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A NANO-COMPOSTTE

Technical Field
The present invention generally relates to a nané—
composite -and  more particularly to a method for

manufacture of the sanme.

Background

. Epony-based nano—cémpoéitesrraﬁe known to‘ nave
properties tﬂatfare,sﬁpefiorrovef.neaﬁ epPUKY, thch‘iS'a
‘brittle resin with poor.rQSiSténce'to crack initiation.

Toughening ‘strategies have "included the
incorporation of filler partiélés using such matefials as
rubber particles, core-shell particles, hydro-branched
poiymer particles, thermoplastic particles and inorganic
particles, -The selection of £filler particles has an
impact on the nano-compesites mechanical properties, such
as strength, modulus and, especially in thé case of
epoxy-based nano-composites, their thermal étabiiity.

. Inorganic  filler particles. are commonly uséd
modifiers for nano—composite_production because Qf their
ability to improve toughness Whiie .maintainiﬁg ‘high
modulus and thermal stability. The volume fraction)
dispersion, size, type and surface Zfunctiomalization of
inorganic fillers play important roles in the mechanical
reinforcement of the polymer.  The properties of
composites can be gignificantly  improved when micron-
gized fillers are replaced by nanc-sized fillers, due 1o
thé reduction in the inter-particle distances. This is
because stress transfer from matrix to filler,

suppression of polymer chain wmobility and the amount of
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energy dissipation at crack initiation and pxopagatioh
can be promoted by the presence of mechanigally coupled
networks at Low'inter—particle distance. .

Sol—gel gilica, which has'ilow thermal expansion,
uniform morphology and partidle5sizé, is & known namqf
filler for nanocomposite préparationu The extent of
silica. nanoparticles d&ispersion within an epoxy matrisx
and the interfacial interaction between the silica
hanopaﬁticles and the epoxy matrix are important
parametérs affecting properties of  the silica-epoxy
haﬁocomposite‘formed. Currently known methods attempt to
improve interfacial interaction . between - silica
nanoparticles and epoxy matrix.through,functionalization
of silica surfaces by amine-terminated coupling agent
pricr teo dispersion into the epoxy resin. - One major
disadvantage of using such scl-gel route in nanocomposite
preparation is the use of solvent in the preparation
process. The solvent needs to be removed and récycled or
disposed of,lthus posing énvironmental, health and safety
‘issues,:in addition to the additional costs involved in
solvent removal or disposal. As a result of the high
production costs due to complexity of the manufécturing

process, silica nanocomposite derived Zfrom the ‘sol-gel

' process is particularly limited to high tech
applications, such as = aerospace, automotive and
electronics.

In situ sol-gel sxlxca/epoxy‘ preparatlon< methods
have also been developed to simplify the preparation of
nanocompesites. Such methods include in situ . sol-gel
gynthesis of smllcon alkoxide under vacuum or elevated

temperature. Elthough the process of 481L1ca/epoxy
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nanocompésite production has been simplified through the
combination of silicé fcrmat'idn step with nanocompesite
preparation, this method‘ is not widely adoptea in
indusi:ry because' of the‘. na'ni—uniﬁomityr of  silica
nanoparticles produced, poor. silica?dispers'ion and weak
interfacial ‘interacﬁioﬁ .between the silica and epoxy
métrix. In addition,‘, a solvent is still iﬁequir@d in tﬁis
process as a dilpent and therefore issues regarding
solvent removal or disposal reﬁain relevant. ‘ |

Foxr both‘sol—gel and in situ sol-gel methods, very
high silica content (6-30% by weight) in silica/epoxy
nanocomposite is regquired to’ achieve ‘high mechanical and
thermal'properties. Preparatiori of composites with lower
degrees of silica content, while still maintaining its
mechanical and- thermal properties, is required for
reduction of processing  cost, because these silica
. sources (sol-gel silica, concentfatéd’silica/epoxy resin,
colloidal silica) are expensive. ' '

‘For industrizl-scale applications, regin transfer
moiding (RTM), resin infusion molding (RIM) and vacdmn
bagging'proceSSES are widely used. The these processes
require that the nanocomposites bé éasily'ahd_coﬁpleteiy
fed into cavities of designed mold shape before ‘curing, .
As such, high performance compés’ites with low viscoéity
are preferred. = However, viscosities of materials with
very high silica content (6-30% by welight) are desired
for their mechanical and thermal properties, thereby
posing difficulties during processing, limiting their
usage in industrial-scale applications.

Anothér method of £ orrniﬁc;jr a silica-ep C_J.'éCY

nanocomposite reguires the wuse of hexahydrophthalic
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anhydride in a mixture of digiycidyl ethers of bisphenol-
A and tetraethoxysilane. In this process, the
tetraethoxysilane has to go through a two step

modification in order to form the silica nanoparticles,

- which tend to be sphezicél in shape. Purther, this method

requires the use .of an autoclave to increase the
temperature to 170°C, which is not cost-efficient.

Therefore, there is a need for a method for
preparing a naﬁocomposite that overcomes, or at least
ameliorates one or mors of the disadvantages described
above.

There 4is also a. need to provide a method of
producing a siiicé/epoxy nanocomposite  that poésesSes
superior properties, such as improved mechanical and
thermal .properties over neat epoxy and 'which can be
produced on an industrial sesle.

Summasy

Acoording te a first aspect, there is provided a
method of making a nanco-composite having individuai'nanof_
sized silica partlcles digpersed in 2 polymer matrixz, the
method comprises, in a reaction zone, providing a
substantlally homogeneous mixture being comprised of:
silica precursors; a polymerizable resin; a coupling
agent having functional groups: and an alkaline catalyst;
and hydrolyzing and condénsing sald silica precursors in
said homogeneous mixture, wherein the alkaline catalyst

is selected to initiate hydrolysis and condensation of

the silica precﬁrsors te form the silica particles while

simultaneously  functionalizing the  formed  silica

particles with the functional groups of the coupiing
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“agent, said hydrolyzing, condensing and functionalizing

being - undertaken under shear conditions and in the
absence of an alcoholic solvent in said homogeneous
mixture to form individual nano-sized‘siliéa particles
dispersed in said polymerizable resin

According to an embodiment, there is provided a
method of méking a nano-composite having individual nano-
sized silica particles dispersed in a polymer matrix, the

method comprises the step of curing a substantially

‘homogeneous mixture of surface-functionalized nano-zized

silica particlés, a poiymerizable resin and a curing
agent., wherein said substantially homogeneous mixture is
substantially free of alcoholic solvent to form the nano-
composite, ' .

Advantageously, the dlesclosed method enables the
nano-composite to be made in a single step (ie. “one—pot”
manufacturing step), advantageounsly without additional

steps such gs a solvent removal step or additional silica

4a
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modification steps. More advantageously, the homogeneous

mixture is substantially free of a solvent, akcept

perhaps for incidental solvent for an alkaline catalyst .

Accordingly the disclosed method may be a “solvent-less”
synthesis of the nano-compesite. Advantageously, this
meéns_that in the manufacture of the nanco-composite, it
is not necessary to have a separate solvent removal step
before, during ox after the curing step, which is .
particularly advantageocus when the method is perfo#med on
an industrial scale. In particular, the presence of the
‘cétalyst may ald. in forming and functionalizing the nano-
sized silica particles in one step.

Advantageously, the disclosed method may not'require.
the use of orgaﬁic solvents such as alcohol and ketone to
disperse the nano-sized silica particles. Hence, +the
problems of removal and disposal of the alcoholic
sclvents are eliminatéd.

