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DISSOLVABLE DOWNHOLE HYDRAULIC FRACTURING TOOLS COMPOSED OF
BULK METAL GLASS AND THERMOPLASTIC POLYMER COMPOSITES

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Non-Provisional Application Serial No.
17/847,849 filed by Shashwat Shukla, et al. on June 23, 2022, entitled “DISSOLVABLE
DOWNHOLE HYDRAULIC FRACTURING TOOLS COMPOSED OF BULK METAL
GLASS AND THERMOPLASTIC POLYMER COMPOSITES,” commonly assigned with this
application and incorporated herein by reference in its entirety.

BACKGROUND

[0002] As part of wellbore completion, it is often necessary regulate fluid flow into or out of
various portions of the wellbore using downhole hydraulic fracturing tools (“frac tools”). While
the use of frac tools made of dissolvable materials can be more convenient than deploying tools
using service strings and/or wirelines, there are stringent demands placed on such materials.
Certain polymer dissolvable materials can be lightweight and have predictable dissolution rates
but may not have adequate strength and toughness. Certain metal dissolvable materials can be
strong and tough, but may be heavy and have a dissolution rate that is strongly dependent on
wellbore chemistry. Water-reactive nanocrystalline alloy dissolvable materials can be expensive,
lack scalability and have unpredictable dissolution behavior. There is a continuing need in
wellbore completion technology to design frac tools, or part members thercof, made of
dissolvable materials that are economical, scalable, and lightweight, while still maintaining good
mechanical properties and having a predictable dissolution behavior.

BRIEF DESCRIPTION

[0003] Reference is now made to the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0004] FIG. 1 illustrates a general view of an example hydraulic fracturing system associated
with a wellbore in which dissolvable downhole hydraulic frac tools of the disclosure can be used;
[0005] FIG. 2A presents a perspective view of an example dissolvable downhole hydraulic
fracturing member, in the form of a fracing plug, deployed in a frac tool;

[0006] FIG. 2B presents a prospective view, analogous to that shown in FIG, 2A, including an
example dissolvable downhole hydraulic frac tool member, in the form of a frac ball, deployed in

the frac tool;
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[0007] FIG. 2C presents a prospective view and schematic representation of portion of the
dissolvable composite material of the frac tool member presented in FIG. 2B, showing an
example graded structure with different proportions of thermoplastic polymer and BMG particles
along at least one dimension of the tool member;

[0008] FIG. 3 presents an example flow diagram to illustrate embodiments of a method of
manufacturing a dissolvable downhole hydraulic frac tool member including any embodiments
the members discussed in the context of FIGs. 1-2C;

[0009] FIG. 4 presents a schematic view of an extrusion apparatus used as part of some
embodiments of the method of manufacture, such as disclosed in the context of FIG. 3;

[0010] FIG. 5 presents A) example dissolution rates of example BMG particles of the disclosure
and, B) example Young’s Modulus and Hardness values, of the example BMG particles;

[0011] FIG. 6 presents A) amorphous-crystalline transition times for example polymers of the
example compositions of the disclosure B) thermal properties of example calcium-based metal
alloy BMG particles of the example compositions and C) example processing windows for the
example BMG particle CaBMG1 shown in FIG. 6B; and

[0012] FIG. 7 presents example processing windows for example magnesium-based BMG
particles.

DETAILED DESCRIPTION

[0013] As part of the present disclosure we have discovered that dissolvable downhole hydraulic
frac tools made of composite material that include both water-soluble thermoplastic polymers
(referred to as "polymers” herein) and water-soluble BMG particles (referred to as "BMG
particles” herein) have substantially increased strength and toughness compared to the polymer
alone. As part of the present disclosure, we realized that wide ranging amounts of BMG
particles can be embedded in a matrix of the polymer at elevated temperatures (e.g., above room
temperature and in some embodiments above 100 °C) where the polymer becomes moldable and
the BMG particle becomes superplastic and hence also flowable and moldable at the same
elevated temperatures. This allows the use of techniques analogous to that used for molding or
forming polymers alone into frac tools. Upon cooling, the composition solidifies to form a frac
tool or frac tool member with increased strength and toughness depending on the amounts of
BMG particles incorporated, as further disclosed below. Moreover, because embodiments of the

polymer and BMG particles are flowable and moldable at the elevated temperature, different

2-



WO 2023/249636 PCT/US2022/034832

blends or graded blends with different proportions of BMG particles to polymer can be adjusted
for different tool members or even within the tool member itself. This in tern, allows the fine-
tuning of the strength, toughness, dissolution rate, or other properties of the composition, and the
tool members made of the composition, as further disclosed herein.

