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METHOD OF DELIVERING A THERMOPLASTIC AND/OR CROSSLINKING RESIN
TO A COMPOSITE LAMINATE STRUCTURE

BACKGROUND OF THE INVENTION

The marine, automotive, trucking, rail, aerospace, defense,
recreation, chemical, infrastructure, and other industries look
to composite .materials to take advantage of their unique
properties, especially being corrosion-free or —corrosion-
resistant and having a high strength—t04weight ratio. Composites
are also resistant to fatigue and chemical attack. They offer
high strength and stiffness potential in lightweight components.
There 1s a need, however, to develop coihposite manufacturing
processes, especially with reduced <cycle  times, which

dramatically reduce the cost of composites, especially large
structures, while retaining their high strength and stiffness.

A fiber-reinforced composite in which a continuous reinforcing
fiber bundle 1s impregnated (infused) with a resin is generally

called a prepreg, and is widely used as a base to be molded into

~ the members c?f motor vehicles and airplanes, general industrial
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materials, and, in addition, sporting and leisure applications

such as golf clubs.

Infusion of dry preforms of high modulus fibers with wet resin,
with the use of wvacuum (atmospheric pressure) as the driving
force, 1s known 1in the prior art. While there may be earlier
examples, the Marco method (U.S. Pat. No. 2,495,640) was first
used in the early 1940s. Palmer (U.S. Pat. No. 4,942,013) and
Seemann (U.S. Pat. No. 4,902,215) are more recent examples.
There are also a number of other approaches covered in composite
technology literature: RIRM, RIFT, and UV-VaRTM. Boeing's Double
Bag Vacuum Infusion (DBVI) process, described in U.S. patent
application Ser. No. 09/731,945, makes numerous claims regarding
the control of the vacuum-assisted i1nfusion with a resin
distribution media, multiple porting, or channels. Seemann has
been awarded other patents largely having to do with integration
of a resin distribution matrix into a re-usable bag, such as
U.S. Patents Nos. 5,052,9006; 5,316,462; 5,439, 635; and
5,958, 325.

The physics of the 1nfusion process requires a pressure
differential across the preform to drive the infusion of the
resin 1into the preform. The traditional approaches infuse the
resin at full atmospheric pressure, i.e., the reservoir from
which the resin is being drawn is open to the atmosphere. During
infusion as the preform fills with resin, the pressure inside
the vacuum bag (i.e., the impervious outer sheet that contains
the flow of resin during the 1infusion) in the filled wvolume
approaches the pressure outside the bag, namely atmospheric
pressure. Because vacuum-only resin infusion relies solely on

the overpressure of the atmosphere to constrain the preform
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beneath the bag against the forming surface, this rise in
pressure 1nside the bag reacts against the atmospheric pressure
above. The remaining difference 1in pressure between that inside
the bag and atmospheric pressure (i.e., the net compaction
pressure) 1s all the pressure that 1is left to constrain . the
fiber preform on the forming surface. This pressure differential
will vary depending upon a number of factors including the
profile of the pressure gradient, hence the permeability of the
materials being infused, and the timing sequence of clamping the
inlet and exit lines. The finished thickness of a given of the
preform. Compaction 1s achieved by pressing the preform to
achieve 1its finished fiber volume fraction. Achieving a high
fiber volume fraction requires compaction against the forming
surface. Proper constraint of the preform against the forming
surface during and after infusion until the resin cures is
critical to obtaining a high performance structure that results
from 1its having a high fiber volume. If the net compaction
pressure 1s 1nsufficient (in traditional VaRTM, it can approach
zero), the preform is free to float in the resin or to spring
back from 1its compacted state, leading to reduced fiber volume

ftractions.

Seemann Composites, Inc. has produced a variety of composite
structures using the Seemann Composite Resin Infusion Molding
Process (SCRIMP) from flat panels to complex demonstration wing
structures (Boeing-LB 1998-2000), with the intention to use
SCRIMP for making aerospace parts. A common problem with these
structures and panels has been lower than desired fiber volumes
and concomitantly higher than desired finished thickness per ply

for aerospace use. The preferred range for the carbon fiber



10

15

20

25

30

CA 02765074 2011-12-09
WO 2010/144134 PCT/US2010/001658

volume fraction 1in aerospace composites 1is nominally at the
higher end of that attainable, nominally 52-60%, depending upon
the preform being infused. The desired fiber volume is highly
dependent upon the type of weave or other fiber architecture and
the size and count of carbon tow for example. The laminates and
structures Seemann Composites made for Boeing typically had a
fiber volume fraction lower than the desired range. Control of
the composite thickness through the 1inches per ply metric 1s
important 1in order to control the resulting weight of the
composite. In traditional resin infusion failure to optimize the
thickness often means that each ply 1s thicker than necessary.
Resin lacking fiber reinforcement has poor strength, so
uncontrolled plies 1n a laminate can form a pattern of high
strength areas sandwiched between 1lower strength areas. The
overall laminate will have lower strength +than a properly
consolidated laminate having the optimal per ply thickness, and
will generally require more plies to achieve the desired
strength. More plies translate to more material and more labor,
making already expensive parts even more expensive. It also
translates to more weight, reducing overall performance of the

aerospace system in which the composites are used.

