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METHOD OF PREPARING FIBER-REINFORCED POLYMER COMPOSITES AND
FIBER-REINFORCED POLYMER COMPOSITES PREPARED THEREQOF

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This appliéation claims the benefit of priority .of Singapore patent application No.
201209333-2 filed on 18 December 2012, the content of which is incorporated herein by

reference in its entirety for all purposes. .

TECHNICAL FIELD
[0002] The invention relates to polymer composites. In particular, the invention relates to

fiber-reinforced polymer composites.

BACKGROUND
[0003]  Short glass-fiber-reinforced polymer composites are widely used in the automobile

industry to repléce some heavy metallic parts due to their lightweight, processibility, low-cost

- and ability to tailor their properties for different applications. However, high loadings of the

glass-fibers which are used to impart great strength and stiffness to these composites result in
reduced fracture toughness, thus limiting their use to only non-imf)act or low-impact
applications:

[0004]  One technique to improve fracture toughness or impact resistance o_f short glass-
fiber-reinforced polymer composites is through chemical modification of polyamide. This
suffers from drawbacks due to complexity of the chemical reactions involved.

[0005] In view of the above, there exists a need for an improved method to prepare fiber-

reinforced polymer composites that addresses one or more of the above-mentioned problems.

' SUMMARY

[0006] In a first aspect, the invention relates to a method df‘ preparing a fiber-reinforced

“polymer composite. The method comprises

(a) providing a swollen clay materiali
(b) cher‘ni,cally modifying a surface of the swollen clay material with an organosilane

to form a silane-modified clay material;
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(c) intercalating the éilane-moc_iiﬁed clay material with a binder to form an
intercalated clay méterial; and A
' (d)"melt compbunding the intercalated clay material with a mixture coﬁ‘zprising a
polymer and ﬁBer to form the ﬁber-reinforced polymer composite. |
[0007] | In a second aspect, the invention relates to a ﬁber-reinforced-polymef composite
prepared by a method according to the first aspect. A
[0008] In a third aspecf, the invention relates to aA fiber-reinforced polymer composite

comprising a silane-modified clay material that is intercalated with a binder. -

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The invention Will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which: ' |

[0010] FIG. 1A'is a schematw dlagram depicting fabrication of clay through chemical

‘modification by silane and intercalation by epoxy resin according to an embodiment. In the

. example shown, montmorillonite (MMT) clay sheets are chemiéaﬂy modified with silane,

and interstitial gaps between clay sheets are filled up with epoxy .resin, resulting in
production of a surface-modified intercalated clay nanopowder.
[0011] - FIG. 1B is a schematic diagram depicting structure of a polyamide composite

reinforced with modified clay and glass fiber binary filler according to an embodiment. In the

embodiment shown, the surface-modified intercalated clay nanopowder nanopowder is melt-

compounded with polyamide/glass-fiber composite pellets in a twin-screw extruder to
produce polyamide/glass-fiber/clay ternary composite.

[0012] FIG.1Cisa schematic diagram depicting intercalation of clay by both epoxy and

polyamide 6 (PA6) -according. to an embodiment. The interfacial interaction of

polyamide/glass-fiber and polyamide/clay are both improved by epoxy resin. At the same
time, the clay sheets are further intercalated by polyamide. Covalent bonds are formed during
melt blending, and strength and toughness are therefore improved.

[0013] FIG. 2A to 2D are graphs showmg tensile properties of polyam1de 6/glass-
fiber/clay ternary composite at different clay content, of which:

(0014] FIG. 2A is a graph showing Young’s Modulus (GPa) of polyamide 6/glass-

fiber/clay ternary composite at different clay content of i) 0 wt%, ii) 2 wt%; 1ii) 3 wt%; iv) 4
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wt%; and v) S wt% clay. From the figure, it may be seen that there is increased Young’s
modulus of about 40 %.

[0015] FIG. 2B is a graph showing tensile stress (MPa) of polyamide 6/glass-fiber/clay

] ternary composite at different clay content of 1) 0 wt%; ii) 2 wt%; ii1) 3 wt%; iv) 4 wt%; and

v) 5 wt% clay. From the figure, it may be seen that there is increased tensile strength of about
24%. The increased Young’s modulus and tensile strength indicate that the introduction -of
médiﬁed clay increases 'the strength of polyamide/glass fiber (PA6/GF).

[0016] FIG. 2C is a graph showing failure strain (%) of polyamide 6/glass-fiber/clay

~ ternary composite at different clay content of 1) 0 wt%; ii) 2 Wt%; iii) 3 wt%; iv) 4 wt%; and

v) 5 wt% clay. L _

[0017]  FIG. 2D is a graph showing strain energy at failure (MJ/m°) of polyamide 6/glass-
fiber/clay ternary composite at different clay content of i) 0 wt%; ii) 2 wt%; iii) 3 wt%; iv) 4
wt%; and v) 5 wt% clay. The significantly enhanced failure tensile strain means an improved

ductility of about 40% was obtained.

‘[0018] FIG. 3 is a graph showiﬁg flexural properties of polyamide 6/glass-fiber/clay

ternary composite at different clay content of i) 0 wt%,; ii) 2 Wt%;v ii1) 3 wt%; iv) 4 wt%; and
v) 5 wt% clay. Flexural modulus under bending condition represents the stiffness of
materials. Results indicated that there is an increase in.flexural modulus of up to 12 %
compared to neat PA6/Glass Fiber, and introduction of modified clay increases the stiffness
of PA6/GF. - | |

[0019] FIG. 4A and 4B are transmission electron microscopy (TEM) images of
Polyamide 6/glass-fiber/clay ternary composite. (clay: 3 wt%, glass fiber: 15 wt%). FIG. 4B
is an expanded view of the area highlighted in FIG. 4A. Scale bar in FIG. 4A denotes 1 um.
Scale bar in FIG. 4B denotes 0.5 um. The interca_ilated structure of clay sheets in ternary
composites is confirmed by the observation of composite cross-section.

[0020] FIG. 5A to 5D are scanning electron microscopy (SEM) images of cross-section of
test bars of glass fiber-reinforced Polyamide 6 (FIG. 5A and 5B) and Polyamide 6/glass-
fiber/clay ternary cdmposite (FIG. SC and SD, clay: 3 wt%, glass fiber: 15 wt%).

