A Conposite Material The present invention relates to

geposite material and a nethod for its p '
wo R BRI

10

15

20

onposite material is traditionally consi
a materi al systen1conposeg of a mi xture or conbination
of two or nore micro- or macro- constituents that
differ in formand chem cal conposition and which are
essentially insoluble in each other. Conposites are
i nportant because they possess properties that are
superior to the properties of their individua

constituents. Conposi tgCoxfiosite Mayritie pol yneric,
netallic or ceram c based systens, or sone conbination

of these classes of materials. Recently, conposites
have been devel oped having high and | ow nelt

t erature constituents of the sa I .
RS eTRRI RN 5 rrBord S G LR h e 4B myoctuction.
(so-cal |l ed nanoconposites) have al so been devel oped.

hi polyneric conposites, typically reinforcenent

material s include glass, carbon, aram d, boron,

si [comppsitcamptierial ia trddisipnatyndonsidereil de be g meaterial isystgm epmposed of
forms including continuous fibres, short chopped

fd tixsre drecobibimatibalof iteo ot moed mi@s- anttagphesristidents that differ in
i nclusions. Naturally-occurring polyner fibres such as

h@fR AA0cHealitdlBERositibn ahs GHEEL dredssséRiall Ah&RIBROtn each other.
mat eri als. Conmon polyneric matrix materials include

t ' : s
BRI ORI s 0 S S o bteghior o
t her- | ast.ic | s _such as | ypr.opyl ene, .
pQ}'PK}%ﬁE% 8,? tt}ﬁabq %gg% é:{)lésftll%be&?sy ag:gfx%)ggl?& Xys?ems may be polymeric,
ol yet her et her ket gne ( PEEK), polyethyl ene terephtal at
pmet%llic or ceramic based systéms, or )somtg cor¥1bina 1on of these ¢ a%sesaofama(laterials.
Recently, composites have been developed having high and low melt temperature

constituents of the same polymer, and composites containing constituents at the

nanoscale (so-called nanocomposites) have also been developed.

In polymeric composites, typically reinforcement materials include glass, carbon,
aramid, boron, silicon carbide and aluminium oxide in a variety of forms including
continuous ﬁbreé, short chopped fibres, textile fabric structures and spherical
inclusions. Naturally-occurring polymer fibres such as hemp and cellulose are also
used as reinforcement materials. Common polymeric matrix materials include
thermosetting polymers such as unsaturated-polyester, epoxy resins, phenolic resins
and polyimides, and thermoplastic polymers such as polypropylene, polyamide,
polycarbonate, polyacetols, polyetheretherketone (PEEK), polyethylene terephtalate
(PET), polyphenylene sulphide (PPS), polyethersulphone (PES) polyetherimide (PEI),

and polybutylene terephthalate (PBT).
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(PET), pol yphenyl ene sul phide (PPS), polyethersul phone
(PES) polyetherimde (PEI), and pol ybutyl ene

WO evoepbi4nl ate (PBT). I n ceram c conposites, typiTaBRo07/001946
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rei nforcenent materials incdude silicon carbide,
silicon nitride, boron carbide, alumniumnitride,
titanium di boride and boron nitride in a variety of
forms including continuous nonofil anent and

mul tifilanment tow fibres, whiskers, platelets, and
particul ates. Common ceramic matrix materials include
alumna, silica, nmullite, bariumalumnosilicate,
'ithium alum nosilicate, calciumalumnosilicate,

)}J GRiE %BIBF‘QS%&S SBJHE&QE e ntf&'chﬁentb&%ééﬁaﬁ A OhAE An carbide,
u

m nium ni matri X COTTpOSItES

béﬁé‘f?ﬂaﬁlnh'}n/q gﬁl)&rggor e ﬁﬁﬁ rmt er Iﬂﬁf’g incl. udaﬂﬁ%ﬁgta&g%omn nitride

(carbon% al um na, S|I|con car bi de boron carbi de and

aln ryangbysefifprms inpludingcopdrypus mongfilamentand mpliglament tow fibres,
conti nuous fibres, discontinuous fibres, whiskers,

pwhiskers platedets nehdnpartisulaesmbammenateramicr matrivaaatérials include
i nclude al um num titanium mnagnesium iron and copper
ahlueys, aflttas wpdliel |bayiam Ghngiossili@teydithiunalafunginesilicate, calcium
typically in the formof |lamnates, i.e. they are

CRURARRHicHe, S1icHHTARIdL killcBY ﬁ{tﬁdé, IbBFH AR d AR uminium nitride.
cont ai ni ng continuous | engths of unidirectiona

reinforcing fibres enbedded within the matri x.
l\/bchani cal properties are optimsed by the choice of

R e

advanced pol ymer conp03|tes materials which are cured
dberyMigms sitaniveagt helybdenugl, dorine rapBii taghom).edurpingpsiliean ¢arbide,
120 to 190 0C) are

boron carbide and alumina-silica in a variety of forms including continuous fibres,

discontinuous fibres, whiskers, particulates and wires. Common metal matrix
materials include aluminum, titanium, magnesium, iron and copper alloys and

superalloys.

Composite materials are typically in the form of laminates, i.e. they are composed of a
number of layers (laminae) each containing continuous lengths of unidirectional
reinforcing fibres embedded within the matrix. Mechanical properties are optimised

by the choice of stacking sequence and orientation for a specific application.

It is well known that the properties of advanced polymer composites materials which
are cured during fabrication at elevated temperatures (typically 120 to 190 °C) are

degraded by the residual stresses induced in the composite as the constituents, i.e.



degraded by the residual stresses induced in the
conposite as the constituents, i.e.matrix and

wo edonfisgsaerent , shrink at different rates duriPQr/GB2007/001946
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cooling to anbient tenperatures (typically 20 to

3Q0C). It is also well known, that as an advanced
conposite heats up and cools down the internal

stresses will cause the shape of the conposite _
structures to distort. In an attenpt to reduce this
distortion it is known to introduce additional layers
Omaffik @hil fetnfbiteBnr GriRRSAtt hERedht Ofaftesaﬁhﬁné O?fhlﬁ% Go! Anbient
the reinforcement. This process is known bal anti ng.

ect of producing Ianinates in
ﬁgﬁﬁ#%géggﬁﬁﬂﬁﬁ§§? d%erties may not be optim sed,
i ncreases tine and cost in the manufacturing stage and
al so increases the weight of the conponent. An
ter atlve approach has been to conbine both positive
af\d® Aegats l/lén‘b‘ﬁ’éfqlﬁfc‘%seﬁt afaneadeamepOSHR harts uprandpe)s down the
rmterl als wwthin the sane conposite in order to
alokareal stressev il cagee thashapesif theccongositostnicomed foetistat.
expansi on of the overall conposite. Exanples in this
| atter respect include negative axial CTE carbon
fibres within a positive CTE cyanate ester matrix for

USi€anl Brteh@sti 10 F8dicer thidaigbitioh & ist &JM o ?ﬁl%dﬁéezz?dd?ﬁbqlal layers of

shape from high tenperature | aunch
t ven . .
B e S A %”tﬁ" F?%F’?S’F%eé“eﬁgsﬂ“isxi’éocess s
Eth e t o_praoduce_ | ow or
oS e HOuE rofto s e et AT Bade R b HSeLingehich the
taI I | ne quartz particles (negative CTE) are used
ERICH PFRRSTEES Yt BOY( BosertinyieedCTiBrrepgesp tiotuend | st in the

or zero CTE conposite material for |arge tel escope
manufacturing stage and also increases the weight of the component.

An alternative approach has been to combine both positive and negative coefficient of
thermal expansion (CTE) materials within the same composite in order to achieve on
average the desired zero or low thermal expansion of the overall composite.
Ex&nples in this latter respect include negative axial CTE carbon fibres within a
positive CTE cyanate ester matrix for use in casings for satellites to maintain size and
shape from high temperature launch to lower temperature space conditions. A non-
woven aramid material (negative CTE) is used to reinforce positive CTE thermoset
resin (e.g. epoxy) to produce low or zero CTE substrates for use in printed circuit
boards. Crystalline quartz particles (negative CTE) are used within vitreous quartz
(positive CTE) to product low or zero CTE composite material for large telescope
mirror substrates and laser gyroscopes in aircraft. Negative CTE zirconium tungstate

packaging and supports.are combined with positive CTE silica fibre to produce low or



mrror substrates and | aser gyroscopes in aircraft.
Negative CTE zirconiumtungstate packagi ng and

WG xpasi4g7 are conbi ned with positive CTE sili ceCT/iGBe@7/001946
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to produce | ow orzero CTE f4 bre Bragg grating devices
di spl ayi ng constant reflected wavel ength over a range
of tenperatures for use in optoel ectronic systens.
However, conbi ning negative and positive CTE nmaterials
does have a nunber of di sadvantages; these include: a)
limted use as there is a relative |ack of negative

Cl&o TR fibRl &a@@ﬁaﬂﬁ% UbE cARRSEIPfih AEShstadNEElebtbd MabEEngth over a
physi cal properties for specific applications; b) in

| am VN Tap3 ' 0 increase inter

I ?ngg g? Fes egar ; aflog l&% ﬁtﬁoeﬁ%@%?gﬁém?nc rease in

wei ght and processing of the conposite due to the

addition of the negative CTE nmaterial. These
considerations lead to increased cost of the fjna

c ORPE¥F: Combtndng Apgativhapdmopvei¢ T amajerialy dpfsebqvs @ number of
provi de a conposite materi al whose conponents conprise
rdisedvaatagesy ghase inclidef rlanited useas thefre imapglative teck of oegigive CTE
to minimse any distortion of the material which

r amtdrialy havang heatapp@priptearstige adl other gbyeicdl heropatiey ifad specific
Moreover, it is desirable that the conponent naterials

ShspHcatidiaY 8) an 1aRMARPEIsENS 1RAOR PteRRNS) ¢lincrease inter laminar
properties in order that the conposite nmaterials can

OS54 b Pk A Lok AP b oste e

s GoRRE Hs et B BT Bho o e {oBieng el Ky ereafed cost

mechani cal or bonded) between the various conponents
off the dpalyomnositemateriahl or structure of which a
conposite material fornms part.

Therefore, it is desirable to provide a composite material whose components comprise
materials having different rates of expansion in order to minimise any distortion of the
material which results from heating up and cooling down the material. Moreover, it is
desirable that the component materials should have an appropriate range of physical
properties in order that the composite materials can be widely used. It is also
desirable to be able to match the composite material to its surrounding structures or to
other composite materials in order to improve the performance of the joints (being
either mechanical or bonded) between the various components of a composite

material or structure of which a composite material forms part.

According to a first aspect of the present invention there is provided a composite
material comprising a layer of fibres conjoined to a matrix, wherein one of the matrix

and fibres comprises a first component which exhibits auxetic behaviour for loading



According to a first aspect of the present invention
there is provided a conposite material conprising a

wo 200en33fi7 fi bres conjoined to a matri x, wherei PCDGB2®7/001946
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the matrix and fibres conprises a first conponent

whi ch exhi bits auxetic behaviour for |oadingal ong a

first direction, and the other of the matrix and

fibres conprises a second conponent which exhibits

non- auxeti ¢ behavi our for | oading along the first

di rection. Auxetic behaviour is defined by a Poisson's
raéiOa ABRSWEEEn] AndtHRastherCof e MhtHRCANdOAbMk tBmpEiSEREL kecond
to the material, which is negative (less than zero).

P RopEE s S AR Syl LG oranl RAk dirction
mat eri al expands transversely to that direction.
Correspondi ngly, when conpressed in that direction,

the material contracts transversely to that direction. .
ShivretigroepavieiyHs detiead By bERRNITOYIFAlIOs MeafyrFbt & pargcular direction
Poi sson's ratio which is positive (greater than zero).

| withvrdspedyéo thedweatetia owhichas negative Eesn than rere). dis aeesubinwhen the
is that which the tensile load is applied, and

t hategilois esstietohedl i d@eit idirectioar byappglivatibie of uxehdile load, the material
behavi our is defined by the Poisson's ratio. It wll

bs kel Sis088ell atthdtBrec86iN "CORPRBELrAInEPE Ukt cdnSprkéiedin that

inthe art and is a neasure of stiffness. It is

U150 (RS llbSial AlActs s SR oMbk 0P SfrlahGh- guxetic

arige of stress wt strain. ung S no

the s [ |1, di ti for.a.mateci h
R R I B R L
i n which Young's nodul us changes dependi ng on which

direction the force is applied fromare terned

ani sotropic. The SI unit of Young's nodulus is pasca
(TPawill berunaletstrodethatvibe yerkiN/ fimsP direction” is that which the tensile load is

applied, and therefore the direction for which the auxetic behaviour is defined by the

Poisson’s ratio.

It will be understood that the term “Young’s modulus” is known in the art and is a

~ measure of stiffness. It is defined as the ratio, for small strains, of the rate of change

of stress with strain. If Young’s modulus is the same in all directions for a material,
the material is referred to as being isotropic. Materials in which Young's modulus
changes depending on which direction the force is applied from are termed
anisotropic. The SI unit of Young’s modulus is pascal (Pa). or alternatively kN/mm?,

which gives the same numeric value as gigapascals.

