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Description

BACKGROUND

[0001] This disclosure relates to cross-linked organic polymer having improved tribological properties, methods of
manufacture thereof and to articles comprising the same.
[0002] Organic polymers are often used in applications involving the transmission of force or energy (e.g., the trans-
mission of torque, the transmission of motion, and the like) where they are subjected to friction. Friction brings about
mechanical abrasion. It is desirable for organic polymers to display as high abrasion resistance as possible. However,
most polymers display poor abrasion resistance when subjected to friction at moderate pressures and at moderate
sliding velocities that are generally employed in such frictional applications.
[0003] In order to reduce damage by mechanical abrasion, lubricants are often added to the organic polymer. Lubricants
decrease the coefficient of friction and in turn improve wear resistance. However, the addition of lubricants has several
drawbacks. In particular, in applications where force or torque needs to be transmitted, a high coefficient of friction is
desirable because it allows for higher efficiency in the transmission of these forces. Lubricants have the effect of de-
creasing the coefficient of friction and therefore cannot be used in these applications. It is further desirable to have an
organic polymeric composition that can display resistance to catastrophic failure when used in frictional applications that
use high pressure and high velocities.

SUMMARY

[0004] Disclosed herein is a crosslinked organic polymer according to any one of claims 1-8; wherein the cross-linked
organic polymer has a coefficient of friction that is in a range of 6 30% of a coefficient of friction for the same organic
polymer that is not crosslinked; and wherein the composition has a lower K factor than a K factor of the same organic
polymer that is not crosslinked; the coefficient of friction and the K factor being measured in a thrust washer apparatus
as per ASTM D-3702, where the counter stationary surface in the thrust washer apparatus comprises carbon steel having
a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface finish.
[0005] Disclosed herein too is a method according to any one of claims 10-12 comprising crosslinking an organic
polymer; the crosslinking being effective to produce a cross-linked organic polymer that has a coefficient of friction that
is similar to a coefficient of friction for the same organic polymer that is not crosslinked; and wherein the composition
has a lower K factor than a K factor of the same organic polymer that is not crosslinked; the coefficient of friction and
the K factor being measured in a thrust washer apparatus as per ASTM D-3702, where the counter stationary surface
in the test equipment is comprises carbon steel having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch
(3.048 * 10-7 to 4.064 * 10-7 m) surface finish.
[0006] Disclosed herein too is a method according to claim 13 comprising crosslinking an organic polymer; the crosslink-
ing being effective to produce a cross-linked organic polymer that has a coefficient of friction that is similar to a coefficient
of friction for the same organic polymer that is not crosslinked; and wherein the composition has a lower K factor than
a K factor of the same organic polymer that is not crosslinked; the coefficient of friction and the K factor being measured
in a thrust washer apparatus as per ASTM D-3702, where the counter stationary surface in the test equipment is comprises
carbon steel having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface
finish; and subjecting the composition to friction, wherein the friction comprises sliding friction or static friction.

BRIEF DESCRIPTION OF THE FIGURES

[0007] Figure 1 is a photograph showing the cracked non-crosslinked sample and the crosslinked sample next to it
with no visible damage.

DETAILED DESCRIPTION

[0008] The terms "first," "second," and the like, "primary," "secondary," and the like, as used herein do not denote any
order, quantity, or importance, but rather are used to distinguish one element from another.
[0009] The terms "a" and "an" do not denote a limitation of quantity, but rather denote the presence of at least one of
the referenced item.
[0010] All ranges disclosed herein are inclusive of the endpoints, and the endpoints are independently combinable
with each other.
[0011] Disclosed herein are crosslinked organic polymers that can be used in frictional applications. Articles manu-
factured from the crosslinked organic polymers can resist high pressure and sliding velocities when compared with
articles manufactured from non-crosslinked organic polymers. The crosslinked organic polymers show greater abrasion
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resistance than non cross-linked organic polymers. In an exemplary embodiment, the crosslinked organic polymers are
polyamides.
[0012] Articles manufactured from the cross-linked organic polymers generally show a lower K factor than a comparative
composition that contains a non-crosslinked polymer. This generally results in improved wear performance and improved
life cycles for pieces of equipment that use the cross-linked organic polymers in frictional applications.
[0013] In one embodiment, the cross-linked organic polymer has a coefficient of friction that is in a range of 6 30%,
specifically in the range of 6 20%, and specifically in the range of 6 10% of a coefficient of friction for the same organic
polymer that is not crosslinked. The cross-linked organic polymer generally has a lower K factor (also known as the
"volumetric wear rate", the "wear coefficient", or the "abrasion factor") than a K factor of the same organic polymer that
is not crosslinked; the coefficient of friction and the K factor both being measured in a thrust washer apparatus as per
ASTM D-3702, where the counter stationary surface in the thrust washer apparatus comprises carbon steel having a
Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface finish. In an exemplary
embodiment, the cross-linked organic polymer has a coefficient of friction that is about the same as the coefficient of
friction for the same organic polymer that is not crosslinked, while at the same time displaying a lower K factor than the
composition comprising the same organic polymer that is not crosslinked.
[0014] The K factor is given in Equation (1) below: 

where W is the volume of material abraded from the test specimen, F is the perpendicular load and D is the distance of
sliding.
[0015] In another embodiment, an article manufactured from the cross-linked organic polymer performs continuously
for a period of about 1 to about 48 hours when tested in a thrust washer apparatus as per ASTM D-3702, where the
counter stationary surface in the thrust washer apparatus comprises carbon steel having a Rockwell C hardness of 18
to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface finish and where the article is subjected to a
pressure of about 2 to about 400 pounds per square inch (0.14 *105 Pa to 27.58 *105 Pa) and a linear velocity of about
20 to about 400 feet per minute (6.096 m/min to 121.92 m/min) during the test in the thrust washer apparatus.
[0016] In yet another embodiment, the article manufactured from the cross-linked organic polymer performs continu-
ously for a period of about 16 to about 30 hours when the composition is subjected to a pressure of about 20 to about
80 pounds per square inch (1.38 *105 Pa to 5.51 *105 Pa) and a linear velocity of about 40 to about 200 feet per minute
(12.19 m/min to 60.96 m/min) during the test in the aforementioned thrust washer apparatus as per ASTM D-3702. In
yet another embodiment, the article manufactured from the cross-linked organic polymer performs continuously for a
period of about 20 to about 28 hours when the composition is subjected to a pressure of about 40 to about 60 pounds
per square inch (2.76 *105 Pa to 4.14 *105 Pa) and a linear velocity of about 100 to about 150 feet per minute (30.48
m/min to 45.72 m/min) during the test in the aforementioned thrust washer apparatus as per ASTM D-3702.
[0017] The crosslinked organic polymers are below their glass transition temperatures at the initial temperature of the
frictional application. In one embodiment, it is generally desirable for the crosslinked organic polymers to be below their
melting temperatures at the initial temperature of the frictional application. Examples of suitable organic polymers that
can be crosslinked are blends of polymers, copolymers, terpolymers, or combinations comprising at least one of the
foregoing organic polymers. The organic polymer can also be an oligomer, a homopolymer, a copolymer, a block co-
polymer, an alternating block copolymer, a random polymer, a random copolymer, a random block copolymer, a graft
copolymer, a star block copolymer, a dendrimer, or the like, or a combination comprising at last one of the foregoing
organic polymers prior to crosslinking.
[0018] Examples of organic polymers that can be crosslinked are polyacetals, polyolefins, polyacrylics, polycarbonates,
polystyrenes, polyesters, polyamides, polyamideimides, polyarylates, polyarylsulfones, polyethersulfones, polyphe-
nylene sulfides, polyvinyl chlorides, polysulfones, polyimides, polyetherimides, polytetrafluoroethylenes, polyetherke-
tones, polyether etherketones, polyether ketone ketones, polybenzoxazoles, polyphthalides, polyacetals, polyanhy-
drides, polyvinyl ethers, polyvinyl thioethers, polyvinyl alcohols, polyvinyl ketones, polyvinyl halides, polyvinyl nitriles,
polyvinyl esters, polysulfonates, polysulfides, polythioesters, polysulfones, polysulfonamides, polyureas, polyphosp-
hazenes, polysilazanes, polysiloxanes, or the like, or a combination comprising at least one of the foregoing thermoplastic
polymers.
[0019] In an exemplary embodiment, the thermoplastic polymer is a polyamide or a copolyamide (e.g., a polyamide-
imide).
[0020] Examples of blends of polymers that can be crosslinked include acrylonitrile-butadiene-styrene/nylon, polycar-
bonate/acrylonitrile-butadiene-styrene, acrylonitrile butadiene styrene/polyvinyl chloride, polyphenylene ether/polysty-
rene, polyphenylene ether/nylon, polysulfone/acrylonitrile-butadiene-styrene, polycarbonate/thermoplastic urethane,
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polycarbonate/polyethylene terephthalate, polycarbonate/polybutylene terephthalate, thermoplastic elastomer alloys,
nylon/elastomers, polyester/elastomers, polyethylene terephthalate/polybutylene terephthalate, acetal/elastomer, sty-
rene-maleic anhydride/acrylonitrile-butadiene-styrene, polyether etherketone/polyethersulfone, polyether etherke-
tone/polyetherimide polyethylene/nylon, polyethylene/polyacetal, or the like.
[0021] As noted above, exemplary organic polymers that can be crosslinked to form the composition are polyamides.
Polyamides are generally derived from the polymerization of organic lactams having from 4 to 12 carbon atoms. Exemplary
lactams are represented by the formula (I)

wherein n is about 3 to about 11. An exemplary lactam is epsilon-caprolactam having n equal to 5.
[0022] In one embodiment, the polyamide can be synthesized using an α,β-unsaturated gamma-lactone (such as
2(5H-furanone) to effect the regular, sequential alignment of side chains along a polyamide backbone as shown in the
formula (II) below.