. Highlighted area by dashed circle (in FIG. 5D) demonstrates residual partial bonding

between polyamide 6 and glass fiber after tension failﬁre. SEM images of the cross secﬁon of
broken tensile specimen bar of composites demonstrate the different polyamide/glass-fiber

interfacial interaction. Significant increase in interfacial interaction between polyamide and
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glvass fiber may be observed from the SEM images, where. a thick polyamide layer is wrapped
at the surface of glass ﬁber Scale bar in FIG. 5A and FIG. 5C denotes 100 um. Scale bar in
FIG. 5B and FIG. 5D denotes 10 pm.

[0021] FIG. 6 is a graph depicting X-ray powder diffraction (XRD) spectra.of pristine _.

clay, modified clay (after modification and intercalation), and compounded clay (after melt

- compounding with polyamide 6 and'glass fiber at clay content of 3 wt%). The XRD analysis

demonstrates that the d-spacing of clay sheets increase from 1.19 to 1.39 nm after intercalated

" by epoxy resin, and further increase from 1.39 to 1.44 nm after compounding with polyamide - -

- which is due to the intercalation of polyamide.

[0022] FIG. 7 is a graph depicting X-ray powder diffraction (XRD) spectra of Clay/3-
glycidoxypropyltrimethoxysilane ~ (GPTMS)/Epoxy,  Clay/GPTMS,  Clay/H,O/Acid,
Clay_/HZO, and pristine clay with d-spacing values at 1.39, 1.26, 1.23, 1.22 and 1.19
respectively. For Clay/GPTMS/Epoxy, clay is modified by GPTMS and then intercalated by
epoxy. For Clay/GPTMS, clay is modified by GPTMS. For Clay/H,0/Acid, clay is swollen
by water and treated in dilute acid solution. For Clay/H,O, clay is swollen by water. Pristine
clay is raw MMT clay without any modification. The XRD analyéis demonstrates that the d-

spacing of clay sheets increase slightly from 1.19 to 1.26 nm after treated with water, acid

‘and GPTMS, and further increase from 1.26 to 1.39 nm after intercalated by epoxy resin.

[0023] - FIG. 8A to 8D are optical microscope photographs of glass fiber extracted from
PAG6 composites compounded at different processing conditions, which are (A) Raw PA6/GF;
(B) Extrusion, L/D=27, 250-255°C, 200 RPM; (C) Melt mixing, 220°C/10 min, 100 RPM;
and (D) Extrusion, L/D=40, 250—255°C, 200 RPM. FiG. 8E is a photograph of PA6/glass-
fiber/clay ternary composite pellets which shows a light color appearance. Scale bar in the

figures denote a length of 100 pm.

[0024]  FIG. 9 is a graph showing typical stress-strain curves (2 mm/min) performed-using ‘

ASTM D638-03 for a) PA6/Glass Fiber (PA6/GF), 0 wt% clay; b) PA6/Glass Fiber/Clay (2
w.t%)-; ¢) PA6/Glass Fiber/day (3 wt%); d) PA6/Glass Fiber/Clay (4 wt%); and €) PA6/Glass
Fiber/Clay (5 wt%). '

[0025] FIG.10isa photograph showing a Haake MiniJet piston injection molding system
used in vaﬁous embodiments (Barrel T: 260-280°C; Mold T: 80-100°C).

[0026]  FIG. 11 is a tensile bar according to ISO 527-2-5A.
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[0027]  FIG. 12 is a graph showing Izod impact strength of PA6/glass fiber/clay ternary

composites accbrding to various embodiments. The test was carried out following Notch Izod

- impact standard test method (ASTM D256). Y-axis: impact strength (KJ/mz); X-axis: a)

PA6/Glass Fiber (PA6/GF), 0 wt% clay; b) PA6/Glass Fiber/Clay (2 wt%);. c) PA6/Glass
Fiber/Clay (3 wt%), d) PA6/Gla§s Fiber/Clay (4 wt%); and €) PA6/Glass Fiber/Clay (5 wt%). .
Results indicated that there is an increase in impact streﬁgth of up to 48 % compared to neat
PAG/Glass Fiber. | B

[0028]  FIG. 13 is a graph showing typical flexural stress-flexural strain curves for a)
PA6/Glass Fiber (PA6/GF), 0 wt% clay; b) PA6/Glass Fiber/Clay (2 wt%); ¢) PA6/Glass
Fiber/Clay (3 wt%); d) PA6/Glass Fiber/Clay (4 wt%); and €) PA6/Glass Fiber/Clay (5 wt%).
Measurements were conducted using standard test method ASTM D790-03. Y-axis: flexural
stress (MPa); x-axis: flexural strain (%).

[0029] - FIG. 14 is a photograph shdwing a 3-point bending tester used (Instron 5569).
[0030] FIG. 15 is a graph comparing mechanical performance between composites
disclosed herein and convention glass fiber polymers (GFP). Results indicated that
improvements in ‘Young’s modulus, tensile strength, ductility, impact strength (Notch Izod) ‘
and flexural modules of 31 %, 14 %, 19 %, 23 % and 11 % respeétively, have béen obtair_led.
[0031] FIG. 16A to 16D are scanning electron microscopy (SEM) images showing cross-
section morphology of tensile test bars of glass fiber-reinforced Polyamide 6 (glass fiber: 15
wt%). Smooth fracture surface in FIG. 16A and 16B is indicative of brittle failure under
tension. Further, glass fibers are pulled out or elongated in length with smooth surface, as
shown in FIG. 16C and 16D, which is indicative of weak interfacial bonding. This in turn
means that the neat PA6/glass fiber composite has low strength and bad ductility. Scale bar in

- FIG. 16A and 16B denotes a length of 100 pm,; scale bar in FIG. 16C and 16D denotes a
~ length of 10 pm. '

[0032] FIG. 17A to 17E are scanning electron micrbscopy (SEM) images showing cross-

~ section morphology of tensile test bars for PA6/glass fiber/clay (clay: 3 wt%; glass fiber: 15

wt%). composites. The images show much rougher surface morphology (FIG. 17A and 17B).

