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(57) ABSTRACT

A composite particle comprises a core, a shielding layer
deposited on the core, and further comprising an interlayer
region formed at an interface of the shielding layer and the
core, the interlayer region having a reactivity less than that of
the core, and the shielding layer having a reactivity less than
that of the interlayer region, a metallic layer not 1dentical to
the shielding layer and deposited on the shielding layer, the
metallic layer having a reactivity less than that of the core, and
optionally, an adhesion metal layer deposited on the metallic
layer.
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METHOD OF CONTROLLING THE
CORROSION RATE OF ALLOY PARTICLES,
ALLOY PARTICLE WITH CONTROLLED
CORROSION RATE, AND ARTICLES
COMPRISING THE PARTICLE

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a divisional of U.S. Non-provi-
sional application Ser. No. 13/194,271 filed on Jul. 29, 2011.
The parent application 1s incorporated by reference herein 1n
its entirety.

BACKGROUND

[0002] Certain downhole operations involve placement of
clements in a downhole environment, where the element per-
forms 1ts function, and 1s then removed. For example, ele-
ments such as ball/ball seat assemblies and fracture (frac)
plugs are downhole elements used to seal oif lower zones 1n a
borehole 1n order to carry out a hydraulic fracturing process
(also referred to 1n the art as “fracking”) to break up different
zones of reservoir rock. After the fracking operation, the
ball/ball seat or plugs are then removed to allow fluid tlow to
or from the fractured rock.

[0003] Balls and/or ball seats, and frac plugs, may be
formed of a corrodible matenial so that they need not be
physically removed intact from the downhole environment.
In this way, when the operation mnvolving the ball/ball seat or
frac plug 1s completed, the ball, ball seat, and/or frac plug
corrodes away. Otherwise, the downhole article may have to
remain 1n the hole for a longer period than 1s necessary for the
operation.

[0004] TTo facilitate removal, such elements may be formed
ol a material that reacts with the ambient downhole environ-
ment so that they need not be physically removed by, for
example, a mechanical operation, but may instead corrode or
dissolve under downhole conditions. However, while corro-
sion rates of, for example, an alloy used to prepare a corrod-
ible article can be controlled by adjusting alloy composition,
an alternative way of controlling the corrosion rate of a down-
hole article 1s desirable.

[0005] Corrodible materials may include those having a
high activity on the saltwater galvanic series, such as a mag-
nesium alloy adjusted for corrosion rate. It has been found
that adjusting the amount of trace contaminants 1n a magne-
sium alloy can have a significant impact on the corrosion rate
of such alloys (Song, G. and Atrens, A., “Understanding
Magnesium Corrosion: A Framework for Improved Alloy
Performance,” Adv. Eng. Mater. 2003, 5(12) pp. 837-838).
For example, metals such as nickel, iron, copper, calcium,
etc., may be added to magnesium to increase the corrosion
rate and other metals such as zircomium, yttrium, etc. may be
added to decrease the corrosion rate. Balancing the amounts
ol such additives to achieve a desired bulk corrosion rate can
in this way control overall corrosion of articles made from the
alloy; however, such an approach requires preparation of
multiple batches of alloy, requiring high batch-to-batch
reproducibility and precise, reproducible control of metal
additives or contaminants 1n the alloy.

[0006] There accordingly remains a need for controlling
the overall corrosion rate of magnesium alloys for use in
downhole articles without need for fine adjustment of alloy
composition and with improved corrosion control.
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SUMMARY

[0007] The above and other deficiencies of the prior art are
overcome by, 1n an embodiment, a composite particle com-
prising a core, a shielding layer deposited on the core, and
turther comprising an interlayer region formed at an interface
of the shielding layer and the core, the interlayer region hav-
ing a reactivity less than that of the core, and the shielding
layer having a reactivity less than that of the interlayer region,
a metallic layer not 1dentical to the shielding layer and depos-
ited on the shielding layer, the metallic layer having a reac-
tivity less than that of the core, and optionally, an adhesion
metal layer deposited on the metallic layer.

[0008] In another embodiment, a composite particle com-
prises a magnesium-aluminum alloy core, a shielding layer
comprising an aluminum-containing layer deposited on the
core, and further comprising an iterlayer region comprising
a-Mg and y-Mg,,Al, , formed at the interface between the
magnesium alloy core and the aluminum-containing layer,
and further comprising inclusions of alumina, magnesia, or a
combination comprising at least one of these oxides, a metal-
lic layer deposited on the shielding layer, the metallic layer
comprising N1, Fe, Cu, Co, W, alloys thereof, or a combina-
tion comprising at least one of the foregoing, an aluminum-
containing shielding layer deposited on the metallic laver,
and optionally, an aluminum-contaiming adhesion metal
layer, wherein the iterlayer region, shielding layer, metallic
layer, and optional adhesion metal layer are inter-dispersed
with each other.

