WD 2007/ 135447PCT/ GB2007/ 001946 1 A Conposite
Mat erial The present invention relates to a conposite

Waaeai3dt” and a nmethod for its pisduction. SPEI/GB2007/061946

conposite material is traditionally considered to be
a material system conposed of a m xture or : :
conbi nation of two or nbre mcro- or nacro-
constituents that differ in formand chem ca

conposi tion and which are essentially Soluble in each
ot her. Conposites are inportant because they possess
properties that are 'Suﬁ%&ﬁ{mﬁt@ &g operties of
their individual constituents. nposi te systens may
be polyneric, 10 nmetallic or ceram c based systens,
or some conbi nation of these classes of material s.

 and T BR R RER AR (At ORGP St PR Bagpducton.

5 r erffospeairansteral diradiionally eqngifered ity

pol ynmer, and conposites containing constituents at

t he nanoscal e (so-cal |l ed nanoconposites) have al so

‘been devel oped. .15 In_polyneric conposites, typically
rrg%i,l n@@p@oﬂ,stem composed of

aram d, boron, silicon carbide and alum niumoxide in

a. arxErorepmpmatien Piieouingye Suerei erupasso-foopstisupntsthardiffer in

chopped fibres, textile fabric structures and ‘

s pfremi al ciemidall soropesitionaindrehitly acessantialiyy ingolbblesn cach other.

fibres such as henp and cellul ose are al so used as

r eCofmpositesrare inmpatient csuse Cosynpossdso pyoperties thahtard Muperior to the

material s include 20 thernosetting polyners such as

ungbettiod afltheR| idisidasl, coapmsnty. € SoRGositb heaemhs enaydsd Rlymeric,

and pol yim des, and thernopl astic pol yners such as -

10 POI¥ANRRY EARic BIbDFTiehS, orROMY CHRRARRNL DL RS AGE! GHiSaterials.

15

pol yet her et her ket one (PEEK),-polyetherne

| RERA! ShbolRE Hoye BOLYANEIILL IR AL 8 7R temperafure

pol yet her sul'phone {PBS) pol yeth , and

O IBASIE AR GorE oy R, Pt w e

OPRBR T MR e P JRABARL L) 1

alumniumnitride, titaniumdiboride and boron

nitride in a variety of forns including continuous
monofi l ament and, nul tifi ane&t tow fibres, . whiskers,

pl Bt BYFRENC SpAPosHES: iRIrAlb cSIITEEMEH, ety cipde glags, carbon,

materials include alumna, silica, mullite, barium

. al uamido dpropcglicon qarhidn andh Hreiniuee oxIde dme variety jof ifemms including

20

al um nosilicate, silicon Carbide,_silipon nitride,

b ofonfinerais biiktes, afhdrtachopped fibresi tipide  falitne sewchiresand i spherical

conposites, typically reinforcenment materials include

t uingjstiems, Naturally-occurring polymer fibres such as hemp and cellulose are also
used as_reinforcement materjals. Common polymeric matrix materials include
thermosefting polymers such as unsaturated-polyester, epoxy resins, phenblic TEs10S
-and polyimides, and thermoplastic polymers such as polypropylene, polyainide,
polycarbonate, polyacetols, polyetheretherketone (PEEK), polyethylene terephtalate
(PET), polyphenylene sulphide (PPS), polysthersulphone (PES) polyetherimide (PEI), .

and polybutylene terephthalate (PBT).
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10 beryllium -titanium nnlybdenuhj bor on, graphite
(carbon), alumna, silicon carbide, boron carbide and
alum na-silica in a variety of forns including

WPaM{13¥élUs fibres, discontinuous fibres, whPEKEBI07/001946

particul ates and wires. Cohmon nmetal matrix materials
i nclude al um num titanium magnesium iron and
copper alloys and superalloys. 15 Conposite materials
are typically in the formof laninates, i.e. they are
conposed of a nunber of l|ayers. (|lam nae) each
cont ai ni ng continuous | engths of unidirectiona
reinforcing fibres enbedded within the matri x.
Mechani cal properties are optim sed by the choi ce of

- simekismy cwopesttese taneallyricavioratran thaterials Swhde fsilicon carbide,

application. 20 It is well known that the properties
ofilievidtnidechopa garbide cdurmpinsint sidrideptimnioal dbwidecind db@n nitride
cured during fabrication at el evated tenperatures.

( tnyaiaciedyloy fok@® iddndiiolimpuemdpgiladed aymtigiantst @waibres,
stresses induced in the conposite as the

CamBkdd, Uk, n@ part@2R007¢4A544 TRGECERAT hRIa16idlude

matri x and rei nforcenent shrink at different rates

dé&ﬁfnﬂ% Gidigh | ﬂgnﬁ@ Weﬁmmﬁa@t Wi (dRhedlidae, 2dcium

I's al'so we known, that as an
.aﬂmﬂlssﬁca@@ gﬁﬁéﬂ &ﬁhﬁ? @hﬁmymdzdb&s L&mﬁ@;ﬂa aglgﬁnglm nitride.
i nfernal stresses w cause t he s ape 0
conposite structures to distort. In an attenpt to
reduce this distortion it is known to introduce
ial s.which are

W Bk R, RS e e

i , ‘
beryllium, titanium, molybdenum, boron, graphite (carbon), alumina, silicon carbide,

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, titamium, magnesium, iron and copper alloys and

superalloys.

Composite materials are typically in the form of laminates, i.e. they dre 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.
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known as bal anci ng. However, this has the effect -of
- producing | am nates in which the 10 nmechani ca
properties nmay not be optim sed, increases- tine .and

Weae /133441 he manuf acturing stage and al so i n®CEGBIYT/001946

the wei ght of the conponenf An alternative approach

has been to conbi ne both positive and negative
coefficient of thermal expansion (CTE) materials

within the sane conposite in order to achieve on 15
average the desired zero or |ow thermal expansion of

the overall|l conposite. Exanples in this latter

r Bgpcanq feinfraeciralastinink alx differdnCTBes oduribgnedolibg &6 ambient
within a positive cyanate ester matrix for use in '
clemprrgiudsdtypiralie RO td 8C).o mai ntai n si ze and shape
fromhigh tenperature |launch to | ower tenperature

space conditions..A nonwoven aram d nateri al

(negative CTE) is used to reinforce positive CTE

thés aios siell 2hotwas that bLad advwBEYdonipdsily RAMGS LWL down the
zero CTE substrates for use in printed circuit :
b streGkos SR bish ﬁleqﬁﬁgretomﬁ%wpgéiﬁ%u&&&%ﬂg ;§§or?T E)

are used within vitreous quartz (positive to
product |ow or zero CTE conposite material for |arge

tel escope mrror substrates and | aser gyroscopes in

o ks 1R B e MR AP S50 RS s o

SR BB B e et st reintoresmsmt, Bringrgoessis

tin evi ces. di spl gyi,ng constant reflected

S8k Al sie et B R oo pracasing Groimses ippyhich the
gﬁ%geLe troni ¢ systens. However, combining negative

TERIPE « PIORFTESPETIAN B0 B soniigassdh daseasesn timse pndfeost in the
di sadvant ages; these include: a) limted use as there
ianylacluring poge qud @lsodncrepsescihe wei thregoponds. havi ng
the appropriate range of other physical properties
for specific applications; b) in |lamnate systens
there is a tendency to increase inter |amnar shear;
dvichlteinativecappreavii hasttieen tonmumbimboiinposkive kid Adddiive coefficient of
processi ng of the conposite due to the addition of
theonal eypdosica (VEE) iRtk withFee Qatio Bststefidtd s th l%aﬂeve' on

to i ncreased cost of the final conposite naterial.

Fheagef thioedesired | erglesi babkiRnhsl BEAMIGE o7 HORRMIL Somposite.
mat eri al whose conponents conpri'se materi als havin

| kdrheLtt thidfater RkplK Bﬁﬂﬂc%@ﬁ%ﬁ{ﬁlﬁﬁgcﬁgﬂmﬁh%g WAln a

distortion of the materi al V eat’ing

- . . Al itis
T AP e o TBL B s ME SRS i eipasagend

, Ccal . . - d

B B0 B B Rl B Rr B BBaht s Cordutpm, . non-
' I ' le to be.able t tch the ¢ it
L s L AR e
camposite nateriagls in order to inprove the
SRR ROEnERED b ProRLs| g1 el G R pobee romess armringed cirrit

-.bonded) between the various conponents of a conposite
‘??a{dgr i‘%ﬁ%}m% fvagte Rerteclest (nogatize 8&) erepwsil trethiravigeow| quartz
forms gart. 4a Sunmary
(positive CTE) to product low or zero CTE composite material for large telescope

mirror substrates and laser gyroscopes in aircraft Negative CTE zirconium tungstate

packagipg and supports are combined with positive CTE silica fibre to ‘produce low or



In a first aspect, there is provided a conposite

material conmprising a layer -of fibres conjoined to a -

matri x, wherein one of the matrix and fibres '
WEaPMEP¥ESs a first component which exhibits BUREB007/001946

behavi our for |oading alory a first direction, -and

the other of the matrix and fibres conprises a second

conmponent whi ch exhi bits non-auxetic behavi our for

| oading along the first direction, wherein the

coefficients of thermal expansion of each |ayer of

the conposite material, neasured parallel and

pE¥P i hue Brege grating dﬁm@tdlsﬂmqoomnt saflected wavelength over a

substantially equal. hi a second aspect, there is

pra@gﬁ?ﬂ@aﬂmrp@mwem@idcabmcsﬁmssi ng a |ayer of

fibres and an uncured matrix, whereby curing of the

matrix will produce a conposite as defined above. In

a third aspect, there is provided a method of making

t Howeefip@aibitogabeitivaland Sosiedd TTH BRAVEs JSQNRKE S Iﬁﬁfber of
the steps of conjoining the |ayer of fibres to the

NBikAdvXiutagds; GRdsE iftnde0a)a R8It @TROLN BB LlctabilerRE @ﬁ%@ﬁhve CTE
di sclosure there is provided a conposite materi al

CRRRFAS IHGng th&Vbrophad! 195&5 of %I'ﬂ%ep éﬂ?gc n_asr@pe[]@etsrfo%( specific

wherein one of the matrix and f s’ conpri‘ses

f%ﬂsﬁﬁﬁ‘?’m?“mm " QpEl Bl e R et PR R, s Tomin

Ing "along a i‘on
r and res conpri.s second onent,

BB i b B B Fof st rB of B dpgeic do o

on the flrst dlr i on. etic behavi our
o? it o pine s i miialo s cGRGEAp g o ocreased cos
%%rtl aLar direction 5 with respect to the material,

i@ﬂﬁ% COTReSHG WateRless than zero). As a result, when
the material is stretched in that direction by
application of a tensile |oad, the material expands
transversely to that di rection. Cor respondi ngly, when
cBwpifes.gbid deswablede paivideatdoompsitelmaioriat whosalcompotenaabmprise
transversely to that direction. Simlarly,
rsgierialdaying diffdnentirgiey ofi espabsioh freckdinyto milRaiise 261 distoktiinl of the
which is positive (greater than zero). 10 It will be
umetetad tvhioh réshitd frodnehebt@iprap ahil codling dORE tHe@iteriad MBRbver, it is
which the tensile load is applied, and therefore t he’

diegipblel . the oriiftineht Alterias NehidChNe BAWhRYpridSra81 b Hysical
by the Poisson's ratio. 15 It wll be ‘understood t

tpfgheftRE M "o¥ R NEarS ﬂﬁoéyﬁip‘ésﬁte InSieli RO Wy | (}E ﬁaﬁsteda ng 1§ Salso
is defined as t

a. neasure of stiffness. ratio,

fd@é’lraﬁf&r,% be 16 f‘H 1ﬂ§tch e cbﬂlgosgt@tﬁaté?{al 1%']% Qgﬁo&fdm%ts%?rﬁms or to

strain. Young's ul'us 1s the sane n

h
Qg{eggrg@;ﬁe mzﬂglrsgﬁltogam snbiSe T SRk of BCh e being

. cha es mhlch direction the
f%j 1L e %?ﬁ’f BO?‘fegﬁquS&%e‘e ngan% HRRBEHD A3 copposite
S| unjt of You nmodul us i s pascal Pa or
egain ?gﬁf FrpEomRAT R aé‘%?é@nflhém%;me nuneric

value as glgapascals It will be understood that the
term "Coefficient of Thermal Expansion” is known in




