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Description
Reference to Related Applications

[0001] This application is being filed on 11 April 2012,
as a PCT International Patent application in the name of
Allan Daniel, a citizen of the U.S., Paul Springer, a citizen
of the U.S., Yuhsin Hawig, a citizen of Taiwan, Mark Lan-
caster, a citizen of the U.S., David W. Eastep, a citizen
of the U.S., Sherri M. Nelson, a citizen of the U.S., Tim
Tibor, a citizen of the U.S., Tim Regan, a citizen of the
U.S., and Michael L. Wesley, a citizen of the U.S., appli-
cants for the designation of all countries, and claims pri-
ority to U.S. Patent Application Serial No. 61/474,423
filed on 12 April 2011, and relates to U.S. Provisional
Application No. 61/474,458, filed on April 12, 2011.

Background of the Invention

[0002] Composite wire structures are commonly used
as transmission lines or cables for transmitting electricity
to users. Examples of composite transmission wire con-
structions include, for instance, aluminum conductor
steelreinforced (ACSR) cable, aluminum conductor steel
supported (ACSS) cable, aluminum conductor compos-
ite reinforced (ACCR) cable, and aluminum conductor
composite core (ACCC) cable. ACSR and ACSS cables
include an aluminum outer conducting layer surrounding
a steel inner core. The transmission lines or cables are
designed not only to efficiently transmit electricity, but
also to be strong and temperature resistant, especially
when the transmission lines are strung on towers and
stretched over long distances.

[0003] WO 2009/13052 discloses an electrical cable
comprising a cable core comprising at least one compos-
ite core. The composite core comprises at least one rod
comprising a plurality of consolidated thermoplastic im-
pregnated rovings, the rovings comprising continuous
fibers oriented in the longitudinal direction and a thermo-
plastic matrix that embeds the fibers. The fibers have a
ratio of ultimate tensile strength to mass per unit length
of greater than about 1,000 MPa/g/m, the rod comprises
from about 25 wt.% to about 80 wt.% fibers and from
about 20 wt.% to about 75 wt.% thermoplastic matrix.
The composite core also has a capping layer surrounding
the at least one rod. The composite core has a flexural
modulus of at least about 10 GPa. A plurality of conduc-
tive elements surrounds this cable core.

[0004] It would be beneficial to produce cables with a
composite core that are capable of achieving the desired
strength, durability, and temperature performance de-
manded by applications such as overhead power trans-
mission cables. Accordingly, it is to these ends that the
present disclosure is directed.

Summary of the Invention

[0005] This summary is provided to introduce a selec-
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tion of concepts in a simplified form that are further de-
scribed below in the detailed description. This summary
is not intended to identify required or essential features
of the claimed subject matter. Nor is this summary in-
tended to be used to limit the scope of the claimed subject
matter.

[0006] Embodiments of the present invention provide
cables, e.g., electrical transmission cables for the over-
head transmission of electricity, which contains a cable
core and conductive elements surrounding the cable
core. The cable core contains at least one composite
core (the composite core also may be referred to as a
composite strand or polymer composite strand). These
core elements may serve as load-bearing members for
the electrical transmission cable and, in some embodi-
ments, these core elements may be non-conductive.
[0007] Generally,the cables and cores disclosed here-
in may extend in a longitudinal direction.

[0008] In accordance with an aspect of the present in-
vention, an electrical cable is provided having the fea-
tures as defined in the independent claim 1 as attached
herewith.

[0009] In accordance with another aspect of the
present invention, a method of making an electrical cable
is disclosed having the features as defined in the inde-
pendent claim 17 as attached herewith.

[0010] Both the foregoing summary and the following
detailed description provide examples and are explana-
tory only. Accordingly, the foregoing summary and the
following detailed description should not be considered
to be restrictive. Further, features or variations may be
provided in addition to those set forth herein. For exam-
ple, certain aspects and embodiments may be directed
to various feature combinations and sub-combinations
described in the detailed description.

Brief Description of the Drawings

[0011] The accompanying drawings, which are incor-
porated in and constitute a part of this disclosure, illus-
trate various aspects and embodiments of the present
invention. In the drawings:

Fig. 1 is a perspective view of one embodiment of a
consolidated ribbon for use in the present invention;
Fig. 2 is a cross-sectional view of another embodi-
ment of a consolidated ribbon for use in the present
invention;

Fig. 3 is a schematic illustration of one embodiment
of an impregnation system for use in the present in-
vention;

Fig. 4 is a cross-sectional view of the impregnation
die shown in Fig. 3;

Fig. 5 is an exploded view of one embodiment of a
manifold assembly and gate passage for an impreg-
nation die that may be employed in the present in-
vention;

Fig. 6 is a perspective view of one embodiment of a
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plate at least partially defining an impregnation zone
that may be employed in the present invention;

Fig. 7 is a schematic illustration of one embodiment
of a pultrusion system that may be employed in the
present invention;

Fig. 8 is a perspective view of one embodiment of a
composite core of the present invention; and

Fig. 9 is a perspective view of one embodiment of
an electrical transmission cable of the presentinven-
tion;

Fig. 10 is a perspective view of another embodiment
of an electrical transmission cable of the present in-
vention;

Fig. 11 is a top cross-sectional view of one embod-
iment of various calibration dies that may be em-
ployed in accordance with the present invention;
Fig. 12 is a side cross-sectional view of one embod-
iment of a calibration die that may be employed in
accordance with the present invention;

Fig. 13 is a front view of a portion of one embodiment
of a calibration die that may be employed in accord-
ance with the present invention;

Fig. 14 is a front view of one embodiment of forming
rollers that may be employed in accordance with the
present invention;

Fig. 15 is a perspective view of the electrical cable
of Examples 6-7;

Fig. 16 is a stress-strain diagram for the electrical
cable of Example 7; and

Fig. 17 is a perspective view of the electrical cable
of Constructive Example 8.

Detailed Description of the Invention

[0012] The following detailed description refers to the
accompanying drawings. Wherever possible, the same
or similar reference numbers are used in the drawings
and the following description to refer to the same or sim-
ilar elements or features. While aspects and embodi-
ments of the invention may be described, modifications,
adaptations, and otherimplementations are possible. For
example, substitutions, additions, or modifications may
be made to the elements illustrated in the drawings, and
the methods described herein may be modified by sub-
stituting, reordering, or adding stages to the disclosed
methods. Accordingly, the following detailed description
and its exemplary embodiments do not limit the scope of
the invention.

[0013] The present invention is directed generally to
electrical cables, such as high voltage overhead trans-
mission lines, and to the composite cores contained with-
in these electrical cables. In certain embodiments of the
invention, an electrical cable comprises a cable core
comprising at least one composite core (or composite
strand), and a plurality of conductive elements surround-
ing the cable core.
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Composite Core

[0014] The composite core contains a rod (or fiber
core) comprising a continuous fiber component, sur-
rounded by a capping layer. The rod comprises a plurality
of unidirectionally aligned fiber rovings embedded within
a thermoplastic polymer matrix. While not wishing to be
bound by theory, applicants believe that the degree to
which the rovings are impregnated with the thermoplastic
polymer matrix may be significantly improved through
selective control over the impregnation process, and also
through control over the degree of compression imparted
to the rovings during formation and shaping of the rod,
as well as the calibration of the final rod geometry. Such
awell impregnated rod may have a very small void frac-
tion, which may lead to excellent strength properties. No-
tably, the desired strength properties may be achieved
without the need for different fiber types in the rod.

[0015] As used herein, the term "roving" generally re-
fers to a bundle or tow of individual fibers. The fibers
contained within the roving may be twisted or may be
straight. Although different fibers may be used in individ-
ual or different rovings, it may be beneficial for each of
the rovings to contain a single fiber type to minimize any
adverse impact of using materials having different ther-
mal expansion coefficients. The continuous fibers em-
ployed in the rovings may possess a high degree of ten-
sile strength relative to their mass. For example, the ul-
timate tensile strength of the fibers typically may be in a
range from about 1,000 to about 15,000 Megapascals
(MPa), in some embodiments from about 2,000 MPa to
about 10,000 MPa, and in some embodiments, from
about 3,000 MPa to about 6000 MPa. Such tensile
strengths may be achieved even though the fibers are of
a relatively light weight, such as a mass per unit length
of from about 0.1 to about 2 grams per meter (g/m), in
some embodiments from about 0.4 to about 1.5g/m. The
ratio of tensile strength to mass per unit length thus may
be about 1,000 Megapascals per gram per meter
(MPa/g/m) or greater, in some embodiments about 4,000
MPa/g/m or greater, and in some embodiments, from
about 5,500 to about 20,000 MPa/g/m. Such high
strength fibers may, for instance, be metal fibers, glass
fibers (e.g., E-glass, A-glass, C-glass, D-glass, AR-
glass, R-glass, S1-glass, S2-glass, etc.), carbon fibers
(e.g., amorphous carbon, graphitic carbon, or metal-
coated carbon, etc.), boron fibers, ceramic fibers (e.g.,
alumina or silica), aramid fibers (e.g., Kevlar® marketed
by E. 1. duPontde Nemours, Wilmington, Del.), synthetic
organic fibers (e.g., polyamide, polyethylene, paraphe-
nylene, terephthalamide, polyethylene terephthalate and
polyphenylene sulfide), and various other natural or syn-
thetic inorganic or organic fibrous materials known for
reinforcing thermoplastic and/or thermoset composi-
tions. Carbon fibers may be particularly suitable for use
as the continuous fibers, which typically have a tensile
strength to mass per unit length ratio in the range of from
about 5,000 to about 7,000 MPa/g/m. Often, the contin-
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uous fibers may have a nominal diameter of about 4 to
about 35 micrometers (um), and in some embodiments,
from about 5 to about 35 pm. The number of fibers con-
tained in each roving may be constant or may vary from
roving to roving. Typically, a roving may contain from
about 1,000 fibers to about 100,000 individual fibers, and
in some embodiments, from about 5,000 to about 50,000
fibers.

[0016] Any of a variety of thermoplastic polymers may
be employed to form the thermoplastic matrix in which
the continuous fibers are embedded. Suitable thermo-
plastic polymers for use in the present invention are pol-
yarylene sulfides (e.g., polyphenylene sulfide (PPS), po-
ly(biphenylene sulfide ketone), poly(phenylene sulfide
diketone), poly(biphenylene sulfide), etc.).

[0017] Generally, the properties of the thermoplastic
matrix may be selected to achieve a desired combination
of processability and end-use performance of the com-
posite core. For example, the melt viscosity of the ther-
moplastic matrix generally may be low enough so that
the polymer may adequately impregnate the fibers and
become shaped into the rod configuration. In this regard,
the melt viscosity typically may range from about 25 to
about 2,000 Pascal-seconds (Pa-s), in some embodi-
ments from 50 about 500 Pa-s, and in some embodi-
ments, from about 60 to about 200 Pa-s, determined at
the operating conditions used for the thermoplastic pol-
ymer (e.g., about 360 °C). Likewise, because the core
may be used at high temperatures (e.g., in high voltage
transmission cables), a thermoplastic polymer having a
relatively high melting temperature may be employed.
For example, the melting temperature of such high tem-
perature polymers may be in a range from about 200 °C
to about 500 °C, in some embodiments from about 225
°C to about 400 °C, and in some embodiments, from
about 250 °C to about 350 °C.

[0018] In particular embodiments contemplated here-
in, polyarylene sulfides are used in the present invention
as a high temperature matrix with the desired melt vis-
cosity. Polyphenylene sulfide, for example, is a semi-
crystalline resin that generally includes repeating mono-
meric units represented by the following general formula:

S

[0019] These monomeric units may constitute at least
80 mole%, and in some embodiments, atleast 90 mole%,
of the recurring units, in the polymer. It should be under-
stood, however, that the polyphenylene sulfide may con-
tain additional recurring units, such as described in U.S.
Patent No. 5,075,381 to Gotoh, et. al. When employed,
such additional recurring units typically may constitute
less than about 20 mole% of the polymer. Commercially
available high melt viscosity polyphenylene sulfides may
include those available from Ticona, LLC (Florence, Ken-
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tucky) under the trade designation FORTRON®. Such
polymers may have a melting temperature of about 285
°C (determined according to ISO 11357-1,2,3) and a melt
viscosity of from about 260 to about 320 Pa-s at 310 °C.
[0020] Accordingtothe presentinvention, an extrusion
device generally may be employed to impregnate therov-
ings with the thermoplastic matrix. Among other things,
the extrusion device may facilitate the application of the
thermoplastic polymer to the entire surface of the fibers.
The impregnated rovings also may have a very low void
fraction, which may increase the resulting strength of the
rod. For instance, the void fraction may be about 6% or
less, in some embodiments about 4% or less, in some
embodiments about 3% or less, in some embodiments
about 2% or less, in some embodiments about 1% or
less, and in some embodiments, about 0.5% or less. The
void fraction may be measured using techniques well
known to those skilled in the art. For example, the void
fraction may be measured using a "resin burn off’ test in
which samples are placed in an oven (e.g., at 600 °C for
3 hours) to burn off the resin. The mass of the remaining
fibers may then be measured to calculate the weight and
volume fractions. Such "burn off" testing may be per-
formed inaccordance with ASTM D 2584-08 to determine
the weights of the fibers and the thermoplastic matrix,
which may then be used to calculate the "void
fraction" based on the following equations:

V=100 * (p;- pe)/ps
where,

V; is the void fraction as a percentage;

pcis the density of the composite as measured using
known techniques, such as with a liquid or gas pyc-
nometer (e.g., helium pycnometer);

p; is the theoretical density of the composite as is
determined by the following equation:

pe =1/ [Wylpr+ Wonlpml

Pm is the density of the thermoplastic matrix (e.g., at
the appropriate crystallinity);

pris the density of the fibers;

Wris the weight fraction of the fibers; and

W, is the weight fraction of the thermoplastic matrix.