[0009] In another embodiment, a method of adjusting cor-
rosion rate 1n an aqueous electrolyte 1s disclosed for a com-
posite particle having a core, a shielding layer deposited on
the core, and further comprising an interlayer region formed
at an terface of the shielding layer and the core, the inter-
layer region having a reactivity less than that of the core, and
the shielding layer having a reactivity less than that of the
interlayer region, a metallic layer not identical to the shield-
ing layer and deposited on the shielding layer, the metallic
layer having a reactivity less than that of the core, and option-
ally, an adhesion metal layer deposited on the metallic layer,
the method comprising selecting the metallic layer such that
the lower the reactivity of the metallic layer 1s relative to the
shielding layer, the greater the corrosion rate, and selecting
the amount, thickness, or both amounts and thicknesses of the
shielding layer and metallic layer such that the less the
amount, thickness, or both amount and thickness of the
shielding layer relative to those of the metallic layer, the
greater the corrosion rate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Referring now to the drawings wherein like ele-
ments are numbered alike 1n the several Figures:

[0011] FIG. 1 shows a cross-sectional view of a composite
particle 100q having a multilayer structure (FIG. 1A) and a
cross-sectional view of a composite particle 1005 having an
inter-dispersed layer (FIG. 1B);

[0012] FIG. 2 shows a cross-sectional view ol a composite
particle 200aq having a multilayer structure (FIG. 2A) and a
cross-sectional view of a composite particle 2005 having an
inter-dispersed layer (FIG. 2B); and

[0013] FIG. 3 showsacross-sectional view of an exemplary
corrodible downhole article 300 prepared from the composite
particles 310.
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DETAILED DESCRIPTION OF THE INVENTION

[0014] Daisclosed herein 1s a composite particle usetul for
fabricating a corrodible article. The composite particle has
multilayered structure of a core of a high reactivity material,
such as magnesium or a magnesium alloy, coated a shielding
layer such as for example, aluminum. At the iterface of the
shielding layer and the core, an intermetallic phase can form,
such as a crystalline metallic compound of magnesium and
aluminum, and present 1n discontinuous regions. The shield-
ing layer, which includes the intermetallic regions, has a layer
ol a noble material with a lower reactivity (1.e., more noble
than the shielding layer, though comparable in reactivity to
the intermetallic phase) disposed on i1t. An additional layer of
an adhesive metal, for example, aluminum, can be disposed
over the noble material layer, to provide adhesion between
particles upon molding. The interlayer region, shielding
layer, noble matenial layer (referred to herein as the “metallic
layer” where the noble material 1s a metal), and optional
adhesion layer are believed to be inter-dispersed with each
other, and form a compositionally varied outer shell which 1s
also inter-dispersed with the core.

[0015] The noble material layer, which has a lower reactiv-
ity relative to the core material, acts as a cathode, whereas the
core, made ol a metal such as magnesium which 1s more
reactive than the noble metal layer, 1s anodic relative to the
noble metal layer. The shielding layer, which includes the
intermetallic phase, 1s also cathodic relative to the core, but
anodic relative to the noble metal layer. A galvanic discharge
cycle (e.g., corrosion) occurs between the relatively anodic
and relatively cathodic materials 1n the presence of an elec-
trolyte. By adjusting the composition of the noble metal layer
relative to the core and shielding layers, and by adjusting the
amounts and/or thicknesses of the shielding and noble metal
layers, the corrosion rate of the composite particle 1s adjusted.
[0016] The composite particles are formed 1nto articles by
compressing and shaping the particles using, for example,
cold molding followed by forging.

[0017] The core includes any material suitable for use 1n a
downhole environment, provided the core 1s corrodible 1n the
downhole environment relative to a second material having a
different reactivity. In an embodiment, the composite particle
thus includes a magnesium-containing core. A magnesium-
containing core imcludes any such alloy which 1s corrodible 1n
a corrosive environment including those typically encoun-
tered downhole, such as an aqueous environment which
includes salt (1.e., brine), or an acidic or corrosive agent such
as hydrogen sulfide, hydrochloric acid, or other such corro-
stve agents. Magnesium alloys suitable for use include alloys
of magnesium (Mg) with aluminum (Al), cadmium (Cd),
calcium (Ca), cobalt (Co), copper (Cu), 1ron (Fe), manganese
(Mn), nickel (N1), silicon (S1), silver (Ag), strontium (Sr),
thorium (Th), zinc (Zn), zirconium (Zr), or a combination
comprising at least one of these elements. Particularly useful
alloys include magnesium alloy particles including those pre-
pared from magnesium alloyed with N1, W, Co, Cu, Fe, or
other metals. Alloying or trace elements can be included 1n
varying amounts to adjust the corrosion rate of the magne-
sium. For example, four of these elements (cadmium, cal-
cium, silver, and zinc) have mild-to-moderate accelerating
cifects on corrosion rates, whereas four others (copper,
cobalt, 1ron, and nickel) have a still greater accelerating etlect
on corrosion. Exemplary commercially available magnesium
alloys and which include different combinations of the above
alloying elements to achieve different degrees of corrosion
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resistance include but are not limited to, for example, mag-
nesium alloyed with aluminum, strontium, and manganese
such as AJ62, AJ50x, AJ51x, and AJ52x alloys, and magne-
sium alloyed with aluminum, zinc, and manganese which
include AZ91A-E alloys.

