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(57) Abstract: Provided are coated sleeved oil and gas well production devices and methods of making and using such coated
sleeved devices. In one form, the coated sleeved oil and gas well production device includes one or more cylindrical bodies, one or
more sleeves proximal to the outer diameter or inner diameter of the one or more cylindrical bodies, hardbanding on at least a por-
tion of the exposed outer surface, exposed inner surface, or a combination of both exposed outer or inner surface of the one or more
sleeves, and a coating on at least a portion of the inner sleeve surface, the outer sleeve surtace, or a combination thereof of the one or
more sleeves. The coating includes one or more ultra-low friction layers, and one or more buttering layers interposed between the
hardbanding and the ultra-low friction coating. The coated sleeved oil and gas well production devices may provide for reduced fric-
tion, wear, erosion, corrosion, and deposits for well construction, completion and production of oil and gas.
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COATED SLEEVED OIL AND GAS WELL PRODUCTION DEVICES

FIELD

1661} The present disclosure relates to the field of oil and gas well production
operations. It more particularly relates to the use of coated sleeved devices to
reduce friction, wear, corrosion, erosion, and deposits itn oil and gas well
production operations. Such coated sleeved oil and gas well production devices
may be used in drilling rig equipment, marine riser systems, tubular goods
{casing, tubing, and drill strings), wellthead, trees, and valves, completion strings
and cquipment, formation and sandface completions, artificial ift equipment, and

well intervention equipment.

BACKGROUND

18028 Oil and gas well production suffers from basic mechanical problems
that may be costly, or even prohibitive, to correct, repair, or mitigate. Friction is
ubiquitous in the oilfield, devices that are in moving contact wear and lose their
original dimensions, and devices are degraded by erosion, corrosion, and deposits.
These are impediments to successful operations that may be mitigated by selective

use of coated siceved oil and gas well production devices as described below.

Dirilling Rie Eauipment

16631 Following the identification of a specific location as a prospective
hydrocarbon area, production operations commence with the mobilization and
operation of a drilling rig. In rotary drilling operations, a drill bit is attached to
the end of a bottom hole assembly, which is attached to a drill string comprising
drill pipe and tool joints. The drill string may be rotated at the surface by a rotary
table or top drive unit, and the weight of the drill string and bottom hole assembly

causes the rotating bit to bore a hole in the earth, As the operation progresses,
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new sections of drill pipe are added to the drill siring to mcrease its overall length
Periodically during the drilling operation, the open borchole is cased to stabilize
the walls, and the drilling operation is resumed. As a result, the drill string
usually operates both in the open borchole (Mopen-hole”™) and within the casing
which has been installed in the borehole (Mcased-hole™). Alternatively, coiled
tubing may replace drill string in the drilling assembly. The combination of a drill
string and bottom hole asserably or coiled tubing and bottom hole assembly is
referred to hevein as a drill stem assembly. Rotation of the drill string provides
power through the drill string and bottom hole assembly to the bit.  In coiled
tubing drilling, power is delivered to the bit by the drilling fluid. The amount of
power which can be transmitted by rotation is limited to the maximum torque a

dril] string or coiled tubing can sustain.

16041 In an alternative and unusual drilling method, the casing itself is used to
drill inte the carth formations. Cutting clements are affixed to the bottom cund of
the casing, and the casing may be rotated to turn the cutting elements. o the
discussion that follows, reference to the drill stern assermbly will include a
“drilling casing string” that is used to drill the carth formations in this

“casing-while-drilling” method.

18051 During the drilling of a borehole through underground formations, the
drill stem assembly undergoes considerable sliding contact with both the steel
casing and rock formations. This sliding contact results primarily from the
rotational and axial movements of the drill stem assembly in the borchole.
Friction between the moving surface of the drill stem assembly and the stationary
surfaces of the casing and formation creates considerable drag on the drill stem
and results in excessive torque and drag during drilling operations. The problem
caused by friction is inherent in any drilling operation, but it is especially
troublesome in directionally drilled wells or extended reach drilling (ERD) wells,

Directional drilling or ERD is the intentional deviation of a wellbore from the
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vertical. In some cases the inclination (angle from the vertical ) may be as great as
ninety degrees. Such wells are commonty referred to as horizontal wells and may
be drilled to a considerable depth and considerable distance from the drilling

platform.

16061 In all drilling operations, the drill stem assembly has a tendency to rest
against the side of the borehole or the well casing, but this tendency is much
greater in directionally drilied wells because of the effect of gravity., The drill
stern may also locally rest against the borehole wall or casing in arcas where the
focal curvature of the borchole wall or casing is high. As the drill string increases
in length or degree of vertical deflection, the amount of friction created by the
rotating drill stoem assembly also increases. Areas of increased local curvature
may increase the amount of friction generated by the rotating drill stem assembly.
To overcome this increase in friction, additional power is required to rotate the
drill stem assembly. In some cases, the friction between the drill stem assembly
and the casing wall or borehole exceeds the maxirmurn torque that can be tolerated
by the duill stem assembly and/or maximum torque capacity of the drill rig and
drilling operations must cease. Consequently, the depth to which wells can be
drilled using available directional drilling equipment and techniques 1s ultimately

fimited by friction.

18674 One string of pipe in sliding contact motion relative to an outer pipe, or
more generally, an inner cylinder moving within an outer cylinder, is a common
geometric configuration in several of these operations. One prior art method for
reducing the friction caused by the sliding contact between strings of pipe is to
improve the lubricity of the annular fluid. In industry operations, attempts have
been made to reduce friction through, mainly, using water and/or oil based mud
solutions containing various types of coxpensive and often environmentally
unfriendly additives. For many of these additives the increased lubricity gained

from these additives decreases as the temperature of the borchole increases.
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Diesel and other mineral oils are also often used as lubricants, but there may be
probloms with the disposal of the mud, and these fluids also lose lubricity at
elevated temperatures.  Certain minerals such as bentontte are known to help
reduce friction between the drill stem assembly and an open borchole. Materials
such as Teflon have been used to reduce sliding coutact friction; however, these
lack duorability and strength.  Other additives include vegetable oils, asphalt,
graphite, detergents, glass beads, and walout hulls, but each has s own

Hinitations.

668} Another prior art method for reducing the friction between pipes is to
use aluminum material for the drill string because aluminum is lighter than steel.
However, aluminum is expensive and may be difficult to use in drilling
operations, it is less abrasion-resistant than steel, and it is not compatible with
many fluid types (e. g. fluids with high pH). To run casing and liners in extended-
reach wells, the industry has developed means to “float” an inner casing string
within an outer string, but circulation is restricted during this operation and # is

not amenable to the hole~-making process.

18094 Yet another method for reducing the friction between strings of pipe is
to use a hard facing material on the inner string (also referred to herein as
hardbanding or hardfacing). U.S. Patent No. 4,665,996, herein incorporated by
reference in its entirety, discloses the use of hardfacing applied to the principal
bearing surface of a drill pipe, with an alloy having the composition of: 50-65%
cobalt, 25-35% molybdenum, 1-18% chromium, 2-10% silicon and less than 0.1%
carbon for reducing the friction between a string and the casing or rock. As a
result, the torque needed for the rotary drilling operation, especially directional
drilling, is decreased. The disclosed alloy alse provides excellent wear resistance
on the drill string while reducing the wear on the well casing. Another form of
hardbanding is WC-cobalt cermets applied to the drill stem assembly. Other

hardbanding materials include TiC, Cr-carbide, and other mixed carbide and
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nitride systems. A tungsten carbide containing alloy, such as Stellite 6 and
Stellite 12 (trademark of Cabot Corporation), has excellent wear resistance as a
hardfacing material but may cause excessive abrading of the opposing device.
Hardbanding may be applicd to portions of the drill stem asscmbly using weld
overlay or therroal spray methods. In a deilling operation, the deill stern assembly,
which has a tendency to rest on the well casing, continually abrades the well

casing as the drill string rotates,

(616} U.S. Patent Publication No. 2002/009829¢ discloses hardbanding
applied in a pattern on the surface of a tool joint for the purpose of reducing
hydraulic drag. “By providing wear-reducing material in separate, defined
spaced-apart arcas, fluid flow in a wellbore annulus past a tool joint is enhanced,
i.e. flow between deposit areas is facilitated.” This reference further discloses low
friction materials wherein the low friction material is a component element of the
hardbanding material such as chromium. “The minimal admixture of the basc
material permits an extromely accurate pre-engineering of the matrix chemustry,
allowing customization of the material and tailoring the tool joint to address
drilling needs, such as severe abrasion, crosion, and corrosion, as seen, €.g., in
open hole drilling conditions. It also pormits modification of the deposit to adjust
to coefficient of friction needs in metal-to-metal friction, ¢.g. as encountered in
rotation of the drill string within the casing. In certain aspects the deposited
waterial s modified by replacing galling waterial, e.g., iron and uickel, with
non-galling elements, such as e.g., but not limited to, molybdenum, cobalt and

chromiurn and combinations thereof.”

1611} U.S. Patent No. 5,010,225 discloses the use of grooves in the
hardbanding to prevent casing wear. The protruding area is free of tungsten
carbide particles so that tungsten carbide particle contact with the casing is

avoided. The recessed area is about 80% of the total surface area,
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1012} In addition to hardbanding on tool joints, certain sleeved devices have
been used in the industry. A polymer-steel based wear device is disclosed in ULS.
Patent No. 4,171,560 (Garrett, “Method of Assembling a Wear Sleeve on a Drill
Pipe Assembly.””y Western Well Tool subsequently developed and currently
offers Non-Rotating Protectors to conirol contact between pipe and casing 1o
deviated welibores, the subject of U.S, Patent Nos. 5,803,193, 6,250,405, and

6,378,633,

1613} Strand et al. have patented a metal “Wear Sleeve” device (1.8, Patent
No. 7,028,788} that is a means to deploy hardbanding material on removable
sleeves. This device is a ring that is typically of less than one-half inch in wall
thickness that is threaded onto the pin connection of a drill pipe tool joint over a
portion of the pin that is of reduced diamcter, up to the bevel diameter of the
cormmection. The ring has internal threads over a portion of the inner surface that
are of left-hand orientation, opposite to that of the tool joint. Threaded this way,
the ring does not bind against the pin connection body, but instead it drifts down
to the box~pin connection face as the drill string turns to the right. Arnco markets
this device under the frade name “WearSleeve.”  After several years of
availability in the market and at least one field test, this system has not been used

widely.

18141 Arnco has devised a fixed hardbanding system typically located in the
middle of a joint of drill pipe as described in U.S. Patent Publication No.

2007/0209839, “System and Method for Reducing Wear in Drill Pipe Sections.”

1615} Separately, a tool joint configuration in which the pin comnection is
held in the slips has been deployed in the field, as opposed to the standard
petroleum industry contfiguration in which the box connection is held by the slips.
Certain benefits have been claimed, as documented in exeroplary publications
SPE 18667 (1989} Dudman, R. AL et. al, “Pincup Drillstring Techuology: Design,
Application, and Case Histories,” and SPE 52848 (1999) Dudman, R, A, ¢t. al,
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“Low-Stress Level PinUp Drillsiring Optimizes Drilling of 20,000 ft Shim-Hole in
Southern Oklahoma.” Dudman discloses larger pipe diameters and conmection
sizes for certain hole sizes than may be used in the standard pin-down convention,
because the pin connection diameter can be made smaller than the box commection

diameter and still satisfy fishing requirements.

1616} There are many additional pieces of equipment that have metal-to-metal
contact on a drilling rig that are subject to friction, wear, erosion, Corrosion,
and/or deposits. These devices include but are not limited to the following list:
valves, pistons, cylinders, and bearings in pumping cquipment; wheels, skid
beams, skid pads, skid jacks, and pallets for moving the drilling rig and drilling
materials and cquipment; topdrive and hoisting equipment; mixers, paddies,
compressors, blades, and turbines; and bearings of rotating eguipment and

bearings of roller cone bits.

18174 Certain operations other than hole-maling are often conducted during
the drilling process, including logging of the open-hole {or of the cased-hole
section) to evaluate forrsation propetties, coring to rersove portions of the
formation for scientific evaluation, capture of formation fluids at downhole
conditions for fluids analyses, placing tools against the wellbore to record acoustic
signals, and other operations and methods known to those skilled in the art. Most
of these operations comprise the axial or torsional motion of one body relative to
another, wherein the two bodies are in mechanical contact with a certain contact
force and contact friction that resists the relative motion, causing friction and

wear,

Marme Riser Systems:

[¢18}] In a marine environment, a further complication is that the wellthead
tree way be “dry” (located above sea level on the platform) or “wet” (located on

the seafloor). In either case, conductor pipes known as “risers” are placed
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between the surface and scafloor, with drill stem equipment run internal to the
riser and with drilling floid returns in the annular space.  Risers may be
particularly susceptible to the issues associated with rotating an inner pipe within
an outer stationary pipe since the risers are not fixed but may also move duc to
contact with not only the drill string but also the sea euvivonmeni. Drag and
vortex shedding of a marine riser causes loads and vibrations that are due in part
to frictional resistance of the ocean current around the outer surface of the marine

riser,

1619 Operations within marine riser systems often involve the axial or
torsional motion of one body relative to another, wherein the two bodics are in
mechanical contact with a certain contact force and contact friction that resists the

relative motion causing friction and wear.

Tubular Goods:

10261 Otl-country tubular goods (OCTG) comprise drili stem eguipment,
casing, tubing, work strings, coiled tubing, and risers. Common to most OCTG
{but not coiled tubing} are threaded connections, which are subject to potential
failure resulting from improper thread and/or seal interference, leading to galling
in the mating connectors that can inhibit use or reuse of the entire joint of pipe due
to a damaged connection. Threads may be shot-peened, cold-relled, and/or
chemically treated (e.g., phosphate, copper plating, ctc.) to improve their
anti-galling properties, and application of an appropriate pipe thread compound
provides benetfits to connection usage. However, there are still problers today
with thread galling and imterference issues, particularly with the more costly

OCTG material alloys for extreme service reguiroments.

1621} Operations using OCTG often tnvolve the axial or torsional motion of
one body relative to another, wherein the two bodies are in mechanical contact

with a certain coniact force and contact friction that resists the relative motion
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causing friction and wear. Such motion may be required for instaliation after
which the device may be substantially stationary, or for repeated applications to

perform some operation.

Wellhead, Trees, and Valves:

(622} At the top of the casing, the fluids arc contained by wellhead
equipment, which typically includes multiple valves and blowout preventers
(BOP) of various types. Subsurface safety valves are critical pieces of equipment
that must function properly in the event of an emergency or upset condition,
Subsurface safety valves are installed downhole, usually in the tubing string, and
may be closed to prevent flow from the subsurface. Chokes and tflowlines
cormected to the wellhead (particularly joints and elbows) are subject to friction,
wear, cortosion, erosion, and deposits. Chokes may be cut out by sand flowback,

for example, rendering the measurement of flow rates inaccurate.

1823} Many of these devices rely on seals and very close mechanical
tolerances, including both metal-to-metal and elastomeric seals. Many devices
(sleeves, pockets, nipples, needles, gates, balls, plugs, crossovers, couplings,
packers, stuffing boxes, valve stems, centrifuges, ¢tc.) are subject to friction and
mechanical degradation due to corrosion and erosion, and even potential blockage
resulting from deposits of scale, asphaltenes, paraffins, and hydrates. Some of
these devices may be installed downhole or on the sea floor, and it may be

impossible or very costly at best to gain service access for repair or restoration.

1624} Operations involving wellbead, trees, and valves often involve the axial
or torsional motion of one body relative to another, wherein the two bodies are 1o
mechanical contact with a certain contact force and contact friction that resists the
relative motion causing friction and wear. Such motion may be required for
installation after which the device may be substantially stationary, or for repeated

applications to perform some operation. Several of these systems also establish
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static or dynamic seals which require close tolerances and smooth surfaces for

leak resistance.

Completion Strines and Equipment;

(8251 With the drill well cased to prevent hole collapse and uncontrolied fluid
flow, the completion operation must be performed to make the well ready for
production.  This operation invelves running equipment into and out of the
wellbore o perform  certain operations such  as  cementing, poerforating,
stimulating, and logging. Two common means of conveyance of completion
cquipment are wireline and pipe (drill pipe, coiled tubing, or tubing work strings),
These operations may include running logging tools to record formation and fuid
properties, perforating guns to make holes in the casing to allow hydrocarbon
production or fluid injection, temporary or permancent plugs to isolate fluid
pressure, packers to facilitate setting pipe to provide a seal between the pipe
interior and annular arcas, and additional types of equipment needed for

cementing

1B

stimulating, and completing a well. Wireline tools and work strings
way include packers, straddle packers, and casing patches, tn addition to packer
setting tools, devices to install valves and instruments in sidepockets, and other
types of equipment to perform a downhole operation. The placement of these
tools, particularly in extended-reach wells, may be impeded by friction drag. The
final completion string left in the hole for production is commonly referred to as

the production tubing string.

1626} Installation and use of completion strings and cquipruent often involves
the axial or torsional motion of one body relative to another, wherein the two
bodics are in mechanical contact with a certain contact force and countact friction
that resists the relative motion causing friction and wear. Such motion may be
required for installation after which the device may be substantially stationary, or

for repeated applications to perform some operation.
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Formation and Sandface Completions:

1627} I many wells, there is a tendency for sand or formation material to
flow into the wellbore. To prevent this from occurring, “sand screens”™ are placed
in the well across the completion interval. This operation may involve deploying
a special-purpose large diameter assembly comprising one of several types of
sand screen mesh designs over a central “base pipe.” The screen and basepipe are
frequently subject to erosion and corrosion and may fail due to sand “cutout.”
Also, in high inclination wells, the frictional drag resistance encountered while
running screens into the wellbore may be excessive and limit the application of
these devices, or the length of the wellbore may be limited by the maximum depth

to which screen running operations may be conducted due to friction resistance.

1828} In those wells that require sand control, a sand-like propping ruaterial,
“proppant,” is pumped tn the annular area between the screen and formation to
prevent the forroation gratos from flowing through the screens. This operation is
called a “gravel pack™ or, if conducted at fracturing conditions, may be called a
“frac pack.” In many other formations, often tn wellbores without sand screens,
fracture stimulation treatments may be conducted in which this same or different
type of propping material is igjected at fracturing conditions to create large
propped fracture wings extending a significant distance away from the wellbore to
increase the production or injection rate.  Frictional resistance occurs while
pumping the treatment as the proppant particles contact each other and the
constraining walls. Furthermore, the proppant particles are subject to crushing
and generating “fines” that increase the resistance to fluid flow during production.
The proppant properties, including the strength, friction coefficient, shape, and
roughness of the grain, are important to the successful execution of this treatment

and the ultimate increase in well productivity or injectivity.

1629} Installation of sand screens and subseguent workover operations often

involves the axial or torsional motion of one body relative to another, wherein the
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two bodies are in mechanical contact with a certain contact force and contact

friction that resists the relative motion causing friction and wear. Such motion

may be required for iostallation after which the device may be substantially

stationary, or for repeated applications to perform some operation,

Artificial Lift Equipment

(636} When production from a well is initiated, it may flow at satisfactory
rates under its own pressure.  However, many wells at some point in their hife
require assistance in lifting fluids out of the wellbore. Many methods are used to
fift fluids from a well, including: sucker rod, Corod™, and electric submersible
pumps to remove fluids from the well, plunger lifts to displace liquids from a
predominantly gas well, and “gas Lft” or injection of a gas along the tubing to
reduce the density of a Hquid column, Alternatively, specialty chermicals may be
mjected through valves spaced along the tubing to prevent buildup of scale,

asphaltene, parvaffin, or hydrate deposits,

10311 The production tubing string may include devices to assist fluid flow.
Several of these devices may rely on seals and very close mechanical tolerances,
including both metal-to-metal and elastomeric seals. Interfaces between parts
(sleeves, pockets, plugs, packers, crossovers, couplings, bores, mandrels, etc.} are
subject to friction and mechanical degradation due to corresion and erosion, and
even potential blockage or mechanical fit interference resuiting from deposits of
scale, asphaltencs, paraffing, and hydrates.  In particular, gas hft, submersible
pumps, and other artificial lift equipment may include valves, seals, rotors, stators,
and other devices that may fail to operate properly due to friction, wear, corrosion,

erosion, or deposits,

16321 Installation and operation of artificial Iift equipment and subsequent
workover operations often invelves the axial or torsional motion of one body

relative to another, wherein the two bodies are in mechanical contact with a
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certain contact force and contact friction that resists the relative motion causing

friction and wear,

Well Intervention Eguinment:

(633} Downhole operations on a wellbore near the reservoir formation
interval are often required to gather data or to initiate, restore, or increase
production or injection rate. These operations invelve running equipment into and
out of the wellbore., Two common means of convevance of completion
cquipmment and tools are wireline and pipe. Thesc operations may include running
fogging tools to record formation and fluid properties, perforating guns to make
holes in the casing to allow hydrocarbon production or fluid injection, temporary
or permanent plugs to isolate fluid pressure, packers to facilitate a seal between
intervals of the completion, and additional types of highly specialized equipment.
The operation of rvunning equipment into and out of a well involves sliding contact

due to the relative motion of two bodies, thus creating frictional drag resistance.

1634} Workover operations often involve the axial or torsional motion of one
body relative to another, wherein the two bodies are in mechanical contact with a
certain contact force and contact friction that resists the relative motion causing

friction and wear,

Other Related Art:
{635} In addition to the prior art disclosed above, U.S. Patent Publication No.

2008/0236842, “Downhole QOilfield Apparatus Comprising a Diamond-Like
Carbon Ceating and Methods of Use,” disclosgs applicability of DLC coatings to
downhole devices with internal surfaces that are exposed to the downhole

environment.
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(636} Saenger and Desroches describe in EP 2090741 Al a “coating on at
least a portion of the surface of a support body” {or downhole tool operation. The
types of coatings that are disclosed include DLC, diarnond carbon, and Cavidur {(a
proprictary DLC coating from Bekaert). The coating 18 specified as “an inert
material selected for reducing friction.” Specific applications to logging tools and
O-rings are described.  Specific benefits that are cited include friction and

corrosion reduction.

1637} Van Den Brekel etal. disclose in WO 2008/138357 A2 a drilling
method in which the casing material is | to 5 times harder than the drill string
material, and friction reducing additives are used in the drilling fluid. The duill
string may have poly-tetra-fluor-cthene (PTFE} applied as a friction-reducing

outer layer.

1038} Wei et al. also discloses the use of coatings on the internal surfaces of
tubular structures (U, S, Patent No. 6,764,714, “Method for Bepositing Coatings
on the Interior Surfaces of Tubular Walls,” and U, S. Patent No. 7,052,736,
“Method for Depositing Coatings on the Interior Surfaces of Tubular Structures™).
Tudhope et al. also have developed means to coat internal surfaces of an object,
including for example U. 8. Patent No. 7,541,009, “Method and System for

Coating Internal Surfaces Using Reverse-Flow Cycling.”

10391 Griffo discloses the use of supcrabrasive nanoparticles on bits and
botiom-hole assembly components in U, 5. Patent Publication No. 2008/0127475,
“Composite Coating with Nanoparticles for Improved Wear and Lubricity in

Downhole Tools,”

16481 Gammage et al. discloses spray metal application to the external surface

of downhole tool components in U, N, Patent No. 7,487,840,
£
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1641} Thornton discloses the use of Tungsten Disulphide (WS,) on downhole

tools in WO 2007/091054, “Improvements In and Relating to Downhole Tools.”

(642} The use of coatings on bits and bit seals has been disclosed, for
example in U.S. Patent No. 7,234,541, “BLC Coating for Earth-Boring Bit Seal
Ring,” U.S. Patent No. 6,450,271, “Surface Modifications for Rotary Drill Bits,”

and U. 8. Patent 7,228,922, “Drill Bit.”

1843} In addition, the use of DLC coatings in non-oilfield applications has
been disclosed i ULS, Patent No. 6,156,616, “Synthetic Diamound Coatings with
Intermediate Bonding Layers and Methods of Applying Such Coatings” and U.S,

Patent No. 5,707,717, “Asticles Having Diamond-Like Protective Film.”

1944} U.S. Patent No. 6,087,025 discloses the application of diamond-like
carbon coatings to cutting surfaces of metal cutting tools. It also discloses metal
working tools with metal working surfaces bearing a coating of diamond-like
carbon that is strongly adhered to the surface via the following gradient: metal
alloy or cobalt-cemented tungsten carbide base; cobalt or metal silicide and/or
cobalt or metal germanide; silicon and/or germanium; silicon carbide and/or

germantum carbide; and, diamond-like carbon.

1645} (GB 454,743 discloses the application of binary, graded TiCr coatings
on metallic substrates. More specifically, the coating disclosed preferably
comprises either a layer of TiCr with a substantially constant composition or a
graded TiCr layer, e.g. a base layer (adhesion layer) of Cr and a layer of graded
composition consisting of Cr and Ti with the proportion of Ti n the layer
increasing from the interface with the base layer to a proportion of Ti greater thao

that of Cr at the boundary of the graded laver remote from the base layer.

16461 U.S. Patent No. 35,989.397 discloses an apparatus and method for

generating graded layvers in a coating deposited on a metallic substrate. More
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specifically, it discloses a process control scheme for generating graded multilayer
filos repetitively and consistently using both pulsed laser sputtering and
magnetron sputtering depostiion techniques as well as an apparatus which allows
for set up of an ultrahigh vacuumm in a vacoum chamber automatically, and then
execution of a computer algorithm or “recipe” to geverate desired films. Software
operates and controls the apparatus and executes commands which coutrol digital

and analog signals which control instruments.

Need for the Current Disclosure:

18471 Given the expansive nature of these broad requirements for production
operations, there is a need for the application of new coating material technologies
that protect devices from friction, wear, corrosion, erosion, and deposits resulting
from sliding contact between two or more devices and fluid flowstrearns that may
contain solid particles traveling at high velocities,  This need requires novel
waterials that corbive high hardness with a capability for low coefficient of
friction {COF) when in coutact with an opposing surface. Furthermore, the use of
sleeved devices 1s a practical and economic meaus to deploy such coatings n otl
and gas well production equipment. If such coating material can also provide a
fow energy surface and low friction coefficient against the borehole wall, then this
novel material coating may enable ulira-extended reach drilling, reliable and
efficient operations in difficult environments, including offshore and deepwater
applications, and generate cost reduction, safety, and operational improvements
throughout oil and gas well production operations.  As envisioned, the use of
these coatings on sleeved well production devices could have widespread
application and provide significant improvements and exiensions to well

production operations.