[0014] In the drawings and descriptions that follow, like parts are typically marked throughout
the specification and drawings with the same reference numerals, respectively. The drawn
figures are not necessarily to scale. Certain features of this disclosure may be shown exaggerated
in scale or in somewhat schematic form and some details of conventional elements may not be
shown in the interest of clarity and conciseness. Some specific embodiments are described in
detail and are shown in the drawings, with the understanding that they serve as examples and that
they do not limit the disclosure to only the illustrated embodiments. Moreover, it is fully
recognized that the different teachings of the embodiments discussed, infra, may be employed
separately or in any suitable combination to produce desired results.

non

[0015] Unless otherwise specified, any use of any form of the terms such as "press,” "connect,"

nn

"engage,” "couple,” "attach,” or any other term describing an interaction between elements is not
meant to limit the interaction to direct interaction between the elements but include indirect
interaction between the elements described, as well. In the following discussion and in the
claims, the terms "including" and "comprising” are used in an open-ended fashion, and thus
should be interpreted to mean "including, but not limited to." Further, any references to “first,”
“second,” etc. do not specify a preferred order of method or importance, unless otherwise
specifically stated but are intended to designate separate elements. The various characteristics
mentioned above, as well as other features and characteristics described in more detail below,
will be readily apparent to those skilled in the art with the aid of this disclosure upon reading the
following detailed description of the embodiments, and by referring to the accompanying
drawings.

[0016] FIG. 1 illustrates a general view of an example hydraulic fracturing system 100
associated with a wellbore 102 in which any of dissolvable downhole hydraulic frac tool
members 104 (referred to herein as "tool member”, e.g., a frac plug insert or frac ball) and frac
plug tools 106 (referred to herein as "tool") of the disclosure can be used. Once discrete
formation intervals 108, 110 for different fracture stages are identified or reached, the tool 106,

with the tool member 104 inserted in place in the tool, can be positioned in the wellbore 102 to
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isolate the intervals 108, 110 from each other and a conventional hydraulic fracturing operation
may be used to create fractures 112 in the intervals 108, 110 to increase formation porosity for
the purpose of increasing oil or gas production. The fracturing system 100 can include, among
other things, an operation control unit 115, a manifold unit 120, a frack pump 125, and a
wellhead tree 135 to cap the wellbore 102. The fracturing system 100 can also include a slurry
blender system 140 where a hydrated gel is combined with the other fracturing additives and
proppant (e.g., sand). The slurry blender system 140 can include one or more of the following:
fluid tanks 145, a gel blender 150, and other fracking component storage tanks 155, such as
chemical and sand storage tanks. A gel hydration apparatus 160 can be coupled to the slurry
blender system 140. One skilled in the pertinent art would understand how fracturing fluid,
pumped into the wellbore 102 at a high rate to increase the pressure in the wellbore 102, could be
used as part of the system 100 to create or increase {ractures 112 in the formation intervals 108,
110. For instance, the fracturing fluid can includes a hydrated gel, can be pumped along with the
proppant into the fractures 112 to prop the fractures in the formation open, thereby, effectively
increasing the formation's porosity.

[0017] One skilled in the pertinent arts would understand how the tool 106 could be located in
the wellbore 102, e.g., between an already fractured lower interval 110 and an upper interval 108
to be fractured, to serve as a fluid isolation barrier between the intervals 108 110. For instance,
once the tool 106 is positioned at a target location in the wellbore 102, a conventional swellable
or mechanical packer element 162, wrapped around a mandrel 165 of the tool 106, can be
radially expanded in the wellbore 102 to seal off fluid flow between the intervals 108, 110.
[0018] One embodiment of the disclosure is a downhole hydraulic fracturing tool ("frac tool")
for use in a hydraulic fracturing system. FIG. 2A presents a perspective view of an upper
segment of the tool 106 as depicted in the system 100 shown in FIG. 1, including an example
dissolvable frac tool member 104 ("tool member"), in the form of a frac plug, deployed in the
frac tool. FIG. 2B presents a perspective view of the frac tool, analogous to that shown in FIG,
2A including an example tool member, in the form of a frac ball, deployed in the frac tool. FIG.
2C presents a perspective view of the frac ball and a schematic representation of portion of the
water-dissolvable composite material 210 of the frac tool member 104 such as shown in FIG. 2B,

and further depicts an example graded structure with different proportions of thermoplastic
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polymer matrix 215 and BMG particles 220 along at least one dimension 225 of the tool member
104 as further disclosed herein.

