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ABSTRACT 

The invention relates to a metal polymer composite having 
properties that are enhanced or increased in the composite. 
Such properties include color, magnetism, thermal conduc 
tivity, electrical conductivity, density, improved malleability 
and ductility and thermoplastic or injection molding proper 
ties. 
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ENHANCED PROPERTY METAL POLYMER 
COMPOSITE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of application Ser. 
No. 10/988,214, ?led Nov. 12, 2004, Which claims priority 
under 35 USC §119(e) to US. provisional application Ser. 
No. 60/520,507, ?ledNov. 14, 2003, and Ser. No. 60/571,060, 
?led May 14, 2004, Which applications are incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0002] The invention relates to metal polymer composites 
With enhanced properties. The novel properties are enhanced 
in the composite by novel interactions of the components. The 
metal polymer composite materials are not simple admix 
tures, but obtain superior mechanical, electrical and other 
properties from a unique combination of divided metal, such 
as a metal particulate, and polymer material that optimiZes the 
composite structure and characteristics through blending the 
combined polymer and metal materials to achieve true com 
posite properties. 

BACKGROUND OF THE INVENTION 

[0003] Substantial attention has been paid to the creation of 
composite materials With unique properties. Included in this 
class of materials is a high-density material With improved 
properties. As an example, lead has been commonly used in 
applications requiring a high-density material. Applications 
of high-density materials include shotgun pellets, other bal 
listic projectiles, ?shing lures, ?shing Weights, Wheel 
Weights, and other high-density applications. Lead has also 
been used in applications requiring properties other than den 
sity including in radiation shielding because of its resistance 
to 0t, [3 and y radiation, EMI and malleability characteristics. 
Press-on ?shing Weights made of lead alloW the user to easily 
pinch the Weight onto a ?shing line Without tools or great 
dif?culty. In the case of shotgun pellets, or other ballistic 
projectiles, lead offers the required density, penetrating force 
and malleability to achieve great accuracy and minimum gun 
barrel Wear. Lead has been a primary choice for both hunting 
and military applications. Lead has Well knoWn toxic draW 
backs in pellet and projectile end uses. Many jurisdictions in 
the United States and elseWhere have seriously considered 
bans on the sale and use of lead shot and lead sinkers due to 
increasing concentrations of lead in lakes and resulting mor 
tality in natural populations. Depleted uranium, also used in 
projectiles, has Workability, toxicity and radiation problems. 
[0004] Composite materials have been made for many 
years by combining generally tWo dissimilar materials to 
obtain bene?cial properties from both. A true composite is 
unique because the interaction of the materials provides the 
best properties of both components. Many types of composite 
materials are knoWn and are not simple admixtures. Gener 
ally, the art recogniZes that combining metals of certain types 
and at proportions that form an alloy provides unique prop 
erties in metal/metal alloy materials. Metal/ ceramic compos 
ites have been made typically involving combining metal 
poWder or ?ber With clay materials that can be sintered into a 
metal/ ceramic composite. 
[0005] Combining typically a thermoplastic or therrnoset 
polymer phase With a reinforcing poWder or ?ber produces a 
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range of ?lled materials and, under the correct conditions, can 
form a true polymer composite. A ?lled polymer, With the 
additive as ?ller, cannot display composite properties. A ?ller 
material typically is comprised of inorganic materials that act 
as either pigments or extenders for the polymer systems. A 
vast variety of ?ber-reinforced composites have been made 
typically to obtain ?ber reinforcement properties to improve 
the mechanical properties of the polymer in a unique com 
posite. 
[0006] One subset of ?lled polymer materials is metal poly 
mer admixtures in Which a metallic material, a metal particu 
late or ?ber is dispersed in a polymer. The vast majority of 
these materials are admixtures and are not true composites. 
Admixtures are typically easily separable into the constituent 
parts and display the properties of the components. A true 
composite resists separation and displays enhanced proper 
ties of the input materials. A true composite does not display 
the properties of the individual components. TarloW, US. Pat. 
No. 3,895,143, teaches a sheet material comprising an elas 
tomer latex that includes dispersed inorganic ?bers and 
metallic particles. Bruner et al., US. Pat. No. 2,748,099, 
teach a nylon material containing copper, aluminum or graph 
ite for the purpose of modifying the thermal or electrical 
properties of the material, but not the density of the admix 
ture. Sandbank, US. Pat. No. 5,548,125, teaches a clothing 
article comprising a ?exible polymer With a relatively small 
volume percent of tungsten for the purpose of obtaining radia 
tion shielding. Belanger et al., US. Pat. No. 5,237,930, dis 
close practice ammunition containing copper poWder and a 
thermoplastic, typically a nylon material. Epson Corporation, 
JP 63-273664 A shoWs a polyamide containing metal silicate 
glass ?ber, tight knit Whiskers and other materials as a metal 
containing composite. Lastly, Bray et al., US. Pat. Nos. 
6,048,379 and 6,517,774, disclose an attempt to produce 
tungsten polymer materials. The patent disclosures combine 
a polymer and a tungsten poWder having a particle siZe less 
than 10 microns and optionally a second bi-modal polymer or 
a metal ?ber in a composite for the purpose of making a 
high-density material. 
[0007] While a substantial amount of Work has been done 
regarding composite materials generally, metal composite 
materials have not been obtained having a density substan 
tially greater than 10 gms-cm_3, Where density is a single 
measurement to illustrate the composite property. Increasing 
the density of these materials introduces unique mechanical 
properties into the composite and, When used, obtains prop 
erties that are not present in the loWer density composite 
materials. A need exists for material that has high density, loW 
toxicity, and improved properties in terms of electrical/mag 
netic properties, malleability, injection molding capability, 
and viscoelastic properties. 

