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(57) Abréegée/Abstract:

A composite material comprises a layer of fibres conjoined to a matrix, where one of the matrix and fibres comprises a first

component which exhibits auxetic behaviour for loading along a first direction, and the other of the matrix and fibres comprises a
second component which exhibits non-auxetic behaviour for loading along the first direction.

B

.

'

e
ok [ [ f
RO . e s
. M "c'-'-.n:‘-:{\: .«me . m s
.
.

A7 /7]
o~

W .
‘ l an a dH http.:vvopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC
OPIC - CIPO 191




CA 02652996 2008-11-21

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization [4

International Bureau

(43) International Publication Date
29 November 2007 (29.11.2007)

(51) International Patent Classification:
C08J 5/00 (2006.01)

(21) International Application Number:
PCT/GB2007/001946

(22) International Filing Date: 24 May 2007 (24.05.2007)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
0610272.7 24 May 2006 (24.05.2006) GB

(71) Applicant (for all designated States except US): AUX-
ETIC TECHNOLOGIES LIMITED |[GB/GB]; The
I-Zone, University of Bolton, Deane Road, Bolton BL3
5AB (GB).

(72) Inventors; and

(75) Inventors/Applicants (for US only): ALDERSON,
Andrew [GB/GB]; Archway Cottage, 72 Phillips Lane,
Formby, Liverpool L37 4BQ (GB). ALDERSON, Kim,
Lesley [GB/GB]; Archway Cottage, 72 Phillips Lane,
Formby, Liverpool L37 4BQ (GB). HUDSON, Graham,
David [GB/GB]; Tall Trees, Manor Avenue, Goostrey,
Cheshire CW4 8JA (GB). SKERTCHLY, David, Ed-
ward [GB/GB]; 10 The Timbers, Catisfield, Fareham,
Hampshire PO15 5SNB (GB).

(54) Title: A COMPOSITE MATERIAL

P W aow W

e7e
3?’
XS
'
.
s
A
S
o
2
b
X
X

)
&
7Y
¥
&
&
&
+
&
L)
¢,
4,
&
L
&
&R
oY

*
>

A
6.0

(X ICX
&

¥
&
&
&
*

&
&
2

S
o

®.

&
)

)

9
0‘:

U

»
3
%o,
®

’0
‘0
¢’

&
*

¢
£
4+
+
»

*

&
P

Y

}»
o

2N
&
()
23
X

®
*
D

}-
()
758

&
#
®
¢

&

,
X
e

*0
"
*» &

&
&
»
(J

()

2K

3-

E 3
X

L/
&
+

&/
¢

&
.’0

/

¢,

>
&
o4

\/

VAV,
A6

()

R

0 XX
805
OIS
S
e
X

>

'S
*
Q}
A
Yo
X
xS

&
.0

*
*

>
&
-
&

i

>
0

‘v
A
¥
L)

$

“ o
<3
g
&
2
X
%
&®

¢
*

&
&

-

>
&
X
&
»
&
‘0
N
o
%

¢
*

*
+*
>
»
»

&
»

>

X

s,
‘.
&

42
4}

29
s

,
XX
S

&

b

0

S

‘0

¥
.,

;?

*
508
3&%

&
#

@
)

0/

7

+* 0
+

&

9,
Ao
AP
\/
*

>
&
&
LS

X
)
oo

&
+*
X

%
M
&
()
X
X
.
P
5.
&

P
()

%
e

B
®

‘0

¥
>
o?

