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: 3 0. 9261 2. 76% 0. 92% 100
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METAL MATRIX. COMPOSITE WIRES, CABLES, AND METHOD

Field of the Invention
The present invention pertains to compesite wires reinforced with

suhstantiaily continuous fibers within a meial matrix #nd cables incorporating such wires.

Background of the Invention

Metal matnis composiie’s (MMC’s) have long been recognized as
promising materials due to their combination o[ high strength and stiffness combinsd with
low weight. MMC’s typically include 4 metal matrix reinforced with fibers. Examples of
metal matrix composites nclude aluminum matrix composite wires {€.g., silicon carbide,
carbon, b?ron, or polyerystalline alpha aluming fibers in ag afuioum matrix), titaniom
matrix composite tapes (c.g., silicon carbide fibers in a tifeniun ratrix), and eopper
matrix composite tapes (c. ., silicon carbide fibers in a copper mateix).

The use of some metal matrix composite wires as a reinforcing member in
bare overhead clectrical power transmission cables is ol particular interest. The need for
new materials i such cablcs is driven by the need te increuse the power transfer capacity
of existing transmission infiastructure due (o load growth and changes in power fow due
to deregulation.

“The availability of wires having a round cross-secticn is desirable in
providing cable constructions that are more uniformly packed. The availability ofreund
wires having a pore uniform diameter along their length is desirable in providing cable
constructions having 2 more uniforin diameter. Thus, thers is 2 need for a substontially
continuous metal matrix composite wire having a round cross-section and uniform

dizmeter.

Summary of the Invention
The prasent invention relates to substantially continnons fiber metal matrix

composites. Embodiments of the present invention pertain to metal malrix composites

(e.&., camposite wires) having a plurality of substantially continuous, lengitudinally

-
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positioned fibers coatained within a metal matrix. Metal matrix conposites according to
the present invention are formed into viares exhibiting desirable propertiss with respect to
clustic modulus, density, cocfficicnt of tharmal expansion, clectrical condustivity, and
strength.

The present invention provides a melal miitx composite wirs that includes
at least one tow (typically a plurelity of tows) comprising a pluraiity of snbstantially
continueus, longitudinally positioned fibers in 2 metal matdx, The (ibers are selected from
the group of ceramic fibers, carbon fibers, and mixtures thereof. Significantly, the wire
has certain roundness, roundness unifomity, and/or diameter uniformity characteristics
over specified lengths.

Qe preferred embodiment of the present invention {s a metal mateix
composite wire comprising at least one tow (typically a plurahity of fows) comprising a
plurality of at least one of substaniialty continuous, loagitudinally positioned ceramic or
carbon fibers in a metal matrix, whersin the wire has a roundness value of at least 0.9, a
roupdness unifermity value of not greater than 2%, and a dizmeter umformty value of not
greater than 1% over a length of at least 100 meters {preferably, at least 200 meters, more
preferably, at least 304 meters). Preferably, in hwreasing onder of preference, the
roundness valuz is at least 0.91, 0.92, 0.93, 0.94, or 0.95; the roundness uniforraity value is
not greater than 1.9%, 1.8%, 1.7%, 1.6%, or 1.5%, and the diameter unifennily value is
not grealer than 0.95%, 0.9%, 0.85%, (.8%, 0.75%, 0.7%, 0.63%, 0.6%, 0.55%, or 0.5.
Typically, the roundness value is preferably in the range from about 0.92 t about 9.95.

Another preferred embodiment of the present invention is a metal marsix
cumposite wire compeising at least onc low (typicelly a plurality of tows) comprising a
plurality of at least onc of substantially continuous, longitudinally pasitioned ceramic or
carbon fibers in a metal matrix, wherein the vrire has a roundness value of af least (.83, a
roundness uniformity valae of not greater thar 1.5%, and a dismeter uniformity value of
not greater than 0.3% over u length of at least 100 meters (preferably, at least 200 meters,
mare preferably, at lsast 300 metcrs). Preferably, in increasing order of prefercnee, the
roundness value is at least 0086, (.87, 0.88, (.89, (1.3, 0.91, 0.92, 0.93, 0.94, ar 0.95; the

© rowndness uniformity value is not greater than 1.4%, 1.3%, 1.2%, 1.1%, or 1%; und the

diameter upiformity valus is not greater than 0.85%, 0.8%, 4.75%, (.7%, 0.65%, 0.6%,

JP 2004-504482 A 2004.2.12



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

25

36

(28) JP 2004-504482 A 2004.2.12

WO 006549 PLTIUSOTMNS604

0.55%, or 0.5%. Typically, the roundncas vaiue is preferably in the range from about €.92
to about 0.95.

Tn another embodiment, thers is provided a method of making the
composite wires according to the present invention. This method inctudes providing a
contained volume of molten metal maldx matenial; ; inunersing at least one low (typicully
a plurality of tows} comprising a plurality of substantially continnous fibers into the
contained volume of melted matrix material, wherein the {ibers wre sclected fiom (he group
of ceramio fibers, caron fibers, and mixtuies thereof; imparting ultrasonic enerpy to cause
vibration of at least 4 portion of the contained volume of molten metal matrix material to
permit at icast a portion of the molten metal matrix material to infiltrate inte the pluratity
of fhers such that an infilirated plucality of fbers is pravided; and withdrawing the
infiltrated plurality of fibers from the contained volume of molten metal matrix materiui
under conditions which permit the molten metal matrix material  solidify to provide
metal matrix composite wire according to the present invention.

In: yet another embodiment, there is provided a eable that inclydes af keast
one metal malrix composite wire according o the present inveation. Advantages of
embodiments of wires according to the present invention in cable copstructions atlow, for
example, mare uniform packing of wices in the inncr layers of the cable, due to the shape
and dizmeter uniformity of the wire. Sueh shape and diameter uniformity also tend to
reduce cable defects such as gaps betwoen wircs, or pinched wires, for example in the

outer wire layers.

Definitions

As used herein, the following terms are defincd as:

“Subsiantizlty continuous fiber” means a tiber having a lenpgth that is
relatively infinite when comparcd to the average fiher diameter. Typically, bis means that
the fiber has an uspect ratie (i.c., ratio of the length of the fiber to the average diameter of
the fiher) of at least ahout 1 x 10%, prefirably, af least zbont 1 x 10° apd more preferably,
at least abont 1 x 107, Typically, such fibers have a length on the order of at feast abont 50

melers, xnd may even have lengtis on the arder of kilomzters ormore.
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“Lonpitudinally positioned” means that the fibers aro oriented in the same
direction as the Jength of the wire.

“Roundness value,” which is a measure of how closely the wirg cross-
seefional shape approximates a circle, s defined by the mean of the measured single
roupdngss valnes over a specified length, a5 described in the Exemples, below.

“Roundness uniformity valus,” which is the coefficient of variation in the
measured single roundness vaiues over a specificd length, is the ratio of the standard
deviatien of the measured single roundness values divided by the mean of the measurad
single roundngss values, as deseribed in the Examples, below.

“Dhameter unifornuty value,” which is the coefficient of variation in the
measured average diameters over a specified length, is defined by the ratio of the slandard
deviation of the measured average diameters divided by the rasen of the measured avorage

diamneters, as described in the Exumples, below,

Briefl Description of the Drawing
FIG. 1 is a schematic of the ultrasonic apparatus used to infiltrate fibors
with molten metals.
FIGS. 2 und 3 arc schematic, cross-sections of twoe embodiments of
overhead electrical power transimission cables having compasite metal matiix Soves.
FIG. 4 is an end view of an embodincat of a stranded cable, prior io
application of a inaintaining means around the pluraiity of strands.