[0018] It will be appreciated that alloys having corrosion
rates greater than those of the above exemplary alloys are
contemplated as being useful herein. For example, nickel has
been found to be usetul in decreasing the corrosion resistance
(1.., increases the corrosion rate) ol magnesium alloys when
included in amounts of less than or equal to about 0.5 wt %,
specifically less than or equal to about 0.4 wt %, and more
specifically less than or equal to about 0.3 wt %, to provide a
usetul corrosion rate for the corrodible downhole article. In
another embodiment, the magnesium-containing core com-
prises a magnesium-aluminum alloy.

[0019] Particle sizes for the magnesium alloy cores may be
from about 50 to about 150 micrometers (um), more specifi-
cally about 60 to about 140 um, and still more specifically
about 70 to about 130 um. Useful magnesium alloys may
include combinations of the above elements and/or contami-
nants suilicient to achieve a corrosion rate for the magnesium
alloy core of about 0.1 to about 20 mg/cm>/hour, specifically
about 1 to about 15 mg/cm*/hour using aqueous 3 wt % KCl

solution at 200° F. (93° C.).

[0020] The composite particle includes a shielding layer.
The shielding layer 1s formed by depositing on the core, a
material having a lower reactivity than that of the core. In an
exemplary embodiment, the shielding layer 1s an aluminum-
containing layer deposited on the core. In an embodiment, the
core 1s a magnesium alloy core and the shuelding layer 1s an
aluminum-containing layer. As used herein “on” and “depos-
ited on” mean that a layer may or may not be 1n direct contact
with, the underlying surface to which the layer 1s applied,
unless otherwise specified as by stating that the layers are at
least partially in contact. It will be further understood that
“deposited” and “depositing,” when used 1n with respect to a
method, indicates the action of deposition, whereas “depos-
ited” when used 1n the context of a composition or article,
merely indicates the juxtaposition of the layer with respect to
the substrate and does not indicate a process of deposition.
The shielding layer further comprises an interlayer region
formed at the interface of the core and shielding layer, which
1s compositionally dertved from the core and shuelding layers.
In an embodiment, the interlayer region forms at the bound-
ary ol a magnesium-containing core and an aluminum-con-
taining shielding layer, and the interlayer region comprises an
intermetallic compound. For example, magnestum-alumi-
num alloys include an o-Mg phase, and in addition, a
v-Mg, - Al,, mtermetallic phase which accumulates at the
grain boundaries within the Mg—Al alloy. The intermetallic
v-Mg, - Al, , phase 1s generally present in amounts of less than
30 wt % of the Mg—Al alloy. Depending upon the composi-
tion, additional phases can also be present, including solid
solution Al, and other intermetallic phases such as p-Mg, Al,.
Upon deposition of the aluminum-containing shielding layer,
the v-Mg,-Al,, phase forms and accumulates as well at the
interface of the shielding layer and the Mg-containing core.
Thermal treatment can accelerate the formation of the inter-
layer region. For example, heating at temperatures less than
the eutectic point (e.g., less than or equal to about 450° C.,
depending on the alloy composition, and as long as the eutec-
tic point 1s not exceeded) for about 15 minutes can form an
intermetallic phase at the interface of the Mg-containing core
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and the Al-contaiming layer. The composite particle thus
includes, as part of the interlayer region, the intermetallic
compound y-Mg, - Al, .. The mterlayer region forms over the
entire contacting areca of the Mg-containing core and the
Al-containing layer, or a portion of the contacting areas.
Deposition method and any heat treating can be adjusted so
that the intermetallic phase intervenes between a portion of
contacting surfaces of the Mg alloy core and the Al-contain-
ing layer. The shielding layer further includes an oxide of one
or more ol the metals of which the core and/or shielding
layers are comprised. For example, where the core comprises
magnesium or a magnesium-aluminum alloy, and the shield-
ing layer comprises aluminum, the shielding layer optionally
includes oxides of magnesium (such as magnesia), aluminum
(such as alumina), or a combination comprising at least one of
the foregoing.