WO 2007/ 135447PCT/ GB20071001946 6 tenperature. It
w Il be understood that materials having a positive
expansi on coefficient will expand when heated, and
contract when cool ed. Some substances have a negative
expansi on coefficient, and will expand when cool ed
(e.g. freezing water). 5 The |layer of fibres nay be
enbedded in the matrix, partially enbedded in the
matrix, or may forma separate |layer in contact with
S the matri x. The [ayer of fibres may have any
SUMMALY abl e construction; for exanple, it may conprise
10 bundl es of unidirectional fibres, or a woven,

itted, gr non-woven nesh. Preferably, the | ayer o
I a dfi 6§, Hh57S SorogFdier Eosl B GUBH B Ry, O iores
conjéined toedmatrix) oheroiV@id oTeEN malvly ghd fibred @mhalvisys a Fikk® component

.layer.of fibres comprises unjdirectiqnal. fibres.
whichS Rl R B G AP RInE BB RIS: TFH 858 Abiaper of the
matrfxi hfdﬁﬁtlarem@ﬁms_ab h)&eédlih_ﬁ oghf herlﬁwlﬁﬂf @Qﬁl'bi@rhotnﬁﬁu?aﬂ: behaviour

ic oadi i,s appli.ed far t assessnent. o ) :
for fdpieicregn ih ERelOR.gvhEEGin flie oo g PRt Bk BRPSiAn of each
layertdfehd ¢dwiRSite matefls], inegsutadopaataRE Endperpt@ddRuilar & th8 Gkst Afrection,
ot h o{ t he, phases (fibre and matrix) of the
are sy lY ¢Wht eri al may conprise the first conponent,
t he second conponent, or both 20 first and second

conponents. |In.a preferred enbodi nent, the | ayer of
In a FSEPQ SEG TS isPPHEE] P <OMPESHBAGHE SomPrisng aye of fibres
and Qmelied @fatiit) VIR ALY ROHLOBPOS Bflirix Fvﬂrﬁblb&dice&ro% &ild 36, defined
b the conposite material conprises a |layer of fibres,
aDOVE&ome of which exhibit auxetic behaviour for |oading

al ong

In a third aspect, there is provided a method of making the composite material as defined

above, comprising the steps of conjoining the layer of fibres to the matrix.

According to one embodiment of the present disclosure 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
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WD 2007/ 135447PCT/ GB2007/ 001946 7 a first direction
and sone of which exhibit non-auxetic behavi our for
| oading along the first direction, enbedded in a

WeRDITRS4hi ch exhi bi ts non-auxetic behavi our PLOGE2607/001946

| oading along the first difection. 5 1n a preferred

- enbodi nent, the coefficients of thermal expansion of

the conposite, neasured parallel and perpendicular to
the first direction, are substantially equal. In
order to control the rel ationship between the

| ongi tudinal (Le. neasured parallel to the -first

- dalpeg 8 fosf) disaetion, raad she pther 6f e maeasandeiibres comprises a second

perpendicular to the first direction) 10 coefficients
Ofontpvaentawhichxhitéts aon-adxetiibel@oivpofr loading hlohgthe first direction.
necessary to select the nmaterials of the conposite

havi ng certain val ues of coefficient of thernmal

expansi on, Poisson's. ratio, and Young's nodul us, and

t An£B WeRividud G dstined By bPRGEAPE ridtfo, HBRuRANR @ PhdtBular direction
occupi ed by each material. 15 In an al ternative

eﬁﬁiﬂ’?@sﬁ@c’ﬂ fo tht frdrial WaRchGO Baki @(IEJ%%a%%Bz dag 9'?&9&%@ the

and the matrix conprises the first compohe

1?115‘1%1%1619' ctcﬁclae Ctﬁgtf&fegﬁcﬁpé\% {J]?I?]Jﬁ&(;r[rﬁfa 2 %ﬁ?ﬁe{wﬁa&) nthg

e secon conponent
DR et B B o Qplpiep eW@%?ﬁl@%ﬁf in that
RS e T PGS Dt 1t By, Spafary, nom-auetc

eGgtiqn than 1 x 10 K-1. Preferably, the
Chsb i adasigd by REpeiR Sé’ﬁ‘b‘éWQ%CBﬁs RFitivp Eereater dhan zero).
conponent, neasured in a direction parallel to the
first direction, is_greater than 5.4 x 1 Ols

‘Preferably, the volune fraction of the second

cl b e pndersiodsb thak e te0 inst dipsrionting thad verighr thé emsile Joad is
Is 62% Preferably, the volune fraction of the first
cpnivah end thessfdre $e difeationafod/whivhribe prxefiebabbiiputie ivfaed by the
15 and 25% and nost preferably is 19%

Poisson’s ratio. ' ' '

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

_ measure of stiffness. Tt is defined as the ratio, for sﬁiall 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

amisofropic. The SI unit of Young’s modulus is pascal (Pa). or a}temétively kN/mm?,

which gives the same nhn;eric value as gigapascals.

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

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



5 Preferably, the conposite additionally conprises a
matrix material which exhibits non-auxetic behaviour
for | oading along the first direction. Preferably,

woheTasdsgme fracti on of the non-auxeti ¢ nmat rPX/GB2007/601946
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.conponent is |ess than 40% nore preferably between

15 and 25% and nost preferably is 19% 10 The vol une
fraction of the first conponent and the matri x

material nay be preferably 38%in total in the

enbodi nent where the matrix material and the first
conponent are constituents of the matrix phase. For
exenpdratyre] N ORI b etHei®idl thhe nGRANE Shal/RigC P PEHFE Sxpansion
15a non-auxeti c unidirectional fibrous conponent

hagéigient Wl eipand deh hefledfand cOrdracPRhX bledPOtSRO g%@tanceS '

ratio of +02, a transverseé Poisson's ratio of +0.

amhadxh @b, aRisi el :
e {0 (A, e U ot WP SRR fre. freening
tn@&?PI expansion of -6 x 1 0-7K-1, and a transverse
coefficient of thermal expansion of 7 x 10-61Cl; 20a
non- auxetic matri x conponent having a volune fraction

of 0.19, an isotropic Poisson's ratio of +0.38, an

i SOt ropi oung' s, nodul .0f 3GPa, an jsotropic. .
aBF 198 & bR Ao he 4 8 e T pamialy @mboekin the matri,
and. 2007/ 135447PCT/ GB20Q7/ 001946 9 an auxetic

8t PRY 0D A 5eRsEate 1anenip Septact Ve dfen#tigct i on of 0. 19, an

I sotropic Poisson's ratio of -2, an isotropic Young's
nmodul us of 3GPa, an isotropic coefficient of thernal
expansi on of 9.61 x 10-5K-1; sai d conposite having

z Eholageyefibeds ety hove ayesuitalile cogstmtionyfor boiipla) érmdy @imprise
and 5 perpendicular to the direction of the fibres.

| bungifes off peidmeetipnad fibres,ontiarvenven, knitted wanoivevok trombdho (Préferably,
the second conponent -is between 60 and 70% and nore
ptheflgieabt fibies cdidifised eidivetiom fibfed of b vbveh, YotRdfdr MSh-woven

mesh. More, preferably, the léyer of fibres compriéeé unidirectional ﬁbres;

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

pafa’llel fo the direction of the fibres.

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

first and second compdnents.

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

comprises a layer of ﬁbrm-, some of w}ijch exhibit auxetic behaviour for loading along



conmponent may preferably be |l ess than 40% nore

- preferably I ess than 10% -and 10 nost preferably is

3.5% Preferably, the conposite additionally

wooempnises a matrix material which exhibits PCT/GB2007/001946
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non- auxeti ¢ behavi our for 1oading along the first
direction. The volune fraction of the non-auxetic
matri x conponent is between 40% and 30% and nost
preferably is 15 34.5% The volunme fraction of the
first conponent and the matrix material may be
preferably 38%in total in the enbodi ment where the
Mt ireedoa rand somn of whiehfexhibit noorpretieritchaaur for loading along -
constituents of the matri x phase. 20 For exanple, in
t1he fabttdirebadi efiveadtd (e nt matiik en]nm‘rp:dsbltse:o@empmcs@a\aour for
non-ai ncetic un|d|rect|onal fibrous conponent havi ng

alowhgjggnéﬂ@qﬂtq&eafmo 62, an axial Poisson's ratio
of +0.2, a transverse Poisson's ratio of +0.28, an

-axi al Young s nodul us of 230GPa, a transverse Young's

nmodul us of .3 GPa, an axi al WO

ﬁl %@%ﬁ%ﬁﬂa%@ Oiid- QK461 Or @eehah 'e’frﬂuaﬁﬁbu of the composﬁc;

expan5| on -6 x 1(171Cl, and a transverse

Cx%ggsueﬁ 'p%'ahel %a@éﬂ&’é@ﬁ@ %Es? ﬁ;r&‘tloz, are gu%st@:'ﬁlajly equal.

In order to control the relationship between the longitudinal (i.e. measured parallel to
the first direction) and.tranéw}erse (e measured perpendicular to the first direction)
coefficients of thermal expansion of the composite, it is necessary to select the
materials of the composiie hﬁving certain values of coefficient of thermal expansion,
Poissbxi’s ratio, and Young’s modulus,.‘and.to confrol the volume fraction of the

composite occupied by each matérial,

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 2 direction para]lel 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 1x 10'5 I{'l

_Preferably, the coefficient of thermal expansion of the first component, measured ina

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



a non-auxefic matrix conponent -having a vol une
fraction of 0.3455, an isotropic Poisson's ratio of-
+0. 38, an isotropic Young's nodul us of 3GPa, an

woShl7F9Rk€ 5Scoefficient of thernal expansionpgﬁ&z‘ﬂ,%M946

1C16K-1; and an auxetic nmagrix conponent having a

vol ume fraction of 0.0345, an isotropic Poisson's

ratio of -4, an isotropic Young's nodul us of 3GPa, an

i sotropic coefficient of thermal expansion of 2.86 x

10- 4K-1; " said conposite having zero coefficient

of thermal expansion, both parallel and 10

PeEfentl, télvaluntecfrdckien of the eédotd cadfipohlie if beowem. 60HAE 70%, and
auxefi.c material may therefore be used to control the

1 6Ye R ferBNP A 6PV | PréfeRdbly deORRSd frRHRSFhE Afst c&ﬁﬁionent is less
Wt hout wishing to be bound by theory, it is believed

t & 4096 ‘HideD Brefedivty Brwbhif1 SRRDES), b B frofeddblPls 1092

second ‘aspect of present disciosure, the first and

- second conponents becone |inked within the conposite.
The strain irnduced in the auxetic nmaterial (the first

tclse}%g%fﬂgrp El%e ?()SI]:IL]}I%)E]?EEJ %&Hggns | gemga%iﬁa@iatallna&iqaiﬂﬁgﬁal which .eﬁhébits

ure Ing changes- I n tenperature ari Si

durin r.ocessi causes t uxetic 20.c nepnt t
e SR At e s Rl e B, SR PEGRENS B voftme
directign, in oppgsition to the contraction and

5197 0B ihen PO HER R, PO COPROTFRE B 1953 @1%4??& P Prefrebly
second coqggnent) in the conposite. As therma
shetwgend S ard2 1 dnd awst preferblyds AdGsi t e t he expansi on
and contraction of the auxefic conponent and

-'non- auxetic conponents remain in bal ance creating a

10
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conposite material having non coefficient of
eRpanbimefracii SN0 fifss 5 RETY aGd 8RO Ratttidlondyl bayrefgrably
controlled rate ofansion in accordance with the
Asepitbiabin thnantaidihernt bdtieake nitrik etepinkaiditoe filst @mipohent are
within the conposite. Particul ar enbodi nents of the
CRiRDEntsef MRinetdiapkasefl "t he present di scl osure may

al so exhibit one or nore of the foll ow ng advant ages:

a) coefficients of thermal expansion equal i-n the

| ongi tudi nal and transverse directions (i.e. parallel

e %&ﬁlﬁ&ﬁ%ﬁdﬁ&n& fe ctnin?&itc didi@iLd-0n); b) where
the co I f

osite materials o he present disclosure are

| a3 a0 i BB Rs b RABE 1 O0s b Yohddfe AHABT Bt 0.62,
of lTayers of material required, relatrtve to o
an axial Poisson’s ratio of +0.2, a transverse Poisson’s ratio of +0.28, an axial
7Yotmg’s modulus of 230GPa, a transverse Young’s modulus of 3 GPa, an axial
coefficient of thermal expansion of -6 x 107K, and 2 transverse coefficient of
thermal expansion of 7 x 10K,
a non-auxetic mafrix 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 _theﬁnal expansion of 5.4 x 10°K"; and



10 a lam nate conposite material containing no
auxetic conponent, as a result of the renoval of the
di recti onal dependency of thermal expansion behavi our

WO R007AE4H47ani nat e conposite contai ni ng the auREl/B2007/001946

conmponent; c) reduced |evels of residual stresses
relative to prior art conposite materials; d) renoval
of the need for separate bal ancing |layers, conferring
desi gn i sadvant ages such as reduced design

anal ysi s, addi ti onal design options, inproved
conposite pttfonnance and reduced copposite nass; e) | -
r ediic aeRetF SRUTE | SPPYDet dgvirEe2 velmentaghion «dsk 19, gisotropic

I nproved pepfonnance of1'joints between the conposite
mat Roissah’s tatio t dfe -Jor s dsetropic SEO@ElH modwits s 3@ dinnigotropic
materials having different rates of expansion, '

r el aefficdent of therodal prqiandien 6fx61matEE al s | ael dng an

auxetic conponent. The inprovenent is due to the

arid icbypbsrenipdvirly kdre ddafficiat ofxpanal erpdasibaybahirpacdicl and
the conposite to the surrounding materials through
apighdndRMafo thd@raysebi e GBRERONENt Wi thin the

conposite materical or within an internediate W)

2007/ 135447PCT1GB20071001946 12 | ayer, such as a film

- adhesi ve, between the conposite and surrounding
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TR B laftbatifd U Ol Ak CriBRbE o Hhe SHAKE BFPBnent
report elél,%a? ncl udi ng af’uxetl c thernopl astadllc > ; Pbent is
‘between 60 and 70%, and more preferably is 62%. The volume fraction of the first
component may preferably be less than 40%, more preferably less than 10%, and

most preferably is 3.5%.