{6481 Therefore, there exists a need for coated sleeved oil and gas well
production devices. First, the methods to apply the imventive coatings on

production devices may reqguire that the body be enclosed in a charober. This may
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be a very restrictive requirement for many oilficld components. For example, the
geometry of long pipe sections is cumbersome for such chambers. This is also not
likely to be very efficient since the surface arca to be coated may be a small
fraction of the total surface area of the main body. Coated sleeve clements of a
coated sleeved device can be transported to the field location and installed on the
production equipment with less cost than alternative means of deploying such
low-friction coatings. Also, in certain applications for which either the sleeve
element or the coating needs to be replaced or refurbished, a sleeved systern
configuration is ecconomical, with minimal transportation requirements and
equipment downtime. The sleeve element itself may be comprised of different
material than the body to which it is proximal. The sleeve element may be
subjected to high temperatures and other environmental conditions during the
coating process that would cause damage to the other elements of the system.
Sleeve elements of a coated sleeved device can be coated with low friction
materials more efficiently and with a broader range of possible coating types than
attempting to coat larger pieces of equipment, facilitating utilization of low-
friction coatings to improve the effective mechanical propertics of these devices.
The prior art does not disclose an efficient means to address these problems, and
the inventive methods will enable the use of low-friction coatings in otl and gas

well production devices,
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SUMMARY

1649} According to the present disclosure, an advantageous coated sleeved oil
and gas well production device includes: one or more cylindrical bodies, one or
more sleeves proximal to the outer diameter or inner diameter of the one or more
cylindrical bodies, hardbanding on at least a portion of the exposed outer surface,
exposed inner surface, or a combination of both exposed outer or inner surface of
the one or more sleeves, a coating on at least a portion of the inner sleeve surface,
the outer sieeve surface, or a combination thercof of the one or more sleeves,
wherein the coating comprises one or more ultra-low friction layers, and one or
more buttering layers interposed between the hardbanding and the ultra-low

friction coating.

18564 A further aspect of the present disclosure relates to an advautageous
coated sleeved oil and gas well production device including: an otl and gas well
production device including one or more bodies with the proviso that the one or
wore bodies does not include a drill bit, oue or more sleeves proximal to the outer
surface or inner surface of the one or more bodies, a coating on at least a portion
of the inner sleeve surface, the outer sleeve surface, or a combination thereof of
the one or more sleeves, wherein the coating comprises one or more ultra-low
friction layers, and one or more buttering lavers interposed between the one or
more sleeves and the ultra-low friction coating, wherein at least one of the

buttering layers has a minimum hardness of 400 VHN.

1051} A sl further aspect of the presenmt disclosure relates to an
advantageous method of using a coated sleeved oil and gas well production device
including: providing a coated oil and gas well production device including one or
more cylindrical bodies with one or more sleeves proximal to the outer diameter
or the inner diamcier of the one or more cylindrical bodies, hardbanding on at
lcast a portion of the cxposed outer surface, exposed inner surface, or a

combination of both exposed outer or inner surface of the one or more sleeves,
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and a coating on at least a portion of the inner sleeve surface, the outer sleeve
surface, or a combination thercof of the one or more sleeves, wherein the coating
comprises one or more ulira-low friction layers, and one or more buttering layers
interposed between the hardbanding and the ultra-low friction coating, and
utilizing the coated sleeved oil and gas well production device in well

construction, cormpletion, or production operations.

(8527 A sull yet further aspect of the present disclosure relates to an
advantageous method of using a coated sleeved oil and gas well production device
including: providing a coated oil and gas well production device including one or
more bodies with the proviso that the one or more bodies does not include a drill
bit, with one or more sleeves proximal to the outer surface or inner surface of the
one or more bodies, and a coating on at least a portion of the inner sleeve surface,
the outer sieeve surface, or a combination thercof of the one or more sleeves,
wherein the coating comprises one or more altra-low friction layers, and one or
more buttering lavers tnterposed between the one or more sleeves and the ulira-
fow friction coating, wherein at least one of the buttering layvers has a minimum
hardness of 400 VHN, and utilizing the coated sleeved oil and gas well production

device in well construction, completion, or production operations.

18534 These and other features and attributes of the disclosed coated slecved
oil and gas well production devices, and methods of using such sleeved devices
for reducing friction, wear, corrosion, crosion, and deposiis in such application
areas, and their advantageous applications and/or uses will be apparent from the
detailed description which follows, particularly when read in conjunction with the

figures appended hereto.

BRIEF DESCRIPTION OF DRAWINGS

16541 To assist those of ordinary skill in the relevant art in making and using

the subject matter hereof, reference is made to the appended drawings, wherein:
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1055} Figure 1 depicts an oil and gas well production system that employs
well production devices in the individual well construction, completion,

stimulation, workover, and production phases of the overall production process.

16561 Figure 2 depicts exemplary application of a coating applied to a

steeved drill stem assembly for subterreaneous drilling applications.

16571 Figure 3 depicts cxemplary application of coatings applied to
bottornhole asserably devices that may be adapted to use coated sleeves, in this

case reamers, stabilizers, mills, and hole openers,

1858} Figure 4 depicts exemplary application of a coating applied to a marine

riser system with coated sleeve wear bushings.

10391 Figure 5 depicts cxemplary application of coated sleeves applied to

polished rods, sucker rods, and pumps used in downhole pumping operations.

1668} Figure 6 depicts exemplary application of coated sleeves applied to

perforating guns, packers, and logging tools.

1661} Figure 7 depicts exemplary application of coatings applied to wire rope
and wire line and bundles of stranded cables. Coated sleeves may be used in the

bushings to facilitate sinooth wireline operations.

1862} Figure 8 depicts exemplary application of a coating applied to a
basepipe and screen assernbly used in gravel pack sand control operations and
screens used i solids control equipment, illustrating coated sleeves that may be

used to assist sliding of the screen into the wellbore.

1063} Figure 9 depicts cxemplary application of coated sleeves applied to
wellhead and valve assemblies, where the slecved device may be used in valves to

provide a seal at lower operating forces and loads.
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1064} Figure 10 depicts exemplary application of coated sleeves applied to an

orifice meter, a choke, and a turbine meter.

1665} Figure 11 depicts exemplary application of a coated sleeves applied to

the grapple and overshot of a washover fishing tool.

1666} Figure 12 depicts exemplary application of a coating applied to a

threaded connection and illustrates thread galling.

18671 Figure 13 illustrates the exemplary application of a coated sleeve
element in a coated sleeved drill string connection, showing both pin-down and

pio-up connection contfigurations and additional possible sleeve paraweters.

8681 Figure 14 depicts, schematically, the rate of penetration (ROP) versus

weight on bit (WOB) during subterraneous rotary drilling.

1669} Figure I8 depicts the relationship between coating coefficient of
friction (COF) and coating hardness for some of the coatings disclosed herein

versus sicel base case.

1676} Figure 16 depicts a representative stress-strain curve showing the high

clastic limit of amorphous alloys compared to that of crystalline metals/alloys,

1071} Figure 17 depicis a tervary phase diagram of aworphous carbons.
18728 Figure 18 depicts a schematic illustration of the hydrogen dangling

bond theory.

1673} Figure 19 depicts the {friction and wear performance of DLC coating in

a dry shiding wear test.
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1674 Figure 20 depicts the friction and wear performance of the DLC

coating in oil based mud.

16751 Figure 21 depicts the friction and wear performance of DLC coating at

elevated temperature (150°F) sliding wear test in oil based mud.

18761 Figure 22 depicts the friction performance of DLC coating at elevated
teraperatures (130°F and 200°F) in comparison {o that of uncoated bare steel and

hardbanding in oil based mud.

1677} Figure 23 depicts the velocity-weakening performance of BLC coating

in comparison to an uncoated bare steel substrate.

1678} Figure 24 depicts SEM cross-sections of single layer and multi-layered

DLC coatings disclosed herein.

1679} Figure 25 depicts water coutact angle for DLC coatings versus

uncoated 4142 steel,

1686 Figure 26 depicts an exemplary schematic of hybrid DLC coating on
hardbanding for drill stem assemblies illustrating several possible non-limiting
configurations of base substrate material, hardbanding, one or more buttering

layers, and one or more mterposed buffer layers and ultra-low friction layers.

1081} Figure 27 depicts the roughuness results obtained using an optical
profilometer from the following: a) unpolished ring; b) polished ring; and ¢} Ni-P
buttering layer/DLC coated ring, where optical images of the scanned area are

shown on the left and surface profiles are shown on the right.

1682} Figure 28 depicts the average friction coefficient as a function of

speed for Ni-P buttering layer/DLC coated ring and unpolished bare ring.
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1083} Figure 2%  depicts an  cxemplary  image  (lefi-SEM,
right-HAADF-STEM) showing structure i a candidate mualtifayered DLC

material,

16841 Figure 38 depicts an HAADF-STEM (left) and Bright-Field STEM

{right) image showing a 2-period Ti-DLC structure.

885} Figure 31 depicts EELS (clectron energy-loss spectroscopy)
composition profiles showing the compositionally graded interface between
Ti-layer 1 and DLC and the abrupt compositional transition at the interface

between Ti-layer 2 and DLC.

{156 Figure 32 depicts SEM images showing fatlure occurring through
& P ¥ g g &

delamination at the interface between the DLC and the 2™ titanium buffer fayer.

16871 Figure 33 depicts the friction response as a function of time for

several coating buffer layer types at a given test condition.

1088} Figure 34 illustrates some possible patterns for hardband application

on a component of a drill stem assembly.

DEFINITIONS

1089} “Annular isolation valve” is a valve at the surface to control flow from

the annular space between casing and tubing.

18961 “Asphaltencs” are heavy hydrocarbon chains that may be deposited on
the walls of pipes and other flow equipment and therefore create a flow

restriction.

1691} “Basepipe” is a liner that serves as the load-bearing device of a sand

conirol screen. The screens are attached to the outside of the basepipe. Atleasta
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portion of the basepipe may be pre~-perforated, slotted, or equipped with an inflow
control device. The basepipe is fabricated in jointed sections that are threaded for

makeup while running in hole,

1692} “Bearings and bushings” are used to provide a low friction surface for
two devices to move relative to each other in sliding contact, especially to allow

relative rotational motion.

1093} “Blast joints” are thicker-walled pipe used across flowing perforations
or in a wellhead across a fluid inlet during a stimulation treatruent.  The greater
wall thickness and/or material hardness resists being completely eroded through

due to sand or proppant impingement.

10941 “Bottom hole assembly” (BHA)} is comprised of one or more devices,
including but not limited to: stabilizers, variable-gauge stabilizers, back reamers,
drill collars, flex drill collars, rotary steerable tools, roller reamers, shock subs,
mud motors, logging while drilling (LW} tools, measuring while drilling
(MWD} tools, coring tools, under-reamers, hole openers, centralizers, turbines,
bent housings, bent motors, drilling jars, acceleration jars, crossover subs, bumper
jars, torque reduction tools, float subs, fishing tools, fishing jars, washover pipe,
logging tools, survey tool subs, non-magnetic counterparts of any of these

devices, and combinations thereof and their associated cxternal connections.

1895} “Casing” is pipe installed m a wellbore to prevent the hole {rom
collapsing and to cnable drilling to continue below the bottom of the casing string
with higher fluid density and without fluid flow into the cased f{ormation.
Typically, roultiple casing strings are instalied i the wellbore of progressively

smaller diameter,

(696} “Casing centralizers” are sleeves banded to the outside of casing as it is

being run in hole. Centralizers are often equipped with steel springs or metal
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fingers that push against the formation to achieve standofl from the formation
wall, with an objective to centralize the casing to provide a more uniform anuular
space arcound the casing to achieve a better coment seal, Centralizers may include
finger-like devices to scrape the wellbore to disledge drilling fluid filtercake that

may tnhibit divect cement contact with the forroation.

16971 “Casing-while-drilling” refers to a relatively new and unusual method
to drill using the casing instead of a removable drill string. When the hole section
has reached depth, the casing is left in position, an operation is performed to
remove ot displace the cutting elements at the bottom of the casing, and a cement

job may then be pumped.

1098} “Chemical injection system” is used to tnject chemuical inhibitors into
the wellbore to prevent butldup of scale, methane hydrates, or other deposits in

the wellbore that would restrict production.

1699} “Choke” is a device to restrict the rate of flow. Wells are commonidy
tested on a specific choke size, which may be as simple as a plate with a hole of
specified diameter. When sand or proppant flow through a choke, the hole may
be eroded and the choke size may change, rendering inaccurate flow rate

Deasurements.

10188]  “Coaxial” refers to two or more objects having axes which are
substantially identical or along the same line. “Non-coaxial” vefers to objects
which have axes that may be offset but substantially parallel or wmay otherwise not

be along the same line.

(6161} “Completion sliding sleeves” are devices that are installed in the
complction string that sclectively enable orifices to be opened or closed, allowing
productive intervals to be put inte communication with the tubing or not,

depending on the state of the sleeve. In long term use, the success of operating
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sliding sleeves depends on the resistance to operating the sleeve due to friction,

wear, deposiis, erosion, and corrosion,

[6182] “Complex geometry” refers to an object that is not substantially
comprised of a single primitive geometry such as a sphere, cylinder, or cube.
Complex geometries may be comprised of multiple simple geometries, such as a
cylinder, cube, or sphere with many different radii, or may be comprised of simple

primitives and other complex geometrics.

16183]  “Connection pin” s a piece of pipe with the threads on the external

surface of the pipe.

i3184] “Connection box” is a piece of pipe with the threads on the internal

surface of the pipe.

[0185]  “Contact rings” arc devices attached to components of logging tools to
achicve standoff of the tool from the wall of the casing or formation. For
example, contact rings may be ivstalled at joints 10 a perforating gun to achieve a
standoff of the gun from the casing wall, for example i applications such as

“lust-In-Time Perforating” (PCT Application No. WO 2002/103161 A2).

[6186]  “Contiguous” refers to objects which are adjacent to one another such
that they may share a common edge or face. “Non-contiguous” refers to objects
that do not have a common edge or face because they are offset or displaced from
one another. For example, tool joints are larger diameter cylinders that are
non-contiguous because a smaller diameter cylinder, the drill pipe, is positioned

between the tool joints.

16167}  “Control hines” and “conduits” are small diameter tubing that may be
run external to a tubing siring to provide hydraulic pressure, electrical voltage or

current, or a {iberoptic path, to one or more downhole devices. Control lines are
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used to operate subsurface safety values, chokes, and valves, An injection line is
similar to a control line and may be used to inject a specialty chemical to a
downhole valve for the purpose of inhibition of scale, asphaltene, paraffin, or

hydrate formation, or for friction reduction.

cog TMss - . . .
{6168} ‘Corod’™™ is a continuous coiled tubular used as a sucker rod in rod

pumping production operations.

16169]  “Coupling” is a connecting device between two pieces of pipe, often
but not exclusively a separate picce that is threadably adapted to two longer pieces
that the coupling joins together., For example, a coupling is uscd to join two

picces of sucker rods in artificial ift rod pumping equipment.

8116}  “Cylinder” is {1} a surface or solid bounded by two parallel planes and
generated by a straight line moving paraliel to the given planes and tracing a curve
bounded by the planes and lying in a plane perpendicular or oblique to the given
planes, and/or {2) any cylinderlike object or part, whether solid or hollow (source:

www.dictionary.com).

18111}  “Downhole tools” are devices that are often run retrievably into a well,
or possibly fixed i a well, to perform some {function in the wellbore. Some
downholc tools may be run on a drill stem, such as Measurement While Drilling
(MWD} devices, whereas other downhole tools may be run on wireline, such as
formation logging tools or perforating guns. Some tools may be run on either
wireline or pipe. A packer is a downhole tool that may be vun on pipe or wireline
to be set in the wellbore to block flow, and it may be removable or fixed. There

are many downhole tool devices that are commonly used 1o the tndustry.

[6112]  “Drill collars™ are heavy wall pipe in the bottom hole assembly near the
bit. The stiffness of the drill collars help the bit to drill straight, and the weight of

the collars are used to apply weight to the bit to drill forward.
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18113}  “Drill stem” is defined as the entire length of tubular pipes, comprised
of the kelly (if present), the drill pipe, and drill collars, that make up the drilling
assernbly from the surface to the bottom of the hole. The dull stem does not
include the drill bit. In the special case of casing-while-drilling operations, the
casing string that is used to drill into the earth formations will be considered part

of the drill stem.

[6114]  “Drill stem assembly” is defined as a combination of a drill string and
bottom hole assembly or coiled tubing and bottom hole assembly. The drill stem

assembly does not include the drill bit.

10115]  “Dull string” is defined as the column, or string of drtll pipe with
attached tool joinis, transition pipe between the drill string and bottom hole
assembly including tool joints, heavy weight drill pipe including tool joints and
wear pads that transmits fluid and rotational power from the top drive or kelly to
the drill collars and the bit. In some references, but not in this document, the term
“drill string” includes both the drill pipe and the drill collars tn the bottombole

assembly.

6116} “Elastomeric seal” is used to provide a barrier between two devices,
usually metal, to prevent flow from one side of the seal to the other. The
clastomeric scal is chosen from one of a class of materials that arc elastic or

resilient,

16117]  “Elbows, tees, and couplings” are comwmonly used pipe equipment for
the purpose of connecting flowlines to coruplete a flowpath {for fluids, for example

to connect a wellbore to surface production facilities.

[6118] “Expandable tubulars”™ arc tubular goods such as casing strings and

liners that arc slightly undergauge while running in hole. Once in position, a
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larger diameter tool, or expansion mandrel, is forced down the expandable tubular

to deform it to a larger diameter.

(6119} “Gas Hft” is a method to increase the flow of hydrocarbons in a
wellbore by injecting gas into the tubing string through gas lift valves. This
process is usually applied to otl wells, but could be applied to gas wells with high
fractions of water production. The added gas reduces the hydrostatic head of the

fluid column.

[81286]  “Glass fibers” are often run in small control lines, both downhole and
return to surface, for the measurement of downhole properties, such as
temperature or pressure. Glass fibers may be used to provide continuous readings
at fine spatial samplings along the wellbore, The fiber is often pumped down one
countrol line, through a “turnaround sub,” and up a secound control line. Friction
and resistance passing through the turnarcund sub way limit some fiberoptic

installations.

[0121] “Inflow control device” (ICD) is an adjustable orifice, nozzle, or flow
channel in the completion string across the formation interval to enable the rate of
flow of produced fluids into the wellbore. This may be used in conjunction with

additional measurements and automation in a “smart” well completion system.

10122  “Jar” is a downhole tool that is used to apply a large axial load, ov
shock, when triggered by the operator. Sowme jars are fived by setting weight
down, and others are fired wheun pulled up. The firing of the jar 1s usually done to

move pipe that has become stuck in the wellbore.

[6123]  “Kelly” is a flat-sided polygonal piece of pipe that passes through the
drilling rig floor on rigs equipped with older rotary table equipment. Torque is
applied to this four-, six-~, or perhaps cight-sided picce of pipe to rotate the drill

pipe that is connected below.
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10124] “Logging tools” are instruments that are typically run in a well to make
measurements; for example, during drilling on the drill stem or in open or cased
hole on wireline. The instruments are nstalled in a series of carriers configured to
run into a well, such as cylindrical-shaped devices, that provide environmental

isolation for the instruments.

[6125]  “Makeup” is the process of screwing together the pin and box of a pipe
conmection to effect a joining of two pieces of pipe and to make a scal between the

inner and outer portions of the pipe.

10126] “Mandrel” is a cylindrical bar or shaft that fits within an outer cylinder.
A mandrel way be the main actuator in a packer that causes the gripping units, or
“slips,” to move outward to contact the casing. The term mandrel may also refer
to the tool that is forced down an expandable tubular to deform it to a larger

diameter. Mandrel is a generic term used in several types of oilfield devices.

161277  “Metal mesh” for a sand control screen is comprised of woven metal
filaments that are sized and spaced in accordance with the corresponding
formation sand grain size distribution. The screen material is generally corrosion

resistant alloy (CRA) or carbon steel,

[6128]  “Mareflo’™ completion screens are sand screens with redundant sand
control and baffled compartments, MazeFlo seli-mitigates any mechanical failure
of the screen to the local compartment maze, while allowing continued
hydrocarbon flow through the undamaged sections. The flow paths are offset so
that the flow makes tinns to redisiribute the incoming flow momentum (for

example, refer to U.S. Patent No. 7,464,732},

[0129]  “Moyno ™ pumps” and “progressive cavity pumps” are long cylindrical
pumps installed in downhole motors that generate rotary torque in a shaft as the

fluid flows between the external stator and the rotor attached to the shaft. There is
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usually one more lobe on the stator than the rotor, so the force of the fluid
traveling to the bit forees the rotor to turn. These motors are often installed close
to the bit. Alternatively, in a downhole pumping device, power can be applied to

turn the rotor and thereby pump fluid.

[6138]  ““Packer” is a tool that may be placed in a well on a work string, cotled
tubing, production string, or wireline. Packers provide fluid pressure isolation of
the regions above and below the packer. In addition to providing a hydraulic seal
that must be durable and withstand severe environmental conditions, the packer
must also resist the axial loads that develop due to the fluid pressure differential

above and below the packer.

10131]  “Packer latching mechamsm” is used to operate a packer, to make it
velease and engage the slips by axial movement of the pipe to which it is
connected. Wheun engaged, the slips are forced outwards into the casing wall, and
the teeth of the slips are pressed into the casing material with large forces. A
wireline packer is vun with a packer setting tool that pulls the mandrel to engage
the slips, after which the packer setting tool is disengaged from the packer and

retrieved to the surface.

[0132]  “MP35N” is a metal alloy consisting primarily of nickel, cobalt,
chromium, and molybdenum. MP33N is considered highly corrosion resistant

and suttable for hostile downhole environments.

16133]  “Paraffin” is a waxy component of some crude hydrocarbons that way
be deposited on the walls of wellbores and flowlines and thereby cause flow

resirictions.

[¢134] “Pin-down connection” is currently the standard drilling configuration
in which the box connection is held by the slips at the surface and the pin

connection is facing down during connection makeup.
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10135] “Pin-up connection” is a drilling tool assembly that is oriented such that
the pin connection is held in the shps at surface while making a connection,
instead of the standard configuration in which the box connection is held by the
slips.  This reconfiguration may or may not require a change in the thread

direction of the counection, 1.e. left-handed or vight-handed threads.

[6136]  “Pistons” and “piston liners” are cylinders that are used in pumps to
displace fluids from an inlet to an outlet with corresponding fluid pressure
increase. The liner is the sleeve within which the piston reciprocates. These

pistons are similar to the pistons found in the engine of a car.

10137] “Plonger Uft” is a device that moves up and down a tubing string to
purge the tubing of water, similar to a pipeline “pigging” operation. With the
plunger 1ift at the bottom of the tubing, the pig device is configured to block fluid
flow, and therefore it is pushed uphole by fluid pressure from below. As it moves
up the wellbore it displaces water because the water is not allowed to separate and
flow past the plunger lift. At the top of the tubing, a device triggers a change in
the plunger Lift configuration such that it now bypasses fluids, whereupon gravity
pulls it down the tubing against the upwards flowstream. Friction and wear are
important parameters in plunger Hift operation. Friction reduces the speed of the
plunger lift falling or rising, and wear of the outer surface provides a gap that

reduces the effectiveness of the device when traveling uphole.

16138} “Production device” is a broad term defined to include any device
related to the drilling, completion, stimulation, workover, or production of an oil
and/or gas well. A production device includes any device described herein used
for the purpose of oil or gas prodaction.  For convenience of terminology,
injection of fluids into a well is defined to be production at a negative rate.
Therefore, references to the word “production” will include “injection” unless

stated otherwise,
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10139]  “Reciprocating scal assembly” is a seal that is designed to maintain

pressure isolation while two devices are displaced axially.

[6148] “Roller cone bit” is an carth-boring device equipped with conical

shaped cutting elements, usually three, to make a hole in the ground.

[¢141] “Rotating seal assembly” is a seal that is designed to maintain pressure

isolation while two devices are displaced in rotation.

18142}  “Sand probe” is a small device inserted into a flowstream to assess the
amount of sand content in the streara. If the sand content is high, the sand probe

way be eroded.

[0143]  “Scale” is a deposit of minerals (e.g. caicium carbonate) on the walls of

pipes and other flow equipment that may build up and cause a flow restriction.

16144]  “Service tools” for gravel pack operations include a packer crossover
tool and taipipe to circulate down the workstring, around the liner and tailpipe,
and back to the annulus. This permits placement of slurry opposite the formation
interval. More generally, the gravel pack service tool 1s a group of tools that carry
the gravel pack screens to TD, sets and tests the packer, and controls the flow path
of the fluids pumped during gravel pack operations. The service tool includes the
setting tool, the crossover, and the seals that seal into a packer bore. It can

include an anti-swab device and a thud loss or reversing valve.

[6145] “Shock sub” is a modified drill collar that has a shock absorbing
spring-like element to provide relative axial motion between the two ends of the
shock sub. A shock sub is sometimes used for drilling very hard formations in

which high levels of axial shocks may occur,
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[8146]  “Shuont tubes” are external or internal tubes run in a sand control screen
to divert the gravel pack slurry flow over long or multi-zone completion intervals
until a complete gravel pack is achieved. Sece, for example, U.S. Patents Nos.
4,945,991, 5,113,935, and PCT Patent Publication Nos. WO 2007/092082,
WO 2007/092083, WO 2007/126496, and WO 2008/060479.

161471  “Sidepocket” is an offset heavy-wall sub in the tubing for placing gas

fift valves, temperature and pressure probes, injection line valves, ete.

16148]  “Sleeve” is a tubular part designed to fit over another part. The nner
and outer surfaces of the sleeve may be circular or non-circular in cross-section
profile. The inner and outer surfaces may generally have different geometries, ie.
the outer surface may be cylindrical with civcular cross-section, whereas the inner
surface may have an elliptical or other non-circular cross-section.  Alternatively,
the outer surface may be elliptical and the inner surface civcular, or some other
combivation. The use of pins, slots, and other means may be used to coustrain the
sleeve to a body in one or more degrees of freedom, and seal elements may be
used if there are fluid differential pressure or containment issues. More generally,
a sleeve may be considered to be a generalized hollow cylinder with one or more

radit or varying cross-sectional profiles along the axial length of the cvlinder.

16149}  “Sliding contact” refers to frictional contact between two bodics in
relative motion, whether separated by fluids or solids, the latter including particles
in fluid (bentonite, glass beads, etc) or devices designed to cause rolling to
mitigate friction. A portion of the contact surface of two bodies in relative motion

will always be in a state of ship, and thus sliding.

[6158]  “Smart well” s a well equipped with devices, instrumentation, and
controls to enable selective flow from specified intervals to maximize production

of desirable fluids and minimize production of undesirable flutds. The flow rates
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may be adjusted for additional reasons, such as to control the drawdown or

pressure differential for geomechanics reasons.

[6151] “Stimulation treatment” lines are pipe used o connect pumping

equipment to the wellhead for the purpose of conducting a stimulation treatment.

(6152} “Subsurface safety valve” is a valve installed in the tubing, often below
the scafloor in an offshore operation, to shut off flow. Sometimes these valves are
set to automatically close if the rate exceeds a set value, for instance if

containment was lost at the surface.

10183] “Sucker rods” are steel rods that connect a beam-pumping unit at the
surface with a sucker-rod pump at the bottom of a well. These rods may be
jointed and threaded or they may be continuous rods that are handled like coiled
tubing. As the rods reciprocate up and down, there is friction and wear at the

focations of contact between the rod and tubing.

10154]  “Surface flowlines” are pipe used to connect the weithead to production

facilities, or alternatively, for discharge of fluid to the pits or flare stack.