It will be understood that the term “Coefficient of Thermal Expansion” is known in

the art and refers to a change in a material’s dimensions due to a change in



whi ch gives the sanme nuneric val ue as gigapascals. It
W Il be understood that the term "Coefficient of

wab@vmed44Expansi on” is known in the art and r ePET/EBR@7@01946
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change in a material's di nemsi ons due to a change

i ntenperature. It will be understood that materials
havi ng a positive expansion coefficient will expand
when heated, and contract when cool ed. Sonme substances
have a negative expansion coefficient, and wll expand
when cooled (e.g. freezing water). The layer of fibres

MRYm P& at@ e e de eg; i Betlﬂﬁeﬁ?&fd' that Qﬁ]e{té i I%vﬁlrﬁrbg gﬁo%ﬂl\)e expansion

the matrix, or may forma separate ayer

su%?ﬁ%Pgtconé% %%gggﬁlﬁgggigigﬁ%gégﬁ“ﬁ%%ah%%ﬁhpgggﬁfmb“mwes

ndl es of .unidirectio fibr or a woven, knitted,
a‘(Foﬁ TRETLE HPepsioprey F@B‘i b A1 t"ﬁB exRyRd when eppledde.g. freezing
conprlses unidirectional fibres or a woven, knitted or
ndfiisibven nesh. More, preferably, the Iayer of fibres
conprises unidirectional fibres. Were the | ayer of
fibres conprises unidirectional fibres, preferably the
first direction, along which loading is applied for

t Mae &s2E6511BMRE nﬁfy bRlbxiell@edi@BY naix, phdialf %ﬁalb&fdedtlﬁ the matrix,
the direction of the fibres. For the av0|dance of

depRlay &t D&paite ROLNN @ tﬁa%lﬁmgﬁﬁlﬁq{ ibre and matrix)

of the conposite terial may conprise the first
conmponent, the second conponent or both first and
second conponents hi a preferred enbodi nent, the

Iq¥ E%bres c nprlses the first coqponent and the
€ ayer of tibres may ve any suitable construction; for example, it may comprise
bundles of unidirectional fibres, or a woven, knitted, or non-woven mesh. Preferably,

the layer of fibres comprises unidirectional fibres or a woven, knitted or non-woven

mesh. More, preferably, the layer of fibres comprises unidirectional fibres.

Where the layer of fibres comprises unidirectional fibres, preferably the first
direction, along which loading is applied for the assessment of auxetic behaviour, is

parallel to the direction of the fibres.

For the avoidance of doubt, either or both of the phases (fibre and matrix) of the
composite material may comprise the first component, the second component, or both

first and second components.

In a preferred embodiment, the layer of fibres comprises the first component and the
matrix comprises the second component. Further preferably, the composite material

comprises a layer of fibres, some of which exhibit auxetic behaviour for loading along



matri x conprises the second conponent. Further
preferably, the conposite material conprises a |ayer

wobtoofitbi4es, sonme of whi ch exhi bit auxeti c behar€DGB260GH001946
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| oadi ng al onga first directlon and sonme of which

exhi bit non-auxetic behaviour for |oading along the
first direction, enbedded in a matrix which exhibits
non- auxeti c behavi our for | oading along the first
direction. In a preferred enbodi nent, the coefficients
of thermal expansion of the conposite, neasured

PAGA: | Blec@dt aRE§dReNEf ®HicArexhiditt dim-duxesd beliavant ifanioading along
substantially equal. In order to control the

r &1' ﬂﬁto F&%HUB{I}E Bathe homgi kidh "é%inb{th 1®n-alR&@&&Us&dviour for

para Irst direction) and transverse (i.e.

gg@ ure(%ﬁ$@§ﬁ§g cular to the first direction)

expansi on of the conposite, it
IS necessary to select the materials of the conposite
havi ng certain val ues of coefficient of thermal
expansi on, Poisson's ratio, and Young's nodul us, and
t bn e prefemed embodioientyshe ceftivions of thavmak expsnsipn of the composite,
occupi ed by each material. In an alternative
efRadiraeiralldl bed pérperlicutanp theserstt diecSet ercsubstapintiyrequal.
and the matrix conprises the first conponent.
Preferably, the coefficient of thernmal expansion of
the second conponent is |lower than that of the first

I
REBR U contBL B TERRAGEE B SRR ) ik e
q}?l ga t fl&gﬁ %Bi:arécﬁr@ilsv%rgg t(llie%%%g%ﬁ% gg ? Ig%lra]{r?oaﬁl% g Jhpectlon)
than I x 10 5 K 1. Prefergg t he coeff|C|ent of lect th
t hesffisientexefathsrdl SfPapnen ¢ comRpiferit is REESHEAO 5ot the

a
materials of the composite having certain values of coefficient of thermal expansion,

Poisson’s ratio, and Young’s modulus, and to control the volume fraction of the

composite occupied by each material.

In an alternative embodiment, the fibres comprise the second component, and the

matrix comprises the first component.

Preferably, the coefficient of thermal expansion of the second component is lower
than that of the first component, both measured in a direction paralleli to the first
direction. Preferably, the coefficient of thermal expansion of the second component,
measured in a direction parallel to the first direction, is less than I x 105K
Preferably, the coefficient of thermal expansion of the first component, measured in a

direction parallel to the first direction, is greater than 5.4 x 10° K™



direction parallel to the first direction, is greater
than 5.4 x 10 5 K1 .Preferably, the volune fraction

w@boorhas4agecond conponent is between 60 and 70%CHEOHB2007/001946
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nore preferably is 62% Preferably, the volune

fraction of the first conponent is |less than 40% nore
preferably between 15 and 25% and nost preferably is

19% Preferably, the conposite additionally conprises

a matrix material which exhibits non-auxetic behaviour

for loading along the first direction. Preferably, the

VRt ferably, tiectdlome Gfactidreofithe saoné torporsht issbetweppd@emd 7086, and
| ess than 40% nore preferably between 15 and 25% and

RSt pREfelaBlyalbY%l Prdfefdblyl AR WodkEEadticadfitenfiRt cdigonent is less
first conponent and the matrix material may be

0 %.] [ 5 [ haieist
B 7R e oy o 13 19 o2l AR R e i 10
constituents of the matrix phase. For exanple, in one
enbodi ment the conposite conprises: a non-auxetic
uni directional fibrous conponent, having .a volu : -
fRraterabby, the compositeapddationaily mOMPsise? 8 rpaix dn%fFﬂgSW@,ch Fxhibits
transverse Poisson's ratio of +0.28, an axial Young's
et stio bel28PEP4or wading rdongrtbe fiygudirpciomp Buafersblys %9 volume
GPa, an axial coefficient of thermal expansion of -6 x
1@acfibn lof @B thoa-dukatis vemhse compbhdnt iieréssothan H@f4ramore preferably
expansion of 7 x 10 6K 1 ; a non-auxetic matrix
CURAREN ard %A dndmbe preRrdblpiktioon of 0.19, an
i sotropic Poisson's ratio of° +0.38, an isotropic
Young's nodul us of 3GPa, an isotropic coefficient of
t hermal expansion of 5.4 x 10 5K 1; andan auxetic

: ryltﬁggg g}z)igt?o%ngf tﬂg first ccaorgpc\)/ncc)zln and tinra %%hlixor%at%];iapm%)g be Ie)lrrc]iferably

38% in total in the embodiment where the matrix material and the first component are

[
constituents of the matrix phase.

For example, in one embodiment the composite comprises:

a non-auxetic unidirectional fibrous component having a volume fraction of 0.62,
an axial Poisson’s ratio of +0.2, a transverse Poisson’s ratio of +0.28, an axial
Young’s modulus of 230GPa, a transverse Young’s modulus of 3 GPa, an axial
coefficient of thermal expansion of -6 x 107K, and a transverse coefficient of
thermal expansion of 7 x 10K,

a non-auxetic matrix component having a volume fraction of 0.19, an isotropic
Poisson’s ratio of +0.38, an isotropic Young’s modulus of 3GPa, an isotropic

coefficient of thermal expansion of 5.4 x 10°K’"; and



Poi sson's ratio of -2, an isotropic Young's nodul us of
3GPa, an isotropic coefficient of thermal expansion of

w@®2@1/135410 5K 1; said conposite having zero cordT/GBR@MN01946
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of thermal expansion, both Parallel and perpendicul ar

to the direction of the fibres. In an alternative

enbodi nent, the volunme fraction of the second

conmponent is between 60 and 70% and nore preferably

is 62% The volune fraction of the first conponent nay
preferably be | ess than 40% nore preferably | ess than
10%n et slatrl bR F)@Mny Ha®ing. B%olitheffRicelbh Yof 0.0% an isotropic
conp05|te addi tionally conprlses a matrix materi al

{ he &sﬁ?ﬁm 35&10S ofon; aal.ﬁx Qe*?eﬁ?é)yrmg&ﬂué QR @6k kP R&btropic

rst direction. faction of the

non- auxeti.c tri on ween 40% and 30%
andc?f%éfle‘btoﬁg r??‘pia%rrsp &g{' ﬁ’l% vol ume fraction of

the first conponent and {he matrix materi al e

phaid efoRMIOsite dByINg 659 aﬂoettﬂ?lftnﬁ@ feThS BRI SRRy B0 '{bihgafa“el and
matrix material and the first conponent are

cperpendicdante thuf ditagiomef the kibpgRase. For exanple, in the

al ternate enbodi nent, the conposite conprises a
non-auxetic unidirectional fibrous conponent havi ng a

vol une fraction of 0.62, an axial Poisson's ratio of

*th 2n AtdrAARE VERBRIRENS S0 VElubr Fract®in 60 .t88 se@hda¥dndonent is
Young's nmodul us of 230GPa, a transverse Young's

HBQWGQE 68fan§ 7@2@?;?@%10%2&)?& ab] 0L fis GheNt TR v31B&k TBletion of the first

expansi on o a transverse

ngrglf)(l)rﬁeln? rr‘r&ayogreferably be less than 40%, more preferably less than 10%, and

most preferably is 3.5%.

Preferably, the composite additionally comprises a matrix material which exhibits
non-auxetic behaviour for loading along the first direction. The volume fraction of
the non-auxetic matrix component is between 40% and 30%, and most preferably is

34.5%.

The volume fraction of the first component and the matrix material may be preferably
38% in total in the embodiment where the matrix material and the first component are

constituents of the matrix phase.

For example, in the alternate embodiment, the composite comprises
a non-auxetic unidirectional fibrous component having a volume fraction of 0.62,
an axial Poisson’s ratio of +0.2, a transverse Poisson’s ratio of +0.28, an axial

Young’s modulus of 230GPa, a transverse Young’s modutus of 3 GPa, an axial



thermal expansion of 7 x 10 6K 1; a non-auxetic matrix
conponent having a volune fraction of 0.3455, an

w0 s@vnsyut Poi sson's ratio of +0.38, an i sotropT/GB2007/001946
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Young' s nodul us of 3GPa, anoisotropic coefficient of
t hermal expansion of 5.4 x 10 5K 1; and an auxetic
matri x conponent having a volune fraction of 0.0345,
an isotropic Poisson's ratio of -4, an isotropic
Young' s nodul us of 3GPa, an isotropic coefficient of
Lhernal expansion of 2.86 x 10 4K 1; said conposite
av -er.0 : Te@X [ i
par e P G O & T 11 e ety e oeficent of
i br.es. ,The auxetd gefial may therefore be used to
conﬁFﬂpﬂfﬁngH@ﬁﬁgﬁ(gzggnsivityyof a conposite
material, Wthout w shing.to be bound _by.the t i.s .
bel F‘@9@@“1‘%&‘?“&6r‘iOHQ’OE‘EfgélaES’F‘gtah@?%ﬁﬁ&g' QrEOh {433, 4p iSotropic
of the second aspect of present invention, the first
andPsissvid rasionpb 18385 abdewirawid Yioreg/s\inedulys phaGPa, an isotropic
conposite. The strain induced in the auxetic materi al
(t heodfficistit of cirgpmakedphnsisn bhe4 xAOPKS srel mat eri al
changes tenperature, including changes in tenperature

ar i gh Rx & MAgixPERBSSRh davif@WS@Turhb Sraatideloff ©.0345, an isotropic
conponent to expan and contract transverse to the

fir %Bis%n’? Q%tlid) of _i4n QP@&%JIOHCOQ'OBR ’IE gﬁg@ﬁg rﬁ%djﬁzﬂ ﬁ'rﬂqsotropic

expansi on of the ndn-auxettfc nate I ncluding the
second..c.o ent).in the c Si,}@.,-1As thermal strains
areC?%ﬁﬁ@&g%%ﬁmpﬁhmgﬁﬂ%%%Pf%ggﬁéb K

said composite having zero coefficient of thermal expansion, both parallel and

perpendicular to the direction of the fibres.