Preférably, the oomposite additionally comprises & matrix material which exhibits

* non-auxetic behaviour for loading along the first direction. The _\iolume 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 materjal 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 modulus of 3 GPa, an axial



5 45( 4peffieipoby tlewyl exaalfseﬂﬂaﬂ

5 (pol yester. urethane), thernosetting (silicone
rubber) and netal (copper) foans (Friis, E. A,
Lakes, R °S. & Park, J. B., | Mater. Set 1988,

23, 4406); auxetic thernopl astic nai croporous

Wwo bRk cylinders (ultra high nol ecul ar WeCEIEB2007/001946
pol yet hyl ene (UHMAPE) ; pol ypr opyl ene (PP), and nyl on)
(Evans, ICE. & Ainsworth, K L., International Patent
Application WO 91/01210, 1991; Alderson, K L. &
Evans, K E., 10 Polyner, 1992, 33, 4435-8; Pickles,
A P., Alderson, K L. & Evans, K E., Pol yner
Engineering and Science, 1996, 36, 636-42; Al derson,

et ex WERREI of B xS10° % YA s trah$kerse cdefficient of
Nhter ﬁ%ﬁﬁf§€§tt e 98, f% 1415- 19) nonofi |l ament s

(PP ju and Vi -1) (AI derson, IC L., Al derson,
Ei““‘“’s"qlr?kfﬁdsﬂv R & Davies, P. J.

;;3 ?a: %{?ﬁzaux%]cbrggém%gglg?% P gac' g £3 e% ggc;tﬂa()%)ffo 33% 'an isotropic

Davi es, Stat. Sol,,. B .20

and quqs%s (rp;o) { ﬁﬁéﬁf an éSCﬁIRPlC Yqune's St%c%uh%“o%(;ql’&,egé%gotmpm

K.L. & Davies, P.J., Polyner Eﬂgﬁneerlng and Sci ence

polyners

(crystalline cellul ose) (Peura G ot ko

Lerrk@, avetic Watdxc ciraponant haviggna vglume I‘ﬁaﬁql%’r otp ﬁ/p&g ‘an isotropic
Poisson’s ratio of -4, an isotropic YOung’s modulus of 3GPa, an isotropic
coefficient of therrnal expansion of 2.86 x 10°K™;

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

10  perpendicular to the direction of the fibres.

15

20

The auxetic material may therefore be used to control the thermal expgnsivity ofa

composite material,

Without Wisnsng. fo be bound ny theory, it is believed that, during cure of the
composife matenal of the second aspect of pfesent disclosure, the first and second

components become linked within the composite. The strain induﬁed in the auxefic
material (the first component) as the composite material changes temperature,
including changes in temperature arising during processing, canses the auxeﬁé
component to expand and contract transverse to the first direction, in opposition to the
contraction and expansion of the non;au}tetic materials (ihcluding the second
component) in thercombosite. 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 .
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10

Serimaa, R, iliomacronoi ecul/es 2006,'7(5): 1521 and
Nakamura, K., Wad; M, 20 Kuga, S. & Ckano, '

T. J
wBabyssgi B Pol ym Phys Ed 2004; 42, 1206), C%’q?@@%ziota%mw%

| am nates (carbon fibre- rginforced epoxy,
fibre-reinforced epoxy and ararthd- reinforced 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), certain bismuth cuprate
superconducti ng pol ycrystalline conpounds (Doni nec,

WO 2007/135447PCT163120071001§46 %§J .

strbution of

Jos, Yasek,, B - VO 2 2
- SVohBETONGS rateBf EXRRRE I AFOTRACE Kt i PIORBTIONS

Physics Letters B, 1992, 6, 1049-54), 69% of the
cﬁ%?ﬁx%$5%%%?%?“%%?5%%“@@%@9hnan, R H., Shacklette,

J.M, Zalchidov, A A & St2fstrom S., Nature, 1998,
392, 362-5), and naturally-occurring polynorphs of
crystalline silica (a-cristobalite and a-quartz)
(Beetipastve brnblaliménts of the opgipdsiermatBials & tiRapréssnt disBiasure may also
Sci ence, 1992, 257, 650-2 Keskar, N. R &
Chahhikowek ynorebf R follRhivis adRetegesB 48, 16227 (1993)).

Poi sson's ratios as |ow as -12 have been neasured in
tdie auwvefficopaliyiens! Caacios kquB. . hé& 1EsanGaal L&d, trahsverse
Phys. D. Appl. Phys., 1989, 22, 1877-82), indicating

very | dafgmk ANSaalss SadidRindRulaOM el B8 @8k Of
magni tude greater than the applied | ongitudinal

S ai NYheRd Be RASRLR r@aterillx%)of oY ipFe Dl BscidsBEER i the form of

(reinforcenent ‘materi a I n polymer conposites are

wi del Lt i and -may conprise .
cont | NEIRR aBkd il s beBh BRSCTRY BRI g, rtaive o
fabric ruct ures.and. spherical inclusions nade fro

gl ass,* i%}&rﬁ S ?Sétﬂﬁfiﬁl?ﬁ%&%‘?ﬁm%% 79 BBRERMBPHEL 40 8 result of
al um nj um oxi.de,. conbi natiion qf the said fibres
and f %Wf%ﬂ ﬁg%ﬁgfgi% AeRERIEHVBE TR SRTATIOR PER@gonr in
may also formsuitable fibres for use with the :
pr eserfe anEEicsempaste cpnipgnghe aFgic@mppPREsgni zed t hat

ot her alternative polynmer, netal or cerami c materials
t9 t hoslepdisrals ¢fi readuabeirases sriatye veptior ol goepbsis materials;
fibres, as would be readily apparent to the man

ki | | gamdval tHe ther need2 GotTIsepartt r bakennap elryat, ofnfedveg design
present disclosure may conprise one or nore polyneric
mat er iadvastagFheuamtes i edwed edisaln amyyscompditis®! design options,
t hernosetting polyners, thernoplastic polyners, or

bot h tuhporakekipos RAftmides Dlastd ConBRky mBES;

Sui t abl e thernosetting pol yner exanples are well

known rédcddNBSE 5K bk @0dnhé ébcﬁiﬂgpﬁk&ssgaaﬁgi i ncl ude any of

the follow ng either alone or in conbination: epoxy

53=51 n%ﬂ@@%&t@&h@ﬂe@pewﬁﬁ&%eﬁ%ﬁ' 42 composite materials of the

present disclosure and sﬁrrounding mateﬁé}s ﬁavihg :different rates of

expansion, relative to such jomts for matentals lacking an zuxetic component.
The hmprovement i1s due to the .abiii'ty to match the thermal expansion
behaviowr of the composite to the surounding materials through addition of

the auxetfic component within the composite material or within an intermediate



14 phenolic resins and polyinides. Suitable
thernopl astic polymer exanples are well !mown to
those skilled in the art and include any of the

wDahi709848y ei t her al one or in conbination: PCI/GB2007/001946

10
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pol ypr opyl ene, pol yam de, 3pol ycar bonate, pol yacetol s,
pol yet her et herket one (PEEK), pol yethyl ene
terephtal ate (PET), polyphenylene 5 sul phide (PPS),
pol yet her sul phone (PBS) pol yetherimde (PEI), and

pol ybutyl ene terephthal ate (PBT). The matrix
material may further conprise one or nore additiona
conmpondayges, sichcds aoflm adkesive, betweal tHeh €orfipdsttoVind Osurrounding
ei ther alone or in conbination: curing agents, 10
accel ermadt@lak, pi gnents, softeners, flane retardants
and tougheni ng agents. The additional conponents may
be organi c (including polyneric), inorganic
(including ceramic) or netallic in nature. The

adgivahapF LUFRODSBLAs Bhke gggpo‘ffe& hinEIP&ng %ﬁkét%dﬂ'lwoplasﬁc

propertles of the conposite mat €r'r.a m NCL

i %@?por SPERARE Plechocl B (HGHE M*fﬂﬂ# AR eoPR) Rims i
SRR B BRSPS DR, Pkt Blmoptasti
B P el Sl PSS 5 dish sqaépqu‘fagh%gé-aﬁ°£3§§£yzene
f'd?ﬁ%ﬁr ﬁ%ﬁr@i&?&%ig&%&%ﬁf@fm KE. & Ainsworth, K.L., -

International Patent Application WO 91/01210, 1991; AIderéoﬁ; K.L. & Evans, K.E,,

Polymer, 1992, 33, 4435-8; Pickles, A.P., Alderson, K.L. & Evans, K.E., Polymer
Engineering and Sciencé, 1996, 36, 636-42; Alderson, K.L., Alderson, A., Wébber,
" RS. & Bvans, K.E., J. Mater. Sci. Lett., 1998, 17, 1415-19), monofilaments (PP,
nylon and polyester)r (Alderson, K. L, AIdcrsoﬁ, A., Smart, G, Slmk:ms, V.R &
Davies, P. J., Plastics, Rubber and Composites 2002, 31(8), 344; Ravirala, N,
Alderson, A, Alderson, K. L. & Davies, P. 1., 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 (crystalﬁﬁ‘e :
cellulose) (Peura, M., Grotkopp, L, Lemke, H., V'ikkula, A, La:i_t-m, I, Miiller, M. &
Senmaa, R, Biomacroinolecules 2006, 7(5), 1521 aﬁd_ Nakézﬁuza, K., Wada, M.,
Kuga, 8. & Okauo, T. J Polym Sci B Polym Phys Ed 2004;42, 1206), composite
rlaminates (carbon fibre- reinforced epoxy, glass fibre-reinforced epoxy and aramid-
reinforced epoxy) (Alderson, K.L., Simkins, V.R., Coencn, V.L., Davies, P.J,
Alderson, A. & Evans, K.E., Phys. Stat. Sol. B 242(3) (2005) 509), certain bismuth

cuprate §uperoonducting polycrystalline compounds - (Dominec, J., Vasek, P.
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15 The way in which the auxetic conponent is

i ncorporated into the matrix materi al depends upon-

the nature of the desired conposite material. For
woaBe47 finely divided auxefic material s nBYrBB2067/001945

added to the matrix in thesformof a filler.