FIG. 5 ig an cnd view of an embodiment of an electrical transmission cable.

Detailed Description of Preferred Embodiments
The presemt invention provides wires and cables that include fibex
reinforced metal matrix composites. A composite wire according to the present jnvenlion
includes ut least one tow comprising a plurality of substantinlly continuous, longitudinally
positiened, reinforcing fibers such us ceramic (e.g., Al;Os-based] reinforcing fibers
encapsulated within a matrix that includes one er more metats (e.g., highly pure elemental
gluminum of alloys of pure aluminum with other elements, such as copper). Preferably, at

Teast ubout 5% by nunber of the fibers are substantially continuous in a wire sccording to

4
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the present invention. At least one wire according fo the present invention cen be

combined into a cable, preferably, an electric pawer transmission cable.

The substantially continuous reinfareing fibers preferably bave an average
diumeter of at Jeast aboul 5 micrometers. Typically, ihe diameter of the Gbers is no greater
than about 58 micrometers, more lypically, no greater than about 23 micromelers.

Preferably, the fibers have a modulus of no greater than sbout 1600 GPa,
and mare preforably, no srester than about 420 GPa. Proferably, fibers have a modulus of
greater than about 70 GPa.

Fxamples of substantially continuous fibers that may be useful for making
metal matrix cemposile materials sccording to the present invention inchide ceramic
fibers, such as metal oxide (e, alumina) Gibers, silicon carbide fibers, und carbon fbers.
Typically, the ceramic oxide fibers are crystalline ceramics andfor a mixture of erystalline
ceramic and gluss {i.e., 2 fiber may coutain both crystalline ceramic and glass phases).

Prelerably, the ceramic fibers have an average tensile strength of at least
about 1.4 GPa, more preferubly, at least about 1.7 (GPa, even more preferably, ar lzast
aboul 2.1 GPa, and most preferably, at least about 2.8 GPa. Preferably, the carbon fibers
have an average tensile sirength of at least abour 1.4 GPa, more preferably, at least about
2.1 CPu; even more preferably, at lcast about 3.5 GPa; and most preforably, ar least about
3.5 GPa.

Tows are well known in the fiber art and refer to a plurality of (individual)
fibers (typically at least 100 fibors, more typically at least 400 [ibuers) collcoted in a rope-
like form. Tows preferably comprise at Jeast 780 individual (ibers per tow, and more
preferably at least 2600 individual fibers per tow, Fows of ceramic fibers are evailable in
g variety of lengths, including 300 meters and longer. The fibers nray have a cross-
sectional shape that is circular or clliptical.

Methods for maling alumina fibers are known in the art and include the
method disclosed in (1.8, Pat. No. 4,954,462 (Wood et al.), the disclosure of which is
incorporated herein by refersuce.

Prefecably, the slumina fibers are polycrystallive alpha alumina-based fibers

and comprise, on a thooretieal oxide basis, greater than abont 99 percent by weight ALOy

_5.
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and about .2-0.5 porcent by weight S0, based on the total weight of the alurnina (bers.
Tn another aspect, preferred polyerysiallive, alpha alumina-based fibers comprise alpha
alumina having an average grain size of Jess than 1 micrometer (more preferably, less than
0.5 micrometer). In another aspeet, preferred polycrystelline, alpha 2lumina-based fihers
have an average tensile strength of at least 1.6 GPa (preferably, at Jeast 2.1 GT'a, more
preforably, at least 2.8 GPa). Preferred alpha alumina fibers are commercially available
under the frade designation “NEXTEL &10” from the 3M Company of St. Paul, Miv,

Suituble zluminostlicate fibers are described in LS. Pat. Mo. 4,047,965
{Karst el al.), the disclosure of which is incorporated herein by reforence. Preferably, the
alwminosilicate fibers comprise, on & theoretical oxide basis, in the range front about 67 to
about 85 percent by weizht AlLQ; and in the range from about 33 to about 15 percent by
weight 510, based on the tofal weight of the aluminesilicate ffhers. Some preferred
aluminosilicatc fibers comprise, on 2 theorctical oxide basis, in the Tange from about 67 lo
ahout 77 percent by weight Aly(y and in the range from about 33 o ahout 23 petvent by
weight SiQ;, hased on the total weight of the aluminosilicate fibers. One prefecred
aluminosilicate {iber comprases, on o theoretical oxide basis, about 85 percent by weight
AlzOq and about 13 pereent by welght 8102, based on the total weight of he
alurmnsilicate fibers. Another preferved aluminosilicate fiber comprises, on z theoretical
oxide basis, ahout 73 percent by weight Al0Os and about 27 pereent by weight 510, bused
on the wial weight of the alunyinosilicate fibers. Preferved aluminosilicate fibers are
comamercially available under the trade designations “NEXTEL 440™ ceramic oxide fibers,
“NEXTEL 550" ceranue vxide libers, and “NEXTEL 726 ceramic oxide {ibers from the
M Cornpany.

Suitable alumineborosilicate fihers are described in U.S. Pat. No. 3,795,524
(Sovwmman}, the diselosurs of which is incorporated herein by reference. Preferably, the
alurtinoborosilicale fibers comprise, on 4 theoretical oxide basis: about 35 porcent by
weight to about 75 percent by weight {(more preferably, about 55 percent by weight to
about 79 percent by weight) AlzO; greater than () percent by weight (more preforably, at
least about 15 percent by weight) and less than shout 30 peroont by weight {morc
preferably, less than about 45 percent, and most preferably, Jess than about 44 percent)

Si0y; and preater than about § percent by weight {more preferably, less than about 25

G-
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percent by weight, even more preferably, abaut 1 percent by weight to about 5 percent by
weight, and most preferably, about 10 percent by weight to about 20 percent by weight)
B30, based on the total weight of the alumineborosilicate (ibers, Preferred
sluruneborosilicats fibers are commercially available under the frade designation
“NEXTEL 312" from the 3M Company.

Suitable silicon carbide fibers are commercially available, for example,
from COI Ceramics of San Dicgo, CA under the trade designation “NICALONY in tows of
500 fibers, from Ube Industries of Japan, under the irade designation “TYRANNO", amd
from Dew Comning of Midland, MI under the trade designation “SYLRAMIC™.

Suitable carbon fibers are commercially available, for example, from
Amoen Chemicals of Alpharetta, GA, under the trade desigaation “THORNEL CARBONT
in tows of 2000, 4000, 5,000, and 12,000 fibers, Hexcel Corporation of Stamford, CT,
from Grafil, Inc. of Sacramento, CA. (subsidiary of Mitsubishi Rayon Co.) under the trade
desigoation “PYROFIL”, Torey of Tokyo, Japan, under the trade designation
“TORAYCA», Tohe Rayon of Japan, Ltd. under the wrade designation “BESFIGHT®,
Zoltek Corporation of 8t. Louis, MO under the trade designations “PANEX” and
“PYRON, and Inco Special Produets of Wyekoff, NJ (nickel coated carbon fibers), under
(he frade designations “12K207 and *“12K50"

Commercially available fibers typieally include an organic sizing matcrial
added ro the tiber during thelr manufacture to provide ehricity and to protect the fiber
strands during handling. Tt is belicved that the sizing tends to reduce the breakage of
fibers, reduces static eleetricity, and reduces the amount of dust during, for example,
conversion to a fabric. The sizing can be remaved, for example, by dissclving or burming
il away. Preferably, the sizing is removed before forming the metal matix composite wire
aciording o the present invention. In this way, before forming the aluminum matix
compesite wite the coranie oxide fibers are fioe of sizing thercon.

