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BLISTER FREE COMPOSITE MATERIALS MOLDING

BACKGROUND

TECHNICAL FIELD

The disclosure relates to 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

blister formation, and to blister-free composite materials fubricated therefrom.

DESCRIPTION OF THE RELATED ARY

Ballistic resistant articles such as ballistic resistant vests, helmets, vehicle panels and
structural members of military equipment are typicaily made from composite armor
comprising high strength fibers, High strength fibers conventionally used to fabricate
composite armor include polyethylene fibers, particularly ulira-high molecular weight
polyethylene 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 fibers are formed
into non-woven fabrics wherein the fibers are adbered 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, U.S. patents
4,403,012, 4,457,985, 4,613,538, 4,623,574, 4,650,710, 4,737,402, 4,748,064,
5,552,208, 5,587,230, 6,642,159, 6,841,492 and 6,846,758, all of which are
commonly-owned by Honeywell International Inc., describe batlistic resistant
composites formed from ultra-high molecular weight polyethylene fibers. These
composites display varying degrees of resistance to penetration by high speed impact

from projectiles such as bullets, shells, shrapnel and the like.
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in the majority of anti-ballistic composite armor spplications, the armor is fabricated
by merging a plurality of fibrous plies inio a single, unitary structure, with varying
levels of ballistic protection against varving types of baliistic threats being obtainable
depending on the total nuomber of Incorporated plies. As an example, the National
instituie of Justice (N1} has established various industry-recognized squipment
standards that specify the degres to which equipment s known 1o be safe and reliable,
such that it is expected to perform according to established minimum reguirements.
For example, NU Standard 0101.06 categorizes body armor into five threat levels
relative o threats of increasing danger: threat level HA {Type HA armor); threat level
H {Type U armor); threat level 1A (Type 1 armor); threat level HE (Type HE armor)
and threat lovel IV (Type 1Y armor}. The first thres levels are typically categorized as
soft armor articles designed 1o protect users against ¥ rom FMIE RN (Full Metal Jacker
Round Mose) bullets, 40 Smith & Wesson FMI bullets, 357 magnum ISP {Jacketed
Soft Point) bullets, 357 8EG FMI PN (Sig Sauer Full Metal Jacket Flat Nose) bullets
and 44 magnum SIHP (Semi-Jacketed Hollow Poing) bullets, with each threat having
specified energy level ratings, The Iast two threat levels are typically categorized as
hard armor articles designed to protect users against ME( ball rifle bullets and
Springfield M2 Armor-Plercing {AP) rifle bullets, respectively, at specified energy

level ratings.

Generally, increases in the armor threat level are achieved by increasing the number
of fibrous plies incorporated in the camposite, Methods of consolidating fibrous plies
to form unilary composites are well known, including passing the stack through a
calender nip sef, pressing in 2 flat-bed laminator or another type of press, Inan
autoclave, or by vacuum molding the material in a mold that is placed under g
vacuum. Each of these methods uses pressure, and optionally heat, to press the
plurality of plics into gach other and adhesively bond them together with hinder

coatings or other adhesives on the fbhers.

When using any known method o consclidate fibrous composites into a single,
unitary layer, it is commonly kaown that air can become entrapped berween adjacent
plies. As the Gbrous plies are pressed together, the entrapped air is forced to move in a
direction opposits the direction of the applied force, causing a phenomenon known in
the art as blistering where areas of the composite swell or where “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 cach other, which can lead 1o
catastrophic armor failure upon a projectile impact. Therefore, armor manufaciurers
typically actively monitor blister formation and engage in active, intermediate
processing sieps to oliminate blisters before composiie materials are fabricated into
finished articles. For example, U.S. patenis 6,183,834 and 6,893,704 esch teach z
method of actively monitoring blister formation whereln a stack of monolayers is
heated to a desired compression temperature and then compressed in three or more
discontinuous steps, with the compression pressure being noreased with each
consecutive step. ULS, patent 8,329,084 and International Publication WO
20127004392 cach teach & mulli-step method of monitoring blister formation where
priot o consolidation a stack of plies is first subjected to 8 low pressure pre-shaping
step in a mold, Afier this pre-shaping step, the mold is opened and inspected for the
presence of blisters, and if blistors are present they are removed, such as by plereing
them with a sharp object. Onher methods they Identify for actively preventing blister
formation include degassing during molding or molding under 3 vacuum. As
described in UK. 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
that position is then held in that separated position for 2 desired time to allow pressure
within the mold o be relieved. Afor sitting for the desired time, the mold is then
opened and the product is removed. Finally, as described in ULS. patent 8,231,688,
entrapped air can be drawn out of 4 composite by vacuum molding, but this siill
requires active blister contred by vacuum molding in discontinuous stages and

inspecting the compasite for blisters.

Accardingly, there remains a need in the art for an efficient means of preventing the
formation of biisters in the fabrication of fibrous composite articles, withowt
ebligating the manufacturer to actively moniior and eliminate blisters and without
having to implement fnefficient quality control procedures to ensure that blister

formation is prevented. The present disclosure provides a solution to this nesd.

SUMMARY

O
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The disclosure provides ballistic resistant composites that are fabricated using dry
processing technigues whereln component fibwous plies, formed from fbers and/or
tapes {preferably multi-Blament tapes), are partially coated with a discontinuocus, non-
Hguid dispersed polymeric binder having no heat history, ie., the fibrous plies ars
partially coated with a dry particulats binder, £.g. a powder binder, rather than a being
soated with a Hauid or molten binder. During processing, the particulate hinder is
hegted such that the binder at least partially melted, allowing it to at least partially
flow on and between the fibers/tapes of sach respective fibrous ply. This bonds the
{ibrous plies together, but because the pliss are only partially coated with the dry
particulate binder, areas of the plies remain uncoated and portions of adjacent
fibers/tapes within each ply remain unbound 1o each other. As a result, 2 degres of
gimpty space volume is left within each fibrous ply, ie., each fibrous ply is panially
“open,” having open areas, or gaps, within the plies. Upon the subsequent stacking
and molding of a plurality of such apen plies, entrapped air will diffuse through the

open areas and out of the stack without forming blisters,

As such, the disclosure provides a blister-free, ballistic resistant composiie comprising
a plurality of fibrous plies, sach of said fibrous plies being at least partially coated
with a discontinuous, non-Hauid dispersed polymeric binder having a single-melt heat
history, wherein said plurality of fibrous plies are united as a unitary composite, and

wherein said composite comprises an emply space volume of from 0% up to 3%,

Also provided is a method of forming 2 ballistic resistant composite, the method
comprising:

a3 providing a first ply comprising g plurality of fibers and/or a plurality of tapes, zaid
first ply being at least partinlly coated with 3 dry, solvent-free particulate polymeric
binder, and wherein ong or more gaps are present within said fivst ply whereby the
first ply bas an emply space volume;

b} spplying a second ply onto said first ply, said second ply comprising a plurality of
fibers amd/or a plurality of tapes, said second ply optionally being at least partially
coated with a dry, selvent-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;
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£} optionally applying one or more additional plics onto the frst ply and/or the sccond
ply, each additional ply comprising a8 plurality of fibers andfor g plurality of tapes, and
sach sdditional ply optionally being at least partially cogied with a dry, solvent-free
particulate polymeric binder, and wherein one or more gaps are present within each
additional ply whereby cach of said additional plies has an empty space volume; and
d} consolidating the first ply, second ply and any additional plies with heat and
pressure under conditions sufficient to at izast partially melt the particulate polymeric
binder in each ply and thereby uniting all of the plies to form 3 unitary composite,
wherein the unitary composite has a total empty space volume that is less than the
combined cmpty space volumes of gach individual ply prior to said consolidation

step.

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

a1 providing a first fibrous ply comprising 2 plurality of fibers and/or a plurality of
tapes and having a fiber arsal 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,
andd wherein one or mare gaps are present within said first fibrous ply whersby the
first fibrous ply has an emply space volume;

by applying af least one thermoplastic overlay 1o 4 surface of the first fibrous ply,
wherein said at least one thermoplastic overlay only partdally covers said surface, and
wherein said at least one thermoplastic overlay has a melting point below a melting
point of said polymeric binder;

¢} applying a second fbrous ply onto said at least one thermoplastic overlay, said
second fibrous ply comprising & plurslity of fibers and/or a phurality of tapes and
having a fiber areal density of less than about 80 g/, 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 present within said sceond fibrous ply
whereby the second fibrous ply has an emply space volume;

4} optionally applying ove or more additional fibrous plies onto the first fibrous ply
and/or the second fibrous ply, optionally via 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 arveal density of lees than sbout 80 g/m?, and sach
additional fibrous ply optionally being a¢ 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 sach of said additional plies has an empiy space
volume; wherein each of said thermoplastic overtays have a melting point below a
melting point of each of sald polymeric binders; and

e} consolidating the first fibrous ply, second fibrous ply and any additional fibrous
plies with heat and pressure under conditions sufficient {o at least partially mel the
particulate polymeric 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 volume that is less than the combined emptly space volumes of sach individual

fibrous ply prior to said consolidation step.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 115 a top-view stereomicroscope image of a Z-ply open fabric having flatiensd

resin patches between the plies,

FIG. 2 is a duplicate of the top-view stercomicroscope image of Fig. | having the

resin patches oircled.

FIG. 34 is a top-view scanning electron microseope (SEM) photograph (at an order of

magnitude of 2703 of a resin pateh in the fabric of Fig. 1.

FIG, 38 65 a top-view SEM photograph {at an order of magnitude of x250) of the

portion of the resin paich ilusirated in Fig. 3A that is identified by 2 white box.

FIG. 4A is a top-view 3EM photograph (st an order of magnitude of x70) of a resin

paich in the fabric of Fig. 1.

FIG. 48 is a top-view SEM photograph (at an order of magnitude of %256} of the

portion of the resin patch illustrated in Fig. 44 that s identified by 2 white box.

FHG 5A s a top-view SEM photograph (8t an order of magnitude of x70) of a resin
paich in the fabric of Fig. 1.
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FIG, 5B is a top-view SEM photograph {at an order of magnitude of x250) of the

portion of the resio patch (Hustrated in Fig, 54 that is identified by 3 white box,

FIG. 64 is s top-view SEM photograph {8t an order of magninsde of <70 of a 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

poriion of the resin paich iHustrated in Fig. 64 that is identified by 2 white box.

FIG. 7 is a top-view BEM photograph {at an order of magnitude of %70} of three resin

patches in the fabric of Fig. 1, also iHlustrating the presence of binder particles.
FIG. § is 2 schemalic representation of a flat-bed laminaior.

FIG. 9 s a side-view schemstic representation of a multilayer ballistic resistant
material having two fiber plies coated with 2 powder binder and an intermediate

serim.

DETALED DESCRIPTION

The eomposite 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 s tapes formed
from high tenstle strength fibers, However, the dry binder processing technique is
equally applicable to the fabrication of blister-free non-armor articles, and therefore
this disclosure should not be interpreted as being limited to armor applications only

nor o fibrous composites comprising high tenacity fibersftapes only.