The auxetic material may therefore be used to control the thermal expansivity of a

composite material,

Without wishing to be bound by theory, it is believed that, during cure of the
composite material of the second aspect of present invention, the first and second
components become linked within the composite. The strain induced in the auxetic
material (the first component) as the composite material changes temperature,
including changes in temperature arising during processing, causes the auxetic
component to expand and contract transverse to the first direction, in opposition to the
contraction and expansion of the non-auxetic materials (including the second
component) in the composite. As thermal strains are induced in the composite the
expansion and contraction of the auxetic component and non-auxetic components

remain in balance creating a composite material having non coefficient of expansion .



expansi on and contraction of the auxetic conponent and
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expansi onor a controlled rate of expansion in
accordance with the proportion and distribution of the
auxetic material wthin the conposite. Particul ar
enbodi ments of the conposite nmaterials of the present
invention may al so exhibit one or nore of the
foll owi ng advant ages: a) coefficients of thernmal
© i i dSEstribution of
PEDRENCR leLr bahelfh IpREbGH AR SR proiRanY R
fi,rst directi.qn)....b) where .the conposite materials of
tﬂ@%@?&ﬂﬂ@%ﬁﬂi‘?ﬁﬁ%@@g?ﬁn&t he form of |aninates, a
reduction in the nunber of |[ayers of materi al
required, relative to a lam nate conposite materi al
contai ni ng no auxetic conponent, as a result of the
r Bantivalar ehbodimentis of the eomertosiie patriiaticsf the Prese@Ht payention may also
expansi on behaviour in the | am nate conposite
C extiBit bhd\6r b ddthecfllowmgrdeasages: ¢c) reduced | evel s of
residual stresses relative to prior art conposite
eri gbHicithts 'IMBYMal Wxphikor egshl fiarthe epagiaidinal and transverse

bal anci ng | ayers, conferring design advantages such as
reduced; deshon ApahdlaSd paRddiLaRAb SR 0B QBbRRNS,
I mproved conposite perto nce and reduced conposite

Sss; e) redquced distortion dugin he . . :
ggbces é"?he ng‘ef‘ionf %Wger'ﬁggr ?};?}Wa%g geengflgﬁ%%lklh{; gir i e, form of
the conposite materials of tq§ present i nven ion.agd lati
sur r ou IR CITRITEFHCHPE i thei REpher PF Iap erof ARl gfuired, relative to

a laminate composite material containing no auxetic component, as a result of
the removal of the directional dependency of thermal expansion behaviour in
the laminate composite containing the auxetic component;

c) reduced levels of residual stresses relative to prior art composite materials;

d) removal of the need for separate balancing layers, conferring design
advantages such as reduced design analysis, additional design options,
improved composite performance and reduced composite mass;

e) reduced distortion during the cooling process; and

f) improved performance of joints between the composite materials of the
present invention and surrounding materials having different rates of
expansion, relative to such joints for materials lacking an auxetic component.
The improvement is due to the ability to match the thermal expansion
behaviour of the composite to the surrounding materials through addition of

the auxetic component within the composite material or within an intermediate



expansion, relative to such joints for materials
| acki ng an auxetic conponent. The inprovenent is due

wWo eoorhss4abi | ity to match the thernmal expansi onPCT/GB2007/001946
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behavi our of the conpositeilzo the surrounding

materials through addition of the auxetic conponent

wWithin the conposite material or within an

i nt ernedi atel ayer, such as a fil m adhesive, between

the conposite and surrounding naterials. A variety of
auxetic materials have been reported, including

auxet| Cla{fé?ersﬁ@plﬁsé Ifm( RRh¥RS! %Et\x"é%ﬁttﬂém&)m osite and surrounding
thernosetting (silicone rubber) and net al coppean)

f oans ( tehzﬁ Lakes, R S. & Park, J. B., J.

Mat er . . i988 23 4406) auxetic therrmpl astic

m cr opor ous pol ynmeric cylinders (ultra high nol ecul ar

wei ght pol yet hyl ene (UHMAPE) ; pol ypropyl ene (PP), and

nyl on), (Evans, K. E. & Ainsworth, K L., International
Parﬁe\fwe%@ﬁ PBstis Gratealo havel beep, repartert, ingluring ghxetic. therngplastic
Evans, K E., Polyner, 1992, 33, 4435-8; Pickles, A P.,

Al @elyss:tcr, uthhhne)&IhEttamttinlg. (Elipoﬂécxiu&bm} archopietad ecroippg) diveins (Friis,
Sci ence, 1996, 36, 636-42; Alderson, K L., Alderson,

A.E. Aéblles, RS . Pa&kEy amSS, MatB. Sci) 198«83t23r440‘50}IauxétﬂI thesmoplastic
1998 17, 1415 19), nmonof i | ament s (PP, nylon and

iélﬁa;o%@s (pb\lﬁ%réo rbyhgderlh. (ulhé%l dﬁlggo%olécuiarsmﬁe‘iéht ﬁ'glyethylene

& Davi e stics, Rub

A W‘%ﬁ@oﬁ%%wﬁy’r&g) @fig‘gd Bt Vg £ g K1
AI BB e S T a8 TR g, B,

i neerin and Sci ence 45(4) (2005) 517),
%23031}5 A g-8p Bickinsr &.K.c Ajdersonl Knk. & Evans, K.E., Polymer

Engineering and Science, 1996, 36, 636-42; Alderson, K.L., Alderson, A., Webber,
R.S. & Evans, K.E., J. Mater. Sci. Lett., 1998, 17, 1415-19), monofilaments (PP,
nylon and polyester) (Alderson, K. L., Alderson, A., Smart, G., Simkins, V. R. &
Davies, P. 1., Plastics, Rubber and Composites 2002, 31(8), 344; Ravirala, N.,
Alderson, A., Alderson, K. L. & Davies, P. J., Phys. Stat. Sol. B 2005, 242(3), 653)
and films (PP) (Ravirala, N., Alderson, A., Alderson, K.L. & Davies, P.J., Polymer
Engineering and Science 45(4) (2005) 517), naturally-occurring polymers (crystalline
cellulose) (Peura, M., Grotkopp, 1., Lemke, H., Vikkula, A., Laine, J., Miiller, M. &
Serimaa, R., Biomacromolecules 2006, 7(5), 1521 and Nakamura, K., Wada, M.,
Kuga, S. & Okano, T. J Polym Sci B Polym Phys Ed 2004;42, 1206), composite
laminates (carbon fibre- reinforced epoxy, glass fibre-reinforced epoxy and aramid-
reinforced epoxy) (Alderson, K.L., Simkins, V.R., Coenen, V.L., Davies, P.J.,,
Alderson, A. & Evans, K.E., Phys. Stat. Sol. B 242(3) (2005) 509), certain bismuth

cuprate superconducting polycrystalline compounds (Dominec, J., Vasek, P.,



cel lul ose) (Peura, M, Gotkopp, L, Lenke, H.,
Vi kkul a, A., Laine, J., Mler, M & Serima, R,

w@e@maswaenol ecul es 2006, 7(5), 1521 and NakanuPer/GE2007/001946
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Wada, M, Kuga, S. & kano,3T. J Polym Sci B Pol ym

Phys Ed 2004; 42, 1206), conposite |am nates (carbon

fibre- reinforced epoxy, glass fibre-reinforced epoxy

and aram drei nforced epoxy) (Al derson, K L., Sinkins,

V.R, Coenen, V.L., Davies, P.J., Alderson, A &

Evans, K E., Phys. Stat. Sol. B 242(3) (2005) 509),
c8kbeida, [P, SPiuitHacel) pv akeLsanmang did ddddeng Physics Letters B, 1992, 6,
polycrystalline compounds (Dom nec, J., Vasek,

P.10R.9hP AR, Bf th&a’ib atdKental- métalsa@iaiBiban, R H. MRk tte, J.M.,
Physi cs Letters B, 1992, 6, 1049-54), 69% of the cubic

zggﬁg&a' ATl %‘g}gﬂwﬁurég 1@9&8%35?%%&-% i nLSJYLuy-occurring

362 5 and.nat u aII urn
Pobpiapingt Sl JiH %F%%Q‘?‘c}”?% ot -8R ZK?’%&“‘* Haeri, Y.,

(Ye aneh- Haeri, Y., veud & Pari se
séV@d@@; Do Bagire, dib. zSchéesk&?% NSR 6@2 Resiar, N. R. &
Chel i kowsky, J. R, Phys. Rev. B 48, 16227 (1993)).
P&ltsEkowskyr AtR.oBhyss RiepuB a8, 16227hA983)be Bnissans tatied as fow as -12
t he auxetic polyners (Caddock, B.D. & Evans, K E., J.
Piiye bden migghired Byt auxdi@BSoly@ess (@HJW&ZB,DJ&}@]VE&H; iKn@., J. Phys.
very large transverse strains (over an order of

dgy,gr ot h t
st r alﬁ ré’ llz)g gggg bf egwsg?)?ggjl@%h?lgglf }e}‘sjlla%eetr%? f)?%:ee?r%aﬁl%s (over an

WL R e Rl ap ANl B o e

short chopped fibres, textile fabric structures and
spherical inclusions made from gl ass, carbon, aram d,
boron, silicon carbide and_al um ni um oxi de. Any '

c Suiseblatfihses Geinforeeraent anateriply sinpadymesr panposites are widely known

within the field and may comprise continuous fibres, short chopped fibres, textile
fabric structures and spherical inclusions made from glass, carbon, aramid, boron,
silicon carbide and aluminium oxide. Any combination of the said fibres and forms
may be used. Nanofibres and nanotubes may also form suitable fibres for use with the
present invention. It is, of course, recognised that other alternative polymer, metal or
ceramic materials to those identified above could be included as fibres, as would be

readily apparent to the man skilled in the art.

The matrix material of the present invention may comprise one or more polymeric
materials. The matrix material may comprise thermosetting polymers, thermoplastic
polymers, or both thermosetting and thermoplastic polymers. Suitable thermosetting
polymer examples are well known to those skilled in the art and include any of the

following either alone or in combination: epoxy resins, unsaturated polyester resins,



may be used. Nanofibres and nanotubes may al so form
suitable fibres for use with the present invention. It
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pol ynmer, netal or ceramc materials to those

identified above could be included as fibres, as would

be readily apparent to the man skilled in the art. The
matri x material of the present invention may conprise

one or nore polyneric materials. The matrix materia

may conprise thernosetting polyners, thernoplastic
paibpnalicsresias apd prlimidepp Switabla dhameplanias pelymss examples are well
pol ynmers. Suitable thernosetting pol ynmer exanples are
weknbwhirtowhose skilled se thekart hedlinichnde ey af theafodloivig either alope or in
of the follow ng either alone or in conbination: epoxy

- I edhibsnatigiis at Wokipreby@ley est gilydreideNs, pioyratbonateesi Nsolyacetols,
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and polyim des. Suitable thernoplastic polyner

Zﬁ%@hﬁ?et rRet¥fd | gﬂﬁm&)@ ﬁ(ﬁr&tﬂﬁéﬁe S&&éﬁhfa@até NEHS, afdlyphenylene

include any of the follTow ng either alone or 1n

conhi hat |y [ ene I 1 de. I bona

oL PRRE: 7). RO BERPLFRS RIED KOS BRI $ER) BRI P yiene

ter epht al at ET), pol yphenyl ene sul phide (PPS),
%Wﬁé?@d?g& ne (PES) pol yetherinide (PEl), and

pol ybut yl ene terephthalate (PBT). The matrix nmateri al

may further conprise one or nore additional conponents

whi ch may include any of the follow ng either alone or

i "MTheandirir ahdtenal neayr furtheragenirse oa€ oenerasdilisonap cgnpotests which

softeners, flane retardants and tougheni ng agents. The

aggiy RNale SR/MBORRNFIIONGYs BRhe A0 6r (h RehbHafen: curing agents,

pol yneric), inorganic (including ceramc) or netallic

i rbc@@éﬂd{o?s, pigments, softeners, flame retardants and toughening agents. The

additional components may be organic (including polymeric), inorganic (including

ceramic) or metallic in nature.

The additional components are added with the desired properties of the composite

material in mind.

The auxetic component of the present invention may be incorporated into the fibres
by way of auxetic monofilaments and multi-filaments and/or it may be incorporated

into the matrix material.

Auxetic monofilaments and multi-filaments may be incorporated in the form of

continuous fibres, short chopped fibres, or textile fabric structures.
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properties of the conposite material in mnd. The
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incorporated into the fibras§ by way of auxetic
nonofilaments and nulti-filaments and/or it may be
incorporated into the matrix material. Auxetic
nonofilaments and nulti-filaments may be i ncorporated
in the formof continuous fibres, short chopped

res e fabric structures. Th n whi ch .

t e et &%e%*nﬁﬂsﬁéﬁfﬂﬁ SOMRORSER &t HCROTH T T PGl material
naterlal depends upon the nature of the desired
c Sfpags upok e aatugg of the desired gpmpositemaeyaldi vi ded
auxetic materials nmay be added to the matrix in the
formof a filler. Polycrystalline aggregates of
a-cristobalite are suitable for incorporation into the

o exarhple fineby dinjded hhgetRUNSE s hidylteradded toaths enaddex éinthe form
alternative ceramic material, a polyner or a neta

Ax gt filferC %‘[Ms@ﬂllﬁ@ygg’i‘ég%%s bﬁ d-O595R0tR48 duitdHi O 13 1ncorporat10n
corrp05| te material through engl neering the auxetl c

Ifxtg |Ct§1 ?Ig(htl? ?ﬁ‘ E@L g?bl&l afpd SY&k ic Vﬁlfepllﬁlary; %‘eve glr‘r}aglv% ceramic

auxeti ¢ nolecula

| ncl ud qui d crystal , u, P. .
G, o ROBer GR BB e AR Sipgectos ey eli@&g)ly?orporateﬁ into a
crystalllne cel lul ose, cubic elenental netals,
2 s6Mppswity, matesial dirope crgincorng te araie ifegtyatethiecmolecular level
t hernopl astic and/ or thernosetting resins are known to
t vathik iHel matriratsel& nBxamopledlob@ixstic tmldcelaf-tavelunatersls tifmdude liquid
matrix material in the present invention.
crystalline polymers (He, C., Liu, P. & Griffin, A.C., Macromolecules, 31, 3145
(1998)), crystalline cellulose, cubic elemental metals, zeolites, a-cristobalite, and -

quartz.

Auxetic thermoplastic and/or thermosetting resins are known to the skilled man and

would be suitable for use as the matrix material in the present invention.

Auxetic character may be imparted upon metal and ceramic based composites by way

of auxetic metallic and ceramic materials.

