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PH SENSITIVE ENCAPSULATED EXPANSION AGENT FOR WELL CEMENTING

BACKGROUND

The statements in this section merely provide background information related to the present
disclosure and may nc;t constitute prior art.

The present disclosure broadly relates to cement and ceménting operations.

Hydraulic cement is any substance provided (at least at one time in the manufactliring
process) in a powdered or granular form, that when mixed with a suitable amount of water, can
form a paste that can be poured or molded to set as a solid mass. In the oil and gas industry, good
bonding bétween set cement and casing, and also between set cement and the formation, are
essentiéi for effective zonal isolation. Poor bonding limits production and reduces the effectiveness
of stimulation treatments. Communication between zones can be caused by inadequate mud
removal, poor cement/formation bonding, expansion and contraction of the casing resulting from
internal pressure variations or thermal stresses, and cement contamination by drilling or formation
~ fluids. Under such circumstances a small gap or microannulus may form at the cement/casing
| interface, the cement/formation interface, or both.

Representative examples of shrinkage-compensating cement are found in US7988782,
US20150107493 and US44_19136. ‘

Expansive cement has also been used in the oil and gas industry to cement wells.
Representative examples of this technolbgy are found in US2465278, US3884710, US4002483,
US4797159, US5942031, US6966376, and US14/307430. Use of expanding agents to cement
wells is problematic since the expanding agents known in the art begin hydrating and thus begin
to expand as soon as they contact water. Accordingly, if the expanding agent is going to expand
the cement after the cement slurry is positioned within the well, the expanding agent cannot be
added to the cement slurry mix water. Also, when the expansion agent is added to the slurry, the
viscosity and/or yield stress of the slurry may increase before the slurry can be placed and set. This
is especially problematic when the cemeht slurry is exposed to increased temperature conditions
such as are frequently encountered downhole in a well. Incorporation of expanding agents thus
leads to difficulties in pumping and placement of the slurry, along with complicating job design.

Moreover, since the cement slurry is readily flowable, any hydration of the expanding
agent that’oécurs before the cement begins to set does not contribute to producing a compressive

force within the annulus of the well due to the expansion of the set cement.
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Various efforts to delay expansion have been suggested. Coating of metal oxide particles
with non-hydratable or previously hydrated minerals such as metal carbonates, hydroxides and
hydrates was suggested in US4332619, US5741357, EP2169027A1, EP2246408, US7494544,
US20020037306, US7670627l, but these materials are not activated by pH to begin a delay process
which allows for placement in the annulus of the well prior to allowing expansion of the cement.
These formulations are also difficult to prepare and have had only limited success. Other general
examples of encapsulated materials for delivery include US20130065755, U826050123596,
US20040234597, US20040109894, W02005030174, US7722954, and US6209646.

Portland cement manufacturers have employed shrinkage-compensating cements that
include an offsetting “expansive cement”, which is a cement that when mixed \with water forms a
paste. This paste then sets to form a hardened cement. After setting, the cement increases in
volume to significantly greater degree than Portland cement paste to form an expanded set cement
as defined in the American Concrete Institute 223R-10 Guide for the Use of Shrinkage-
Compensating Concrete (2010). Representative examples of shrinkage-compensating cement are
found in US7988782, US20150107493 and US4419136.

The cement industry in genéral, is in need of ways to improve the preparation, handling
| and design of hydraulic cements with hydratable expanding agents that address these problerhs
and shortcomings; and the oil and gas industry is in need of ways to better and more controllably
delay expansfon of the expanding agents, and to improve the bonding between the set cement and

the casing within the well annulus.

SUMMARY

Some embodiments of the present disclosure are directed to expanding cement
formulations, along with methods and systems for placing the cement. In some embodiments, the
formulations include a delayed action encapsulated expanding agent activated by the basic pH of
the cement, which expands as the cement sefs to form a radially pre-stressed cement sheath within
an annulus between the well casing and a surrounding barrier, such that the expanded set cement
is transversely compressed between, and bonded to, the well casing and the borehole wall or

another tubular body concentric with the well casing.

In one aspect, embodiments are directed to capsules comprising an expanding agent at least

partially surrounded by a shell, wherein the shell is essentially impermeable to water at a pH in the
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range of 6 to 9 below an activating pH of the shell, and wherein the shell becomes water permeable

from exposure to at least one pH in the range of 10 to 14 greater than the activating pH of the shell.

In another aspect, embodiments are directed to the capsules in an aqueous medium at a pH

below the activation pH.

In another aspect, embodiments are directed to the capsules in a cement slurry comprising
hydraulic cement and water at a pH above the activation pH. In some embodiments, the expanding
agent is present in the cement slurry at a concentration between 0.1 weight percent and 30 weight

percent, based on the total weight of the hydraulic cement present.

In another aspect, embodiments are directed to the capsules in a dry blend with hydraulic

cement.

In another aspedt, embodiments areb directed to a method to cement a subterranean well
having a borehole disposed through a formation, comprising: (i)  preparing a cement sldrry
comprising water, hydraulic cement, the capsules according to any one of claims 1 to 11, and a pH
above the activating pH; (ii) placing the slurry in an annular region of the well between a first
tubular body and a borehole wall, or between the first tubular body and a second tubular body; (iii)
hardening the slurry to form an at least partially set cement; and (iv) hydrating and expanding the

expanding agent to form an expanded set cement within the annular region.

~ In another aspect, embodiments are directed to a system for cementing a subterranean well
in an annulus between a casing disposed within a borehole and a formation, comprising the
capsules in a cement slurry comprising hyd}aulic cement and water at a pH above the activation

pH; and a pumping system to place the cement slurry in the annulus.

In another aspect, embodiments are directed to a method to pfoduce a cement slurry,
comprising: combining water and the capsules to form a first mixture of the capsules in aqueous
medium at a pH below the activation pH; combining the first mixture with hydraulic cement to

produce the cement slurry having a pH gréater than the activating pH; and delaying the infiltration.

In another aspect, embodiments are directed to a cement slurry comprising water, a
hydraulic cement and capsules comprising an expanding agent comprising calcium oxide,
magnesium oxide, calcium sulfate hemihydrate, or a combination thereof, at least partiaily
surrounded by a shell which becomes water permeable at the pH of the cement slurry, e.g., a pH
greater than about 10, and which allows less than 50% relative expansion of the cement, based on

a total percent expansion of the expanded set cement determined according to API-10B-5, prior to
3
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‘an initial set time for the cement slurry, and greater than 50% relative expansion of the cement,
based on the total percent expansion of the expanded set cement after the initial set time for the

cement slurry, determined according to ASTM C191-04a.

In still another aspect, a system for cementing a subterranéan well in an annulus between

a casing disposed within a borehole and a formation, comprises: a cement slurry comprising water,
hydraulic cement and capsules comprising an expanding agent at least partially surrounded by a
shell which becomes water permeable at a pH greater than about 8 to allow infiltration of a portion

. of the wafer into the capsules hydrating the expanding ‘agent thereby expanding the expanding
. agent to form an expanded set cement; and a pumping system suitable to place a stége of the slurry

in the annulus.

In anotherraspect, embodiments are directed to methods to cement a subterranean well
having a borehole disposed through a formation, .comprising': @ pteparing a cement slurry
comprising water, hydraulic cement and capsules comprising an expanding agent at least partially
surrounded by a shell which becomes water permeable from exposure to a pH greater than an
activating pH, e.g., ata pH of the cement slurry that is greater than about 10; (ii)v placing the slurry
in an annular region of the well between a first tubular body and a borehole wall, or between the
first tubular body and a second tubular body; (iii) hardening the slufry to form an at least partially
~ set cement; and (iv) hydrating and expanding the expanding agent to form an expanded set cement

within the annular region. '

In another aspect, embodiments are directed to mix water useful to prepare a cement slurry,
comprising an aqueous medium and capsules dispersed in the aqueous medium, the capsules
comprising an eXpanding agent at least partially surrounded by a shell essentially impermeable to
water, wherein the shell becomes water permeable from exposure to at least one pH in the range
of 10 to 14 greater than an activating pH of the shell, and wherein the aqueous medium comprises

a pH in the range of 6 to 9 below the activating pH.

In another aspect, embodiments are directed to a cement slurry comprising water, a
hydraulic cement, a pH in the range of 10 to 14, and capsules comprising an expanding agent at-
least partially surrounded by a shell, wherein the shell is essentially impermeable to watef at apH
in the range of 6 to‘9, wherein the shell becomes water permeable from exposure to the pH of the
cement slurry, and wherein the shell allows less than 50% relative expansion, based on a total
percent expansion of the expanded set cement determined according to API-10B-5, to occur prior

to an initial set time for the cement slurry determined according to ASTM C191-04a, and greater -
4
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than 50% relative expansion determined according to API-10B-5, based on the total percent
expansion of the expanded set cement, to occur after the initial set time for the cement slurry,

determined according to ASTM C191-04a.

In another aspect, embodiments are directed to a mixture comprising capsules in an
aqueous medium, wherein the capsules comprise an expanding agent at least partially surrounded
by a shell, wherein the shell is essentially impermeable to water at a pH in the range of 6 to 9
below an activating pH of the shell, wherein the shell becomes water permeable from exposure to
at least one pH in the range of 10 to 14 greater than the activating pH of the shell, and wherein the

aqueous medium comprises a pH below the activation pH.

In another aspect, embodiments are directed to a method to produce a cement slurry,
comprising: combining water and capsules comprising an expanding agent at least partially
surrounded by a shell, which becomes water permeable at a pH greater than an activating pH, to
form a first mixture having a pH less than the activating pH; combining the first mixture with a
hydraulic cement to produce the cement slurry having a pH greater than the activating pH to allow
hydration of the expanding agent; and expanding the expanding agent to form an expanded set
cement in which less than 50% relative expansion, based on a total percent expansion of the
expanded set cement determined according to API-10B-5, occurs prior to an initial set time for the
cement slurry determined according to ASTM C191-04a, and greater than 50% relativé expansion.

of the cement occurs after the initial set time for the cement slurry.

BRIEF DESCRIPTION OF THE DRAWINGS |

FIG. 1A is a schematic diagram showing an essentially imperme\able capsule according to
embodiments of the disclosure; '

FIG. 1Bisa schematié diagram showing the capsule of FIG. 1A after beéoming permeable
according to embodiments of the disclosure; _

FIG. 1C is a schematic diagram showing the capsule of FIG. 1A and or FIG. 1B after
removal of shell material according to further embodiments of the disclosure;

FIG. 2 shows a diagram of a well cemented according to embodiments of the disclosure;

FIG. 3 shows a diagram of an annulus between two tubular members cemented according
to embodiments of the disclosure;

FIG 4 shows a capsule having a matrix island arrangement according to embodiments of

the disclosure; .
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FIG. 5 shows a diagram of an apparatus for measuring cement expansion and pre-stress
development; ' '

FIG. 6A - qualitatively shows the expected results of confined cement expansion
experiments with expanding agent capsules according to embodiments of the disclosure; and

FIG. 6B qualitatively show the expected resﬁlts of confined cement expansion experiments

with expanding agent capsules according to embodiments of the disclosure;

FIG. 7 is a graph of shear stress vs. shear rate for cement slurries containing dry expanding

agent and expanding agent exposed to wet conditions;
FIG. 8 is a graph showing mass loss of Nylon 6 upon aging at neutral pH and 130°C; and

FIG. 9 is a graph showing mass loss of Nylon 6 upon aging at pH=12.6 and 130°C.