According to & .second aspect, there is provided a
nano-composite comprising nano-sized silica particles
Idisparsed_ in a polymer matrix made according to  the
method as defined above, wherein the silica particles are
substantially'alongata. _The‘aspect ratio of the nano—
sized silica particles may be greater than 1 and the
nano-sized silica particles mady be present in the nano-
composite in. an amount less than 6% by weight of the-
nano~compbsita;
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Definitions
The follow1ng words and terms used. hereln shall have
the meaning indicated:

.. The term.“nano-composite“ is used herein to mean a
comﬁosition of nano-sized .silica particles disperséd
w1th1n a polymer matrix. D

The term “polymer matrix” as used heremn and in the
context of the ,"nano~comp081te" dlsclosed herein, is
applied to a continuous phase (the wmatrix) which is
polymeric and another @hase (the silica particles) which
has at least one long dimension. The nanc-sized silica
particles may be whelly and/or partially encapsulated
within the polymeric matrix. '

The term ‘“nano-sized s;lica' particles”, as used
herein relates to the maximum average dimension of silica
particles having a size of less than about 1000 nm,
particularly less than about 500 ﬁm, more particularly
_between about 10 nm to.about‘soo nm. In one embodiment,
the nano-sized silica particles have an generally
elongate shape and the maximum dimension is the 1@ngﬁh
dimension of the particlesi ‘

Thé term “substantially homdgeﬁeous mixture” shall
be interpreted to mean a mlxture approaching :uﬁiform
composition throughout. . .

The term “silica particles” as used herein refers to
a plurality of discrete particles of oxide of silicon
having the approximate chemical formula S$i0O,, without
regard to shape, morphology, . porosity, aﬁd water oxr
hydroxyl content.

The term “surface aminated” when referring to nano-

silzed silica particles, denotes any nano-sized silica
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paxticles having coupled to its surface at least one
group chosen from primary . amines, secondary amines,
tertiary amines, and guaternary ammonium groups.

| The nano-sized silica  particles  may be
“monodispersed” in the nano-composite by not
substantially agglomerating or fclumping together with
oﬁher.nanoparticles.- | . ' o

The term  “solvent”, asg used herein, ‘refers to a
liguid which is used to partially or completely dissolve
or disperse a compound at a given concentration such that
& solution or dispersiqn is formed respectively. In one
embodiment, the solvent may vrefer to an alcoholic
solvent.

Accordingly, the phrase “substantially free of a
solvent” or the term “solvent-less”, when referring to
the homogeneous mixture, means that the bulk of the

" homogenecus mixture has not been diséolved or dispersed
in a solvent. waever, the homogeneous mixtﬁre may still
contain incidental solvent such as water for an alkaline
catalyst. In the event that a solvent be present in the
homogeneous  mixture due to contamination of the
homogenecus mixture, the amount of solvent should be less
than about 0.8 wt%, less than about ¢.1 wi%, or léss than
about 0.01 wt%. | o

The  word “substantiallyf does . not “exclude
“completely” e.g. a composition which is “substaﬁtialiy
free” from Y wmay be completely free from Y. Where
necessary, the word “substantially” may be 6mitted from
the definition of the invention.

Unless specified otherwise, the terms "“comprising®

and “comprise", and grammatical variants thereof, are
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intended to represent "open" or'"inclusive" language such
that they include recited . elements but also permit
inclusion of additional,‘uﬁreciﬁed elements.

As used herein, the term "about", in the”context of
concentrations of components ‘of | the. ‘foimﬁzations,
typically meané %/— S% cf the stated wvalue, @oré
ltypically +/- 4% of the stated value, more typicélly'+/j
3% of the stated value, more typically, +/- 2% of the
stated value, even more typically +/- 1% of the stated
value, and even more typilcally +/- 0.5% of the stated
valiue. | '

Throughout.this disclosure, certain embodiments may
be disclosed in a range format. It should be understood
that the description in vrange format is merely for
conveniénce and brévity and shou}d hot be construed as an
inflexible limitation on the scope of the disclosed

" ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the
possible sub-ranges as well as individual numerical
'values within that range. For example, description of'a
range such as from 1 to 6 should be considered to have
specifically disclosed sub-ranges such as from 1 to 3,
from 1 to 4, frém 1 to 5, from 2 to 4, from 2 to 6, frbﬁ
3 to 6 etc., as well as individual numbéré within-ﬁhat
range, for example, 1, 2, 3, 4, 5, and 6. This‘applies
regardless of the bresadth of the fange. |

Certain embodiments may also be described.'broadly
and generically herein. Each of the narrower speciesg and.
subgeneric groupings falling- within the generic
disclosure also form part of the  disc1osure. This

includes the generic description of the emquiménts with
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a proviSo- cr negative limitation. removing any subject
matter from the genus, regardless of whether or not the

excised material is specifically recited herein.

Detailed Disclosure of Embodiments |

Exemplary, non—limitiﬁg embodiments of a method of
making a nanoc-composite havihg‘ individual nano-sized
silica particles dispersed in a polymer matrix will néw
be disclosed”- The method of making a nano—cqmposite
having individual nano-sized silica particles dispersed
in & polymer matrix éomprises the step of curing a
substantially homogenesous ‘mixture of surface-
functionalized nano-sized silica particles, a
polymerizable resin and a curing agent, wherein said
substantially homoganeous mlxture is substantlally free

" of alcoholic solvent to form the nano- composite.

The method may comprise the step of functionalizing
the nano-sized silica particles by coupling amine groups
to the nano-sized silica particles. In one,embodiment,
the may comprise the step of functionalizing the nano-
s1zed silica particies by coupllng emcxmde grouns o the
nano-sized gilica particles. ‘

The coupling agent may be an organ051lane compound
that has undergone hydrolysms Hence, the hydrolyzed
organosilane compound may have a hydroxyl functlonal
groﬁp to participate in a cond@nsatlon reaction wzth
hydrolyzed nano-sized silica particles to Zform the
surface-functionalized nano—sized silica particles and
another functional group‘that can react with the matrix.

For example, the functional group that can react with the
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‘matrix may be an " amine group. Hence, the hydrolyzed-
organcsilane compound may comprise an amine group. In
another embodiment, the functional group that can react
with the matrix ‘may be an epoxide - group. Hence, the
hydrolyzed organosilane compound'may,comprise an epoxide
gfbug. ’ | 7 ' | .

| The hydrolyzed organosilane. coupling agent may be
derived from an organosilane cbﬂpling ageht having thé
above functional group that can react with the matrix as
well as a functional group that can undergc hydrolysis to
form the hydroxyl functional"group. The functional group
that can undergo hydrolysis may be an alkoxy functional
group. Hence, the organo~silané coupling agent may have
amine functional groups and alkeoxy functional groups.

The organc-gilane coupling Vagent may be selected
from the group consisting of epoxysilane, mercaptosilane,
alkyvlsilane, phenylsilane, ureidosilane and vin?lsiiane,
titanium based compounds, aluminum chelates, and
aluminum/zirconium based compounds.