*

»
@

)
S
.Q

’ Q‘

s
.
“.@
4¢§
80X
5
.&

PCHAHK
v
>
£ D
X

s
P

¢ 0.0
LSS
4.0
*.9.0

-
:"'o
:.0

\

6 7
d

35447 A1 |INIONA 0D OO0 A0 O 0000 0

.4
&.4
&
X
4

4

d

e

X
&P
>
»
XD

}r

38
&

*‘
"

*
3

&
:% SR
RARAHHD

S
.Y

S
. . ’

L/

»
o

X
kS

Qﬁp
2K

X
o5

Yo'V aWaVay,
LX)
CHRHN
oetete
ot e v e
oote
o Patede
eteds
250006
5050
S
®

20258

A5
RSESS

QQﬁu
A6

\\

— -
N
e
LSS
Se¥
A
2528
‘L’A
kb

o

(10) International Publication Number

WO 2007/135447 Al

(74) Agent: GOODWIN, Mark; Wilson Gunn, 5th Floor,

Blackfriars House, The Parsonage, Manchester M3 2JA
(GB).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN,
IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, MG, MK, MN, MW, MX, MY,
MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS,
RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
/W), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, I,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, B, CFE, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

W///

‘f#”fﬂﬂfﬂ

(57) Abstract: A composite material comprises a layer of fibres conjoined to a matrix, where one of the matrix and fibres comprises

™= 2 first component which exhibits auxetic behaviour for loading along a first direction, and the other of the matrix and fibres comprises
I~ a second component which exhibits non-auxetic behaviour for loading along the first direction.
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A Composite Material

The present invention relates to a composite material and a method for its production.

A composite material is traditionally considered to be a material system composed of

a mixture or combination of two or more micro- or macro- constituents that differ in

form and chemical composition and which are essentially insoluble in each other.

Composites are important because they possess properties that are superior to the

prop-érties of their individual constituents. Composite systems may be polymeric,
metallic or ceramic based systems, or some combination of these classes of materials.
Recently, composites have been developed having high and low melt temperature
constituents of the same polymer, and composites containing constituents at the

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

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

and polybutylene terephthalate (PBT).

CONFIRMATION COPY
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In ceramic composites, typically reinforcement materials include silicon carbide,
silicon nitride, boron carbide, aluminium mitride, titanium diboride and boron nitride
in a variety of forms including continuous monofilament and multifilament tow fibres,
whiskers, platelets, and particulates. Common ceramic matrix materials include
alumina, silica, mullite, barium aluminosilicate, lithium aluminosilicate, calcium

aluminosilicate, silicon carbide, silicon nitride, boron carbide and aluminium nitride.

In metal matrix composites, typically reinforcement materials include tungsten,
beryllium, titanium, molybdenum, boron, graphite (carbon), alumina, silicon carbide,
boron carbide and alumina-silica in a vanety of forms including continuous fibres,
discontinuous fibres, whiskers, particulates and wires. Common metal matrix
materials include aluminum, titanium, magnesium, iron and copper alloys and

superalloys.

Composite materials are typically in the form of laminates, i.e. they are composed of a
number of layers (laminae) each containing continuous lengths of umidirectional
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 matenals 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, 1.e.
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matrix and reinforcement, shrink at different rates during cooling to ambient

temperatures (typically 20 to 30°C).

It 1s also well known, that as an advanced composite heats up and cools down the

internal stresses will cause the shape of the composite structures to distort.

In an attempt to reduce this distortion it is known to introduce additional layers of
materials which are positioned off axis relative to the reinforcement. This process is
known as balancing. However, this has the effect of producing laminates in which the
mechanical properties may not be optimised, increases time and cost in the

manufacturing stage and also increases the weight of the component.

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

packaging and supports.are combined with positive CTE silica fibre to produce low or
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zero CTE fibre Bragg grating devices displaying constant reflected wavelength over a

range of temperatures for use in optoelectronic systems.

However, combining negative and positive CTE matenials does have a number of
disadvantages; these include: a) limited use as there is a relative lack of negative CTE
materials having the appropriate range of other physical properties for specific
applications; b) in laminate systems there is a tendency to increase inter laminar
shear; and c) the inevitable increase in weight and processing of the composite due to
the addition of the negative CTE material. These considerations lead to increased cost

of the final composite material.