BRIEF DESCRIPTION OF THE INVENTION 

[0008] The invention relates to a metal polymer composite 
material having improved properties With respect to prior art 
materials. The material of the invention, through a selection 
of metal particle siZe distribution, polymer and processing 
conditions, attains improved density or other properties 
through minimization of the polymer ?lled excluded volume 
of the composite. The resulting composite materials exceed 
the prior art composites in terms of density, reduced toxicity, 
improved malleability, improved ductility, improved vis 
coelastic properties (such as tensile modulus, storage modu 
lus, elastic-plastic deformation and others) electrical/mag 
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netic properties, and machine molding properties. We have 
found that density and polymer viscoelasticity measured as 
elongation are useful properties and useful predictive param 
eters of a true composite in this technology. In the production 
of useful enhanced properties, the packing of the selected 
particle siZe and distribution and the selection of the particu 
late or mixed metal particulate, Will obtain the enhanced 
properties. As such density can be used as a predictor of the 
other useful property enhancement. The use of compositions 
further comprising an interfacial modi?er demonstrates 
improved utiliZation of material properties and improved per 
formance, such as elongation and other properties. Preferred 
composites can be combined With one or more polymers of a 
given molecular Weight distribution and one or more metal 
particulates With a given distribution to obtain unique com 
posites. The materials can exceed the prior art composites in 
terms of density, reduced toxicity, improved malleability, 
improved ductility, improved viscoelastic properties, 
machine molding properties and substantially reduced Wear 
on processing equipment. We have produced true composites 
and can obtain viscoelastic properties having, for example, 
thermoplastic shear of at least 5 sec_l, more preferably 10 to 
250 sec“1 at 1800 C. or 10 to 500 sec“1 at 2200 C. We have 
produced a composite by using an interfacial modi?er to 
improve the association of the particulate With the polymer. 
We have found that the composite materials of the invention 
can have a designed level of density, mechanical properties, 
or electrical/magnetic properties from careful composition 
blending. The novel viscoelastic properties make the materi 
als useful in a variety of uses not ?lled by composites and 
provides a material easily made and formed into useful 
shapes. 
[0009] In one embodiment of the invention a selected metal 
particulate having a speci?ed particle siZe and siZe distribu 
tion is selected With a polymer With a molecular Weight dis 
tribution to form an improved composite. Such particles can 
have a de?ned circularity and aspect ratio that promotes 
maximum property development. In this system a metal par 
ticulate and ?uoropolymer composite achieves the stated 
properties. 
[0010] In another embodiment, an interfacial modi?er is 
used to ensure that the proportions of metal particulate and 
polymer obtain the minimum excluded volume ?lled With 
polymer, the highest particulate packing densities, the maxi 
miZe polymer composite material properties and obtain the 
maximum utiliZation of materials. The high-density materials 
of the invention can contain pigments or other ingredients to 
modify the visual appearance of the materials. Mixed metal 
particulate, bimetallics such as tungsten carbide or silicon 
carbide or alloy metal composites can be used to tailor prop 
erties for speci?c uses. These properties include but are not 
limited to density, thermal properties such as conductivity, 
magnetic properties, electrical properties such as conductiv 
ity, color, etc. These materials and combination of materials 
can be used as solid-state electrochemical (e.g. battery) and 
semiconductor structures. Preferred higher density metal 
polymer materials can also be combined With one or more 
polymers and one or more metal particulate to obtain unique 
composites. A secondary metal can be combined With a metal 
of high density. A composite can comprise a variety of dif 
ferent combinations of metals and polymers. The metal par 
ticulate can contain tWo metal particulates of different metals, 
each metal having a relatively high density. In another 
embodiment, the metal particulate can comprise a metal par 
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ticulate of high density and a secondary metal. Other useful 
metals of this disclosure relates to a metal that, by itself, 
cannot achieve a density greater than 10 in the composite 
material, but can provide useful properties to the composite as 
a Whole. Such properties can include electrical properties, 
magnetic properties, physical properties, including heat con 
ductivity, acoustical shielding, etc. Examples of such second 
ary metals include, but not limited to, iron, copper, nickel, 
cobalt, bismuth, tin, cadmium and Zinc. The materials of the 
invention permit the design engineers the ?exibility to tailor 
the composite to end-uses and avoid the use of toxic or radio 
active materials unless desired. Lead or depleted uranium are 
no longer needed in their typical applications noW that the 
dense composites of the invention are available. In other 
applications Where some tailored level of toxicity or radiation 
is needed, the composites of the invention can be used suc 
ces sfully With desired properties engineered into the material. 

[0011] In another embodiment, the composite is coex 
truded With a coextrudate or coextrudates that are composi 
tionally different from the composite. Examples of coextru 
dates are thermoplastic polymers, ther'mosetting polymers, 
?lled thermoplastic or ther'mosetting polymers, and compos 
ites of differing composition. Useful articles, such as com 
posite articles With thermoplastic hinges, coatings, layers, 
and the like may be manufactured in this manner. In another 
embodiment, the composite is extruded or coextruded 
through a die that has a functional shape such that the result 
ing extrudate or coextrudate is formed With a functional 
shape. An example of a functional shape is an interlocking 
shape such that tWo composite articles can be reversibly 
snapped together. 
[0012] Brie?y, using the technology of the invention, the 
metal polymer composites of the invention can provide 
enhanced polymer composite properties. One important 
material comprises a composite having a density greater than 
10 gm-cm‘3 or higher, typically greater than 11.7 gm-cm_3, 
greater than 12.5 gm-cm'3 or greater than 16.0 gm-cm_3. The 
composite comprises a high-density metal particulate, a poly 
mer, and optionally an interfacial modi?er material. The com 
positions of the invention can also contain other additives 
such as a visual indicator, ?uorescent marker, dye or pigment 
at an amount of at least about 0.01 to 5 Wt %. The composites 
of the invention comprise about 85 to 99.5 Wt.-% metal, 47 to 
90 volume-% metal, 0.5 to 15 Wt.-% polymer, 10 to 53 vol 
ume-% polymer in the composite. In this disclosure, We rely 
on density as one important property that can be tailored in the 
composite but otheruseful properties can be designed into the 
composite. 
[0013] Enhanced density metal polymer composites can be 
made by forming a composite in Which the metal particulate 
is obtained at the highest possible packing or tap density of 
the particulate and With a polymer phase that substantially 
completely occupies only the minimiZed excluded volume of 
the particulate. Using a metal particulate, packing the particu 
late and combining the particulate With just suf?cient poly 
mer such that only the excluded volume of the particulate is 
?lled can optimiZe the high density of the composite material. 
A metal is selected having an absolute density of metal 
greater than about 13 often greater than 16 gm-cm'3 that is 
combined With a polymer selected for composite formation 
and increased density. As the metal particulate and the poly 
mer component increase in density, the composite material 
increases in density. The ultimate composite density is largely 
controlled by e?iciency in packing of the metal particulate in 
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the composite and the associated e?iciency in ?lling the 
unoccupied voids in the densely packed particulate With high 
density polymer material. We have found that the packing and 
?lling ef?ciency can be improved by a careful selection of 
particle shape, size and size distribution. The particulate 
should be greater than 10 microns (a particle size greater than 
about 10 microns means that a small portion of the particulate 
is less than 10 microns, in fact, less than 10 Wt.-% often less 
than 5 Wt.-% of the particulate is less than 10 microns). The 
size distribution of the metal should be broad and typically 
include particles about 10 to 1000 microns. The particulate 
distribution should contain at least some particulate (at least 5 
Wt.-%) in the range of about 10 to 70 microns, the particulate 
should also contain at least some particulate (at least 5 Wt.-%) 
in the range greater than 70, about 70 to 250 microns, option 
ally the particulate can contain some particulate (at least 5 
Wt.-%) in the range of about 250 to 500 microns and can 
contain some particulate in the 500+ micron range. This dis 
tribution can be normal, Gaussian, log normal or skeW normal 
but must include the desired range of particle sizes. A true 
composite is obtained by carefully processing the combined 
polymer and polymer particulate until properties are devel 
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bonding, covalent bonding and the van der Waals’ (V DW) 
types of bonding. Ionic radii and bonding occur in ionic 
species such as Na+Cl_, Li+ F“. Such ionic species form ionic 
bonds betWeen the atomic centers. Such bonding is substan 
tial, often substantially greater than 100 kJ-mol'l often 
greater than 250 kJ-mol_l. Further, the interatomic distance 
for ionic radii tend to be small and on the order of 1-3 A. 
Covalent bonding results from the overlap of electron clouds 
surrounding atoms forming a direct covalent bond betWeen 
atomic centers. The covalent bond strengths are substantial, 
are roughly equivalent to ionic bonding and tend to have 
someWhat smaller interatomic distances. 

