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RUBBER FORMULATIONS INCLUDING
GRAPHENIC CARBON PARTICLES

FIELD OF THE INVENTION

{0001} The present invention relates to rubber formulations comprising graphenic

carbon particles.

BACKGROUND OF THE INVENTION

{8002} Various fillers have been added to rubber compositions. For example, carbon
black has been uttlized i various parts of tires including the tread to reduce build up of
electrical charge. In addition, silica has been utilized in tire treads fo reduce rolling
resistance. While it is desirable to add significant amounts of silica in order to improve the
performance characteristics of tire tread formulations, the maximum amount that can be
added is mited by the relatively Jarge amount of carbon black that is added to adegunately

reduce the balld up of electrical charge.

SUMMARY OF THE INVENTION

{0003}  An aspect of the invention provides a rubber formulation comprising a base
rubber composition, from 0.1 to 20 weight percent graphenic carbon particles, and from 1 to
30 weight percent filler particles, wherein the tive tread formulation has a surface resistivity of
less than 10 (¥/sq.

{8064}  Another aspect of the invention provides a method of making a rubber
tormulation comprising mixing graphenic carbon particles and filler particles with a base
rubber composition, and curing the mixture, wherein the cured mixture has a surface
vesistivity of Tess than 10'° Q/sq.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

{60851 Rubber formulations in accordance with embodiments of the present invention
are useful in various applications including tire components such as vehicle tire treads,
subtreads, tire carcasses, tire sidewalls, tire belt wedge, tire bead, and tire wire skim coat,
wire and cable jacketing, hoses, gaskets and seals, industrial and automotive drive-belts,
engine mouwnts, V-belts, conveyor belts, roller coatings, shoe sole materials, packing rings,

damping eloments, and the like. While tire tread formulations are described herein as a
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particular embodiment of the fuvention, it 1s to be understood that the rubber formulations of
the present invention are not Hwited to such uses and may be used in various other
applications.

{8086]  The rubber formulations of the present invention comprise a base rubsher
composition to which graphenic carbon particles are added. As used hervein, the term
“graphenic carbon particles” means carbon particies having structures comprising one or
move layers of one-atom-thick planar sheets of sp”-bonded carbon atoms that are densely
packed in a honeycomb crystal lattice. The average number of stacked layers may be less
than 100, for example, less than 50, In certain embodiments, the average number of stacked
tayvers 1s 30 or less, such as 20 or less, 10 or less, or, in some cases, S or less. The graphenic
carbon particles may be substantially fiat, however, at least a portion of the planar sheets may
be substantially carved, carled, ereased or buckled. The particles typically do not have a
spheroidal or equiaxed morphology.

{80071  In certain embodiments, the graphenic carbon particles present in the
compositions of the present invention have a thickness, measured in a divection perpendicular
to the carbon atom layers, of no more than 10 nanometers, no more than 5 nanometers, or, in
certain embodiments, no more than 4 or 3 or 2 or | nanometers, such as no more than 3.6
nanometers. In certain embodiments, the graphenic carbon particles may be from 1 atom
layer up to 3, 6, 9, 12, 20 or 30 atom layers thick, or more. In certain embodiments, the
graphenic carbon particles present in the compositions of the present invention bave & width
and length, measured in a direction parallel to the carbon atoms layers, of at least 50
nanometers, such as more than 100 nanometers, in some cases more than 100 nanometers up
to 500 nanometers, or more than 100 nanometers up to 200 nanometers. The graphenic
carbon particles may be provided in the form of ultrathin flakes, platelets or sheets having
relatively high aspect ratios {aspect ratio being defined as the ratio of the longest dirnension
of a particle {o the shortest dimension of the particle} of greater than 3:1, such as greater than
NN

I8088]  In certain embodiments, the graphenic carbon particles used in the
compositions of the present invention have relatively low oxygen content. For example, the
graphenic carbon particles used in certain embodiments of the compositions of the present
invention may, even when having a thickness of no more than § or no more than 2
nanometers, have an oxygen contert of no more than 2 atomic weight percent, such as no

more than 1.5 or | atomic weight percent, or no more than (1.6 atomic weight, such as abouwt
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.5 atomic weight percent. The oxygen content of the graphenic carbon particles can be
determined using X-ray Photoelectron Spectroscopy, such as is described in D, R. Dreyer et
al., Chem. Soc. Rev. 39, 228-240 (2010).