Suitable fibres in Ceramic Matrix Composites are widely known within the field and
may comprise continuous monofilament and multifilament tow fibres, whiskers,
platelets and particulates of silicon carbide, silicon nitride, boron carbide, aluminium
nitride, titanium diboride and boron nitride. Any combination of the said materials

and forms may be used. The auxetic component of a Ceramic Matrix Composite may -



Auxetic character may be inparted upon netal and
ceram c based conposites by way of auxetic netallic

wane7asani ¢ materials. Suitable fibres i n Cerp@i/GB2007/001946

Matri x Conposites are w delty knowmn within the field
and may conprise continuous nonofil anent and
multifilament tow fibres, whiskers, platelets and
particul ates of silicon carbide, silicon nitride,
boron carbide, alum niumnitride, titaniumdiboride
and boron niftr.ide. 0 |nat|on of the said
eﬂffcar%of%ﬁ% iptgy H}.@A%wbgb Y U of TRanefilaments ahputidniilaments,
of a Ceramic Matrix Conposite maybe incorporated into
t hehiskasy, enjatgletonand partigplatss | dfagnxgtie carathic. Known auxetic ceramics
mul ti-filaments, whiskers, platelets and particul ates

ofineludethear-cestallite ahawiaRe pelyhorsIerAFleg, baiséruﬂlﬁqddﬂ@}uo Y.
a-cristobalite and a-quartz pol ynorphs of silica,

C t |
a%?ﬂﬂfgidtm W68 Ot Pro LREAIOS, 247, 7)Yl cerfilf Bhomuth cuprate

% d:orrpounds Matrix materials in Ceramic Matri X

"%Cs are well known to those skilled in the art

and i nclude oxides such as alumna, silica, mullite,
barium alum nosilicate, lithiumalumnosilicate and
cal cium al um nosilicate. Non-oxide ceramc matrix
melafFix apafenialein (samid Maoix Cemprisies ars iwelldanwnito thage skilled in the
boron carbide, and alum niumnitride. The auxetic
¢ cantpemd endludyf oxadéSesnetimascaliviintal ¥ilic npdkie] Earimgy alb@inosilicate, lithium
incorporated into the matrix material as, for exanple,

f ianehiodiivdtél @fd adain GlERMBHiCat& B - é‘Juﬁe ageedc tlﬁ’atﬁ? @naterials
matrix in the formof a filler. Alternatively, the

10 CERERAL B EatbiiRY sift€od Hftﬁ!ié]sﬂo%ﬂ L:éfbﬁg,xgﬁd Gtuminium nitride. The

15

20

auxetic component of a Ceramic Matrix Composite may be incorporated into the
matrix material as, for example, finely divided auxetic ceramic materials added to the
matrix in the form of a filler. Alternatively, the ceramic matrix may be intrinsically

auxetic.

Suitable fibres in Metal Matrix Composites are widely known within the field and
may comprise continuous fibres, discontinuous fibres, whiskers, particulates and
wires of tungsten, beryllium, titanium, molybdenum, boron, graphite (carbon),

alumina, silicon carbide, boron carbide and alumina-silica.

Matrix materials in Metal Matrix Composites materials are well known to those
skilled in the art and include aluminum, titanium, magnesium, iron and copper alloys

and superalloys.



Suitable fibres in Metal Matrix Conposites are w dely
known within the field and nmay conprise conti nuous

wo 2dwrasi44di sconti nuous fibres, whiskers, partieol/aBe®7/001946
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and wires of tungsten, beryllium titanium

nol ybdenum boron, graphite (carbon), alumna, silicon
car bi de, boron carbide and alum na-silica. Mtrix
materials in Metal Matrix Conposites materials are
well known to those skilled in the art and incl ude

al num. titani um esi um. on and copper allo

2P, B PEPeniof F R M SRR o Tieiapporaled into the
Nhtrlx Conposite may be incorporated into the fibres
byfibvey byf wasoat Fentisusus fibressdisepnsaenitsi fthreu svhisksrs particulates and
whi skers, particul ates and wires of auxetic ceram c or
nmewaks u@amﬁtaberalﬁfwarametdtmaield:zlnﬂ&m enteticfcoplvberd lof a Metal Matrix
Mat ri x Conposite nmay al so be incorporated into the

MaEbmposirtBsy also d8 indoBFor@¥@ MRb Ghe fiatt Mafdhivl gedor example, finely
auxetic ceramc or netal materials added to the matri x

| Nait PR fa0k &N Aerdinit ot hiftkal Fﬁtéﬂﬁ?&de& b Yhe thitex B HR! form of a filler.

natrlx nmay be |ntr|nS|ca y auxetic. Known auxetic
Crij ohal i

%%e& #)uglee | gmxcrg'fl gg lnﬁﬂlt'lSlCBg]é/%%XCt% C er?\%’n auxetic ceramics

blsnuth cuprate conpounds. Known auxetic_ngeta
i niaclyde the Sepidobaisd andimt- av?atzcsgo}a/@prnhseofcab% Carbon nitride, and

el emental netals. The present invention also provides
a cartairobismhoth dupmtecappuuals. odRnofn awctivpasils exchealeardenic, cadmium
descri bed herein. According to a second aspect of the

Pr &fREUY, bNineRUbiORIdfe nietalfr OVi ded a method of maki ng
an uncured conposite material of the first aspect

conprising mxing: a layer
The present invention also provides a method for the preparation of a composite

material described herein.

According to a second aspect of the present invention there is provided a method of
making an uncured composite material of the first aspect comprising mixing: a layer
of fibres, an uncured matrix, a first component which exhibits auxetic behaviour, and

a second component which exhibits non-auxetic behaviour.

Preferably, where the auxetic material is anisotropic, the method according to the
second aspect further includes forming the uncured composite comprising the auxetic
material having a required orientation relative to the other components of the

composite.



of fibres, an uncured matrix, a first conmponent which
exhi bits auxetic behaviour, and a second conponent

woweoch3ahi bi t s non-auxeti ¢ behavi our. Pref er abCyGB2007/001946
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where the auxetic material 18Bs ani sotropic, the method
according to the second aspect further includes
form ng the uncured conposite conprising the auxetic
material having a required orientation relative to the
ot her conponents of the conposite.According to a third

asz@(%gf'dn?% td Q%JP& g%%g{ of ﬁl\ée}%}&eﬁp I{\Jéﬁtruﬁl {h%reo {s.o riogﬁgd 2 method of

maki ng onposi

an_uncured c 05|te terial in accordance
mf?%?ﬂ%%é GpenlY Hashg CoOmpPIR TR Hoteh mposite material in
nEHalte raterial. The auxetic material used for the
ancgithfhe secend, aePaflel2ndhyiris dRpancurgdscogoniss materiak
having the required properties and used in a required
quantity. The uncured conposite material of the second
aspect is cured to obtain a cured conposite nmateri al

hatengxétiematerull used fonte mRdthapanbe Yécbh@and Hirdaspect is selected
preferred enbodi nent, the matrix i npregnates the |ayer

offofl hiNigs ki fdgifed lﬁ%ﬂé&ws’“&dd)’ﬁ’éeﬁﬁh dedduadd fq%'é.?tﬁtpe The uncured

preparation Of a curable conp03|te naterla

f 'cBﬁ%o%ciH:ﬁgﬁ SR ée%?r?dbasgcct 19&!11‘&9 too tam a C hda cogilpogﬁe glatenal

reln orcin epoxy-auxetl C erl

) n abl preg conS|sts of conti nuous
uﬁ?gwgﬁcP%% tﬁ??ﬁ?@ﬂgpﬂﬁ ¥¥bres and conti nuous
uni directional auxetic fibres in a partially cured
epoxy matri X.

In a preferred embodiment, the matrix impregnates the layer of fibres during curing.

A typical method for the preparation of a curable composite material of the first

ascpect comprises:

a) laying out a 3-phase pre-preg reinforcing fibre-epoxy-auxetic material on a
supporting table. The pre-preg consists of continuous unidirectional reinforcing
fibres and continuous unidirectional auxetic fibres in a partially cured epoxy

matrix.

b) cutting out and placing pieces of the pre-preg sheet in layers on top of each other
on a tool of the required shape to form a laminate. The layers may be placed in

different directions to optimise the properties of the composite.



b) cutting out and placing pieces of the pre-preg
sheet in layers on top of each other on a tool of the

wo eguailsad’ shape to forma | am nate. The | ayer SPOBGBb@®7/001946
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placed in different directildns to optim se the
properties of the conposite.c) placing the constructed
| am nate and tool in a vacuum bag, and applying a
vacuumto renove entrapped air fromthe conposite
part. d) placing the vacuum bag i ncl uding the
conposite and tooling jnside an autoclave for curin .

of Ot hlagipg,ife ceiRet femyaste ad &S0l PNPCEgRdTaS SRd “pplying a
depend on the particul ar epoxy material enpl oyed.

Typi cedchymith gerpepecentgriied airdzams thesneynnesits Bardur i ng whi ch

the conposite material is typically heated to a

tenperature in the range of 120 to 190 C at a pressure

of typically 350 to 700 kPa. e) renoving the vacuum

bag) | fiaéing itMOvdchem YapRRMhdify BHConfRkité1Gnd foelthg iRide an autoclave

aut ocl ave, renoving the conposite and tooling fromthe

Vacuug, t?:ﬁgn% ?)?’?lg)é ?%&H%&ntta etal&ﬁ sl t@rﬁgr&naﬁi‘am Hgﬁend on the

tooling pri r finishtng operaftions.
Al ter naj.i n.of a

el anot her et hod f.or.the preparati

Cur aoBRer] e e Rmpsiel R SRR P mafly hours

applying a gel coat to. an open noul d,. 3? manual | y )

pl aci MMEcVRicE the pRINPISHE &nateriad ip bagally Jiealgd ¢ pdempgpture in the

in the mould. The reinforcing fibre and auxetic fibre

may bengaof 129 th dPAT Gt apskardhobiypivally 380 topdlkPag,

brusing, or spraying a resin, typically polyester,

m xed with catal ysts

e) removing the vacuum bag including the composite and tooling from the

autoclave, removing the composite and tooling from the vacuum bag, and
removing the composite part from the tooling prior to further finishing

operations.

Alternatively, another method for the preparation of a curable composite material

comprises the following:
a) applying a gel coat to an open mould.

b) manually placing reinforcing fibre incorporating auxetic fibre in the mould. The

reinforcing fibre and auxetic fibre may be in the form of a cloth or mat.

¢) pouring, brusing, or spraying a resin, typically polyester, mixed with catalysts

and accelerators over and into the reinforcing fibre-auxetic fibre plies.



and accelerators over and into the reinforcing
fibre-auxetic fibre plies.d) using squeegees or
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fibres with the resin, and20o renove entrapped air. e)
optionally adding additional reinforcing fibre-auxetic
fibre plies and resin to increase the thickness of the
part. f) curing using roomtenperature curing resins,

and initiating curing by a catalyst in the resin

system which hardens the conposite w thout externa

heat. Alternatively, there is provided a nmethod for

the preparati on of curabl e composite material .ip the.

£ O mUSHE SASSEPDT e vt B ST IRICHYE: Dt FURRYS s with the
reinfotcing and auxetic fibres through a resin bath.

b) witesén 38d temoxs entranpgd gnat ed rei nf or ci ng and

auxetic fibres on a rotating nmandrel. c) curing when
sufficient |ayers have been applied the conponent at
roomtenperature or at elevated tenperature in an

0\e3 N .optondllgNandin}y aldifiondd Weihdstcing nfitrsiatigetfor Gibtet plies and resin to
mandrel . Alternatively, another nethod for the

Pr €P3k@Lds® theQhicRn&y bMe§afONPOSi te materi al

conprising: a) laying out a 3-phase pre-preg

reinforcing fibre-epoxy-auxetic material on a _
supporting table. The pre-preg consists of continuous

uni di rectignal reinforcing fibres in.a. ar.tiallybcureg1 :
eRb TR PIRE FGFR TIPS (wats o g inHarg Gl by Catalyst in
cutting out and placi ng pieces of the pre-preg sheet

i n | dheesinghsterapwhich dagnothp gpmposite without external heat.

Alternatively, there is provided a method for the preparation of a curable composite

material in the form of a hollow cylinder comprising:
a) passing the reinforcing and auxetic fibres through a resin bath.

b) winding the resin-impregnated reinforcing and auxetic fibres on a rotating

mandrel.

c) curing when sufficient layers have been applied the component at room

temperature or at elevated temperature in an oven.

d) removing the moulded composite from the mandrel.



on a tool of the required shape to forma | am nate.
The layers may be placed in different directions to

w@piao7B&e7 t he properties of the conposite. c) PCEHGBR@7/001946
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the constructed | am nate antl tool in a vacuum bag, and
appl ying a vacuumto renove entrapped air fromthe
conposite part. d) placing the vacuum bag i ncl udi ng
the conposite and tooling inside an autocl ave for
curing of the epoxy resin to take place. Curing
condi ti ons depend on the particul ar epoxy nmateri al
enplitapasel yrwﬁp@sy methodefog uh% pPEsparation £ft & cwghlp gpsrposite material
during which the conposite naterial is typically
heatgpdising: a t enperature in the range of 120 to 190 0C
at a pressure of typically 350 to 700 kPa. e) renoving
t he vacuum bag i ncluding the conposite and tooling
fromthe autoclave, renoving the conposite and tooling

frmibNfe VRk WAL A pad egefgﬁ'}{bﬁglg; %%r&&i&?%hi&wpﬁ{a’éenal on a
fromthe toollng prlor o further Tinishing

oper as (ﬂ'l?i gAltan?J nﬁé é%l ﬁfe% "él&%ﬂ?se f %&1?88{13 dl}éggonal remforcmg

prepar i on®of a cur onpos

roul diores ey SRR bR Rfeoset g SFTP é?lrﬂhp%@es-

moul d. The reinforcing fibre may be in the formof a
cloth or mat. ¢) mxing a resin, typically pol yester,
i ncorporating auxetic filler particles with catal ysts
arty aoteigeuabnd placiap gidcbeof theprd-mgg sheetighlapgs onrtop of each other
sprayi ng over and into
on a tool of the required shape to form a laminate. The layers may be placed in

different directions to optimise the properties of the composite.

c) placing the constructed laminate and tool in a vacuum bag, and applying a

vacuum to remove entrapped air from the composite part.

d) placing the vacuum bag including the composite and tooling inside an autoclave
for curing of the epoxy resin to take place. Curing conditions depend on the
particular epoxy material employed. Typically the cure cycle lasts many hours
during which the composite material is typically heated to a temperature in the

range of 120 to 190 °C at a pressure of typically 350 to 700 kPa.

e) removing the vacuum bag including the composite and tooling from the
autoclave, removing the composite and tooling from the vacuum bag, and
removing the composite part from the tooling prior to further finishing

operations.



the reinforcing fibre plies. d) using squeegees or
rollers are used to wet the reinforcing fibres with

WO b@7nesin containing the auxetic filler, and POI/GBRETM01946
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entrapped air. e) optional 29 addi ng additi ona
reinforcing fibre plies and auxetic filler-containing
resin to increase the thickness of the part. f) using
roomtenperature curing resins, and initiating curing
by a catalyst in the resin system which hardens the
conposite wthout external heat. Alternatively, there
is provided a nethod for the preparation of a curable
conDplai bR kol 15 Wl WeBirafonSF ot 1P BRgsemeteria
resin batgkﬁpﬁtalnlng auxetlc filler particles within
t hETPRIR MY PURVING ng t he auxetic filler-containing
resin-inpregnated reinforcing fibres on a rotating
mandrel . c) curing either at roomtenperature or at

el evated tenperature in an oven when sufficient |ayers
have bEdyingpel @dt toantdpen emghbnent . d) renovi ng t he
noul ded conposite fromthe mandrel. It will be
understood that the Poisson's ratio, Young' s nodul us,
and coefficient of thermal expansion are determ ned at

at gps la&aahrg eSS fiReM LRIANE! Yhe {#go?%éﬁ&%)may be in

unless ot W se state i S envi sage
naterh%kb okt 8ORL%%§qt |nvent|on mnll find utility in
t he
¢) mixing a resin, typically polyester, incorporating auxetic filler particles with

catalysts and accelerators, and then pouring, brushing, or spraying over and into

the reinforcing fibre plies.

d) using squeegees or rollers are used to wet the reinforcing fibres with the resin

containing the auxetic filler, and to remove entrapped air.

e) optionally adding additional reinforcing fibre plies and auxetic filler-containing

resin to increase the thickness of the part.