16155]  “Threaded connection” is a weans to counect pipe sections and achieve
a hydraulic seal by mechanical interference between interlaced threaded, or
machined (e.g., metai-to-metal seal), parts. A threaded connection is made up, or
assembled, by rotating one device relative to another. Two pieces of pipe may be
adapted to thread together directly, or a connector piece referred to as a coupling
may be screwed onto one pipe, followed by screwing a second pipe into the

coupling.

10156] “Tool joint” is a tapered threaded coupling element for pipe that is
usually made of a special steel alloy wherein the pin and box connections

{exterpally and internally threaded, respectively) are fixed to either ends of the



WO 2012/116036 PCT/US2012/026065

pipe. Tool joints are commonly used on drill pipe but may also be used on work

strings and other OCTG, and they may be {riction welded to the ends of the pipe.

[61587]  “Top drive” is a method and equipment used to rotate the drill pipe
from a drive system located on a troliey that moves up and down rails attached to
the drilling rig mast. Top drive is the preferred means of operating drill pipe
because it factlitates simultancous rotation and reciprocation of pipe and
circulation of drilling fluid. In directional drilling operations, there is often less

risk of sticking the pipe when using top drive cquipment.

10188]  “Tubing” is pipe installed in a well inside casing to allow fluid flow to

the surface,

18189]  “Valve” is a device that is used to control the rate of flow in a flowline.
There are many types of valve devices, including check valve, gate valve, globe
valve, ball valve, needle valve, and plug valve. Valves may be operated
manually, remwotely, or automatically, or a combination thereof.  Valve
performance is highly dependent on the seal cstablished between close-fitting

mechanical devices.

16168]  “Valve seal” is the static surface upon which the dynamic seal rests
when the valve is operated to prevent flow through the valve. For example, a
flapper of a subsurface safety valve will seal against the valve seat when it is

closed.

[¢161] “Wash pipe” inn a sand control operation is a smaller diameter pipe that
is run inside the bascpipe after the screens are placed in position across the
formation interval. The wash pipe is used to facilitate annular slurry flow across
the entire completion interval, take the return flow during the gravel packing

treatment, and leave gravel pack in the screen-wellbore annulus.
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10162] “Washer” 1s typically a flat ring that is used to provent lcakage,
distribute pressure, or make a joint tight, as under the head of a nut or bolt, or
perhaps in a threaded connection of another part, such as a valve. A washer may
be considered as a degenerate form of a sleeve i which the diametral dimension

is greater than the axial dimension.

[8163] “Wireling” is a cable that is used to run tools and devices in a wellbore.
Wircline is often comprised of many smaller strands twisted together, but
moenofilament wireline, or “slick line,” also exists, Wireline is usually deployed

on large drums mounted on logging trucks or skid units.

10164]  “Work sirings” are jointed pieces of pipe used to perform a wellbore
operation, such as running a logging tool, fishing materials out of the wellbore, or

performing a cement squeeze job.

18165} A “coating” is comprised of one or more adjacent layers and any
included interfaces. A coating may be placed on the base substrate material of a
body assembly, on the hardbanding placed on a base substrate material, or on

angther coating,

16166} An “ultra-low {riction coating” is a coating for which the coefficient

of friction 8 less than 0.15 under reference conditions.

16167} A “layer” is a thickness of a material that may serve a specific
functional purpose such as reduced coefficient of friction, high stiffness, or

mechanical support for overlying layers or protection of underlying layers.

16168} An “ultra-low friction layer” is a layer that provides low friction in an

ultra~-low friction coating,
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16169} A “non-graded layer” is a layer in which the composition,
microstructure, physical, and mechanical properties are substantially constant

through the thickness of the layer.

16178} A “graded layer” is a layer in which at least one constituent, element,
component, or intrinsic property of the layer changes over the thickness of the

fayer or some fraction thereof.

16171} A “buffer layer” is a layer interposed between two or more ultra-low
friction layers or between an ultra-low friction layer and buttering layer or
hardbanding. There may be one or more butfer layers included within the ultra-

fow friction coating.

18172} A “buttering laver” is a layer interposed between the outer surface of
the body assembly substrate material or hardbanding and a layer, which may be
another buttering layer, a buffer layer, or an ultra-low friction layer. There may

be one or more buttering layers interposed in such a manner.

10173] “Hardbanding” is a layer interposed between the outer surface of the
body assembly substrate material and the buttering layer(s), buffer layer, or
ultra-low friction coating. Hardbanding way be utilized in the ot and gas drilling

industry to prevent tool joint and casing weat.

16174 An “interface” is a transition region from onc layer to an adjacent
fayer wherein one or more constituent material composition and/or property value
changes from 5% to 95% of the values that characterize cach of the adjacent

fayers.

16175} A “graded interface” is an interface that is designed to have a gradual
change of constituent material composition and/or property value from one layer

to the adjacent layer. For exawple, a graded interface may be created as a result
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of gradually stopping the processing of a first layer while simultaneously

gradually cormencing the processing of a second layer.

{6176} A “non-graded interface”™ is an interface that has a sudden change of
constituent material composition and/or property value from one layer to the
adjacent layer. For example, a non-graded interface may be created as a resuit of
stopping the processing of one layer and subsequently commencing the processing

of a second layer.

181777 (Note: Several of the above definitions are from A Dictionary for the

Petroleum Industry, Third Edition, The University of Texas at Austin, Petroleum

Extension Service, 2001.)

DETAILED DESCRIPTION

16178 Al numerical values within the detailed description and the claims
herein are modified by “about” or “approximately” the indicated value, and take
inte account experimental error and variations that would be expected by a person

having ordinary skill in the art,

(61791  Reconfiguration of equipment to utilize sleeves at designated locations,
such as the point of contact between two or more bodies, facilitates the use of this
fow-friction technology. The use of coatings on sleeve elements provides a small
picce that can be readily placed into a manufacturing device or chamber to apply
such coating, with improved economics. Removable sleeves may be replaced
more readily within the context of ongoing field operations, using small
components that can be readily moved between manufacturing facilities and field
focations. Furthermore, for metallurgical considerations, a wider sclection of
coatings and substrate materials are available for these devices that may not be
primnary stress members of the otl and gas production operations systern, Coatings

applied at elevated temperatures would incur additional manufacturing
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complexitics because such operations could adversely affect the heat treatment of

such materials,

[6188] Additionally and alternatively, the design configuration of the
downhole equipment may be modified to facilitate the use of sleeves. For
example, the orientation of the tooljoints of a drllstring or workstring may
optionally be altered such that the externally-threaded pin connection is held at the
surface during tool joint connection operations, instead of the internally-threaded
box connection. This reconfiguration facilitates the usc of sleeves because the
sleeve does not fall down the hole or to the ground when the connection is broken
during pipe tripping operations. With this design, there is no need for threading of

the sleeve clement as specified in Ul 5. Patent No. 7,028,788 (“Wear Sleeve™).

18i181] In one embodiment of the disclosure, the axis of the sleeve element
way be substantially parallel to the axis of the cylinder to which it is proximal.
The sleeve element may be free in one or wore degrees of freedom or it may be
fixed relative to the proximal object (cylinder or body) using an appropriate
attachment mechanism or geometric means to provide restraint.  Typically, the
sleeve element would be constrained to move at least axially with the proximal
object, but it may be constrained or free in rotation. The use of eliiptical or non-
circular cross-sections at the interface between the sleeve and the proximal object
would be one of several possible means to constrain the sleeve to rotate with the
proximal object. The use of pins, slots, and other non-limiting means may be
used to constrain the sleeve to the proximal cylinder in one or more degrees of
freedom, and secal elements may be used if there are fluid differential pressure or
containment issues. Furthermore, the slecve clement may be inside or outside of
the proximal object depending on the specific characteristics and use of the

sleeved oil and gas production device.

16182]  The sleeve may be made of any load bearing material such as metals,

alloys, ceramics, cermets, polyvmers, any type of steel (carbon steel, alloy steel,
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and any type of stainless steel), WC based hard metals, and any of the
combination of materials mentioned. The sleeve material may be subject to local,
lateral loads, but usually not to the typically much larger axial loads experienced
by the body that 1t is proximal to. Thus, the sleeve material and geometry is not
as ltmited by strength and toughness requiverments compared to the body. This
allows selection of the material for the sleeve to be based on, but not limiied to,

conditions such as the type of the coating and its processing temperature,

[¢183] Similar reconfigurations for other oil and gas production devices are
feasible within the scope of the disclosure to facilitate the use of sleeves which

may be coated with the materials that have been identified.

18184} Dnsclosed herein are coated sleeved ol and gas well production devices
and wethods of making and using such coated sleeved devices. The coatings
described herein provide significant performance improvement of the various otl
and gas well devices and operations disclosed herein.  Figure 1 illustrates the
overall ol and gas well production system, for which the application of coatings
to certain sleeved production devices as described herein may provide improved
performance of these devices. Figure 1A is a schematic of a land based drilling
rig 10, Figure 1B is a schematic of drilling rigs 10 drilling directionaily through
sand 12, shale 14, and water 16 into oi fields 18, Figures 1C and 1D are
schematics of producing wells 20 and injection wells 22, Figure 1E is a schematic
of a perforating gun 24. Figure 1F is a schematic of gravel packing 26 and screen
finer 28, With no loss of generality, different inventive coatings may be preferred
for different well production devices, and different types of sleeves may be
appropriate for different well production devices. A broad overview of
production operations in its entirety shows the extent of the possible field
applications for coated slecved devices to mitigate friction, wear, crosion,

corrosion, and deposits.
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[6185] The method of coating such sleeved devices disclosed herein
includes applying a suitable coating to a portion of the inner sleeve surface, outer
sleeve surface, or a combination thereof that will be subject to friction, wear,
corrosion, erosion, and/or deposits. A coating is applied to at least a portion of the
steeve surface that is exposed to contact with another sohid or with a fhud
flowstrearn, wherein: the coefficient of friction of the coating is less than or equal
to 0.15; the havrdness of the coating is greater than 400 VHN; the wear resistance
of the coated sleeved device is at least 3 times that of the uncoated device; and/or
the surface energy of the coating is less than 1 ¥m’. There is art to choosing the
appropriate coating from the disclosed coatings and designing the appropriate
steeve element for the specific application to maximize the technical and

economic advantages of this technology.

[¢186] U.S, Patent Application No. 12/660,179, filed February 22, 2010,
herein incorporated by reference in its entirety, discloses the use of ultra-low
friction coatings on coated sleeved oil and gas well production devices, U.S,
Patent Application No. 12/583,292 filed on August 18, 2009, herein incorporated
by reference in its entivety, discloses the use of ultra-low friction coatings on drill
stern assemblies used in oil and gas drilling applications. U.S. Patent Apphication
No, 12/583,302 filed on August 18, 2009, herein incorporated by reference in its

entirety, discloses the use of coatings on o1l and gas well production devices.

[BIR7] A drill stem assembly is one example of a production device that
may benefit from the use of coatings. The geometry of an operating drill stem
assembly is one example of a class of applications comprising a cylindrical body.
In the case of the drill stem, the actual drill stem assembly is an inner cylinder that
is in sliding contact with the casing or open hole, an outer cylinder. These devices
may have varying radit and alternatively may be described as comprising multiple
contiguous cylinders of varying radii. As described below, there are several other

instances of cylindrical bodies in ol and gas well production operations, either in



WO 2012/116036 PCT/US2012/026065

sliding contact due to relative motion or stationary subject to contact by fluid
flowstrearns.  The inventive coatings may be used advantageously for each of
these applications by considering the relevant problem to be addressed, by
evaluating the contact or flow problem fo be solved to mitigate friction, wear,
corrosion, erosion, or deposits, and by judicious consideration of how to design a
steeve into the device configuration and apply such coatings to these sleeve
elements for maximum uiility and benefit to achieve an advantageous coated

steeved oil and gas production device.

{6188} There are many more examples of oil and gas well production
devices that provide opportunitics for beneficial use of coated siceved devices, as
described in the background, including: stationary sleeved devices with coated
sleeve clements for low friction on initial instaliation, and for resistance to wear,
corrosion and erosion, and resistance to deposits on external or internal surfaces;
and sleeved bearings, bushings, and other geometries wherein the sleeve element

is coated for friction and wear reduction and resistance to corrosion and erosion,

13189 In each case, there may be primary and secondary motivations for
the use of coated slecved devices to mitigate friction, wear, cotrosion, erosion,
and deposits. The same device may include more than one sleeve element with
different coatings applied to address different coatings design aspects, including
the problem to be addressed, the technology available for application of the
coatings to the sleeve elements, and the economics associated with cach type of
coating. There will likely be many tradeoffs and compromises that govern the

uitimate design of the sleeve element and selection of the coating to be applied.

Overview of Use of Coated Sleeved Devices and Associated Benefits:

16198]  In the wide range of operations and equipment that are required during
the various stages of preparing {or and producing hydrocarbons from a wellbore,

there ave several prototypical applications that appear in various countexts. These
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applications may be scen as various geometries of bodies n sliding mechanical
contact and fluid flows interacting with the surfaces of solid objects. The designs
of these components may be adapted to incorporate coated slecve elements to
reduce friction, wear, crosion, corrosion, and deposiis.  In this sense, the
components then become “coated sleeved ol and gas well production devices.”
Several specific geowetries and exemplary applications are enumerated below,
but a person skilled in the art will understand the broad scope of the applications
of coated sleeved devices and this list does pot hmit the ravge of the nventive

methods disclosed herein:

A, Coated Sleeved Cvlindrical Bodies In Slidine Contact Due To Relative

Motion:

16191} In an application that is ubiquitous throughout production operations,
two cylindrical bodies are in contact, and friction and wear occur as one body
woves relative to the other. The bodies may be comprised of multiple cylindrical
sections that are placed contiguously with varying radii, and the cvlinders may be
placed coaxially or non-coaxially. The component design may be adapted to
place a sleeve element at the point of contact between the two cylindrical bodies.
This sleeve element may be coated on at least a portion of the inner sleeve
surface, outer sleeve surface, or some combination thereot to beneficially reduce
the contact friction and wear. The sleeve element may optionally be removable
and may be subsequently serviced or replaced, as necessary and appropriate for

the device application.

18192}  For cxample, devising a slecve clement for the tool joints of drill pipe
or workstring and coating such sleeve elements may be an ctfective means to
atilize coatings to reduce the contact friction between drill stem and casing or

open-hole.  For casing,

tubing, and sucker rod strings, the pipe coupling s a
steeve element that may have coatings applied to a portion of the fnner or outer

surface area, ot a combination thereof, In yet another application, plunger-type
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artificial lift devices, it may be advantageous to adapt the tool to have one or more
coated sleeve clements coraprising the maximum outer diameter of the device to

reduce wear and friction due to contact with the tubing string.

16193]  An exemplary list of such applications is as follows:

(6194}  Duill pipe may be picked up or slacked off causing longitudinal motion
and may be rotated within casing or open hole. Friction forces and device wear
increase as the well inclination increases, as the local wellbore curvature
mcreases, and as the contact loads increase. These friction loads cause significant
drilling torque and drag which must be overcome by the rig and drill siring
devices (see Figure 2). Figure 2A exhibits deflection occurring in a drill siring
assemibly 30 in a directional or horizontal well, Figure 2B 1s a schomatic of a drill
pipe 32 and a tool joint 34, with threaded connection 35, A coated slecve element
33 at the pin comnection is Ylustrated o this figure. Figure 2C is a schematic of a
bit and bottomn hole assembly 36. Figure 2D is a schematic of a casing 38 and a
tool joint 39 to show the countact that occurs between the two cylindrical bodies.
Friction reducing coatings applied to sleeve clements disclosed herein may be
used to reduce the friction and wear between the two components as the tool joint
39 rotates within the casing 38, also reducing the torque required to turn the tool

joint 39 for drilling lateral wells.

[0195]  Bottomhole assembly (BHA) devices are located below the drill pipe on
the drill stem assernbly and may be subjected to similar friction and wear, and
thus the coatings disclosed hercin may provide a reduction in these mechanical
problems {see Figure 3). In particular, the coatings disclosed herein applied to the
BHA devices may reduce friction and wear at contact points with the open hole
and lengthen the tool life. Low surface energy of the coatings disclosed herein
may also inhibit sticking of formation cuttings to the tools and corrosion and
erosion limits may alse be extended. It may also reduce the tendency for

differential sticking. Figure 3A is a schematic of mills 40 used in bottomhole
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assernbly devices, Figure 3B is a schomatic of a bit 41 and a hole opener 42 used
in bottomhole assembly devices. Figure 3C is a schematic of a reamer 44 used in
botiomhole assembly devices. Coated sleeve elements 43 are illusirated in this
figure. Figure 3D 18 a schematic of stabilizers 46 used in bottormhole assernbly
devices. Figure 3E is a schematic of subs 48 used 1n bottomhole asserobly

devices.

[6196]  Dull strings are operated within marine riser systems and may causc
wear to the riser as a resuit of the drilling operation. The vibrations of the riser
due to occan currents may be mitigated by coatings, and marine growth may also
be inhibited, further reducing the drag associated with flowing currents. Referring
to Figure 4, use of the coatings disclosed herein on the riser pipe exterior 50 may
be used to reduce friction and vibrations due to occan currents. In addition, the
use of the coatings disclosed herein on sleeved internal bushings 32 and other
contact poinis which may be protected by coated sleeved devices may be used to
reduce friction and wear. Coated sleeve clements 53 may be adapted to the riser

cornection and are illusirated n this figure.

131971 Plunger lifts remove water from a well by running up and down within
a tubing string. Both the plunger lift outer diameter and the tubing inner diameter
may be affected by wear, and the efficiency of the plunger hft decreases with
wear and contact friction. Reducing friction will increase the maximum allowable
deviation for plunger lift operation and increase the range of applicability of this
technology. Reducing the wear of both tubing and plunger hft will increase the
time interval between required servicing, From an operations perspective,
reducing the wear of the tubing inner diameter is highly desirable. Furthermore,
coating the internal surface of a plunger Hft may be beneficial. Coated sleeve
clements may be banded to the outside of the plunger lift tool, wherein the outer
diameter of the sleeve elements would be nearly equal to the inner diameter of the

tubing in which the device is operated, minus somge tolerance to allow the plunger
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to slide within the tubing sitring. Depending on the plunger Lft design, these
sleeve elements could be replaced in the field and the tool returned to service.
Alternatively, the entire surface arca of the plunger lift device could be coated to
reduce friction and wear. In the bypass state, fluid will flow through the tool
more easity if the flow resistance is reduced by coatings on the internal portions of

the tool, allowing the tool to drop faster.

[¢198] Completion sliding sleeves may be moved axially, for example by
stroking coiled tubing to displace the cylindrical sleeve up or down relative to the
tool body that may alse be cylindrical. These sleeves become susceptibie to
friction, wear, erosion, corrosion, and sticking due to damage from formation
materials and buildup of scale and deposits. Coating portions of sleeve cloments
to enable movement within these sliding sleeve systems will help to ensure that

the sliding sleeve device will not stick when it is required to be moved.

10199]  Sucker rods and Corod™ tubulars are used in pumping jacks to pump
oil 1o the surface 1o low pressure wells, and they way also be used to pump water
out of gas wells. Friction and wear occur continuously as the rods move relative
to the tubing string. A reduction in friction may ecnable selection of smaller
pumping jacks and reduce the power requirements for well pumping operations
{see Figure 5}. Referring to Figure SA, the coated sleeves disclosed herein may
be used at the contact points of rod pumping devices, including, but not limited to,
the sucker rod coupling, which is a sleeved device attached to the sucker rod 62,
the sucker rod guide 60, the sucker rod 62, the tubing packer 64, the downhole
pump 66, and the perforations 68. Referring to Figure 5B, the coatings disclosed
herein may be used on polished rod clamp 70 and the polished rod 72 to provide
smooth durable surfaces as well as good seals. A coated siceve elememt 71 is
illustrated at the sucker rod packoff to provide a low-friction tight scal. Figure 5C
is a schematic of a sucker rod 62 wherein the coatings disclosed herein may be

used to prevent friction and wear and on the threaded connections 74, A sucker
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rod coupling 73 may be coated as a sleeve element in its own right, or it may be
adapted for use with an external coated sleeve, to provide a low-friction durable

surface in contact with the tubing string in which it reciprocates.

[6288]  Sleeved devices in pistons and/or piston liners in pumps for drilling
fluids on drilling rigs and in pumps for stimulation fluids in wel stimulation
activitics may be coated to reduce friction and wear, enabling improved pump
performance and longer device life. Since certain equipment is used to pump
acid, the coated sleeve liners may alse reduce corrosion and erosion damage o

these devices.

10261]  Expandable tubulars are typically run in hole, supported with a hanging
assembly, and then expanded by running a voandrel through the pipe. Coating the
surface of the mandrel may greatly reduce the wandrel load and enable
expandable tubular applicatious in higher inclination wells or at higher expansion
vatios than would otherwise be possible. The mandrel may be configured to have
coated sleeved devices at the locations of highest contact stress.  If removable,
these coated sleeves would enable longer mandvel tool life and possibie redressing
in the field. The speed and efficiency of the expansion operation may be
improved by significant friction reduction. The mandrel is a tapered cylinder and
may be considered to be comprised of contiguous cylinders of varying radii;

alternatively, a tapered mandrel may be considered to have a complex geometry.

18262} Control lines and conduits may be internally coated for reduced flow
resistance and corrosion / ¢rosion benefits, Glass filament fibers may be pumped

down internally coated conduits and turnaround subs with reduced resistance.

16283] Tools operated in wellbores are typically eylindrical bodies or bodies
comprised of contiguous cylinders of varving radii that are operated in casing,
tubing, and open hole, cither on wireline or rigid pipe. Friction resistance

increases as the wellbore inclination increases or local wellbore curvature
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increases, rendering operation of such tools to be unreliable on wireline. Coated
sleeved devices at the contact surfaces may cnable such tools to be reliably
operated on wireline at higher inchinations or reduce the force to push tools down
a horizontal well using coiled tubing, tractors, or pump-down devices, A list of
such tools includes but is not limited to: logging tools, perforating guns, and
packers {see Figure 6). Referring to Figure 6A, the coatings disclosed herein roay
be used on the external surfaces of a caliper logging tool 80 to reduce friction and
wear with the open hole 82 or casing (not shown). The compounents with
maximum diameter 83 may be sleeved with low-friction coating sleeves to enable
the tool to run in hole with less resistance and wear. Referring to Figure 6B, the
coatings disclosed herein may be used on the external sleeved surfaces 85 of an
acoustic logging sonde 84, including, but not limited to, the signal transmitter 86
and signal receiver 88 to reduce friction and wear with the casing 90 or in open
hole. Referring to Figures 6C and 6D, the coatings disclosed herein may be used
on the external coated sleeved surfaces 93 of packer tools 92 and on sleeves 95 of
perforating gun 94 to reduce friction and wear with the open hole. Low surface
energy of the coatings will inhibit sticking of formation to the tools, and corrosion

and erosion limits may also be extended.

10264]  Wireline is a slender cylindrical body that is operated within casing,
tubing, and open hole. At a higher level of detail, cach strand is a cylinder, and
the twisted strands arve a bundle of von-ceaxial cylinders that together comprise
the effective cylinder of the wireline. Friction forces are present at the contact
points between wireline and wellbore, and therefore coating the wireline with
fow-friction coatings will enable operation with reduced friction and wear.
Braided line, multi-conductor, single conductor, and slickline may all be
beneficially coated with low-friction coatings (see Figure 7). Referring to Figure
7A, the coatings disclosed herein may be applied to the wire line 100 by
application to the wire 102, the individual strands of wire 104 or to the bundle of

strands 106, A pulley type device 108 as seen in Figure 7B may be used to run
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logging tools conveyed by wireline 100 into casing, tubing and open hole, The
pulley device may use coated sleeves advantageously in the areas of the pulley

and bearings that are subject to load and wear due to friction.

[6285]  Casing centralizers and contact rings for downhele tools are sleeved
devices that may be coated to reduce the friction resistance of placing these
devices in a wellbore and providing movement downhole, particularly in high

welibore inclination angles.

B. Coagted Cvlindrical Bodies That Are Primarily Stationary:

10286] There are diverse applications for coating sleeved portions of the
exterior, interior, or both of cylindrical bedies {e.g., pipe or modified pipe),
primartly for erosion, corrosion, and wear resistance, but also for friction
reduction of fluid flow. The cylindrical bodies may be coaxial, contiguous, non-
coaxial, non-contiguous or any combination thereof, with sleeves in proximal
focation to the inner or outer surface of a cylindrical body., In these applications,
the coated sleeved cylindrical device may be essentially stationary for long
periods of time, although perhaps a secondary benefit or application of the coated

sleeve is to reduce friction loads when the production device is instalied.

1028671  An exeroplary list of such spplications 1s as follows:

[6288]  Perforated basepipe, slotted basepipe, or screen basepipe for sand
control are often subject to erosion and corrosion damage during the completion
and stimulation treatment {¢.g., gravel pack or frac pack treatment} and during the
well productive life. For example, a coating obtained with the inventive method
will provide greater inner diameter for the flow and reduce the flowing pressure
drop relative to thicker plastic coatings. In another cxample, corrosive produced
fluids may attack materials and cause material loss over time. Furthermore,

highly productive formation intervals may provide fluid velocities that are
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sufficiently high to cause erosion. These Huids may also carry solid particles,
such as fines or formation sand with a tendency to fail the completion device. It is
further possiblc for deposits of asphaltencs, paraftins, scale, and hydrates to form
on the completion cquipment such as basepipes. Coatings can provide benefits in
these situations by reducing the effects of {riction, wear, corrosion, erosion, and
deposits.  (See Figure &) Certain coatings for screen applications have been
disclosed in UK, Patent No. 6,742,586 B2, The use of coated sleeved devices in
this application facilitates installation of the sand control device due to reduced
friction and wear. Coated sleeved devices may also be used as “blast joiuts”
where high sand and proppant particle velocities may be expected to reduce the

useful life of the sand screen material.

[§2869] Wash pipes, shunt tubes, and service tools used in gravel pack
operations may be coated internally, externally, or both to reduce erosion and flow
resistance.  Fluids with entrained solids for the gravel pack are pamped at high
rates through these devices, Sleeved devices may be used at specific locations in
these tools to protect the main body of the device from crosion due to sand and

proppant flow,

[021¢] Blast joints may be advantageously coated for greater resistance to
erosion resulting from impingement of fluids and solids at high velocity. Coated
slegved devices may be used advantageously on blast joints at the specific

focations where the greatest amount of wear damage may be expected.