[0021] Alternatively, the void fraction may be deter-
mined by chemically dissolving the resin in accordance
with ASTM D 3171-09. The "burn off" and "dissolution”
methods may be particularly suitable for glass fibers,
which are generally resistant to melting and chemical dis-
solution. In other cases, however, the void fraction may
be indirectly calculated based on the densities of the ther-
moplastic polymer, fibers, and ribbon (or tape) in accord-
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ance with ASTM D 2734-09 (Method A), where the den-
sities may be determined by ASTM D792-08 Method A.
Of course, the void fraction also may be estimated using
conventional microscopy equipment, or through the use
of computed tomography (CT) scan equipment, such as
a Metrotom 1500 (2k x 2k) high resolution detector.
[0022] Referring to Fig. 3, one embodiment of an ex-
trusion device is shown. More particularly, the apparatus
may include an extruder 120 containing a screw shaft
124 mounted inside a barrel 122. A heater 130 (e.g., an
electrical resistance heater) may be mounted outside the
barrel 122. During use, a thermoplastic polymer feed-
stock 127 may be supplied to the extruder 120 through
a hopper 126. The thermoplastic feedstock 127 may be
conveyed inside the barrel 122 by the screw shaft 124
and heated by frictional forces inside the barrel 122 and
by the heater 130. Upon being heated, the feedstock 127
may exit the barrel 122 through a barrel flange 128 and
enter a die flange 132 of an impregnation die 150.
[0023] A continuous fiber roving 142 or a plurality of
continuous fiber rovings 142 may be supplied from areel
or reels 144 to die 150. Generally, the rovings 142 may
be kept apart a certain distance before impregnation,
such as at least about 4 mm, and in some embodiments,
at least about 5 mm. The feedstock 127 may further be
heated inside the die by heaters 133 mounted in or
around the die 150. The die generally may be operated
at temperatures that are sufficient to cause melting and
impregnation of the thermoplastic polymer. Typically, the
operation temperatures of the die may be higher than the
melt temperature of the thermoplastic polymer, such as
attemperatures from about 200 °C to about450°C. When
processed in this manner, the continuous fiber rovings
142 may become embedded in the polymer matrix, which
may be aresin 214 (Fig. 4) processed from the feedstock
127. The mixture then may be extruded from the impreg-
nation die 150 to create an extrudate 152.

[0024] A pressure sensor 137 (Fig. 3) may monitor the
pressure near the impregnation die 150, so that the ex-
truder 120 can be operated to deliver a correct amount
of resin 214 for interaction with the fiberrovings 142. The
rate of extrusion may be varied by controlling the rota-
tional speed of the screw shaft 124 and/or feed rate of
the feedstock 127. The extruder 120 may be operated to
produce the extrudate 152 (impregnated fiber rovings),
which after leaving the impregnation die 150, may enter
an optional pre-shaping or guiding section (not shown),
before entering a nip formed between two adjacentrollers
190. The rollers 190 may help to consolidate the extru-
date 152 into the form of a ribbon (or tape), as well as to
enhance fiber impregnation and to squeeze out any ex-
cess voids. In addition to the rollers 190, other shaping
devices also may be employed, such as a die system.
The resulting consolidated ribbon 156 may be pulled by
tracks 162 and 164 mounted on rollers. The tracks 162
and 164 also may pull the extrudate 152 from the impreg-
nation die 150 and through the rollers 190. If desired, the
consolidated ribbon 156 may be wound up at a section
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171. Generally speaking, the ribbons may be relatively
thin and may have a thickness of from about 0.05 to about
1 millimeter (mm), in some embodiments from about 0.1
to about 0.8 mm, and in some embodiments, from about
0.2 to about 0.4 mm.

[0025] Withinthe impregnation die, it may be beneficial
that the rovings 142 are traversed through an impregna-
tion zone 250 to impregnate the rovings with the polymer
resin 214. In the impregnation zone 250, the polymer
resin may be forced generally transversely through the
rovings by shear and pressure created in the impregna-
tion zone 250, which may significantly enhance the de-
gree of impregnation. This may be particularly useful
when forming a composite from ribbons of a high fiber
content, such as about 35% weight fraction (Wf) or more,
and in some embodiments, from about 40% Wf or more.
Typically, the die 150 may include a plurality of contact
surfaces 252, such as, for example, at least 2, at least
3, from 4 to 7, from 2 to 20, from 2 to 30, from 2 to 40,
from 2 to 50, or more contact surfaces 252, to create a
sufficient degree of penetration and pressure on the rov-
ings 142. Although their particular form may vary, the
contact surfaces 252 typically may possess a curvilinear
surface, such as a curved lobe, rod, etc. The contact
surfaces 252 typically may be made of a metal material.
[0026] Fig. 4 shows a cross-sectional view of an im-
pregnation die 150. As shown, the impregnation die 150
may include a manifold assembly 220, a gate passage
270, and an impregnation zone 250. The manifold as-
sembly 220 may be provided for flowing the polymerresin
214 therethrough. For example, the manifold assembly
220 may include a channel 222 or a plurality of channels
222. The resin 214 provided to the impregnation die 150
may flow through the channels 222.

[0027] As shown in Fig. 5, some portions of the chan-
nels 222 may be curvilinear, and in exemplary embodi-
ments, the channels 222 may have a symmetrical orien-
tation along a central axis 224. Further, in some embod-
iments, the channels may be a plurality of branched run-
ners 222, which may include first branched runner group
232, second group 234, third group 236, and, if desired,
more branched runner groups. Each group may include
2, 3, 4 or more runners 222 branching off from runners
222 in the preceding group, orfrom aninitial channel 222.
[0028] The branched runners 222 and the symmetrical
orientation thereof may evenly distribute the resin 214,
such that the flow of resin 214 exiting the manifold as-
sembly 220 and coating the rovings 142 may be substan-
tially uniformly distributed on the rovings 142. Beneficial-
ly, this may result in generally uniform impregnation of
the rovings 142.

[0029] Further, the manifold assembly 220 may in
some embodiments define an outlet region 242, which
generally encompasses at least a downstream portion
of the channels or runners 222 from which the resin 214
exits. In some embodiments, at least a portion of the
channels or runners 222 disposed in the outlet region
242 may have an increasing area in a flow direction 244
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oftheresin214. The increasing area may permitdiffusion
and further distribution of the resin 214 as the resin 214
flows through the manifold assembly 220, which may fur-
therresult in substantially uniform distribution of the resin
214 on the rovings 142.

[0030] Asfurtherillustrated in Figs. 4 and 5, after flow-
ing through the manifold assembly 220, the resin 214
may flow through gate passage 270. Gate passage 270
may be positioned between the manifold assembly 220
and the impregnation zone 250, and may be configured
for flowing the resin 214 from the manifold assembly 220
such thatthe resin 214 coats the rovings 142. Thus, resin
214 exiting the manifold assembly 220, such as through
outlet region 242, may enter gate passage 270 and flow
therethrough, as shown.

[0031] Upon exiting the manifold assembly 220 and
the gate passage 270 of the die 150 as shown in Fig 4,
the resin 214 may contact the rovings 142 being tra-
versed through the die 150. As discussed above, the res-
in 214 may substantially uniformly coat the rovings 142,
due to distribution of the resin 214 in the manifold as-
sembly 220 and the gate passage 270. Further, in some
embodiments, the resin 214 may impinge on an upper
surface of each of the rovings 142, or on a lower surface
of each of the rovings 142, or on both an upper and lower
surface of each of the rovings 142. Initial impingement
on the rovings 142 may provide for further impregnation
of the rovings 142 with the resin 214.

[0032] As shown in Fig. 4, the coated rovings 142 may
traverse in run direction 282 through impregnation zone
250, which is configured to impregnate the rovings 142
with the resin 214. For example, as shown in Figs. 4 and
6, the rovings 142 may be traversed over contact surfac-
es 252 in the impregnation zone. Impingement of the
rovings 142 on the contact surface 252 may create shear
and pressure sufficient to impregnate the rovings 142
with the resin 214, thereby coating the rovings 142.
[0033] In some embodiments, as shown in Fig. 4, the
impregnation zone 250 may be defined between two
spaced apart opposing plates 256 and 258. First plate
256 may define a first inner surface 257, while second
plate 258 may define a second inner surface 259. The
contact surfaces 252 may be defined on or extend from
both the first and second inner surfaces 257 and 259, or
only one of the first and second inner surfaces 257 and
259. Fig. 6 illustrates the second plate 258 and the var-
ious contact surfaces thereon that may form at least a
portion of the impregnation zone 250 according to these
embodiments. In exemplary embodiments, as shown in
Fig. 4, the contact surfaces 252 may be defined alter-
nately on the first and second surfaces 257 and 259 such
that the rovings alternately impinge on contact surfaces
252 on the first and second surfaces 257 and 259. Thus,
the rovings 142 may pass contact surfaces 252 inawave-
form, tortuous, or sinusoidal-type pathway, which en-
hances shear.

[0034] Angle 254 atwhich the rovings 142 traverse the
contact surfaces 252 may be generally high enough to
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enhance shear, but not so high as to cause excessive
forces that will break the fibers. Thus, for example, the
angle 254 may be in the range between approximately
1° and approximately 30°, and in some embodiments,
between approximately 5° and approximately 25°.
[0035] In alternative embodiments, the impregnation
zone 250 may include a plurality of pins (not shown),
each pin having a contact surface 252. The pins may be
static, freely rotational, or rotationally driven. In further
alternative embodiments, the contact surfaces 252 and
impregnation zone 250 may comprise any suitable
shapes and/or structures for impregnating the rovings
142 with the resin 214 as desired or required.

[0036] To further facilitate impregnation of the rovings
142, they also may be kept under tension while present
within the impregnation die. The tension may, for exam-
ple, range from about 5 to about 300 Newtons (N), in
some embodiments from about 50 to about 250 N, and
in some embodiments, from about 100 to about 200 N,
per roving 142 or tow of fibers.

[0037] As shown in Fig. 4, in some embodiments, a
land zone 280 may be positioned downstream of the im-
pregnation zone 250 in run direction 282 of the rovings
142. Therovings 142 may traverse through the land zone
280 before exiting the die 150. As further shown in Fig.
4, in some embodiments, a faceplate 290 may adjoin the
impregnation zone 250. Faceplate 290 may be generally
configured to meter excess resin 214 from the rovings
142. Thus, apertures in the faceplate 290, through which
the rovings 142 traverse, may be sized such that when
the rovings 142 are traversed therethrough, the size of
the apertures may cause excessresin 214 to be removed
from the rovings 142.

[0038] The impregnation die shown and described
above is but one of various possible configurations that
may be employed in the present invention. In alternative
embodiments, for example, the rovings may be intro-
duced into a crosshead die that may be positioned at an
angle relative to the direction of flow of the polymer melt.
As therovings move through the crosshead dieandreach
the point where the polymer exits from an extruder barrel,
the polymer may be forced into contact with the rovings.
Examples of such a crosshead die extruder are de-
scribed, for instance, in U.S. Patent Nos. 3,993,726 to
Moyer; 4,588,538 to Chung, eta/.; 5,277,566 to Augustin,
et a/.; and 5,658,513 to Amaike, et al. It should also be
understood that any other extruder design also may be
employed, such as a twin screw extruder. Still further,
other components optionally may be employed to assist
in the impregnation of the fibers. For example, a "gas jet"
assembly may be employed in certain embodiments to
help uniformly spread a roving of individual fibers, which
may each contain up to as many as 24,000 fibers, across
the entire width of the merged tow. This may help achieve
uniform distribution of strength properties. Such an as-
sembly may include a supply of compressed air or an-
other gas that may impinge in a generally perpendicular
fashion on the moving rovings that pass across the exit
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ports. The spread rovings then may be introduced into a
die for impregnation, such as described above.

[0039] Regardlessofthetechnique employed, the con-
tinuous fibers are oriented in the longitudinal direction
(the machine direction "A" of the system of Fig. 3) to en-
hance tensile strength. Besides fiber orientation, other
aspects of the pultrusion process also may be controlled
to achieve the desired strength. For example, arelatively
high percentage of continuous fibers may be employed
in the consolidated ribbon to provide enhanced strength
properties. For instance, continuous fibers typically may
constitute from about 25 wt.% to about 80 wt.%, in some
embodiments from about 30 wt.% to about 75 wt.%, and
in some embodiments, from about 35 wt.% to about 60
wt.% of the ribbon. Likewise, thermoplastic polymer(s)
typically may constitute from about 20 wt.% to about 75
wt. %, in some embodiments from about 25 wt.% to about
70 wt.%, and in some embodiments, from about 40 wt.%
to about 65 wt.% of the ribbon. The percentage of the
fibers and thermoplastic matrix in the final rod also may
be within the ranges noted above.

[0040] As noted above, the rovings are consolidated
into the form of one or more ribbons before being shaped
into the desired rod configuration. When such a ribbon
is subsequently compressed, the rovings may become
distributed in a generally uniform manner about a longi-
tudinal center of the rod. Such a uniform distribution en-
hances the consistency of the strength properties (e.g.,
flexural modulus, ultimate tensile strength, etc.) over the
entire length of the rod. The number of consolidated rib-
bons used to form the rod may vary based on the desired
thickness and/or cross-sectional area and strength of the
rod, as well as the nature of the ribbons themselves. In
most cases, however, the numberofribbons may be from
1 to 20, and in some embodiments, from 2 to 10. The
number of rovings employed in each ribbon may likewise
vary. Typically, however, a ribbon may contain from 2 to
10 rovings, and in some embodiments, from 3 to 5 rov-
ings. To help achieve the symmetric distribution of the
rovings in the final rod, it may be beneficial that they are
spaced apart approximately the samedistance from each
other within the ribbon. Referring to Fig. 1, for example,
one embodiment of a consolidated ribbon 4 is shown that
contains three (3) rovings 5 spaced equidistant from each
other in the -x direction. In other embodiments, however,
it may be desired that the rovings are combined, such
that the fibers of the rovings are generally evenly distrib-
uted throughout the ribbon 4. In these embodiments, the
rovings may be generally indistinguishable from each
other. Referring to Fig. 2, for example, one embodiment
of a consolidated ribbon 4 is shown that contains rovings
thatare combined such thatthe fibers are generally even-
ly distributed throughout.