As ysed herein, a “fiber” is 3 long strand of 8 material, such as a strand of a polymeric
material, the length dimension of which is much greater than the iransverse
dirnensions of width and thickness, The fiber is preferably a long, contimuous (but of a
definite length) strand, rather than a short ssgment of a strand referred to in the art as
a “staple” or “staple fiber” A “strand” by #s ondinary definition is a single, thin
length of something, such as a thread or fiber. The cross-sections of fibers {or use

7
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herein may vary widely, and they may be circular, flat or ohlong in cross-section,
They also may be of irregular or regular multi-lobal cross-section having one or more
regular or irregular lobes projecting from the linear or longitudinal axis of the
fitament. Thus the term “fiber” includes filaments, ribbons, sirips and the ke having
regular or irregular cross-section. It is preferred that the fibers have a substantially

circular crossesection.

A single fiber may be formed from just one filament or from multiple filaments. A
fiber formed from just one filament is referred to herein as either a “single-filament”
fiber or a "monofilament” fiber, and s fiber formed from a plurality of flaments is
referred to herein as a “muliifilament” fiber. Multifament fibers as defined herein
preferably include from 2 to about 3000 filaments, more preferably from 2 to 1000
filaments, still more preferably from 30 to 500 filaments, still more preferably from
4G to 500 filaments, siill more preferably from about 40 filaments o about 240
fitamsenss and most preferably from sbout 120 1o about 240 flaments, Multifilament
fibers are also ofien referred t0 In the art as fiber bundles or a bundle of filaments. 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 speeimen. The term “initial tensile modulus™ refers 1o the ratio of the
change in tenacity, expressed in grams-fores per denier (g/d) to the change in strain,

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

The term “denier” is a unit of linear density equal 1o the mass in grams per 9600
meters of fiher/yarn. In this regard, the fibers forming cach layer may be of any
suilable denier. For exarople, fibers may have a denier of from about 38 to about
3000 denier, more preforably from about 260 to about S8 denier, still more
preferably from about 269 to sbout 3000 denier, still more preferably from about 200

to about 1000 denier, and most preforably from about 200 10 abour $00 denier,

A “fibrous layer” as used heretn may comprise any type of uni-axial or mubti-axial
fabric, including a stogle-ply of unidirectionsily oriented or randomly oriented (ie.
feited) non-woven fibers, a plurality of plies of non-woven fibers/tapes that have been
consolidated into 2 single unitary stracture, a single-ply of woven fabric, a plurality of

&
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woven {abric plies that have been consolidated into a single unitary structure, & single-
ply of knitted fabric or a plurality of knitted fabric plies that have been consolidated
into a single unitary structure. In this regard, a "layer” describes a generally planar
arrangerent having an outer top (frat) planar surface and an ouler 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, a single knitted fabric or
a single felted fabric. Each fibrous ply will also have both an outer top surface and an
outer bottom surface and a plurality of “fibrous plies” describes more than one ply of
the fibrous structures. A “single-ply” of unidirectionally oriented fibers/tapes
comprises an arrangement of fibersftapes that are aligned in 2 unidirectional,
substantially parallel array. This type of arrangement is also known in the artas a
“unitape”, “unidirectional fape”, “UD” or “UDT.” As used herein, an “array™
describes an orderly arrangement of fibors, varns or tapes, which is exclusive of
woven and knitied fabrics, and a “parallel array™ desoribes an orderly, side-by-side,
coplanar parallel arrangement of fibers, vams or tapes. The term “orlented™ as used in
the context of “oriented fibers/apes™ refers 1o the alignment direction of the
fibersfiapes rather than o streiching of the fibers/tapes. The term “fabric” describes
structures that may includs one or more fibrous plies, with or without
consolidation/molding of the pHes. A non-woven fabric formed from unidirectional
fibers/tapes typically comprises a plurality of non-woven fibrous plies that are stacked
on each other surface-io-surface in 8 substantially coextensive fashion and
consclidated. When used herein, a “single-layer” structure refers o any monolithic
fibrous struchure composed of one or more individual plies, wherein muitiple plies
have been merged by consolidation or molding technigues. The term “composite” in
the context of this disclosure refers to combinations of fibers/yamsiapes with a
polymeric binder material, and the term “fibrous™ denotes marerials made with

fibers/yarns as well as tapes,

As used herein, a “high tensile strength” fiber is one which has a tenacity of at least
14 g/denier, an initial tenstle modulus of at least about 130 g/denier or more, and an
engrgy-to-break of at least about § }g or more, cach as measured by ASTM D2236.
The high tensite sirength fibers preferably have a tenacity of greater than 10 g/denier,
more preferably at least about 15 g/dender, stilf more preferably at least about 20
gldenier, still more preferably at least about 27 g/denier, more preferably a tenacity of

8
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from about 28 gi'denier to about 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
g/denier or more, still more preferably 43 g/denier or more, or at least 43.5 g/dender,
still more preferably from about 45 g/denier to about 61 gidenier, still more preferably
at lzast 43 g/denier, at feast about 48 g/denier, at least about 50 g/denier, ar least about

55 g/denier or at least about 60 gldenier.

Particularly suttable high lenacity fibers include polyolefin fibers, such as high
molecular weight polyethylene fibers, particularly ultra-high molecular weight
polyethyiene fibers, and polypropylens fibers. Also suitable are aramid fibers,
particularly para-ararid fibers, polyamide fibers, polyethviens terephthalate fibers,
polyethylene naphthalate fibers, extended chain polyvinyl alcoho! fibers, extended
chain polyacrylonitrile fibers, polybenzoxazole (PBO) fibers, polvbenzothiazole
{FBT) fibers, tguid crysial copolyester fibers, rigid rod fibers such as M3® fibers,
and glass fibers, including electric grade fiberglass (E-glass; low alkali borosilicase
glass with good electrical properties), siructural grade fberglass (S-glass; a high
strength magnesia-alumina-silicate) and resistence grade fiberglass (R-glass; a high
strength alurnino silicate glass withouwt magnesium oxide or calcium oxide). Fach of
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 most preferred fiber types for the second fibrous material and optional third
fibrous material are high performance fibers including polvethylene fibers
{particularly extended chain polyethylene fibers), aramid Gibers, PBO Gbers, lguid
crysial copolyester fibers, polypropylene fibers (particularly highly oriented extended
chain polypropylene fibers}, polyvisyl 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 extended chain polyethylenss having
molecular weights of at least 300,000, preferably at least one million and more
preferably between two million and five million. Such extended chain polyethylene
{ECPLE} fibers may be grown in solution spinning processes such as described in LS.
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patents 4,137,394 or 4,356,138, or may be

spun from a solution to form a gel structure, such as described in U.S. patents
4,413,110; 4,536,536, 4,551,296, 4,663,101, 5,006,390; 5,032,338; 5,578,374;
5,736,244, 5,741,451, 5,958,582, 5,972,498, 6,448,359; 6,746,975; 6,969,553;
7,878,099, 7,344,668 and 1.5, patent application publication 2007:0231372.
Particularly preferred fiber types are any

of the polyethylene fibers sold under the trademark SPECTRA® from Honeywell
International Inc. 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 gfdenier, most
preferably where the fibers are multi-filament fibers. The most preferred processes
include those described in comumonly-owned U8, patents 7,846,363; 8,361,366;
8,444,898; 8,747,715, as well as U.S. publication no. 2011-0269359. Such

processes are called “gel spinning” processes, also referred 1o as “solution spinning,”
wherein a solution of ultra high molecular weight polyethylene and a solvent is
formed, followed by extruding the solution through 2 multi-orifice spinneret to form
solution filaments, cooling the solution filaments into gel filaments, and extracting the
solvent to form dry [laments. These dry filaments are grouped into bundies which
are referred to in the art as either fibers or yarns., The ﬁbers@/ﬁrhﬁ are then stretched

{drawn) up to a maximum drawing capacity to increase their tenacity.

Preferred aramid {aromatic polyamide) fibers are well known and commercially
availablc, and are described, for example, in 1.8, patent 3,671,542. For example,
useful aramid filaments are produced commercially by DuPont under the trademark of
KEVLAR®. Also useful herein are poly(m-phenylene isophthalamide} fibers
produced commercially by DuPont of Wilmington, DE under the trademark
NOMEX® and fibers produced commercially by Teijin Aramid Gmnbh of Germany
under the trademark TWARON®; aramid fibers produced commercially by Kolon
Industries, Inc. of Korea under the trademark HERACRON®; p-aramid fibers
SVM™ and RUSAR™ which are produced commercially by Kamensk Volokno JSC
of Russia and ARMOS™ p-aramid fibers produced commercially by JSC Chim
Volokno of Russia.

11
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Suitable PBO fibers are commercially available and ave disclosed for exaraple in ULS.
patents 5,286,833, 3,256,183, 5,356,584, 5,534,205 and 6,040,050,

Suitable hguid crvstal copolyester fibers are

commercially available and are disclosed, for example, in ULS. patenis 3,975,487,
4,318,372 and 4,161,470, and

including VECTRAN® liguid crystal 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, Suitable polyvinyl alcohol

{FV-OH]) fibers are described, for example, in UK, patents 4,440,711 and 4,599,267
Suitable polyacrylonitrile (PAN) fibers

are disclosed, for example, in L1LS. patent 4,335,027,

Hach of these fiber types is conventionally known and is widely

commercially available. MS® fibers are formed from pyridobistmidazole-2. 6-diy
(2, 5-dilyydroxy-p-phenylene) and were most recently manufsctured by Magelian
Systems International of Richmond, Virginia and are desoribed, for example, in U.S.
patents 5,674,969, 3,838,553, 5,945,537, and 6,040,478,

The term “rigid rod” fibers is not Hmited to such

pyridobisimidazole-based fiber types, and many PRO and aramid fiber varietiss ars
often referred o as rigid rod fibers. Commercially available glass fibers include §2-
Glass® B-glass fibers commercially avatlable from AGY of Alken, South Carpling,
HiPerTex™ BE-Glass fibers, commercially avaiiable from 3B Fibreglass of Battics,
Relgium, and VETROTEX® R-plass fibers from Saint-Gobain of Courbevoie,

France,

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

shape satisfying the width, thickness and aspect ratio requirements cutlined herein,
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Such tapes preferably have a substantially rectangular cross-section with a thickness
of about 0.5 mm or less, more preferably about §.25 mm or less, still more preferably
about 0.1 mm or less and still more preferably about 0.05 mm or less. In the most
preferred embodiments, the polymeric tapes have a thickness of up to about 3 mils
(76.2 um), more preferably from about 0.35 mil (8.89 pm) o about 3 mils (76.2 pm),
and most preferably from about 0.35 mil to about 1.5 mils (38.1 pm). Thickness is

measured at the thickest region of the cross-section.

