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can be used as an additive layer manufacturing technique to form a component with a desired shape and physical characteristics, or

O
=

can be used to form a thin sheet material.
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METHOD OF MANUFACTURING COMPOSITE MATERIAL

FIELD OF THE INVENTION
The present invention relates to a method of manufacturing a composite material.

BACKGROUND OF THE INVENTION

Nanocomposites based on carbon nanotubes are described in E. T. Thostenson and T-W.
Chou, “Aligned Multi-Walled Carbon Nanotube-Reinforced Composites: Processing and
Mechanical Characterization,” Journal of Physics D: Applied Physics, 35(16) L77-L80
(2002). According to this paper, one of the most significant challenges towards improving
the properties of the nanocomposite 1s to obtain a uniform dispersion of nanotubes within
the polymer matrix. The solution presented in this paper 1s a micro-scale twin-screw

extruder.

SUMMARY OF THE INVENTION

A first aspect of the mmvention provides a method of manufacturing a composite material,

the method comprising:
growing a layer of reinforcement;
impregnating the layer with a matrix; and

aligning the reinforcement layer by applying an electromagnetic ficld during

orowth of the reinforcement layer.

Typically the field 1s applied at an angle to the reinforcement layer, either perpendicular or

at an acute angle.

Growth of the reinforcement layers may be enhanced by forming a plasma during growth

of the layer. This enables growth to be carried out at lower temperatures, typically in the

range of 25-500°C.
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A further aspect of the invention provides a method of manufacturing a composite material,

the method comprising:

growling a layer of reinforcement;

impregnating the layer with a matrix; and

forming a layer of catalyst particles to catalyse the growth of the remnforcement
layer, the layer of catalyst particles having a catalyst particle packing density which

varies across the layer.

A further aspect of the invention provides a method of manufacturing a composite material,

the method comprising:

growing a layer of reinforcement;

impregnating the layer with a matrix; and

forming a layer of catalyst particles to catalyse the growth of the reinforcement
layers by spraying droplets of liquid onto a surface, the liquid containing the

catalyst particles 1n suspension or solution.

A further aspect of the invention provides a method of manufacturing a composite material,

the method comprising:

orowing a layer of reinforcement with a packing density which varies across the

layer; and
impregnating the layer with a matrix.

A further aspect of the invention provides a method of manufacturing a composite material,

the method comprising:

manufacturing two or more sheets of composite material, each sheet being
manufactured by growing a layer of reinforcement; and impregnating the layer with

a matrix;
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laying the sheets together to form a laminate structure; and
moulding the laminate structure.

This aspect of the invention may be used to form sheets (either single layer or multi-layer)
which are processed 1in a similar manner to a conventional “prepreg”, that 1s by laying the
5  sheets together to form a laminate structure; and moulding the laminate structure to form a

composite element.

A further aspect of the invention provides apparatus for manufacturing a composite

material, the apparatus comprising:
a system for growing a layer of reinforcement;
10 an e¢lectrode for applying an electromagnetic field to the layer; and

an 1mpregnation system for applying matrix material to the layer so as to

impregnate each layer with the matrix material.

A further aspect of the mvention provides apparatus for manufacturing a composite

material, the apparatus comprising:
15 a system for growing a layer of reinforcement 1n-situ;

means for forming a layer of catalyst particles to catalyse the growth of the
reinforcement layers with a catalyst particle packing density which varies across the

layer; and

an 1mpregnation system for applying matrix material to the layer so as to

20 impregnate each layer with the matrix material.

A further aspect of the mvention provides apparatus for manufacturing a composite

material, the apparatus comprising:

a system for growing a layer of reinforcement with a packing density which varies

across the layer; and
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an 1mpregnation system for applying matrix material to the layer so as to

impregnate the layer with the matrix material.

A further aspect of the mvention provides apparatus for manufacturing a composite

material, the apparatus comprising:
a system for growing a layer of reinforcement 1n-situ;

a printing head for forming a layer of catalyst particles to catalyse the growth of the
reinforcement layer by spraying droplets of liquid onto a surface from a printing

orifice, the liguid containing the catalyst material in suspension or solution; and

an 1mpregnation system for applying matrix material to the layer so as to

impregnate the layer with the matrix material.
The following statements apply to all aspects of the invention.