[0021] The composite particle further includes a metallic
layer not 1dentical to the shielding layer and deposited on the
shielding layer. The metallic layer has a lower reactivity rela-
tive to the core, based on the saltwater galvanic series from
lower reactivity (i.e., more noble metals) to high reactivity
(1.e., less noble metals). In an embodiment, the metal(s) used
for the metallic layer allow for the formation of hydrogen
when used as a cathode 1n an electrochemical cell. The metal-
lic layer thus comprises a group 6-11 transition metal. Spe-
cifically, the group 6-11 transition metal includes Ni, Fe, Cu,
Co, W, alloys thereof, or a combination comprising at least
one of the foregoing.

[0022] The composite particle optionally includes an adhe-
s10n layer deposited on the metallic layer. The adhesion layer
comprises a material which promotes adhesion between the
composite particles. An exemplary adhesion layer includes
aluminum or an aluminum alloy. Upon compressing and forg-
ing of the adhesion layer-coated composite particles to form
a molded article, the particles bind to one another through
interparticle contact via the material of the adhesion layer, to
turther provide mechanical strength to the article.

[0023] The layers (shielding layer, metallic layer, and
optional adhesion layer) may each have an average thickness
of about 0.05 to about 0.15 um, and specifically about 0.07 to
about 0.13 um. In an embodiment, each layer does not com-
pletely cover the underlying layer, and the layer coverage 1s
thus discontinuous. Furthermore, where the layers are “on”
one another, interstitial spaces at the interfaces of the layers
may be present. In an embodiment, the interlayer region,
shielding layer, metallic layer, and optional adhesion metal
layer are inter-dispersed with each other. As used herein,
“inter-dispersed” mean that two or more adjacent layers inter-
penetrate into or through each other 1n intimate admixture,
where 1t will be appreciated that two (or more) inter-dispersed
layers have, on average, a compositional gradient due to the
interpenetration of one layer into the adjacent layer.

[0024] The core and shielding layer, shielding layer and
metallic layer, and metallic layer and optional adhesion layer,
are each thus in mutual partial contact, and are inter-dis-
persed, such that components of the core, the shielding layer,
and the metallic layer are present at the exposed surface of the
composite particle.

[0025] In an embodiment, the composite particles have a
corrosion rate of about 0.1 to about 20 mg/cm?/hour, specifi-

cally about 1 to about 15 mg/cm*/hour using an aqueous 3 wt
% KCl1 solution at 200° F. (93° C.).

[0026] In a specific embodiment, the shielding layer 1s an
aluminum-containing layer, and the core 1s a magnesium-
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containing core. In an embodiment, the shielding layer com-
prises aluminum. In another embodiment, the shielding layer
turther comprises, in addition to aluminum, inclusions of
alumina, magnesia, or a combination comprising at least one
of these oxides. The shielding layer further includes an inter-
layer region formed at the iterface between the magnesium
alloy core and the first aluminum-containing layer. In an
embodiment, the interlayer region comprises v-Mg Al .

[0027] Also 1n a specific embodiment, the metallic layer
comprises a group 6-11 transition metal on the shielding
layer. The group 6-11 transition metal includes Ni, Fe, Cu,
Co, W, alloys thereof, or a combination comprising at least
one of the foregoing.

[0028] Optionally, 1n a specific embodiment, the adhesion
layer 1s an aluminum-containing layer deposited on the
metallic layer.

[0029] Deposition of the shielding, metallic, and adhesion
layers on the core 1s not particularly limited. Where either or
both of the shielding and optional adhesion layers includes
aluminum or an aluminum alloy, uniformly depositing the
aluminum layer(s) on a magnesium alloy core particle 1s
accomplished i one exemplary embodiment by decomposi-
tion of an organometallic compound, such as triethylalumi-
num (having a boiling point of 128-130° C. at 50 mm Hg),
aiter introducing the organometallic compound into a tluid-
1zed bed reactor containing the magnesium alloy core par-
ticles to deposit the shielding layer, or the introducing the
organometallic compound 1nto a reactor containing magne-
sium alloy core/shielding layer/metallic layer particles to
deposit the adhesion layer. The interlayer region, which 1n
this case includes an intermetallic compound such as
v-Mg, Al ,, Turther forms at the interface of the Mg alloy
core and the shielding layer by a thermal treatment, such as
sintering and/or annealing, and/or forging of an article
molded from the composite particles, at a temperature below
the melting point of all or part of the composite particle.

