Office de la Propriete Canadian CA 2938763 A1 2015/08/27
Intellectuelle Intellectual Property
du Canada Office (21) 2 938 763
- Drganiame AN gency ol 12y DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada
CANADIAN PATENT APPLICATION
(13) A1
(86) Date de depot PCT/PCT Filing Date: 2015/02/18 (51) ClL.Int./Int.Cl. FO4C 2/107 (2006.01),

FO
(71) De

(87) Date publication PCT/PCT Publication Date: 2015/08/27
(85) Entree phase nationale/National Entry: 2016/038/03
(86) N° demande PCT/PCT Application No.: US 2015/016397

1C 1/107 (2006.01), FO4C 13/00 (2006.01)

mandeur/Applicant:

REME TECHNOLOGIES, LLC, US

(72) Inventeur/Inventor:

(87) N° publication PCT/PCT Publication No.: 2015/126955 SICILIAN, JOSHUA ALAN. US

(30) Priorite/Priority: 2014/02/18 (US61/941,269) (74) Ag

ent: GOWLING WLG (CANADA) LLP

(54) Titre : STATOR ELASTOMERE AMELIORE PAR INCORPORATION DE GRAPHENE

(54) Title: GRAPHENE ENHANCED ELASTOMERIC STATOR

(57) Abrege/Abstract:

An enhanced elastomeric stator assembly and method of making the same Is disclosed. The elastomeric stator may be structurally,
thermally, and/or chemically enhanced through the incorporation of graphene particles, cross-linkable polymers, coupling agents

that extend cross-links, and by the reduction of filler material. The grapher
functionalized form or In a combination thereof, the functionalized grapr

e particles can be Incorporated in functionalized or non-
ene Increasing the number of cross-links In the overall

structure, thereby enhancing the structural robustness of the elastomeric stator. The compound can be formulated to have a
relatively low viscosity and other characteristics that allow the material to flow through a mould cavity.

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191

R N
RO TR S o
N "'c‘-‘-.u:-:{\: . N7
S
N




woO 2015/126955 A3 | {10 RW S0 10 OO O 0 001

(43) International Publication Date

CA 02938763 2016-08-03

(19) World Intellectual Property
Organization
International Burecau

WIPOIPCT

27 August 2015 (27.08.2015)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2015/126955 A3

(1)

(21)

(22)

(25)

(26)
(30)

(71)
(72)

(74)

(81)

(54) Title: GRAPHENE ENHANCED ELASTOMERIC STATOR

International Patent Classification:
C01B 31/04 (2006.01) Fo4C 2/107 (2006.01)
FoIC 1/107 (2006.01)

International Application Number:
PCT/US2015/016397

International Filing Date:

18 February 2015 (18.02.2015)
Filing Language: English
Publication Language: English
Priority Data:
61/941,269 18 February 2014 (18.02.2014) us

Applicant: REME TECHNOLOGIES, LLC [US/US];
701 Conroe Park North Drive, Conroe, TX 77303 (US).

Inventor: SICILIAN, Joshua, Alan.

Agents: MCBETH, Ryan ¢t al.; MORGAN, LEWIS &
BOCKIUS LLP, 1111 Pennsylvania Avenue, NW, Wash-
ington, DC 20004 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
IR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every

kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(88) Date of publication of the international search report:

5 November 2015

(57) Abstract: An enhanced elastomeric stator
assembly and method of making the same 1s dis-

closed. The elastomeric stator may be structur-
ally, thermally, and/or chemically enhanced
through the incorporation of graphene particles,
cross-linkable polymers, coupling agents that
extend cross-links, and by the reduction of filler
material. The graphene particles can be incor-
porated in functionalized or non-functionalized
form or in a combination thereof, the functional-
ized graphene increasing the number of cross-
links m the overall structure, thereby enhancing
the structural robustness of the elastomeric
stator. The compound can be formulated to have
a relatively low viscosity and other characterist-
ics that allow the material to tlow through a
mould cavity.




CA 02938763 2016-08-03

WO 2015/126955 NON-PROVISIONAL PATENT APPLICATION PCT/US2015/016397
INVENTORS:

Joshua Alan Sicilian

GRAPHENE ENHANCED ELASTOMERIC STATOR

BACKGROUND
l. Field of the Invention

[0001] The present invention relates to improved elastomeric stator assemblies.
2. Description of the Related Art

[0002] Progressive cavity pumps having elastomeric stator assemblies have been used in
drilling operations for some time. In downhole drilling operations, progressive cavity motors
pump fluids by spinning a rotor within a stator assembly. In particular, power sections for
mud motors have seen extensive use of progressive cavity pumps in the inverse application
where drilling fluid is used to turn a rotor within a stator. Often, progressive cavity motors
are configured with helical metal lobed rotors that turn within elastomeric stators consisting
of rubber with high carbon black filler content. The high carbon black rubber provides a
suitable yet cost efficient material having some compressive modulus and abrasion resistance
properties. As the metal lobes of the rotors press against the elastomeric stator inner walls, a
sealing line is formed and fluid is thus pumped through the cavities as they are formed

between the metal lobes of the rotors and the elastomeric stator inner walls.