Exemplary organo-silane coupling agents include

silane coupling agents such, as - B-(3,4~
epoxycyclohexyl)ethyltrimethoxysilané, ¥ -
glycidoxypropyltrimethoxysilane, - o S 3.
glycidoxypropylﬁ@thyldimethoxysiléné, ,  ;: L Vs

mercaptopropyltfim@thoxysilane,ﬁ

aminopropyltrimethoxysilane, - -
amihopropylmethyldimethoxysi;ane,7 : | v-
aminopropyltriefhoxysilane( | _ Y
c‘:un,j.mopropylm—:—:‘c’.h}lz]_diet‘_ft'lczs.'z<:},?s:E_lan'er vy~ (N, N-
dimethvyl})aminopropyltrimethoxysilane, v~ (N, N-

diethyl)aminopropyltrimethexysilane, , oy~ (N, N-

10
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dibutyl} aminopropyltrimethoxysilane, ‘ o y-(N-
methyl)anilinopropyltriméthokysilane, o v (N~
ethyljanilinopropyltrimethoxysilane, . ‘ v~ (N, N-
dimethyl}aminopropyitriethoxysilané, : . v-(N,N-
diethyl)aminopropyltriethoxysilane, v~ (N, N-
dibutyl)aminopropyltriethoxysilane, : v= (N-
méthyl)aminopropyltriethoxysilane,M | , ‘;_yé(N~
ethyl)aminopropyltxiethoxysilané,1 | 1y—(N,N%
dimethyl)aminqpropylmethyldimetﬁoxysilane, 'v~{N,N¥
'diethylfaminopropylmethyldimethoxysiian@, v (N, N~
dibutyl)aminopropylmethyldimethoxysilane, : v~ {N-
methyl)aminoproﬁylmethyldimethoxysilane,. ‘ Coy = (N-
ethyl)amicpropylmethyldimethoxysilane, - N-
(trimethoxysilylpropyl)ethylenediamine, N-
(dimethoxymethylsilyliscpropyl)ethylenediamine, Y-
. mercaptopropylmethyldimethoxysilane; titanate coupling
~agents such_ as iSOpfopyltri(N—aminéeﬁhylm

aminoethyl)titanate. These may be used alone or in
combination of two or more thereof.

7 In one embodiment, the organco-silane coupling agent
igs an organosilane compound having the formula (Y-
R)pSiX,, where Y 1s a chemical ‘moiety capable of
chemically reacting with the functional‘ group of the
matrix, R is a Ci.g-alkyl group, X is a Clﬁwalkoxy group;
and n and m are integers such that the sum of 'n aﬁﬁ m'is
4 (n+m=4). Y may' be an amine’ group. Accordingly, the
coupling agent ﬁay be aminopropyltrimethoxysi1aneT{APTMS)

having the formula (I} below:

11
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OCH,
(D)

In another embodiment,' the organosilane coupling

agent may be 3-glycidoxypropyltrimethoxysilane,

‘ The weight ratic of'the'organo—silane coupling agent
to silica may be in the rahge of 0.0001:1.0 to 0.5:1.0.

The method may ‘comprise- the step of providing
hydroxyl groups on the surface of nano-sized siliea
particles that are capable of condensing with the
hydroxyl functional groups of the organo-silane coupling
agent, ‘The method may comprise the step of providing an
alkaline catalyst +to the substantially homogensous
mixture to aid in the condenaéticn'reactian between the
bydrolyzed nano-sized silica particles and hydrolyzed
oigancwsilane coupling -agent. | .

The method may comprise the step of condensing
silicon hydrex;dﬁ molecules to thereby form  the
hydrolvzed nano-sized silica particles, The method may
comprise the step of providing an alkaline catalyst to
aid in the formation of the hydrolyzed nano-sized silica
paﬁtiglesa _

The method may comprise the step of providing silica.
precursors to the substantially homogensous mixture. The
silica precursor ﬁay then underge a hydrolysis reacﬁion to
form silicon hydroxide.  Hence, inlone embodiment of the

dizclesed method, the silicon hydroxide molecules may be
derived from hydrolyzing

12
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silica precursors that are provided to the substantially
homogenecus mixture. The water for the . hydrolysis
reaction is extracted from the alkaline catalyst
solution.

As mentioned above, the silicon hydroxide molecules
then underge a condensation reaction in the presence of
the alkaline catalyst to form the hydrolyzed nano-sized
silica particles. The silica precursor may comprise
silicon alkoxide. The silicon alkoxide may be of the
fcllowing formula Si(OR)n, in which R is an Cj.ealkyl
group and n is either 3 or 4. When n is 3, the silicon
alkoxide is a tri&lkoﬁyﬁilane and may be selected from
the group consising of trimethoxysilane, triethoxysilane,
tripropoxysilane, tributoxysilane, tripentoxysilane and
trihexoxysilane, When n,is 4, the silicon alkoxide is a
petraalkox?silane and may be seiectad from <the group
consisting of, tetramethoxysilane, tetraethoxysilane (or
commonly known as tetraethyl orthosilicate, TEOQS) ,

tetrapropoxysilane, tetrabutoxysilane, tetrapentoxysilane

‘and tetrahexoxysilane. In one embodiment, the silicon

?cuzcﬁa
mwpmsiiuocwa
OCHLH,

{IT)

The weight ratioc of the silica precursor to catalyst

is frem 5.7:1 to 7.7:1. If the amount of catalyst added

13
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is below thé volume ratio as mentioned above of 5.?:1,
the néno—sized silica particle may not be formed
completely froﬁ_the silica precursor. On the other hand,
if the amount of catalyst added is greater than the
volume ratio as mentiocned above of 7.7:1, the coupling
agent would also form the nano-sized silica particles,
which 1ls undesirable.

The alkaline catalyst may contain an ammonium cation
twhen.in the presence of water molectles)._ﬂence, the
catalyst may be selected from the group consisting of

ammonia, ammonium hydroxide and alkylamine such as

methylamine and ethylamine The catalyst may be capable of

catalyzing the hydrolysis of silicon hydroxide to. form
the hydrolyzed nano-sized silica particles while, at the
same time, catalyze the condensation reaction'between the
hydrolyzed nano—siéed silica particles and hydrolyzed:
organo-silane ecoupling agént to form a surface-
functionalized nano-sized silica particlesorhThe surface ’

functionality of the nano-sized silica particles may aid

in promoting qisperéion'of the nano-sized silica particle

in the matrix. .

In one embodiment, the solvent-free mechanism for
the in-situ sol-gel process of making the surface-
functionalized nano-sized silica pazticles is 'showﬁ
belows '

i4
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{1}

@)

)

_ Scheme 1

From Scheme 1, a silica precursor such as TEOS .and an
organo-silane coupling agent such as APTMS are hydrolyzed
by hydroxyl groups of H0 that come from an ammonia
solution te form silicon hydroxide and hydrolyzed APTHMS,
respectively (step 1}. It is to be noted that the water
molecules do not serve as a solvent in the homogeneocus
mixture, but are present in the reaction scheme as one of
the reactants for the solvent-free sol-gellprocess. After
that, the hydrolyzed nano-sized silica paxticles are Formed
via condensation reaction of silicon hydroxide molecules in
the presence . of the smmonia ca.ta.lyst selution. The
hydrolyzed nano;sized_silica particleé undergo nucleation
and growth to form oval-shaped hydrolyzed nano-zized silicé
particles (as seen Iin step 2). The hydrolyzed APTHS
molecules and hydrolyzed nano-sized silica particles then
underge a condensation reaction in the presence of the

ammonia catalyst solution to form surface-functicnalized
nano-sized ‘ silica

15

AMENDED SHEET
. IPEA/AU



WO 2011/693799 PCT/SG2011/000037

particleé' such as 'surface-aminated nano—sizedv‘siliéa
particles-(step 3). In this condensation step, the NH;
molecules ‘act as a catalyst to éccélerate the
condensation of hydrolyzed TEOS and APTMS. These NH,
molecules are recovered back after the condensation
reaction becaﬁse it servés as a catalyst.