It is also within the scopa of the present inventiop to have coatings on the
fibers. Coatings may he used, for exarnple, (o enhance the wettability of the fibers, 1o
reduce or prevent reaction betwsen the fibers and moiten metal miatrix materfal. Such
coatings and tecknigues for providing such coatings ars known in the fiber and metal

matrix, composite ark.
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Wires according to the present invention prefezably commprise at Jeast 15
percent by velume (imore preferably, in increasing preference, at least 20, 25, 30, 35, 48, or
50 percent by volume) of the fibers, based on the total vohune of the fibers end matrix
material. Typicatly, metal matrix composite wires according to the preseitt invention
comprise in the range from. 2hout 30 to about 7 (preferably, ebout 46 to about 60) percent
by volume of the fibers, baszd on the total volume of the fibers and matrix material.

Preferred nietal matrix composite wires maide according to the present
invention have a length, in order of preference, of at least about 100 melers, at least aboul
200 meters, at keast about 300 meters, at least about 400 melers, at least about 500 meters,
at Jeast about 600 meters, at least abowt 780 meters, at least about 300 meters, and at least
about $00 meters.

The average diametor of the wire of the present invention iz preferably at
least about 0.5 millimeter (ram), more preforably, et least about [ mm, and mors
preforabiy at Teast about 1.5 mm.

The matrix material may be sclected sych that the matrix material does not
significantly react chemically with the fiber matenal (1 <., is relatively chemically inert
with respeet 10 (ther material), for cxample, to eliminate the necd to provide a protective
coating on the fher exterior. Preferred metal matiix materials include aluminum, zine, tin,
aid ailoys thereof (e.g., an alloy of atuminum and copper). More preferabiy, the nratrix
soaterial includes alumninnim and zlloys thereof. For aluminum matrix mater{als,
preferably, the malnix comprises at luast 98 percent by weight alwminum, more preferably,
at least 99 percent by weight aluminum, even more preferably, greater than 99.9 percent by
weight aluminwn, and most preferably, greater thun 99.95 percent by weight aluminum.
Preferred aluminum alloys of aluminum and copper comprise at least about 98 percent by
weight Al and up to about 2 percent by weight Cu. Althougl higher purity metals tend to
be preferred for snaking higher tengile strength wires, less pure forms of metals are also
usefil.

Suitable imetals are commercially available. For example, alsminum is
availablc under the trade designation “SUPER PURE ALUMINUM; 59.99% Al” from
Alcoa of Pittsburgh, PA. Aluminum alloys {(e.g., Al-2% by weight Cu (0.03% by weight

JP 2004-504482 A 2004.2.12
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impurities) cun be obtained from Belmont Metals, New York, NY. Zine and tin are
available, for miarmple, from Metal Services, §t. Paul, M (“pure zine”; 99.999% purity
and “pure tin”; 99.95% purity). Exampies of tin aBioys include 92wt.9% Sn-8wt % Al
{which can be made, for example, by adding the aluminum (o a bath of tnulten tin at 550°C
and permitting the mixture to stand for 12 hours prior to use). Examples of tin alloys
include 98.4wt.% Zn-0.6wt.% Al (whick oan be made, for example, by adding the
aluminum to a bath of melten zine at 350°C and permitting the mixture to stand for 12
hours prier to use).

The particular fibers, matrix material, and process steps for making metal
matrix contposite wire according lo the present invention are selectad to provide metal
metrix cantposite wire with the desired properties. For examipie, the fibers and metal
matrix meterials are sclected to be sufficiently compatible with each other and the wire
fabrication process in order to make the desired wire. Additional details regarding some
preferred techniques for making atuminum and aluminum alloy mairix composites are
disclesed, for example, in copending application having U.8. Serial No. £3/492,960, and
PCT application baving publication No. W 97/30976, published May 21, 1996, the
disclosures of which are incorporated hercin by refercnee.

Continuous composite wire according o the present invention can be nrade;,
for example, by continuous metal matrix infiltration processes. A schematic of a preferred
apparatus for wire according to the present mvontion is shown in FIG. f. Tows of
substantially coniinuons cerumic and/or carbon fibers 51 are supplied froc supply sponls
50, and are collimated fte a curcular bundle ad heat-cleaned while passing through tube
firnace 52. The fibers are then evacuated m vacoum chamber 53 before entoring crucible
34 containing the melt of metallic matrix material 61 (also referred 1o hersin as “molten
metal™). The fibers are pulled ftom supply spoels 50 by eaterpuller 55. Ultrasenic probe
36 is positioned fnt the melt in the vicinity of the fiber to aid in infiltrating the melt into
tows 51. The molten metal of the wire cools and solidifies after exiting crucible 54
through exil die 57, although some cooling muy oveur before il fully exits crucible 54.
Conling of wire 59 is enhanced by streams of gas or liquid 58. Wire 59 is collested onte
spool 60,

R
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Heat-cleaning the fiber aids in removing or reducing the amount of sizing,
adsorbed water, and ather fugitive or volatile materials that may be present on the surface
of the fibers. Preferably, the fibers are heat-cleaned until the carbon content on the surface
of the fiber 15 [ess than 22% area fraction. Typically, the temperature of the tube fimace 15
at least about 300°C, suors typically, at lzast 1000°C for at lcast several seconds at
temperature, although the particnlar temperature(s) end timeds) will depend, for example,
on the cleaning needs of the particular fiber being used.

Preferably, the fibers are evacuated before entering the melt, as it has been
cbserved that the use of such cvacuation tends to reduce or eliminate the formation of
defocta such as lacalized regions with dry fihers. Preferably, in increasing order of
preference, the fibers are cvacuated i 2 vacuum of net greater than 29 Torr, net greater
than 10 Torr, not greater than I Taorr, and not greater than 0.7 Torr.

An example of a suitable vacuum system is an entrance tube sized to match
the diameter of the bundle of fiber. The entrance tube can be, for example, a staipless siee)
or alurming tube, and s typically at least 30 em long. A suilable vacutns chamber typically
has a diometer in the runge from about 2 cm to about 20 ¢m, and z lenglh in the range from
about 5 cm o about 100 cm. Tie capacity of lhe vacvum pump is preferably al least 0.2-
0.4 cubic melers/minute. The evacuated fibers are inserted into the melt through a tube on
the vacuum systern that penetrates the alurminum batb (i.e., the evacuaied fbers are under
vaouws when introduced into the melth, although the melt 15 typically at substantially
atmospheric pressure. The inside diameter of the ¢xit tube essentially meatches the
diameter of the {iber bundle. A portion of ihe exit tube is inmersed in the molten
aluminum. Preferably, about 0.5-5 cm of the tube is immersed in the molten metal. The
tube is selected to be stabie in the molten metal material. Examples of tubes which are
typically suitable include silicon nitride and alumina tubes.