As described in U.S. Pat. No. 4,902,215, Seemann induced
preferential flow and pressure in the flow media above the fiber
preform inside the vacuum bag to distribute the infusing resin
in a network over the preform. The driving force 1s a pressure
differential or head pressure created primarily by drawing down
the pressure inside the bag using a vacuum pump. Atmospheric
pressure on the resin pushes resin into the bag through an inlet

tube. Resin entering the bag encounters the flow media used to
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channel the resin to the underlying fiber preform. Resin flows
laterally through the flow media over the preform and,
subsequently, downwardly into the preform. The preform normally
has the lowest permeability to flow (i.e., the highest
resistance to the flow of the infusing resin) .
High performance composites are currently made from prepregs.
Woven or unidirectional tapes of the prepregs are placed on a
forming mandrel ("laid up") by hand or machine. Debulking
(compaction) 1s often required between plies 1n a laminate to
remove alr before the laminates are vacuum bagged (1i.e.,
enclosed in an 1nert atmosphere under vacuum to withdraw emitted
volatiles released during cure of the resin) and consolidated
(L.e., exposed to elevated temperature and pressure 1in a curing
cycle) 1n autoclaves or presses to achieve high fiber volume
components. The prepreg materials typically are expensive
(especially those using high modulus carbon fiber). The raw
prepreg materials have limited shelf 1lives because the resins
that 1mpregnate the fibers may continue to react ("advance") at
ambient temperature. Advance of the resin adversely affects the

properties of the resulting composite.

Since a molded article obtained by molding a prepreg is required
to have good surface appearance, mechanical properties, etc., it
1s necessary to sufficiently | impregnate or infuse the
reinforcing fiber bundle with a resin and decrease voids as far
as possible. In this case, impregnation refers to a state where
the thermoplastic resin permeates among single fibers of the

reinforcing fiber bundle substantially without any clearance

between fibers.
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In recent years, prepregs of a comingled form and a discon-
tinuous comingled form have been developed. A comingled form

refers to a composite form 1n which a continuous thermoplastic

. resin 1s made to exist as fibers in a continuous reinforcing

fiber bundle. A discontinuous comingled form refers to a
composite form with discontinuous thermoplastic or thermosetting

resin fibers in a continuous reinforcing fiber Dbundle.

For example, JP60-209033A discloses a method for producing a
prepreg of a comingled forrﬁ comprising a continuous reinforcing
fiber bundle and a continuous thermoplastic resin fiber bundle.
This form is excellent in drapability, since a prepreg 1itself 1is
already impregnated with a resin, and furthermore, since the
reinforcing fiber bundle and the resin are disposed nearby.
However, when the prepreqg is carried or shaped according to a
mold, the reinforcing fiber bundle and the resin may separate,
and a preliminary step of spinning the thermoplastic resin 1into

a multifilament is then needed.

JP03~-47713A dilscloses a process for producing a prepreg of a
discontinuous comingled form, comprising the steps of placing a
sheet comprising short discontinuous thermoplastic resin fibers
cut to a length of 20 mm to 200 mm oriented at random on a
continuous reinforcing fiber bundle, and forcibly intermingling
using a water jet. The problem that the reinforcing fiber bundle
the thermoplastic resin fibers separate does not arise. However,
since the thermoplastic resin fibers are disposed as short
fibers, the prepreq becomes bulky and has such a problem with
drapability that 1t cannot be easily shaped, depending on the
shape of the mold. Furthermore, since a water 7Jjet 1is used, it

can cause the reinforcing fibers to be broken or become curved,
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and there arises such a problem that the molded article may have
inferior surface appearance, mechanical properties, etc.
Therefore, spinning a thermoplastic resin into multifilaments
and cutting them 1i1nto short fibers using a cutter or the like

are required.

As mentioned, the prepregs have a limited shelf life. In some
formulations, the resin 1s carried onto the fiber as a lacquer
or varnish containing the monomer reactants that will produce
the desired polymer in the composite (i.e., prepregs of the PMR-
type). In other formulations, the resin is a relatively low
molecular weight thermosetting polymer that c¢rosslinks during
cure to form the desired polymer. The resin is held and used in
1ts 1incomplete state so that it remains a liquid, and can be
impregnated onto the fiber or fabric. Reaction of the monomer
reactants of the polymer (i1.e., 1its advancing) prior to the
intended cure cycle adversely impacts the quality of the final
composite because 1t will be unsuitable for supsequent

processing. .