[0041] The specific manner in which the rovings are
shaped also may be carefully controlled to ensure that
rod may be formed with an adequate degree of compres-
sion and strength properties. Referring to Fig. 7, for ex-
ample, one particular embodiment of a system and meth-
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od for forming a rod is shown. In this embodiment, two
ribbons 12 initially may be provided in a wound package
on a creel 20. The creel 20 may be an unreeling creel
that includes a frame provided with horizontal spindles
22, each supporting a package. A pay-out creel also may
be employed, particularly if desired to induce a twist into
the fibers, such as when using raw fibers in a one-step
configuration. It should also be understood that the rib-
bons also may be formed in-line with the formation of the
rod. In one embodiment, for example, the extrudate 152
exiting the impregnation die 150 from Fig. 3 may be sup-
plied directly to the system used to form a rod. A tension-
regulating device 40 also may be employed to help con-
trol the degree of tension in the ribbons 12. The device
40 may include inlet plate 30 that lies in a vertical plane
parallel to the rotating spindles 22 of the creel 20 and/or
perpendicular to the incoming ribbons. The tension-reg-
ulating device 40 may contain cylindrical bars 41 ar-
ranged in a staggered configuration so that the ribbon 12
may pass over and under these bars to define a wave
pattern. The height of the bars may be adjusted to modify
the amplitude of the wave pattern and control tension.
[0042] The ribbons 12 may be heated in an oven 45
before entering a consolidation die 50. Heating may be
conducted using any known type of oven, such as an
infrared oven, a convection oven, etc. During heating,
the fibers in the ribbon may be unidirectionally oriented
to optimize the exposure to the heat and maintain even
heat across the entire ribbon. The temperature to which
the ribbons 12 are heated generally may be high enough
to soften the thermoplastic polymer to an extent that the
ribbons may bond together. However, the temperature
may not be so high as to destroy the integrity of the ma-
terial. The temperature may, for example, range from
about 100 °C to about 500 °C, in some embodiments
from about 200 °C to about 400 °C, and in some embod-
iments, from about 250 °C to about 350 °C. In one par-
ticular embodiment, for example, polyphenylene sulfide
("PPS") may be used as the polymer, and the ribbons
may be heated to or above the melting point of PPS,
which may be about 285 °C.

[0043] Upon being heated, the ribbons 12 may be pro-
vided to a consolidation die 50 that may compress them
together into a preform 14, as well as may align and form
the initial shape of the rod. As shown generally in Fig. 7,
for example, the ribbons 12 may be guided through a
flow passage 51 of the die 50 in a direction "A" from an
inlet 53 to an outlet 55. The passage 51 may have any
of a variety of shapes and/or sizes to achieve the rod
configuration. For example, the channel and rod config-
uration may be circular, elliptical, parabolic, trapezoidal,
rectangular, etc. Within the die 50, the ribbons generally
may be maintained at atemperature at or above the melt-
ing point of the thermoplastic matrix used in the ribbon
to ensure adequate consolidation.

[0044] Thedesired heating, compression, and shaping
of the ribbons 12 may be accomplished through the use
of a die 50 having one or multiple sections. For instance,
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although not shown in detail herein, the consolidation die
50 may possess multiple sections that function together
to compress and shape the ribbons 12 into the desired
configuration. For instance, a first section of the passage
51 may be a tapered zone that initially may shape the
material as it flows into the die 50. The tapered zone
generally may possess a cross-sectional area thatis larg-
er at its inlet than at its outlet. For example, the cross-
sectional areaofthe passage 51 atthe inlet of the tapered
zone may be about 2% or more, in some embodiments
about5% or more, and in some embodiments, from about
10% to about 20% greater than the cross-sectional area
at the outlet of the tapered zone. Regardless, the cross-
section of the flow passage typically may change grad-
ually and smoothly within the tapered zone so that a bal-
anced flow of the composite material through the die may
be maintained. A shaping zone may follow the tapered
zone, and may compress the material and provide agen-
erally homogeneous flow therethrough. The shaping
zone also may pre-shape the material into an intermedi-
ate shape that is similar to that of the rod, but typically of
a larger cross-sectional area to allow for expansion of
the thermoplastic polymer while heated to minimize the
risk of backup within the die 50. The shaping zone also
may include one or more surface features that impart a
directional change to the preform. The directional change
may force the material to be redistributed, resulting in a
more even distribution of the fiber/resin in the final shape.
This also may reduce the risk of dead spots in the die
that may cause burning of the resin. For example, the
cross-sectional area of the passage 51 ata shaping zone
may be about 2% or more, in some embodiments about
5% or more, and in some embodiments, from about 10%
to about 20% greater than the width of the preform 14.
A die land also may follow the shaping zone to serve as
an outlet for the passage 51. The shaping zone, tapered
zone, and/or die land may be heated to a temperature at
or above that of the glass transition temperature or melt-
ing point of the thermoplastic matrix.

[0045] If desired, a second die 60 (e.g., a calibration
die) also may be employed to compress the preform 14
into the final shape of the rod. When employed, it may
be beneficial to allow the preform 14 to cool briefly after
exiting the consolidation die 50 and before entering the
optional second die 60. This may allow the consolidated
preform 14 to retain its initial shape before progressing
furtherthrough the system. Typically, cooling may reduce
the temperature of the exterior of the rod below the melt-
ing point temperature of the thermoplastic matrix to min-
imize and substantially prevent the occurrence of melt
fracture on the exterior surface of the rod. The internal
section of the rod, however, may remain molten to ensure
compression when the rod enters the calibration die
body. Such cooling may be accomplished by simply ex-
posing the preform 14 to the ambient atmosphere (e.g.,
room temperature) or through the use of active cooling
techniques (e.g., water bath or air cooling) as is known
in the art. In one embodiment, for example, air may blown
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onto the preform 14 (e.g., with an air ring). The cooling
between these stages, however, generally may occur
over a small period of time to ensure that the preform 14
still may be soft enough to be further shaped. For exam-
ple, after exiting the consolidation die 50, the preform 14
may be exposed to the ambientenvironmentfor only from
about 1 to about 20 seconds, and in some embodiments,
from about 2 to about 10 seconds, before entering the
second die 60. Within the die 60, the preform generally
may be kept at a temperature below the melting point of
the thermoplastic matrix used in the ribbon so that the
shape of the rod can be maintained. Although referred
to above as single dies, it should be understood that the
dies 50 and 60 may in fact be formed from multiple indi-
vidual dies (e.g., face plate dies).

[0046] Thus,insome embodiments, multiple individual
dies 60 may be utilized to gradually shape the material
into the desired configuration. The dies 60 may be placed
in series, and provide for gradual decreases in the di-
mensions of the material. Such gradual decreases may
allow for shrinkage during and between the various steps.
[0047] For example, as shown in Figs. 11 through 13,
a first die 60 may include one or more inlets 62 and cor-
responding outlets 64, as shown. Any number of inlets
62 and corresponding outlets 64 may be included in a
die 60, such as four as shown, or one, two, three, five,
six, or more. An inlet 62 in some embodiments may be
generally oval or circular shaped. In other embodiments,
the inlet 62 may have a curved rectangular shape, i.e.,
arectangular shape with curved comers or a rectangular
shape with straight longer sidewalls and curved shorter
sidewalls. Further, an outlet 64 may be generally oval or
circular shaped, or may have a curved rectangular shape.
In some embodiments wherein an oval shaped inlet is
utilized, the inlet 62 may have a major axis length 66 to
minor axis length 68 ratio in a range between approxi-
mately 3:1 and approximately 5:1. In some embodiments
wherein an oval or circular shaped inlet is utilized, the
outlet 64 may have a major axis length 66 to minor axis
length 68 ratio in a range between approximately 1:1 and
approximately 3:1. In embodiments wherein a curved
rectangular shape is utilized, the inlet and outlet may
have major axis length 66 to minor axis length 66 ratios
(aspect ratios) between approximately 2:1 and approxi-
mately 7:1, and the outlet 64 ratio may be less than the
inlet 62 ratio.

[0048] In further embodiments, the cross-sectional ar-
ea of an inlet 62 and the cross-sectional area of a corre-
sponding outlet 64 of the first die 60 may have a ratio in
arange between approximately 1.5:1 and 6:1.

[0049] The first die 60 thus may provide a generally
smooth transformation of polymer impregnated fiber ma-
terial to a shape that is relatively similar to a final shape
of the resulting rod, which in exemplary embodiments
has a circular or oval shaped cross-section. Subsequent
dies, such as a second die 60 and third die 60 as shown
in Fig. 11, may provide for further gradual decreases
and/or changes in the dimensions of the material, such
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that the shape of the material is converted to afinal cross-
sectional shape of the rod. These subsequent dies 60
may both shape and cool the material. For example, in
some embodiments, each subsequent die 60 may be
maintained atalower temperature than the previousdies.
In exemplary embodiments, all dies 60 may be main-
tained at temperatures that are higher than a softening
point temperature for the material.

[0050] Infurther exemplary embodiments, dies 60 hav-
ing relatively long land lengths 69 may be desired, due
to, for example, proper cooling and solidification, which
may be important in achieving a desired rod shape and
size. Relatively long land lengths 69 may reduce stresses
and provide smooth transformations to desired shapes
and sizes, and with minimal void fraction and bow char-
acteristics. In some embodiments, for example, a ratio
of land length 69 at an outlet 64 to major axis length 66
at the outlet 64 for a die 60 may be in the range between
0 and approximately 20, such as between approximately
2 and approximately 6.

[0051] The use of calibration dies 60 according to the
present disclosure may provide for gradual changes in
material cross-section, as discussed. These gradual
changes may in exemplary embodiments ensure that the
resulting product, such as arod or other suitable product,
has a generally uniform fiber distribution with relatively
minimal void fraction.

[0052] It should be understood that any suitable
number of dies 60 may be utilized to gradually form the
material into a profile having any suitable cross-sectional
shape, as desired or as required by various end-use ap-
plications.

[0053] Inaddition to the use of one or more dies, other
mechanisms also may be employed to help compress
the preform 14 into the shape of a rod. For example,
forming rollers 90, as shown in Fig. 14, may be employed
between the consolidation die 50 and the calibration die
60, between the various calibration dies 60, and/or after
the calibration dies 60 to further compress the preform
14 before it is converted into its final shape. The rollers
may have any configuration, such as pinch rollers, over-
lapping rollers, etc., and may be vertical as shown or
horizontal rollers. Depending on the roller 90 configura-
tion, the surfaces of the rollers 90 may be machined to
impart the dimensions of the final product, such as the
rod, core, profile, or other suitable product, to the preform
14. In an exemplary embodiment, the pressure of the
rollers 90 may be adjustable to optimize the quality of the
final product.

[0054] Therollers 20 in exemplary embodiments, such
as at least the portions contacting the material, may have
generally smooth surfaces. For example, relatively hard,
polished surfaces may be beneficial in many embodi-
ments. For example, the surface of the rollers may be
formed from a relatively smooth chrome or other suitable
material. This may allow the rollers 90 to manipulate the
preform 14 without damaging or undesirably altering the
preform 14. For example, such surfaces may prevent the
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material from sticking to the rollers, and the rollers may
impart smooth surfaces onto the materials.

[0055] In some embodiments, the temperature of the
rollers 90 may be controlled. This may be accomplished
by heating of the rollers 90 themselves, or by placing the
rollers 90 in a temperature controlled environment.
[0056] Further, in some embodiments, surface fea-
tures 92 may be provided on the rollers 90. The surface
features 92 may guide and/or control the preform 14 in
one or more directions as itis passed through the rollers.
For example, surface features 92 may be provided to
prevent the preform 14 from folding over on itself as it is
passed through the rollers 90. Thus, the surface features
92 may guide and control deformation of the preform 14
in the cross-machine direction relative to the machine
direction A as well as in the vertical direction relative to
the machine direction A. The preform 14 thus may be
pushed together in the cross-machine direction, rather
than folded over on itself, as it is passed through the
rollers 90 in the machine direction A.

[0057] In some embodiments, tension regulation de-
vices may be provided in communication with the rollers.
These devices may be utilized with the rollers to apply
tension to the preform 14 in the machine direction, cross-
machine direction, and/or vertical direction to further
guide and/or control the preform.

[0058] As indicated above, the resulting rod is applied
with a capping layer to protect it from environmental con-
ditions and/or to improve wear resistance. Referring
again to Fig. 7, for example, such a capping layer may
be applied via an extruder oriented at any desired angle
to introduce a thermoplastic resin into a capping die 72.
To help prevent a galvanic response, it may be beneficial
for the capping material to have a dielectric strength of
at least about 1 kV per millimeter (kV/mm), in some em-
bodiments atleastabout2 kV/mm, in some embodiments
from about 3 kV/mm to about 50 kV/mm, and in some
embodiments, from about 4 kV/mm to about 30 kV/mm,
such as determined in accordance with ASTM D149-09.
Suitable thermoplastic polymers for this purpose are pol-
yarylene sulfides (e.qg., polyphenylene sulfide (PPS), po-
ly(biphenylene sulfide ketone), poly(phenylene sulfide
diketone), poly(biphenylene sulfide), etc.).

[0059] The capping layer generally is "free" of contin-
uous fibers. That is, the capping layer contains "less than
about 10 wt.%" of continuous fibers, in some embodi-
ments about 5 wt.% or less of continuous fibers, and in
some embodiments, about 1 wt.% or less of continuous
fibers (e.g., 0 wt.%). Nevertheless, the capping layer may
contain other additives for improving the final properties
of the composite core. Additive materials employed at
this stage may include those that are not suitable for in-
corporating into the continuous fiber material. For in-
stance, it may be beneficial to add pigments to reduce
finishing labor, or it may be beneficial to add flame re-
tardant agents to enhance the flame retardancy of the
core. Because many additive materials may be heat sen-
sitive, an excessive amount of heat may cause them to
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decompose and produce volatile gases. Therefore, if a
heat sensitive additive material is extruded with an im-
pregnation resin under high heating conditions, the result
may be a complete degradation of the additive material.
Additive materials may include, for instance, mineral re-
inforcing agents, lubricants, flame retardants, blowing
agents, foaming agents, ultraviolet light resistant agents,
thermal stabilizers, pigments, and combinations thereof.
Suitable mineral reinforcing agents may include, for in-
stance, calcium carbonate, silica, mica, clays, talc, cal-
cium silicate, graphite, calcium silicate, alumina trihy-
drate, barium ferrite, and combinations thereof.