[0003] A challenge to producing a high power, high torque, and high speed power section
stator, is that manufacturing equipment and cost effective tooling materials require a low
viscosity uncured elastomer compound that is capable of flowing through a tight mould
cavity over a long distance while maintaining its uncured state. If a compound is too viscous
it cannot flow the appropriate distance to fill the mould. If a compound begins the
vulcanization reaction before the mould is filled, the compound will increase in viscosity
exponentially, possibly resulting with a mould that is not filled, or a mould that will fill with
cross-links that form in separate matrices. Separately formed matrices create undetectable
grain boundaries in the elastomer product which will often fail prematurely due to significant
losses in tear resistance, losses in modulus, and or friction points internally that facilitate

rapid physical deterioration of the surrounding elastomer matrix. Traditionally, designers of
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reinforcing carbon blacks, low viscosity low molecular weight base NBR and HNBR
polymers, and process aids in the recipe. Although such combinations are favorable for
manufacturability, the resulting recipe negatively impacts the final cured state properties of
the elastomer, often making the formulation softer and less dynamically stable. For example,
plasticizer oil may be used to decrease viscosity during manufacturing but, in the finished
product, it has a tendency to leach out of the elastomer at high temperatures when exposed to
diverse drilling fluids, which can cause shrinkage in the product or de-bonding of the rubber
to metal bonding agents, and also facilitate the absorption of chemicals from drilling fluid.
Plasticizers are used to reduce the viscosity of an uncured rubber compound by lubricating
between the polymer chains and aiding in the dispersion ot carbon blacks. Once in cured
state, plasticizers continue to lubricate the polymer chains creating an effect of lowered
modulus.  Additionally, plasticizers, being significantly lower molecular weight than
polymers, can migrate out of a compound. Controlling the migration of plasticizers is a
function of choosing a plasticizer with the right molecular mass/branching and carbon-to-
oxygen ratio for a particular compound. The more branching a plasticizer has, the more
resistant the plasticizer 1s to fluid extraction in oils. The potential to react an ester-based
plasticizer into the polymer matrix will substantially increase the resistance to extraction. If
plasticizers can be peroxide cross-linked to a polymer, then the same plasticizer can be cross-
linked to a functionalized graphene particle, permanently locking the plasticizer into the
polymeric matrix. By reacting a plasticizer into the polymers and graphene particles, higher
than traditional loadings of plasticizer can be compounded into a recipe without the drawback
of having plasticizer leaching out of the compound to the rubber to metal bond of the stator or
out of the inner diameter surface. Higher loadings of plasticizer offset the high viscosity
effect that nano-particles induce in a compound. Higher loadings of plasticizer also reduce
the mixing times of uncured compound by aiding the peptization and dispersion of filler
materials like carbon blacks and nanoparticles. By reducing the mixing times and shear rates,
less polymer is broken in the mixing process, which will improve physical and dynamic
properties such as: modulus, tensile strength, tear resistance, tan delta, shear modulus,

compressive modulus and hardness.

[0004] Elastomeric compounds have seen the incorporation of phenolic resins as referred

to in U.S. Pat. App. Pub. No. US 2008/0050259, which reduces the uncured viscosity of the
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resistance.

[0005] Elastomeric compounds have also seen some use of nanoparticles; however, due to
the extraordinary surface area to particle volume (i.e. aspect ratio), these compounds can
greatly increase the viscosity of the elastomer with only small amounts of additive
nanoparticles. This means their potential in power sections stator compounds requires such
low loadings (to maintain manufacturability) that the cured state physical properties are not

attainable at an affordable, reproducible level of satistaction.

