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(57) Abstract: A composite assembly that can be cared to form a multi-component composite structure which does not have micro
cracks along the boundaries between the various components. The composite assembly includes a structural component and a mold -
able component wherein the coefticients of thermal expansion of the structural component and the moldable component at the inter -
face or boundary between the two components are such that micro cracks do not form along the interface when the composite as -
sembly is cured to form the multi -component composite structure.
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MULTICOMPONENT COMPOSITE STRUCTURES

BACKOROUND OF THE INVERTION

1. Field of the Invention

{8811 The present invention rolaies gencrally fo mulfi-component or hybrid composite
structures that are made by molding uncwred composite assemnblics which sre composed of »
structiral component that s embedded within a moldable component,  The combination of a
strictural component with a moldable component allows one t© fake advanisge of the added
strength provided by the stroctural component while still being able to form composite structures

b0

P

that have relstively comaplex shapes. More particularly, the presend wvention 18 direct
climinating the mvorp cracks that tend o form along the interfaces between the structural

componan and the moldable componat during molding of the uncured composite assembly,

b

Deseription of Belated At

B8] Composite materials typically include fibers and 2 resin mafrix as the two principal
components,  Composiie malertals fypically have g rather high strongth o weight ratie. As s
resulf, compeosite materials are being wsed in demanding enviromments, such as i the field of

gerospace where the high strength and relatively hght weaight of composite parts are of partisndar

waporianee,

H003] A discontinuous fiber compostie (DFCY matenal has been developad that can be
aconrately molded and machmed to form a wide variety of relafively complex sirnctures. This
compesiie material 15 composed of randomiy oviented sepments of unidivectional tape that have
been impregaated with thermosetting resin. This type of guasi-izotropic fiber matevial has been
used to make molds and 2 variety of acrospace components.  The material i3 available fom
Hexeel Corporstion {Dublin, CA) under the trade name HexMCE®, Examples of the tyvpes of
parte that have been made using HexMOR are described iy US Patent Nos. 7,510,390; 7,960,674
and published US Patent Application USZ012-004G169-A1, the contents of which are hereby

incorporated by reference.



WO 2014/168701 PCT/US2014/021594

H804] The Gbors wed m many lead-bowring composile sttucthures  or clomenis are
unidirectional and continuoas. Soch wddirectional (LD} fibors are particularty useful when the
foad-bearing structure i relatively long with respect fo the width and Huckuess of the structure.
Wing spars, struts, links, frames, intervostals, beams, skans, panels, ot engine blades and vanes
are examples of varions atrorafl strociures that can be relatively long and which are designed to
carry significant loads,

{8881 UD fibere are genevally provided as a tape or laver of paraliel continnous fiber that may
ot tay not be impregnated with thormoseiting resin, The tape or layer of UD fibers has & width
and a thickness with the fibers extending unidivectionally in the length divection, The UD fiber
layver can generally bw shaped mte curved structuwes provided that the tape is bent i the
thicknees divection. I 8 much more difficnlt {o form curved structures in which the U1 Sber
fgver i bent in the divection of the width of the Ul laver. Procedures have been developed o
altow a UL fiber layer to be bent in the width direction. Snch procedures volve twisting the
LD fibers poioy 1o bending the UD layer in the width divection. Such procedures are desertbed in
published US Patert Applications USZ010-0173143-A1 and USZO10-0173152-A1, the contents
of which s hereby mcorporated by reference. These bending procedures allow one to form UD
fiber lavers imte strong structural paris that have sonw curvature in the thickness and/or widih
divections. However, # remains difficult fo form complex machinable structures neing ondy 10
fiber layers,

{806]  DFC matevial is enfirely sudtable for nee in those sifmations wheve the desived composite
structure has 2 relatively coraplex shape andfor regoires post-curing machining. However, there
are many situations where it is desirable to reinforce one or more sections of the DFC structre
with continucus UL fibors. Such mulit-component or hvbnd composite structures are composed
of DFC material, as the moldable component, and contimnous UD fibers as the structural
compenent,  The UD hbers are embodded within the DFC mglenial to provide structural
reinforcement in those areas of the struchure that require the extra strength which is provided by
continpous UD fibers.

00T DEFCAUD hylteid composite strnctores are gonerally made by first fonming sn unoured
composite assembly that chudes countinuons UD fibers as the struetuwral component of the
asspmbly and BFC material as the mobdable component. This assembly is cursd in 8 moold under
high pressure af an elevated temperature to produce a multi-component composite structure. The
strictural component can be made wp of one or more UD sttucturs! clomends that are placed

5
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strategically within the stracture {o provide the desired degree of retnforcernent Tor the moldable
coponet.

B8] DPFC material and contivmons UD fiber lavers tend to expand af different rafes as the
materials are beated and cured durtng the mokling process. The mite at which these materisls
expand during molding s expressed as the coefficient of thormal expansion {UTE) The micro
cracking that may cecur slong the inderfees or bonndaries belween the vanous componenis is g
major concern when molding hybrid composite assemblies o form multi-component composite
structures,  Micro cracking becomes more of an ssue as the difference in UTE botween the
varions components increases.  The difference in CTE between DFC materiad and UD fiber
layvers ix sufficiently large that nuoro cracking can become @ problem when these two
components are combined for molding into amlti~component composife structures.

FO009] I would be desimable o provide methods for making multi-componont structures from
DFC materials and UId fibers where micro cracking along the interfaces between the two
materials 18 gvouded during high tempersture moldng,  BElimingtien of micre emacking 8
gspecially an ssue m those sittations where multiple UD structural eloments are combined with

DFC material and molded to form the hybrid stwucture.