[0015] The varied types of van der Waals’ forces are differ 
ent than covalent and ionic bonding. These van der Waals’ 
forces tend to be forces betWeen molecules, not betWeen 
atomic centers. The van der Waals’ forces are typically 
divided into three types of forces including dipole-dipole 
forces, dispersion forces and hydrogen bonding. Dipole-di 
pole forces are a van der Waals’ force arising from temporary 
or permanent variations in the amount or distribution of 
charge on a molecule. 

Summag of Chemical Forces and Interactions 

Strength 
Type of Interaction Strength Bond Nature Proportional to: 

Covalent bond Very strong Comparatively long range r’l 
Ionic bond Very strong Comparatively long range r’l 
Ion-dipole Strong Short range f2 
VDW Dipole-dipole Moderately strong Short range f3 
VDW Ion-induced Weak Very short range r“1 
dipole 
VDW Dipole-induced Very Weak Extremely short range f6 
dipole 
VDW London Very Weak“ Extremely short range f6 
dispersion forces 

“Since VDW London forces increase With increasing size and there is no limit to the size of 
molecules, these forces can become rather large. In general, however, they are very Weak. 

oped and density reaches a level shoWing that using an inter 
facial modi?er to promote composite formation results in 
enhanced property development and high density. 
[0014] A composite is more than a simple admixture. A 
composite is de?ned as a combination of tWo or more sub 

stances intermingled With various percentages of composi 
tion, in Which each component retains its essential original 
properties. It is a controlled combination of separate materi 
als, resulting in properties that are superior to those of its 
constituents. In a simple admixture the mixed material have 
little interaction and little property enhancement. One of the 
materials is chosen to increase stiffness, strength or density. 
Atoms and molecules can form bonds With other atoms or 
molecules using a number of mechanisms. Such bonding can 
occur betWeen the electron cloud of an atom or molecular 

surfaces including molecular-molecular interactions, atom 
molecular interactions and atom-atom interactions. Each 
bonding mechanism involves characteristic forces and 
dimensions betWeen the atomic centers even in molecular 
interactions. The important aspect of such bonding force is 
strength, the variation of bonding strength over distance and 
directionality. The major forces in such bonding include ionic 

[0016] Dipole structures arise by the separation of charges 
on a molecule creating a generally or partially positive and a 
generally or partially negative opposite end. The forces arise 
from electrostatic interaction betWeen the molecule negative 
and positive regions. Hydrogen bonding is a dipole-dipole 
interaction betWeen a hydrogen atom and an electronegative 
region in a molecule, typically comprising an oxygen, ?uo 
rine, nitrogen or other relatively electronegative (compared to 
H) site. These atoms attain a dipole negative charge attracting 
a dipole-dipole interaction With a hydrogen atom having a 
positive charge. Dispersion force is the van der Waals’ force 
existing betWeen substantially non-polar uncharged mol 
ecules. While this force occurs in non-polar molecules, the 
force arises from the movement of electrons Within the mol 
ecule. Because of the rapidity of motion Within the electron 
cloud, the non-polar molecule attains a small but meaningful 
instantaneous charge as electron movement causes a tempo 
rary change in the polarization of the molecule. These minor 
?uctuations in charge result in the dispersion portion of the 
van der Waals’ force. 

[0017] Such VDW forces, because of the nature of the 
dipole or the ?uctuating polarization of the molecule, tend to 
be loW in bond strength, typically 50 kJ mol'1 or less. Further, 
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the range at Which the force becomes attractive is also sub 
stantially greater than ionic or covalent bonding and tends to 
be about 3-10 A. 

[0018] In the van der Waals composite materials of this 
invention, We have found that the unique combination of 
metal particles, the varying particle siZe of the metal compo 
nent, the modi?cation of the interaction betWeen the particu 
late and the polymer, result in the creation of a unique van der 
Waals’ bonding. The van der Waals’ forces arise betWeen 
metal atoms/ crystals in the particulate and are created by the 
combination of particle siZe, polymer and interfacial modi? 
ers in the metal/ polymer composite. In the past, materials that 
are characterized as “composite” have merely comprised a 
polymer ?lled With particulate With little or no van der Waals ’ 
interaction betWeen the particulate ?ller material. In the 
invention, the interaction betWeen the selection of particle 
siZe distribution and interfacially modi?ed polymer enables 
the particulate to achieve an intermolecular distance that cre 
ates a substantial van der Waals’ bond strength. The prior art 
materials having little viscoelastic properties, do not achieve 
a true composite structure. This leads us to conclude that this 
intermolecular distance is not attained in the prior art. In the 
discussion above, the term “molecule” can be used to relate to 
a particle of metal, a particle comprising metal crystal or an 
amorphous metal aggregate, other molecular or atomic units 
or sub-units of metal or metal mixtures. In the composites of 
the invention, the van der Waals’ forces occur betWeen col 
lections of metal atoms that act as “molecules” in the form of 
crystals or other metal atom aggregates. The composite of the 
invention is characterized by a composite having intermo 
lecular forces betWeen metal particulates that are in the range 
of van der Waals’ strength, i.e., betWeen about 5 and about 30 
kJ-mol‘l and a bond dimension of 3- 1 0 A. The metal particu 
late in the composite of the invention has a range of particle 
siZes such that about at least 5 Wt.-% of particulate in the 
range of about 10 to 70 microns and about at least 5 Wt.-% of 
particulate in the range of about 70 to 250 microns, and a 
polymer, the composite having a van der Waals’ dispersion 
bond strength betWeen molecules in adjacent particles of less 
than about 4 kJ-mol‘l and a bond dimension of 1.4 to 1.9 A or 
less than about 2 kJ-mol'l and the van der Waals ’ bond dimen 
sion is about 1.5 to 1.8 A. 

[0019] In a composite, the reinforcement is usually much 
stronger and stiffer than the matrix, and gives the composite 
its good properties. The matrix holds the reinforcements in an 
orderly high-density pattern. Because the reinforcements are 
usually discontinuous, the matrix also helps to transfer load 
among the reinforcements. Processing can aid in the mixing 
and ?lling of the reinforcement metal. To aid in the mixture, 
an interfacial modi?er can help to overcome the forces that 
prevent the matrix from forming a substantially continuous 
phase of the composite. The composite properties arise from 
the intimate association obtained by use of careful processing 
and manufacture. We believe an interfacial modi?er is an 
organic material that provides an exterior coating on the par 
ticulate promoting the close association of polymer and par 
ticulate. Minimal amounts of the modi?er can be used includ 
ing about 0.005 to 3 Wt.-%, or about 0.02 to 2 Wt. %. 