[0019] With continuing reference to FIGs. 1-2C throughout, the frac tool member 104 can be
shaped as a plug (e.g., a cylindrical shaped plug with a conically Y-shaped top) to rest on a seat
of an upper end of the mandrel (e.g., on slanted sidewalls 230 of a seat 235 of the mandrel 165,
FIGs. 2A and 2B) and further shaped to fit in a flow passage of the mandrel (e.g., flow passage
170 in the mandrel 165 of the tool 106, FIG. 1). In other embodiments, however, the frac tool
member could have other shapes to match the shape of the seat of mandrel, e.g., a frac plug with
a T-shaped profile, to mate with an inversely shaped mandrel seat 235, as familiar to those
skilled in the pertinent art.

[0020] The tool member 104 includes, or is, a water-dissolvable composition 210. The
composition includes a water-soluble thermoplastic polymer e.g., FIG. 2C, polymer matrix 215)
and water-soluble BMG particles (e.g., FIG. 2C, particles 220). The BMG particles are
embedded within a matrix of the water-soluble thermoplastic polymer, the BMG particles have a
greater tensile strength than a tensile strength of the water-soluble thermoplastic polymer with no
BMG particles present (e.g., "the polymer alone"), and the BMG particles have a higher fracture
toughness than a fracture toughness of the polymer alone.

[0021] The term polymer matrix, as used herein, refers to a continuous phase of the water-
soluble thermoplastic polymer holding the BMG particles embedded therein.

[0022] Embodiments of BMG particles can have a temperature of superplastic flowability that is
in a moldability temperature range of the water-soluble thermoplastic polymer. A temperature of
superplastic flowability refers to a temperature range, between a crystallization temperature (Tx)
and a glass transition temperature (Tg) of the BMG particles, where the BMG particles are
superplastic. The term superplastic, as used herein, refers to the ability of the BMG particle to
exhibit a large tensile elongation (e.g., 500 % elongation or higher) at an elevated temperatures.
A moldable polymer refers to the thermoplastic polymer being softened or flowable at the
elevated temperature to the extent where it can be shaped into the frac tool member.

[0023] Some embodiments the BMG particles can be superplastic at the temperature of
superplastic flowability for a time period of at least 300 minutes, e.g., a time period in a range
from 300 to 600 minutes in some embodiments, thereby facilitating a large processing time

window for tool member fabrication.
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[0024] Embodiment of the BMG particle, when superplastic, can advantageously be highly
wettable to the polymer, indicative of a high level of interfacial interactions between the BMGs
and polymer matrix. Such high levels of interfacial interactions between the BMG particles and
the polymer can be characterized in terms of a low contact angle between the BGMs, when in a
supper fluid state, and the polymer matrix has a contact angle of, e.g., less than 90 degrees and,
in some embodiments, in a range from 20 to 40, 40 to 60, 60 to 80 degrees. Those skilled in the
pertinent art would be familiar with procedures to measure contact angles. High levels of
interfacial interaction, due to wetting between the BMG particles and polymer, promotes
infiltration and embedding of the BMG particles in the polymer matrix, which in turn,
strengthens the BMG-polymer composition as compared to the polymer alone. For instance,
glass transition temperatures (Tg) of some embodiments of the composition can be at least 10,
20, 30, or 50% higher than the polymer alone.

[0025] While embodiments of the BMG particles typically have an amorphous structure, in some
embodiments, the BMG particles can have a partially amorphous structure. Those skilled in the
pertinent art would be familiar with procedures, such as transmission electron microscopy
(TEM) procedures, to measure and characterize the BMG particles as fully or partially
amorphous.

[0026] Some embodiments of the composition 210 can include a weight percent of the BMG
particles that is a value in a range from 1 to 35 wt% (e.g., 1 to 10, 10 to 20, 20 to 30, 30 to 35
wt% for various compositions) of a total weight of the composition and balance the water-
soluble thermoplastic polymer. Advantageously, the presence of embedded BMG particles
increases the strength and toughness of the composition as compared to the polymer alone. This
18 in contrast to certain dissolvable metal particles, which when incorporated into a polymer, can
cause a loss in strength or toughness.

[0027] For some such embodiments, the weight percent value of the BMG particles in the
composition 210 can be varied by at least 50 wt% along at least one dimension of the frac tool
member 104. As non-limiting examples, if the wt% of the BMG near an exterior surface 240 of
the tool member 104 equals a value of X' (e.g., x equals 1, 10, 15, 17.5 wt%), then, in the bulk
interior location (e.g., interior location 245) the wt% can equal at least 2x' (e.g., 2, 20, 35 wt%,
respectively). As illustrated in FIG. 2B and 2C, in some such embodiments, the least one

dimension 2235 can be a radial distance between the exterior surface 240 to an interior location
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(e.g., central interior location 245a) of the frac tool that is at least 1, 2, 3, or 4, cm from the
exterior surface.