SUMMARY QF THE INVENTION
L In accordance with the present invenfion, ¥ was discovered that uncured

compesife gssemblies, which contain & moldable componenyt that 1s reinforced with & structoral
component, can be molded to form mudt-component stractures that do not have micro oracks
along the mtorfaces between the two components.  The wmvenlion is based in part on the
discovery that the siwe, shape and CTE of the structural component can be controlled sueh that
miern crack formation during the molding process dees not occur rlong the nlortaces between
the components.

ey The present invention is divected to compostie assemblies that can be qured t©
form multi-component composite sivactures.  The composle gssembly inclndes 8 structurgl
component which is composed of one or more structral elements, Each structhwal clement
nclpdes uncwred thermosetiing rosin and anidiroctional continmous fibers,  The composite
assembly also inchudes a moldable component which is composed of a2 moldable body that

meludes an uncnred thermosetiing resin and discontinuons {ibers. As a feature of the present

-
=N ;} -
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mveniion, the copfiicient of thenmal expansion of the sirocihural component and the moldable

cemponeyy, gt the mvferface betweoen the two componerts, 15 such that nucre eracks do not fomm

)

along the mterface when said composife assembly i3 cured fo form the mult-component

LOIRPas stie siroctore,

LU As another featnre of the present invention, the CTE of the structural component
s made to more olosely match the CTE of the moldsble component by including multi-
divectional continpous fibers in the structural component.  Multi-divectional continupus {ibers
tond o have a UTE that more closely matohes the COTE of the moldable component. The multe-
divectional contimons fibers can be distribmited throughont the structural component to provide a
strictural component with 2 relatively moform CTE. The multi-directional continuous fibors
may also be concentrated near the inferface with the moldable component o acf as a2 CTE
“buffer” between the UD Hbers and the DFC molding material,

a1y The mveation is partonlarly neefil for making multi-component structures where
the structural commponent 18 compesad of multiple structirgl elements entbodded withn the
moldable component. The use of multiple sttuctural cloments mereases the complexity and
mumber of the interfaces between the stuchwal component and moldable component, The
present invention s designed o gvoid the formation of micro cracks that typically form in such
complex, amiti-iterface hybrid structures,

U E The sbove described and many other fealures and sltendant advantages of the
present vention will become better understood by reference o the following detailed

deseription when taken in conjunction with the gecompanying drawings,

> >

BRIEY DESCRIPTION OF THE DRAWINGS

LG R FIG. 1 is 2 perspective view of an exemplary uncured composite assembly after #
has been placed info a mold {not shown) and formed info s final shape prior to being cured
under elevated tomperature and high pressore fo form an arerafl window frame which s g aaudis-
component compesite structure in aconrdance with the present mvention,

0016} FIG. 2 15 a porspective view of an exemplary compostie assembly after # has boen
placed into & mold (not shown) and formed into s final shape prior fo bemng cured nnder

glovated femporsture and high prossure (o oo an awerafl access oponing cover which 18 &

e
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muii-component compesite shructare 1y aceordanice with the present invention.  The uncwwed
ACCeSE Dpening cover 18 shown with atfsclunent holes which are typcally nel present in the
uncured composite assembly.  The attachment holes ave typically machmed wio the access
opening after molding 18 completed.

HU FIG. 3 i3 a sectional view reprosentation of the exemplary conposite assenibly
shown tn FiG, L

{HB18] FIGL 4 is 8 sectional view representation of an exemplary strucnwral element in
aecordance with the present mvention where lavers of continuons UD fibers gre shomated with
layers of mudti~directional continons fibers to provide a structural component thaf contains UR

3

fibers, but which also has g CTE {hal more closely maiches the DEFC mslerial that makes up the
moldable component.

0019 FIG, S is a soctional view representation of an altermate exenmplary composite
assembly that is located within a mold (nof shown) prior to being cured fo form an alternate
arrcrafl window frame.

000 FIG. & 15 2 sectional view represenistion of the exemplary composite assembly
shown in FR3. 2.

a0211 FIG. 7 18 a sectional view of a profons prioy to the proform being placed v 8 mold
and formed into #s final shape for molding to form the exemplary composite assembly shown in
FIGE Tand 3

N8I} FIGL 8 18 a sectional view of a preform prior to the prefornm being placed in 2 mold
and formed indo #s final shape for molding Yo form the exemplary compostie assembly shows in

FHa S

DETAILED DESCRIPTION OF THE INVENTION

fBea23 The present invention may b used in a wide variety of situations where it s
desirable o combine widivectional fibers with a moldable composite material fo form smlti-
component or hyvbnd composite structures,  Such hybrid composite struclures are useful m
situations wheve the combination of strength provided by the unidirectional fibers and
moldabilify'machinabtiity provided by the composiie molding compeund s requived.  The
invention is applicable to any situation where a relatively strong structure is required that has a

cemplex shape.
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RELIRE S The vention 1s parhicularly spplicable o bybnd atrerail structures which require
the use of nnlding compounds v combination with waidirectional fiber einforcoments fo most
both strength and dimensionad tolerances. Exemplary airorafl structures inclnde window frames,
aocess opomng covers, outlel gowle vanes for ol engines, thrust roverser cascades, various
engine sirfoils, access doors, brackets, fittings, gussets, clipsicleats, intercostals, pans, flanges
and stiffeners for aorospace structures

{HD835] An exemplary uncured composite assembly is shown at 10 FIGS. 1 and 3. The
compesiie assombly 1s shown as i looks onee i 13 placed within 2 suitable mold {not shown} and

o

formed into Us final shape prior to being molded at an elevated temperature nnder a relatively
high pressure fo form 3 molii-component composite sirocture,  As shown i FIG. 3, the
composite assembly 1 includes a stvuctural componewt U1 that i3 made up of a structural
glement that v composed of g LD fiber body 12 and multi-divechional continuous fiber bedy 14,
The composite assembly 10 further inchudes 2 moldablke componewt 160 The meldable
componet 16 has g fsce 18 The structivad component 11 has a face that 15 made up of the face
20 of the UD Dber body 12 and the {aee 22 of the mudt-diveciional fibor body 14, The mecting
of the moldable component face 18 with the two faces 20 and 22 of the structiral component
forms the mterface 24 between the mokdable and structural compenents.
{80828 The uncured composite mssembly 10 i3 formed from a preform in which the
molding compound is locgted on top of the stucturgl component. An exemplary preform 8
shown at 18a in FIG. 7. In the preform s, the amount of molding compomnd 16a that is
focated on the structural comnponent 1g is suilicient o cnsure that the molding compoand 162
will flow within the mold, as represeated by arow 15, 1o 8l the mold cavity 16P {shown in
phantom) g8 the preform 10s ix bewg formed o 115 inal shape as shown i FIGS, 1 and 30
Theve can be substantial movement of the molding compound when the preform is placed withn
the meld, However, the strociamd cloments 12z snd {4a are located in the proform such that
they do not move (o any significant degree when the preform 1a 18 placed within the mold and
formed info its final shape prior to curing. This allows one 1o accurately place the stroctural
gloments within the part while gt the same tow iecluding the mwolding compound, which 18
allowed to move as needed i the mold to form the desired final shape,
R0271 The molding compound 16 can be prefonmed prier 0 placemmant it the meld so

that it closely matches the shape of the final composite stracture. However, ¢ is difficult

accurately form a preform that matches the shape shown iy FIGS, 1 and 3 where an elliptics!