[0060] While not shown in detail herein, the capping
die 72 may include various features known in the art to
help achieve the desired application of the capping layer.
Forinstance, the capping die 72 may include an entrance
guide that aligns the incoming rod. The capping die also
may include a heating mechanism (e.g., heated plate)
that pre-heats the rod before application of the capping
layer to help ensure adequate bonding. Following cap-
ping, the shaped part 15 then may be finally cooled using
a cooling system 80 as is known in the art. The cooling
system 80 may, for instance, be a sizing system that in-
cludes one or more blocks (e.g., aluminum blocks) that
may completely encapsulate the composite core while a
vacuum pulls the hot shape out against its walls as it
cools. A cooling medium may be supplied to the sizer,
such as air or water, to solidify the composite core in the
correct shape.

[0061] Even if a sizing system is not employed, it may
be beneficial to cool the composite core after it exits the
capping die (or the consolidation or calibration die, if cap-
ping is not applied). Cooling may occur using any tech-
nique known in the art, such a water tank, cool air stream
or air jet, cooling jacket, an internal cooling channel, cool-
ing fluid circulation channels, etc. Regardless, the tem-
perature atwhich the material is cooled may be controlled
to achieve certain mechanical properties, part dimen-
sional tolerances, good processing, and an aesthetically
pleasing composite. For instance, if the temperature of
the cooling station is too high, the material might swell in
the tool and interrupt the process. For semi-crystalline
materials, too low of a temperature likewise may cause
the material to cool down too rapidly and not allow com-
plete crystallization, thereby adversely affecting the me-
chanical and chemical resistance properties of the com-
posite. Multiple cooling die sections with independent
temperature control may be utilized to impart a beneficial
balance of processing and performance attributes. Inone
particular embodiment, for example, a water tank may
be employed at a temperature of from about 0 °C to about
30 °C, in some embodiments from about 1 °C to about
20 °C, and in some embodiments, from about 2 °C to
about 15 °C.

[0062] Ifdesired, one or more sizing blocks (notshown)
also may be employed, such as after capping. Such
blocks may contain openings that are cut to the exact
core shape, graduated from oversized at first to the final
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core shape. As the composite core passes therethrough,
any tendency for it to move or sag may be counteracted,
and it may be pushed back (repeatedly) to its correct
shape. Once sized, the composite core may be cut to the
desired length at a cutting station (not shown), such as
with a cut-off saw capable of performing cross-sectional
cuts, or the composite core may be wound on areel in a
continuous process. The length of rod and/or the com-
posite core may be limited to the length of the fiber tow.
[0063] As will be appreciated, the temperature of the
rod or composite core as it advances through any section
of the system of the present invention may be controlled
to yield certain manufacturing and final composite prop-
erties. Any or all of the assembly sections may be tem-
perature controlled utilizing electrical cartridge heaters,
circulated fluid cooling, etc., or any other temperature
controlling device known to those skilled in the art.
[0064] Referring again to Fig. 7, a pulling device 82
may be positioned downstream from the cooling system
80 to pull the finished composite core 16 through the
system for final sizing of the composite. The pulling de-
vice 82 may be any device capable of pulling the core
through the process system at a desired rate. Typical
pulling devices may include, for example, caterpillar pull-
ers and reciprocating pullers.

[0065] One embodiment of the composite core (or
composite strand) formed from the method described
above is shown in more detail in Fig. 8 as element 516.
As illustrated, the composite core 516 may have a sub-
stantially circular shape and may include a rod (or fiber
core) 514 comprising one or more consolidated ribbons
(a continuous fiber component). By "substantially circu-
lar," it is generally meant that the aspect ratio of the core
(height divided by the width) is typically from about 1.0
to about 1.5, and in some embodiments, about 1.0. Due
to the selective control over the process used to impreg-
nate the rovings and form a consolidated ribbon, as well
the process for compressing and shaping the ribbon, the
composite core may. comprise arelatively even distribu-
tion of the thermoplastic matrix across along its entire
length. This also means that the continuous fibers may
be distributed in a generally uniform manner about a lon-
gitudinal central axis "L" of the composite core 516. As
shown in Fig. 8, forexample, therod 514 of the composite
core 516 may include continuous fibers 526 embedded
within a thermoplastic matrix 528. The fibers 526 may be
distributed generally uniformly about the longitudinal axis
"L." It should be understood that only a few fibers are
shown in Fig. 8, and that the composite core typically
may contain a substantially greater number of uniformly
distributed fibers.

[0066] A capping layer 519 also extends around the
perimeter of the rod 514 and defines an external surface
of the composite core 516. The cross-sectional thickness
of the rod 514 may be selected strategically to help
achieve a particular strength for the composite core. For
example, the rod 514 may have a thickness (e.g., diam-
eter) of from about 0.1 to about 40 mm, in some embod-
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iments from about 0.5 to about 30 mm, and in some em-
bodiments, from about 1 to about 10 mm. The thickness
of the capping layer 519 may depend on the intended
function of the part, but typically may be from about 0.01
to about 10 mm, and in some embodiments, from about
0.02 to about 5 mm. The total cross-sectional thickness,
or height, of the composite core 516 also may range from
about 0.1 to about 50 mm, in some embodiments from
about 0.5 to about 40 mm, and in some embodiments,
from about 1 to about 20 mm (e.g., diameter, if a circular
cross-section). While the composite core may be sub-
stantially continuous in length, the length of the compos-
ite core may be limited in practice by the spool onto which
it will be wound and stored and/or by the length of the
continuous fibers. For example, the length often may
range from about 1,000 m to about 5,000 m, although
even greater lengths are certainly possible.

[0067] Through control over the various parameters
mentioned above, cores having very high strengths may
beformed. For example, the composite cores may exhibit
arelatively highflexuralmodulus. The term "flexural mod-
ulus" generally refers to the ratio of stress to strain in
flexural deformation (units of force per unit area), or the
tendency for a material to bend. It is determined from the
slope of a stress-strain curve produced by a "three point
flexural" test (such as ASTM D790-10, Procedure A,
room temperature). The composite core of the present
invention exhibits a flexural modulus of from about 10
GPa or more, in some embodiments from about 12 to
about 400 GPa, in some embodiments from about 15 to
about 200 GPa, and in some embodiments, from about
20 to about 150 GPa.

[0068] Composite cores used to produce electrical ca-
bles consistent with certain embodiments disclosed
herein may have ultimate tensile strengths over about
300 MPa, such as, for instance, in a range from about
400 MPa to about 5,000 MPa, or from about 500 MPa to
about 3,500 MPa. Further, suitable composite cores may
have an ultimate tensile strength in a range from about
700 MPa to about 3,000 MPa; alternatively, from about
900 MPato about 1,800 MPa; or alternatively, from about
1,100 MPa to about 1,500 MPa. The term "ultimate ten-
sile strength" generally refers to the maximum stress that
a material can withstand while being stretched or pulled
before breaking, and is the maximum stress reached on
a stress-strain curve produced by a tensile test (such as
ASTM D3916-08) at room temperature.

[0069] Additionally or alternatively, the composite core
may have a tensile modulus of elasticity, or elastic mod-
ulus, in a range from about 50 GPa to about 500 GPa,
from about 70 GPa to about 400 GPa, from about 70 GPa
to about 300 GPa, or from about 70 GPa to about 250
GPa. In certain embodiments, the composite core may
have an elastic modulus in a range from about 70 GPa
to about 200 GPa; alternatively, from about 70 GPa to
about 150 GPa; or alternatively, from about 70 GPa to
about 130 GPa. The term "tensile modulus of elasticity"
or "elastic modulus" generally refers to the ratio of tensile
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stress over tensile strain and is the slope of a stress-
strain curve produced by a tensile test (such as ASTM
3916-08) at room temperature.

[0070] Composite cores made according to the
present disclosure may further have relatively high flex-
ural fatigue life, and may exhibit relatively high residual
strength. Flexural fatigue life and residual flexural
strength may be determined based on a "three point flex-
ural fatigue" test (such as ASTM D790, typically at room
temperature). For example, the cores of the present in-
vention may exhibit residual flexural strength after one
million cycles at 160 Newtons ("N") or 180 N loads of
from about 60 kilograms per square inch ("ksi") to about
115 ksi, in some embodiments from about 70 ksi to about
115 ksi, and in some embodiments from about 95 ksi to
about 115 ksi. Further, the cores may exhibit relatively
minimal reductions in flexural strength. For example,
cores having void fractions of about 4% or less, in some
embodiments about 3% or less, may exhibit reductions
inflexural strength after three pointflexural fatigue testing
of about 1% (for example, from a maximum pristine flex-
ural strength of about 106 ksi to a maximum residual
flexural strength of about 105 ksi). Flexural strength may
be tested before and after fatigue testing using, for ex-
ample, a three point flexural test as discussed above.
[0071] Insome embodiments, the composite core may
have a density or specific gravity of less than about 2.5
g/cc, less than about 2.2 g/cc, less than about 2 g/cc, or
less than about 1.8 g/cc. In other embodiments, the com-
posite core density may be in a range from about 1 g/cc
to about 2.5 g/cc; alternatively, from about 1.1 g/cc to
about 2.2 g/cc; alternatively, from about 1.1 g/cc to about
2g/cc; alternatively, from about 1.1 g/cc to about 1.9 g/cc;
alternatively, from about 1.2 g/cc to about 1.8 g/cc; or
alternatively, from about 1.3 g/cc to about 1.7 g/cc.
[0072] Insome cableapplications, suchasinoverhead
transmission lines, the strength to weight ratio of the com-
posite core may be important. Theratio may be quantified
by the ratio of the tensile strength of the core material to
the density of the core material (in units of MPa/(g/cc)).
lllustrative and non-limiting strength to weight ratios of
composite cores in accordance with embodiments of the
present invention may be in a range from about 400 to
about 1,300, from about 400 to about 1,200, from about
500 to about 1,100, from about 600 to about 1,100, from
about 700 to about 1,100, from about 700 to about 1,000,
or from about 750 to about 1,000. Again, the ratios are
based on the tensile strength in MPa, and the composite
core density in g/cc.

[0073] In some embodiments, the percent elongation
at break for the composite core may be less than 4%,
less than 3%, or less than 2%, while in other embodi-
ments, the elongation at break may be in a range from
about0.5% to about2.5%, from about 1% to about2.5%,
or from about 1% to about 2%.

[0074] The linear thermal expansion coefficient of the
composite core may be less than about 5 x 106/°C, less
than about 4 x 10-6/°C, less than about 3 x 106/°C, or
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less than about 2 x 106/°C (or in units of m/m/°C). Stated
another way, the linear thermal expansion coefficient
may be, on a ppm basis per °C, less than about 5, less
than about 4, less than about 3, or less than about 2. For
instance, the coefficient (ppm/°C) may be in arange from
about -0.4 to about 5; alternatively, from about -0.2 to
about 4; alternatively, from about 0.4 to about 4; or alter-
natively, from about 0.2 to about 2. The temperature
range contemplated for this linear thermal expansion co-
efficient may be generally in the -50 °C to 200 °C range,
the 0 °C to 200 °C range, the 0 °C to 175 °C range, or
the 25 °C to 150 °C range. The linear thermal expansion
coefficient is measured in the longitudinal direction, i.e.,
along the length of the fibers.

[0075] The composite core also may exhibitarelatively
small "bending radius"”, which is the minimum radius that
the rod can be bent without damage and is measured to
the inside curvature of the composite core or composite
strand. A smaller bend radius means that the composite
core may be more flexible and may be spooled onto a
smaller diameter bobbin. This property also may permit
easier substitution of the composite core in cables that
currently use metal cores, and allow for the use of tools
and installation methods presently in use in conventional
overhead transmission cables. The bending radius for
the composite core may, in some embodiments, be in a
range from about 1 cm to about 60 cm, from about 1 cm
to about 50 cm, from about 1 cm to about 50 cm, or from
about 2 cm to about 45 cm, as determined at a temper-
ature of about 25 °C. The bending radius may be in a
range from about 2 cm to about 40 cm, or from about 3
cm to about 40 cm in certain embodiments contemplated
herein. In other embodiments, bending radiuses may be
achieved that are less than about 40 times the outer di-
ameter of the composite core, in some embodiments
from about 1 to about 30 times the outer diameter of the
composite core, and in some embodiments, from about
2 to about 25 times the outer diameter of the composite
core, determined at a temperature of about 25 °C.
[0076] Notably, the strength, physical, and thermal
properties of the composite core referenced above also
may be maintained over a relatively wide temperature
range, such as from about -50 °C to about 300 °C, from
about 100 °C to about 300 °C, from about 110 °C to about
250 °C, from about 120 °C to about 200 °C, from about
150 °C to about 200 °C, or from about 180 °C to about
200 °C.

[0077] The composite core also may have a low void
fraction, such as about 6% or less, in some embodiments
about 3% or less, in some embodiments about 2% or
less, in some embodiments about 1% or less, and in
some embodiments, about 0.5% or less. The void fraction
may be determined in the manner described above, such
as using a "resin burn off test in accordance with ASTM
D 2584-08 or through the use of computed tomography
(CT) scan equipment, such as a Metrotom 1500 (2k x
2k) high resolution detector.

[0078] In one embodiment, a composite core of the
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present invention may be characterized by the following
properties: an ultimate tensile strength in a range from
about 700 MPa to about 3,500 MPa; an elastic modulus
from about 70 GPato about 300 GPa; and alinearthermal
expansion coefficient (in units of ppm per °C) in a range
from about -0.4 to about 5. Additionally, the composite
core may have adensity of lessthanabout 2.5 g/ccand/or
a strength to weight ratio (in units of MPa/(g/cc)) in a
range from about 500 to about 1,100. Further, in certain
embodiments, the composite core may have a bending
radius in a range from about 1 cm to about 50 cm. Still
further, the composite core may have a percent elonga-
tion at break of less than about 3%.