{0809 In certain embodiments, the graphenic carbon particles used in the
compositions of the present invention have a B.E.T. specific surface area of at least 50 square
meters per gram, such as 70 to 1000 square meters per gram, or, in some cases, 200 to 1060
square meters per grams or 200 to 400 square meters per gram. As used herein, the tevm
“B.ET. specific surface arvea™ refers to a specific surface arca determined by nitrogen
adsorption according to the ASTMD 3663-78 standard based on the Brunauer-Emmett-Teller
method described in the pertodical “The Journal of the American Chemical Society™, 60, 309
{1938).

{8018]  In certain embodiments, the graphenic carbon particles used in the
compositions of the present invention have a Raman spectroscopy 2I3/G peak ratio of at least
1.1, for example, at least 1.2 or 1.3, As unsed herein, the ferm “2D/G peak ratio” refers to the
ratio of the intensity of the 2D peak at 2692 cm” to the intensity of the G peak at 1,580 em™

{8011}  In certain embodiments, the graphenic carbon particles used in the
compositions of the present invention have a refatively low bulk density. For example, the
graphenic carbon particles used in certain embodiments of the present invention ave
characterized by having a bulk density {tap density) of less than 0.2 gjami such as no more
than 0.1 g/em’. For the purposes of the present invention, the bulk density of the graphenic
carbon particles is deternmined by placing 0.4 grams of the graphenie carbon particles i a
glass measuring cylinder having a readable scale. The cylinder is raised approximately one-
inch and tapped 100 Hmes, by striking the base of the cylinder onto a hard surface, to allow
the graphenic carbon particles to settle within the cylinder. The volume of the particles is
then measured, and the bulk density is caleulated by dividing 0.4 grams by the measured
volume, wherein the bulk density is expressed in terms of gf’cm3 .

{06127  In certamn embodiments, the graphenic carbon particles used in the
compositions of the present invention have a compressed density and a percent densification
that 18 fess than the compressed density and percent densification of graphite powder and
certain types of substantially flat graphenic carbon particles. Lower compressed density and
fower percent densification are each carrently behieved to contribute {o better dispersion

and/or rheological properties than graphenic carbon particles exhibiting higher compressed
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density and higher percent densification. In certain embodiments, the compressed density of
the graphenic carbon particles is 0.9 or less, such as less than 0.8, less than 0.7, such as from
1.6 t0 0.7, In certain embodiments, the percent densification of the graphenic carbon particles
is less than 4%, such as less than 30%, such as from 25 1o 30%.

I3613]  For purposes of the present invention, the compressed density of graphenic
carbon particles is calculated from a measured thickness of a given mass of the particles after
compression. Specifically, the measured thickness is determined by subjecting 0.1 grams of
the graphenic carbon particles to cold press under 15,000 pound of force in a 1.3 centimeter
die for 45 minutes, wherein the contact pressure 1 500 MPa. The compressed density of the
graphenic carbon particles is then calenlated from this measured thickness according to the

following equation:

Compressed Deusity {Q"/ICBT’} = 0.1 prams
i L 4 .)
(1 3em/2y #(measured thickness in CHI)
\ K

{8014]  The percent densification of the graphenic carbon particles is then determined
as the ratio of the calculated compressed density of the graphenic carbon particles, as
determined above, to 2.2 glem”, which is the density of graphite.

{00181 In certain embodiments, the graphenic carbon particles have a measared bulk

b

tiguid conductivity of at least 100 microSiemens, such as at least 120 microSiemens, such as
0

[

at least 140 microSiemens mmmediately alter mixing and at later points in time, such ag at
nrinutes, or 20 minutes, or 30 mimates, or 40 minutes. For the purposes of the present
invention, the bulk bguid conductivity of the graphenic carbon particles is determined as
follows. First, a sample comprising a 0.5% solution of graphenic carbon particles in butyl
cellosolve is sonicated for 30 minutes with a bath sonicator. Immediately following
sonication, the sample is placed in a standard calibrated electrolytic conductivity cell (K=1).
A Fisher Scientific AB 30 conductivity meter 1s introduced to the sample to weasure the
conductivity of the sample. The conductivity is plotted over the course of about 40 minutes.
{80161 o accordance with certain embodiments, percolation, defined as long range
Interconnectivity, occurs between the conductive grapheme carbon particles. Such
percofation may reduce the resistivity of the formulations. The conductive graphenic particles
may occupy a minimum volume within the composite matrix such that the particles form a

continunous, or acarly continuous, network. In such a case, the aspect ratios of the graphenic
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carbon particles may affect the minurman volume required for percolation. Furthermore, the
surface energy of the graphenic carbon particles may be the same or stmilar to the surface
energy of the elastomeric rubber. Otherwise, the particles may tend to flocculate or demix as
they are processed.