Tapes useful herein have preferred widths of from about 2.5 mm to about 50 mm,
more preferably from about § mm to about 25.4 mm, even more preferably from
about § mm to about 20 mm, and most preferably from about 5 mm to about 10 mm.
These dimensions may vary but the tapes used herein are most preferably fabricated
to have dimensions that achieve an average cross-sectional aspect ratio, i.e. the ratio
of the greatest to the smallest dimension of cross-sections averaged over the length of
the tape article, of greater than about 3:1, more preferably at least about 3:1, still more
preferably at least about 10:1, still more preferably at least about 20:1, still more
preferably at Jeast about 50:1, still more preferably at least about 100:1, still more
preferably at Jeast about 250:1 and most preferred tapes have an average cross-

sectional aspect ratio of at least about 400:1.

Tapes are formed by conventionally known methods. For example, a fabric may be
cut or slit into tapes having a desired length. An example of a slitting apparatus is
disclosed in U.S. 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 U.8, patent 6,148,871, which teaches an apparatus for slitling a sheet ofa
polymeric film into a plurality of {ilm strips with a plurality of blades. The
disclosures of both U.S. patent 6,098,510 and U.S, patent 6,148,871

Such methods are particularly

useful for forming non-fibrous polymeric tapes but the method of fabricating non-

fibrous, polymeric tapes is not intended to be limiting.

Particularly useful methods for forming multi-filament fibrous tapes are described in
commonly-owned U.S. patents 8,236,119, 8,697,220 8,685,519, 8,852,714:
8,906 ,485.

13
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Each of these patents describes methods where a multifilament feed

fiber/varn is comprcsséd and flattened to form a tape. Particularly, U.S. patent
8,236,119 teaches a process for the production of a polyethylene tape article
comprising: (a) selecting at least one potyethylene multi-filament yarn, said yarn
having a c-axis orientation function at least 0.96, an intrinsic viscosity when measured
in decalin at 135°C by ASTM D1601-99 of from about 7 di/g to about 40 di/g, and
said yarn having a tenacity of from about 15 g/d to about 100 g/d as measured by
ASTM [2256-02 at a 10 inch (23.4 cm) gauge length and at an extension rate of 100
%/min; (b) placing said yarn under a longitudinal tensile force and subjecting said
yarn to at least one transverse compression step to flatten, consolidate and compress
said yarn at 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 about 10:1, 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 outset of each said
compression step is substantially equal to the magnitude of the longitudinal tensile
force on the yarn or tape article at the conclusion of that same compression step, and
is at least about 0.25 kilogram-force (2.45 Newtons); (c) stretching said tape article at
least once at a temperature in the range of from about 130°C to about 160°C at a
stretch rate of from about 0.001 min? to about 1 min'; (d) optionally repeating step
(b} one or more times at a temperature from about 100°C to about 160°C; (¢}
optionally repeating step (c) one or more times; (f) optionally relaxing the
longitudinal tensite force between any of steps (b) 1o (e); {g) optionally increasing the
longitudinal tensite force between any of steps b) to (€); and (h) cooling said tape
article to a temperature less than about 70 "C under tension. This process may also be
modified by, prior to step (b),optionally continuously passing the yara through one or
more heated zones at temperatures of from about 100°C to about 160°C under tension,
followed by stretching the heated yarn at least once at a stretch rate of from about
0.01 min! to about 5 min". The compressed and flattened rouiti-filarent tapes
formed according to the methods of these commonly-owned patents are particularly

desirgble herein.

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

such as those commercially available under the trademark TENSYLON®, which is
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commercially available from E. 1. du Pont de Memours and Company of Wilmington,
DE. See, for example, U.S. patents 5,091,133, 7,964,266; 7,964,267; and 7,976,930.
Also suitable are polypropylene

tapes, such as those corymercially available under the trademark TEGRIS® from
Milliken & Company of Spartanburg, South Carolina. See, for example, U.S. patent
7,300,691, Polyolefin tape-based

composites that are useful as spall resistant substrates herein are also commercially
avajlable, for example under the trademark DYNEEMA® BT10 from Royal DEM
N.V. Corporation of Heerlen, The Netherlands and under the trademark
ENDUMAX® from Teijin Aramid Gmbh of Germany. Also useful are the fibrous
and non-fibrous tapes described in commonly-owned U.S. patents publications
8,986,810; 9,138,961 and 9,291,440.

Non-fibrous, polymeric tapes useful herein

will have the same preferred thicknesses and aspect ratios as the fiber-based tapes, but
may be fabricated to have wider widths of from about 2.5 mm to about 21 em, more
preferably from about 2.5 mm to about 10 om, still more preferably from about 2.5
mm to 5 cru, still more preferably from about 2.3 mm to about 25 mm, even more
preferably from about 5 mm to about 20 mm, and most preferably from about 5 mm

to about 16 mm.

Like fibers, multi-filament tapes may be fabricated from the exact same polymer
types discussed above for fibers, because such tapes are formed by compressing and
flatiening such fibers. Accordingly, like fibers, the tapes may be of any suitable
denier, preferably having a denier of from about 50 to about 30,000, more preferably
from about 200 to about 10,000 denier, still more preferably from about 650 to about
2000 denier, and most preferably from about 860 to about 1500 denier. Additionally,
usefi] tapes are preferably “high tensile strength” tapes having a tenacity of at jeast 10
g/dentier, an initial tensile modulus of at least about 139 g/denier or more, and an
energy-to-break of at least about 8 J/g or more, each as measured by ASTM D§82-09
at 10 inch (25.4 cm} gauge length and at an extension rate of 100%/min. The high
tensile strength tapes 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 g/denier,
stit] more preferably at least about 27 g/denier, more preferably a tenacity of from

about 28 g/denier to about 60 g/denier, still more preferably from about 33 g/denier to

5
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about 60 g/denier, still more preferably 38 gidenier or more, still more preferably
from at least 3% g/denier to about 60 gidenier, 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 43 g/denier to about 60 g/denier, still more preferably at least
45 g/denier, at least about 48 g/denier, at least about 50 gf/denier, at least abouyt 55
gfdenier or at least about 80 g/denier, sach as measured by ASTM DIBE2-0% at 16 theh

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

The fibrous plies of this disclosure may individually comprise any type of uni-axial or
multi-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
technigues that are well known in the art using any fabric weave, such as plain weave,
crowiont weave, basket weave, satin weave, twill weave, three dimensional woven
fabrics, and any of their several variations, Plain weave is most common, where
fibersftapes are woven together in an orthogonal §°/20% orientation with warp
tiberaftapes oriented perpendicalar to welt (i) fibersftapes, and is preforred. The
warp and weft (fill} count, known in the art as a “pick count” or “mesh count,” is a
measure of the density of the woven fabric. Plain weave fabrics may have an equal or
unequal warp and waft count. Tn this regard, preferved first fibrous materials have s
preferred pick count of from about 20 ends per inch to about 80 ends per inch in each
of the warp and wefl directions, more preferably from about 25 ends per inch to about
74 ends per inch in gach of the warp and well directions, and most preferably from
about 25 ends per inch o about 60 ends per inch in cach of the warp and wefl
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
dirgctions, more preferably from sbout 20 ends per inch to abowt 60 ends per inch in
cach of the warp and weft directions, still more preferably from sbout 20 ends per
inch o about 30 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 sach of the warp

and weft directions.

Knit fabric structures ave typleally formed from fibers rather than tapes and are
constructions composed of intermeshing loops, with the four major types belng tricot,

16
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raschel, net and oriented structures. Dus to the nature of the loon structure, knits of
the first three calegories are not as suitable as they do not take full advaniage of the
strength of g fiber. Oriented knitted structures, however, use straight inlaid yarns held
in place by fine denier knitted stitches, The fibers are very straight without the crimp
effect found in woven fabrics due io the interlacing offect on the yarns. These laid in
yarns can be oriented in 2 monoaxial, biaxisl or multi-axial divection depending on the
engineered requirements, It is preferred that the specific kolt equipment used in

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

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

having a length ranging from about 0.25 inch (0.64 om) 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 without impregnating the ply with a resin, as
discussed below, For example, in a preferred methed of forming a non-woven
unidirectional fibrous ply, a plurality of fibersfiapes are arranged into an array,
typically being arranged as 3 web comprising a plurality of fibers/tapes aligned ina
substantially parallel, unidirectional array. In a typical process that utilizes multi-
filament {ibers, fiber bundles are supplicd from a creel and led through guides and one
or more spreader bars into 8 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 multd-filament tape’ will have from about 30 to about 2000 individusl
fitaments. The spreader bars and collimating comb disperse and spread out the
bundied fibers, reorganizing them side-by-side in a coplanar fashion. Ideal fiker
spreading results in the individual filaments or individual fibers being positioned next
to one another in a single fiber plane, forming a substantially unidirectional, paraliel
array of fibers without fibers overlapping each other. When tapes sre utitized rather
than fiber bundles, the tapes are arranged in a side-by-side array, preferably edge-to-
edge without adjacent tapes overlapping sach other, directly from & creel without the

need 1o spread flaments using spreader bars or 2 eoliimating comb.
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Whether unidirectional non-woven, felted non-woven, woven or knitted, the ballistic
effectiveness of the composite material is maximized by combining and merging a
plurality of fibrous plies into a unitary composite. Inr this regard, 2 plurality of single
plies of the selected fabric/fibrous ply type are stacked on top of cach other in
coextensive fashion and merged, e, consolidated, together. The number of plies in
the unitary composite will vary depending on the desired end use and the desired
ballistic resistance and weight requirements. In preferred embodiments, g mulii-ply
fibrous material preferably includes from 2 1o about 160 fibrous plies, more
preferably from 2 to about 85 fibrous ples, and most preferably from about 2 o sbout
&5 fibwous plies. When the multi-ply composite comprises a plurality of
unidirectional non-woven fibrous plies, it is typical for a plurality of such pliss to fiest
be formed into 2 2-ply or 4-ply unidirectional non-woven fibrous “layer,” also
reforred to in the art as 2 “pre-preg,” prior {0 combining a plurality of such “layers™ or
“pre-pregs” together to form the section, Each fibrous “layer” or “pre-preg” tynically
includes from 2 to about 6 fibrous plies, typically being cross-plied at §7/90°, but may
include ax many as about 19 fo about 28 fibrous plies as may be desived for various
apphications, with alternating layers preferably being cross-plied at alternating 0°/90°

grientations {although other angular oricntations are also useful),

There are many means available for joining a plurality of fibrous plies together into a
multi-ply structure, including mechanical means {e.g., stifches, staples, rivets, bolts,
serews, etc.} and adhesive means {i.g., with a polymeric binder, often referred 1o in the
art as a "polymeric matris”}), with adhesive atiachment being the most common,
When combining non-woven plies in particuiar, a polymeric binder is generally also
needed to initially to merge the fibersftapes together Into individual ply form prior io
forming pre-pregs and/or merging a plurality of plies together. Methods for applving a
polymeric binder material to fibrous plies/layers are weli known inthe art. In a
conventions] method of the prior art, a binder is applied as 8 continuous coating,
typically wherein fibers are fully coated or eneapsulated by the binder, typically by
coating fibers with a molien polymer or 8 pelymer solution, thereby allowing the
binder to flow around and between fibers, especially when the fabrics are
thermopressed. Additionally, In the conventional methods of the prior art, filrous
plies are formed by “impregnating” the plies with the binder wherein the bindey
material ditffuses into the fibrous ply and is not simply on 2 surface of the ply, Le.,
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such that the fibers are embedded in or encapsulated by the binder polymer, However,
in the present disclosure, the fibers/tapes are not coated with a molten polymer or a
polymer solution, but rather with a particulate binder materisl, and although the
fibrous plies are attached to each other using adhesive means, the fibrous plies are not
impregnated with, embedded in or encapsulated by the resin. Rather, they are surface
coated only, and more specifically only partially surfacs costed with the binder. Afler
being coated onto fibers/tapes in particulate form, the coated plies are preferably
heated 1o a temperature that is sufficlent 1o soften and/or mekt all the particles,
preferably fully and completely molting all the particles. In this regard, a5 described
herain, “fully melied” is intended to mean that all of the binder particles will be &t
least partially meltad, preferably completely melted. A used hersin “completely
melied” is intended to mean that all the particles have been entirely melied rather than
some of 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
their original location of application. In this regard, the particles preferably bave an
average particle size {dlametery of from about 38 pm to about 704 wm, more
preferably from about 80 pm o about 600 pm, still more preferably from about 80
unt to about 3H pm, still more preferably fromw about 86 pm to shout 400 pm, still
more preferably from about 80 pm to about 300 ww, still more preferably from about
B0 pm to about 200 pm and most prefersbly from about 180 um o abouwt 200 pm.
Preferably, at feast about #0% of the particles have a particle size (diameter) that is

within 48 um of the average particle size.