[0079] Inanother embodiment, a composite core of the
present invention may be characterized by the following
properties: an ultimate tensile strength in a range from
about 1,100 MPato about 1,500 MPa; an elastic modulus
in a range about 70 GPa to about 130 GPa; and a linear
thermal expansion coefficient (in units of ppm per °C) in
arange from about 0.2 to about 2. Additionally, the com-
posite core may have a density in arange from about 1.2
g/cc to about 1.8 g/cc and/or a strength to weight ratio
(in units of MPa/(g/cc)) in arange from about 700 to about
1,100. Further, in certain embodiments, the composite
core may have a bending radius in a range from about 2
cm to about 40 cm. Still further, the composite core may
have a percent elongation at break in a range from about
1% to about 2.5%.

[0080] Aswill be appreciated, the particular composite
core embodiments described above are merely exem-
plary of the numerous designs that may be within the
scope of the present invention. Among the various pos-
sible composite core designs, it should be understood
that additional layers of material may be employed in
addition to those described above. In certain embodi-
ments, for example, it may be beneficial to form a multi-
component core in which one component comprises a
higher strength material and another component com-
prises from a lower strength material. Such multi-com-
ponent cores may be particularly useful in increasing
overall strength without requiring the need for more ex-
pensive high strength materials for the entire core. The
lower and/or higher strength components may comprise
ribbon(s) that contain continuous fibers embedded within
a thermoplastic matrix.

[0081] Further, it should be understood that the scope
of the present invention is by no means limited to the
embodiments described above. For example, the com-
posite cores may contain various other components de-
pending on the desired application and its required prop-
erties. The additional components may be formed from
a continuous fiber ribbon, such as described herein, as
well as other types of materials. In one embodiment, for
example, the composite core may contain a layer of dis-
continuous fibers (e.g., short fibers, long fibers, etc.) to
improve its transverse strength. The discontinuous fibers
may be oriented so that at least a portion of these fibers
may be positioned at an angle relative to the direction in
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which the continuous fibers extend.
Electrical Cable

[0082] Consistentwith embodiments disclosed herein,
electrical cables of the present invention, such as high
voltage overhead transmission lines, comprises a cable
core comprising at least one composite core, and a plu-
rality of conductive elements surrounding the cable core.
The cable core may be a single composite core, incor-
porating any composite core design and accompanying
physical and thermal properties provided above. Alter-
natively, the cable core may comprise two or more com-
posite cores, or composite strands, having either the
same ordifferent designs, and eitherthe same or different
physical and thermal properties. These two or more com-
posite cores may be assembled parallel to each other
(straight), or stranded, e.g., about a central composite
core member.

[0083] Accordingly, in some embodiments, an electri-
cal cable may comprise a cable core comprising one
composite core surrounded by a plurality of conductive
elements, while in other embodiments, an electrical cable
may comprise a cable core comprising two or more com-
posite cores, the cable core surrounded by a plurality of
conductive elements. For example, the cable core may
comprise, for instance, 2, 3, 4,5, 6, 7, 8, 9, 10, 11, 12,
13,14,15,16,17, 18, 19, or 20 composite cores, or more
(e.g., 37 composite cores), each of which may incorpo-
rate any composite core design and accompanying phys-
ical and thermal properties provided above. The com-
posite cores may be arranged, bundled, or oriented in
any suitable fashion, as would be recognized by one of
skill in the art. For instance, the composite cores can be
stranded, such as a cable core comprising 7 stranded
composite cores or 19 stranded composite cores. Alter-
natively, the composite cores can be parallel, such as a
cable core comprising a bundle of 7 composite cores
aligned parallel to each other.

[0084] Theelectrical cable comprises a plurality of con-
ductive elements surrounding the cable core (e.g., a sin-
gle composite core, a plurality of stranded composite
cores). The conductive elements may be of any geomet-
ric shape, and may be round/circular wires or trapezoidal
wires, among others, and including combinations there-
of. The conductive elements may be in one layer, or 2
layers, or 3 layers, or 4 layers, and so forth, around the
cable core. The conductive elements may be configured
parallel to the cable core, or wrapped helically, or in any
other suitable arrangement. Any number of conductive
elements (e.g., wires) may be used, but a typical number
of conductive elements in a cable may be up to 84 con-
ductive elements, and often in a range from 2 to about
50. For instance, in some common conductor arrange-
ments, 7, 19, 26, or 37 wires may be employed.

[0085] Exemplary transmission cable designs with
composites cores which may be employed in various em-
bodiments of the present invention are described in U.S.
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Patent No. 7,211,319 to Heil, et al..

[0086] Referring now to Fig. 9, one embodiment of an
electrical cable 420 is shown. As illustrated, the electrical
cable 420 may include a plurality of conductive elements
422 (e.g., aluminum or an alloy thereof) radially disposed
about a substantially cylindrical cable core 400, which is
illustrated as a single composite core but could be a plu-
rality of stranded composite cores. The conductive ele-
ments may be arranged in a single layer or in multiple
layers. In the illustrated embodiment, the conductive el-
ements 422 are arranged to form a first concentric layer
426 and a second concentric layer 428. The shape of the
conductive elements 422 also may be varied around the
cable core 400. In the illustrated embodiment, the con-
ductive elements 422 have a generally trapezoidal cross-
sectional shape. Other shapes also may be employed,
such as circular, elliptical, rectangular, square, etc. The
conductive elements 422 also may be twisted orwrapped
around the cable core 400 in any desired geometrical
configuration, such as in a helical manner.

[0087] Referring to Fig. 10, for instance, another em-
bodiment of an electrical transmission cable 420 is
shown. As illustrated, the electrical transmission cable
420 may include a plurality of conductive elements 422
(e.g., aluminum or an alloy thereof) radially disposed
about a bundle of generally cylindrical composite cores
400, which may be formed in accordance with the present
invention. Fig. 10 illustrates six composite cores 400 sur-
rounding a single core 400, although any suitable number
of composite cores 400 in any suitable arrangement is
within the scope and spirit of the present disclosure and
may be used as the cable core. A capping layer 519 also
may extend around the perimeter of and define an exter-
nal surface of each rod. The conductive elements may
be arranged in a single layer or in multiple layers. In the
illustrated embodiment, for example, the conductive el-
ements 422 are arranged to form a first concentric layer
426 and a second concentric layer 428. Of course, any
number of concentric layers may be employed. The
shape of the conductive elements 422 also may be varied
to optimize the number of elements that can be disposed
about the cable core. In the illustrated embodiment, for
example, the conductive elements 422 have a generally
trapezoidal cross sectional shape. Other shapes also
may be employed, such as circular, elliptical, rectangular,
square, etc. The conductive elements 422 also may be
twisted or wrapped around the cable core containing the
bundle of composite cores 400 in any desired geometri-
cal configuration, such as in a helical manner.

[0088] The cross-sectional area of individual conduc-
tive elements may vary considerably, but generally the
cross-sectional area of individual elements may be in a
range from about 10 to about 50 mm?2, or from about 15
to about 45 mm?2. The overall conductor area may range
(in kemil), for instance, from about 167 to about 3500
kemil, from about 210 to about 2700 kemil, from about
750 to about 3500 kemil, or from about 750 to about 3000
kemil. Overall conductor areas of about 795, about 825,
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about 960, and about 1020 kcmil, often may be employed
in many end-uses for electrical cables, such as in over-
heard power transmission lines. For instance, a common
aluminum conductor steel reinforced cable known in the
industry is often referred to as the 795 kcmil ACSR
"Drake" conductor cable.

[0089] The outside diameter of cables in accordance
with the present invention is not limited to any particular
range. However, typical cable outside diameters may be
within a range, for example, of from about 7 to about 50
mm, from about 10 to about 48 mm, from about 20 to
about 40 mm, from about 25 to about 35 mm, or from
about 28 to about 30 mm. Likewise, the cross-sectional
area of a composite core in the cable is not limited to any
particular range. However, typical cross-sectional areas
of the composite core may be within a range from about
20 to about 140 mm2, or from about 30 to about 120 mm2.
[0090] The conductive elements may be made from
any suitable conductive or metal material, including var-
ious alloys. The conductive elements may comprise cop-
per, acopper alloy, aluminum, analuminum alloy, or com-
binations thereof. As used herein, the term "aluminum or
analuminum alloy" is meant to collectively refer to grades
of aluminum or aluminum alloys having at least 97% alu-
minum by weight, at least 98% aluminum by weight, or
at least 99% aluminum by weight, including pure or sub-
stantially pure aluminum. Aluminum alloys or grades of
aluminum having an IACS electrical conductivity of at
least 57%, at least 58%, at least 59%, at least 60%, or
at least 61% (e.g., 59% to 65%) may be employed in
embodiments disclosed herein, and this is inclusive of
any method that could produce such conductivities (e.g.,
annealing, tempering, etc.). For example, aluminum
1350 alloy may be employed as the aluminum or alumi-
num alloy in certain embodiments of this invention. Alu-
minum 1350, its composition, and its minimum IACS, are
described in ASTM B233, the disclosure of which is in-
corporated herein by reference in its entirety.

[0091] In some applications, such as in overhead
transmission lines, the sag of the electrical cable may be
an important feature. Sag is generally considered to be
the distance that a cable departs from a straight line be-
tween the end points of a span. The sag across a span
of towers may affect the ground clearance, and subse-
quently, the tower height and/or the number of towers
needed. Sag generally may increase with the square of
the span length, but may be reduced by an increase in
tensile strength of the cable and/or a decrease in weight
of the cable. Electrical cables in some embodiments of
the present invention may have a sag (at rated temper-
ature (180 °C), and for a 300-meter level span) with
aNESC light loading of from about 3 to about 9.5 m, from
about 4.5 to about 9.5 m, from about 5.5 to about 8 m,
or from about 6 to about 7.5 m. Likewise, with a NESC
heavy loading, under similar conditions, the sag may be
in a range from about 3 to about 9.5 m, from about 3 to
about 7.5 m, from about 4.5 to about 7.5 m, or from about
5 to about 7 m.
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[0092] In some embodiments, the cable also may be
characterized as having a stress parameter of about 10
MPa or more, in some embodiments about 15 MPa or
more, and in some embodiments, from about 20 to about
50 MPa. The method for determining the stress param-
eter is described in more detail in U.S. Patent No.
7,093,416 to Johnson, et al. For example, sag and tem-
perature may be measured and plotted as a graph of sag
versus temperature. A calculated curve may be fitted to
the measured data using an Alcoa Sag10graphic method
available in a software program from Southwire Compa-
ny (Carrollton, GA) under the trade designation SAG 10
(version 3.0 update 3.10.10). The stress parameter is a
fitting parameter in SAG 10 labeled as the "built-in alu-
minum stress", which may be altered to fit other param-
eters, if a material other than aluminum is used (e.g., an
aluminum alloy), and which adjusts the position of the
knee-point on the predicted graph and also the amount
of sag in the high temperature, post-knee-point regime.
A description of the stress parameter also may be pro-
vided in the Sag10 Users Manual (Version 2.0), incorpo-
rated herein by reference in its entirety.

[0093] Inrelation to the subject matter disclosed here-
in, creep is generally considered to be the permanent
elongation of a cable under load over a long period of
time. The amount of creep of a length of cable may be
impacted by the length of time in service, the load on the
cable, the tension on the cable, the encountered temper-
ature conditions, amongst other factors. It is contemplat-
ed that cables disclosed herein may have 10-year creep
values at 15%, 20%, 25%, and/or 30% RBS (rated break-
ing stress) of less than about 0.25%, less than about
0.2%, or less than about 0.175%. For instance, the 10-
year creep value at 15% RBS may be less than about
0.25%; alternatively, less than about 0.2%; alternatively,
less than about 0.15%; alternatively, less than about
0.1%; or alternatively, less than about 0.075%. The 10-
year creep value at 30% RBS may be less than about
0.25%; alternatively, less than about 0.225%; alterna-
tively, less than about0.2; or alternatively, less than about
0.175%. These creep values are determined in accord-
ance with the 10-year ACSR conductor creep test (Alu-
minum Association Creep Test rev. 1999), incorporated
herein by reference in its entirety.

[0094] Electrical cables in accordance with embodi-
ments of this invention may have a maximum operating
temperature up to about 300 °C, up to about 275 °C, or
up to about 250 °C. Certain cables provided herein may
have maximum operating temperatures that may be up
to about 225 °C; alternatively, up to 200 °C; alternatively,
up to 180 °C; or alternatively, up to 175 °C. Maximum
operating temperatures may be in a range from about
100 to about 300 °C, from about 100 to about 250 °C,
from about 110 to about 250 °C, from about 120 to about
200 °C, or from about 120 to about 180 °C, in various
embodiments of the present invention.

[0095] In accordance with some embodiments, it may
be beneficial for the electrical cable to have certain fa-
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tigue and/or vibrational resistance properties. For in-
stance, the electrical cable may pass (meet or exceed)
the Aeolian vibration test specified in IEEE 1138, incor-
porated herein by reference, at 100 million cycles.
[0096] Insome embodiments, the electrical cable may
comprise a partial or complete layer of a material between
the cable core and the conductive elements. For in-
stance, the material may be conductive or non-conduc-
tive, and may be a tape that partially or completely
wraps/covers the cable core. The material may be con-
figured to hold or secure the individual composite core
elements of a cable core together.

[0097] In some embodiments, the material may com-
prise a metal or aluminum foil tape, a polymer tape (e.g.,
a polypropylene tape, a polyester tape, a Teflon tape,
etc.), atape with glass-reinforcement, and the like. Often,
the thickness of the material (e.g., the tape) may be in a
range from about 0.025 mm to about 0.25 mm, although
the thickness is not limited only to this range.