{08171 The graphenic carbon particles utilized in the compositions of the present
invention can be made, for example, by thermal processes. In accordance with embodiments
of the invention, the graphenic carbon particles are produced from carbon-containing
precursor matertals that are heated to high temperatures in a thermal zone. For example, the
graphenic carbon particles may be produced by the systems and methods disclosed in United
States Patent Application Scrial Nos, 13/249,315 and 13/309,894,

{0818]  In certain embodiments, the graphenic carbon pariicles may be made by using
the apparatus and method described in United States Patent Application Serial No,
13/249,315 at {00227 to [0048], the cited portion of which being incorporated herein by
reference, in which (1) one or more hydrocarbon precursor materials capable of forming a
two-carbon fragment species (such as n-propanol, ethane, ethylene, acetylene, viny! chloride,
i, 2-dichloroethane, allyl alcohol, propionaldehyde, and/or vinyt bromide) is introduced into a
thermal zone (such as a plasma); and (i1} the hydrocarbon is heated in the thermal zone to a
temperature of at least 1,000°C to form the graphenic carbon particles, In other
embodiments, the graphenic carbon particles may be made by using the apparatus and method
deseribed in United States Patent Application Serial No. 13/309,894 at [0015] to [0042}, the
cited portion of which being incorporated herein by reference, in which (i) a methane
precursor material {(such ax a material comprising at least 50 percent methane, or, in some
cases, gaseons or Hauid methane of at least 95 or 99 percent purity or higher) s introduced
into a thermal zone (such as a plasma); and {11) the wethane precarsor is heated in the thermal
zone to form the graphenic carbon particles. Such methods can produce graphenic carbon
particles having at least some, in some cases all, of the characteristics described above,

[0619]  During production of the graphenic carbon particles by the methods described
above, a carbon-containing precursor is provided as a feed material that may be contacted
with an inert carvier gas. The carbon-containing precarsor material may be heated i a
thermal zone, for example, by a plasma system. In certain embodiments, the precursor
material 1s heated to a temperature ranging from 1,000°C to 20,000°C, such as 1,200°C to
10,000°C. For example, the temperature of the thermal zone may range from 1,500 to

8,000°C, such as from 2.000 to 5,600°C. Although the thermal zone may be generated by a
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plasma system, it is to be understood that any other suitable heating system may be used to
create the thermal zone, such as various types of furnaces including electrically heated tube
furnaces and the like.

{0028]  The gaseous streary may be contacted with one or more guench streams that
are injected into the plasma chawber throagh at least one quench stream injection port, The
guench stream may cool the gaseous stream to factlitate the formation or control the particle
size or morphology of the graphenic carbon particles. In certain embodiments of the
mvention, afier contacting the gaseous product stream with the quench streams, the ultrafine
particles may be passed through a converging member. After the graphenic carbon particles
exit the plasma system, they may be collected. Any suitable means may be used to separate
the graphenic carbon particles from the gas flow, such as, for example, a bag filter, cvclone
separator or deposifion on a substrate.

{30211  Without being bound by any theory, it is currently believed that the foregoing
methods of manufacturing graphenic carbon particles are particularly suitable for producing
graphenic carbon particles having relatively low thickness and relatively high aspect ratio in
combination with refatively low oxygen contend, as described above., Moreover, such
methods are currently believed to produce a substantial amount of graphenic carbon particles
having a sebstantially curved, curled, creased or buckled morphology {referred to hereinas a
“3D7 morphiology), as opposed to producing predominantly particles having a substantially
two-dimensional (or flat) morphology. This characteristic is believed to be reflected in the
previously described compressed density characteristics and is believed to be beneficial in the
present invention because, # is carrently believed, when a significant portion of the graphenic
carbon particles have a 3D morphology, “edge to edge™ and “edge-to-face” contact between
graphenc carbon particles within the composition may be promoted. This is thought to be
becanse particles having a 3D morphology are less likely to be aggregated i the composition
{due to lower Van der Waals forces) than particles having a two-dimensional morphology.
Moreover, it is currently believed that even in the case of “face to face” contact between the
particles having a 3D morphology, since the particles may have move than one facial plane,
the entire particle surface is not engaged in a single “face to face” interaction with another
single particle, but instead can participate in interactions with other particles, including other

“face to face” interactions, in other planes, As a result, graphenic carbon particles having a
30 morphology are currently thought to provide the best conductive pathway in the present

compositions and are currently thought to be useful for obtaining electrical conductivity
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characteristics sought by the present invention, particularly when the graphenic carbon
particles are present in the composition in the relatively low amounts described below.

