 gfm? or less,
stil] more preferably about 80 g/m® or kess, still more preferably about 75 g/m?® or less,
and most preferably about 76 g/m? or less, with most preferred areal density ranges of
from about 20 g/n? to about 80 g/m? or from about 30 g/m? to about 88 g/mt For the
purposes of this disclosure, the FAD is the same for fiber-based and multifilament
tape-hased pliesfcomposites because the multifilament tapes are simply flatened and

compressed versions of the same fibers,
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In embodiments where the total areal density per fibrous ply is extromely low, Le
where the individual ply total areal density is less than 100 g/m?, these low values are
typically obiained where the fibrous plies are in the form of unidirectional non-woven
fibrous plies that have been subjected 1o extensive fiber spreading or exiensive
flattening/compression during tape formation. In these embodiments, the FAD levels
are also exceedingly low, Le, sbout 80 g/m” or less, more preferably abouwt 70 g/m? or
less, still more preferably sbout 60 g/m? or less, stil more preferably about 50 /v’ or
less and most preferably about 40 g/m* or less, with most preferred fiber areal density
ranging from about 13 g/m® 1o about 80 g/im? or from about 30 g/'m? 1o about 60 g/m?
Preferred binder coating weights range from sbout | g/m? to about 20 g/m’, more
preferably from about 2 g/m? to about 15 g/m”, and most preferably from about 3 g/m?®
io about 1} g/m?. However, at such exceedingly low FAD values, the fibrous pliss can
have low stability and very difficult to handle, making them very difficult to process
through the flat-bed laminator or difficult to consolidate. Accordingly, when ply
stability is a concern, the stability may be improved by applying one or more thin
thermoplastic overlays onto a surface of the fibrous web, The thermoplastic overlay
may be, for example, a discontinuous thermoplastic web, an ordered discontinuous
thermoplasiic net, 2 non-woven discontinuous adhesive fabric, a non-woven
discontinuous adhesive sorim, a porous film or a plurality of thin thermoplastic
polymer strips. Suitable polymers for the thermoplastic overlay non-exclusively
include thermoplastic polymers non-exchisively may be selected from the group
consisting of polyolefing, polvamides, polyesiers (particularly polvethyiene
terephithalate (PET) and PET copolymers), polyurethanes, vinyi polymers, ethylene
vinyl alechol copolymers, ethylene octane copolymers, acrylonitrile copolymers,
acrylic polymers, vinyl polymers, polycarbonates, polystyrenes, fluoropolymers and
the like, as well as co-polymers and mixtures thereof, including ethvlene vinyl scetate
{EVA) and ethylene acrvlic acid. Also usefid are natural and synthetic rubber
polymers. OF these, polyolefin and polyvamide layers are preferred. The preferred
polyolefin is g polyethylene, Non-limiting examples of useful polvethyienes are low
density polyvethyviens (LDPE), linear low density polyethyiene (LLDPE), Medium
Density Polvethviene (MDPE), linear medium density polyethylene (LMDPE), Hinear
very-tow density polvethyleng (VLDPE), Hncar ultra-low density polvethylene
{ULDPE), high density polvethylens (HDPE) and co-polymers and mixtures thereof,
Of these, the most preferred polvethylens is MDPE,
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i a preferred embodiment, the thermoplastic overlay is a heat-activated, non-woven,
adhesive web, such as SPUNFAB®, commercially available from Spunfab, Lid, of
Cuyahoga Falls, Ohio {irademark registered to Keuche! Associates, Inc). Also

s suitable gre THERMOPLASTY and HELIOPLAST™ webs, nets and films,
commercially available from Protechnic 8.A. of Cernay, France, OfF ali the above,
most preferred is a polyamide web, particularly SPUNFAB® polvamide webs.
SPUNFAB® polvamide webs have a melting point of typically from about 75°C 1o
about 2007C, but this is not Hmiting.