wherein n is about 50 to about 10,000, wherein each R is 1 to about 50 carbon atoms and is optionally substituted with
heteroatoms, oxygen, nitrogen, sulfur, or phosphorus and combinations thereof. Depending on the side group (R), the
method can produce many different types of polyamides. For instance, when R is a saturated long-chain alkyl group
(such as when the amine is tetradecylamine), a polymer having alkyl chains on one side of the polymer backbone and
hydroxymethyl groups on the other side of the backbone is formed. When the R group is a polyamine (such as penta-
ethylenehexamine), a polymer having amino substituted alkyl chains on one side of the polymer backbone and hy-
droxymethyl groups on the other side of the backbone is formed.
[0023] Polyamides may also be synthesized from amino acids having about 4 to about 12 carbon atoms. Exemplary
amino acids are represented by the formula (III)

wherein n is about 3 to about 11. An exemplary amino acid is epsilon-aminocaproic acid with n equal to about 5.
[0024] Polyamides may also be polymerized from aliphatic dicarboxylic acids having from about 4 to about 12 carbon
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atoms and aliphatic diamines having from about 2 to about 12 carbon atoms.
[0025] Exemplary aliphatic diamines are represented by the formula (IV)

H2N-(CH2)n-NH2 (IV)

wherein n is about 2 to about 12. An exemplary aliphatic diamine is hexamethylenediamine (H2N(CH2)6NH2). It is
desirable for the molar ratio of the dicarboxylic acid to the diamine to be about 0.66 to about 1.5. In one embodiment, it
is desirable to use molar ratios of about 0.81 to about 1.22. In another embodiment, it is desirable to use molar ratios
of about 0.96 to about 1.04.
[0026] The dicarboxylic acids can be aliphatic dicarboxylic acids, cycloaliphatic dicarboxylic acids, or aromatic dicar-
boxylic acids. Examples of aliphatic dicarboxylic acids are aliphatic diacids that include carboxylic acids having two
carboxyl groups. Suitable examples of cycloaliphatic acids include decahydro naphthalene dicarboxylic acid, norbornene
dicarboxylic acids, bicyclo octane dicarboxylic acid, cis-1,4-cyclohexanedicarboxylic acid and trans-1,4-cyclohexanedi-
carboxylic acids or the like, or a combination comprising at least one of the foregoing acids. Exemplary cycloaliphatic
diacids are cis-1,4-cyclohexanedicarboxylic acid and trans-1,4-cyclohexanedicarboxylic acids. Examples of linear
aliphatic diacids are oxalic acid, malonic acid, pimelic acid, gluteric acid, suberic acid, succinic acid, adipic acid, dimethyl
succinic acid, azelaic acid, or the like, or a combination comprising at least one of the foregoing acids. Examples of
aromatic dicarboxylic acids are terephthalic acid, phthalic acid, isophthalic acid, naphthalene dicarboxylic acid, or the
like, or a combination comprising at least one of the foregoing dicarboxylic acids.
[0027] Exemplary polyamides comprise polypyrrolidone (nylon-4), polycaprolactam (nylon-6), polycapryllactam (nylon-
8), polyhexamethylene adipamide (nylon-6,6), polyundecanolactam (nylon-11), polydodecanolactam (nylon-12), poly-
hexamethylene azelaiamide (nylon-6,9), polyhexamethylene, sebacamide (nylon-6,10), polyhexamethylene isophtha-
lamide (nylon-6,I), polyhexamethylene terephthalamide (nylon-6,T), polyamides of hexamethylene diamine and n-do-
decanedioic acid (nylon-6,12), as well as polyamides resulting from terephthalic acid and/or isophthalic acid and trimethyl
hexamethylene diamine, polyamides resulting from adipic acid and meta xylenediamines, polyamides resulting from
adipic acid, azelaic acid and 2,2-bis-(p-aminocyclohexyl)propane, polyamides resulting from terephthalic acid and 4,4’-
diamino-dicyclohexylmethane, and combinations comprising one or more of the foregoing polyamides. The composition
may comprise two or more polyamides. For example the polyamide may comprise nylon-6 and nylon-6,6.
[0028] Copolymers of the foregoing polyamides are also suitable for use in the practice of the present disclosure.
Exemplary polyamide copolymers comprise copolymers of hexamethylene adipamide/caprolactam (nylon-6,6/6), copol-
ymers of caproamide/undecamide (nylon-6/11), copolymers of caproamide/dodecamide (nylon-6/12), copolymers of
hexamethylene adipamide/hexamethylene isophthalamide (nylon-6,6/6,I), copolymers of hexamethylene adipa-
mide/hexamethylene terephthalamide (nylon-6,6/6,T), copolymers of hexamethylene adipamide/hexamethylene
azelaiamide (nylon-6,6/6,9), and combinations thereof.
[0029] Polyamides, as used herein, also comprise the toughened or super tough polyamides. Generally, these super
tough nylons are prepared by blending one or more polyamide with one or more polymeric or copolymeric elastomeric
toughening agent. Suitable toughening agents can be straight chain or branched as well as graft polymers and copoly-
mers, including core-shell graft copolymers, and are characterized as having incorporated therein either by copolymer-
ization or by grafting on the preformed polymer, a monomer having functional and/or active or highly polar groupings
capable of interacting with or adhering to the polyamide matrix so as to enhance the toughness of the polyamide polymer.
[0030] The polyamides can be crosslinked by a number of different means including thermally induced crosslinking,
radiation induced crosslinking, or a combination comprising at least one of the foregoing methods of crosslinking. An
exemplary method of crosslinking involves the use of radiation-induced crosslinking. A crosslinking agent can be added
to the composition in order to facilitate crosslinking. Crosslinking accelerators, crosslinking initiators, crosslinking inhib-
itors, or the like, can be added to the composition to control the amount of crosslinking. It is desirable for the crosslinking
agent to contain at least two functional groups capable of reacting with the amino groups of the polyamide.
[0031] The crosslinking agents can be a cyanurate crosslinking agent, an isocyanate crosslinking agent, a polyaldehyde
crosslinking agent, a phosphine crosslinking agent, an epoxy crosslinking agent, or the like, or a combination comprising
at least one of the foregoing crosslinking agents.
[0032] Examples of cyanurate crosslinking agents are triallyl cyanurate, triallyl isocyanurate, or the like, or a combination
comprising at least one of the foregoing cyanurate crosslinking agents.
[0033] Suitable isocyanate crosslinking agents are monomeric or oligomeric molecules having 2 or more -N=C=O
groups. Typically, the -N=C=O groups will crosslink the polyamide between both hydroxyl (-OH) groups and amino (-NH2
or -NH-) groups on the polyamide. Polyisocyanate compounds useful for crosslinking the polyamide include aliphatic
and aromatic isocyanate compounds having an isocyanate functionality of at least 2. The polyisocyanate compounds
can also contain other substituents which do not substantially adversely affect the reactivity of the -N=C=O groups during
crosslinking of the polyamide. The polyisocyanate compound can also comprise mixtures of both aromatic and aliphatic
isocyanates and isocyanate compounds having both aliphatic and aromatic character.
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[0034] Examples of polyisocyanate crosslinking agents include ethylene diisocyanate, ethylidene diisocyanate, pro-
pylene diisocyanate, butylene diisocyanate, hexamethylene diisocyanate, toluene diisocyanate, cyclopentylene-1,3,-di-
isocyanate, cyclohexylene-1,4-diisocyanate, cyclohexylene-1,2-diisocyanate, 4,4’-diphenylmethane diisocyanate, 2,2-
diphenylpropane 4,4’-diisocyanate, p-phenylene diisocyanate, m-phenylene diisocyanate, xylylene diisocyanate, 1,4-
naphthalene diisocyanate, 1,5-naphthalene diisocyanate, diphenyl 4,4’-diisocyanate, azobenzene 4,4’-diisocyanate,
diphenylsulphone 4,4’-diisocyanate, dichlorohexamethylene diisocyanate, furfurylidene diisocyanate, 1-chlorobenzene-
2,4-diisocyanate, 4,4’,4"-triisocyanatotriphenylmethane, 1,3,5-triisocyanato-benzene, 2,4,6-triisocyanato-toluene, te-
tramethylxylene diisocyanate, poly((phenylisocyanate)-co-formaldehyde), or the like, or a combination comprising at
least one of the foregoing polyisocyanate crosslinking agents. An exemplary isocyanate is poly(phenylisocyanate)co-
formaldehyde).
[0035] The amount of polyisocyanate and the amount of polyamide used in the crosslinking process can be varied
depending upon the particular crosslinking agent utilized, the reaction conditions and the particular product application
contemplated. In one embodiment, the ratio of -N=C=O groups in the polyisocyanate to the total of amount of hydroxyl
groups and amino groups in the polyamide can be varied to achieve a desired level of crosslinking. In one embodiment,
at least 4 weight percent of the polyisocyanate to the total amount of polyamide will provide acceptable crosslinking. In
one embodiment, enough polyisocyanate is added to the polyamide such that an amount of up to about 30% of the
available amino and hydroxyl groups in the polyamide are crosslinked by the -N=C=O groups in the polyisocyanate.
[0036] The polyamides can be crosslinked using a polyaldehyde crosslinking agent. Suitable polyaldehyde crosslinking
agents are monomeric or oligomeric molecules having 2 or more -CHO groups. In one embodiment, the -CHO groups
will crosslink the polyamide between amino groups on the polyamide. Polyaldehyde compounds useful for crosslinking
the polyamide include aliphatic and aromatic polyaldehyde compounds having a polyaldehyde functionality of at least
2. The polyaldehyde compound can also comprise mixtures of both aromatic and aliphatic polyaldehydes and polyal-
dehyde compounds having both aliphatic and aromatic character. Examples of polyaldehyde crosslinking agents include
glutaraldehyde, glyoxal, succinaldehyde, 2,6-pyridenedicarboxaldehyde, 3-methyl glutaraldehyde, or the like, or a com-
bination comprising at least one of the foregoing polyaldehyde crosslinking agents.
[0037] In one embodiment, the ratio of -CHO groups in the polyaldehyde to the total of amount of amino groups in the
polyamide can be varied to achieve a desired level of crosslinking. In one embodiment, the percentage of polyaldehyde
to the total amount of amino groups in the polyamide is up to about 30% to provide acceptable crosslinking. In another
embodiment, enough polyaldehyde is added to the polyamide such that an amount of up to about 30% of the available
amino groups in the polyamide are crosslinked by the -CHO groups in the polyaldehyde.
[0038] The polyamide can also be crosslinked using a phosphine crosslinking agent having the general formula (A)2P(B)
and mixtures thereof, wherein A is hydroxyalkyl, and B is hydroxyalkyl, alkyl, or aryl and P is phosphorus. In one
embodiment, the A groups will crosslink the polyamide between amino groups on the polyamide to form a Mannich base
type linkage -NH-CH2-PRR1, where R and R1 are selected from hydroxy, methyl, hydroxyalkyl, alkyl and aryl groups.
[0039] Examples of phosphine crosslinking agents include tris(hydroxymethyl) phosphine, tris(1-hydroxyethyl)phos-
phine, tris(1-hydroxypropyl)phosphine, bis(hydroxymethyl)-alkylphosphine, bis(hydroxymethyl)-arylphospine, or the like,
or a combination comprising at least one of the foregoing phosphine crosslinking agents.
[0040] In one embodiment, the ratio of A groups in the phosphine crosslinking agent to the total of amount of amino
groups in the polyamide can be varied to achieve a desired level of crosslinking.
[0041] The polyamide can also be crosslinked using an epoxy crosslinking agent selected from epoxy resins having
more than one epoxide group per molecule and mixtures thereof. An exemplary epoxy crosslinking agent is one having
end groups of the formula (V):