{08221  In certain embodiments, the graphenic carbon particles are present in the
rubber formulations in an amount of gt least 0.1 weight percent, such as least 8.5 weight
percent, or, in some cases, at least | weight percent, In certain embodiments, the graphenic
carbon particles are present in the composition in an amount of no more than 15 weight
percent, such as no yore than 10 weight percent, or, in some cases, no more than 5 weight
pereent, based on the weight of all non-volatile components of the composition.

{80231 In certain embodiments, the base rubber composition of the tive tread or other
formulations comprise synthetic rubber, natoral rubber, mixes thereof and the like. In certain
smbodiments, the base rubber composition comprises styrene butadiene co-polymer,
polybutadiene, halobutyl and/ov natural rubber {polyisoprenes). For use in tire treads, the
base rubber composition typically comprises from 30 to 70 weight percent of the overall tire
tread formulation, for example, from 34 to 54 weight percent,

(0824]  In certain embodiments, the rubber formulation comprises a curable rubber.
As used herein, the term “curable rubber™ means both natural rubber and its various raw and
reclaimed forms as well as various synthetic rubbers, For example, the curable rubber can

include styrene/butadiene ribber (SBR), butadiens rubber (BR), natural rubber, any other
known type of organic rubber, and combinations thereof. As used herein, the terms “rubber”,
“elastomer” and “rubbery elastomer” can be used interchangeably, unless indicated otherwise.
The terms “rubber composition”, “compounded rubber” and “rubber compound” can be used
interchangeably to refer to rubber which has been blended or mixed with various ingredients
and materials, and such terms are well-known to those having skill in the rubber mixing or
robber compounding art.

{86251  In addition to the grapheaic carbon particles in the amounts deseribed above,
the tire tread formulations in certain embodiments also comprise filler particles. Suitable
fillers for use in the rubber formulations of the present invention can include g wide variety of
materials known to one having ordinary skill in the art. Non-limiting examples can include
inorganic oxides such as but not Himited to inorganic particulate or amorphous solid materials
which possess sither oxygen (chemisorbed or covalently bonded) or hydroxyl (bound or free)
at an exposed surface such as but not fimited to oxides of the metals in Periods 2, 3, 4, § and

6 of Groups Ib, Hb, [lia, Illb, TVa, IVh {except carbon), Va, Via, Vila and VIH of the Periodice
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Table of the Hlements i ddvanced norganic Chemisiry: A Comprehensive Text by V. Albert
Cotton et al,, Fourth Edition, John Wiley and Sons, 1980, Now-hmiting examples of
inorganic oxides for use in the present invention can include precipitated silica, colloidal
stlica, silica gel, aluminum silicates, alumina, and mixtures thereof. Suitable metal silicates
can include a wide variety of materials known in the art. Non-limiting examples can include
but are not Hmited to alumina, lthivm, sodium, potassium stlicate, and mixtures thereofl

{3026]  In certaim embodiments, the filler particles comprise silica in typical amounts
of from 1 to 50 weight pevcent, for example, from 28 to 44 weight percent. In certain
embodiments, i is desirable to maximize the amount of silica present m the formulation in
order to improve fraction and fuel efficiency performance. For example, it may be desirable
to add silica in amounts greater than 30 weight percent, for example, greater than 40 weight
percent.

{88271 In cortain embodiments, the silica can be precipitated silica, colloidal silica
and mixtures thereof. The silica can have an average ultimate particle size of less than 0.1
micron, or from 0.01 to 0.05 micron, or from 0.015 to (.02 micron, as measured by electron
microscope. In further alternate non-limiting embodiments, the silica can have a surface arca
of from 25 to 1000 or from 75 to 250 or from 100 to 200 square meters per gram. The
swrface area can be measured using conventional technigues known in the art. As used
herein, the surface area is determined by the Brunauer, Emmetf, and Teller {(BET) method
according to ASTM D21993-91. The BET surface arca can be determined by fitting five
relative-pressure points from a mitrogen sorption isotherm measurement made with a
Micromeritics TriStar 3000, TM. instrument. A FlowPrep-060™ station provides heat and a
continuous gas flow to prepare samples for analysis. Prior to nitrogen sorption, the silica
samples are dried by heating to a temperature of 160°C in flowing nitrogen (P5 grade) for at
least one (1) hour,