The layer of reinforcement may be grown in-situ by an arc discharge process, in which
stock material contained 1 a negative clectrode sublimates because of the high
temperatures caused by the discharge. Alternatively the layer of reinforcement may be
grown 1n-situ by a laser ablation process, in which a pulsed laser vaporizes a target in a
high temperature reactor while an mert gas 1s bled mmto a process chamber. The
reinforcement layer develops on the cooler surfaces of the reactor, as the vaporized
material condenses. In the case of arc discharge or laser ablation, the elements (such as
carbon nanotubes) making up the reinforcement layer are formed 1n a gaseous state, and 1n-
situ growth of the layer occurs by condensation of the elements on a substrate. However a
problem with such arc discharge and laser ablation processes 1s that they are not suited to
high volume production, and tend to require high temperatures. Therefore preferably the
method further comprises forming a layer of catalyst particles to catalyse the growth of the
reinforcement, for istance as part of a chemical vapour deposition process. This enables
growth to be carried out at lower temperatures, typically in the range of 25-500°C. In this
case the layer grows by 1n-situ growth of the elements making up the remnforcement layer,

instead of growing by accumulation of pre-formed elements.
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The catalyst particles may be deposited directly, through the precipitation of metal salts
held 1n solution 1n water, o1l or alcohol, or they may be deposited as a colloid suspension,

for instance from a printing head.

Typically the method further comprises heating the matrix during impregnation, using a
laser or other heat source. The matrix material 1s typically deposited as a layer, for

instance a powder layer which 1s heated in-situ to impregnate the reinforcement.

Impregnation typically occurs by a process of capillary action.

The matrix may be a metal such as Titanium, or a polymer such as a thermosetting resin or

a thermoplastic material such as polyetheretherketone (PEEK).

The remnforcement layer typically comprises reinforcement elements having an elongate
structure such as tubes, fibres or plates. The reinforcement elements may be solid or
tubular. For instance the reinforcement elements may be single walled carbon nanotubes;
multi-walled carbon nanotubes; or carbon nanotubes coated with a layer of amorphous

carbon.

Preferably the reinforcement layer comprises reinforcement elements having an aspect

ratio greater than 100.

Preferably the reinforcement layer comprises reinforcement elements having a diameter

less than 100 nm.

The reinforcement may be formed of any material such as silicon carbide or alumina, but
preferably the reinforcement layer comprises carbon fibres. This 1s preferred due to the

strength and stiffness of the carbon-carbon bond.

The method may be used to form an engineering structure in which a series of two or more
layers 1s formed, or may be used to form a sheet or film with only a single layer of

reinforcement.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with reference to the accompanying

drawings, in which:

Figures 1-10 show various steps in the manufacture of a multi-layer thermoplastic matrix

composite material;

Figures 11-13 show various steps in the manufacture of a thin film thermoplastic matrix

composite material; and

Figures 14-20 show various steps in the manufacture of a thermosetting matrix composite

material.
DETAILED DESCRIPTION OF EMBODIMENT(S)

The apparatus 1 shown 1in Figure 1 1s housed within a process chamber (not shown). A
negative plasma source electrode 2 and a positive plasma source electrode 3 are connected
by a power source 4. A laser 5 1s positioned above the positive plasma source 3, and 1s
associated with a raster scanning mechanism (not shown). A gas supply 6 can be turned on
and off to supply a pre-heated process gas to the chamber, such as CH+/H,. A second gas
supply 7 can be turned on and off to supply an nert gas such as N> to the process chamber.
The 1nert gas 1s preheated to a temperature at or just below the melting point of the matrix
material. The electrode 2 1s also heated by a heating element (not shown) to a similar

temperature.

A heated hopper 8 and a cooled ink-jet printing head 9 are mounted on a transport
mechanism (not shown) which can move the hopper 8 and printing head 9 from left to right
in Figure 1 (that 1s, from one end of the negative plasma source 2 to the other). A transport

mechanism (not shown) 1s provided for driving the negative plasma source 2 up and down.

Figures 1-10 are side views of the apparatus, and thus do not show the third (width)
dimension out of the plane of the figures. However, the electrodes 2,3, laser 5, hopper 8

and printing head 9 will extend across the width of the apparatus.
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In a first process step shown 1n Figure 2, the hopper (8) 1s filled with a polymer powder
such as polyetheretherketone (PEEK). The hopper 8 1s moved across the negative plasma
source 2, and a dispensing orifice (not shown) 1n the hopper 8 1s opened to deposit a layer
10 of polymer powder. Thus the source 2 also acts as a bed or platform for the additive
layer manufacturing process. The orifice 1s then closed. The inert gas prevents oxidation
of the polymer. The laser 5 1s turned on and the raster mechanism scans the beam across
the layer 10 to consolidate the layer 10. The heating effect of the laser beam causes the
polymer layer 10 to melt. A shutter (not shown) in the path of the laser beam 1s opened
and closed selectively to modulate the beam as 1t 1s scanned over the layer 10. Thus the
layer 10 1s consolidated only in the areas required to form a desired shape. More
specifically, the shutter 1s opened and closed 1n accordance with a computer-aided design

(CAD) model which defines a series of slices through the desired three-dimensional shape.