[0006] Further, though the helical metal rotors of progressive cavity motors are heat
tolerant, abrasion resistant, and have generally long useful lives, the stators of progressive
cavity motors are far less reliable and often fail, need servicing, or replacement before their
rotor counterparts. The carbon black reinforced liner of stators tends to wear down when
exposed to abrasive materials, can develop leaks between cavities. When exposed to harsh
temperatures a rubber compound will soften and can result in seal lines being less capable of
handling high differential pressure which can result in a loss in torque. High temperatures
can also cause the rubber in a liner to thermally expand, which can lead to overheating. Long
term exposure to such conditions can cause the rubber to become brittle and lead to low tear
resistance. Failures can occur in the form of a section worn down by abrasion leaking and
not pro'viding proper sealing pressure against the metal rotor lobes; a physical tear of the
inner lining can also occur and cause an immediate shutdown of the entire system. For
example, when the stator fails, the rotor can pump torn rubber pieces through cavities and
damage other components of the downhole assembly or stop rotating all together. Exposure
to certain chemicals or downhole fluids can additionally cause degradation of the stator inner
walls. Harsh drilling fluids can be absorbed into the rubber liner, causing swelling which
leads to the rubber liner overheating in operation. Fluids can also extract chemicals from the

rubber, thereby degrading it.

[0007] It would thus be desirable to have a more robust elastomeric stator assembly with
increased heat tolerance, abrasion resistance, tear resistance, and other beneficial properties.
Further, it would be desirable to provide increased meantime between failures, increased
reliability, and an expectation of extended runtime for operations running elastomeric stator
assemblies downhole. This would allow greater drilling time and decreased time spent
installing, retrieving, and servicing elastomeric stator assemblies and other components of the

associated downhole assemblies that can fail as the result of a stator failure. It would further

3
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[0008] The present invention involves a graphene enhanced elastomeric stator assembly
and method of making the same. The elastomeric stator can be structurally and thermally
enhanced through the incorporation of graphene particles, cross-linkable polymers, coupling
agents that extend cross-links, and by the reduction of filler material. The graphene particles
can be incorporated in functionalized or non-functionalized form or in a combination thereof.
The graphene particles can increase polymer to filler interactions in the overall structure of
the elastomeric stator, thereby enhancing the structure of the stator and increasing the stator’s
useful life by providing additional structural and thermal dissipation benefits. The
incorporation of graphene particles can also provide a lower coefficient of thermal expansion
for the rubber compound, which can reduce damaging heat build-up and extend the useful life

of a power section.

[0009] Cross-linkable plasticizers can be integrated into graphene enhanced elastomeric
stator formulations to additionally enhance the structural rigidity and thermal characteristics
of the compound and thus the elastomeric stator. The structural rigidity of the compound 1s
generally increased by having more of the materials in the compound cross-linked. By
combining cross-linkable plasticizers and functionalized graphene, such as in the preferred
embodiment, the density of cross-links between compounds is further increased over a given
area. Further, graphene has conductivity properties not found in materials traditionally used
in stators, properties which can transfer, disperse, and dissipate heat through the stator in a
quick and efficient manner. Additionally, in an embodiment, the graphene enhanced
elastomeric stator compound can be formulated to have a relatively low viscosity, through the
use of a cross-linkable plasticizer, and also to have other characteristics that allow the
material to flow through a mould cavity over a long distance, similar to how current
elastomeric stators are made. In a formulation, a cross-linkable plasticizer can covalently
bond to rubber polymer chains, functionalized graphene particles, co-agents, or a

combination thereof, which will combat the extraction of the plasticizer in drilling fluids.
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[0010] The below drawings and figures serve to illustrate various embodiments of the

invention but were not meant to be limiting.

[0011] FIG. 1 depicts a perspective cross-sectional view of an elastomeric stator assembly

in accordance with an embodiment of the invention.

[0012] FIG. 2 depicts a side cross-sectional view of an elastomeric stator assembly In

accordance with an embodiment of the invention.

[0013] FIG. 3 depicts a top cross-sectional view of an elastomeric stator assembly In

accordance with an embodiment of the invention.

[0014] FIG. 4 depicts an illustration of a prior art compound comprising rubber and carbon

black filler content.

[0015] FIG. 5 depicts an illustration of the van der Waals bonding forces between a rubber

and a non-functionalized graphene particle in accordance with an embodiment of the

invention.

10016] FIG. 6 depicts an illustration of a graphene enhanced elastomeric stator compound

having peroxide/oxygen functionalized graphene in rubber in accordance with an

embodiment of the invention.

[0017] FIGS. 7a-7c depict a step-by-step illustration of how peroxide cross-links are

formed in a graphene enhanced stator compound.

[0018] FIG. 8 depicts an alternate illustration of a graphene enhanced elastomeric stator
compound having peroxide/oxygen functionalized graphene in rubber in accordance with an
embodiment of the invention. Figure 8 shows that peroxide/oxygen functionalized graphene

particles can be cross-linked into the polymer and/or cross-linked to each other.

[0019] FIG. 9 depicts an illustration of a graphene enhanced elastomeric stator compound
having phenolic functionalized graphene with hexamethylmethylamine (“hexa” or “HMT™)

in accordance with an embodiment of the invention.