DETAILED DESCRIPTION

The present disclosure will be described in terms of treatment of vertical wells, but is
equally applicabie to wells of any orientation. As used herein, “transverse” is intended to refer to
a direction transverse to the axis of the well, e.g., the horizontal direction in a vertical well and
vice versa. The disclosure will be described for hydrocarbon-production wells, but it is to be
understood that the disclosed methods can be used for wells for the production or injection of other
fluids, such as water or carbon dioxide, for example. It should also be understood that throughout
this specification, when a concentration or amount range is described as being useful; or suitable,
or the like, it is intended that any and every concentration or amount within the range, including
the end points, is to be considered as having been stated. Furthermore, each numerical value should
be read once as modified by the term “about” (unless already expressly so modified) and then read
again as not to be so modified unless otherwise stated in context. For example, “a range of from 1
to 10” is to be read as indicating each and every possible number along the continuum between
about 1 and abouf 10. In other words, when a certain range is expressed, even if only a few.specific
data points are explicitly identified or referred to within the range, or even when no data points are
referred to within the range, it is to be understood that applicant appreciates and understands that
any and all data points within the range are to be considered to have been specified, and that the
applicant has possession of the entire range and all points within the range.

As used in the speciﬁcdtion and claims, “near” is inclusive of “at.” The term “and/or” refers
to both the inclusive “and” case and the exclusive “or” case, whereas the term “and or” refers to

the inclusive “and” case only and such terms are used herein for brevity. For example, a component
6
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comprising “A and/or B” may comprise A alone, B alone, or both A and B; and a component
comprising “A and or B” may comprise A alone, or both A and B.

In this disclosure, the tubular body may be any string of tubulars that may be run into the
wellbore and at least partially cemented in place. Examples include casing, liner, solid expandable
tubular, production tubing, drill pipe, and the like. As used herein, a “set c;ement” refers to a
cement which has set (e.g., been allowed to cure, allowed to harden, and the like) for a time greater
than or equal to the “initial time of setting”, also referred to herein simply as the “initial set time”
as determined according.to ASTM C191-04a, “Time of Setting of a Hydraulic Cement by Vicat
Needle”, or an equivalent thereof. This same method is also used to determine the “final set time”
of the cement slurry.

As used herein, a “bond” between a body within the wellbo_re and the expanded set cement
refers to acoustically coupled contact between the body and the cement. Likewise, a bond between
the expanded set cement and the borehole or formation wall refers to contact between the two such
that the two are acoustically coupled and/or form a fluid-tight seal. For purposes herein, a well
casing, e.g., a tubular body, also referred to herein as a tubular member, is acoustically coupled to
the expanded set cement when the cement is shown to exist behind the well casing by acoustic
logging techniques known in the art. Accordingly, for purpoéels herein, a bond does not exist
between a well casing and a cement sheath when a micro annulus or airspace is present between
the two as shown by acoustic logging techniques. Likewise, as used herein, “compression” in the
annular region refers to compression in the transverse direction against or between the first tubular
member and the borehole wall or second tubular member due to expansion of the cement.

As used herein, a shell which becomes water permeable at an “activation pH” comprises
one or more components or features which allow for water infiltration into. the core through all or
part of the shell upon exposure, or following a period of delay after the exposure, of the shell to
an alkaline pH above the activation pH, such as when the cement slurry has a pH substantially
above the activation pH, e.g., 1 or more pH units. For purposes herein, unless stated otherwise, it
is to be uﬁderstood that the “pH activated shell” (i.e., a shell which becomes water permeable at a
particular pH above 7) is essentially impermeable to water when present in an aqueous solution
having a pH substantially less than the pH needed to activate the shell, e.g., 1 or more pH units
below the activation pH. It is to be further understood that for purposes herein, a pH activated
shell exposed to pH conditions below the activation pH may allow a trivial amount of water

infiltration.
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As used herein, “essentially impermeable” means that the pH activated shell is sufficiently
resistant to water infiltration such that there is substantially no hydration of the encapsulated
material in the particular slurry, system or method and/or conditions thereof, prior to increasing
the pH above the activation pH, e.g., less than 5% relative expansion of the core material in a 48-
hour period of exposure at the actual conditions, or less than 1 wt% liquid infiltration into the
capsule in a 48-hour period of exposure to the particular slurry or fluid at atmospheric pressure
and 25°C, based on the total weight of the capsule. In all embodiments herein, the shell may be
~ essentially impermeable to water at a pH of 10 or less, or a pH of 9.5 or less, or a pH of 9 or less,
or a pH of 8.5 or less, or at a pH otherwise below the activation pH.

For purposes herein, it is considered that evaluating whether a particular pH is above or
below the activation pH does not necessarily require icnowledge of a precise or even an
" approximate activation pH; this determination can be made simply by observing whether or not
the encapsulated expanding material hydrates and expands at the pH and or other conditions of
interest, i.e., if the expanding material hydrates and expands in the alkaline aqueous medium at the
test or downhole or other actual conditions, then the pH is above the activating pH; and conversely,
if the shell is essentially impermeable at the test or surface or other actual conditions, then the pH
is below theractivating pH.

For purposes herein, a shell which becomes water permeable at a particular pH may include
components or sections which are at least i)artially soiuble in aqﬁeous solutions having a pH above
the activating pH, and/or which undergo a chemical reaction upon contact with aqueous solutions
above the activating pH, and/or which decompose upon contact with aqueous solutions above the
activating pH, and/or which undergo a phase transition upon contact with aqueous solutions above
the activating pH. The shell thereby allows water infiltration or otherw;se allows hydration of the
expanding agent or other core material in (or from) the capsule. - In embodiments, a water
permeable shell includes a shell which at least partially surrounds a core, but which has or forms
pores, voids, and/or discontinuities within the shell which allow water to pass through the shell
and contact the core when present iﬁ an aqueous solution above the activating pH. As used herein,
a water permeable shell may also include a shell which allows diffusion of water through the shell,
e.g., via partial dissolution of the shell material and/or osmosis above the activating pH.

The terms capsule, encapsulated expanding agent, expanding agent capsule, and the like
are used interchangeably to refer to a capsule comprising a core as a single entity disposed within

a water-permeable shell or a core material dispersed throughout the shell matrix.
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As used herein, capsules may comprise a single-core arrangement or configuration, i.e., a
- single core at least partially contained within a water permeable shell (cf. FIG. 1A) and/or may
comprise a “matrix-island” arrangement or configuration in which the expanding agent is
distributed at least partially within each particle or capsules as small islands within a matrix of the
encapsulating or shell material (cf. FIG. 4), e.g., the expanding agent is dispersed as a
discontinuous phase within the continuous shell material. Unless stated otherwise, reference to a
capsule includes both single core-shell and matrix-island arrangements. n some embodiments,

the core is homogenous. In other embodiments, the core may comprise various components.

As used herein for ease of reference, when a polymer is referred to as comprising a
monomer, the monomer is present in the 'polymer is the po}lymerizednfor*m. The term polymer
generally refers to a composition having 20 or more “mer” units. A “mer” is defined as a repeating
unit of an oligomer or polymer that originally corresponded to the monomer from which the
polymer is produced. For example, fhe; "mer" of polylactic acid would be lactic acid. As used
herein, unless sﬁ;eciﬁcally stated otherwise, the term polymér may -also include an oligomer, which

is defined as having 2 to 19 “mer units”.

As used herein, a "polymer" may include both homopolymers (i.e., a polymer comprising
essentially one monomer, and/or a copolymer, which is defined for purposes herein as a polymer

comprising more than one monomer.

For purposes herein, an aliphatic moieiy ié defined as a linear and/or a branched saturated
hydrocarbon chain. An alicyclic moiety is defined as a cyclic hydrocarbdn chain, which may
further include one or more heteroatoms. An olefinic moiety is defined as a linear, branched, and/or
cyclic hydrocarbon chain comprising at least one carbon-carbon double or triple bond, which may
further include a heteroatom. An aromatic moiety refers to a moiety comprising one or more

aromatic systems, including one or more heteroaromatic systems.

For purposes herein, the percent expansion produced by setting or hardening of the cement
slurry into the expandéd set cement is determined according to API- IOB-S or an equivalent thereof.
In this method, a ring shaped mold sealed on the top and bottom is filled to form a circular ring of
cement. The mold has a stationary inner ring surrounded by an expandable outer ring which
increases in circumference as the cement slurry inside the mold sets and expands. The test may
be conducted at various temperatures and pressufes. The percent expansion is determined by first
7 measu\ring the distance M (mm) between two points on the outer ring at the time of filling the mold

with the cement T (e.g., measure Mo(mm) @ To), and then again measuring the distance between
N :
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these same two points after the cement has set to form the expanded set cement. This measurement
is determined at the final time Ty, as specified in the method (e.g., Md(mm) @ Tr). The total percent
expansion is then determined by multiplying the difference between the final distance and the
initial distance by a constant associated with the particular mold, according to the following

formula:
Percent expansion = (Ms-Mo) * mold constant.

For purposes herein, this percent expansion obtained at the final time T is referred to as
the total percent expansion of the cement. This total percent expansion of the cement serves as the
basis for all relative percent expansion determinations, as discussed herein. For purposes herein,

. the relative expansion of the cement slurry at a particular time (T1), referred to as the percent
relative expansion is equal to the percent expansion of the slurry (or setting cement) measured at
a time T, divided by the total percent expansion achieved by the expanded set éem’ent at Tt
determined according to API-10B-5. For purposes herein, the percent relative expansion may be
determined at standard conditions of 25°C and 1 atm of pressure, or at any suitable temperature
and/or pressure specified for the intendéd end use. As an example, if a percent expansion at time
T is determined according to API-10B-5 to be 0.1%, and the total percent expansion at time Tg is
determined according to the same method under the same conditions to 'be 1%, the percent relative

expansion of the cement slurry at time T; would be:
0.1%/1% *100% = 10% relative expansion at T

Since the cement slurry being placed within the annulus of the wellbore is readily flowable,
any expansion which occurs before the cement begins to set may increase the volume of the cement
slurry, and is not thought to contribute to expansion within the annulus which produces the cement
sheath transversely compressed therein. Accordingly, in embodiments, at least a percentage of the
hydration of the expanding agent is delayed until after the initial set time of the cement, thereby
delaying the expansion of the cement to a time after the slurry becomes more resistant to flow.
This allows placement of the cement slurry within the annulus and at least partial setting of the

cement prior to expansion of the cement.