Theretore, it 1s desirable to provide a composite material whose components comprise
materials having different rates of expansion in order to minimise any distortion of the
material which results from heating up and cooling down the material. Moreover, it is
desirable that the component materials should have an appropriate range of physical
properties 1n order that the composite materials can be widely used. It is also
desirable to be able to match the composite material to its surrounding structures or to
other composite materials in order to improve the performance of the joints (being
either mechanical or bonded) between the various components of a composite

material or structure of which a composite material forms part.

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

and fibres comprises a first component which exhibits auxetic behaviour for loading
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along a first direction, and the other of the matrix and fibres comprises a second

component which exhibits non-auxetic behaviour for loading along the first direction.

Auxetic behaviour 1s defined by a Poisson’s ratio, measured in a particular direction
with respect to the material, which is negative (less than zero). As a result, when the
material is stretched in that direction by application of a tensile load, the maternal
expands transversely to that direction. Correspondingly, when compressed in that
direction, the material contracts transversely to that direction. Similarly, non-auxetic

behaviour is defined by a Poisson’s ratio which 1s positive (greater than zero).
It will be understood that the term “first direction” 1s that which the tensile load 1s
applied, and therefore the direction for which the auxetic behaviour is defined by the

Poisson’s ratio.

It will be understood that the term “Young’s modulus” is known in the art and 1s a

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

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

which gives the same numeric value as gigapascals.

It will be understood that the term “Coefficient of Thermal Expansion” 1s known 1n

the art and refers to a change in a material’s dimensions due. to a change in
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temperature. It will be understood that materials having a positive expansion
coefficient will expand when heated, and contract when cooled. Some substances
have a negative expansion coefficient, and will expand when cooled (e.g. freezing

water).

The layer of fibres may be embedded in the matrix, partially embedded in the matrix,

or may form a separate layer in contact with the matrix.

The layer of fibres may have any suitable construction; for example, it may comprise
bundles of unidirectional fibres, or a woven, knitted, or non-woven mesh. Preferably,
the layer of fibres comprises unidirectional fibres or a woven, knitted or non-woven

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

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

parallel to the direction of the fibres.

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

first and second components.

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

comprises a layer of fibres, some of which exhibit auxetic behaviour for loading along
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a first direction and some of which exhibit non-auxetic behaviour for loading along
the first direction, embedded in a matrix which exhibits non-auxetic behaviour for

loading along the first direction.

In a preferred embodiment, the coefficients of thermal expansion of the composite,

measured parallel and perpendicular to the first direction, are substantially equal.

In order to control the relationship between the longitudinal (i.e. measured parallel to
the first direction) and transverse (i.e. measured perpendicular to the first direction)
coefficients of thermal expansion of the composite, it is necessary to select the
materials of the composite having certain values of coefficient of thermal expansion,
Poisson’s ratio, and Young’s modulus, and to control the volume fraction of the

composite occupied by each material.

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

matrix comprises the first component.

Preferably, the coefficient of thermal expansion of the second component 1s lower
than that of the first component, both measured in a direction parallel. 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 1 x 10° K.
Preferably, the coefficient of thermal expansion of the first component, measured in a

direction parallel to the first direction, is greater than 5.4 x 10° K.
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Preferably, the volume fraction of the second component is between 60 and 70%, and
more preferably is 62%. Preferably, the volume fraction of the first component 1s less

than 40%, more preferably between 15 and 25%, and most preterably 1s 19%.

Preferably, the composite additionally comprises a matrix material which exhibits
non-auxetic behaviour for loading along the first direction. Preferably, the volume
fraction of the non-auxetic matrix component is less than 40%, more preferably

between 15 and 25%, and most preferably 1s 19%.

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

constituents of the matrix phase.