) using room temperature curing resins, and initiating curing by a catalyst in the

resin system, which hardens the composite without external heat.

Alternatively, there is provided a method for the preparation of a curable composite

material in the form of a hollow cylinder comprising:



foll owi ng applications: a) Conposite structures where
a significant reduction of weight or increase in

w@eoo7assrnce, such as | oad bearing capacity, iBCT/GB2007/001946

desi rabl e and can be achi evgéd by reduction of the
internal stresses through the introduction of auxetic
materials into the | am nate. Applications include
conmponents for aircraft, road vehicles, off-road
vehicles, mlitary vehicles, precision machinery,
boats, ships, and submarines.b) Conposites tools of

i nproved performance, including for exanple: |ower

cost applicatians where expensive carbon fibre may be.

ot PAIYRE [k rERRECIRY ThowefiroRst aatriy Paihf pogtanige auxetic filler
filler; inproved precision and |onger |life due to

t her partichastaHimghe resin.Conposi t e structure, contai ni ng

~materials (matrix or reinforcenent), which are
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thermally m smatched due to el evated tenperature

cures. The use of auxetic constituents enabl es reduced

My s wihdibBeh€ @R filfer-coRRAUERH r&asimmberthesl #hforcing fibres on a
i mproved design perfornmance arising fromincrease

desi ghyofih £RdRAR) and reduced manufacturing costs and

ti mescal es. d) Conposites structures containing

materials (matrix or reinforcenent) which are

thermally m smat ched and operate over a considerabl e

tegper ature range, including cryogenic applicatjons.
o‘%g@‘ﬂ% elher At TP SCRRERIUES OF 2l gleupipd terpeqratuze jasary Ayen when

spacecraft conponents will benefit through reduced
sufficient layers have been applied to the component.

»d) removing the moulded composite from the mandrel.

It will be understood that the Poisson’s ratio, Young’s modulus, and coefficient of
thermal expansion are determined at atmospheric pressure and room temperature (i.e.

20°C), unless otherwise stated.

It is envisaged that the material of the present invention will find utility in the
following applications:

a) Composite structures where a significant reduction of weight or increase in

- performance, such as load bearing capacity, is desirable and can be achieved

by reduction of the internal stresses through the introduction of auxetic

materials into the laminate. Applications include components for aircraft, road

vehicles, off-road vehicles, military vehicles, precision machinery, boats,

ships, and submarines.



m crocracking as a result of the reduction in residual
stresses when incorporating an auxetic constituent

wowdohiiss4sihe conposite. e) Conposite structur esPCT/GB2007/001946
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di spl ayi ng enhanced stabili2z¢y for stability-critica
appl i cations such as optical instrunments, RF

i nstrunents and neasuring instrunments. |nproved
stability arises through reduced m crocracking,

bal anced | ay-ups and reduced inpact of manufacturing

errogs. c&%ﬁ;g@m%ist & iSprdieh ga&&n{aggyiiﬁagapg I?§rge§(9,§qgie%wer cost

CTE behavi I nclu g casings for sate

mai ntai n_size and shape fromhigh te ratur.e | aupch

To 1ow Peliiiaf the™ iRt o thre B ol pleed by lower
use in printed circuit boards; stable structures

i ncl udi 598t Bpehe fbrenlieas imprayepreaisionangddorger life due to thermal
substrates; |aser gyroscopes in aircraft; fibre Bragg

gr at i ngnafehinges di spl ayi ng constantrefl ected

wavel engt h over a range of tenperatures for use in

opt oej eCdmpusite sisysire FniniGR MaGGial Qb6 fefnEsrc¥hib@y) which are
require machi ning after noul ding benefit from

cont ai h&ehaRyiRismatchBd 8hd & Sleldled RedePMhidatfes. IMe LBE of auxetic
current state of the art the machini'ng creates an

i mbal arb%ﬁstlrﬁ?ntst@ Eneléb?%‘aljrg@liﬁc%d qg&s 'I)?¥}ilé Qgr{qﬁgsitgj stetéi}% tdLééorgt IOP design,

the part. a cul'arappti cattons

I B TR SYELRSER DRSBTS0l s, an
fundanment al | y unbal anced | am nates by the addition of

auxet i deqneedFiagrRCung Kests i taesealesthi s wi | | have

d) Composites structures containing materials (matrix or reinforcement) which
are thermally mismatched and operate over a considerable temperature
range, including cryogenic applications. Cryogenic structures such as
cryogenic fuel tanks and spacecraft components will benefit through reduced
microcracking as a result of the reduction in residual stresses when
incorporating an auxetic constituent within the composite.

e) Composite structures displaying enhanced stability for stability-critical
applications such as optical instruments, RF instruments and measuring
instruments.  Improved stability arises through reduced microcracking,
balanced lay-ups and reduced impact of manufacturing errors.

f) Composite structures requiring zero or low CTE behaviour, including casings
for satellites to maintain size and shape from high temperature launch to low
temperature space conditions; substrates for use in printed circuit boards;

stable structures including optical benches; large telescope mirror substrates;

laser gyroscopes in aircraft; fibre Bragg grating devices displaying constant



applications in parts which replace castings, or which
can be nmade from unbal anced pre-forns produced by hand

w@e@casses, knitting and/ or weavi ng processes PC1/GB007/001946
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addi ng auxetic materials inSconbination with |ocalised
unbal anced | am nate configurations it is possible to
produce | ocal areas which have a different coefficient
of thermal expansion to the conmponent. This can be
used to create areas suitable for the fitting of

conpon i ' i f&ergnt; i
oo B A A T80 TR

can besgﬁgesmhere substantial quantities of the

expensi elﬁrgh performance reinforcenent, such as

carbon fibre, are replaced with a high proportjon of

| owe Posits rHetureY pyikch feuire machifing ARFromRuP hesgt from
versed in the art that auxetic configurations have

i npr ov&entpigSIEgiematsriplsie thedemanrath Inslid ictirem stagehef the art the
reduced |l evels of internal stresses within the

| am natmeachming treates i ombdldree ddl diet lantinavd ambix@y iimduce distortion in
materials will increase the inpact resistance and

ener gy tigdsd. bekls Qb pacartphlifdiond Fdrshe tasBRIneGFth IS surfaces
in the production of |ightweight arnour and vehicle

crash %BQU&&UﬁﬁﬁomE) Structures which distort in
response to nmechanical, thermal or electrical inputs,
snaf t are usef ul

or ode Comiens (VR SR b EofiRn oo rRRREHELY “yapglanced

additi ?ar}ni(r)lgtesa %§ %tlei e(l:ddrirtiac}necg | Egllxgtié ?na’geri%i)sn%oﬂsnia %a?ninate. This will have
applications in parts which replace castings, or which can be made from
unbalanced pre-forms produced by hand processes, knitting and/or weaving
processes.

j) By adding auxetic materials in combination with localised unbalanced
laminate configurations it is possible to produce local areas which have a
different coefficient of thermal expansion to the component. This can be used
to create areas suitable for the fitting of components which have a
substantially different CTE, such as in metallic bearings.

k) Lower cost components can be made where substantial quantities of the
expensive high performance reinforcement, such as carbon fibre, are replaced
with a high proportion of lower cost auxetic fibre.

). It is well known to those versed in the art that auxetic configurations have
improved resistance to penetration. In addition, the reduced levels of internal

stresses within the laminate resulting from the addition of auxetic materials

will increase the impact resistance and energy absorbed during crushing. This



| am nate used in a smart structure reduces the cost
and conplexity of the design since thermal bal ancing

WO s®aass4ean be i gnored, and enabl es the opti nm BeL/GBR07/001946
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and adjustnent of the lam nate to respond to the

mechani cal, thermal or electrical input. The present
invention wll now be described further, by way of

exanple only, and with reference to the foll ow ng

drawi ngs in which: Figure 1. shows a diagrammatic

" epr eSERLALIOMAAL i HNpRILARI O AbSRIPOShGu! 41 tafile orash
according-to e prior-art; Figuré 2. shows a

di agrammatic representati on of a unidirectiona
conposﬁ?@n¥§hinate according to the present invention;
Figure 3. shows a graph depictin oefficients of . ..

t hermedtrusiysenehich dRLorBINTEONTGR tRschineal e T Sergierl gnouts,
of the third phase, for the |lam nate of Figure 2; .

Fi gur ekehwisisowsristnyctapts, afepbeful fogPradecipg pradyels sughss; agreraft of
and coefficient of thermal expansion of the third i
phase ampedof poffbmeincefl Thel addiiohr af taugeticofnatdrials to a composite
reinforcing fibre for the lam nate of Figure 2 with

equal ualIE EERG LR Sudtite re@iteauNelcbst At camplexity of the
3rd auxetic phase; Figure 5. shows a graph depicting

t he Poi,sson' s ' I: Gl f and enables the
expansp%sﬁ@oflqchzthkr%?aﬁgﬁéﬁggg é%hgéqgcalgcbteit Egg{og!?ivol ume
fraction, of the reinfaorci fibre .far | am :

Fi gur comISHPh Hal URTREn] PAdt Bpiafe bR O e pichanical
phase equal to 10% of the volune fraction of the

nonaux gtermal or electrical input.

The present invention will now be described further, by way of example only, and

with reference to the following drawings in which:

Figure 1. shows a diagrammatic representation of a unidirectional composite
laminate according to the prior art;

Figure 2. shows a diagrammatic representation of a unidirectional composite
laminate according to the present invention;

Figure 3. shows a graph depicting coefficients of thermal expansion as a function
of the Poisson’s ratio of the third phase, for the laminate of Figure 2;

Figure 4. shows a graph depicting the Poisson’s ratio and coefficient of thermal
expansion of the third phase as a function of volume fraction of the
reinforcing fibre for the laminate of Figure 2 with equal volume

. . . d . .
fractions for the non-auxetic matrix and 3" auxetic phase;



matri x; Figure 6. shows a graph depicting the |length
as a function of tinme for an auxetic pol ypropyl ene

wo 2dwra3umder goi ng a heating cycle from 300C t oP@DGBa0vd/001946
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back to 30C, Figure 7. show®8 a graph depicting
coefficients of thermal expansion as a function of the
Young' s nmodulus of the third phase for the | am nate
of Figure 2; Figure 8. shows a Finite El ement Model
(FEM of a 3-phase conposite conprising a central

r ej ing & Sur. , . tri

TRt o s A AR GO BORER SR 1B Kbl i oBP O thormal
Strai e act i o HEUESRA SPETY 1 PBKAS ratmebadion of the
result of heating of_ the conposite up to 120C; Figure )
10. shows a 'eifprRwgdibrefordhs tminate of Ew@m@ tha vohane fraction
non- auxetic matri x phase as a result of heating of the
conposi t e upfitee ¥%aGetiFphaseequad to $0fowd tlee Wiimerfrdetionadf the non-
axial strains acting on the 3rd phase as a result of

heati ng of thweettompeixite up to 120C, Figure 12. shows
a FEM nodel of transverse (z direction) strains acting

ONE@uft@IauXehbes 3 R4iAS 1 efstHlab a HindiBa i ich i
thelggo%osi te uf; tggaﬁ%%c;n lé—“itgur"egétls. als,hrclnws, a FEI\‘?IOFOranauxetlc

e OGN AT R o

conposite upnlato 1@% C Figure 14. shows a FEM nodel of
transverse (Z8i4EE on) stresses acting on a 2-

Figure 7. shows a graph depicting coefficients of thermal expansion as a function
of the Young’s modulus of the third phase for the laminate of Figure 2;

Figure 8. shows a Finite Element Model (FEM) of a 3-phase composite
comprising a central reinforcing fibrous phase surrounded by a matrix
phase and a 3™ (fibrous) phase located at each corner of the repeat unit;

Figure 9. shows a FEM model of axial strains acting on the reinforcing fibrous
phase as a result of heating of the composite up to 120°C;

Figure 10. shows a FEM model of axial strains acting on the non-auxetic matrix
phase as a result of heating of the composite up to 120°C;

Figure 11. shows a FEM model of axial strains acting on the 3™ phase as a result
of heating of the composite up to 120°C;

