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(54) Metal impregnated composites and methods of making

(57) Metal-impregnated composite materials and
methods of making these are provided. The materials
include a reinforcing material of reinforcing fibers, in
which the fibers are tightly packed and have discontinu-
ous inter-fiber spaces. In addition, the composite in-
cludes metal particulates distributed in at least some of
the discontinuous inter-fiber spaces. A polymer encases
the reinforcing material and the metal particulates. Meth-
ods may include the step of subjecting plies, to which
polymer and metal particulates are applied, concurrently
to (1) a magnetic field oriented to urge the metal partic-
ulates into the plies and (2) to vibration forces. Thereafter,
the polymer and metal particulate-containing plies are
consolidated under heat and pressure.
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Description

TECHNICAL FIELD

[0001] The present invention relates generally to com-
posite materials. More particularly, the present invention
relates to composite materials impregnated with metallic
particulates.

BACKGROUND

[0002] There is a growing interest in composite mate-
rials for a wide variety of applications due to their light
weight, high strength properties relative to metals. Com-
posites can be engineered through appropriate selection
of composite components, such as the reinforcing com-
ponent and the resin component, to produce engineered
materials with desired properties. In general, the rein-
forcing materials of composites are not good thermal or
electrical conductors. Likewise, the resin components
are also not good electrical or thermal conductors.
[0003] Composites now find increasing application as
"skin panels," for example, in aircraft and in automobiles,
where light weight and strength are desirable factors. In
aircraft, in particular, the substitution of light weight, high
strength composites that meet aircraft specifications for
metals generally results in reduced aircraft weight. As a
consequence of the weight reduction, aircraft payload
may be increased and/or fuel consumption may be re-
duced. Fuel consumption and payload are perhaps the
two most fundamental factors in the economics of air
transport.
[0004] Composites do, however, have some limita-
tions imposed by their very nature. For example, lami-
nated composites that comprise layers of composite [re-
ferred to as "prepregs" when impregnated with a resin]
consolidated together, may become delaminated. This
may become more apparent when considering FIG. 1,
which shows an example of lay-up for a composite panel.
A series of "prepregs" 10, 12, 14, which are sheets of
composite material impregnated with an organic poly-
mer, are stacked in a press for consolidation under heat
and pressure. While only three prepregs are shown,
clearly the number N of prepregs can be varied. In the
example, the orientation of the length dimension of the
reinforcing material (which may be fibers) in each prepreg
is shown by double-headed arrows 20, 22 and 24. Dela-
mination occurs when separation occurs between layers
of the consolidated laminate 30 illustrated in FIG. 2, such
as between layer 10 and 12, for example, causing a gap
within the laminated structure. The delamination may
grow in extent over time to become so severe that the
composite has to be replaced. Further, composites, be-
cause of the properties of their reinforcing and polymer
components, generally have poor thermal conductivity.
This is especially so in a direction perpendicular to the
length of the reinforcing component, i.e. through a thick-
ness 32 of the composite 30, as shown by arrows 35 in

FIG. 3. This direction is often referred to as the "through-
composite thermal conductivity," as opposed to the
"along the composite thermal conductivity," shown by ar-
rows 38. In addition, composites also have generally poor
through-electrical conductivity.
[0005] Accordingly, it is desirable to provide composite
materials with improved through-composite thermal and
though-composite electrical conductivity. In addition, it is
desirable that these composite materials have improved
resistance to delamination. Furthermore, other desirable
features and characteristics of the present invention will
become apparent from the subsequent detailed descrip-
tion and the appended claims, taken in conjunction with
the accompanying drawings and the foregoing technical
field and background.

BRIEF SUMMARY

[0006] Exemplary embodiments provide metal-im-
pregnated composite materials. The materials include a
reinforcing material of reinforcing fibers, in which the fib-
ers are tightly packed and have discontinuous inter-fiber
spaces. In addition, the composite includes metal partic-
ulates distributed in at least some of the discontinuous
inter-fiber spaces. A polymer encases the reinforcing ma-
terial and the metal particulates.
[0007] Other exemplary embodiments provide meth-
ods of making a metal-impregnated composite material.
The methods may include selecting plies comprised of a
reinforcing material that has tightly packed reinforcing
fibers with discontinuous inter-fiber spaces. Polymer and
metal particulates are applied to the plies. The polymer
and metal particulate-containing plies are concurrently
subjected to (1) a magnetic field oriented to facilitate urg-
ing the metal particulates into the plies and (2) to vibration
forces. Thereafter, the polymer and metal particulate-
containing plies are consolidated under heat and pres-
sure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Various embodiments will hereinafter be de-
scribed in conjunction with the following drawing figures,
wherein like numerals denote like elements throughout
the figures.