As discussed below, in a preferred embodiment wherein the particulate cogted fbrous
plies are initially passed through 8 press to form pre-pregs, such as a flat-bed
taminator, 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
follows the heating/pressing of the plies cavses a re-solidification of any melted
binder, When the binder is 3 crystalline polymer, any melting of the binder transforms
the polymer into an amorphous state while cooling back below s transition
temperature results in re-solidification and reorysiallization. Polymers shrink as they
coot from thetr mehed state, and accordingly, the surface area coverage of the binder
o the fibersfiapes may be reduced upon cooling and re-solidification of the molien

{5
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binder. This uniquely maintains the open, empty spaces within the pre-pregs prior to
molding/consolidation, so that upon molding/consoclidation air present within the
fiber/tape layers and/or multi-ply composite is pressed out or evacnated through the

open areas in the plieg/stack of plies instead of pressing through resin-coated areas.

Any useful method of applying the particulate binder may be employed, inchuding
particle/powder spraying, including conventional electrostatic spray methods such as
corona powder spraying or tribo powder spraying with commercially available corona
or tribo powder spraying equipment. Also useful is particle/powder sprinkling such as
gravity sprinkling, which can be accomplished manually or can be automated, or any
other well-known powder coating techaique that will effectively coat the fibers/tapes
with a dry particulate binder without using a liquid carrier, Suitable powder spraying
equipment is commercially available, for example, (rom Mitsuba Systems of Mumbai,
India, such as the Multistatic Series 700, Sprayright Series 700, Tribo Series and Icoat
Series equipment from Mitsuba Systems, as well commercially available Automatic
Powder Coating equipment from Mitsuba Systerms. Also suitable are powder
applicators commercially available from Nordson Corporation of Westlake, Ohio.
One exemplary powder spraying apparatus useful herein is described in U.S. patent
5,678,770 to Mitsuba Systems.

Other useful methods are described in U.8, pre-grant publication

2009/0169836.

Also useful are methods of electrostatic fluidized {dry) bed coating and

clectrostatic magnetic brush coating, which are well known powder application
techniques. The method of particle application is not intended to be strictly limiting
except that the particieé are applied dry and solvent free, and this specifically excludes
the application of particulate resins in the form solutions, emulsions or dispersions.
This dry binder application method is particularly desirable because it enables the
resin to be applied to the fiber/tape surfaces without the need to support the fiberftapes
on a release paper/film, which is conventionally needed when coating unidirectional
fiber arrays with a molten/liquid resin. In said conventional methods, such a release
paper must be removed prior to further processing, which adds additions], undesirable

complexity to the fabrication process,
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The binder as applied will also not have a heat history, In this regard, a binder baving
no “heat history™ is & binder that has not beeny melted prior to its application onto the
fibers, with the exception of any heating/melting that may have occurred during
polymerization/manufacture of the powder itself. After the binder is applied and
subsequently melted, the binder will then have a “single-meh” heat history, which
means that it has been heated only once. If the binder is re-solidified afier application,
e.g. by cooling, and then melied again in a molding/consolidation 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, it is preferred that the binder is such that the total weight of the binder in a
fibrous material comprises about 30% by weight or less, more preferably about 20%
by welght or less, stili more preferably about 10% by weight or less, still mors
preferably 7% by weight or less, still more preferably about 6% by weight or less and
most preferably about 3% by weight or less of the Bbrous material, based on the
weight of the {ibers/tapes plus the weight of the binder. In more preferred
enitbodiments, the binder comprises from about 2% to about 30% by weight, more
preferably from about 2% to about 70%, still more preferably from about 296 to about
20%, suill move preferably from about 2% to about 2096, and most prefersbly from

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

Suitable polymeric binder materizls include both low tensile modulus, elastomeric
materials and high tensile modulus materials. As used herein throughout, the term
tensile modulus means the modulus of elasticity, which for polymeric binder materials
is measured by ASTM D638, For the purposes of this disclosure, a low modulus
clastomeric material has a3 tensite modulus measured al sbout 5,000 psi {41 4 MPalor
fess according to ASTM D638 testing procedures. A low modulus polymer is
preferably an elastomer having 3 tensile modulus of about 4,000 psi (27.6 MPa) or
less, more preferably about 2400 psi {16.5 MPa) or less, still more preferably 1200 pai
{8.23 MPa) or less, and most preferably is about 300 psi (3.43 MPa) or less. The
glass transition temperature {Tg) of the low modubus elastomeric material is
preferably less than abouwt 0°C, more preferably the less than about -40°C, and most
preferably less than about SU°C, Preferred low modulus elastomeric materials also
have a preferred elongation to bresk of at least about 56%, more preferably at feast
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about 100% and most preferably at least about 300%. Whether a low modulus
material or 2 high modalus maderial, the polyvmeric binder may also include fillers
such as carbon black or silica, may be extended with oils, or may be vuicanized by

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

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. Representative examples include polybutadiene, polyvisoprene,
natural rubber, sthylene-propylene copolymers, ethylene-propylens-diene
terpolymers, polysuifide polvmers, polvurethans elastomers, chiorosulfonated
polyethylene, polychloroprene, plasticized polyvinylehloride, butadiene acrylonitrile
elastaners, poly{isobutylene-co-isoprene), polyacrylates, polyesters, polyethers,
fluorcelastomers, silicone elastomers, polyvoleting (preferably thermoplastic
polyolefins} including polyvethylens and copolymers of ethylene, polyamides (useful
with some fiberfiape types), acryloniirile butadiens styrene, polycarbonates, and
combinations thersof, as well as other low modulus polymers and copolymers curable
helow the melting point 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 viny] aromatic
monomers. Butadiene and isoprene are preferred conjugated diene elastomers,
Styrene, vinyl toluene and -butyl styrene are preferred conjugated aromatic
monomers. Block copolymers incorporating polyisoprene may be hydrogenated to
produce thermoplastic elastomers having saturated hydrocarbon elastomer segments.
The polymers may be simple tri-block copolymers of the type A-B-A, mulii-block
copalymers of the type (ABR (o= 2- 1) or radial configuration copolymers of the type
R-A{BAJ (x=3-130}; wherein A 15 a block from & polyvinyl aromatic monomer and B
is a block from a conjugated diens slastomer. Many of these polymers are produced
commercially by Kraton Polymers of Houston, TX and described in the bulletin
"Kraton Thermoplastic Rubber”, 3C-68-81. Also useful are resin dispersions of
styrene~-isoprene-styrens {8133 binck copolymer sold under the wademark PRINLIN®
and commercially available from Henkel Technologies, based in Diisssldorf,
Germany. Conventional low modolus polymerie binder polymers emploved in
ballistic resistant composites include polystyrene-polyisoprene-polystyrens block
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copolymers sold under the trademark KRATON® commercially produced by Kraton

Polymers.

Suitable particulate polyethylenss non-exclusively include VLDPE (Very Low
Bensity Polysthviens), LDPE (Low Density Polyethylens), LLDPE (Lincar Low
Density Polyethyiene), MDPE (Madium Density Polyethylene), HDPE (High Density
Polyethylene), poly{methylene), m-LDPE {(metaliocens-LDPE), m-LLDPE
{metallocene-LLDPEY, m-MDPE {metallocene-Medium Density Polyethylene) and
COCs (Cyelic Olefin Copolymers). Such polyethylenes are commercially available,
such as from Goodfeliow Corporation of Coraopelis, PA or Resinex of
Buckinghamshire, United Kingdom. Useful sthylens copolymers non-exclusively
include ethylene vinyl acetate (EVA), ethylene acrylic acid (EAA) and others

preferably having high ethylens content,

Suiiable particulate nylons von-exclusively include homopolvmers 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 1o the art. Such include the reaction
products of diacids with dlamines. Useful diacids for making polvamides include

dicarboxylic acids which are represented by the general formula

HOQC--Z--C00H

wheretn 2 is representative of a divalent aliphatic radical containing al feast 2 carbon
atoms, such as adipic acid, sebacic acid, octadecanedioic acid, pimelic acid, suberic
acid, azelaic acid, dodecanedioic acid, and glutaric acid. The dicarboxylic acids may
b aliphatic acids, or aromatic acids such as isophthalic acid and terephthalic acid.

Suitable diamines for making polyamides include those having the formula

HaN{CHu) o NH2

wherein n has an integer value of 1-16, and inclodes such compounds as
rimethylensdiamine, wiramethyienediamine, pentamethylenediamine,
hexamethylenediamine, octamethylenediamine, decamethylenediaming,
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dodecarnethyiensdiamine, hexadecamethylenediamine, aromatic diamines such a5 p-
phenyienediamine, 4,4-diaminodipheny! ether, 4,4'-diaminodiphenyl sulphone, 4,4'-
diaminodiphenyimethans, alkviated diamines such as 2,3~
dimethylpentamethylenediaming, 2,2,4-trimethy thexamethylenediamine, and 2,44
trimethyipentamethyienediamineg, as well as cycloaliphatic diamines, such g3
disminodicyelobexyimethane, and other compounds, Other useful diamines include

heptamathylenediaming, nonamethyienediamine, and the like.