the end groups being covalently bonded to carbon, oxygen, nitrogen, sulfur or phosphorus, or mixtures thereof. For
example, R may be bisphenol-A. In general, the epoxy crosslinking agents will crosslink the polyamide between amino
groups on the polyamide. The crosslinks are formed by attack at the epoxide rings by the amine proton, which opens
the epoxide ring forming an -OH group and forming a covalent crosslink between the amine (or amide) and the terminal
epoxide carbon.
[0042] Examples of epoxy crosslinking agents include polyglycidyl ethers obtainable by reaction of a compound con-
taining at least two free alcoholic hydroxyl and/or phenolic hydroxyl groups per molecule with epichlorohydrin under
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alkaline conditions. These polyglycidyl ethers may be made from acyclic alcohols, such as ethylene glycol, diethylene
glycol, and higher poly(oxyethylene) glycols; from cycloaliphatic alcohols, such as cyclohexanol and 1,2-cyclohexanediol;
from alcohols having aromatic nuclei, such as N,N-bis(2-hydroxyethyl)aniline; from mononuclear phenols, such as re-
sorcinol and hydroquinone; and from polynuclear phenols, such as bis(4-hydroxyphenyl)methane, 4,4’-dihydroxydiphe-
nyl, bis(4-hydroxyphenyl) sulfone, 1,1,2,2-tetrakis(4-hydroxyphenyl)ethane, and 2,2,-bis(4-hydroxyphenyl)propane (oth-
erwise known as bisphenol A). In an exemplary embodiment, the epoxy crosslinking agent is a bisphenol-A glycidyl
ether terminated resin. In general, the ratio of epoxide groups in the epoxy crosslinking agent to the total of amount of
amino groups in the polyamide can be varied to achieve a desired level of crosslinking.
[0043] In one embodiment, the organic polymer may be crosslinked using any of the aforementioned crosslinking
agents by blending the organic polymer with the crosslinking agent. The blending can be dry blending, melt blending,
solution blending or a combination comprising at least one of the foregoing forms of blending.
[0044] In solution blending, the organic polymer may be dissolved using a suitable solvent, followed by addition of the
crosslinking agent and other desired accelerators, inhibitors, and the like to form a organic polymer-crosslinking agent
solution. Care is taken not to heat this solution above the crosslinking temperature, as premature crosslinking is unde-
sirable. In one embodiment, the organic polymer-crosslinking agent solution can be applied to a substrate and the
substrate is heated to complete the crosslinking process and create a crosslinked organic polymer coating on the
substrate.
[0045] In another embodiment, the solvent from the organic polymer-crosslinking agent solution may be evaporated
at a temperature below the crosslinking temperature, and the remaining organic polymer can be molded to form an
article having a desired shape or geometry. It is desirable to mold the organic polymer at a temperature below the
crosslinking temperature of the organic polymer. The polymeric article may then be crosslinked by subjecting it to heating
or to radiation to bring about the desired crosslinking.
[0046] In yet another embodiment, the crosslinking agent can be added to the organic polymer in a melt blending
process. In this embodiment, the organic polymer and the crosslinking agent can be dry blended to form a organic
polymer-crosslinking agent mixture in a device such as a Henschel mixer or a Waring blender prior to being fed to an
extruder, where the mixture is melt blended. In another embodiment, a portion of the organic polymer can be premixed
with the crosslinking agent to form a dry preblend. The dry preblend is then melt blended with the remainder of the
organic polymer in an extruder. In one embodiment, some of the organic polymer can be fed initially at the mouth of the
extruder while the remaining portion of the organic polymer is fed through a port downstream of the mouth.
[0047] Blending of the composition involves the use of shear force, extensional force, compressive force, ultrasonic
energy, electromagnetic energy, thermal energy or combinations comprising at least one of the foregoing forces or forms
of energy and is conducted in processing equipment wherein the aforementioned forces are exerted by a single screw,
multiple screws, intermeshing co-rotating or counter rotating screws, non-intermeshing co-rotating or counter rotating
screws, reciprocating screws, screws with pins, barrels with pins, rolls, rams, helical rotors, blades, or combinations
comprising at least one of the foregoing.
[0048] Blending involving the aforementioned forces may be conducted in machines such as single or multiple screw
extruders, Buss kneader, Henschel, helicones, Ross mixer, Banbury, roll mills, molding machines such as injection
molding machines, vacuum forming machines, blow molding machine, or then like, or combinations comprising at least
one of the foregoing machines.
[0049] As noted above, the organic polymer can be crosslinked by subjecting it to radiation. The radiation may be
ultraviolet radiation, electron beam radiation, x-ray radiation, alpha ray radiation, beta ray radiation, gamma ray radiation,
or the like, or a combination comprising at least one of the foregoing types of radiation.
[0050] The total amount of radiation can be about 10 to about 500 kiloGrays, specifically about 20 to about 450
kiloGrays, and more specifically about 70 to about 300 kiloGrays for an organic polymer having a cross-sectional area
of about 100 square micrometers to about 900 square centimeters, specifically a cross-sectional area of about 200
square micrometers to about 800 square centimeters, specifically a cross-sectional area of about 300 square micrometers
to about 100 square centimeters.
[0051] The crosslinked organic polymers can be advantageously used in frictional applications. In one embodiment,
articles manufactured from the cross-linked organic polymer have a coefficient of friction at room temperature of greater
than or equal to about 1.010, specifically greater than or equal to about 1.015, and more specifically greater than or
equal to about 1.020, and more specifically greater than or equal to about 1.030 when measured as per ASTM D 3702,
using a thrust washer apparatus where the counter stationary surface in the test equipment is made of carbon steel
having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048* 10-7 to 4.064 * 10-7 m) surface finish.
[0052] In another embodiment, when subjected to a frictional application at a pressure of about 2 pounds per square
inch to about 400 pounds per square inch (0.14 *105 Pa to 27.85 *105 Pa) and a velocity of about 20 feet per minute to
about 400 feet per minute (6.096 m/min to 121.92 m/min), an article manufactured from the cross-linked organic polymer
has a coefficient of friction that is about 10% to about 70% greater, specifically about 20% to about 50% greater, and
more specifically about 25% to about 40% greater than a coefficient of friction for the same organic polymer that is not
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crosslinked; the coefficient of friction being measured in a thrust washer apparatus as per ASTM D-3702, where the
counter stationary surface in the test equipment is made of carbon steel having a Rockwell C hardness of 18 to 22 and
a 12 to 16 micro-inch (3.048* 10-7 to 4.064 * 10-7 m) surface finish.
[0053] In another embodiment, articles manufactured from the cross-linked organic polymer have a K factor of less
than or equal to about 900.10-3 inch3/cal, (3.52*10-6 m3/J) specifically less than or equal to about 600·10-3 inch3 /cal
(2.35*10-6 m3/J), and more specifically less than or equal to about 300·10-3 inch3 /cal (1.17*10-6 m3/J) when measured
as in a thrust washer apparatus as per ASTM D-3702, where the counter stationary surface in the test equipment is
made of carbon steel having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7

