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PARTICULATE MATERIALS AND METHODS OF FORMING SAME

BACKGROUND
Field of the Disclosure
The following is directed to particulate materials, such as, particulate materials including a

first phase and a second phase, and methods of forming a particulate material.
Description of the Related Art
Abrasive particles and abrasive articles made from abrasive particles are useful for various
material removal operations including grinding, finishing, and polishing. Depending upon the type of
abrasive material, such abrasive particles can be useful in shaping or grinding a wide variety of
materials and surfaces in the manufacturing of goods. Certain types of abrasive particles have been
formulated to date that have particular geometries, such as triangular shaped abrasive particles and
abrasive articles incorporating such objects. See, for example, U.S. Pat. Nos. 5,201,916; 5,366,523;
and 5,984,988.

Three basic technologies that have been employed to produce abrasive particles having a
specified shape are (1) fusion, (2) sintering, and (3) chemical ceramic. In the fusion process, abrasive
particles can be shaped by a chill roll, the face of which may or may not be engraved, a mold into
which molten material is poured, or a heat sink material immersed in an aluminum oxide melt. See,
for example, U.S. Pat. No. 3,377,660, disclosing a process comprising the steps of flowing molten
abrasive material from a furnace onto a cool rotating casting cylinder, rapidly solidifying the material
to form a thin semisolid curved sheet, densifying the semisolid material with a pressure roll, and then

partially fracturing the strip of semisolid material by reversing its curvature by pulling it away from
the cylinder with a rapidly driven cooled conveyor.
In the sintering process, abrasive particles can be formed from refractory powders having a

particle size of up to 10 micrometers in diameter. Binders can be added to the powders along with a
lubricant and a suitable solvent, e.g., water. The resulting mixtures, mixtures, or slurries can be
shaped into platelets or rods of various lengths and diameters. See, for example, U.S. Pat. No.
3,079,242, which discloses a method of making abrasive particles from calcined bauxite material
comprising the steps of (1) reducing the material to a fine powder, (2) compacting under affirmative
pressure and forming the fine particles of said powder into grain sized agglomerations, and (3)
sintering the agglomerations of particles at a temperature below the fusion temperature of the bauxite
to induce limited recrystallization of the particles, whereby abrasive grains are produced directly to
size.

Chemical ceramic technology involves converting a colloidal dispersion or hydrosol
(sometimes called a sol), optionally in a mixture, with solutions of other metal oxide precursors, to a

gel or any other physical state that restrains the mobility of the components, drying, and firing to

obtain a ceramic material. See, for example, U.S. Pat. Nos. 4,744,802 and 4,848,041.
Still, there remains a need in the industry for improving performance, life, and efficacy of

abrasive particles, and the abrasive articles that employ abrasive particles.
SUMMARY
According to one aspect, a method of making a particulate material includes providing a raw
material powder, including an additive to the raw material powder, and forming a particulate material
having a body including a first phase comprising an oxide and a second phase comprising elements of
the additive including phosphorus and a rare earth element, wherein the second phase is substantially

uniformly distributed throughout the body.
According to another aspect, a particulate material includes a body including a first phase
having at least about 70 wt

alumina for a total weight of the first phase, and a second phase

comprising phosphorus, wherein the body comprises at least about 0.1 wt

of the second phase for

the total weight of the body, and wherein the second phase has an average grain size of not greater

than about 1 micron.
In yet another aspect, a particulate material has a body including a first phase comprising

alumina and a second phase comprising phosphorus and a rare earth element, wherein the second
phase is non-uniformly dispersed throughout the body, and wherein the first phase has an average
grain size of not greater than about 10 microns.
For another aspect, a material includes a body including a first phase comprising alumina and
a second phase comprising phosphorus and a rare earth element, wherein the second phase is
substantially uniformly dispersed throughout the body.
According to yet another aspect, an abrasive particulate material has a body including a first
phase comprising alpha alumina and a second phase comprising monazite (LaP0 4), wherein the
monazite is disposed between grains of alumina, and wherein the second phase is substantially
uniformly dispersed throughout the body.
For yet another aspect, a batch of particulate material has at least one predetermined
classification characteristic, wherein each of the particulate material of the batch has a body including
a first phase comprising alpha alumina and a second phase comprising phosphorus.
In one aspect, a shaped abrasive particle has a body including a first phase and a second phase

comprising monazite (LaP0 4) .
In one particular aspect, an abrasive article includes a bond material and an abrasive

particulate material having a body including a first phase comprising alumina and a second phase
comprising phosphorous, wherein the second phase is substantially uniformly distributed throughout
the body.

Still, in yet another aspect, a particulate material has a body including a first phase an a
second phase comprising monaxite (LaP0 ), wherein the second phase is disposed between grains of
the first phase.
For another aspect, a particulate material has a body including a first phase comprising
alumina and a second phase comprising phosphorus, wherein the second p ase is disposed between
domains of the first phase.
BRIEF DESCRIPTION OF THE DRAWINGS
The present disclosure may be better understood, and its numerous features and advantages
made apparent to those skilled in the art by referencing the accompanying drawings.
FIG. 1 includes a flowchart illustrating a process of forming a paniculate material in
accordance with an embodiment.
FIG. 2A includes an illustration of a body of a particulate material having a second phase
substantially uniformly dispersed within the body according to an embodiment.
FIG. 2B includes an illustration of a particulate material having a second phase non-uniformly
dispersed within the body according to an embodiment.
FIG 2C includes an illustration of a particulate material including a second phase nonuniformly dispersed within the body according to an embodiment.
FIG. 3A includes a perspective view illustration of an abrasive particle in accordance with an

embodiment.
FIG. 3 includes a cross-sectional illustration of the abrasive particle of FIG. 3A.

FIG. 4 includes a side view of a shaped abrasive particle according to an embodiment.
FIG. S includes an abrasive article including particulate material according to an embodiment
FIGs. 6-

include exemplary paniculate materials defining shaped abrasive particles

according to an embodiment,
FIG. 2A-

include SEM pictures of a particulate material according to an embodiment

FIG. 3 includes a plot of specific grinding energy versus cumulative material removed for a
comparative grinding test between conventional particles and particulate material representative of an
embodiment.
FIG.

includes a SEM picture of a particulate material according to an embodiment.

G. 1 includes a SEM picture of a particulate material according to an embodiment.

FIG. 1 includes a SEM picture of a particulate material according to an embodiment.
FIG. J7 includes a plot of specific grinding energy versus cumulative material removed for a
"rinding test on samples representative of embodiments herein.
DETAILED DESCRIPTION
The following is directed to methods of forming a particulate materia] having certain
compositions, including a particulate material in the form of abrasive particles, shaped abrasive

particles, and the like. The particulate material may be used in various articles, including for example,
abrasive articles, including for example, fixed abrasives, such as bonded abrasive articles, coated
abrasive articles, and the like.
FIG. 1 includes a flowchart illustrating a process of forming a particulate material in

accordance with an embodiment. As illustrated, the process can be initiated at step 101, by providing
a raw material powder. In at least one embodiment, the raw material powder can be a material
selected from the group of oxides, carbides, nitrides, borides, oxycarbides, oxynitrides, oxyborides,
and combination thereof. In certain instances, the raw material powder may include an oxide.
Furthermore, the raw material powder may include alumina, and may consist essentially of alumina.
In one embodiment, the raw material powder may include a hydrated alumina. In another

embodiment, the raw material powder may include alpha alumina.
As noted herein, the raw material powder can included a seeded material, such as material

processed through a seeded processing pathway. That is, for example, the raw material may be
include a seed material, which may be a compound, complex, or element configured to control the
growth of particular crystalline phases within the raw material powder. The seeded raw material
powder may include a minority content of seed material, which may facilitate the formation of
particular crystalline phases during further processing of the raw material powder. One non-limiting
seeded processing pathway is described herein. In other instances, the raw material powder may
include an unseeded material, and can be essentially free of seed material.
Providing a raw material powder can include synthesis of a particulate material by obtaining
an aluminous raw material. While certain aluminous raw materials can be sourced commercially, in

other instances, the aluminous raw material may be manufactured. In accordance with an
embodiment, the process of forming can include processes such as, dispersing, mixing, gelling,
seeding, calcining, shaping, printing, molding, extruding, pressing, drying, crushing, sieving, sorting,
and a combination thereof.
As noted herein, the raw material powder may be obtained by manufacturing the powder,

including for example, manufacturing an aluminous raw material according to a seeded pathway. In
one embodiment, the aluminous raw material can include a boehmite precursor and boehmite seeds in
a suspension (alternatively sol or slurry), that can be heat-treated (such as by hydrothermal treatment)
to convert the boehmite precursor into boehmite particulate material formed of particles or crystallites.
The term "boehmite" is generally used herein to denote alumina hydrates including mineral boehmite,
typically being Α 1203

20 and having a water content on the order of 15%, as well as

pseudoboehmite, having a water content higher than 15%, such as 20-38% by weight. It is noted that
boehmite (including pseudoboehmite) has a particular and identifiable crystal structure, and
accordingly unique X-ray diffraction pattern, and as such, is distinguished from other aluminous

materials including other hydrated aluminas such as ATH (aluminum trihydroxide) a common
precursor material used herein for the fabrication of boehmite particulate materials.
After forming suitable boehmite particulate material, a heat treatment process can be carried
out to effect polymorphic transformation, which removes water and forms an alumina material.
According to one aspect, the boehmite particulate material can have a relatively elongated
morphology, described generally herein in terms of primary (and also secondary and tertiary) aspect
ratio and described in more detail below, and the morphology of the boehmite is largely preserved in
the feedstock particulate material.
Primary aspect ratio is defined as the ratio of the longest dimension to the next longest
dimension perpendicular to the longest dimension and is generally not less than 2:1, and preferably
not less than 3:1, 4:1, or 6:1. With particular reference to needle-shaped particles, the particles may
be further characterized with reference to a secondary aspect ratio defined as the ratio of the second
longest dimension to the third longest dimension. The secondary aspect ratio is generally not greater
than 3:1, typically not greater than 2:1, or even 1.5:1, and oftentimes about 1:1. The secondary aspect
ratio generally describes the cross-sectional geometry of the particles in a plane perpendicular to the
longest dimension. It is noted that since the term aspect ratio is used herein to denote the ratio of the
longest dimension to the next longest dimension, it may be referred as the primary aspect ratio.
Alternatively, the boehmite particulate material can have a platey or platelet-shaped contour,
generally have an elongated structure having the primary aspect ratios described above in connection
with the needle-shaped particles. However, platelet-shaped particles generally have opposite major
surfaces, the opposite major surfaces being generally planar and generally parallel to each other. In
addition, the platelet-shaped particles may be characterized as having a secondary aspect ratio greater
than that of needle-shaped particles, generally not less than about 3:1, such as not less than about 6:1,
or even not less than 10:1.
The morphology of the boehmite particulate material formed through a seeding process can
have a relatively fine particle or crystallite size. Generally, the average boehmite material particle
size is not greater than about 1000 nanometers, and fall within a range of about 100 to 1000

nanometers. Other embodiments have even finer average particle sizes, such as not greater than about
800 nanometers, 750 nanometers, 600 nanometers, 500 nanometers, 400 nanometers, and even

particles having an average particle size smaller than 300 nanometers, representing a fine particulate
material. As used herein, the "average particle size" in connection with high aspect ratio boehmite
particulate material is used to denote the average longest or length dimension of the particles.
In addition to aspect ratio and average particle size of the boehmite particulate material,

morphology of the boehmite particulate material may be further characterized in terms of specific
surface area. Here, the commonly available BET technique was utilized to measure specific surface
area of the boehmite particulate material. According to embodiments herein, the boehmite particulate

material may have a relatively high specific surface area, generally not less than about 10 m2/g, such
as not less than about 50 m 2/g, 70 m2/g, or not less than about 90 m2/g. Since specific surface area is a

function of particle morphology as well as particle size, generally the specific surface area of
embodiments was less than about 400 m2/g, such as less than about 350 or 300 m2/g. Specific ranges
for surface area are about 75 m 2/g to 200 m 2/g.
Turning to the details of the processes by which the seeded boehmite particulate material may
be manufactured, generally ellipsoid, needle, or platelet-shaped boehmite are formed from a boehmite
precursor, typically an aluminous material including bauxitic minerals, by hydrothermal treatment as
generally described in the commonly owned patent described above, US Patent 4,797,139. More
specifically, the boehmite particulate material may be formed by combining the boehmite precursor
and boehmite seeds in suspension, exposing the suspension (alternatively sol or slurry) to heat
treatment to cause conversion of the raw material into boehmite particulate material, further
influenced by the boehmite seeds provided in suspension. Heating is generally carried out in an
autogenous environment, that is, in an autoclave, such that an elevated pressure is generated during
processing. The pH of the suspension is generally selected from a value of less than 7 or greater than
8, and the boehmite seed material can have a particle size finer than about 0.5 microns. Generally, the

seed particles are present in an amount greater than about 1% by weight of the boehmite precursor
(calculated as A 120 3), and heating is carried out at a temperature greater than about 120°C, such as
greater than about 125°C, or even greater than about 130°C, and at a pressure that is autogenously
generated, typically around 30 psi.
Following heat treatment, such as by hydrothermal treatment, and boehmite conversion, the
liquid content is generally removed, such as through an ultrafiltration process or by heat treatment to
evaporate the remaining liquid. Thereafter, the resulting mass is generally crushed, such as to 100
mesh. It is noted that the particulate size described herein generally describes the individual particles

formed through processing, rather than the aggregates which may remain in certain embodiments
(e.g., for those products that call for an aggregated material).

Certain processing variables may be modified during the formation of the boehmite
particulate material, to affect the desired morphology. These variables include the weight ratio, that
is, the ratio of boehmite precursor to boehmite seed, the particular type or species of acid or base used

during processing (as well as the relative pH level), and the temperature (which is directly
proportional to pressure in an autogenous hydrothermal environment) of the system.
Suitable acids and bases include mineral acids such as nitric acid, organic acids such as
formic acid, halogen acids such as hydrochloric acid, and acidic salts such as aluminum nitrate and
magnesium sulfate. Effective bases include, for example, amines including ammonia, alkali
hydroxides such as potassium hydroxide, alkaline hydroxides such as calcium hydroxide, and basic
salts.