‘ In the disclosed procéSs, if the ammonia solution is
not present; the nano-sized silica particles would.nbt be
formed because the water moledﬁles‘ (H.0) and alkaliﬁé
catalyst (NH; molecules) are reqguisite components Ifor the
soclvent-free sol-gel process of silica. In the absence of
NH; molecules {that ig, only water is present), the
nucleation and. growth mechanisms of the hydrolyzed nano-
sized silica particles ‘will be affected, resulting in
non-homogeneous silica dispersion, largé aggregation of
silica and noh-uniform ﬁoxphology of gilica particles in
" epoxy resin., Therefore, NHQ moleéulés may be necessary in
order to achieve elongated.naﬁo—sized.silica particles
that are uniformly -dispersed. and have a substantially
uniform morphology in the epoxy resin. '

The nano-sized gilica particlegs may be dispersed in
the nanc-compogite as discrete, individual particles. The
nano-sized silica particles may be functicnalized by
introducing amiﬁe or epoxide groups on the.suxface cf the
nano-gized silica particles. The amine or epoxide groups.
on the nano-sized gilica particlés may cross-linke with'
the polymer matrix. The presencefaf the amine or”epokidéﬁ
groups on the'nanOwsized silica'particles may promote‘the
dispersion of  the nano-sized silica particles in :thé-
polymer matrix due to the substantially stronger bonding.

force created between the nano-gsized silica particles and

16
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the polymer matrix. Due ‘tb the cross-linking bonds
created between the nano-sized silica particles and the
polymer matrix, the stabiiity 55 the nano-sized silica
partitles in the polymer matrix may Dbe substantially
increased as compared to a nanc-~composite in which the
surfaces of the nano—éizad silica particles are not
functionalized. \ |

The avérage particle size of the nano;sizéd gilica
particles may be less than 1000 nm and more preferably
selected_ from the range consisting of about 10 nm to
about 500 nm,.about 50 nm to about 500 nm, -about 100 nm
to about 500 nm, about 150 nm to about 500 nm, about 200
nm to about 500 nm, about 2SU ﬁm to about 500 nm, about
300 nm to about 500 nm, about 350 nm to about 500 nm,
about 400 nm to about 500 nm; about 450 nm to about 500
nm, about 10 nm to about 50 nm,_about 10 mm to about 100
ﬁm, about 10 nm te about 150 nm, about 10 nm to about 200
nm, about 10 nm to about 250 nm, about 10 nm to about 300
nm, ébout 10 nm to about 350 nm, about 10 nm to about 400
nm and about 10 nm to about 450 mm. In one embodimenﬁ,
the average particle size of the nano-sized silica
particles may be selected from the fange of about 10 nm
to about 500 nm.

The particle size of the nanowsized silica particles
may be controlled by controlling the nucleation numbef,
which ie in turn controlled by ' the process kinetids.aﬁd.
temperature. As will be mentioned further below,fhs.thé.
nanc-sized silica particles are'Béing formed, the,éilica‘
particles are subjected to an agitating 'step. The
agitating step aids in substantially preventiﬁg the

aggregation of the nano-sized silica particles such that

17
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they stay in the nano-scale and do not form micro-
particies. The nano-sgized silica particles may also be
stabilized due to the linkége with the polymer matrix.

_ The wt% of the nano-sized silica particles present
in the nano- composite may' be selected Efrom the range
consisting of about 6.1 wt% to about 10 wt%, about wi%
tb about 10 wt%, about 2 wt% teo abqut 10 wt¥%, abouﬁ

1
3

£o about 10 wt%, about 4 wth to about 10 wt%, about 5 wts
to about 10 wt%, about 6 wt% to about 10 wt%, about 7
9

c\"

to about 10 wt%, about 8 wt% to about 10 wt%, about Wt
to about 10 wt%, about 0.1 wt% to about 1 wtj%, about.o.l
wt% to about 2 Wt%, abocut 0.1 wt% to about 3 wtg, abouﬁ
0.1 wt% to about 4 wt%, about 0.1 wt$ to about. 5 wt%,
about 0.1 wt% to about 6 wt¥%, about 0.1 wt% to about 7
wt%, about 0.1 wt% to aboutra wt% and about O.i wt% to
about 9 wt%, based on the weight of the nano-composite.
" In one embodiment, the wt% of the nano-sized silica
particles may be selected from the range of about 0.1 wt$%
to about 10 wt%. | |
While the mechanical properties of the resultant
nano—composiﬁe generally improve as the weight percentage
of the nanc-sized silica particles present in the nano-
composite increases, the ilmprovement in the mechanical
properties of Lhe nano-composite is also depenaent on the
extent of cross-linking between the polymer matrlx and
the nano-sized 5111ca particles. If the weight percentage
of the nano-sized silica parblcles is too hlgh the nano-
sized silica particles may prevent each other from Cross-
linking with the poclymer matrix such that the nano—s;zed
silica particleé become‘ﬁoorly dispersed in the polymer

matrix (“overcrowding effect”). When this happens, the
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mechanical properties of the nano-composite may decrease.
Accordingly, the weight percentage of the . nano—sized
silica particles may be less than 4wt% to avoid any
substantial loss in the mechanical properties of the
nano-composite due to ﬁovercrowding" effects. -This' is
applicable for structural éppiications which reguire high
sﬁrength and light-weight materials such as in the
automotive, aerospace and windmill industriés.

. The welght percentage and particle size of the nano-
sized silica particles present in the nano—composite-may
be dependent on the amount of .s8illicon alkoxide and
catalyst used. The weight ratio of epoxy resin to gilicon
alkoxide ig from 2:1 to 220:1. The nano-sized silica
particles may have an elongated shape with an aspect
ratio (that is, the ratio of the length o the width of
the nanco-sized silica particle} in the range of mbre than
1 to about 5. This is in comparison to the nano-sized
gilica particles of the prior art which ténd to be
spherical in shape. The elongated or oblong shape of the
disclosed nano-gized silica particies may be due to the
stretching ¢f the nano-sized silica particles as they are
being formed in a shear envirbnment. The shear
environment may be a high shear environment. The high
shear may be generated as the reaction mixture is
subjected tc agitation such as vigorous stirxing in a
reaction wvessel, leading to the creation of turbulent
conditions in the_reaction vegsel. For a stirr@dﬂvesgeii

the Reynolds number is defined by”the follbwing e@uationﬁ

' _f‘ﬂ
Re = PND7
i
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whéré Re is the Reynclds ﬁﬁmber, p is the density of
the reaction mixture-{kg/ms)j N is the rotaticnal speéd
0of the stirrer in the réaction vessel {reﬁolutions per
second); D is the diameter of the stirrer (m) and pois
the dynamic viscosity of the fluid (Pa.s). .