[0020] For the purpose of this disclosure, the term “metal” 
relates to metal in an oxidation state, approximately 0, With up 
to 25 Wt.-% or about 0.001 to 10 Wt.-% as an oxide or a metal 

or non-metal contaminant, not in association With ionic, cova 
lent or chelating (complexing) agents. For the purpose of this 
disclosure, the term “particulate” typically refers to a material 
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made into a product having a particle siZe greater than 10 
microns and having a particle siZe distribution containing at 
least some particulate in the siZe range of 10 to 100 microns 
and 100 to 4000 microns. In a packed state, this particulate 
has an excluded volume of about 13 to 61 vol.-% or about 40 
to 60 vol.-%. In this invention, the particulate can comprise 
tWo three or more particulates sources, in a blend of metals of 
differing chemical and physical nature. 
[0021] Typically, the composite materials of the invention 
are manufactured using melt processing and are also utiliZed 
in product formation using melt processing. Typically, in the 
manufacturing of the high density materials of the invention, 
about 40 to 96 vol.-% often 50 to 95 vol.-% or 80 to 95 vol.-% 
of a metal particulate is combined under conditions of heat 
and temperature With about 4 to 60 vol.-%, often 5 to 50 
vol.-% or 5 to 20 vol.-% of a typical thermoplastic polymer 
material, are processed until the material attains a density 
greater than 10 gm-cm_3, 1 1 gm-cm'3 preferably greater than 
12 gm-cm_3, more preferably greater than 16 gm-cm'3 indi 
cating true composite formation. Typical elongation is at least 
5%, at least about 10% and often betWeen 5 and 250%. 
Alternatively, in the manufacture of the material, the metal or 
the thermoplastic polymer can be blended With interfacial 
modi?cation agents and the modi?ed materials can then be 
melt processed into the material. Once the material attains a 
suf?cient density, the material can be extruded into a product 
or into a raW material in the form of a pellet, chip, Wafer or 
other easily processed material using conventional process 
ing techniques. In the manufacture of useful products With the 
composites of the invention, the manufactured composite can 
be obtained in appropriate amounts, subjected to heat and 
pressure, typically in extruder equipment and then formed 
into an appropriate shape having the correct amount of mate 
rials in the appropriate physical con?guration. In the appro 
priate product design, during composite manufacture or dur 
ing product manufacture, a pigment or other dye material can 
be added to the processing equipment. One advantage of this 
material is that an inorganic dye or pigment can be co-pro 
cessed resulting in a material that needs no exterior painting 
or coating to obtain an attractive or decorative appearance. 
The pigments can be included in the polymer blend, can be 
uniformly distributed throughout the material and can result 
in a surface that cannot chip, scar or lose its decorative appear 
ance. One particularly important pigment material comprises 
titanium dioxide (TiOZ). This material is extremely non 
toxic, is a bright White particulate that can be easily combined 
With either metal particulates and/ or polymer composites to 
enhance the density of the composite material and to provide 
a White hue to the ultimate composite material. 

[0022] We have further found that a blend of tWo three or 
more metals in particulate form can, obtain important com 
posite properties from both metals in a polymer composite 
structure. For example, a tungsten composite or other high 
density metal particulate can be blended With a second metal 
particulate that provides to the relatively stable, non-toxic 
tungsten material, additional properties including a loW 
degree of radiation in the form of alpha, beta or gamma 
particles, a loW degree of desired cytotoxicity, a change in 
appearance or other bene?cial properties. One advantage of a 
bimetallic composite is obtained by careful selection of pro 
portions resulting in a tailored density for a particular end use. 
For example, a tantalum/tungsten composite can be produced 
having a theoretical density, for example, With a ?uoropoly 
mer or ?uoropolymer that can range from 11 gm-cm'3 
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through 12.2 gm-cm'3 . Alternatively, for other applications, a 
iridium tungsten composite can be manufactured that, With a 
?uoropolymer, can have a density that ranges from about 12 
gm-cm‘3 to about 13.2 gm-cm_3. Such composites each can 
have unique or special properties. These composite processes 
and materials have the unique capacity and property that the 
composite acts as an alloy composite of tWo different metals 
that could not, due to melting point and other processing 
dif?culties, be made into an alloy form Without the methods 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a molded or extruded article made from the 
material of the invention. The ?gure is an example of a struc 
ture that can be made using the various methods described 
herein. The stent is an example of an article With a ?exible 
structure that obtains utility from the metal polymer compos 
ite of the invention. 
[0024] FIGS. 2A and 2B are cross sections of an extrusion 
product of the invention. 
[0025] FIGS. 3A and 3B are tWo aspects of a ?shing jig 
comprising a snap on or molded sinker of the composite of the 
invention. 
[0026] FIGS. 4A and 4B are tWo aspects of a pneumatic 
tire, car or truck Wheel Weight of the invention. 

[0027] FIGS. 5-11 shoW data demonstrating the viscoelas 
tic properties of the invention and the adaptability of the 
technology to form desired properties I the materials. 

DETAILED DESCRIPTION OF THE INVENTION 

[0028] The invention relates to an improved metal polymer 
composite material having enhanced or improved properties 
With respect to prior art materials. Single metal and mixed 
metal composites can be tailored for novel properties includ 
ing density, color, magnetism, thermal conductivity, electri 
cal conductivity and other physical properties. The use of 
compositions further comprising an interfacial modi?er dem 
onstrates improved utiliZation of material properties and 
improved performance. Preferred composites can be com 
bined With one or more polymers of a given molecular Weight 
distribution and one or more metal particulates With a given 
distribution to obtain unique composites. The invention 
relates to a family of composite materials having character 
istics that exceed the density and malleability of lead but do 
not have the inherent toxicity of lead and other high-density 
materials. The materials can be used in applications requiring 
high-density, malleability, ductility, formability, and vis 
coelastic properties. The invention speci?cally provides high 
density materials comprising a high-density metal particulate 
such as tungsten, a polymer phase and, optionally, an inter 
facial modi?er that permits the polymer and metal particulate 
to interact to form a composite With desired nature and degree 
of properties and to attain the maximum density possible. 
Such materials obtain physical properties in excess of prior 
art materials including density, storage modulus, color, mag 
netism, thermal conductivity, electrical conductivity and 
other physical property improvements Without toxicity or 
residual radiation characteristic of lead or depleted uranium, 
respectively unless needed in a speci?c application, for 
example in a nuclear fuel rod. The materials of the invention 
permit the design engineers the ?exibility to tailor the com 
posite to end-uses and avoid the use of toxic or radioactive 
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materials unless desired. Lead or depleted uranium are no 
longer needed in their typical applications. 
[0029] The composite materials of the invention combine a 
metal particulate at a maximum tap density leaving a 
excluded volume and a polymer material substantially occu 
pying the excluded volume, but no more to obtain the highest 
possible density from the composite composition. Tap den 
sity (ASTM B527-93) relates to hoW Well the material is 
packed. Packing affects the excluded volume and a volume 
component that is included in the density calculation. A vari 
ety of metal particulates in the correct siZe and distribution 
can be used. The important parameters of the metal particle 
distribution include the fact that no more than 5 Wt.-% of the 
metal particulate is less than 10 microns in diameter. Further, 
the metal particle distribution has a substantial proportion of 
particulate falling in the range of 10 to 100 microns, a sub 
stantial proportion of a particulate falling in the range of 100 
to 250 microns and a substantial proportion of a particulate 
falling in the range of 100 to 500 microns. By a substantial 
proportion, We mean at least 10 Wt.-% of the particulate. This 
distribution can be normal, Gaussian, log normal or skeW 
normal but must include the desired range of particle siZes. 