After forming the boehmite particulate material, which can be the raw material powder used
in later processes according to embodiments herein, the process can further include heat-treatment of
the boehmite particulate material to form an aluminous material. In accordance with a particular

embodiment, the heat-treatment can include calcination of the boehmite particulate material at a
temperature sufficient to cause transformation into a particular phase of alumina (e.g., gamma, delta,
theta, alpha) or combination of phases of alumina providing a suitable aluminous material. For

purposes of clarification, an aluminous material is one that comprises a majority content (wt ) of
alumina (A1203) and preferably, at least about 80 wt , at least 90 wt , at least 95 wt

or even

consisting essentially of alumina. Still, the boehmite particulate material may be used for other
processes before heat-treatment, including for example the provision of an additive, which is
described in more detail herein.
Referring again to FIG. 1, after step 101 and providing a raw material, the process can
continue at step 103 by including an additive to the raw material powder. In accordance with an
embodiment, the process of including an additive can include an impregnation process, which may
include providing the additive into pores of the raw material powder. The porosity of the raw material
powder may be obtained through natural or artificial processes. For example, the raw material
powder may first be processed through other techniques, such as calcining to facilitate the formation
of a porous raw material powder, and thereafter, the additive may be added to the raw material
powder to facilitate impregnation. Still, as will be described herein, one or more processes may be
utilized before or after calcination to facilitate inclusion of an additive.
In certain instances, the process of impregnating can include saturation of the porosity of the

raw material powder with the additive. Saturation can include filling at least a portion of the pore
volume of the raw material powder with the additive. Still, a saturation process may include filling a
majority of the porosity with the additive, and more particularly, may include filling substantially all
of the total pore volume of the raw material powder with the additive. The saturation process, which
may further include an over-saturation process, can utilize processes including, but not limited to,
soaking, mixing, stirring, increased pressure above atmospheric conditions, decreased pressure below

atmospheric conditions, particular atmospheric conditions (e.g., inert atmosphere, reducing
atmosphere, oxidizing atmosphere), heating, cooling, and a combination thereof. In at least one

particular embodiment, the process of including can include soaking the raw material powder in a
solution containing the additive.
In certain instances, the additive can include more than one component. For example, the

additive may include a first component and a second component distinct from the first component. In
accordance with an embodiment, the first component may include a rare earth element, and more
particularly, a compound including at least one rare earth element. According to certain
embodiments, the first component may include a salt, and may be present as a solution including the

rare earth element. For example, the first component may include a nitrate salt solution. In one
particular embodiment, the rare earth element may include lanthanum (La), and more particularly,
may include lanthanum nitrate.
As noted above, the additive can include a second component distinct from the first

component. For example, the second component may include an element such as phosphorous. In
addition, the second component may be present as a compound including phosphorous. For certain

embodiments, the second component can include a solution comprising phosphorous. Some suitable
solutions can include an acid, which can have a pH less than about 7, a base, which can have a pH of
greater than about 7, or alternatively a neutral solution. In one particular instance, the second
component can include hydrogen, and more particularly, may be present as phosphoric acid (H 3P0 4) .
The process of including the additive can include particular combinations of the first

component and the second component into the raw material powder. For example, in one
embodiment, the process of including the additive can include providing the first component at a first
time and the second component at a second time. The first time and second time may be the same as

each other, such that the first component and second component can be added to the raw material
powder simultaneously. Still, in another embodiment, the first component and second component can
be added to the raw material powder at different times. For example, the first component may be
added before the second component. Alternatively, the first component may be added after the
second component.
The process of including an additive can include performing at least one process between the

addition of the first component and the addition of the second component to the raw material powder.
For example, some exemplary processes that may be conducted between the addition of the first
component and the second component can include mixing, drying, heating, calcining and a
combination thereof. In one particular embodiment, the process of including the additive may include
providing the first component to the raw material powder, heating the raw material powder after the
addition of the first component to the raw material powder, and providing the second component to
the raw material powder and first component after heating the raw material and first component. It

will be appreciated that such a heating process may include a calcining process.
The process of calcination can include heating the raw material powder to a temperature
suitable to remove particular volatile components and facilitate the formation of a porous raw
material. In one particular instance, the process of calcining can be conducted at a temperature of at

least about 300°C. In other instances, the calcining temperature may be greater, such as at least about
600°C, at least about 700°C, or even at least about 750°C. Still, the process of calcining may be

conducted at a temperature not greater than about 1200°C, such as not greater than about 1000°C or
even not greater than about 900°C. It will be appreciated that the process of calcining can be

conducted at a temperature within a range between any of the minimum and maximum values noted
above.
According to alternative embodiment, the process of including an additive can include a
process of doping. Doping can include a process wherein the additive is combined with the raw
material powder prior to conducting certain processes, particularly calcination of the raw material
powder. The doping process may also utilize an additive including a first component and a second
component, according to embodiments herein. In particular, the first component and second
component may both be added to the raw material powder prior to a calcination process.
Referring again to FIG. 1, after completing the process of including an additive to the raw
material powder at step 103, the process can continue at step 105 by forming a particulate material.
The particulate material may include a body having a first phase comprising an oxide and second
phase comprising at least one element of the additive, including for example, phosphorous, a rare
earth element, and a combination thereof.
The process of forming can include combining the first component and second component of
the additive to form a precursor of the second phase present within the particulate material. In at least
one embodiment, the process of forming can include a reaction of the additive, and more particularly,
may include a chemical reaction between at least an element of the first portion of the additive and at
least one element of the second portion of the additive to form a chemical product in the form of the
precursor of the second phase. For example, in one instance, the precursor of the second phase can
include a hydrated compound, more particularly, a compound including phosphorous and the rare
earth element, and even more particularly, the precursor of the second phase may include
rhabdophane (Ι )Ρ 0 4· (Η 20), which can include a hydrated form of a compound including at least one
rare earth element and phosphate.
In accordance with an embodiment, the process of forming can further include converting the

precursor of the second phase to a second phase. In one embodiment, the process of converting the
precursor of the second phase to a second phase can include the application or alteration of at least
one of temperature, pressure, atmosphere, and a combination thereof. Converting the precursor of the
second phase to a second phase can include volatilization of certain species, including for example,
water. Moreover, the process of converting can include crystallization or a change in crystalline
structure of the precursor of the second phase. In still another embodiment, the process of converting
can include densification.
According to a particular embodiment, the process of converting the precursor of the second
phase to the second phase can include firing the raw material and precursor of the second phase. The
firing process may include a sintering process, including densification of the material and formation
of high temperature phases of the first phase, including for example, alpha alumina. Firing may be
conducted at a temperature of at least about 500°C, such as at least about 700°C, or even at least about

800°C. Still, firing may be conducted at a temperature that is not greater than about 1200°C, such as

not greater than 1100°C, or even not greater than about 1000°C. It will be appreciated that firing may
be conducted at a temperature within a range between any of the above minimum and maximum
temperatures.
Furthermore, it will be appreciated that sintering may be conducted for a particular time and
under a particular atmosphere. For example, sintering may be conducted for at least about 1 minute at
ambient conditions, or even at least about 4 minutes, at least about one hour, such as at least about
two hours, or even at least about three hours. Furthermore, the atmosphere utilized during sintering
may include an oxidizing atmosphere, a reducing atmosphere, or an inert atmosphere.
In accordance with an embodiment, after conducting the forming process, the particulate

material can have a density of at least about 95% theoretical density. In other instances, the
particulate material may have a greater density, such as at least about 96% or even at least about 97%
theoretical density.
After conducting the forming process the particulate material may have a specific surface area
of not greater than about 100 m2/g. In still other embodiments, the specific surface area of the
particulate material maybe not greater than about 90 m2/g, such as not greater than 80 m2/g, or even
not greater than about 10 m2/g, or even not greater than about 1 m2/g. Still, the specific surface area
of the particulate material may be at least about 0.01 m2/g, or even at least about 0.05 m2/g. It will be
appreciated that the specific surface area of the particulate material maybe be within a range between
any of the above minimum and maximum values.
In yet another embodiment, the particulate material can have a body having an average

particle size, which may be selected from a group of predetermined sieve sizes. For example, the
body can have an average particle size of not greater than about 5 mm, such as not greater than about
3 mm, not greater than about 2 mm, not gather than about 1 mm, or even not greater than about 0.8
mm. Still, in another embodiment, the body may have an average particle size of at least about 0 . 1
µιη. It will be appreciated that the body may have an average particle size within a range between any

of the minimum and maximum values noted above.
Particles for use in the abrasives industry are generally graded to a given particle size
distribution before use. Such distributions typically have a range of particle sizes, from coarse
particles to fine particles. In the abrasive art this range is sometimes referred to as a "coarse",
"control", and "fine" fractions. Abrasive particles graded according to abrasive industry accepted

grading standards specify the particle size distribution for each nominal grade within numerical limits.
Such industry accepted grading standards (i.e., abrasive industry specified nominal grade) include
those known as the American National Standards Institute, Inc. (ANSI) standards, Federation of
European Producers of Abrasive Products (FEPA) standards, and Japanese Industrial Standard (JIS)
standards.

ANSI grade designations (i.e., specified nominal grades) include: ANSI 4, ANSI 6, ANSI 8,
ANSI 16, ANSI 24, ANSI 36, ANSI 40, ANSI 50, ANSI 60, ANSI 80, ANSI 100, ANSI 120, ANSI
150, ANSI 180, ANSI 220, ANSI 240, ANSI 280, ANSI 320, ANSI 360, ANSI 400, and ANSI 600.

FEPA grade designations include P8, P12, P16, P24, P36, P40, P50, P60, P80, P100, P120, P150,
PI 80, P220, P320, P400, P500, P600, P800, P1000, and P1200. JIS grade designations include JIS8,
JIS12, JIS 16, JIS24, JIS36, JIS46, JIS54, JIS60, JIS80, JIS 100, JIS150, JIS180, JIS220, JIS240,
JIS280, JIS320, JIS360, JIS400, JIS600, JIS800, JIS 1000, JIS 1500, JIS2500, JIS4000, JIS6000,
JIS8000, and JIS10,000. Alternatively, the shaped abrasive particles 20 can graded to a nominal
screened grade using U.S.A. Standard Test Sieves conforming to ASTM E-1 1 "Standard Specification
for Wire Cloth and Sieves for Testing Purposes." ASTM E-1 1 prescribes the requirements for the
design and construction of testing sieves using a medium of woven wire cloth mounted in a frame for
the classification of materials according to a designated particle size. A typical designation may be
represented as -18+20 meaning that the particles pass through a test sieve meeting ASTM E-1 1
specifications for the number 18 sieve and are retained on a test sieve meeting ASTM E-1 1
specifications for the number 20 sieve. In various embodiments, the particulate material can have a
nominal screened grade comprising: -18+20, -20/+25, -25+30, -30+35, -35+40, -40+45, -45+50, 50+60, -60+70, -70/+80, - 80+100, -100+120, -120+140, -140+170, -170+200, -200+230, -230+270, 270+325, -325+400, -400+450,-450+500, or -500+635. Alternatively, a custom mesh size could be
used such as -90+100. The body of the particulate material may be in the form of a shaped abrasive
particle, as described in more detail herein.
In accordance with an embodiment, the first phase may include alumina, such as alpha

alumina, and more particularly, may consist essentially of alpha alumina. In certain instances, the
body may be formed such that it is not greater than about 1 wt

of low-temperature alumina phases.

As used herein, low temperature alumina phases can include transition phase aluminas, bauxites or

hydrated alumina, including for example gibbsite, boehmite, diaspore, and mixtures containing such
compounds and minerals. Certain low temperature alumina materials may also include some content
of iron oxide. Moreover, low temperature alumina phases may include other minerals, such as
goethite, hematite, kaolinite, and anastase. In particular instances, the particulate material can consist
essentially of alpha alumina as the first phase and may be essentially free of low temperature alumina
phases.
Furthermore, the particulate material may be formed such that the body includes not greater
than about 1 wt

of impurity elements. Some exemplary impurity elements can include transition

metal elements, alkaline earth elements, alkaline elements, and a combination thereof. In one
particular instance, the body can include a limited amount of water, such as a content within the body
of not greater than about 1 wt
essentially free of water.

water for the total weight of the body. Moreover, the body can be

In one aspect, the particulate material may have a body including a first phase having at least

about 70 wt

alumina for a total weight of the first phase. For other embodiments, the body can

include at least about 7 1 wt

alumina for the total weight of the first phase, such as least about 75

wt , at least about 77 wt , at least about 80 wt , at least about 83 wt , at least about 85 wt , at

least about 88 wt , at least about 90 wt , at least about 93 wt , at least about 95 wt , or even
consist essentially of alumina.
Furthermore, the particulate material can have a body including at least about 70 wt

of the

first phase for the total weight of the body. In other instances, the total content of the first phase may
be greater, such as at least about 75 wt , at least about 77 wt , at least about 80 wt , at least about
83 wt

, at least about 85 wt , at least about 88 wt , at least about 90 wt , at least about 93 wt

even at least about 95 wt

or

for the total weight of the body. Still, the body may include not greater

than about 99.5 wt , not greater than about 99 wt , or even not greater than about 98 wt

of the

first phase for the total weight of the body. It will be appreciated that the total content of the first
phase within the body can be within a range between any of the minimum and maximum percentages
noted above.
In yet another embodiment, the particulate material can include a first phase having grains

defining crystallites having an average grain size of not greater than about 500 µιη. Still, in other
instances, the average grain size of the first phase may be not greater than about 250 µιη, such as not

greater than about 100 µιη, not greater than about 50 µιη, or even not greater than about 1 µιη. Still,
in at least one embodiment, the first phase may have an average grain size of at least about 1 nm. It

will be appreciated that the average grain size of the first phase can be within a range between any of
the minimum and maximum values noted above.
As noted herein, the body can further include a second phase. For certain particulate

materials according to embodiments herein, the body can consist essentially of the first phase and the
second phase. In one instance, the body can include at least 0 . 1 wt

of the second phase for the total

weight of the body. For other embodiments, the content of the second phase within the body can be
greater, such as at least about 0.2 wt , at least about 0.3 wt , at least about 0.5 wt , at least about
0.6 wt , at least about 0.7 wt , at least about 0.9 wt , at least about 1.0 wt , or even at least about
1.1 wt

. Still, the content of the second phase within the body may be limited, such that it may be

not greater than about 30 wt , such as not greater than about 20 wt , not greater than about 15 wt ,
not greater than about 13 wt , not greater than about 12 wt , not greater than about 10 wt , not
greater than about 9 wt , not greater than about 8 wt , not greater than about 7 wt , not greater than
about 6 wt , not greater than about 5 wt , not greater than about 4 wt , not greater than about 3
wt , or even not greater than about 2 wt . It will be appreciated that the content of the second phase

within the body can be within a range between any of the minimum and maximum percentages noted
above.