For turbulent zlow, the Reynolds nunber 1is greater
than 16,000. _

Hence, the method may comprise the step of agitating
the nano-sized silica particles during formation io
impart a2 shear force therein. The agitating step may take
place before the curing step. -

The polymerizable resin may comprise a therﬁosetting
polymer. The thermosetting polymer may comprise an epoxy
matrix wmaterial. The epoxy matrix material may be an
epoxy-containing monomer, ‘Qﬁigomer, pelymer or any
combination thereof. |

The epoxy matzrix material may also be of the
bisphencl A  type epoxy resin, bisphenol~8 ﬁype epoﬁcy
resin, bisphenol X type epoiy' resin, bisphenol F type
'epoxy resin, phencliic novolak type epoxy resin,‘cresbi
novolak type epoxy resin, alicyclic epoxy resin,
heterocyclic EpoXy resins {such as triglycidyl
isocyanuric and hydantoin e?oxy), hydrogenated bisphenol
A type epoxy resin and aliphatic epoxy fesins (such as
propylene . glycol-diglycidyl. ether ' and
pentaerythrltolpolyglyc1dy1 ether) . |

The epoxy matrix material may alsc be obtaln@d by 
the reaction between an aromatlc, aliphatic or allcycilc
carboxylic acid and eplchlorohydr;n, The  epoxy: matrlx
material may have & spiro ring, a glycidyl ether type

epoxy resin which is obtained by the resaction between
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ortho-ailyl phenoliic - noVolak compound and
epichlorohydrin.'The epoxy matrix material may be of a
glycidyl ether type epoxyAresin‘which is obﬁained by the
reaction between diallyl bisphenol compound having an
allyl g?eup in the ortho‘site of bisphencl A with respect
to the hydroxyl group and épichlarohydrinw The epoxy
métrix material may be obﬁained by the zéaction between a
phenol and an epichlorohydrin in which the feactanté may
be- bisphenols' {such as bisphenol A and bisphenol F),
résorcihol, dihydroxynaphthalene, trihydroxynaphthalené,
dihydroxybiphenylifluorene, ' ‘ f trishydroxylmethane,
tetrakishydroxphenlylethane, novolaks, condensates of
dicyclopentadiene and phenols.‘The epoxy matrix materiél
may be obtained by the reaction between amines and
epichlorohydrin in which thé reactants. 'may be
tetraglycidyldiaminodipﬁenylmethane, : aminbphenol,
" aminocresol and xylenediamine. In addition, derivatives
such as ethylene oxide, propyiene oxide, styréne oxide,

cyclohexene oxide and phenyl glycidyl ether may be used
| as desired. These epoxy matrix materials can be used
singly orrin the form of a mixture of at least two kinds
of the epoxy resins. ‘

The epoxy matrix material may be pfesent in the
mixture based on a weight ratioc of epoxy ﬁatrix material
to silica from 6:1 to 610:1.

In one embodiment, the epoxy matrix,material'may be
an ali@hatic ‘cycloaliphatic ox aromatic Spoxy . reszn
which has a plurality of epoxmde groups. The epoxy re51nf
may have two epoxide groups such as diglycidyl ether of
bigphenol A (DERTM 332, by Dow}, represented by formula
(I1r). '
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O | ?E%‘—* | O
CHZ—CHCHZOL?@—-OCHZCH—Cﬂz
CH,
(ZII)

_ The curing agent may be used for solidifvyving or
curing the polymerizable resin. Hence,- the method may
comprise the step of curing the‘substantialiy homogeneous
mixture to form a solidified nano-composite. The curing
step may be undertaken after the nano-sized gilica
pérticles are formed. The nano-composite may be;silica%
epoxy nano-composite.’ :‘ -

The curing agent may ber a phenclic compound, an
amine compound, an imidée compound, an amide compound, =z
parbituric acid derivative, a cyanuric acid derivative, a
thio phenolic compound, -or a carboxylic acid compound. .

The phenolic compound may be selected from the'group
consisting of phenol, crescl, resorcinol, o—cre5611 m-
cresol, . p-cresol, chlofophenél, nitrophenol, bromophenol,
dinitrophenol, hydrogquinone, pyrocatechol, pyrogallél,
hydroxyhydroguinone, 2-methoxyphenol, E,Sf&ichlorophenoi,
3-acetoxyphencl, =~ m-aminophenol, plaminophenol, 4,4 -
dihydroxydiphenylpropane, 4,4'-dihydroxydiphenylmethane,
3,3 ' -dihydroxydiphenylpropane, - 4,4 -dihydroxy  diphenyl
ether, é,éf—dihydroxydipbenylethane, 4,4‘~dihydxo#y
diphenvl ketone, 2-allylphencl and 2-allylcresol. It is
algo possible to use phenol - derivatives which ' are
obtained‘by the reaction between the phenolic compounds -
exempiified abéve and various aidehyde compbundsjsuCh gsf

formalin and acetaldehyde. These phenolic compounds. can
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be used singly or in the ﬁorm'oﬁ‘a mixture of at least
two kinds of phenolic compounds. '
The amine compound may be selected from the group

consiéting of dialkyltoluenediamine, phenylenediamine,

diaminodiphenyimethane, ,diaminoaipheﬁyl ~ether,
diaminodiphenyl sulfone ‘ (such as 4,4' -
diaminodiphenylsulfone), - diaminodiphényll - sulfide,
aminophenylalkylaniline (éuch as 4F{(4—
aminophenyl)methyllaniline), én. aromatic amine compouhd

comprising a halogen-substituted derivative or an alkyl-
substituted derivative of the compounds mentioned abdve,
an amine. compéund obtained by. the 'reaction‘-between
aniline or an aniline dexivative and an aldehvyde
cdmpound, and an amiRO‘phenol derivative having both a
hydroxyl group and an amino group in a molecule. These
amine compounds can be used singly or in the form of a
mixture of at least twe amine compounds.

In one embodiment, the dialkyltoluenediamine may be
dibropyltoluenediamine or diethyltoluenediamine having a

formula (IV):

. CH
H.N ¢

P

NH

CHyCH, ~ CHyCH

(1V) |
The curing agent may be added to the mixture befofe
or after the addition of the alkaline catalyst. In the
curing step, the substantially homogenaous mixture (aftet
being aged) may be degassed‘aﬁfa temperature of‘about
70°C to about 80°C, or about 75°C, and then cured in an

oven. The oven may ke an air purged oven. The curing step
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may be undertaken at a series of curing temperatures and
curing times. Iﬁ one embodiment, the curing step may
- regquire the wuse of three -curing temperatures, each
carried out for a defined amount of time.  The first
curing temperature may be selected from the fange of
about 100°C to about 1530°C for a curing time of about 30
minutes to about 90 'minutes.. The second curing
temperature may be selected Ifrom the range of about-150°c
to about 250°C for a curing time of about 90 minutes to
about 150 minutes. The third curing temperature may be
selected from the range of about 250°C to about 30°C fér
a curing time of about 3 hours to about 5 hours.
Accordingly, the first curingvtemperature may be aboﬁﬁ
130°C for 1 hour, the second curing temperature may be
~about 170°C for 2 hours and the third curing temperature
may be about 270°C for 4 hours.

The addition of the curing agent solidifies or cures
the polymerizable resin such that a nanOHCQmposite is
formed. The nano-composite may have higher flexural

'strength and/or flexural modulus compared to a nanb—
composite which doeé net ha#e'the disclosed nanc-sized
sgilica particles therein. The nano-sized silica particles
may be uniformly mono-dispersed within the matrix.

The nano- comp051te may be prepared by the method
digclosed herein. The nano-composite may comprise nano-
sized silica particies uniformly' digspersed within the
matrix, wherein ‘the nano-sized silica particles are
present_in-an ampount legs ;han.about 6%, lesé than about

5%, less than about.4%, less tﬁan about 3%, less than
about 2%, or less than about 1%f by weight of thelﬁénée

composite. The nanc-sized silica particles present in the

24



10

15

20

25

30

PCT/SG2011/060037
Received 05/04/2012

nano-composite may have aspect ratios of greater than
about 1, greater than about 2, greater than— about 3,
greater than about 4. The aspect ratio ﬁay be in the
range of more than 1 to about 5. In one smbodiment, the
aspect ratio may be in the range of about 1.5 to about 5.