Pol ycrystal line aggregates of a-cristobalite are

suitable for incorporation into the matrix in this

way. The auxetic filler may also be an alternative

ceramc material, a polynmer or a nmetal. Auxetic

character nmay al so be incorporated Intoa conposite

mavelddal Pt Rleourgtk, éhgkneermag, (heMadixe Physiaf feets B 1992, 6,

the nol ecular level within the matrix itself Exanples

ofl 04501 2% nif tee ubtas <lewalal madAs (BlugrhaC IRIHE JHagbet, 1M,

10 crystalline polyners (He, C., Liu, P. & Giffin,

AZekhiddVRaror®Iseditloss S., 3enrd] 4608 3998))-5), GhY skt RRcurring

cel lul ose, cubic elenental netals, zeolites,

ap6TymipAP A ichyRtal AP tilfn QA {stobali Lax@ e -Haeri

t e??rlo%ﬁgst [ I(?@Tglnd/ or ther nt)S?g?Itﬂf nagd\re i ns) geeg&ﬁﬁ}o%m’ S

| S Sk @ baRD aB da0auldobes Bl 43D el URC R g

as the matrix matérial’ in the présent invéntion. _

' r-ac [ pgn net al . and
RS A LR LT R R e S R

ceramc nposi tes by Way "0

VBt PR R b B uoon & el Pios
d ' [ fil d
ol PR FAREIEESS Gy F1IBi28D ek BRI, 135 AEREPS sies (over a

particul ates of silicon carbide, silicon nitride,

b¥E Pt ereninde srear fih g P adroreatdingl strin)ave Bossidid. de

and boron nitride. Any conbination of the said
materials and fornms may be used. The auxetic

conmponent of a Ceramic Matrix Conposite may WO _
281007ple Fees TROTHEBRG0 7h AOdAH6in il yreer i compogiies ateedrideht nown
the fibres by way of nonofilanents and ‘

muithin td feltrend spaywhingkize sontphsheibks shod chsgpl Arad etile
of auxetic ceram c. Known auxetic ceram cs include

t fhiricastakctusds ofdd | spheican theRrsi R infade Bty pRdP B&b&%ﬁ&fd&? Beron,
carbon nitride (Guo, Y. & Goddard H, WA., em

Rity®n chbidt and A88nium Dkide! Any Sehif8hd 8f e REi8 B and forms
cuprate 5 compounds. Matrix materials in Ceramc

NBATHe : ! : . PR
oo BBt At IO G, AR AL HE, i

t.e.. barium al um nosil {cate ithiu
dis¢losure. it 15, of course, recogn%ze that otLer ali]temgltive polymer, metal or

nul |i
present
ceramic materials to those identified above could be included as fibres, as would be

readily apparent to the man skilled in the art.

The mair'gx material of the present disclosure may comprise one or more polymeric

materials. The matrix material may comprise thermosetting poiymers, thermoplastic
polymers, or both thermosetting and theﬁno;)iastic polymers. Suitable thermosetimg
polymer examples are well known to these skilled in the art and include any of the

.~ following either alone or in combination: epoxy resins, unsafrated polyester resins,



alum nosilicate and cal cium al um nosilicate.
Non-oxi de ceramc matrix materials 0O include sil.icon
carbide, silicon nitride, boron carbide, and

WQRRGHMIAMUmM nitri de. The auxetic conponent of par/Get@Goss
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Matri x Conposite may be i mcorporated into the matrix
material as, for exanple, finely divided auxetic
ceramic materials added to the matrix in the form of
afiller. Alternatively, the ceramic matrix may be
intrinsically auxetic. 15 Suitable fibres in Metal

S|te ar e Mﬁde| known within the field
aﬁ%‘f‘\f}g %ﬁf‘? TgHEr n SBRR thsFreeplasge selymer ptrmpes are well
bres whi skers, particulates and wires of tungsten,
b G fodpsersitlie e worylsaendmmybetbn follgransheither alone or in

(carbon), alum na, silicon carbide, boron carbide

. aPYTEDIBATGRY na-Pefymrenyler0) Mmplvesidwt erjaycerbionathet abolyacetols,

Matri x Conposites materials are well known to those
SWIWK@EﬂJW tibmee Wmsd Pﬂi]@th?'ﬁ:ae akfmdfphfm @anlwrppheny]ene
magnesi um iron and copper alloys and superall oys.

VLA 0R7 (PR35 A4 PER AR AR/ (PBE P$61ydTeriite @M)e R6d polybutyiene
conmponent of a Metal Matrix Conposite nmay be

| eephthdnRiPRT). nto the fibres by way of continuous
fibres, discontinuous fibres, whiskers, particul ates

and wires of auxetic ceramc or netal material. The
auxetic conponent of a Metal Matrix Conposite may

aRn i RSP A3 B deg Obiflrt BB 0BE blo¥e IR0 B8 nonl W ich

exanple finely et1c ceramc
ix.n the for :
S e, YA FohmT bbb B Qmﬁ?ﬁmé curing agents,

sicall u omn auxetic ceram cs include
%81&9* Bl el £ 2 i At AR 0y BRETPE TG, The
%ﬁg&ﬁn nltrlde and certain blsnuth cuprat e conpounds
ual FREPPREAR Ay e e Englpdian ipelymerekitupaart(i@deding
of t 5 cublc el enental netals. The present
FEERY O mstalicd8 H3e% i des a nethod for the preparation
of a conposite material described herein. According
to anot her enbodi nent of the present disclosure there
is provided a method of making an uncured conposite
nige exd{iigipnal feoripenetits efeosidedewith the idssired propeitieg of dhd ayglosite
of fibres, an uncured matrix, a first conpound which
@ﬂﬁdﬂtﬂnmdxetlc behavi our, and a second conponent
whi ch exhi bits non-auxetic behaviour. Preferably,
where the auxetic material is anisotropic, the nethod
according to the disclosure further includes form ng

It th t j al
T R MR
GYRRY S @ﬁfeti@ 5&6%12&%&0&3 Gfulti-filaments and/or it may be incorporated

mio the matrix material.

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

continuous fibres, short chopped fibres, or textile fabric structures.



WO 2007/ 135447PCT/ GB2007/ 001946 18 Accor di ng to.
anot her. enbodi nent of the present disclosure there is
provi ded a nethod of nmaking a conposite materi al

wE8dPAsssiNg form ng an uncured conposite natg@fh@kobfoo19as

accordance with the secongsaspect, and curing the
uncured conposite material. The auxetic material used
for the nethods of the disclosure is selected for
having the required properties and used in a required
quantity. The uncured conposite material of the

di;sclosure js cured to obtain a.cured c osite . -
e PE Y] i it PP GRIPRRER e PREOTS S R g, matertal

In a preferred enbodi nent, the matrix inpregnates the

| Ssrendyupom the Rakure of the desred ForRPORLie PAEAl et hod for

the preparation of a curable conposite material of

the disclosure conprises. a) |laying out a 3-phase
pre-preg reinforcing fibre-epoxy-auxetic material on

a Feugpnomle, figely dblided afketic praterpisomaconaided t the matrix in the form

-continuous unidirectional reinforcing fibres and

c ofitiifillien uBolyerystaltime sdprarales afinetisobdlitdare suitableafor incorporation
partially cured epoxy matrix. b) cutting out and _ o
P lxA6 ity mptre Cia Ihie fwdyh eTHer fxpiie gllahast alsa be ay altamativet @pmic

of each other on a tool of the required shape to form

a plafifial) Al Polynddeor | a260S AByetio@hRadeealay Blsélbé iRbfdkated into a
directions to optimse the properties of the

' C@&Hﬁﬁt& SnateriP A0 %ﬁﬁ’ﬂ%@g / e@f@étgﬁ Bihd Qnolecula_r_ level

10

within the matrix itself, Examples of auxetic molecular-level materials include liquid

crystalline polymers (He, C., Liu, P. & Griffin, A.C., Macromolecules, 31, 3145

. {1998)), crystalline cellulose, cubic elemental metals, zeolites, a-cristobalite, and a-

i35

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

.20

of auxetic metallic and céramic materials.

'Sl_.ﬁtable. fibres in Ceramic Matrix Composites afe widely known witbin the field and
méy comprise continuous monofilament and muiﬁﬁlament tow ﬁbr’eé, 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 corﬂponent of a Ceramic Matrix Composite may -



c) placing the constructed |lamnate and tool in a

vacuum bag, and applying a vacuumto renove entrapped

air fromthe conposite part -d) placing the vacuum bag
wbR6)HsHpg the conposite and tooling inside garceaomse

autoclave 5 for curing of jkhe epoxy resin to take

place. Curing conditions depend on the particul ar

epoxy material enployed. Typically the cure cycle:

| asts many hours during which the conposite nateria

is typically heated to a tenperature in the range of

120 to 190 C at a pressure of typically 350 to 700

kP¥ mrorpeytede iRy they fitmes by cttimobdeerofilameaisnapd; malti-filaments,

conposite and tooling fromthe autoclave, renoving

t hwhigksrip plitelets and nageiuiateg dfr avretih ecraraicu uknyey aweatid ceramics

renovi ng the conposite part fromthe tooling prior to

f unthder the prirstobaiife apd paduactn polyhbrphé besilial carbbrynitride (Guo, Y.

anot her nethod for the preparation of a curable '

C 81508 ddr@ MIBWEA.| Blhert OFIE. 58S 1095 2891709 Wl Gert-3PRkMbil Guprate

a gel coat to an open noul.d. 20 b) manually placing

5 I ebfbsigsNg fibre incorporating auxetic fibre in the

nmoul d. The reinforcing fibre and auxetic fibre may be
in the formof a cloth or mat. c¢) pouring, brusin& or

:'spraying a resin, typically polyester, mxed wth

c i ﬁl%?&ﬂﬁ@?{} @&%.S)l.lbe M%@S{: é?n?;\é)gféesgaf]e?%%%%qg those skilled in the 7

reinforcing re-auxetl _
20Q7/ 135447PCT/ GB20071001946,.20 d). usi hg sgueegees or, .
- otend BR{Ad ites gk P AR i mii Becif Sdpcate Hintum
fibres with the resin, and .o renpve entrapped air. )
a7 R R Gl PR e maii materials

beEe-a_xetie fibre plies and resin to

10 include silicon carbide, silicon mitride, boron carbide, and aluminium nitride. Thg:

auxetic component of a2 Ceramic Matrix ”Compo'site niay be incorporated into the
matrix material as, for example, finely divided auxetic ceramic materials added fo the

- matrix in the form of a filler. Alternatively, the ceramic matrix may be intrinsically

auxetic.
15 o
 Suitablé fibres in Metal Matrix Composites arc widely known within the field and
may comprise continuous fibres, discontinuous fibres, whiskers, particulates and
wires of tlmgstgn; be;ryllium, titanium, molybdenum, boron, graphite (carbon),
alumina, silicon carbide, boron carbide and alumina-silica.

20

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

and superalloys.



i nuease the thickness of the part. f) curing using
roomtenperature curing resins, and initiating curing
by a catalyst in the resin system which hardens the

W gHpes#4’e wi t hout external heat Alternativetgryc2007/001946
anot her enbodi nent there ¥7s provided a nethod for the
preparation of a curable conposite material in the
formof a hollow cylinder conprising: a) passing the
reinforcing and m xetic fibres through a resin bath.
b) w ndi ng the resin-inpregnated reinforcing and

a t [ ¢ thl

\mu?g% %18? ci Ci 35 grhg&%az‘(/g&%eenxg%om? Plé'%i UF ")O«Dc’rate({]g]m the
C 20t erature. or el e

téﬁrfig%&?qure I A anuousﬁlg %fc‘fpgﬁ% The’ %FFO@&‘JCUI&LS and

cQ romthe nman

i {5%;‘2‘& PETFEE0 6T i‘@‘&@ \Zl\l%e/&P%"é‘Fﬁa’PPWPSPf ajMetal Matrix

t her. enbodi nent, anot her net hod for the

pHGBRFHATER BF0 B BEvRBFE cOMSe TS uEea a. s cxampie, el
comprising: a) laying out a hase pre-preg

r &Pl PERSg Cfsramafeorerpﬁnaga efrigt & immrivom the form of a filler.
Ssupporting table. The pre-preg consists of

c ddfeimaiiels thermnetel eatic opabe imiinficlly Ian@tif:l Emewn kkefic ceramics
partially cured epoxy matri x containing auxetic
f chele thardt-¢ridadalite and a-quartz polymorphs of silica, carbon nitride, and

certain bismuth cuprate compounds. Known auxetic metals inchude arsenic, cadmium

and 69% of the cubic elemental metals.

The present disclosure also provides @ method for the preparation of a composite

material described herein.