[0030] Similarly, depositing a uniform metallic layeris also
not particularly limited, and may be accomplished by, for
example, decomposition of an organometallic compound
(such as nickel carbonyl where the metallic layer 1s mickel)
alter mntroducing the organometallic compound 1nto a tluid-
1zed bed reactor containing the magnesium alloy core par-
ticles coated with the shielding layer.

[0031] The core can also be coated with materials for the
shielding layer, metallic layer, and optional adhesion layer
using a physical mixing method. For example, the core can be
admixed with one or more components of the shuelding layer,
metallic layer, and optional adhesion layer by cryo-milling,
ball milling, or the like. In thus way, the shielding, metallic
layer and adhesion layer components can be included sequen-
tially, or components for two or all three layers included
simultaneously. Combinations of deposition methods includ-
ing vapor phase deposition and physical methods can also be
used to provide the composite particles. Where all compo-
nents are included by physical mixing simultaneously, 1t will
be appreciated that a single layer 1s formed which 1s a com-
posite of the shielding layer, metallic layer, and adhesion
layer components.

[0032] Inanother embodiment, the core comprises an inner
core of a first core material and an outer core of a second core
material, the inner core material having a lower reactivity
than that of the outer core. The inner core 1s any material
usetul for depositing thereon a high reactivity material such
as magnesium, without limitation. The 1inner core can thus be
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any suitable, low reactivity material, such as a 6-11 transition
metal including N1, Fe, Cu, Co, W, alloys thereol, or a com-
bination comprising at least one of the foregoing; a metal
oxide such as alumina, silica, silicates, iron oxides, titania,
tungstates, and the like; a polymer including a phenolic poly-
mer; ceramics; glasses; or other such materials. In an exem-
plary embodiment, the inner core comprises an aluminum
alloy, nickel, 1ron, alumina, titania or silica, and the outer core
comprises magnesium or a magnesium alloy as described
hereinabove. The outer core 1s deposited on the inner core
using any suitable deposition method such as physical vapor
deposition (PVD) of the metallic magnesium or magnesium
alloy 1n a fluidized bed reactor. The core structure having
iner and outer cores 1s then coated with shielding layer,
metallic layer, and optional adhesion layer as described above
to form the composite particle.

[0033] The composite particle generally has a particle size
of from about 50 to about 150 micrometers (um), and more
specifically about 60 to about 140 um.

[0034] In another embodiment, a method of adjusting cor-
rosion rate of a composite particle, or article prepared there-
from, 1s disclosed. In an embodiment, adjusting 1s accom-
plished by either or both of selecting the composition of the
metallic layer to have the desired reactivity, where the lower
the reactivity of the metallic layer relative to the shielding
layer (and by definition, to both the core and interlayer
region), the faster the corrosion rate; and conversely, the
higher the reactivity of the metallic layer relative to the shield-
ing layer, the slower the corrosion rate. Alternatively or 1n
addition, 1n an embodiment, adjusting 1s accomplished by
increasing the amount and/or thickness of the shielding layer
for any grven amount and/or thickness of metallic layer. It will
turther be appreciated that additional control of the corrosion
rate 1s accomplished by the degree of inter-dispersion of the
core, mterlayer region, shielding layer, and metallic layer,
where the more highly mter-dispersed these layers are, the
greater the corrosion rate, and conversely, the less inter-dis-
persed the layers, the slower the corrosion rate. Thus, amount
and thickness as used herein are related in that the higher the
amount of a layer, expressed as weight percent based on the
weight of the composite particle, the greater the thickness.

[0035] The surface of the composite particles includes both
anodic and cathodic regions of the inter-dispersed layers. It
will be understood that “anodic regions” and “cathodic
regions’ are relative terms, based on the relative reactivity of
the inter-dispersed materials. For example as discussed
above, magnesium (from the core) 1s anodic relative to the
cathodic itermetallic compound of the interlayer region
(v-Mg,,Al,,) and cathodic aluminum from the interlayer
region/shielding layer, and anodic relative to nickel from the
cathodic metallic layer. Similarly, intermetallic compound
(v-Mg,-Al,,) 1s anodic relative to cathodic aluminum from
the shielding layer, and anodic relative to nickel from the
cathodic metallic layer; and aluminum from the shielding
layer 1s anodic relative to nickel from the metallic layer.

[0036] In this way, upon exposure of the surface of the
composite particle (and any article made from the composite
particles) to an electrolyte, multiple localized corrosion
mechanisms take place i which reversal of anodic and
cathodic regions occur. For example, after exposed anodic
core material (such as magnesium) 1s corroded, a previously
cathodic material (such as intermetallic compound or alumi-
num in the shielding layer) becomes anodic and 1s corroded
by interaction with the more cathodic metallic layer (e.g.,
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which includes nickel, etc.). As the surface corrodes away and
new, more anodic core material such as magnesium 1s
exposed, the situation again reverses and the aluminum or
intermetallic compound becomes cathodic toward the core
material.