16211}  Thin metal meshes may be coated for friction reduction and resistance
to corrosion and crosion. The coating process may be applied to individual
cylindrical strands prior to weaving or to the collective mesh after the weave has
been performed, or both, or in combination. A screen may be considered to be
comprised of many cylinders. Wire strands may be drawn through a coating
device to enable coating application of the entire surface area of the wire. The

coating applications include but are not limited to: sand screens disposed within
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completion intervals, Mazeflo™ completion screens, sintered screens, wirewrap
screens, shaker screens for solids control, and other screens used as oil and gas
well production devices. The coating can be applied to at least a portion of
filtering media, screen basepipe, or both, (Sce Figure 8.3 Figure § depicis
exemplary application of the coatings disclosed hercin on screens and basepipe.
In particular, the coatings disclosed herein may be applied to the slotted liner of
screens 110 as well as basepipe 112 as shown in Figures RA and 8B to prevent
crosion, corrosion, and deposits thereon.  The detailed closeup of Figure BA
shows coated sleeve element 111 external to the screen to allow it to slide
downhole with reduced friction resistance. The coatings disclosed herein may
also be applied to screens in the shale shaker 114 of solids control equipment as
shown in Figure 8C. Coated sleeved devices may be used in a variety of ways
with these devices as described above, to reduce friction at the wellbore contact
during installation and to reduce erosion damage due to sand and proppant flow
during stimulation and production at specific locations where the sleove is

applied.

16212}  Coated sleeved devices may reduce material hardness requirements and
mitigate the effects of corrosion and erosion for certain devices and components,
enabling lower cost materials to be used as substitute for stellite, tungsten carbide,

MP35N, high alloy materials, and other costly materials selected for this purpose.

C. Plates, Disks. And Complex Geometries:

[0213] There arc many coated sleeved device applications that may be
considered for non-cylindrical devices such as plates and disks or for more
complex geometries. Oune exemplary application of a disk geometry is a washer
device that roay be coated on one or both sides to reduce friction during operation
of the device. The benefits of coatings may be derived from a reduction in sliding
contact friction and wear resulting from relative motion with respect to other

devices, or perhaps a reduction n ervosion, corrosion, and deposits {rom the
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interaction with fluid streams, or in many cascs by a combination of both. These

applications may benefit fror the use of coatings as described below.

16214]  An exemplary list of such applications is as follows:

{6215}  Chokes, valves, valve seats, scals, ball valves, inflow control devices,
smart well valves, and annular isolation valves may beneficially use coated parts
such as sleeves and washers to reduce friction, ¢rosion, corrosion, and damage
due to deposits. Many of these devices are used in wellhead equipment {sce
Figures 9 and 10). In particular, referring to Figures 9A, 9B, 9C, 9D and 9E,
valves 113, blowout preventers 115, wellheads 114, lower Kelly cocks 116, and

~y
]
!

gas lift valves 118 may use coated sleeves and washers 117 with the coatings
disclosed herein to provide resistance to friction, erosion, and corrosion o high
velocity components, and the smooth surfaces of these coated devices provides
enhanced sealability. In Figure 9E, coated sleeves 119 may be used to ease entry
of the gas Hft device into the side pocket and to seal properly.  In addition,
veferring to Figures 104, 10B and 10C, chokes 120, orifice meters 122, and
turbine weters 124 may have flow restrictions and other components {(i.e.
impellers and rotors) that use coated sleeves and washers 123 with the coatings
disclosed herein to provide further resistance to friction, erosion, and corrosion.
Other surface areas of the same production device may be protected by coated
sleeves and washers for reduced friction and wear by using the same or different

coating on a different portion of the production device.

18216}  Scats, nipples, valves, sidepockets, mandrels, packer ships, packer
latches, eotc. may bencficially use coated sleeve and washer devices with

low-friction coatings.

16217}  Subsurface safety valves are used to control flow in the cvent of
possible loss of containment at the surface. These valves are routinely used in

offshore wells to increase operational integrity and are often required by
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regulation. Improvements in the reliability and effectiveness of subsurface safety
valves provide substantial benefits to operational integrity and may avoid a costly
workover operation in the event that a valve {ails a test. Enhanced scalability,
resistance to erosion, corrosion, and deposits, and reduced friction and wear in
moving valve devices may be highly beneficial for these reasons. The use of
coated sleeves and washers in subsurface safety valves will enhance their

operability and obtain the benefits described above.

[6218]  Gas lift and chemical injection valves are commonly used in tubing
strings to enable injection of fluids, and coating portions of these devices will
improve their performance. Gas lift is used to reduce the hydrostatic head and
increase flow from a well, and chemicals are injected, for example, to inhibit
formation of hydrates or scale in the well that would impede flow. The use of
coated sleeves and washers in gas lift and chemical injection valves will enhance

their operability and obtain the benefits deseribed above,

10219] Elbows, tees, and couplings roay be internally coated for fluid flow
friction reduction and the prevention of buildup of scale and deposits.  Coated
sleeved devices may be used in these applications at specific locations of high
erosion, such as at bends, unions, tees, and other areas of fluid mixing and wall

impingement of entrained solids.

[022¢] The ball bearings, sleeve bearings, or journal bearings of rotating
equipment may be coated to provide low friction and wear resistance, and to

enable longer life of the bearing devices.

10221]  Wear bushings may utilize coated sleeved devices for reduced friction

and wear, and for enhanced operability.

(6222}  Coated slecves in dynamic metal-to-metal scals may be used to enhance

or replace olastomers in reciprocating and/or rotating seal assemblies.
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18223} Moyno ~ and progressive cavity pumps comprise a vaned rofor turning
within a fixed stator. Coated sleeved devices in these components will enable

improved operation and increase the purap efficiency and durability.

16224] Impellers and stators in rotating pump equipment may incorporate
coated sleeved devices for erosion and wear resistance, and for durability where
fine solids may be present in the flowstream. Such applications include

submersible pumps.

16225}  Coated sleeved devices in a centrifuge device for drilling fluids solids
control enhance the effectiveness of these devices by preventing plugging of the
cenirifuge discharge. The service life of the centrifuge may be extended by the

erosion resistance provided by coated sleeve elements.

[8226]  Springs in tools that are coated may have reduced contact friction and
fong service life reliability. Examples inclhude safety valves, gas lift valves, shock

subs, and jars.

10227] Logging tool devices may use coated sleeved devices to improve
opcrations involving deployment of arros, coring tubes, flaid sampling lasks, and
other devices into the wellbore. Devices that are extended from and then retracted
back into the tool may be less susceptible to jamming due to friction and sohid

deposits if coatings are applied.

[6228]  Fishing ecquipment, including but not limited to, washover pipe,
grapple, and overshot, may beneficially use coated sleeves to facilitate latching
ortto and removing a disconnected picce of equipment, or “fish,” from the
welibore. Low friction entry into the washover pipe may be facilitated by an
internal coated sleeve, and a hard coating on the grapple sleeve may improve the
bite of the tool. (See Figure 11.) In particular, referring to Figure 11A, the

coatings disclosed hercin may be applied to washover pipe 130, washover pipe
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connector sleeves 132, rotary shoes 134, and fishing devices to reduce friction of
entry of fish 136 into the washover string. Tapered and coated sleeve 133 may be
used to case the fish into the washpipe. In addition, referring to Figure 118, the
coatings disclosed herein may be applied to grapple sleeves 138 {o maintain

material hardness for good grip.

. Threaded Connections:

10229]  High strength pipe materials and special alloys in oilfield applications
may be susceptible to galling, and threaded connections may be beneficially
coated s0 as to reduce friction and increase surface hardness during connection
makeup and to enable reusc of pipe and connections without redressing the
threads. Seal performance may be improved by cuabling higher contact stresses

without risk of galling.

[023¢] Pin and/or box threads of casing, tubing, drill pipe, drill collars, work
strings, surface flowlines, stimulation treatment lines, threads used to connect
downhole tools, marine risers, and other threaded connections involved in
production opcrations may be beneficially coated with the low-friction coatings
disclosed herein. Threads may be coated separately or in combination with
current technology for improved comnection makeup and galling resistance,
including shot-peening and cold-rolling, and possibly but less likely, chemical
treatment or laser shock peening of the threads. (See Figure 120} Referring to
Figure 12A, the pin 150 and/or box 152 may be coated with the coatings disclosed
herein.  Referring to Figare 12B, the threads 134 and/or shoulder 156 may be
coated with the coatings disclosed herein.  Coated siceve cloments 153 are
iltustrated at the connection pin. In Figure 12C, the threaded connections {(not
shown) of threaded tubulars 138 may be coated with the coatings disclosed herein.
In Figure 12D, galling 139 of the threads 154 may be prevented by use of the
coatings disclosed herein. Coatings in this instance could be applied to one or

hoth sets of threads of a threaded comection.
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E. Exeroplary Slecve Contiguration for Drilling Application

10231] When the drill siring is extended or shortened during the drilling
process, pieces of drill pipe are screwed together and unscrewed. Some modern
drilling rigs use automated equipment for this operation, which is known as
“making a connection.” As shown in Figure 13A, the slips 171 are set in the drill
rig floor or rotary table 173 to hold the drtll string 175, the pipe is unscrewed, and
the connection is “broken.” The detached pipe held by the rig elevators can be
added to the string if running pipe in the hole, or removed if tripping pipe out of
the hole. In Figure 13A, the connection 177 held by the slips is the tool joint box

connection,

16232} Figure 13B shows a coated sleeve element 181 on the pin 179 of a
connection that is oriented according to the standard “pin-down”™ conveuntion.
Note that the gravity vector 180 points downwards. It may be appreciated that
this is inconventent in the sense that when the connection is broken and the
separated pipe is removed, the sleeve will fall to the ground or down the hole if
not somehow attached. In U.S. Patent 7,028,788, Strand resolved this problem by
threading the sleeve and the pin connection so that the sleeve stays with the pin

during connection makes and breaks.

102331 It may be appreciated that there may be some problems with a threaded
sleeve system in that, during the drilling process, the threads specified in U.S.
Patent 7,028,788 are exposed to the outside of the drill pipe and are in proximity
to the formation and drilling fluids. The potential for these threads to be damaged
or to have formation material packed in the threads would appear to be significant.
Additionally, there will be extra costs associated with the manufacture and
maintenance of the threads on both sleeve and pin. If the threads of the sleeve or
pin comnection are damaged, the corresponding piece of eguipment must be

repaired prior to subscquent use.
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10234]  Onc exemplary alternative method 15 to use the “pin-up” configuration
as shown in Figure 13C. With the pin 179 facing up, the sleeve 181 may be
placed over the pin directly when making the connection, and on breaking the
connection the sleeve remains n place. Again, the gravity vector 180 points
down in this figure. Optionally, if i is desired to prevent the sleeve from rotating
freely relative to the drill pipe and if no alternative means of attaching the sleeve
is used, then one non-limiting weans to prevent the sleeve from rotating s touse a
key or slot, or pethaps provide an elliptically profiled inner sleeve surface area
and corresponding cross-section area for the sleeve on the pin connection.
Furthermore, scal elements may be used if there are fluid differential pressure or

containment issues.

[§235]  Figure 13D iliustrates an exaggerated view of the clliptical sleeve inner
profile configuration. The outer sleeve surface 183 has a circular cross-section, as
does the inner surface 138 of the pin connection. The pin threads are made on a
tapered conical section as usual. However, in the lower-stress area of the pin
above the threads, an elliptical cross-section 186 is machined to match the
dimensions of the sleeve inner surface cross-section 184, with suitable tolerances
to allow for slipping the sleeve over the threads onto the pin body. Careful
analysis is required to ensure that there 1s sufficient material strength in the sleeve
so that, with the expected torsional loads, it does not deform, and that the strength
of the pin has not been compromised. Typically, material may be rervoved up to
the bevel diameter without affecting pin sirength. Recognizing that the pipe will
be tumed o one divection, an asymmetric profile may be considered, and other
alternative cross-sectional profiles may be devised without departing from the

spirit of the disclosure.

[0236]  Alternative means of attaching sleeves to tool joints, using the pin

connection, box conncction, or other proximal arcas of the drill pipe may be
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conceived, without departing from the basic concept of using coated sleeve

elements to utilize advantageoous low-{riction materials while drilling.

Dinilling Conditions, Application, and Benefits:

(82371 A detailed cxamination of one important aspect of production
operations, the drilling process, can help to identify several challenges and
opportunities for the beneficial use of a specific application of coated sleeved

devices in the well production process.

10238]  Deep wells for the explovation and production of oil and gas are drilled
with a rotary drilling system which creates a borehole by means of a rock cutting
tool, a drill bit. The torgue driving the bit is often generated at the surface by a
motor with mechanical transmission box. Via the transmission, the motor drives
the rotary table or top drive unit. The medium to transport the energy from the
surface to the drill bit is a drill string, mainly consisting of drill pipes. The lowest
part of the drill string is the bottom hole assembly (abbreviated hercin as BHA)
consisting of bit, drill collars, stabilizers, measurement tools, under-reamers,
motors, and other devices known to those skilled in the art. The combination of
the drill string and the bottom hole assembly is referred to herein as a drill stem
assembly.  Alternatively, coiled tubing may replace the drill string, and the
combination of cotled tubing and the bottom hole assembly is also referred to
hereinn as a drill stom assembly. In still another configuration, cutting elements

3

proximal io the bottom end of the casing comprise a “casing-while~drilhing”
system.  The coated sleeved oil and gas well production devices disclosed herein

provide particular benefit in such downhole drilling operations.

[623%]  With today’s advanced directional drilling technology, multiple lateral
wellbores may be drilled from the same starter wellbore. This may mean drilling
over far longer depths and the use of directional drilling technology, ¢.g., through

the use of rotary steerable systems (abbreviated herein as RSS).  Although this
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gives major cost and logistical advantages, it also greatly increases wear on the
drill string and casing. In some cases of directional or extended reach drilling, the
degree of vertical deflection, inclination {angle from the vertical), can be as great
as 90°, which are commonly referred to as horizontal wells. In drilling operations,
the drill string assembly has a tendency to rest against the side wall of the
borehole or the well casing. This tendency is much greater in directional wells
due to the cffect of gravity. As the drill string increases in iength and/or degree of
deflection, the overall frictional drag created by rotating the drill string also
increases.  To overcome this increase in frictional drag, additional power is
requited to rotate the drill string. The resultant friction and wear impact the
drilling efficiency. The measured depth that can be achieved in these situations
may be limited by the available torque capacity of the drilling rig and the torsional
strength of the drill string. There s a need to find more efficient solations to
extend equipment lifetine and drilling capabilities with existing rigs and drive

wechanisms to extend the lateral reach of these operatious.

02481 The deep driling environment, especially in hard rock formations,
induces severe vibrations in the drill stem assembly, which can cause reduced drill
bit rate of penctration and premature failure of the equipment downhole, The drill
stem asscmbly vibrates axially, torsionally, laterally or usually with a combination
of these three basic modes, that is, coupled vibrations. The use of coated sleeved
devices disclosed herein may reduce the required torque for drilling and also
provide resistance to torsional vibration instability, including stick-slip vibration
dysfunction of the drill string and bottom hole assembly. Reduced drill string
torque may allow the drilling operator to drill wells at higher rate of penctration
{ROP) than when using conventional drilling equipment. Coated sleeved devices
in the drill siring as disclosed herein may prevent or delay the onset of drill string
buckling, including helical buckling, and may prevent vibration-related drill stem
assernbly failures and the associated non-productive time during drilling

operations.
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16241}  The drill string includes one or more devices chosen from drill pipe,
tool joints, transition pipe between the drill string and bottom hole assermbly
including tool joints, heavy weight drill pipe including tool joints and wear pads,
and combinations thereof. The bottom hole assernbly includes one or more
devices chosen from, but not limited to: stabilizers, variable-gauge stabilizers,
back reamers, drill collars, flex drill collars, rotary steerable tools, roller reamers,
shock subs, mud motors, logging while drilling (L WD) tools, measuring while
drilling (MWD} tools, coring tools, under-reamers, hole openers, centralizers,
turbines, bent housings, beut wotors, dritling jars, acceleration jars, crossover
subs, bumper jars, torque reduction tools, float subs, fishing tools, fishing jars,
washover pipe, logging tools, survey tool subs, non-maguetic counterparts of any
of these devices, and combinations thereof and their associated exiernal

connections,

{6242} The coated sleeved oil and gas well production devices disclosed herein
may be used in drill stem assemblies with downhole temperature ranging from 20
to 400°F with a lower limit of 20, 40, 60, 80, or 100°F, and an upper limit of 150,
200, 250, 300, 350 or 400°F. During rotary drilling operations, the drilling rotary
speeds at the surface may range from O to 200 RPM with a lower himit of 0, 10,
24, 30, 40, or 50 RPM and an upper limit of 100, 120, 140, 160, 180, or 200 RPM,
In addition, during rotary drilling operations, the drilling mud pressure may range
from 14 pst to 20,000 pst with a lower limit of 14, 100, 200, 300, 400, 500, or
1000 psi, and an upper limit of 5000, 10060, 15000, or 20000 psi.

18243}  In one form, the coated sleeved otl and gas well production devices
disclosed herein with the coating on at least a portion of the exposed outer surface
provides at least 2 times, or 3 times, or 4 times, or 5 times greater wear reststance
than an uncoated device. Additionally, the coated sleeved oil and gas well
production device disclosed herein when used on a drill stem assembly with the

coating on at least a portion of the surface provides reduction in casing wear as
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compared to when an uncoated drill stermn assembly is used for rotary drilling.
Moreover, the coated sleeved oil and gas well production devices disclosed herein
when used on a drill stem assembly with the coating on at least a portion of the
surface reduces casing wear by at least 2 times, or 3 times, or 4 times, or 5 times

versus the use of an uncoated drill stem assembly for votary drilling operatious.

[6244] The body assembly or the ceated sleeved oil and gas well production
device may include hardbanding on at least a portion of the exposed outer surface
to provide cnhanced wear resistance and durability.  Drnill stem assemblies
experience the most wear at the hardbanded regions since these are primary
contact points between drill stem and casing or open borchole. The wear can be
cxacerbated by abrasive sand and rock particles becoming entrained in the
interface and abrading the surfaces. The coatings on the coated sleeved devices
disclosed herein show high hardness properties to help mitigate abrasive wear.
Using hardbanding that has a surface with a patterned design may promote the
flow of abrasive particles past the coated hardbanded region and reduce the
amount of wear and damage to the coating and hardbanded portion of the
component.  Using coatings in conjunction with patterned hardbanding will

further reduce wear due to abrasive particles,

18245} The coatings on drill stem assemblies disclosed herein may also
eliminate or reduce velocity weakening of the friction coefficient. More
particularly, rotary drilling systems used to drill deep boreholes for hydrocarbon
exploration and production often experience severe torsional vibrations leading to
instabilities referred to as “stick-slip” vibrations, characterized by (i) sticking
phases where the bit or BHA slows down until it stops (relative sliding velocity is
zero), and (it} slipping phases where the relative sliding velocity of the downhole
assembly rapidly accelerates to a value much larger than the rotary speed (RPM)
imposed by the drilling rig at the surface. This problem is particularly acute with

drag biis, which consist of {fixed blades or cutters mounted on the surface of a bit



WO 2012/116036 PCT/US2012/026065

body. Non-linearities in the constitutive laws of friction lead to the instability of
steady frictional shiding against stick-slip oscillations., Therefore, this leads to a

complex problem.

[6246] Velocity weakening behavior, which is indicated by a decreasing
cocfficient of friction with increasing relative sliding velocity, may cause
torsional instability triggering stick-slip vibrations, Sliding instability is an issue
in drilling since it is one of the primary founders which limits the maximum rate
of penctration. In drilling applications, it is advantageous to aveid the stick-slip
condition because it leads to vibrations and wear, including the initiation of
damaging coupled vibrations. By reducing or eliminating the velocity weakening
behavior, the coatings on drill string assemblies disclosed herein bring the system
into the continuous sliding state, where the relative sliding velocity is constant and
does not oscillate {(avoidance of stick-slip) or display violent accelerations or
decelerations in localized RPM., Even with the prior art method of avoiding stick-
ship motion with the use of a lubricant additive or pills to drilling muds, at high
normal loads and small sliding velocities stick-slip motion may still occur. The
coatings on drill stem assernblics disclosed herein may provide for no stick-slip

motion even at high normal loads.

18247} In intervals that contain mostly shale formations, another drilling
problem is common. “Bit balling” may occur when shale cuttings stick to the bit
cutting face by differential fluid pressure, reducing drilling efficiencies and ROP
significantly. Sticking of shale cuttings to BHA devices such as stabilizers leads
to drilling inefficiencies. These problems are exacerbated by the use of water-
based drilling fluids, which may be preferred for both cost and environmental

Ieasons.

10248]  Drilling vibrations and bit balling are two of the most cormmon causes

of drilling mefficiencies. These inefficiencies can manifest themselves as ROP

Hmiters or “founder points” in the sense that the ROP does not increase linearly
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with weight on bit (abbreviated herein as WOB) and revelutions per minute
{abbreviated herein as RPM) of the bit as predicted from bit mechanics. This
Hmitation s depicted schematically in Figure 14, It has been rocognized in the
drilling industry that drill stem vibrations and bit balling are two of the most
challenging rate of penetration limiters. The coated sleeved devices disclosed
herein may be applhied to the drill stem assembly to help witigate these ROP

Hinitations.

(6249}  Additionally, coated slceved devices will improve the performance of
drilling tools, particularly a bottom hole assembly, for drilling in formations
containing clay and similar substances. These coating materials provide
thermodynamiically low energy surfaces, ¢.g., non-water wetting surface for
bottom hole devices. The coatings disclosed herein are suitable for oil and gas
drilling in gumbo-prone arcas, such as in deep shale drilling with high clay
content, using water-based muds {abbreviated herein as WBM) to prevent botiom

hole assernbly balling.

1025¢] Furthermore, the coated sleeved devices disclosed herein when applied
to the drill string assembly can simuitaneously reduce contact friction, balling and
reduce wear while not compromising the durability and mechanical integrity of
casing. Thus, the coated sleeved devices disclosed herein are “casing friendly” in
that they do not degrade the life or functionality of the casing. The coatings
disclosed herein are characterized by low or no sensitivity to velocity weakening
friction behavior. Thus, the drill stem assemblies provided with the coated
sleeved devices disclosed herein provide low friction surfaces with advantages in
both mitigating stick-slip vibrations and reducing parasitic torque to further enable

ultra-extended reach drilling.

[6238] The coated sleeved devices disclosed herein for drill stem assernblics
provide for the following exemplary non-limiting advantages: 1} wiligating

stick-slip vibrations; i) reducing torque and drag for extending the reach of
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extended reach wells; and 1) mitigating drill bit and other bottom hole asserubly
balling. These advantages, together with minimizing parasitic torque, roay lead to
significant improvements in drilling rate of penctration as well as durability of
downhole drilling equipment, thereby also contributing to reduced non-productive
titne (abbreviated herein as NPT). The coatings disclosed herein not only reduce
friction, but also withstand the aggressive downhole drilling environments
requiring chewmical stability, corrosion resistance, impact resistance, durability
against wear, erosion and wmechanical integrity (coating-substraie nterface
strength).  The coatings disclosed herein are also amenable for application to
complex geometries without damaging the substrate properties. Moreover, the
coatings disclosed herein also provide low energy surfaces necessary to provide

resistance to balling of bottom hole devices.

Exemplary Coated Sleeved Device Embodiments:

10252]  The discussion of the drilling process has focused on the friction and
wear benefits of the coated sleeved devices, with primary application to cylinders
in shiding contact, and it has also identified the benefits of low energy surfaces for
veduced sticking of formation cuttings to bottown hole devices, These same
technical discussions pertain to other instances of cylinders in sliding contact due
to relative motion which may be adapted to use coated sleeved devices, with

modified circumstances accordingly.

10253]  Friction and wear reduction are primary motivations for the application
of coatings to bodies in shiding contact due to relative motion. For stationary
dovices, the incentives and benefits of coatings may be slightly different
Although friction and wear may be mmportant secondary factors (for nstance in
the initial mstallation of the device), the primary benefit of coated sleeved devices
may be their resistance fo ¢rosion, corrosion, and deposits, more akin to the
problem of reducing the adhesion of shale formations to the BHA, and these

factors then becorme major dimensions in their selection and use.
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10254] In one exemplary embodiment, a coated sleeved oil and gas well
production device includes: one or more cylindrical bodies, one or more sleeves
proximal to the outer diameter or inner diameter of the one or more cylindrical
bodics, hardbanding on at least a portion of the exposed outer surface, exposed
inner surface, or a combination of both exposed outer or inner surface of the one
or more sleeves, a coating ou at least a portion of the toner sleeve surface, the
outer sleeve surface, or a combination thereof of the one or more sleeves, wherein
the coating comprises one or wore ultra-low friction layers, and oune or wore
buttering layers interposed between the hardbanding and the ultra-low friction

coating.

[§255] In ancther exemplary embodiment, a coated slecved oil and gas well
production device includes: one or more bodies with the proviso that the one or
more bodies does not include a drill bit, one or more sleeves proximal to the outer
surface or inner surface of the one or more bodies, a coating on at least a portion
of the mmner slecve surface, the outer sleeve surface, or a combination thereof of
the one or more sleeves, wherein the coating comprises one or more ultra-low
friction layers, and one or more buttering layers imterposed between the one or
more sleeves and the ultra-low friction coating, wherein at least one of the

buttering tayers has a minimum hardness of 400 VHN,

[8256]  In vet another exemplary embodiment, a coated sleeved oil and gas well
production device includes: one or more cylindrical bodies, one or more sleeves
proximal to the outer diameter or the inner diameter of the one or more cylindrical
bodies, and a coating on at least a portion of the inner sleeve surface, the outer
sleeve surface, or a combination thereof of the one or more sleeves, wherein the
coating, herein also referred to as an ultra-low friction coating, 18 chosen from an
amorphous alloy, a heat-treated electroless or electro plated nickel-phosphorous
based composite with a phosphorous content greater than 12 wi%, graphite,

Mol,;, WS,, a fullerenc based composite, a boride based cermet, a
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quasicrystalline material, a diamond based material, diamond-like-carbon (DLC),
boron nitride, carbon nanotubes, graphene sheets, metallic particies of high aspect
ratio {1.¢. relatively long and thin), ring-shaped materials {¢.g. carbon nanorings),

T

oblong particles, and combinations thereof.

162571 In still yet another exemplary embodiment, the coated sleeved oil and
gas well production device comprises an oil and gas well production device
including one or more bodics with the proviso that the one or more bodies does
not inciude a drill bit, one or more sleeves proximal to the outer surface or the
inner surface of the one or more bodics, and a coating on at least a portion of the
inner slecve surface, the outer sleeve surface, or a combination thercof of the one
or more sleeves, wherein the coating, hercin also referred to as an ultra-low
friction coating, is chosen from an amorphous alloy, a heat-treated electroless or
clectro plated nickel-phosphorous composite with a phosphorous content greater
than 12 wt%, graphite, MoS,, WS,, a fullerene based composite, a boride based
cermet, a quasicrystalline material, a diamond based material, diamond-like-
carbon (DLC), boron nitride, carbon nanotubes, graphene sheets, metallic
particles of high aspect ratio {i.c. relatively long and thin), ring-shaped materials

{¢.g. carbon nanorings), oblong particles, and cormbinations thercof.