Figure 12. shows a FEM model of transverse (z direction) strains acting on a non-
auxetic 3™ phase as a result of heating of the composite up to 120°C;

Figure 13. shows a FEM model of transverse (z direction) strains acting on an

auxetic 3" phase as a result of heating of the composite up to 120°C;



phase conposite (conprising a central reinforcing
fi brous phase surrounded by a non-auxetic matrix) as a

wo emaliss4ef heating of the conposite up to 150QPCHEHOB2007/001946
Fi gure 15. shows a FEM nodéB of transverse (z
direction) stresses acting on a 3- phase conposite
(conprising a central reinforcing fibrous phase
surrounded by a non-auxetic matrix with an auxetic 3rd
phase) as a result of heating of the conposite up to

ac z %i\ral 4 g utr gh(g\ﬁsz Q g}éﬁ% rgaoggltnm%?tsgerL n‘gl @@etcﬁorggst regseg act}f)g on a 2-

conpri ses t | ayers of carbon. fibre rej nforcenﬁn%
and three | &)&Fs C%IFP%SEBX&OWA’FFW)% oftiae feinforcipg g fibrous  phase

carbon fibre reinforcenent |ayers 2 are arranged
bet ween t he Sepesadedrdtyr p oA Blie Matiialy ay ¢ BsulFofheating of the
shows a conposite |lamnate material 4 of the present
i nvention. Thmpeotempso i80ihtedi al 4 conprises carbon
fibre reinforcenent |ayers 5, and epoxy matri X

5 caipasebt | s¥@isa PEM hRdeldmemkidsd Bt @fdcBbn)ai®sses acting on a 3-
conpri ses an auxetic conponent layer 7 which is

| ocat ed bet gﬁé‘é& E&ﬁﬁ&ﬁ%bﬁbﬁﬁ{gpgﬁlgl Ee&é?lftﬁf Cr@ﬁﬁd}hnk aﬁﬁlroﬁs phase

5. The foll ng te strates t esen
i nvention b the ani.sotr,o

expansi on SiaFaRRL bRt bR aRE SEGR ik A5 MRkt 37 appse) as
art conposite Rg%grlals t he t¥pe shomn in Figure 1,

and conposi f&" ?qtlggg ORRopredt ! Prvent i on of
the type shown in Figure 2. Thermal expansion behavi our

10
Figure 1 shows a composite laminate material 1 according to the prior art. The
composite material 1 comprises two layers of carbon fibre reinforcement 2 and three
layers of epoxy matrix component 3. The carbon fibre reinforcement layers 2 are
arranged between the epoxy matrix component layers 3.
15

Figure 2 shows a composite laminate material 4 of the present invention. The
composite material 4 comprises carbon fibre reinforcement layers 5, and epoxy matrix
component layers 6. The composite material also comprises an auxetic component
layer 7 which is located between the carbon fibre reinforcement layers 5.
20

The following text further illustrates the present invention by comparing the
anisotropic thermal expansion and residual stress behaviour for the prior art
composite materials of the type shown in Figure 1, and composite materials of the

present invention of the type shown in Figure 2.



Prior art conposite material. If the reinforcing

fibres 2 of the conposite nmaterial 1 of Figure 1 are
wasmaned4t o be intimately bonded interfaces, tPenGBR@®7/001946

t hermal expansion coefficients al ong and transverse to

the fibre layer 2 direction (X1) are known to be

reproduced well by the foll ow ng equations (Koll ar,

L.P. & Springer, G S., Mechanics of Conposite

Structures, Canbridge, pp. 443-444): CC2 = Vf a f 2

+Vma m+Vf vf n (af - a )+Vmwvn(a m- , ) (2) where:

X1 and a2 are the coefficients of thernmal expansion of

the conposite material 1 along and transverse to the

f Thermal expansion bBghasiolr on, respectively, Vf and V u are

the fibre layer 2 and matrix 3 volune fractions,

r BEpeat icompysitelmtenvd. Em are the fibre |layer 2 axial

nodul us and the matrix layer 3 Young' s nodul us,

I BSRE sdihfeRliNg fibres 2f &F thedompositeandtbiéal fli &ff Biglrealx aralassumed to be

fibre 2 radial and matrix 3 coefficients of thermal

5 fe?f@;ﬂ'gﬂé? rbonﬁF@ RREith 48! Yhendfhd thefiral 28ihaMsibh aoeftichmts along and

axial and matrix 3 Poisson's ratios,
respectively. Msing typj.cal: v f L&kiSwell by th
fgﬁgse(sffsw%%&%l fr%éhdé%?{l%%glr%%e@gw%ngr?gqg oXYy resin’
as the matrix 3 (Vf =0.62, Vm= 0.38 n = 230 .
Efallowegppquafions. é‘&‘iﬂa@ M; A &r‘%pzlnsern@é%s Rlechadits B Composite
5.4XIC5K 1, Vf1 = +0.2 and v m= +0.38), equations
( Siruetnes,(Cambridgecpv 413rd44F or the coefficients of

t hermal expansion of the conposite of a \ = -

B V,Ena,+V,E,a,

10 a = 1)
! V.E,+V,E,
aZ = VfafZ + Vmam + vafIZ (afl - al )+ vam (am - al) (2)
where:
15 ay and a, are the coefficients of thermal expansion of the composite material 1

along and transverse to the fibre layer 2 direction, respectively,

Vi and Vy, are the fibre layer 2 and matrix 3 volume fractions, respectively,

Eq and E, are the fibre layer 2 axial modulus and the matrix layer 3 Young’s
modulus, respectively,
20 g, 0 and o are the fibre 2 axial, fibre 2 radial and matrix 3 coefficients of
thermal expansion, respectively, and

v 112 and v p are the fibre 2 axial and matrix 3 Poisson’s ratios, respectively.



1.67XIO 7K 1 and a2 = 3.26XIO 5K 1, clearly
denonstrating the anisotropic nature of the thernal

wexpansiity of the conposite material 1 of Fipor/eB1007/001946
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Conposite material of the pgpesent invention. The

est abl i shed anal ytical nodels as shown by equations
(1) and (2) can be extended to include the presence of
a third phase, and the coefficients of thernmal
expansi on of the 3-phase conposite material 4 of

S i e ittt B oo MR SR G RRR g0 cpony
At Pe s VRS s Ber T A0GH e s Rin 26107

auxetic _phase, 7, E is the Young' s nodulus of the third

aux BT 7811%51% P m 32 Pe0 Ke» ¥oeftik? art v of thé$naquations (1) and
expansion of the third phase 7, and va is the

PdREsigh walvest foo thef coeffesianty ofthpinzed @xFansicint df théreompdsite of oy = -
synbol s as already defined for equations (1) and

(206T16'Kr' andree, propeani’Es, obarly erBbsbtratixe tHeCanodBic Mmature of
may be varied in order to achi eve equal thernal
e&H@ﬂﬁhﬁgﬂte&s&sﬁlitﬁr&_ﬂ%&rﬁﬂo@i‘ﬂéﬂﬁ{eﬁﬁl i Qflfig@refl'. bre layer

5 direction, including the possibility of (near) zero

t hermal expansion. For exanple, assum ng all other
properties of the 3rd auxetic phase 7 are the sane as

t h(?om%%%ﬁl mg?etrzrail )o(f t%e present invention.
The established analytical models as shown by equations (1) and (2) can be extended
to include the presence of a third phase, and the coefficients of thermal expansion of
the 3-phase composite material 4 of Figure 2 are given by

_ VfEf,aﬂ +V, E a +V,E,«,

m="m m

ViE,+V, E, +V.E,

a

1

3)

a, = Vfaf2 +V,a, +V,o, + vaf12 (afl -q, )+ V.. (am - )+ Vv, (oz,z — al) 4)
where:

V, is the volume fraction of the third auxetic phase 7,

E, is the Young’s modulus of the third auxetic phase 7,

0, is the coefficient of thermal expansion of the third phase 7, and

Vv, is the Poisson’s ratio of the third phase 7,

with the other symbols as already defined for equations (1) and (2).



properties, and that the epoxy 6 and third auxetic
phase 7 have equal volune fractions of 0.19 (i.e. the

wo pdwra3i4ayer 5 volune fraction is 0.62), then POUE&B2@M01946

near zero thermal expansividties are achieved al ong and
transverse to the fibre layer 5 direction by choosing

a 3rd auxetic phase 7 having a Poisson's ratio near to

-3. This is shown in Figure 3 which shows the

Poi sson's ratio and coefficient of thermal expansion

of the 3rd auxetic pha 7 as fupction of. the volune,.

f Pae O §19T® Proppwic &f Hffeoi§f § AReslie ipgﬁ%gugw Sr@TER & OBICE ﬁ% achieve
fraction of the 3rd auxetic phase is equal to 10% of . .

t baual chermel fexpatsivatiesoblong eand oansisise ite that fibrg Jgyer S direction,
Pol yneric auxetic materials are known with Poisson's

r gich@sngothe bowibility-of Zneatfuer @ thieheal capdrsioni. ivr endmplieczsswning all
expansion 1s zero, both along and transverse to the

f h@i@le Borfditle8Cdfl @R, 37 RExdtRl pusk MO afectiRt bams abiahel epoxy matrix 6
t he cge ficient of thermal expansion and Poi sson's

{ glltolg?. 1%£ atnﬁ ?hatt Iﬁlereg)ogp gsaﬁd Zhl@&lﬁ%ﬁ?ﬂltxféh 11%0@9&1&13 v&llﬂﬁle fractions

VE anmounts and” properties o e non-auxetic
L nf t d nptr]| 6 |
L oF DLl o % by o aplir S BRESh, & bBaP anfl cfbafl dnt nar zero

expansi-on and Young's, nodul us q% t he thirgﬁgﬂgxitic% oot
pHeswalzexpapfivitiecare\aehigred EoRHERbLIATSESTSH fiheduue fayjer pglirection
sel ection of the appropriate sign and magni tude of i
Pbiy shausing a 3{ auxefiophashd Hahingd Rsheser’s Tatlpmeag teors- t1es is shown in
relative proportions and properties of the non-auxetic

r @iijg‘hfr@!’; GeHIEN$hoWvsanel Poson’ srafib asé soffiatedt ¢fthervioalimgpansion of the
nodul us of the third phase 7. The coefficient of

10 :)Eggﬁgﬁf\ ng&%@ Si N, 3sktBAI TSRO vElubiR fréctidh dfhte tréinfaicing fibre 5,

15

20

where the volume fraction of the 3™ auxetic phase is equal to 10% of the volume
fraction of the non-auxetic matrix 6. Polymeric auxetic materials are known with

Poisson’s ratios as low as -12.

Where the coefficient of thermal expansion is zero, both along and transverse to the
fibre 6 direction, the following relations hold for the coefficient of thermal expansion

and Poisson’s ratio of the third phase 7:

V.E +V E a
aa=_( f flafl m)Er‘n nz) _ (5)
(I—Vf_Vm a
Efl m
Velap +ap vm——E— +Va, 1+vm—E
v, = ——— : ©)



shown in Figure 4 as a function of volune fraction of
the reinforcing phase 5 for the proportions and

w@e@pasi4tes of the constituents as defi ned aboreT/GBor07/001946
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realistic reinforcing fibreé25 volune fractions in

| am nate conposite systenms 4 (M = 0.6 to 0.7) the
coefficient of thermal expansion of the third phase 7

is of the order of 1 x 10 4 K 1. The Poisson's ratio

of the third phase 7 for Vf in the range 0.6 to 0.7 is

of the order of -2. Alternatively, it may be desirable

to have a |l ow volune fraction of the 3rd auxetic phase

7. ogffctent  of | expansj on and Poi.sson's .
r a]%q-uéﬁg @1 eéq%%%rs dth%héeg%%rgm%%gmaqdn DRSPS ST ati‘e ghon-auxetic
function of volune fraction of the_reinforcing phase 5 .

f JPHHECTBP pefitd Watrs PhaRcS &Eﬂwg? cagBibsselesteddpimagh the available
above, with the volune fraction of the 3rd phase 7
edeaificient o thegnaliempansisinard ¥ouaets mpdwes ofibe third (auxetic) phase 7,
phase 6. For realistic reinforcing fibre 5 vol une

f raadtviicnsersm  Egnativat(6) pmvjies iforetleyseteetion 4f (W apprépriatd sign and
0.7) the coefficient of thermal expansion of the third

phagmitddé 5f Pbistdies atideor @fe MBird phlsed7 Kaded THEhBGERA 8 pfoportions
ratio of the third phase 7 for Vf in the range 0.6 Fo

\(/)\/Iatzj(fill }%gﬁértit‘:@ &f thd SonAhixertt: F}éﬁ%ﬁleg{%ng @lt %I{H_a %‘Bitr"i’)g%hl-ﬁ}:ng and the

sson's ratios I n the range
caefficient ,of ermal .expansion in the range 1 x 10 4
t o BT SO ﬁgtﬁ?%’%ﬁ% and | ow auxetic fibre vol une
fractions respectively, is typical of many pol yners
and corresponds to the coefficient of expansion
measured for auxetic polypropylene fibres of 2 x 10 4

K The, corffigierd o theow! £xpanan awlpPeisionis tatie dfethgtthirdphase 7 are
function of tine for an auxetic
shown in Figure 4 as a function of volume fraction of the reinforcing phase 5 for the
proportions and properties of the constituents as defined above. For realistic
reinforcing fibre 5 volume fractions in laminate composite systems 4 (V¢= 0.6 to 0.7)
the coefficient of thermal expansion of the third phase 7 is of the order of 1 x 107 K.,
The Poisson’s ratio of the third phase 7 for V¢in the range 0.6 to 0.7 is of the order of

-2.