In embodiments, the delay in expansion of the cement slurry is determined relative to the
initial set time, the final set time, or a combination thereof for the cement slurry. The initial set-
time and the final set time are determined according to ASTM C191-04a, an equivalent thereof.

‘The initial set time and/or the final set time may be determined at standard temperatures and

10
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pressures, or at the temperature and pressure specified. The relative expansion properties of the
cement slurry at various times, or within various time intervals, are determined relative to the total
amount of expansion (the total percent expansion) obtained by the cement slurry, utilizing the

percent expansion determined according to API-10B-5.

In embodiments the composition and/or arrangement of the outer shell is selected to delay
hydration of the expanding agent until a time after the outer shell is combined with the hydraulic
cement. As is known to one of skill in the art, the addition of a hydraulic cement to an aqueous
medium results in a substantial increase in the pH of the solution, typically from around neutral
pH (e.g., 6.5t0 8.5)uptoapH in excess of 10 or 11 or more. This increase in pH results in the
shell becoming (substantially more) water permeable and eventually allows an amount of water to
infiltrate into the shell to hydrate and thereby expand the expanding agent which is at least initially

encapsulated therein.

In embodiments the shell is selected to delay hydration of the expanding agent after being
combined in the cement slurry for a time such that prior to an initial set time for the cement slurry,
determined according to ASTM C191-04a, or an equivalent thereof, the percent relative expansion
of the cement slurry, if any, is less than 50%, based on the total percent expansion of the expanded

set cement determined according to API-10B-5.

In embodiments, the shell is selected to delay hydration of the expanding agent after being
combined in the cement slurry for a time such that prior to an initial set time for the cement slurry,
determined according to ASTM C191-04a, or an equivalent thereof, the percent relative expansion
of the cement slurry that occurs, if any, is less than 50% (or less than 40%, or less than 30%, or
less than 20%, or less than 10%), based on the total percent expansion of the expanded set cement
determined according to API-10B-5; and after the initial set time for the cement slurry, the percent
relative expansion of the cement slﬁrry that occurs is greater thaﬁ 50% (or greater than 60%, or
greater than 70%, or greater than 80%, or greater than 90%), based on the total percent expansion

of the expanded set cement determined according to API-10B-5.

Utilizing this test, the ability of the shell to delay hydration of the expanding agent after
being combined in the cement slurry may be determined to meet requirements of a particular
cementing operation. In embodiments, other method to determine the deléy of hydration of the
expanding agent may be used including differential scanning calorimetry, a temperature-controlled
confinement cell used to measure the éffects of expanding agents under confined as shown in FIG.

5, and the like.
. 11
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In an aspect, embodiments relate to a cement slurry comprising water, a hydraulic cement
and capsules comprising an expanding agent comprising calcium oxide, magnesium oxide,
calcium sulfate hemihydrate, or a combination thereof, at least partially surrounded by a shell
which becomes water permeable at a pH greater than about 8 and which allows less than 50%
relative expansion, based on a total percent expansion of the expanded set cement determined
according to API-IOB—S, prior to an initial set time for the cement slurry, and greater than 50%
relative expansion, based on the total percent expansion of the expanded set cement after the initial
set time for tﬁe cement slurry, determined according to ASTM C19i-04a. In embodiments, greater
than 50% relative expansion, based on a total percent expansion of the expanded set cement
determined according to API-10B-5, occurs before a final set time for the cement slurry,
determined according to ASTM C191-04a.

In embodiments, the shell comprises an inorganic oxide, a polyanhydride, a polyester, a
poly(ester anhydride), a polyamide, a polyurethane, a polyether, a poly(ether urethane), a

polyvinyl aicohol, a polyvinyl acetate, a polycarbonate, a polysiloxane, or a combination thereof.

In embodiments, the shell comprises a polyanhydride having the general structure:

()
\ /

and/or a poly(ester anhydride) having the general structure:

2 I
{ ——o)

wherein A and B are each selected from the group consisting of: an aliphatic moiety comprising 1

*

‘_ to 20 carbon atoms; an alicyclic moiety comprising 3 to 20 carbon atoms; an olefinic moiety
comprising 2 to 20 carbon atoms; an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof. In embodiments, the shell comprises a polyadipic anhydride moiety, a

polysuberic anhydride moiety, a polysebacic anhydride moiety, or a combination thereof.

In embodiments, the shell comprises a polyester having the general structure

12
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O=—0

/OAEOB\
A\ .

wherein A and B are each selected from the group consisting of: an aliphatic moiety comprising 1

2

to 20 carbon atoms; an alicyclic moiety comprising 3 to 20 carbon atoms; an olefinic moiety
comprising 2 to 20 carbon atoms; an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof. In embodiments, the shell comprises poly-glycolic acid, poly-lactic acid-c-
glycolic acid, poly-L-lactic acid, polj—L/D-lactic acid; poly-L/D-lactide-co-glycolic acid,

polyethylene terephthalate, or a combination thereof.

" In embodiments, the shell comprises a polyamide having the general structure:

/NAN'EBij:\
-

H

I

?

wherein A and B are each selected from the group consisting of: an aliphatic moiety comprising. 1
to 20 carbon atoms; an alicyclic moiety comprising 3 to 20 carbon atoms; an olefinic moiety
comprising 2 to 20 carbon atoms; an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof. In embodiménts, the shell comprises nyl'on 6, nylon 6,6, nylon 6,10, nylon

6,12, nylon 11, nylon 12, or a combination thereof.

In embodiments, the shell comprises a polyether having the general structure:

[h—o—s)
\ /

wherein A and B are each selected from the group consisting of: an aliphatic moiety comprising 1

3

to 20 carbon atoms; an alicyclic moiety comprising 3 to 20 carbon atoms; an olefinic moiety
comprising 2 to 20 carbon atoms; an aromatic moiety comprising 6 to 20 carbon atoms, and

combinations thereof.

In embodiments, the shell comprises a polyurethane having the general structure:

13
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O

( A |':|l e ) ; and/or

a poly(ether urethane) having the general structure:

O

| -
/ A 0] C N B N C O

\ H " /
wherein A and B (when present) are each selected from the group consisting of: an aliphatic moiety.
comprising 1 to 20 carbon atoms; an alicyclic moiety comprising 3 to 20 carbon atoms; an olefinic.
~ moiety comprising 2 to 20 carbon atoms; an aromatic moiety comprising 6 to 20 carbon atoms,

and combinations thereof.

In embodiments, the expanding agent is present in the cement slurry at a concentration
 between 0.1 or 1 weight percent and 30 weight percent, based on the total weight of hydraulic

cement present.

In embodiments, a method to cement a subterranean well having a borehole disposed-
through a formation, comprises: (i) preparing a cement slurry comprisihg water, hydraulic cement
and capsules combrising an expanding ageht at least partialiy sunoundéd by a shell which becomes

~water penneable at a pH greater than about 8, according to one or more embodiments disclosed
herein; (ii) placing the slurry in an annular region of the well between a first tubular body and a
borehole wall, or between the first tubular body and a second tubular body; (iii) hardening the
slurry to form an at least partially set cement; and (iv) infiltrating a portion of the water into the
capsules hydrating and expanding the expanding agent to form an expanded set cement within the
~ annular fegion. In embodiments, the shell is further selected to allow:less than 50% relative
expansion, based on a total percent expansion of the expanded set cement determined according
| to API-10B-5, prior to an initial set time for the cement slurry deiemu'ned according to ASTM
C191-04a, and greater than 50% relative expansion, based on the total percent expansion of the
expanded set cement after the initial set time for the cement slurry. Ih embodiments, greater than
50% relative expansion, based on a total percent expansion of the expanded set cement determined |
according to API-10B-5, occurs before a final set time for the cement slurry, determined accordiﬁg
to ASTM C191-04a. |
| 14
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In embodiments, the cement slurry comprises an amount of expanding agent sufficient to
form the expanded set cement transversely compressed between, and bonded to, the first tubular

body and the borehole wall, or the first tubular body and the second tubular body.

In embodiments, the bond between the first tubular body and the expanded set cement and
the bond between the borehole wall and the expanded set cement are each sufficient to isolate a

zone of the formation adjacent the expanded set cement.

In embodiments, the bond between the first tubular body and the expanded set cement is
maintained after fluctuating the dimensions of the first tubular body in response to a temperature
change, a pressure change, a mechanical disturbance resulting from a well intervention, or a

combination thereof.

In embodiments, the shell is essentially impermeable to water at a pH below the target or
activating pH, and allows at least 10 times greater water infiltration, or 20 times, or 30 times, or
40 times, or 50 times, or 60 times, or 70 times, or 80 times, or 90 times, or essentially fails to

mhibit water infiltration above the activating pH.

In embodiments, the shell becomes water permeable at a pH greater than about 10, or a pH
greater than about 10.5, or a pH greater than about 11, or a pH greater than about 11.5, or a pH
equal to or greater than about 12. In embodiments, the shell is essentially impermeable to water
at the pH of the makeup water used to produce the cement, and becomes water permeable at the
pH of the cement formulation after a period of delay, i.e., the shell eventually becomes water

permeable when combined with the hydraulic cement and water.

In embodiments, the shell comprises, or consists essentially of an inorganic component,
typically an oxide such as silica, alumina, and the like, which at least partially dissolves in the

aqueous solution present in the cement formulation, e.g., at a pH above 10.

In embodiments, the shell comprises, or consists essentially of an organic polymer which
decomposes at the pH of the cement fonnulatio;l via hydrolysis of the polymer backbone. In
embodiments, the shell comprises a polyanhydride, a polyester, a poly(ester anhydride), a
polyamide, a polyurethane, ba polyether, a poly(efher urethane), a polyvinyl alcohol, a polyvinyl “
acetate, a polycarbonate, a polysiloxane, or a combination thereof. Accordingly, the shell may
comprise one or more polymers, either as a blend or in individual layers or portions, and/or the
polymer may comprise various linkages which result in the polymer decomposing at the pH of the
cement formulation.

15
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In embodiments, the bond between the first tubular body and the expanded set cement is
maintained after fluctuating the dimensions of the first tubular body in response to a temperature
change, a pressure change, a mechanical disturbance resulting from a well intervention, or a
combination thereof. In embodiments, the bond between the borehole wall and the expanded set
cement or the bond between the second tubular body and the expanded set cement is maintained
after fluctuating the dimensions of the first tubular body in response to the temperature change,
the pressure change, the mechanical disturbance resulting from the well intervention, or
combinations thereof. In such embodiments, the mechanical disturbance resuiting from the well
intervention may comprise measuring an acoustic impedance, an amplitude, an attenuation, a bond

index, or a combination thereof.

In embodiments, the expanding agent is present in the cement slurry at a concentration
between 0.1 or 1 weight percent and 30 weight percent, based on the total weight of hydraulic

cement present.