[0098] In one embodiment, the tape or other material
may be applied so that each subsequent wrap overlaps
the previous wrap. In another embodiment, the tape or
other material may be applied so that each subsequent
wrap leaves a gap between the previous wrap. In yet
another embodiment, the tape or other material may be
applied so that abuts the previous wrap with no overlap
and no gap. In these and other embodiments, the tape
or other material may be applied helically around the ca-
ble core.

[0099] Insome embodiments, the electrical cable may
comprise a partial or complete coating of a material be-
tween the cable core and the conductive elements. For
instance, the material may be, or may comprise, a poly-
mer. Suitable polymers may include, but are not limited
to, a polyolefin (e.g., polyethylene and polypropylene
homopolymers, copolymers, etc.), a polyester (e.g., poly-
butylene terephalate (PBT)), a polycarbonate, a polya-
mide (e.g., Nylon™), a polyether ketone (e.g., poly-
etherether ketone (PEEK)), a polyetherimide, a pol-
yarylene ketone (e.g., polyphenylene diketone (PPDK)),
a liquid crystal polymer, a polyarylene sulfide (e.g.,
polyphenylene sulfide (PPS), poly(biphenylene sulfide
ketone), poly(phenylene sulfide diketone), poly(biphe-
nylene sulfide), etc.), a fluoropolymer (e.g., poly-
tetrafluoroethylene-perfluoromethylvinylether polymer,
perfluoroalkoxyalkane polymer, petrafluoroethylene pol-
ymer, ethylene-tetrafluoroethylene polymer, etc.), a poly-
acetal, a polyurethane, a styrenic polymer (e.g., acrylo-
nitrile butadiene styrene (ABS)), an acrylic polymer, a
polyvinyl chloride polymer (PVC), and the like, including
combinations thereof. Moreover, the polymer may be an
elastomeric polymer. The coating may be conductive or
non-conductive, and may contain various additives typ-
ically employed in wire and cable applications. The coat-
ing may serve, in some embodiments, as a protective
coating for the cable core.

[0100] Incircumstanceswhere the cable core compris-
es two or more composite cores (e.g., composite
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strands), the coating may partially or completely fill the
spaces between the individual core elements.

[0101] The presentinvention also encompasses meth-
ods of making an electrical cable comprising a cable core
and a plurality of conductive elements surrounding the
cable core. Generally, electrical cables using various ca-
ble core configurations and conductor element configu-
rations disclosed herein may be produced by any suitable
method known to those of skill in the art. For instance, a
rigid-frame strander, which can rotate spools of compos-
ite cores or strands to assemble a cable core, may be
employed. In some embodiments, the rigid-frame strand-
er may impart one twist per machine revolution into all
composite cores or strands, except for the center com-
posite core, which is not twisted. Each successive layer
over the center composite core may be closed by around
die. After the final layer is applied, the cable core con-
taining the composite cores or strands may be secured
with a tape or other material. If tape is employed, it may
be applied using a concentric taping machine. The re-
sulting cable core with tape may be taken-up onto areel.
The cable core then may be fed back through the same
rigid-frame strander for the application of a plurality of
conductive elements around the cable core.

[0102] Methods of transmitting electricity are provided
herein which are, however, not part of the claimed inven-
tion. One such method of transmitting electricity may
comprise (i) installing an electrical cable as disclosed
herein, e.g., comprising a cable core and a plurality of
conductive elements surrounding the cable core, and (ii)
transmitting electricity across the electrical cable. Anoth-
er method of transmitting electricity may comprise (i) pro-
viding an electrical cable as disclosed herein, e.g., com-
prising a cable core and a plurality of conductive elements
surrounding the cable core, and (ii) transmitting electricity
across the electrical cable. In these and other embodi-
ments, the electrical cable, cable core, and conductive
elements may be any electrical cable, cable core, and
conductive elements described herein. For instance, the
cable core may comprise any composite core described
herein, i.e., one or more composite cores or strands.

Examples

[0103] The invention is further illustrated by the follow-
ing examples, which are not to be construed in any way
as imposing limitations to the scope of this invention. Var-
ious other aspects, embodiments, modifications, and
equivalents thereof which, after reading the description
herein, may suggest themselves to one of ordinary skill
in the art without departing from the scope of the append-
ed claims.

Example 1
[0104] Two (2) continuous fiber ribbons were initially

formed using an extrusion system as substantially de-
scribed above. Carbon fiber rovings (Toray T700SC,
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which contained 12,000 carbon filaments having atensile
strength of 4,900 MPa and a mass per unit length of 0.8
g/m) were employed for the continuous fibers with each
individual ribbon containing 4 rovings. The thermoplastic
polymer used to impregnate the fibers was polyphe-
nylene sulfide (PPS) (FORTRON® PPS 205, available
from Ticona, LLC), which has a melting point of about
280 °C. Eachribbon contained 50 wt.% carbon fibers and
50 wt.% PPS. The ribbons had a thickness of about 0.18
mm and a void fraction of less than 1.0%. Once formed,
the ribbons were then fed to a pultrusion line operating
at a speed of 20 ft/min. Before shaping, the ribbons were
heated within an infrared oven (power setting of 305).
The heated ribbons were then supplied to a consolidation
die having a circular-shaped channel that received the
ribbons and compressed them together while forming the
initial shape of the rod. Within the die, the ribbons re-
mained at a temperature of about 177 °C. Upon consol-
idation, the resulting preform was then briefly cooled with
an air ring/tunnel device that supplied ambient air at a
pressure of 1 psig. The preform was then passed through
anipformed between tworollers, and thento a calibration
die for final shaping. Within the calibration die, the pre-
form remained at a temperature of about 140 °C. After
exiting this die the profile was capped with a polyether
ether ketone (PEEK), which had a melting point of 350
°C. The capping layer had an average thickness of about
0.1- 0.15 mm. The resulting part was then cooled with
an air stream. The resulting composite core had an av-
erage outside diameter of about 3.4-3.6 mm, and con-
tained 45 wt.% carbon fibers, 50 wt.% PPS, and 5 wt.%
capping material.

[0105] To determine the strength properties of the
composite core, three-point flexural testing was per-
formed in accordance with ASTM D790-10, Procedure
A. The support and nose radius was 0.25 inch, the sup-
port span was 30 mm, the specimen length was 2 in, and
the test speed was 2 mm/min. The resulting flexural mod-
ulus was about 31 GPa and the flexural strength was
about 410 MPa. The density of the part was 1.48 g/cm3
and the void content was less than about 3%. The bend
radius was 3.27 cm.

Example 2 (not part of the claimed invention)

[0106] Two (2) continuous fiber ribbons were initially
formed using an extrusion system as substantially de-
scribed above. Carbon fiber rovings (Toray T700SC)
were employed for the continuous fibers with each indi-
vidualribbon containing 4 rovings. The thermoplastic pol-
ymer used to impregnate the fibers was FORTRON®
PPS 205. Each ribbon contained 50 wt.% carbon fibers
and 50 wt.% PPS. The ribbons had a thickness of about
0.18 mm and a void fraction of less than 1.0%. Once
formed, the ribbons were then fed to a pultrusion line
operating at a speed of 20 ft/min. Before shaping, the
ribbons were heated within an infrared oven (power set-
ting of 305). The heated ribbons were then supplied to a
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consolidation die having a circular-shaped channel that
received the ribbons and compressed them together
while forming the initial shape of the rod. Within the die,
the ribbons remained at a temperature of about 343 °C.
Upon consolidation, the resulting preform was then brief-
ly cooled with an air ring/tunnel device that supplied am-
bient air at a pressure of 1 psig. The preform was then
passed through a nip formed between two rollers, and
then to a calibration die for final shaping. Within the cal-
ibration die, the preform remained at a temperature of
about 140 °C. After exiting this die the profile was capped
with FORTRON® PPS 320, which had a melting point of
280 °C. The capping layer had an average thickness of
about 0.1-0.15 mm. The resulting part was then cooled
with an air stream. The resulting composite core had an
average outside diameter of about 3.4-3.6 mm, and con-
tained 45 wt.% carbon fibers, 50 wt.% PPS, and 5 wt.%
capping material.

[0107] To determine the strength properties of the
composite core, three-point flexural testing was per-
formed in accordance with ASTM D790-10, Procedure
A. The support and nose radius was 0.25 inch, the sup-
port span was 30 mm, the specimen length was 2 in, and
the test speed was 2 mm/min. The resulting flexural mod-
ulus was 20.3 GPa and the flexural strength was about
410 MPa. The density of the part was 1.48 g/cm3 and
the void contentwas less than about3%. The bend radius
was 4.37 cm.

Example 3 (not part of the claimed invention)

[0108] Two (2) continuous fiber ribbons were initially
formed using an extrusion system as substantially de-
scribed above. Glass fiber rovings (TUFRov® 4588 from
PPG, which contained E-glass filaments having a tensile
strength of 2,599 MPa and a mass per unit length of
0.0044 1b/yd (2.2 g/m) were employed for the continuous
fibers with each individual ribbon containing 2 rovings.
The thermoplastic polymer used to impregnate the fibers
was polyphenylene sulfide (PPS) (FORTRON® 205,
available from Ticona, LLC), which has a melting point
of about 280 °C. Each ribbon contained 56 wt.% glass
fibers and 44 wt.% PPS. The ribbons had a thickness of
about 0.18 mm and a void fraction of less than 1.0%.
Once formed, the ribbons were then fed to a pultrusion
line operating at a speed of 20 ft/min. Before shaping,
the ribbons were heated within an infrared oven (power
setting of 330). The heated ribbons were then supplied
to a consolidation die having a circular-shaped channel
that received the ribbons and compressed them together
while forming the initial shape of the rod. Upon consoli-
dation, the resulting preform was then briefly cooled with
ambient air. The preform was then passed through a nip
formed between two rollers, and then to a calibration die
for final shaping. Within the calibration die, the preform
remained at a temperature of about 275 °C. After exiting
this die, the profile was capped with FORTRON® 205.
The capping layer had an average thickness of about
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0.1- 0.15 mm. The resulting part was then cooled with
an air stream. The resulting composite core had an av-
erage outside diameter of about 3.4-3.6 mm, and con-
tained 50 wt.% glass fibers and 50 wt.% PPS.

[0109] To determine the strength properties of the
composite core, three-point flexural testing was per-
formed in accordance with ASTM D790-10, Procedure
A. The support and nose radius was 0.25 inch, the sup-
port span was 30 mm, the specimen length was 2 in, and
the test speed was 2 mm/min. The resulting flexural mod-
ulus was about 18 GPa and the flexural strength was
about 590 MPa. The void content was about 0%, and the
bend radius was 1.87 cm.

Example 4 (not part of the claimed invention)

[0110] Two (2) continuous fiber ribbons were initially
formed using an extrusion system as substantially de-
scribed above. Glassfiberrovings (TUFRov® 4588) were
employed for the continuous fibers with each individual
ribbon containing 2 rovings. The thermoplastic polymer
used to impregnate the fibers was Nylon 66 (PA66),
which has a melting point of about 250 °C. Each ribbon
contained 60 wt.% glass fibers and 40 wt.% Nylon 66.
The ribbons had a thickness of about 0.18 mm and a void
fraction of less than 1.0%. Once formed, the ribbons were
then fed to a pultrusion line operating at a speed of 10
ft/min. Before shaping, the ribbons were heated within
an infrared oven (power setting of 320). The heated rib-
bons were then supplied to a consolidation die having a
circular-shaped channel that received the ribbons and
compressed them together while forming the initial shape
of the rod. Upon consolidation, the resulting preform was
then briefly cooled with ambient air. The preform was
then passed through a nip formed between two rollers,
and then to a calibration die for final shaping. Within the
calibration die, the preform remained at a temperature
of about 170 °C. After exiting this die, the profile was
capped with Nylon 66. The capping layer had an average
thickness of about 0.1- 0.15 mm. The resulting part was
then cooled with an air stream. The resulting composite
core had an average outside diameter of about 3.4-3.6
mm, and contained 53 wt.% glass fibers, 40 wt.% Nylon
66, and 7 wt.% capping material.

[0111] To determine the strength properties of the
composite core, three-point flexural testing was per-
formed in accordance with ASTM D790-10, Procedure
A. The support and nose radius was 0.25 inch, the sup-
port span was 30 mm, the specimen length was 2 in, and
the test speed was 2 mm/min. The resulting flexural mod-
ulus was about 19 GPa and the flexural strength was
about 549 MPa. The void content was about 0%, and the
bend radius was 2.34 cm.

Example 5

[0112] Three(3)batchesof eight(8) cores were formed
having different void fraction levels. For each rod, two (2)
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continuous fiber ribbons were initially formed using an
extrusion system as substantially described above. Car-
bon fiber rovings (Toray T700SC, which contained
12,000 carbon filaments having a tensile strength of
4,900 MPa and a mass per unit length of 0.8 g/m) were
employed for the continuous fibers with each individual
ribbon containing 4 rovings. The thermoplastic polymer
used to impregnate the fibers was polyphenylene sulfide
("PPS") (FORTRON® PPS 205, available from Ticona,
LLC), which had a melting point of about 280 °C. Each
ribbon contained 50 wt.% carbon fibers and 50 wt. % PPS.
The ribbons had a thickness of about 0.18 mm and a void
fraction ofless than 1.0%. Once formed, the ribbons were
then fed to a pultrusion line operating at a speed of 20
ft/min. Before shaping, the ribbons were heated within
an infrared oven (power setting of 305). The heated rib-
bons were then supplied to a consolidation die having a
circular-shaped channel that received the ribbons and
compressed them together while forming the initial shape
of the rod. Within the die, the ribbons remained at a tem-
perature of about 177 °C. Upon consolidation, the result-
ing preform was then briefly cooled with an air ring/tunnel
device that supplied ambient air at a pressure of 1 psi.
The preform was then passed through a nip formed be-
tween two rollers, and then to a calibration die for final
shaping. Within the calibration die, the preform remained
at a temperature of about 140 °C. After exiting this die,
the profile was capped with a polyether ether ketone
("PEEK"), which had a melting point of 350 °C. The cap-
ping layer had a thickness of about 0.1 mm. The resulting
composite core was then cooled with an air stream. The
resulting composite core had a diameter of about 3.5
mm, and contained 45 wt.% carbon fibers, 50 wt.% PPS,
and 5 wt.% capping material.