i
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wall extends perpondiculasly from g base plate.  Acvordmgly, # 1 prefered that the mokling
cempound 1o siaply be lecated on the structursl cloments 1a and 1da, a8 shown m FIGL 7,
with the mold being used w form the melding componnd 18 and structoral elements 12a and
ida mie the desived final shape of the compostie assembly 18, Omee in the mokl, the prnarpal
difference between the composite assembly 18 and the recniting afrerafl window frame is that
the thormeseiting resin present in the unoured assembly 10 must be completely cursd,
{80838] In accordance with the present Wnvention, the coefficient of thermal expansion
{CTE) of the moldable component at the nvterface 24 and the UTE of the structural componend at
the interface 24 are such that micrn cracks do not form along the interface when the composife
sserably 10 is cured/molded. The COTE s of the twe components gl the mterface 24 must be
sufficiently close to each other so that micve cvacks do not form. Micre eracks typically form
when the UTE of twoe adioining matenials differ, at least in one divection, crealing a local strain
from expansion or contrachion that exceeds the materials abality fo resist cracking. The CTE of
the LD fiber body 12 and mudti-directional fiber body 14, as well as {he stze, shape amd relative

griesiation of the ftwo bodies must be {sken wdo considoration when designing a composiie

assembly that can be molded withont micro cracking.
R02%] in geonemal, larger structural compononis should have g CTE thet more closely

matches the UTE of the moldable component. Likewise, interfaces that are larger andfor more
complex reguire that the structiural component have a CTE at the mterface tha! more closely
matches the CTE of the moldable component. For any given combination of stroctural and
moldable componends, the difforence m UTE s that can be tolerated without molding-mdaced
micro cracking is determinable by rontine experimentation.

EUIR The molding compownds and structural eloments that are nsed in sceordance with
the present invention are composed of fibers and resin.  Fibers, such as carbon fibers, have a

N

CTE {parts per million” () that i close o zeve.  Accordmgly, the majorily of the CTH of =
composite malerial 5 due to expavsion and contraction of the resiv mabt, In budk molding
compounds, where the fibers are discontinnous and randomly ontented, the CTE tends to be
uniform i gl divections.  Por sheels of owlding compound where the fibers are guast-
wsotropically ontented, the CTE is uniform in all planar divections. The planar CTE of a typical
shieel of quasi-isotrope carbon fiber/opoxy molding compound i on the order of 2 — 4 ppm™C
The UTE in a direction perpendionlar to the plane of the sheet of molding compound s

controlied more by the resin maivis axd fends to be higher than the planar CTE s, CTE s i the
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perpendicidar direction are typically on the order of 20 to 40 ppm™C for a sheet of guast-
isotrope mokling compotmnd,

D031 The OTE for structural elements is highly

¥

dependent npon the dirsction of the
fibers, For examaple, the UTE of UD prepreg i the direction paraliel o the fibers (X dirochien)
13 due manly to the fiber. The matrix resin contributes very little to the OTE. As a resuly, the
CTE of UL prepreg in the X dirschion s olose o zero. The OTE of an exemplary carbon
fibev/epoxy UD prepreg in the X divection i3 0.0 ppa™CL The CTE of the same UL prepreg
the direction perpendicular {o the UD fbers (Y and £ divoctions) is 30 ~ 40 ppm/™C, wluch 15
due mainly to the CTE of the resin matvix.
00032 Structural componends made from woven fibors glso exlubat CTE s that vary due
to the orientation of the fibers, However, the differences between X, Y and & direction CTE s 13
not as groat as in UD propreg, smee all of the fibers are not parallel {o each other, The CTE
the X and Y direction of woven fiber prepreg tends fo be controlled more by the matrix vesin as
comparad o UD prepreg in the X direction. As @ vesult, the OTE s w the X and Y direction of
woven propreg generally e somewhere betwesn the CTE of a simlar UD prepreg w the X
divection and the CTE of the UD prepreg in the Y/Z divection. The CTE of woven fiber prepreg
in the £ divection s simndlay o the CTE of g similar UD prepreg v the £ divection, since the
matrix resin i both types of prepreg contributes to the £-direction CTE i a similar manner,
0033 The UTE of a molding component or structural componeat 18 measured using
conventional procedures after complefe curing of the individual components. The components
poutract as they cool and expand as they sre hosted. Micro cracks can fonm during cither
confraction or expansion of the componente. The CTE of the components, as measured affer
cemnpiete cunng of the componer, ix constlored o alse be a2 measure of the thermasl confraction
that accurs during cooling of the component from molding/curing temperatwe.  In practice, the
curing fomperature of the component 15 most likely the highest {empersture to which the
mn‘gmnem is exposed during the Hfe of the component. The contraction thaf oocurs duving the
nitial enot down of the meolded part can be a source of considerable strain befween the various
components which does result in micro cracking when the strain oxceeds the abulily of the
componenis to resist cracking.
§_€§{3§}36§§ The UTE of continaous multi-directional fibers tends {0 more closely maich the
CTE of DFC material than UL fiber layers, provided that the resin matrices ave the same or