According to another embodiment of the present disclosure there is provided a method of
making an uncured composite material of the disclosure comprising mixing: a layer of fibres,
an uncured matrix, a first compound 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

disclosure further includes forming the uncured composite comprising the auxetic

material having a required orientation relative tfo the other components 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
r i shape to forma lanm nate_ The | ayers ma e
“Klﬁg@%%sfn 10di fferent dirgctions to opti m SETEHR07/001946
properties of the conposite. c) placing the
constructed lamnate and tool in a vacuum bag, and
appl ying a vacuumto renove entrapped air fromthe
conposite part. 15 d) placing the vacuum bag
i ncluding the conposite and tooling inside an
autocl ave for curing of the epoxy resin to take
pl ace. Curing conditions depend on the particul ar
A ' pi . cHre cycle
PO b Shd SRR o B ST Vel RERCIEE Faifefgeg method of
imgking piceapdsite ertiddomprising mpewgan wnairedcdrpesiteangeriadin accordance
t A typical 0 to 700
RB e afpelt i cBRARAM LR UBLSE alerdP D1
conposite and tooling fromthe autoclave, renoving
. tI’nee at&gtlfrcpﬁ? Itlﬁ u@&ldfo} %tg lnjle@f%d% E)? metdﬂ%ll'?&ﬁ“? B '3139%9 ’for.&}]rzlgin the required
renovi ng e conposite par romthe o&ilng prior to
properties anfl iusddsih ia mefuarpd naeniign $he udd@red composite material of the disclosure is
47 12007 ; . Al ter Y in..
o P e PR Py P R fn Ml Bt padsliis
preparation of a curable conposite material conprises
the following: 5 a) applying a gel coat to an open
moul d. b) manually placing reinforcing fibre in the
moul d. The reinforcing fibre may be in the formof a
cloth or mat. 10c) mxing a resin, typically
ol yester, jngcorporating auxetic filler particles
\'?& i %“’fs 5 srbrdugenige mase) ismareriss the e ¢fdihres duringrgying.
brushi ng, or spraying over and into the reinforcing
fibre plies. d) using squeegees or rollers are
%éed‘to m%% the reinforcing fibres with the resin )
PsBBItPaMSIRG fohdeapsertraiions pf jaepurablin gomposite ppsterial of the disclosure

eshgragped air.

a) laying out a 3-phase pre-preg reinforcing fibre-epoxy-axetic material on a
supporting table. The pre-preg consists of continuous unidirectional reinforcing
fibres and confinuous unidirectional auxetic fibres in 2 partially cured epoxy

" matrix,

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

different directions to optimise the properties of the composite.



e) optionally adding additional reinforcing fibre
plies and auxetic filler-containing-resin to |ncrease
the thickness of the part. 20 f) using room

wdé SFpRsaLUre curing resins, and initiating CaddBel¥oofoss
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catalyst in the resin sysgem which hardens the
conposite without external heat. WO )
2097/ 135447PCT/ G82007/ 001946 23 a) passing the
reinforcing fibres through a resin bath containing
auxetic filler particles within the resin. 5 b)
MAndlng the auxetic filler-caontajning

r €31 @lacingr ibg rrapEicied; laniset ay F)Pbllféé YA b3 a it geplying a
mandrel. c¢) curing either at roomtenperature or at
el evapaut fompyee e antrappe 2in FombmCARROSISRAE | cj ent

| ayers have been applied to the conmponent. 10 d
renmovi ng the noul ded conposite fromthe nmandrel. It

‘wi |l be understood that the Poisson's ratio, Young's

el u lplssing aldvacaedhifhag irehidingfthe benpogite mcbmnhmgmmsiée en autoclave
determ ned at atnospheric pressure and room

t enp@srahiding ofithe epckG264E) to talitk @le OtNRIng BOAiSort dPend on the
It is envisaged f%at the material of the present

di schasiegg olxy rﬁdt&ﬂﬂ Bhplobddy Thiddi§ thobikr®\Wt)g lasts many hours

appllcatlons Conposite structures where a
si gnig hcﬁ%%mﬁﬁ +© hpatRhiG0 tryybally MehBR%E a itdinpfhture in the
perfor such as 1oad bearing capacity, is

e 38 P9 0 FERERE BRI AL et c

materials into the Ian1nate Appli cations include
conmponents for aircraft, road vehicles, off-road

I I hi cl i Si Jrachi
b2 L bl B8 S T s
autoclave, removing the compos1te and tooling from the vacuum bag, and
_rén‘joving the composite part from the tfooling prior to further finishing

operations.

Altematwely, another method for the preparahon of a curable composite material

comprises the followm g:

a) applying a gel éoat to an open mould.

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

re'inforciné fibre and auxetic fibre may be in the form of a cloth or mat.

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

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



WD 2007/ 135447PCT/ GB2007/ 001946 24 b) Conposites

tool s of inproved performance, including for exanple:

| ower cost applications where expensive carbon fibre
WOHYTKS44Gartial |y repl aced by | ower cost auXEEIGB217HP46

or filler; inproved preci® on and |onger life due to

thermal matching. 5c) Conposite structure, containing

materials (matrix or reinforcenment), which are

thermally m smatched due to el evated tenperature

cures. The use of auxetic constituents enabl es

reduced mass of the conposite, reduced cost of

desi gn, inproved design performance arising from

| Acr easedudgsd @R rdllcead org thandnfathiicRe: o ui-ast BhiR@ith the

costs and tinescal es. 10d) Conposites structures

cont@giﬂjaﬁgtmgn@{,égnsapémi X or reinforcenent) which

are thermally m smatched and operate over a

consi der abl e tenperature range, including cryogenic

appl i cations. Cryogenic structures such as cryogenic

e RS A SRS L COOREDLE I o DSOE! bl i

reduction.in.resid stresses when 15i ncor porating

an 5&%@ Fgmg%ﬁ%¥?§ entPW thin the corposite. e)
ColMposite structures displaying enhanced stability
for stability-critical applications such as optica
ipstrunments, RF instrunments and neasuring )
i HstTTURERYRS FOPRYPBREEHIE HEPE TSFS.3pf Seiting puipgipy a catalyst in
reduced m crocracki ng, bal anced |ay-ups and reduced
i npdeeregp sy vereh hardrgs e compostio ol prisingldeat.
structures requiring zero or |ow CTE behavi our,

10 including casings for satellites to maintain size and
shape from high tenperature [aunch to | ow tenperature

S ditions: substrates for _use jn printed .
SRAEAAF00 hEes HRBHER el Bl BaRHASLEH o or o
bandiesmpbsregaital @dbofoen of ¢ hdlowsaybisder atrasisigaser - -

gyroscopes in aircraft; fibre Bragg grating devices
di spl ayi ng constant WO 2007/ 135447PCT/ GB20071001946

93]

2} passing the reinforcing and auxetic fibres through a resin bath.

15
b) winding the resin-impregnated reinforcing and amxetic fibres on a rotating
mandre].
c) curing when sufficient layers have been applied the component at room
20 temperature or at elevated ternperature in an oven.,

d) rembving the moulded composite from the mandrel.



25 refl ected wavel ength over a range of tenperatures
for use in optoelectronic systens. g) Conposite
structures which require nmachi ning after noul ding

WHEKets447f rom cont ai ni ng auxetic material s iBCIIER2007/001946
lam nate. In the current Btate of the art the 5
machi ni ng creates an inbalance in the | am nate and
may i nduce distortion in the part. This has
particul ar applications for the machining of nould
surfaces on conposite tools. h) Conposite structures
can be produced with fundanental |y unbal anced
| aiteraateyslybyn tahetherd enbadomerdf amaiket ingthodatfer kel srepayatidne of a curable
| am e is W ll:have 10applications in parts
m{;gé]ﬁ’%%lgeplp%%éﬁgéﬁ' ‘".lsﬁ"gs, or which can be nade from
unbal anced pre-fornms produced by hand processes,
knitting and/ or weavi ng processes. j) By adding
auxetic materials in conbination with |ocalised
uibal?¥RE Yt [2afriPhese cPTe G TRiRiaTcingn §bicteppry-nvosisi plagerieb on 2
produce | ocal areas which have a 15 different

> coef fuppireeg tabie. tThepnabree xpaniss ohcdantndue mudirpinad treinforcing
This can be used to create areas suitable for the
fi t tfibres iok pedtiniipoeat spowh inalrizhemeitinsiuastaiilcr phrliyles.
different CTE, such as in netallic bearings. k)
Lower cost conponents can be made where substanti al
quantities of the expensive high perfornmance
I B Nduing EEMA plaiibiaes 6RAREOR-H Qgh%etiﬁﬁfyefs%!téﬁsﬂegch other

20w th a high proportion of | ower cost auxetic fibre.

1) |dn d SolMithe QMR &pd DISEn UTEEELe! And ﬂg?@h{agtb{ggﬁaceé i

auxetic configurations have inproved resistanc

10 Penek&katl Qlece L1 . ed | evel s of
i nter na% st ?gggseg%%lh%ﬁ%h%ﬁé@gﬁ%d#a CEOPRYf | ng from
the addition of auntie materials

¢} placing the constructed laminate and tool in a vacuum bag, and applying a

vacuum o remove enfrapped air from the composite part.

15 d} placing the vacuun 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.

20

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.



will increase the inpact resiétance and ener gy
absor bed during crushing. This WD :
2007/ 135447PCT/ GB2007/ 001946 26 has applications in

woh@pseduct i on of |ightwei ght arnour and vekiwtB2007/001946
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crash structures. n) Struetures which distort in

response to nechanical, thermal or electrical inputs,
known as smart structures, an useful for producing
products such as aircrafi of 5 superior perfounance.

The addition of auxetic materials to a conposite

| am nate used in a smart structure reduces the cost

and conplexity of the design since thermal bal ancing
b e R E R A
Mechassie elateritNRmFBbes B Bli@ekhgl cal i nput 10 The

present disclosure will now be described further, by

way of exanple only, and with reference to the

followi ng drawi ngs in which: Figure 1.shows a

diagra tic Le resentation of a.imdirectional

coﬁ‘poagi) BPRCHTHh A8 BB BPMEng to the prior art;

Figure 2.shows a diagrammatic representation of a

uni directional conposite |am nate according to the
present invention, Figure 3.shows a graph depicting

cduf Fraepdht rlagie rerderaae fdxpartbe owulds The faidfoteingrfibre may be in

the form of a cloth or mat.

¢) mixing a resin, fypically 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.

¢) optionally adding additional reinforcing fibre plies and auxetic filler-contatning

resin to increase the thickness of the part.

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

resin systern, which hardens the coi:nposige without external heat.

Alternatively, in another embodiment, there is provided a method for the preparation of a

curable composite material in the form of a hollow cylinder comprising:



of the Poisson's ratio of the third phase, for the
| am nate of Figure 2; 20 Figure 4. shows a graph
depicting the Poisson's ratio and coefficient of

wQ ter/med4a7expansi on of the third phase as a frrwwtsBi0ios
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vol une fraction of the retnforcing fibre for the

| am nate of Figure 2 with equal volune fractions for
the non-auxetic matrix and 31-d auxetic phase; WO
2007/ 135447PCT/ GB2007/ 001946 27 Figure 5.shows a

graph depicting the Poisson's ratio and coefficient

of thermal expansion of the third phase as a function

of volune fraction of the reinforcing fibre for the

| aymi e of, Ei 2 W t he vol ume, fractjon of the
3?1“ lgaging““t ?% g%%gg%é’q d g%cg P%I Ofg%aofas’flh}éat% oPORE S Aethe ler
of t rﬂ%”aﬁéﬁﬁic matri x; Figure 6.shows a graph

depi‘c |ng“? e Sﬁth as a function of tinme for an
auxetic pol ypropyl ene fibre undergoing a heating

cycle from30C to 80C and back to 30C, Figure 7.shows
qggraph depicting coefficients of thermal expansion

a¥ a"PRE thomrebo fillcheomsning Tesinpuutmsted freinfrecitd fibes on
phase for the lam nate of Figure 2; Figure 8.shows a

Fi nitt'etimg easel. Model (FEM) of a 3-phase conposite
conprising a central reinforcing fibrous phase
surrounded by a matri x phase and a 31d (fi brous)
phase |l ocated at each corner of the repeat unit;

R gunengeigheows rant-Eidpenmet 0oht asiadd ShipdiaRse &€ bk BYrOWhen
the reinforcing fibrous

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 temperatire (i.e.

20°C), upless otherwise stated.

It is envisaged that the material of the pfesent disclosure will find wuiility in the
following applications;
a) Composife 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 intemnal stresses through the introduction of auxetic
materialg into the laminate. Applications include components for aircraft, road
vehicles, off-road vehicles, military vehicles, precision machinery, boafs,

ships, and subrnarines.