Theé nano-composite may be used to coat a fiber.
Hence, there is provided a method of preparing a fibef
coated with a nanowcompoéite, the method comprising the
stepé Qf{ forming a ndxtute‘ caﬁtaining a sgilica
precuréor: a polymerizable resin; a coupling agent
capable of coupling the silica to the matrix; and a
datalyst for catalysing the formation of hydrolyzed nano~
slzed silica particleé and functlonalizing the nano-sized
silica particles to enable the nano-sized silica
particles to be uniformly dispersed within the matrix to
thereby form the nano-composite; and coating the nano-
composite onto the fiber, wherein the ndxtureikis
substantially free of an alcoholic solvent.

The method may comprise the step of adding a curing
agent to the mixture for sdlidifying- the matrix.
Exemplary curing agents have been mentioned above.

The method may further comprise the step of
agitating the mixture to impart a shearing force therein.
The agitating step may be undertaken as the nano-sized
silica particles are being formed.

. The method may further comprige the step of curing
the'nano-composita to forﬁ a solidified nano~composite.
The curing step may be undertaken after the nanco-sized
Bilica particles are TFTormed. ' .

The method may bé carried out under conditions
substantially free from alcoholic solvents.
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There is also provided a mixture for forming a nano-

composite. The mixture comprises a silica precursors a

 polymerizable resin; a coupling agent capable of coupiing

the silica to the matrix; and a catalyst for catalysing
the formation of hydrolyzed nano-sized silica par"ticlesl
and functionalizing said nano-sized silica particles to
enable the nano-sized sililca particles to be unifoi:mly
dispersed within said matrix to thereby form the nano-
compogite.

' The weight ratio of epoxy matrix material to
hardener may be about 3:1 to 4:1-. The weight ratio of
epOXy matrix material to silicon alkoxide may be selected
from the zrange of 5:1 to 22:1. The weight ratioc of

silicon alkoxide té ammonia molecules may be abouf 5.7:1

to 7.7:1. The weight ratio of gillicon alkoxide to water
may be about 1.9:1 to 2.5:1. The weight ratio of silicon

~alkoxide to silane coupling agent may be about '7‘51' to

34700:1.
When forming the nano-sized silica particles, the
mixture may be maintained at & temperature in the range

selected from the group consisting of about 20°C to about

‘60°C, about 25°C to about 60°C, about 30°C to about 60°C,

about 35°C to about 60°C, about 40°C to about 60°C, about
45°C to about 60°C, about 50°C to about 60°C, about 55°C
to about 60°C, about 20°C to about 25°C, about 20°C to
about’ 30°C, about 20°C to about 35°, about 20°C to about
40°C, about 20°C to about 45°C, about 20°C to about 50°C,
and about 20°C to about §5°C. In onme embodiment, the
temperature is about 50°C. The temperature may be chosen
te allow the mixture to be stirred eé.sily because the

polymerizable resin may be more viscous at a higher
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‘temperature. In another embodiment, the temperature may

be about 25°C (or room temperature).

The mixture may alsc be agitated or stirred during
formation of the nano-sized silica particles. The.
stirring may be undertaken vigorously such that a shear
environment is created. The shear environment may. be a
hiqh shear environment. )

After the agitating step, the mixture may be
subjected to an ageing step for about 30 minutes telabout
2 hours. In one embodiment, the ageing time is aboﬁt 1
hour. . )

After the ageing step, the mixture may be cured. In
the curing step, the mixture may be degassed at a
tetﬁpexature of about 70°C te .about B80°C, or about 75°C,
and then cured in an oven. The oven may be an air pui:ged
oven. The curing step may be undertaken at -a series of
cui:ing' temperatures and curing times, as ﬁientioned above.

There is alsc provideci a kit for forming a nano-
composite. The kit comprises a silica précursoz; a
polymerizable resin; a coupling agent capable of coupling
the =ilica to the“ matrix; and s catalyst for catalysing
the formation of hydrolyzed nano-sized silica particles
and functionalizing said nano-—sized' silica particles to

enable the nano-sized silica particles to be uniformly

‘dispersed within said matrix to thereby form the nano-

composite; and instructions to prepare the nano-
composite.
27
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Brief Descriptionrof‘Drawings
| The accompanying -drawings illustrate a disclosed
embodiment and serves to explain the principles of the
discldsed embodiment. It is to be understood, however,
that the drawings are designed<_ for & purposes - of
illustration dnly, and not as a definition‘of the limits

of the invention.

Fig. 1 is a graph showing the curing process of the
gilica/epoxy nano-composite in accordance to one

embodiment disclosed herein.

Fig. 2 is a Transmission Electron Microscopy (TEM)
image showing highly = dispersed nano-sized silica
particles in epoxy matrix in accordance to cone embodiment

disclosed herein.

Fig. 3 is a schematic illustration of a vacuum
- bagging set up for the fiber-reinforced silica/epoxy
nano-composite in accordance to one embodiment discleosed

herein.

Examples .

Non-limiting examples of the invention; including
compafative examples will be further described in greater'
detail by reference to specific Examples, which should
not be construed as in any way limiting the séope-of-thé-

invention.
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Example 1: Solvent-free one-pot synthesis of aminated-
silica/epoxy nano-composite (1 wt-% nano-sized silica

pgrticles)

-Glycidyl ether of bisphencl A (D.E.R.m 332, DOW}Q
diethyltolueﬁediamine (Bthacure 100-LC, Albemarle),
tetraethylorthosilicate , _ ' (TEOS) ,
aminopropyltrimethoxysilane (APTMS) with a weight ratio
of 3.8:1:0.17:0.005 were mixed under vigorous stirring at
50°C for 5 minutes. Ammonia solution (25 wt-% NH;
solution, 1:1.6 volume ratio of N solution:TEOS) was
injected in the above solution and aged for 1 hour at
50°C The mixtufe was degaésed at 75°C béfore'_it was
poured intc a releasing agent-coated mold and curéd in an
air purged oven with the curing temperatures and periods
ghown 1in Fig 1 toc form & uniformly mono—disperséd
, siiica/epcxy nano~compésite' which is éimilar to  that

shown in Fig 2.

Example 2: Solvent-free one-pot synthesis of aminated-

silica/epoxy manc-compesite (2 wt-% nano-sized silica

particles)

Glycidyl ether of bisphenol A (D.E.R.™ 332, DOW),
diethyltoluenediamine {Ethacure 100-LC, Albemarle)},
tetraethylorthosilicate (TEOS) ,
aminopropyltrimethoxysilane (APTMS) with a weight ratlio
of 3.8:1:0.233:0.01 wefe mixed under vigorous stirring at
50°¢c for % minutes. Ammonié solution (25 wt-% NH3
solution, 1:1.6 volume ratioc of NH; solution:TEOS) - was
injected in the above solution and aged for 1 hour at

50°C. The mixture was dJdegassed at 75°C beforé it was
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poured into a releasing agent-coated mold and cured in an
alr purged oven with with the curing temperatures and
periods shown in Fig. X to form a uniformly wono-
dispersed silica/epoxy nano-composgite which is similar to

that shown in Fig 2.

Example 3: Solvent-free one-pot synthesis of aminated-
silica/epoxy nanc-composite (3 wt-% nano-sized silica

particles)

Glycidyl ether of bisphenol 2 (D.E.R.™ 332, DOW),

diethyltoluenediamine  (Ethacure 100-LC,  Albemarle),
tetraethylorthosilicate ‘ (TEO8},
aminopropyltrimethoxysilane (APTMS) with a weight ratio

of 3.8:1:0.5:0.014 were mixed under vigorous stirring at
50°C for 5 minutes. ‘Aﬁmonia solution (25 wt-% NH;
- solution, 1:1.6 volume ratio of NH; solution:TEOS) was
injected in the above s@lution and aged for 1 hour at
50°C. The mixture was degassed at 75°C before it was
" poured into the releasing agent-coated mold and cured in
an air purged oven with the curing temperatures and
periods: shown in Fig. 1 to form. a uniformly mono-
disperséd silica/epoxy nano«compdSite.which is gimiiar té

that shown in Fig 2.