- FIG. 17C and 17D show that few glass fibers are pulled out or separated from the PA6/clay

matrix. PA6 is thickly coated on glass fiber, and there is co-break of PA6 and GF. The
images show there is strong interfacial bonding between GF and PA6. This"in turn means that

the PA6/ glass fiber/clay (3 wt%) composite has high strength 'ahd low ductility. Scale bar in
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FIG. 17A and '17B denotes a length of 100 pm; scale bar in FIG. 17C to 17E denotes a
length 6f 10 urﬁ. o ,

[0033] FIG. 18A to 18C are transmission eleétron microscopy' (TEM) images for
PA6/glass ﬁbef/clay (3 wt%) (PA6/GF/Clay (3. wt%)) composites. FIG. 18B is an expanded
view of the highlightéd area in FIG. 18A. FIG. 18C is an eXpand_ed view of the highlighted
area in FIG. 18B. Images show intercalated clay in PA6/GF/clay ternary composites. The
scaie bar in FIG. 18A denotes a length of 1 um; FIG. 18B denotes a length of 0.5 um; and
FIG. 18C denotes a length of 0.2 pm. ' -

' [0034] FIG. 19A is a graph depicting X-ray diffraction (XRD) spectra of PA6/Glass

Fiber/Clay ternary composites for a) PA6/Glass Fiber (PA6/GF) (0 wt% clay); b) PA6/Glass
Fiber/Clay (2 wt%); ¢) PA6/Glass Fiber/Clay (3 wt%); d) PA6/Glass Fiber/Clay (4 wt%); and
e) PA6/G1ass Fiber/Clay (5 wt%). FIG. 19B is an expanded view of the area highlighted in"
FIG. 19A. Clay was intercalated by both epoxy and polyamide 6. d-spacing of clay increased
0.20 nm by addition of epoxy, and d-spacing of clay increased 0.25 nm after compounding.

[0035] FIG. 20 ié a graph showing Fourier transform infrared (FTIR) spectra of extracted
clay, modified clay and pristine cléy. Results indicate intercalation of clay with epoxy, and

that there is covalent bonding formed during melt blending. About 15 wt% of PA6 is bonded

- with clay extracted from composites. -

[0036] FIG. 21 is a graph showing thermogravimetric émalysis (TGA) spectra of extracted
clay, modified clay and pristine clay. Y-axis: weight (%); x-axis: temperature (°C). Results
indicate intercalation of clay with epoxy, and that there is covalent bonding formed during
melt blending. About 15 wt% of PA6 is bonded with clay extracted from composites.

[0037] FIG. 22A to 22C are X-ray photoelectron spectroscopy (XPS) spectra of extracted
clay, modified clay and pristine clay. Y-axis: counts (/s); x-axis: Binding Energy (eV).
Results indicate iﬁtercalation of clay with epoxy, and that there is covalent bonding formed
during melt blending. About 15 wt% of PA6 is bonded with clay extracted from composites.
[0038] FIG. 23 is a schematic diagram depicting proposed principle for mechanical
property enhan.c‘ement‘(A) GF with no epoxy; and (B) GF with epoxy. Wi-thout wishing to be
bound by theory, it is postulated that epoxy promoted the interfacial bonding between GF and
polyamide 6, which results in improvement in strength and toughness.

[0039] FIG. 24 depicts possible chenﬁcal reaction between PAG6, clay and glass fiber that

takes place during melt-compounding according to an embodiment.
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DETAILED DESCRIPTION .
[0040] By modifying clay platelets through intercalating inter-layer gaps of the clay

platelets with a binder, fiber-reinforced polymer composites comprising the modified clay

‘platelets with imp_rovéd mechanical properties may be obtained. For example, improvements

in Young’s moduius, tensile strength, ductility, impact strength (Notch Izod) and flexural
modules of 31 %, 14 %, 19 %, 23 % and 11 % respectively, have been achieved. The clay
platelets may be chemically modified with silane prior to intercalation with the binder.

Subsequent melt-compounding of the modified clay platelets with fiber-reinforced polymers

. produces a ternary polymer/fiber/clay composite. The improved mechanical properties may

arise due to interfacial interaction of pdlymer/ﬁbér and polymer/clay with the binder, as well
as further intercalation of the clay material with polyamide.

[0041]  Accordingly, in a first aspect, the invention refers to a method of preparing a fiber-

reinforced polymer composite. As used herein, the term “fiber-reinforced polymer

composite” refers generally to a mixture of materials, whereby a fibrous component is
dispersed in a matrix formed by a polymeric component. '

[0042] The fibrous component comprises a plurality of fibers. The term "fibers" as used

‘herein refers to a class of materials, which may be natural or synthetic, that are in discrete

elongated pieces. The fibers may be produced by conventional techniques such as
electrospinning, interfacial polymerization, and the like.- The fibers may be used as a
cofnponent of polymer cqmposite materials to reinforce mechanical properties of the
composites. In use, the fibers may be incorporated in the composites via cross-linking,
gluing, weaving, braiding, knitfing, knotting, or molding during the composites
manufacturing process. | ' '

[0043] | Examples of fibers include, but are not limited to, glass fibers, carbon and graphite

- fibers, polymer fibers, metal fibers, silicon carbide fibers, cellulose fibers, and mixtures

thereof. Examples of polymer fibers include, but are not limited to, fibers formed of
unsaturated polyesters, ep'oxies, phenolics, and polyimides, to name only a few. In various
embodiments, the fibers in the ﬁber-reinfofced polymer composite comprise or consist of
glass. N | '

[0044]  Generally, any polymeric méterial may be used to form the fiber-reinforced

polymer composite. The polymeric material may be a thermosetting polymer such as
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polyurethane, or a thermoplastic polymer such as polyamide. In various embodiments, the

polymer comprises or consists of a thermoplastic polymer. In specific embodiments, the

polymer comprises or consists of polyamide.

[0045] The method includes providing a swollen clay material. As used he:éin, the term

“clay material” refers generally to mineral clays, synthetic clays, organoclays, and mixtures

thereof. The cTay material may comprise or consist of silicates with a layered or platelet -

stn_icture, with thickness of the layered or platelet structure in the nanometers range. A

swollen éfay material is formed when a clay material is exposed to an aqueous medium such

- as water, whereby the aqueous medium diffuses into the clay material between the layers,

causing the layers to move apart. This results in expansion or swelling of the clay material,
where the layers are not as strongly held together. _

[0046]  Phyllosilicates belong to the class of layergd silicates, and refer generally to
silicates in which the SiO, tetrahedra have been bonded in infinite two-dimensional networks.
The layers of silicates may be held together by electrochemical attraction such as via the
cations lying between them, and the cations mostly present in the phyllosilicates which occur
naturally are Na, K, Mg, Al, and/or Ca. -

[0047]  Examples of phyllosilicates, which may be synthetic or naturally occurring,
include montmorillonite, sepiolite, smectite, illite, palygorskife, muscovite, allevardite,
ameéite, hectorite, saponite, fluorohectorite, béidellite, talc, nontronite, vermiculite,
stevensite, bentonite, mica, fluorovermiculite, halloysite, and fluorine-containing synthetic
varieties of tale. In various embodiments, the swollen clay material '(;omprises
montmorillonite.