m) surface finish.
[0054] In yet another embodiment, articles manufactured from the cross-linked organic polymer when subjected to a
frictional application at a pressure of about 2 pounds per square inch to about 400 pounds per square inch (0.14*105

Pa to 27.85*105 Pa) and a velocity of about 20 feet per minute to about 400 feet per minute (6.096 m/min to 121.92
m/min), have a K factor of less than or equal to about 6,900·10-3 inch3/cal (12.70*10-5 m3/J), specifically less than or
equal to about 6,600 .10-3 inch3/cal (2.58*10-5 m3/J), specifically less than or equal to about 6,300·10-3 inch3/cal (2.47*10-5

m3/J), and more specifically less than or equal to about 6,000·10-3 inch3/cal (2.35*10-5 m3/J) when measured in a thrust
washer apparatus as per ASTM D 3702, where the counter stationary surface in the test equipment comprises carbon
steel having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 10-7 m) surface finish.
[0055] In one embodiment, an article manufactured from the cross-linked organic polymer has an increased life cycle
(while transferring an equivalent amount of torque or energy) when compared with an article manufactured from a
composition that contains non-crosslinked polymers. The life cycle for the article comprising the crosslinked organic
polymer is increased by an amount of greater than or equal to about 5%, specifically greater than or equal to about 10%,
and more specifically greater than or equal to about 20% than the life cycle of an article manufactured from a comparative
composition that comprises the same organic polymer in a non-crosslinked composition.
[0056] In one embodiment, an article manufactured from the cross-linked organic polymer having a lower abrasion
rate (weight loss) when compared with an article manufactured from the same organic polymer that is non-crosslinked,
can transmit a torque that is in an amount of about 5% to about 50% greater, specifically about 10% to about 40%
greater, and more specifically about 15% to about 35% greater than the torque transferred by an article manufactured
from the comparative organic polymer.
[0057] In another embodiment, an article manufactured from the cross-linked organic polymer has a lower abrasion
rate (weight loss) when compared with an article manufactured from a comparative composition containing a lubricant,
can transmit a torque that is in an amount of about 5% to about 50% greater, specifically about 10% to about 40%
greater, and more specifically about 15% to about 35% greater than the torque transferred by an article manufactured
from a comparative composition that comprises the same organic polymer in a non-crosslinked composition along with
the lubricant (e.g., a polyolefin, a polyfluorocarbon, a polysiloxane, or the like). The lubricant may be mixed with the
organic polymer in the non-crosslinked composition or can be reacted with the organic polymer (e.g., copolymerized)
in the non-crosslinked composition.
[0058] As noted above, the articles manufactured from the cross-linked organic polymer perform well in frictional
applications where high pressures and high velocities are desired. Improving the ability of an organic polymer to withstand
higher pressures, velocities and/or temperatures can in turn permit the material to be used in more demanding applica-
tions, where even engineering thermoplastics cannot be used. It can be used to replace metals, permitting weight
reduction and allowing for higher design freedom. Moreover, the ability to withstand higher pressures and/or velocities
allows for miniaturization of parts, and therefore further weight reduction and design freedom.
[0059] In another embodiment, the crosslinked polymers display a gradient in abrasion resistance from the outer
crosslinked surface to an inner crosslinked surface. The crosslinked polymers generally display a high abrasion resistance
at the outer surface and a lower abrasion resistance at the lower surface.
[0060] The following examples, which are meant to be exemplary, not limiting, illustrate compositions and methods
of manufacturing of some of the various embodiments of the friction resistant compositions comprising crosslinked
organic polymers described herein.

EXAMPLES

Example 1

[0061] This example was conducted to demonstrate the difference between frictional properties of a crosslinked and
non-crosslinked organic polymeric sample. For this example, Nylon 6,6 was cross-linked via exposure to beta radiation
in an electron-beam process to form the composition. A cross-linking agent, i.e. triallyl-isocyanurate (TAIC) was melt
mixed with Nylon 6,6. Exposure to radiation via cross-linking was performed on molded parts. The cross-linked parts
were exposed to a dose of 100 kiloGrays (kGy). The composition is shown in the Table 1. This composition was man-
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ufactured via melt mixing in a twin-screw extruder. The twin-screw extruder was a Clextral 21 having 9 barrels set at
temperatures of 100, 280, 280, 280, 280, 280, 280, 280, and 280°C. The screw speed is 120 revolutions per minute.
The extruder output is 10 kilograms per hour.
[0062] The sample was injection molded to form a test sample. The injection molding machine had three zones set
at temperatures of 260 to 280°C (first zone), 265 to 285°C (second zone) and 270 to 290°C (third zone) respectively.
The nozzle temperature was set at 275 to 295°C. The melt temperature at the nozzle was 275 to 295°C. The mold
temperature was 60 to 95°C. The compression ratio was 2:1 to 2.5:1. The screw was 0.1 to 0.2 meter per seconds.
[0063] Tribological properties were tested using a thrust washer apparatus as per ASTM D-3702, the counter stationary
surface being carbon steel having a 18 to 22 Rockwell C hardness and a 12 to 16 micro-inch surface finish. As noted
above, the sample was crosslinked by subjecting it to radiation. TAIC was used as the crosslinking agent. A non-
crosslinked sample was used as a comparative sample. The abrasion tests were conducted at a pressure (P) value of
40 pounds per square (psi) (2.76 *105 Pa) and a linear velocity (V) of 50 feet per minute (15.24 m/min) respectively and
these did not change during the experiments. Results for the abrasion tests are shown later in Table 2.

[0064] A comparison between crosslinked and non-crosslinked samples is shown in Table 2.

[0065] From the Table 2, it can be seen that the abrasion resistance of the cross-linked nylon 6, 6 is higher than the
corresponding value of the non-crosslinked Nylon 6,6. In fact, the weight-loss rate of the non-crosslinked sample is, for
each of the 5 intervals defined in the first column of Table 2, higher then the corresponding values measured on the
crosslinked sample. This is reflected in the corresponding K factors as well. It can also be seen that the difference
between the crosslinked and the non-crosslinked samples is higher at the beginning of the tests and becomes lower as
the time for abrasion testing increases.
[0066] However, in comparing the abrasion data relative for the last two intervals, i.e., 4 and 5, it can be seen that the
non-crosslinked sample shows a total abrasion rate of (4.1 + 3.2) 10-1 = 7.3 10-1 milligrams per hour (mg/hr), while the

Table 1

Comp osition (Com mercial Name) Function and/or Chemical Description Wt%

TEC HNYL 27 AE1® Nylon 6,6 80

TAIC ROS 5® Cross-linking agent/triallyl-isocyanurate 5

IRGA NOX 1098® Stabilizer and Primary Antioxidant 0.05

IRGA FOS 168® Secondary Antioxidant 0.05

Sodiu m Stearate Mold release agent 0.1

BLA CK PEARL 800® Colorant 2

R MOLY CONC. Masterbatch of molybdenum disulfide 35% in Nylon 6,6 65% 5.7

MILL ED DOMANID 33ABH® Milled Nylon 6,6 7.1

Table 2

Interval Time Interval (hour) C.O.F. K (10-3 inch3 /cal) (m3/J) Weight lost rate (10-1 mg/hr)

Cross linked 1 70.6 1.055 995 (3.90*10-6) 4.5

2 95.3 0.983 288 (1.13*10-6) 1.3

3 119.4 1.029 377 (1.48* 10-6) 1.7

4 142.2 1.139 410 (1.60*10-6) 1.8

5 166.3 1.021 535 (2.09* 10-6) 2.4

Non-crosslinked 1 73.1 0.715 2616 (1.02*10-5) 11.7

2 101.4 0.735 1824 (7.14*10-6) 8.2

3 120.5 0.738 1926 (7.54* 10-6) 8.6

4 141.8 0.93 923 (3.61 *10-6) 4.1

5 171.1 1.008 706 (2.76* 10-6) 3.2
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cross-linked sample shows abrasion rate of (1.8 + 2.4) 10-1 = 4.2 10-1 mg/hr, which corresponds to 42% reduction in wear.
[0067] It is also worth noting that the coefficient of friction (C.O.F.) of the crosslinked sample, for each of the 5-recorded
intervals, is higher than the corresponding values of the C.O.F. for the non-crosslinked sample. Higher C.O.F. is beneficial
in all applications where torque or force needs to be transmitted.