[0030] An ultimate density of the metal is at least 11 gm 
cm_3, preferably greater than 13 gm-cm_3, more preferably 
greater than 16 gm-cm'3 and the polymer has a density of at 
least 0.94 gm-cm_3, hoWever, polymers having a density of 
greater than 1 to 1.4 gm-cm‘3 and preferably greater than 1.6 
gm-cm'3 are useful to increase density, also to obtain useful 
polymer composite materials. The tensile strength is 0.2 to 60 
MPa and the storage modulus of the composite (G') ranges 
from at least about 343 to about 14000 MPa, preferably from 
about 1380 to about 6000 MPa and most preferably about 
3450 to about 6000 MPa, and a tensile modulus of at least 0.2 
to 200 MPa. Tensile elongation of the composite ranges from 
about 5% to about 500%. In one embodiment, the tensile 
elongation of the composite is at least 100%. One important 
characteristic of the composite material of the invention 
relates to the existence of an elastic-plastic deformation and 
its Poisson ratio. The composite materials of the invention 
display an elastic-plastic deformation. Under a stress that 
causes the composite to elongate, the structure deforms in an 
elastic mode until it reached a limit after Which it deforms in 
a plastic mode until it reaches its limit and fails structurally. 
This property is shoWn as the elongation in Which the material 
elongates under stress by at least 5% or at least 10% before 
reaching an elastic limit and breaking under continued stress. 
The preferred material has a Poisson ratio typically less than 
0.5 and preferably about 0.1 to about 0.5. 

[0031] The regular, essentially spherical, character of the 
preferred particles of the invention can be de?ned by the 
circularity of the particle and by its aspect ratio. The aspect 
ratio of the particles should be less than 1:3 and often less than 
1:15 and should re?ect a substantially circular cross section 
or spherical particle. The circularity, circularity or roughness 
of the particle can be measured by a microscopic inspection of 
the particles in Which an automated or manual measurement 
of roughness can be calculated. In such a measurement, the 
perimeter of a representative selection of the particulate is 
selected and the area of the particle cross section is also 
measured. The circularity of the particle is calculated by the 
folloWing formula: 

Circularity:(perimeter)2/area. 
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[0032] An ideal spherical particle has a circularity charac 
teristic of about 12.6. This circularity characteristic is unitless 
parameter of less than about 20, often about 14 to 20 or 13 to 
1 8. 

[0033] Metal particulate that can be used in the composites 
of the invention include tungsten, uranium, osmium, iridium, 
platinum, rhenium, gold, neptunium, plutonium and tantalum 
and can have a secondary metal such as iron, copper, nickel, 
cobalt, tin, bismuth and Zinc. While an advantage is that 
non-toxic or non-radioactive materials can be used as a sub 

stitute for lead and depleted uranium Where needed, lead and 
uranium can be used When the materials have no adverse 
impact on the intended use. Another advantage of the inven 
tion is the ability to create bimetallic or higher composites 
that use tWo or more metal materials that cannot naturally 
form an alloy. A variety of properties can be tailored through 
a careful selection of metal or a combination of metals and 
polymer and the toxicity or radioactivity of the materials can 
be designed into the materials as desired. These materials are 
not used as large metal particles, but are typically used as 
small metal particles, commonly called metal particulates. 
Such particulates have a relatively loW aspect ratio and are 
typically less than about 1:3 aspect ratio. An aspect ratio is 
typically de?ned as the ratio of the greatest dimension of the 
particulate divided by the smallest dimension of the particu 
late. Generally, spherical particulates are preferred, hoWever, 
suf?cient packing densities can be obtained from relatively 
uniform particles in a dense structure. 

[0034] The composite materials of the invention combine a 
metal particulate at a maximum tap density leaving an 
excluded volume and a polymer material substantially occu 
pying the excluded volume, but no more, to obtain the highest 
possible density from the composite composition. 
[0035] A variety of high-density metals can be used. Tung 
sten (W) has an atomic Weight of 183.84; an atomic number 
of 74 and is in Group VIB(6). Naturally occurring isotopes are 
180 (0.135%); 182 (26.4%); 183 (14.4%); 184 (30.6%); 186 
(28.4%) and arti?cial radioactive isotopes are 173-179; 181; 
185; 187-189. Tungsten Was discovered by C. W. Scheele in 
1781 and isolated in 1783 by J. J. and Ede Elhuyar. One ofthe 
rarer metals, it comprises about 1.5 ppm of the earth’s crust. 
Chief ores are Wolframite [(Fe, Mn)WO4] and Scheelite 
(CaWO4) found chie?y in China, Malaya, Mexico, Alaska, 
SouthAmerica and Portugal. Scheelite ores mined in the US. 
carry from 0.4-1 .0% WO3. Description of isolation processes 
are found in K. C. Li, C. Y. Wang, Tungsten, A.C.S. Mono 
graph Series no. 94 (Reinhold, NeW York, 3rd ed., 1955) pp 
113-269; G. D. Rieck, Tungsten and Its Compounds (Perga 
mon Press, NeWYork, 1967) 154 pp. Reviews: Parish, Advan. 
Inorg. Chem. Radiochem. 9, 315-354 (1966); Rollinson, 
“Chromium, Molybdenum and Tungsten” in Comprehensive 
Inorganic Chemistry Vol. 3, J. C. Bailar, Jr. et al., Eds. (Per 
gamon Press, Oxford, 1973) pp 623-624, 742-769. Tungsten 
is a steel-gray to tin-White metal having in crystal form, a 
body centered cubic structure. Its density is d42O 18.7-19.3; Its 
hardness is 6.5-7.5, melting point is 34100 C., boiling point is 
59000 C., speci?c heat (200 C.) is 0.032 cal/g/o C., heat of 
fusion is 44 cal/g, heat of vaporiZation is 1150 cal/g and 
electrical resistivity (200 C.) is 5.5 uohm-cm. Tungsten is 
stable in dry air at ordinary temperatures, but forms the tri 
oxide at red heat, is not attacked by Water, but is oxidiZed to 
the dioxide by steam. Particulate tungsten can be pyrophoric 
under the right conditions and is sloWly soluble in fused 
potassium hydroxide or sodium carbonate in presence of air; 
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is soluble in a fused mixture of NaOH and nitrate. Tungsten is 
attacked by ?uorine at room temperature; by chlorine at 250 
3000 C. giving the hexachloride in absence of air, and the 
trioxide and oxychloride in the presence of air. In summary 
the melting point is 34100 C., the boiling point is 59000 C. and 
the density is d42O 18.7-19.3. 
[0036] Uranium (U) has an atomic Weight of 238.0289 
(characteristic naturally occurring isotopic mixture); an 
atomic number of 92 With no stable nuclides. Naturally occur 
ring isotopes are 238 (99.275%); 235 (0.718%); 234 
(0.005%); arti?cial radioactive isotopes are 226-233; 236; 
237; 239; 240. Uranium comprises about 2.1 ppm of the 
earth’s crust. Main uranium ores of commercial interest are 
carnotite, pitchblende, tobemite and autunite. Commercially 
important mines are located in Elliot Lake-Blind River area in 
Canada, Rand gold ?elds in South Africa, Colorado and Utah 
in the United States, inAustralia and in France. The discovery 
from pitchblende is found in M. H. Klaproth, Chem. Ann. II, 
387 (1789). Preparation of the metal is found in E. Peligot, 
CR. Acad. Sci. 12, 735 (1841) andIdem, Ann. Chim. Phys. 5, 
5 (1842). FloWsheet and details of preparation of pure ura 
nium metal are found in Chem. Eng. 62, No. 10, 113 (1955); 
Spedding et al., US. Pat. No. 2,852,364 (1958 to U.S.A.E. 
C.). Reviews: Mellor’s Vol. XII, 1-138 (1932); C. D. Har 
rington, A. R. Ruehle, Uranium Production Technology (Van 
Nostrand, Princeton, 1959); E. H. P. Cordfunke, The Chem 
istry of Uranium (Elsevier, NY, 1969) 2550 pp; several 
authors in Handb. Exp. Pharmakol, 36, 3-306 (1973); “The 
Actinides,” in Comprehensive Inorganic Chemistry Vol. 5, J. 
C. Bailar, Jr., et al., Eds. (Pergamon Press, Oxford, 1973) 
passim; F. Weigel in Kirk-Othmer Encyclopedia of Chemical 
Technology Vol. 23 (Wiley-Interscience, NeW York, 3rd ed., 
1983) pp 502-547; idem in The Chemistry of the Actinide 
Elements Vol. 1, J. J. KatZ et al., Eds. (Chapman and Hall, 
NeW York 1986) pp 169-442; J. C. Spirlet et al., Adv Inorg. 
Chem. 31, 1-40 (1987). A revieW of toxicology and health 
effects is found in Toxicological Pro?le for Uranium (PB91 
180471, 1990) 205 pp. Uranium is a silver-White, lustrous, 
radioactive metal that is both malleable and ductile, and tar 
nishes rapidly in air forming a layer of dark-colored oxide. 
Heat of vaporiZation is 446.7 kJ/mol; heat of fusion is 19.7 
kJ/mol; heat of sublimation is 487.9 kJ/mol. Particulate ura 
nium metal and some uranium compounds may ignite spon 
taneously in air or oxygen and are rapidly soluble in aqueous 
HCl. Non-oxidizing acids such as sulfuric, phosphoric and 
hydro?uoric react only very sloWly With uranium; nitric acid 
dissolves uranium at a moderate rate; and dissolution of par 
ticulate Uranium in nitric acid may approach explosive vio 
lence. Uranium metal is inert to alkalis. In summary, the 
melting point is 113281080 and density is 19.07; d 18.11; d 
1 8.06. 