For example, in one embodiment the composite comprises:

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

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

coefficient of thermal expansion of 5.4 x 10°K"; and
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an auxetic matrix component having a volume fraction of 0.19, an 1sotropic
Poisson’s ratio of -2, an isotropic Young’s modulus of 3GPa, an isotropic
coefficient of thermal expansion of 9.61 x 107K,

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

perpendicular to the direction of the fibres.

In an alternative embodiment, the volume fraction of the second component 1is
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 1s 3.5%.

Preferably, the composite additionally comprises a matrix material which exhibits
non-auxetic behaviour for loading along the first direction. The volume fraction of

the non-auxetic matrix component is between 40% and 30%, and most preferably is

34.5%.

The volume fraction of the first component and the matrix material may be preterably
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 compnses

a non-auxetic unidirectional fibrous component having a volume fraction ot 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
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coefficient of thermal expansion of -6 x 10K, and a transverse coefficient of
thermal expansion of 7 x 10°K;
a non-auxetic matrix component having a volume fraction of 0.3455, 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 matrix component having a volume fraction of 0.0345, an isotropic
Poisson’s ratio of -4, an isotropic Young’s modulus of 3GPa, an 1isotropic
coefficient of thermal expansion of 2.86 x 10°K;

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

perpendicular to the direction of the fibres.

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

composite material,

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

remain in balance creating a composite material having non coefficient of expansion .
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or a controlled rate of expansion in accordance with the proportion and distribution of

the auxetic material within the composite.

Particular embodiments of the composite materials of the present invention may also

exhibit one or more of the following advantages:

a)

b)

d)

coefficients of thermal éxpansion equal in the longitudinal and transverse
directions (i.e. parallel and perpendicular to the first direction);

where the composite materials of the present invention are in the form of
laminates, a reduction in the number of layérs of material required, relative to
a laminate composite material containing no auxetic component, as a result of
the removal of the directional dependency of thermal expansion behaviour in
the laminate composite containing the auxetic component;

reduced levels of residual stresses relative to prior art composite materials;
removal of the need for separate balancing layers, conferring design
advantages such as reduced design analysis, additional design options,
improved composite performance and reduced composite mass;

reduced distortion during the cooling process; and

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

the auxetic component within the composite material or within an intermediate
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layer, such as a film adhesive, between the composite and surrounding

materials.

A variety of auxetic materials have been reported, including auxetic thermoplastic
(polyester urethane), thermosetting (silicone rubber) and metal (copper) foams (Friis,
E. A, Lakes, R. S. & Park, J. B., J. Mater. Sci. 1988, 23, 4406); auxetic thermoplastic
microporous polymeric cylinders (ultra high molecular weight polyethylene
(UHMWPE); polypropylene (PP), and nylon) (Evans, K.E. & Ainsworth, K.L.,
International Patent Application WO 91/01210, 1991; Alderson, K.L. & Evans, K.E.,
Polymer, 1992, 33, 4435-8; Pickles, A.P., Alderson, K.L. & Evans, K.E., Polymer
Engineering and Science, 1996, 36, 636-42; Alderson, K.L., Alderson, A., Webber,
R.S. & Evans, K.E., J. Mater. Sci. Lett., 1998, 17, 1415-19), monofilaments (PP,
nylon and polyester) (Alderson, K. L., Alderson, A., Smart, G., Simkins, V. R. &
Dawvies, P. J., Plastics, Rubber and Composites 2002, 31(8), 344; Ravirala, N.,
Alderson, A., Alderson, K. L. & Davies, P. J., Phys. Stat. Sol. B 2005, 242(3), 653)
and films (PP) (Ravirala, N., Alderson, A., Alderson, K.L. & Davies, P.J., Polymer
Engineering and Science 45(4) (2005) 517), naturally-occurring polymers (crystalline
cellulose) (Peura, M., Grotkopp, 1., Lemke, H., Vikkula, A., Laine, J., Miiller, M. &
Serimaa, R., Biomacromolecules 2006, 7(5), 1521 and Nakamura, K., Wada, M.,
Kuga, S. & Okano, T. J Polym Sci B Polym Phys Ed 2004;42, 1206), composite
laminates (carbon fibre- reinforced epoxy, glass fibre-reinforced epoxy and aramid-
reinforced epoxy) (Alderson, K.L., Simkins, V.R., Coenen, V.L., Davies, P.J.,
Alderson, A. & Evans, K.E., Phys. Stat. Sol. B 242(3) (2005) 509), certain bismuth