Alternatively, it may be desirable to have a low volume fraction of the 3™ auxetic
phase 7. The coefficient of thermal expansion and Poisson’s ratio of the third phase
are shown in Figure 5 as a function of volume fraction of the reinforcing phase 5 for
the properties of the constituents as defined above, with the volume fraction of the 3™
phase 7 equal to 10% of the volume fraction of the matrix phase 6. For realistic
reinforcing fibre 5 volume fractions in laminate composite systems 4 (Vi = 0.6 to 0.7)

the coefficient of thermal expansion of the third phase 7 is of the order of 3 x 10* K.



pol ypropyl ene fibre undergoing a heating cycle from
300C to 800C and back to 30C. At 800C the fibre

waieeenssaes an extensi on of 0.14nm from an i ni tPel/GB2007/001946
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l ength of 13mm at 300C. Thi38 corresponds to a strain

of 0.01 over a 500C (50 K) tenperature increase,

yielding a coefficient of thermal expansion of 2 x 10
4 K1 for the fibre. Alternatively, for a 3rd auxetic
phase 7 possessing a Poisson's ratio of va = -0.6

( UhHRI Fodso@E rdthofab tu’dé)}ﬁg.@ Vﬁﬂ?r\}'ﬁn fHel §.68PH 5890t e order of
th all other

the literature), w par aneters except

Yoyng's nodul us as above, and having equal 3rd phase 7

and matrix 6 volune fractions, equal (but non-zero)

thermal coefficients of expansion are realised for the
conposite material 4 when the Young' s nodul us of the

3rd auxetic phase 7 is of the order of the axial

YAAHGte polyangrsLase srowmwithdlorsser & ratigs (rethe bange Ktobid 8. coefficient
This is shown by Figure 7 which is a graph of

c adffthérmiabetpmnsidn i drenmhgeek pat(s’ ord asi0d Kinfot high @fd loheauxetic
Young's nodul us of the third phase 7 for the conposite
MEERE vallumit PdctibhOibsPectivEl§sistypical M BESL ol TRerst Ma- RRRFSonds to

car bon- epoxy conposite structure 1 shown Schematically

| O EE G Gent O%Jg!naggi}sﬁﬁ E%dré(d {%F gﬁ%ﬁﬁ)g%&){@yg%%&%gﬁs of 2x 10°* K.

t enper at ur es, uent [oJo]e

tenperatures. During cooling the matrix 3 and
reinforcenent 2 shrink at different rates. This gives
rise to thermal | y i nduced nechani cal stress on each

c PR éngi}o“f:ar gepih Gepigansm e IsRptings afupgtiop, ofafimggfor ga auxetic
fibre 2 direction), the carbon fibre 2 undergoes
| ipolyipeoptyteae ke endssgesimm henting opicle dom 30 Cutedi°Cantlibagk to 30°C.
due to the near zero
At 80°C the fibre undergoes an extension of 0.14mm from an initial length of 13mm
at 30°C. This corresponds to a strain of 0.01 over a 50°C (50 K) temperature increase,

yielding a coefficient of thermal expansion of 2 x 10™ X! for the fibre.

Altemnatively, for a 3™ auxetic phase 7 possessing a Poisson’s ratio of v, = -0.6
(typical of the auxetic polymeric fibres reported in the literature), with all other
parameters except Young’s modulus as above, and having equal 3™ phase 7 and
matrix 6 volume fractions, equal (but non-zero) thermal coefficients of expansion are
realised for the composite material 4 when the Young’s modulus of the 3_rd auxetic
phase 7 is of the order of the axial Young’s modulus of the reinforcing (carbon) fibre
5. This is shown by Figure 7 which is a graph of coefficients of thermal expansion as
a function of the Young’s modulus of the third phase 7 for the composite material 4 of

Figure 2.



coefficient of thermal expansion of the fibre 2 in
this direction. The epoxy 3, on the other hand, has a

wo aroga3jaesi ti ve coefficient of thernmal expansiBOT/Gaa@7/001946
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therefore contracts in | ength. However, whilst the
interface between the epoxy 3 and carbon 2 is intact,

then the higher nodulus carbon fibre 2 constrains the

| ower nodul us epoxy matrix 3 fromcontraction, and so

the thermal loading is converted to a mechanica
tﬁgsi¢e!§tress on the matrix 3. Atensile stress along

t HEESHGH @i rection tends to cause the epoxy 3 to
contract transversely (due to the positive Poisson's

r altiedwefPhasR sarhon-EROXyi SEPes teastpisture 1 ghown schamatigally in Figure 1
stress at the fibre 2 - matrix 3 interface and

t helletfpicalliabel egred dhelievated fenipemtures, radisobdeqpentiyenopled 4o ambient
of the conposite material 1. For a 3-phase conposite

mat@pératures. Shomey s6d1igathe Gadiliy 3 shd-tedifoedent D&hrink at different
conversion of thermal strain to mechani cal stress on

t r}gteg. OPRik 'gw‘és Bk S toWP b 411680 IR BiEEhRRLaD st &8 oR B cofhponent.

and auxetic (3rd auxetic phase) under tensile stress
in the fibre direction 5 as the conposite 4 cools. The
auxetic phase 7 will expand in the transverse

direction as _a result of the negative Poissqn's rati o,
oo PR tckRal (i (it ¢ ﬂﬁo?e%reegt GRSy s comhapsfibre 2
Wwll give rise to a reduction in the residual stresses
wiundeigoeshbidlsripeogial exppnsign @r cheiraction aippe ¢oeling ¢ue to the near zero
degradation of the nechani cal properties that woul d
otdoeffivienie obH thermali axpédseonZfpha Sibrecd impthss dieecioms Thbiopwxy 31 on the
Figure 1. Simlarly, during heating of a 3-phase

C UMRShdn@, 4as ahRirgRbbitived codfisRhi ©f Aherfall expansion, and therefore
rei nforcenent 5 phases expand at different rates.

AQRhflact! Theleﬁg%.b %vie’vpf; S histiRe ‘ﬁ?{[glqgoce et denhd and carbon 2

expansi on or-contraction upon heating due to near

288 ?ntgc?,etfh];rll &{eelﬂéhe?fmodulus carbon fibre 2 constrains the lower modulus epoxy

matrix 3 from contraction, and so the thermal loading is converted to a mechanical
tensile stress on the matrix 3. A tensile stress along the fibre 2 direction tends to
cause the epoxy 3 to contract transversely (due to the positive Poisson’s ratio of
epoxy), leading to a build up of residual stress at the fibre 2 - matrix 3 interface and

therefore a degradation of the mechanical properties of the composite material 1.

For a 3-phase composite material 4 shown schematically in Figure 2, the conversion
of thermal strain to mechanical stress on the constituents would tend to put both the
epoxy 6 and auxetic 7 (3™ auxetic phase) under tensile stress in the fibre direction S as
the composite 4 cools. The auxetic phase 7 will expand in the transverse direction as
a result of the negative Poisson’s ratio, opposing the tendency of the epoxy 6 to

contract. This will give rise to a reduction in the residual stresses within the



thermal expansion of the fibre 5 in this direction.
The epoxy 6 and auxetic 7 (3r ) phases, on the other

whanud/1333ave | arge positive coefficients of theP@mIGB2007/001946
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expansion and so try to inéBease in | ength. However,

t he hi gher nodul us carbon fibre 5 constrains the | ower
nmodul us epoxy matrix 6 and auxetic phase 7 from

extension, and so the thermal loading is converted to

a mechani cal conpressive stress on the matrix 6 and
a%ﬁz&;bﬁteoilaﬁlﬁsth&"efoﬁ’e tdc MR fooraddlib R 6F HRMmedanRal properties that
resuft, large conpressive strains develop in the epoxy

6 _an xet.l ¢ phas long .t fi ' | on,

7ot QR orRORRRe ZaMs®tribPSis | & Rt REE, Phon

fibre 5 itself. A conpressive stress along the fibre 5

di rection causes the epoxy 6 to expand transversely

(due to the positive Poisson's ratio of epoxy 6) and.

t Hemierket fusinghbesting afcr daheseaeempositertb the gpailisrG eauxetic 7, and
direction (as a result of the negative Poisson's

r atinforcentamt 8 phgses expdndent diffesent ratexd ukgadinrthe parbédwefibre 5 undergoes
resi dual stresses within the conposite 4, and

t hefiefhensal @xpLEIatdr @Bntrdttibh @p&ﬁlﬂffaﬁﬁ%lﬁh@fb tBé nkdt€ero coefficient of
mechani cal properties that woul d otherw se occur in a

fzcﬂ? Pe Bﬁ'otf?he%ﬁﬁi% §E}Pﬂgse Pﬁeéﬁ'oﬂ.u r"lenelepo'):c? '6 &rnie%usxetic 7 (3

oW n Infte elenent no I'ng FEM fi'gures 8-15,

S IR A g bR TR cxmoion an
CouSEPoRE 3,4 SIS0 NCH DR Lol S5 S

tensile) strain or stress are shown by shadi ng

c dhe bypesmuiodwdust epoxignaton & fnsl puxgHe phesge’ dfont peterséqn, and so the
Figure 8 shows an FEM of a 3 phase conposite materi al
ofthdrhrl toagimgsh oovvertad fo guieghahical compressive stress on the matrix 6 and

auxetic phases 7 in the fibre 5 direction. As a result, large compressive strains
develop in the epoxy 6 and auxetic phases 7 along the fibre 5 direction, relative to the
near zero axial strain in the carbon fibre 5 itself. A compressive stress along the fibre
5 direction causes the epoxy 6 to expand transversely (due to the positive Poisson’s
ratio of epoxy 6) and the auxetic phase 7 to contract in the transverse direction (as a
result of the negative Poisson’s ratio). Once again, there is a reduction in the residual
stresses within the composite 4, and therefore a reduction in the degradation of the
mechanical properties' that would otherwise occur in a 2-phase composite 1 as shown

in Figure 1.

For the following finite element modelling FEM figures 8-15, the key shown on the
figures identifies areas of higher compressive strain or stress as those corresponding

to the shading shown on the left side of the key. Areas of lower compressive (or in .



under goi ng heating fromOC to 12Q0C. Figure 8 shows
the 3-phase unit-cell 80 used in the FEM sinul ations,

wo b@7asi4e7 cel | 80 conprising: a non-auxetic  PCT/GB2007/001946
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uni di rectional reinforcing36ibrous conponent 8 1
having a volune fraction of 0.62, an axial Poisson's
ratio of +0.2, an axial Young's nodulus of 230GPa, an
axi al coefficient of thermal expansion of -6 x 10 7K
1, and a transverse coefficient of thermal expansion

of 7 x 10 6K..1. a.non-auxetic matri onmponent 82
OGP T IRES LG T BF 608 P s P gpendin to that on the
Poi sson's ratio of +0.38, an isotropic Young' s nodul us
oftfightpide oftheikept r opi ¢ coefficient of thernal expansion

of 5.4 x 10 5K 1; and a third phase unidirectiona

fi brous conmponent 83 having a volune fraction of 0.19,

an isotropic Young's nodul us of 3GPa, and an isotropic

C QRfnirk Gishblvs & FENES RS pleasp akdpoditeahatérial of theQypdshbwn in Figure 2
Figures 9, 10 and 11 show FEMs of the individua

CQIREBIHsheABYY H8mWPCa0 llQb‘tC.C?iﬁhreoé sHOWR the BHhadaWt-dell 80 used
Figure 8. Figure 9 shows an FEM of a reinforcing fibre

90 ofd i B 0 e Bye Bl oBlooh iR 1 X 100, and

i'gure oWs "an uxetic phase 110.
The strains .that, devel .upon heating to 120C al on
{ he SRTEROEHF BTG L B TRE e ey SPERnt hrgRg a volume
90, non-auxetic matrix 100 and the third phase 110,
cl edfaction 96\ 7g 2a GrrH S9issor’s Jetiqioh s Ofe\A8| Al nfoung’s medulus of
matri x 100 and thirdphase constituents 110, and that
t he 9306Prainmxial rceeffipipniood thered] px gansiodenf s6 &fl 0K natdiaansverse
| arger than those that develop in the reinforcing
fi brgeffitameoBBermal expansion of 7 x 10°K™;
a non-auxetic matrix component 82 having a volume fraction of 0.19, an isotropic
Poisson’s ratio of +0.38, an isotropic Young’s modulus of 3GPa, an isotropic
coefficient of thermal expansion of 5.4 x 10°K™; and
a third phase unidirectional fibrous component 83 having a volume fraction of

0.19, an isotropic Young’s modulus of 3GPa, and an isotropic coefficient of

thermal expansion of 5.4 x 10°K".

Figures 9, 10 and 11 show FEMs of the individual components making up a unit cell
of the type shown in Figure 8. Figure 9 shows an FEM of a reinforcing fibre 90.
Figure 10 shows an FEM of the matrix 100, and Figure 11 shows an FEM of the 3™
auxetic phase 110. The strains that develop upon heating to 120°C along the axial
(fibre) direction in the reinforcing fibre 90, non-auxetic matrix 100 and the third phase

110, clearly showing compressive strains developing in the matrix 100 and third



Figures 12 and 13 show FEMs of transverse strains
acting on a non-auxetic 3rd phase 120 and 130 due to

whe@uilsgy4rn conposite material up to 120C. The BCT/@Ba®7/001946
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that develop in the transvéfse z direction
perpendicular to the axial direction for the 3rd
phases 120 and 130 have a Poisson's ratio of +0.38
(i.e. same as the non-auxetic matri x phase) and -0.6
[ auxetic), respectively. Figures 12 and 13

(i.e.
c lhlgqggé & éxgbglﬁfgg 1§%ta§8 i e§§s SR %;Br%?m?a&el&% org’érg of magnitude

epen e Sig 01 sson s

B e T P LA Bpggnge e o

constltuents respectlvely, as a result of t he axi al
conpression which builds up on heating when conpared

to Figure 11. Figures 14 and 15 show the transverse (z

di Figeres b2 pnd t 3 e FEME efftrajevesseograinst deting an 2-nopkemsetic 3™ phase
140 and 3-phase 150 conposite system upon heating to

15Q0CndThe) Anphadeatiny T adiripesildd thattsal upoo Fi09ar eTA sirgins that
of the type shown in Figure 1 and, conprises: a

Nofkvaldy §h ke HAhIEREGH dlfeaabn ES[‘p@ﬁd%&ﬂhﬂ"ﬂ) fne %wsiuectlon for the 3™
conmponent 141 having a volu fraction of .