[0037] Osmium (O) has an atomic Weight of 190.23; an 
atomic number of 76 and is in Group VIII(8). Naturally occur 
ring isotopes are 184 (0.02%); 186 (1.6%); 187 (1.6%); 188 
(13.3%); 189 (16.1%); 190 (26.4%); 192 (41.0%). Arti?cial 
radioactive isotopes are 181-183; 185; 191; 193-195. 
Osmium comprises about 0.001 ppm of the earth’s crust and 
is found in the mineral osmiridium and in all platinum ores. 
Tennant discovered osmium in 1804. Preparation is found in 
BerZelius et al., cited by Mellor, A Comprehensive Treatise on 
Inorganic and Theoretical Chemistry 15, 6887 (1936). 
Reviews: Gilchrist, Chem. Rev. 32, 277-372 (1943); Beamish 
et al., inRareMetalsHandbook, C.A. Hampel, Ed. (Reinhold 
NeW York, 1956) pp 291-328; Gri?ith, Quart. Rev. 19, 254 
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273 (1965); idem, The Chemistry ofthe Rarer Platinum Met 
als (John Wiley, New York, 1967) pp 1-125; Livingstone in 
ComprehensiveInorganic Chemistry,Vol. 3, J. C. Bailar, Jr. et 
al. Eds. (Pergamon Press, Oxford, 1973) pp 1163-1189, 
1209-1233. Osmium is a bluish-White, lustrous metal With a 
close-packed hexagonal structure. With a density of d42O 
22.61, it has been long believed to be the densest element. 
X-ray data has shoWn it to be slightly less dense than iridium 
With a melting point of about 2700° C., boiling point of about 
5500° C., a density ofd42O 22.61, speci?c heat (0° C.) 0.0309 
cal/g/° C. and hardness 7.0 on Mohs’ scale. Osmium is stable 
in cold air and, in the particulate, is sloWly oxidized by air 
even at ordinary temperature to form tetroxide. Osmium is 
attacked by ?uorine above 1000 C., by dry chlorine on heat 
ing, but not attacked by bromine or iodine. Osmium is 
attacked by aqua regia, by oxidiZing acids over a long period 
of time, but barely affected by HCl, H2SO4. Osmium burns in 
vapor of phosphorus to form a phosphide, in vapor of sulfur to 
form a sul?de. Osmium is also attacked by molten alkali 
hydrosulfates, by potassium hydroxide and oxidiZing agents. 
Particulate osmium absorbs a considerable amount of hydro 
gen. In summary, osmium has a melting point of about 2700° 
C., a boiling point of about 5500° C. and a density of d42O 
22.61 . 