[0048] "Providing a swollen clay material may include dispersing and swelling a clay
material in an aqueous medium. As mentioned above, when a clay material is exposed to an
aqueous medium such as water, the aqueous medium diffuses into the clay ma{efial between
the layers, which cause the layers to move apart. This results in expansion or swelling of the
clay material, where the layers are not as strongly held together. When the clay material is

subject to drying conditions, the water between the layers escapes and evaporates, and the

‘clay material shrinks.

[0049] In embodiments where pristine montmorillonite s used, the pristine

montmorillonite is hydrophilic and may be dispersed in an aqueous medium such as water to

" form a stable suspension under homogenization. The montmorillonite clay may be dispersed
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as isolated sheets or small domains of a plurality of sheets. At the same time, the
montmorillonite clay fakes up water to form a swolleu clay material.

[0050] Examplés of aqueous medium that may be used to swell the clay material include,
but are not limited to, water, buffer s’olutiou, acid, or a salt solution. In various embodiments,
the aqueous medium contains an acid. For example, the aqueous- medium rriay comprise
acetic acid. Advantageously, it has Been found by the inventors that a slightly acidic solution,
which may be obtained by adding a few drops of acetic acid into the aqueous medium, helps

to dlsperse and stabilize clay material in the aqueous medium.

‘ [0051] The method of the first aspect includes chemically modifying a surface of the

swollen clay material with an organosilane to form a silane-modified clay material.

[0052]  Silanization of the swollen clay material is carried out to improve interfacial
interactiun between clay and the polymer. Advantageously, hydrophobic silane molecules,
which are chemically-bonded to the clay platelets’ surfaces, ensure good compatibility
between -the hydrophilic clay platelets and the hydrophobic polymer matrix. In addition,
cracking of intercalated clay chemically bonded to the polymer matrix under external stress
enhances the impabt strength of the polyamide/glass-ﬁber/clay ternary composites.

[0053]  The silanization process may'take place for any suitable length of time. In various
embodiments, chemically modifying a surface of the swollen clay material with an
organosilane to form a silane-modified material is carried out for a few hours, such as about 3
hours to about 24 hours. Advantageously, the reaction condition used is mild and may take
place under stirring at room temperature.

[0054] Examples of organosilanes that may be used mclude but are not limited to, (3-
glycidoxypropyl)trimethoxy silane, N-2-(aminoethyl)-3-aminopropyltrimethoxy ~silane,
gamma-aminopropyltriethoxy silane, N-beta-(aminoethyl)-gamma-aminopropyltrimethoxy
silane, aminoethyl-N-beta—(amiuoethyl)—gamma—aminopropyl-trimethoxy silane, gamma-
ureidopropyl-triethoxy silane, beta-(3-4 epoxy-cyclohexyty-ethyl-trimethoxy silane, gamma- |
glycidoxypropyltrimethoxy silane, and vinyltrichloro silane, to name a few. In various
embodiments, the organosilane comprises or consists of (3-glycidoxypropyl)trimethoxy
silane. | '

[0055] Chémically modifying a surface of the swollen clay méterial with an organbsilane

may be carried out in an organic solvent such as alcohol, acetone, and dimethylforrnamide
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(DMF). In various embodiments, chemically modifying a surface of the swollen clay material
with an organoéilane 1s carried out in acetone. | | | A

[0056] The stable di'spersion state of swollen _cléy material in the aqueous medium is able
to extend to dispersion of the swollen clay material in the organicA solvent, such as acetone, by
exchange of water with thé organic solvent. In various embodiments, water is added to
disperse and to further swell the silane-modified clay material.

[0057] The method of the first aspect includes intercalating the silane-modified clay

material with a binder to form an intercalated clay material. As used herein, the term “binder”

 refers to a material that is able to bind or hold the components in the fiber-reinforced polymer

composite together. Examples of binder include, but are not limited to, epoxy resins,
polyviﬁyl butyral resins, polyvinyl formal -resins, si_licone'resins, polyamide resins, polyester
resins, pélystyrene resins, polycarbonate resins, polyvinyl acetate resins, polyurethane resins,
and phenoxy resins. _

[0058] In varicus embodiments, the binder corﬁprises or consists 6f an epoxy resin. For
example, the epoxy r;esins may include 'curable epoxy resins having one or more epoxy
groups per molecule. Advantageously, the epoxy molecules pr_ovide chemical bonding
between the clay plételets’ surfaces and the polymer matrix as well as between fibers and
polymer matrix during subsequent melt-compounding, thﬁs ensuring high composite strength

and stiffness.

[0059] Examples of epoxy resins include, but are not limited to, glycidyl ether type epoxy

resins such as epoxy resins derived from polyfunctional hydroxyl group- containing
compounds such as bisphenol A, brominated bisphenol A, bisphenol F, tetfahydroxy-
phenylethane, “resorcinol, novolaks, p'olyalkylene glycols and glycerin and epihalohydrins;
glycidyl ester type époxy resins such as glycidyl phthalate, glycidyl hexaﬁydfophthaléte and
glycidyl esters of dimer acids; glycidyl amines such as triglycidyl isocyanurate and
tetraglycidyldiaminodiphenyl- methane; alicyclic epoxy resins such as 3,4 - epo.xy -6 -
methylcyclohexylmethyl - 3,4 - epoxy - 6 - methylcyclohexane carboxylate,
vinylcyclohexene diepoxide, dicyclopehtadiene oxide and bis(2,3 - epoxycyc!opentyl)ether;
and combinations thereof. | '

[0060] The binder may penetrate into the inter-layer gaps of the clay material, and be

tetained within the clay material. In various embodiments, the intercalation is carried out in a

suitable organic solvent such as acetone.
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[0061]  The method of the first aspecf rhay further comprise drying the intercalated clay

material prior to melt-compounding. During this time, the intercalated clay material remains

in a swollen state due to water that has been taken up in the clay- material. In various

| énibodiments, drying the intercalated clay material is carried out by spray drying.or freeze

" drying.