Example 2

[0068] A second set of experiments was performed to test the materials’ ability to withstand conditions of high pressure
(P) and velocity (V). As will be seen in the Table 3, some of the conditions of pressure (P) and velocity (V) for the Example
2 were greater than those of Example 1. The two materials of Example 1 - a crosslinked sample and a non-crosslinked
sample were tested for abrasion resistance at increasingly higher pressures and velocity. The test conditions and the
results are shown in Table 3.

[0069] A first step consisted in measuring both materials at P of 40 pounds per square inch (2.75 *105 Pa) and V of
100 feet per minute (30.48 m/min), (this speed corresponds to the double of the speed used for the experiments reported
in the Table 2). None of the two materials did show any failure. It is worth noting that, also at these P and V conditions,
the k factor of the crosslinked sample (6.660 inch3/cal) (2.61*10-5 m3/J) was lower then the k factor of the non-crosslinked
sample (10.034 inch3/cal) (3.93*10-5 m3/J), which corresponds to a reduction of 34% due to cross-linking.
[0070] When P was increased to 60 pounds per square inch (4.13*105 Pa) (linear velocity (V) was kept at 100 feet
per minute (30.48 m/min), the non-crosslinked sample failed, showing evident cracking, as can be seen in the Figure 1,
while the cross-linked sample did not show any evidence of failure after more the 24 hours of testing. The Figure 1 is a
photograph showing the cracked non-crosslinked sample and the crosslinked sample next to it, with no visible damage.
As can be seen in the Figure 1, the crosslinked sample does not have any cracks. These results indicate that the cross-
linked sample can withstand higher P-V values than the non-crosslinked sample.
[0071] The non-crosslinked ring failed when tested at P of 60 pounds per square inch (4.13*105 Pa) and V of 100 feet
per minute (30.48 m/min). The cross-linked ring, on the other hand, even after being tested at V of 150 feet per minute
(45.72 m/min) and P of 60 pounds per square inch (4.13*105 Pa), shows no cracking. When tested at the mentioned P-
V conditions, the temperature reached 260°C. This temperature corresponds to the safety alarm temperature of the
testing equipment and to the melting point of Nylon 6,6. Even at these severe conditions of temperature, pressure and
velocity, the sample did not show any cracking.
[0072] As mentioned above, this data set indicates that crosslinking allows an improvement of the abrasion resistance
even when the pressure and velocity are increased during an abrasion resistance test. Improving the ability of an organic
polymer to withstand higher pressures, velocities and/or temperatures can in turn permit the material to be used in more
demanding applications, where even engineering thermoplastics cannot be used. It can be used to replace metals,
permitting weight reduction and allowing for higher design freedom. Moreover, the ability to withstand higher pressures
and/or velocities allows for miniaturization of parts, and therefore further weight reduction and design freedom.
[0073] The tribological improvement illustrated above can be combined with other advantageous properties of the
crosslinked organic polymers. Cross-linking reduces the corresponding coefficient of thermal expansion (CTE) of poly-

Table 3

Time 
(h)

Pressure (psi) 
(Pa)

Velocity (feet per 
minute) (m/min)

K (10-3 inch3 /cal) 
(m3/J)

Coefficient of 
Friction

Cross linked 20.6 40 (2.75*105) 100 (30.48) 6660 (2.61*10-5) 0.934

25.9 60 (4.13*105) 100 (30.48) 7503 (2.94*10-5) 0.698

2 60 (4.13*105) 150 (45.72) Machine Stopped Alarm 260°C

Non-
crosslinked

8 40 (2.75*105) 100 (30.48) 10034 (3.93*10-5) 0.874

24.4 60 (4.13*105) 100 (30.48) Part Cracked
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mers when compared with non-crosslinked polymers. The values for CTEs of polymers are around 40 to 60 ppm/°C,
and are generally higher than the values for CTEs of metal (15 to 25 ppm/°C). The high CTE of polymers limit their usage
in applications where they contact metallic parts. In the case of crosslinked polymers, the improved tribological properties,
combined with the lower CTE can increase the possibility of replacing metal parts with crosslinked organic polymer parts
thereby giving rise to a wider range of applications. Another advantage of crosslinking organic polymers is the reduced
moisture uptake (when compared with non-crosslinked polymers) and therefore more stable performance under a variety
of conditions of external humidity.
[0074] In one embodiment, the CTE of the composition comprising the crosslinked organic polymer is up to about
10% lower, specifically up to about 20% lower, and more specifically up to about 50% lower than the CTE of a composition
that does not contain a crosslinked organic polymer. In another embodiment, the moisture uptake of the composition
comprising the crosslinked organic polymer is reduced by an amount of up to about 3%, specifically up to about 5%,
and more specifically up to about 20% over a composition that does not contain a crosslinked organic polymer.
[0075] The crosslinked polymer can also advantageously be used in frictional applications where dimensional stability
is desired. For example, when the cross-linked organic polymer is used in machine components such as gears, cams,
worm wheels, piston rods, and the like, the component does not suffer deformation during operational increases in
temperature because of the crosslinking. The ability of crosslinked organic polymers to retain dimensional stability
prevents the seizing-up or sticking of machine parts to one another. For example in a gear box, dimensional stability
ensures that gears mesh with each other and also ensure that the gear continues to rotate about is shaft (axis). This
ability of crosslinked polymers to maintain dimensional stability improves the life cycle of the machines and reduces
downtime due to maintenance of machine parts that is otherwise required.
[0076] As can be seen from the examples above, a composition comprising a crosslinked organic polymer has a
coefficient of friction that is in a range of 6 30% of a coefficient of friction for a composition comprising the same organic
polymer that is not crosslinked; and wherein the composition has a lower K factor than a K factor of the composition
comprising the same organic polymer that is not crosslinked; the coefficient of friction and the K factor being measured
in a thrust washer apparatus as per ASTM D-3702, where the counter stationary surface in the thrust washer apparatus
comprises carbon steel having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7

m) surface finish. The organic polymer may be crosslinked using a crosslinking agent. The crosslinking agent comprises
a cyanurate crosslinking agent, an isocyanate crosslinking agent, a polyaldehyde crosslinking agent, a phosphine
crosslinking agent, an epoxy crosslinking agent, or a combination comprising at least one of the foregoing crosslinking
agents. The organic polymer may also be crosslinked using radiation; where the radiation is xray radiation, electron
beam radiation, gamma radiation, beta radiation, ultraviolet radiation, alpha radiation, or a combination comprising at
least one of the foregoing forms of radiation. The radiation dosage is about 10 to about 500 kiloGrays per unit cross-
sectional area of about 100 square micrometers to about 900 square centimeters. As a result of the crosslinking the
cross-linked organic polymer comprises a gradient in crosslink density or a gradient in coefficient of friction. In another
embodiment, the cross-linked organic polymer comprises a gradient in K factor across a cross-sectional area. The cross-
linked organic polymer generally has a K factor of about 1,000·10-3 inch3/cal (3.92*10-6 m3/J) or less.
[0077] In one embodiment, the cross-linked organic polymer has a coefficient of friction that is in a range of 6 10%
of a coefficient of friction for the same organic polymer that is not crosslinked. In another embodiment, the cross-linked
organic polymer has a coefficient of friction that is about the same as a coefficient of friction for the same organic polymer
that is not crosslinked. The organic polymer may be crosslinked using a crosslinking agent. The crosslinking agent
comprises a cyanurate crosslinking agent, an isocyanate crosslinking agent, a polyaldehyde crosslinking agent, a phos-
phine crosslinking agent, an epoxy crosslinking agent, or a combination comprising at least one of the foregoing crosslink-
ing agents. The organic polymer may also be crosslinked using radiation; where the radiation is xray radiation, electron
beam radiation, gamma radiation, beta radiation, ultraviolet radiation, alpha radiation, or a combination comprising at
least one of the foregoing forms of radiation. The radiation dosage is about 10 to about 500 kiloGrays per unit cross-
sectional area of about 100 square micrometers to about 900 square centimeters. As a result of the crosslinking the
cross-linked organic polymer comprises a gradient in crosslink density or a gradient in coefficient of friction. In another
embodiment, the crosslinked organic polymer comprises a gradient in K factor across a cross-sectional area. The cross-
linked organic polymer generally has a K factor of about 1,000·10-3 inch3/cal (3.92*10-6 m3/J) or less.
[0078] In another embodiment, it can be seen from the examples above, a composition comprising a crosslinked
polyamide has a coefficient of friction that is in a range of 6 30% of a coefficient of friction for a composition comprising
the same polyamide that is not crosslinked; and wherein the composition has a lower K factor than a K factor of the
composition comprising the same polyamide that is not crosslinked; the coefficient of friction and the K factor being
measured in a thrust washer apparatus as per ASTM D-3702, where the counter stationary surface in the thrust washer
apparatus comprises carbon steel having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 to 4.064
10-7 m) surface finish. The composition may be crosslinked using a crosslinking agent. The crosslinking agent comprises
a cyanurate crosslinking agent, an isocyanate crosslinking agent, a polyaldehyde crosslinking agent, a phosphine
crosslinking agent, an epoxy crosslinking agent, or a combination comprising at least one of the foregoing crosslinking