similar. The pmdii-directional fiber body 14 15 composed mainly of woven fibers so that the
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TE of the fiber body 14 s relatively ¢lose to the CTE of the mnldable component 16 at the
merface 24 Accordingly, the nsk of miom oracking aleng the nterface belween the amudis-
divectional fiber body 14 and moldable component 16 & minimal, However, if the UD fiber
body 12 is composed only of UD fiber layers, then the risk of mucre cracking mereases dag o
the increased difference in CTE between the DFC material of the moldable component and the
body wade ap ontively of UD fibers. Thix s especially g problem m the £ direction mlative to
the UD fiber hody due 1o the relatively high CTE of the UL fiber body in this divection, which i
dnvess by the UTE of the resim matnix. Locating the UD fiber body 12 along the surface of the
assenbly allows for this added strain to ocour in the 7 divection without cansing micrn cracking,
The UD fiber body 12 is 3 the form of an ellipse 1n the X-Y plane, The COTE w this direction 18
due mainly to the UD fibers, 3o that the CTE is lower than in the Z divection. The expansion or
contraction {for cxample during the cure eyele cool down phase) m the XY plane is albso
resirained by the suwrronnding molding compound.
HEEIREY In accordance with the present mvention, the nsk of mwre cragking 8
substantially elininated by msuring that the UD fiber body 12 i located w the agsemtﬁy and
oriented 5o that the directionad CTE s of the UD fiber body 12 are close enough to the OTE of
the moldable component o aveid mucre cracking slong the component mterfaces. FIG, 4 shows
a detailed representation of an exemplary UD fiber body 12 in which layers 26 of contimuons U
fibers are altornated with layers 28 of muudti-divectional continuous Ghers. The addition of palls-
divectional continnous fibers to the U fiber body 12 changes the overall CTE of the body 12 s0
that it more closely matches the CTE of the moldable commponent 16, This provides a reduclion
n the potential for micro eracking, but also reduces the vnidirectional nature of the fiber body.
The sumber of lavers of UD fibers snd pndti-diroctional fibers can be varied o provide the
desired stractural properties while maintaining UTE profiles that arve sufficient to aveid micro
cracking at ithe mterface 24, I was found that the use of mulit-directional fibers along the
erface 24 is preferred because the UTE of the mulii~directional fibers more closely matches
the UTE of the random discontinuous fibers in the molding compound, hence reducing local
sivain at thetr resin mderface.
{H8036] In FH3 4, the nmiti-direction continnous fiber layers 28 are intended o
dhiagraminatically represent woven fibers layvers wherein the fiber ortentation relgtive o the UD
fibers alternates befween /90 and +458,-45, This i3 for exemplary purposes only. The woven
fibers can be w g wide variely of orientations relative to the UD fibers and the varons lgyers

B
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miay have the same or difforent oriontations. U is not nocessary that the layers altornate between
LD and woven Diber lavers, It is preforved thet one o more lavers of woven fibers be located
next to the inferface 24 as shown in FIE 4. The laver(s} of woven fibers act as a CTE buffer

zone between the relatively ow CTE moldable compenent and relatively high CET UL fiber

fayers,
03T The multi-directional fiber body 14 15 Iocated adjacent 1o the UL fiber boady 12 10

provide dissipation of CTE-induced stress during curing of the composite assembly 14, The
joint 23 between the two bodies 15 lovaled at a relative thick section of the assembly 1 with the
two bodies extending laterally from each other into relatively thin sectivns of assembly 10, Inan
alternate ovieniation, the multi-divechional fiber body 14 can be located belween the UD fiber
body 12 and the moldable component 16 to act as a OTE buffer.  In sither case, the awit-
direcitonal fiber body ix located on the side of UD fiber body, which is the high UTE direction,
as opposed o abuiting the end of the UD fiber body, which is the low CTE direction.
HELIREY An altornate exmbodiment of § composite assembly that 15 weed © form an
exemplary window frame s shown at 30 m FIG. & In s embodunent, the stucturgl
component 32 s relatively thin, as compared o the siructural component 11 showen in FIG. 3
The moldable component of the window frame s also composed of DFC materigl. The
moldable component s shown at 34, In this eatbodinent, up 1o a few layers of continucus U
fiber lavers gre used o form the sivactural component. This relatively thin sirocineal component
can be molded with the DFC material o produce a window frame that is not micro oracked
along the UD fiber/DFC matenal intorface.
fBa3Y The high CTE direction of the structural componerst 32 s the d-divection. The
meldable component is located on enly one side of the structural componert 32, The difference
i CTE between the DFC matenial and the UD fiber laver{s} in the d-direction is chosen such
that micre cacking does not ooour during cool down of the molded part. The difference in
CTE's can be relatively large since the UD fiber layer(s) are located at the surface of the part
where thermal contraction/expansion can take place withont micro cvacking. The CTE mthe X
~ ¥ plane 18 much less due to the el that the UD Bbers form g continueas leop that does not
have an exposed end that forms an interface with the DFC matertal. This type of closed loop

configuration 15 preferred over using muliiple segments of UD fiber layors that form multiple

interfaces &t the ends of each segment,

<10



WO 2014/168701 PCT/US2014/021594

{agn48] if the combination of stractural component thickness and CTE difference results
iy the formation of micro cracks during mokling of the window frame 30, then # 15 preforred that
multi~directional fibers be incorporsted with the UD fiber lavers i accordance with the
embodiment shown m FIG, 4 Allomaitvely, one oy more layers of woven fibors can be placed
between the UD fber lavers 32 and the moldable component 34 to provide a UTE buffer

betwoen the two componens,

{0041} As shown in FIG. 8, 1t is prefereed that a preform 302 be prepared in which the
molding compound 34a 15 located adjacent to the UL fiber laver(s) 32a. The amount of molding

compound 3da that is located on the UD fiber layers 322 s sufficient (o ensure that the molding
compound 3da will flow within the maold, as ropresonted by arresw 335, fo i1 the mokd cavity 348
{shown i phantom} as the preform 30a 8 being formed into ifs final shape as shown in FIG. 5,
There can be substantisl movemment of the molding compound 34 when the preform s place
within the mold. However, the UD fiber layer(s} 32a are located on the preform surface that is
11 cortfact with the mold bottom surface that is perpendiculsr (¢ the divection of the press closure
and prossure such that they do not move {o any sigaificant degree when the preform 3 1
placed within the mwold and formed ito its final shape prior to molding. This allows one 1o
aecurately place the UD fiber layver(s) within the part wiile at the same fimwe meluding the

molding compound, which is allowed to move as needed in the mold to form the desived final