Useful polyamide homopolymers include poly(4-aminobutyric acid) {nvion 4},
polyié-aminchexancie ackd} (nylon 6, also known as polv{caprolactam)), polv(?-
aminoheptancic acid} (nylon 7}, poly{&-aminooctancic acid)nyion §), poly(%-
aminononancic acid} (nylon ), poly(! G-aminodecancie acid) {nylon 10}, poby{ii-
aminoundscanoic acid) {aylen 11}, poly{1Z-aminododecancic acid) {nylon 123, while
useful copolymers include nylon 4.8, polv{hexamethyiene adipamide) (nylon §,6),
poly{hexamethylene sebacamide) (nylon 6,10), poly(heptamethylene pimelamide)
{nylon 7.7), poly(octamethylene suberamide) (avion &8}, polyv(hexamethylens
azelamnide} {nylon 8,9}, poly{nonamethylene azelamide) {nvion 9.9),
poly(decamethyiene azelamide} (nylon 10,9), poly{tetramethylensdiamine-co-oxalic
actd) (nylon 4,2}, the polyamide of n-dodecanedinic acid and hexamethylenediamine
{nylom 6,12}, the polvamide of dodecamethylenediamine and n-dodecanedioic acid
{nylon 12,12} and the like. Other useful aliphatic polyamide copolymers include
caprolactam/hexamethylene adipsmide copolymer (ayion 6,6/6), hexamethylene
adipamide/caprolactam copolvmer (nylon 6/8,8), trimethyiene
adipamide/hexamethylene azelalamide copolymer (nylon trimethyi 8,2/8,2),
hexamethylene adipamide-hexamethylenc-azelaiamide caprolaciam copolyrmer {nylon
6,5/6,9/6) and the hike. Also included are ather nylons which are not particularly

delineated here.

Of these polyvamides, preferred polyamides include nyvlon 6, nylon 6,6, nvlon §/6,5 a5

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

Aliphatic polyvamides 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 International inc.,

Morristown, New Jersey under the trademark CAPRON®.

Exemplary of aliphatic/aromatic polyamides include poly(istramethylenediamine-co-
isophthalic acid) (nylon 4,1, polyhexamethylene isophthatamide (nylon 6,1}
hexamethylene adipamide/hexamethylens-isophthalamide (nylon 6,6/81),
hexamethylene adipamide/hexamethylensterephthalamide (nylon 6,6:6T): poly (2.2,2-
trimethy! hexamethylene terephthalamide), poly(m-xylylene adipamide) (MXDS6),
poly(p-xylylene adipamide), poly(hexamsthylene terephthalamide),
poly(dodecamethylene terephthalamide), polyamide 6T/6l, polyamide 6/MXDT,
polyamide MXDI, and the like. Blends of two or more aliphaticfaromatic polyamides
can also be used. Aliphatic/aromatic polyamides can be prepared by known
preparative technigues or can be oblained from comumercial sources. Other suitable

polyamides are described in U.S. patents 4,826,955 and 5,341,267

High modulus, rigid materials generally have an initial tensile modulus greater than
6,000 psi. Useful high modulus, rigid polymeric binder materials include
polyurethanes {both ether and ester based), epoxies, polyacrylates, phenolic/polyvinyl
butyral (PVB) polymers, viny! ester polymers, styrene-butadiene block copolymers,
as well as mixtures of polymers such as vinyl ester and dially!l phthalate or phenol
formaldehyde and polyvinyl butyral. However, low modulus binder materials are
preferred over high modulus binder materials. Also useful are the binder materials
described in U.S. patent 6,642,159.

However, any resin that is available or sold in the form of a solution,

emulsion or dispersion must necessarily be separated from its solvent or liquid carrier

prior to deposition onto the fibers/tapes.

Most specifically preferred binder polymers are polar resins or polar polyiners,
particularly polyurethancs within the range of both soft and rigid materials at a tensile
modulus ranging from about 2,000 psi (13.79 MPa) to about 8,000 psi (55.16 MPa).
Such includes polyester-based polyurethanes and polyether-based polyurethanes,
including aliphatic polyester-based polyurethanes and aliphatic polyether-based

polyurethanes. The most preferred polyurethanes are those having 8 modulus at
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100% elongation of zbout 700 psi or more, with a particularly preferred range of 700
psi to about 3000 psl. More preferred are aliphatic polyurethanes having a modulus at
100% elongation of about 100 psi or more, and still more preferably about 1100 psi
or more. Most preferred is an gliphatic, polyether-based polyursthane having a

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

In an embodiment where the binder comprises g blend of any of the above materials,
it is preferred that the blend comprises two different binders having different meliing
poings, In this embodiment, the binder-coated fibrous plies may be heated/laminated
at g temperature above the melting point of & first binder such that alf of that first
binder is softened and/or partially melted, but below the melting point of the second
binder, such that none of the second binder is softened 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 poinis. Such may include
polvimers that are chemically different (2., & blend of a polyester and an acryiic
potymer) or chemically the same {e.g., a blend of 2 low modulus polyurethans and 2

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

In the process of the disclosure, prior to coating with the panticulate binder, the
fibersfiapes are first pre-arranged into a continuous web of the desired fibrous
structure (e, non-woven unidirectional, non-woven felt, woven or knitted) according
to conventional fabrication methods, For example, in a typical methad of forming a
aon-woven unidirectional fibrous ply, 3 plurality of continuous fibersfapes are
formed ito a fiber/tape web comprising fibers/tapes aligned in g substantially
paratiel, unidirectional array of side-by-side fibers/tapes, As described above, when
the fibrous ply is formed from muiti-filament fibers rather than tapes, this is typicaliy
accomplished by supplying fiber bundles from 2 creel and leading the bundies through
guides and one or more spreader bars inte 2 collimating comb, The spreader bars and
collimating comb disperse and spread out the bundled fibers, reorganizing them side-
hy-side in a coplanar fashion. ideal fiber spreading resulis in the individual fHlaments
or individual fibers being positioned next 10 one another in a single fiber plane,
forming a substantially unidirectional, paraliel array of fibers without fibers
overlapping each other. When tapes are utilized rether than fiber bundies, the apes
are arranged in a side-by-side array, preferably edge-to-edge without adjacent tapes
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overlapping each other, directly from a creel without the need to spread filaments

using spreader bars or a collimating 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 afier one of the alternative
fibrous web structures are formed by weaving, knitting or felting) the particulate
binder is then applied to the fibrous web according to the preferred application
method, Thereafter, the coated web is then transferred to a flat-bed laminator where
the web is heated and pressed at a temperature 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 lamination step at least softens and/or partially
melts the binder so that it bonds to 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 melted, but not
necessarily completely melted. In another embodiment, the entire binder is fully and

completely melted with none of the binder particles remaining unmelied.

In the preferred embodiments, the flat-bed laminator is a dual belt flat-bed laminator,
such as the apparatus illustrated in Fig. 8. This preferred flat-bed laminator is
described in greater detail in commonly-owned U.S. patent application serial no.
15/060,862.

As shown in Fig. 8, a binder coated fibrous web 20 is transported through a

flat-bed laminator 30 which includes a first or upper belt 32 that is rotatable about a
plurality of rollers 33, and a szcond or lower belt 34 that is rotatable about a plurality
of rollers 35. First and second belts 32, 34 may be coated with a non-stick coating,
for example a fluoropolymer-based material such as TEFLON®, commercially
available from E. L. du Pont de Nemours and Company of Wilmington, Delaware,
First and second belts 32, 34 are spaced apart from each other by a passageway 36 for
fibrous web 20 to pass through.  As shown in FIG, 8, illustrative first belt 32 rotates
in a counter-clockwise direction and sccond belt 34 rotates in a clockwise direction
which advances fibrous web 20 through flat-bed laminator 30. In one embodiment,
first and second belts 32, 34 rotate at a speed of 1-23 meters/second, and preferably 3

metersfsecond to about 15 meters/second. Hiustratively, first and second belts 32, 34
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have approximately the same length such that fibrous web 20 s in contact with both

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

Flat-bed laminator 30 of FIG. § further includes a heating postion or zone 38, a
cooling portion or zone 40, and a pluralily of nip or pressure rollers 42 positioned
betweer heating portion 38 and ceoling portion 48, As fibrous web 20 advances
within flat-bed laminator 30, fibrous web 20 is heated in heating portion 38, For
exampie, heating portion 38 may be configured for operation at temperatures of as
figle as 50°C, 80°C, 70°C, €0°C, or as great a3 $0°C, 100°C, 11G°C, 120°C, 130°C,
1440°C, 130°C, or any range delimited by any paiv of the foregoing valuss. Ina
preferred embodiment, the temperature of heating portion 38 is set above the melting
temperature range of the particulate binder such that the binder fully melts, optionally
corppletely melting, in heating portion 38, Allernatively, as discussed in greater detail
below, in an optional pre-processing step, the heating portion 38 issettoa
temperature within the melting temperature range of the particolate binder, but not
above the melting tfemperature 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 o higher temperature where the binder is
fully melted, or the full and complete melting of the binder may be achieved during 2
subseguent consolidation/molding of the fibrous material, as discussed in further
detail below. In the most preferred embodiments, heating portion 38 is set to and
operates al a temperature of from about 100°C 1o about 150°0, more preferably from
about 100°C 1o about 140°C, and wherein the selected binders have mekliing points
within said range. {n order to ensure that the particulate binder Is completely melted,
the fibraus web 20 is heated fior as litile as ahoul 8.91 second, sbout 6.05 second,
about 8.23 second, about 8.4 second, about .50 second, about 1.0 second, about 1.5
seconds, about 2.0 seconds, sbout 2.9 seconds, about 3.8 seconds, about 4.9 seconds,
about 5.9 seconds, about 30 sgconds, about 40 seconds, or as much as about | minute,
about 2 minates, about 3 minules, about 4 minutes, or about § minutes, or any range

dehimited by any pair of the foregoing values, as determined by one skilled in the ant
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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 15 applied o fibrous web 30
through pressure rollers 42, preferably while the binder is in s molten/melied state,
Pressure rollers may be comprised of various materials, such as metals {e.g., steel},
polymers {e.g., clastic rubber), and/or ceramics. Additionally, oue of pressure roliers
42 may have a fixed position and the other of pressure rollers 42 may be movable
when a force is applied thereto, such that when a force is applied o one of pressure
rollers 42, a force also is applied to fibrous web 28, More particularly, pressure
rolters 42 may apply a pressure of less than one bar to fibrous web 20, For example,
pressure rellers 42 may apply a nip pressure © fibrous web 20 of 10 psi, 30 psi, 30
psi, 70 psi, 90 psi, 110 psi, 130 psi, 158 pai, 170 pal, 190 psi, 210 pai, 230 psi, 250 psi,
278 psi, 290 psi, 310 psi, or within any range delimited by any pair of the forepoing
vahies, In one embodiment, pressure rollers may apply 2 pressure of 14 psi to fibrous
web 20, in the flat-bed laminator 30 o Hustrated in Fig. &, the greatest pressure
applizd to fibrous web 20 ocours at a tangent 50 of pressure rollers 42 which is
paraliel 1o first and second belts 32, 34, Different designs of flat-bed laminator 30

may apply different pressures to fibrous web 24,

Pressure from pressure rollers 42 is applied to fibrous web 28 for abowt 0,02 seconds
o about 5 seconds. More particularly, pressure may be applied (o fibrous web 20 for
a duration of time of as little as about .01 second, about .048 second, about .4
seeond, about .30 second, about 1.6 second, about 1.5 seconds, about 2.0 seconds,
about 2.3 seconds, or 85 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 20 for a time duration of from about $.045 10 about §.4 second. Additionally,
because pressure rollers 42 have circular cross-sections, the aforementioned times

signify the total time duration that fibrous web 20 expericnces pressure.