EP 2 370 504 B1

12

5

10

15

20

25

30

35

40

45

50

55

agents. The composition may also be crosslinked using radiation; where the radiation is xray radiation, electron beam
radiation, gamma radiation, beta radiation, ultraviolet radiation, alpha radiation, or a combination comprising at least
one of the foregoing forms of radiation. The radiation dosage is about 10 to about 500 kiloGrays per unit cross-sectional
area of about 100 square micrometers to about 900 square centimeters. As a result of the crosslinking the composition
comprises a gradient in crosslink density or a gradient in coefficient of friction. In another embodiment, the composition
comprises a gradient in K factor across a cross-sectional area. The composition generally has a K factor of about
1,000·10-3 inch3/cal (3.92*10-6 m3/J) or less.
[0079] In one embodiment, a composition comprising a crosslinked polyamide has a coefficient of friction that is in a
range of 6 10% of a coefficient of friction for a composition comprising the same polyamide that is not crosslinked. In
another embodiment, the comprising a crosslinked polyamide has a coefficient of friction that is about the same as a
coefficient of friction for a composition comprising the same polyamide that is not crosslinked. The composition may be
crosslinked using a crosslinking agent. The crosslinking agent comprises a cyanurate crosslinking agent, an isocyanate
crosslinking agent, a polyaldehyde crosslinking agent, a phosphine crosslinking agent, an epoxy crosslinking agent, or
a combination comprising at least one of the foregoing crosslinking agents. The composition may also be crosslinked
using radiation; where the radiation is xray radiation, electron beam radiation, gamma radiation, beta radiation, ultraviolet
radiation, alpha radiation, or a combination comprising at least one of the foregoing forms of radiation. The radiation
dosage is about 10 to about 500 kiloGrays per unit cross-sectional area of about 100 square micrometers to about 900
square centimeters. As a result of the crosslinking the composition comprises a gradient in crosslink density or a gradient
in coefficient of friction. In another embodiment, the composition comprises a gradient in K factor across a cross-sectional
area. The composition generally has a K factor of about 1,000·10-3 inch3/cal (3.92*10-6 m3/J) or less.
[0080] As noted above, the friction resistant composition can be manufactured by a method comprising crosslinking
an organic polymer; the crosslinking being effective to produce a composition that has a coefficient of friction that is
similar to a coefficient of friction for a composition comprising the same organic polymer that is not crosslinked; and
wherein the composition has a lower K factor than a K factor of the composition comprising the same organic polymer
that is not crosslinked; the coefficient of friction and the K factor being measured in a thrust washer apparatus as per
ASTM D-3702, where the counter stationary surface in the test equipment is comprises carbon steel having a Rockwell
C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface finish. The method comprises
blending a crosslinking agent with the organic polymer prior to the crosslinking. The crosslinking can be achieved by
heating the organic polymer. The crosslinked polymer can be used in an article.
[0081] In another embodiment, the friction resistant composition can be manufactured by a method comprising
crosslinking an organic polymer; the crosslinking being effective to produce a composition that has a coefficient of friction
that is similar to a coefficient of friction for a composition comprising the same organic polymer that is not crosslinked;
and wherein the composition has a lower K factor than a K factor of the composition comprising the same organic polymer
that is not crosslinked; the coefficient of friction and the K factor being measured in a thrust washer apparatus as per
ASTM D-3702, where the counter stationary surface in the test equipment is comprises carbon steel having a Rockwell
C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface finish. The method comprises
blending a crosslinking agent with the organic polymer prior to the crosslinking. The crosslinking can be accomplished
by irradiating the organic polymer. The radiation dosage can be about 10 to about 500 kiloGrays per unit cross-sectional
area of about 100 square micrometers to about 900 square centimeters. The crosslinked polymer can be used in an article.
[0082] In another embodiment, the friction resistant polyamide composition can be manufactured by a method com-
prising crosslinking a polyamide; the crosslinking being effective to produce a polyamide composition that has a coefficient
of friction that is similar to a coefficient of friction for a composition comprising the same polyamide that is not crosslinked;
and wherein the polyamide composition has a lower K factor than a K factor of the composition comprising the same
polyamide that is not crosslinked; the coefficient of friction and the K factor being measured in a thrust washer apparatus
as per ASTM D-3702, where the counter stationary surface in the test equipment is comprises carbon steel having a
Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 * 10-7 m) surface finish. The method
comprises blending a crosslinking agent with the polyamide prior to the crosslinking. The crosslinking can be achieved
by heating the polyamide composition. The crosslinked polyamide manufactured by the aforementioned method can be
used in a variety of different articles.
[0083] In yet another embodiment, the friction resistant polyamide composition can be manufactured by a method
comprising crosslinking a polyamide; the crosslinking being effective to produce a polyamide composition that has a
coefficient of friction that is similar to a coefficient of friction for a composition comprising the same polyamide that is not
crosslinked; and wherein the polyamide composition has a lower K factor than a K factor of the composition comprising
the same polyamide that is not crosslinked; the coefficient of friction and the K factor being measured in a thrust washer
apparatus as per ASTM D-3702, where the counter stationary surface in the test equipment is comprises carbon steel
having a Rockwell C hardness of 18 to 22 and a 12 to 16 micro-inch (3.048 * 10-7 to 4.064 *10-7 m) surface finish. The
method comprises blending a crosslinking agent with the polyamide prior to the crosslinking. The crosslinking can be
accomplished by irradiating the polyamide. The radiation dosage can be about 10 to about 500 kiloGrays per unit cross-
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sectional area of about 100 square micrometers to about 900 square centimeters. The crosslinked polyamide manufac-
tured by the aforementioned method can be used in an article.

Claims

1. A cross-linked organic polymer:

the crosslinked organic polymer being at a temperature below its glass transition temperature; wherein the
crosslinked organic polymer is a polyacetal, a polyacrylic, a polycarbonate, a polyester, a polyamide, a polya-
mideimide, a polyarylate, a polyarylsulfone, a polyethersulfone, a polyphenylene sulfide, a polysulfone, a poly-
imide, a polyetherimide, a polyetherketone, a polyether etherketone, a polyether ketone ketone, a polybenzox-
azole, a polyphthalide, a polyanhydride, a polyvinyl ether, a polyvinyl thioether, a polyvinyl alcohol, a polyvinyl
ketone, a polyvinyl nitrile, a polyvinyl ester, a polysulfonate, a polysulfide, a polythioester, a polysulfone, a
polysulfonamide, a polyurea, a polyphosphazene, a polysilazane, or a combination thereof;
wherein the crosslinked organic polymer has a coefficient of friction that is in a range of 6 30% of a coefficient
of friction for the same organic polymer that is not crosslinked; and
wherein the crosslinked organic polymer has a lower K factor than a K factor of the same organic polymer that
is not crosslinked; the coefficient of friction and the K factor being measured in a thrust washer apparatus as
per ASTM D-3702, where the counter stationary surface in the thrust washer apparatus comprises carbon steel
having a Rockwell C hardness of 18 to 22 and a 3.048 * 10-7 to 4.064 * 10-7 m (12 to 16 micro-inch) surface finish.

2. The cross-linked organic polymer of Claim 1, where the crosslinked organic polymer has a coefficient of friction that
is the same as a coefficient of friction for the same organic polymer that is not crosslinked, and optionally, where
the crosslinked organic polymer is a polyamide.

3. The cross-linked organic polymer of any one of Claims 1 or 2, where the crosslinked organic polymer is crosslinked
using a cyanurate crosslinking agent, an isocyanate crosslinking agent, a polyaldehyde crosslinking agent, a phos-
phine crosslinking agent, an epoxy crosslinking agent, or a combination comprising at least one of the foregoing
crosslinking agents.