18258} The coating or ultra-low friction coating disclosed herein for coated
sleeved devices may consist of one or more ultra-low friction layers chosen from
an amorphous alloy, an electroless nickel-phosphorous composite, graphite,
MeoS,, WK,, a fullerene based composite, a boride based cermet, a
quasicrystalling material, a diamond based material, diamond-like-carbon (DLC),
boron nitride, carbon nanotubes, graphenc sheets, metallic particles of high aspect
ratio {i.e. relatively long and thin}, ring-shaped materials (¢.g. carbon nanorings),
oblong particles and combinations thereof. The diamond based material may be
chemical vapor deposited (CVD) diamond or polycrystalline diamond compact

(PDC). The composition of the ultra-low friction coating may be uniform or
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variable through its thickness. In one advantageous embodiment, the coated oil
and gas well production device is coated with a diamond-like-carbon (DLC)
coating, and more particularly the DLC coating may be chosen from tetrahedral
amerphous carbon (ta-C), tetrahedral amorphous hydrogenated carbon (ta-C:H),
diamond-like hvdrogenated carbon (DLCH), polymer-like hydrogenated carboun
{(PLCH), graphite-like hydrogenated carbon (GLCH), silicon containing
diamond-like-carbon  (8i-DLC), titanium  containing  diamond-itke-~carbon
{Ti-DLCY, chromium contatning diamond-like-carbon (Cr-DLC), metal containing
diamond-like-carbon  (Me-DLC), oxygen containing  diamond-tike-carbon
{O-DLC), nitrogen containing diamond-like-carbon (N-DLC), boron containing
diamond-like-carbon (B-DLC), fluorinated diamond-like-carbon (F-DLC), sulfur-
containing diamond-like carbon {(S-DLC}, and combinations thereof. These one
or more ultra-low friction layers may be graded for improved durability, friction

reduction, adhesion, and mechanical performance.

16259]  The coetlicient of friction of the coating, also referred to as an ultra-low
friction coating, may be less than or equal to 0,15, or 0.13, or 011, or 0.09 or 0.07
or 0.05. The friction force may be calculated as follows: Friction Force = Normal
Force x Coefficient of Friction. In another form, the coated oil and gas well
production device may have a dynamic friction coefficient of the coating that is
not lower than 50%, or 60%, or 70%, or 80% or 90% of the static friction
coctficient of the coating. [n yet another form, the coated sleeved oil and gas well
production device may have a dynamic friction coefficient of the coating that is

greater than or equal to the static friction coefficient of the coating.

[026¢]  Significantly decreasing the coefficient of friction (COF) of the coated
sleeved oil and gas well production device will result in a significant decrease in
the friction force. This translates to a smaller force required to slide the cuttings
along the surface when the device is a coated drill stem assembly. If the friction

force s low enough, it may be possible to increase the mobility of cuttings along
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the surface until they can be lifted off the surface of the drill stem assembly or
transported to the annulus. It is also possible that the increased mobility of the
cuttings along the surface may inhibit the formation of differentially stuck
cuttings due to the differential pressure between mud and mud-squeezed cuttings-
cutter interface region holding the cutting onto the cutter face. Lowering the COF
on oil and gas well production device surfaces is accomplished by coating these
surfaces with coatings disclosed herein, These coatings applied to the oil and gas
well production device are able to withstand the aggressive environuments of
drilling including resistance to erosion, corrostion, ipact loading, and exposure to

high temperatures.

(6261} In addition to low COF, the coatings of the present disclosure are also
of sufficiently high hardness to provide durability against wear during oil and gas
well production operations.  More particularly, the Vickers hardness or the
cquivalent Vickers hardness of the coatings on the oil and gas well production
device disclosed herein may be greater than or equal to 400, 500, 600, 700, 800,
900, 1000, 1500, 2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500, or 6000, A
Vickers hardness of greater than 400 allows for the coated ol and gas well
production device when used as a drill stem assembly to be used for drilling in
shales with water based muds and the use of spiral stabilizers. Spiral stabilizers
have less tendency to cause BHA vibrations than straight-bladed stabilizers.
Figure 15 depicts the relationship between coating COF and coating hardness for
some of the coatings disclosed herein relative to the prior art deill string and BHA
steels. The combination of low COF and high hardness for the coatings disclosed
herein when used as a surface coating on the drill stem assemblies provides for

hard, low COF durable materials for downhole drilling applications.

[0262] The coating or ultra-low friction coating disclosed herein for coated
sleeved devices may consist of one or more ultra-low friction layers, one or more

buttering layers, one or more buffer layers, and any combinations thereof, forming
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a multilayer coating. This multilayer coating may be placed directly onto a base
subsirate material or, in another non-limiting erbodiment, placed on a portion of
a hardbanded material interposed between the coating and the base substrate

material. (Sce Figure 26.)

[6263] The coated sleeved oil and gas well production device may be fabricated
from iron based materials, carbon steels, steel alloys, stainless steels, Al-base
alloys, Ni-base alloys and Ti-base alloys, ceramics, cermets, and polymers. 4142
type steel is one non-limiting cxemplary material used for sleeved oil and gas well
production devices. The surface of the base substrate may be optionally subjected
to an advanced surface treatment prior to coating application to form a buttering
fayer, upon which a coating may be applied forming a multilayer coating. Other
exemplary non-limiting substrate materials may be used, such as tungsten-carbide
cobalt. The buttering layer may provide one or more of the following benefits:
extended durability, enhanced wear resistance, reduced friction coefficient,
enhanced fatigue and extended corrosion performance of the overall coating. The
one ot more buttering layers is formed by one or more of the following non-
fimiting cxemplary processes chosen from: PVD, PACVD, CVD, ton implantation,
carburizing, nitriding, boronizing, sulfiding, siliciding, oxidizing, an
clectrochermical process, an electroless plating process, a thermal spray process, a
kinetic spray process, a laser-based process, a friction-stir process, a shot peening
process, a laser shock peening process, a welding process, a brazing process, an
ultra-fine  superpolishing process, a iribochemical polishing process, an
clectrochermical polishing process, and combinations thereof.  Such surface
treatments may harden the substrate surface and retard plastic deformation by
introducing additional species and/or introduce deep compressive residual stress
resulting in inhibition of the crack growth induced by fatigue, impact and wear
damage. A Vickers hardness of greater than 400 is required, preferably Vickers
hardness values in excess of 950 to exceed hardbanding, 1500 to exceed quartz

particles, and 1700 to exceed the hardness of other layers are desired. The
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butiering layer may be a structural support member for overlying layers of the

coating,

16264] In another embodiment of the coated sleeved oil and gas well
production devices disclosed herein, the body assembly of the oil and gas well
production device may include hardbanding on at least a portion of the exposed
outer swrface to provide enhanced wear resistance and durability. The one or
more coating lavers are deposited on top of the hardbanding. The thickness of
hardbanding layer may range from several orders of magnitude times that of or
cqual to the thickness of the outer coating layer. Non-limiting exemplary
hardbanding thicknesses are lmm, Zmm, and 3mm proud above the surface of the
drill stem assembly. Non-limiting exemplary hardbanding materials include
cermet based materials, metal matrix composites, nanocrystalline metallic alloys,
amorphous alloys and hard metallic alloys. Other non-limiting cxemplary types
of hardbanding include carbides, nitrides, borides, and oxides of clemental
tungsten, titanium, niobium, molybdenum, iron, chromium, and silicon dispersed
within a metallic alloy matrix. Such hardbanding may be deposited by weld

overlay, thermal spraying or lascr/electron beam cladding,

18265} In vet another embodiment of the coated sleeved production device
disclosed herein, the multilayer ultra-low friction coating may further include one
or more buttering layers interposed between the outer surface of the body
assembly or hardbanding layer and the ultra-low friction lavers on at least a
portion of the exposed outer surface. Buttering layvers may serve to provide
enhanced toughness, to enhance load carrying capacity, to reduce surface
roughness, to inhibit diffusion from the base substrate material or hardbanding
inte the outer coating, and/or to minimize residual stress absorption, Non-limiting
examples of buttering layer materials are the following: a stainless steel, a
chrome-based alloy, an iron-based alloy, a cobalt-based alloy, a titanium-based

alloy, or a nickel-based alloy, alloys or carbides or niirides or carbo-nitrides or
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borides or silicides or sulfides or oxides of the following clements:  silicon,
titanium, chromium, aluminum, copper, iron, nickel, cobalt, molybdenum,
tungsten, tantalum, niobiom, vanadium, zirconium, hafnium, or combinations
thereof. The one or more buttering layers may be graded for improved durability,

friction reduction, adhesion, and mechanical performance.

16266} Ultra-low friction coatings may possess a high level of intrinsic
residual stress {(~1GPa) which has an influence on their tribological performance
and adhesion strength to the substrate (e.g., steel} for deposition. In order to
benefit from the low friction and wear/abrasion resistance benefits of ultra-low
friction coatings for sleeved devices disclosed herein, they also need to exhibit
durability and adhesive strength to the outer surface of the body assembly for

deposition.

10267} Typically ultra-low friction coatings deposited directly on steel
surface suffer from poor adhesion strength.  This lack of adhesion strength
vestricts the thickness and the incompatibility between ultra-low friction coating
and steel interface, which roay vesult 1o delamination at low loads. To overcome
these problems, in one embodiment, the ultra-low friction coatings for sleeved
devices disclosed herein may also include buffer layers of various metallic (for
example, but not limited to, Cr, W, Ti, Ta), semimetallic (for example, but not
imited to, Si) and ceramic compounds (for example, but not limited to, Cr N,
TiN, ZrN, AITIN, SiC, TaC) between the outer surface of the sleeve and the ulira-
fow friction layer. These ceramic, semimetallic and metailic buffer layers relax
the compressive residual stress of the ultra-low friction coatings disclosed herein
to increase the adhesion and load carrying capabilitics. An additional approach to
improve wear, friction, and mechanical durability of the ultra-low friction
coatings disclosed herein is to incorporate multiple uitra-low friction layers with

intermediate buffer layers to relieve residual stress build-up.
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10268] The coatings for use in coated sleeved oil and gas well production
devices disclosed herein may alsoe include one or more butfer layers (also referred
to herein as adhesive layers). The one or more buffer layers may be interposed
between the outer surface of the body assembly and the single layer or the two or
more layers in a multi-layer coating configuration. The one or more buffer layers
may be chosen from the following elements or alloys of the following elerents:
stlicon, aluminum, copper, molybdenum, titanium, chromium, tungsten, tantalum,
niobinm, vanadium, zirconium, and/or hathium. The one or more buffer layers
may also be chosen from carbides, nitrides, carbo-nitrides, oxides of the following
clements: silicon, aluminum, copper, molybdenum, titanium, chromium, tungsten,
tantalum, niobium, vanadium, zirconium, and/or hafnium,. The one or more buffer
fayers are generally interposed between the hardbanding (when utilized) and one
or more coating layers or between ultra-low friction layers. The buffer layer
thickness may be a fraction of or approach, or exceed the thickness of an adjacent
uitra-low friction layer. The one or more buffer layers may be graded for

improved durability, friction reduction, adhesion, and mechanical performance.

16269] Another aspect of the disclosure is the use of ultra-low friction
coatings on a hardbanding on at least a portion of the exposed outer surface of the
body assembly or sleeve, where the hardbanding surface has a patierned design
that reduces entraimment of abrasive particles that coniribute to wear. During
drilling, abrasive sand and other rock particles suspended in driliing fluid can
travel into the juterface between the body asserubly or sleeve and casing or open
borehole. These abrasive particles, once entrained into this interface, contribute to
the accelerated wear of the body assembly, sleeve, and casing. There is a need to
extend equipment lifetime to maximize drilling and economic efficiency. Since
hardbanding that is made proud above the surface of the body assembly or sleeve
makes the most contact with the casing or open borehole, it experiences the most
abrasive wear due to the entrainment of sand and rock particles. It is therefore

advantageous to use hardbanding and ultra-low f{riction coatings together to
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provide for wear protection and low friction. It is further advantageous to apply
hardbanding 10 a patterned design wherein grooves between hardbanding material
allow for the flow of particles past the hardbanded region without becoming
entrained and abrading the interface. It is even further advantageous to reduce the
contact area between hardbanding and casing or open borchole to ruitigate
sticking or balling by rock cuttings. The ulira-low friction coating could be
applied in any arvangement, but preferably it would be applied to the entive area of
the pattern since material passing through the passageways of the pattern would

have reduced chance of sticking to the pipe.

16276} In another embodiment of the coated sleeved devices disclosed herein,
the hardbanding surface has a patterned design to reduce entrainment of abrasive
particles that contribute to wear, The ultra-low friction coating is deposited on top
of the hardbanding pattern. The hardbanding pattern may include both recessed
and raised regions and the thickness variation in the hardbanding can be as much

as its total thickness.

10271 In another ewbodiment, the buitering layer way be used in
conjunction with hardbanding, where the hardbanding is on at least a pottion of
the exposed outer or tnner sleeve surface to provide enhanced wear resistance and
durability to the coated sleeved device, where the hardbanding surface may have a
patterned design that reduces entrainment of abrasive particles that contribute to
wear, In addition, one or more ultra-low friction coating layers may be deposited

on top of the buttering layer to form a multilayer coating.

[0272] The coated sleeved oil and gas well production devices with the
coatings disclosed herein also provide a surface energy less than 1, 0.9, 0.5, 0.7,
0.6,0.5,04,03,02, 0r 0.1 J/m’ . In subterrancous rotary drilling operations, this
helps to mitigate sticking or balling by rock cuttings. Contact angle may also be
used to quantify the surface energy of the coatings on the coated sleeved oil and

gas well production devices disclosed herein. The water contact angle of the
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coatings disclosed herein is greater than 50, 60, 70, 80, or 90 degrees. Ultra~-low
friction coatings used on a hardbanding on at least a portion of the exposed outer
surface of the body assermbly, where the hardbanding surface has a patterned
design that reduces entrainment of abrasive particles that contribute to wear, will
also mitigate sticking or balling by rock cuttings. In one embodiruent, such
patterns may reduce the countact area by 10%-90% between bardbanding and

casing or open borehole and reduce accurnulation of cuttings.

(6273} In a further advantageous cmbodiment, onc or more interfaces
between the layers in a multilayer ultra-low friction coating are graded interfaces.
The interfaces between various layers in the coating may have a substantial
impact on the performance and durability of the coating. In particular, non-graded
interfaces may create sources of weaknesses including one or more of the
following: stress concentrations, voids, residual stresses, spaltlation, delamination,
fatigne  cracking, poor adhesion, chemical incompatibility, mechanical
mcormpatibility, Graded interfaces allow for a gradual change in the material and
physical properties between layers, which reduces the concentration of sources of
weakness.  The thickness of each graded interface may range from 10nm to
0mucrons, or 20nm to 500nm, or 50mm to 200nm. Alternatively the thickness of
the graded nterface may range from 3% to 100% of the thickness of the thinnest

adjacent layer.

18274} In a further advantageous embodiment, graded interfaces may be
combined with the one or more ultra-low friction, buttering, and buffer layers,
which may be graded and may be of similar or different materials, to further

enhance the durability and mechanical performance of the coating.

Further Details Regarding Individual Lavers and Interfaces

16275]  Fusther details regarding the coatings disclosed herein for use in coated

steeved oil and gas well production devices are as follows:
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Amorphous Allovs:

18276]  Amorphous alloys as coatings for coated sleeved ol and gas well
production devices disclosed herein provide high elastic limit/ flow strength with
relatively high hardness. These attributes aliow these materials, when subjected
to stress or sirain, to stay elastic for higher strains/ stresses as compared to the
crystailine materials such as the steels used in drill stem assemblies. The stress-
strain relationship between the amorphous alloys as coatings for sleeved devices
and conventional crystalline alloys/ steels is depicted in Figure 16, and shows that
conventional crystalline alloys/ steels can easily transition into plastic deformation
at relatively low strains/ stresses in comparison to amorphous alloys. Premature
plastic deformation at the contacting surfaces leads to surface asperity generation
and the consequent high asperity contact forces and COF in crystalline metals,
The high elastic himit of amorphous metallic alloys or amorphous materials in
general can reduce the formation of asperities resulting also in significant
enhancement of wear resistance.  Amorphous alloys as coatings for sleeved otl
and gas well production devices would resalt in reduced asperity formation during

production operations and thereby reduced COF of the device.

182771  Amorphous alloys as coatings for sleeved oil and gas well production
devices may be deposited using a number of coating techniques including, but not
imited to, thermal spraying, cold spraying, weld overlay, laser beam surface
glazing, ion implantation and vapor deposition. Using a scanned laser or electron
beam, a surface can be glazed and cooled rapidly to form an amorphous surface
fayer. In glazing, it may be advantageous to medify the surface composition to
ensure good glass forming ability and to increase hardness and wear resistance.
This may be done by alloying into the molten pool on the surface as the heat
source is scanned. Hardfacing coatings may be applied also by thermal spraying
including plasma spraying in air or in vacuum. Thinner, fully amorphous coatings

as coatings for oil and gas well production devices may be obtained by thin film
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deposition technigues mclading, but not hmited to, sputtering, chemical vapor
deposition (CVD) and clectrodeposition.  Some amorphous alloy cornpositions
disclosed herein, such as near equiatomic stoichiometry {e.g., Ni-Ti}, may be
amerphized by heavy plastic deformation such as shot peening or shock loading,
including laser shock peening. The amorphous alloys as coatings for ol and gas
well production devices disclosed herein vield an outstanding balance of wear and
friction performance and require adequate glass forming ability for the production

methodology to be utilized.

Ni-P Based Composite Coatings:

16278}  Electroless and clectro plating of nickel-phosphorous (Ni-P} based
composites as coatings for sleeved o1l and gas well production devices disclosed
herein may be formed by codeposition of inert particles onto a metal matrix from
an ¢lectrolytic or electroless bath, The Ni-P composite coating provides excellent
adhesion to most metal and alloy substrates, The final properties of these coatings
depend on the phosphorous content of the Ni-P matrix, which determines the
structure of the coatings, and ou the characteristics of the embedded pasticies such
as type, shape and size. Ni-P coatings with low phosphorus content are crystalline
Ni with supersaturated P, With increasing P content, the crystalline lattice of
nicke! becomes more and more strained and the crystallite size decreases. At a
phosphorous content greater than 12 wi%, or 13 witY, or 14 wits or 15 wt%, the
coatings exhibit a predominately amorphous structure. Annealing of amorphous
Ni-P coatings may result in the transformation of amorphous structure into an
advantageous crystalline state. This crystallization may increase hardness, but
deteriorate corrosion resistance. The richer the alloy in phosphorus, the slower
the process of crystallization, This expands the amorphous range of the coating.
The Ni-P composite coatings can incorporate other metallic elements including,
but not limited to, tungsten (W) and molybdenum (Mo} to further enhance the

propertios of the coatings. The nickel-phosphorous (Ni-P} based composite



WO 2012/116036 PCT/US2012/026065

coating disclosed herein may include micron-sized and sub-micron sized particles.
Non-Hrmiting exemplary particles mclade: diamonds, nanotubes, rings (including
carbon nanorings), carbides, nitrides, borides, oxides and combinations thereof.
Other non-limiting exemplary particles include plastics {e.g., fluoro-polymers)

and hard metals.

Lavered Materials and Novel Composite Coating Lavers:

10279]  Lavered materials such as graphite, MoS,; and WS, (platelets of the 2H
polvtype) may be used as coatings for sleeved oil and gas well production devices.
In addition, fullerene based composite coating layers which include fullerene-like
nanoparticles may also be used as coatings for oil and gas well production
devices., Fullerene-like nanoparticles have advantageous tribological properties in
comparison to typical metals while alleviating the shortcomings of conventional
tayered materials (e.g., graphite, MoS,). Nearly spherical fullerenes may also
behave as nanoscale ball bearings. The wain favorable benefit of the hollow
fullerene-like nanoparticles may be attributed to the following three effects: (a)
volling friction; (b} the fullerene wnavoparticles function as spacers, which
eliminate wetal to metal contact between the asperities of the two mating metal
surfaces; and (¢} three body material transfer. Sliding/rolling of the fullerene-like
nanoparticles in the interface between rubbing surfaces may be the main friction
mechanism at low loads, when the shape of nanoparticle is preserved. The
beneficial effect of fullerene-like nanoparticles increases with the load
Exfoliation of external sheets of fullerene-like nanoparticles was found to occur at
high contact loads (~1(GPa). The transfer of delaminated fullerene-like
nanoparticles appears to be the dominant friction mechanism at severe contact
conditions.  The mechanical and tribological properties of fullerene-like
nanoparticles can be exploited by the incorporation of these particles in binder
phases of coating layers. In addition, composite coatings incorporating

fullerene-like nanoparticles in a metal binder phase {¢.g., Ni-P electroless plating)
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can provide a {ilm with self-lubricating and excellent anti-sticking characteristics

suitable for coatings for sleeved oil and gas well production devices.

16288} More generally, other reinforcing materials could be applied in the
uitra-low friction layers. These materials include, but are not limited to, carbon
nanotubes, graphene sheets, metallic particles of high aspect ratio (i.c. relatively
fong and thin), ring-shaped materials {e.g. carbon nanorings), and oblong
particles. Typically these particles would have dimensions on the order of a few

nangmeters (o microns,

Advanced Boride Based Cermets and Metal Matrix Composiies:

3281}  Advanced boride based cermets and metal matrix composites as
coatings for sleeved oil and gas well production devices may be formed on bulk
materials due to high temperature exposure either by heat treatment or incipient
heating during wear service.  For iostance, boride based cermets {e.g.,
TiB,-metal), the surface layer is typically enriched with boron oxide (e.g, B,O5)

which eshances lubrication performance leading to low friction coefficient.

Quasicrystalline Materials:

[6282]  Quasicrystalline materials may be used as coatings for sleeved oil and
gas well production devices.  Quasicrystalline materials have periodic atomic
structure, but do not conform to the 3-D symmetry typical of ordinary crystalline
materials. Due to their crystallographic structure, most commonly icosabedral or
decagonal, quasicrystalline materials with tailored chemistry exhibit unique
combination of properties including low energy surfaces, atiractive as a coating
material for ol and gas well production devices. Quasicrystalline materials
provide non-stick surface propertics due to their low surface energy (~30 mi/m”)
on stainless steel substrate in icosahedral Al-Cu-Fe chemistries. Quasicrystalline

materials as coating layers for oil and gas well production devices may provide a
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combination of low friction coefficient (~0.05 i scratch iest with diamond
indentor in dry air) with relatively high microhardness (400~-600 HV) for wear
resistance.  Quasicrystalline materials as coating layers for oil and gas well
production devices may also provide a low corrosion surface and the coated layer
has smooth and flat surface with low surface energy for improved performance.
Quasicrystalline materials way be deposited on a metal substrate by a wide range
of coating techuologies, wncluding, but not hwited to, thermal spraying, vapor

deposition, laser cladding, weld overlaying, and electrodeposition.

Super-hard Materials (Diamond, Diamond Like Carbon, Cubic Boron Nitride):

16283}  Super-hard materials such as diamond, diamond-like-carbon (BLC) and
cubic boron nitride (CBN) may be used as coatings for sleeved oil and gas well
production devices. Diamond 1s the hardest material known to man and under
certain conditions may yield ultra-low cocfficient of friction when deposited by
chemical vapor deposition (abbreviated herein as CVD) on the sleeve element. In
one form, the CVD deposited carbon may be deposited directly on the surface of
the sleeve. In another form, a buffer layer may be applied to the sleeve element
prior to CVD deposition.  For example, when used on sleeves for drill stem
assemblies, a surface coating of CVD diamond may provide not only reduced
tendency for sticking of cuttings at the surface, but alse function as an enabler for
using spiral stabilizers in operations with gumbo prone drilling (such as for
example in the Gulf of Mexiceo). Coating the flow surface of the spiral stabilizers
with CVI} diamond may enable the cuttings to flow past the stabilizer up hole into

the drili string annulus without sticking to the stabilizer.

16284] In one advaniageous embodiment, diamond-like~carbon (DLC) may be
used as coatings for slecved oil and gas well production devices. DLC refers
to amorphous carbon material that display some of the unique propertics similar to
that of natural diamond. The diamond-like-carbon (DLC) suitable for sleeved oil

and gas well production devices roay be chosen frovo ta-C, ta-CiH, DLCH, PLCH,



WO 2012/116036 PCT/US2012/026065

GLCH, S5i-DLC, titanium containing diamond-like-carbon (Ti~-DLC), chromium
containing diamond-like-carbon {(Cr-DLC), Me-DLC, F-DLC, other DLC layer
types, and combinations thereol, DLC coatings inchude significant amounts of
5}:)3 hybridized carbon atoms. These 5p3 bonds may occur not only with crystals —
in other words, in solids with long-range order — but also in amorphous solids
where the atoms are in a random arrangement. In this case there will be bonding
onlty between a {ew individual atoms, that is short-range order, and not 1o a long-
range order extending over a large number of atoms. The bond types have a
considerable mfluence on the material properties of amorphous carbon films, If
the sp” type is predominant the DLC il may be softer, whereas if the sp3 type s

predominant, the DLC film may be harder.

[6285] DLC coatings may be fabricated as amorphous, flexible, and yet
primarily sp’ bonded “diamond”. The hardest is such a mixture known as
tetrahedral amorphous carbon, or ta-C (see Figure 17). Such ta-C includes a high
volume fraction (~80%) of sp° bonded carbon atoms. Optional fillers for the DLC
coatings, include, but are not limited to, hydrogen, graphitic sz carbon, and
metals, and may be used in other forms to achieve a desired combination of
properties depending on the particular application.  The various forms of DLC
coatings rnay be applied 1o a variety of substrates that are compatible with a
vacuum environment and that are also electrically conductive. DLC coating
quality is also dependent on the {ractional content of alloying and/or doping
clements such as hydrogen. Some DLC coating methods require hydrogen or
wiethane as a precursor gas, and hence a cousiderable percentage of hydrogen may
vemain in the firushed DLC material. In order to further improve their tribological
and mechaunical properties, DLC films are often modified by incorporating other
alloying and/or doping elervents. For instance, the addition of fluorine (F), and
stlicon (51} to the DLC filws lowers the surface energy and wettability. The
reduction of surface energy in fluorinated DLC (F-BLC) is attributed to the

presence of -CF2 and -CF3 groups in the film. However, higher F contents may
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lcad to a lower hardness. The addition of St may reduce surface energy by
decreasing the dispersive component of surface energy. Si addition may also
increase the hardness of the DLC films by promoting sp’ hybridization in DLC
filrns.  Addition of metallic elements {e.g., W, Ta, Cr, T1, Mo} to the film can
reduce the compressive residual stresses resulting in better mechanical integrity of

the film upon compressive loading.

[6286] The diamond-like phase or sp’ bonded carbon of DLC is a
thermodynamically metastable phase while graphite with sp2 bonding is a
thermodynamically stable phase. Thus the formation of DLC coating films
requires non-eqguilibrium processing to obtain metastable sp’ bonded carbon.
Equilibrium processing methods such as evaporation of graphitic carbon, where
the average energy of the evaporated species is low {close to kT where k is
Boltzmann’s constant and T is temperature in abseolute temperature scale}, lead to
the formation of 100% sp” bonded carbons. The methods disclosed herein for
producing DLC coatings require that the carbon in the sp° bond length be
significantly less than the length of the sp’ bond. Hence, the application of
pressure, impact, catalysis, or some combination of these at the atomic scale may
force sz bonded carbon atorns closer together into sps bonding. This may be
done vigorously enough such that the atoms cannot simply spring back apart into
separations characteristic of xp“) bonds. Typical techniques cither combine such a
compression with a push of the new cluster of sp” bonded carbon deeper into the
coating so that there is to room for expansion back to separations needed for sp’
bonding; or the new cluster is buried by the arrival of new carbon destined for the

next cycle of impacts.