[0038] Iridium (Ir) has an atomic Weight of 192.217 and an 
atomic number of 77. Naturally occurring isotopes are 191 
(38.5%); 193 (61.5%) and arti?cial radioactive isotopes are 
182-191; 194-198. It comprises about 0.001 ppm of the 
earth’s crust. Iridium Was discovered by Tennant. It occurs in 
nature in the metallic state, usually as a natural alloy With 
osmium (osmiridium) and found in small quantities alloyed 
With native platinum (platinum mineral) or With native gold. 
Recovery and puri?cation from osmiridium are found in Dev 
ille, Debray, Ann. Chim. Phys. 61, 84 (1861); from the plati 
num mineral: Wichers, .1. Res. Nat. Bur Stand. 10, 819 
(1933). Reviews of preparation, properties and chemistry of 
iridium and other platinum metals: Gilchrist, Chem. Rev. 32, 
277-372 (1943); W. P. Gri?ith, the Chemistry of the Rare 
Platinum Metals (John Wiley, NeW York, 1967) pp 1-41, 
227-312; Livingstone in Comprehensive Inorganic Chemis 
try Vol. 3, J. C. Bailar Jr. et al., Eds. (Pergamon Press, Oxford, 
1973) pp 1163-1189, 1254-1274. Iridium is a silver-White, 
very hard metal; face-centered cubic lattice With a melting 
point of 2450° C., boiling point of about 4500° C. With a 
density of d42O 22.65, speci?c heat of 0.0307 cal/g/° C., 
Mohs’ hardness of 6.5 and has the highest speci?c gravity of 
all elements. Acids including aqua regia do not attack pure 
iridium and only the metal is slightly attacked by fused (non 
oxidiZing) alkalis. It is super?cially oxidiZed on heating in the 
air, is attacked by ?uorine and chlorine at a red heat, attacked 
by potassium sulfate or by a mixture of potassium hydroxide 
and nitrate on fusion, attacked by lead, Zinc or tin. Particulate 
metal is oxidiZed by air or oxygen at a red heat to the dioxide, 
IrO2, but on further heating the dioxide dissociates into its 
constituents. In summary, iridium has a melting point of 
2450° C., a boiling point of about 4500° C. and a density of 
d42O 22.65. 
[0039] Platinum (Pt) has an atomic Weight of 195.078, an 
atomic number of 78 and is in Group VIII(10). Naturally 
occurring isotopes are 190 (0.01%); 192 (0.8%); 194 (32.9%; 
195 (33.8%); 196 (25.2%); 198 (7.2%); 190 is radioactive: 
Tl/2 6.9><10ll years. Arti?cial radioactive isotopes are 173 
189; 191; 193; 197; 199-201. Platinum comprises about 0.01 
ppm of the earth’s crust. It is believe to be mentioned by Pliny 
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under the name “alutiae” and has been knoWn and used in 
South America as “platina del Pinto”. Platinum Was reported 
by Ulloa in 1735; brought to Europe by Wood, and described 
by Watson in 1741. It occurs in native form alloyed With one 
or more members of its group (iridium, osmium, palladium, 
rhodium, and ruthenium) in gravels and sands. Preparation is 
found in Wichers et al, Trans. Amer Inst. Min. Met. Eng. 76, 
602 (1928). Reviews of preparation, properties and chemistry 
of platinum and other platinum metals: Gilchrist, Chem. Rev. 
32, 277-372 (1943); Beamish et al., Rare Metals Handbook, 
C. A. Hampel, Ed. (Reinhold, NeW York, 1956) pp 291-328; 
Livingstone, Comprehensive Inorganic chemistry, Vol. 3, J. 
C. Bailar, Jr. et al., Eds. (Pergamon press, Oxford, 1973) pp 
1163-1189, 1330-1370; F. R. Harley, The Chemistry ofPlati 
num and Palladium with Particular Reference to Complexes 
of the Elements (Halsted Press, NeW York, 1973). Platinum is 
a silver-gray, lustrous, malleable and ductile metal; face 
centered cubic structure; prepared in the form of a black 
particulate (platinum black) and as spongy masses (platinum 
sponge). Platinum has a melting point of 1773.5:1° C.; 
Roeser et al., Nat. Bur Stand. .1. Res. 6, 1119 (1931); boiling 
point ofabout 3827° C. With a density ofd42O 21.447 (calcd.); 
Brinell hardness of 55; speci?c heat of 0.0314 cal/g at 0° C.; 
electrical resistivity (20° C.) of 10.6 Tohm-cm.; does not 
tami sh on exposure to air, absorbs hydrogen at a red heat and 
retains it tenaciously at ordinary temperature; gives off the 
gas at a red heat in vacuo; occludes carbon monoxide, carbon 
dioxide, nitrogen; volatiliZes considerably When heated in air 
at 1500° C. The heated metal absorbs oxygen and gives it off 
on cooling. Platinum is not affected by Water or by single 
mineral acids, reacts With boiling aqua regia With formation 
of chloroplatinic acid, and also With molten alkali cyanides. It 
is attacked by halogens, by fusion With caustic alkalis, alkali 
metrates, alkali peroxides, by arsenates and phosphates in the 
presence of reducing agents. In summary, platinum has a 
melting point of 1773.511 ° C.; Roeser et al., Nat. Bur Stand. 
J. Res. 6, 1119 (1931), boiling point about 3827° C. and a 
density of 21.447 (calcd). 
[0040] Gold (Au) has an atomic Weight of 196.96655; an 
atomic number of 79 and is in Group IB(1 1). Naturally occur 
ring isotope 197; arti?cial isotopes (mass numbers) are 177 
179, 181, 183, 185-196, 198-203. Gold comprises 0.005 of 
the earth’s crust. Gold is probably the ?rst pure metal knoWn 
to man. It occurs in nature in its native form and in minute 
quantities in almost all rocks and in seaWater. Gold ores 
including calavarite (AuTeZ), sylvanite [(Ag,Au)Te2], petZite 
[(Ag,Au)2Te]. Methods of mining, extracting and re?ning are 
found in Hull, Stent, in Modern Chemical Processes, Vol. 5 
(Reinhold, NY, 1958) pp 60-71. Laboratory preparation of 
goldparticulate from goldpieces is found in Block, Inorg. Syn 
4, 15 (1953). Chemistry of gold drugs in the treatment of 
rheumatoid arthritis is found in D. H. BroWn, W. E. Smith, 
Chem. Soc. Rev. 9, 217 (1980). Use as a catalyst in oxidation 
of organic compounds by NO2 is found in R. E. Sievers, S. A. 
Nyarady, .I. Am. Chem. Soc. 107, 3726 (1985). Least reactive 
metal at interfaces With gas or liquid is found in B. Hammer, 
J. K. Norskov, Nature 373, 238 (1995). Reviews: Gmelin’s 
Handb. Anorg. Chem., Gold (8th ed.) 62, parts 2, 3 (1954); 
Johnson, Davis, “Gold” in Comprehensive Inorganic Chem 
istry, Vol. 3, J. C. Bailar Jr. et al., Eds. (Pergamon Press, 
Oxford, 1973) pp 129-186; J. G. Cohn, E. W. Stern in Kirk 
Othmer Encyclopedia of Chemical Technology Vol. 11 
(Wiley Interscience, NeW York, 3rd ed., 1980) pp 972-995. 
Gold is a yelloW, soft metal; face-centered cubic structure; 
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and When prepared by volatiliZation or precipitation methods, 
deep violet, purple, or ruby particulate, melting point of 1064. 
76° C.; boiling point of2700° C. With a density of 1 9.3; Moh’s 
hardness of 2.5-3.0; Brinell hardness of 18.5. Gold is 
extremely inactive; not attacked by acids, air or oxygen; 
super?cially attacked by aqueous halogens at room tempera 
ture; reacts With aqua regia, With mixtures containing chlo 
rides, bromides or iodides if they can generate nascent halo 
gens, With many oxidiZing mixtures especially those 
containing halogens, alkali cyanides, solutions of thiocyan 
ates and double cyanides. In summary, gold has a melting 
point of1064.76° C., boiling point of2700° C. and density of 
1 9 .3. 