4. The cross-linked organic polymer of any one of Claims 1 or 2, where the crosslinked organic polymer is crosslinked
using a crosslinking agent or using radiation.

5. The cross-linked organic polymer of Claim 4, where the radiation is xray radiation, electron beam radiation, gamma
radiation, beta radiation, ultraviolet radiation, alpha radiation, or a combination comprising at least one of the foregoing
forms of radiation, optionally, where a radiation dosage is 10 to 500 kiloGrays per unit cross-sectional area of 100
square micrometers to 900 square centimeters.

6. The cross-linked organic polymer any one of Claims 1 or 2, where the crosslinked organic polymer comprises a
gradient in crosslink density or a gradient in coefficient of friction.

7. The cross-linked organic polymer of any one of Claims 1 or 2, where the cross-linked organic polymer comprises
a gradient in K factor across a cross-sectional area.

8. The cross-linked organic polymer of any one of Claims 1 or 2, wherein the cross-linked organic polymer has a K
factor of 0.003917.10-3 m3/Nm (1,000·10-3 inch3/cal) or less.

9. An article comprising the cross-linked organic polymer of any one of Claims 1 through 8.

10. A method comprising:

crosslinking an organic polymer by blending a crosslinking agent with the organic polymer, irradiating the organic
polymer or heating the organic polymer,
wherein the crosslinked organic polymer is a polyacetal, a polyacrylic, a polycarbonate, a polyester, a polyamide,
a polyamideimide, a polyarylate, a polyarylsulfone, a polyethersulfone, a polyphenylene sulfide, a polysulfone,
a polyimide, a polyetherimide, a polyetherketone, a polyether etherketone, a polyether ketone ketone, a poly-
benzoxazole, a polyphthalide, a polyanhydride, a polyvinyl ether, a polyvinyl thioether, a polyvinyl alcohol, a
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polyvinyl ketone, a polyvinyl nitrile, a polyvinyl ester, a polysulfonate, a polysulfide, a polythioester, a polysulfone,
a polysulfonamide, a polyurea, a polyphosphazene, a polysilazane, or a combination thereof;
the crosslinking being effective to produce a crosslinked organic polymer that has a coefficient of friction that
is similar to a coefficient of friction for the same organic polymer that is not crosslinked; and wherein the
crosslinked organic polymer has a lower K factor than a K factor of the same organic polymer that is not
crosslinked; the coefficient of friction and the K factor being measured in a thrust washer apparatus as per
ASTM D-3702, where the counter stationary surface in the test equipment is comprises carbon steel having a
Rockwell C hardness of 18 to 22 and a 3.048 * 10-7 to 4.064 * 10-7 m (12 to 16 micro-inch) surface finish.

11. The method of Claim 1710, comprising blending a crosslinking agent with the organic polymer prior to the crosslinking,
wherein the crosslinking agent is a cyanurate crosslinking agent, an isocyanate crosslinking agent, a polyaldehyde
crosslinking agent, a phosphine crosslinking agent, an epoxy crosslinking agent, or a combination comprising at
least one of the foregoing crosslinking agents.

12. The method of any one of Claims 10 and 11, further comprising irradiating the organic polymer, optionally, where
the irradiation is conducted with a radiation dosage of 10 to 500 kiloGrays per unit cross-sectional area of 100 square
micrometers to 900 square centimeters.

13. The method of any one of claims 10-12 further comprising subjecting the cross-linked organic polymer to friction,
wherein the friction comprises sliding friction or static friction.

14. An article manufactured by any one of the method of Claims 10 through 13.

15. The article of claim 9 or claim 14, wherein the article is a component used in a machine, optionally, wherein the
article is a gear, a cam, a worm wheel or a piston rod.

Patentansprüche

1. Vernetztes organisches Polymer,
wobei das vernetzte organische Polymer bei einer Temperatur unter seiner Glasübergangstemperatur liegt; wobei
das vernetzte organische Polymer ein Polyacetal, Polyacryl, Polycarbonat, Polyester, Polyamid, Polyamidimid,
Polyarylat, Polyarylsulfon, Polyethersulfon, Polyphenylensulfid, Polysulfon, Polyimid, Polyetherimid, Polyetherke-
ton, Polyetheretherketon, Polyetherketonketon, Polybenzoxazol, Polyphthalide, Polyanhydrid, Polyvinylether, Po-
lyvinylthioether, Polyvinylalkohol, Polyvinylketon, Polyvinylnitril, Polyvinylester, Polysulfonat, Polysulfid, Polythioes-
ter, Polysulfon, Polysulfonamid, Polyharnstoff, Polyphosphazen, Polysilazan oder eine Kombination daraus ist;
wobei das vernetzte organische Polymer einen Reibungskoeffizienten aufweist, der in einem Bereich von 6 30 %
eines Reibungskoeffizienten für das gleiche organische Polymer liegt, das nicht vernetzt ist; und
wobei das vernetzte organische Polymer einen niedrigeren K-Faktor als einen K-Faktor des gleichen organischen
Polymers aufweist, das nicht vernetzt ist; wobei der Reibungskoeffizient und der K-Faktor in einer Druckscheiben-
vorrichtung durch ASTM D-3702 gemessen werden, wobei die gegenstationäre Oberfläche in der Druckscheiben-
vorrichtung Kohlenstoffstahl mit einer Rockwell C-Härte von 18 bis 22 und eine Oberflächengüte von 3,048 * 10-7

bis 4,064 * 10-7 m (12 bis 16 Mikrozoll) aufweist.

2. Vernetztes organisches Polymer nach Anspruch 1, wobei das vernetzte organische Polymer einen Reibungskoef-
fizienten aufweist, der der gleiche Reibungskoeffizient für das gleiche organische Polymer ist, das nicht vernetzt
ist, und optional, wobei das vernetzte organische Polymer ein Polyamid ist.

3. Vernetztes organisches Polymer nach einem der Ansprüche 1 oder 2, wobei das vernetzte organische Polymer
unter Verwendung eines Cyanurat-Vernetzugnsmittels, eines Isocyanat-Vernetzungsmittels, eines Polyaldehyd-
Vernetzungsmittels, eines Phosphin-Vernetzungsmittels, eines Epoxy-Vernetzungsmittels oder einer Kombination
vernetzt wird, die mindestens eines der oben angegebenen Vernetzungsmittel umfasst.

4. Vernetztes organisches Polymer nach einem der Ansprüche 1 oder 2, wobei das vernetzte organische Polymer
unter Verwendung eines Vernetzungsmittels oder unter Verwendung von Strahlung vernetzt ist.

5. Vernetztes organisches Polymer nach Anspruch 4, wobei die Strahlung Röntgenstrahlung, Elektronenstrahlung,
Gammastrahlung, Betastrahlung, ultraviolette Strahlung, Alphastrahlung oder eine Kombination ist, die mindestens
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eine der oben angegebenen Formen von Strahlung umfasst, optional wobei eine Strahlungsdosierung 10 bis 500
kiloGray pro Einheit Querschnittsbereich von 100 Quadratmikrometern bis 900 Quadratzentimetern ist.

6. Vernetztes organisches Polymer nach einem der Ansprüche 1 oder 2, wobei das vernetzte organische Polymer
einen Gradienten in Vernetzungsdichte oder einen Gradienten in Reibungskoeffizienten umfasst.

7. Vernetztes organisches Polymer nach einem der Ansprüche 1 oder 2, wobei das vernetzte organische Polymer
einen Gradienten in K-Faktor auf einem Querschnittsbereich umfasst.

8. Vernetztes organisches Polymer nach einem der Ansprüche 1 oder 2, wobei das vernetzte organische Polymer
einen K-Faktor von 0,003917·10-3 m3/Nm (1,000·10-3 Zoll3/cal) oder weniger aufweist.

9. Artikel, umfassend das vernetzte organische Polymer nach einem der Ansprüche 1 bis 8.

10. Verfahren umfassend:

Vernetzen eines organischen Polymers durch Mischen eines Vernetzungsmittels mit dem organischen Polymer,
Bestrahlen des organischen Polymers oder Erhitzen des organischen Polymers,
wobei das vernetzte organische Polymer ein Polyacetal, Polyacryl, Polycarbonate, Polyester, Polyamid, Poly-
amidimid, Polyarylat, Polyarylsulfon, Polyethersulfon, Polyphenylensulfid, Polysulfon, Polyimid, Polyetherimid,
Polyetherketon, Polyetheretherketon, Polyetherketonketon, Polybenzoxazol, Polyphthalid, Polyanhydrid, Poly-
vinylether, Polyvinylthioether, Polyvinylalkohol, Polyvinylketon, Polyvinylnitril, Polyvinylester, Polysulfonat, Po-
lysulfid, Polythioester, Polysulfon, Polysulfonamid, Polyharnstoff, Polyphosphazen, Polysilazan oder eine Kom-
bination daraus ist;
wobei die Vernetzung wirksam ist, um ein vernetztes organisches Polymer zu erzeugen, das einen Reibungs-
koeffizienten aufweist, der ähnlich einem Reibungskoeffizienten für das gleiche organische Polymer ist, das
nicht vernetzt ist; und wobei das vernetzte organische Polymer einen niedrigeren K-Faktor als einen K-Faktor
des gleichen organischen Polymers aufweist, das nicht vernetzt ist; wobei der Reibungskoeffizient und der K-
Faktor in einer Druckscheibenvorrichtung durch ASTM D-3702 gemessen werden, wobei die gegenstationäre
Oberfläche in der Testausrüstung Kohlenstoffstahl mit einer Rockwell C-Härte von 18 bis 22 und eine Oberflä-
chengüte von 3,048 * 10-7 bis 4,064* 10-7 m (12 bis 16 Mikrozoll) aufweist.