Liquid molding techniques such as transfer molding, resin film
infusion, resin transfer molding, and structural reaction
injection molding (SRIM) typically require expensive matched
metal dies and high tonnage presses or autoclaves. Parts
produced with these processes are generally limited in size and
geometry. The conventional liquid niolding resins do not provide
the necessary properties for many applications for the

composites.

When manufacturing a thermoplastic or <crosslinking resin
impregnated composite laminate structure, the delivery of the

resin system is sometimes difficult because of the high

7
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viscosity of such thermoplastic or even some <crosslinking
resins. When infusing the resin from the outside of the bundle
of high modulus fibers, such as carbon fibers or Kevlar®
polyphenylene terephthalamide fibers, 1t can be difficult to
substantially completely coat the resin (“wet out”) on all of

the high modulus fibers within the yarn bundles.

Reinforced thermoplastic or crosslinking materials Have wide
application 1in, for example, the aerospace, automotive,
industrial/chemical, and sporting goods industries. Crosslinking
resins may be 1mpregnated into the reinforcing material before
curing, while such resinous materials are lower in viscosity.
Thermoplastic compositions are more difficult to impregnate into
the reinforcing material because of their comparatively higher
viscosities. On the other hand, thermoplastic compositions offer
a number of Dbenefits over crosslinking compositions. For
example, thermoplastic prepregs are easier to fabricate into
articles. Another advantage 1is that thermoplastic articles may
be recycled. In addition, a wide variety of properties may be

achieved by proper selection of the thermoplastic matrix.

Fiber-reinforced plastic materials are usually manufactured by
first impregnating the fiber reinforcement with resin to form a
prepreg, then consolidating two or more prepregs into a
laminate, optionally with additional forming steps. As
previously discussed, consolidation of the fiber bundles is
typically necessary to remove voids between the fibers that
result from the inability of the resin to fully displace air
from the fiber bundle, tow, or roving during the processes that
have been used to impregnate (infuse) the fibers with resin. The

individually impregnated roving yarns, tows, plies, or layers of
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prepregs are usually consolidated by heat and pressure or with
heat and vacuum as by vacuum-bag molding and compacting in an
autoclave. The consolidation step has generally required the
application of very high pressures or vacuums at high
temperatures and for relatively long times.
In the past, a thermoplastic composition has typically been
heated, slurried, commingled or diluted with solvents 1in order
to reduce the viscosity of the composition before it is used to
impregnate the reinforcing material. These methods have suffered

from serious drawbacks.

In the case o0of using solvent to reduce viscosity, the solvent
must be driven off after the impregnation step, resulting in an
additional step 1n the process as well as unwanted volatile
emissions. Moreover,' the desired matrix may be 1nsoluble in
common solvents. In the case of heating the thermoplastic matrix
in order to reduce its viscosity, the dwell time of the resin in
the heated zone may result 1in degradation of the resin, with
attendant decrease 1n the desired mechanical properties.
Furthermore, the molecular weight of the resin may need to be
kept lower than would be desired for optimum mechanical
properties of the ultimate product, in order to facilitate the
impregnation step. Finally, as noted above, known processes for
impregnating thermoplastic resin into reinforcing materials have
required lengthy consolidation of the prepreg materials at high
temperatures and pressures, 1in order to develop the best
physical strength and other properties and to minimize or
eliminate outgassing during consolidation or in later steps,
e.g., finishing processes. Outgassing during consolidation often
results 1n voids within the composite that can cause micro-

cracking or premature delaminating that may adversely affect



10

15

20

25

CA 02765074 2011-12-09
WO 2010/144134 PCT/US2010/001658

mechanical properties. Outgassing during coating steps tends to
cause pin holing or popping 1in the substrate or coating,
resulting 1in an undesirably rough and blemished surface or

finish.

SUMMARY OF THE INVENTION \

The present invention provides a process for producing a prepreg
of reinforcing fibers, the process comprising the steps of: a)
providing a reinforcing fiber bundle layer wherein such bundle
contains a thermoplastic and/or crosslinking resin within the
fiber bundle; b) providing a layer of a thermoplastic and/or
crosslinking material layer on at least one side of the high
modulus fiber layer of step a); c¢) compressing the layers from
step b) under an appropriate amount of heat and pressure, and

thereby producing a prepreg of reinforcing fibers.