BT INE b Sl L -
10 7K
OB S B TS 1, o

non-auxetic matrix conponent 142 having a vol une

fraction of 0.38, an isotropic Poisson's ratio of

+0. 38, an isotropic Young' s nodul us of 3GPa, and an

i slbgmrop 12 and 13 clearly show the transverse deformation of the 3™ phase 120 and

130 depend on the sign of the Poisson’s ratio of the material, undergoing transverse
expansion and contraction for non-auxetic and auxetic constituents respectively, as a
result of the axial compression which builds up on heating when compared to Figure

11.

Figures 14 and 15 show the transverse (z direction) stresses which develop within a 2-

phase 140 and 3-phase 150 composite system upon heating to 150°C.

The 2-phase composite 140 used for Figure 14 is of the type shown in Figure 1 and,
comprises:
a non-auxetic unidirectional rginforcing fibrous component 141 having a volume
fraction of 0.62, an axial Poisson’s ratio of +0.2, an axial Young’s modulus of
230GPa, an axial coefficient of thermal expansion of -6 x 107K™!, and a transverse

coefficient of thermal expansion of 7 x 10°K™"; and



coefficient of thermal expansion of 5.4 x 10 5K 1
The 3-phase conposite 150 used for Figure 15 is of the

WO y@e/1333eawn in Figure 2, and conprises: a non- BOUKREBR2@7/001946

10

15

20

uni di rectional reinforcing38ibrous conponent 151
having a volune fraction of 0.62, an axial Poisson's
ratio of +0.2, an axial Young's nodulus of 230GPa, an
axi al coefficient of thermal expansion of -6 x 10 7K
1, and a transverse coefficient of thermal expansion

of 7 rfén]anéﬁ% rﬁatnx%oﬁ?@néhlﬂ 183 h&wﬂ?% b HinfOPRABE BE 0.382an isotropic

having a vol une fraction 97 an |sotrop|c

Poi soﬂc‘s r§1t0I & *RJ 38+%h§s§dé1%o$& Ygu g’? % gH 48 ?Gix’pans i%otroplc

of a, an 1sotroprc Icien

of 5.4 0 and an apxetigc. ;directlona
f|bPBﬁ?CFBHﬁgﬁéﬁPlTﬁ@HHQQPESi ne fraction of

0.19, an isotropic Poisson's ratlo of -0.6, an

i sotropic Young's nodul us of 0.3GPa, and an isotropic
coefficient of thermal expansion of 85 x 10 5K 1
Filher3ephatd camnpositd 16Daaed for Hige d Srie dfittei tgpe dfownhia Figure 2, and
resi dual conpressive stresses is achieved in the

3cpfpsiSesconposi t e 150 when conpared to the 2-phase
conposite 140. This is due to the presence of the 3rd

S D BT
2
appPERnSE R afievied Saace B IElEn dp At aeiompgotos of

where a single au tic f] nbedded i.n_epoxyresin
was 2PBuRe angxial gefs HFgengldherb cxRaPaen ghcP K RP oG+ A transverse

the energy to extract t he ol
- coefficient of thermal expansion of 7 x 107°K"™;

a non-auxeti_c matrix component 152 having a volume fraction of 0.19, an isotropic
Poisson’s ratio of +0.38, an isotropic Young’s modulus of 3GPa, an isotropic
coefficient of thermal expansion of 5.4 x 10°K™"; and

an auxetic unidirectional fibrous component 153 having a volume fraction of 0.19,
an isotropic Poisson’s ratio of -0.6, an isotropic Young’s modulus of 0.3GPa, and

an isotropic coefficient of thermal expansion of 8.5 x 10°K".

Figures 14 and 15 clearly show a reduction of the residual compressive stresses is
achieved in the 3-phase composite 150 when compared to the 2-phase composite 140.

This is due to the presence of the 3™ auxetic phase 153.

An example of the enhancement due to an auxetic phase in a multi-component
composite of the type shown in Figure 2 undergoing a directly applied mechanical

load has been demonstrated in tests where a single auxetic fibre embedded in epoxy



fibre fromthe epoxy in conparison to the equival ent
non-auxetic fibre of the type shown in Figure 1. In

wo b@7asssuent i nvention, the effect is achi evedP@DGBRY7a01946
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directly applied nmechanical39l oad, but through
conversion of thermal strain to nechanical stress
during cooling and/or heating of the conposite. Method
of Making the Conposite Material Exanple 1 A conposite
system of the type shown in Figure 2 was prepared

O AT S DL UPHLEN S PRI et e

a softened co

e prodyced usi.ng nmelt extruysion of grade PB0580
o a1 GR By e @oR S Rre R B D S IP AR RBrets Abreqfthe type
suppl i ed_by Univar pic. The col d-cure epoxy resin used_
WO ap Biee L 1B0BDCHT b TR SRe £ffeot GBARhi TyeRmpy by a dircotly
pht hal ate was added to the resin as an inhibitor to
crappkied mekhangcati doddndput Herouglr icngvepsion @f shertrali streinatyl imeghanical
careful control of the degree of cross-linking in the

f iserads duriag ueathgemae Htdthgf Heedbnositdre type shown in
Figure 2. Exanple 2 A conposite system of the type
shown in Figure 2 was prepared conprising auxetic
pol ypropyl ene fibre and glass reinforcing fibre

CEAIPE Wkl A GAb BN SaghOXY MR TIX. The auxetic

res were p uced using nel't extrusion of grade
PBO580, pol ypr opyl ene powder produced by Pl ast-Labor
S.A?mﬁﬁdpsupplied by Univar pic. The

A composite system of the type shown in Figure 2 was prepared comprising auxetic
polypropylene fibre embedded within a softened cold-cure epoxy matrix. The auxetic
fibres were produced using melt extrusion of grade PB0580 polypropylene powder
produced by Plast-Labor S.A. and supplied by Univar plc. The cold-cure epoxy resin
used was Araldite LY 5052 with hardener HY 5084. Dibutyl phthalate was added to
the resin as an inhibitor to cross-linking during the curing process, thus enabling
careful control of the degree of cross-linking in the final produced composite system

of the type shown in Figure 2.

Example 2

A composite system of the type shown in Figure 2 was prepared comprising auxetic
polypropylene fibre and glass reinforcing fibre embedded within a cold-cure epoxy
matrix. The auxetic fibres were produced using melt extrusion of grade PB0580
polypropylene powder produced by Plast-Labor S.A. and supplied by Univar plc. The
glass fibre was provided by PPM Glass. The cold-cure epoxy resin was Araldite LY

5052 with hardener HY 5052 supplied by Huntsman of the type shown in Figure 2.



glass fibre was provided by PPM d ass. The col d-cure

epoxy resin was Araldite LY 5052 with hardener HY 5052
wapplisad? by Hunt sman of the type shown in Fi geeBGB2000/001946

is of course to be understdod that the invention is

not intended to be restricted to the details of the

above enbodi nents which are described by way of

exanple only.Clainms 1. A conposite material conprising

a layer of fibres conjoined to a matri x, wherein one

of the matrix and fibres conprises a first conponent

whi ch exhi bits auxetic behaviour for |oading along a

first .direction, .and e.gther of the trix . and :

£ 13 g Sl @aioadS e e HedRsionte ot hrdsdup BF restricted o the
non- auxeti c_ behavi our for_ | oading along the first
didetats phihe abovepmhodipaty whivhaes deseribed iy waef axamplemly.-
1, wherein the layer of fibres conprises the first
conmponent and the matri x conpri ses the second
conmponent. 3. A conposite material according to claim
1, wherein the layer of fibres conprises the second
conmponent, and the matrix conprises the first
conponent. 4. A conposite material according to any
preceding claim wherein the |layer of fibres is
enbedded in the matrix, partially enbedded in the
matrix, or forns a separate layer in contact with the
matrix. 5. A conposite material according to any
preceding claim wherein the layer of fibres conprises
unidirectional fibres or a woven, knitted or non-woven
mesh. 6. A conposite material according to claimb5,
wherein the |ayer of fibres conprises unidirectiona
fibres, and wherein the first direction, along which

| oading is applied



for the assessnent of auxetic behaviour, is parallel

to the direction of the fibres.7. A conposite materi al
w@ewansti4my to any preceding claim wherein t hePCT/GB2007/001946

coefficients of thermal expansion of the conposite

mat eri al, nmeasured parallel and perpendicular to the

first direction, are substantially equal. 8. A

conposite material according to any preceding claim

wherein the volunme fraction of the second conponent is

bqégeen 60 and 70% 9. A conposite material according

preceding claim wherein the volune fraction of

the first conponen is |ess an 40% A conposite

ek ef cgmpgéléfomafeﬁ@ FURRIP G Laasrd?%fgbreﬁ 3?‘H?mﬁﬂié‘? eptrhgvherein

conposite material additionally conprises a matrix

mener ofathevinpteln andnfibies scompiisesu & dirblc coyepenent whigho exhibits auxetic

| oading along the first direction. 11. A conposite

netehaviahr foe deadihgnglohg acfirai diréefipn wirelr the othdnenf\thd urarix and fibres

fraction of the non-auxetic matrix material is |ess

5 t hampHRe alicond 60APGHRht Svhidht BXHibits A6 iR beh@vidt for loading
preceding claim wherein the auxetic nmaterial is

sedl&%ttﬁg)ﬁkrt &H))ﬁetl c thernopl astic (pol yester

ur et Irane ernmosetting (silicone rubber) and netal

(copper) foans, auxetic thernoplastic mcroporous

pol yneric cylinders (uItra hi gh nol ecul ar wei ght

pol yet hyl ene ( UHMAPE propyl ene (PP), and nyl on)

nohoft QOERSpts Matepal wpﬁﬁﬂ %oclﬁm {roubeasin the lpyeq phyibres compnses

(PP), naturally-occurring polynmers (crystalline

cethé Girs sanporcohyukthe matrantameprssy haspend fcpippenent.

rei nforced epoxy, glass fibre-reinforced epoxy and
10 aram d-rei nforced epoxy), certain bisnmuth cuprate

super conducti ng polycrystal line conpounds, 69% of

3. A composite material according to claim 1, wherein the layer of fibres comprises

the second component, and the matrix comprises the first component.

4. A composite material according to any preceding claim, wherein the layer of fibres
15  is embedded in the matrix, partially embedded in the matrix, or forms a separate layer

in contact with the matrix.

5. A composite material according to any preceding claim, wherein the layer of fibres

comprises unidirectional fibres or a woven, knitted or non-woven mesh.
20

6. A composite material according to claim 5, wherein the layer of fibres comprises

unidirectional fibres, and wherein the first direction, along which loading is applied

for the assessment of auxetic behaviour, is parallel to the direction of the fibres.
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preceding claim wherein tH2 matrix material conprises

one or nore polyneric materials, selected from

t hernosetting polyners, thernoplastic polyners, or

both thernosetting and thernoplastic polynmers. 14. A
conposite material according to any preceding claim
wherein the matrix material further conprises one or

nore additional conponents including any of the

follow ng either alone or in conbination: curing

agénd, compesitemateral acpirgimgrie anyg preceding clafm,avherein ther apafiicients
and tougheni ng agent. 15. A conposite nateri al

c oofithersiah gxpankiay ef thefcofmipbsitesnatadalameannead @alalfeh tuid perpendicular
whereby curing of the matrix will produce a conposite
aceahél fifg diréctioh 2drBkdbstahfallPediAnposi te materi al

according to claim16, wherein the matri x inpregnates

the layer of fibres during curing. 17. A nmethod of

maki ng the conposite material of claim1, conprising
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fraction of the second component is between 60 and 70%.

9. A composite material according to any preceding claim, wherein the volume

fraction of the first component is less than 40%.

10. A composite material according to any preceding claim, wherein the composite
material additionally comprises a matrix material which exhibits non-auxetic

behaviour for loading along the first direction.

11. A composite material according to claim 10, wherein the volume fraction of the

non-auxetic matrix material is less than 40%.

12. A composite material according to any preceding claim, wherein the auxetic
material is selected from auxetic thermoplastic (polyester urethane), thermosetting
(silicone rubber) and metal (copper) foams, auxetic thermoplastic microporous
polymeric cylinders (ultra high molecular weight polyethylene (UHMWPE),
polypropylene (PP), and nylon), monofilaments (PP, nylon and polyester) and films

(PP), naturally-occurring polymers (crystalline cellulose), composite laminates



10

15

20

WO 2007/135447 PCT/GB2007/001946

43

(carbon fibre- reinforced epoxy, glass fibre-reinforced epoxy and aramid-reinforced
epoxy), certain bismuth cuprate superconducting polycrystalline compounds, 69% of
the cubic elemental metals, and naturally-occurring polymorphs of crystalline silica

(o-cristobalite and a-quartz).

13. A composite material according to any preceding claim, wherein the matrix
material comprises one or more polymeric materials, selected from thermosetting

polymers, thermoplastic polymers, or both thermosetting and thermoplastic polymers.

14. A composite material according to any preceding claim, wherein the matrix
material further comprises one or more additional components including any of the
following either alone or in combination: curing agent, accelerator, pigment, softener,

flame retardant and toughening agent.

15. A composite material comprising a layer of fibres and an uncured matrix,

whereby curing of the matrix will produce a composite according to claim 1.

16. A composite material according to claim 16, wherein the matrix impregnates the

layer of fibres during curing.

17. A method of making the composite material of claim 1, comprising the steps of

conjoining the layer of fibres to the matrix.