10
When the thermoplastic overiay is a serim such as a SPUNFAB® web, the overlay is
preferably very thin, having a preferred layer thickoess of from about 1 um to about
258 ywm, more preferably from about § pm to about 25 pm and most preferably from
about 3 um 10 about 9 pm. Whils such thicknesses are preferred, it is to be

15 understood that other thicknesses may be produced to satisfy a particudar need and vet
{ail within the scope of the present disclosure. It should also be understood that these
thicknesses are not necessarily descriptive of continuous webs, For example,
SPUNFAB® webs are several mils thick where material is present, but most of the
web is just air. These materials are better described by their basis weight, e.g.

w particularly preferred is a SPUNFAB® web having a basis weight of & g/m®. The
thermopdastic overlay preferably comprises from about 1% to about 25% by weight of
the overall composite, more preferably from about 125 to about 17% percent by
weight of the overall composite and most preferably from 196 to 12%, based on the
weight of the fibersftapes plus the binder plus the welght of the overlay{s).

25 Additionally, because the sorim is discontinuous and mostly air, Uis presence will not
prevent the diffusion of air out of the stack of fibrous plies or affect the formation of

blisters during molding.

In ancther preferred embodiment, the thermoplastic overlay comprises thin

30 thermoplastic polymer strips in the form of binding clongate bodies. As used herein, &
“binding” elongate body is an slongate body such as a fiber that at least partially
comprises 2 heat activated thermoplastic polymer having & melting temperature helow
z meiting temperature of the structural fibers/tapes (8.5, the high tenacity

fibers/tapes}, and preferably having a melting temperature that is the same as or below
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that of the polymeric binder. Such binding elongate bodies are conventionally known
in the art and non-exclusively include bodies such as fibers comprising sthylens-vinyl
acetate, ethviens-sorylate copolymers, styrene block capolymers, polyurethanes,
polyamides, polyesters and polyolefing, including and most preferably polyethylene.
in this embodiment, only a minimal amount of binding bodies are nesded o properly
stabilize the fibrous web or fbrous ply, and in most applications it is sufficient to
apply binding fibers across the entire width of the fibrous web or ply at one or twe

inch intervals down the length of the wely/ply.

The thermoplastic overlay(s} is {are} preferably bonded to at least ong fibrous ply
using well known techniques, such as thermal laminstion. Typically, lamination is
performed by positioning the fibrous ply and overlay(s) on one another coextensively
as discussed above and the combination is pressed through the nip of a pair of heated
laminating roHers under conditions of sufficient heat and pressure and according io
technigues well koown in the art to cause the lavers 1o combine into a unitary layer.
Such iamination heating may be may performed at the samce fomperatures, pressures,
rate and other conditions as discussed above for processing the binder coated fibrous

phies through flat-bed laminator 30,

in one embodiment, the thermoplastic overlay(s} mayv be applied o 2 single binder-
coated fibrous ply followed by bonding the overlay(s) to the single ply by passing the
combination through a laminator. In another embodiment, the thermoplastic
overlay(s) may serve as an intermediate adhesive laver between two binder-coated
fibrous pliss wherein a second binder-coated fibrous ply is applied on top of the
overlay{s} afier the overlay{(s} is {are} applied onto the first fibrous ply, followed by
passing the combination through the laminator, In one particularfy preferred method,
a first non-woven fibrous ply is provided that has a dry, solvent-free particulate
polymeric binder on at least one surface; at least one thermoplastic overlay is then
applied onto a surface of the first non-woven fibrous ply such that the overlay(s) only
partially cover the surface ply; the thermoplastic overlay(s} is {are} then optionally
heated o above its roelting temperature whereby it bonds to the surface of the first
ply: a second non-woven fibrous ply having a dry, solveni-free particulate polymeric
binder on at least one surfaces is then applied onto the first non-woven fibrous ply on

top of the overlay{(s); and then the combination is consolidated under heat and
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pressure wherein the particulate polymeric binder of the first non~-woven fibrous ply
and the particulate polyreric binder of the second non-woven fibrous ply are both
melted, and whereby said binders bond the first and second non-woven fibrous phes

together.