In one preferred embodiment, the present invention provides a
process for producing a prepreg of reinforcing fibers, the
process comprising the steps of: a) providing at least two
reinforcing fiber bundle layers wherein each of such bundle
layers contains a thermoplastic and/or crosslinking resin within
the fiber bundle; b) providing a layer of a thermoplastic and/or
crosslinking material layer between the high modulus fiber
layers of step a); c) compressing the layers from step b)under
an appropriate amount of heat and pressure, and thereby

producing a prepreg of reinforcing fibers.

10
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In one aspect, the present invention relates to a process for

pre—

producing a prepreg of reinforcing fibers, the process

comprising the steps of: a) forming fiber filaments into a

single fiber bundle of substantially uniform cross-sectional

dimension and providing a reinforcing fiber bundle layer formed

from each such fiber bundle wherein each fiber bundle of the

reinforcing fiber bundle layer contains a thermoplastic and/or

crosslinking resin substantially in the middle of each fiber

bundle; b) providing a layer of the thermoplastic and/or

crosslinking resin on at least one side of the reinforcing

fiber bundle layer of step a); and c) compressing said layers

from step b) under an appropriate amount of heat and pressure,

and thereby producing a prepegq.

10a
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DESCRIPTION OF THE DRAWING

The composite laminate produced by the process described in the

Example below is illustrated in Figure 1.

DETAILED DESCRIPTION OF THE INVENTION

The reinforcing fiber bundle layer may be in the form of a
bundle of fibers, such as chopped fibers, or continuous
filaments. In the prepreg, the reinforcing fiber bundle layer
contains a thermoplastic and/or crosslinking resin within the
fiber bundle. The thermoplastic and/or crosslinking resin can
be 1n the form of a fiber bundle, yarn, tape, non-woven web or
film, when 1t 1s plied with the reinforcing fibers or the
reinforcing fiber bundle 1is wound around the thermoplastic
and/or crosslinking resin. The thermoplastic and/or crosslinking
resin may be in the form of a non-woven web, a yvarn bundle of
non-continuous fibers or continuous filaments, a film or a tape
in this embodiment. In another embodiment, utilizing an
appropriate amount of heat and pressure, the thermoplastic
and/or crosslinking resin may be squeezed through the middle or
core of the high modulus reinforcing fiber bundle. In this
embodiment, the thermoplastic and/or crosslinking resin may be
in the form of a non-woven web, a yarn bundle of non-continuous
fibers or continuous filaments, a film, a tape, a powder or a
melt. In addition, in another embodiment, a powder of the
thermoplastic and/or crosslinking resin may be dispersed within

or mixed with the reinforcing fiber bundle. It is preferred that

11
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the reinforcing fiber bundle contains a thermoplastic and/or
crosslinking resin substantially in the middle of the fiber
bundle or that the fiber reinforcing fiber bundle layer be plied
with the thermoplastic and/or crosslinking resin, in an
appropriate physical form. In a preferred embodiment, the
outside layers of the prepfeg may comprise a thermoplastic resin

to thereby improve the release of the final prepreg from a mold.

In the claimed process, 1n step a), the content of the
thermoplastic and/or thermosetting resin provided within each
reinforcing fiber bundle 1s preferably from about 1% to 50% by
weight, more preferably from about 3% to 30% by weight, based on
the weight of the fiber bundle. The claimed process may also
utilize a different melting point or different chemical
composition thermoplastic and/or crosslinking resin in step a)
compared with the melting point or chemical composition of the

resin utilized 1n step b).

The prepreg of the present invention comprises reinforcing
fibers or filaments and a thermoplastic and/or crosslinking
resin. In this case, the reinforcing fiber bundle used in the
present invention is a bundle of reinforcing fibers or filaments
(hereinafter referred to as “fibers”), generally aligned in one
direction. One or more reinforcing fibers can also be used
together. The surface of the reinforcing fibers can also be
covered with a metal or the like, and can have a metal or the
like vapor-deposited thereon. The surface of the reinforcing
fibers can also be treated. Carbon fibers having a low specific
gravity, high strength and high elastic modulus can also be
used, because they can greatly increase the reinforcing

efficiency of the final composite laminate molded article.

12
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Moreover, the reinforcing fiber bundle can also be provided with
a sizing agent for the purpose of making it easier to handle.
The type of sizing agent, applying method, deposited amount or
deposition form, etc., 1is not especially limited. Furthermore,
the reinforcing fiber bundle can also contain any suitable

additive.