102871 The DLC coatings disclosed herein may be deposited by physical vapor
deposition, chemical vapor deposition, or plasma assisted chemical vapor
deposition coating techniques. The physical vapor deposition coating methods

include RF-DC plasma reactive magnetron sputtering, ion beam  assisted
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deposition, cathodic arc deposition and pulsed laser deposition (PLD).  The
chemical vapor depesition coating methods include ion beam assisted CVD
deposition, plasma enhanced deposition using a glow discharge {from hydrocarbon
gas, using a radio frequency (r.f.) glow discharge from a hydrocarbon gas, plasma
immersed ion processing and microwave discharge. Plasma enhanced chemical
vapor deposition (PECVID) s one advantageous wethod for depositing DLC
coatings on large areas at high deposition rates. Plasma based CVE coating
process is a non-line-of-sight technique, 1.e. the plasra conformally covers the
part to be coated and the entive exposed surface of the part 1s coated with uniforrn
thickness. The surface finish of the part may be retained after the DLC coating
application. One advantage of PECVD is that the temperature of the substrate
part does not increase above about 130°C during the coating operation. The
fluorine-containing DLC (F-DLC) and silicon-containing DLC (8i-DLC) films
can be synthesized using plasma deposition technique using a process gas of
acetvlene (C,H, ) mixed with fluorine-containing and silicon-countaining precursor

gases respectively {o.g., tetra-fluoro-ethane and hexa-methyl-disiloxanc).

18288} The DLC coatings disclosed herein may exhibit coefficients of friction
within the ranges earlier described. The uvltra-low COF may be based on the
formation of a thin graphite film in the actual contact arcas. As sp‘z‘ bonding is a
thermodynamically unstable phase of carbon at elevated temperatures of 600 to
1500°C, depending on the environmental conditions, it may transform to graphite
which may function as a solid lubricant. These high temperatures may occur as
very short flash (veferved to as the incipient temperature) tewperatures in the
asperity collisions or contacts. An alternative theory for the ultra~low COF of
DLC coatings is the presence of hydrocarbon-based slippery film. The tetrahedral
structure of a sp’ bonded carbon may result in a situation at the surface where
there may be one vacant electron coming out from the surface, that has no carbon
atom to attach to (see Figure 1K), which is referred to as a “dangling bond”

orbital. If one hydrogen atom with its own electron is put on such carbon atom, it
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may bond with the dangling bond orbital to form a two-clectron covalent bond.
When two such smooth surfaces with an outer layer of single hydrogen atoms
stide over each other, shear will take place between the hydrogen atoms. There is
no chemical bonding between the surfaces, only very weak van der Waals forces,
and the surfaces exhibit the properties of a heavy hydrocarbon wax. As illustrated
in Figure 18, carbon atoms at the surface way make three strong bonds leaving
one electron in the dangling bond orbital pointing out from the surface. Hydrogen
atoms attach to such surface which becomes hydrophobic and exhibiis low

friction.

[§28%] The DLC coatings for sleeved oil and gas well preduction devices
disclosed herein also prevent wear due to their tribological properties. In
particular, the DLC coatings disclosed hercin are resistant to abrasive and
adhesive wear making them suitable for use in applications that experience

extrome contact pressure, both in rolling and sliding contact.

Multi-lavered coatings:

18286 Multi-layered coatings on sleeved oil and gas well production devices
are disclosed herein and may be used in order to maximize the thickness of the
coatings for enhancing their durability. The coated sleeved oil and gas well
production devices disclosed herein may include not only a single layer, but also
two or more coating layers, buffer layers, and/or buttering layers. For example,
two, three, four, five or more coating layers may be deposited on portions of the
sleeve element. Each coating layer may range from 0.001 to 3000 microns in
thickness with a lower limit of 0,001, 0.1, 0.5, 0.7, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0, or
20.0 microns and an upper lirmt of 25, 50, 75, 100, 200, 560, 10600, 3000, or 5000
microns, The total thickuess of the multi-lavered coating may range from 0.5 to
5000 microns. The lower limit of the total multi-layered coating thickness may be

0.5, 6.7, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0, or 20.0 microns in thickness, The upper
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Himit of the total multi-layered coating thickness, not including the hardbanding,

may be 25, 56, 75, 100, 2006, 500, 1000, 3000, 5000 microns in thickness,

Buffer Lavers:

16291} The durability of ulira-low friction coatings may be improved for use
in sgvere environments as experienced in ultra-ERD applications by incorporating

buffer fayers.

10292} For example, DLC coatings have high compressive residual stress
which could lead to cracking and delamination. Lab-scale wear/durability tests
performed using a CETR (Center for Tribology) Block-on-ring (BOR) setup, as
well as large-scale tests performed at MOHR Engineering, have indicated that one
failure mechanism of DLC coatings is cracking and delamination of the coating.
In one possible, but not limiting, targeted range {1500 < Hv < 2500) of hardness
for the DLC coatings, there is a need to reduce compressive stress in the DLC
fayer. (Une such technique being utilized currently is the deposition of one or
more metallic/non-metallic buffer layers to alleviate residual stress before more
DILC lavers can be deposited on top of the buffer layer(s), thus creating a
nmuitilayer structure. The buffer laver(s) may also enable encrgy absorption, by
accormmedating deformation through dislocation activity {e.g. as in crystalline Ti
buffer layers) or through shear banding (e.g. as in amorphous Si-based buffer

layers).

16293} The one or more buffer layers way be chosen from the following
elements or alloys of the following elements: silicon, titantum, chromium,
aluminum, copper, molybdenum, tungsten, tantalum, niobium, vanadium,
zivconium, and/or hatuium. The one or wore buffer layers way also be chosen
from carbides, nitrides, carbo-nitrides, borides, oxides, sulfides, and silicides of
the following elements: silicon, titasium, chromium, alumioum, copper,

molybdenum, tungsten, tantalum, niobium, vanadium, zirconium, and/or haftnium,.
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The one or more buffer lavers are generally interposed between the sleeved device
or hardbanding or buttering layer and one or more ultra-low friction layers, or
between ultra-low friction layers. The buffer layer thickness may be a fraction of,

or approach, or exceed, the thickness of the adjacent layers.

16294} In one embodiment, the buffer lavers disclosed above may be
deposited with the DLC layer(s) through a process such as PACVD, where a
source and/or target is used to deposit the DLC layer and the buffer laver {e.g. T,
Si, etc.}. In one process form, this is performed using an alternating route, viz. a
buffer layer is grown to a target thickness on the substrate. Then the buffer layer
growth is shut off and the DLC layer is subsequently deposited to target thickness.
This process is then repeated until the required multilayer architecture/thickness is
achieved. A limitation with this technique is the non-graded interfaces created
between the BLC layers and buffer layers, because non-graded interfaces may be
sources of cracking and delamination. Moreover, due to the relatively low
temperature nature of the deposition process, not much mterdiffusion oceurs at the
mterface between the buffer layer and the DLC layer, thus prescrving the

compositionally discrete multilayer structure.

18295} In another embodiment, a multilaver coating of alternating DLC and
buffer layers can be deposited with graded interfaces. Using a graded interface,
adhesion between the DLC and the buffer layer may be enbanced through: {8)
prometion of X-C bonding, where X denotes a non-carbon element or non-carbon
elements in the buffer layer; (b} gradual alleviation of residual stresses from the
DILC layer to the buffer layer; and {c) gradual change in the bonding of C from the
DLC layer towards the buffer layer. An improved interface structure via the
graded buffer layer interface can cnable suppression of fracture/delamination
along the graded interface between the buffer and DLC lavers, thus enabling

greater overall impact performance, load-bearing capacity of the DLC coating,
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and thus greater hifetime in service and realization of low-friction performance for

longer duration.

Buttering Lavers:

16296} In yet another embodiment of the coated sleeved device disclosed
herein, the multilayer ultra-low friction coating may further include one or more
buttering lavers interposed between the outer surface of the sleeve body assembly
ot hardbanding layer and the ultra-low friction layers on at least a portion of the

exposed outer surface.

10297} In one embodiment of the nickel based alloy used as a butiering layer,
the layver may be formed by eclectroplating. Electro-plated nickel may be
deposited as a buttering layer with tailored hardness ranging from 150-1108, or
200 1o 1000, or 250 to 900, or 300 to 700 Hv. Nickel is a silver-white metal, and
therefore the appearance of the nickel based alloy buttering layer may range from
a dull gray to an almost white, bright finish. In one form of the nickel alloy
buttering layers disclosed herein, sulfamate nickel may be deposited from a nickel
sulfamate bath using electoplating. In another form of the nickel alloy buttering
layers disclosed herein, watts nickel may be deposited from a nickel sulfate bath.
Watts nickel normally yields a brighter finish than does sulfamate nickel since
even the dull watts bath contains a grain refiner to improve the deposit. Watts
nickel may also be deposited as a semi-bright finish. Semi-bright watts nickel
achicves a brighter deposit because the bath contains organic and/or metallic
brighteners. The brighteners in a watts bath level the deposit, vielding a smoother
surface than the underlving part. The semi-bright watts deposit can be easily
polished to an ultrasmooth surface with high luster. A bright nickel bath contains
a higher concentration of organic brighieners that have a leveling effect on the
deposit.  Sulfur-based brighteners are normally used to achieve leveling in the
early deposiis and a sulfur-free organic, such as formaldehyde, 1s used to achieve

a fully bright deposit as the plating laver thickens. In another form, the nickel
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alloy used for the buttering laver may be formed from black nickel, which s often
applied over an under plating of electrolvtic or electroless nickel. Among the
advantageous properties afforded by a nickel based buttering layer, include, but
are not limited to, corrosion prevention, magnetic propetties, smooth surface

finish, appearance, tubricity, harduess, reflectivity, and emissivity.

{6298} In another embodiment, the nickel based alloy used as a buttering
fayer may be formed as an electroless nickel plating. In this form, the electroless
nickel plating is an autocatalytic process and does not use externally applied
clectrical current to produce the deposit.  The clectroless process deposits a
uniform coating of metal, regardless of the shape of the part or its surface
irrcgularities; therefore, it overcomes one of the major drawbacks of
clectroplating, the variation in plating thickness that results from the variation in
current density caused by the geometry of the plated part and its relationship to
the plating anode. An clectroless plating solution produces a deposit wherever it
contacts a properly prepared surface, without the need for conforming anodes and
complicated fixturing. Since the chemical bath maintains a uniform deposition
rate, the plater can precisely countrol deposit thickness simply by controlling
immersion time. Low-phosphorus electroless nickel used as a buttering layer may
yield the brightest and hardest deposits. Hardness ranges from 60-70 Re (or
697Hv ~1076Hv). In another form, medium-phosphorus or mid-phos may be
used as a buttering layer, which has a hardness of approximately 40-42 R (or
392Hv ~412Hv). Hardoness may be improved by heatl-ireating into the 60-62 R
{or 697Hy ~746Hv) range. Porosity is lower, and conversely corrosion resistance
is higher than low-phosphorous electroless nickel. High-phosphorous electroless
nickel is dense and dull in comparison to the mid and low-phosphorus deposits,
High-phosphorus exhibits the best corvosion resistance of the electroless nickel
farmaily; however, the deposit is not as hard as the lower phosphorus content form.
High-phosphorus electroless nickel coating is virtually non-magnetic.  For the

nickel alloy buttering layers disclosed herein, nickel boron may be used as an
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underplate for metals that require firing tor adhesion. The NiP amorphous matrix
may also include a dispersed second phase. Non-limiting exemplary dispersed
sccond phases include: 1) clectroless NiP matrix incorporated fine nano size
sccond phase particles of diamond; 1) clectroless NiP mairix with hexagonal
boron nitride particles dispersed within the matrix; and i) electroless NiP matrix
with submicron PTFE particles {(e.g. 20-25% by volume Teflon) uwniformly

dispersed throughout coating.

16299] In vet another embodiment, the buttering layer may be formed of an
clectroplated chrome layer to produce a smooth and reflective surface finish,
Hard chromium or functional chromium plating buttering layers provide high
hardness that is in the range of 700 to 1,000, or 750 to 930, or 800 to 900 Hy,
have a bright and smooth surface finish, and are resistant to corrosion with
thicknesses ranging from 20 um to 2350, or 50 to 200, or 100 to 150 um.
Chromium plating buttering layers may be easily applied at low cost. In another
form of this embodirocunt, a decorative chrowium plating may be used as a
buttering layer to provide a durable coating with smooth surface finish. The
decorative chrome buttering layer may be deposited in a thickness range of (.1
pm to .5 pm, or G015 pm to .45 um, or 0.2 um to 0.4 pum, or 0.25 pm to 035
um. The decorative chrome butiering layer may also be applied over a bright

nickel plating.

16300] I still yet another embodiment, the buttering layer may be formed on
a body assernbly, sleeve, or hardbanding from a super-polishing process, which
removes machining/grinding grooves and provides for a surface tinish below 0.25

wn average surface roughuness (Ra).

10381] In still yet another ernbodiment, the buttering laver may be formed on a
body assembly, slecve, or hardbanding by oue or more of the following

non-limiting  exemplary processes: PVD, PACVD, CVD, ion nuplantation,
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carburizing, nuriding, boronizing, sulfiding, siliciding, oxidizing, an
electrochemical process, an electroless plating process, a thermal spray process, a
kinetic spray process, a laser-based process, a friction-stir process, a shot peening
process, a laser shock peening process, a welding process, a brazing process, an
ultra-fine  superpolishing process, a tribochemical polishing process, an

electrochemical polishing process, and combinations thereof,

Interfaces:

16362} The mterfaces between various layers in the coating may have a
substantial impact on the performance and durability of the coating. In particular,
non-graded interfaces may create sources of weaknesses including one or more of
the following:  stress concenirations, wvoids, residual siresses, spallation,
delamination, fatigue cracking, poor adhesion, chemical mcompatibility,
mechanical incompatibility,  One non-limiting exemplary way to improve the

performance of the coating is to use graded interfaces.

18363] Graded interfaces allow for a gradual change in the material and
physical properties between layers, which reduces the concentration of sources of
weakness. One non-limiting exemplary way to create a graded imterface during a
manufacturing process is to gradually stop the processing of a first layer while
simultancously gradually commencing the processing of a second layer. The
thickness of the graded interface can be optimized by varying the rate of change
of processing conditions, The thickness of the graded interface may range from
10um to 10 microns or 20nm to 500nm or 50nm to 200nm. Alternatively the
thickness of the graded mnterface may range from 5% to 93% of the thickness of

the thinnest adjacent layer.

Patierned Hardbanding:
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16304} Tests conducted with pin-on-disk configuration showed greater
coating durability than block-on-ring tests. Considering the different geornetry of
these tests, it was realized that the pin-on-disk configuration allowed sand grains
in the lubricating fluid to go around the contact patch between the two bodies,
whereas the block-on-ring configuration enirained the sand grains and did vot
allow the sand grains to take an alternate path around the contact avea. The line
contact patch, as opposed to the point contact patch, forced sand particles through
the contact area which caused a higher rate of damage to the coating. The
patterned hardbanding design will enable the sand graius to preferentially take an
alternate path through the non-contact areas due to hydrodynamic forces and

avoid a direct path through the maxinum pressure of contact,

16305} Non-limiting cxemplary hardbanding pattern designs include lateral
grooves of slots, longitudinal grooves or slots, angled grooves or slots, spiral
grooves or slots, chevron shaped grooves or slots, recessed dimples, proud
dirnples, and any combination thereof. Such patterned hardbanding can be
applied directly in the patiern shapes or machined n the hardbanding after bulk
application. In one non-limiting embodiment, the patterns may reduce the contact

arca between hardbanding and casing or open borehole by 10%-90%.

18306} The patterns selected wmay take application technology into
consideration. Noun-limiting exemplary application methods include weld overlay,
thermal spraving or laser/electron beam cladding, and laser welding technology to
facilitate patterning of hardbanding. The patterned, or alternatively non-patterned,
hardbanding material may be manufactured by one or more processes including,
but not limited to: a thermal spray process, a kinetic spray process, a laser-based
process, a friction-stir process, a shot peening process, a laser shock peening
process, a welding process, a brazing process, an ultra-fine superpolishing
process, a tribochemical polishing process, an electrochemical polishing process,

and combinations thereof
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10387} The patterns selected may take drilling conditions into consideration.
The angle of the groove or slot pattern may be optimized considering the rotation
speed of the drill stem and that the rotation speed is greater than the axial speed,
wherein the drillsiring normually “turns to the right” {clockwise) when viewed
from the surface. A non-limiting exemplary design considering this is a single
bead spival made by laser welding techuques, wherein the angle s small 1o
reference to the horizoutal axis of the hardbanding section, and the grooves ot
regions between hardbanding material are Tram-5Smm deep and Tom-Srorn wide.
Additional non-limiting exemplary design features include grooves ot slots angled
perpendicular or close to perpendicular to the horizontal axis of the hardbanded
region to promote hydrodynamic lubrication in a horizontal wellbore, while also
promoting the passage of abrasive particles. Yet another non-limiting exemplary
design considering this is proud dimples 1mm-10mm in diameter to promote the
passage of abrasive particles. Figure 34 shows non-limiting exemplary schematic

drawings of hardbanding with patterned surfaces (images not drawn to scale).

Other Advantageous Embodiments:

18308} In another form of the graded buffer layer interface embodiment, the
sp2/sp3 ratio of the DLC layer may be controlled as a function of laver thickuness.
This is referred to as the DLC sp2/sp3 ratio embodiment. By controlling the
sp2/sp3 ratio during the deposition process, the residual stress build-up at the
buffer layer interface may be controlled. In one form of this embodiment, the
initial deposition of DLC near the interface of the buffer layer may be more
sp2-rich by controlling deposition parameters, and then gradually transitioning to
more sp3-like character in the interior of the DLC layer. DLC deposition
parameters that may be varied to adjust the sp2/sp3 ratio of the DLC coating layer
include, but are not limited to, substrate bias, pulsing, and changing gas ratios.
The gradient stress distribution generated as a result may decrease the tendency

for delamination along DLC-buffer layer interface. Through tailoring of the
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structure at the DEC and buffer layer mterface, and by cffective control of the
overall properties of the DLC structure {¢.g. mammtaining hardness values in the
range specified above), an improvement in durability of the DLC coatings

disclosed may be obtained.

[638%]  [n one advantageous embodiment of the coated sleeved oil and gas well
production devices disclosed herein, multilayvered carbon based amorphous
coating layers, such as diamond-like-carbon (DLC) coatings, may be applied to
the device. The diamond-like-carbon (DLC) coatings suitable for sleeved otl and
gas wel production devices may be chosen from ta-C, ta-C:H, DLCH, PLCH,
GLCH, Si-DLC, Ti-DLC, Cr-BLC, Me-DLC, N-DLC, G-DLC, B-DLC, F-DLC
and combinations thereof, One particularly advantageous DLC coating for such
applications is DLCH or ta-C:H. The structure of multi-layered DLC coatings
may include individual DLC layers with adhesion or buffer layers between the
mdividual DLC layers. Exemplary adhesion or buffer layers for use with DLC
coatings include, but arc not limited to, the following elements or alloys of the
following elements: silicon, aluminum, copper, molybdenom, titanium,
chromium, tungsten, tantalum, niobiom, vanadium, zivconium, and/or hatniur,
Other exeraplary adhesion or bufter layers for use with DLC coatings include, but
are not limited to, carbides, niirides, carbo-nitrides, oxides of the following
clements: silicon, aluminum, copper, molybdenum, titaniom, chromium, tungsten,
tantalum, niobium, vanadium, zirconium, and/or hafnium. These buffer or
adhesive layers act as toughening and residual stress relieving layers and permit
the total DLC coating thickness for multi-layered embodiments to be increased

while maintaining coating tntegrity for durability.

[031¢]  In yet another advantageous form of the coated siceved oil and gas well
production devices disclosed herein, to improve the durability, mechanical
integrity and downhole performance of relatively thin DLC coating layers, a

hybrid coating approach may be utilized wherein one or more DLC coating layers
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may be depostied on a state-of-the-art hardbanding. This embodiment provides
enhanced DLC-hardbanding mterface strength and also provides protection to the
downholc devices against premature wear should the DLC cither wear away or
delarminate.  In another form of this embodiment, one or more butiering layers
such as formed by an advanced surface treatment may be applied to the body
asserubly, sleeve, or hardbanding prior to the application of DLC layer(s) to
extend the durability and enhance the wear, friction, fatigue and corrosion
performance of DLC coatings. Advanced surface treatments may be chosen frorn
ion implantation, nittiding, carburizing, shot peening, laser and electron bearn
glazing, laser shock peening, and combinations thereof. Such surface treatment
can harden the substrate surface by introducing additional species and/or
introduce deep compressive residual stress resulting in inhibition of the crack
growth induced by impact and wear damage. In yet another form of this
embodiment, one or more buttering layers as previously described may be
interposed between the surface treated layer and one or more buffer or ultra-low
friction coating layers. Furthermore, the advanced surface treatment methods

identified above may be applied to the one or more buttering layers.

18311]  Figure 26 is an exemplary embodiment of a coating on a sleeved oil and
gas well production device utilizing multi-layer hybrid coating layers, wherein a
DLC coating layer s deposited on top of hardbanding on a steel substrate. In
another form of this embodiment, the hardbanding way be post-treated {e.g.,
ciched) to expose the alloy carbide particles to enbance the adhesion of ultra-low
friction coatings to the hardbanding as also shown in Figure 26, Such hybrid
coatings consisting of multi-layver coatings and hardbanding can be applied to
downhole devices such as the tool joints and stabilizers to eshance the durability
and mechanical integrity of the DLC coatings deposited on these devices and to

3

provide a “second line of defense” should the outer layer either wear-out or
delaminate, against the aggressive wear and erosive conditions of the downhole

environment in subterraneous rotary drilling operations.  In another form of this
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erbodiment, one or more buffer layers and/or one or more buitering layers as
previously described may be included within the hybrid multi-layer coating
structure to further enhance propertics and performance of oil and gas well

drilling, completions and production operations.

16312]  Application of these coating technologies to sleeves proximal to oil and
gas well preduction devices provide potential benefits, including, but not Himited
to drilling, completions, stimulation, workover, and production operations.
Efficient and rcliable drilling, completions, stimulation, workover, and production
operations may be enhanced by the application of such coatings to sleeved devices
to mitigate friction, wear, erosion, corrosion, and deposits, as was discussed in

detail above,

Exemplary Method of Using Coated Sleeved Device Embodimenis:

83131 In one exemplary embodiment, an advantageous method of using a
coated sleeved oil and gas well production device includes: providing a coated oil
and gas well production device including one or more cylindrical bodies with one
or more slegves proximal to the outer diameter or the inner diameter of the one or
more cylindrical bodies, hardbanding on at least a portion of the exposed outer
surface, exposed inner surface, or a combination of both cxposed outer or inner
surface of the one or more sleeves, and a coating on at least a portion of the inner
sleeve surface, the outer sleeve surface, or a combination thereof of the one or
more sleeves, wherein the coating comprises one or more ultra-low friction layers,
and one or more butiering layers interposed between the hardbanding and the

pltra-low friction c¢oating

g, and utilizing the coated sleeved oil and gas well

production device in well construction, completion, or production operations.

16314]  [n another exemplary embodiment, an advantageous method of using a
coated sleeved oil and gas well production device includes: providing a coated oil

and gas well production device including one or more bodies with the provise that
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the one or more bodies does not include a drill bit, with one or more sleeves
proximal to the outer surface or inner surface of the one or more bodies, and a
coating on at least a portion of the inner sleeve surface, the outer sleeve surface,
or a combination thereof of the one or more sloeves, wherein the coating
comprises one or more ulira-low friction layers, and one or more buttering layers
interposed between the one or mwore sleeves and the ultra-low friction coating,
wheretn at least one of the buttering lavers has a minimum hardness of 400 VHN,
and utilizing the coated sleeved oil and gas well production device in well

construction, cormpletion, or production operations.

(6315} In vet another exemplary embodiment, a coated sleeved oil and gas well
production device comprises providing a coated oil and gas well production
device including one or more cylindrical bodies with one or more sleeves
proximal to the outer diameter or the inner diameter of the one or more cylindrical
bodies, and a coating on at least a portion of the inner sleeve surtace, the outer
sleeve surface, or a combination thereof of the one or more sleeves, wherein the
coating is chosen from an amorphous alloy, a heat-treated electroless or electro
plated based nickel-phosphorous composite with a phosphorous content greater
than 12 wt%, graphite, MoS,, W8,, a fullerene based composite, a boride based
cermet, a quasicrystalline material, a diamond based material, diamond-like-
carbon (DLC), boron nitride, carbon nanotubes, graphene sheets, metallic
particles of high aspect ratio (i.¢. relatively long and thin), ving-shaped materials
{e¢.g. carbon nanorings), oblong particles, and combinations thercof, and utilizing
the coated sleeved oil and gas well production device in well construction,

completion, or production operations.

[0316]  In still vet another exemplary embodiment, a coated sleeved oil and gas
well production device comprises providing a coated oil and gas well production
device including one or more bodies with the provise that the one or more bodies

does not include a drill bit, with one or more sleeves proximal to the outer surface
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or the inner surface of the one or more bodies, and a coating on at least a portion
of the inner sleeve surface, the outer sleeve surface, or a combination thereof of
the one or more sieeves, wherein the coating is chosen from an amorphous alloy, a
heat-treated eclectroless or clectro plated based nickel-phosphorous composite
with a phosphorous content greater than 12 wi%, graphite, MoS,, WS,, a
fullerene based composite, a boride based cormet, a quasicrystalline material, a
diamond based material, diamond-like-catbon {(BLC), boron nitride, carbon
nanotubes, graphene sheets, retallic particles of high aspect ratio (i.e. relatively
long and thin), ring-shaped materials (e.g. carbon navorings), oblong particles,
and combinations thereof, and utilizing the coated sleeved oil and gas well

production device in well construction, completion, or production operations.

TEST METHODS

18317  Coeflicient of friction was wmeasured using a ball-on-disk tester
according to ASTM G99 test method. The test method requires two specimens —
a flat disk specimen and a spherically ended ball specimen. A ball specivaen,
vigidly held by using a holder, is positioned perpendicular to the flat disk, The flat
disk specimen slides against the ball specimen by revolving the flat disk of 2.7
inches diameter in a circular path.  The normal load is applied vertically
downward through the ball so the ball is pressed against the disk. The specific
normal load can be applied by means of attached weights, hydraulic or pneumatic
loading mechanisms. During the testing, the frictional forces are measured using
a tension-compression load cell or similar force-sensitive devices attached to the
ball holder. The friction coefficient can be calculated from the measured
frictional forces divided by normal loads. The test was done at room temperature
and 150°F under various testing condition shiding speeds. Quartz or mild steel
ball, 4mm ~ 5 mm diameter, was wtilized as a counterface material, and the

coating material to be tested was applied to the disk component. The environment
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for reference conditions 18 oil-based drilling fluid at a sliding velocity of 0.6 nv/s,

with a 300 g ioad at 150°F {see Figure 21},

[6318] Velocity strengthening or weakening effects were ecvaluated by
measuring the friction coefficient at various sliding velocities using the

ball-on-disk friction test apparatus by ASTM G99 tost method described above.