11. Verfahren nach Anspruch 1710, umfassend Mischen eines Vernetzungsmittels mit dem organischen Polymer vor
dem Vernetzen, wobei das Vernetzungsmittel ein Cyanurat-Vernetzungsmittel, ein Isocyanat-Vernetzungsmittel,
ein Polyaldehyd-Vernetzungsmittel, ein Phosphin-Vernetzungsmittel, ein Epoxy-Vernetzungsmittel oder einer Kom-
bination ist, die mindestens eines der oben angegebenen Vernetzungsmittel umfasst.

12. Verfahren nach einem der Ansprüche 10 und 11, weiter umfassend das Bestrahlen des organischen Polymers,
optional wobei die Bestrahlung mit einer Strahlungsdosis von 10 bis 500 kiloGray pro Einheit Querschnittsbereich
von 100 Quadratmikrometern bis 900 Quadratzentimetern durchgeführt wird.

13. Verfahren nach einem der Ansprüche 10 - 12, weiter umfassend Aussetzen des vernetzten organischen Polymers
an Reibung, wobei die Reibung eine gleitende Reibung oder eine statische Reibung umfasst.

14. Artikel, hergestellt durch eines der Verfahren nach Anspruch 10 bis 13.

15. Artikel nach Anspruch 9 oder Anspruch 14, wobei der Artikel eine Komponente ist, die in einer Maschine verwendet
wird, optional wobei der Artikel ein Getriebe, eine Nocke, ein Schneckenrad oder eine Kolbenstange ist.

Revendications

1. Polymère organique réticulé :

le polymère organique réticulé étant à une température inférieure à sa température de transition vitreuse ; dans
lequel le polymère organique réticulé est un polyacétal, un polyacrylique, un polycarbonate, un polyester, un
polyamide, un polyamideimide, un polyarylate, une polyarylsulfone, une polyéthersulfone, un sulfure de poly-
phénylène, une polysulfone, un polyimide, un polyétherimide, une polyéthercétone, une polyétheréthercétone,
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une polyéthercétonecétone, un polybenzoxazole, un polyphtalide, un polyanhydride, un polyvinyléther, un po-
lyvinylthioéther, un alcool polyvinylique, une polyvinylcétone, un polyvinylnitrile, un polyvinylester, un polysul-
fonate, un polysulfure, un polythioester, une polysulfone, un polysulfonamide, une polyurée, un polyphospha-
zène, un polysilazane, ou une combinaison de ceux-ci ;
dans lequel le polymère organique réticulé a un coefficient de frottement qui est compris dans une plage de 6
30% d’un coefficient de frottement pour le même polymère organique qui n’est pas réticulé ; et
dans lequel le polymère organique réticulé a un facteur K inférieur à un facteur K du même polymère organique
qui n’est pas réticulé ; le coefficient de frottement et le facteur K étant mesurés dans un appareil utilisant des
rondelles de butée conformément à la norme ASTM D-3702, où la contre-surface fixe dans l’appareil utilisant
des rondelles de butée comprend de l’acier au carbone ayant une dureté Rockwell C comprise entre 18 et 22
et un fini de surface compris entre 3,048 * 10-7 et 4,064 * 10-7 m (12 à 16 micropouces).

2. Polymère organique réticulé de la revendication 1, dans lequel le polymère organique réticulé a un coefficient de
frottement qui est identique à un coefficient de frottement pour le même polymère organique qui n’est pas réticulé,
et dans lequel, éventuellement, le polymère organique réticulé est un polyamide.

3. Polymère organique réticulé de l’une quelconque des revendications 1 et 2, dans lequel le polymère organique
réticulé est réticulé en utilisant un agent de réticulation cyanurate, un agent de réticulation isocyanate, un agent de
réticulation polyaldéhyde, un agent de réticulation phosphine, un agent de réticulation époxy, ou une combinaison
comprenant au moins l’un des agents de réticulation précédents.

4. Polymère organique réticulé de l’une quelconque des revendications 1 et 2, dans lequel le polymère organique
réticulé est réticulé en utilisant un agent de réticulation ou par rayonnement.

5. Polymère organique réticulé de la revendication 4, dans lequel le rayonnement est un rayonnement de rayons X,
un rayonnement de faisceau d’électrons, un rayonnement gamma, un rayonnement bêta, un rayonnement ultraviolet,
un rayonnement alpha, ou une combinaison comprenant au moins l’une des formes de rayonnement précédentes,
dans lequel, éventuellement, un dosage de rayonnement est compris entre 10 et 500 kiloGrays par unité de surface
en coupe transversale de 100 micromètres carrés à 900 centimètres carrés.

6. Polymère organique réticulé de l’une quelconque des revendications 1 et 2, dans lequel le polymère organique
réticulé comprend un gradient de densité de réticulation ou un gradient de coefficient de frottement.

7. Polymère organique réticulé de l’une quelconque des revendications 1 et 2, dans lequel le polymère organique
réticulé comprend un gradient de facteur K sur une surface en coupe transversale.

8. Polymère organique réticulé de l’une quelconque des revendications 1 et 2, dans lequel le polymère organique
réticulé a un facteur K inférieur ou égal à 0,003917·10-3 m3/Nm (1000·10-3 pouce3/cal).

9. Article comprenant le polymère organique réticulé de l’une quelconque des revendications 1 à 8.

10. Procédé comprenant le fait :

de réticuler un polymère organique en mélangeant un agent de réticulation avec le polymère organique, d’irradier
le polymère organique ou de chauffer le polymère organique,
dans lequel le polymère organique réticulé est un polyacétal, un polyacrylique, un polycarbonate, un polyester,
un polyamide, un polyamideimide, un polyarylate, une polyarylsulfone, une polyéthersulfone, un sulfure de
polyphénylène, une polysulfone, un polyimide, un polyétherimide, une polyéthercétone, une polyétheréthercé-
tone, une polyéthercétonecétone, un polybenzoxazole, un polyphtalide, un polyanhydride, un polyvinyléther,
un polyvinylthioéther, un alcool polyvinylique, une polyvinylcétone, un polyvinylnitrile, un polyvinylester, un
polysulfonate, un polysulfure, un polythioester, une polysulfone, un polysulfonamide, une polyurée, un poly-
phosphazène, un polysilazane, ou une combinaison de ceux-ci ;
la réticulation étant efficace pour produire un polymère organique réticulé qui a un coefficient de frottement qui
est similaire à un coefficient de frottement pour le même polymère organique qui n’est pas réticulé ; et dans
lequel le polymère organique réticulé a un facteur K inférieur à un facteur K du même polymère organique qui
n’est pas réticulé ; le coefficient de frottement et le facteur K étant mesurés dans un appareil utilisant des
rondelles de butée conformément à la norme ASTM D-3702, où la contre-surface fixe dans l’équipement d’essai
comprend de l’acier au carbone ayant une dureté Rockwell C comprise entre 18 et 22 et un fini de surface
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compris entre 3,048 * 10-7 et 4,064 * 10-7 m (12 à 16 micropouces).

11. Procédé de la revendication 10, comprenant le mélange d’un agent de réticulation avec le polymère organique
avant la réticulation, dans lequel l’agent de réticulation est un agent de réticulation cyanurate, un agent de réticulation
isocyanate, un agent de réticulation polyaldéhyde, un agent de réticulation phosphine, un agent de réticulation
époxy, ou une combinaison comprenant au moins l’un des agents de réticulation précédents.

12. Procédé de l’une quelconque des revendications 10 et 11, comprenant en outre l’irradiation du polymère organique,
dans lequel, éventuellement, l’irradiation est effectuée avec un dosage de rayonnement compris entre 10 et 500
kiloGrays par unité de surface en coupe transversale de 100 micromètres carrés à 900 centimètres carrés.

13. Procédé de l’une quelconque des revendications 10 à 12, comprenant en outre la soumission du polymère organique
réticulé à un frottement, dans lequel le frottement comprend un frottement par glissement ou un frottement statique.

14. Article fabriqué par le procédé de l’une quelconque des revendications 10 à 13.

15. Article de la revendication 9 ou 14, dans lequel l’article est un composant utilisé dans une machine, dans lequel,
éventuellement, l’article est un engrenage, une came, une roue à vis sans fin ou une tige de piston.
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