[0028] As a non-limiting example, consider a tool member 104 shaped as a frac ball such as
depicted in FIG. 2C having a radius 250 value in a range from 2 cm to 100 cm. Some
embodiments of the frac ball can be fabricated such that the weight percent of the BMG particles
various from as low as 1 wt% at the exterior surface 240 to as high as 35 wt% at the central
interior location 245a. The variation in the weight percent value of the BMG particles along a 10
to 50 cm portion of the radius of ball could linear or curvilinear, over the entire diameter or over
just a portion of the radius (e.g., 10, 20, 30, 50 or 70 % portions of the entire radius). In some
such embodiments, it is advantageous for the exterior surface of the frac tool member to be made
of predominantly the polymer (e.g., 99, 95, 90 wt% polymer) so that the onset of dissolution can
be substantially controlled by the glass transition temperature (Tg) similar to that of the polymer
alone. In various embodiments, the variation in the weight percent of the BMG particles along
the least one dimension can be graded to change from a low value at the exterior surface 240 to
a high value at an interior location in the tool member (e.g., location 245 and in some
embodiments central location 245a). In other embodiments, the inverse variation, from a high
value to a low value, or more complex variations or combinations of portions with variations
variation in the weight percent of the BMG particles, and, other portions with a constant value in
the weight percent of the BMG particles, would be apparent in view of the present disclosure.
For example, as illustrated in FIGs 2B and 2C, the tool member 104 exterior surface 240 can be
predominantly be composed of the polymer, while the BMG content can increase with depth into
the tool member and then saturates such that along a least a portion of the at least one dimension
225 the weight percent of the BMG particle is a constant value (e.g., a weight percent variation
of less than +0.1, +1, £2, or +5 weight percent per cm, in various embodiments).

[0029] In embodiments of the frac tool member 104 shaped and deployed as a frac plug, a tensile
strength that is higher than that obtained for the polymer alone is sometimes desirable. For
instance, while for a polyglycolic acid (PGA) polymer alone, the tensile strength can equal 100
MPa, embodiments of the composition 210 composed of PGA with BMGs embedded therein can
have a tensile strength of greater than 100 MPa, in proportion to the weight percentage of the
BMG particles that are embedded in the polymer to therefore form the composition 210. As
non-limiting examples, BMGs composed of Mg66Zn30Ca4 can have a tensile strength of 750
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MPa. BMGs composed of Cas7sMgisZna7s, CassMgi7.5Zn27.5, Casz.sMgaoZngg s, CasasMgan sZnas
or CasoMg20Zn3o can have a tensile strength 500 MPa. Accordingly, a composition including
PGA and such BMG particles embedded therein can have tensile strength values that are at least
5, 10, 25, 50, 100, 200 or 300 percent higher than the tensile strength of the polymer alone,
depending on the weight percentage of the BMG particles (e.g., 1 to 35 wt%) that are embedded
in the polymer, while still having a water-dissolvable composition.

[0030] In embodiments of the frac tool member 104 shaped and deployed as a frac ball, a
fracture toughness that is greater than that obtained for the polymer alone is sometimes desirable.
For instance, while for a PGA polymer alone, the fracture toughness can equal 1.5 MPa Vi,
embodiments of the composition 210 composed of PGA with BMGs embedded therein can have
a tensile strength of at least 2 MPa Vm (e.g., greater than or equal to 2, 3, 4, 5, 6, 7 or 8 Mpa
Vm). As non-limiting examples, BMGs composed of Mgsy sCuz2.9Ag6sGdi1 can have a fracture
toughness of 8 Mpa Vm. Accordingly, a composition including PGA and such BMG particles
embedded therein can have fracture toughness values that are at least 5, 10, 25, 50, 100, 200 or
250 percent higher than the tensile strength of the polymer alone, depending on the weight
percentage (e.g., 1 to 35 wt%) of the BMG particles that are embedded in the polymer, while still
having a water-dissolvable composition.

[0031] Some embodiments of the BMG particles of the disclosure can be composed of a first
alkaline earth metal as a major element, a second different alkaline earth metal as a first minor
element and a second minor element of zinc

[0032] Some embodiments of the BMG particles of the disclosure can be composed of a
calcium-based metal alloy or a magnesium-based alloy. The term calcium-based as used herein
means that calcium is the major element present in the metal alloy on a weight percent basis. The
term magnesium-based as used herein means that magnesium is the major element present in the
metal alloy on a weight percent basis.