Example 4: Solvent-free one-pot synthesis of aminated~
gilica/epoxy nano—composite (4 wt-% nano-sized silica

particles)
Glycidyl -ether of bisphenol A (D.E.R.™ 332, DOW),
diethyltoluenediamine {Ethacure 100-Le, Albemarle};

tetraethylorthosilicate “ ‘ E 'f(TEOS),
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aminopropyltrimethoxysilane  (APTMS) with a weight ratio
of 2.8:1:0.66:0.02 were mixed under vigorous stirring at
50°C for 5 minutes. Ammonia solution ({25 wt-% NH;
éolution, 1:1.6 volume ratio of NH; solution:TEOS) was
injected in the abovelsolution'and‘aged for 1 hour at
50°C. The mixture was degassed at 75°C before it was
poured into the releasing‘agent—coated mold and cured in
an air purged oven with the curing temperatures and
periods shown in Fig. 1 to form a uniformly mono-
dispersed silica/epoxy nano-composite which is similar to

that shown in Fig 2.

Ccmparative example 1: Preparation'of neat epoxy sample

for comparison purposes

| Glycidyl ether of bisphencl A (D.E.R.™ 322, DOW) and
&iethyltoluenediamine (Ethacure,iOQ-LC, Albemarle} were
- mixed together at 3.8:1 -weight ratio bf EPOXY : CUring
agent for 5 minutes. The Sblution was degassed under
vacuum at 75°C prior to pouring into a releasing agent-
coated mold and cured in an air purged oven with the

curing temperatures and periods shown in Fig. 1.

Comparative example 2: Solvent-free one-pot synthesis of
non-functionalized silica/epoxy‘hano-aomposite (2 wt-%

nano-gized silica particles) for comparison purposes

Glycidyl ether of bisphenol A (D.E.R.™ 332, DOW),
'diethyltoluenediamine (Ethacure 100-LC, Albemarle) and
tetraethylorthogilicate (TEOS) with & weight ratio of
3.8:1:0.33 were mixed under vigorous stirring at 50°C for
5 minutes. Ammonia solution (25 wt-% NH; soiution,rl:lfe

volume ratio of NH; solution:TEQS) was injécted'in‘the
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above solution and aged for-1 h. The mixture was degassed
at 75°C prior to pouring into a releasing agent-coated
mold and cured in an air pﬁrgeé overn with,the curing
temperatures and periods shown in Fig. 1 ‘to form a

uniformly mono-dispersed silica/epoxy nanc-composite.

Comparative example 3: Preparaﬁion of silica/epoxy‘nanof
composite from commercial silica/epoxy (Nanopox F-400, 2

wt-% nano-sized silica particles) for comparison purposzes

"Glycidyl ether of bisphenocl A (D.E.R.™ 332, DOW),
diethyltoluenediamine '(Ethacﬁre 100-LC, Albemarle} and
Nanopox F-400 with a weight ratio of 3.6:1:0.24 were
mixed for 5 minutes and degassed at 75°C prior to'pouring
into a releasing agent-coated mold and cured in anrair
purged oven with the curing temperatures and. periods

shown in Fig. 1.

Analytidal Methods

i) Thermal Properties

A. Single-cantilever mode of the dynamic mechanical
analyze: (5MA Q800, TA Instrumeﬁts)'was used Lo meagure
dynamic modulus and glass transition tempefature‘{Tg} of
material at a fiequency of 1‘Hz, heating.fate 3°C/min to
3000C and oscillation amplitude of 20 pm. | o

B. Thermogravimetric analysis (TGA} was performed‘
with a thermogravimetric’analyzex {TA instrument Q500) at
a heating rate .of 5°C/min to 800°C under nitrogen
atmosphere to obtain degfadation temperature (Td) of

materials.
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~ii) Mechanical Properties
B Fléxural strength and modulus were determined by
3-point bending test according to the ASTM Standard D
79Q~96, with épecimens of width 13 mm, length 55 mm and
thickness 2.2 mm. The tests were conducted with crosshead
gpeed of 1 mm/min, at a span length of 40 mm. _ ‘
B. Tensile strength. and modulus were 'detérmined
using tensile tests carried out according‘to thelASTM
Standard D 638-03 usihg the Instron 5569 testing machine
at tensile speed of 1 mm/min. The specimens were cut into
dog-bone shape of width 3 mm, length 55 mm and thickness
2.2 mm. .
~ C. Mode I fracture toughhess was determined using
single edge notched bending (SENB) tests measured in term
of critical stress intensity_facﬁor_(KIc), according té
ASTM Standard D 5528-01. Samples were tested to failure
" at a cross-head speed of 1 m.m/miﬁ_= - ' '
Using these analytical methods, characterization of
the materials obtained from the above éxamples were
carried out. Table 1 below summarizes characterization
results of silica/époxy nano-composite produced from the
above-mentioned. examples. Siliéa/épqu nanc-composite
wiﬁh - good mechanical properties and high _thermal
stability are proven to be conveniently prepared‘ by
embodiments ofithe present disclosure, where &, 20, 1?
‘and  49% improvements in dynamic modulus, flexural
modulus, tensile modulus - and fracture toughness
respectively are achieved whenjneat epoxy ig substituted
by 3 wt-% in situ synthesized sgilica/epoxy nano-

composite.
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Properiies 4 Examples 1 {0 4"~  #————— Comparative examples 1 i0 3 ———
Twt-% 2wh% 3wh% 4wi-% Neal epoxy 2 wi-% -2 wi=%%
silca  silica silica silica non-functionalized sifica commercial sili

. Viscosity 3300 5000 V0OC - . 2000 4600 - 3000

{mPa.s} ‘ : \ ) ‘

Storage moduius | 25650 2510 2670 2730 . 2512 . 2330 - 2370

(MPa} ] : . . -

Glass transiiion

tsmperaiure 200 210 185 161 210 207 . 208

(Te. °C) ‘

Degradation : . : ‘

temperature 370 376 374 - 375 Coar2 374

(Tq. °C)

Fiexural strength 107 88 116 94 79 80 126

{MPa) ‘ ‘

Flexural modulus | 2.6 2.8 3.0 2.8 2.4 2.5 1.8

(GPa) '

Tensile strength | 40 55 61 60 60 45 ' 66

{MPa) : :

Tensile modulus | 2.5 2.8 3.0 29 2.5 27 22

{GPa) : :

Fracture toughness . : . : .

(Kie, MPa.m"™®) 1036 D54 068 076 0.35 0.40 0.55

¥ Aminated silica/epoxy nano-compaosites synthesized by solvent-free one-pot synthesis.