In a second process step shown 1n Figure 3, the printing head 9 1s moved across the layer
10 to deposit an array of catalyst particles 11. The printing head 9 sprays an array of
colloid drops onto the layer 10, and as the colloid evaporates 1in the high temperature inert
gas environment, metal catalyst particles 11 suspended 1n the colloid drops are deposited.
The catalyst particles 11 may be, for example a metal, preferably transition metals Fe, N1
or Co, or alloys thercof; and the colloid liquid may be, for example alcohol, water, oil, or a
mixture thereof. A fluid-based cooling system (not shown) cools the printing head 9 and a
reservolr (not shown) containing the printing fluid to prevent the colloid liguid from
boiling before it 1s printed. The printing orifice of the printing head 9 (which emits the
spray of droplets) 1s positioned sufficiently close to the layer 10 to ensure that the colloid

liguid does not evaporate deleteriously 1n flight, before hitting the layer 10.

Although the catalyst particles 11 are shown 1n Figure 3 for purposes of illustration with a
regular spacing along the length of the layer 10, the spacing between the particles will be

essentially random 1n both the length and width dimensions.

The diameter of each catalyst particle 1s typically in the range of 1 nm-1 um, and the

catalyst particles may be close-packed, or spaced apart.
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In a third process step shown 1n Figure 4, the carbonaceous feed stock 1s introduced from
the gas supply 6 and the power source 4 1s turned on to generate a plasma between the
electrodes 2, 3. This causes the 1n-situ growth of a layer of nanofibres 12, aligned with the
direction of the electromagnetic field between the electrodes 2,3. The growth mechanism
1s as described by Baker (Baker, R.T.K., Barber, M.A., Harris, P.S., Feates, F.S. & Waire,
R.J. J J Catal 26 (1972). It 1s generally accepted that the carbonaceous gas 1s dissociated
on the surface of the metal catalyst particle and carbon 1s adsorbed onto the surface where
1t 1s then transported by diffusion to the precipitating face forming a carbon filament with
the catalyst particle at the tip. Discussion 1s ongoing with regards to whether this diffusion
1s through the bulk of the catalyst or along its surface(s) and to whether the diffusion 1s
driven by a carbon concentration or thermal gradient. Thus when the growth process is
complete, a “forest” of nanofibres 12 1s produced, each nanofibre 12 carrying a catalyst

particle 11 at its tip.

The catalyst particles and plasma enable the nanofibre growth to occur at a relatively low

temperature, lower than the melting point of the matrix.

The diameter of the nanofibres 1s typically in the range of 1 nm-1 um. Thus, although

described as “nanofibres”, the diameter of the fibres 12 may exceed 100 nm if desired.

Once nanofibres 12 of a suitable length have been grown, the plasma power source 4 and
gas supply 6 are turned off, the inert gas 1s purged, and 1n a fourth process step shown 1n
Figure 5, the platform 2 1s lowered and the hopper 8 1s moved along the layer of nanofibres
12 to deposit a further layer 13 of polymer powder. The polymer powder size 1s typically
three orders of magnitude larger than the diameter of the nanofibres 12 and significantly
greater than the spaces between the nanofibres 12. As a result, the polymer powder layer
13 sits on top of the layer of nanofibres 12 as shown in Figure 5. The layer 13 has a
thickness which 1s some multiple of the polymer powder size of 20-50 um - typically of the
order of 0.2-0.5 mm.

In a fifth process step shown 1n Figure 6, the laser 5 1s turned on and the raster mechanism

scans the beam across the layer 13 to form a consolidated layer 13°. During the raster scan,
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the shutter 1s opened and closed as required to form the consolidated layer 13’ 1n a desired

shape.