[0062]  The method of the first aspect includes melt compounding the intercalated .clay
nﬁaterial with a mixtﬁre comprising a polymer and fiber to form the fiber-reinforced polymer
composite. In various embbdiments, ‘melt compounding the intercalated material is carried
out at a temperature in the raﬁge of 200 °C to 300 °C, such as in the range of 220 °C to 300
°C, 240 °C to 300 °C, 260 °C to 300 °C, 200 °C to 280 °C, 200 °C to 260 °C, 200 °C to 240
°C, 220 °C to 280 °C, 240 °C to 260 °C, or about 250 °C to about 255 °C.

[0063] | Melt compounding the intercalated clay with a mixture comprising a polymer and
fiber may be carried out in a twin screw extruder. Generally, a twin screw extruder includes
two intermeshing, co-rotating screws mounted on splfned shafts in a closed barrel. Depending
on the processing requirements, various screw profiles and process functions rﬁay be set up
by modifying the screw and barrel design. | _
[0064] Content of clay in the ternary composite may be controlled by adjusting feed rate
ratio of polymer/glass fiber composite and clay material at different feeding ports of the twin
screw extruder. Alternatively, the clay material may be pre-mixed with the polymer/glass
fiber composite before feeding to the twin screw extruder. - _

[0065] . Twin-screw extruders with stronger mixing .effect are more suited to produce
composites with good mechanical properties due to improved dispersion of fillers in the
polymer matrix. In embodiments where glass fibers are used however, the glass fibers tend to
be shortened, resulting in significant decrease in mechanical performance. To avoid this
situation, a good balance between dispersion of clay and retaining of length of glass fibers is
i’mbortant. ,

[0066] In various embodiments, length-to-diameter ratio of the twin screw extruder is in
the range of about 25 to about 27, such as 25, 26 or 27. The screw rotation of the twin screw
extrﬁder may be in the range of about 100' to about 200, such as about 100 to about 180,
about 100 to-about 160, about 100 to about 140, about ll 20 to about 200, about 140 to about
200, about 160 to.about 200, about 120 to about 180, a_bout -140_ to about 160, about 200,
about 150 or about 100.
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[0067] In a second aspect, the invention relates to a fiber-reinforced ‘polymer composite
prepared by a method according to the first aspect. In a further aspect, the invention relates to
a ﬁber—reihforc'e.:d polymer »corhposite Acompris'ipg a silane-modified clay material that is
intercalated with a binder. | i .

[0068] Examples of polymer and fibers that may be used to form the fiber-reinforced
polymer composite have already been discussed above. In various embodiments, the polymer
in the fiber-reinforced polymer composite comprises or consists of polyamide. In various

embodiments, the fiber in the ﬁber;reinforced polymer composife comprises or consists of

- glass. -

[0069] The amount of fiber ih the fiber-reinforced polymer composite may be in the range
of about 10 wt% to about 20 wt%, such as about 10 wt% to about 18 wt%, about 10 wt% to
about 16th%, about 10 wt% to about 14 wt%, about 10 wt% to about 12‘wt%, about 12 wt%
to about 20 wt%, about 14 wt% to about 20 w_t%, about 16 wt% to about 20 ‘wt%, about 12
wt% to about 18 wt%, or about 14 wt% to about 16 wt%. |

[0070]  In various embodiments, the clay in the silane-modified clay material comprises or
consists of montmorillonite clay. The amount of clay in the fiber-reinforced polymer
composite may be up to 5 wt%, or in the range of about 1 wt% to about 5 wt%, such as about
1 wt% to about 4 wt%, about 1 wt% to about 3 wt%, about 1 wt% to about 2 wt%, about 2
wit% to about 5 wt%, about 3 wt% to about 5 wt%, about 4 wt% to abouf 5 wt%, or about 2
wt% to about 4 wt%. _ '

[0071] The amount of silane in the silane-modified clay material may be in the range of

about 1 wt% to about 25 wt% of clay, such as about 1 wt% to about 20 wt%, about 1 wt% to

‘about 15 wt%, about 1 wt% to about 10 wt%, about 1 wt% to about 5 wt%, about 5 wt% to

about 25 wt%, about 10 wt% to about 25 wt%, about 15 wt% to about 25 wt%, about 20 wt%
to about 25 wt%, about 5 wt% to about'zo wt%, about 10 Wt% to.about 20 wt%; or about 10,
wt% to about 15 wt%.

[0072] Ih various embodiments, the binder comprises or consists of an epoxy resin. The
amount of binder in the silane-modified clay material may be in the range of about 30 wt% to
about 90 wt% of clay, such as about 40 wt% to about 90 wt%, about 50 wt% to about 90
wit%, about 60 wt% to about 90 wt%, about 70 wt% to about 90 wt%, about 80 wt% to about .
90 wt%, about 30 wt% to about 80 wt%, about 30 wt% to about 70 wt%, about 30 wt% to
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about 60 wt%, about 30 wt% to about 50 wt%, about 30 Wt% to about 40 wt%, abput 50 wt%
to about 80 wt%, or about 40 wt% to about 60 wt%. |

[0073] _As_disclosed herein, strength, modulus and impact resistance of fiber-reinforced
polymer compbsites are enhanced simultaneously by incorporating a surfacé-modiﬁed clay
material. In various embodiments, the clay material is modified by chemically bonding an
organosilaﬁe onto platelets of the clay material, and intercélating binder moleéules such as
epoxy molecules between the platelets of the clay material. In so doing, the polymer matrix is

both intercalated and chemically bonded to the clay filler in the resulting polymer

" composites. Polymer/fiber/clay ternary composites possessing high strength, modulus and

impact resistance, and which may be melt-processed using conventional thermoplastic
processing and manufacturing technology are formed.

[0074]  The organosilane, which act as surface modifier, is chemically bonded to surfaces
of the clay platelets. This allows fonné_tion of chemical bonds between the clay platelets and
polymer matrix during melt-compounding, which compares favorably to conventional
organoclay platelets which are surface-modified via electrostatic interaction only. Further, the
binder molecules allow formation of chemical bonds between fibers and polymer .matn'x
during melt-compounding, as well as between clay platelets and the polymer matrix.