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



CA 02652996 2008-11-21

WO 2007/135447 PCT/GB2007/001946

10

15

20

13

Svoboda, P., Plechacek, V. & Laermans, C., Modermn Physics Letters B, 1992, 6,
1049-54), 69% of the cubic elemental metals (Baughman, R.H., Shacklette, J.M.,
Zakhidov, A.A. & Stafstrom, S., Nature, 1998, 392, 362-5), and naturally-occurning
polymorphs of crystalline silica (a-cristobalite and a-quartz) (Yeganeh-Haer, Y.,
Weidner, D.J. & Parise, J.B., Science, 1992, 257, 650-2; Keskar, N. R. &
Chelikowsky, J. R., Phys. Rev. B 48, 16227 (1993)). Poisson’s ratios as low as ~12
have been measured in the auxetic polymers (Caddock, B.D. & Evans, K.E., J. Phys.
D: Appl. Phys., 1989, 22, 1877-82), indicating very large transverse strains (over an

order of magnitude greater than the applied longitudinal strain) are possible.

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

readily apparent to the man skilled in the art.

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

following either alone or in combination: epoxy resins, unsaturated polyester resins,
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phenolic resins and polyimides. Suitable thermoplastic polymer examples are well
known to those skilled in the art and include any of the following either alone or n
combination: polypropylene, polyamide, polycarbonate, polyacetols,
polyetheretherketone (PEEK), polyethylene terephtalate (PET), polyphenylene
sulphide (PPS), polyethersulphone (PES) polyetherimide (PEI), and polybutylene

terephthalate (PBT).

The matrix material may further comprise one or more additional components which
may include any of the following either alone or in combination: cuning agents,
accelerators, pigments, softeners, flame retardants and toughening agents. The
additional components may be organic (including polymeric), inorganic (including

ceramic) or metallic 1n nature.

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

matenial 1n mind.

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

into the matrix material.

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

continuous fibres, short chopped fibres, or textile fabric structures.
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The way in which the auxetic component 1s incorporated into the matnx matenal

depends upon the nature of the desired composite material.

For example, finely divided auxetic matenials may be added to the matrix in the form
of a filler. Polycrystalline aggregates of a-cristobalite are suitable for incorporation
into the matrix in this way. The auxetic filler may also be an alternative ceramic
material, a polymer or a metal. Auxetic character may also be incorporated into a
composite material through engineering the auxetic effect at the molecular level

within the matrix itself. Examples of auxetic molecular-level matenals include liquid
crystalline polymers (He, C., Ly, P. & Gnthn, A.C., Macromolecules, 31, 3145
(1998)), crystalline cellulose, cubic elemental metals, zeolites, a-cristobalite, and o-

quartz.

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

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

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

of auxetic metallic and ceramic matenals.

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

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



CA 02652996 2008-11-21

WO 2007/135447 PCT/GB2007/001946

10

15

20

16

be incorporated into the fibres by way of monofilaments and multi-filaments,

whiskers, platelets and particulates of auxetic ceramic. Known auxetic ceramics

include the a-cristobalite and o-quartz polymorphs of silica, carbon nitride (Guo, Y.

& Goddard III, W.A., Chem. Phys. Lett., 1995, 237, 72), and certain bismuth cuprate

compounds.