Infiltration of the molten metal into the Bbers is typically enfanced by the
use of ultrasonics. For exemple, 2 vibraiing horn is positioned in the molter: metal such
that it is in close proximity to the fibers. Proferably, the fibers ave within 2.5 mm of the
horn tip, more preferably within 1.5 mm of the hom tip. The horn tip is preferably made
of niobium, or allsys of niobium, such as 95 wt.% Nb-5 wt.% Mo and 91 wi.% Nb-9 wt.%

Mao. For additional details regarding the use of ultrasonics for making metal matrix

-10-
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compasites, seo, for example, U.S. Pat, Nos. 4,049,060 (Tskikawa et al.), 4,779,563
(Ishikawa et al}, and 4,877,643 (Ishikawa et al.), application having U.S. Serizl No.
08/492,950, and PCT application having publication No. WO $7/00976, published May
21, 1996, the disclosures of which are incorporated herein by reference.

The molien metal is preferably degassed {e.g,., reducing the amount of gas
(e.g., hydrogen) dissolved in the meltes metal) during andfor prior to infiltration.
Techniques for degassing molten metal are well known iu the metal processing art.
Degassing the melt tends fo reduce gas porosity in the wire. For molten aluminum the
hydrogen concentration of the meit is preferably, in order of preference, less than 0.2, 0.15,
and 0.1 em’/100 grams of aluminum.

The exat die 1s configured to provide the desired wie diameter. Typically,
it is desired to have a uniformly round wire along its lengih. The diameter of the exit dieis
usualiy slightly larger than the diameter of the wire. For example, the diameter of a silicon,
nitride exit die for an aluminum composite wire containing aliout 50 yolume percent
alumina fibers is about 3 percent smizlter than the diwmeter of the wite, Prelerably, the exit
die is made of silicen nitride, although other malerials may also be useful. Other materiuls
(biat have been used as exii dies in the arl include conventional alumnipa. It has been found
by Applicants, however, thal silicon nitride exit dies wear significantly less than
convenlional alumina dies, and hence are more useful in providing the desired dismcter
anf shape of the wire, particularly over lengths of wire.

Typically, the wire is cooled after exiting the exit die by comtacting the
wite with 4 liquid {e.g., water) or gas (e.g., nitrogex, argon, or air). Such cooling aids in
providing the desirable roundness and uniformity characteristics.

Preferably, the average diameter of wire according to the present invention

is at least | mm, morc preferably, at least 1.5 mm, 2 mm, 2.5 mm, 3 mm, or 3.5 mm.

Metal matrix composite wires according to the present invention can be
used i & variely of applications. They are particularly useful in overhead eloctrical power
franstjssion cables.

Although not wanting to e bound by theory, for traditional metallic wires,

the contro of diameter is important because the variation in the tensile strenpth of the wite
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is directly proportional to the variation in the cross-sectional area of the wire. Although
not wanting to be bound by theory, in composites, however, the tensile strength of the
composils wire is governed largely by the amount of fiher contained i the wire and not
varlation in cross sectional arex.

A cahle can be subjocied 1o combined tensile and bending steesses which in
turn cause an clongation (also referred 1o as strain) of the material (c.g., wires) making up
the cuble. It 1s understocd by those skilled in the art that the fotal strain is the
superposition of the companent strains due to the various mechanical loads subjected to
the material (e.g. tensile, torsion, and bending). While the tensile component of strain 1s
uniform acrss the wire cross section, the bending component of strain is non-uniform
across the wire cross section, with the maximum values occurring at the ouler diamsters of
the cross section, und minimum value at the center axis of the wire. As a result, any
vaviation in dinmeter of the wire can result in veriation of the bepding strain impacted op
the wire. When fhe total sirain tmparted on the material excesds a certain value, referned
to as the “strain-1o-faflure”, the material will rupture and fail. T metal matrix composite
sevirs lowding situations in which large tensile loads are combined with bending loads, the
vaviation in dizmeter may cause prerature failure of the wire within the cable at the
location ol maximum bending.

The diameler of the wire is also important for geometical reasons. The
availability of wires huving 4 round cross-section is desirable in erder to allow for
improved packing within the cuble. Further, variation in the diemetez of individual wires
can result in undesirable variztion of_‘ the overall cable iiself.

Cables according to the present invention may be hamogeneous (i.e.,
including anly enc type of nretal matrix composite wire) or nonhomogeneous {L.e.,
including & plurality of secondary wires, such as metal wirss). As an example of 2
nonbomogeneovs cable, the core can include a plurafity of wires according te the present
invention with a shell that includes a plurality of secondary wires (¢.2., aluminum wires).

Cables according to the present invention can be stranded. A stranded
cable typieally includes a central wire and a first Javer of wires helically stranded around
the central wite, Cable stranding is 2 process in which individual strands of wire are

combined in a belical arrangement to produce a finished cable {seg, ez, U. 8. Pat. Nos.
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5,171,942 (Powers) and 5,554,826 {Gentry), the disclosurcs ef which are incorporated
berein by reference). The resulting helically stranded wire rope provides far greater
Hexibility than weuld be available from a solid 1od of equivalent cross seciional area. The
helical arrangement is also beneficial because the stranded cable maintains its oversll
round cross-sectional shape when the cable is subject to bending in handling, installation
and uge. Heljezlly wound cables may inciude as few as 7 individuzl strands to more
commen congliuctions containing 56 or mord steands.

One exemplary electneal power transmission cable according to the present
invention is shown in FIG. 2, where electrical power transmission cable according lo the
present mvention 130 may be a core 132 of ningteen individual composite metal matrix
wires 134 surrounded by a jacket 136 of thirty individual aluminom ¢r aluminwn alloy
wires 138. Likewise, as shown in FIG. 3, a5 one of many alternatives, overhead clectrical
powaer transmission cable according to the present invention {40 may boa core 142 of
thirty-seven individual composite metal matrix wires 144 surrounded by jacket 146 of
tweaty-one individual alwninur or aluminum alloy wives 148,

PIG. 4 illustrates yet another embodiment of the stranded cabic 80, Tn this
embodinent, he stranded cable includes a central metal matdx somposiie wire 814 and 2
{irst layer 82A of metal matrix composite wires that have been helically wound about the
central metal matrix composite wire 8L A, This embodiment further includes a second
layer 82B of metal matrix composite wires 81 that have been helically stranded ahoui the
first layer 82A, Any suitable number of meial malrix composite wires 81 may be fncluded
in any layer, Furthermore, more thun twe layers may be included in the siranded cable 80
if desired.

Cables according (o the present invention can be used as a bare cable or it
can be used as the core of a larger diameter cable. Also, cables according to the present
invention may be a stranded cable of a plurality of wires with 2 maintaining means around
the pluzatity of wires. The maintaining niesns may be 2 tape overwrap, such as shown in
FIG. 4 as 83, with or without adhesive, or 2 binder, for exampls.

Stranded cables according to the present invention are usefiil in numerous
applications. Such stranded cables arc believed to be particularly desirable for use in

gverhead electrical power transmission cables due to their combination of low weight,
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high strength, good electrical conductivity, low coefficient of thermal expansion, high use
temperatures, and resistance to corrosion.

An end view of one preferred embodiment of such a transmission cable 90
is lustrated in FIG. 5. Such z transmission cable includes a core 91 which can be any of
the stranded cores described herein, The power transmission cable 90 also includes at
least one conducter Jayer about the stranded core 93, Az iHustrated, the power
transmission cable includes two conductor Jayers 93A and 93B. More conductor layers -
may be used as desired. Preferably, each conductor layer comprises a phrality of
conductor wires as is known in the arl. Suitable materials for the conductor wires includes
aleminum and alwninwn alloys. The condueter wires may be standed about the stranded
core 91 by suitabic cable stranding equipment 25 is known in the act.