{0042} As previonsly mentioned W connection with the embodiment shown i FIGS. 1
and 3, the molding compeund 34 can be preformed prior 0 placement in the pwld so that i
closely maiches the shape of the final composiie structure.  However, it alsg s diffionlt t©
accurately form g proform that matches the shape shown m FIG, § where an olliptical wall alse
extends perpendicularly from a base plate.  Accordingly, it is preferred that the molding
compound 3da stmply be located on the stractural clementds 12a and 143, as shown m FIG. S,
with the mold being used to form the molding compound 3da and UD fiber layver(s} 323 info the
desired final shape of the composite assembly 30, Onoe in the mold, the principsl difference
betwoen the composiie assombly 30 and the resulling sworafl window frame 1w that the
thermosetting resin present i the unenved sssembly 30 must be completely cured,

HHEGIERY it should be noled that the UD fiber layers shown m FIGS, 3 and 5 ave bent in the
width direction in order fo form a planar reinforcing hoop within the molded window fiame. In

gther waords, the UD fibers form g co-planar layer o the X-Y plane and the UD fiber laver
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remiarns within the X-Y plane as # is beont to form the reinforcing hoep. This type of UL fiber
hoop configursiion iz proferably made psing the UD pre-twist procediwe mentioned m the
Description of Related Art

EUIE S An exemplary composite assembly that s mohled o form a cover for an alremaft
access opening 18 shown i FIGR. 2 and & at 40, The acsembly 40 includes a moldable
componert 42, which 1 composad of DFC material and g structurs! component, which 18 made
up of structural elements 44 and 46, Atachment holes 4% are shows i the composite assembly,
These holes can be fonmed m the uncured compostie asserably (a8 shown) or they can be dilled
or ptherwise machined nto the mulfi-component stracture after molding i3 completed.

HH0045] The two structirg! clomenix 44 gngd 46 are completely sarrounded by the molding
component 42, Structural element 44 i3 in the form of a hoop that inchudes faces 44a, 44h, ddc
and 44d, which form g Wwhandar inderface with the moldable component 42, Thus tnbular nterface
has a rectangnlar cross section. Structural element 49 is also in the form of a hoop that includes
faces 46a, 46b, 460 and 46l The structural cloment 46 forms a second tubular interface with the
moldable component 42, This second tubular interface also has a reclangniar cross seolion
{00461 The structural element 44 includes 3 combination of 11} fber layers represented
al 56 and woven Nber lavers represented at 30, 32 amd 34, The structural cloment 46 s shown
having a single UD fiber layer 82 sandwiched between woven fiber lavers SR and 88, The
namber and ortentation of UD fiber lavers and woven fiber lavers in structurs! cloments 44 and
46 are exemplary only. (ther orientations with different vuatbers of Iavers are possible. For
gxample, the stractomi elemeonts of the type shown m FIG. § may be wsed.  As provipusly
mentioned, i is preferred that one or more lavers of woven fibers be located betwesn the UD
fiber lavers and the molding componan in order o act as g UTE buller between the UD Sber
fayers and the molding component.

REUIE The LD fiber lavers that make up structwral clement 44 agre bent m the width
divection in the same manner as the UD structural elements shown in FIGK, 3 and 5. The Ul
fibers form a co-planar layer in the XY plase and they remam i the X-Y plane as the hoop is
formed, As previcosly mendioned, this type of UD fiber hoop configuration s profemably made
using the pre-twist process mentioned in the Description of Related Art. In contyest, the UD
fiber laver i stroctomal element 46 1s bent i the thuckness direction. The UD fibers form a laver
that extends in the ¥ direction {(substantially perpendicular to the UL fiber layers of element 44},

The UL fiber retnforomg boop is fonmed by bending the UL laver m the X-Y direclion, Thig
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type of ULy fiber heop configuration i formed without the pre-twisting required for structursl
gloment 44, The CTE's of both types of UD fber layes are similar in the direction
perpendioniar 1o the UD fibers as well as i1y the direction parallel 1o the UD fibers.

HRHEE S The use of multple structursl elements within the mnkiable component, as shown
in FIG. 6, prosents a relatively complex set of interfaces which increases the chances of micro
crack formation, The present mventivn solves the muoro cracking problom assccated with
multiple complex uvterface configomiions by reducing the UTE differential between the
structurgl clements and the mwolding component andfor by providing mtegral CTE buffers
between the componenta, The UD fibers in adjacent structural elements 44 and 46 are preferably
griented iy the same direction, as shown in FIG. &, in order to match the directional UTE's of e
LT fiber lavers of the adjacent elements, (hienting the stractural elements so that the UL fibers

of adiscent clemends ave porpendicalar to gsch other should be avoided doe to the sigmificant

differences in divectional CTE s that would be present at the interfac rea between the two
giomonis.
00491 The uncured resin used 1n the DFC, UD fber layers andfor madti-directional fibey

fayers may be composed of any of the thermosetting or thermoplastic resing that are typically
wsed for structural applications. The resins in the Ywee different fiber matenals can be difforent,
However, # is preferred that the resins that are wsed in the structwral component and moldable
component are the same or substantially similar © nunimize CTE dilforences belween the
components. In addition, the resin should be chosen such that the strain o faihwre properties of
the resin are sufficently high fo withstand the thermal sirain {o which adiscent components are
subjected without forming micro cracks or otherwise failing. The fiber orientations and fypes
are chosen, as discussed above, o minimize the sivsin to which a resin s subjected at aay given
interface between components,

HRHE Preferably, the smount of yncored resin in the moldable component and structural
component will be befween 25 to 43 weight percent of the overall weight of the component. The
unoured vesin may be any of the epoxy resins, bismaleimide resins, polyimide vesins, polyester
resing, vinviester resins, cyvanate oster resing, phonclic resins or thernoplastic resins that are used
i structural composite materials, Exemplary thermoplastic resins include polyphenylene sulfide
{(PFS) polvsulfone (PS), polvetheretherketone (PREK), polvetherkotoncketone (PEKEK),
polyethersulfone (PES), polyvethenimide (PEL, polvamide-imide (FADL Epoxy resmns that are

teughened with a thermoplastic, such as PES, PEI andier PAL are proforred resin matrices,



WO 2014/168701 PCT/US2014/021594

Resing that are typreally present im UD fape of the type wsed in the sorospace indusity are
proforred. Exemplary thermoplastic fonghened resins that arp suitable for nse as the rosin matnix
are described i United States Paterst Nos, 7,784,322 and 7,988,179 and Umited States Patent
Apphication No, 12/764,636, the contents of which are bereby imcorporsted by refarence.