In embodiments, the expanding agent is present in the cement slurry at a concentration
greater than or equal to about 0.1 weight percent based on the total weight of hydraulic cement
present, or greater than or equal to about 0.5 weight percent, or greater than or equal to about {
weight percent, or greater than or equal to about 5 weight percent, or greater than or equal to about
7 weight percent, or greater than or equal to about 10 weight percent, or greater than or equal to
about 14 weight percent, or greater than or equal to about 20 weight percent, and less than or equal
to about 30 weight percent, or less than or equal to about 25 weight percent, based on the total
weight of hydraulic cement present. In embodiments, the expanding agent is present in the cement
slurry at a concentration between about 1 weight percent and 30 weight percent, or between about

' 5 weight percent and 30 weight percent, or between about 10 weight percent and 25 weight percent,
based on the total weight of hydraulic cement present.

‘In embodiments, the amount of expanding agent present in the slurry is suitable to produce
from 0.1 percent to 5 percént total expansion of the cement slurry upon hardening into an expanded
set cement as determined according to API 10B-5 or an equivalent thereof, e.g., from 0.2 to 3
percent total expansion, or from 0.5 to 2 percent total expansion. 4 ‘

In embodiments, the viscosity of the cement slurry during placement may be lower than
1000 cP at a shear rate of 100 s™'. In embodiments, the hydraulic cement comprises Portland
cement, calcium aluminate cement, fly ash, blast furnace slag, lime, silica, magnesium

oxychloride, a geopolymer, zeolite, chemically bonded phosphate ceramic, diatomaceous earth, -
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gilsonite, hematite, ilmenite, manganese tetraoxide, barite, glass or ceramic microspheres, or -
combinations thereof. In some embodiments the hydraulic cement consists essentially of Portland

cement.

In embodiments, the capsules containing the expanding agent may be combined with the
hydraulic cement and/or water in any order to make the cement slurry. In émbodiments, the
encapsulated expanding agent may be blended with the dry hydraulic cement, either offsite at a
remote location or on-site as part of the cementing procedure, and then the blend then combined

with water to make the cement slurry.

In embodiments, a method to produce a cement slurry comprises combining water and
capsules comprising an expanding agent at least partially surrounded by a shell which becomes
water permeable at a pH greater than an activating pH to form a first mixture having a pH less than
the activating pH, e.g., a pH about 5-10 or 6-9. The method may optionally include adding a
(minor) amount of an acid (i.e., less than 10 wt%) to adjust the pH. This first nﬁxture may be
subsequently combined with the hydraulic cement to produce the cement slurry according to
embodiments disclosed herein. In some embodiments, the first mixture may comprise the mix
water for the hydraulic cement, and depending on the impermeability of the shell material of the
capsules at the first mixture pH and thus the ability to prevent hydration of the encapsulated
expanding material, the first mixture can be prepared in advance of the mixture with the hydraulic
cement, e.g., prepared off-site and transported to the job >location, or prepared on-site and stored
for an extended period, e.g., more than an hour or more than a day or more than a week before

preparing the cement slurry.

In embodiments, the cement slurry according to the instant disclosure is prepared which
-comprises water, hydraulic cement and capsules comprisiﬂg a core of an expanding agent at least
partially surrounded by (e.g., encapsulated within) a pH activatable shell (see FIG. 1A). The slurry
is then placed in an annular region between a first tubular body (e.g., the well casing) and a
borehole wall or a second tubular body (see FIGs. 2 and 3). The slurry is then allowed to at least
partially set, also referred to in the art as “harden”, i.e., allowed to set for a time greater than or
equal to the first or initial set time measured for the cement slurry when determined according to
ASTM C191-04a, or an equivalent thereof. Addition of the hydraulic cement to water results in a
mixture having a pH above the activating pH, e.g., a pH of 10-12 or more. At this elevated pH,
the shell decomposes at a much faster rate than when the shell is at a pH below the activating pH,

e.g., apH of below 10, or below 9, or beldw 8. Decomposition or other effects of the high pH on
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the shell result in the infiltration of a portion of the water present in the slurry into the capsules.
As the water contacts the expanding agént, the expanding agent hydrates, causing the expanding
agent to expand. Accordingly, the capsule is activated at the pH of‘ the cement slurry. In
embodiments, this expansion may cause the remaining portion of the shell to rupture, thus
releasing or further reducing the inhibition of fhe water contacting the expanding agent, or
otherwise further accelerating hydration and expansion of the expanding agent.

Expansion of the expanding agent within the partially set cement forms an expanded set
cement within the annular region of the wellbore. In embodiments, the amount of expansion of
the cement is sufficient to form an expaﬁded set cement radially pre-stressed within the cement-
sheath, i.e., the expanded set cement is transversely compressed between the first tubular body and
the borehole wall, or the first tubular body and the second tubular body.

In some embodiments, the amount of expanding agent present in the cement slurry is
sufficient to produce an expanded set cement in a state of compression within the annular region
which facilitates maintenance of a bond with the first tubular member and the borehole wall or
second tubular member. _ _

The method may further comprise fluctuating the dimensions of the first tubular body, e.g.,
allowing the dimensions of the tubular body to fluctuate in response to a temperature change, a
pressure change, or a mechanical disturbance resulting from a well intervention or a combination
thereof. This is a common technique applied when conducting sonic logging of the well to
determine the presence and quality of the cement sheath in the annulus between the well casing
the next'bam'er. The method may also further comprise transversely compressing the set cement
between the first tubular body and the borehole wall or second tubular body to maintain bonding
therewith, e.g., allowing the set cement to expand and/or to maintain the state of compression,
during and/or after the dimensional fluctuation of the first tubular body.

In a further aspect, embodiments relate to methods for maintaining zonal isolation in a
wellbore. A cement slurry is prepared that comprises water, hydraulic cement and capsules
comprising a shell encapsulating an expanding agent core, the shell comprising a polymer which
decomposes at a pH greater than 10. The slurry is then placed in an annular region between a first
tubular body and a borehole wall or a second tubular body. The slurry is hardened, e.g., allowed
to harden, to form an at least partially set cement. Water is infiltrated, e.g., allowed to infiltrate,
into the capsﬁles to hydrate the expanding agent in the core. The set cement is expanded to
compress against and bond with the borehole wall to isolate a zone of the formation adjacent the

expandéd cement. The compression and bond are maintained adjacent the isolated zone after
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dimensions of the first tubular body are fluctuated, e.g:, allowed to fluctuate in response to a
temperature change, a pressure change, or a mechanical disturbénce resulting from a well
intervention or a combination thereof. In embodiments an acoustic logging tool is introduced into
the tubular body. The tool measures acoustic impedance, arhplitﬁde, attenuation or a bond index
or a combination thereof. In some embodiments, the measurements are taken azimuthally,
longitudinally or both along the tubular body. | |
For all aspects, the expansion of the expanding agent, and thus the expansion of the cement,
may be delayed for a particular period of time after initial contact of the capsules containing the
expanding agent (e.g., the encapsulated expanding agent) with water. In embodiments, the
capsules are “activated” to allow infiltration of water byb the subjecting the capsules to a pH greater

than 10.

In embodiments, the shell may comprise polymers which degrade at a pH of less than 10,
but do so at a rate which allows preparation and or storage of the capsules in an aqueous mixture
prior to combining with the hydraulic cement. In embodiments, less than 1 wt% of the shell
vdecomposes over a 24 hour period, or over a 1 week period (168 hours), or over a 2 week period
(336 hours) at 25°C, when the capsules are slurried in water, and the resulting mixture has a pH
from about 5 to about 10 or from about 6 to abbut 9. Accordingly, embodiments disclosed herein
may be prepared ahead of time, and then combined with the hydraulic cement just prior to

placement in the wellbore.

In embodiments,' a method to produce a ceméht,slurry, comprises combining water and
capsules comprising an expanding agent at least partially surrounded by a shell comprising a
polymer which decomposes at a pH greater than an activating pH, optionally adding an amount of
an acid or a base, to form a first mixture having a pH from about 5 to 10 or about 6 to 9; and
combining the first mixture with a hydraulic cement to produce the cement slurry having a pH
greater than the activating pH, e.g., greafer than 10 or greater than 12, to allow inﬁltratidn of a
‘portion of the water into the capsules hydrating the expanding agent thereby expanding the

_expanding agent to form an expanded set cement. In embodiments, the first mixture may be
prepared at least a day before, at least a week before, or at least two weeks before preparing the
cement slurry. In embodiments, the first mixture may be prepared off-site, and then transported

to the wellsite where it is mixed with the hydraulic cement to form the cement slurry.

In embodiments, the ability to activate the capsules via pH further provides for a more

robust expanding agent, which may be premixed or shipped and stored without hydration of the
19



WO 2017/137791 PCT/IB2016/000272

expanding agent until the capsules are combined with the cement in cement slurry. Accordingly,
more of the expanding agent is available down hole even after improper storage or trahsport in wet

conditions that sometimes occur in wellsite environments.

In some embodiments, the compositipn and/or configuration of the pH activated shell may
be selected to delay the time between contacting the cement composition with water (i.e., preparing
a cement slurry comprising water, hydraulic cement and capsules comprising an expanding agént
at least partially surrounded by a shell which becomes water permeable at the pH of the cement
slurry, or when otherwise exposed to a pH greater than an activating pH, e.g., above about 8, or
above 9 or above 10 or above 11) and expansion of the set cement brought about by hydration and
subsequent expansion of the expanding agent (e.g., infiltration of water into the capsule and/or
ruﬁture of the shell to hydrate and expand the expanding agent).

In embodiments, the selection of the pH activated shell may include selection of a plurality
of layers, which may be the same or different in composition, thickness, or a combination thereof.
In embodiments, the selection of the pH activated shell may-include selecting the composition of
the water permeable shell, increasing or decreasing the thickness of the encapsulating outer layer
or layers of the water permeable shell (i.é., the number and composition of each shell layer, the
thickness of each shell layer, or a combination thereof. In embodiments, inorganic oxides may be
incorporated into the polymeric shell which, upon contact with the aqueous solution of the cement
formulation, at least partially dissolve to form weaknesses or discontinuities within the shell thus
allowing for water infiltration into the shell with subsequent activation (hydration of the expanding
agent).