[0033] In some embodiments a weight percent of calcium in the calcium-based metal alloy is at
least 50 wt%. and in some embodiments the weight percent of calcium in the calcium-based
metal alloy is a value in a range from 50 wt% to 58 wt%. In some such embodiments the
calcium-based alloy can further include magnesium and zinc. In some such embodiments, a
weight percent of the magnesium in the calcium-based metal alloy can be a value in a range from

15 to 20 wt% and the calcium-based metal alloy can be balance the zinc. In some such
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embodiments, a weight percent of the zinc in the calcium-based metal alloy can be a value in a
range from 25 to 30 wt% and the calcium-based metal alloy is balance the magnesium. Non-
limiting examples include BMGs composed of Cas7sMgisZnars ("CaBMG1"), CassMgi7.5Zn27 s
("CaBMG2"), CasysMgaZnars ("CaBMG3"), CaszsMgi75Zn3o ("CaBMG4"), CaszsMgasZnos
("CaBMGS") or CasoMgz0Zn3o ("CaBMG6").

[0034] A non-limiting example of an Mg-based alloy includes Mgso sCu229Ag66Gd11.

[0035] Calcium-based and magnesium-based alloys can have adjustable rapid dissolution rates
while still improving mechanic properties of the tool member such as tensile strength and
fracture toughness.

[0036] Other embodiments of the BMG particles of the disclosure can be composed of a
titanium-based alloy, a zirconium-based alloy or other hydrophilic alloys. Non limiting example
titanium-based alloys include: compositions based on TiCuNi alloys such as: Tiz4sNiis.1Cuizy,
TisoNisCuss, TizosNiiz3Cui23Gess, and TigssCui25Niz6Gers; compositions based on TiZrBe
alloys such as: TigNigCugBeigZras and TisZrsBesoCrs; compositions based on TiZrCu alloys
such as: TiwZrioCussPdis and TisZr10Cus2Pd14Sns; and compositions based on TiZrSi alloys
such as: TizZreFesSil7 and TissZrsFeeSiizMogNbz.  Non limiting example zirconium-based
alloys include: compositions such as: ZrszsTisCuizoNiiasAlio, Zre7CuioeNiosTis sBess,
Zr55Cu30A110Ni5, and compositions based on ZrCuNiNbAI alloys. While some embodiments
of BMGs composed of titanium-based or zirconium-based alloy may not have as rapid a
dissolution rate as some calcium-based and magnesium-based alloys, such titanium-based or
zirconium-based alloy can provide even greater increases in the mechanical properties of the tool
member as compared to BMGs composed of calcium-based and magnesium-based alloys

[0037] In some embodiments, it is advantageous for the BMG particles to have one or more
elements with a high surface energy (e.g., 1300 mJ/m” or higher) because such elements can
promote the formation of strong interfacial interactions to promote bonding between the polymer
and BMG particles, which in turn, can result in improvements in the composition's mechanical
properties such as higher tensile strength and greater fracture toughness. For instance, increased
interfacial bonding between the BMG particles and polymer matrix can result in effective
transfer of the desired mechanical properties of the BMG particles to the polymer matrix. The
surface energy of calcium-based or magnesium-based alloys can be increase by including in the

composition 210, alkali earth metal elements, transition metal elements or rare earth elements
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(the lanthanide series and scandium and yttrium) that have such a high surface energy. Non
limiting examples of such elements include e.g., Pt (surface energy 2672 mJ/m?), (surface energy
Ni 1770 mJ/m?) or Cu (surface energy 1360 mJ/m?).

[0038] Based on the present disclosure one skilled in the pertinent art would appreciate how
alternative BMG compositions, including different combinations of the above disclosed
elements, and that show good wettability when embedded in the polymer, would fall within the
scope of the disclosure.

[0039] In some embodiments, to facilitate suppression of stress-induced softening, which in turn
can be associated with reduced toughness of the tool member 104, it is advantageous for the
BMP particles to have an average size of less than 100 pm, e.g., an average diameter value in a
in a range of 50 to 100 nm for some embodiments. One skilled in the pertinent art would
understand how processes such as rapid solidification (e.g., melt-spinning, splat-quenching,
micro-injection molding, suction casting, or rapid discharge forming), followed by mechanical
milling (e.g., ball-milling under an inert environment) could be employed to obtain BMGs have
such average sizes.

[0040] Non limiting examples of the water-soluble thermoplastic polymer include PGA
polylactic acid PLA, polylactic-co-glycolic acid PLGA, poly(lactic- co -glycolic acid) PDLG
(copolymers of DL-lactide and glycolide), or related polymer containing additives as familiar to
those skilled in the pertinent as further disclosed herein.

[0041] Any embodiments of the composition 210 could further include coupling agents to
enhance wetting and thereby promote interfacial interactions. Non-limiting examples of coupling
agents include one or more of: gamma;-aminopropyltriethoxysilane, N-(&beta;-aminoethyl)-
&gamma;-aminopropyl methyldimethoxysilane or gamma;-aminoethyl
aminopropyltrimethoxysilane.