Examples of the thermoplastic resin that may be used in the=~
present invention include: polyester resins such as polyethylene
terephthalate, polybutylene terephthalate, polycyclo-
hexanedimethyl\ terephthalate and 1liquid crystal polyesters,
polyolefins such as polyethylene, polypropylene and
polybutylene, polyoxymethylene resin, polyamide resins,
polycarbonate resins, polyarylate resins, polymethyl
methacrylate resins, polyvinyl chloride, ABS resins, AES resins,
AAS resins, styrene-based resins such as polystyrene (PS) resins
and HIPS resins, polyphenylene sulfide (PPS) resins,
modified polyphenylene ether (PPE) resins, polyimide resins,
polyamideimide resins, . polyether imide resins, polysulfone
resins, polyether sulfone resins, polyether ketone resins,
polyether ether ketone resins, phenol resins, phenoxy resins,
thelir copolymers and modification products, etc. One of them can
be used, or two or more of them can also be used together. Above
all, 1n view of the mechanical properties of the obtained molded
article and moldability, it is especially preferred to use at
least one thermoplastic resin selected from the group consisting
of polyamide resins, polyester resins, polyphenylene sulfide
(PPS) resins, polyether 1imide resins, polycarbonate resins and

styrene-based resins.

13
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The present 1invention 1s also particularly advantageous for
processes utilizing <crosslinking resin systems when the
viscosity of the resin composition, at the desired processing
temperature, would otherwise make processing difficult or result
in degradation of the resin. For example, the claimed methods
are particularly suitable for so-called "pseudo thermoplastic"
materials that exhibit behaviors during prepregging similar to
those of true thermoplastic materials. The claimed processes
also allow heating the reinforcing material to a temperature
that will cause partial curing of the crosslinking material,
when such partial curing is desired before forming the final
article. Finally, the present invention provides a method for
thermoset prepregging for crosslinking compositions having a
short "pot 1life", at the temperature needed to produce a
suitable resin viscosity. "Pot 1life" is a term of art that
describes the 1interval of time after mixing during which a
crosslinking composition may be used before it sets up (i.e.,

before the viscosity builds up, due to crosslinking.

All types of fiber reinforcements or other reinforcing materials
commonly used for these applications may be used in the
processes of the invention. It 1is also possible for a roving
bundle or tow to be shaped before being impregnated, for example
to be flattened to a tape, or for the reinforcing fibers to be
used as a woven cloth. Useful fibers include, without
limitation, glass fibers, carbon and graphite fibers, polymeric
fibers 1ncluding aramide fibers, boron filaments, ceramic
fibers, metal fibers, asbestos fibers, beryllium fibers, silica
fibers, silicon carbide fibers. The fibers may be conductive and

such conductive fibers, for example conductive carbon fibers or
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metal fibers, may be used to produce articles for conductive or

static charge dissipative applications or EMI shielding.

The fiber filaments are usually formed into a bundle, called a
roving or tow, of a given uniform cross-sectional dimension. The
fibers of the bundle are usually all of the same type, although
this 1is not essential to the claimed invention. For a particular
impregnating resin matrix composition, a reinforcing medium
should be chosen that can withstanding the temperatures and
shear suitable for producing the desired prepreg. In particular,
1f a fiber 1i1is coated with a sizing or finishing material, this
material should be one that is stable and remains on the fiber
at the selected processing temperature. A sizing or finishing
material, if employed, may be selected and applied according to
methods well known in the art. Unsized fibers such as carbon are
employed 1n some applications, 1in order to optimize mechanical

properties.

In one embodiment, fiberglass filaments may be combined with a
thermoplastic resin. Fiberglass filaments typically are coated
with a sizing and/or finishing material. The sizing material or
finishing material used is selected to be able to withstand the
temperatures to which the fiberglass 1is heated during the

process. One such preferred sizing is Owens Corning 193/933.

The fiber bundle, mat, cloth, or other reinforcing material is
heated to a selected temperature above the melting point,
softening point, or glass transition temperature (Tg) of the
impregnating resin matrix composition. The temperature to which

the fibrous reinforcing material is heated that is desirably

15



10

15

20

25

30

CA 02765074 2011-12-09
WO 2010/144134 PCT/US2010/001658

sufficient to produce a prepreg having substantially no voids.
The temperature to which the fibrous reinforcing material is
heated 1n the present invention is thus sufficient to cause the
impregnating resin to fully or substantially fully wet out the
fibers of the fibrous reinforcing material. In a preferred
embodiment of the invention, the reinforcement is heated to at
least about 25 degrees F., preferably to at least about 50
degreés F'., more preferably to at least about 75 degrees F., and
even more preferably to at least about 100 degrees F. above the
melting point, softening point, or Tg of the resin matrix
composition; and up to about 500 degrees F., preferably up to
about 400 degrees F., more preferably up to about 350 degrees
F., and even more preferably up to about 300 degrees F. above
the melting point, softening point, or Tg of the resin matrix
composition. In one preferred embodiment, the reinforcing
material 1s heated to a temperature above about 350 degrees F.,
and below about 800 degrees F. Because the 1length of time to
which the matrix resin composition 1is exposed to such
temperature 1s relatively short, the roving bundle or tow may be
heated to temperatures that might otherwise cause thermal

degradation of the resin matrix resin composition.