In embodiments, the decomposition rate of the outer layer or layers of the pH activated
shell may be selected by selecting a coating composition having kinetics suitable to decompose
upon contact with the water at a pH of greater than 8, or greater than 9, or greater than 10 under
down hole conditions, over a suitable period of time; and/or selecting a coating composition which
chemic’ally reacts e.g., via hydrolysis with the water at the pH of the cement slurry (e.g., greater
than 8, or 9, or 10, or 11) to weaken the strength of the shell and/or the solubility of the shell in a
controlled manner over a suitable period of time; and/or the thickness of the outer shell may be
selected to prevenf water at the pH of ,thé cement slurry from cbntacting the expanding agent for a
suitable period of time. »

For example, a thicker shell layer may increase the strength or toughness of the core to

resist rupture, as well as reduce hydraulic conductance, water infiltration, or the like. Likewise,
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the composition of the polymer present in the shell may be selected to have a slower hydrolysis
rate to further delay water infiltration into the capsule. In other examples, a combination of shell
layers having different pfopenies may be selected to delay water infiltration into the capsule, e.g.,
causing a longer time to dissdlve, thereby delaying hydration and subsequent expansion of the
expanding agent until the cement slurry is properly placed within the annulus of the well bore and
hés begun to sét i.e., allowed to set for a time greater than or equal to the first or initial set time
measured for the cement slurry when determined according to ASTM C191-04a, or an equivalent
thereof. ‘

In the ﬁgﬁres, like numerals are used to designate like parts. As shown in FIG. 1A, the
capsule 2 comprises a core 4, comprising an expanding agent, which is at least partially surrdunded
by a shell 6. Initially, the water is excluded by the imperrneabie shell 6, as shown by arrow 10.

‘As shown in FIG. 1B, after activation, e.g., by exposure to the pH conditions prevailing in
the cement slurry, the capsule 2° comprises a core 4°, comprising the expanding agent, which is at
least partially surrounded by a shell 6’, which has become water permeable, e.g., by at least Iiarﬁal
dissolution, hydrolysis, decomposition, or other means of degradation of one or more components
of the shell 6. When the material of the shell 6’ becomes permeable, water infiltrates as shown by
arrow 10’ through the activated shell 6’, even though in some embodiments the shell 6° may
physically remain generally intact. When the water reaches the core 4’, the expanding material
begins hydrating and expansion is initiated. ‘

As shown in FIG. 1C, in an initial “A” stage, the capsule 2” comprises a core 4”,
comprising an expanding agent, which is at least partially surrounded by a shell 6”, in a manner
similar to FIGs. 1A and 1B. Initially, the water is excluded by the impermeable shell 6”, as shown
by arrow 10. After activation in a later étage “B”, e.g., by exposure to the pH conditions prevailing
in the cement slurry, the capsule 2” comprises a core 4”, comprising the expanding agent, which
is directly exposed to water permeation 10” through surface(s) 12”, which may comprise holes or
exposed areas between any remaining shell portions 6’ following removal, e.g., b}; at least partial
dissolution, hydrolysis, decomposition, or other means of degradation of one or more components
- of the shell 6”. When the water reaches the core 4”, the expanding material begins hydrating and .
expansion is initiated. In the “B” stage, the core 4” is expanded and the expansion may further tear
and/or rupture the shell 6”, and/or otherwise enlarge the openings exposing the surfaces 127, to

accelerate further water infiltration 10”, hydration, and expansion of the core 4”.
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With reference to some embodiments, borehole 20 and tubular member 30 are shown in
FIGs. 2 and 3, respectively, wherein like numerals are used to designate like parts. The cement
slurry comprising the capsules according to any embodiments disclosed. herein is placed in the
annulus 22 around the casing or other tubular inember 24, set (initial and or final) in place, and
~ with hydration of the expanding agent, expanded as indicated at 26 to induce a state of compreésion
- and facilitate bonding. The annulus 22 is shown between the tubular member 24 and the borehole
wall 20 (FIG. 2) or the tubular member 30 V(FIG. 3). The logging tool 28 is then introduced to take
measurements as described in some embodiments herein, for example, to map impedanc'e and
determine the presence of cement in the annulus 22 behind the tubular member-24, or the absence
thereof suggesting formation of a microannulus (not shown) between the tubular member 24 and

the set cement in the annulus 22.

~ The tubular member 24 in FIGs. 2 and 3 (and/or tubular member 30 in FIG. 3) may be
dimensionally changed in length, diameter, "rotational alignment, etc., e.g., with respect to the
wellbore 20 (FIG. 2) or the tubular member 30 (FIG. 3), some examples of which are indicated at
32. Expansion 26 of the cement set in the annulus 22 can occur before the dimensional change 32,
and according to some embodiments of the disclosure, the state of compression of the cement is
maintained in the annulus 22 during and/or after the dimensional change 32, e.g., by further

expansion or increased compression to accommodate the changing dimension(s). Expansion 26 of

. the cement set in the annulus.22 can instead and/or also }occur during and/or after the dimensional |
change 32, and according to some embodiments of the disclosure, the state of compression of the

cement can be induced in the annulus 22 during and/or after the dimensional change 32.

With reference to FIG. 2, in some embodiments a zone 34 is isolated by placement, setting
(initial and or final), and expansion 26 of the cement in the annulus 22. The compression and
bonding can be maintained during dimensional change 32, e.g., so that the zone 34 remains in

isolation and does not fluidly communicate via the annulus 22 with other zones in the formation.

As shown in FIGs. 2 and 3, in embodiments the celﬁent slurry comprises an amount of
expanding agent sufficient to form the expanded set cement transversely compressed between (due
to expansion 26) and bonded to, the first tubular member (tubular body) 24 and the borehole wall,
~ or the first tubular member (tubular body) 24 and the second tubular member (tubular body) 30.

As shown in FIG. 2, in embodiments, the bonds between the first tubular body 24 and the
expanded set cement, and between the borehole wall and the expanded set cement are each

sufficient to be acoustically coupled and/or to isolate a zone 34 of the formation adjacent the
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expanded set cement, e.g., from another zone. In some embodiments, the compression 26 and
bonding can be maintained during dimensional change 32, e.g., so that the zone 34 remains in
isolation and does not fluidly communicate via the annulus 22 with other zones.

In some embodiments, as shown in FIG. 1A, the capsules 2 comprise or consist essentially
of a single-core configuration, in which the expandihg agent is arranged as a single core 4 at least
partiaJIy surrounded by the initially impermeable shell 6, which is activated by a pH change for
permeation and entry of water into the core, as illustrated in FIGs. 1B and 1C. In some
embodiments, as shown in FIG. 4, the capsules 106 may'comprise or consist essentially of capsules
having a “matrix-island” configuration in which portions of the expanding agent 108 are dispersed

“asa discontinuous phase within the continuous material of the shell 110. In some embodiments,
the capsules may coniprise a mixture of one or more types of the single-core capsules (FIGs. 1A,
1B, 1C) and/or one or more types of the “matrix-island” conﬁguration (FIG. 4), and/or the capsules
may be a “hybrid” of large-core expanding material particles as well as smaller dispersed
expanding material particles within the same shell (not shown).

In some embodiments, core-shell type particles can release or expose the encapsulated
expanding agent, e.g., all at once, if the shell is ruptured, which can occur mechanically and/or by
chemical degradation. As used herein, “rupture” refers to any loss of integrity of the shell whether
by tearing, bursting, and so forth. Matrix-island type cores can release the islands of expanding
agent upon chemical degradation and/or solubility of the matrix.

In some embodiments, alth(;ugh the rates of water infiltration, release of encapsulated
expanding agent, and expansion of the cement may be predicted, the infiltration, release; and
expansion profiles can also be observed in laboratory experiments before the particles are used.
Such experiments involve exposing a sample quantity of the particles to conditions of pH and
temperature which match those found in the borehole location and monitoring water infiltration
and/or release of expanding agent over time, and/or formulating the cement slurry with the
encapsulated particles and monitoring the expansion of the set cement upon exposure to the
matching borehole conditions.

In embodiments, the initial set time and final set time for a cement slurry according to
embodiments disclosed herein may be determined according to ASTM C191-04a. This may be
done at standard temperatures, or at temperatures expected downhole. The expansion properties
of the cement slurry upon settihg may then be evaluated according to API-10B-5. The amount of

expansion of the cement slurry prior to the initial set time may be determined, along with the
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amount of the expansion after the initial set time but before the final set time.‘ Then the total
amount of expansion of the expanded set cement may be determined. '
~ In embodiments, the shell is selected such that the amount of expansion which occurs prior
to the initial set time (according to ASTM C191-04a) is less than 1%, or less than 5%, or less than
10%, or less than 20%, or less than 30%, or less than 40%, or less than 50% 6f the total amount of
expansion obtained by the set cement determined according to API-IOB—S. In embodiments, the
amount of exbansion'(according to API-10B-5) obtained after the initial set time‘but before the
final set time of the ceinent slurry (according to ASTM C191-04a) is greater than about 50%, or
greater than about 60%, or greater than about 70%, or greater than about 80%, or greater than
about 90%, or greater than about 95% of the totai amount of expansion obtained by the expanded
set cement. ‘ » -
" Utilizing this test, the attributes of the shell may be determined to meet requirements of a
particular cementing operation. | | |
The expanding agent may be encapsulated according to methods known in the art. -
Examples of documents which describe encapsulation procedures include US 3,952,741, US |
4,741,401, US 4,986,354, WO 1993/0022537, WO 2003/0106809, and WO 2010/0140032, which
are hereby incorporated by reference. The expanding agénts are generally hydrophilic and/or water
soluble and can, for example, be encapsulated in a double emulsion technique by (i) dissolving the
- encapsulating polymer in organic solvent, (ii) suspending the agent in particulated or powder form
in the organic solution of the polymer, (iii) dispersing the resulting suspension in water, to form
an emulsion in which the disperse phase is droplets of the organic solvent with agent particles
suspended within these drdplets, and (iv) stirring or otherwise agitating that emulsion while
causing or allowing evaporatiori of the organic solvent, thereby forming agent particles in which
the expanding agent is enclosed within a shell 6f the polymer. The particlés can be recovered by

filtration, washed, dried and stored until required for use.

Another manufacturing technique that is available involves the production of particles with ‘
an expanding agent encapsulated within an inorganic matrix, a polymer matrix, or a combination
‘thereof. Sui‘tableAencapsulation methods include physical coating methods such as atomization
coating, co-extrusibn, spray coating, and the like, and/or chemical methods including solvent
evaporation, phase separation-coacervation, ionic gelation, interfacial polymerization, liposomal
vesicallization, sol-gel coating, nano-encapsulation, and the like. For example, in embodiments

the expanding agent is mixed with a polymeric encapsulating material, e.g., in a melt or solid
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mixture, and then formed in discrete capsules (particles) via spray drying, extrusion with

subsequent chopping or cutting into the desired lengths, and/or other methods known in the art. In

embodiments, the capsules comprise essentially solid particles having an average patticle size

distribution ranging from about 1 to 100 micrometers.

In embodiments, a system for cementing a subterranean well in an annulus between a

casing disposed within a borehole and a formation comprises a cement slurry according to one or

more embodiments disclosed herein comprising water, hydraulic cement and a capsules

comprising an expanding agent at least partially surrounded by a water permeable shell; and a

pumping system to place a stage of the slurry in the annulus.

EMBODIMENTS LISTING

C1L
C2.

C3.

C4.

Cs.

Accordingly, the present disclosure provides the following embodiments, among others:
Capsules comprising an expanding agent at least partially surrounded by a shell.

The capsules according to embodiment C1, wherein the shell is essentially impermeable to
water at a pH in the range of 6 to 9 below an activating pH of the shell, and wherein the
shell becomes water permeable from exposure to at least pH in the range of 10 to 14 greater

than the activating pH of the shell.