In other applications, in which the stranded eable is to be used a3 a final
article itsclf, or in which it is to be used as an intermediary atticle ur component in a
different subsequent article, it is preferved that the stranded cable be free of electrical
power conductor layers aroumd the plueality of metal matrix composite wire 81.

Additional details regarding cables made Gom metal mateix composite
wires arc disclosed, for exatnple, in application having 1.8, Serial No. N9/616,784, filed
the same date as the instant application, and application having U.5. Serial No.
08/462.560, and PCT application baving publication No. WO 97/00974, published May
21, 1996, the disclosures of which are incorperated hercin by reference. Additional details
regarding making metal matrix coniposite mafenals and cables conlaining the same are
disclesed, jor example, in copending applications having U.S. Serial Nos. 09/616,589,
09/616,593 und 09/616,741, filed the same date as the instant application.

This invention is fwther illustrated by the following examples, but the
particular materials ant amounts thercof reeited in these examples, as well ay other

conditions and details, should not be construed to unduly limit {his invention. Various
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madifications znd alterations of the invention will become apparent to those skilled in the

art, AJl parts and percentages are by weight unless otherwise indicated.
Test Procedures

Roundness Value

Roundness value, which is a measure of how closely the wire cross-
sectional shape approximates g circle, is defined by the mean of the single roundness
values over a specified length. Singls roundnesss values for caleulating the mean was
deterrined as follows using & ratating lascr micrometer (obfained from Zumbach
Electronics Corp., Mount Kisco, NY under the irade designation “ODAC 300 ROTATING
LASER MICROMETER?; software: “USYS-1007, version BARU13A3), set up such that
the mictometer recorded the wire diameier every 100 msee during each rolation of 180
degrees. Bach wwoep of 1868 dugrees took 10 seconds to accomplish. The micrometer sent
areport of the data from each 180 degres retation to a process database. The report
contained the minbmuem, maximurm, and average of the 100 data points collected during tho
rotation cycle. The wire speed was 1.5 meters/minute {5 feet/minute). A single roundness
value was the rztio of the minimum diameter (0 the maxinmum diameter, for the 100 data
points collected during the rotation eycle. The roundness value was the mean of the
measured single roundness values over a specified length, A single average roundness

valig was the wverage of the 100 datu points.

Roundness Unitornity Value

Roundness uniformity value, which is the coeffivient of variation in the
measured single roundness values wver a specified length, is the ratie of the standard
deviation of the measnred single roundness values divided by the mean of the measurett
single rounkdness values, The standard deviation was determined according to the
equation:

standard deviation = o
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where

n s the number of samples in the population (i.e., for calealaling the standard
deviation of the measured single roundness values for determining the diameter uniformity
value 1 is the iumber of measured single roundness values over the specified length), and

% 15 the tneasured value of the sample population (i.e., for calculating the standard
deviation of the measured single roundness values for detenmining the diameter uniformity
value x are the measured single roundness values over the specified length)

The measured single rounduess values for determining the mean were

abtained as described above for the roundness valae,

Diam cter Uniformity Value

Diameter wniformity value, which is the coefficient of variafion in the
measured single average diameter over & specificd length, is defined by the ratio of the
standard deviation of the measured single average diameters divided by the mear of the
measured single average diameters. The measured single average diametor is the average
of the 100 data poinls oblained as described above for roundness values. The standard

deviation was calculated using Equation (1).

Exapple 1

Example 1 aluminum composiic wire was prepared as follows, Referring
to F1G. 1, thirry-twa tows of 3004 denier alumina fibers (available from the 3M Company
under the trade designation *NEXTEIL 610%; Young’s modulus reported in 1996 product
brochure was 373 GPa) were collimated into 4 circular bundle. The circular bundle was
beat cleancd by pagsing if, at a rate of 1.5 m/min., through 2 1 meter iibe furnace (obtained
from ATS, Tulsa OK), in air, ai 1000°C. “I'be circular bundle was then evacuated at 1.6
Torr by passing the bundle through an aluming entrance (ube {2.7 mm in diameter, 30 cm
in lengt; matched in diameter to the diameter of the fiber bundle) into a vacuum chamber
(6 cm in diameter; 20 cm in length). The vacuum chamber was eyuipped with «
mechanical vacuum ppmp having 2 pumping capacily of 0.4 m“/min. After exiting the
vacum chamber, the evacuated fibers entered a molten aluninum hath through an

alomina tube (2.7 imn, intemal diameter and 25 cm in length) that was pactially immersed
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(about § em) in the molten aluminem bath. The molten aluminum bath was prepared by
melting aluminum (99.94 % pure Al; obtained frorm NSA ALUMINUM, HAWESVILLE,
KY)at 726°C. The molten aluminum was maintained at about 726°C, and was
continuously degassed by bubbling 800 cm’min. of arpon gas through 2 silicon catbide
porous tube (obtained from Stabl Specialty Co, Kingsville, MO) immersed in the
aluminum hath. The hydrogen content of the molten aluminum was measured by
quenching a sample of the molten alwmioum in a copper crucible having a .64 cm x 12.7
e ¥ 7.6 cm savity, and analyzig the resulting solidified aluminum ingot for its hydrogen
confent using a standardized mass spectrometer test analysis (obtained from LECQ Corp.,
St. Juseph, M.

Infiftration of the melten aluminum inko the fiber bundle was facilitated
through the use of ultrasonic infiltration. Ulirasonic vibration was provided by a wave-
guide conncoted to an ultrasonic fransducer {abtained from Sonics & Materials, Dagbury
CT). The wave guide consisted of a 91 wt?Nb-0wi%iMo cylindrical rod, 23 mm in
diameter by 90 mm in length attached with a central 16 mm screw, which was serewed to a
482 mm long, 25 mm in diameter titanjum waveguide (90wt % Ti-6wt. %Al 4wt.% V). The
Nb-9wi% Mo rod was supplied by PMTI, Inc,, Large, PA. The niobium rod was
positioned within 2.5 mm of the conterline of the {iher bundle. The wave-guide was
opcrated at 20 kHz, with a 20 micrometer displacement at the tip. The [ber bundle was
pulled through the melten 2lurinum bath by a caterpuller (obtained from Tulsa Power
Products, Tulsa OK) operating at a speed of 1.5 meter/nonule.