[0113] A first batch of composite cores had a mean
void fraction of 2.78%. A second batch of composite
cores had a mean void fraction of 4.06%. A third batch
of composite cores had a mean void fraction of 8.74%.
Void fraction measurements were performed using CT
scanning. A Metrotom 1500 (2k x 2k) high resolution de-
tector was used to scan the core specimens. Detection
was done using an enhanced analysis mode with a low
probability threshold. Once the specimens were scanned
for void fraction, Volume Graphics software was used to
interpret the data from the 3D scans, and calculate the
void levels in each specimen.

[0114] To determine the flexural fatigue life and resid-
ual flexural strength of the rods, three-point flexural fa-
tigue testing was performed in accordance with ASTM
D790. The support span was 2.2 in and the specimen
lengthwas 3in. Four (4) composite cores from each batch
were tested at a loading level of 160 Newtons ("N") and
four (4) composite cores from each batch were tested at
aloading level of 180 N, respectively, representing about
50% and 55% of the pristine (static) flexural strength of
the cores. Each specimen was tested to one million cy-
cles at a frequency of 10 Hertz (Hz).

[0115] Before and after fatigue testing, to determine
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the respective pristine and residual flexural strength
properties of the rods, three-point flexural testing was
performed in accordance with ASTM D790-10, Proce-
dure A. The average pristine and residual flexural
strengths of each batch at each loading level were re-
corded. The resulting pristine flexural strength for the
third batch was 107 ksi, and the resulting residual flexural
strength for the third batch was 75 ksi, thus resulting in
a reduction of about 29%. The resulting pristine flexural
strength for the second batch was 108 ksi, and the re-
sulting residual flexural strength for the second batch was
72 ksi, thus resulting in a reduction of about 33%. The
resulting pristine flexural strength for the first batch was
106 ksi, and the resulting residual flexural strength for
the first batch was 105 ksi, thus resulting in a reduction
of about 1%.

Example 6

[0116] Fig. 15 illustrates the electrical cable 520 pro-
duced in Example 6. The 26 conductive elements 522
formed a first layer 526 and a second layer 528. The
cable core 500 was a strand of 7 composite cores. A tape
530 between the cable core 500 and the conductive el-
ements 522 partially covered the cable core 500 in a hel-
ical arrangement.

[0117] Electrical cable was produced as follows. Sev-
en (7) composite cores having a diameter of about 3.5
mm were stranded to form a stranded cable core with a
508-mm lay length. The composite cores were similar to
those produced in Example 1 above. The cable core was
secured with an aluminum foil tape laminated to a fiber-
glass scrim and a silicone based adhesive. 26 conductor
wires were placed above and around the cable core and
tape in two layers as shown in Fig. 15. The conductor
wires had a diameter of about 4.5 mm, and were fabri-
cated from fully annealed 1350 aluminum. The ultimate
tensile strength of the cable was approximately 19,760
psi (136 MPa).

Example 7

[0118] Fig. 15 illustrates the electrical cable 520 pro-
duced in Example 7. The 26 conductive elements 522
formed a first layer 526 and a second layer 528. The
cable core 500 was a strand of 7 composite cores. A tape
530 between the cable core 500 and the conductive el-
ements 522 partially covered the cable core 500 in a hel-
ical arrangement.

[0119] Electrical cable was produced as follows. Sev-
en (7) composite cores having a diameter of about 3.5
mm were stranded to form a stranded cable core with a
508-mm lay length. The composite cores were similar to
those produced in Example 1 above. The cable core was
secured with an aluminum foil tape laminated to a fiber-
glass scrim and a silicone based adhesive. 26 conductor
wires were placed above and around the cable core and
tape in two layers as shown in Fig. 15. The conductor
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wires had a diameter of about 4.5 mm, and were fabri-
cated from an aluminum alloy containing zirconium (ap-
proximately 0.2-0.33 % zirconium). Fig. 16 illustrates the
stress-strain data for the electrical cable of Example 7.
[0120] The electrical cable of Example 7 was tested
for its fatigue and/or vibrational resistance properties in
accordance with the Aeolian vibration test specified in
IEEE 1138. The electrical cable of Example 7 passed the
Aeolian vibration test at 100 million cycles.

[0121] Using mathematical modeling based on over-
head transmission cables similar to Example 7, the 10-
year creep (elongation) values for the electrical cable of
Example 7 were estimated. The calculated 10-year creep
values at 15%, 20%, 25%, and 30% RBS (rated breaking
stress) were approximately 0.054%, approximately
0.081%, approximately 0.119%, and approximately
0.163%, respectively.

Constructive Example 8

[0122] Fig. 17 illustrates an electrical cable 620 that
can be produced in Constructive Example 8. The 26 con-
ductive elements 622 can form a first layer 626 and a
second layer 628. The cable core 600 can be a strand
of 7 composite cores. A tape 630 between the cable core
600 and the conductive elements 622 can partially cover
the cable core 600 in a helical arrangement.

[0123] The electrical cable of Fig. 17 can be produced
as follows. Seven (7) composite cores having a diameter
of about 3.5 mm can be stranded to form a stranded cable
core with a508-mm lay length. The composite cores can
be similar to those produced in Example 1 above. The
cable core can be secured with an aluminum foil tape
laminated to a fiberglass scrim and a silicone based ad-
hesive. 26 conductor wires can be placed above and
around the cable core and tape in two layers as shown
in Fig. 17. The conductors can be trapezoidal wires hav-
ing a cross-sectional area of about 15-17 mm2, and can
be fabricated from annealed 1350 aluminum (or alterna-
tively, an aluminum alloy containing zirconium).

Claims
1. An electrical cable comprising:

(a) a cable core comprising at least one com-
posite core, the composite core comprising:

(i) at least one rod comprising a plurality of
consolidated thermoplastic impregnated
rovings, the rovings comprising continuous
fibers oriented in the longitudinal direction
and a thermoplastic matrix that embeds the
fibers, the fibers having a ratio of ultimate
tensile strength to mass per unit length of
greater than about 1,000 MPa/g/m, wherein
the rod comprises from about 25 wt.% to
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about 80 wt.% fibers and from about 20
wt. % to about 75 wt.% thermoplastic matrix,
and wherein the thermoplastic matrix com-
prises a polyarylene sulfide; and

(ii) a capping layer surrounding the at least
onerod, wherein the capping layer compris-
es a polyether ether ketone and is free of
continuous fibers or contains less than
about 10 wt.% of continuous fibers;

wherein the composite core has a flexural mod-
ulus of at least about 10 GPa; and

(b) a plurality of conductive elements surround-
ing the cable core.

The cable of claim 1, wherein:

the rod comprises from about 30 wt.% to about
75 wt.% fibers;

the fibers comprise carbon fibers; and

the polyarylene sulfide comprises a polyphe-
nylene sulfide.

The cable of claim 1 or 2, wherein the fibers have a
ratio of ultimate tensile strength to mass per unit
length of from about 5,500 to about 20,000 MPa/g/m.

The cable of any one of claims 1 to 3, wherein the
composite core has:

a flexural modulus of from about 15 to about 200
GPa; and

an ultimate tensile strength of from about 500
MPa to about 3,500 MPa.

The cable of any one of claims 1 to 4, wherein the
composite core has:

an elasticmodulus in arange from about 70 GPa
to about 300 GPa; or

adensity in arange from about 1.2 g/cc to about
1.8 g/cc; or

a strength to weight ratio in a range from about
500 MPa/(g/cc) to about 1,100 MPa/(g/cc); or
a percent elongation at break in a range from
about 1% to about 2.5%; or

a linear thermal expansion coefficient in the lon-
gitudinal direction in a range from about -0.4 to
about 5 ppm per °C; or

a bending radius in a range from about 1 cm to
about 50 cm; or

a void fraction of less than about 6%; or

any combination thereof.

The cable of any one of claims 1 to 5, wherein:

the rod comprises from 2 to 20 rovings; and
each roving comprises from about 1,000 to
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36
about 100,000 individual continuous fibers.

The cable of any one of claims 1 to 6, wherein the
cable core comprises two or more composite cores.

The cable of any one of claims 1 to 7, wherein the
cable core is a stranded core comprising from 2 to
37 composite cores, each composite core having a
substantially circular cross-sectional shape.

The cable of any one of claims 1 to 8, wherein the
cable comprises up to 84 conductive elements, and
wherein a total area of the conductive elements is in
a range from about 167 to about 3500 kcmil.

The cable of any one of claims 1 to 9, wherein:

the conductive elements comprise copper, a
copper alloy, aluminum, an aluminum alloy, or
any combination thereof; or

the conductive elements are arranged in 2, 3, or
4 layers around the cable core; or

the conductive elements have a substantially
circular cross-sectional shape or a substantially
trapezoidal cross-sectional shape; or

any combination thereof.

The cable of any one of claims 1 to 10, wherein the
conductive elements comprise aluminum or an alu-
minum alloy having an IACS electrical conductivity
in a range from about 59% to about 65%.

The cable of any one of claims 1 to 11, wherein the
cable has:

a sag, at rated temperature of 180 °C, for a 300-
meter level span with a NESC light loading, in a
range from about 3 to about 9.5 m; and

a sag, at rated temperature of 180 °C, for a 300-
meter level span with a NESC heavy loading, in
a range from about 3 to about 7.5 m.

The cable of any one of claims 1 to 12, wherein the
cable has:

a stress parameterin arange from about 20 MPa
to about 50 MPa; or

a 10-year creep value at 15% RBS (rated break-
ing stress) of less than about 0.2%; or

a 10-year creep value at 30% RBS (rated break-
ing stress) of less than about 0.25%; or

a maximum operating temperature in a range
from about 100 °C to about 250 °C; or

any combination thereof.

The cable of any one of claims 1 to 13, wherein the
cable passes an Aeolian vibration test at 100 million
cycles.
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The cable of any one of claims 1 to 14, further com-
prising a partial or complete layer of tape between
the cable core and the plurality of conductive ele-
ments.

The cable of any one of claims 1 to 15, wherein the
cableis a high voltage overhead transmission cable.

A method of making an electrical cable, the method
comprising:

(A) providing a cable core comprising at least
one composite core, the composite core com-
prising:

(i) at least one rod comprising a plurality of
consolidated thermoplastic impregnated
rovings, the rovings comprising continuous
fibers oriented in the longitudinal direction
and a thermoplastic matrix that embeds the
fibers, the fibers having a ratio of ultimate
tensile strength to mass per unit length of
greater than about 1,000 MPa/g/m, wherein
the rod comprises from about 25 wt.% to
about 80 wt.% fibers and from about 20
wt. % to about 75 wt.% thermoplastic matrix,
and wherein the thermoplastic matrix com-
prises a polyarylene sulfide and;

(ii) a capping layer surrounding the at least
onerod, wherein the capping layer compris-
es a polyether ether ketone and is free of
continuous fibers or contains less than
about 10 wt.% of continuous fibers; wherein
the composite core has a flexural modulus
of at least about 10 GPa; and

(B) surrounding the cable core with a plurality of
conductive elements.

The method of claim 17, further comprising a step
of partially or completely wrapping the cable core
with a tape before step (B).

The method of claim 17, further comprising a step
of partially or completely coating the cable core with
a polymeric material before step (B).

Patentanspriiche

1.

Elektrisches Kabel, umfassend:

(a) einen Kabelkern, umfassend mindestens ei-
nen Verbundkern, wobei der Verbundkern um-
fasst:

(i) mindestens einen Stab, der eine Mehr-
zahl von zusammengefassten thermoplas-
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tisch impragnierten Rovings umfasst, wobei
die Rovings in Langsrichtung orientierte
endlose Fasern und eine thermoplastische
Matrix, die die Fasern einbettet, umfassen
und die Fasern ein Verhaltnis von Zugfes-
tigkeitzu Masse pro Langeneinheit von gro-
Rer als etwa 1.000 MPa/g/m besitzen, wo-
bei der Stab etwa 25 Gew.-% bis etwa 80
Gew.-% Fasern und etwa 20 Gew.-% bis
etwa 75 Gew.-% thermoplastische Matrix
umfasst, und wobei die thermoplastische
Matrix ein Polyarylensulfid umfasst; und
(ii) eine den mindestens einen Stab umge-
bende Deckschicht, wobei die Deckschicht
ein Polyetherketon umfasst und frei von
endlosen Fasern ist oder weniger als etwa
10 Gew.-% endlose Fasern beinhaltet;

wobei der Verbundkern ein Biegemodul von
mindestens etwa 10 GPa aufweist; und

(b) eine Mehrzahl von den Verbundkern umge-
benden leitfahigen Elementen.

Kabel nach Anspruch 1, dadurch gekennzeichnet,
dass:

der Stab etwa 30 Gew.-% bis etwa 75 Gew.-%
Fasern umfasst;

die Fasern Kohlefasern umfassen; und

das Polyarylensulfid ein Polyphenylensulfid um-
fasst.

Kabel nach irgendeinem der Anspriiche 1 oder 2,
dadurch gekennzeichnet,dassdie FaserneinVer-
haltnis von Zugfestigkeit zu Masse pro Langenein-
heit von etwa 5.500 bis etwa 20.000 MPa/g/m auf-
weisen.

Kabel nach irgendeinem der Anspriiche 1 bis 3, da-
durch gekennzeichnet, dass der Verbundkern fol-
gendes aufweist:

ein Biegemodul von etwa 15 bis etwa 200 GPa;
und

eine Zugfestigkeit von etwa 500 MPa bis etwa
3.500 MPa.