The second phase can be distinct from the first phase by at least one of average grain size,
composition, content, crystal structure, and a combination thereof. In certain instances, the second
phase can include a rare earth element, and more particularly, a lanthanoid. Some suitable examples
of rare earth elements can include materials such as La, Ce, Pr, Nd, Pm, Sm, and a combination
thereof. For certain embodiments, the rare earth element can include lanthanum, and more
particularly, may consist essentially of lanthanum. The second phase may consist essentially of a
single rare earth element. The second phase may be essentially free of certain elements, such as Ce,
Nd, Sm, and a combination thereof.
In accordance with an embodiment, the second phase can include an oxide. Furthermore, the

second phase may include phosphate. In particular instances, the second phase may include a
majority content of phosphate and at least one rare earth element. For example, the second phase can
consist essentially of phosphate and at least one rare earth element, and more particularly may consist
essentially of monazite (LaP0 4). Furthermore, the second phase may consist essentially of a
crystalline material. Moreover, the second phase may include a crystalline material having a
monoclinic crystalline structure. For example, the second phase can consist essentially of a
crystalline phase, and further, can consist essentially of a monoclinic crystalline structure.
In accordance with one embodiment, the body can include a ratio (W1/W2), wherein W l

represents the weight percent of the first phase of the body and W2 represents the weight percent of
the second phase within the body. In at least one aspect, the ratio (W1/W2), can be at least about 1,
such as at least about 1.1, at least about 1.5, at least about 2, at least about 3, at least about 5, at least
about 8, at least about 10, at least about 15, at least about 20, at least about 50, or even at least about
70. Still, in another embodiment the ratio (W1/W2) can be not greater than about 100, or even not

greater than about 95. It will be appreciated that the body can have a ratio (W1/W2) within a range
between any of the minimum and maximum values provided above.
The particulate material can have a body that includes a particular ratio of size of grains of the
first phase and second phase. For example, the body can include a first phase having a first average
grain size and a second phase having a second average grain size. In certain instances, the second
average grain size of the second phase can be less than the first average grain size of the grains of the
first phase. Moreover, in at least one aspect, the body can have a ratio (G1/G2) wherein Gl represents
the average grain size of the first phase and G2 represents the average grain size of the second phase.
In accordance with a particular embodiment, the ratio (G1/G2) can be at least about 1.1, such as at

least about 1.5, at least about 2, at least about 3, at least about 5, at least about 8, at least about 10, at
least about 15, a least about 20, or even at least about 50. Still, in at least one embodiment, the ratio
(G1/G2) may be not greater than about 500, such as not greater than about 200, or even not greater
than about 100. It will be appreciated that the body can include a ratio (G1/G2) within a range
between any of the above minimum and maximum values.

In one embodiment, the body can include a second phase having an average grain size of not

greater than 500 µιη. In other instances, the average grain size of the second phase may be less, such
as not greater than about 250 µιη, not greater than about 100 µιη, not greater than about 50 µιη, not

greater than about 1 µιη, not greater than about 0.8 µιη, not greater than about 0.5 µιη, or even not
greater than about 0.2 µιη. Still, the average grain size of the second phase may be at least about 1
nm, such as at least about 0.01 µιη or even at least about 0.1 µιη. It will be appreciated that the

second phase can have an average grain size within a range between any of the minimum and
maximum values noted above.
The second phase can be disposed within domains or between domains of any of the other
phases present within the body. A domain can include a single crystal or a group of crystals having
the same or substantially the same alignment when viewed in two dimensions. In one embodiment,
the second phase may be disposed at the grain boundaries of any of the other phases, and more
particularly, a majority of the second phase may be disposed as an intergranular phase (i.e., between
grains at the grain boundaries) between any of the phases described in embodiments herein. For
example, at least 60% of the total content of the second phase can be disposed at the grain boundaries
of the first phase. In other embodiments, the amount of second phase disposed at the grain boundaries
can be greater, such as at least about 70% of the second phase, at least about 80% of the second phase,
at least about 90% of the second phase, or even in some instances essentially all of the second phase

can be disposed at the grain boundary of the first phase.
In yet another embodiment, the second phase may be disposed within the grains of any of the

other phases present within the body, and more particularly, a majority of the second phase can be
disposed as an intragranular phase (i.e., within the grains) within any of the grains of any of the
phases described in embodiments herein. For example, a majority of the second phase can be
disposed within the grains or domains of the first phase.
In yet another embodiment, the second phase may have a particular morphology. For

example, in certain instances, the second phase can have a certain shape as viewed in two-dimensions
(e.g., using SEM), including for example, but not limited to, equiaxed, elongated, elliptical, needle

like, irregular, or the like. In one particular embodiment, the second phase can have an elongated
morphology, including an aspect ratio of length: width of at least about 1.5:1, wherein length is the
longest dimension of the second phase as viewed in two-dimensions and the width is a dimension
extending perpendicular to the length and defining a dimension shorter than the length. For other
embodiments, the aspect ratio of length: width of the second phase can be at least about 1.8:1, at least
about 2:1, at least about 2.5:1, at least about 3:1, or even at least about 5:1. It will be appreciated, that
such morphology can apply to any of the phases present within the body of the particulate material in
the embodiments herein.

In accordance with an embodiment, the body can be formed to have a particular distribution

of the second phase within the volume of the body. For example, second phase may be an integral
phase within the body. Moreover, the second phase may be substantially uniformly dispersed through
the entire volume of the body. FIG. 2A includes an illustration of particulate material including a

second phase substantially uniformly dispersed within the body. As illustrated, the particulate
material 200 includes a particle having a body 201 that can be formed of a first phase 202 and a
second phase 203. The body 201 can be made primarily of the first phase 202, and the second phase
203 can be present in a minority content compared to the first phase 202. As further illustrated, the

second phase 203 can be substantially, uniformly dispersed throughout the volume of the body 201,
such that if a statistically relevant and random sampling of different portions of the body 201 was

obtained, the content of the second phase 203 between each of the different samplings would be
substantially the same. In certain embodiments, the variation of the second phase, which may be
based upon a standard deviation, may be not greater than about 20% of the average value of the
second phase for the body, as calculated by the equation (AVG/STDEV)xl00%, wherein AVG
represents the average content of the second phase for each of the different portions and STDEV
represents the standard deviation of the content of the second phase for the sampling.
Alternatively, the second phase may be non-uniformly dispersed within the body. For
example, in one embodiment, the body can have a different content of the second phase at a peripheral
region of the body as compared to a content of the second phase at a central region of the body. In
certain instances, the body can have a greater content of the second phase at the peripheral region of
the body as compared to the content of the second phase at a central region. In another embodiment,
the body may have a greater content of the second phase at an exterior surface as compared to a

central region of the body. Still, in one alternative embodiment, the content of the second phase may
be greater at a central region as compared to the content of the second phase at a peripheral region.
FIG. 2B includes an illustration of particulate material including a second phase non-

uniformly dispersed within the body. As illustrated, the particulate material 210 can include a particle
having a body 211 that can be formed of a first phase 202 and a second phase 203. The second phase
203 can be non-uniformly dispersed throughout the volume of the body 211. In particular, the body
211 can include a greater content of the second phase 203 within a peripheral region 213 as compared

to the content of the second phase 203 within the central region 215. In such instances, the second

phase 213 appears to create a "halo" in the body 211. The peripheral region 213 of the body 2 1 1 can
extend from the exterior surface 212 into the volume of the body 211 for a distance that encompasses
at least a majority of the second phase 203. In particular instances, the peripheral region 213 can be

defined by the region encompassing at least about 90% of the second phase between the exterior
surface 212 and a boundary 214 between the exterior surface 212 and the volumetric midpoint 216 of
the body. For example, the peripheral region 213 may include at least about 5%, such as at least

about 10%, at least about 20%, or even at least about 25% of the total volume of the body. The

central region 215 of the body 211 may be a region surrounding the volumetric midpoint 216 of the
body and extending out in three dimensions to a boundary 214. The central region may be at least
about 5%, such as at least about 10%, at least about 20% or even at least about 25% of the total

volume of the body. The above illustration is not limiting, and it will be appreciated that various
particles may be made to form a peripheral region and a central region of different sizes and shapes.
Moreover, it will be appreciated that the second phase can be distributed in other non-uniform
manners throughout the volume of a body of particulate material. For example, FIG. 2C includes an

illustration of particulate material including a second phase non-uniformly dispersed within the body
according to an embodiment. As illustrated, the particulate material 220 can include a particle having
a body 221 that can be formed of a first phase 202 and a second phase 203. The second phase 203 can
be non-uniformly dispersed throughout the body 221, and in particular, the content of the second
phase can be greatest at the external surface 222, within the body 221 and the content of the second
phase can decrease with increasing distance from the external surface 222 toward the volumetric
midpoint 226 within the body 221. Moreover, in certain instances, the body 221 of the particulate
material can have thin regions 225, wherein the volume of the body 221 is less compared to a thick
region 227. According to one embodiment, in conditions of non-uniform distribution of the second
phase 203, the thin region 225 can have a greater concentration (i.e., amount of second phase per unit
volume) of the second phase 203 as compared to the concentration of the second phase 203 within a
thick region 227.
It will be appreciated that foregoing embodiments describing certain distributions of the

second phase within the body can be the same for other phases of the particulate material. For
example, as will be described in more detail herein, the particulate material can include additional
phases distinct from the first and second phases (e.g., a third phase, a fourth phase, a fifth phase, etc.),
and such phases can be substantially uniformly dispersed through the volume of the body, or

alternatively, may be distributed in a non-uniform manner. For example, in one embodiment, the
particulate material can include a body having a non-uniform distribution of a second phase and a
third phase within the volume of the body. More particularly, the body can have a greater content of
the second phase at a peripheral region compared to a central region, and the body may also have a

greater content of the third phase at the central region compared to the peripheral region. Still, in
other instances, the body can include multiple phases having different distribution characteristics. For
example, the second phase may be substantially, uniformly distributed throughout the volume of the
body and a third phase may be non-uniformly distributed throughout the body.
In certain embodiments, the body may further include a third phase that can be distinct from

the first phase and the second phase by at least one of average grain size, composition, content, crystal

structure, and a combination thereof. For example, the third phase may include a single rare earth

element. The rare earth element of the third phase may be the same as the rare earth element of the
second phase. Still, in an alternative embodiment, the rare earth element of the third phase may be
different that the rare earth element of the second phase. According to at least one embodiment
herein, the particulate material can include a body that consists essentially of the first phase, second
phase, and third phase. Other alternative particulate material according to embodiments herein can
include a body consisting essentially of the first phase, second phase, third phase, and a fourth phase.
In yet other instances, the body can consist essentially of the first phase, second phase, a third phase,

and a fifth phase.
The third phase may be an integral phase within the body. Moreover, the third phase may be
substantially uniformly dispersed through the entire volume of the body. Alternatively, the third
phase may be non-uniformly dispersed within the body, including for example, but not limited to,
disposed in a "halo" manner as described in embodiments herein. Additionally, the third phase can be
disposed within domains or between domains of any of the other phases present within the body. In
yet another embodiment, the third phase may be disposed at the grain boundaries of any of the other
phases, and more particularly, a majority of the third phase may be disposed as an intergranular phase
(i.e., between grains at the grain boundaries) between any of the phases described in embodiments

herein. Alternatively, the third phase can be disposed within the grains of any of the other phases
present within the body, and more particularly, a majority of the third phase can be disposed as an
intragranular phase (i.e., within the grains) within any of the grains of any of the phases described in
embodiments herein.
The third phase may include an oxide, such as alumina, and more particularly a combination
of alumina and a rare earth element. In one particular instance, the third phase may include
lanthanum aluminate (LaAlnOi ), or lanthanum aluminate compounds (e.g., MgLaAlnOi 9 ) . Still, the
third phase can consist essentially of lanthanum aluminate or a lanthanum aluminate compound.
In certain instances, the particulate material includes a body having a particular ratio

(W1/W3), wherein W l represents the weight percent of the first phase of the body and W3 represents
the weight percent of the third phase within the body. In at least one aspect, the ratio (W1/W3), can
be at least about 1, such as at least about 1.1, at least about 1.5, at least about 2, at least about 3, at
least about 5, at least about 8, at least about 10, at least about 15, at least about 20, at least about 50, or
even at least about 70. Still, in another embodiment the ratio (W1/W3) can be not greater than about
100, or even not greater than about 95. It will be appreciated that the body can have a ratio (W1/W3)

within a range between any of the minimum and maximum values provided above.
Furthermore, in another aspect, the particulate material can include a body having a ratio
(W3/W2), wherein W2 represents a weight percent of the second phase with the body and W3
represents a weight percent of the third phase within the body. In particular instances, the ratio
(W3/W2) can be at least about 0.1, such as at least about 0.3, at least about 0.5, at least about 0.7, at

least about 0.9, at least about 1, at least about 1.1, at least about 1.5, at least about 2, at least about 4,
at least about 6, or even at least about 10. Still, in yet another embodiment, the body can have a ratio

(W3/W2) that is not greater than about 10, for example, not greater than about 7, not greater than

about 5, not greater than about 3, not greater than about 2.5, not greater than about 2.2, not greater

than about 2, not greater than about 1.5, not greater than about 1, not greater than about 0.9, or even
not greater than about 0.7. It will be appreciated that the ratio (W3/W2) can be within a range
between any of the above minimum or maximum values.
The body may be formed to have a particular content of the third phase for the total weight of
the body. For example, the body may include at least about 0 . 1 wt

of the third phase for the total

weight of the body. In other instances, the body may include a greater content of the third phase, such
as at least about 0.2 wt , at least about 0.3 wt , at least about 0.5 wt , at least about 0.6 wt , at

least about 0.7 wt , at least about 0.8 wt , at least about 0.9 wt , at least about 1 wt , or even at
least about 1.1 wt

for the total weight of the body. Still, in another embodiment, the particulate

material can be formed such that the body includes not greater than about 30 wt

of the third phase

for the total weight of the body. In other instances, the content of the third phase within the body can
be less, such as not greater than about 20 wt , not greater than about 15 wt , not greater than about
13 wt

, not greater than about 12 wt , not greater than about 10 wt , not greater than about 9 wt ,

not greater than about 8 wt , not greater than about 7 wt , not greater than about 6 wt , not greater
than about 4 wt , not greater than about 3 wt , or even not greater than about 2.5 wt . It will be
appreciated that the body can include a content of the third phase within a range between any of the
minimum and maximum percentages noted above.
In accordance with another aspect, the particulate material can be formed such that the

average grain size of the third phase has a particular relationship to the average grain size of the first
phase and the second phase. For example, the particulate material can include a body having a first
phase including a first average grain size and a third phase having a third average grain size. In
certain instances, the first phase can have a first average grain size that is different than the third
average grain size of the third phase. More particularly, the body can include a ratio (G1/G3) wherein
Gl represents the average grain size of the first phase and G3 represents the average grain size of the
third phase. In at least one instance, the ratio (G1/G3) can be not greater than about 5, such as not
greater than about 2, not greater than about 1, not greater than about 0.8, not greater than about 0.5, or
even not greater than about 0.2. Still, in another embodiment, the ratio (G1/G3) can be at least about
0.2, such as at least about 0.5, at least about 0.8, at least about 1, at least about 1.1, at least about 1.5,
at least about 2, or even at least about 3. It will be appreciated that the ratio (G1/G3) can have a value

within a range between any of the minimum or maximum values noted above.
For certain embodiments, the second phase can have a second average grain size that is
different than the third average grain size of the third phase, and more particularly, may be less than

the third average grain size of the third phase. In at least one instance, the body can have a ratio
(G2/G3) wherein G2 represents the second average grain size of the second phase and G3 represents

the third average grain size of the third phase. The ratio (G2/G3) can be at least about 0.2, such as at

least about 0.5, at least about 0.8, at least about 1, at least about 1.1, at least about 1.5, at least about 2,
or even at least about 3 . Still, in accordance with another embodiment, the ratio (G2/G3) may not be
greater than about 3, such as not greater than about 2, not greater than about 1, not greater than about
0.8, not greater than about 0.5, or even not greater than about 0.2. It will be appreciated that the ratio

(G2/G3) can be within a range between any of the minimum and maximum values note above.