Matrix materials in Ceramic Matrix Composites are well known to those skilled in the
art and include oxides such as alumina, silica, mullite, barium aluminosilicate, lithium
aluminosilicate and calcium aluminosilicate. Non-oxide ceramic matrix materials
include silicon carbide, silicon nitride, boron carbide, and aluminium nitride. The
auxetic component of a Ceramic Matrix Composite may be incorporated into the
matrix matenal as, for example, finely divided auxetic ceramic materials added to the
matnx in the form of a filler. Alternatively, the ceramic matrix may be intrinsically

auxetic.

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

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

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

and superalloys.
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The auxetic component of a Metal Matrix Composite may be incorporated into the
fibres by way of continuous fibres, discontinuous fibres, whiskers, particulates and
wires of auxetic ceramic or metal material. The auxetic component of a Metal Matrix
Composite may also be inoomorated into the matrix material as, for example, finely
divided auxetic ceramic or metal materials added to the matrix in the form of a filler.

Alternatively, the metal matrix may be intrinsically auxetic. Known auxetic ceramics
include the a-cristobalite and a-quartz polymorphs of silica, carbon nitride, and

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

and 69% of the cubic elemental metals.

The present invention also provides a method for the preparation of a composite

material described herein.

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

a second component which exhibits non-auxetic behaviour.

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

composite.
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According to a third aspect of the present invention there is provided a method of
making a composite material comprising forming an uncured composite material in

accordance with the second aspect, and curing the uncured composite material.

5>  The auxetic material used for the methods of the second and third aspect is selected
for having the required properties and used in a required quantity. The uncured
composite material of the second aspect is cured to obtain a cured composite material

having the required thermal expansivities.

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

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

ascpect comprises:

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

matrix.

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

different directions to optimise the properties of the composite.
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c) placing the constructed laminate and tool in a vacuum bag, and applying a

vacuum to remove entrapped air from the composite part.

d) placing the vacuum bag including the composite and tooling inside an autoclave
for curing of the epoxy resin to take place. Curing conditions depend on the
particular epoxy material employed. Typically the cure cycle lasts many hours
during which the composite material is typically heated to a temperature 1n the

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

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

operations.

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

comprises the following:

a) applying a gel coat to an open mould.

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

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

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

and accelerators over and 1nto the reinforcing fibre-auxetic fibre plies.
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d) using squeegees or rollers to wet the reinforcing fibres and auxetic fibres with the

resin, and to remove entrapped air.

e) optionally adding additional reinforcing fibre-auxetic fibre plies and resin to

increase the thickness of the part.

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

the resin system, which hardens the composite without external heat.

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

material in the form of a hollow cylinder comprising:

a) passing the reinforcing and auxetic fibres through a resin bath.

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

mandrel.

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

temperature or at elevated temperature in an oven.

d) removing the moulded composite from the mandrel.
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Alternatively, another method for the preparation of a curable composite matenal

comprising:

b)

d)

laying out a 3-phase pre-preg reinforcing fibre-epoxy-auxetic material on a
supporting table. The pre-preg consists of continuous unidirectional reinforcing

fibres 1n a partially cured epoxy matrix containing auxetic filler particles.

cutting out and placing pieces of the pre-preg sheet 1n layers on top of each other
on a tool of the required shape to form a laminate. The layers may be placed in

different directions to optimise the properties of the composite.

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

vacuum to remove entrapped air from the composite part.

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

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

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

comprises the following:

a)

b)

d)

applying a gel coat to an open mould.

manually placing reinforcing fibre in the mould. The reinforcing fibre may be in

the form of a cloth or mat.

mixing a resin, typically polyester, incorporating auxetic filler particles with
catalysts and accelerators, and then pouring, brushing, or spraying over and into

the reinforcing fibre plies.

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-containing

resin to increase the thickness of the part.

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

resin system, which hardens the composite without external heat.

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

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

particles within the resin.

5> b) winding the auxetic filler-containing resin-impregnated reinforcing fib<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>