[0041] Rhenium (Re) has an atomic Weight of 186.207; an 
atomic number of 75 and is in Group VIIB(7). Naturally 
occurring isotopes are 185 (37.07%); 187 (62.93%), the latter 
is radioactive, Tl/2~10ll years; arti?cial radioactive isotopes 
are 177-184; 186; 188-192. Rhenium comprises about 0.001 
ppm of the earth’s crust. It occurs in gadolinite, molybdenite, 
columbite, rare earth minerals, and some sul?de ores. Rhe 
nium Was discovered by Nodack et al, Naturwiss. 13, 567, 
571 (1925). Preparation of metallic rhenium by reduction of 
potassium perrhenate or ammonium perrhenate is found in 
Hurd, Brim, Inorg. Syn 1, 175 (1939) and preparation of high 
purity rhenium is found in Rosenbaum et al., J. Electrochem. 
Soc. 103, 18 (1 956). Reviews: Mealaven in rare Metals Hand 
book, C. A. Hampel, Ed. (Reinhold, NeW York, 1954) pp 
347-364; Peacock in Comprehensive Inorganic Chemistry 
Vol. 3, J. C. Bailar, Jr. et al., Eds. (Pergamon Press, Oxford, 
1973) pp 905-978; P. M. Treichel in Kirk-Othmer Encyclo 
pedia of Chemical Technology Vol. 20 (Wiley-Interscience, 
NeW York, 3rd ed., 1982) pp 249-258. Rhenium has hexago 
nal close-packed crystals, black to silver-gray; has a density 
ofd 21.02; melting point of3180° C.; boiling point of5900° 
C. (estimated); speci?c heat of 0-20° C. 0.03263 cal/g/° C.; 
speci?c electrical resistance of 0.21><10_4 ohm/cm at 20° C.; 
Brinell hardness of 250; latent heat of vaporization of 152 
kcal/mol and reacts With oxidiZing acids, nitric and concen 
trated sulfuric acid, but not With HCl. In summary, Rhenium 
has a melting point of 3180° C., boiling point of 5900° C. 
(estimated) and density of 21.02. 
[0042] Neptunium (Np) has an atomic number of 93. It is 
the ?rst man-made transuranium element With no stable 
nuclides. Known isotopes (mass numbers) are 227-242. The 
discovery of isotope 239 (Tl/2 2.355 days, alpha-decay, rela 
tive atomic mass of 239.0529) can be found in E. McMillan, 
P. Abelson, Phys. Rev. 57, 1185 (1940); ofisotope 237 (Tl/2 
2.14><106 years, the longest-lived knoWn isotope, relative 
atomic mass of 237.0482) can be found at A. C. Wahl, G. T. 
Seaborg, ibid. 73, 940 (1948). Preparation of metal is found in 
S. Fried, N. Davidson, J. Am. Chem. Soc. 70, 3539 (1948); L. 
B. Magnusson, T J. LaChapelle, ibid. 3534. Neptunium’s 
presence in nature is found in Seaborg, Perlman, ibid. 70, 
1571 (1948). Chemical properties are found in Seaborg, 
Wahl, ibid. 1128. Reviews: C. Keller, the chemistry of the 
T ransactinide Elements (Verlag Chemie, Weinheim, English 
Ed., 1971) pp 253-332; W. W. SchulZ, G. E. Benedict, Nep 
tunium-237; Production and Recovery, AEC Critical RevieW 
Series (USAEC, Washington DC), 1972) 85 pp; Compre 
hensiveInorganic Chemistry Vol. 5, J. C. Bailar, Jr. et al., Eds. 
(Pergamon Press, Oxford, 1973) passim; J. A. Fahey in The 
Chemistry oftheActinide Elements Vol. 1, J. J. KatZ et al., Eds 
(Chapman and Hall, NeW York, 1986) pp 443-498; G. T. 
Seaborg in Kirk-Othmer Encyclopedia ofChemical Technol 
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ogy Vol. 1 (Wiley-Interscience, NeW York, 4th ed., 1991) pp 
412-444. Neptunium is a silvery metal; develops a thin oxide 
layer upon exposure to air for short periods. It reacts With air 
at high temperatures to form NpO2 With an extrapolated boil 
ing point of 4174° C. Neptunium has been obtained in its ?ve 
oxidation states in solution; the most stable is the pentavalent 
state. Tetravalent Neptunium is readily oxidiZed to the 
hexavalent state by permanganate in the cold, or by strong 
oxidiZing agents; on electrolytic reduction in an atmosphere 
of nitrogen, the trivalent form is obtained. In summary, Nep 
tunium has a melting point of 637° C.; a boiling point of 
4174° C. and a density ofd 20.45; d 19.36. 

[0043] Plutonium (Pu) has an atomic number of 94 With no 
stable nuclides. Known isotopes (mass numbers) are 232 
246. the longest-lived knoWn isotopes are 242Pu (Tl/2 3.76>< 
105 years, relative atomic mass 242.0587), 244 (Tl/2 8.26>< 
107 years, relative atomic mass 244.0642). Commercially 
useful isotopes are 238Pu (Tl/2 87.74 years, relative atomic 
mass 238.0496); 239Pu (Tl/2 2.41><104 years; relative atomic 
mass 239.0522). Plutonium comprises 10_22% of the earth’s 
crust. The discovery of isotope 23 8Pu is found in G. T. Seaborg 
et al., Phys. Rev. 69, 366, 367 (1946); ofisotope 239Pu in J. W. 
Kennedy et al., ibid 70 555 (1946). Solution of 239Pu from 
pitchblende is found in G. T. Saborg, M. L. Perlman, J Am. 
Chem. Soc. 70, 1571 (1948). Preparation of metal is found in 
B. B. Cunningham, L. B. Werner, ibid. 71, 1521 (1949). 
Chemical properties are found in Seaborg, Wal, ibid. 1128; 
Harvey et al., J. Chem. Soc. 1947, 1010. Reviews: J. M. 
Cleveland, the Chemistry of Plutonium (Gordon & Breach, 
NeW York, 1970) 653 pp; C. Keller, The Chemistry of the 
T ransuranium Elements (Verlag Chemie, Weinheim, English 
Ed., 1971) pp 333-484; Comprehensive Inorganic Chemistry 
Vol. 5, J. C. Bailar, Jr. et al., Eds. (Pergamon Press, Oxford, 
1973) passim; Handb. Exp. Pharmakol 36 307-688 (1973); F. 
Weigel in Kirk-Othmer Encyclopedia ofChemical Technol 
ogy Vol. 18 (Wiley-Interscience, NeWYork, 3rd ed., 1982) pp 
278-301; Plutonium Chemistry, W. T. Carnall, G. R. Chop 
pin, Eds. (Am. Chem. Soc., Washington, DC, 1983) 484 pp; 
F. Weigel et al in The Chemistry of theActinide Elements Vol. 
1, J. J. KatZ et al., Eds. (Chapman and Hall, NeW York, 1986) 
pp 499-886. RevieW oftoxicology is found in W. J. Bair, R. C. 
Thompson, Science 183, 715-722 (1974); and health effects 
are found in Toxicological Profile for Plutonium (PB91 
180406, 1990) 206 pp. Plutonium is a silvery-White metal that 
is highly reactive. It oxidiZes readily in dry air and oxygen, the 
rate increasing in the presence of moisture. In summary, 
Plutonium has a melting point of 640:2° C. and densities of 
d21 19.86;dl9°17.70;d23517.14;d32O15.92;d“O516.00;d490 
16.51. 

[0044] Tantalum (Ta) has an atomic Weight of 180.9479; 
atomic number of 73 and is in Group VB(5). Naturally occur 
ring isotopes are 181 (99.9877%); 180 (0.0123%), T1/2>10l2 
years; arti?cial radioactive isotopes are 172-179; 182-186. 
Tantalum occurs almost invariably With niobium, but less 
abundant than niobium. It is found in the minerals columbite, 
q.v., tantalite ([(Fe,Mn)(Ta,Nb)2O6] and microlite [(Na,Ca) 
2Ta2O6(O,OH,P)]. Tantalum Was discovered by Edeberg in 
1802; ?rst obtained pure by Bolton in Z. Elektrochem. 1 1, 45 
(1905). Preparation is found in Schoeller, PoWell, J. Chem. 
Soc. 119, 1927 (1921). Reviews: G. L. Miller, Tantalum and 
Niobium (Academic Press, NeW York, 1959) 767 pp; BroWn, 
“The Chemistry of Niobium and Tantalum” in Comprehen 
sive Inorganic Chemistry Vol. 3, J. C. Bailar, Jr. et al., Eds. 
(Pergamon Press, Oxford, 1973) pp 553-622. Tantalum is a 


