[0037] As corrosion advances 1n localized regions on the
surface between anodic and cathodic regions 1n the presence
of an electrolyte fluid (water, brine, etc.), these regions,
referred to herein as micro-cells, can corrode outward over
the surface of the composite particle and link to other micro-
cells to form larger corrosion regions, which in turn can link
to other corrosion regions, etc., as further anodic materials
such as magnesium (from the core) or intermetallic
v-Mg, -, Al,, (from the interlayer region/shielding layer) 1s
exposed. After these regions corrode, new, underlying anodic
materials from the core are exposed to the electrolyte. Upon
corroding, these inter-dispersed layers can thus become per-
meable to the electrolyte tluid. This allows percolation of
clectrolytic fluids into the corroding surface to penetrate and
undermine the layers, and the process repeats until the cor-
rodible materials are consumed. It will be appreciated that the
presence of metal oxides at the core/shielding layer interface
also decreases the corrosion rate of the core at the interface by
acting as an inert barrier, and thus atlects the relative anodic/
cathodic character of the micro-cell (for example, where alu-
mina and/or magnesia are present between a magnesium core
and the intermetallic compound, the intermetallic compound
1s msulated from the core and will be anodic relative to the
metallic layer). In this way, the presence of inclusions of
metal oxides atiects the overall corrosion rate of the compos-
ite particle.

[0038] Where the core comprises an inner and outer core 1n
which the outer core 1s anodic, corrosion advances until only
the 1nner core remains. The inner core thus exposed no longer
has the structural integrity and cohesiveness of the composite
particle, and disperses mnto the surrounding fluid as a suspen-
s1on of particles, and can be removed 1n this way.

[0039] Thus, 1n an embodiment, a method of adjusting cor-
rosion rate 1 a composite particle includes selecting the
metallic layer such that the lower the reactivity of the metallic
layer 1s relative to the shielding layer, the greater the corrosion
rate. In another embodiment, a method of adjusting corrosion
rate 1n a composite particle includes selecting the amount,
thickness, or both amounts and thicknesses of the shielding
layer and the metallic layer such that the less the amount,
thickness, or both amount and thickness of the shielding layer
are relative to those of the metallic layer, the greater the
corrosionrate. The interlayer region, shielding layer, metallic
layer, and optional adhesion metal layer being inter-dispersed
with each other, and have compositions as discussed above.

[0040] In another embodiment, an article comprises the
composite particles which may be provided as a powder or
other suitable form such as a pre-compressed pellet. Articles
may be prepared from the composite particle by compressing
or otherwise shaping the composite particles, to form an
article having the appropriate shape. For example, the com-
posite particles are molded or compressed into the desired
shape by cold compression using an 1sostatic press at about 40
to about 80 ks1 (about 275 to about 550 MPa), followed by
forging or sintering and machining, to provide an article
having the desired shape and dimensions. As disclosed
herein, forging or sintering 1s carried out at a temperature
below that of the melting point of the components.
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[0041] Thus, a method of forming an article comprises
molding the composite particles and forging the molded
article.

[0042] The article so prepared is referred to as a controlled
clectrolytic material (CEM) article, and useful under down-
hole conditions. Articles include, for example a ball, a ball
seat, a fracture plug, or other such downhole article. However,
it should be understood that though these articles are dis-
closed, there are other uses for the composite particles 1n
powder form. For example, the composite particles may be
included 1n a matrix that 1s non-metallic, and may be applied
to a surface as a coating, such as a paint, powder coating, etc.,
where a controlled electrolytic process occurs 1n the presence
of water, and preferably, water plus an electrolyte. Such pro-
cesses may include coatings for marine applications such as
drill rigs, boat or ship hulls, undersea tools, or other such
applications. Such an electrolytic material may provide a
sacrificial layer to mitigate or prevent corrosion of an under-
lying metal layer, or may alternatively prevent adhesion of,
for example, marine organisms to the underwater surface
coated with the composite particles.

[0043] Anexemplary use is described herein. FIG. 1 shows
in schematic cross-section difierent structural variants of the
composite particles 100a and 10056. In FIG. 1A, the compos-
ite particle 100q includes a core 110; a shielding layer 120
which includes an intermetallic region 121 (heavy dashed
line) and aluminum layer 122 surrounding the intermetallic
region; a metallic layer 130, and optionally, a second alumi-
num layer 140 which functions as an adhesion layer. This
adhesion layer 140 may be included to promote the adhesion
of particles when compressed together to form a shaped
article. It will be appreciated that the layers, while shown as
discrete core-shell layers, can also be intermixed at the 1nter-
taces and/or the layers can be discontinuous on the surfaces to
which they are applied, such that core 110 1s actually in
contact with shielding layer 120 and/or metallic layer 130
and/or adhesion layer 140.