[0020] FIG. 10 depicts an illustration of a graphene enhanced elastomeric stator compound

having phenolic functionalized graphene with hexa 1n rubber in accordance with an

embodiment of the invention.
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having phenolic functionalized graphene with hexa and peroxide in rubber in accordance with

an embodiment of the invention.

[0022] FIG. 12 depicts an illustration of a graphene enhanced elastomeric stator compound
having peroxide/oxygen functionalized graphene in rubber with trifunctionalized

methacrylates in accordance with an embodiment of the invention.
[0023] FIG. 13 depicts an illustration of a nitrile butadiene having sulfur cross links.

[0024] FIG. 14 depicts an illustration of a graphene enhanced elastomeric stator compound

having polymer to sulfur functionalized graphene cross links.

[0025] FIG. 15 depicts an illustration of peroxide/oxygen functionalized graphene cross

linked to a trifunctional co-agent by means of an organic peroxide.



CA 02938763 2016-08-03

WO 2015/126955 CRIPTION PCT/US2015/016397

L ALLILY LD

[0027] Elastomeric stators in progressive cavity motors are often configured with hard
metal tubular exterior sleeves and inner elastomeric stator liners that are typically formed by
injection molding the liner over a mould mandrel. FIGS. 1-3 depict multiple views of an
embodiment of an elastomeric stator assembly 10. Many variations exist regarding the
shapes, sizes, and dimensions of elastomeric stators and FIGS. 1-3 merely illustrate an
exemplary embodiment of an elastomeric stator assembly as can be configured with any of
the various graphene enhanced elastomeric stator compound embodiments described herein

or any combination of the multiple embodiments as described herein.

[0028] Referring to FIGS. 1-3, in an embodiment, a graphene enhanced elastomeric stator
assembly 10 is shown having a metal outer tubular surface 20 and a graphene enhanced
elastomeric stator inner liner 30 that connects to the outer tubular surface 20. The
elastomeric stator liner inner walls 32 can be formed in a repeating helical pattern of varying
length and dimensions and with a variety of different characteristics for various downhole

operations.

[0029] Referring to FIG. 4, a prior art elastomeric stator compound 100, comprising a
majority of carbon black 110 and polymer 120 rubber material is shown. The carbon black
hydrogen atoms 130 and the polymer hydrogen atoms 140 are primarily bound by the
attractive van der Waals forces 150 present throughout the compound, which i1s a key

component regarding the structural integrity of the overall elastomeric stator compound 100.

[0030] Elastomers can be cross-linked through a chemical vulcanization reaction that ties
polymers to other polymers through the use of sulfur and/or organic peroxides. Traditionally,
sulfur is used in an application where modulus and high temperature resistance are lower
priorities. On the other hand, organic peroxides have the advantage of being shorter and
having more electronegative covalent bonds. These “harder” peroxide induced carbon-to-
carbon cross-links have a few disadvantages as well: the resulting rubber compounds can be
more brittle with lower tear resistance despite exceptional modulus; the wvulcanization
reaction can be higher energy and difficult to slow down; and cross-linking of elastomer
polymers to bonding agent polymer coatings (adhesives) 1s more challenging to consistently

reproduce.

[0031] The addition of nano-particles, including carbon nanotubes, graphene particles,

nano-clays, bucky balls and other three dimensional engineered carbon structures (reinforcing
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elastomeric polymers by utilizing the high surface area particles to create an increase in van
der Waals attractive forces between the polymer and filler particles. Platelet shaped particles
can also influence the chemical resistance of an elastomer, by creating inert barriers that stop

the progress of permeating drilling fluid chemicals.

[0032] Power sections for mud motors are continually pushed for performance and
downhole drilling reliability. One advantage of graphene enhanced elastomeric stator
compounds, is that higher modulus materials are capable of sustaining more differential
pressure across an elastomer lobe sealed by a metal rotor lobe. The cavity between a rotor
and stator can only maintain differential pressure and imparted torque efficiently if the stator
elastomer is of high enough modulus to not deflect, thus preventing fluid from progressing
forward to the subsequent cavity. Fluid slippage between the rotor and stator interface can
cause a loss in the volumetric fluid pressure to torque efficiency. A further benetit of the
higher modulus material, is that the more differential pressure the elastomer lobe can sustain,
the more torque will be imparted to the metal rotor. In power sections, the flow through is
proportional to the eccentric rotating speed of the rotor for any given standard geometry and
power section stators can function as a dynamic sealed interface with which the rotor
interacts. Not only must an elastomer compound maintain modulus to make the seal, but the
visco-elastic dynamic properties must maintain a mostly elastic response over high
frequencies in high temperature drilling environments. The ability for a lobe to “snap” back
is a function of the elastic dynamic decay of the modulus around the frequency of the power
section’s maximum rated flowrate and differential. The less decay in the elastic response the
more differential pressure a power section stator can handle at higher tlowrates and the more

powerful and reliable the power section is likely to be in challenging drilling environments.