FIG. 1 is an illustration in perspective view of a prior
art lay-up for a composite panel;
FIG. 2 is an illustration in perspective view of a prior
art composite panel;
FIG. 3 is an end view of a portion of a cross section
through the panel of FIG. 2; and
FIG. 4 is a block diagram illustrating process steps
in accordance with an exemplary embodiment for
making a metal-impregnated composite material.
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DETAILED DESCRIPTION

[0009] The following detailed description is merely ex-
emplary in nature and is not intended to limit the de-
scribed embodiments or the application and uses of the
described embodiments. Furthermore, there is no inten-
tion to be bound by any expressed or implied theory pre-
sented in the preceding technical field, background, brief
summary or the following detailed description.
[0010] While the following will, for the sake of brevity,
discuss mainly composite panels made up of several lay-
ers, the technology disclosed and described apply as well
to other composite material structures.
[0011] As explained above, composite materials gen-
erally have poor thermal conductivity in a direction
"through the composite" as illustrated by arrows 35 in
FIG. 3. When such a composite is exposed to higher
temperatures on one face 40 than the opposite face 42,
and heat transfer through the composite is slow and in-
efficient, then face 40 will have a higher temperature than
face 42. Consequently, heat-induced expansion will
cause greater dimensional changes at and near face 40
than at or near face 42. Conversely, if face 40 is later
exposed to cold conditions, temperature-induced con-
traction at and near face 40 will be greater than at or near
face 42. It is theorized without being bound that the dif-
ferential expansion effect may contribute to delamination
of the layered composite. Accordingly, improving the
through-composite thermal conductivity coefficient may
be expected to reduce the tendency of a composite to
delaminate.
[0012] In accordance with an exemplary embodiment,
fine metal particulates are introduced into composite ma-
terials during the manufacturing process to produce a
composite that has an improved through-composite ther-
mal conductivity coefficient. In general, the through-com-
posite thermal conductivity coefficient improves signifi-
cantly, by an order of magnitude or more. Improvement
in thermal conductivity coefficient depends upon a variety
of factors, including the fiber volume fraction and the type
of fiber. Accordingly, the range of improvement may vary
widely from one composite to another type of composite.
Nonetheless, assuming that a composite with a fiber vol-
ume fraction of 45-55%, and a typical non graphitic pitch-
based carbon fiber, then without metallic particle inclu-
sion the composite may have a thermal conductivity co-
efficient of about 0.1-0.2 W/mK. With metallic particle in-
clusion, the thermal conductivity coefficient would be ex-
pected to be in the range from about 0.5 to about 1.0
W/mK.
[0013] In composite plies the reinforcing fibers may be
selected from a variety of materials commercially avail-
able reinforcing fibers, such as carbon fiber, fiber glass,
and the like, without limitation. In general, these reinforc-
ing fibers are tightly packed together so that adjacent
fibers are in contact with each other along major portions
of their respective fiber lengths. While a ply might have
a volume percent of fiber of 60%, reflecting 40% void