A multilayer structure 100 formed by this method is schematically represented in Fig.
9, wherein a first unidirectional fibrous ply 140 having fibers oriented 8t 6% i
combined with a thermoplastic scrim 160 and second unidivectional fibrous ply 188
having fibers oriented at %0°. Each of the unidirectional fibrous plies is coated on their
cuter surfaces with a particulate binder 120 such that the binder and overlay are
positioned on opposiie surfaces of each fibrous ply. Variations of this method may
#lso be practiced as would be determined by one skilled in the art. For example, the
overlav{s} may be applied onto 8 surface of the fibrous plies prior to applving the
binder onto an opposite surface, or two fibrous plies may be joined together with each
having a particulate binder and one or more thermoplastic overlays on opposite
surfaces prior o adicining them. In another embodiment, both the particulste binder
and the one or more thermoplastic overlays may be applied onto each outer surface of

sach fibrous ply,

Finally, after all molding steps are completed, one or more surfaces of the unitary,
consclidated composite may be coated with protective coating, such as & coating
providing water repelient properties. Suitable coatings noneexclustvely Include
natural rubber, polyvinyl chioride, polyurethane, silicone elastomers, fluoropobymers,
and waxes, a5 wouid be determined by one skitled in the art. Particularly preferred
water resisiant polymer coatings non-exclusively include Hluoropolymer based
coatings, such as OLEOPHOBOLY water repellent agents commercially available

from Huntsman LLC of Salt Lake City, Utah, and polyurethane coatings.

The multi-ply composite materials fabricated herein sccording to the sbove methods
achigve a unigue composite structure that retains a substantial volume of empty space
within the interior of the composite article, af least prior to high temperature, high
pressure consolidation/molding into a rigld materialarticle whereln the binder is fully
and completely melted. In a typical embodiment, a composite material formed

according to the above methods will comprise an empty space that is greater than 20%
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of the total volume of the composite materisl, preferably from about 20% to about
30% of the total volume of the composite material, Upon consolidating/molding the
fibrous layers together to form 8 unitary composite, the unitary composite has a total
emply space volume that is less than the combined empty space vohlumes of each
individual fibrous layer prior to said consolidation step. Gaps between fibers allow air
1o diffuse out of the stack without affecting the binder coating which typically results
iy blistering or bubbling st the composite surface or between plics. In sccordance with
the disclosure, the end composite will comprise an emply space volume of from 0%
up to 5%, more preferably from 0% up to about 4%, more preferably from (% up to
about 3%, more preferably from 0% up to 2.5%, more preferably from 0% up to abowt
2%, more preferably from 0% up t© abouwt 1.5%, more preferably from % up to about
1%, more preferably from (% up (o about .5%, and most preferably have 0% empty

space volume.

importantly, these materials allow the efficient formation of blister-free fibrous
composites without having to sctively moniior blister formation or control blister
formation during molding of a stack of plics, such as by degassing, thereby fulfilling 2
longstanding need in the art. These benefits are particularly recognized during the
molding of rigid armor, such as helmets or vehicle panels, but are also extended 1o
many other non-baliistic related indusiries as well, particularly for the formation of
rigid articles, such as architectural structures, vehicle pasts, sports equipment (such as
helmets used for foothall, baseball, sofiball, lacrosse, snow sports, motor sports {e.g.,
motoreyele helmets), bicyele helmets, gtc.) as well as other rigid, molded sporis
equipmeni/accessories {including composite baseball/softhall bats, lacrosse stick
shafls, hockey sticks, field hockey sticks, rigld athletic pads/protective gear) and other
recrestional equipment, such as kavaks, canoes, boats, as well as composite hunting,
fishing and archery equipment and gear. These articles are exemplary only and not

intended to be limiting.