The aluminum infiltraied fber bundle exited the cnucible through a silicon
nilride exit die {inside diameter 2.5 mm, oulside diameter 19 nm and length 12,7 nam;
obtained from Branson and Bralton Inc., Burr Ridge, TL). After cxiting the molten
aluninum bath, cooling of the wire was aided with the usc of two streams of nitrogen gas.
More specifically, two plugged fubes, having 4.8 mum inside diameters, were each
porforated on the sides with five holes. The holes were 1.27 mm in diameter, und located 6
rom apart along a 30 mun length, Nitrogen gas flowed through the tubes at a flow rate of
100 liters per minntes, and exited through the small side heles. The first bole on each tabe
waus positioned about 30 mm from the exit die, and about 6 mm away from the wire. The

tubes were positioned, ons on each side of the wire. The wire was then wound onto a
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spool. The compoesition of the Exarmple | aluminwn matrix, as determined by inductively
coupled plasma analysis, was 0.03 wt.% Fe, 0.02 wt.% Nb, 0.03 wt.% 5i, 0.01 vt.% Zn,
0.003 wt.% Cu, and the balance AL While making the wire, the hydrogen content of the
aluminum bath was sbour 0.07 en7100gm alumainum,

Fourteen separate runs of the aluminum composite wire were mads, The
diameter of the wires was 2.5 mm. At Jeast 300 meters of wire were nade for each run.
The fiber volume faclion was messured by a standard metatlographic tochnigue. The wire
£TDSE-sectien was polished and the fiber volume fraction measured by using the density
prefiling functiens with the aid of a computer program called NIH IMAGE {version 1.61),
a public domain image-processing program developed by the Research Services Branch of
the National Institutes of Health (obtained from wehsite htegpiirsh. info.nih. gov/nik-image).
This software nweasured the mean gray scale infensity of a representative area of the wire.

For each run, a piece of (he wire was mounted in mounling resio {obtained
under the trade designation “CPOXICURE” from Bueller Tne., Lake Bluff, [L). The
meunted wire was polished using a conventional gripder/polisher and conventicnal
diamond slurdes with the [inal pulishing step using @ 1 micrometer diamond slucry
obtained urder the trade designation “DIAMOND SPRAY™ from Struers, West Lake, OL1)
to obtain a polished cross-section of lhe wire. A scanniog electron microscope (SEM)
photomicrograph was taken of he polished wire cross-seclion at 150x. When taldng the
SEM photomicrographs, the threshold fevel of the image was adjusted to have all fibers at
zero intensity, to create & binary image. The SEM photemicrograph was analyzed with the
NIH IMAGE soflware, and the fiber volume fraction obtained by dividing the mean
intensity of the binary image by the maximum intensity. The accuracy of this method for
determining the fiber volume fraction was believed to be +/- 2%. The average tiber
content of the wire was determined (o be 54 volume percent.

The wire roundness, roundness uniformity vatue, and diametec uniformity
value, were moasured as described above, at intervals of 100 meters, 300 meters, and

various other lengths. The results are reported in Tables I, 2, and 3, below.

Table 1
‘ . Rounditess Diameter
Roundness _umfrmndty [ uniformity
18-
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[ RaaNo. T ~“vale T valie o valie | Wircengh,m |
! 1 0.9385 LeEH | 023% } 100
! 2z 1.5468 1.16% | 0.22% J 100
[l
l 3 09225 1.37% : 0.27% J 190
,—* N 0.9441 1.14% | 0.22% ' 100
s 09365 | 1.40% r_Eﬂ% [ 100
i ! i
| 3 0.9472 | 102 | 021% 100
I 7 08457 [ L2 [ 024 100

8 0.5419 L% | 027% 100
|~ 3 0.9425 1.21% T{ 023% 100
16__"_1ﬁ%_“F'T%%'t['ﬂﬁ%"'_"ﬁm ]
1t 0.9387 1% 0.25% 100
12T T T onaTs g 054% | 026% 00 |
13 09376 | L45% 0.36% 100
1% | o0s4n T TL3% | 044% 100
Tablc 2
T Rounduess |  Diameter | |
Rounduess unifornity wiformity
Run No. value value value Wire fength, m
1 09416 101% 0.29% 300
- S Y Y T
2 09383 1.20% 0.20% 300
3 T Toemo 1.55% 028% | 300
Uy T osdiz 'lﬁ%ﬁfF' oz | o |
' i
5 L 0.9354 1.25% 0.25% 200 [
T T 0wt T Tasw | B2l% w0
7 ] 0.9443 1.18% 0.25% 300

—_— JE—

3 f 0.5439 1.15% 0.24% 300
[jfgﬁfg’l'_Eﬁir_"fgiﬁﬁ_gf" 0.23% 300 |
10 [ 0.9464 1.08% 0.27% 300
1 l 09335 1.03% 0.25% T 00

[~ 1z % 0.9473 1.02% 0.24% 300
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13 09373 | 138% 0.34% 300
A 0.0425 | 1a% 0.42% | 300
Table 3
[ Roundness Diameter
Roundness vniformity unifornuty !
_ RunXNo. value value value Wire length, m
13 0.9427 1.00% .38% 496
2 0.9344 D 0.43% 914 |
3 0.916% 1.66% ¢.38% 600
A 09378 | 188% |  153% 834
5 0.9306 1.50% 0.33% 544
6 0.5432 1.20% 0.34% 466
7 0.9359 1.24% 0.54% 536
s 0.9407 2.03% 0.82% 9165
B 0.9366 2.99% 0.90% a1l
T 0.63517 T 0.96% 0.26% 536
11 0.5227 1.03% 0.26% 676
12 0.9475 1.01% 0.23% 378
BE 0.0367 1.3%% 0.37% 76
14 0.9364 1.36% 1.15% E

Comparative Example A

Twelve separate runs of ulumimun matrx composite wire, al least 300

meters in length, were prepared substantially as described in Example 2 of

PCTAUISY6/7286, the disclosure of which is incorporated herein by reference, except
thirty-ix tows of 1300 denier fiber (“NEXTEL 610™) were used, the diameter of the wire

was 2.0 mm, and the fiber content of the wire 45 volume pereent.

“The wire roundness, roundness uniformity value and diameter woiformity

value, were measured 25 described gbove, ot inlervals of 100 meters, 300 meters, and

various other lengths. The results are reported in Tables 4, 5, and 6, below.

20—
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Table 4
Roundness Diameter
Roundness uniformity uniformity
RunNo. | value value | value Wire length, m
1 08120 423% 0.53% 100
2 0.8470 2.81% 0.58% 100
3 0.8614 2.69% 0.57% 100
T4 T | osseo T3.95% 1% 100
3 0.397t 3.05% 0.69% 100
i G 0.3341 2.43% C 0.68% 100
7 0.8747 101% 1.12% 100
B 3 0.8463 2.43% 0.61% 100
9 0.3449 sA41% | 146% 100
10 08501 1.01% 0.67% 100
11 0.850% 2.54% 0.78% 100 ;
12 08576 5.66% 1.42% i BT R
Table 5
r " Roundness Diameter
Roundness uniformity uniformify
Run No. valug vahic vahie | Wire length, m
[ 0.8365 3.86% 0.68% 00
2 0.8527 2.73% 0353%, 300
3 0.8537 289% 1 0.72% 300
I~ a 08920 439% ¢ 0.99% 300
5 - - B <300
6 0.8974 2.43% 0.60% 300
R 0.8641 T - 116% | 300 |
8 0.8460 238% 0.65% 300
9 - - B <300
T o 0.8558 2.90% o5 [ Ie |
11 0.8540 3.61% 1.16% 300
21-
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Mz :[ 08701 | 502% | LAE% 300
Table &
Roundness Diameter
Routidness yniformity uniformity
Run Na, valug value value Wirc Length,

[ 1 0.8369 3.85% 065% 31:)15
2 0.8532 2.68% 0.6t% | 34l
3 05665 303% 0.71% 32
4 1 0895 1.41% 0.99% 315
5 0.9008 2.82% 0.77% 283
B & 0.3964 2.68% 0.53% 463
I 7 0.5644 4.28% 125% 436
] & 0.8479 2.44% 0.63% 545
9 0.8571 481% 2.42% 255
10 0.3545 345% | 111% 65
Y 0.855G 3.18% 1.15% 166
! 12 08706 4.95% 1.36% 311

Lomparative Example B

Comparative Bxample B was a 300 meter length of alvmingm mainx

composite wire obtained from Nippon Carbon Cle. The wire was reported 1o have been

mude using SiC fibers (formerly avatlable from Dow Ceming (now available from COIL
Ceramics, San Diego, CA) under the (rade designation “HI-NICALON®). The liher

content of the wire was delermined, as deseribed in Example 1, to be $2.5 volume pereent.