15phase as a result of heating of the conposite up to
120C, Figure 10.shows a FEM nodel of axial strains
acting on the non-auxetic matri x phase as a result of

whStafgsof the conposite up to 120C, Fi gur epdiaadeiiioss

a FEM nodel of axial strakfis acting on the 3rd phase
as a result of heating of the conposite up to 120C
20 Figure 12.shows a FEM nodel of transverse (z
direction) strains acting on a non- auxetic 3rd
phase as a result of heating of the conposite up to

120G, Fi gur del of .transverse (z_
Gt 1 otk PR et R L Ry N e e BRI S ey cost
result of,. heati of the conposite up,to 120C

0071 1 4BBF B PRS0 PP OB AR 3 T b Bt AN mlat e tglpver
nodel of transverse djrection) stresses acting on

a 2- piadé § Pt ero iy e mgeisiqaaand dgpeer life due to thermal
reinforcing fibrous phase surrounded by a non-auxetic

mat ri x%E0 result of heating of the conposite up to
150C;. and 5 Figure 15.shows a FEM nodel of transverse

3 (z dPr Eemipesile stuviereseontaining malcoas Gnagrix or reinforcement), which are
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thermally-r mismatched due fo elevéted temperature cures. The use of auxetic
constituents enables reduced mass of the composite, reduced cost of design,
improved design performance‘ arising from increased design freedom, and—
reduced manufactlning costs and timescales. N
d) Composites structures conta;ining materialé (matrix or reinforcement) which
are thermally mismatched and operate over a considerable temperature
range, including cryogenic applicaﬁons. | Cryogenic structures such as
cryogenic fuel tanks and spa.éecraﬂ components will benefit through reduced
microcracking as a result of the reduction in residual stresses when
incorpoﬁting an auxetic constituertt within the composite.
€) Coﬁ%iao'site structures displaying enhanced étability for ;.stability-critical
apzjlic;tions such as optical instruments, RF instruments and measuring
mstruments Improved stability arises through reduced microcracking,
- balanced lay-ups and reduced impact of manufacturing €TTOTS.
) ‘Composite structures requiring zero or low CTE behaviour, including casings
for satellites to maintain size and éhape from high temperature launch to low
| temperature space condifions; substrqtes for use in printed circuit boards;
stable structures including optical benches; lafge telescope ﬁﬁrror substrates;

laser gyroscopes in aircraft; fibre Bragg grating devices displaying constant



phase conposite (conprising a central reinforcing
fibrous phase surrounded by a non-auxetic matrix with
an auxetic 3rl phase) as a result of heating of the

woompasiie up to 150C. 10 Figure 1 shows a cpopesdhBoeo1946
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| am nate material 1 accordsng to the prior art The
conposite material 1 conprises two |ayers of carbon
fibre reinforcenent 2 and three | ayers of epoxy
matri x conponent 3. The carbon fibre reinforcenent

| ayers 2 are arranged between the epoxy matrix

COMPONEMectb@WEFSensth ﬁeﬂ&faﬁg@oﬁ@&ﬁ?aﬁré%ofw%giﬁT toelectronic

| am nate nmaterial 4 of the prese I nventi on. e
conpos%gﬁmgpterial 4 conprises carbon fibre
rei nforcenent |ayers 5, and epoxy matri x conmponent

| ayers~6. The conposit.e.material .al.so conprises .an
D, et ERRRE L FCRSr R Bifd oSBCROMRER Bt fom

the carbon .fibre, .reinfoyce t layers . 5. The

£ ol | ovFRIPREE PRLF FHEFIA 1 HeiPangt. (hibe SHESE ffate of the art the
i nvention_hy conparin he ani sotr.opi ¢ therng] , o
expansﬁnﬁ‘ﬁ’%cﬁf’é i a%gpgbaia%?sthsi%w% ghd gy e distogion in
art conposite materials of thelgépe shown in Figure

1, andibg aahohis dapmparteylar agplisatiensdonihe snagkining pf popldrurfaces

. of the type shown in Figure 2. 29 Thermal expansion

behavi @ueonopidrtoglst conposite nmaterial. If the

reinforcing fibres 2 of the conposite material 1 of

Fi gl eCdmposée agswivest can [be Pradncednuetithl yirtlamehtially unbalanced

interfaces, then the thermal expansion coefficients . .

al ong laméhates dyshie nditidnooftangetici thateridlayrethe Bmdhdt€ Ahisowill have

(xi) are known to be reproduced well by the follow ng

equat | ppHcAIKA partd which&reSlptd b&Ehgs, Gr whicHVRe 8P ingedle from

of Conposite Structures, Canbridge, pp. 443-444): 10

Vf Ef | G\Hbalmm—%rﬁm produced by hand processes, knitting and/or weaving
processes. |

J) By adding auxetic materials in combination with localised unbalanced
laminate confignrations it is possible to produce local areas which have a
different coefficient of thérmal expansion to the component. This can be used
to create areas suitable for the fifting 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. -

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

stresses within the laminate resulting from the addition of auxetic materials

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



| VIEfI+V.E', (1) a2 =vf al2 +V a +WJ12-al)(2) mm

where: 15at and a2 are the coefficients of thernal

expansi on of the conposite naterial | along and
WQIEHE P& se to the fibre layer 2 direction, PCI/GB2007/001946

respectively, and V. are %¥he fibre layer 2 and matrix

3 volune fractions, respectively, En and E. are the

fibre layer 2 axial nodulus and the matrix |ayer 3

Young's nodul us, respectively, 20a a ez and am are

the fibre 2 axial, fibre 2 radial and matrix 3

coef f hed glisatiohs trhekembdedpans iightweiohs peett el yehidadrash

structures.

m) Structures which distort in response to mechanical, thermatl or electrical mputs,

* known as smart structures, are useful for producing products such as aircraft of

5 superior performance. The addition of auxetic materials to a composite

laminate used in & smart structure reduces the cost and complexity of the

design since thermal balancing issues can be ignored, and emables the

optimisation and adjustment of the laminate to respond to the mechanical,

thermal or electrical input.

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

with reference to the following drawings in which:

10

Figure 1.
15

Figure 2.

Figure 3.
20  Figure4.

shows a diagrammatic representation of a umidirectional compeosite
laminate according to the prior art;

shows z diagrammatic representation of a mnidirectional composite
laminaie according to the present invention;

shows a graph depicting coefficients of thermal expansion as a function
of the Poisson’s ratio of the thu'd phase, for the laminate of Figare 2;
shows a graph depicting the Poisson’s ratio and coefficient of thermal
expansion of the third phase as a functiop of volume fraction of the
reinforcing fibre for the laminate of Figure 2 with equal volume

fractions for the non-auxetic matrix and 3™ auxetic phase;



v112 and Vmare the fibre 2 axial and matrix 3
Poi sson's ratios, respectively. WO 7
2007/ 135447PCT/ GB2007/ 001946 30 Using typical val ues

w®bootqppar ameters for carbon fibre as the fpBF@B2007/001946
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| ayers 2 and epoxy resin ag the matrix 3 (Vf =0.62,
V', = 0.38, En, = 230GPa, E', = 3GPa, a n = -6x 1071C
1, a = 7x10'61(1, am = 5.4x111151C1, v fl2 = +0.2 and
v = +0.38), equations (1) and (2) yield values for
the coefficients of thermal expansion of the

c icte o 511 .
3%8410 1£hog‘llseaa F%h %%’m hl%%ﬁsﬁgﬁlg ﬁag%aar?fiscg frﬁglﬁln tcof thermal
nature of the ther f the co

mater a1 SRt pE ke TRE AR 8 Hagen of i  ion of the
present inventj on est abl i shed anal caI

nodel s as s %’G‘bg‘%ﬁé’:‘(’? dsyoy "E‘ B@Olume fraction
ext ended 10 [ clude the presence of a third phase,

and the c oef"‘% 'gf':?' e Aixehie phase eqiahio 10%gefibe m%maf: f‘f‘ﬁ@n of the non-
3- phase conposite material 4 of Figure 2 are given by

V fE flan ®EeEumateNy | Eaa VIE fi+V. E', +VaEa (3)

15a2 =Vlal2+Vv', a" +Vaaa+\/fv(a11 al)+ icy a,(a", -
alBisursg/y a( ghoarsa ga}')h denictingtve dength as a function of time for an auxetic

polypropylene fibre undergoing a heating cycle from 30°C to 80°C and
back to 30°C;

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 composiie
comprising a ceniral 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) sirains acting on a non-
auxetic 3™ phase as & 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;



Va is the volune fraction of the third auxetic phase
7, 20Ea is the Young's nodulus of the third auxetic
phase 7, a, is the coefficient of thermal expansion

hird phase 7, and va is the Poisson i
W(g%oojtilgsgutl lnléc?réfgﬁino%ﬂ 1946
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third phase 7, with the other synbo
al ready defined for equations (1) and (2). 31 One or
nore properties of the 3 auxetic phase 7 may be
varied in order to achi eve equal therm
expansivities along and transverse to the fibre |ayer
5.direction, inc jng . the possibility of (near) zero
t Rl ex Tae %hgﬂiﬁgdﬁﬁ HEPSYersg £ tirRCHN)afessey #rbing on a 2-
properties of the 3rd auxetic phase 7 are the sane as
the epoxy PHESS ROmPosite (spraprising 2 gemiral rsinfarping cffsrys ehase
and third auxetic phase 7 have equal volune fractions
of 0.19 (i Samoynded %Vber aoh-gyxetic Sngtgk L pe af readt pbheiting of the
0.62), then equal and near zero thermal expansivities
are achi evedmpdsrgp antb0PCpmelver se to the fibre |ayer
5 direction by choosing a 3th auxetic phase 7 having
aFigoreslSon’ shovest 4 BEMEmodd of #r3nsvdille & disecBbi)Whedses 4oH@LbA a 3-
3 which shows the Poisson's ratio and coefficient of
thermal expamsi coinbitd Neorprisdigd addkfial GelfiAGHs 7GH6us? phase
function of the volune fraction of the reinforcing
fibre 5, weatenlBEDLY @l AtBavkE®RS allXx @fth tahSuR&tt ﬁm?ﬁﬁs'e):as a
phase is equal to 10% of the volune fraction of the

non- auxet i GesMRbF hebtifls ofiR YSHESdshe BHSIS0sC L erial s are

known with Poisson's ratios as |ow as -12. 15 \Were
the coefficient of thermal expansion is zero, both

along and transverse to the fibre 6 direction, the

following relations hold for the coefficient of

t hermal expansion and Poisson's ratio of the third

pﬁ%&r% I :sho%aros & aogml\)/os\zéeflaEt\nfinh%’ thatStial 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 fibte reinforcement layers 2 are

arranged between the epoxy matrix component layers 3.

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.

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.
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Thermal expansion behaviour

Prior art composite material.

If the reinforcing fibres 2 of the composite material 1 of Figure 1 are assumed to be
5  intimately bonded interfaces, then the thermal expansion coefficients along and

transverse to the fibre layer 2 direction (x;) are known to be reproduced well by the

following equafions (Kollar, L.P. & Springer, G.S., Mechanics of Composite

Structures, Cambridge, pp. 443-444):

' V.E.a.+V E o
10 a1= I~ m=m " m (1)

ViEq+V,E,
Oy =V +V, 0, +V Vo (“ﬂ —a, )+ VoVl — ) 2)
where:
15 o and o, are the coefficients of thermal expansion of the composite material 1

along and transverse to the fibre layer 2 direction, respectively,
Vyand V, are the fibre layer 2 and matrix 3 volume fractions, respectively,
Eq and En, are the fibre layer 2 axial modulus and the matrix layer 3 Young’s
modulus, respectively,
20 1, & p and & q are the fibre 2 axial, fibre 2 radial and matrix 3 coefficients of
thermal expansion, respectively, and

v 12 and v  are the fibre 2 axial and matrix 3 Poisson’s ratios, respectively.
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Using typical values of the parameters for carbon fibre as the fibre layers 2 and epoxy
resin as the matrix 3 (V;=0.62, V,=0.38, Eq, = 230GPa, Ey, = 3GPa, a.q =-6x107K
Lop=7x10%K" ap= 5.4><10‘5K", vz = +0.2 and v , = +0.38), equations (1) and
(2) yield values for the coefficients of thermal expansion of the composite of o) = -
5 1.67%<107K" and a» = 3.26x10°K™, clearly demonstrating the anisotropic nature of

the thermal expansivity of the composite material 1 of Figure 1.

Composite material of the present invention.
The established analytical models as shown by eguations (1) and (2) can be extended
10 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

m=mm

P}Eﬂ +V E_ +VE,

_ViEnan +V, E,a +V,E,a,

&)

1

15 a,=Va,+V,a, +V,a, +V,v,, (a:f1 ~-a, )+ Vv la, —a vy, (@, -a) @

where:
V, is the volume fraction of the third auxetic phase 7,
20 - E. 1s the Young’s modulus of the third auxetic phase 7,
0, is the coefficient of thermal expansion of the third phase 7, and
Ve 13 the Poisson’s ratio of the third phase 7,

with the other symbols as already defined for equations (1) and (2).
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Equation (5) enables the relative anpunts and
propertlﬁs of ghe non- auxetic reinforcenment 5 and

3% ases to be carefully selected t
aval1a4 e coefficient of gmerngl expansionqgﬁ@&ﬁgqhﬁﬁu6
Young's nodulus of the third (auxetic) phase 7, 5 and
vi ce versa. Equation (6) provides for the selection
of the appropriate sign and magnitude of Poisson's
ratio for the third phase 7 based on the relative
proportions and prope&{ies of the non-auxetic .
r@ierdr onare pEpErt®s af therfat auxstiqplsse ¢ TEY Hedvaripe mypdriglogachieve
nodul us of the third phase 7.
equal thermal expansivities along and transverse to the fibre layer 5 direction,

including the possibility of {near) zero thermal expansion. For example, assuming all
other properties of the 3™ auxetic phase 7 are the same as the epoxy matrix 6
properties, and that the epoxy 6 and third auxetic phase 7 have equal volume fractions
of 0.19 (i.e. the fibre layer 5 volume fraction is 0.62), then equal and near zero
thermal éxpansiﬁﬁes are achieved along and transverse to the fibre layer 5 direcﬁon
by choosing a 3 auxetic phase 7 having a Poisson’s ratio near to -3. This is shown in
Figure 3 which shows the Poisson’s ratio and coefiicient of thermal expansion of the
3™ éuxetic phase 7 as a function of the volume fraction of the reinforcing fibre 5,
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
aa o f flafl m mam . (5)
-7, -7 ),

E E
i m
Vf[aﬂ +ozﬂ{vm —E—H+Vmam[l+vm —E—J

v, = ©)

E E
V. Lo, +V g
F Ea fl mE m




10 The coefficient of thermal expansion and Poi sson's
ratio of the third phase 7 are shown in Figure 4 as a
function of volume fraction of the reinforcing phase
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onstituents as defined apove. For realistic
reinforcing fibre 5 volune fractions in | am nate
conposite systenms 4 (Vf = 0.6 to 0.7) the coefficient
of thermal expansion of the third phase 7 is of the
order of 1 x 15 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 nay be desirable to

have a | volunme,fraction of the 3'd auxeti hase ,
im0 FRbl e Gl Sreunlsy, B PO do b b dif-agetic
rati o of the third phase 20 _are shown in Figure 5 as .