{UUINE S The moldable component 13 preferably composed of randomly ortented seguients
of vmdirectional tape that gre imprognated with resin, This type of matenigd s commonly
referred to as guasi-isotropic chopped prepreg.  Chuasi-isotropic chopped prepreg ie @ form of
random  discontinuons fiber composste {DFC) that s gvailable commercislly from Hexeel
Corporation {Dublin, CA)Y under the tade name HexMU®. As previously mentioned, HexM{"¥
has been used for & vaniely of purposes mcluding aerospace articles and agh-sirength molds,
{88052} Cuastisotropic  {Q-1} prepreg 18 composed of segments or “chips” of
pnidirectional {iber tape and a resin mainxk. Q-] proprog is tvpioatly supplied as g mal made up
of randomly oriented chips of chopped vnidirectional tape prepreg. The sive of the chips may be
varied as well as the tvpe of Gibers depending upon the sise and »hdpb of the pre-form ax well as
how precisely the pro-form must be machined © meel dinensional olorances, o any., It &
preferred that the chips be U3 inch wide, 2 inches long and 0.006 inch thick, The chips inchude
pnidirectional fibers that can be carbon, glass, aramud, polyethylene or any of the fbers types
that are commonly used i the serospace ndustry. Carbon fibers are preferved. The cohips ave
anlomly oriented i the mat and they lay relatively flat. This provides the mat with is
IYSNSVErse Soirnpic properties.

FOO0S83 The UD tape prepreg that i chopped o form the chips or segments invludes a
resin mainx that can be any of the resing mentioned previonsly that are commonly vsed in
acrespace prepregs. Thermoseiting epoxy resms that are toughened with thermoplastios are
preferred because they tend to be more resisiant to fracturing or delamination if machining of the
final composite part s roqured. The resin content of the chips may alse be vaned bebween 25

B

and 45 weight percent of the total prepreg weight. Uhips with resin contents of between 35 and
40 weight percent are preferred. No additional vesin is typieally added to the prepreg chups when
forming the guast-iseiropie chopped propreg. The resin present in the mitial UD {ape propreg 18
sufficient to bond the chips together to form the mat.

FOO0S4] The guast-sotropic {{3-1) chopped prepreg can be made by purchasing ot making
unidiwectional prepreg tape or tow of desived width, The tape ov tow is then chopped into chips
of desired length and the chips are ladd randomdy 1o layers 1o oo the nwldable component. The

BTN
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andomly placed UL prepreg chups are combined with the structural component and pressed
tegether o form the uncured compostie sssembly {pre-fonm). When prossed together, the
individual randonly oriented UD prepreg chips inhevently bond together due o the presence of
the propreg resin.  The preferred method, however, i to purchase HexMC® or equivalent
commercially available guax-solropic chopped prepregs, which are sopphied as sheets of
material that are then used o form the moldable component of the composite assembly

FOBOSS] An exemplary preferred quasi-isotropic chopped prepreg material s HexMO®
ARSS552. Thus quast- solropic chopped prepreg matenal s supplied ax g continuous rell of
mat that is 46 om wide and 0.20 om thick. HexPhy™ AS4/8532unidirectional fiber preprey is
used to make the chips that are randomly oriented in the quasi-isctropic mat  HexPhy®
ASRYRISZ preprog 13 8 cavbon fiber (AldYepoxy {8352 unidirectional tape thal 1 8016 on
thick and bas a fiber areal weight of ahout 143 gramse /square meter. The resin content of the
fape 18 38 weight porcent with the resin {8332} being g thennoplastic-toughened epoxy. The tape
i3 8l¢ fo provide G55 om sirips and chopped to provide chips that are § om long. The chip
density iz about 132 gram / cubic contimetor. Other oxemplary quast-isoiropic chopped propreg
can be made using other HexPly™ unidirectional prepreg tape, such as EMC AS/IM7
{epoxy/carbon fiber), IMT/KSS2 (thermoplastic-toughened epoxy/carbon fiber), 3301-6/T6350
{epoxyicarhon fiber) and IMT/M21 (thermeplastic-toughened epoxyearhon fiber),  HoxMO®
AS4RSATY and M2VIMT are preforred guasi-isotropie chopped prepregs for use n forming
moldable components 1 accordance with the present tnvention.

HELERGY Other tvpes of DFC molding malenials may be wsed o form the moldable
componen provided that they moent the necessary strength and machinability reguirements for
the intended structre. Such molding materials typically include randomly oriented chopped
fibers which are maprognated with resin, However, tn order o ensure that the molding matenal is
sufficiently strong and both moldable and machinable, 1t is preferred that chopped wnidirectional

fibers or tape form af lpast 90 weight percent of the moldable component,

HOORST The structural cloment{s} that make up the structural componend inchude one or
more layers of UL fibers. The same UD fiber prepreg tape that is used to make the OFC
molding material can alse be used to fonm the sttucturs! clements. The differonce bemyg that the
structural elements ave formed by one or more layers of contivmons UD fibery, whereas the UD

fibers m the moldable componenyt are discontinuous and gquasi-isotropically ortented.
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HOUSE] The UD fibers used n the strycturs! olements may contain from g fow bundred
filaments to 12,000 or mwore filaments, UD 8bers are typically supplied as & tape made up of
contirmions fibers in a vnidirectional orlentation. U tape s the preferred type of prepreg that ix
wsed o form the fibrous stracture. Unidivectional tape 1s available from commercial sourees ar it
may be fabricated nsing known prepreg formation processes. The dimensions of the UD tape
miay be varied widely depending upon the particidar composite part baing made. For example,
the width of the UD tape may range from (.5 nch to 2 foot or more. The tape will typicatly be
fremy 0004 to 0012 mch (001  $.073 om) thick and the §‘§1g§h of the UD fape {the dimwnsien
paraliel o the continnous U fibers) may vary from (.8 neh (1.3 om) up © 2 fow feet {one

meter) oF more depending vpon the size and shape of the structural cloment

FOO0SY] A preferred exemplary commercially gvailable unidivectional prepreg that can be
used to make the structural elements 8 HexPly® R332, which i3 available from Hexeel
Covporation {Doblin, Calitfornia), HexPly®S8352 15 gvailable m a vanely of umdirectional fape
configurations that confain an amine cured toughened epoxy resin matix in amounts ranging
from 34 to 38 weight percent and carhon or glass UD fibers having from 3,000 o 12,080
filaments, The Gibers typically sccount for 60 voliune percent of the UD tape. The preferred UD
fibers are carbon fibers. Dther HexPly” unidirectional prepreg tape may be used in the structural
clemerts.  These UDd prepreg tapes melude EMO 118/AS4 (epoxyicarbon fiber), R332AM7T
{thermoplastic-toughened epoxy/carbon Gber), 3501-6/T650 {epoxyicarbon fiber) and M2 IAMYT
{thermoplastic-tonghened epoxyicarbon fiber), The OTE of this type of UD fape in the direction
paratiel o the fibers 15 close o 8§ (B.0ippm/ U} and between 30 and 48 ppmy U in directions
perpendicular fo the direction of the UD fibers.