The capsules according to any one of embodiments C1 or C2, wherein the expanding agent
comprises calcium oxide, magnesium oxide, calcium sulfate hemihydrate, or a

combination thereof.

. The capsules according to any one of embodiments C1 — C3, wherein the shell comprises

a polyamide, an inorganic oxide, a polyanhydride, a polyester, a poly(ester anhydride), a
polyurethane, a polyether, a poly(ether urethane), a polyvinyl alcohol, a polyvinyl acetate,

a polysiloxane, or a combination thereof.

The capsules according to any of embodiments C1 — C4, wherein the shell comprises a

polyamide having the general structure:

/_N A N B
I /
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Cé6.

C7.

C8.

wherein A and B are each selected from the group consisting of:
an aliphatic moiety comprising 1 to 20 carbon atoms;
.an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The capsules according to any one of embodiments C1 — C5, wherein the shell comprises

nylon 6, nylon 6,6, nylon 6,10, nylon 6,12, nylon 11, nylon 12, or a combination thereof.

The capsules according to any one of embodiments C1 — C6, wherein the shell comprises

a polyanhydride having the general structure
ﬁ ﬁ
< C—A—C—0 >L

and/or a poly(ester anhydride) having the general structure:

T o)
/ICAI(lOBO

\

wherein A and B are each selected from the group consisting of:

S~—JL1l

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety compfising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprisiné 6 to 20 carbon atoms, and
combinations thereof.

The capsules according to any one of embodiments C1 — C7, wherein the shell comprises
a polyadipic anhydride moiety, a polysuberic anhydride moiety, a polysebacic anhydride

moiety, or a combination thereof.
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C9. The capsules according to any one of embodiments C1 — C8, wherein the shell comprises

a polyester having the general structure
ﬁ
< O A C O B

O=—0
N~

wherein A and B are each selected from the group consisting of: |
an aliphatic moiety comprising 1 to 20 carbon atoms;
an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety cbmprising 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to 20 carbon atoms, and
. combinations thereof.

C10. The capsules according to any one of embodiments C1 — C9, wherein the shell comprises
poly-glycolic acid, poly-lactic acid-c-glycolic acid, poly-L-lactic acid, poly-L/D-lactic
acid, poly-L/D-lactide-co-glycolic acid, polyethylene terephthalate, or a combination

thereof.

C11. The capsules according to any one of embodiments C1 — C10, wherein the shell comprises

a polyether having the general structure:

[ o)
\ ]

wherein A and B are each selected from the group consisting of:

s

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to QO carbon atoms, and

combinations thereof.
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C12.

C13.

C14.

C15.

El.

The capsules according to any one of embodiments C1 — C11, wherein the shell comprises

a bolyurethane having the general structure:
ﬁ
( A——N—C—O- )

\ H

-

and/or a poly(ether urethane) having the general structure:

O

O—=0

[ |
\AOC”B”

wherein A and B are each selected from the group consisting of:
an aliphatic moiety comprising 1 to 20 carbon atoms;
an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprisihg 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The capsules according to any one of embodiments C1 — C12 in an aqueous medium at a

pH below the activation pH.

The capsules according to any one of embodiments C1 — C12 in a cement slurry comprising
hydraulic cement and water at a pH above the activation pH, wherein the expanding agent
is present in the cement slurry at a concentration between 0.1 weight percent and 30 weight

percent, based on the total weight of the hydraulic cement present.

The capsules according to any one of embodiments C1 — C12 in a dry blend with hydraulic

cement.

A method to cement a subterranean well having a borehole disposed through a formation,

comprising:

1) preparing a cement slurry comprising water, hydraulic cement, and the capsules

according to any one of embodiments C1 — C12;
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E2.
E3.

E4.

ES.

(ii)  placing the slurry in an annular region of the well between a first tubular body and
a borehole wall, or between the first tubular body and a second tubular body;

(iii)  hardening the slurry to form an at least partially set cement; and |

(iv)  hydrating and expanding the expanding agent to form an expanded set cement

within the annular region.

The method according to embodiment E1 wherein the cement slurry comprises a pH above

the‘activating pH.

The method z;ccording to embodiment E1 or E2, wherein the expanding égent comprises

calcium oxide, magnesium oxide, calcium sulfate hemihydrate, or combinations thereof.

The method according to ziny one of embodiments E1 — E3, wherein the shell cdmprises a
polyamide, a polyanhydride, a polyester, a poly(ester anhydride), a polyurethane, a
polyether, a poly(ether urethane), a polyvinyl alcohol, a polyvinyl acetate, a polysiloxane,

or a combination thereof.

The method according to any one of embodiments E1 — E4, wherein the shell comprises a

polyanhydride having the general structure

/ij A ij o\
\ /

and/or a pdly(ester anhydride) having the general structure:

O'Cl)
(A

\

wherein A and B are each selected from the group cohsisting of:

~1

an aliphatic moiety comprising 1 to 20 carbon atoms; '
_an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and
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E6.

E7.

ES.

E9.

combinations thereof.
The method according to any one of embodiments E1 — ES, wherein the shell comprises a
polyadipic anhydride moiety, a polysuberic anhydride moiety, a polysebacic anhydride
moiety, or a combination thereof.

The method according to any one of embodiments E1 — E6, wherein the shell comprises a

polyester having the general structure
ﬁ
' < O A C @) B

O==0
~J1l -

whereiﬂ,A and B are each selected from the gfoup consisting of:
an'aliphatic moiety comprising 1 to 20 carbon atoms;
an alicyclic moiety comprising 3 to 20 carbbn atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to‘ 20 carbon atoms, and

combinations thereof.

The method according to any one of embodiments E1 — E7, wherein the shell comprises

poly-glycolic acid, poly-lactic acid-c-glycolic acid, poly-L-lactic acid, poly-L/D-lactic
acid, poly-L/D-lactide-co-glycolic acid, polyethylene terephthalate, or a combination

thereof.

The method according to any one of embodiments E1 — E8, wherein the shell comprises a

polyamide having the general structure:

O=—7=0

|
T
r2z

wherein A and B are each selected from the group consisting of:

an aliphatic moiety comprising 1 to 20 carbon atoms;
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an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon afoms, and
combinations thereof.

E10. The method according to any one of embodiments E1 ~ E9, wherein the shell comprises

nylon 6, nylon 6,6, nylon 6,10, nylon 6,12, nylon 11, nylon 12, or a combination thereof.

Ell. The method according to any one of embodiments E1 — E10, wherein the shell comprises

a polyether having the general structure:

'/A o) -B\
\ /

.wherein A and B are each selected from the group consisting of:

9

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

E12. The method according to any one of embodiments E1 — E11, wherein the: shell comprises |

a polyurethane having the general structure:
lcl)
( A N C 0] \

\ N 7

and/or a poly(ether urethane) having the general structure:

O

Ir=z
Q=0

/ A O |(! N B
\ :
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E13.

E14.

E15.

E1le.

E17.

E18.

E19.

wherein A and B are each selected from the group consisting of:
an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

7

an olefinic moiety comprising 2 to 20 carbon atoms;
an aromatic moiety coinprising 6 to 20 carbon atoms, and
combinations thereof.

The method according to any one of embodiments E1 — E12, wherein the cement slurry
comprises an amount of expanding agent sufficient to form the expanded set cement
transversely compressed between, and bonded to, the first tubular body and the borehole

wall, or the first tubular body and the second tubular body.

The method according to any one of embodiments E1 — E13, further comprising isolating »

a zone of the formation adjacent the expanded set cement.

The method according to any one of embodiments E1 — E14, wherein the bond between
the first tubular body and the expanded set cement and the bond between the borehole wall
and the expanded set cement are each sufficient to isolate a zone of the formation adjacent

the expanded set cement.

The method according to any one of embodiments E1 — E15, wherein the expanding agent
is present in the cement slurry at a concentration between 1 weight percent and 30 weight

percent, based on the total weight of hydraulic cement present.

The method according to any one of embodiments E1 — E16, wherein the bond between
the first tubular body and the expanded set cement is maintained after fluctuating the

dimensions of the first tubular body in response to a temperature change.

The method according to any one of embodiments E1 — E17, wherein the bond between
the first tubular body and the expanded set cement is maintained after fluctuating the

dimensions of the first tubular body in response to a pressure change. -

The method according to any one of embodiments E1 — E18, wherein the bond between
the first tubular body and the expanded set cement is maintained after fluctuating the
dimensions of the first tubular body in response to a mechanical disturbance resulting from

a well intervention.
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E20.

E21.

E22,

E23.

S1.

S2.

S3.

The method according to any one of embodiments E1 — E19, wherein the bond between
the first tubular body and the expanded set cement is maintained after fluctuating the
dimensions of the first tubular body in response to the temperature change, the pressure
change, the mechanical disturbance resulting from a well intervention, or a combination

thereof.

The method according to any one of embodiments E1 — E20, wherein the shell is selected
to allow less than 50% relative expansion, based on a total percent expansion of the
expanded set cement determined according to API-10B-5, prior to an initial set time for
the cement slurry determined according to ASTM C191-04a, and greater than 50% relative
expansion, based on the total percent expansion of the expanded set cement after the initial

set time for the cement slurry.

- The method according to any on€e of embodiments E1 — E21 wherein greater than 50%

relative expansion, based on a total percent expansion of the expanded set cement
determined according to API-10B-5, occurs before a final set time for the cement slurry,
determined according to ASTM C191-04a.

The method according to any one of embodiments E1 — E22, wherein the shell is selected
to allow less than 50% relative expansion, based on a total percent expansion of the
expanded set cement determined according to API-10B-5, to occur prior to an initial set
time for the cement slurry determined according to ASTM C191-04a, and greater than 50%

relative expansion to occur after the initial set time for the cement slurry.

A system for cementing a subterranean well in an annulus between a casing disposed within
a borehole and a formation comprising the capsules in the cement slurry according to

embodiment C14.

The system of embodiment S1, further comprising a pumping system to place the cement

slurry in the annulus.

A system for cementing a subterranean well in an annulus between a casing disposed within
a borehole and a formation comprising: a cement slurry comprising water, hydraulic
cement and capsules comprising an expanding agent at least partially surrounded by a shell
which becomes water permeable at a pH greater than about 10 to allow infiltration of a

portion of the water into the capsules hydrating the expanding agent thereby expanding the
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expanding agent to form an expanded set cement; and a pumping system suitable to

position the cement slurry in the annulus.

S4.  The system according to any one of embodiments S1 — S3, wherein the expanding agent
comprises calcium oxide, magnesium oxide, calcium sulfate he_mi'hydrate,‘or combinations

‘ thereof.

S5.  The system according to any one of embodiments S1 — S4, wherein the shell comprises a
polyanhydride, a polyester, a poly(ester anhydride), a polyamide, a polyurethane, a
polyether, a poly(ether urethane), a polyvinyl alcohol, a polyvinyl acetate, a polysiloxane,

or a combination thereof.