After pressure is applisd to fibrous web 20 with rollers 42, fibrous web 20 moves
through cooling portion 49 and then exits flat-bed laminator 30, In one embodiment,
cooling portion 40 is configured for temperatures less than the melting temperature of

2%
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the binder polvmer. For example, cooling portion 40 may be configured for operation
at temmperatures of 0°C, 390, 10°0, 1570, 20°C, 25°C, 30°C, 35°0, 40°C, 45°0, 30°C,
G0°C, 70°C, 80°C, 50°C or within any range delimited by any pair of the foregoing
values, depending on the particular binder polymer, Because the length of cooling
portion 40 is approximaiely the same as the length of heating portion 38, fibrous web
26 raay be cooled for approximately the same amount of throe 18 heated, More
particularly, fibrous web 20 may be cooled for as Hitle as about 0.01 second, about
3,05 second, about .23 second, sbout 0.4 second, about 8.50 second, about 1.0
second, about 1.5 seconds, about 2.0 seconds, about 2.5 seconds, about 3.0 seconds,
about 4.0 seconds, about 3.0 seeonds, about 3¢ seconds, about 48 seconds, or 25 much
as about § minute, about 2 minutes, about 3 minufes, about 4 mimstes, or about §
minutes, or any range delimited by any pair of the foregoing values. In an alternative
embodiment, cooling portion 40 may be ehiminated from flat-bed laminator 30 and the
binderfoomposite will cool naturally to a2 temperature below the meliing point of the

binder.

&5 the fibrous web 20 passes through passageway 36, first and second belts 32, 34
may pply a low pressure €0 fibrous web 20 (e, & pressure that is less than the
pressure applied by rollers 42}, Alternatively, belis 32, 34 may not apply any pressure
to 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 lutle as about $.01
psi, about 0.03 psi, about .10 psk, about .15 pst, about .20 psi, or about .25 psi, or
as great as about 1.0 pai, about 2.0 psi, about 3.0 psi, about 4.0 psi, about 5.4 psi,
about 6.0 psi, about 7.0 psi, about 8.0 psi, about 9.0, psi or about 10.0 psi, or within
any range delimited by any pair of the foregoing values, as fibrous web 20 passes
through heating portion 38 and cooling portion 40, o one embodiment, the pressure
applied by first and second belts 32, 34 is less than about 0.5 psi. More particularly,
the pressure appiied by fiest and second belts 32, 34 is applied for a time duration
which is inverssly proportional to the belt speed of flat-bed laminator 30, Inone
erabodiment, the residence time that pressure is applied to fibrous web 20 by first and
second belts 32, 34 ranges from as fittle as about | second, about 3 seconds, sbout 5
seconds, about 7 seconds, about 9 seconds, or about 1 seconds, or as much as about
minute, about 2 minutes, about 3 minutes, about 4 minutes, or about 3 minutes, or any

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

second higher pressure applied by pressure rollers 42.

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

intended to be sirictly limiting,

As noted above, prior to fully melting the particulate bBinder, it mayv be desirable to
firat subject the coated web to a first lower temperature pass through the flat-bed
faminator {or other similar/equivalent apparatus) with the heating portion set o g
temperature within but not above the melting temperature range of the binder{s), o
thereby soften and/or partially roelt a portion of the particles. Subsequent pressing of
the softened/partially melted particles, e.g. between belis 32/34, will shape the
softened/partially melted particles into flattenced patches that are bonded to the fibers
{or 1gpes) and enhance the stabilify of the plies for further processing, See, for
example, Figs. 34, 3B, 44, 4B, 34, 5B, 6A, 68 and 7 illustrating patches of binder
bonding portions of adjacent fibers {or adjacent tapes, not Hustrated} 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 ia Figs. 1 and
2. Fig. 2 is a duplicate of Fig. 3 but with ¥ localized patches 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 o each ather. The presence of such
dry particles combined with the discontinuous patches helps maintain the fibrous plies
as partially open structures wherein empty spaces are maintained within the plies, as
shown most clearly in Figs. 1, 2, 3A and 7. Subszquently, the web may be passed
through the flat-bed laminator {or 3 second similar/equivalent apparatus) to fully melt
the binder particles, or the web having a non-fully melted binder may be subsequently

processed 1o fully and completely melt the binder.
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As discussed above, after the coated fiberftape web is processed through the flat-bed
iaminator, the web is then cut to a desired length to form a plurality of fibrous plies of
the desired lengths, and thereafler a desived number of plies are stacked on each ather
surface-to-surface in a substantially coextensive fashion and consolidated into a
unitary composite. With particular regard to fibrous materials comprising a plurality
of unidirectional non-woven fibrous plies, it is conventionally known in the art to
coextensively stack individual fibrous plies upon each other such that the
unidirectionally oriented fibers/tapes in each fibrous ply are oriented in a non-parallel
longitudinal fiber/tape direction relative to the longitndinal fiber/tape direction of each
adjacent ply. Most typically, the fibrous plies are cross-plied orthogonally at % and
%0° angles wherein the angle of the fibersftapes in even numbered layers is preferably
substantially the same and the angle of the {ibers/tapes in odd numbered layers is
preferably substantially the same, but adjacent plies can be aligned at virtually any
angle between about 0° and about 90° with respect to the longitudinal fiber/tape
direction of another ply, including for the formation of pre-pregs (e.g., 2-ply, 4-ply, 6-
ply pre-pregs, ete.) as discussed above. For exampie, a five ply non-woven structure
may have plies oriented at a 0°/45°/90°/45%/0° or at other angles. Such rotated
unidirectional alignments are described, for example, in U.S, patents 4,457,985;
4,748,064; 4,916,000, 4,403,012; 4,623,574, and 4,737,402.

With particular

regard to fibrous materials comprising one or more woven fibrous plies, it is also
typical for the warp and weft component fibers/tapes forming a single fibrous material

to be oriented orthagonally to each other,

Merging of the multiple plies into unitary compaosite siructures may be accomplished
using conventional techniques in the art, including both fow pressure consolidation
techniques and high pressure molding techniques, with or without heat. Methods of
congolidating fibrous plies/layers are well known, such as by the methods described in
1.8, patent 6,642,159, For example, consolidation may be conducted under mild
conditions, i.e., at temperatures ranging from about 56°C to about 175°C, more
preferably from about 95°C to about 175°C and most preferably from about 105°C to
about 175°C, and at pressures ranging from about 5 psig (0.034 MPa) to about 2560
psig (17 MPa}, more preferably from about 5 psig to about 160 psig (0.69 MPa), with

a duration of from abouwt 0.01 seconds to about 24 hours, more preferably from about
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0.02 seconds t about 2 howrs, still muore preferably from about 5 seconds to about 2
hours and most preferably from about 390 seconds to about 1 hour, Consolidation may
be conducted, for example, by passing the stack through a calender nip set, by
prassing in a flat-bed laminator {such as that described sbove and llustrated in Fig. §)
a double belt or sisel beli press or inan autoclave. Consolidation may also he
conducted by vacuum molding the material in g meld that is placed under a vacuum.
Vacuum molding technology is well known in the art. Most commaonly, consolidation

is conducted using 2 flat-bed laminator,

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 converied from a stack of flexible plies info hard, rigid armor. In 3 preferred
smbodiment, the stack is molded at a pressure of from about 50 psi (344.7 kPa) 1o
ahout 5,000 psi (34,470 kPa), more preferably about 100 psi (689.5 kPs) 1o about
3,000 pst {20,680 kPa), most preforably from about 150 pei {1,034 kPg) 1o sbout
15080 pat {10,340 kPa). Molding may aliernstely be conducted at even higher
pressures of from about 5,000 psi (34,470 kPa) to about 15,000 psi (103,410 kPa),
more preferably from sbout 750 psi (5,171 kPa} 1o about 5,800 psi, and more
preferably from about 1,000 pst to about 5,000 psi. The moelding step may take from
about 4 seconds to about 60 minutes, or even more depending on the thickness of the
article being molded. However, in order t5 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
emperasures range from about 200°F (-93°C) o about 358°F (~177°C), more
preferably at 8 femperature from about 200°F 1o about 300°F {~149°C) and most
preferably at g temperature from about 200°F 10 about 280°F (~138°C), and is beid
within the mold for greater than 3 minutes, more preferably at least about 10 minutes,
still more preferably al least about 15 minutes, stifl mors preferably for about 15
minutes to about 45 minutes, still more preferably at least about 20 minutes, and most

prefersbly for ahout 20 minutes to ghout 45 minutes,

While each of the molding and consolidation techniques desoribed herein are similar
and the terms are often used interchangeably in the art, “molding” as used herein
speeifically refors to a method of merging by bonding fibrous pliss/layers together in
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& batch process, while “consolidation™ refers 1o 3 method of merging by bonding
fibrous plies/layers together in a generally continuous process. However, this is not
intended to be sirictly limiting. Also, in either process, suitable lemperatures,
pressures and times are generally dependent on the type of polymeric binder coating

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

As discussed above, as s result of the dry coating process described herein, the
resulting materials have binder-free areas where portions of fiber/tape surfaces are not
coated with the binder, In general, only one surface of sach fibrous layer will be
coated with the particulate binder, and aceordingly about 30% or less of the fiberftape
surface area of each individual fibrous ply will be costed with the particulate binder.
it is noted that the process of passing the filirous web through the flat-bed laminator
and conselidation of the multi-ply stack of fibrous pligs, which causes a spreading of
ihe molien/melted binder, will thereby slightly increase the surface area coverage.
Nevertheless, even after these procassing 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 preferably from about 2%
o about 20%%, stilf more preferably from about 5% to about 15%, and most preferably
fromm about 5% (o about 10% of the surface aren of the fibars/tapes in esch fibrous ply,
By virtue of wiilizing 2 particulate powder rather than a liguid binder or molten
binder, fibrous plies of this disclosure may be fabricated having exiremely low area!
densities while maintaining effective lovels of ballistic resistance. In preferred
embodiments, each fibrous ply of the disclosure has 2 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 25 g/m? or less,
stil] more preferably about 90 g/ or less, still more preferably about 85 g/’ or less,
still more preferably about 80 g/m® or less, still more preferably about 75 g¢/m” or less,
and miost preferably about 76 g/m? or less, with most preferred areal density ranges of
from about 20 g/m? 1o about 80 g/m? or frewn about 30 g/m? 1o about 80 gim?. For the
purposes of this disclosure, the FAD is the same for fiber-based and multifilament
tape-hased plissicomposites because the multifilament tapes are simply flattened and