[0075] Besides improves in mechanical properties, the developed polyamiae/glass-A

fiber/clay ternary composite according to various embodiments also exhibits improved

stability against thermal oxidation. In embodiments where secondary elastomers or polymers
aré{ not used in preparing the ternary conmposite, this avoids losses in strength and stiffﬁess in
the ternary composite thus formed.

[0076] Hereinafter, the present invention will be described more fully with reference to
the accompanying drawiﬁgs, in which exemplary embodiments of the invention are shown.
This invention may, however, be embodied in many different forms and should not be
construed as limited to the exemplary embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be thorough and complete, and will
fully convey the scope of the invention to those skilled in the art. In the drawings, lengths and
sizes of layefs and regions may be exaggerafed for clarity.

(0077]  As used herein, the term "and/or" includes any and all combinations of one or more
of the associated listed items. The termi.nology used herein is for the purpose of describing

particular embodiments only and is not intended to be limiting of the invention. As used
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herein, the singular forms "a", "an" and "the"-are intended to inclnde the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the terms
"compﬁsee" and/or "comprising," when used in this specification, specify the presence of
stated features mtegers steps, operatlons elements, and/or components, but do not preclude
the presence or addition of one or more other features, 1ntegers steps, operations, elements,
components, and/or groups thereof.

[0078] The invention illustratively described herein may suitebly be practiced in the

absence of any element. or elements, limitation or limitations, not specifically disclosed

n " " on

containing”, etc. shall be

- read expansively and without limitation. Additionally, the terms and expressions employed

herein have been used as terms of description and not of limitation, and there is no intention
in the use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although the

present invention has been specifically disclosed by preferred embodiments and optional

features, modification and variation of the inventions embodied therein herein disclosed may

be resorted to by those skilled in the art, and that such modifications and variations are
considered to be within the scope of this invention.
[0079]  The invention has been described broadly and generically herein. Each of the

narrower species and subgeneric groupings falling within the generic- disclosure also form

_ paft of the invention. This includes the generic description of the invention with a proviso or

negative limitation removing any subject matter from the genus, regardless of whether or not

the excised material is specifically recited herein.

- [0080]  Other embodiments are within the following claims and non- limiting examples. In

addition, where features or aspects of the invention are described in terms of Markush groups;
those skilled in the art will recognize that the invention is also thereby described in terms of

any individual ‘member or subgroup of members of the Markush group.

EXPERIMENTAL SECTION

[0081] Exam plel Clay Modification

[0082] . 5.5 g of dry clay powder (Pristine MMT clay) is dlspersed and swelled n 150

“ml of deionised (DI) water for a few hours under stirring. 0.2 ml of acetic acid is then '
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_ added to the suspension?- ‘after which the suspension is stirred for another 30 minutes,

sonicated for 30 minutes in an ultrasonic water-bath and stirred again for 12 hrs.

[0083] Pristine MMT clay is hydrophilic and may be dispersed into water to form a
stable suspension under homogenization, in which clay is dispersed as isolated sheets or
small domains éonsisﬁng of a few sheets. A slightly acidic adjustment of the,suspen.sion' by
adding drops of acetic acid may help to disperse and stabilize the clay sheets. |

[0084] This stable dispersion. state of clay in water may be transferred to clay/acetone

slurry through exchanging water with acetone, and the exchanging process includes

" pouring the water suspension into acetone followed by homogenizing for a while, filtering

off the mixed water/acetone solvent follQWed by washing with acetone, and re-dispersing
the obtained slui'ry into acetone under hbmogeni’zation for a while.

[0085] | Accordingly, the aqueous clay suspension ié homogenized by a high-speed shear
homogenizer for 15 minutes, poured ‘iAnto 700 ml of acetone under homogenization, and

further homogenized again for 5 minutes. Next, the resulting acetorie/water clay

suspension is filtered and the gelatinous clay residue is re-dispersed in 700 ml of acetone.

The acetone-clay suspension is then homogenized again for 5 minutes and filtered.

[0086] To improve the interfacial interaction between clay sheets and polyamide,
glycidoxy functional group is introduced onto the surface of clay sheets by adding (3-
glycidoxypropyl)tﬁmethoxysilane into the obtained clay/acetone slurry.

[0087]  This is carried out By redispersing the final gelatinous clay residue obtained in
400 ml (;f acetone, to which 0.26 ml of (3-glycidyloxypropyl)trimethoxy silane is added.
This suspension is then stirred for 12 hrs at room temperature, sonicated for 30 minutes in

an ultrasonic water-bath and stirred agéin for 24 hrs at 53 °C.

[0088]  Following that, excess acetone is removed from the acetone—clay suspension by

stirring the suspension at mild heating at 73 °C until 200 g of clay suspension is obtained.
90 g of DI water is then added to the suspension, which is left to stir again for 2 hr. This is
carried out in order to disperse and swell the silane-modified clay sheets. After that, a
solution containing 3.96 g of epoxy in 10 g of acetone is added to the aqueous/acetone clay
suspens1on The suspensmn is then homo gemzed for 1 hr.

[0089]. Subs_equently, acetone and water are removed from the homogenized suspeﬁsion

by rotary evaporation until 100 ml of aqueous clay suspension remains. The epoxy resin
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molecules can gradually penetrate into the inter-layer gaps of élay sheets and be retained
inside during the evaporating of acetone. _

[0090] ~ As water existing in the clay slurry, the clay sheets intercalated by epoxy resin
remain swelled morphology and the clay suspension is frozen at -20 °C for 24 hrs, and then -

at -80 °C for another 24 hrs. The frozen clay suspension is freeze-dried for 3 days. The

solid residue obtained is then further dried in a vacuum oven at 60 °C for a few days.

-Although' freeze drying has been used, the surface-modified clay may also be achieved

through spray-drying.

- [0091]  Example 2: Melt-compounding of modified clay with Polyamide 6 and glass

fiber

[0092]  Polyamide/glass-fiber/clay terndry composite with the desired filler loading is

fabricated by melt-compounding a fixed amount of dried exfoliated surface-modified clay
powder with polyamide/glass;ﬁber composite pellets in a twin-screw extruder. The
resulting polyamide/glass-fiber/clay ternary composite material is then chopped into
pellets for subsequent processing and use. ‘
[0093] The content of clay in ternary composite may be controlled by adjusting the
feeding rate ratio of polyamide/glass-fiber pellets and clay that are fed at différeﬁt feeding
ports. Alternatively, clay of desired amount may be pre-mixed with polyamide/glass-fiber
pellets and fed together. Both methods are equally effective and applicable based on
experiments that have been carried out. |

[0094] Twin-screw extruder with a strongér mixing effect is more suitable to obtain
nanocomposite with e;(cellent mechanical properties due to better disperse of nanoﬁllers in

polymer matrix. However, glass-ﬁberé- are shortened further using such melt-compounding

| techniques, leading to significant decrease of mechanical performance. Therefore, a good

balance between disperse of nanoclay and retain of length of gléss—ﬁber is important.

| [0095] In view of the above, a Eurolab 16 Twin Screw Extruder (Thefmo Scientific)

with L/D = 25 and D = 16 mm, screws consisting 3 mixing zones was used to produce all

composites mentioned.