The body can include a third phase having an average grain size of not greater than 500 µιη.
In other instances, the average grain size of the third phase may be less, such as not greater than about

250 µιη, not greater than about 100 µιη, not greater than about 50 µιη, not greater than about 1 µιη,
not greater than about 0.8 µιη, not greater than about 0.5 µιη, or even not greater than about 0.2 µιη.
Still, the average grain size of the third phase may be at least about 0 . 1 µιη, at least about at least

about 1 µιη, at least about 3 µιη, at least about 5 µιη, or even at least about 10 µιη. It will be

appreciated that the third phase can have an average grain size within a range of the minimum and
maximum values noted above.
In accordance with yet another embodiment, the particulate material may be formed such that

the body includes a fourth phase. The fourth phase can be distinct from the first phase, second phase

and/or the third phase. The fourth phase may be distinct from the first phase, second phase, and third
phase by at least one of an average grain size, composition, content, crystal structure, and a
combination thereof. The fourth phase may be an integral phase within the body. Moreover, the
fourth phase may be substantially uniformly dispersed through the entire volume of the body.
Alternatively, the fourth phase may be non-uniformly dispersed within the body, including for
example, but not limited to, disposed in a "halo" manner as described in embodiments herein.
Additionally, the fourth phase can be disposed within domains or between domains of any of the other
phases present within the body. The fourth phase may be disposed at the grain boundaries of any of
the other phases, and more particularly, a majority of the fourth phase may be disposed as an

intergranular phase (i.e., between grains at the grain boundaries) between any of the phases described
in embodiments herein. Alternatively, the fourth phase can be disposed within the grains of any of the

other phases present within the body, and more particularly, a majority of the fourth phase can be
disposed as an intragranular phase (i.e., within the grains) within any of the grains of any of the
phases described in embodiments herein.
Certain embodiments herein can include a particulate material having a body consisting
essentially of the first phase, second phase, and the fourth phase. Other alternative particulate
material according to embodiments herein can include a body consisting essentially of the first phase,

second phase, third phase, and fourth phase. In yet other instances, the body can consist essentially of
the first phase, second phase, fourth phase, and a fifth phase.
In accordance with one embodiment, the fourth phase can include an inorganic material, such
as an oxide, and more particularly, a metal oxide compound. The fourth phase may include a

transition metal element, and more particularly, may include chromium. In accordance with one
particular embodiment, the fourth phase can include chromium oxide, and may consist essentially of
chromium oxide.
The body may include a particular content of the fourth phase. For example, in at least one
embodiment, the body can include at least 0.2 wt

of the fourth phase for the total weight of the

body. In other instances, the content of the fourth phase within the body may be greater, such as at
least about 0.3 wt , at least about 0.5 wt , at least about 0.7 wt , at least about 0.8 wt , at least
about 0.9 wt , at least about 1.0 wt , or even at least about 1.1 wt . Still, the content of the fourth
phase within the body may be not greater than about 20 wt , such as not greater than about 15 wt ,
not greater than about 10 wt , not greater than about 8 wt , not greater than about 5 wt , not
greater than about 4 wt , not greater than about 3 wt , not greater than about 2.5 wt , or even not
greater than about 2 wt . It will be appreciated that the total content of the fourth phase within the
body may be within a range between any of the minimum and maximum values noted above.
In accordance with one embodiment, the body can contain a particular amount of the fourth

phase with respect to the content of the first phase. For example, the body can include a ratio
(W1/W4), wherein W l represents a weight percent of the first phase within the body and W4
represents a weight percent of the fourth phase within the body. In accordance within an
embodiment, the ratio (W1/W4) can be at least about 1, such as at least about 1.1, at least about 1.5, at
least about 2, at least about 3, at least about 5, at least about 8, at least about 10, at least about 15, at
least about 20, at least about 50, or even at least about 70. Still, the ratio (W1/W4) may be not greater
than about 100, or even not greater than about 95. It will be appreciated that the ratio (W1/W4) may
have a value within a range between any of the above minimum and maximum values.
In accordance with an embodiment, the particulate material may be formed such that the body

comprises a particular content of the fourth phase relative to the content of the second phase. For
example, the body can have ratio (W4/W2), wherein W2 represents a weight percent of the second
phase with the body and W4 represents a weight percent of the fourth phase within the body. In
accordance with an embodiment, the ratio (W4/W2) can be about 0.1, such as at least about 0.3, at
least about 0.5, at least about 0.7, at least about 0.9, at least about 1, or even at least about 1.1. In yet
another embodiment, the ratio (W4/W2) may be not greater than about 10, such as not greater than
about 7, not greater than about 5, not greater than about 3, not greater than about 2, not greater than
about 1, or even not greater than about 0.8. It will be appreciated that the ratio (W4/W2) can be
within a range between any of the above minimum or maximum values.

Furthermore, the body can have a particular ratio of the content of the third phase relative to a
content of the fourth phase. For example, the body can include a ratio (W3/W4), wherein W3
represents a weight percent of the third phase within the body and W4 represents a weight percent of
the fourth phase within the body. In accordance within an embodiment, the ratio (W3/W4) can be at
least about 1, such as at least about 1.1, at least about 1.5, at least about 2, at least about 3, at least
about 5, at least about 8, at least about 10, at least about 15, at least about 20, at least about 50, or
even at least about 70. Still, the ratio (W3/W4) may be not greater than about 100, or even not greater
than about 95, not greater than about 80, not greater than about 50, not greater than about 30, not
greater than about 10, not greater than about 5, not greater than about 3, not greater than about 2, not
greater than about 1, or even not greater than about 0.8. It will be appreciated that the ratio (W3/W4)
may have a value within a range between any of the above minimum and maximum values.
In accordance with another aspect, the particulate material can be formed such that the

average grain size of the fourth phase has a particular relationship to the average grain size of the first
phase, second phase, and/or the third phase. For example, the particulate material can include a body
having a first phase including a first average grain size and a fourth phase having a fourth average
grain size. In particular instances, the first phase can have a first average grain size that is different
than the fourth average grain size of the fourth phase. More particularly, the body can include a ratio
(G1/G4), wherein Gl represents the average grain size of the first phase and G4 represents the
average grain size of the fourth phase. In at least one instance, the ratio (G1/G4) can be not greater
than about 5, such as not greater than about 2, not greater than about 1, not greater than about 0.8, not
greater than about 0.5, or even not greater than about 0.2. Still, in another embodiment, the ratio
(G1/G4) can be at least about 0.2, such as at least about 0.5, at least about 0.8, at least about 1, at least
about 1.1, at least about 1.5, at least about 2, or even at least about 3. It will be appreciated that the
ratio (G1/G4) can have a value within a range between any of the minimum or maximum values noted
above.
The second phase can have a second average grain size that is different than the fourth
average grain size of the fourth phase, and more particularly, may be less than or greater than the
fourth average grain size of the fourth phase. In at least one instance, the body can have a ratio
(G2/G4), wherein G2 represents the second average grain size of the second phase and G4 represents
the fourth average grain size of the fourth phase. The ratio (G2/G4) can be at least about 0.2, such as
at least about 0.5, at least about 0.8, at least about 1, at least about 1.1, at least about 1.5, at least about
2, or even at least about 3 . Still, in accordance with another embodiment, the ratio (G2/G4) may not

be greater than about, such as not greater than about 2, not greater than about 1, not greater than about
0.8, not greater than about 0.5, or even not greater than about 0.2. It will be appreciated that the ratio

(G2/G4) can be within a range between any of the minimum and maximum values note above.

The third phase can have a third average grain size that is different than the fourth average

grain size of the fourth phase, and more particularly, may be greater than or less than the fourth
average grain size of the fourth phase. In at least one instance, the body can have a ratio (G3/G4),
wherein G3 represents the third average grain size of the third phase and G4 represents the fourth
average grain size of the fourth phase. The ratio (G3/G4) can be at least about 0.2, such as at least
about 0.5, at least about 0.8, at least about 1, at least about 1.1, at least about 1.5, at least about 2, or

even at least about 3 . Still, in accordance with another embodiment, the ratio (G3/G4) may not be
greater than about, such as not greater than about 2, not greater than about 1, not greater than about
0.8, not greater than about 0.5, or even not greater than about 0.2. It will be appreciated that the ratio

(G3/G4) can be within a range between any of the minimum and maximum values note above.

For particulate material having a body including a fourth phase, the body may have a
particular average grain size of the fourth phase. For example, the average grain size of the fourth
phase can be not greater than 500 µιη. In other instances, the average grain size of the fourth phase
may be less, such as not greater than about 250 µιη, not greater than about 100 µιη, not greater than
about 50 µιη, not greater than about 1 µιη, not greater than about 0.8 µιη, not greater than about 0.5
µιη, or even not greater than about 0.2 µιη. Still, the average grain size of the fourth phase may be at

least about 1 nm, such as at least about 0.01 µιη, at least about 0.1 µιη, at least about at least about 1
µιη, at least about 3 µιη, at least about 5 µιη, or even at least about 10 µιη. It will be appreciated that

the fourth phase can have an average grain size within a range of the minimum and maximum values

noted above.
In accordance with an embodiment, the particulate material can include a body having a fifth

phase. The fifth phase may be distinct from the first phase, second phase, third phase, and fourth
phase by at least one of an average grain size, content, composition, crystal structure, and a
combination thereof. The fifth phase may be an integral phase within the body. Moreover, the fifth
phase may be substantially uniformly dispersed through the entire volume of the body. Alternatively,
the fifth phase may be non-uniformly dispersed within the body, including for example, but not

limited to, disposed in a "halo" manner as described in embodiments herein. Additionally, the fifth
phase can be disposed within domains or between domains of any of the other phases present within
the body. In yet another embodiment, the fifth phase may be disposed at the grain boundaries of any

of the other phases, and more particularly, a majority of the fifth phase may be disposed as an
intergranular phase (i.e., between grains at the grain boundaries) between any of the phases described
in embodiments herein. Alternatively, the fifth phase may be disposed as an intragranular phase (i.e.,

within the grains) within any of the grains of any of the phases described in embodiments herein, and
more particularly, a majority of the fifth phase may be present as an intragranular phase.

Furthermore, it will be appreciated that reference to any of the phases in any embodiment
does not require the existence of the all the phases to be present. For example, the fifth phase may be

present within the body without the existence of the third phase and/or fourth phase. Certain
embodiments herein can include a particulate material having a body consisting essentially of the first
phase, second phase, and the fifth phase. Other particulate material according to embodiments herein
can include a body consisting essentially of the first phase, second phase, third phase, and fifth phase.
In yet other instances, the body can consist essentially of the first phase, second phase, fourth phase,

and the fifth phase.
The body can include a fifth phase that may include phosphorous, and more particularly, a
compound including phosphate (P0 4). In at least one embodiment, the fifth phase can include a
compound including phosphorous, and at least one element of the group of alumina, chromium, and
any combination thereof. In another embodiment, the fifth phase may include free phosphate.
Moreover, the fifth phase may be formed of a compound that is essentially free of a rare earth
element.
The body may include a particular content of the fifth phase. For example, in at least one
embodiment, the body can include at least 0.2 wt

of the fifth phase for the total weight of the body.

In other instances, the content of the fifth phase within the body may be greater, such as at least about
0.3 wt ., at least about 0.5 wt , at least about 0.7 wt , at least about 0.8 wt , at least about 0.9

wt , at least about 1.0 wt , or even at least about 1.1 wt . Still, the content of the fifth phase within

the body may be not greater than about 20 wt , such as not greater than about 15 wt , not greater
than about 10 wt , not greater than about 8 wt , not greater than about 5 wt , not greater than about
4 wt , not greater than about 3 wt , not greater than about 2.5 wt , or even not greater than about 2
wt . It will be appreciated that the total content of the fifth phase within the body may be within a

range between any of the minimum and maximum values noted above.
The body may include a specific content of the fifth phase relative to other phases. For
example, the body can include a greater content of the first phases as compared to the fifth phase.
Additionally or alternatively, the body can include a greater content of the second phases compared to
the fifth phase. Moreover, the body may include a greater content of the third phase and or fourth
phases compared to the fifth phase.
In accordance with one embodiment, the body can contain a particular amount of the fifth

phase with respect to the content of the first phase. For example, the body can include a ratio
(W1/W5), wherein W l represents a weight percent of the first phase within the body and W5
represents a weight percent of the fifth phase within the body. In accordance within an embodiment,
the ratio (W1/W5) can be at least about 1, such as at least about 1.1, at least about 1.5, at least about 2,
at least about 3, at least about 5, at least about 8, at least about 10, at least about 15, at least about 20,
at least about 50, or even at least about 70. Still, the ratio (W1/W5) may be not greater than about
100, or even not greater than about 95. It will be appreciated that the ratio (W1/W5) may have a value

within a range between any of the above minimum and maximum values.