{0028]  The silica filler for use in the present invention can be prepared using a variety
of methods known to those having ordinary skilf in the art. For example, the silica may be
produced by the methods disclosed in U.S. Patent Application Serial No. 11/103,123, which
is ncorporated herein by reference. In a non-limiting embodiment, silica for use as untreated
fuller can be prepared by combining an aqueous solution of soluble metal silicate with acid to
form a silica slurry. The silica slurry can be optionally aged and acid or base can be added to
the optional aged silica sharvy, The silica shurry can be filtered, optionally washed, and dried

using convention techniques known to a skilled artisan.
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{0028]  In accordance with certain embodiments of the invention, the relative amounts
of graphenic carbon particles and silica are controlled such that the amount of silica is
maximized for improved performance characteristics, while the amount of graphenic carbon
particles is minimized to an amount that provides sufficient static dissipation. For example,
the amount of silica may be greater than 30 weight percent, or greater than 40 weight percent,
while the armount of graphenic carbon particles may be less than 10 or § weight percent, or
iess than 2 or 1 weight percent. In certain embodiments, the weight ratio of silica particles to
graphenic carbon particles is greater than 2:1 or 3:1, for example, greater than 4:1, 5:1 or 601,
in particular embodiments, the weight ratio may be greater than 8:1 or 10:1.

190361 Tua complex system of the present invention where both graphenic carbon
particles and silica particles are present in the elastomeric rubber matrix, the conductive
graphenic carbon particles may form a continmons, or nearly continuous, network despite the
presence of insulating silica particles in the relatively large amounts described above,

{0831} In accordance with certain embodiments, the rubber formulations have surface
vesistivities of tess than 10°% Q/sq, for example, less than 10° Q/sq, or less than 107 (¥/sq.

{88321 The formulations of the present invention may be made by combining the
graphenic carbon particies and/or filler particles with emulsion and/or solution polymers, .8,
organic rubber comprising solution styrene/butadiene (3BR), poiybutadiene rubber or a
mixture thereof, to form a master batch. Curable rubbers for use in the master batch can vary
widely and are well known to the skilied artisan and can include vulcanizable and sulfur-
gurable rubbers. {n a non-limiting erbodiment, curable rubbers can include those used for
mechanical rubber goods and tires. A noun-limiting example of a master batch can comprise a
combination of organic rubber, water-immiscible solvent, treated filler and, optionally,
processing oil, Such a product can be supplied by a rubber producer to a tive manufactorer,
A benefit to a tire manufacturer using a master batch can be that the graphenie carbon
particles and/or silica particles are substantially uniformly dispersed in the rubber, which can
result in substantially reducing or minimizing the mixing time to produce the compounded
rubber. In a non-limiting embodiment, the master batch can contain from 10 to 150 parts of
graphenic carbon particles and/or silica particles per 100 parts of rubber (PHR).

{6033]  The praphenic carbon particles and/or silica particles can be mixed with an
uncured rubbery elastomer used to prepare the vulcanizable rubber composition by

conventional means such as in a Banbury mixer or on a mabber mill at temperatares from
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FO0°F and 392°F (38°C-200°C). Non-limiting examples of other conventional rybber
additives present in the rubber composition can include conventional sulfur or peroxide cure
systems. In alternate non-limiting embodiments, the sulfur-cure system can include from 0.5
to 3 parts sulfir, from 2 0 5 parts zine oxide and from 0.5 to § paris accelerator. In further
alternate non-limiting embodiments, the peroxide-cure system can include from 1 to 4 parts
of a peroxide such as dicumyl pemxﬁd&

[8434] Non-limiting examples of conventional rubber additives can include clays,
tale, carbon black, and the like, oils, piasﬁclzms accelerators, antioxidants, heat stabilizers,
hight stabilizers, zone stabilizers, organic a such as for exampile stearic acid, benzoic acid,
or salicylic acid, other activators, extenders and coloring pigments. The compounding recipe

ctod will vary with the particelar vulcanizate prepared. Such recipes are well known to
those skilled in the rubber compounding art. In a non-limiting embodiment, a benefit of the
use of silica particles of the present invention when the coupling material is
mercaptoorganometaliic compound(s) can be the stability at clevated temperatures of a rubber
conpound containing such silica particles, and essentially the absence of curing of a rubber
compounded therewith at temperatures up to at least 200°C when mixed {or at least one half
minute or up to 60 minutes,

{80351  Iv alternate non-limiting embodiments, the compounding process can be
per‘f@rm@d batchwise or continoously. In a further non-Hmiting embodiment, the rubber
composition and at least a portion of the graphenic carbon particles and/or silica particles can
be continuously fed into an initial portion of a mixing path to produce a blend and the blend
can be continuously fed into a sccond portion of the mixing path.

{3036] The following examples are intended to illustrate certain aspects of the present

invention, and are not intended to limit the scope of the tavention.