- [0096]  As an example, polyamide/glass-ﬁber co.mposit'e' and polyamide/glass-fiber/clay

ternary composites containing 2, 3, 4 and 5 % of clay by weight, hereby named PGCE,
PGCE2, PGCE3, PGCE4 and PGCES respectively, were prepared via melt-compounding

in a twin-screw extruder (L/D = 25; D = 16mm) (Eurolab 16 Twin Screw Extruder,
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Thermo Scientific) at a screw speed of 200 rpm. Polyamide/glaés-ﬁber composite pellets -
are éompletely dried in vacuum oven at 80°C} overnight before compounding with
modified c;,liay powder. The screws consisted .of 2 mixing zones with 12 compoﬂndirig
elemerits in each zone. The temperatures errlployed along the barrel during extrusion from
the inlet to the die were 250, 250, 250, 255, 255 and 255 °C. The extruded composites
were air-cooled and pelletized. | ' ' ‘ '

[0097] " Composite films were prepared from the extruded pellets of each sample by hot-
pressing them at 220 °C for 10 mins under a pressure of 60 bars using a laboratory press (P
200E, Dr Collin GmbH).

[0098]  The following characterization studies were done on the above samples and the
results obtained are discussed in the following section.

[0099] Example 3: Mechanical testing and characterization

[00100] To evaluate the comprehensive mechanical prdperties of ternary composites,
standard tensile test, 3-point bending test and single-edge Izod impact test are conduded
following ASTM procedures. |

[00101] Tensile testing of composites obtained was conducted on the standard tensile

test bars at a crosshead speéd of 2 mm/min using a 10 kN load cell in a Instron Universal

.Tester 5569. 3-Point bending (flexural) testing of composites obtained was conducted on

the standard rectangular test bars at a crosshead speed of 13.65 mm/min using a 10 kN
load cell in a Instron Universal Tester 5569. Izod impact testing was conducted on the
standard single-edge notch impact test bars in a Zwick Roell Pendulum impact testor
HIT25P.

[001 02] Composite pellets were dried overnight at 80 °C in a vacuum oven and injection

- molded into tensile, flexural and impact test bars using an injection molding machine

(Haake Mini Jet II, Thermo Scientific). ‘Temperature of the cylinder was set at 280 °C and
the composite melts were injected at 600 bars in 20 s into a 120 °C mold and a post
injection pressure of 300 bars was maintained for 10 s.

[001 03] TEM observation of thin sections of the compoéites was performed with a JEOL
2100 TEM under an acceleration 'voltage of '.200 kV. Thin sections With thickness of about

50 nm of the composite film were cut from the prepared composite test bars under

| cryogenic conditions using a Leica ultramicrotome equipped with a diamond knife. SEM
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image of the cross-section of composite test bars was examined usmg a field emission -

scanning electron microscope (SEM, JEOL JSM- 67OOF)

[00_104] Composite sheets were prepared from the extruded pellets of each polyamide

reinforced with modified clay and glass ‘ﬁberl binary filler by hot-pressing at 220 °C for 10

mins under a pressuré of 60 bars ﬁsing a laboratory press (P 200E, Dr Collin GmbH). Hot-

pressed composite sheets were mounted onto a sample holder w1th double-sided sticky tape

pI'IOI' to XRD analysis. Diffraction angle (26) of each sample was measured from 25t030°

using a X-ray diffractometer (D8 GADDS XRD, Bruker) at 40 kV and 40 mA with Cu-Ka

radiation as the X-ray source and data acquisition time of 10 minutes per s”eimple.

[00105] Table 1 is a summary of the tensile properties of glass fiber-reinforced Polyamide

6 and Polyamide 6/glass-fiber/clay ternary composite (clay: 2-5 wt%, glass fiber: 15 wt%).

Crosshead rate for tensile test is 2 mm/min.

Table 1
: Young’s . Failure strain | Strain energy
1:(:)1131’?!;1;;;6 - Modulus TenSI(l;/[s;;; neth at failure
P (GPa) (%) (MI/m®)

I(,%é_/l(;f 4.04£0.12 84.4+0.68 13.8£1.07 10.620.69
PAG6/GF/clay ' _

(83-15-2) 5.10+0.30 . 86.0+0.62 13.7+1.20 11.0+1.26
PAG6/GF/clay A

(82-15-3) 5.23%0.18 96.5+1.66 16.4+1.43 14.8+1.33
PAG/GF/clay _ _

(81-15-4) 5.23+0.11 96.2+2.00 17.3#1.78 14.2:':1.47.
- PA6/GF/clay . _

(80-15-5) 5.67£0.15 105+2.51 13.9£1.06 13.2+1.20

[00106] Table 2 summarizes flexural properties of glass fiber-reinforced Polyamide 6 and -

Polyamide 6/glass-fiber/clay ternary composite (clay: 2-5 wt%, glass fiber: 15 wt%).

Crosshead rate for 3-point bending test is 13.65mm/min.

Table 2
Polyamide 6 composites - Flexur(:gll)\;[)odulus
E(’?;/gf .. 4.24+0.11
Pz(\géﬁlglczl;y 4.59£0.05
P?862/31;“/-<;I;1y 4.720.08
P?gl/ﬁb;ﬁl;y 7 4.65£0.10
PAG/GFlclay 4.7630.11
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[00107] Table 3 summarizes Izod impact properties of glass fiber-reinforced Polyamide 6 '

" and Polyamide 6/glass-fiber/clay ternary composite (clay: 2-5 wt%, glass fiber: 15 wt%).