(6319} Hardness was measured according to ASTM C1327 Vickers hardness
test method., The Vickers hardness test method consisis of indenting the test
material with a diamond indenter, in the form of a right pyramid with a square
base and an angle of 136 degrees between opposite faces subjected to a load of 1
to 100 kgf. The full load is normally applied for 10 to 15 secounds. The two
diagonals of the indentation left in the surface of the waterial after rerooval of the
toad are mecasured using a roicroscope and their average s calculated. The area of
the sloping surface of the indentation is calculated. The Vickers havdness is the
quoticut obtained by dividing the kgf load by the square mm arca of indentation.
The advantages of the Vickers hardness test are that extremely accurate readings
can be taken, and just one type of indenter is used for all types of metals and
surface treatrents. The hardness of thin coating layer (e.g., less than 100pum) has
been evaluated by nanoindentation wherein the normal load (P) is applied 1o a
coating surface by an indenter with well-known pyramidal  geometry
{e.g.. Berkovich tip, which has a three-sided pyrammd geometry). o
nanoindentation, small loads and tip sizes are used to climinate or reduce the
effect from the substrate, so the indentation arca way ouly be a few
sguare  micrometers or  even  nanometers, Puring the course of the
nanoindentation process, a record of the depth of penetration is made, and then the
arca of the indeunt s determined using the known geometry of the indentation tip.
The hardness can be obtained by dividing the load (kg{) by the arca of indentation

{square mm).
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10328]  Wear performance was measured by the ball on disk geometry
according to ASTM G99 test method, The amount of wear, or wear volume loss
of the disk and ball, is determined by measuring the dimensions of both specimens
before and after the test. The depth or shape change of the disk wear track was
determined by laser surface profiloretry and atomic force microscopy. The
amount of wear, or wear volume loss, of the ball was determined by measuring
the dimensions of specimens before and after the test. The wear volume of the

ball was calculated frow the known geowetry and size of the ball.

[§321] Water contact angle was measured according to ASTM D3725 tost
method. The method referred to as “sessile drop method” uses a liquid contact
anglc goniometer that is based on an optical system to capture the profile of a pure
fiquid on a solid substrate. A drop of liquid {e.g., water} was placed {or allowed
to fall from a certain distance)} onto a solid surface. When the lHquid scttled (has
become sessile), the drop retained its surface tension and became ovate against the
solid surface. The angle formed between the liquid/solid interface and the
fiquid/vapor interface 1s the contact angle. The contact angle at which the oval of
the drop contacts the surface determines the affinity between the two substances.
That 1, a flat drop indicates a high affinity, in which case the liquid is said io
“wet” the subsirate. A more rounded drop (by height) on top of the surface
indicates lower affinity because the angle at which the drop is attached to the solid
surface s more acute. In this case the liquid is said to “not wet” the subsirate.
The sessile drop systems employ high resolution carueras and software to capture

and analyze the contact angle.

10322} Scanning Electron Microscopy (SEM) studies were performed on a
SEM operated at an accelerating voltage of 15-20 kV. Specimens for SEM study
were  prepared by cross-sectioning  of coated substrates, followed by
metallographic specimen preparation techniques for observation.  Scanning

Transmission FElectron Microscopy (STEM) studies were performed on a
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microscope operated at 300 kV, equipped with a High Resolution Electron
Energy-Loss Spectrometer (EELS) for cormpositional analysis, Operation in the
STEM mode enabled acquisition of High Angle Annular Dark Field (HAADF)
and Bright Ficld (BF) STEM images of the coating architectures.  An example
SEM image and HAADF-STEM image of a candidate coating is shown in Figure

29,

(6323} After initial tests using the ball-on-disk method, additional tests were
conducted with a different contact geometry.  Several combinations of
hardbanded substrate materials and coatings were evaluated in the second phase
of the laboratory test program. To better simulate drilling conditions, a small
biock is pushed against a ring of about 2-inches diamgcter and one-quarter inch
width in a “block-on-ring” test. These tests are conducted using an apparatus

obtained from the Center for Tribology Rescarch (CETR) that is commonly

available.
18324} Testing of drilling tool-joints was conducted using indusiry-standard

test equiprent in a number of configurations of subsirate and coating materials.
These tests were conducted at MOHR Engineering in Houston, Texas. Several
coatings were applied to both steel and hardbanded rings of the same dimensions
as a tool-joint. In this test, outer rings of casing material or sandstone are pushed
against the coated joint that turns in a lathe fixture. At the same time, the outer
ring reciprocates axially, and drilling mud is sprayed at the interface between the

two bodies using nozzles and a circulating system.

10325] The data from these test programs has guided the research direction
prior to actual ficld testing of coated components and facilitated the understanding
of those combinations of materials and application methods that would most

likely be successful in a production cnvironment.
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EXAMPLES

Ulusirative Example 1:

[8326] DLC coatings were applied on 4142 steel substrates by vapor
deposition technique. DLC coatings had a thickness ranging from 1.5 to 25
micrometers. The hardness was measured to be in the range of 1,300 to 7,500
Vickers Hardness Number. Laboratory tests based on ball-on-disk geometry were
conducted to deronstrate the friction and wear performance of the coating,
Quartz ball and mild steel ball were used as counterface materials to simulate
open hole and cased hole conditions respectively. In one ambient tomperature
test, uncoated 4142 steel, DLC coating and commercial state-of-the-art
hardbanding weld overlay coating were tested in “dry” or ambient air condition
against guartz counterface material at 300g normal load and 0.6mvsec sliding
speed to simulate an open borchole condition. Up to 10 times iroprovement in
friction performance (reduction of friction coefficient) over uncoated 4142 steel

and hardbanding could be achieved in DLC coatings as shown in Figure 19.

183271  In anocther ambient temperature test, uncoated 4142 steel, DLC coating
and commercial state-of-the-art hardbanding weld overlay coating were tested
against mild steel counterface material to simulate a cased hole condition. Up to
three times improvement in friction performance {reduction of friction coefficient)
over uncoated 4142 steel and hardbanding could be achicved in DLC coatings as
shown in Figure 19, The DLC coating polished the guartz ball due to higher
hardness of DLC coating than that of counterface materials (i.e., quartz and mild
steel). However, the volume loss due to wear was minimal in both quartz ball and
mild steel ball. On the other hand, the plain steel and hardbanding caused
significant wear in both the quartz and muld steel balls, indicating that these are

not very “casing friendly”.
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[6328] Ball-on-disk wear and friction coefficient were also tested at ambient
ternperature in ou based mud. Quartz ball and mild steel balls were used as
counterface materials to simulate open hole and cased hole respectively, The
DLC coating exhibited significant advantages over commercial hardbanding as
shown tn Figure 20, Up to 30% wmprovement o friction performance (veduction
of {riction coefficient) over uncoated 4142 sieel and hardbanding could be
achieved with DLC ceatings. The DLC coating polished the quartz ball due to its
higher hardness than that of quartz. On the other hand, for the case of unceated
steel disk, both the ruild steel and guartz balls as well as the steel disc showed
stganificant wear. For a comparable test, the wear behavior of hardbanded disk

was intermediate to that of DLC coated disc and the uncoated steel disc.

[8329] Figure 21 depicts the wear and friction performance at elevated
temperatures. The tests were carried out in oil based mud heated to 150°F, and
again the quartz ball and mild steel ball were used as counterface materials to
simulate an open hole and cased hole condition respectively, DLC coatings
exhibited up to 50% improvement in friction performance {reduction of friction
coefficient} over uncoated 4142 steel and commercial hardbanding. Uncoated
steel and hardbanding caused wear damage in the counterface materials of quartz
and mild steel balls, whereas, significantly less wear damage was observed in the

counterface materials rubbed against the DLC coating.

10338]  Figure 22 shows the friction performance of DLC coating at elevated
temperature (150°F and 200°F). In this test data, the DLC coatings exhibited low
friction coefficient at elevated temperature up to 200°F. However, the friction
coefficient of uncoated steel and hardbanding increased significantly with

temperature.



WO 2012/116036 PCT/US2012/026065

Llustrative Example 2:

16331]  In the laborvatory wear/friction testing, the wvelocity dependence
{velocity weakening or strengthening) of the friction coefficient for a DLC
coating and uncoated 4142 steel was measured by monitoring the shear stress
required to slide at a range of sliding velocity of 0.3m/sec ~ 1.8my/sec. (uartz ball
was used as a counterface material in the dry sliding wear tgst.  The velocity-
weakening performance of the DLC coating relative to uncoated steel is depicted
in Figure 23. Uncoated 4142 steel exhibits a decrease of friction coefficient with
sliding velocity (i.e. significant velocity weakening), whereas DLC coatings show
no velocity weakening and indeed, there seems to be a slight velocity
strengthening of COF {(Le. slightly increasing COF with shiding velocity), which
may be advantageous for mitigating torsional instability, a precursor to stick-slip

vibrations.

Hlustrative Example 3:

183327 Multi-layered DLC coatings were produced in order to maximize the
thickness of the DLC coatings to enhance their durability. In one form, the total
thickness of the multi-lavered DLC coating varied from 6 pm to 25 um. Figure
24 depicts SEM images of both single layer and multilayer BLC coatings for drill
stem assemblies produced via PECVD., Buffer lavers, also known as adhesive
layers, were used with the DLC coatings. o this case, the buffer layer material

contained silicon,

Hlustrative Example 4;

18333]  The surface energy of DLC coated substraies in comparison to an
uncoated 4142 steel surface was measured via water contact angle. Results are
depicted in Figure 25 and indicate that a DLC coating provides a substantially

tower surface energy in comparison to an uncoated steel surface. The lower
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surface encrgy may provide lower adherence surfaces for mitigating or reducing
bit/stabilizer balling and to prevent formation of deposits of asphaltenes, parattins,

scale, and/or hydrates,

Hustrative Example 5:

[4334] The roughness of unpolished, polished, and Ni-P plated rings are
shown in Figure 27. More particularly, Figure 27 depicts roughness results
obtained using an optical profilometer, which works based on the white light
mterferometry technique, from: a) unpolished ring; b) super-polished ring; and ¢}
un-polished DLC coated ring with Ni-P buttering layer. Optical 1mages of the
scarmed arca are shown on the left and surface profiles are shown on the right,
Scanning was performed three timmes on cach sample in an area of 0.53 m by
80.71 mum. The roughness of the unpolished ring appeared to be quite high (R,
~0.28 ym). The super-polished ring had almost one order of magnitude lower
roughness (R, ~0.06 pm) than the unpolished ring. The electroless Ni-P plating
on an unpolished ting provided about the same level of toughness (R, ~0.08 um)
as the super-polished ring.  This demonstrates that the deposttion of a Ni-P
buttering layer on a rough surface can improve the surface smoothness, and hence
it may help avoid time consuming super-polishing steps prior to depositing ulira-

fow friction coatings.

Hlustrative Example 6:

18335} Friction and wear results for a bare unpolished ring versus a Ni-P
buttering layer/ DLC coated ring are shown in Figure 28, More specifically,
Figure 28 depicts the average friction coefficient as a function of speed for Ni-P
buttering layer/ DLC coated ring and bare unpolished ring. Tribological tests
were performed in a block-on-ring (BOR) tribometer.  An oil based mud with 2%
sand was used as a lubricant for the test. Tests were run at room terperature but

other conditions {speed and load) were varied for different fests designed to
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evaluate friction and durability performance of the coeated rings. The friction as a
function of speed, which is also known as a Stribeck Curve, is shown in Figure 28,
Stribeck curves are typically uscd to demonstrate the friction response as a
function of contact severity under lubricated conditions. In all cases, the Stribeck
curve for the Ni-P buttering layer/ DLC coated ring showed much lower friction
both at low and high speed than the bare unpolished ring. Heunce, it is evident that
the Ni-P butteting layer that helped veduce surface roughness also provided
stguificant friction beunefit compared to the bare unpolished ring of higher

roughness.

THlustrative Example 7:

16336} As an example, a 2-period DLC-buffer laver structure {(with Tt as the
buffer layer material) was created where the first Ti buffer layer was deposited
using a graded imterface approach (¢.g. between the DLC laver and first Tt buffer
fayer). The second Ti buffer layer was created with a von-graded interface. The
overall roultilayer structure is shown in Figure 30, The graded interface at the
first T1 buffer layer/BLC interface, and non-graded interface between the second
T1 buffer layer/DLC interface is shown in Figure 31, More specifically, Figure 30
shows High Angle Aunnular Daik Field (HAADF)-Scanning Transmission
Electron Microscopy (STEM) image on the left and Bright-Field STEM image on
the right disclosing the Z-period Ti-BLC structure. Figure 31 depicts Electron
Energy-Loss Spectroscopy (EELS) composition profiles showing the graded
buffer layer interface between Ti-layer 1 and BLC {left top and bottom} and the
non-graded interface between Ti-layer 2 and DLC (right top and bottom). This
2-period DLC structure was coated on ring-shaped samples of appropriate
geometry and tested under lab-scale (CETR-BOR) and large-scale (MOHR)
testing conditions. Post-mortem analysis of the tested samples showed failure
ocourring through delamination at the non-graded interface between the 2™

titanium buffer layer and the DLC layer. This suggests that the creation of graded
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interfaces allows for improved interfacial adhesion performance. Representative
images of the tested sample are shown in Figure 32, More specifically, Figure 32
depicts SEM images showing failure occurring through delamination at the non-
graded interface between the DLC and the 2™ Titanium buffer layer. The
thicknesses of the interfaces were measured as the length span between the 3%
and 93% values of the limiting titaniurn ntensity counts in each layer. The nou-
graded interfaces had thicknesses less than 20nm, whereas the graded interfaces
had thickuesses greater than 100nm.  An iroprovement n performance was
observed in MOHR tests for the DLC structure with a graded interface, through
preservation of the first DLC layer. The above structure successfully withstood
side loads of 3500 bt in large-scale MOHR tests — other coatings not engineered
in similar fashion were not able to withstand this level of leading, leading to

coating failure.

Lilustrative Exarple &:

18337} The tribological performance of DLC coatings with various buffer
tayers are discussed below. Durability and wear tests were performed in a
block-on-ring (BOR) tribometer. Figure 33 shows friction coctficient vesulis as a
function of time for a given test coundition. Results reveal the differences in
friction response with the selection of buffer layer for the same DLC coating. The
DILC coating with Ti buffer layer provided the lowest friction. In addition, BLC
coatings with St and Cr buffer layers also provided quite low friction (~ 0.1 or
fess) and in all cases friction largely remained stable throughout the test. The
block wear for the comresponding ring samples as shown in Table 1 below
appeared to be in the same range suggesting that the change in contact pressure
was not significant, and hence the block wear had no apparent influence on the

friction response,
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16338} Table 1: Block wear results:
Wear scar width on the
Rings ran against the block block
CeN+TYVDLC/ TVDLC Graded Ring 3.1 mm
CrlN+SYDLO/SYBLC Graded Ring 2.1 mm
CeNACr/DLC/Cy/DLE Graded Ring 3.7 wmm

18339]  Applicants have attempted to disclose all embodiments and applications
of the disclosed subject matter that could be reasonably foreseen, However, there
may be unforesceable, insubstantial modifications that remain as equivalents,
While the present disclosure has been described in conjunction with specific,
exemplary embodiments thereof, 1t 1s evident that many alterations, modifications,
and variations will be apparent to those skilled in the art in light of the foregoing
description without departing from the spurit or scope of the present disclosure.
Accordingly, the present disclosure s intended to embrace all such alterations,

wodifications, and vanations of the above detailed description.

1634¢] Al patents, test procedures, and other documents cited herein,
including priority documents, are fully incorporated by reference to the extent
such disclosure is not inconsistent with this disclosure and for all jurisdictions in

which such incorporation is permitted.

10341] When numerical lower limits and numerical upper limits ave histed

herein, ranges from any lower lirait to any upper linut are contemplated.
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CLAIMS:

1. A coated sleeved oil and gas well production device comprising:
one or more cylindrical bodies,

ong or more sleeves proximal to the outer diameter or inner diameter of

the one or more cylindrical bodies,

hardbanding on at least a portion of the exposed outer surface, exposced
inner surface, or a combination of both exposed outer or inmer surface of the one or

more sleeves,

a coating on at least a portion of the inner sleeve surface, the outer

sleeve surface, or a combination thereot of the one or more sleeves,
wherein the coating comprises one or more ultra-low friction layers,

and one or more buttering layers interposed between the hardbanding

and the ultra-low friction coating,

2. The coated sleeved device of claim 1 wherein the hardbanding has a

patterned surface.

~

3. The coated sleeved device of claim 2 wherein the patterned hardbanding

surface includes recessed and raised features that range from 1mm to Smm in depth

4, The coated sleeved device of claim 2 wherein the recessed features

comprise 10% to 90% of the area in the hardbanding region.

5. The coated slecved device of claim 2 wherein the hardbanding has a
pattern chosen from: lateral grooves or slots, longitudinal grooves or slots, angled
grooves or slots, spiral grooves or slots, chevron shaped grooves or slots, recessed

dimples, proud dimples, and combinations thereof,
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6. The coated slecved device of claim 1 wherein the ulira-low friction

coating further comprises one or more buffer layers.

7. The coated sleeved device of claim 1 or claim 6 wherein at least one of
the layers ts graded, or at least one of the interfaces between adjacent layers is graded,

or combinations thereof,

g. The coated sleeved device of claim 1, wherein the one or more ultra-low
friction layers are chosen from: an amorphous alloy, an electroless
nickel-phosphorous composite, graphite, MoS,, WS,, a fullerene based composite, a
boride based cermet, a quasicrystalline material, a diamond based material,
diamond-like-carbon (DLC), boron nitride, carbon nanctubes, graphene sheets,
metallic particles of high aspect ratio {i.c. relatively long and thin), ring-shaped

materials including carbon nanorings, oblong particies and combinations thereofl

G, The coated sleeved device of claim 8, wherein the diamond based
material is chemical vapor deposited (CVD) diamond or polyerystalline diamond

compact {PDC).

10.  The coated sleeved device of claim 1, wherein at least one ultra-low

friction layer is diamond-like-carbon (DLC).

11. The coated sleeved device of ¢claim 14, wherein the diamond-like-carbon
(DLC) is chosen from: ta-C, ta-C:H, DLCH, PLCH, GLCH, Si-DLC, Ti-DLC,
Cr-DLC, N-DLC, O-DLC, B-DLC, Me-DLC, F-DLC, S-DLC and combinations

thereof.

12.  The coated sleeved device of claim 1, wherein the ultra-low friction

: . ‘ o2
coating provides a surface energy less than 1 J/m”,



WO 2012/116036 PCT/US2012/026065

- 110 -

13.  The coated sleeved device of claim 1, wherein the ultra-low friction
coating on at least a portion of the exposed outer surface of the body assembly

provides a hardness greater than 400 VHN.

14, The coated sleeved device of claim 1, wherein the coefficient of friction

of the coating is less than or equal to §.15.

15, The ceated sleeved device of claim 1, wherein the coating provides at

least 3 times greater wear resistance than an uncoated device.

16.  The coated sleeved device of claim 1, wherein the water contact angle of

the ultra~low friction coating is greater than 60 degrees.

17. The coated sleeved device of claim 1 or 6 wherein the thickness of the

ultra-low friction coating ranges from 0.5 microns to 5600 microns.

18.  The coated sleeved device of claim 1 or 6 wherein the thicknesses of
cach of the one or more ultra-low friction, buttering, and buffer layers is between

(.001 and 5000 microns.

19. The coated sleeved device of claim 7 wherein the thicknesses of the onge
or more interfaces are between .01 to 10 microns or between 5% to 95% of the

thickness of the thinnest adjacent layer.

20, The coated sleeved device of claim 6, wherein the one or more buffer
layers are chosen from clements, alloys, carbides, nitrides, carbo~-nitrides, borides,
sulfides, stlicides, and oxides of silicon, aluminum, copper, molybdenum, titanium,
chromium, tungsten, tantalum, niobium, vanadium, zirconium, hafoium, and

combinations thereof.
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21, The coated slecved device of claim 1, wherein the hardbanding
comprises cerimet based materials; metal matrix composites; nanocrystalline metallic
alloys; amorphous alloys; hard metallic alloys; carbides, nitrides, borides, or oxides of
clemental tungsten, titanium, niobiom, molybdenum, iron, chromium, and silicon

dispersed within a metallic alloy matrix; or cornbinations thercof,

22, The coated sleeved device of claim 1, wherein the one or more buttering
fayers comprise a stainless steel, a chrome-based alloy, an iron-based alloy, a
cobalt-based alloy, a titanium-based alloy, or a nickel-based alloy, alloys or carbides
or nitrides or carbo-nitrides or borides or silicides or sulfides or oxides of the
following elements: silicon, titanium, chromium, aluminum, copper, iron, nickel,
cobalt, molybdenum, tungsten, tantalum, niobtum, vanadium, zirconium, hafnium, or

combinations thereof,

23, The coated sleeved device of claim 1, wherein the one or more buttering
layers 1s formed by one or more processes chosen frorm: PVD, PACVD, CVD, ion
irnplantation, carburizing, nitriding, boronizing, sulfiding, siliciding, oxadizing, an
electrochemical process, an clectroless plating process, a thermal spray process, a
Kinetic spray process, a laser-based process, a friction-stir process, a shot peening
process, a laser shock peening process, a welding process, a brazing process, an ultra-
fine superpolishing process, a tribochemical polishing process, an electrochemical

polishing process, and combinations thereof,

24, The coated slecved device of claim 1, wherein the one or more buttering
layers provide an ultra-smooth surface finish of average surface roughness lower than

(.25 micron.

25, The coated sleeved device of ¢laim 1 wherein at least one of the

buttering layers has a minimum hardness of 400 VHN,
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26. The coated sleeved device of claim 1, wherein the onc or more
cylindrical bodies include two or more cylindrical bodies in relative motion to each

other.

27.  The coated sleeved device of claim 1, wherein the one or more
cylindrical bodies include two or more cylindrical bodies that ave static relative to

each other.

28.  The coated sleeved device of claim 26 or 27, wherein the two or more

cyvlindrical bodies include two or more radii.

29.  The coated sleeved device of claim 28, wherein the two or more
cyhindrical bodies include one or more cylindrical bodies substantially within one or

more other cylindrical bodies.

380, The coated sleeved device of claim 28, wherein the two or more

cylindrical bodies are contiguous to each other.

31, The coated slecved device of ¢claim 28, wherein the two or more

cylindrical bodies are not contiguous to each other.

32. The coated sleeved device of ¢laim 30 or 31, wherein the two or more

cylindrical bodigs are coaxial or non-coaxial,

33.  The coated sleeved device of claim 32, wherein the two or more

cylindrical bodies have substantially paraliel axes.

34,  The coated sleeved device of claim 1, wherein the one or more
cylindrical bodies are helical in inner surface, helical in outer surface or a combination

thereof,
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35, The coated sleeved device of claim 1, wherein the one or more

cylindrical bodics are solid, hellow or a combination thereof.

36,  The coated sleeved device of claim 1, wherein the one or more
cylindrical bodies include at least one cylindrical body that is substantially civcular,
substantially elliptical, or substantially polygonal in outer cross-section, inner

cross-section or inner and outer cross-section.

37.  The coated sleeved device of claim 1, wherein the one or more

cylindrical bodies further include threads,

38, The coated sleeved device of claim 37, wherein at least a portion of the

threads are coated.

39, The coated sleeved device of claim 37 or 38, further comprising a

sealing surface, wherein at least a portion of the sealing surface is coated.

40,  The coated sleeved device of any one of claims 1, 26, or 27, wherein the

one or more cylindrical bodies are well construction devices.

431,  The coated sleeved device of claim 40, wherein the well construction
devices are chosen from: drill stem, casing, tubing string, wireline/ braided line/
multi-conductor/ single conductor/ slickline; cotled tubing, vaned rotors and stators of
Moyno ™ and progressive cavity pumps, expandable tubulars, expansion mandrels,
centralizers, contact rings, wash pipes, shaker screens for solids control, overshot and

grapple, marine risers, surface flow lincs, and combinations thercof.

42.  The coated sleeved device of any one of claims 1, 26 or 27, wherein the

one or more cylindrical bodies are completion and production devices.
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43,  The coated slecved device of claim 42, wherein the completion and
production devices are chosen from: plunger lifts; completion sliding sleeve
assemblies; coiled tubing; sucker rods; Coreds™ ™ tubing string; pumping jacks;
stuffing boxcs; packofts and lubricators; pistons and piston liners; vaned rotors and
stators of Moyno' ™ and progressive cavity pumps; expandable tubulars; expansion
mandrels; conirol lines and conduits; tools operated in well bores; wireline/ braided
line/ multi-conductor/ single conductor/ slickline; cenitralizers; contact rings;
perforated basepipe; slotied basepipe; screen basepipe for sand control; wash pipes;
shunt tubes; service tools used in gravel pack operations; blast joints; sand screens
disposed within completion intervals; Mazeflo™ completion screens; sintered screens;
wirewrap screens; shaker screcus for solids control; overshot and grapple; marine

risers; surface flow lings, stimulation treatment lines, and combinations thereof,

44, The coated sleeved device of claim 1 wherein the one or more

cylindrical bodies are a pin or box connection of a pipe tool joint.

45, The coated sleeved device of claim 44 wherein the one or more
cylhindrical bodies are coufigured with a proximal cylindrical cross-section that is

circular in cross-section.

46.  The coated sleeved device of claim 44 wherein the one or more
cylindrical bodies are configured with a proximal eyvlindrical cross-section that is

non--circular in cross-section.

47, The coated sleeved device of claim 44 wherein the pin or box
connection is oriented such that the pin is facing up and the box is facing down

relative to the direction of gravity.

48.  The coated sleeved device of claim 44 wherein the pin or box
connection is oriented such that the pin is facing down and the box is facing up

relative to the direction of gravity.
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49, The coated sleeved device of claim 1, wherein the one or more sleoves
comprise iron based materials, carbon steels, steel alloys, stainless steels, Al-base
alloys, Ni-base alloys, Ti-base alloys, ceramics, cermets, polymers, tungsten carbide

cobalt, or combinations thereof.

50, A coated sleeved oil and gas well production device comprising:

an ol and gas well production device including one or more bodies with

the proviso that the one or more bodies docs not include a drill bit,

ong or more sleeves proximal to the outer surface or tnmer surface of the

one or more bodies,

a coating on at least a portion of the inner sleeve surface, the outer

sleeve surface, or a combination thereof of the one or more sleeves,
wherein the coating comprises one or more ultra-tow friction layers,

and one or more buttering layers interposed between the one or more

slecves and the ultra-low friction coating,

wherein at Jeast one of the buttering layers has a minimum hardness of

400 VHN.

51. The coated sleeved device of claim 50 wherein the ultra-low friction

coating further comprises one or more buffer layers.