Examples
{00371 A series of tive tread compounds containing varying amousts of conductive
additives were fabricated and evaloated for surface resistivity. A reinforcing network of
highly dispersible silica was present in amourds ranging from 47 to 70 parts per 100 rubber
{PHR). The conductive particle additives included graphenic carbon particles produced in
=

accordance with embodiments of the present invention, conumercially available graphene

from X G Sciences, graphite, exfoliated graphite, antimony tin oxide, nicke! coated graphite,

10
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and polypyrrole coated silica. The graphenic carbon particles were produced by the method
disclosed in United States Patent Application Serial No. 13/309,894. The componenis listed
in Table 1 were blended and cured using equipment and techniques well known in the tire
tread formulation art. Styrene butadiene rubber and polybutadiens rabber were mixed witl
the conductive additives, fillers, processing aids, astioxidants and part of the cure package in
the first pass to torw a master batch, The components were mixed for 7 minutes or until the
compound reached 160°C. In the second pass, the master batch was then fed back into the
mixer and processed for an additional 10 minutes at 1606°C. In the third and final mixing
pass, the remaining curatives and aceelerators are added to the masterbatch and mixed for 2.5

minutes at 108°C,

11
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Table }

Tire Tread Compositions

PCT/US2013/036565

Composition/Ingredionts {PHR) A B C D E F | Control
Pass 1 ‘
Budene 1207 30.01 | 30.01 1 30,01 1 30,061 1 30,061 1 30,01 1 30,01
VSL - 5025-2 HM © 89628 196,26 | 9628 | 96.28 1 96.28 | 96.28 | 96,28
Si-266° 753 01100 0 100 1100 11000 753 1 1L00
Precipitated Silica 47.09 149.02 49021 - [70.00147.09 70.00
Conductive Particles 2292 12101 {2489 | 70.00 § 23.64 1 22921 000
Microsere 5816A 200 | 200 0 2.00 | 200 | 2.00 | 200 | 200
Nocheck 4757A 100 L 100 0 100 | 100 | 100 1 100 1.00
T™MOQ 100 | 100 L 100 ) 10O ) 100 100 1.60
Santoflex 13 200 1 2,00 | 200 | 2.00 | 200 | 200 1 200
Stearic Acid 2006 1 2.00 | 2.00 | 2.00 § 200 | 2.00 2.00
Tufflo 100 S.00 | 500 | 5.00 | 5.00 | 5.00 | 500 | 5.00
Zine Oxide (7200) 350 0 350 0 350 1 3.50 1 350 1 330 | 350
Pass 7 |

MasterBatch o bbb b0

Pass 3

Master Batch

RM Sulfur 7000 370 0 176 1 L7001 170 | 170 1.70
Santocure CBS® 200 1 200 | 200 | 2.00 | 2.00 | 2.00 | 2.00
diphenyl guanidine (DPFG) 200 | 2,00 | 200 | 2.00 | 200 | 2.00 | 2.00

A - Grapbemc Carbon Particles

B - Nickel Coated Graphite
C— Ansimony Tin Oxide
T~ Polypyrrole Coaled Silica

£ - Asbury Carbon Graphites (3725, MESC, 4014, 3775, 4821, 230U0)
F — XG BSciences Graphene (C-750, C-300, M-25, M-3)

! Polybuadiene rubber available from The Goodyear Tire and Rubber Company
? Styrene butadiene rubber available from Lanxess
? Bis{iriethoxysilyipropyhpolvaulfide available from Evonik

4 . - 5y
Commercially available robber-makers sulfur

8wt - ‘ . N —
7 Neeyclohexylbenzo-thiazole-2-solfenamide available from Flexsys

{0638} The surface resistivities of the finished, cured rubber materials were measured

according to the following procedure: Dr. Thiedig Milli-To Ohm Meter turned on and

altowed to equilibrate for 0.5 hour prior to experimental sampling; rubber sample is placed on

msulating plastic slab; 5 Ib concentric cirele grounded electrode placed on rubber sample with

gentle pressure to ensure even contact; electrode voltage is applied, surface resistivity

measured using the lowest possible setting of 10,100 or 500 volts; and surface resistivity is

determined by 10x the on-screen reading with units of ©Q or £3/sq.
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articles of the present invention were the only particles that

addition to the electrical properties of the finished rubber goods, the graphenic carbon

particles exhibifed umiquely improved mixing properties.