compressed versions of the same fibers.
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In embodiments where the total areal density per fibrous ply is extremely low, Le.
where the individual ply total areal density is less than 100 g/m?, these low values are
typically obiamed where the fibrous plies are in the form of unidirectional non-woven
fibrous plies that have beon subjectad 1o extensive fiber spreading or extensive
flattening/compression during tape formation. In these embodiments, the FAD levels
are also exceedingly low, Le., sbout 80 g/m? or less, more preferably about 70 g/m® or
less, still more preferably sbout 60 g/m? or less, still more preferably about 50 g/fm? or
less and meost preferably about 40 g/m” or less, with most preferred fiber areal density
ranging from about 13 g/m® io about 80 g/m? or from about 30 g/m? 1o about 60 g/m?.
Preferred hinder coating weights range from about 1 g/m? to about 20 g/m®, more
preferably from about 2 g/n? to about 13 g/m®, and most preferably from about 3 g/’
to about 16 g/m?. However, at such exceedingly low FATDY values, the fibrous plies can
have low siability and very difficult to handle, making them very difficult to process
through the flat-bed laminator or difficult fo consclidate. Accordingly, when ply
stabiility is 2 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, 8 discontinuous thermoplastic web, an ordersd discontinuous
thermoplastic net, a non-woven discontinuous adhesive fabric, a non-woven
discontinuous adhesive serim, g porous film or a plurality of thin thermoplastic
polymer strips. Suitable polymers for the thermoplastic overiay non-exclusively
include thermoplastic polymers non-sxchusively may be selected from the group
consisting of polyolefing, polyamides, polyesters (particularly polyvethyiens
terephthalate (PET) and PET copolymers), polyurethanes, vinyl polymers, ethylene
vinyl alcohol copelymers, ethylene octane copolymers, scrylonitrile copolymers,
acrylic polymers, vinyl polymers, polycarbonates, polystyrenes, fluoropolymers and
the tike, as well as co-polymers and mixtures thereof, including ethylene vinyl soetate
{EV A} and ethylens acrvlic acid. Also useful are naturs! and synthetic rubber
polymers, Of these, polyolefin and polvamide layers ave preferred. The preferred
polyolefin is g polyethiviene, Non-limiting examples of useful polyethylenes are low
density polyethylens (LIDPE)Y, linear low density polvethylene (LLDPE), Meadium
Density Polyethyiene (MIDPE), lincar medium density polyethyiene {(LMDPE), linear
very-low density polyethyiene (VLIPE), lincar ultra-low density polyethyiene
{ULDPE), high density polvethviens (HDPE) and co-polymers and mixtures thersof,
{3 these, the most preferred polyethylens is MDPE,
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I g preferred cmbodiment, the thermoplastic overlay is a heat-activated, non-woven,
adhesive web, such as SPUNFAB®, commercially available from Spunfab, Lid, of
Cuyshoga Falls, Ghio {trademark registered to Keuchel Associates, Inc). Alss
suitable are THERMOPLAST and HELIOPLAST™ webs, nets and films,
commercially available from Protechnic 8.A. of Cemnay, France, Of all the above,
most preferred s a polyamide web, particularly SPUNFAB® polvamide webs,
SPUNFAB® polyamide webs have a melting point of typically from about 75°C 1o

about 2007, but this is not Hmiting,

When the thermoplastic overlay is a scrim such as a SPUNFAB® web, the overlay is
preferably very thin, having a preferred layer thickness of from about 1 pm to about
259 pm, more preferably from about 5 um o about 25 pm and most preferably from
about 3 um 1o about 9 um. While such thicknesses are preferred, it s to be
understood that other thicknesses may be produced to satisfy a particular need and yet
fall within the scops of the present disclosure. It should also be understood that thege
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 alr. These materials are better described by their basis weight, e.g.
particutarly preferred is a SPUNFAB® web having a basis weight of 6 g/m”. The
thermoplastic overlay preferably comprises from about 1% to about 25% by weight of
the overall composite, more preferably from about 1%6 to about 17% percent by
weight of the overall composite and most preferably from 1% 1 12%:, based on the
weight of the fibersftapss plus the binder plus the weight of the overlay{s).
Additionally, beesuse the scrim is discontinuous and mostly air, iis presence will not
prevent the ditfusion of air out of the stack of fibrous plies or affect the formation of

blisters during molding,

In another preferred embodiment, the thermoplastic overlay comprises thin
thermoplastic polymer strips in the form of binding clongate bodies. As used herein, 2
“binding” clongate body is an slongade body such as a fiber that ai least partially
comprises 2 heat activated thermoplastic polymer having a meliing temperature below
7 melling temperature of the structural fibers/tapes (e.g., 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 ethylene-vinyl
acetate, ethylene-aorylate copolymers, styrene block copolymers, polyurethanes,
polyamides, polyesters and polyolefing, inchuding and most preferably polvethylene,
in this embodiment, only a minimal amount of binding bodies are nesded 1o properly
stabilize the fibrous web or fbrous ply, and in most applications it e sufficlent to
apply binding fibers across the entire width of the fibrous web or phy at one or two

inch intervals denwn the fength of the webply.

The thermoplastic overlay(s} is {are} preforably bonded to at least ong fibrous ply
using well known techniques, such as thermal lamination. Typlcally, 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 rollers under conditions of sufficient heat and pressure and according fo
technigues well known in the ant 0 causs the layers 1o combine into & unitary laver.
Such lamination heating may be may performed at the same temperatures, pressures,
rate and other conditions as discussed above for processing the binder coated fibrous

phies through flat-bed laminator 30

in one embediment, the thermoplastic overlay(s} may be applisd to a single binder
coated fibrous ply followsd by bonding the overlay{s) to the single ply by passing the
combination through a laminator. In another embodiment, the thermoplastic
overlayi{s) may serve as an intermediate adhesive layer between two binder-coated
fibrous plics whersin a second binder-coated fibrous ply Is applied on top of the
overlay(s) afier the overlay(s) is (are} applied onto the first Bbrous ply, followed by
passing the combination through the laminator. In one particularly preferred method,
a first non-woven fibrous ply is provided that has a dry, solvent-free particulale
polymerte 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
pastially cover the surface ply; the thermoplastic overiav{s} is (are} then optionally
heated 1o above its melting lomperature whereby it bonds to the surface of the first
ply; a second non-woven fibrous ply having a dry, solveat-free particulate polymeric
binder on at least one surfaces is then applied onto the first non-woven Bhrous ply on
top of the overlay(s); and then the combination is consolidated onder heat and
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prassure wherein the particulate polymeric binder of the first non-woven fibrous ply
and the particulate polymeric binder of the second non-woven fibrous ply are both
mielted, and whereby said binders bond the first and second non-woven fibrous phes

togsther.

A multitayer structure 100 formed by this method is schematically represented in Fig,
9, wherein & first unidirectional fibrous ply 140 having fibers orlented 8t §° i
combined with a thermoplastic scrim 160 and second unidirectional fibrous ply 180
having fibers oriented at 90°. Each of the unidirectional fibrous plies is coated on their
cuter surfaces with 3 particulate binder 120 such that the binder and overlay are
positioned on opposite surfaces of each fibrous ply. Variations of this method may
alse be practiced as would be determined by one skilled in the art. For example, the
overiay(s} may be applied onio a surface of the fibrous plies prior to applyving the
binder onio an opposite surface, or two fibrous plies may be joined together with cach
having a particulate binder and one or more thermoplastic overlays on opposite
surfioes prioy 1o adioining them. In another embodiment, both the particulate binder
and the one or more thermoplastic overlays may be applicd onto each outer surface of

zach fibrous ply.

Finally, after all molding steps are completed, one or more surfaces of the unitary,
consolidated composite may be coated with protective coating, such as a coating
providing water repellent properties. Suitable coatings non-exclusively Include
natural rubber, polyviayi chlonde, polvurethane, silicone elastomers, fluoropolymers,
and waxes, as would be determined by one skilled in the art. Particularly preforred
water resistant polymer coatings non-exciusively include Huoropolymer based
coztings, such as DLEQPHOBOLY water repelient agents commercially available

from Huntsman LLC of Salt Lake City, Utsh, and polyurcthane costings.

The multi-ply compuosite materials fabricated herein according to the sbove methods
achieve a unigue composite structure that retains a substantial velume of empty space
within the interior of the composite article, at least prior to high temperature, high
pressure consolidation/melding into a rigid materialfarticle whereln the binder is fully
and completely melted. In & typical embodiment, a2 compesite material formed
aceording o the above methods will comprise an empty space that is greater than 20%

38



L

i

i3

24

CA 03020694 2018-10-11

WO 2017/180387 PCT/US2017/026111

of the twial volume of the composite material, preferably from about 20% to abowt
30% of the total volume of the composite material, Upon consolidating/molding the
fibrous layers together to form a unitary composife, the anitary composite has a total
emply space volume that is less than the combined empty space volumes of each
individual fibrous layer prior to sald consolidation step. Gaps between fibers allow air
o diffuse out of the stack without affecting the binder coating which typically results
in blistering or bubbling st the composite surface or between plies. In accordance with
the disclosure, the end composite will comprise an emply space volume of from 0%
up 1o 5%, mors preferably from 0% up (o about 4%, more preferably from B upto
ahout 3%, more prefersbly from 0% up 10 2.3%%, more preferably from 0% up o about
2%, more preferably from 0% up t© about 1.5%, more preferably from 0% up to about
1%, more preferably from (% up o about 8.5%, and most preferably have 0% empty

space volume,

Importantly, these materials allow the sfficient furmation of blister-free fibrous
composites without having o actively monitor blister formation or control blister
formation during molding of a stack of plics, such as by degassing, thersby fulfilling a
longstanding need in the art. These benefits are particularly recognized during the
molding of rigid armor, such a5 helmets or vehicle panels, but are also extended 1o
many other nen-baliistic relsted industries 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 aports, motor sports (e,
moiarcycle helmets), bicyele helmets, gc.) as well as other rigid, molded sporis
equipmeni/accessories (including composite baseball/softhall bats, Iacrosse stick
shafts, hockey sticks, field hockey sticks, rigid athletic pads/protective gear) and other
recreational equipment, such as kayvaks, canoss, boats, a3 well as compnsite hunting,
fishing and archery squipment and gear. These articles are exsmplary ondy and not

intended 1o be limiting,

The following non-limiting examples serve to iHustrate the invention:
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A continuous, non-woven web of parallel SPECTRA® fibers (1360 denier
SPECTRA® 1000 fibers} is prepared having a width of 38 om, A dry, low density
poivethylene (LDPE) powder was manually sprinkied onto one surface of the web,
partialfy eoating the surface such that 2050 of the surface area of the one surface is
5 costed with the powder. & plurality of squares are oot from this web having length x
width dimensions of 38 om x 38 om. Two squares {plies) are formed inio a stack with
the plies arranged in 8°/90° croas-pled orientations relative {0 the longliudingl axes of
their component fibers, and the resin comprises about 10%% by weight of the combined
2-phy material. The two-ply material is then passed through a flat-bed laminator wherein
10 they are pressed together for 50 seconds at 140°C and under contact pressure of about
54 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 siacked 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 12170 for 10 minutes of heating, followed by a cool down to 104°%C for 15 minutes,
Afwr releasing from the mold, the edges of the helmet shell are trimmed. The resulting

molded helmet shell had an empty space volume of 8%,

W EXAMPLEZ

Example 1 is repeated but prior © mating the two 0790 plies together to form the
pre-preg, ong or both of the plies is/are stabiiived with a thermoplastic overlay bonded
ter at least one of their surfaces. The thermoplastic overlay is a plurality of binding

25 polymer strips applied laterally across the ply orthogoenal to the longHudinal fiber
axis, The binding polymer strips are formed rom 2 heat activated polyethylene

having a meling point below the melting point of the LDPE powder.