space, the inter-fiber spaces between reinforcing fibers
are nonetheless small and discontinuous through the
thickness of the ply.
[0014] Typically, during composite consolidation, the
polymer component penetrates between fibers in the ply
by flowing under the heat and pressure that is applied to
consolidate multiple plies into a laminated composite
structure. Insertion of fine solids into the interstitial spac-
es between fibers is much more difficult than insertion of
a fluid like molten polymer because fine particulates do
not flow like a molten polymer under pressure. Attempts
at adding fine particulates to the polymer or otherwise
trying to use polymer flow to carry particulates into the
interstitial spaces have not proven useful. More often
than not, the particulates remain as a residue on or near
the consolidated composite’s surface.
[0015] Organic polymers may be selected from a wide
variety that provide the composite with desired properties
and that are compatible with the reinforcing material.
Commonly used organic polymers include the phenolic
polymers, epoxy polymers, and the like without limitation.
[0016] According to an exemplary embodiment, exter-
nal forces are applied during composite manufacture to
urge or draw down metal particulates into the spaces
between plies. These forces include a combination of
magnetic forces and physical vibration forces applied
concurrently to the substrate to which the metal particu-
lates have been added. In this embodiment, the metal
particulates may be selected from any metal that has
both a susceptibility to magnetism as well as a coefficient
of thermal conductivity suitable for achieving the desired
through-composite thermal conductivity in the composite
at the metal particle dose amount. Since many magnet-
ism-susceptible metals tend to be electrically conductive,
at least much more so than composite materials, the ad-
dition of metal particulates also significantly improves the
through-composite electrical conductivity of the compos-
ite.
[0017] The metal particulates may be selected from
the magnetism susceptible metals such as nickel, nickel
alloys, iron and alloys of iron (steels), cobalt, cobalt al-
loys, and the like without limitation. The particles may
also be more thermally conductive composite materials,
comprised for example, of particles that have a metallic
layer over an inorganic particle, and the like without lim-
itation. In addition the metal particulates are desirably
fine to facilitate infiltration into inter-fiber spaces in plies.
In one embodiment, where the plies are carbon fiber the
metal particulates may be nickel, sized in the range from
about 1 nm to about 100 microns. Particles of particular
utility have high aspect ratio, such as nickel nanorods.
Typical nickel nanorods have a diameter of 25 - 250 nm
and length of 10 - 100 microns. High aspect ratio enables
a large increase in thermal conduction for a small volume
fraction of the particles. For example, 20 volume % of 3
micron diameter nickel particles in the polymer phase
result in the same increase in thermal conductivity as 2
volume % of nickel nanorods. Of course, depending upon
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the specific distribution of inter-fiber space size, other
sizes of metal particulates that fit within the inter-fiber
spaces are also useful. For ease of infiltration into inter-
fiber spaces and distribution of metal particulates
throughout the consolidated composite, the metal partic-
ulates may be in the nano-scale size range, but larger
sizes may be also be useful. These sizes range from
about 1 nm to about 1 micron. A commercial example of
such a nano-sized metallic powder is HTA-1™ nickel na-
noplatelets manufactured by Inconel Inc., which is nano-
sized nickel.
[0018] The strength of the magnetic field applied to
draw the metal particulates into inter-fiber spaces will
vary depending upon the susceptibility of the metal to
magnetism. For example, for nano-sized nickel particu-
lates, the field strength may be in the range about 20
Gauss to about 100,000 Gauss, more typically about 200
Gauss to about 300,000 Gauss. The field strength may
be adjusted as necessary to account for the particular
metal, ply density, inter-fiber space size, and the viscosity
of the molten polymer during consolidation processing,
and other factors that influence particle mobility into the
pre-consolidated lay-up.
[0019] It is theorized without being bound that while
the magnetic field provides an urging force on metal par-
ticulates pulling them into the inter-fiber spaces, the con-
currently applied vibration forces cause particle mobility
that facilitate entry into inter-fiber spaces. The vibration
is typically applied using a ultrasonic bath or ultrasonic
horns. The amplitude of this vibration may be specified
by the volume specific power input of the ultrasonicator.
Typically the applied power is in the range from about 5
W/ liter to about 750 W/ liter.
[0020] Referring to FIG. 4, an example embodiment of
the process of making metal-impregnated laminated
composites commences at block 100, with selection of
the appropriate materials. These include the plies, the
polymer, and the metal particulates that will be used. The
plies are assembled in a lay-up in step 110. In the lay-
up, orientation of fibers in one ply might differ from that
of adjacent plies, according to appropriate engineering
design. In addition, plies may be pre-impregnated with
polymer or may be polymer-free. If the plies are free of
polymer, then in step 120, metal particulate-laden poly-
mer mixture is applied to the plies. Application may be
via any of a variety of means including painting plies with
the mixture, spraying plies with the mixture, or immersing
plies in the mixture. Alternatively, the polymer may be
applied as a first step, and the metal particulates may be
evenly distributed over the polymer-wetted plies.
[0021] After application of polymer and particulates, a
magnetic field and vibration forces are applied in step
130. When magnetic and vibration forces have been ap-
plied for a time sufficient to distribute metal particulates
substantially throughout the lay-up, the lay-up is consol-
idated under heat and pressure in step 140. Generally,
the magnetic field and vibration forces of step 130 are
applied for about 5 minutes to about 4 hours to achieve

good distribution of metal particulates. The consolidation
step 140 is not significantly different from consolidation
of a composite without metal particulate impregnation.
The fastest infiltration of particulates is achieved by pe-
riodically turning the magnetic field off, and keeping the
sonication continuously on. The magnetic field may
cause aggregation of the magnetic particles in addition
to forcing the particles into the plies. To the extent the
magnetic field causes aggregation of particles, these ag-
gregates are not readily infiltrated into the plies due to
size. Turning the magnetic field off while maintaining son-
ication, allows aggregated particles to disperse, and the
dispersed particles to infiltrate in the following cycle when
the magnetic field is turned back on. Typically the mag-
netic field is kept on for 5 minutes and turned off for 5
minutes.
[0022] After consolidation, the process ends in step
150 with the consolidated composite being subjected to
the usual post-consolidation processes such as, removal
of flash, inspection for surface defects, and others known
in the art.
[0023] The metal-particulate impregnated composites
may be machined much like other composites lacking
metal particulates. The metal particulates generally will
not result in significantly increased tool wear.
[0024] While at least one exemplary embodiment has
been presented in the foregoing detailed description, it
should be appreciated that a large number of variations
exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only exam-
ples, and are not intended to limit the scope, applicability,
or configuration of the described embodiments in any
way. Rather, the foregoing detailed description will pro-
vide those skilled in the art with a convenient road map
for implementing the exemplary embodiment or exem-
plary embodiments. It should be understood that various
changes can be made in the function and arrangement
of elements without departing from the scope as set forth
in the appended claims and the legal equivalents thereof.