[0044] In FIG. 1B, composite particle 1005 has a core 110
and an 1nter-dispersed layer 150 which includes the compo-
nents of the interlayer region, shielding layer, metallic layer,
and optional adhesion layer (not shown individually 1n FIG.
1B). It will be appreciated that such an inter-dispersed struc-
ture can derive from a discontinuous core-shell structure as
described 1 FIG. 1A, and in which inter-dispersion 1is
enhanced by thermal treatment (e.g., sintering); or the inter-
dispersed structure can derive from a physical method of
forming the particles (e.g., cryo- or ball-milling) or by includ-
ing precursor materials for more than one layer into a tluid-
1zed bed reactor during layer formation. The inter-dispersed
layer 150 1s homogeneously inter-dispersed with the compo-
nents of the different layers (interlayer region, shielding layer,
metallic layer) equally distributed throughout inter-dispersed
layer 150, or 1s non-umiformly distributed, for example, 1n a
gradient where the composition changes from predominantly
interlayer region composition at the interface of inter-dis-
persed layer 150 and core 110, to predominantly adhesion
layer composition at the outer surface of inter-dispersed layer

150.

[0045] FIG. 2 shows, similar to FIG. 1, cross-sectional
views ol diflerent structural variants of the composite par-
ticles 200a and 2005. In FI1G. 2 A, the composite particle 200a
includes a core 210 comprising inner core 211 and outer core
212; a shielding layer 220 which mcludes an intermetallic
region 221 (heavy dashed line) and aluminum layer 222 sur-
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rounding the mtermetallic region; a metallic layer 230, and
optionally, a second aluminum layer 240 which functions as
an adhesion layer. As in FIG. 1A, 1t will be appreciated that
the layers, while shown as discrete core-shell layers, can also
be mntermixed at the interfaces and/or the layers can be dis-
continuous on the surfaces to which they are applied.

[0046] In FIG. 2B, composite particle 2005 has a core 210
comprising mner core 211 and outer core 212 and an 1nter-
dispersed layer 250 which includes the components of the
interlayer region, shielding layer, metallic layer, and optional
adhesion layer (not shown individually in FIG. 2B). As 1n
FIG. 1B, i1t will be appreciated that such an inter-dispersed
structure can dertve from a discontinuous core-shell struc-
ture, from milling to form the particles, or by including pre-
cursor materials for more than one layer into a flmdized bed
reactor during layer formation. Also as in FIG. 1B, the com-
position of inter-dispersed layer 250 1s homogeneously dis-
tributed, or 1s non-uniformly distributed, such as for example,
in a gradient.

[0047] In FIG. 3, as an exemplary article, a ball 300 is
shown. In FIG. 3, the ball 300 1s composed of composite
particles 310. During cold compacting to form ball 300, the
powdered composite particles 310 are compressed into and
shaped to form the spherical ball 300 with interstitial spaces
320, where the interstitial spaces 320 are further reduced 1n
volume by forging and/or sintering to reduce free volume
from about 20% after compacting to less than about 3%,
specifically less than about 3%, and still more specifically less
than about 1% after forging/sintering. When used in conjunc-
tion with a ball seat (not shown) and seated 1n the ball seat to
prevent fluid tlow past the ball/ball seat, ball 300 forms a
downhole seal for isolating, for example, a fracture zone
located below the ball/ball seat assembly.

[0048] While one or more embodiments have been shown
and described, modifications and substitutions may be made
thereto without departing from the spirit and scope of the
invention. Accordingly, 1t 1s to be understood that the present
invention has been described by way of illustration and not
limitation.

[0049] All ranges disclosed herein are inclusive of the end-
points, and the endpoints are independently combinable with
cach other. The suifix “(s)” as used herein i1s ntended to
include both the singular and the plural of the term that 1t
modifies, thereby including at least one of that term (e.g., the
colorant(s) includes at least one colorant). “Optional” or
“optionally” means that the subsequently described event or
circumstance can or cannot occur, and that the description
includes instances where the event occurs and instances
where 1t does not. As used herein, “combination’ 1s inclusive
of blends, mixtures, alloys, reaction products, and the like. All
references are incorporated herein by reference.