S6.  The system according to any one of embodiments S1 — S5, wherein the shell comprises a

polyanhydride having the general structure
ﬁ | .|O
( -C—A——C—0 >

and/or a poly(ester anhydride) having the general structure:

I
(o

\

wherein A and B are each selected from the group consisting of:

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiet)'l_ comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

S7.  The system according to any one of embodiments S1 — S6, wherein the shell comprises a
polyadipic anhydride moiety, a polysuberic anhydride moiety, a polysebacic anhydride
moiety, or a combination thereof.
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S8.  The system according.to any one of embodiments S1 — S7, wherein the shell comprises a

polyester having the general structure

Lo
\

wherein A and B are each selected from the group consisting of:

O=—0

@)

vy

O=—=0
L

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

S9.  The system according to any one of embodiments S1 - S8, wherein the shell comprises
poly-glycolic acid, poly-lactic acid-c-glycolic acid, poly-L-lactic acid, poly-L/D-lactic
acid, poly-L/D-lactide-co-glycolic acid, polyethylene terephthalate, or a combination

thereof.

S$10. The system according to any one of embodiments S1 — S9, wherein the shell comprises a

polyamide having the general structure:

O=—0
O—0

\__/

~ 1
I
Iz

wherein A and B are each selected from the group consisting of:
an aliphatic moi¢ty comprising 1 to 20 carbon atoms;
an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety cbmprising 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to 20 carbon atoms, and

combinations thereof.
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S11.

S12.

S13.

The system according to any one of embodiments S1 — S10, wherein the shell comprises

nylon 6, nylon 6,6, nylon 6,10, nylon 6,12, nylon 11, nylon 12, or a combination thereof.

The system according to any one of embodiments S1 — S11, wherein the shell comprises a

polyether having the general structure:

/A 0] B\
\ /

wherein A and B are each selected from the group consisting of:

k4

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromat_ic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The system according to ahy one of embodiments S1 — S12, wherein the shell comprises a

polyurethane having the general structure:
( A N C 0] \

\ H /

-

and/or a poly(ether urethane) having the general structure:

O

O=—0

[ I
\A O C m B ”

wherein A ahd B are each selected from the group consisting of:
an aliphatic moiety comprising 1 to 20 carbon atoms;
an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;
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S14.

S15.

S16.

S17.

S18.

S19.

S20.

Mi.

an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The system according to any one of embodiments S1 — S13, wherein the cement slurry
comprises an amount of expanding agent sufficient to form the expanded set cement
transversely compressed between, and bonded to, the first tubular body and the borehole

wall, or the first tubular body and the second tubular body.

The system according to any one of embodiments S1 — S14, wherein the bond between the
first tubular body and the expanded set cement and the bond between the borehole wall
and the expénded set cement are each sufficient to isolate a zone of the formation adjacent

the expanded set cement.

The system according to any one of embodiments S1 — S15, wherein the bond between the
first tubular body and the expanded set cement is maintained after fluctuating the
dimensions of the first tubular body in response to a temperature change, a pressure change,

a mechanical disturbance resulting from a well intervention, or a combination thereof.

The system according to any one of embodiments S1 — S16, wherein the expanding agent
is present in the cement slurry at a concentration between 0.1 weight percent and 30 weight

percent, based on the total weight of hydraulic cement present.

The system according to any one of embodiments S1 — S17, wherein the shell is selected
such that less than 50% relative expansion occurs, based on a total percent expansion of
the expanded set cement determined according to API-10B-5, prior to an initial set time

for the cement slurry determined according to ASTM C191-04a, and greater than 50%

relative expansion of the cement occurs after the initial set time for the cement slurry.

The system according to any one of embodiments S1 — S18, wherein greater than 50%
relative expansion of the cement occurs before a final time of setting for the cement slurry,

determined according to ASTM C191-04a.

The system according to any oﬁe of embodiments S1 — S19, wherein greater than 50%

relative expansion of the cement occurs before after a final time of setting for the cement

slurry, determined according to ASTM C191-04a.

A method to produce a cement slurry, comprising:
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M2.

Ma3.

Ma4.

1) combining water and the capsules according to any one of embodiments C1 — C12
to form.a first mixture of the capsules in aqueous medium at a pH below the
activation pH;

if) combining the first mixture with hydraulic cement to produce the cement slurry
having a pH greater than the activating pH; and

iii)  delaying the infiltration.

The method according to embodiment M1, wherein the expanding agent comprises calcium

oxide, magnesium oxide, calcium sulfate hemihydrate, or combinations thereof.

The method according to embodiment M1 or M2, wherein the shell comprises a polyamide,
a polyanhydride, a polyester, a poly(estef anhydride), a polyurethane, a polyether, a
poly(ether urethane), a polyvinyl -alcohol, a polyvinyl acetate, a polycarbonate, a

polysiloxane, or a combination thereof.

The method according to any one of embodiments M1 — M3, wherein the shell comprises
a polyanhydride having the general structure
(0

(l A | I(! Ov\‘
\ J

and/or a poly(ester anhydride) having the general structure:

) O
NN S

\

wherein A and B are each selected from the group consisting of:

N

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and

combinations thereof.
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MS.

Mé.

M.

MS.

The method according to any one of embodiments M1 — M4, wherein the shell comprises
a polyadlplc anhydride moiety, a polysubenc anhydride mo1ety, a polysebacic anhydnde

moiety, or a combination thereof.

'The method according to any one of embodiments M1 — M5, wherein the shell comprises

a polyester having the general structure

O

0O=—=0

)
]

wherein A and B are each selected from the group consisting of:

/OAl(.I‘,O'B
\ : _

‘zm'aliphatic moiety comprising 1 to 20 carbon afoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moieiy comprising 6 to 20 carbon atoms, and -
combinations thereof.

The method according to any one of embodiments M1 — M6, wherein the shell comprises

_ poly-glycolic acid, poly-lactic acid-c-glycolic acid, poly-L-lactic acid, poly-L/D-lactic

acid, poly-L/D-lactide-co-glycolic acid, polyethylene terephthalate, or a combination

thereof.

The method according to any one of embodiments M1 — M7, wherein the shell comprises

a polyamide having the general structure:
/ N A N '
VA /

wherein A and B are each selected from the group consisting of:

O=—0

wy)

O=——0
|

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;
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Mo9.

M10.

M11.

an olefinic moiety comprising 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The method according to any one of embodiments M1 — M8, wherein the shell comprises

nylon 6, nylon 6,6, nylon 6,10, nylon 6,12, nylon 11, nylon 12, or a combination thereof.

The method according to any one of embodiments M1 — M9, wherein the shell comprises

a polyether having the general structure:

/A>O,B\
\ /.

?

- wherein A and B are each selected from the group consisting of:

an aliphatic moiety comprising 1 to 20 carbon atoms;
" an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;
an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The method according to any one of embodiments M1 — M10, wherein the shell comprises

a polyurethane having the general structure:

O

(A N‘lclzo\

-,

and/or a poly(ether urethane) having the general structure:

O=—=—0
®)
\’_/

/.A o'ﬂNB
\

N
H. H
wherein A and B are each selected from the group consisting of:
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M12.

M13.

M14.

M15.

M16.

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and
combinations thereof.

The method according to any one of embodiments M1 — M11, wherein the cement slurry
comprises an amount of expanding agent sufficient to form the expanded set cement
transversely compressed between, and bonded to, a first tubular body and the borehole

wall, or a first tubular body and a second tubular body.

The method according to any one of embodiments M1 — M12, wherein the expanding agent
is present in the cement slurry at a concentration between 0.1 weight percent and 30 weight

percent, based on the total weight of hydraulic cement present.

The method according to any one of embodiments M1 — M13, wherein the shell is selected
such that less than 50% relative expansion occurs, based on a total percent expansion of
the expanded set cement determined according to API-10B-5, prior to an initial set time

for the cement slurry determined according to ASTM C191-04a, and greater than 50%

-relative expansion of the cement occurs after the initial set time for the cement slurry.

The method according to any one of embodiments M1 — M14, wherein greater than 50%
relative expansion of the cement occurs before a final time of setting for the cement slurry,

determined according to ASTM C191-04a.

The method according to any one of embodiments M1 — M14, wherein greater than 50%
relative expansion of the cement occurs before after a final time of setting for the cement

slurry, determined according to ASTM C191-04a.

EXAMPLES

The following examples are provided to more fully illustrate the disclosure. These

examples are not intended to limit the scope of the disclosure in any way.

To measure the effects of expanding agents under confined conditions, a temperature-

controlled confinement cell as shown in FIG. 5 was employed. Radial confinement is provided by

a hollow steel cylinder 201 with ID = 2.86 cm (1.125 in.) and OD = 7.62 c¢m (3 in.). The cylinder
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is sealed at the bottom with a removable metallic plug 202 that screws into the bottom and seals
with two O-rings. This cell is designed such that the axial confinement from the top is provided
by a piston 207 that slides easily inside the steel cylinder and is connected by a rod 209 to a
programmable mechanical testing machine with a 5-kN load cell. ' ’

The steel cylinder can be screwed inside a heating/insulator chamber 203 where a glycol
bath is heated up with a resistance heater 204. Tests can be performed at temperafures between

‘room temperature and about 95°C. The upper limit is defined by the inability to prevent water
escaping from the cement as vapor, since the device is not pressure-tight. Two thermocouples are
placed near the heater and near the cement sample. They are connected to the heater power supply
box and are used to maintain a fixed set-point temperature.

Two general modes of operation can be used with the expansion cell: fixed displacement
of the piston (in which case the compressive load is measured) and fixed load applied to the piston
(in which case the displacement of the piston is measured). The experiments here are conducted
in fixed displacement mode. .

‘To simulate hydration of cement placed against a pérmeable formation containing water, ;1
porous ceramic disk 205 saturated with water can be placed on top of the cement sample 206, with
a layer of filter paper between to keep the disk cleah. The piston is then inserted into the cylinder

. until it makes contact with the porous disk. Additional water 208 is poured on top of the piston,
and then finally a layer of high-boiling-point silicon-oil is ‘added to prevent evaporation of the
water. Holes in the piston aliow water access between the sample and borehole. As the cement and
expanding agent react, volume lost to chemical shrinkage is replaced by external water flowing
 into the slurry f£om above, keeping the pores of the sample saturated. To simulate hydration of -
cement placed against a tight formation that supplies no water to the cement; the piston is placed
directly in contact with the cement and a thick layer of lubricant is used to prevent water
evaporation from the specimen. In this case, chemical shrinkage desaturates the pore system,

causing some shrinkage that may not have been cdmpensated by the encapsulated expanding agent.