The thickness of the unconsolidated polymer layer 13 1s seclected so that the layer of
nanofibres 12 1s only partially impregnated with the matrix through a lower part of its
thickness, leaving an upper part of the layer of nanofibres 12 exposed as shown 1n Figure 6.
By way of example, the thickness of the unconsolidated layer 13 shown 1n Figure 5 may be
in the range of 0.2-0.5 mm, and the thickness of the consolidated layer 13’ shown 1n Figure
6 may be 1n the range of 0.1-0.25 mm. Thus 1n this case the nanofibres 12, being slightly
longer than the layer of consolidated matrix 13°, will have lengths exceeding 0.1 mm and
aspect ratios exceeding 100. Although the ratio between the length of the fibres 12 and the
thickness of the consolidated layer 13° 1s of the order of 2:1 mm Figure 6, this 1s for
1llustrative purposes only and 1n practice a much smaller degree of overlap (for instance a

ratio of 1.05:1) will be required to give significant interlayer reinforcement.

The laser 1s then turned off and the five process steps shown 1n Figures 2-6 are repeated to
build up a series of layers of nanofibres; each layer being impregnated with a matrix before

depositing the next layer.

Thus 1n the first repeat, a second layer of catalyst particles 14 1s deposited as shown 1n
Figure 7. In Figure 7 the catalyst particles 14 are shown 1n a regular array, interleaved with
the array of nanofibres 12. However the distribution of matrix particles 14 will be

essentially random 1n both the length and width dimensions.

As shown 1n Figure 8, a second layer of nanofibres 15 1s then grown, catalysed by the
catalyst particles 14. Note that the second layer of nanofibres 15 partially overlaps with the
previous layer of nanofibres 12. This results in “interlaminar” reinforcement as well as
“intralaminar” reinforcement. Although the second layer 1s shown in Figure 8 with
vertically extending nanofibres 15, in an altemative embodiment the second plasma source
3 may be moved relative to the platform 2 so that the nanofibres in the second layer are
aligned 1n a different direction, for instance at an acute angle such as 45° to the vertical.

The electromagnetic field may be re-oriented for each successive layer of nanofibres if
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desired. A transport mechanism (not shown) 1s provided to move the plasma source
electrode 3 relative to the platform 2 into the position required. Equivalently, a mechanism
(not shown) may be provided to move the platform 2, or rotate it, to give the desired angle

of electro-magnetic field.

As shown 1n Figure 9, the negative plasma source 2 1s lowered again and a further layer 16

of polymer powder deposited on top of the layer of nanofibres 15.

As shown 1n Figure 10, the layer 16 1s then consolidated by the laser 5 to form a

consolidated layer 16°.

The process 1s then repeated as required, with each layer of nanofibres being selectively
impregnated to form a cross-section with a desired two-dimensional shape and size. Once
the structure has been formed, unconsolidated powder 1s removed, leaving an element with

a desired three dimensional shape.

In the embodiment described above, a respective layer of catalyst particles 11,14 1s
deposited for each layer of fibres. In an alternative embodiment, the layer of catalyst
particles 11 may be re-used to catalyse a succession of layers of fibres which grow end-to-
end, mstead of growing as a succession of discrete fibres with the overlapping

configuration shown in Figure 8.

Optionally the printing head 9 may be modulated selectively so as to deposit each layer of
colloid drops with a desired shape and/or packing density. This enables each layer of
nanotubes to be grown with a different shape and/or packing density. Optionally the
packing density of the colloid drops (and hence the packing density of the nanotubes) may
also vary across the layer (in the width and/or length direction) as well as varying between

layers.

Instead of depositing the matrix powder with a hopper 8, the layers of matrix powder may

be applied by a roller or other feed system which spreads the layer across the substrate.

In the process shown 1n Figures 1-10, a bulk composite material 1s formed by depositing a

series of layers of nanotubes, each layer being impregnated before growth of the next layer.

10
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In the alternative process shown in Figures 11-13, the same apparatus may be used to form

a sheet with only a single layer of nanotubcs.

As shown in Figurc 11, after depositing a layer of catalyst particlcs, a layer of nanotubes 17
1S grown at an angle to the substrate matrix layer 10 by moving the positive plasma source
3 to the position shown. As shown in Figurc 12, a laycr of matrix 18 1s then deposited, and
consolidated to impregnate the layer of nanotubes 17 as shown 1n Figure 13. The resulting
sheet 1s then removed from the process chamber, and can be used in the same manner as a
conventional “prepreg”. That s, a number of such sheets can be laid together to form a

laminate structure, cut to shape and moulded to form a composite element.

Figures 14-20 show an additive layer manufacturing system for manufacturing a composite
with a thermosetting epoxy resin matrix (instead of the thermoplastic matrix used m the
apparatus of Figures 1-13). The system shown in Figures 14-20 mcorporates all of the
clements of the system of Figure 1 (except the hopper 8) but these clements are not shown

in Figures 14-20 for purposes of clanty.