The means for heating the fiber is not generally critical, and
may be chosen from any number of means generally available for
heating materials. Particular examples of such means include,
without limitation, radiant heat, inductive heating, infrared
tunnels, or heating 1n an oven or furnace, e.g. an electric or

gas forced air oven.

Insufficient heating may result in undesirable resin

conglomeration at the surface of the roving bundle, tow, or
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other reinforcement. Thus, the temperature to which the fiber
bundle is heated should be sufficient to allow the resin to flow
between the fibers to impregnate the fiber bundle in a
substantially uniform manner. The methods o©f the claimed
invention allow the thermoplastic and/or crosslinking resin
matrix composition to substantially completely 1impregnate the
fibers of the reinforcing fiber bundle, instead of agglomerating
at the surface. The particular temperature chosen will depend
upon factors that would be obvious to the person of skill in the
art, such as the particular type of resin used, the denier of
the fibers, and the profile or size of the bundle, and can be

optimized by straightforward testing.

The matrix resin compositions used 1in the methods of the
invention may be crosslinking or, preferably, thermoplastic
resin compositions. Virtually any thermoplastic resin sultable
for forming into articles by thermal processes, molding,
extrusion, or other such processes may be employed 1in the
methods of the 1nvention. Preferred thermoplastic resins have
been previously discussed. The thermoplastic resins may have a
melting point, softening point, or Tg ranging up to about 750
degrees F. Mixtures of two or more of such resins may also be
used. Preferred crosslinking resin compositions include
thermosetting resins, such as an epoxy that cures with an amine,
acid, or acid anhydride and polyester that cures through

unsaturation, a bismaleimide, a polyimide or phenolics.

The matrix resin compositions may include one or more additives,
such as 1mpact modifiers, mold release agents, lubricants, -
thixotropes, antioxidants, UV absorbers, heat stabilizers, flame

retardants, pigments, colorants, nonfibrous reinforcements and
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-

fillers, plasticizers, 1impact modifiers such as ionomers or
maleated elastomers, and other such customary 1ingredients and
additives. In the case of a thermosetting resin composition, a
catalyst or initiator for the curing reaction may advantageously

be included.

In the prepreqg, the reinforcing fiber bundle layer, which
contains a thermoplastic and/or crosslinking resin within the
fiber bundle, to obtain better physical properties, a higher
viscosity resin 1s frequently desired. However, the higher the
viscosity of the thermoplastic and/or crosslinking resin, the
more difficult it is to properly wet out the high modulus

reinforcing fiber bundle.

In the present invention, the process provides a reinforcing
fiber bundle layer wherein such bundle contains a thermoplastic
and/or crosslinking resin within the fiber bundle and then
providing a layer of a thermoplastic and/or <crosslinking
material layer on at least one side of the high modulus fiber
layer. An intermediate 1layer of a thermo-plastic and/or
crosslinking material layer can also be introduced between two
or more high modulus fiber layers of the composite laminate to
be produced. In this process, the resulting layers, with the
thermoplastic and/or crosslinking resin layer(s), are then
compressed under an appropriate amount of heat and pressure.
The thermoplastic and/or crosslinking resin that has been
provided within the high modulus fiber bundles melts, upon
heating to a suitable temperature, and wets out the fibers of
the fiber bundles from the inside out. The thermoplastic and/or
crosslinking material that was introduced on at least one side
of the high modulus fibers layer(s) also wets out the fibers of

the reinforcing fiber bundle(s), from the outside of the
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structure. This combined process serves to substantially £fill
in the voids or spaces between the fibers of the reinforcing

fibers bundle(s).

In this manner, two different melting point or chemical
composition thermoplastic and/or <crosslinking resins can be
utilized 1i1n the composite laminate. A higher modulus resin,
most often having a higher viscosity, can also be used within
the yarn bundle and/or on the outside of the layered vyarn
bundles, allowing more effective infusing of the resin into the
reinforcing fiber bundles. This allows much more complete
wetting out of the 1individual fibers within the fiber bundles,
while at the same time allowing the use of higher modulus,

higher viscosity thermoplastic and/or crosslinking resins.