The particulate material may be formed such that the body comprises a particular content of
the fifth phase relative to the content of the second phase. For example, the body can have ratio
(W5/W2), wherein W2 represents a weight percent of the second phase with the body and W5
represents a weight percent of the fifth phase within the body. In accordance with an embodiment, the
ratio (W5/W2) may be not greater than about 10, such as not greater than about 7, not greater than
about 3, not greater than about 1, not greater than about 0.8, not greater than about 0.5, not greater
than about 0.3, or even not greater than about 0.1. Still, in at least one embodiment, the ratio
(W5/W2) can be at least about 0.1, such as at least about 0.3, at least about 0.5, at least about 0.7, at
least about 0.9, at least about 1, at least about 1.1, at least about 1.5, at least about 2, at least about 3,
or even at least about 5 . It will be appreciated that the ratio (W5/W2) can be within a range between
any of the above minimum or maximum values.
Furthermore, certain particulate material according to an embodiment herein may include a
body having a particular ratio of the content of the third phase relative to a content of the fifth phase.
For example, the body can include a ratio (W3/W5), wherein W3 represents a weight percent of the
third phase within the body and W5 represents a weight percent of the fifth phase within the body. In
accordance within an embodiment, the ratio (W3/W5) can be at least about 1, such as at least about
1.1, at least about 1.5, at least about 2, at least about 3, at least about 5, at least about 8, at least about
10, at least about 15, at least about 20, at least about 50, or even at least about 70. Still, the ratio

(W3/W5) may be not greater than about 100, or even not greater than about 95, not greater than about
80, not greater than about 50, not greater than about 30, not greater than about 10, not greater than

about 5, not greater than about 3, not greater than about 2, not greater than about 1, or even not greater
than about 0.8. It will be appreciated that the ratio (W3/W5) may have a value within a range
between any of the above minimum and maximum values.
In one aspect, a particulate material according to an embodiment herein may include a body

having a particular ratio of the content of the fourth phase relative to a content of the fifth phase. For
example, the body can include a ratio (W4/W5), wherein W4 represents a weight percent of the fourth
phase within the body and W5 represents a weight percent of the fifth phase within the body. In
accordance within an embodiment, the ratio (W4/W5) can be at least about 1, such as at least about
1.1, at least about 1.5, at least about 2, at least about 3, at least about 5, at least about 8, at least about
10, at least about 15, at least about 20, at least about 50, or even at least about 70. Still, the ratio

(W4/W5) may be not greater than about 100, or even not greater than about 95, not greater than about
80, not greater than about 50, not greater than about 30, not greater than about 10, not greater than

about 5, not greater than about 3, not greater than about 2, not greater than about 1, or even not greater
than about 0.8. It will be appreciated that the ratio (W4/W5) may have a value within a range
between any of the above minimum and maximum values.

In accordance with another aspect, the particulate material can be formed such that the

average grain size of the fifth phase may have a particular relationship to the average grain size of the
first phase, second phase, third phase, and/or fourth phase. For example, the particulate material can
include a body having a first phase including a first average grain size and a fifth phase having a fifth
average grain size. In particular instances, the first phase can have a first average grain size that is
different than the fifth average grain size of the fifth phase. More particularly, the body can include a
ratio (G1/G5), wherein Gl represents the average grain size of the first phase and G5 represents the
average grain size of the fifth phase. In at least one instance, the ratio (G1/G5) can be not greater than
about 5, such as not greater than about 2, not greater than about 1, not greater than about 0.8, not
greater than about 0.5, or even not greater than about 0.2. Still, in another embodiment, the ratio
(G1/G5) can be at least about 0.2, such as at least about 0.5, at least about 0.8, at least about 1, at least

about 1.1, at least about 1.5, at least about 2, or even at least about 3. It will be appreciated that the
ratio (G1/G5) can have a value within a range between any of the minimum or maximum values noted
above.

For certain embodiments, the second phase can have a second average grain size that is
different than the fifth average grain size of the fifth phase, and more particularly, may be greater than
or less than the fifth average grain size of the fifth phase. In at least one instance, the body can have a
ratio (G2/G5), wherein G2 represents the second average grain size of the second phase and G5
represents the fifth average grain size of the fifth phase. The ratio (G2/G5) can be at least about 0.2,
such as at least about 0.5, at least about 0.8, at least about 1, at least about 1.1, at least about 1.5, at

least about 2, or even at least about 3. Still, in accordance with another embodiment, the ratio
(G2/G5) may not be greater than about, such as not greater than about 2, not greater than about 1, not

greater than about 0.8, not greater than about 0.5, or even not greater than about 0.2. It will be
appreciated that the ratio (G2/G5) can be within a range between any of the minimum and maximum
values note above.
The third phase can have a third average grain size that is different than the fifth average grain
size of the fifth phase, and more particularly, may be greater than or less than the fifth average grain
size of the fifth phase. In at least one instance, the body can have a ratio (G3/G5), wherein G3

represents the third average grain size of the third phase and G5 represents the fifth average grain size
of the fifth phase. The ratio (G3/G5) can be at least about 0.2, such as at least about 0.5, at least about
0.8, at least about 1, at least about 1.1, at least about 1.5, at least about 2, or even at least about 3.

Still, in accordance with another embodiment, the ratio (G3/G5) may not be greater than about, such
as not greater than about 2, not greater than about 1, not greater than about 0.8, not greater than about

0.5, or even not greater than about 0.2. It will be appreciated that the ratio (G3/G5) can be within a

range between any of the minimum and maximum values note above.

For certain embodiments, the fourth phase can have a fourth average grain size that is
different than the fifth average grain size of the fifth phase, and more particularly, may be greater than
or less than the fifth average grain size of the fifth phase. In at least one instance, the body can have a
ratio (G4/G5), wherein G4 represents the fourth average grain size of the fourth phase and G5
represents the fifth average grain size of the fifth phase. The ratio (G4/G5) can be at least about 0.2,
such as at least about 0.5, at least about 0.8, at least about 1, at least about 1.1, at least about 1.5, at

least about 2, or even at least about 3. Still, in accordance with another embodiment, the ratio
(G4/G5) may not be greater than about, such as not greater than about 2, not greater than about 1, not
greater than about 0.8, not greater than about 0.5, or even not greater than about 0.2. It will be
appreciated that the ratio (G4/G5) can be within a range between any of the minimum and maximum
values note above.
For particulate material having a body including a fifth phase, the body may have a particular
average grain size of the fifth phase. For example, the average grain size of the fifth phase can be not
greater than 500 µιη. In other instances, the average grain size of the fifth phase may be less, such as
not greater than about 250 µιη, not greater than about 100 µιη, not greater than about 50 µιη, not
greater than about 1 µιη, not greater than about 0.8 µιη, not greater than about 0.5 µιη, or even not
greater than about 0.2 µιη. Still, the average grain size of the fifth phase may be at least about 1 nm,
such as at least about 0.01 µιη, at least about 0.1 µιη, at least about at least about 1 µιη, at least about

3 µιη, at least about 5 µιη, or even at least about 10 µιη. It will be appreciated that the fifth phase can
have an average grain size within a range of the minimum and maximum values noted above.
In yet another embodiment, the body can be in the form of a shaped abrasive particle. A

shaped abrasive particle can have a body configured to have a predetermined shape. Shaped abrasive
particles may differ from conventional crushed grains, which generally have an irregular shape.
When considered as a batch, shaped abrasive particles can be characterized by one or more features
that may be, but not necessarily need be, linked to one or more conditions of forming, such that the
one or more features may be substantially replicated from particle-to-particle. Moreover, the one or
more features may be evident within at least a majority of the particles in a batch. Conventional

crushed grains generally have a random shape. Shaped abrasive particles may be obtained through
various processing methods, including but not limited to, printing, molding, pressing, stamping,
casting, extruding, cutting, fracturing, heating, cooling, crystallizing, rolling, embossing, depositing,
etching, scoring, and a combination thereof.
One non-limiting process of forming a shaped abrasive particle can be initiated by forming a

mixture including a ceramic material and a liquid. In particular, the mixture can be a gel formed of a
ceramic powder material and a liquid, wherein the gel can be characterized as a shape-stable material
having the ability to substantially hold a given shape even in the green (i.e., unfired) state. In
accordance with an embodiment, the gel can be formed of the ceramic powder material as an

integrated network of discrete particles. The mixture may contain a certain content of solid material,
liquid material, and additives such that it has suitable rheological characteristics. That is, in certain
instances, the mixture can have a certain viscosity, and more particularly, suitable rheological
characteristics that form a dimensionally stable phase of material that can be formed through the
process as noted herein. A dimensionally stable phase of material is a material that can be formed to
have a particular shape and substantially maintain the shape, such that the shape is substantially
present in the finally-formed object.
The ceramic powder material can include an oxide, a nitride, a carbide, a boride, an
oxycarbide, an oxynitride, and a combination thereof. In particular instances, the ceramic material
can include alumina. More specifically, the ceramic material may include a boehmite material, which
may be a precursor of alpha alumina. The mixture can be formed to have a particular content of solid
material, such as the ceramic powder material. For example, in one embodiment, the mixture can
have a solids content of at least about 25 wt% and not greater than about 75 wt% for the total weight
of the mixture. Furthermore, the mixture 101 can be formed to have a particular content of liquid
material, including for example, a liquid content of at least about 25 wt% and not greater than about
75 wt% for the total weight of the mixture 101.

Furthermore, to facilitate processing and forming shaped abrasive particles according to
embodiments herein, the mixture can have a particular storage modulus, such as at least about lxlO 4
Pa, at least about 4xl0 4 Pa, or even at least about 5xl0 4 Pa. However, in at least one non-limiting
embodiment, the mixture may have a storage modulus of not greater than about lxlO 7 Pa , such as not
greater than about 2xl0 6 Pa. It will be appreciated that the storage modulus of the mixture 101 can be
within a range between any of the minimum and maximum values noted above. The storage modulus
can be measured via a parallel plate system using ARES or AR-G2 rotational rheometers, with Peltier
plate temperature control systems. For testing, the mixture 101 can be extruded within a gap between
two plates that are set to be approximately 8 mm apart from each other. After extruding the gel into
the gap, the distance between the two plates defining the gap is reduced to 2 mm until the mixture 101
completely fills the gap between the plates. After wiping away excess mixture, the gap is decreased
by 0 . 1 mm and the test is initiated. The test is an oscillation strain sweep test conducted with
instrument settings of a strain range between 01% to 100%, at 6.28 rad/s ( 1 Hz), using 25 -mm parallel
plate and recording 10 points per decade. Within 1 hour after the test completes, lower the gap again
by 0.1 mm and repeat the test. The test can be repeated at least 6 times. The first test may differ from
the second and third tests. Only the results from the second and third tests for each specimen should
be reported.
Furthermore, to facilitate processing and forming shaped abrasive particles according to
embodiments herein, the mixture can have a particular viscosity. For example, the mixture can have a
viscosity of at least about 4xl0 3 Pa s, at least about 5xl0 3 Pa s, at least about 6xl0 3 Pa s, at least about

8xl0 3 Pa s, at least about lOxlO3 Pa s, at least about 20xl0 3 Pa s, at least about 30xl0 3 Pa s, at least
about 40xl0 3 Pa s, at least about 50xl0 3 Pa s, at least about 60xl0 3 Pa s, at least about 65xl0 3 Pa s. In
at least one non-limiting embodiment, the mixture may have a viscosity of not greater than about
lOOxlO3 Pa s, not greater than about 95xl0 3 Pa s, not greater than about 90xl0 3 Pa s, or even not

greater than about 85xl0 3 Pa s. It will be appreciated that the viscosity of the mixture can be within a
range between any of the minimum and maximum values noted above. The viscosity can be
measured in the same manner as the storage modulus as described above.
Moreover, the mixture can be formed to have a particular content of organic materials,
including for example, organic additives that can be distinct from the liquid, to facilitate processing
and formation of shaped abrasive particles according to the embodiments herein. Some suitable
organic additives can include stabilizers, binders, such as fructose, sucrose, lactose, glucose, UV
curable resins, and the like.
Notably, the process of forming a shaped abrasive particle may utilize a mixture that can be
distinct from slurries used in conventional forming operations. For example, the content of organic
materials, within the mixture, particularly, any of the organic additives noted above, may be a minor
amount as compared to other components within the mixture. In at least one embodiment, the mixture
can be formed to have not greater than about 30 wt

organic material for the total weight of the

mixture. Moreover, the mixture can be formed to have a particular content of acid or base distinct
from the liquid, to facilitate processing and formation of shaped abrasive particles according to the
embodiments herein. Some suitable acids or bases can include nitric acid, sulfuric acid, citric acid,
chloric acid, tartaric acid, phosphoric acid, ammonium nitrate, ammonium citrate.
Various systems may be used to shape the mixture and form precursor shaped abrasive
particles. Still, in one particular embodiment including a screen printing operation, the mixture can be
configured to be extruded through a die opening, and during extrusion within an application zone, a
screen having a plurality of openings can travel under the die opening. In accordance with an
embodiment, the openings can have a two-dimensional shape as viewed in a plane defined by the
length