Table 2
Surface Resistivities of Rubber Formulations
Surface
Composition Weight % | Volume % | Resistivity
{£/sq)
A Graphenic Carbon Particles i0.14 54 8.0x10°
| B Nickel Coated Graphite 8.15 7.15 1.4x10'
| C Antimony Tin Oxide 915 3.09 5.9%10"
D Polypyrrole Coated Silica 305 16.83 5.0x10"
E  Asbury Carbon Samples 9,34 5.04 10t
F  XGSciences Graphenes 1 0.4+ 54 10
Control ~ Silica with no conductive particles - - 5.0x10Y
{00461  In certain embodiments, it is desirable to improve the dispersion of silica in the

rubber mixture by breaking down large silica agglomerates that may be present into smaller or
sabmicron particles. The quality of silica dispersion may be determined using a piece of
equipment called a dispergrader. When examining rubber samples using this device, the
amount of white area should be at a minimum. The silica dispersion may be important for
consistent performance, wear, obtaining good reinforcement, and for limiting failares such as
crack propagation. Thus, fillers that signtficantly reduce silica dispersion at low loadings may
not be aceeptable. MNormalized silica dispersions for tread compoonds prepared using highly

dispersible silica and various types of conductive particles and silica are shown in Table 3,
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Table 3
Dispersion of Conductive Particles (Normalized to HDS)
Composition PHR PHR . :
: " Normalized
Conductive | Silica Dispersion
Particles T
Highly Dispersibie Silica and Graphenic 23.0 47.0 103
Carbon Particles R
Highly Dispersible Silica and XG Sciences 23.0 47.0 0.55
750 -
Highty Dispersible Silica and XG Sciences 23.0 47.0 0.65
306 e
Highly Dispersible Silica and XG Sciences 23.0 - 47.0 VERY
M-25 | POOR
| Highly Dispersible Silica and XG Sciences | 23.0 47.0 0.36
M-5
Highly Dispersible Silica and Asbury 23.6 47.0 0.82
(raphite 3775 graphite
Highly Dispersible Silica 0 70 1.00

{80417  In certain embodiments, the graphenic carbon particles may provide improved
reinforcing properties due to their high specific surface areas relative to the volume they
ocgupy. Tire tread compounds fabricated with graphenic carbon particles and silica particles
may exhibit increased tensile strength and improvements in traction as defined by the tan 6 at
0°C. The rolling resistance is increased while the abrasive wear may remain unchanged.
These properties are shown in Table 4.

Composition PHR PHR Tensile | Traction DIN
- Graphene | Silica | Strength {tan § @ 0) | Abrasion
‘ {MPa}
Highly Dispersible Silica and 23.0 47.0 15.7 0.314 159.0
Graphenic Carbon Particles ;
Highly Dispersible Silica 0 70 14.0 0.223 | 159.0

{06421  The combination of low percolation threshold, improved tensile strength and
excellent silica dispersion achieved by the use of graphenic carbon particles inn accordance
with the present invention make the formulations very useful in tire treads.

{G043]  In certain embodiments, by pre-dispersing the graphenic carbon particles into a

compatible resin, the resistivity of a tread compound can be reduced at lower graphenic

14



WO 2013/165677 PCT/US2013/036565

carbon particle loadings, as shown in Table 5. In this example, the graphenic carbon particles

are predispersed in a sulfur containing resin commercially known as Thioplast.

Tabic 5
Surface Resistivities of Treads Made with Pre-Dispersed Graphene
surface
Composition Weight % | Volume % | Resistivity

 {Qsg)
Graphenic Carbon Particles 10.14 5.4 8.0%x10°
| Grﬁphenic Carbon Particles in Thioplast Dispersion 4.8 2.5 2. 7x10%

XG Sciences Graphenes 10.14 5.4 10"
Control — silica with no conductive particles . | e 5.0x10%

{B044] A criteria for assessing the performance of conductive filler particles in
systema with non-conduactive fillers may be to assess the resistivity of a rubber sample at
different insulating filler to conductive filler ratics, e.g., the volumne or weight of silica to
graphenic carbon particles. As the ratio of the non-conductive filler to conductive filler
decreases, percolation may be observed at lower loadings of conductive filler. Table 6
illustrates improved surface resistivity of a sample of the present invention containing
graphenic carbon particies at a relatively high volume ratio of silica to graphenic carbon
particles, in comparison with another sample having the same volume ratio but different

conductive particles.

Table &
Yolume % o
-~ L ) o ] o Surface N _
Composition Volume % | Graphenic | Volume Ny Comment
crs < . Resistivity
| Silica Carbon Ratio (C¥sq)
. 3E/8
Particles 4
Graphenic Carbon 11.6 5.4 2,151 8.0x10° Percolation
Particles
XG Sciences 116 5.4 2.15:1 107 No percolation
Graphenes

{8045]  For purposes of this detailed description, it is to be understood that the
mvention may asswme various alternative variations and step sequences, except where
expressly specified to the contrary. Moreover, unless otherwise indicated, all numbers
expressing quantities used mn the specification and claims are to be understood as being
modified in all instances by the term “abowt”. Accordingly, snless indicated to the contrary,

the numerical parameters set forth 1o the following specification and attached claims are
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approximatious that may vary depending upon the desired propsrties to be obtained by the
present invention. At the very least, and not as an altempt to hmit the apphication of the
doctrine of equivalents to the scope of the claims, each numerical parameter should at least be
construed in lght of the number of reported significant digits and by applying ordinary
rounding technigues.