EEHEH The muiti-directional fiber layers that are combined with the UD Gber layers to
form the structural elements can be non-woven or woven fiber fabric or randomly orfented
continucus fibors  the form of a val  Other tvpes of multi-directional continucus fiber
pnientations may be used, but i i prefaved that the CTE of the mulii-directional Dber laver
{including matrix resin} is between the UTR's of the DFC molding material and UD 8ber layer
prepreg.  H s preferred that the CTE of the amlit-directions! fiber layer 1 close to being half
way between the UTE of the DFC material in the molding component and the CTE of the UL

fiber lavers in the structural component. “close o7 means that the UTE of the multi-diectional
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fayer is within 20 percent of the halfway point between the CTE s of the DFC muaterial and the
LD fiber laver{s),

HID0o 1 In some situations, it 18 possible to use one or more layers of DFC molding
material m place of woven mwiti-directionsl fiber lgyvers within 8 given structural olemesnt.
However, i i3 preferred that such wse of DFC molding material lavers be limited t© the central
portion of the strocties! clement and that the yse of RDFC molding material in the interior of the
stroctural element be kept low euough o avoid possible micro cracking internally within the
structural slemnent. The lavers of DFC molding matenal way be aliernated with layers of UD
fibers n the same swaaner a8 the woven mulii-directional fiber layers, if desired.

LI The resins used as the resin mainix 1 the multi-divectional fiber lavers should be
the same a3 those used in the DFC molding material and UL fiber layers, The fbers should also
be the same. Since the CTE's of the three different {ypes of mateorigls dopends on the resin
matrix, fiber orientation, fiber type and resin loading of the fibers, # 15 possible to fine nme the
LCTE s of the materials by varving these fow parameters, Proforably, the resin type, fiber type
and resin loading for the DFC nwlding material, UD Ober layerss and mulit-directionsl fiber
fayers are the same or similar, In addition, the fibers of adiacent components should be ortented
se that the high CTh directines and ow UTE directions of the adjrcont components, i any, are
matched to mivimive differcnces n dircctional CTE’s at the mnterface{s) between the
COIIPORES,

{863} Molding of the composite assemblies is carvied out according to known molding
precedures of DFC, The uncured compostie assombly s placed v & mold that i typically
composed of fwo mold halves and formed into the desired shape. Unee formed in the mold, the

\'

uncnred composiie assembly 15 heated o the coning fompersture of the resinds) and molded &

high pressure to form the muli-component composite structure.  Typical high-presaure curin

G’Q

v

temperatares for epoxy resins mange from 17070 o 22570, Preferred curing fomperatnres range
from 17T°C w 205°C, nternal proxsures within the mold are preferably above 300 pei and
below 2000 psi at the cuve temperatures.  Onee the uncuved compeosite assembly has been
completely cured (typically 5 minutes Yo 1 hour at curing tfemperature), the part 18 removed from
the mold and cooled (o form the finad mulii-component composite structure. It s during this
intiial poest-molding cooling process thal mucre orscking will most likely ccowr. I rogquired, the

multi-component conmposite structure may be machined to form fnal surface shapes and provide

any precise dimensions thal ave required.
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0064} it desirgdl, the upcursd composite assombly can be "B-staged” prier io being
placed i the mold w order o incroase the viscosity of the restn. B-staging 5 2 known partial
curing procedure that involves heating the uncured composite assembly &t ambient pressure 1o a
femperature of 16570 to 1EG7C for just enpugh time © substantially tnorease the viscostty of the
resin. H-staging times on the order of 5 fp 15 minutes af the Bosfaging femperature are preforred.
The B-staged composiie assembly is preforably coeled {o reom tempersture prior o being placed
i the mold for finel shaping and curing.  In addition, the viscostty of the resin in the unoured
pompoestie assemnbly tonds o drop as the assembly s heated 0 cure temnpersture and then rapidly

increases as the resiv cures, If is preferred thet the mold not be pressuvized untid afler the resin

has reached the nunimum viscosity, In praciice, the B-staged composiie assernbly 15 placed in
the mold, which has already been heated to the cuving temperature. Pressurization of the mold is
delayed from » fow seconds t© & minnte or more in order o allow the resin Gime {o move twough
the minimum viseosity phase,

HEHHRY Micro oracking ovonrs when the lecal tenstle strain at the tderface between twe
components exceeds {he maxomum sirain capabilify of the resin matnix. For a typieal epoxy
resin, the maxinnm strain capability i 2.4% before micre cracks form.  Accordingly, it is
preferred that the resin mairix, {ibor orienfation, fiber {ype and rexn losding of the fibers
combinations, as well as the size, shape and relagve orientation of the various components be
chosen so that the strain af any given mieriace does not excend 2.0% when the cured composiie

part is enoled down from the curing femperafure (0 room fomperature.

falbes] Examples of practice are as follo

EXAMPLED

ERUE An uncuved composiie assembly for making an aiveraft window frame having the

shape and structure shown it FHES. 1 and 3 was prepared.  The moldable component 16 was
formed from HexMORASYSSS2, which s ¢ DFC molding matenial composad of discontinuons
U1 AS4 carbon fibers with an epoxy 83352 resin matrix. The HexMURAS4RES2 had an areal
weight of aboud 1925 gom with the rosin content boing sbout 38% of the folal weight of the
molding material. The muit-divectional fiber body 14 was made up of § layers of plain weave