[0033] Graphene particles and other nano scale sheets of carbon are not bound together or
to one another by the strong interfacial van der Waals forces that are common among
graphitic materials. Other nano scale sheets can be substitutes for graphene for certain
formulations. Further, and as referenced previously, graphene particles can be chemically
altered, with a reactive functional group covalently bonded to the particles. Functional
eroups may include phenolic ring structures, sulfur atoms or sulfur chains, organic peroxide
groups, formaldehyde functional groups, isocyanates, 1socyanurates, tetramethylmethylamine

(TMTM), hexamethylmethylamine (“hexa,” HMT), and/or fatty acid groups/hydroxl groups.
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1able” 1 below lists embodiments of graphene enhanced “erasiOmeric swawr

compounds having functionalized or non-functionalized graphene particles that are dispersed

in a polymer matrix of NBR, HNBR, XNBR, XHNBR, or FKM (fluoro/pertluoro elastomer)

for use in power section drilling stators that require exceptional cured state tensile modulus,

tear resistance, shear modulus, compressive modulus, elastic dynamic stability, high

temperature resistance to polymer chain scission, surface abrasion resistance to the drilling

fluid solids and/or rotor metal finish and fluid swelling resistance (when exposed to various

water based, oil based, or synthetic oil based drilling fluids, as well as other similar fluids).

Table 1 — Example Embodiments of Graphene Enhanced Elastomeric Stator

Compounds

Non-functionalized graphene particles may be a single mono-carbon layer sheet

thickness.
Non-functionalized graphene particles may be from 2-30 carbon sheets thick.
Functionalized graphene particles may be a single mono-carbon layer sheet thickness.

Functionalized graphene particles may be from 2-30 carbon sheets thick with 1 or
more sheets having a functional group covalently bonded to one or more carbon
atoms. Multi-layer graphene particles may only have functionalization of the outer

most layers, not necessarily a functional group of all the layers.

Functional groups may be single bond sp3 hybridization or an sp2 hybridization with
strained carbon bonds, therefore slightly warping the carbon graphene sheet with a

“kink.” Non-functional groups can also have a “kink.”

Graphene particles may be dispersed homogenously and/or amorphously into a NBR

with a Mooney viscosity at 100°C of 20-75 Mooney units.

Graphene particles may be dispersed homogenously and/or amorphously in an NBR

with an acrylonitrile content ranging from 25 — 65%.

Graphene particles may be dispersed homogenously and/or amorphously in an HNBR

with a Mooney viscosity at 100°C of 20-75 Mooney units.

Graphene particles may be dispersed homogenously and/or amorphously in an HNBR

with an acrylonitrile content ranging from 25 — 65%.

10
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Graphene particles may be dispersed homogenously and/or amorphousiy 1 an ANDK

with a Mooney viscosity at 100°C of 20-75 Mooney units.

Graphene particles may be dispersed homogenously and/or amorphously in an XNBR

with an acrylonitrile content ranging from 25 — 65%.

Graphene particles may be dispersed homogenously and/or amorphously in an

XHNBR with a Mooney viscosity at 100°C of 20-75 Mooney units.

Graphene particles may be dispersed homogenously and/or amorphously in an

XHNBR with an acrylonitrile content ranging from 25 — 65%.

Graphene particles may be dispersed homogenously and/or amorphously in an
fluoroelastomer base polymer with a Mooney viscosity at 100°C of 20-150 Mooney

units.

Graphene particles may be dispersed homogenously and/or amorphously in an
XHNBR with fluoro or perfluoro branching of the polymer at a content ranging from

15 — 80%.

Table 2 below lists example embodiments non-functional and functional group that

include a reactive group or groups common to rubber chemistry and require little or no

special

processing to react into the filler-polymer-crosslink network in an embodiment of a

graphene enhanced elastomeric stator compound.

Table

2 — Example Embodiments of Groups Reacted into Graphene Enhanced

Elastomeric Stator Compound

Graphene particles that do not contain functional groups but that have dispersion
which may be improved through ionic, organic salt or covalent compound additives
that “wet-out” the carbon surface chemistry without substantially impacting polymer-
to-polymer shear forces that are necessary to physically masticate carbon filler
materials into the polymer matrix in the mixing process. (e.g. high molecular (more

than 8 carbon atoms) fatty acids).