FAMPLE 3
3%
Example 2 is repeated except the thermoplastic overlay is a heat-activated, non-
woven, adhesive SPUNFAB® web, commercially available from Spunfab, Lid.

(SPUNFAB® 40BHWG S-gsm fusible polvolefin resin welb). The SPUNFAR® is
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added to the top side of the bottom ply {its position as i is passed through the fad-bed

feminator).

EXAMPLE 4

Example 1 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 ULS. patent 8,236,119, The tapes averaged about 3716 inch wide
and had an aspect ratio of greater than 1001 and the web is arranged with tape edges

contacting oach other buf without adjacent tapes overlapping cach 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. It is intended that the claims be interpreted 1o
cover the disclosed smbodiment, those alternatives which have been discussed above

and all eguivalenis thersio,
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What is claimed is:

1. A blister-free, ballistic resistant pre-preg composite comprising a plurality of fibrous
plies, wherein each of said fibrous plies is non-woven and comprises a plurality of unidirectional
fibers, and each of said fibrous plies being partially coated with a discontinuous, non-liquid
dispersed polymeric binder having a single-melt heat history, wherein upon said plurality of
fibrous plies being united as a unitary composite, said unitary composite comprises an empty
space volume of from 0% up to 5%, and wherein said polymeric binder is on and between the
fibers of the each fibrous ply and wherein said polymeric binder is on and between adjacent
fibrous plies of said unitary composite, and wherein each fibrous ply of said pre-preg has a surface
area and wherein less than 50% of the surface area of each fibrous ply of said pre-preg is covered

by said polymeric binder.

2. The blister-free, ballistic resistant pre-preg composite of claim 1 wherein less than 20%
of the surface area of each ply is covered by said polymeric binder, and wherein a portion of the

polymeric binder is in dry particulate form.

3. The blister-free, ballistic resistant pre-preg composite of claim 1 wherein the unitary
composite has 0% empty space volume, and wherein from 5% to 15% of the surface area of each

fibrous ply of said pre-preg composite is covered by said polymeric binder.

4. The blister-free, ballistic resistant pre-preg composite of claim 1 wherein each fibrous ply
has a fiber areal density of less than 80 g/m?, and wherein from 5% to 10% of the surface area of

each fibrous ply is covered by said polymeric binder.
5. A method of forming a ballistic resistant pre-preg composite, the method comprising;:

a) providing a first non-woven ply comprising a plurality of unidirectionally oriented
fibers and/or a plurality of unidirectionally oriented tapes, said first non-woven ply being partially
coated with a first dry, solvent-free particulate polymeric binder, and wherein one or more gaps
are present within said first non-woven ply whereby the first non-woven ply has a first non-woven

ply empty space volume;
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b) applying a second non-woven ply onto said first non-woven ply, said second non-
woven ply comprising a plurality of unidirectionally oriented fibers and/or a plurality of
unidirectionally oriented tapes, said second non-woven ply optionally being partially coated with
a second dry, solvent-free particulate polymeric binder, and wherein one or more gaps are present
within said second non-woven ply whereby the second non-woven ply has a second non-woven

ply empty space volume;

¢) optionally applying one or more additional non-woven plies onto the first non-woven
ply and/or the second non-woven ply, each additional non-woven ply comprising a plurality of
unidirectionally oriented fibers and/or a plurality of unidirectionally oriented tapes, and each
additional non-woven ply optionally being partially coated with an additional dry, solvent-free
particulate polymeric binder, and wherein one or more gaps are present within each additional
non-woven ply whereby each of said additional non-woven plies has an additional non-woven

ply empty space volume; and

d) consolidating the first non-woven ply, second non-woven ply and any additional non-
woven plies with heat and pressure under conditions sufficient to at least partially melt the
particulate polymeric binder in each non-woven ply and thereby uniting all of the non-woven
plies to form a unitary composite, wherein the unitary composite has a total empty space volume
that is less than the combined empty space volumes of each individual non-woven ply prior to
said consolidation step, wherein said total empty space volume of said unitary composite is from
0% up to 5%, and wherein each non-woven ply of said pre-preg composite has a surface area and
wherein less than 50% of the surface area of each non-woven ply of said pre-preg composite is

covered by said polymeric binder.

6. The method of claim 5 wherein the combined empty space volumes of each individual
ply prior to said consolidation step is greater than 20% and wherein less than 20% of the surface

area of each ply is covered by said polymeric binder.

7. The method of claim 5 wherein the particulate polymeric binder in each ply is fully and
completely melted in step d), and wherein from 5% to 15% of the surface area of each ply is

covered by said polymeric binder.
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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 said polymeric binder in the form of flattened
discontinuous patches of said polymeric binder bonded to the fiber/tape surfaces, and wherein

consolidation step d) is performed in a double belt press.

9. A blister-free, ballistic resistant pre-preg composite produced by the method of claim 5,
wherein the particulate polymeric binder of each ply is fully and completely melted and wherein
no empty spaces are present within the unitary composite, wherein from 2% to 20% of the surface
area of each ply is covered by said polymeric binder, and wherein each of said plies is a non-

woven fabric comprising an array of unidirectional fibers.

10. The method of claim 5 wherein the first non-woven ply has a fiber areal density of less
than 80 g/m? and the second non-woven ply has a fiber areal density of less than 80 g/m? and
wherein the method further comprises applying at least one thermoplastic overlay onto a surface
of the first non-woven ply, wherein said at least one thermoplastic overlay only partially covers
said surface of the first non-woven ply, and wherein said at least one thermoplastic overlay has a

melting point below a melting point of said polymeric binder of the first non-woven ply; and

consolidating the first non-woven ply, second non-woven ply, any additional non-woven
plies and the at least one thermoplastic overlay with heat and pressure under conditions sufficient
to at least partially melt the particulate polymeric binder in each non-woven ply and thereby
uniting all of the non-woven plies and the at least one thermoplastic overlay to form said unitary
composite, wherein the unitary composite has a total empty space volume of said unitary
composite is less than the combined empty space volumes of each individual non-woven ply prior
to said consolidation step, wherein said unitary composite comprises a total empty space volume
of from 0% up to 5%, and wherein less than 50% of the surface area of each non-woven ply is

covered by said polymeric binder.

11. A blister-free, ballistic resistant pre-preg composite comprising a plurality of fibrous
plies, each of said fibrous plies being partially coated with patches of a polymeric binder having
a single-melt heat history, wherein said plurality of fibrous plies are united as a unitary composite,

and wherein the pre-preg composite has an empty space of greater than 20% of the total volume

44

Date Regue/Date Received 2020-10-16



of the pre-preg composite, and wherein each fibrous ply of said pre-preg composite has a surface
area and wherein less than 30% of the surface area of each fibrous ply is covered by said

polymeric binder.

12.  The blister-free, ballistic resistant pre-preg composite of claim 1 wherein the polymeric
binder comprises a blend of at least two different binders having different melting points, wherein
the blend comprises a first binder and a second binder, wherein the first binder has a different

melting point than the second binder.

13. The method of claim 5 wherein consolidation is conducted at a temperature of from 50°C
to 175°C and at a pressure of from 5 psig (0.034 MPa) to 2500 psig (17 MPa) and for a duration
of from 0.01 seconds to 24 hours, and wherein from 2% to 20% of the surface area of each ply of

said pre-preg composite is covered by said polymeric binder.

45

Date Regue/Date Received 2020-10-16



WO 2017/180387

R

N
2

R s
R

-

CA 03020694 2018-10-11

PCT/US2017/026111

NN
.
\\\\\ R R

X

R
N

IR

1/5

.
\ ) \§ \\\\\\\ ‘

N
N



CA 03020694 2018-10-11

PCT/US2017/026111

WO 2017/180387

g4y "Did
e s 7
M\WMN\N\MMMWW\§\&§ _____ . \\

.

A

qe DA

Vi DlA

.

v i

7 4

)

i s

Ve 'DId

R ]
)
-

.

. -

77 A

S “

\\\\\\

2/5



CA 03020694 2018-10-11

PCT/US2017/026111

WO 2017/180387

49 Old

2

oo oo 0o 5%

e,
7

)

\\\m

Y9 'DI4

soodiol

L

2 \\\\\\\\\\\\\\\.\\W .ﬁ.\th\«

.

o
..
i
2 e

Vs DId

\\\\\\\\\\\,
7

i

3/5



WO 2017/180387

CA 03020694 2018-10-11

e
\\\\\\\\\NN R “ﬂ%\ﬁ\‘\x\\\t\ﬁ\ R \ 2

RN R \\\\\ “&x\&\i\\\\ 3

SRR \\\\\\
o @ S “&Y? R \\\ N
L

3 R \\f&\\.\‘: \m
-
-

e -

R X X X ) R IR R

% N -\N\\\ x\\ SR \W"\“ RN X \ X :.-::._ \\ X\'@Q\i‘\%‘\s\\\\\;\g‘\\\%&\\\\\\\
e Al —

xxxxxxxxxxxx X 3 \i\\t\%\\ N

T N \\\\\\\
R R

\\\N\\\\‘M\\\\\\\‘Q‘i\\;\&\\‘\\\\
X A Rt

xxxxxx

AR
e R

SN A

T

R T T,
X \\\'\\\\ -
\\\\ \\ L L
N L e

R 3

R R

\\\\'\ N SRy SRS W

FIG. 7

33
33+

e

}
20

36
35

FIG. 8

4/5

PCT/US2017/026111



CA 03020694 2018-10-11

WO 2017/180387 PCT/US2017/026111

\ 120

140

COQQO000CQQO0000QRO0000000000CQR0Q000000D0

Qt‘ 180
120

FIG. 9

5/5



...
.
\
7 -

%

i

\\\\\\\\\\\

.
%



	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - ABSTRACT
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - DESCRIPTION
	Page 30 - DESCRIPTION
	Page 31 - DESCRIPTION
	Page 32 - DESCRIPTION
	Page 33 - DESCRIPTION
	Page 34 - DESCRIPTION
	Page 35 - DESCRIPTION
	Page 36 - DESCRIPTION
	Page 37 - DESCRIPTION
	Page 38 - DESCRIPTION
	Page 39 - DESCRIPTION
	Page 40 - DESCRIPTION
	Page 41 - DESCRIPTION
	Page 42 - DESCRIPTION
	Page 43 - DESCRIPTION
	Page 44 - DESCRIPTION
	Page 45 - CLAIMS
	Page 46 - CLAIMS
	Page 47 - CLAIMS
	Page 48 - CLAIMS
	Page 49 - DRAWINGS
	Page 50 - DRAWINGS
	Page 51 - DRAWINGS
	Page 52 - DRAWINGS
	Page 53 - DRAWINGS
	Page 54 - REPRESENTATIVE_DRAWING