ASd carbon fibors 1y an epoxy 8557 resin matriy {ASE/RAS2) The areal weight of each woven

1R
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fiber laver was gbowt 200 gsm with the resin conderd being shout 48% of the wtal weight of the
msulti-directional fher body 14, The UD body 12 was formed ax 16 Jayver lomingte made up of
alternating fayvers of HexCorve® IMAJESSY and ASAESSY plain weave fabric. HexUurve®
IMABSSY 13 g carbon fiber UL tape that has boon pre-twisted as previcusly described to allow
bending in the width divection.  The HexCurve® IMAKSS? had an arcal weight of ahout 268
gsmn with the resin content being ghout 3% of the total weight of the HexCurve® Ul ape.
{80868 The moldable component 16, UD body 12 and multi-divectional fabric body 14
where formed indo the composited assembly as shown o FIGER 1 and 3 for mokling wnto an
aircrafl window frame. The composite assembly was placed m 2 suifable mold and cured at
18070 for 30 minutes & an internal mold pressure of 1500 pst. The cored composite assembly
was cooled from the curing temperature {0 room femperature and then removed from the mold
The resnliing multi-component window Same did net have any mucre oraeks at the boundanes
between the moldable component 18, UD body 12 and nunlti-divectional body 14,

0069 A comparative window frame was propared m the same manner as the exemplary
window frame, excep that the UD body 12 was made up enly of 16 lavers of HexCurve® UD
fibevs, Micro cracks were observed at the boundary between the 16-layver UD laminate and the
moldable component 16

LG Having thus desoribed exemplary embodiments of the present invention, that
varions other altornatives, adapiations and modifications may be made within the scope of the
present invention.,  Accordingly, the present wvention i3 not Umited by the above-descrtbed

embodiments, but s only mied by the following clatms.
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What i3 claimed 130
1. A composite assembly which can be cured to form a nltt-component composiie stracfure,

saxd composite assambly comprising:

g structural component which comprises g stractoral element that comprises an
uncured thermosetting resin and unidirectional continuous fibers, said struchwral component

gomprising a structural component face; and

2 moldable component which comprises 2 moldable body comprising ar uncured
thermosefting resin and discontinuous fibers, said moldable component comprismg s moldable
pomponent fsce wherein satd structirgd compenent face and saxd moldatde component face sharg
a common interface located within the intertor of said composite assenibly and whevein the
ceefficient of thermal expansion of said structural component st said inferface and the
coefficient of thermal expansion of said moldable component at said imterface are such that
micrd oracks do not form along said interface when satd composite assembly 15 cured o form

said multi-component conmposite sirucinre.

A pompostie assombly according to clgim 1 wherein satd structural component comprises

mulit-directional continuous fibers.

3. A composite assembly according to claim 2 wherein satd mulii-directional continuous fibers

cOIprise woven fibers,

4, A composite gssembly acconding o clatm 2 wheren ssid stractumal component comaprises

altervating layers of unidivectional continmons fibers and multi-divectional contimons fibers,

5. A composite assembly according to olaim 2 wherein said nlt-directional continuons fibers

are located between sgid umdirectiong! Bbers and said interface.

. A composiie assembly according to clatm 4 wherein 8 laver of saxd multi-divectional

contimons fbers is located bebween said unidirectional fibers and said interface.

7. A composite asseurbly according to claim | wherein said struetural component is completely

Py

swrronnded by said moldable component.
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B A composite assembly according to olaim 7 wheretn &t least two structural components are

jecatod within said moeldable component,

¢, A composite gssembly sccording o olaim & wherein 2 {irst structurs! component comprises
continpous nnidivectional fibers that are oriented in a fivst plavar arvangement and a second
sirpctural component cormprises wndirectional fibors that are enented 1n g sovond planar
arvangement, wherein said fiest planar avangement and said second planar arvangement are uot

poplanar.

{8 A multt-component conpostie structure which ¢ fonmed by curing 8 composite gssermnbly

acoording to olaim 1.

11 A smlti~-component oomposite structure according o claim 10 wherein said sfruciural

ceanponey comprises multt-divectional continous fibars.
12, A multi-component comaposite structure geconding © olann 11 wheretn said structurgd

component comprises alternating layers of unidivectional continnous fibere and anlti-directional

continmous fhers,

13, A multi-component composite struchure aconrding to claim 11 wherem said muli-

divechional continaous {ihers are located between said unidivections! fibers and sand wierface.

£, A mult-coraponent compostie sttucture according o claim 12 wheren a laver of mult-

divectional confinnous fibers is located between said nnidirectionad fibers and said interface,

15, A nmitt-component oomposife structure according o olaim 10 wherein said sractmal

componertt s gompletely strronnded by satd moldable component.

16, A muiti-componad composite structure goconding o olaim 15 wherein ot lesst two

structural components are located within said moldable component.

17, A mulfi-component composite struchure acoording to claim 16 wherein a first strucinead
gomponent comprises continpous anidivectional fibers that are onented in 2 fHrst planar

rrangernent and a second structural component comprises nnidirectional fibers that are ortented
iy & second planar arvangenont, wherein said first planar srrangement gnd said secensd planar

arvaugement ave not coplanar,
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I8, A multt-component composite structure according {o claim 1( which forms past of an
arreraft,
19, A method for making a composite assembly which can be cuved to form a multi-component

compesile stractore, said methed comprising the steps off

providing 2 siroctural component which comprises @ sivactural eloment that
comprises an nnowed thermosetting resin and unidirectional contimuons fibers, said stracfural

COMpeRent comprising & structural component face; and

previding g moldable component which comprises a mobdable body comprising an
uncured thermosetting resin and discortuons fibers, said moldable component comprising a

moldable component face; and

cornbining said structural component and said moldable compona! fogether o form saxd
composite asscarbly such that said stroctural component face and said moldable component face
share a common mterface located withun the mtenor of said compesiie assembly and wheretn the
coefficient of thermal expansion of said struchural component at said inferface and the
coefficient of thermal expansion of said moldable component af said interface are such that
muicre cracks do not form along saxd intortace when ssid composite asserably s cured to form

satd multi-component composite struchire.

26, A method for making a smiti-component oomposife structure comprising the step of curing

a vomposiie assembly accordmg to claim L

bk
ba
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