Figure 6A qualitatively compares the hydration profiles of an untreated expanding agent
and an encapsulated (delayed) expanding agent. The delay is tuned to the cement setting time,
indicated by the dashed vertical line. The kinetics remains similar once the expanding agent is
released. With the non-encapsulated (untreated) expanding agent, hydration of the expanding
agent begins essentially on contact with water. The majority of the hydration occurs before the

cement starts setting.
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The expansion of the cement generates stress in the cement only after the cement has started
setting (after the initial set time). Figure 6B qualitatively shows the measured compressive stress
for the two systems, a comparative untreated (non-encapsulated) expénding agent and an
encapsulated (delayed) expanding agent according to embodiments disclosed herein. The initial
set time of the cement is qualitatively observed in the figure as the time when stress starts being
measured.” Other means of determining the initial set -time include consistency (viscosity),
calorimetry since the cement setting reaction is exothermic, and the like. In this example, over
70% of the untreated expanding agent has been hydrated before the cement began setting.
Accordingly, in the absence of encapsulation, only 30% of the expanding agent is available to
contribute to forming ‘compressive stress within the cement as it sets within the confined space of
the annulus. In contrast, the inventive encapsulated (delayed) expanding agent shows essentially
no hydration of the expanding agent until after the cement begins to set. Accordingly, in the
inventive example, essentially 106% of the expanding agent is available for hydration and thus
essentially 100% of the expanding agent is able to generate compressive stress within the cement

as it sets within the confined space of the annulus, as displayed in Figure 6B.
Examples 1 and 2 - poly lactic-acid degradation

Experiments showing the effect of water contacting the expanding agent were conducted.
Storage of the expanding agent may result in contact with water due to storage in humid c':onditions
or due to premixing with the mix water. In the example shown in FIG. 7 two identical formulations
were compared containing an expanding agent (MgO/Ca0O mixture), detailed in Table 1. These
data show a properly stored material Example 1 (slurry A), compared to an expanding agent which
had been exposed to wet conditions Example 2 (slilrry B). As these data show, the slurry viscosity
is significantly lower when prepared using the expanding agent that was properly stpred‘in dry

conditions. Once the expanding agent contacts water, a significant increase in viscosity occurs.
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Table 1: Effect of water on expanding agent

Property/Component Example 1 - Slury A Example 2 - Slurry B
‘ ' Dry expanding agent = Wet expanding agent

Slurry density 1900 kg/m3 1900 kg/m3

Class G cement (mass by weight of 100% 100%

cement)

Dry MgO/CaO (mass by weight of 5% : -

cement)

MgO/CaO exposed to humidity (mass - - 5%

by weight of cement) '

Antifoam (volume by weight of - 4Lh 4Lt

cement) .

Dispersant (volume by weight of - 10L/t 10L/t

cement) ‘

Examples 3 and 4 - polylactic-écid degradation

- In the following examples, the stability of various encapsulating agents were compared in
aqueous solutions having a neutral pH (6.5-7.5) and at a pH of 13, typical of cement slurry

formulations.

- In Example 3, an aqueous solution of poly lactic-acid (PLA) having a pH of 7 was prepared
and allowed to age at 25°C for 1 week. The degradation of the PLA was determined to be less

‘than 0.5 weight percent per week.

In Example 4, an aliquot of the solution used in Example 3 was adjusted to a pH of 13 with
Ca(OH),. The solution was allowed to age at 25°C. Complete degradation of the PLA occurred in

less than 45 minutes under these condi;ions.
Examples 5and 6 Nylon 6 degradation

As sample of Nylon 6 was aged at 130°C with agitation in an aqueous brine solution at
neutral pH (~7). The data are shown in FIG. 9. As these data show, the degradation of Nylon 6

at 130°C is slow, less than 2 weight percent per week.

Another piece of the same Nylon 6 sample was aged in an identical way at a pH of 12.6
(buffered with saturated Ca(OH)2). IThese data are shown in FIG. 10. As these data show, the -
degradation of Nylon 6 is much faster at elevated pH with ~68 weight percent degradation after 1

week and complete degradation after 3 weeks under these conditions.
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~ Although only a few example embodiments have been described in detail above, those
skilled in the art will readily appreciate that many modifications are possible in the example
embodiments without materially departing from this invention. Accordingly, all such
modifications are intended to be included within the scope of this disclosure as defined in the
following -claims. In the claims, means-plus-function clauses are intended to cover the structures
described herein as performing the recited function and not only structural equivalents, but also
equivalent structures. Thus, although a nail and a screw may not be structural equivalents in that
a nail employs a cylindrical surface to secure wooden parts together, whereas a screw employs a
helical surface, in the environment of fastening wooden parts, a nail and a screw rhay be equivalent
~ structures. It is the express intention of the applicant not to invoke 35 U.S.C. § 112 (f) for any
limitations of any of the claims herein, except for those in which the claim expressly uses the

words ‘means for’ together with an associated function.
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CLAIMS

We Claim:

1.

Capsules comprising an expanding agent at least partially surrounded by a shell, wherein
the shell is essentially impermeable to water at a pH in the range of 6 to 9 below an
activating pH of the shell, and wherein the shell becomes water permeable from exposure

to at least one pH in the range of 10 to 14 greater than the activating pH of the shell.

The capsules according to claim 1, wherein the expanding agent comprises calcium oxide,

magnesium oxide, calcium sulfate hemihydrate, or a combination thereof.

The capsules according to claim 1 or claim 2, wherein the shell comprises a polyamide, an
inorganic oxide, a polyanhydride, a polyester, a poly(ester anhydride), a polyurethane, a
polyether, a poly(ether urethane), a polyvinyl alcohol, a polyvinyl acetate, a polycarbonate,

a polysiloxane, or a combination thereof.

The capsules according to any one of claims 1 to 3, wherein the shell comprises a

/N A |(l B \
\ H /

wherein A and B are indépendeqtly selected from the group consisting of:

polyamide having the general structure:

O

O=—=0

Iz

’

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and

combinations thereof.

The capsules according to any one of claims 1 to 4, wherein the shell comprises nylon 6,

nylon 6,6, nyloh 6,10, nylon 6,12, nylon 11, nylon 12, or a combination thereof.
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The capsules according to any one of claims 1 to 5, wherein the shell comprises a

| [
\ C A C O: /
and/or a poly(ester anhydride) haviﬂg the general structure:
O O
/ l(.l, A H 0] B O \

\ /

wherein A and B are independently selected from the group consisting of:

polyanhydride having the general structure
@ O

’

aliphatic moieties comprising 1 to 20 carbon atoms;
alicyclic moieties comprising 3 to 20 carbon atoms;
olefinic moieties comprising 2 to 20 carbon atoms;
aromatic moieties comprising 6 to 20 carbon atoms, and

combinations thereof.
The capsules according to any one of claims 1 to 6, wherein the shell comprises a
polyadipic anhydride moiety, a ﬁolysuberic anhydride moiety, a polirsebacic anhydride
moiety, or a combination thereof. '
The capsules according to any one of claims 1 to 7, wherein the shell comprises a polyester

/O A |CIJ‘O B \
\ ]

having the general structure

O

O=—0

b

wherein A and B are independently selected from the group consisting of:
an aliphatic moiety comprising 1 fo 20 carbon atoms;
an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and
47



WO 2017/137791 PCT/IB2016/000272

10.

L1.

combinations thereof.

The capsules according to any one of claims 1 to 8, wherein the shell comprises poly-
glycolic acid, poly-lactic acid-co-glycolic acid, poly-L-lactic acid, poly-L/D-lactic acid,
poly-L/D-lactide-co-glycolic acid, polyethylene terephthalate, or a combination thereof.

The capsules according to any one of claims 1 to 9, wherein the shell comprises a polyether

having the general structure

[ a—o—s
\ J

wherein A and B are independently selected from the group consisting of:

»

an aliphatic moiety comprising 1 to 20 carbon atoms;

an alicyclic moiety comprising 3 to 20 carbon atoms;

an olefinic moiety compris{ng 2 to 20 carbon atoms;

an aromatic moiety comprising 6 to 20 carbon atoms, and

combinations thereof.

The capsules according to any one of claims 1 to 10, wherein the shell comprises a
polyurethane having the general structure:
[, )
VAT N0

and/or a poiy(ether urethane) ha\./ing the general structure:

\A O C ” B n C O/

wherein A and B are independently selected from the group consisting of:

_ an aliphatic moiety comprising 1 to 20 carbon atoms;
“an alicyclic moiety comprising 3 to 20 carbon atoms;
an olefinic moiety comprising 2 to 20 carbon atoms;
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12.

13.

14.

15.

15.-

16.

17.

an aromatic moiety coiriprising 6 to 20 carbon atoms, and

combinations thereof.

The capsules according to any one of claims 1 to 11 in an aqueous medium at a pH below

the activation pH.

The capsules according to any one of claims 1 to 11 in a cement slurry comprising
hydraulic cement and water at a pH above the activation pH, wherein the expanding agent
is present in the cement slurry at a concentration between 0.1 weight percent and 30 weight -

percent, based on the total weight of the hydraulic cement present.
The capsules according to ahy one of claims'1 to 11ina dry blend with hydraulic cement.

A method to cement a subterranean well ha\)ing a borehole disposed through a formation,
comprising: '

(1) - preparing a. cement slurry comprising water; hydraulic cement; the capsules

’according to .any one of claims 1 to 11, and a pH above the activating pH;
(ii)  placing the slurry in an annular region of the well between a first tubular body and
a borehole wall, or between the first-tubular body and a second tubular body; |

(iii)  bhardening the slurry to form an at least partially set cement; and

(iv) = hydrating and expanding the expanding agent to form an expanded.set cement

within the annular region.

The method according to claim 14, wherein the cement slurry comprises an amount of
expanding agent sufficient to form the expanded set cement transveréely compressed
between, and bonded to, the first tubular body and the borehole wall, or the first tubular
body and the second tubular body.

The method according to claim 14 or claim 15, further comprising isolating a zone of the

formation adjacent the expanded set cement.

-The method according to claim 15 or claim 16, wherein the bond between the first tubular

body and the expanded set cement is maintained after fluctuating the dimensions of the
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18.

19.

20.

first tubular body in response to a temperature change, a pressure change, a mechanical

disturbance resulting from a well intervention, or a combination thereof.

The method according to any one of claims 14 to 17, wherein the shell is selected to allow
less than 50% relative expansion, based on a total percent expansion of the expanded set
cement determined according to API-10B-5, to occur prior to an initial set time for the
cement slurry determined according to ASTM C191-04a, and greater than 50% relative
expansion, based on the total percent expansion of the expanded set cement determined
according to API-10B-5, to occur after the initial set time for the cement slurry determined
according to ASTM C191-04a.

A system for cementing a subterranean well in an annulus between a casing disposed within
a borehole and a formation, comprising: the capsules in the cement slurry according to

claim 13; and a pumping system to place the cement slurry in the annulus.

A method to produce a cement slurry, comprising:

combining water and the capsules according to any one of claims 1 to 11 to form a first
mixture of the capsules in aqueous medium at a pH below the activation pH;

cormbining the first mixture with hydraulic cément to produce the cement slurry having a
pH greater than the activating pH; and

delaying the infiltration. |
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