(1)

and width (w) of the screen that include various shapes, for example, polygons, ellipsoids,

numerals, Greek alphabet letters, Latin alphabet letters, Russian alphabet characters, complex shapes
including a combination of polygonal shapes, and a combination thereof. In particular instances, the
openings may have two-dimensional polygonal shapes such as, a triangle, a rectangle, a quadrilateral,
a pentagon, a hexagon, a heptagon, an octagon, a nonagon, a decagon, and a combination thereof.
The shape of the openings may facilitate substantial formation of one or more features of the shaped
abrasive particles.
After forcing the mixture through the die opening and into the openings in the screen,
precursor shaped abrasive particles may be printed on a belt disposed under the screen. During the
process of extruding the mixture into the openings of the screen the belt may be in contact with the

screen. Alternatively, the belt may be spaced apart from the screen. Notably, the mixture can be

forced through the screen in rapid fashion, such that the average residence time of the mixture within
the openings can be less than about 2 minutes, less than about 1 minute, less than about 40 second, or

even less than about 20 seconds. In particular non-limiting embodiments, the mixture may be
substantially unaltered during printing as it travels through the screen openings, thus experiencing no
change in the amount of components from the original mixture, and may experience no appreciable
drying in the openings of the screen.
The precursor shaped abrasive particles may be translated through a series of zones wherein

various treating processes may be conducted. Some suitable exemplary treating processes can include
drying, heating, curing, reacting, radiating, mixing, stirring, agitating, planarizing, calcining, sintering,

comminuting, sieving, doping, and a combination thereof. According to one embodiment, the
precursor shaped abrasive particles may be translated through an optional shaping zone, wherein at
least one exterior surface of the particles may be shaped as described in embodiments herein.
Furthermore, the precursor shaped abrasive particles may be translated through an application zone
wherein one or more additives can be applied to the precursor shaped abrasive particles, which can be
the same process of providing an additive to the raw material powder as described in embodiments

herein. Within the application zone, the additive material may be applied utilizing various methods

including for example, spraying, dipping, depositing, impregnating, transferring, punching, cutting,
pressing, and any combination thereof. And further, the precursor shaped abrasive particles may be
translated on the belt through a post-forming zone, wherein a variety of processes, including for
example, drying, firing, sintering may be conducted on the precursor shaped abrasive particles to form
shaped abrasive particles.
In accordance with another aspect, the particulate material of embodiments herein may be part

of a batch. A batch of particulate material can have at least one predetermined classification
characteristic including, but not limited to, average particle size, particle shape, density, specific
surface area, hardness, friability, particle color, hardness, friability, toughness, density, specific
surface area, and a combination thereof.
In accordance with one particular embodiment, the batch of particulate material can include a

first portion comprising a first plurality of particulate material and a second portion comprising a
second plurality of particulate material. Notably, the particulate material of the first plurality may be
distinct from the second portion based on one or more predetermined classification characteristics or
other particle parameters. For example, the difference between the first portion and the second
portion may be based upon factors including, but not limited to, average particle size, composition,
size, shape, hardness, friability, toughness, density, specific surface area, and a combination thereof.
In one instance, the first portion can include a particulate material having a first content of the second

phase including the phosphorous-containing material and the second portion of particulate material

within the batch can have a second content of the second phase of material including the
phosphorous-containing material that is different than the first content of the second phase material
from the first portion. Still, in other embodiments, the content of second phase material within the
first portion and the second portion may be substantially the same.
In another embodiment, the first portion can include a particulate material having a first

dispersion of the second phase within each the bodies of the particulate material and the second
portion of the batch can include a particulate material, wherein each particulate material has a body
having a distribution of the second phase that can be different than the nature of the dispersion of the
second phase within the first portion. For example, the first portion can include a particulate material,
wherein the body of each particulate material within the first portion has a second phase that can be
substantially uniformly dispersed throughout the volume of the body. By contrast, the batch may also
include a second portion, wherein each body of the particulate material of the second portion has a
non-uniformly dispersed second phase, including for example, a "halo" arrangement of the second
phase within the body.
In other embodiments, the batch can include a plurality of particulate material, and more

notably a particle-to-particle variation of the second phase of not greater than about 50%. Reference
herein to a particle-to-particle variation includes a standard deviation of the second phase within the
particulate material of the batch, which may be obtained from a statistically relevant and random
sampling of the particulate material of the batch. Accordingly, a particle-to-particle variation of the
second phase can be a measure of the variation in content of the second phase from particle-to-particle
within the batch. In other embodiments, the particle-to-particle variation of the second phase can be
less, such as not greater than about 40%, not greater than about 30%, not greater than about 20%, not

greater than about 15%, not greater than about 10%, or even not greater than about 5%.
The body of the shaped abrasive particle can have a particular two-dimensional shape. For

example, the body can have a two-dimensional shape as viewed in a plane define by the length and
width having a polygonal shape, ellipsoidal shape, a numeral, a Greek alphabet character, Latin
alphabet character, Russian alphabet character, complex shapes utilizing a combination of polygonal
shapes and a combination thereof. Particular polygonal shapes include triangular, rectangular,

quadrilateral, pentagon, hexagon, heptagon, octagon, nonagon, decagon, any combination thereof.
Other irregular polygonal shapes may also be utilized, including for example, star-shaped particles,
cross-shaped particles, truncated triangular-shaped particles, and the like.
FIG. 3A includes a perspective view illustration of an abrasive particle in accordance with

one embodiment. Additionally, FIG. 3B includes a cross-sectional illustration of the abrasive particle

of FIG. 3A . The body 301 includes an upper surface 303 a bottom major surface 304 opposite the
upper surface 303. The upper surface 303 and the bottom surface 304 can be separated from each
other by side surfaces 305, 306, and 307. As illustrated, the body 301 of the shaped abrasive particle

300 can have a generally triangular shape as viewed in a plane of the upper surface 303. In particular,

the body 301 can have a length (Lmiddle) as shown in FIG. 3B, which may be measured at the bottom
surface 304 of the body 301 and extending from a corner 313 through a midpoint 381 of the body 301
to a midpoint at the opposite edge 314 of the body. Alternatively, the body can be defined by a
second length or profile length (Lp), which is the measure of the dimension of the body from a side
view at the upper surface 303 from a first corner 313 to an adjacent corner 312. Notably, the
dimension of Lmiddle can be a length defining a distance between a height at a corner (he) and a
height at a midpoint edge (hm) opposite the corner. The dimension Lp can be a profile length along a
side of the particle defining the distance between h i and h2. Reference herein to the length can be

reference to either Lmiddle or Lp.
The body 301 can further include a width (w) that is the longest dimension of the body and
extending along a side. The shaped abrasive particle can further include a height (h), which may be a
dimension of the shaped abrasive particle extending in a direction perpendicular to the length and
width in a direction defined by a side surface of the body 301. Notably, as will be described in more
detail herein, the body 301 can be defined by various heights depending upon the location on the
body. In specific instances, the width can be greater than or equal to the length, the length can be
greater than or equal to the height, and the width can be greater than or equal to the height.
Moreover, reference herein to any dimensional characteristic (e.g., hi, h2, hi, w, Lmiddle, Lp,
and the like) can be reference to a dimension of a single particle of a batch, a median value, or an
average value derived from analysis of a suitable sampling of particles from a batch. Unless stated
explicitly, reference herein to a dimensional characteristic can be considered reference to a median
value that is a based on a statistically significant value derived from a sample size of suitable number
of particles of a batch of particles. Notably, for certain embodiments herein, the sample size can
include at least 40 randomly selected particles from a batch of particles. A batch of particles may be a
group of particles that are collected from a single process run, and more particularly, may include an
amount of shaped abrasive particles suitable for forming a commercial grade abrasive product, such as
at least about 20 lbs. of particles.

In accordance with an embodiment, the body 301 of the shaped abrasive particle can have a

first corner height (he) at a first region of the body defined by a corner 313. Notably, the corner 313
may represent the point of greatest height on the body 301, however, the height at the corner 313 does
not necessarily represent the point of greatest height on the body 301. The corner 313 can be defined
as a point or region on the body 301 defined by the joining of the upper surface 303, and two side

surfaces 305 and 307. The body 301 may further include other corners, spaced apart from each other,
including for example, corner 311 and corner 312. As further illustrated, the body 301 can include
edges 314, 315, and 316 that can separated from each other by the corners 311, 312, and 313. The

edge 314 can be defined by an intersection of the upper surface 303 with the side surface 306. The

edge 315 can be defined by an intersection of the upper surface 303 and side surface 305 between
corners 311 and 313. The edge 316 can be defined by an intersection of the upper surface 303 and
side surface 307 between corners 312 and 313.
As further illustrated, the body 301 can include a second midpoint height (hm) at a second

end of the body, which can be defined by a region at the midpoint of the edge 314, which can be
opposite the first end defined by the corner 313. The axis 350 can extend between the two ends of the
body 301. FIG. 3B is a cross-sectional illustration of the body 301 along the axis 350, which can
extend through a midpoint 381 of the body along the dimension of length (Lmiddle) between the
corner 313 and the midpoint of the edge 314.
In accordance with an embodiment, the shaped abrasive particles of the embodiments herein,

including for example, the particle of FIGs. 3A and 3B can have an average difference in height,
which is a measure of the difference between he and hm. For convention herein, average difference in
height will be generally identified as hc-hm, however it is defined an absolute value of the difference
and it will be appreciated that average difference in height may be calculated as hm-hc when the
height of the body 301 at the midpoint of the edge 314 is greater than the height at the corner 313.
More particularly, the average difference in height can be calculated based upon a plurality of shaped
abrasive particles from a suitable sample size, such as at least 40 particles from a batch as defined
herein. The heights he and hm of the particles can be measured using a STIL (Sciences et Techniques
Industrielles de la Lumiere - France) Micro Measure 3D Surface Profilometer (white light (LED)
chromatic aberration technique) and the average difference in height can be calculated based on the
average values of he and hm from the sample.
As illustrated in FIG. 3B, in one particular embodiment, the body 301 of the shaped abrasive

particle may have an average difference in height at different locations at the body. The body can
have an average difference in height, which can be the absolute value of [hc-hm] between the first
corner height (he) and the second midpoint height (hm) is at least about 20 microns. It will be
appreciated that average difference in height may be calculated as hm-hc when the height of the body
301 at a midpoint of the edge is greater than the height at an opposite corner. In other instances, the

average difference in height [hc-hm], can be at least about 25 microns, at least about 30 microns, at
least about 36 microns, at least about 40 microns, at least about 60 microns, such as at least about 65
microns, at least about 70 microns, at least about 75 microns, at least about 80 microns, at least about
90 microns, or even at least about 100 microns. In one non-limiting embodiment, the average
difference in height can be not greater than about 300 microns, such as not greater than about 250
microns, not greater than about 220 microns, or even not greater than about 180 microns. It will be
appreciated that the average difference in height can be within a range between any of the minimum
and maximum values noted above. Moreover, it will be appreciated that the average difference in
height can be based upon an average value of he. For example, the average height of the body at the

corners (Ahc) can be calculated by measuring the height of the body at all corners and averaging the
values, and may be distinct from a single value of height at one corner (he). Accordingly, the average
difference in height may be given by the absolute value of the equation [Ahc -hi] . Furthermore, it will
be appreciated that the average difference in height can be calculated using a median interior height
(Mhi) calculated from a suitable sample size from a batch of shaped abrasive particles and an average
height at the corners for all particles in the sample size. Accordingly, the average difference in height
may be given by the absolute value of the equation [Ahc-Mhi].
In particular instances, the body 301 can be formed to have a primary aspect ratio, which is a

ratio expressed as width:length, having a value of at least 1:1. In other instances, the body can be
formed such that the primary aspect ratio (w:l) is at least about 1.5:1, such as at least about 2:1, at
least about 4:1, or even at least about 5:1. Still, in other instances, the abrasive particle can be formed
such that the body has a primary aspect ratio that is not greater than about 10:1, such as not greater
than 9:1, not greater than about 8:1, or even not greater than about 5:1. It will be appreciated that the
body 301 can have a primary aspect ratio within a range between any of the ratios noted above.
Furthermore, it will be appreciated that reference herein to a height is the maximum height
measurable of the abrasive particle. It will be described later that the abrasive particle may have
different heights at different positions within the body 101 of the abrasive particle 100.
In addition to the primary aspect ratio, the abrasive particle can be formed such that the body
301 comprises a secondary aspect ratio, which can be defined as a ratio of length:height, wherein the

height is an interior median height (Mhi). In certain instances, the secondary aspect ratio can be
within a range between about 5:1 and about 1:3, such as between about 4:1 and about 1:2, or even
between about 3:1 and about 1:2.
In accordance with another embodiment, the abrasive particle can be formed such that the

body 301 comprises a tertiary aspect ratio, defined by the ratio width:height, wherein the height is an
interior median height (Mhi). The tertiary aspect ratio of the body 101 can be within a range between
about 10:1 and about 1.5:1, such as between 8:1 and about 1.5:1, such as between about 6:1 and about
1.5:1, or even between about 4:1 and about 1.5:1.

According to one embodiment, the body 301 of the shaped abrasive particle can have
particular dimensions, which may facilitate improved performance. For example, in one instance, the
body can have an interior height (hi), which can be the smallest dimension of height of the body as
measured along a dimension between any corner and opposite midpoint edge on the body. In
particular instances wherein the body is a generally triangular two-dimensional shape, the interior
height (hi) may be the smallest dimension of height (i.e., measure between the bottom surface 304 and
the upper surface 305) of the body for three measurements taken between each of the three corners
and the opposite midpoint edges. The interior height (hi) of the body of a shaped abrasive particle is
illustrated in FIG. 3B. According to one embodiment, the interior height (hi) can be at least about

28% of the width (w). The height (hi) of any particle may be measured by sectioning or mounting

and grinding the shaped abrasive particle and viewing in a manner sufficient (e.g., light microscope or
SEM) to determine the smallest height (hi) within the interior of the body 301. In one particular

embodiment, the height (hi) can be at least about 29% of the width, such as at least about 30%, or
even at least about 33% of the width of the body. For one non-limiting embodiment, the height (hi) of
the body can be not greater than about 80% of the width, such as not greater than about 76%, not

greater than about 73%, not greater than about 70%, not greater than about 68% of the width, not
greater than about 56% of the width, not greater than about 48% of the width, or even not greater than
about 40% of the width. It will be appreciated that the height (hi) of the body can be within a range

between any of the above noted minimum and maximum percentages.
A batch of shaped abrasive particles, can be fabricated, wherein the median interior height
value (Mhi) can be controlled, which may facilitate improved performance. In particular, the median
internal height (hi) of a batch can be related to a median width of the shaped abrasive particles of the
batch in the same manner as described above. Notably, the median interior height (Mhi) can be at
least about 28%, such as at least about 29%, at least about 30%, or even at least about 33% of the
median width of the shaped abrasive particles of the batch. For one non-limiting embodiment, the
median interior height (Mhi) of the body can be not greater than about 80%, such as not greater than
about 76%, not greater than about 73%, not greater than about 70%, not greater than about 68% of the

width, not greater than about 56% of the width, not greater than about 48% of the width, or even not

greater than about 40% of the median width. It will be appreciated that the median interior height
(Mhi) of the body can be within a range between any of the above noted minimum and maximum

percentages.
Furthermore, the batch of shaped abrasive particles may exhibit improved dimensional
uniformity as measured by the standard deviation of a dimensional characteristic from a suitable
sample size. According to one embodiment, the shaped abrasive particles can have an interior height

variation (Vhi), which can be calculated as the standard deviation of interior height (hi) for a suitable
sample size of particles from a batch. According to one embodiment, the interior height variation can

be not greater than about 60 microns, such as not greater than about 58 microns, not greater than
about 56 microns, or even not greater than about 54 microns. In one non-limiting embodiment, the

interior height variation (Vhi) can be at least about 2 microns. It will be appreciated that the interior
height variation of the body can be within a range between any of the above noted minimum and
maximum values.
For another embodiment, the body of the shaped abrasive particle can have an interior height
(hi) of at least about 400 microns. More particularly, the height may be at least about 450 microns,

such as at least about 475 microns, or even at least about 500 microns. In still one non-limiting

embodiment, the height of the body can be not greater than about 3 mm, such as not greater than

about 2 mm, not greater than about 1.5 mm, not greater than about 1 mm, not greater than about 800
microns. It will be appreciated that the height of the body can be within a range between any of the

above noted minimum and maximum values. Moreover, it will be appreciated that the above range of
values can be representative of a median interior height (Mhi) value for a batch of shaped abrasive
particles.