The diarzeler of the wire was £.082 mm,

The wire roundness, roundngss uniformity velue snd diameler wniformity

value, were messured, as described above, over 2 100 meter lensth to be 0.869, 2.45%, and
1.08%, respeetively, over a 300 meter length to be 0.872, 2.56%, and 1.08%, respectively,
and over a 474 meter length to be 0.877, 2.58%, and 1.03%, respectively.
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Compurative Example ¢

Twenty separate runs of ainminum matrix composite wire, at least 300
melers in length, were preparcd substantiaily ag described in Example 2 of
PCTAISY6/07286, except fifty-Tour toves of 1500 denier fiber (“NEXTEL 5107) were
used, the diameter of the wire was 2.5 mm, and the Ober sonlenl of the wire 45 velume
pereent.

The wire roundness, roundness uniformity valuo and diameter uniformity
value, were measured us described above, at intervals of 100 meters, 300 metors, and

variona other lengths. The results are reported in Tables 7, 8, and 9, below,

Table 7

! T e Roundness Diamcter
H Rounducss uniformity uniformity
! Run No. valug valuc value * Wire length, m

i 0.8308 1.60% 1.47% 100

P 0.8772 2.63% 0.59% 100

3 0.598% 1.06% 0.66% 199

4 08772 1.04% 0.86% e |

3 0.8437 2.60% 0.73% 100

3 0.893% 2.69% 037% e
] - - . <100 i

§ 05016 ism | oswm | 1w
R . 0.8563 1.36% 0.59% 160

10 T T23% 0.42% 00
1 | ossme 2.09% 1.02% 100
T2 0.8618 T3l 0.63% 100
13| oaswr T208% 0.76% T
T4 08719 2.89% YT 130

15 0.8891 374% T 0o |
T 16 | osdis 3.16% 09 a0

17 0.8416 2.24%, 0.48% 100
ffﬁ 0.5334 T 2.48% 0.61% TV

-23-
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19 084S d42B%  ;  088% 100
20 0.8534 i"Tﬂ% Co1s 100
Tuble §
Roundress Diameter
Eoundness nni formity uniformuty
Run No, valus value value Wire length, m
- - - <304
T T 0.8663 2.65% 0.67% 300
3 0.8676 367% C.64% 300
" 0.3558 Ta3E% 0.04% 300
5 0.8512 3.58%, 0.99% T
6 03720 ' 3.55% 0.57% 300
7 , , , T 300
8 0.8684 £.62% 0.84% 300
g 0.5526 3.35% 0.66% 300
10 - - - <300
1l 0.8906 3.73% 1.45% 3060
12 ~ D347 4.06% 0.85% 300
3 0.8910 2.06% 0.83% 300
BT 0.8420 3.69% 1.05% 300
15 0.8942 2.90% 0.82% 300
16 - - - , <300
17 0.8526 2.67% 0.60% 360
18 0.8566 4.00% 0.69% 360
19 0.8609 5.06% 1.10% 300
20 0.8712 197% 120% | 300
Table &
B Roundness Diameter
Roundness uniformity uniformity
Run No, value value value | Wire lenpth, m
24
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1 0.8600 £42%, farm 299
3 08664 2.62% 0.67% ERY]
3 " 0.8613 4.38% 0.69% 134
4 0.8563 235% 0.95% 15
5 0.8525 3.35% 0.98% L)
3 0.8714 3.57% 0.57% 110
7 0.8789 |~ 200% 0.39% 32

B 0.8667 1.65% 0.82% LTT R
9 0.8531 335% 0.68% 347
10 0.3628 1.53% 0.55% 283
11 0.8912 3.68% 1.46% 314
fF] 0.8836 4.04% G.83% 312

13 0.891 2.03% cga% | 313
14 0.539 4.03% 130% 312
15 1.8949 2.88% 0.81% 31
T 0.8452 2.71% 0.88% 271
17 0.351 2.75% 0.61% 314
18 0.853 24.06% T 0.68% 312
19 0.8587 5.26% 1.13% 317
0.8713 3.87% 1.18% H

Comparative Bxample D

Ten separate runs of aluminum matrix composile wire, at least 300 meters

in lemgth, were prepared substantially as described in Example 2 of PCT/US96/(7286,

except eighty-six tows of 1500 denicr Jiber (“NEXTEL 6107 were used, the dinmeter of

the wire was 3.0 ., and the fiber content of the wirs 45 volume percent.

The wire roundriess, roundness uniformity value and diameter upiformity

value, were measured as deseribed above, at intervals of 100 meters, 308 meters, and

various other lengths. The results arc reparted in Tables 10, 11, and 12, below.

Table 1(

25
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"7 "Roundness Dizmeter l
Roundness uniformity uniformity
Run No. value value value Wire length, m
1 08710 332% 0.62% 100
2 0.9176 2.03% 0.5%% 160
3 0.9261 2.76% 0.92% e |
I i 0.8385 1.97% 0.66% 100
5 08599 | 454 1.60% o6
3 0.9017 2.85% 0.78% 100
7 T 0.8884 3.50% 0.77% 100
] 0.3772 2.24% 0.62% o
- g - : - - <160
‘ 10 0.R185 I 1.99% 1.05% 100 |
| ) I
Tablell
Roumdness Diameter T
Roundness uyifermity umiformiry
. _RunNo. value varlug value Wire length, m
1 - - p <300
2 09103 2.26% 1.52% 3000
3 0.8954 3509 1.39% 300
4 0.856 2.05% 0.60% 300
5 08705 VD) 1.57% 00
G 6.9028 2.67% 1.05% 00
7 0.8702 3.64% 1.02% 200
[ 0.8925 2.29% 0.55% 100
e T T - : <300
10 08589 | 3.53% 0.04% 300
Table 12
Roundness Diameter -
i Roundness uniformity uniformity
L Run No. vahlie vajue vilue | Wire length, m
_26-
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i 0.8754 ' 312% |  LO4% Taad
2 0.5102 2.23% 1.59% 100
3 0.8047 ! 3.249 1.43% 124
4 0.386 201% | 060% | 31|
5 0,871 137% 1.58% 314
6 0.5025 2.64% 1.05% ar |
[ 7T T oswr 3.48% 1.14% 136
g 0.8931 227% 0.59% 312
[T o | o&wm3 I 140% 054% | 14
10 0.3597 | 5.52% 0.94% _L 314. ]

Various medifications and alterations of this invention will become

apparent to those skilled in the art without departing from the scepe and spitit of this

Invention, and it should be understood that this invention is not to be unduly limited to the

illusirative embodiments set forth heren.

37
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What js elaimed is:

1.

A wstal matrix composile wire comprising at least one tow comprising a plurslity of af
feast one of substantially continuous, longitudinally positioned ceramic or carbon
fibers in 2 metal matrix, wherein the wire has a roundness vafie of at Jeast 0.9, a
roundness uniformity value of not greater than 2%, and a diemeter uniformity value of

not greater than 1% over & length of at least 100 maoters.