[0042] Any embodiments of the composition 210 could further include carbon nanotubes or clay
nanopowders to allow further adjustment to the thermal stability, mechanical properties and
dissolution rate of the composition. In some such embodiments, the composition can include
carbon nanotubes provided at a weight percent of 5 to 10 wt% in the composition or clay
nanopowders provided at a weigh percent of 5 to 10 wt% in the composition.

[0043] Another embodiment of the disclosure is a method of manufacturing a dissolvable

downhole hydraulic frac tool member. FIG. 3 presents an example flow diagram to illustrate
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embodiments of a method 300 of manufacturing a frac tool member, including any embodiments
the frac tool members 104 discussed in the context of FIGs. 1-2C.

[0044] With continuing reference to FIGs. 1-3, throughout, the method 300 includes providing
(step 305) water-soluble bulk metallic glass particles (e.g., BMG particles 220) having an
average size in a range of 50 to 100 nm and providing (step 310) water-soluble thermoplastic
polymer particles have an average size in a range of 100 to 250 nm. The method 300 further
includes mixing (step 315) the BMG particles and the water-soluble thermoplastic polymer
particles together to form a BMG-polymer blend. The method further includes heating (step
320) the BMG-polymer blend to a temperature where the BMG particles are superplastic, the
water-soluble thermoplastic polymer particles are moldable. and the BMG particles are
embedded in a matrix of the thermoplastic polymer (e.g., polymer matrix 215) to thereby form a
BMG-polymer composition (e.g., composition 210). The method includes then forming (step
325) the BMG-polymer composition into the tool member 104.

[0045] In some such embodiments, the mixing step 315 can include feeding (step 330) the BMG
particles into an extrusion apparatus containing the water-soluble thermoplastic polymer particles
therein.

[0046] As a non-limiting example, FIG. 4 presents a schematic view of an apparatus 400 (e.g.,
an extrusion apparatus) where BMG particles 220 are fed (step 330) via a filling pump 410 into a
chamber 415 of the apparatus 400 where the BMG particles 220 and polymer particles 417 are
mixed, as part of step 315, to form the BMG-polymer blend 420. In some such embodiments as
part of the feeding (step 330), the feeding rate can be varied such that different portions of the
BMG-polymer blend 420 passing through and out of the apparatus 400 as the composition 210,
have graded amounts of the BMG particle embedded in the polymer matrix such as disclosed
herein. For instance, the apparatus 400 can have twin screws 430, 432 to facilitate mixing to
form the BMG-polymer blend.

[0047] In some embodiments, the heating (step 320) raises the BMG-polymer blend and
composition to the temperature in a range from 100 to 225 °C. One skilled in the pertinent arts
would understand how the temperature would be adjusted for the particle BMG particles and
polymer particles being used in the method 300. For example for polymer embodiments of PGA,
PLA or PLGA the temperature values can range from 220 to 225, 157.5 to 162.5 and 140 to 180

°C, respectively. For example in some embodiments where techniques such as ram-extrusion are

-11-



WO 2023/249636 PCT/US2022/034832

used to shape the polymer, processing temperatures will be lower, e.g., 125°C for PGA and
105°C for PLGA. In some such embodiments, the heating (step 320) can include heating (step
335) the apparatus 400 to the temperature during the mixing (step 315), including the feeding
(step 330) of the BMG particles 220. However in other embodiments the heating can include
laser ablation, or, additive manufacturing including laser melting or fused filament fabrication as
familiar to those skilled in the pertinent arts.

[0048] In some such embodiments, forming the BMG-polymer composition into the frac tool
member (step 325) can include extruding (step 340) the composition out of the apparatus. For
instance, the twin screws 430, 432 of the apparatus 400 can be configured to co-rotate so as to
facilitate extruding (e.g., co-extruding the mixture of the superplastic BMG and the moldable or
melted polymer) the composition 210 out of the apparatus as part forming of tool member 104
(step 325). Those skilled in the pertinent art would be familiar with performing solid state
extrusion procedures at such elevated temperature at which both the polymer and BMG particle
become mouldable and superplastic so as to blend and flow like a fluid to form the composition
210.

[0049] In some such embodiments, forming the BMG-polymer composition into the frac tool
member (step 325) includes transferring (step 345) the composition into a mold and cooling (step
350) to solidify the composition.

[0050] For instance, the extruding 340 of the BMG-polymer composition 210 out of the
apparatus 400 can facilitate transferring the composition into a mold 440 having an internal
cavity 445 with an inverse shape so as to form the tool member 104 in the desired shape (e.g., a
frac plug, frac ball or other frac tool member). After the cooling (step 350) the composition can
be removed form the mold 440 as the final tool member or further processed, e.g., by milling
into the shape of the frac tool member.