The following non-limiling examples serve io iHustrate the invention:
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A contingous, non-woven web of parallel SPECTRA® fibers (1300 denier
SPECTRAR 1000 fibers) is prepared having a width of 38 cm, A dry, low density
polyethylene {(LDPE) powder was manually sprinkied onto one surface of the web,
partialfy coating the surface such that 20% of the surface area of the one surface i
5 costed with the powder. A plorality of sguares are cut from this web having length x
width dimensions of 38 em x 38 cm. Two squares (plies) are formed info a stack with
the plies arranged in 0°/90° cross-plied orientations relative 1o the longitudinal axes of
their component fibers, and the resin comprises about 105 by weight of the combined
2-phy material. The two-ply material is then passed through a flat-bed laminator wherein
16 they are pressed together for 90 seconds at 140°C and under contact pressurs of abont
50 psi whereby they are attached to each other and form a pre-preg. The LDPE powder
is fully melted and spread on the fiber surfaces, but only partially coating the fibers,
Seventy pre-preg layers are stacked together coextensively in a mold having the shape -
of a helmet shell. The stack of layers is molded under 193 metric ton clamp pressure at
15 12190 for 10 minutes of heating, followed by a cool down o 104°C for 15 mimes.
After releasing from the mold, the edges of the helmet shell are trimmed. The resulting

molded helmet shell had an smpty space volume of (%,

2w EXAMPLE 2

Example 1 is repeated but prior 1o mating the two 07907 plies together to form the
pre-preg, one or both of the plies is/are stabilized with a thermoplastic overlay bonded
1o at least one of their surfaces. The thermoplastic overlay is a plurality of binding

25 polymer strips applied laterally across the ply orthogonal to the longitudinal fiber
axis. The binding polymer strips are formed from a heat activated polyethylene

having 8 melting point below the meliing point of the LUPE powder.
EXAMPLE 3

Example 2 is repeated except the thermoplastic overlay is a heat-activated, non-

woven, adhesive SPUNFAB® web, comunercially available from Spunfab, Lid

(SPUNFAB® 408HWG d-gsm fusible polvolefin resin web). The SPUNFABR® is
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added to the top side of the bottom ply {its position as it is passed through the flat-bed

laminator),

EXAMPLE 4

Example | is repeated except the web is formed from high tenacity UHMWPE fibrous
tapes having a tenacity of approximately 33 g/denier that were made according to a
process deseribed in LIS, patent 8,236,119, The tapes averaged about 3716 inch wide
and had an aspect ratio of greater than 10:1 and the web is arranged with tape edges

comtacting each other but without adjacent tapes overiapping each other,

While the present disclosure has been particularly shown and described with reference
to preferred embodiments, it will be readily appreciated by those of ordinary skill in
the art that various changes and modifications may be made without departing from
the spirit and scope of the disclosure. Tt is intended that the claims be interpreted io
cover the disclosed embodiment, those alternatives which have been discussed ahove

and all eguivalents thereto,

41



19

[
<&

WO 2017/180387 PCT/US2017/026111

What ie claimed is

i. A blister-free, ballistic resistant composite comprising a plurality of fibrous pliss,
sach of said fibrous plies being at least partially coated with a discontinuous, non-
tiguid dispersed polymeric binder having a single-melt heat history, whersin said
plurality of fibrous plies are united as a unitary composiie, and wherein said

compaosite comprises an empty space volurme of from 096 up 1o 5%.

2. The blister-tree, bailistic resistant composite of elaim 1 wherein each fibrous ply
has a surface area and whereln less than $0% of the surface ares of each ply is

covered by said polymeric binder,

3. The blister-free, ballistic resistant composite of claim | wherein the composite has

0% empty space volume.