TABLE 1

Detailed Description of Figures

Referring to Fig. 3, there i1g provided a schematic
“illustration of a vacuum bagging set up 300 for producing
fiber-reinforced silica/epoxy nano-composite 318 in
accordance to cone embodiment disclosed hersin. The vacuum
bagging set up 300 comprises a vacuum bag connecter 302
coupled to a quick disconnect plug 204 which is capable
of attaching to a vacuum sour;e.fTwo aluminum platés 316
are used to sandwich the fibeereinﬁorced nano-composite
318. The top aluminum plate is arranged so that it is
sealed in the space between a bagging.film 310 and the
lower aluminum ﬁlate. A sealant tape 214 is used to seal
the bagging film 310 and the Ilower aluminum piate
together. A release f£ilm 306 is also disposed between a

breather layer and the top aluminum plate. The release
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film 306 serves to prevent . the resin from Theing
permanently coated onto the aluminum plate.‘The breather
layer serves to absorb . any ekcess resin that may be
squeezed cut from the laminated material during wvacuum
and press. A pressure sensitive tape 312 is also present
on the bagging film to adheré the release film 306 into
~the aluminum plate and also to - prevent the resin from

being permanently coated onto tbe aluminum piat@

To produce a fiber reinforced silica/epoxy nano--
composite, giycidyl ether of bisphenol A (D.E.R.™ 332,
DOW) , diethyltoluenediamine (Ethacure 100-LC, Albemarle),
tetraethylorthosilicate - {TEOS)} ,
aminopropyltrimethoxysilane (APTMS) with the desired
we:,ght ratic for exampie as discussed in Exampies 1-4
were mixed under vigorous stirrlng at 50°C for 5 minutes.
Ammonia solution (25 wt-% NHg‘.solutlon, 1:1.6 wvolume

- ratic of NH; solution:TEOS) was then injected in the
above solution and aged for 1 hour. The mixture was
degassed at 75°C before it was used is laminated onto a
woven carbon fiber (TORAYCA T300, TORAY) usiﬁg the setup
shown in Fig.3. The vacuum bagging technique shown in Fig
3. is used to seal the laminated material prior to curlng
at desirable temperatures while pressing under vacuum.
Subsequently, after the laminated material has been
seaied, the fiber reinforcéd hancécomposité is cﬁred at

the curing temperatures and periods shown in Fig 1.

Applications
- The present method is a simple yet effective way

of producing nano-composite materials that have superidr
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mechanical strength. In particuiar, the present method is
capable of effectively . producing silica epoxy nano-
composite materials that have superior mechanical and
thermal properties as compared to neat epoxy.

Furthermore, as the present method does not
require the use of solvents, especially alcocholic
sclvents, there is no needlfor the additional step of
solvent removal. As such, additional expehses iﬁcurred
from the coste of the solvent as well as from the
disposal can be avoided, making the method costs
effeétive. Accordingly, due to method being economically
favourable, the nano-composite materials produced can be
extended té many applicationsland not only limited to
high tech applications such as aercspace, automotive and
electronics. o _

In addition, the interfacial interaction between
the nano-sized silica particles and the matrix of the
nanc-compogite materials produced by the method 1is
strong, resulting in enhanced mechanical and thermal
properties. As a result, nano-composite matexials with
low silica content of less than 6% can be achieved
without unnecessarily compromising on the desired
mechanical and thermal properties. 2lsc, as less silica
can be present in these nano-composite maﬁerials without
logs of the desired mechanical .and thermal propeftieé,
the disclosed nano-composite matérial pridr to curing may
have reasonably low viscosity as compared to composite
materials with more than €% silica. Advantagéously, these
nano-compegite materials can be fed into cavities of
designed mold shape with zrelative ease before curing,

favouring production on an industrial scale.
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The disclosed nano~composiﬁe can be‘usad te coat a
Eiber for‘carbonzfiber reinformcement. Hence, the fiber
- ¢can be used in the fieid of structuralr componeﬁts,
adhesive and coating materials of automotive, aerospace,
submarine, military, electronic, specrting good and energy
1ndustrles | 7

The disclosed nano- comp031te can be used in resin
transfer mould;ag by chooszng an epoxy matrix material
that has low viscosity such that the fesultant nano-
composite has é low viscogity {less thanvisoo mPa.g) .

" While reagconable efforts have been empldyed to
describe eguivalent embodlments of the presenb invention,
it will be apparent to the person skilled in the art
after reading the foregeoing disclosure, that wvarious
other modifications and adaptatiohs of the inventicon may
be made therein without de?ar ng from the splrlt and
scope of the invention and it is intended that all such
modifications and adaptations come within the scope of

the appended claims.
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Claime

1. A method of making a naﬁdﬁcompcsite haviﬁg individual
nane-gized silica particles\diépersed-in a polymer matrix, the -
method comprises, in a reaction =zone, |

providing a substantially homogeneous mixture being
comprised of: silica precursors; - a polymerizable resiny &
ccuﬁling' aéent having functional‘ groups; and an alkaline

catalyst; and .
' hydrolyzing and condensing said silica precursors in said
homogeneous mixture, wherein the alkaline catalyst is selected
to initiate Thydrolysis and condensation of the silica
precursers to form the sllica particles while simultaneously
functionalizing the formed silica particles with the
functional groups of the coupling agent, said hydrolyzing,
- condensing and functionalizing being undertaken under shear
‘conditions_and in the absence of an alcoholic solvent in said
homogeneous mixture to form individual nano-sized  silica

particles dispersed in‘ said polymerizable resin.

2. The method of claim 1, comprising the step of
providi

¢

ng & Curing agent to sald mixture,
3. The method of claim 2, comprising the step of curing
the mixture containing the nano-sized silica particles to form

a solidified nana-composite.

4. The method of any one of the preceding claims,
wherein said silica particles are functionalized with amine

groups or epoxide groups.
5. The method of any one of the preceding claims,

- wherein said coupling agent is an organe—silane coupling agent

having amine functional greoups and alkoxy functional groups.
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6. The method of claim 5, comprising the step of
hydrolyzing said coupling agent to form a hydrolyzed organo-
silane couplin;; agent . having amine functional groups and
hydroxyl functional groups.

7. The method 'cf émy ocone of the preceding claims,
wherein the silica pz:ecursoi:é comprise =silicon alkoxides of
the following formula Si(OR}a, in which R is an Ci.¢alkyl group
and n is 4. '

8. The method of claim 7, ‘wherein said silicon

alkoxides hydrolyse to form silicon hydroxides.

9. The method of claim 8, wherein said silicon

hydroxides condense to form hydrolyzed silica particles.

10. The method of elaim 8, wherein the hydroxyl
functional groups of the coupling agsnt _ .
hydroxyi groups .on  the surface of the hydrolyzed silica
particles. |

1l1. The method as claimed in any one of the preceding
claims, wherein said shear condition is generated by agitating

said substantially homogeneous mixture.
12. The -method as claimed in any one of the preceding
claime, whereln the  polymerizable resin  comprises a

thermosetting polymer. -

13. The method as claimed in claim 12, wherein the
thermeosstting polymer comprises an epoxy polymer. -

i4. 7The method according to Claim 13, wherein the epoxy
polymer comprises & plurality of epoxide groups..
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15. The method as claimed in .:ény one of the preceding
claims wherein the nano-sized silica particles are in an

amount of from 0.1 to 10 % by weight of the nano-composite.

16. The method as claimed in any one of the preceding
-claims wherein. the nano-sized sili_ca particles have an average

particle size ranging from 10 to 500nm.

17. The method as, cla_iméd in any one of the preceding
claimé, wherein the alkaline catalyst is selected "£rom the

group consisting of ammonia, ammonium hydroxide solution and

an alkylamine.

18. A ﬁano«composite comprising nanco-sized silica
particles disgpersed in a polymer matrix made according to the
method as claimed in any one of claims 1 te 17, wherein the

nano—-gized silica particles are substantially elongate.

19. A nano-composite as cleimed in claim 18, wherein the
aspect ratio of the nano-sl _zeci silica particles is greater
than 1. '

20, A nano~composite as clalmed in claim 18 or claim 16,
wherein the nano-sized silica particles are present in the

- nano—compesite in an amount less than 6% by weight of the
nano~composite.
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