[0051] Examples

[0052] FIG. 5(A) presents example dissolution rates of the example BMG particles
CaBMGI...CaBMG6 and, FIG 5B presents example Young’s Modulus and Hardness values, of
these BMG particles.

[0053] Example processing time and temperature windows of PLLA and PGA are illustrated in
FIG. 6A by presenting the amorphous-crystalline transition times for these polymers. Example

thermal properties of the example BMG particles CaBMG1...CaBMG6 of the composition are
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illustrated in FIG. 6B and example processing time and temperature windows for one of the
example CaBMG1 BMG particles (Cas7.sMgisZn275) are presented in FIG. 6C. FIGs 6A-6C
together illustrate that these example polymer and BMGs of the disclosure have similar time and
temperature windows for thermomechanical co-processing of the BMG particles and polymer
thereby facilitating wetting and promoting interfacial interactions as disclosed herein.

[0054] FIG. 7 presents example processing time and temperature windows for example
magnesium-based BMG particles of MgesCuzsYio. As illustrated the MgesCuzsY 1o particles have
a wide time and temperature windows for superplastic formation. Such particles and similar
magnesium based BMG particles with copper included as a first minor element, and other types
of rare earth elements included as a second minor element, are dissolvable in water and can have
tensile strength values in a range from 700 to 800 MPa. The inclusion of other alloying
elements, e.g., alkali earth metal elements, transition metal elements or rare earth elements, as
noted elsewhere herein, would facilitate the further tuning of the dissolution rate and the time
and temperature windows.

[0055] Disclosure statements.

[0056] Statement 1. A downhole hydraulic frac tool for use in a hydraulic fracturing system, the
frac tool comprising a dissolvable frac tool member that includes a water-dissolvable
composition, the composition including: a water-soluble thermoplastic polymer; and water-
soluble bulk metallic glass (BMG) particles, wherein: the BMG particles are embedded within a
matrix of the water-soluble thermoplastic polymer, the BMG particles have a greater tensile
strength than a tensile strength the water-soluble thermoplastic polymer, and the BMG particles
have a higher fracture toughness than a fracture toughness the water-soluble thermoplastic
polymer.

[0057] Statement 2. The BMG particles have a temperature of superplastic flowability that is in a
moldability temperature range of the water-soluble thermoplastic polymer

[0058] Statement 3. The BMG particles are superplastic at the temperature of superplastic
flowability for a time period of at least 300 minutes

[0059] Statement 4. The BMG particles are superplastic at the temperature of superplastic

flowability for a time period in a range from 300 to 600 minutes
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[0060] Statement 5. The BMG particles are wetted with the water-soluble thermoplastic polymer
such that a contact angle between the BGMs, when in a supper fluid state, and the polymer
thermoplastic polymer is less than 90 degrees.

[0061] Statement 6. The BMG particles have a partially amorphous structure.

[0062] Statement 7. The composition includes a weight percent of the BMG particles in a range
from 1 to 35 wt% of a total weight of the composition and balance the water-soluble
thermoplastic polymer.

[0063] Statement 8. The weight percent of the BMG particles in the composition varies by at
least 50 wt% along at least one dimension of the frac tool member

[0064] Statement 9. The least one dimension is a radial distance from an exterior surface of the
frac tool to an interior location of the frac tool that is at least 1 cm from the exterior surface.
[0065] Statement 10. The variation in the weight percent of the BMG particles along the least
one dimension is graded to change from a low value to a high value from an exterior surface of
the tool member to an interior location in the tool member

[0066] Statement 11. The weight percent of the BMG particle along a least a portion of the at
least one dimension is a constant value.

[0067] Statement 12. The frac tool member is a frac plug.

[0068] Statement 13. The frac plug has a tensile strength that is at least 5 greater than a tensile
strength of the polymer alone.

[0069] Statement 14. The frac tool member is a frac ball.

[0070] Statement 15. The frac ball has a fracture toughness that is at least 5 greater than a tensile
strength of the polymer alone.

[0071] Statement 16. The BMG particles are composed of a first alkaline earth metal as a major
element, a second different alkaline earth metal as a first minor element and a second minor
element of zinc.

[0072] Statement 17. A method of manufacturing a dissolvable downhole hydraulic frac tool
member, comprising: providing water-soluble bulk metallic glass (BMG) particles have an
average size in a range of 50 to 100 nm; providing water-soluble thermoplastic polymer particles
having an average size in a range of 100 to 250 nm; mixing the BMG particles and the water-
soluble thermoplastic polymer particles together to form a BMG-polymer blend; heating the

BMG-polymer blend to a temperature where the BMG particles are superplastic, the water-
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soluble thermoplastic polymer particles are moldable, and the BMG particles are embedded in a
matrix of the thermoplastic polymer to thereby form a BMG-polymer composition; and then
forming the BMG-polymer composition into the frac tool member.