The form of the thermoplastic and/or crosslinking resin on or
between the layer or layers of the high modulus fiber bundles
may include a woven cloth, a film, a powder, a woven or nonwoven
net or mesh, a sprayed fibrous structure, a woven scrim Or
uniaxial scrim, chopped fibers, or a powder or fine pellet d&ts.
The thermoplastic and/or cross-linking resin within the fiber
bundle may be 1in the form of a fiber or vyarn formed from
continuous or non-continuous filaments or fibers, a nonwoven
tape or web, a powder, a sprayed fibrous structure or a film.
The thermoplastic and/or cross-linking resin may also comprise a
mixture of a thermoplastic resin and a crosslinking resin. By
combining a thermoplastic resin with a crosslinking resin, which
may be a thermosetting resin system, or combining resins having
different chemical compositions, melting points or viscosities,

the delivery and infusion of the resin can be optimized.
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In general, the prepregs of the invention may comprise from at
least about 1% by weight resin, and up to about 150% by weight
resin, based upon the weight of the fibers. The preferred ranges
of the weight of resin included in the prepreg will depend upon
the specific resin and reinforcing material used, as well as
upon the desired properties and use of the article to be formed
by the process. Optimum ratios of resin to fiber may be
determined according to known methods. In a preferred
embodiment, the resin is at least about 25% by weight, and up to
about 75% by weight, based upon the weight of the reinforcing

fibers.

The preferred 1impregnated reinforcing fiber bundle produced
according to the claimed invention may be described as "fully
impregnated"; that is, the 1interface between the fibers and the
resin 1s substantially free 'of voids. An impregnated fiber
bundle, for example, has a set and uniform dimension with a
given amount of thermbplastic resin matrix. This impregnated
fiber bundle can be molded quickly into a finished part having
substantially no voids and having excellent properties, without
the need for a lengthy or rigorous consolidation step.
Thermoplastic composite matrices are preferred over thermoset
matrices when properties of toughness, capacity for recycling
and/or reforming and/or post-forming of the piece, resistance to
UV degradation, or other specific properties, particularly

available in thermoplastic mediums, are required.
It 1s known in the art that the properties developed in the

final composite laminates are dependent upon the impregnation

process and other fabrication steps following impregnation. This

20



10

15

20

25

30

CA 02765074 2011-12-09
WO 2010/144134 PCT/US2010/001658

is particularly true for higher viscosity thermoplastics that
are impregnated neat (that is, without including a solvent). The
prepregs produced according to the processes of the present
invention have substantially uniform dimensions, substantially
homogenous distributions of the impregnated resin, and are

essentially free of all voids between the fibers.

The prepregs of the present invention may be cut or trimmed to a
desired shape. Plies can be trimmed from a prepreg roll into the
desired shape, size and orientation by means of any cutting
device known 1in the art. Plies can be stacked by hand or by
machine in what 1is known in the art as a lay-up operation.

Continuous directional fibrous structures may be formed by

compression molding, filament winding, pultrusion, or
combinations of these processes. Compression molding 1is usually
employed for forming complex shapes. The prepreg may be formed

into articles according to any of the methods known 1in the art.
In addition to compression molding, vacuum molding process may
also be used. Other processes, such as injection molding,
thermoforming, blow molding, calendering, casting, extrusion,
filament winding, laminating, injection molding, rotational or
slush molding, transfer molding, lay-up or contact molding, or
stamping may be used with the 1impregnated prepreqg materials

formed by the processes of the present invention.

The processes of the invention may be used to provide prepregs
that may be used to form many different kinds of useful
articles. Examples of such articles include, without limitation,
air bag canisters, bumper beams, frame c¢ross members, high

strength brackets, leaf springs, seat frames, skid plates,
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torsion bars, wiper arms, fencing, gears, highway reinforcing
rod, pipe hangers, power 1line <cross arms, boat trailers,
airplane parts, outboard engine cowlings, bow limbs, car top
carriers, horse shoes and ballistic applications, such as
protective vests or helmets. The 1inventive methods and novel
prepregs may be advantageously used to form any article that

might be formed using previously known prepregs and methods.

The prepregs of the present 1invention can be produced by a
production process comprising, 1n part, air-blowing a heated and
molten thermoplastic and/or crosslinking resin, to form a layer
comprising the thermoplastic and/or crosslinking resin layer,
and then laminating a reinforcing fiber bundle layer with the
layer comprising the thermoplastic and/or crosslinking resin.
In the first step, 1f a resin 1s heated to be molten, and
subsequently air-blown, it can be processed into a form suitable
for use in the present process. In this case, as the method for
heating and melting a thermoplastic resin, a process may use a

single-screw extruder, a double-screw extruder or the 1like.

In the second step, the layer comprising the thermoplastic
and/or crosslinking resin obtained in the first step 1is
laminated onto a continuous reinforcing fiber bundle layer. In
this case, the layer comprising a thermoplastic and/or cross-
linking resin can be formed separately, ~and then can be
laminated onto the reinforcing fiber bundle layer. However, in
the present invention, it 1s also possible to utilize a method
comprising blowing the heated and molten thermoplastic resin
onto the continuous reinforcing fiber bundle layer, for
lJaminating the continuous reinforcing fiber bundle layer and the

layer comprising the thermoplastic and/or crosslinking resin.
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The resin 1infusion process of the present invention ensures that
the fiber reinforcing plies in the prepreg will remain
compacted, that the prepreg 1is completely wet out when the
infusion is halted, and that optimum fiber volume fractions are
achieved, thereby improving the traditional infusion processes.
The thermoplastic and/or crosslinking resin layers may be

laminated on both the sides of a reinforcing fiber bundle laver.