Graphene functional groups may be phenolic ring structures, sulfur atoms or sulfur
chains, organic peroxide groups, formaldehyde functional groups, i1socyanates,
isocyanurates, tetramethylmethylamine (TMTM), hexamethylmethylamine (“hexa,”

HMT), hexamethylene methylamine (“hexa,” HMM) and/or fatty acid groups

11
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directly with one or more of the above variety of polymers.

» A compound with peroxide/oxygen functionalized graphene particles indirectly cross-
linked with one or more of the above variety of polymers and/or other graphene
particles through the use of coagents to bridge the peroxide induced cross-links.
Coagents may include maleinized polybutadiene, metal methacrylate organic salts,
trifunctional acrylic esters, non-nitroso functionalized co-agent monomers, 1,3
butylene glycol dimethacrylate, trimethylolpropane triacrylate, ethoxylated

trimethylolpropane triacrylate.

= A compound with peroxide/oxygen functionalized graphene particles directly and
indirectly cross-linked with the above variety of polymer and/or other graphene
particles through the use of a cross-linkable reactive ester plasticizer to reduce
uncured viscosity of the compound, minimize leaching at elevated temperatures and
diverse fluid conditions while increasing dynamic performance by chemically locking

eraphene particles to the polymeric matrix through vulcanization reactions.

= A compound that uses a peroxide compatible co-agent to cross link peroxide/oxygen
functionalized graphene particles to polymers and reactive esters as cross-linkable

plasticizers.

= A compound that uses ftriallyl cyanurates, triallyl isocyanurate, and/or polyol
monomers as co-agents to chemically cross-link isocyanurate, urethane, and/or
cyanurate functionalized graphene particles to themselves and to sulfur and/or

peroxide cured base elastomer polymer chains.

= A compound that uses isocyanurate, urethane, and/or cyanurate functionalized
graphene particles cross-linked to millable urethane additives in an elastomer recipe

with a base polymer from the above list.

» A compound that uses phenolic, peroxide, oxygen functionalized graphene particles,
or a combination thereof, cross-linked to phenolic resins by using ethoxylated
bisphenol A diacrylate as a co-agent in an elastomer recipe with a base polymer from

the above list.

= A compound that uses phenolic functionalized graphene particles cross-linked to the

base polymer by using ethoxylated bisphenol A diacrylate with a formaldehyde

12
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donating activator to the vulcanization reaction.

[0036] A graphene enhanced elastomeric stator can begin with the dispersion of graphene
particles or sheets into an uncured rubber compound. In an embodiment, before dispersion
the graphene is configured with graphene particles or sheets of optimal size for a given
formulation. The sizing of the graphene particles can be optimized while keeping in mind the
later steps of the process that can further break apart or break down some of the graphene
particles. Alternatively, optimizing the tear resistance of a group of compounds with the
same graphene concentration and variable graphene particle size can be more cost effective.
Chemically etching fracture surfaces of graphene enhanced elastomers can be viewed under
an electron microscope to determine particle sizes, particle density, and the level of
optimization achieved. Further, in an embodiment, the graphene can be functionalized betore
dispersion to increase the cross-link density of what will become the graphene enhanced

elastomeric stator.

[0037] In an embodiment, semi-reinforcing and highly reinforcing carbon black can be

used to aid in the graphene and polymer dispersion of graphene into the polymer matrix.

[0038] Referring to FIG. 5, a bonded graphene particle 210 and polymer 200 are shown.
Similar to the FIG. 4 prior art discussed above, the graphene particle 210 is mainly bonded to
the polymer 200 hydrogen atoms 240 by van der Waals forces 250. The tendency for
graphene particles to maintain their shape in a geometric plane can allow for even stronger
van der Walls forces to be present, thereby creating additional structural rigidity in an
elastomeric stator merely by adding graphene particles and not overly damaging the particles

in the manufacturing process.

[0039] FIG. 6 illustrates an embodiment of a graphene enhanced elastomeric stator
compound 300. In this embodiment, graphene particles 310 are functionalized by
peroxide/oxygen atoms 360 and cross-linked with polymer 320. The cross-link density of
such a particle is increased over the standard elastomeric stator compounds, thereby
providing structural rigidity and thermal dissipation properties for an elastomeric stator
composed of the compound. FIGS. 7a-7c¢ illustrates how peroxide cross-links are formed,
FIG. 7¢ showing an embodiment of the enhanced elastomeric stator compound. Reterring to
FIG. 8, an alternate illustration of a peroxide/oxygen functionalized graphene compound 1is

shown, illustrating how peroxide cross-links can form between graphene particles and

13



CA 02938763 2016-08-03

WO 2015/126955 : : PCT/US2015/016397
between grapnene particles and polymer. Compounds resulting from this émoodgiment may

have improved modulus and/or hysteretic dynamic response over a broader range of strain
frequencies and operating temperatures than traditional stator elastomers. Compounds with a
high degree of cross-linking resulting from this embodiment may have a lower coefficient of
thermal expansion, which will potentially allow a stator to maintain an optimized rotor —to-
stator fit throughout a broader range of operating temperatures (whereas 50 degrees F is the

normal {it interval in a traditional stator elastomer).