AT PHREERER otnd Brtgreherea S ip P cgrelillyeselestof o matqhgthe available

phase 5 for the properties of the constituents as
deeident abdpenal Grpansion and Sowress medidey offhe thind{auxetic) phase 7,
phase 7 equal to 10% of the volunme fraction of the

neidr vige Feras e Eguation (6) pravides for theesetdctore phthefappropridte sign and
volume fractions in | am nate conposite systens 4 (V1=
Om@grimde oF Poistva’ cbb fforcthe thirdofhasd @ ibasd] oexthe malitove @bportions
the third phase 7 is of the order of 3 x 104 ICl. WO
2847 pibpeidsy BEThéSRAN A A0 I8iiforGmehn e M@l smO1X phasad 60and the
of the third phase 7 for Vf in the range 0.6 to 0.7

| Yomig’s Aedwadsihothird fhasduxeti ¢ pol yners are known
Wi th Poisson's ratios in the range 0 to -12. A

coeffici ent

The coefficient of thermal expansion and Poisson’s ratic of the third phase 7 are
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 (Vi = 0.6 to 0.7)
the coefficient of thermal expansion of the third phase 7 is of the order of 1 x 10 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° KL



5 of thermal expansion in the range 1 x 104 to 3 x le
K-1, for high and | ow auxetic fibre volune fractions
respectively, is typical of many polynmers and
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for auxetic polypropylenessfibres of 2 x 104 1Cl.
-Figure 6 show a graph depicting the length as a
function of time for an auxetic 10 pol ypropyl ene
fibre undergoing a heating cycle from30C to 80C and
back to 30C. At 80C the fibre under goes an extension

82?‘?%%133%%] fsn; o a st?]mi%’ 1cht)l§e er?&%%%t? ggs%gtﬂg%rﬁer of

4wperature i ncrease, yleldlng a coefficient of

hermal expansion of 2 x 104 I1Cl for the fibre. 15
Alternatively, for a 3rd auxetic phase 7 possessing a
Poi sson's ratio of Vas= -0.6 (typical of the auxetic
polyneric fibres reported in the literature),
aﬁpxwwelrymﬁﬁraaﬁﬁ%‘fnsmé&%&on%ﬂw@ ins thesnge 940 al2- a‘beQF@icwnt
and having equal 3rd phase 7 and matrix 6 volunme
f plalbermsh eXpapgerain s mngsdnx 36T &) 3 mhidy’ nlﬁl %bbfgma@d & guxetic
of expansion are realised for the conposite nmateria
A enlveteeirargomsgtespenteily, ds typicat dlemamstipelpmersiapd 2orresponds to
phase 7 is of the order of the axial Young's nodul us
ofhe toufficieitof exprision peasuizdr dkicpolprofylencifibres bbdm 16Y K.
Figure 7 which is a graph of coefficients of therma
expansion as a function of the Young's nodul us of the
third phase 7 for the conposite material 4 of Figure

2Figu® 2R 2 13yt A6 HEBRE 0ol 49 4 6ruddioRest! Gidelfor an auxetic

Stresses The two-phase carbon-epoxy conposite

ShotuEb e FibBd iR dgaat i e RhiicadJcé fidin BO-@os0dc \éh& Lack to 30°C.

typically be cure evat ed tenperatures,

SMP?@@L&EQEL% ec Loy oo aBa%xﬁ-HBb]? ag 0.1 SRSk gﬁ@ﬁ??lﬁsgdgg?gf 13mm

C_OO ng t he mitl'l X anc rel nf or cenent
détfi’ai)eff.ef‘ﬁs corresponds to a strain of 0.01 over a 50°C (50 K)) temperature increase,

yielding a coefficient of thermal expansion of 2 x 107 K! for the fibre.

Altematively, for a 3™ anxetic 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™ 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.



5 rates This gives rise to a thermally induced
mechani cal stress on each conponent. For | ongitudina
expansion (i.e. along the fibre 2 direction), the

“Kﬁﬁ&ﬁggmgibre 2 undergoes little thermal expRNSERRBoR1946
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contraction upon cooling glue to the near zero
coefficient of thermal expansion of the fibre 2 in

this direction. The epoxy 3, on the 10 other hand,

has a | arge positive coefficient of therma

expansi on, and therefore contracts in |ength.

However, whilst the interface between the epoxy 3 and
cgﬂﬂaﬁugﬁﬁgﬁintact, t hen the hi gher nodul us carbon

fibre 2 constrains the | ower nodul us epoxy matrix 3.

f Temtvwodpitepeeahasnepody @omprstih strugiee fethowa sehcmytipally n Figure 1
converted to a nechanical tensile stress on the ]
medil typicaily ¥e cwed b devateddespantreg ansubseppeatly cooled to ambient
direction tends to 15 cause the epoxy 3 to contract

t teampenstirsse | Duriileodiing tivempoizi 3 amé rdfossomits? shatnkot gfifferent
epoxy), leading to a build up of residual stress at

t faeesf This@ivds rissdtartherm3lly hidecddasehanich! tthes ed each camponent.
degradation of the mechanical properties of the
conposite material 1. For a 3-phase conposite

material 4 shown schematically in Figure 2, the

CREY RhiginRfnad &xPinsioRes BR blo‘a‘% [t itk 2NBERAOK)C e Sib&S Fibre 2
on the constituents would tend to put both the epoxy

6 [ j b

PRl N Borfi S L 6] LA po DB ST e rear 2o
COOksS..: t ' : ki, t

¢ Fatikical dE R erorRRRRS oo Mt p IFHEERR T cpory 3, on the

on as a resu

Poj - i -
(AR RPa e erRiae R oo 5t B0 Bipkdan R Yucetore

;gg}?;ﬁe_t% Lgﬂ]%%]ﬁh-sr ess%%vg%sti %in%e?f%ce l\nlgveen the epoxy 3 and carbon 2
is intact, then the higher modulus 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 tnechanical siress on the constituents would tend to put both the
epoxy 6 and auxstic 7 (3™ anxetic phase) under tensile stress in the fibre direction 5 as
the composite 4 cools. The anxetic phase 7 will expand in the transverse direction as
a result of the negative Poisson’sl ratio, opposing the tendency of the epoxy 6 to

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



35 conposite 4, and therefore reduce the degradation
of the nechani cal properties that woul d ot herw se
occur in the 2-phase conposite 1 as shown in Figure

wobkoomssidrarly, during heating of a 3-phase %’iﬁ@ﬁn&ﬁww%
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4, the matrix 6, auxetic 35 and 5 reinforcenent
phases expand at different rates. Again, the carbon
fibre 5 undergoes little thermal expansion or
contraction upon heating due to the near zero
coefficient of thermal expansion of the fibre 5 in

09%4 £Ckk %gtﬁﬁeer ﬁ%)r%e ﬁﬁ%g.‘uey %€ tHeCmdehbiib s )properties that

on t he l'arge positive

T O sy

car bon flbre 5 constrains 10 t he Iomer nodul us epoxy
matri x 6 and auxetic phase 7 from extension, and so

the therpal loading_.is, converted.to nechanlcal .

O REEsfUeshiring T T RSP TPRS 4 tiC ORIEK .6c aPFFig el and
7 in the fibre 5 directigon. As a result, larg

cisHireaaeny & PReseq PrRand et different rates. h%gﬂé’bd%ﬁﬁ%b%%bw 5 undergoes
auxetic phases 7 along the fibre 5 direction,

r kitla thewreal capankien 96 SeNTREHR WRRR Apatiag du¢ 9 thenezn sete speffpient of
fibre 5 itself. A conpressive stress along the fibre
1hemalliexposivoof deuSers 5 indhis plinestion. t Breespoan @ and auxetic 7 (3
transversely (due to the positive Poisson's ratio of
eptaxes, 6 therdher handyheet lacgeppraiive Fotfciews of dermilrexpémsion and
transverse direction (as a result of the negative

P 188 ninsrefisdtih 0dngttOnHEewa@a the hisharmeodidusacartea fitire 6 eondirains
the residual stresses within the conposite 4, and

t 18 NeF @ BodhlisCehaty nfixirt B ahi Quekdigrphaat 7 (ﬁﬁrzpéxt&ﬂﬂﬁm, and so the
mechani cal properties that woul d otherw se occur in a

Zmellw ﬁ)aaﬁgngﬁ Sorivertdd RSa HBAWEicAQGoliprdstigs! bifesd on BRImitR 6 and

foll ow ng nite el ement nodelling FEM figures 8-15,

ﬁ&ﬁt‘f@}shége%n%etﬁ&e fsi GHBSn.1 daNS 'féguﬁ81aegeee§nﬁfesm strains

er-conpressive straln or stress as t hose

VFﬁé Fi)lgﬁlgl b & aﬁﬂ?m?@c\?ﬁlrﬁ%g% ) @ﬁbrte?e Je?lfﬁn e to the

eas sSSive
i%e%%%%sgﬁfﬁl%@ TR By5Ch b PRP B LB R e e
g) d]trtrz]c%ton %Qusegl tehe ep 2}tf GSt}) %&pa%tl éagsevcrsggf (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 .



Figure 8 shows an FEM of a 3 phase conposite nateri al
of the type shown in Figure 2 5 undergoi ng heating
fromOC to 120C. Figure 8 shows the 3-phase unit-cel

W(ﬁﬂoHﬁgﬂyi n the FEM si nmul ati ons, the unit- Ceﬁéi%réﬁzﬂmmmm
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conprising: a non-auxeticzdnidirectional reinforcing

fi brous conponent 81 having a volune fraction of

0.62, an axial Poisson's ratio of +0.2, an axi al

Young' s nodul us of 2300Pa, an axial coefficient of

t hermal expansion of -6 x 10-7K-1, and a transverse
10coefficient of thermal expansion of 7 x 10-6K-1; a

NS EEATE: PSRRI OTSHRIS AR FHOMEDRIIAG CH TSI BIGHRS to that on the
fraction of 0.19, an isotropic Poisson's ratio of
+ogiygidesf thedksy.r opi ¢ Young' s nodul us of 3GPa, an

i sotropic coefficient of thermal expansion of 5.4 x
10-51C1; and a third phase unidirectional fibrous
conponent 83 having a volune fraction of 150.19, an

i BuredfpshowY am ABMbofraidpHasmscapipodi@Paatenal df the tyschowepicFigure 2
coefficient of thermal expansion of 5.4 x 10-5K-1.

Finglet @sngdheatlty 2o 03¢ 16 NTRCEEfure shdves theBHipliasdwait-cell 80 used
conmponents meking up a unit cell of the type shown in
FirgHe BERE sifrlhighsie, Ble sh a8l 80cdnipvisiiz: a rei nforcing

fibre 90. 20 Figure 10 shows an FEM of the matri x

1005 naRdufetig %ﬁiu%étzoigp%ﬁ%r%%r@ﬁs t8fpodett AUKRIdLa volume

phase 110. The strains that devel op upon heating to

20 : b . . o \
12 ﬁ:?&ioﬁnﬂ' Otf%? g?)egxgal(l) P()ISEJH Earfdl (Sfegf.i,o«ﬂ_ éx'i‘altﬁhﬁmg s modulus of

relntorcing non- auxetic matrix 100 and Fhe
ggbﬁe (?pi{%%e?%& : %fﬁ'cnlaﬁ 4f§({he}8181"%ﬁgnsﬁ%§ $909R Shfad Pifisverse
coefficient of thermal 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 isofropic
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 unif 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
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110, and that these strains are approximately 2
orders of magnitude | arger than those that develop in

Wd%gw{%igqfor cing fibre phase 90. Figures 12 ?é‘ﬂeﬁfbmmow%
oW

S Ms of transverse styains acting on a
non-auxetic ri phase 5 120 and 130 due to heating a
conposite material up to 120C. The strains that
develop in the transverse z direction perpendi cul ar
to the axial direction for the 31 phases 120 and 130

haye a Paisson's ratjo_.of +0,.38 (i e..sa as,the .