Kabel nach irgendeinem der Anspriiche 1 bis 4, da-
durch gekennzeichnet, dass der Verbundkern fol-
gendes aufweist:

ein Elastizitatsmodul in einem Bereich von etwa
70 GPa bis etwa 300 GPa; oder

eine Dichte in einem Bereich von etwa 1,2 g/cm3
bis etwa 1,8 g/cm3; oder

ein Festigkeit zu Gewicht-Verhaltnis in einem
Bereich von etwa 500 MPa/(g/cm?) bis 1.100
MPa/(g/cm3); oder
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eine prozentuale Bruchdehnung in einem Be-
reich von etwa 1 % bis etwa 2,5 %; oder

einen linearen Warmeausdehnungskoeffizien-
ten in der Langsrichtung in einem Bereich von
etwa -0,4 bis etwa 5 ppm pro °C; oder

einen Biegeradius in einem Bereich von etwa 1
cm bis etwa 50 cm; oder

einen Hohlraumanteil von weniger als etwa 6 %;
oder

irgendeine Kombination daraus.

Kabel nach irgendeinem der Anspriiche 1 bis 5, da-
durch gekennzeichnet, dass:

der Stab 2 bis 20 Rovings umfasst; und
jedes Roving aus etwa 1.000 bis etwa 100.000
einzelnen endlosen Fasern besteht.

Kabel nach irgendeinem der Anspriiche 1 bis 6, da-
durch gekennzeichnet, dass der Kabelkern zwei
oder mehr Verbundkerne umfasst.

Kabel nach irgendeinem der Anspriiche 1 bis 7, da-
durch gekennzeichnet, dass der Kabelkern ein 2
bis 37 Verbundkerne umfassender, verseilter Kern
ist, wobei jeder Verbundkern eine im Wesentlichen
kreisférmige Querschnittsform aufweist.

Kabel nach irgendeinem der Anspriiche 1 bis 8, da-
durch gekennzeichnet, dass das Kabel bis zu 84
leitfahige Elemente umfasst, und eine gesamte Fla-
che der leitfahigen Elemente in einem Bereich von
etwa 167 bis etwa 3.500 kemil liegt.

Kabel nach irgendeinem der Anspriiche 1 bis 9, da-
durch gekennzeichnet, dass:

die leitfahigen Elemente Kupfer, eine Kupferle-
gierung, Aluminium, eine Aluminiumlegierung,
oder irgendeine Kombination daraus umfassen;
oder

die leitfahigen Elemente in 2, 3 oder 4 Schichten
um den Kabelkern herum angeordnet sind; oder
die leitfahigen Elemente eine im Wesentlichen
kreisférmige Querschnittsform oder eine im We-
sentlichen trapezférmige Querschnittsform be-
sitzen; oder

irgendeine Kombination daraus.

Kabel nach irgendeinem der Anspriche 1 bis 10,
dadurch gekennzeichnet, dass die leitfahigen Ele-
mente Aluminium oder eine Aluminiumlegierung mit
einer elektrischen Leitfahigkeit nach IACS in einem
Bereich von etwa 59 % bis etwa 65 % umfassen.

Kabel nach irgendeinem der Anspriche 1 bis 11,
dadurch gekennzeichnet, dass das Kabel folgen-
des aufweist:
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eine Durchbiegung, bei einer Nenntemperatur
von 180 °C fir eine 300-Meter Levelspannweite
mit einer leichten Belastung nach NESC, in ei-
nem Bereich von etwa 3 bis etwa 9,5 m; und
eine Durchbiegung, bei Nenntemperatur von
180 °C flr eine 300-Meter Levelspannweite mit
einer starken Belastung nach NESC, in einem
Bereich von etwa 3 bis etwa 7,5 m.

Kabel nach irgendeinem der Anspriche 1 bis 12,
dadurch gekennzeichnet, dass das Kabel folgen-
des aufweist:

einen Belastungsparameter in einem Bereich
von etwa 20 MPa bis etwa 50 MPa; oder

eine 10-Jahres Kriechzahl bei 15 % RBS (Nenn-
bruchspannung) von weniger als etwa 0,2 %;
oder

eine 10-Jahres Kriechzahl bei 30 % RBS (Nenn-
bruchspannung) von weniger als etwa 0,25 %;
oder

eine maximale Betriebstemperatur in einem Be-
reich von etwa 100 °C bis etwa 250 °C; oder
irgendeine Kombination daraus.

Kabel nach irgendeinem der Anspriche 1 bis 13,
dadurch gekennzeichnet, dass das Kabel einen
Aolischen Vibrationstest bei 100 Millionen Zyklen
besteht.

Kabel nach irgendeinem der Anspriche 1 bis 14,
ferner umfassend eine teilweise oder vollstandige
Schicht aus einem Band zwischen dem Kabelkern
und der Mehrzahl von leitfahigen Elementen.

Kabel nach irgendeinem der Anspriche 1 bis 15,
dadurch gekennzeichnet, dass das Kabel ein
Hochspannungs-Freileitungskabel ist.

Verfahren zur Herstellung eines elektrischen Ka-
bels, wobei das Verfahren folgendes umfasst:

(A) Bereitstellen eines mindestens einen Ver-
bundkern umfassenden Kabelkerns, der Ver-
bundkern umfasst:

(i) mindestens einen Stab, der eine Mehr-
zahl von zusammengefassten thermoplas-
tisch impragnierten Rovings umfasst, wobei
die Rovings in Langsrichtung orientierte
endlose Fasern und eine thermoplastische
Matrix, die die Fasern einbettet, umfassen
und die Fasern ein Verhaltnis von Zugfes-
tigkeitzu Masse pro Langeneinheit von gro-
Rer als etwa 1.000 MPa/g/m besitzen, wo-
bei der Stab etwa 25 Gew.-% bis etwa 80
Gew.-% Fasern und etwa 20 Gew.-% bis
etwa 75 Gew.-% thermoplastische Matrix
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umfasst, und wobei die thermoplastische
Matrix ein Polyarylensulfid umfasst; und

(ii) eine den mindestens einen Stab umge-
bende Deckschicht, wobei die Deckschicht
ein Polyetherketon umfasst und frei von
endlosen Fasern ist oder weniger als etwa
10 Gew.-% endlose Fasern beinhaltet; wo-
bei der Verbundkern ein Biegemodul von
mindestens etwa 10 GPa aufweist; und

(B) Umgeben des Verbundkerns mit einer Mehr-
zahl von leitfahigen Elementen.

18. Verfahren nach Anspruch 17, ferner umfassend ei-

nen Schritt des teilweisen oder kompletten Umhiil-
lens des Kabelkerns mit einem Band vor Schritt (B).

19. Verfahren nach Anspruch 17, ferner umfassend ei-

nen Schritt des teilweisen oder kompletten Be-
schichtens des Kabelkerns mit einem Polymerma-
terial vor Schritt (B).

Revendications

Cable électrique comprenant :

(a) une ame de cable comprenant au moins une
ame composite, 'ame composite comprenant :

(i) au moins une tige comprenant une plu-
ralité de stratifils imprégnés de thermoplas-
tique consolidés, les stratifils comprenant
des fibres continues orientées dans la di-
rection longitudinale et une matrice thermo-
plastique qui incorpore les fibres, les fibres
ayant un rapport de résistance mécanique
a la traction a une masse par unité de lon-
gueur supérieur a environ 1000 MPa/g/m,
dans lequel la tige comprend d’environ 25
% en poids a environ 80 % en poids de fibres
et d’environ 20 % a environ 75 % en poids
de matrice thermoplastique, et dans lequel
la matrice thermoplastique comprend un
sulfure de polyaryléne ; et

(ii) une couche de gainage entourant I'au
moins une tige, dans lequel la couche de
gainage comprend une polyéther-éther-cé-
tone et est exempte de fibres continues ou
contient moins d’environ 10 % en poids de
fibres continues ;

danslequell’ame composite a un module d’élas-
ticité en flexion d’au moins 10 GPa ; et

(b) une pluralité d’éléments conducteurs entou-
rant 'ame de cable.

2. Cable selon la revendication 1, dans lequel :
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la tige comprend d’environ 30 % en poids a en-
viron 75 % en poids de fibres ;

les fibres comprennent des fibres de carbone ;
et

le sulfure de polyaryléne comprend un sulfure
de polyphényléne.

Cable selon la revendication 1 ou 2, dans lequel les
fibres ont un rapport de résistance mécanique a la
traction a une masse par unité de longueur d’environ
5500 a environ 20000 MPa/g/m.

Cable selon I'une quelconque des revendications 1
a 3, dans lequel 'ame composite a :

un module d’élasticité en flexion d’environ 15 a
environ 200 GPa ; et

unerésistance mécanique alatractiond’environ
500 MPa a environ 3500 MPa.

Cable selon I'une quelconque des revendications 1
a 4, dans lequel 'ame composite a :

un module d’élasticité compris dans une plage
d’environ 70 GPa a environ 300 GPa ; ou

une densité comprise dans une plage d’environ
1,2 g/cc a environ 1,8 g/cc ; ou

un rapport résistance-poids compris dans une
plage d’environ 500 MPa/(g/cc) a environ 1100
MPa/(g/cc) ; ou

un coefficient d’allongement a la rupture com-
pris dans une plage d’environ 1 % a environ 2,5
% ; ou

un coefficient de dilatation thermique linéaire
dans ladirection longitudinale compris dans une
plage d’environ 0,4 a environ 5 ppm par °C ; ou
un rayon de cintrage compris dans une plage
d’environ 1 cm a environ 50 cm ; ou

une fraction de vide inférieure a environ 6 % ;
ou présente

une combinaison quelconque de ces caractéris-
tiques.

Cable selon I'une quelconque des revendications 1
a 5, dans lequel :

la tige comprend de 2 a 20 stratifils ; et
chaque stratifil comprend d’environ 1000 a en-
viron 100000 fibres continues individuelles.

Cable selon I'une quelconque des revendications 1
a6, dans lequel 'ame de cable comprend un nombre
d’ames composites supérieur ou égal a deux.

Cable selon I'une quelconque des revendications 1
a7,danslequell’amedecable estune ametoronnée
comprenant de 2 a 37 ames composites, chaque
ame composite ayant une forme de section trans-
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versale sensiblement circulaire.

Cable selon 'une quelconque des revendications 1
a 8, dans lequel le cable comprend jusqu’a 84 élé-
ments conducteurs, et dans lequel la superficie to-
tale des éléments conducteurs est comprise dans
une plage allant d’environ 167 a environ 3500 kcmil.

Cable selon 'une quelconque des revendications 1
a9, dans lequel :

les éléments conducteurs comprennent du cui-
vre, un alliage de cuivre, de I'aluminium, un al-
liage d’aluminium, ou une combinaison quelcon-
que de ces derniers ; ou

les éléments conducteurs sont disposés sur 2,
3 ou 4 couches autour de 'ame de cable ; ou
les éléments conducteurs ont une forme de sec-
tion transversale sensiblement circulaire ou une
forme de section transversale sensiblement
trapézoidale ; ou

présentent une quelconque combinaison de ces
caractéristiques.

Cable selon 'une quelconque des revendications 1
a 10, dans lequel les éléments conducteurs com-
prennent de l'aluminium ou un alliage d’aluminium
ayant une conductivité électrique selon la norme
IACS comprise dans une plage d’environ 59 % a
environ 65 %.

Cable selon 'une quelconque des revendications 1
a 11, dans lequel le cable a :

une fléche comprise dans une plage d’environ
3 a environ 9,5 m a une température théorique
de 180 °C, pour une portée de niveau de 300
meétres avec une légere charge selon la norme
NESC ; et

une fléche comprise dans la plage d’environ 3
aenviron 7,5 m a une température théorique de
180 °C, pour une portée de niveau de 300 me-
tres avec une lourde charge selon la norme
NESC.

Cable selon 'une quelconque des revendications 1
a 12, dans lequel le cable a :

un parametre de contrainte compris dans une
plage d’environ 20 MPa a environ 50 MPa ; ou
une valeurde fluage sur 10 ans, a une contrainte
nominale de rupture (RBS, pour rated breaking
stress) de 15 %, inférieure a environ 0,2 % ; ou
une valeur de fluage sur 10 ans, a une RBS de
30 %, inférieure a environ 0,25 % ; ou

une température de mise en oeuvre maximale
comprise dans la plage d’environ 100 °C a en-
viron 250 °C ; ou
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présente une quelconque combinaison de ces
caractéristiques.

Cable selon I'une quelconque des revendications1
a 13, dans lequel le cable passe un testde vibrations
éoliennes a 100 millions de cycles.

Cable selon I'une quelconque des revendications 1
a 14, comprenant en outre une couche partielle ou
totale de bande entre 'ame de cable et la pluralité
d’éléments conducteurs.

Cable selon I'une quelconque des revendications 1
a 15, dans lequel le cable est un cable aérien de
transmission a haute tension.

Procédé de fabrication d’un cable électrique, le pro-
cédé consistant a:

(A) réaliser une ame de cable comprenant au
moins une ame composite, I'ame composite
comprenant :

(i) au moins une tige comprenant une plu-
ralité de stratifils imprégnés de thermoplas-
tiqgue consolidés, les stratifils comprenant
des fibres continues orientées dans la di-
rection longitudinale et une matrice thermo-
plastique qui incorpore les fibres, les fibres
ayant un rapport de résistance mécanique
a la traction a une masse par unité de lon-
gueur supérieur a environ 1000 MPa/g/m,
dans lequel la tige comprend environ 25 %
en poids a environ 80 % en poids de fibres
et d’environ 20 % en poids & environ 75 %
en poids de matrice thermoplastique, et
dans lequel la matrice thermoplastique
comprend un sulfure de polyaryléne ; et
(ii) une couche de gainage entourant l'au
moins une tige, dans lequel la couche de
gainage comprend une polyéther-éther-cé-
tone et est exempte de fibres continues ou
contient moins d’environ 10 % en poids de
fibres continues ; dans lequel 'ame compo-
site a un module d’élasticité en flexion d’au
moins environ 10 GPa ; et

(B) entourer 'ame de cable d’une pluralité d’élé-
ments conducteurs.

Procédé selon la revendication 17, comprenant en
outre une étape consistant a envelopper partielle-
mentou complétementl’ame de cable avec une ban-
de avant I'étape (B).

Procédé selon la revendication 17, comprenant en
outre une étape consistant a recouvrir partiellement
ou complétement 'dme de cable d’un matériau po-



45

lymére avant 'étape (B).
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