For certain embodiments herein, the body of the shaped abrasive particle can have particular
dimensions, including for example, a width>length, a length>height, and a width>height. More
particularly, the body of the shaped abrasive particle can have a width (w) of at least about 600
microns, such as at least about 700 microns, at least about 800 microns, or even at least about 900
microns. In one non-limiting instance, the body can have a width of not greater than about 4 mm,
such as not greater than about 3 mm, not greater than about 2.5 mm, or even not greater than about 2
mm. It will be appreciated that the width of the body can be within a range between any of the above

noted minimum and maximum values. Moreover, it will be appreciated that the above range of values
can be representative of a median width (Mw) for a batch of shaped abrasive particles.
The body of the shaped abrasive particle can have particular dimensions, including for

example, a length (L middle or Lp) of at least about 0.4 mm, such as at least about 0.6 mm, at least
about 0.8 mm, or even at least about 0.9 mm. Still, for at least one non-limiting embodiment, the

body can have a length of not greater than about 4 mm, such as not greater than about 3 mm, not
greater than about 2.5 mm, or even not greater than about 2 mm. It will be appreciated that the length
of the body can be within a range between any of the above noted minimum and maximum values.
Moreover, it will be appreciated that the above range of values can be representative of a median
length (Ml), which may be more particularly, a median middle length (MLmiddle) or median profile
length (MLp)for a batch of shaped abrasive particles.
The shaped abrasive particle can have a body having a particular amount of dishing, wherein
the dishing value (d) can be defined as a ratio between an average height of the body at the corners
(Ahc) as compared to smallest dimension of height of the body at the interior (hi). The average height

of the body at the corners (Ahc) can be calculated by measuring the height of the body at all corners
and averaging the values, and may be distinct from a single value of height at one corner (he). The

average height of the body at the corners or at the interior can be measured using a STIL (Sciences et
Techniques Industrielles de la Lumiere - France) Micro Measure 3D Surface Profilometer (white light
(LED) chromatic aberration technique). Alternatively, the dishing may be based upon a median

height of the particles at the corner (Mhc) calculated from a suitable sampling of particles from a
batch. Likewise, the interior height (hi) can be a median interior height (Mhi) derived from a suitable

sampling of shaped abrasive particles from a batch. According to one embodiment, the dishing value
(d) can be not greater than about 2, such as not greater than about 1.9, not greater than about 1.8, not

greater than about 1.7, not greater than about 1.6, or even not greater than about 1.5. Still, in at least

one non-limiting embodiment, the dishing value (d) can be at least about 0.9, such as at least about
1.0. It will be appreciated that the dishing ratio can be within a range between any of the minimum
and maximum values noted above. Moreover, it will be appreciated that the above dishing values can
be representative of a median dishing value (Md) for a batch of shaped abrasive particles.
The shaped abrasive particles of the embodiments herein, including for example, the body
301 of the particle of FIG. 3A can have a bottom surface 304 defining a bottom area (A t,). In

particular instances the bottom surface 304 can be the largest surface of the body 301. The bottom
surface can have a surface area defined as the bottom area (Ab) that is greater than the surface area of
the upper surface 303. Additionally, the body 301 can have a cross-sectional midpoint area (Am)
defining an area of a plane perpendicular to the bottom area and extending through a midpoint 381 of
the particle. In certain instances, the body 301 can have an area ratio of bottom area to midpoint area
(Ab/Am) of not greater than about 6. In more particular instances, the area ratio can be not greater than

about 5.5, such as not greater than about 5, not greater than about 4.5, not greater than about 4, not
greater than about 3.5, or even not greater than about 3. Still, in one non-limiting embodiment, the
area ratio may be at least about 1.1, such as at least about 1.3, or even at least about 1.8. It will be
appreciated that the area ratio can be within a range between any of the minimum and maximum
values noted above. Moreover, it will be appreciated that the above area ratios can be representative
of a median area ratio for a batch of shaped abrasive particles.
Furthermore the shaped abrasive particles of the embodiments herein, including for example,
the particle of FIG. 3B can have a normalized height difference of at least about 0.3. The normalized
height difference can be defined by the absolute value of the equation [(hc-hm)/(hi)]. In other
embodiments, the normalized height difference can be not greater than about 0.26, such as not greater
than about 0.22, or even not greater than about 0.19. Still, in one particular embodiment, the
normalized height difference can be at least about 0.04, such as at least about 0.05, at least about 0.06.
It will be appreciated that the normalized height difference can be within a range between any of the

minimum and maximum values noted above. Moreover, it will be appreciated that the above
normalized height values can be representative of a median normalized height value for a batch of
shaped abrasive particles.
In another instance, the body can have a profile ratio of at least about 0.04, wherein the profile

ratio is defined as a ratio of the average difference in height [hc-hm] to the length (Lmiddle) of the
shaped abrasive particle, defined as the absolute value of [(hc-hm)/(Lmiddle)] . It will be appreciated
that the length (Lmiddle) of the body can be the distance across the body 301 as illustrated in FIG. 3B.
Moreover, the length may be an average or median length calculated from a suitable sampling of
particles from a batch of shaped abrasive particles as defined herein. According to a particular
embodiment, the profile ratio can be at least about 0.05, at least about 0.06, at least about 0.07, at least
about 0.08, or even at least about 0.09. Still, in one non-limiting embodiment, the profile ratio can be

not greater than about 0.3, such as not greater than about 0.2, not greater than about 0.18, not greater
than about 0.16, or even not greater than about 0.14. It will be appreciated that the profile ratio can be
within a range between any of the minimum and maximum values noted above. Moreover, it will be
appreciated that the above profile ratio can be representative of a median profile ratio for a batch of
shaped abrasive particles.
According to another embodiment, the body can have a particular rake angle, which may be
defined as an angle between the bottom surface 304 and a side surface 305, 306 or 307 of the body.
For example, the rake angle may be within a range between about 1° and about 80°. For other
particles herein, the rake angle can be within a range between about 5° and 55°, such as between
about 10° and about 50°, between about 15° and 50°, or even between about 20° and 50°. Formation
of an abrasive particle having such a rake angle can improve the abrading capabilities of the abrasive
particle 100. Notably, the rake angle can be within a range between any two rake angles noted above.
According to another embodiment, the shaped abrasive particles herein, including for
example the particles of FIGs. 3A and 3B can have an ellipsoidal region 317 in the upper surface 303
of the body 301. The ellipsoidal region 317 can be defined by a trench region 318 that can extend
around the upper surface 303 and define the ellipsoidal region 317. The ellipsoidal region 317 can
encompass the midpoint 381. Moreover, it is thought that the ellipsoidal region 317 defined in the
upper surface can be an artifact of the forming process, and may be formed as a result of the stresses
imposed on the mixture during formation of the shaped abrasive particles according to the methods
described herein.
In one aspect, the body can include a shaped abrasive particle having a percent flashing that

may facilitate improved performance. Notably, the flashing defines an area of the particle as viewed
along one side, such as illustrated in FIG. 4, wherein the flashing can extend from a side surface of the
body within the boxes 402 and 403. The flashing can represent tapered regions proximate to the
upper surface and bottom surface of the body. The flashing can be measured as the percentage of area
of the body along the side surface contained within a box extending between an innermost point of the
side surface (e.g., 421) and an outermost point (e.g., 422) on the side surface of the body. In one
particular instance, the body can have a particular content of flashing, which can be the percentage of
area of the body contained within the boxes 402 and 403 compared to the total area of the body
contained within boxes 402, 403, and 404. According to one embodiment, the percent flashing (f) of
the body can be at least about 10%. In another embodiment, the percent flashing can be greater, such
as at least about 12%, such as at least about 14%, at least about 16%, at least about 18%, or even at

least about 20%. Still, in a non-limiting embodiment, the percent flashing of the body can be not
greater than about 45%, such as not greater than about 40%, or even not greater than about 36%. It
will be appreciated that the percent flashing of the body can be within a range between any of the
above minimum and maximum percentages. Moreover, it will be appreciated that the above flashing

percentages can be representative of an average flashing percentage or a median flashing percentage
for a batch of shaped abrasive particles.
The percent flashing can be measured by mounting the shaped abrasive particle on its side
and viewing the body at the side to generate a black and white image, such as illustrated in FIG. 4 . A
suitable program for such includes ImageJ software. The percentage flashing can be calculated by
determining the area of the body 401 in the boxes 402 and 403 compared to the total area of the body
as viewed at the side (total shaded area), including the area in the center 404 and within the boxes.

Such a procedure can be completed for a suitable sampling of particles to generate average, median,
and/or and standard deviation values.
A batch of particulate material including shaped abrasive particles according to embodiments
herein may exhibit improved dimensional uniformity as measured by the standard deviation of a
dimensional characteristic from a suitable sample size. According to one embodiment, the shaped
abrasive particles can have a flashing variation (Vf), which can be calculated as the standard deviation
of flashing percentage (f) for a suitable sample size of particles from a batch. According to one
embodiment, the flashing variation can be not greater than about 5.5%, such as not greater than about
5.3%, not greater than about 5%, or not greater than about 4.8%, not greater than about 4.6%, or even
not greater than about 4.4%. In one non-limiting embodiment, the flashing variation (Vf) can be at
least about 0.1%. It will be appreciated that the flashing variation can be within a range between any
of the minimum and maximum percentages noted above.
The particulate material including shaped abrasive particles of the embodiments herein can
have a height (hi) and flashing multiplier value (hiF) of at least 4000, wherein hiF = (hi)(f), an "hi"
represents a minimum interior height of the body as described above and " ' represents the percent
flashing. In one particular instance, the height and flashing multiplier value (hiF) of the body can be

greater, such as at least about 4500 micron%, at least about 5000 micron%, at least about 6000
micron%, at least about 7000 micron%, or even at least about 8000 micron%. Still, in one nonlimiting embodiment, the height and flashing multiplier value can be not greater than about 45000
micron%, such as not greater than about 30000 micron%, not greater than about 25000 micron%, not
greater than about 20000 micron%, or even not greater than about 18000 micron%. It will be
appreciated that the height and flashing multiplier value of the body can be within a range between
any of the above minimum and maximum values. Moreover, it will be appreciated that the above

multiplier value can be representative of a median multiplier value (MhiF) for a batch of shaped
abrasive particles.
The particulate material including shaped abrasive particles of the embodiments herein can
have a dishing (d) and flashing (F) multiplier value (dF) as calculated by the equation dF = (d)(F),
wherein dF is not greater than about 90 %, "d" represents the dishing value, and " ' represents the
percentage flashing of the body. In one particular instance, the dishing (d) and flashing (F) multiplier

value (dF) of the body can be not greater than about 70

, such as not greater than about 60

, not

greater than about 55 %, not greater than about 48 %, not greater than about 46 % . Still, in one nonlimiting embodiment, the dishing (d) and flashing (F) multiplier value (dF) can be at least about 10 %,
such as at least about 15 %, at least about 20 % , at least about 22 %, at least about 24 %, or even at
least about 26 % . It will be appreciated that the dishing (d) and flashing (F) multiplier value (dF) of
the body can be within a range between any of the above minimum and maximum values. Moreover,
it will be appreciated that the above multiplier value can be representative of a median multiplier
value (MdF) for a batch of shaped abrasive particles.
The particulate material including shaped abrasive particles of the embodiments herein can
have a height and dishing ratio (hi/d) as calculated by the equation hi/d = (hi)/(d), wherein hi/d is not
greater than about 1000, "hi" represents a minimum interior height as described above, and "d"
represents the dishing of the body. In one particular instance, the ratio (hi/d) of the body can be not
greater than about 900 microns, not greater than about 800 microns, not greater than about 700
microns, or even not greater than about 650 microns. Still, in one non-limiting embodiment, the ratio
(hi/d), can be at least about 10 microns, such as at least about 50 microns, at least about 100 microns,
at least about 150 microns, at least about 200 microns, at least about 250 microns, or even at least

about 275 microns. It will be appreciated that the ratio (hi d) of the body can be within a range
between any of the above minimum and maximum values. Moreover, it will be appreciated that the
above height and dishing ratio can be representative of a median height and dishing ratio (Mhi/d) for a
batch of shaped abrasive particles.
The particulate material can be formed such that the body includes a crystalline material, and
more particularly, a polycrystalline material. Notably, the polycrystalline material can include
abrasive grains. In one embodiment, the body can be essentially free of an organic material, including
for example, a binder. More particularly, the body can consist essentially of a polycrystalline
material.
As noted herein, the particulate material can be an abrasive material. As such, the particulate

material may be deployed in various manners for use in abrasive articles. For example, the particulate
material may be part of a fixed abrasive article such as a coated abrasive article, bonded abrasive
article, and a combination thereof. In particular instances, the particulate material can be coupled to a
bond material, and further coupled to a backing or substrate via the bond material. The bond material
may include compositions such as vitrified materials, ceramic materials, metal alloy, organic material,
a resin, a polymer, and a combination thereof. In at least one instance, the particulate material can be
part of a coated abrasive forming a single layer of abrasive particles coupled to a backing.
FIG. 5 includes an illustration of a portion of an abrasive article including particulate material

in accordance with an embodiment. In particular, the abrasive article of FIG. 5 includes a coated
abrasive 500 having a substrate 501 and at least one adhesive layer overlying a surface of the substrate

501. The adhesive layer can include one or more layers of material, including for example, a make

coat 503 and/or a size coat 504. The coated abrasive 500 can include abrasive particulate material
510, which can include shaped abrasive particles 505 of the embodiments herein and a second type of

abrasive particulate material 507 in the form of diluent abrasive particles having a random shape,
which may not necessarily be shaped abrasive particles. The abrasive particulate material 507 can
also be representative of the particulate material of the embodiments herein, including any

combination of features of the embodiments herein. The make coat 503 can be overlying the surface
of the substrate 501 and surrounding at least a portion of the shaped abrasive particles 505 and second
type of abrasive particulate material 507. The size coat 504 can be overlying and bonded to the

shaped abrasive particles 505 and second type of abrasive particulate material 507and the make coat
503.