@S5 SR hiEnt g (0 e he5e AP S pPRONTGALEIY 4 e §f mognitude
respectively. 10 Figures 12 and 13 clearly show the

¢ farhe ndosh &%gﬁﬁlqpaﬁ thgrreipfogcing BbrgRhase 9920 and 130
depend on the sign of the Poisson's ratio of the

mat eri al , undergoi ng transverse expansi on and
contraction for non-auxetic and auxetic constituents

r Eigyesstlidvaetl 13 shew FEMsf|irnprse seainxicing onamorykesie 3 phase
whi ch builds up on heating when conpared to Figure

1120 28d B3¢ uineso béatingda TEmpdwite mdterid npnsvE08E. (The strains that
di rection) stresses which develop within a 2-phase
146velpdin3he hasseerkb@ divpuspdpensicalae o thp airiah ditdtiog fHothe 3%
150C. The 2-phase conposite 140 used for Figure
1$hdses 020 bliP 13(Y BEvesH Pofdsdn’s FtigUsfer0l3gand, sadkk as the non-auxetic
conpri ses: a non-auxetic unidirectional reinforcing

f frBUshaSs) BROMENG. e 14k efi e Gcdve0l UMe fraction of

0.62, an axial Poisson's ratio of +0.2, an axial

Young's nodul us of 2300Pa, an axial coefficient of

t hermal expansion of-6 x 1041C- I, and a transverse

R0 0 5 RO bt P08 0o o

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

1.

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 re;inforcing fibrous component 141 having a volume
fraction of 0.62, an axial Poisson’s ratio of +0.2, an axiél Young's modulus of
230GPa, an axial coefficient of thermal expansion of -6 x 10'71{'1, and a transverse

coefficient of thermal expansion of 7 x 10"6K'1; and
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a non-auxetic matrix conponent 142 having a vol une
fraction of 038, an isotropic Poisson's ratio of
+0. 38, an isotropic Young's nodul us of 3GPa, and an

' i.c coefficient of thermal expansion
S e

5 The 3-phase conppsite 150 used for
15 is of the type shown in Figure 2, and conprises:. a
non- auxetic unidirectional reinforcing fibrous
conmponent 151 having a volunme fraction of 0.62, an
axi al Poisson's ratio of +02, an axi-al Young's
nmodul-us_of .230GPa, an_ axi coefficien ft | . .
exph AT BeaF Pay 2omPonel | AR Voo S5 isomopic
10cgqeffici ent of ermal expansion of 7 -61d; a )
oD SHrBBE10-38 D TRUPER R SHas S of 3G BR- i n Ssoteopic
fraction of _0.19, an i sot qfic,gqgsson's rati o of
+0. it P%%Wb?’i?a%%‘bﬁr% *oldUttus of 3GPa, an
i sotropic coefficient of thermal expansion of 5.4 x
10-5K-1; and an auxetic unidirectional fibrous
conponent 153 having a volune fraction of 0.19, 15an
i $bxt 3-ppise cPoPesiie 58 upegt fopFighre- 1P 6 of ghe typrothowpiin Figure 2, and
Young' s nodul us of 0.3GPa, and an isotropic
coefifrises:ent of thernmal expansion of 8.5 x 10-5K-1
Figures 14 and 15 clearly show a reduction of the
r esa dugbmetaphdsedtivaal stinéscas fibfouschinpatedt 151 kdveng a volume
3- phase conposite 150 when conpared to the 2-phase
C onpagioh &f D4R, ar Axikh Piséon’ itsbio tad A0S aRrRBEYoAnDE rhdiRlus of
3th auxetic phase 153. An exanple of the enhancenent

duez 300 PaNantik e bb FHABR D tHePmA XPadsion©PPRMEN " and a transverse
conposite of the type shown in Figure 2 undergoing a

di 1 &b FenPORhérRMl &@9&%1{&8;' x |@gg has been
demonstrated in tests where a single auxetic fibre
embegdded. k8 SRAX ¥omponent 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 isofropic 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 siresses is
achieved 1n 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
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require twice the force and three tines the energy to-

extract the fibre fromthe epoxy in conparison to the
WH4alent non-auxetic fibre of the type shouwlebiorooieae
lgure 1. In the current gnvention, the effect 1Is

achi eved not by a directly applied nechanical | oad,

but through conversion of thermal strain to

mechani cal 5 stress during cooling and/or heating of

‘the conposite. Method of Making the Conposite

R Bt GRS s o

_ggL%ﬂ%%Eélene fi.bre enpedded withipn a softened

SR rEPParson iy Yatent pejascefi figre of the type
pr.oduced using nelt extrusion of grade PB0580 _
PP B SUEER d Fo HseFuTsRigavREgN ipe Piaettis pehiryed goyby & digectly
suppl i ed by Univar plc. The cold-cure epoxy resin
uarrdicharechgnigalilead, byt §ogEhwianivension denbermal\s5@84t0 mechanical
Di butyl phthal ate was added to the resin as an
i stheishilurimg coolingrapd/er héatikg nbthd gpinpaopitehe curi ng process,

t hus enabling 15 careful control of the degree of
cross-linking in the final produced conposite system
of the type shown in Figure 2. Exanple 2 A conposite
SVEthetduOMaking tHeyDemslhdsWatefiaFi gure 2 was prepared
conpri sing auxetic 20 polypropylene fibre and gl ass
r BidMpes £i ng fibre enbedded within a cold-cure epoxy
matri x. The auxetic fibres were produced using nelt

extdolShan rR e 58! Y, AANOSEorisi .
pr odﬁ%g% bsgétglgast-Lth%r S A Eg%%regudﬁ%ﬁ? d by Ot var auxetic

BRSO Vs ARSI B T e
SRS SRR St AR o b v

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 auxetiu.;: fibres were produced using melt extrusion of grade PB0580

polypropylene powder produced by Plast-Labor S.A. and supplied by Univar ple. The

gla#s 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.



40 It is of course to be understood that the
invention is not intended to be restricted to the
details of the above enbodi nents which are descri bed
f exanple only. 41 Cainms h A conpgsi
““ﬁ%?ﬁ?%ﬁ? conprising a |aygf of fibres Conjofﬁgéﬁggwgnmm
matri x, wherein one of the matrix and fibres
conprises a first conponent which exhibits auxetic
behavi our for |oading along a first direction, and
the other of the matrix and fibres conprises a second
conponent whi ch exhi bits non-auxetic behavi our for
| oadi ng along the first direction, wherein the
Cﬁeff'cients of thermal expansion of each |ayer of
t R & UGAPSS fo ks yrdeigiopd fhat the vgpiaen 15 aptdpieaqeddp e restrioted to the
perpendi cular to the first direction, are
s¢fals o theabpye eehpdiments which are described by weshefoxpmple only.
material according to claim1, wherein the |ayer of
fibres conprises 10the first conponent and the matrix
conpri ses the second conponent 3. A conposite
mat erial according to claim1, wherein the |ayer of
fibres conprises the second conponent, and the matrix
conprises the first conponent 4. A conposite
mat eri al according to any preceding claim wherein
the | ayer of fibres 15is enbedded in the nmatri x,
partially enbedded in the matrix, or forns a separate
| ayer in contact wwth the matrix. 5. A conposite
mat eri al according to any preceding claim wherein
the | ayer of fibres conprises unidirectional fibres
or a woven, knitted or non-woven nmesh. 206. A
conposite material according to claim5, wherein the
| ayer of fibres conprises unidirectional fibres, and-
wherein the first direction, along which |oading is
appl i ed :
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for the assessnment of auxetic behaviour, is parallel -

to the direction of the fibres. 42 7. A conposite
mat eri al according to any 6Feceding claim wherein
the volune fraction of the second conponent is
between 60 and 70% 58. A conposite material according
t Clamy preceding claim wherein the volune fraction
of the first conmponent is less than 40% 9. A

C obpA sbiysitearh@driabdonpasing dayegoftibrearonjqined ceeainatix, sherieim
wherein the conposite material additionally conprises
a drebf th&mixek afd fibresWhihpriteaditstbomsonan Avhizh X &iibies auxetic
behavi our for |oading along the first direction. 10

1GyehA¥iduP TR Qﬁﬂlﬁ% aloRd Sfidsedire@on Ond HIGtHePofGh @i and fibres
wherein the volume fraction of the non-auxetic matrix

”%ﬁfbh@s as&oh®SmpoRaH w‘ﬁfg?(‘éxmbﬂit% noﬁa&@ff@@cﬁhﬁ@ur'}‘&t 164dufd! along

according to any precedlng claim wherein the auxetic

Te it }s?rhueht?ons@tlﬁan d COE@%&Q mtlérﬁlalt &E&Jgﬁﬂ lof‘éich fayer of the

yester ur et ernosetting 't cone

r Y %gllegg nie m ennfe%;aeasu;e%o DR )amioé) ﬁmﬁdicﬁ%g Fhecﬁdst directi 10P?ta}'ea

m Cr opor ous

‘ g% ng culgr m5|ght polyethylene ( Uf f MAPE) ,
P gﬁw (PP), and nyl on), nonofdanents (PP,
‘nyl on ancl polyester) and filns (PP),

natural |l y-occurring polyners (crystalline cellulose),

conposite | am nates 43
2. " A composite material accordmg to claim I, wherein the layer of fibres comprises

the first component and the matrix comprises the second component_

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

is embedded in the matrix, partially embedded in the matrix, or forms a scparaie layer

in contact with the matmx.

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.

6. A composite material apcording to claim 5, wherein the layer of fibres comprises
unidirectional fibres, and wherein the first djrection; along which loading is applied

for the assessment of auxetic behaviour, is parallel to the direction of the fibres.
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(carbon fibre-reinforced epoxy, gl ass

fibre-reinforced epoxy and aram d-rei nforced epoxy),
~and naturally-occurring pol rphs of crystalline

silica (a-cristobalite and a-quartz). 12. A
conposite material according to any preceding claim
wherein the matrix material conprises one or nore
polymeric materials, selected fromthernosettin

polly n cempasiemaerial aespidingioryracedingsfairgthgrein the volume

t hernosetting and thernopl astic polyners. 13. A
cofrpdivinoéthaatcend edmpoed iscictigeen 60 sudy7Ohx ecedi ng cl ai m
wherein the matrix material further conprises one or
nore addi ti onal conponents including any of the
followi ng either alone or in conbination: curing
agentA caapslienatodl acqrdingwtany setddtgetaim,Mhargh the volume
retardant and 10t ougheni.ng agent.- 14. A conposite
mafrgdtion of e KRE Esthpdgerd id 18%@Kan0ef | bres and an uncur ed
matri x, whereby curing of the matrix wll produce a
conposite according to claim1. . 15. A conposite

mat eri al accordlng to claim 14, mhereln the matrix

| npr egnah od rg%exjia@{&{)] dﬁ%ﬁé&nc gﬁ&ﬂg&hﬁgwﬁ&%gﬁgm@{m :

16. A net nmposr'te materi

C l ]ﬁU t a} adﬁﬁw%gdn%%sésmemﬁ}ﬁ; Hl%teprii Vﬁl?(ﬁllj egllu[)]iﬁ’}%u anfet Layer

res

behaviour for loadmg along the first direction.

10. A composite material according to claim 9, wherein the volume fraction of the

npon-auxetic matrix material is less than 40%.

11. 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

oylon), monofilaments (PP, nylon and polyester) and films (PP), naturally-occurring

polymers (crystaliine cellulose), composiic laminates
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(carbon fibre-reinforced epoxy, glass fibre-reinforced epoxy and aramid-reinforced epoxy),

and naturally-occurring polymorphs of crystalline silica (o-cristobalite and o~quartz).

12. 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.

13. A composite material according to any preceding claim, wherein the matrix material
further oorhpriSes'one or more additional components including any of the following e_iﬂléi'
alone or in combination: curing agent, accelerator, pigment, softener, flame retardant and

toughening agent.

14, 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.

15. A composite material according to claim 14, wherein the matrix impregnates the

layer of fibres during curing.

16. A method of maki’ng the ébmpos-ite material of claim 1, compn'sﬁig the steps of

conjoining the layer of fibres to the matrix.