[0073] Statement 18. The heating raises the BMG-polymer blend to the temperature in a range
from 100 to 225 °C.

[0074] Statement 19. The mixing includes feeding the BMG particles into an apparatus
containing the water-soluble thermoplastic polymer particles therein, the heating includes
heating the apparatus to the temperature during the feeding, and the forming includes extruding
the composition out of the apparatus.

[0075] Statement 20. Forming the BMG-polymer composition into the frac tool member
includes transferring the composition into a mold and cooling to solidify the composition.

[0076] Those skilled in the art to which this application relates will appreciate that other and
further additions, deletions, substitutions and modifications may be made to the described

embodiments.
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WHAT IS CLAIMED IS:

1. A downhole hydraulic frac tool for use in a hydraulic fracturing system, the frac tool
comprising:

a dissolvable frac tool member that includes a water-dissolvable composition, the
composition including:

a water-soluble thermoplastic polymer; and
water-soluble bulk metallic glass (BMG) particles, wherein:
the BMG particles are embedded within a matrix of the water-soluble
thermoplastic polymer,
the BMG particles have a greater tensile strength than a tensile strength
the water-soluble thermoplastic polymer, and
the BMG particles have a higher fracture toughness than a fracture
toughness the water-soluble thermoplastic polymer.

2. The tool of claim 1, wherein the BMG particles have a temperature of superplastic
flowability that is in a moldability temperature range of the water-soluble thermoplastic polymer.

3. The tool of claim 1, wherein the BMG particles are superplastic at the temperature of
superplastic flowability for a time period of at least 300 minutes.

4. The tool of claim 1, wherein the BMG particles are superplastic at the temperature of
superplastic flowability for a time period in a range from 300 to 600 minutes.

5. The tool of claim 1, wherein the BMG particles are wetted with the water-soluble
thermoplastic polymer such that a contact angle between the BGMs, when in a supper fluid state,
and the polymer thermoplastic polymer is less than 90 degrees.

6. The tool of claim 1, wherein the BMG particles have a partially amorphous structure.

7. The tool of claim 1, wherein the composition includes a weight percent of the BMG
particles in a range from 1 to 35 wt% of a total weight of the composition and balance the water-
soluble thermoplastic polymer.

8. The tool of claim 7, wherein the weight percent of the BMG particles in the

composition varies by at least 50 wt% along at least one dimension of the frac tool member
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9. The tool of claim 8, wherein the least one dimension is a radial distance from an
exterior surface of the frac tool to an interior location of the frac tool that is at least 1 cm from
the exterior surface.

10. The tool of claim 8, wherein the variation in the weight percent of the BMG particles
along the least one dimension is graded to change from a low value to a high value from an
exterior surface of the tool member to an interior location in the tool member.

11. The tool of claim 8, wherein the weight percent of the BMG particle along a least a
portion of the at least one dimension is a constant value.

12. The tool of claim 1, wherein the frac tool member is a frac plug.

13. The tool of claim 12, wherein the frac plug has a tensile strength that is at least 5
greater than a tensile strength of the polymer alone.

14. The tool of claim 1, wherein the frac tool member is a frac ball.

15. The tool of claim 14, wherein the frac ball has a fracture toughness that is at least 5
greater than a tensile strength of the polymer alone.

16. The tool of claim 1, wherein the BMG particles are composed of a first alkaline earth
metal as a major element, a second different alkaline earth metal as a first minor element and a
second minor element of zinc.

17. A method of manufacturing a dissolvable downhole hydraulic frac tool member,
comprising:

providing water-soluble bulk metallic glass (BMG) particles have an average size in a
range of 50 to 100 nm;

providing water-soluble thermoplastic polymer particles having an average size in a
range of 100 to 250 nm;

mixing the BMG particles and the water-soluble thermoplastic polymer particles together
to form a BMG-polymer blend;

heating the BMG-polymer blend to a temperature where the BMG particles are
superplastic, the water-soluble thermoplastic polymer particles are moldable, and the BMG
particles are embedded in a matrix of the thermoplastic polymer to thereby form a BMG-polymer
composition; and then;

forming the BMG-polymer composition into the frac tool member.
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18. The method of claim 17, wherein the heating raises the BMG-polymer blend to the
temperature in a range from 100 to 225 °C.
19. The method of claim 17, wherein:
the mixing includes feeding the BMG particles into an apparatus containing the
water-soluble thermoplastic polymer particles therein,
the heating includes heating the apparatus to the temperature during the feeding,
and
the forming includes extruding the composition out of the apparatus.
20. The method of claim 17, wherein:
forming the BMG-polymer composition into the frac tool member includes

transferring the composition into a mold and cooling to solidify the composition.
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