[0050] The use of the terms “a” and “an” and “the” and

similar referents 1n the context of describing the invention
(especially 1n the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context.
Further, 1t should further be noted that the terms “first,” “sec-
ond,” and the like herein do not denote any order, quantity, or
importance, but rather are used to distinguish one element
from another. The modifier “about” used 1n connection with a
quantity is inclusive of the stated value and has the meaning
dictated by the context (e.g., 1t includes the degree of error
associated with measurement of the particular quantity).
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What 1s claimed 1s:
1. A method for adjusting corrosion rate 1n an aqueous
clectrolyte of a composite particle having:
a core;
a shielding layer deposited on the core, and further com-
prising an interlayer region formed at an interface of the
shielding layer and the core, the interlayer region having
a reactivity less than that of the core, and the shielding
layer having a reactivity less than that of the iterlayer
region;
a metallic layer not identical to the shielding layer and
deposited on the shielding layer, the metallic layer hav-
ing a reactivity less than that of the core; and
optionally, an adhesion metal layer deposited on the metal-
lic layer,
the method comprising:
selecting the metallic layer such that the lower the activ-
ity of the metallic layer 1s relative to the shielding
layer, the greater the corrosion rate, and

selecting the amount, thickness, or both amounts and
thicknesses of the shielding layer and metallic layer
such that the less the amount, thickness, or both
amount and thickness of the shielding layer relative to
those of the metallic layer, the greater the corrosion
rate.

2. The method of claim 1, wherein the interlayer region,
shielding layer, metallic layer, and optional adhesion metal
layer are inter-dispersed with each other.

3. The method of claim 1, wherein the core comprises
magnesium; the shielding layer comprises aluminum, and
inclusions of alumina, magnesia, or a combination compris-
ing at least one of the foregoing oxides; and the interlayer
region comprises an mtermetallic compound.

4. The method of claim 3, wherein the intermetallic com-
pound 1s y-Mg, - Al ,.

5. The method of claim 1, wherein the metallic layer com-
prises a group 6-11 transition metal.

6. The method of claim 5, wherein the group 6-11 transition
metal comprises Ni, Fe, Cu, Co, W, alloys thereol, or a com-
bination comprising at least one of the foregoing.

7. The method of claim 1, wherein the core comprises an
inner core of a first core material and an outer core of a second
core material, the inner core material having a lower activity
than that of the outer core.

8. The method of claim 1, wherein the inner core comprises
aluminum, and the outer core comprises magnesium.

9. The method of claim 1, wherein the core comprises a
magnesium-aluminum alloy.

10. The method of claim 1, wherein the core and shielding
layer, shielding layer and metallic layer, and metallic layer
and optional adhesion metal layer are each 1n mutual partial
contact.
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11. The method of claim 1, wherein the shielding layer 1s
cathodic relative to the core and anodic relative to the metallic
layer.

12. A method for adjusting corrosion rate in an aqueous
clectrolyte of a composite particle having:

a magnesium-aluminum alloy core;

a shielding layer comprising an aluminum-containing
layer deposited on the core, further comprising an inter-
layer region comprising v-Mg, - Al, , formed at the 1nter-
face between the magnesium alloy core and the alumi-
num-containing layer, and further comprising

inclusions of alumina, magnesia, or a combination com-
prising at least one of these oxides;

a metallic layer deposited on the shielding layer, the metal-
lic layer comprising N1, Fe, Cu, Co, W, alloys thereof, or
a combination comprising at least one of the foregoing,

an aluminum-containing shielding layer deposited on the
metallic layer; and

optionally, an aluminum-containing adhesion metal layer,

the method comprising:

selecting the metallic layer such that the lower the activ-
ity of the metallic layer 1s relative to the shielding
layer, the greater the corrosion rate, and

selecting the amount, thickness, or both amounts and
thicknesses of the shielding layer and metallic layer
such that the less the amount, thickness, or both
amount and thickness of the shielding layer relative to
those of the metallic layer, the greater the corrosion
rate.

13. The method of claim 12, wherein the iterlayer region,
shielding layer, metallic layer, and optional adhesion metal
layer are inter-dispersed with each other.

14. The method of claim 12, further comprising molding a
plurality of the composite particles.

15. The method of claim 14, further comprising forging the
molded composite particles to form an article.

16. The method of claim 15, wherein the article 1s a ball,
ball seat, or fracture plug.

17. The method of claim 12, further comprising dispersing
a plurality of the composite particles 1n a matrix to form a
composition.

18. The method of claim 17, wherein the matrix 1s non-
metallic.

19. The method of claim 17, turther comprising applying
the composition to a surface to form a coating.

20. The method of claim 19, further comprising perform-
ing a controlled electrolytic process on the coating 1n the
presence ol water and an electrolyte.
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