[0848]  Notwithstanding that the numerical ranges and parameters setiing forth the
broad scope of the invention are approximations, the numerical values set forth in the specific
examples are reported as precisely as possible. Any mumerical value, however, inherently
contains certain errors necessarily resulting from the standard variation found in their
respective testing mcasurements.

{6647]  Also, it should be wunderstood that any numerical range recited berein is
intended to include all sub-ranges subsumed therein. For example, a range of “1 to 107 s
intended to include all sub-ranges between {and incloding) the recited mintmum value of 1
and the recited maximure value of 10, that is, having a minimum value equal {o or greater
than 1 and a maximum value of equal to or less than 10,

{3048]  In this application, the use of the singular includes the plural and plural
encompasses singular, enless specifically stated otherwise. In addition, in this apphcation,
the use of “or” means “and/or™ unless specifically stated otherwise, ever though “and/or” may
be exphicitly used in certain instances.

{0049] It will be readily appreciated by those skilled in the art that modifications may
be made to the invention without departing from the concepts disclosed in the foregoing
description. Such moedifications are (o be considered as included within the following claims
unless the clamms, by their language, expressly state otherwise. Accordingly, the particular
embodiments described in detail herein are illustrative only and are not Hmiting to the scope
of the inveniion which is to be given the fuil breadth of the appended claims and any and all

equivalents thereof
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WE CLAIM:

A rubber formulation comprising:

e,

a base rubber composition;
from 0.1 to 20 weight percent graphenic carbon particles; and
from 1 to 50 weight percent filter particles, wherein the rubber
formulation has a surface resistivity of Jess than 10'% Qi/sq.
2. The rubber formulation of Claim 1, wherein the rubber formulation
comprises 3 tire tread formulation.

The rubber formulation of Claim 1, wherein the graphenic carhon

Ll

articles comprise less than 10 weight percent of the formulation.

Jeped

4, The rubber formualation of Claim 1, wherein the graphenic carbon
particles comprise less than § weight percent of the formulation.

5. The rubber formulation of Claim |, wherein the graphenic carbon
particles have a bulk liguid conductivity of at least 100 microSiemens.

6. The rubber formulation of Clain 1, wherein the graphenic carbon
particles have a bulk density of less than 0.2 gf’cmS,

7. The rubber formulation of Claim 1, wherein the graphenic carbon
particles have a compressed density of less than 0.9

8. The rubber formulation of Claim I, wherein the graphenic carbon
particles have an oxygen content of less than 2 atomic weight percent.

4. The rubber formulation of Claim 1, wherein the filler particles
comprise silica.

10.  The rubber formulation of Claim 9, wherein the silica comprises from
28 to 44 weight percent of the formulation.

11, The rubber formulation of Claim 9, wherein the graphenic carbon
particles comprise less than 10 weight percent, and the silica comprises greater than 28
weight percent of the formulation.

12 The rubber formulation of Claim 9, wherein the silica and the
graphenic carbos particles are present in the formulation in g weight ratio of greater than 411,

13. The rubber formulation of Claim 9, wherein the silica comyprises

precipitated silica
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14, The rubber formulation of Claim 1, wherein the base rubber
composifion comprises styrene/butadiene rubber, butadiene rubber, natural rubber and/or
functionalized derivatives thereof

15, The vrubber formulation of Claim 14, wherein the base rubber
composition comprises at least one additive selected from processing oils, antioxidants,
curatives and metal oxides.

16. The rubber formulation of Claim 1, wherein the formulation comprises
tess than 10 weight percent carbon black.

17 The rubber formulation of Claim 1, wherein the formulation is
substantially free of carbon black,

18, A method of making a rubber formulation comprising:

mixing graphenic carbon particles and filler particles with a base
rubber composition; and

curing the mixture, wherein the cured mixtore has a surface resistivity
of less than 16"% Q/sq.

19, The method of Claim 18, wherein the graphenie carbon particles
comprise less than 10 weight percent of the formulation, and the filler particles comprise
silica in an amount greater than 28 weight percent of the formulation.

20 The method of Claim 19, wherein the silica and the graphenic carbon

r

particies are present in the formulation in a weight ratio of greater than 4:1
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