4. The blister-free, ballistic resistant composite of claim 1 wherein each fibrous ply

has a fiber areal density of less than 80 g/m®,

3. A method of forming a ballistic resistant composite, the method comprising:

&) providing a first ply comprising a plurality of fibers and/or a plurality of tapes, said
first ply being at least partially coated with a dry, solvent-freg particulate polymeric
binder, and whergin one or more gaps are present within said first ply whereby the
first ply has an empty space volume;

b} applying 2 second ply onlo said first ply, said second ply comprising a plurality of
fibers and/or a plurality of tapes, said second ply optionally being at least partially
coated with a dry, solvent-free particulate polymeric binder, and wherein one or more
gaps are present within said seccond ply whereby the second ply has an emply spacs
Volume;

¢ optionally applying one or more additional plies onto the first ply and/or the second
ply, each additional ply comprising a plurality of fibers and/or & plurality of tapes, and
gach additional ply optionally being at least partially coated with a drv, solvent-free
particulate polymeric binder, and wherein one or more gaps sre present within each

additional ply whereby each of satd additional plies has an empty space volume: and
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d} consolidating the first ply, second ply and any additional plies with heat and
pressure under conditions sufficient to at least partially meh the panticulate polymeric
binder in each ply and thereby uniting alf of the plics to form a unitary composits,
wherein the unitary composite has a total empty space vohumne that is less than the
combined emptly space volumes of each individual ply prior fo said consolidation

siep.

6. The method of claim § wherein the combined empty space volumes of each
individual ply prior to said consalidation step is greater than 20% and wherein the
total empty space volume of the unitary compuosite after said consolidation step is

from 0% up to about 10%.

7. The method of claim § wherein the particulate polymeric binder in each ply is fully

and completely melted in step d).

8. The method of claim 5 wherein the particulate polymeric binder in each ply is only
partially melted in step d), wherein at least some of the fibers/tapes of at least one of
said plies have surfaces that are partially covered by raised, discontinuous patches of a

polymeric binder bonded 1o and extending from the fiber/tape surfaces,

9. A blister-free, ballistic resistant composite produced by the process of claim §,
wherein the particulate polymeric binder of each ply is fully and completely melted

and wherein no emply spaces are present within the unitary composite.

1. A method of forming a ballistic resistant composite, the method comprising:

a} providing a first fibrous ply comprising a plurality of fibers and/or a plurality of
tapes and having a fiber arcal density of less than about 80 g/m?, said first fibrous ply
being at least partially coated with a dry, solveni-fres particulate polymeric binder,
and whersin one or more gaps are present within said first fibrous ply wherehy the
first fibrous ply bas an empty space volume;

b} applying at Izast one thermoplastic overlay 1o a surface of the first fibrous ply,
wherein said at least one thermoplastic overlay ondy partially covers sald surface, and
whergin said at least one thermoplastic overlay has a melting point below a melhiing
point of said polymeric binder;
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o} applying a second fibrous ply onto said at least one thermoplastic overlay, said
secend fibrous ply comprising a plurality of fibers and/or a plurality of tapes and
having a fiber areal density of less than about 80 g/m?, said second fibrous ply
optionably being at least partially coated with a dry, solvent-free particulate polymeric
binder, and wherein one or more gaps are present within said second fibrous ply
whereby the second fibrous ply has an empty space volume;

d} optionally spplying one or more additional fibrous plies onto the first fibrous ply
and/or the second fibrous ply, optionally via one or more intermediate thermoplastic
overtays, each additional fibrous ply comprising a plurality of fibers andfor a plurality
of tapes and each having a fiber areal density of less than about 88 g/’, and each
additional fibrous ply optionally being at least partiaily coated with a dry, solvent-free
particulate polymeric binder, and whereln one or more gaps are present within each
additional fibrous ply whereby cach of said additionsl plies has an empty space
volume; wherein each of said thermoplastic overlays have 2 melting point below a
melting point of each of sald polyvmeric binders: and

e} consohidating the first fibrous ply, second fibrous ply and any additional fibrous
plies with heat and pressure under conditions sufficient to al least partially meli the
particulate polymeric binder in sach fibrous ply and thereby uniting sl of the fbrous
plies to form a unitary composite, wherein the unilary composite has a tolal empty
space yolume that is less than the combined empty space volumes of gach individual

fibrous ply prior to said consolidation step.
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