52, The coated sleeved device of claim 50 or claimm 51 wherein at least one
of the layers is graded, or at least one of the interfaces between adjacent layers is

graded, or combinations thereof
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53, The coated sleeved device of claim 50, wherein the one or more
ultra-low friction layers are chosen from: an amorphous alloy, an clectroless
nickel-phosphorous composite, graphite, MoS,, WS,, a fullerence based composite, a
boride based cermet, a quasicrystalline material, a diamond based material,
diamond-like-carbon (DLC), boron nitride, carbon nanotubes, graphenc sheets,
metallic particles of high aspect ratio (L. relatively long and thin), ring-shaped

materials including carbon nanorings, oblong particles and combinations thereof,

54,  The coated sleeved device of claim 53, wherein the diamond based
material is chemical vapor deposited (CVD) diamond or polyerystalling diamond

compact (PDRC).

55.  The coated sleeved device of claim 50, wherein at least one ulira-low

friction layer 1s diamond-like-carbon (DLC).

56.  The coated slecved device of claim 55, wherein the diamond-like-carbon
(DLCY is chosen from: ta-C, ta-C:H, DLCH, PLCH, GLCH, Si-DLC, Ti-DLC,
Cr-DLC, N-DLC, O-DLC, B-DLC, Me-DLC, F-DLC, S-DLC and combinations

thereof,

57. The coated slecved device of ¢laim 50, wherein the ulira-low friction

. - o~ p 2
coating provides a surface cnergy less than 1 J/m”,

58,  The coated sleeved device of claim 50, wherein the ultva-low friction
coating on at least a portion of the exposed outer surface of the body assembly

provides a hardness greater than 400 VHN,

59.  The coated sleeved device of claim 50, wherein the cocfficient of

friction of the coating is less than or equal to 0.15.



WO 2012/116036 PCT/US2012/026065

60.  The coated slecved device of claim 50, wherein the coating provides at

least 3 times greater wear resistance than an uncoated device.

61.  The coated sleeved device of claim 50, wherein the water contact angle

of the ultra-low friction coating is greater than 60 degrees.

62. The coated sleeved device of claim 50 or 51 wherein the thickness of the

ultra-low friction coating ranges from (.5 microns to 5000 microns.

63. The coated sleeved device of claim 58 or 51 wherein the thicknesses of

the one or more layers are between 0.001 and 5000 microns.

64.  The coated sleeved device of claim 32 wherein the thicknesses of the
one or more interfaces are between 0.01 to 10 microns or between 3% to 95% of the

thickness of the thinnest adjacent layer.

63,  The coated sleeved device of claim 51, wherein the one or more buffer
layers are chosen from elements, alloys, carbides, nitrides, carbo-nitrides, borides,
sulfides, silicides, and oxides of silicon, aluminum, copper, molybdenum, titaniom,
chromiurm, tungsten, tantalum, niobium, vanadiur, zirconium, hafniom, or

combinations thereof,

66.  The coated sleeved device of claim 50, wherein the one or more sleeves

further includes hardbanding on at least a portion thereofl

67.  The coated sleeved device of claim 66, wherein the hardbanding
comprises cormiet based materials; metal matrix composites; nanocrystalline mctallic
alloys; amorphous alloys; hard metallic alloys; carbides, nitrides, borides, or oxides of
elemental tungsten, titantum, niobium, molybdenum, fron, chromium, and silicon

dispersed within a metallic alloy matrix; or combinations thercof.
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68, The coated slecved device of claim 66 wherein the hardbanding has a

patterned surface.

69.  The coated sleeved device of claim 68 wherein the patterned
hardbanding surface includes recessed and raised features that range from 1mm to

Sy in depth.

70. The coated sleeved device of claim 69 wherein the recessed features

comprise 10% to 90% of the area in the hardbanding region.

71.  The coated sleeved device of claim 68 wherein the hardbanding has a
pattern chosen fromu lateral grooves or slots, longitudinal grooves or slots, angled
grooves or slots, spiral grooves or slots, chevron shaped grooves or slots, recessed

dimples, proud divaples, and combinatiouns thereof.

72.  The coated slecved device of claim 58, wherein the one or more
buttering layers comprise a stainiess steel, a chrome-based alloy, an iron-based alloy,
a cobalt-based alloy, a titanium-based alloy, or a nickel-based alloy, alloys or carbides
or nitrides or carbo-nitrides or borides or silicides or sulfides or oxides of the
tollowing elements: silicon, titanium, chromiumm, aluminum, copper, ron, nickel,
cobalt, molybdenum, tungsten, tantalum, niobium, vanadium, zirconium, hafnium, or

combinations thereof,

73, The coated sleeved device of claim 50, wherein the one or more
buttering layers is formed by one or more processes chosen from: PVD, PACVD,
VD, carburizing, nitriding, boronizing, sulfiding, siliciding, oxidizing, an
electrochemical process, an electroless plating process, a thermal spray process, a
kinetic spray process, a laser-based process, a friction-stir process, a shot peening
process, a laser shock peening process, a welding process, a brazing process, an ultra-
fine superpolishing process, a tribochemical polishing process, an electrochemical

polishing process, and combinations thereof.
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74, The coated sleeved device of claim 50, wherein the one or more
buttering layers provide an uitra-smooth surface finish of average surface roughness

lower than 0.25 micron.

75, The coated sleeved device of claim 50, wherein the one or more bodies

include two or more bodies in relative motion to each other.,

76.  The coated sleeved device of claim 50, wherein the one or more bodies

include two or more bodies that are static relative to each other.,

77.  The coated sleeved device of c¢laim 50, wherein the one or more bodies

include spheres and complex geometrics.

78.  The coated slecved device of claim 77, wherein the complex geometrigs

have at least a portion that is non-cylindrical in shape.

79, The coated sleeved device of claims 75 or 76, wherein the two or more

bodies include one or more bodics substantially within one or more other bodies.

0.  The coated sleeved device of claims 73 or 76, wherein the two or more

bodies are contiguous to each other.

-
!

81.  The coated sleeved device of claims 75 or 76, wherein the two or more

bodies are not contiguous to cach other,

82.  The coated sleeved device of claim 75 or 76, wherein the two or more

bodies are coaxial or non-coaxial,

83.  The coated sleeved device of claim 50, wherein the one or more bodies

are solid, hollow or a combination thereof,
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84,  The coated sleeved device of claim 50, wherein the one or more bodies
include at least one body that is substantially circular, substantially elliptical, or
substantially polygonal in outer cross-section, inner cross-section or inner and outer

cross-section,

&5, The coated sleeved device of ¢laim 50, wherein the one or more bodies

further include threads.

86.  The coated sleeved device of claim 85, wherein at least a portion of the

threads are coated.

87.  The coated sleeved device of claim 85 or 86, further comprising a

scaling surface, wherein at least a pottion of the sealing surface is coated.

88.  The coated slecved device of any one of claims 50, 75, or 76, wherein

the one or more cylindrical bodies are well construction devices.

89.  The coated sleoved device of claim 88, wherein the well constraction
devices are chosen from: chokes, valves, valve seats, nipples, ball valves, annular
isolation valves, subsurface safety valves, centrifuges, elbows, tees, couplings,
blowout preventers, wear bushings, dynamic metal-to~-metal seals in veciprocating
and/or rotating seals assemblies, springs in safety valves, shock subs, and jars, logging

tool arms, tig skidding equipment, pallets, and combinations thereof,

9.  The coated sleeved device of any one of claims 50, 75, or 76, wherein

the one or more bodies are completion and production devices.
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91.  The coated slecved device of claim 90, wherein the completion and
production devices are chosen from: chokes, valves, valve seats, nipples, ball valves,
inflow control devices, smart well valves, annular isolation valves, subsurface safety
valves, centrifuges, gas lift and chemical injection valves, elbows, toes, couplings,
blowout proventers, wear bushings, dynamic metal-to-metal seals in reciprocating
and/or rotating scals assemblies, springs in safety valves, shock subs, and jars, logging
tool arms, sidepockets, mandrels, packer slips, packer latches, sand probes, wellstream

gauges, non-cylindrical components of sand screeuns, and combinations thereof.

G2.  The coated sleeved device of claim 54, wherein the one or more sleeves
comprise iron based materials, carbon steels, steel alloys, stainless steels, Al-base
alloys, Ni-base alloys, Ti-base alloys, ceramics, cermets, polymers, tungsten carbide

cobalt, or combinations thereof.

93, A method of using a coated sleeved o1l and gas well production device

comprising:

providing a coated oil and gas well production device including one or wore
cylindrical bodies with one or more sleeves proximal to the outer diameter or the inner
diameter of the one or more cylindrical bodigs, hardbanding on at least a portion of the
exposed outer surface, exposed inner surface, or a combination of both exposed outer
or inner surface of the one or more sleeves, and a coating on at least a portion of the
inner slegve surface, the outer sleeve surface, or a combination thereof of the one or
more sleeves, wherein the coating comprises one or more ultra-low friction layers, and
one or more buttering layers interposed between the hardbanding and the ultra-low

friction coating, and

utilizing the coated sleeved oil and gas well production device in well

consiruction, completion, or production operations,

94.  The method of claim 93 wherein the hardbanding has a patterned

surface.
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95.  The method of claim 94 wherein the patterned hardbanding surface

includes recessed and raised features that range from lmm to Smm in depth.

96.  The method of claim 94 wherein the recessed features comprise 10% to

90% of the area in the hardbanding region

97.  The method of claim 94 wherein the hardbanding has a pattern chosen
from: lateral grooves or slots, longitudinal grooves or slots, angled grooves or slots,
spiral grooves or slots, chevron shaped grooves or slots, recessed dimples, proud

dimples, and combinations thereof.

98.  The roethod of claim 93 wherein the ultra-low friction coating futther

comprises one or more buffer layers.

99, The method of claim 93 or claim 98 wherein at least one of the layers is
graded, or at least one of the interfaces between adjacent layers is graded, or

combinations thereof,

100. The method of claim 93, wherein the one or more ulira-low friction
tavers are chosen from: an armorphous alloy, an electroless nickel-phosphorous
composite, graphite, Mo&,, WS,, a fullerene based composite, a botide based cermet,
a guasicrystalline material, a diamond based material, diamond-like-carbon (DLC),
boron nitride, carbon nanotubes, graphene sheets, metallic particles of high aspect
ratio (i.¢. relatively long and thin}, ring-shaped waterials including carbon nanorings,

oblong particles and corubinations thereof.

101, The method of claim 100, wherein the diamond based material is
chemical vapor deposited (CVD) diamond or polyerystalline diamond compact

(PDC).
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102.  The method of claim 93, wherein at least one ultra-low friction layer is

diamond-like-carbon (DLC),

103, The method of claim 102, wherein the diamond-like-carbon (DLC) is
chosen from: ta-C, ta-C:H, DLCH, PLCH, GLCH, Si-DLC, Ti-DLC, Cr-DLC, N-DLC,
O-DLC, B-DLC, Me-DLC, F-DLC, S-DLC and combinations thereof.

104, The method of claim 93, wherein the ultra-low friction coating provides

a surface energy less than 1 J/m".

105, The method of claim 93, wherein the ulira~-low friction coating on at
least a portion of the exposed outer surface of the body assembly provides a hardness

greater than 400 VHN.

106.  The method of claim 93, wherein the coefficient of friction of the

coating is less than or equal to 0.15.

107, The method of claim 93, wherein the coating provides at least 3 times

greater wear resistance than an uncoated device.

108,  The method of claim 93, wherein the water contact angle of the

ultra-low friction coating is greater than 60 degrees,

109. The method of claim 93 or 98 wherein the thickness of the ultra-low

friction coating ranges from 0.5 microns to 5000 microns.

116, The method of claim 93 or 98 wherein the thickuesses of cach of the one
or more ultra-low friction, buttering, and buffer layers is between 0.001 and 5000

MIcrons.
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111, The method of claim 99 wherein the thicknesses of the one or more
interfaces are between 0.01 to 10 microns or between 5% to 95% of the thickness of

the thinnest adjacent layer.

112, The method of claim 98, wherein the one or more buffer layers are
chosen from elements, alloys, carbides, nitrides, carbo-nitrides, borides, sulfides,
silicides, and oxides of silicon, aluminum, copper, molybdenum, titanium, chromium,
tungsten, tantalum, niobium, vanadium, zirconium, hafnium, and combinations

thereof.

113, The method of claim 93, wherein the hardbanding cornprises cerruet
bascd materials; metal matrix cornposiies; nanocrystalline metallic alloys; amorphous
alloys; hard metallic alloys; carbides, nitrides, borides, or oxides of elemental
tungsten, titanium, niobium, molybdenum, ron, chromium, and silicon dispersed

within a metallic alloy matrix; or combinations thereof,

114,  The method of claim 93, wherein the one or more buttering layers
comprise a stainless steel, a chrome-based alloy, an iron-based alloy, a cobalt-based
alloy, a titantum-based alloy, or a nickel-based alloy, alloys or carbides or nitrides or
carbo-nitrides or borides or silicides or sulfides or oxides of the following elements:
silicon, titantum, chromium, aluminum, copper, iron, nickel, cobalt, molvbdenum,

tungsten, tantalum, niohium, vanadivm, zirconium, hafnium, or combinations thereof,

115, The method of claim 93, wherein the one or more buttering layers s
tformed by ong or more processes chosen from: PVD, PACVD, CVD, ion
implantation, carburizing, nitriding, boronizing, sulfiding, siliciding, oxidizing, an
electrochemical process, an electroless plating process, a thermal spray process, a
kivetic spray process, a laser-based process, a friction-stir process, a shot peening
process, a laser shock peening process, a welding process, a brazing process, an ulira-
fine superpolishing process, a tribocheruical polishing process, an electrochemical

polishing process, and combinatious thereof.
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116, The method of claim 93, wherein the one or more buttering layers
rovide an ultra-smooth surface finish of average surface roughness lower than 0.25
£ £

Ticron,

117, The method of claim 93 wherein at least one of the buttering layers has a

minimum hardness of 400 VHN,

118.  The methoed of claim 93, wherein the one or more cylindrical bodics

include two or more cylindrical bodies in relative motion to cach other.

119.  The method of claim 93, wherein the one or more cylindrical bodies

include two or more cylindrical bodies that are static relative to each other.

120.  The method of claim 119, wherein the two or more cylindrical bodies

include two or more radii.

121, The method of claim 120, wherein the two or more cylindrical bodies
include one or more cylindrical bodics substantially within one or more other

cylindrical bodies.

122.  The method of claim 120, wherein the two or more eylindrical bodies

are contiguous to cach other.

123.  The method of claim 120, wherein the two or more eylindrical bodies

are not contiguous to cach other,

124, The method of claim 122 or 123, wherein the two or more cylindrical

bodies are coaxial or non-coaxial.

125,  The method of claim 124, wherein the two or more cylindrical bodies

have substantially parallel axes.
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126. The method of claim 93, wherein the one or more cylindrical bodies are

helical in inner surface, helical in outer surface or a combination thereof,

127, The method of claim 93, wheretn the one or more cyhindrical bodies are

solid, hollow or a combination thereof.

128, The method of claim 93, wheretin the one or more cvlindrical bodies
include at least one cylindrical body that is substantially circular, substantially
elliptical, or substantially polygonal in outer cross-section, inner cross-section or inner

and outer cross-section.

129, The method of claim 93, wherein the one or more cylindrical bodies

further include threads.

136, The method of claim 129, wherein at least a portion of the threads are

coated.

131, The method of claim 129 or 130, further comprising a sealing surface,

wherein at least a portion of the sealing surface 18 coated.

132,  The method of any one of claims 93, 118, or 119, wherein the one or

more cylindrical bodies are well construction devices.

133. The method of claim 132, wherein the well construction devices are
chosen from: drill stem, casing, tubing string, wireline/ braided ling/ multi-conductor/
single conductor/ slickline; coiled tubing, vaned rotors and stators of Moyno' ™ and
progressive cavity pumps, expandable tubulars, expansion mandrels, centralizers,
comtact rings, wash pipes, shaker screens for solids control, overshot and grapple,

marine risers, surface flow lines, and combinations thereof.

134, The method of any one of claims 93, 118 or 119, wherein the one or

more cylindrical bodies are completion and production devices.
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135.  The method of claim 134, wherein the completion and production
devices are chosen from: plunger lifts; complction sliding sleeve assemblics; coiled
tubing; sucker rods; Corods’™; tubing string; pumping jacks; stuffing boxes; packoffs
and lubricators; pistons and piston liners; vaned rotors and stators of Moyno™™ and
progressive cavity pumps; expandable tubulars; cxpansion mandrels; control lines and
conduits; tools operated in well bores; wircline/ brawded line/ multi-conductor/ single
conductor/ slickline; centralizers; contact rings; perforated basepipe; slotted basepipe;
screen basepipe for sand control; wash pipes; shunt tubes; service tools used in gravel
pack operations; blast joints; sand screcus disposed within completion jutervals;
Mazeflo™ completion screens; sintered screens; wirewrap screcns; shaker sereens for
solids control; overshot and grapple; marine risers; surface flow lines, stimulation

treatment lines, and combinations thereof.

136.  The method of claim 93 wherein the one or more cylindrical bodies are a

pin or box connection of a pipe tool joint.

137.  The method of claim 136 wherein the one or more cylindrical bodies are

configured with a proximal cylindrical cross-section that is circular in cross-section.

138, The method of claim 136 wherein the one or more cylindrical bodies are
configured with a proximal cvlindrical cross-section that is non-circular tn

cross-section.

139, The method of claim 136 wherein the pin or box connection is oriented
such that the pin is facing up and the box is facing down relative to the direction of

gravity,

140.  The method of claim 136 wherein the pin or box connection is oriented
such that the pin is facing down and the box is facing up relative to the direction of

gravity.



WO 2012/116036 PCT/US2012/026065

128 -

141,  The method of claim 93, wherein the one or more sleeves comprise iron
based materials, carbon steels, steel alloys, stainless steels, Al-base alloys, Ni-base
alloys, Ti-base alloys, ceramics, cormets, polymers, tungsten carbide cobalt, or

combinations thereof,

142, The method of claim 100, wherein the diamond-like-carbon (DLC) is
applied by physical vapor deposition, chemical vapor deposition, or plasma assisted

chemical vapor deposition coating techniques.

143, The method of claim 142, wherein the physical vapor deposition coating
method s chosen from: RF-DC plasma reactive magnctron sputtering, ion beam

assisted deposition, cathodic arc deposition and pulsed laser deposition.

144. A method of using a coated sleeved oil and gas well production device

comprising:

providing a coated oil and gas well production device including one or more
bodies with the provise that the one or more bodies does not include a drill bit, with
one or more sleeves proximal to the outer surface or inner surface of the one or more
bodies, and a coating on at least a portion of the inner sleeve surface, the outer sleeve
surface, or a combination thercof of the one or more sleeves, wherein the coating
comprises one or more ultra-low friction layers, and one or more buttering layers
interposed between the one or more sleeves and the ultra-low friction coating, wherein

at lcast one of the buttering layers has a minimum hardness of 400 VHN, and

utilizing the coated sleeved oil and gas well production device 1o well

coustruction, completion, or production operations.

145, The method of claim 144 wherein the ultra-low friction coating further

comprises one or more buffer layers.
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146, The method of claim 144 or claim 145 wherein at lcast onc of the layers
is graded, or at least one of the interfaces between adjacent layers is graded, or

combinations thereof,

147,  The method of claim 144, wherein the one or more ultra-low friction
tavers are chosen from: an armorphous alloy, an electroless nickel-phosphorous
composite, graphite, MoS,;, WS,, a fullerene based composite, a boride based cermet,
a guasicrystalline material, a diamond based material, diamond-likecarbon (DLC),
boron nitride, carbon nanotubes, graphene sheets, metallic particles of high aspect
ratio (i.c. relatively long and thin), ring-shaped materials including carbon nanorings,

oblong particles and combinations thereof.

14R8.  The method of claim 147, wherein the diamond based material is
chemical vapor deposiied (CVD) diamond or polyerystalline diamond compact

(PDC).

149, The method of claim 144, wherein at least one ultra-low friction layer is

diamond-like-carbon (DLC).

150, The method of claim 149, wherein the diamond-like-carbon (DLC) is
chosen from: ta-C, ta-C:H, DLCH, PLCH, GLCH, Si-DLC, Ti-DLC, Cr-DLC, N-DLC,
O-DLC, B-DLC, Me-DLC, F-DLC, S-DLC and combinations thereof,

151, The method of claim 144, wherein the ultra-low friction coating

provides a surface energy less than 1 J/m”.

152, The method of claim 144, wherein the ultra-low friction coating on at
least a portion of the exposed outer surface of the body assembly provides a hardness

greater than 400 VHN.
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153, The method of claim 144, wherein the cocfficient of friction of the

coating is less than or equal to 0.15.

1534, The method of claim 144, wherein the coating provides at least 3 times

greater wear resistance than an uncoated device.

155, The method of claim 144, wherein the water contact angle of the

ultra-low friction coating is greater than 60 degrees,

156. The method of ¢claim 144 or 145 wherein the thickness of the ulira-low

friction coating ranges from 0.5 microns to 5000 microns.

157. The method of claim 144 or 145 wherein the thicknesses of the one or

more layers are between 0.001 and 5000 microuns.

158, The method of claim 146 wherein the thicknesses of the one or more
interfaces are between .01 to 10 microns or between 5% 10 95% of the thickness of

the thinnest adjacent layer.

159. The method of claim 1435, wherein the one or more buffer layers are
chosen from elements, alloys, carbides, nitrides, carbo-nitrides, borides, sulfides,
silicides, and oxides of silicon, aluminum, copper, molybdenum, titanium, chromium,

tungsten, tantalum, niobium, vanadium, zirconium, hafnium, or combinations thereof

160. The method of claim 144, wherein the one or more bodies further

includes hardbanding ou at least a portion thereof.

161, The method of claim 160, wherein the hardbanding comprises cermet
based materials; metal matrix composites; nanocrystalline metallic alloys; amorphous
alloys; hard metallic alloys; carbides, nitrides, borides, or oxides of elemental
tungsten, titanium, nichium, molybdenum, iron, chromium, and silicon dispersed

within a metallic alloy matrix; or combinations thereof.
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162.  The method of claim 160 wherein the hardbanding has a patterned

surface.

163.  The method of claim 162 wherein the patterned hardbanding surface

mcludes recessed and raised features that range from lram to Smm o depth.

164, The method of claim 163 wherein the recessed features comprise 10% to

90% of the arca in the hardbanding region.

165, The method of claim 162 wherein the hardbanding has a patiern chosen
from: lateral grooves or slots, longitudinal grooves or slots, angled grooves or slots,
spiral grooves or slots, chevron shaped grooves or slots, recessed dimples, proud

dimples, and combinations thereof.

166, The method of claim 144, wherein the one or more buttering layers
comprise a stainless steel, a chrome-based alloy, an iron-based alloy, a cobalt-based
alloy, a titantum-based alloy, or a nickel-based alloy, alloys or carbides or nitrides or
carbo-nitrides or borides or silicides or sulfides or oxides of the following elements:
silicon, titanium, chromium, aluminum, copper, iron, nickel, cobalt, molvbdenum,

tungsten, tantalum, niobium, vanadium, zirconium, hafnium, or combinations thereof.

167. The method of claim 144, wherein the one or more buttering lavers is
formed by one or more processes chosen from: PVD, PACVD, CVD, carburizing,
aitriding, boronizing, sulfiding, siliciding, oxidizing, an electrochemical process, an
electroless plating process, a thermal spray process, a kinetic spray process, a laser-
based process, a friction-stir process, a shot peening process, a laser shock peening
process, a welding process, a brazing process, an ultra-fine superpolishing process, a
tribochemical polishing process, an electrochenical polishing process, and

combinations thereof,
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168, The method of claim 144, wherein the one or more buttering layers
rovide an ultra-smooth surface finish of average surface roughness lower than 0.25
£ £

Ticron,

169.  The method of claim 144, wherein the one or more bodies include two

or more bodies in relative motion to each other.

170.  The method of claim 144, wherein the one or more bodies include two

or more bodies that are static relative {o cach sther.

171.  The method of claim 144, wherein the one or more bodies include

spheres and complex geometries.

172, The method of claim 171, wherein the complex geometries have at least

a portion that is non-cylindrical in shape.

173, The method of claims 169 or 170, wherein the two or more bodics

include one or more bodies substantially within one or more other bodies.

174,  The method of claims 169 or 170, wherein the two or more bodies are

contiguous to each other,

175. The method of claims 169 or 170, wherein the two or more bodies are

not contiguous to cach other.

176, The method of claim 169 or 170, wherein the two or more bodies are

coaxial or non-coaxial.

177.  The method of claim 144, wherein the one or more bodics are solid,

hollow or a combination thereof,
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178.  The method of claim 144, wherein the one or more bodics inchude at
least one body that is substantially circular, substantially elliptical, or substantially

polygonal in outer cross-section, NCr cross-section or innet and outer cross-section.

179,  The method of claim 144, wherein the one or more bodies further

include threads.

180.  The method of claim 179, wherein at least a portion of the threads are

coated.

181. The method of claim 179 or 180, further comprising a scaling surface,

wherein at least a portion of the sealing surface is coated.

182, The method of any one of claims 144, 169, or 170, wherein the one or

more cylindrical bodies are well construction devices.

183.  The method of claim 182, wherein the well construction devices are
chosen from: chokes, valves, valve seats, nipples, ball valves, annular isolation
valves, subsurface safety valves, centrifuges, clbows, tees, couplings, blowout
preveunters, wear bushings, dynamic wetal-to-metal seals in reciprocating and/or
rotating seals assemblies, springs tn safety valves, shock subs, and jars, logging tool

arms, 1ig skidding equipment, pallets, and combinatious thereof.

184, The method of any onc of claims 144, 169, or 170, wherein the one or

more bodies are completion and production devices.
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185,  The method of claim 184, wherein the completion and production
devices are chosen from: chokes, valves, valve seats, nipples, ball valves, inflow
control devices, smart well valves, annular 1solation valves, subsurface safety valves,
centrifuges, gas litt and chemical injection valves, elbows, tees, couplings, blowout
proventers, wear bushings, dynamic metal-to-metal seals in reciprocating and/or
rotating scals assemblics, springs in safety valves, shock subs, and jars, logging tool
arms, sidepockets, mandrels, packer slips, packer latches, sand probes, wellstream

gauges, non-cylindrical components of sand screeuns, and combinations thereof.

186. The method of claim 144, wherein the one or more sleeves comprise
tron based materials, carbon steels, steel alloys, stainless steels, Al-base alloys,
Ni-base alloys, Ti-base alloys, ceramics, cermets, polymers, tungsten carbide cobalt,

or combinations thereof,

187. The method of claim 147, wherein the diamond-like-carbon {DLC) is
apphied by physical vapor deposition, chemical vapor deposition, or plasma assisted

chermical vapor deposition coating techruques.

18K, The method of claim 187, wherein the physical vapor deposition coating
method is chosen from: RF-DC plasma reactive magnetron sputtering, ion beam

assisted deposition, cathodic arc deposition and pulsed laser deposition.
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