. The composile wire of claim 1 comprising a plurality of tows comprising the {bers.

. The compasite wire of claim 2 wherein (be diameter uniformity valus is not sreater

than 0.5 % over a iength of at Jeast 100 meters.

. The composite wire of claim 2 wherain the diamcter nniformity valus is not greater

than 0.3 % over a length of at least 100 meters.

The composite wire of claim 2 wherein the roundoess uniformity value is not greater

than 1.5 % over a Jength of af least 100 meters.

. The composiie wire of claim 2 wherein the roundness uniformity value is nol greater

than 1.25 %6 over a tength of at least 160 meters.

. The compostie wite of claim 2 whereln the roundncss value is at least 0.92 over a

lenglh of af least 100 meters.

. The composite wire of clain 2 wherein the metal mairix comprises aluminum, zine,

{in, or alloys thereof.

. The compuosile wire of claim 2 wherein the metal matrix comprises aluminum or alloys

thereof.

.28
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10. The composite wire of claim 2 whezein at least about 85% by number of the fibers are

substantially contimious.

11. The composite wire ofclaim 2 comprising at least about 15 volume percent of the
fibers and no greater than about 70 volame percent {iber based on the total vahune of
the wire.

12. The eonrposite wire of claim 2 wherein: the Dbexs are ceramic fibers.

13. The eompnsite wire of claim 2 wherein the fibers are ceramic oxide fibers.

14. The composite wire of claim 2 whersin the fbers are polyerystalling, alpha aluming-
baged fibers,

15. A melal matrix compuosite wire comprising at least one tow contprising a plurality of at
leus( une ol substantially continuous, [ongitudinaily positioned ceramic or carbon
fibers in a mctal matrix, wherein the wire has a roundness value of at least 0.85, a
ronudness unifonmiry value of not greater than 1.5%, axrd a diamcter uniformity value

ol not greater than 0.5% over a length of at leasi 100 meters.
16. The compasite wire of claim 15 comprising a plurality of fows comprising the fibers,

17. The eomposite wire of claim 16 wherein the roumdness value is 4t least (.9 over 2

jength of at least 100 meters.

18. The composite witc of claim 16 wherein the metal matrix comprises aluminum, zinc,

tin, or alloys theveof.

18, The composite wire of cloin: 16 wherein the metal matrix comprises aluminum or
alloys thereof.

29
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20. The composite wire of claim 16 wherein at least about 85% by number of the fibers ure

substantially continuaus.

Z1. The eotnposite wire of ¢laim 16 comprising at least about 15 volume percent of the
fibers and no greater than sbout 70 volume percent fber based on the total volume of

the wire.
22. The composite wire of claim 16 wherein the fibers are ceramic fibers.
23. The composiic wire of claim 16 wherein the fibers are ceramic oxide fibers.

24, The composite winz of claim 16 whevein the fibers are polycrystalline, alpba aluming-
based fibors.

25. A cable comprising at least one mstal nrafrix conposite wire comprising al least one
tow comprising a pluralily of at least one of subsianiially continuous, longitudinally
posilioned ceramic or carbon [ibers in a metal matnx, wherein the wire has a
roundness value of at teast 0.9, a toundness uniformity value of not greater than 2%,
and a diameler uniformity value of nol greater than 176 over a length of at leas( 100

M TLs.
26. The cable of claim 25 comprising a plurality of tows comprising the fibers.

2

i}

. The cable of claim 26 wherein the metal matrix coniprises ahnminum, zing, tin, or

alloys thereof.

2,

o2

. The cable of cluim 26 wherein the fibers are ceramic fibers.

29, The cable of claio 26 whercin the fibers are coramic oxide fibers.

bl

3

s

The cable of claim 26 wherein the metal matrix comprises aluminum or alloys thereof.

30-
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31. The cable of claim 26 comprising a core and a shell wherein the core comprises the

composite wires and the shell comprises the secondary wires.

32. A cable comprising at least one metal atrly composite wire comprising of least ons
tow comprising 4 ploraliiy of at Jeast one of substantinlly continuous, longitudinally
positioned ceramic or carbon fibers in a metal matrix, wherein the wire has a
toundness value of at least £.85, a roundness uniformity value of not greater than 1.5%,
and a diameter uniformity vahue of not greater than 0.5% aver a length of at lcast 100
meters.

33. The cable of claim 32 comprising 2 plurality of lows comprsing the {ibers.

34. The cable of clairz 33 whercin the et matrlx comprises aluminum, zing, tn, or

alleys thereof.

0w
s

. The cable of claim 33 wherein the fibers ure ceramic fibers.

Lo
&

. The cable of claim 33 wherein the fibers are ceramic oxide fbers,

37. The cable of claim 33 whevein the metal imatrix comprises aluminuim or alloys ihereof.

3

o0

. The cable of claim 33 comprising a core and & shell wharein the eore comprises the

composite wires and the shel} comprises the secondary wires.

39, A method for making a metal matrix composite wire comprsing a plurality of
substantially continwous, longitudinally positioned fibers in & metal matxix, the method
comprising:

providing a contained volume of molen metal matrix material;
Irmersing at lesst one tow compuising a plurality of substantially

continuous fibers into the conteined volume of meited matrix materisl, wherein the

al-
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fibers are selected from the group of ceramic fibers, carbon fibers, and mixtures
thereof:

imparting vltrasonic energy to cause vibration of at least a portion of the
sontained volume of molten metal matrix material lo permit at least & portion of the
molten metal mairix material to infiltrate info the plurality of fibers such that an
infihrated plurality of fibers is provided; and

withdrawing the infiltrared plurality of fibers from the contained volume of
molten metal matrix material under conditions which permit the molten metal
matrix material to selidify to provide a metal matrix composite wire comprising at
Teast one tow comprising a plurality of at least one of substantially continuous,
longitudinally pesitioned ceramic or carbon fbers it a metal matrix, wherein the
wire has a roundaess value of at least 0.9, a roundness uniformity value of not
greater than 2%, and a diamcter uniformity value of not greator than 1% over a

length of at Jeast 100 meters.

40. A method for making 2 metef matrix composite wire comprising 2 plurality of
substantially continuous, longitudinally positioned fibers in a metal matrix, the method

comprising:

L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |
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providing a coniained volume of moiica metal matrix materizl;

immersing at least one tow comprising 2 plucality of substantially
cantinuous fihers inte the contained volume of melted matrix material, whersin the
fibers are seleeted from the group of ceramie fibers, carbon fibers, and mixteres
thercof;

imparting ulirasonic energy to cause vibration of at Jeast a poriion of the
contained velume of molten metal matrix material to permit at least a portion of the
molten metal matrix material to infikrate inta the plurality of fibers such, that an
infiltrated plurality of fibers is provided; and

withdrawing ibe infillrated pluraliiy of fibers from the contained volume of’
maolien metal matrix material under conditions which permit the molten meta}
matrix material to solidify to provide a metul matrix composite wits comprising at

Ieast one law comprising a plurality of at least ong of substantialty continucus,

232
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longitudinally positioned ceramic or carbon fibers in a metal matrix. whorein the
wire has a roundness value of at least 0,85, a roundness woiformity value of not
greater that: 1.5%, and 2 diameter uniformity value of not greates than 0.5% over a

length of at Jeust 100 meters.

=33
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