In a first process step shown in Figure 14, 4 platform 20 1s immersed 1n a bath 21 of hquid
epoxy resin 27. The platform 1s then lifted up to a position just above the surface of the
bath 21 as shown in Figure 15 in which a mound 22 of resin 1s supported by the plattorm
20. A doctor blade (not shown) wipes across the mound 22 to leave a uniformly thick layer
22’ of resin shown in Figure 16. A lascer (not shown) 18 then turned on and scanned across

the layer 227 to cause the resin to cure 1n a desired shape.

A printing head (not shown) 1s then moved across the layer 227 to deposit an array of
catalyst particles (not shown). A carbonaceous feed stock 1s then introduced into the
process chamber, and a plasma from a plasma source (not shown) 1s applied at an angle to
the layer 22’ to cause the growth of a laycr of nanofibres 23, aligned with the direction of
the electromagnetic ficld. An angle of 45° 1s shown m Figure 17, although this angle may

be as low as 57 if required.

[ 1
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Once nanofibres 23 of a suitable length have been grown, the plasma power source and gas
supply are turned off, inert gas in the chamber 1s purged, and the platform 20 1s lowered as

shown 1n Figure 18.

The platform 20 1s then lifted up to the position just above the surface of the bath 21 shown
in Figure 19 imn which a mound 24 of resin impregnates the layer of nanofibres 23. The
doctor blade then wipes across the mound 23 to form a uniformly thick layer 24° of resin
shown 1n Figure 20. The laser 1s then tumed on and scanned across the layer 24’ to cause
the resin to cure 1n a desired shape. Note that the layer 24’ 1s shown 1n Figure 20 above the
layer of nanofibres 23, but in practice the layer 24° may be made sufficiently thin such that
after curing 1t only impregnates the matrix through a lower part of its thickness, 1n a similar
manner to the layer 13° shown 1n Figure 6, thus giving partial overlap with the next layer of

nanofibres.
The process 1s then be repeated further to form a bulk matenal.

[t should be noted that Figures 1-20 are not to scale, and thus the relative dimensions of the

various elements may vary significantly from those shown.

Although the invention has been described above with reference to one or more preferred
embodiments, it will be appreciated that various changes or modifications may be made

without departing from the scope of the invention as defined in the appended claims.

12
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CLAIMS

1.

A method ot manutacturing a composite material, the method comprising:
growing a layer of reinforcement; and
impregnating the layer with a matrix; and
aligning the reinforcement layer by applying an electromagnetic field during

growth ot the reinforcement layer at an acute angle to the reinforcement layer.

The method of claim 1 further comprising forming a plasma during growth of the layer.

The method of any one of claims 1 to 2 further comprising forming a layer of catalyst

particles to catalyse the growth of the reinforcement layer.

The method of claim 3 further comprising forming the layer of catalyst particles with a

catalyst particle packing density which varies across the layer.

The method of any one of claims 1 to 4 further comprising growing the layer of

reinforcement with a packing density which varies across the layer.

The method of any one of claims 1 to 5 comprising:
manufacturing two or more sheets of composite material by the method of any

one of claims 1 to 5;
laying the sheets together to form a laminate structure; and

moulding the laminate structure.

The method of any one of claims 1 to 6 further comprising heating the matrix during

impregnation.

The method of claim 7 wherein the matrix 1s heated by a laser beam.

[3
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The method of claim 7 or 8 wherein the layer of reinforcement is impregnated by

depositing a layer of matrix material on the layer of reinforcement; and heating at least

part of the layer of matrix material.

The method of claim 9 wherein the layer of matrix material 1s a powder.

The method of any one of claims 1 to 10 wherein the layer of reinforcement 1s

impregnated by capillary action.

The method of any one of claims 1 to 11 wherein the matrix is a polymer.

The method of any one of claims 1 to 12 wherein the matrix 1s thermoplastic.

The method of any one of claims 1 to 13 wherein the matrix is thermosetting.

The method of any one of claims 1 to 14 wherein the reinforcement layer comprises

reinforcement elements having an aspect ratio greater than 100.

The method of any one of claims 1 to 15 wherein the reinforcement layer comprises

reinforcement elements having a diameter less than 100 nm.

The method of any one of claims 1 to 16 wherein the reinforcement layer comprises

carbon fibres.

Apparatus for manufacturing a composite material, the apparatus comprising:

a system for growing a layer of reinforcement;

an electrode for applying an electromagnetic field at an acute angle to the layer;

and
an impregnation system for applying matrix material to the layer so as to

impregnate each layer with the matrix material.
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