[0040] Referring to FIG. 9, in an embodiment, a graphene enhanced elastomeric stator
compound 400 is shown, having phenolic functionalized graphene particles 410. The phenols
470 can bond to the graphene particles and cross-link with hexamethylmethylamine or
alternatively hexamethyltetramine(*hexa” or “HMT”’) 480. FIG. 10 shows an embodiment of
the elastomeric stator compound described in FIG. 9 mixed with rubber polymer molecules
420. FIG. 11 illustrates an alternate embodiment of the elastomeric stator compounds shown
in FIGS. 9-10, by adding peroxide induced cross links 460, thereby further increasing the
cross-link density of the overall compound. Utilizing phenolic resins typically increases the
cured state hardness and low strain modulus of a compound, while decreasing the viscosity in
uncured state (lots of industry examples exist). Combining thermosetting phenolic resins
with graphene reinforced elastomer may lower the uncured viscosity of the compound into a
range that leads to easier manufacturing without compromising the cured state properties as

do traditional plasticizers.

[0041] Referring to FIG. 12, in an embodiment, a graphene enhanced elastomeric stator
compound 500 1s shown, having elastomeric stator particles 510, polymer molecules 520,
peroxide induced cross links 3560, ftrifunctionalized methacrylates 560. Trifunctional
methacrylates act as a three-way bridge between the polymer and the functionalized graphene
particles. In this way, the peroxides efficiency is increased, allowing polymer-to-polymer-to-
graphene cross-link sub-structures and/or graphene-to-graphene-to-polymer cross-link sub-
structures. In this embodiment, sulfur can delay the peroxide curing reaction at relatively
low cure temperatures, which will aid in the processing of stators by keeping the compound
In an uncured state until the stator mould is completely filled. Sulfur can also supplement the
polymer-to-polymer cross-link density if the peroxide reactions have a higher affinity to react
with the graphene particles. The overall result is an increase in modulus with potentially
higher tear resistance, as the compound’s sub-structures will break up natural tearing

boundaries between the polymers and polymer-to-graphene boundaries. FIG. 13 shows an
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&91’1%81165 328081e butadiene 602 having sulfur cross links 604. FIG. 13&9-{59%%1%1340}163%

by step process of sulfur vulcanization of polymers. FIG. 13(d) shows the larger scale end
result of sulfur vulcanization of this example. FIG. 14 shows an example embodiment of
graphene enhanced elastomeric stator compound having polymer to sulfur functionalized
graphene cross links 610. Polymer to polymer cross links 620 are shown vulcanizing the
polymer NBR 630 or alternatively HNBR (not shown). Referring to FIG. 15, an embodiment
of peroxide/oxygen functionalized graphene cross linking to a trifunctional co-agent by
means of an organic peroxide is shown 612. Trimethylolpropane trimeethacrylate 614 or
similar tri-functionalized co-agents can be utilized to increase the cross-link density of the
compound. An ethylene group of co-agent cross-linked to polymer through peroxide

vulcanization is shown 616 though other trifunctional co-agents may be used.

[0042] Due in part to increased heat resistance, faster thermal dissipation, and enhanced
structural rigidity, a graphene enhanced elastomeric stator allows for longer runtime between
failures downhole than prior designs. More specifically and in addition, a graphene enhanced
stator can have exceptional cured state tensile modules, tear resistance, shear modulus,
compressive modulus, elastic dynamic stability, high temperature resistivity to polymer chain
scission, surface abrasion resistance to drilling fluid solids and rotor metal finish and fluid
swelling resistance. Each of these properties can provide synergies that allow for far greater

downhole performance and longevity when compared to prior designs in the industry.

[0043] Although the concepts disclosed herein have been described in connection with the
preferred form of practicing them and modifications thereto, those of ordinary skill in the art

will understand that many other modifications can be made thereto. Accordingly, it is not

intended that the scope of these concepts in any way be limited by the above description.
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CLAIMD

1. A progressive cavity power section, comprising:
a rotor, and

a stator comprising a metal outer tubular and graphene enhanced elastomeric

stator inner liner, an elastomeric material of the inner liner comprising:
graphene particles and rubber.