Claims

1. A metal-impregnated composite material compris-
ing:

a reinforcing material comprising reinforcing fib-
ers, the fibers tightly packed and having discon-
tinuous inter-fiber spaces;
metal particulates distributed in at least some of
the discontinuous inter-fiber spaces; and
a polymer encasing the reinforcing material and
the metal particulates.

2. The composite material of Claim 1, wherein the com-
posite comprises a laminated structure having at
least two layers.
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3. The composite material of Claim 1, wherein the re-
inforcing material is selected from the group consist-
ing of carbon fiber and fiber glass.

4. The composite material of Claim 1, wherein the metal
particulates comprise particulates of a magnetic
metal.

5. The composite material of Claim 4, wherein the mag-
netic metal is selected from the group consisting of
nickel, iron, cobalt, and alloys of these metals.

6. The composite material of Claim 2, wherein the lam-
inated structure comprises consolidated plies of car-
bon fiber.

7. The composite material of Claim 1, wherein the metal
particulates comprise about 2 volume percent of the
composite.

8. The composite material of Claim 7, wherein the metal
particulates are high profile rods comprising a diam-
eter of about 25 to about 250 nm and a length of
about 10 to about 100 microns.

9. The composite material of Claim 1, wherein the metal
particulates comprise rods, the rods comprising a
diameter in a range of from about 25 to about 250
nm, and a length in a range from about 10 to about
100 microns.

10. A metal-impregnated composite material compris-
ing:

a laminated structure comprising a series of
stacked consolidated lies, each ply comprising
reinforcing fibers, the fibers tightly packed and
having discontinuous inter-fiber spaces;
magnetic metal particulates distributed in at
least some of the discontinuous inter-fiber spac-
es; and
a polymer encasing the laminated structure.

11. The composite of Claim 10, wherein the magnetic
metal particulates comprise a metal selected from
the group consisting of nickel, iron, cobalt, and alloys
of these metals.

12. The composite of Claim 10, wherein the metal par-
ticulates are high profile rods, the rods comprising a
diameter in a range from about 25 to about 250 nm
and a length in a range from about 10 to about 100
microns.

13. The composite of Claim 10, wherein the laminated
structure comprises consolidated plies of carbon fib-
er, and the metal particulates comprise nickel or al-
loys of nickel.

14. A method of making a metal-impregnated composite
material, the method comprising:

selecting plies comprised of a reinforcing mate-
rial, the reinforcing material having tightly
packed reinforcing fibers with discontinuous in-
ter-fiber spaces;
applying a polymer and metal particulates to the
plies;
concurrently subjecting the polymer and metal
particulate-containing plies to (1) a magnetic
field oriented to facilitate urging the metal par-
ticulates into the plies and to (2) vibration forces;
and
consolidating the polymer and metal particulate-
containing plies under heat and pressure.

15. The method of Claim 14, wherein the applying of the
polymer and metal particulates comprises applying
a polymer fluid laden with metal particulates.

16. The method of Claim 15, wherein the applying com-
prises applying a polymer fluid laden with nano-scale
sized metal particulates.

17. The method of Claim 14, wherein the step of con-
currently subjecting to a magnetic field and to vibra-
tion forces comprises concurrently subjecting to a
magnetic field having a strength in a range from
about 20 Gauss to about 100,000 Gauss.

18. The method of Claim 16, wherein the applying com-
prises applying a polymer fluid laden with nano-scale
sized nickel or nickel alloy particulates, and wherein
the step of concurrently subjecting to a magnetic field
and to vibration forces comprises concurrently sub-
jecting to a magnetic field having a strength in a
range from about 200 to about 30,000 and to vibra-
tion forces via an ultrasonicator in an applied power
range from about 5 W/ liter to about 750 W/.

19. The method of Claim 14, wherein the step of con-
currently subjecting to a magnetic field comprises
concurrently subjecting to a magnetic field having a
strength in a range from about 200 Gauss to about
30,000 Gauss, and periodically cycling the magnetic
field on and off.

20. The method of Claim 19, further comprising after the
step of consolidating, machining to produce aircraft
panels.
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