EXAMPLE

A spool of Toho TENAX carbon yarn type HTA-5131 (available from
Toho Tenax America, Inc.) at 200 tex is unspooled and plied with
3 spools of Spunfab D 0226A thermoplastic yarn (available from
Spunftab Ltd.) at 50 denier per spool. The resultant yarns will
hereafter he referred to as “composite yarn”. The composite yarn

1s then wound onto a final spool.

The a first layer of the resultant composite vyarn is 1laid
uniaxially parallel on top of a first layer of Spunfab 20 gsm PA
1001 non-woven web (available from Spunfab Ltd.). A second layer
of 20 gsm Spunfab PA 1001 non-woven web is then placed on top of
the first layer of composite yarn. A second layer of uniaxially
laid parallel composite yarn is then placed at 90° to the first
layer of composite yarn. Then a third layer of 20 gsm Spunfab PA

1001 non-woven web 1is placed on top of the second layer of

composite varn.

Release paper 1is placed on the top and bottom of the above
sandwiched composite layers and the sandwiched composite layers

are then placed in a platen press set to 280°F. The press is
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closed for 40 seconds at approximately 5 psi of pressure. After
the press opens, the molten composite is then placed between two
aluminum platens maintained and allowed to cool for about 30
seconds. Upon examination, the fibers of the resultant composite

laminate were all substantially completely wetted out.
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CLAIMS:

1. A process for producing a prepreg of reinforcing
fibers, the process comprising the steps of: a) forming fiber

filaments into a single fiber bundle of substantially uniform

cross—-sectional dimension and providing a reinforcing fiber

bundle layer formed from each such fiber bundle wherein each

fiber bundle of the reinforcing fiber bundle layer contailns a

thermoplastic and/or crosslinking resin substantially in the

iy

middle of each fiber bundle; b) providing a layer of the

thermoplastic and/or crosslinking resin on at least one side of

the reinforcing fiber bundle layer of step a); and c)

compressing sald layers from step b) under an appropriate

amount of heat and pressure, and thereby producing a prepedg.

2. The process of claim 1, further comprising 1in step a)

providing at least two reinforcing fiber bundle layers whereiln
each fiber bundle contains the thermoplastic and/or
crosslinking resin substantially in the middle of each fiber
bundle; b) providing an intermediate layer of the thermoplastic
and/or crosslinking resin between the reinforcing fiber layers
of step a); and c) compressing said layers from step b) under

an appropriate amount of heat and pressure, and thereby

producing a prepedg.

3. The process of claim 1 or 2, whereiln the reinforcing

-

fiber bundle layver of step a) is a fiber layer of carbon fibers

or polyphenylene terephthalamide fibers.

4. The process of any one of claims 1 to 3, comprising
winding said reinforcing fiber bundle layer around said

thermoplastic and/or crosslinking resin, which is in the form
25
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of a yarn, a tape, a non-woven web or film 1n step a).

5. The process of any one of claims 1 to 4, wherein in
step a) the content of the thermoplastic and/or crosslinking
resin provided within each reinforcing bundle 1s from about 1%

—

to 50% by weight, based on the weight of the fiber bundle.

0. The process of any one of claims 1 to 5, wherein in

step a) the content of the thermoplastic and/or crosslinking

resin provided within each reinforcing fiber bundle 1s from

F

about 3% to 30% by weight, based on the weight of the fiber
bundle.

7. The process of any one of claims 1 to 6, consisting

pr——

of utilizing a different melting point thermoplastic and/or

crosslinking resin 1n step a) compared with the resin utilized

1in step b).

3 . The process of any one of claims 1 to 7, comprising

utilizing a different chemical composition thermoplastic and/or

crosslinking resin 1n step a) compared with the resin utilized

in step Db).

9. The process of any one of claims 1 to 8, further

comprising in step a) squeezing the thermoplastic and/or

o

o

crosslinking resin through the middle of each bundle of said

reinforcing fiber bundle layer, utilizing an appropriate amount

of heat and pressure.

10. The process of any one of claims 1 to 9, wherein the

fiber bundle in step a) contains a thermoplastic resin.

11. The process of any one of claims 1 to 10, wherein the

20



CA 02765074 2016-10-27

30890-12

single fiber bundle 1s a roving or tow.
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FIGURE 1

Spunfab D 0226A yarns Composite yarn placed 90° to below yarns
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