2. The elastomeric material of Claim 1, comprising:

non-functionalized graphene particles substantially having a single mono-

carbon layer sheet thickness.
3. The elastomeric material of Claim 1, comprising;:

non-functionalized graphene particles substantially having a two to thirty layer

sheet thickness.
4, The elastomeric material of Claim 1, comprising:

functionalized graphene particles substantially having a single mono-carbon

layer sheet thickness.
. The elastomeric material of Claim 1, comprising:

functionalized graphene particles substantially having a two to thirty layer

sheet thickness.
6. The elastomeric material of Claim 5, comprising:

one or more graphene sheets having a functional group covalently bonded to

one or more carbon atoms in each graphene sheet.
7. The elastomeric material of Claim 5, comprising:

functional groups having a single bond sp3 hybridization or an sp2
hybridization with strained carbon bonds, therefore slightly warping the

carbon graphene sheets.
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i ne crastomeric material of Claim 1, comprising: PCT/US2015/016397

graphene particles dispersed homogenously into an NBR having a Mooney

viscosity at 100°C of 20-75 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an NBR having a Mooney

viscosity at 100°C of 20-75 Mooney units.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an NBR

having a Mooney viscosity at 100°C of 20-75 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an NBR with an acrylonitrile

content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an NBR with an acrylonitrile

content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an HNBR

with an acrylonitrile content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an HNBR having a Mooney

viscosity at 100°C of 20-75 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an HNBR having a Mooney
viscosity at 100°C of 20-75 Mooney units.
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1 ne crastomeric material of Claim 1, comprising: PCT/US2015/016397

graphene particles dispersed homogenously and amorphously into an HNBR

having a Mooney viscosity at 100°C of 20-75 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an HNBR with an

acrylonitrile content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an HNBR with an acrylonitrile

content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an HNBR

with an acrylonitrile content ranging from 25-63%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an XNBR having a Mooney
viscosity at 100°C of 20-75 Mooney units.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an XNBR having a Mooney
viscosity at 100°C of 20-75 Mooney units.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an XNBR

having a Mooney viscosity at 100°C of 20-75 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an XNBR with an

acrylonitrile content ranging from 25-65%.
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ine erastomeric material of Claim 1, comprising: PCT/US2015/016397

graphene particles dispersed amorphously into an XNBR with an acrylonitrile

content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an XNBR

with an acrylonitrile content ranging from 25-65%.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an XHNBR having a Mooney
viscosity at 100°C of 20-75 Mooney units.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an XHNBR having a Mooney
viscosity at 100°C of 20-75 Mooney units.

-~ The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an XHNBR
having a Mooney viscosity at 100°C ot 20-75 Mooney units.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an XHNBR with an

acrylonitrile content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an XHNBR with an

acrylonitrile content ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an XHNBR

with an acrylonitrile content ranging from 235-65%.
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1€ ciastomeric material of Claim 1, comprising: PCT/US2015/016397

graphene particles dispersed homogenously into an fluoroelastomer base

polymer having a Mooney viscosity at 100°C of 20-100 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an fluoroelastomer base

polymer having a Mooney viscosity at 100°C of 20-100 Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an
fluoroelastomer base polymer having a Mooney viscosity at 100°C of 20-100

Mooney units.
The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously into an XHNBR with carboxylic

functionalization of the polymer with an acrylonitrile content ranging from 25-

65%.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed amorphously into an XHNBR with carboxylic

functionalization of the polymer with an acrylonitrile content ranging from 25-

65%.

The elastomeric material of Claim 1, comprising:

graphene particles dispersed homogenously and amorphously into an XHNBR
with carboxylic functionalization of the polymer with an acrylonitrile content

ranging from 25-65%.
The elastomeric material of Claim 1, comprising:

peroxide/oxygen functionalized graphene particles indirectly cross-linked with

peroxide induced cross-links to polymers and graphene particles.
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N M0 EESd of forming a graphene enhanced elastomeric stator, ML L

includes the following steps:
forming a metal outer tubular of the stator, and

forming a graphene enhanced elastomeric stator mnner liner, wherein the
forming of an elastomeric material of the inner liner comprises adding a co-
agent to an elastomeric material mixture to bridge peroxide induced cross-

links.

40.  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises maleinized polybutadiene.

41.  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises metal methacrylate organic salts.

42.  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises trifunctional acrylic esters.

43.  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises non-nitroso functionalized co-agent monomers.

44,  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises butylene glycol dimethacrylate.

45.  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises trimethylopropane triacrylate.

46.  The method of forming a graphene enhanced elastomeric stator of Claim 39 wherein

the co-agent comprises ethoxylated trimethylolpropane triacrylate.
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