Polyamide 6 composites Impz(lI'c<tJ/sItnl‘2e)ngth
1;?56_/1%? 4.93+0.75.
??gégl;{gl)ay - 6431 .76
Pz(\;z/glg/_glfy 5.71+1.47
~Pj?z;6{§1;{?)ay 5.64+1.57
Pgﬁl;/_?;y 4.47+1.56

[00108] Example 4: Discussion

[00109] At high temperatures during melt-compounding, the glycidyl group on silane and
epbxy molecules reacts with the -NH, or -COOH groups on polyamide to form chemical
bonds. The resulting ternary composite contains .well-dispersed clay platelets that are
uniformly and randomly distributed among, and chemically bound to, the polymer matrix as
well as the glass fibers. Glass fibers and clay platelets impart high strength and modulus to
the teméry composite, while uniform distribution, large interfacial area, strong interfacial
interaction and chemical adhesion between clay platelets and compo.site matrix as well as
chémical bonding among clay platelets confer high impact resistance by impeding
propagation of cracks through the material. The ternary composite material may then be
processed into articles using conveﬁtional thermoplastic processing and manufacturing
technology. |

[00110] Significant increase of Young’s modulus, tensile strength (maximum stress before
failure), tensile ductility (el'ongation'at break) and strain energy absorbed at failure may be
obseﬁed, as shown in FIG. 2A to 2D. The maximum increment of above properties can
reach as high as 31%, 24%, 26% aﬁd 39%, respectively. In terms of flexural modulus
(OBtainéd from bending test), a maximum increase of 12.4% can also be fou}ld, as shown in
FIG. 3. . | | | |

[00111] Addition of presently modified clay in the polyamide/glass-fiber composite does

net result in a drop of impact strength of composite. Ternary composites in this invention
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show an unique increase of impact etrength up :to‘ 30% compared to neat polyamide/glass-
fiber c‘omposite without clay, as shown in Table 3. Combining all example data, listed in
Tables 1 to 3, polyamide/glass' ﬁber/clay ternary c'omposite presehts excellent
comprehenswe mechamcal properties. In particular, simultaneous reinforcing and toughemng
effect may be realized by adding a few percentages of modified-clay.

[00112] In the embodiments shown, by way of example only, polyamide/glass-ﬁber/clay
ternary com'positesl have been fabricated by melt-compounding polyamide/glass-ﬁber
composite pellets with clay that has been -surface-modiﬁed with silane and epoxy, or
polyarnide; glass-fibers and the surface-modified clay. The use of appropriately-modified
clay in the ternary composites allows for simultaneous enhancement of the strerfgth, stiffness
and impact resistance of short glass-fiber-reinforced polymer composites. Good interfacial
interactions between clay platelets and polymer matrix, and between glass-fibers and polymer
matrix, may be achieved via the use of silane and epoxy as surface modifiers. o
[00113] While the present invention has been particularly shown and described with
reference to exemplary embodiments thereof, it will be understood by those of ordinary skill
in the art that various changes in form ‘and details may be made therein without departing

from the spirit and scope of the present invention as defined by the following claims.
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CLAIMS

Method of preparing a fiber-reinforced polymer composite, the method comprising

a) providing a swollen clay material;

b) chemically modifying a surface of the swollen clay material with an organosilane
to form a silane-modified clay material;

¢) intercalating the silane-modified clay material with a binder to form an
intercalated clay material; and

d) melt compounding the intercalated clay material with a mixture comprising a
polyamide polymer and discrete, elongated pieces of fiber, thereby dispersing the
intercalated clay material along with the fiber in the polyamide polymer, to form

the fiber-reinforced polymer composite.

Method according to claim 1, wherein providing a swollen clay material comprises

dispersing and swelling a clay material in an aqueous medium.
Method according to claim 2, wherein the aqueous medium comprises acetic acid.

Method according to any one of claims 1 to 3, wherein the swollen clay material

comprises montmorillonite clay.

Method according to any one of claims 1 to 4, wherein chemically modifying a

surface of the swollen clay material with an organosilane is carried out in acetone.

Method according to any one of claims 1 to 5, wherein the organosilane comprises or

consists of (3-glycidyloxypropyl)trimethoxy silane.

Method according to any one of claims 1 to 6, wherein the binder comprises or

consists of an epoxy resin.

Method according to any one of claims 1 to 7, further comprising drying the

intercalated clay material before melt compounding step d).
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Method according to claim 8, wherein drying the intercalated clay material is carried

out by spray drying or freeze drying.

Method according to any one of claims 1 to 9, wherein melt compounding the
intercalated clay material is carried out at a temperature in the range of 200 °C to 300
°C.

Method according to any one of claims 1 to 10, wherein melt compounding the

intercalated clay material is carried out in a twin screw extruder.

Method according to claim 11, wherein length-to-diameter ratio of the twin screw

extruder is in the range of about 25 to about 27.

Method according to claim 11 or 12, wherein screw rotation of the twin screw

extruder is in the range of about 100 to about 200.

Method according to any one of claims 1 to 13, wherein the fiber comprises or

consists of glass.

Fiber-reinforced polymer composite prepared by a method according to any one of

claims 1 to 14.

Fiber-reinforced polymer composite comprising discrete, elongated pieces of fiber
and an intercalated clay material comprising a silane-modified clay material that is
intercalated with a binder, wherein the intercalated clay material is dispersed along

with the fiber in a polyamide polymer.

Fiber-reinforced polymer composite according to claim 16, wherein clay in the silane-

modified clay material comprises or consists of montmorillonite clay.

Fiber-reinforced polymer composite according to claim 16 or 17, wherein amount of
silane in the silane-modified clay material is in the range of about 1 wt% to about 25

wt% of clay.
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Fiber-reinforced polymer composite according to any one of claims 16 to 18, wherein

the binder comprises or consists of an epoxy resin.

Fiber-reinforced polymer composite according to any one of claims 16 to 19, wherein
amount of binder in the silane-modified clay material is in the range of about 30 wt%

to about 90 wt% of clay.

Fiber-reinforced polymer composite according to any one of claims 16 to 20, wherein

fiber in the fiber-reinforced polymer composite comprises or consists of glass.

Fiber-reinforced polymer composite according to any one of claims 16 to 21, wherein
amount of clay in the fiber-reinforced polymer composite is in the range of about 1

wt% to about 5 wt%.

Fiber-reinforced polymer composite according to any one of claims 16 to 22, wherein
amount of fiber in the fiber-reinforced polymer composite is in the range of about 10

wt% to about 20 wt%.