According to one embodiment, the substrate 501 can include an organic material, inorganic
material, and a combination thereof. In certain instances, the substrate 501 can include a woven
material. However, the substrate 501 may be made of a non-woven material. Particularly suitable

substrate materials can include organic materials, including polymers, and particularly, polyester,
polyurethane, polypropylene, polyimides such as KAPTON from DuPont, paper. Some suitable
inorganic materials can include metals, metal alloys, and particularly, foils of copper, aluminum, steel,
and a combination thereof.

A polymer formulation may be used to form any of a variety of layers of the abrasive article
such as, for example, the frontfill, the pre-size coat, the make coat, the size coat, and/or the supersize
coat. When used to form the frontfill, the polymer formulation may generally include a polymer

resin, fibrillated fibers (preferably in the form of pulp), filler material, and other optional additives.

Suitable formulations for some frontfill embodiments can include material such as a phenolic resin,

wollastonite filler, defoamer, surfactant, a fibrillated fiber, and a balance of water. Suitable polymeric
resin materials include curable resins selected from thermally curable resins including phenolic resins,
urea/formaldehyde resins, phenolic/latex resins, as well as combinations of such resins. Other
suitable polymeric resin materials may also include radiation curable resins, such as those resins

curable using electron beam, UV radiation, or visible light, such as epoxy resins, acrylated oligomers
of acrylated epoxy resins, polyester resins, acrylated urethanes and polyester acrylates and acrylated
monomers including monoacrylated, multiacrylated monomers. The formulation can also comprise a
non-reactive thermoplastic resin binder which can enhance the self-sharpening characteristics of the
deposited abrasive composites by enhancing the erodability. Examples of such thermoplastic resin
include polypropylene glycol, polyethylene glycol, and polyoxypropylene-polyoxyethene block
copolymer, etc. Use of a frontfill on the backing can improve the uniformity of the surface, for
suitable application of the make coat and improved application and orientation of shaped abrasive

particles in a predetermined orientation.

The make coat 503 can be applied to the surface of the substrate 501 in a single process, or
alternatively, the abrasive particulate material 510 can be combined with a make coat 503 material
and applied as a mixture to the surface of the substrate 501. Suitable materials of the make coat 503
can include organic materials, particularly polymeric materials, including for example, polyesters,
epoxy resins, polyurethanes, polyamides, polyacrylates, polymethacrylates, poly vinyl chlorides,
polyethylene, polysiloxane, silicones, cellulose acetates, nitrocellulose, natural rubber, starch, shellac,
and mixtures thereof. In one embodiment, the make coat 503 can include a polyester resin. The
coated substrate can then be heated in order to cure the resin and the abrasive particulate material to
the substrate. In general, the coated substrate 501 can be heated to a temperature of between about
100 °C to less than about 250 °C during this curing process.

The abrasive particulate material 510 can include shaped abrasive particles according to
embodiments herein. In particular instances, the abrasive particulate material 510 may include
different types of shaped abrasive particles. The different types of shaped abrasive particles can differ
from each other in composition, two-dimensional shape, three-dimensional shape, size, and a
combination thereof as described in the embodiments herein. As illustrated, the coated abrasive 500
can include a shaped abrasive particle 505 having a generally triangular two-dimensional shape.
The other type of abrasive particles 507 can be diluent particles different than the shaped
abrasive particles 505. For example, the diluent particles can differ from the shaped abrasive particles
505 in composition, two-dimensional shape, three-dimensional shape, size, and a combination thereof.

For example, the abrasive particles 507 can represent conventional, crushed abrasive grit having
random shapes. The abrasive particles 507 may have a median particle size less than the median
particle size of the shaped abrasive particles 505.
After sufficiently forming the make coat 503 with the abrasive particulate material 510, the
size coat 504 can be formed to overlie and bond the abrasive particulate material 510 in place. The
size coat 504 can include an organic material, may be made essentially of a polymeric material, and

notably, can use polyesters, epoxy resins, polyurethanes, polyamides, polyacrylates,
polymethacrylates, poly vinyl chlorides, polyethylene, polysiloxane, silicones, cellulose acetates,
nitrocellulose, natural rubber, starch, shellac, and mixtures thereof.
FIGs. 6-11 include exemplary abrasive particulate material having specific contours and

defining shaped abrasive particles, which can incorporate the compositions described herein. As
shown in FIG. 6, the shaped abrasive particle 600 may include a body 601 that is generally prismatic
with a first end face 602 and a second end face 604. Further, the shaped abrasive particle 600 may
include a first side face 610 extending between the first end face 602 and the second end face 604. A
second side face 612 may extend between the first end face 602 and the second end face 604 adjacent
to the first side face 610. As shown, the shaped abrasive particle 600 may also include a third side

face 614 extending between the first end face 602 and the second end face 604 adjacent to the second
side face 612 and the first side face 610.
As depicted in FIG. 6, the shaped abrasive particle 600 may also include a first edge 620

between the first side face 610 and the second side face 612. The shaped abrasive particle 600 may
also include a second edge 622 between the second side face 612 and the third side face 614. Further,

the shaped abrasive particle 600 may include a third edge 624 between the third side face 614 and the
first side face 612.
As shown, each end face 602, 604 of the shaped abrasive particle 600 may be generally

triangular in shape, or may be a truncated triangular shape. Each side face 610, 612, 614 may be
generally rectangular in shape. Further, the cross section of the shaped abrasive particle 600 in a
plane parallel to the end faces 602, 604 can be generally triangular. It will be appreciated that while
the cross-sectional shape of the shaped abrasive particle 600 through a plane parallel to the end faces
602, 604 is illustrated as being generally triangular, other shapes are possible, including any

polygonal shapes, for example a quadrilateral, a pentagon, a hexagon, a heptagon, an octagon, a
nonagon, a decagon, etc. Further, the cross-sectional shape of the shaped abrasive particle may be
convex, non-convex, concave, or non-concave. While the particle is illustrated as having a prismatic
shape, it will be appreciated that the shape may be altered, such that it is a thin body having generally

triangular end faces 602 and 604 and a dimension of thickness extending between the end faces 602
and 604, which can be the smallest dimension of the particle.
FIG. 7 includes an illustration of a shaped abrasive particle according to another embodiment.

As depicted, the shaped abrasive particle 700 may include a body 701 that may include a central

portion 702 that extends along a longitudinal axis 704. A first radial arm 706 may extend outwardly
from the central portion 702 along the length of the central portion 702. A second radial arm 708 may
extend outwardly from the central portion 702 along the length of the central portion 702. A third
radial arm 710 may extend outwardly from the central portion 702 along the length of the central
portion 702. Moreover, a fourth radial arm 712 may extend outwardly from the central portion 702
along the length of the central portion 702. The radial arms 706, 708, 710, 712 may be equally spaced
around the central portion 702 of the shaped abrasive particle 700.
As shown in FIG. 7, the first radial arm 706 may include a generally arrow shaped distal end
720. The second radial arm 708 may include a generally arrow shaped distal end 722. The third

radial arm 710 may include a generally arrow shaped distal end 724. Further, the fourth radial arm
712 may include a generally arrow shaped distal end 726.
FIG. 7 also indicates that the shaped abrasive particle 700 may be formed with a first void 730

between the first radial arm 706 and the second radial arm 708. A second void 732 may be formed
between the second radial arm 708 and the third radial arm 710. A third void 734 may also be formed

between the third radial arm 710 and the fourth radial arm 712. Additionally, a fourth void 736 may
be formed between the fourth radial arm 712 and the first radial arm 706.
As shown in FIG. 7, the shaped abrasive particle 700 may include a length 740, a height 742,

and a width 744. In a particular aspect, the length 740 is greater than the height 742 and the height
742 is greater than the width 744. In a particular aspect, the shaped abrasive particle 700 may define a
primary aspect ratio that is the ratio of the length 740 to the height 742 (length: width). Further, the
shaped abrasive particle 700 may define a secondary aspect ratio that is the ratio of the height 742 to
the width 744 (width:height). Finally, the shaped abrasive particle 700 may define a tertiary aspect
ratio that is the ratio of the length 740 to the width 742 (length:height).
According to one embodiment, the shaped abrasive particles can have a primary aspect ratio
of at least about 1:1, such as at least about 1.1:1, at least about 1.5:1, at least about 2:1, at least about
2.5:1, at least about 3:1, at least about 3.5:1, at least 4:1, at least about 4.5:1, at least about 5:1, at least
about 6:1, at least about 7:1, at least about 8:1, or even at least about 10:1.
In another instance, the shaped abrasive particle can be formed such that the body has a

secondary aspect ratio of at least about 0.5:1, such as at least about 0.8:1, at least about

1:1,

at least

about 1.5:1, at least about 2:1, at least about 2.5:1, at least about 3:1, at least about 3.5:1, at least 4:1,
at least about 4.5:1, at least about 5:1, at least about 6:1, at least about 7:1, at least about 8:1, or even
at least about 10:1.

Furthermore, certain shaped abrasive particles can have a tertiary aspect ratio of at least about
1:1, such as at least about 1.5:1, at least about 2:1, at least about 2.5:1, at least about 3:1, at least about

3.5:1, at least 4:1, at least about 4.5:1, at least about 5:1, at least about 6:1, at least about 7:1, at least

about 8:1, or even at least about 10:1.
Certain embodiments of the shaped abrasive particle 700 can have a shape with respect to the
primary aspect ratio that is generally rectangular, e.g., flat or curved. The shape of the shaped
abrasive particle 700 with respect to the secondary aspect ratio may be any polyhedral shape, e.g., a
triangle, a square, a rectangle, a pentagon, etc. The shape of the shaped abrasive particle 700 with
respect to the secondary aspect ratio may also be the shape of any alphanumeric character, e.g., 1, 2,
3, etc., A, B, C . etc. Further, the contour of the shaped abrasive particle 700 with respect to the

secondary aspect ratio may be a character selected from the Greek alphabet, the modern Latin
alphabet, the ancient Latin alphabet, the Russian alphabet, any other alphabet, or any combination
thereof. Further, the shape of the shaped abrasive particle 700 with respect to the secondary aspect
ratio may be a Kanji character.
FIGs. 8-9 depict another embodiment of a shaped abrasive particle that is generally

designated 800. As shown, the shaped abrasive particle 800 may include a body 801 that has a
generally cube-like shape. It will be appreciated that the shaped abrasive particle may be formed to
have other polyhedral shapes. The body 801 may have a first end face 802 and a second end face 804,

a first lateral face 806 extending between the first end face 802 and the second end face 804, a second
lateral face 808 extending between the first end face 802 and the second end face 804. Further, the
body 801 can have a third lateral face 810 extending between the first end face 802 and the second
end face 804, and a fourth lateral face 812 extending between the first end face 802 and the second
end face 804.
As shown, the first end face 802 and the second end face 804 can be parallel to each other and

separated by the lateral faces 806, 808, 810, and 812, giving the body a cube-like structure. However,
in a particular aspect, the first end face 802 can be rotated with respect to the second end face 804 to
establish a twist angle 814. The twist of the body 801 can be along one or more axes and define
particular types of twist angles. For example, as illustrated in a top-down view of the body in FIG. 9
looking down the longitudinal axis 880 defining a length of the body 801 on the end face 802 parallel
to a plane defined by the lateral axis 881 extending along a dimension of width of the body 801 and
the vertical axis 882 extending along a dimension of height of the body 801. According to one
embodiment, the body 801 can have a longitudinal twist angle 814 defining a twist in the body 801
about the longitudinal axis such that the end faces 682 and 804 are rotated relative to each other. The
twist angle 814, as illustrated in FIG. 9 can be measured as the angle between a tangent of a first edge
822 and a second edge 824, wherein the first edge 822 and second edge 824 are joined by and share a

common edge 826 extending longitudinally between two of the lateral faces (810 and 812). It will be
appreciated that other shaped abrasive particles can be formed to have twist angles relative to the
lateral axis, the vertical axis, and a combination thereof. Any of such twist angles can have a value as
described herein.
In a particular aspect, the twist angle 814 is at least about 1°. In other instances, the twist

angle can be greater, such as at least about 2°, at least about 5°, at least about 8°, at least about 10°, at
least about 12°, at least about 15°, at least about 18°, at least about 20°, at least about 25°, at least about
30°, at least about 40°, at least about 50°, at least about 60°, at least about 70°, at least about 80°, or

even at least about 90°. Still, according to certain embodiments, the twist angle 814 can be not greater
than about 360°, such as not greater than about 330°, such as not greater than about 300°, not greater
than about 270°, not greater than about 230°, not greater than about 200°, or even not greater than
about 180°. It will be appreciated that certain shaped abrasive particles can have a twist angle within
a range between any of the minimum and maximum angles noted above.
Further, the body may include an opening that extends through the entire interior of the body
along one of the longitudinal axis, lateral axis, or vertical axis.
FIG. 10 includes an illustration of another embodiment of a shaped abrasive particle. As

shown, the shaped abrasive particle 1000 may include a body 1001 having a generally pyramid shape
with a generally triangle shaped bottom face 1002. The body can further include sides 1016, 1017,
and 1018 connected to each other and the bottom face 1002. It will be appreciated that while the body

1001 is illustrated as having a pyramidal polyhedral shape, other shapes are possible, as described

herein/
According to one embodiment, the shaped abrasive particle 1000 may be formed with a hole
1004 (i.e., and opening) that can extend through at least a portion of the body 1001, and more

particularly may extend through an entire volume of the body 1001. In a particular aspect, the hole
1004 may define a central axis 1006 that passes through a center of the hole 1004. Further, the shaped

abrasive particle 1000 may also define a central axis 1008 that passes through a center 1030 of the
shaped abrasive particle 1000. It may be appreciated that the hole 1004 may be formed in the shaped
abrasive particle 1000 such that the central axis 1006 of the hole 1004 is spaced apart from the central
axis 1008 by a distance 1010. As such, a center of mass of the shaped abrasive particle 1000 may be

moved below the geometric midpoint 1030 of the shaped abrasive particle 1000, wherein the
geometric midpoint 1030 can be defined by the intersection of a longitudinal axis 1009, lateral axis
1011, and the central axis (i.e., lateral axis) 1008. Moving the center of mass below the geometric

midpoint 1030 of the shaped abrasive grain can increase the likelihood that the shaped abrasive
particle 1000 lands on the same face, e.g., the bottom face 1002, when dropped, or otherwise
deposited, onto a backing, such that the shaped abrasive particle 1000 has a predetermined, upright
orientation.
In a particular embodiment, the center of mass is displaced from the geometric midpoint 1030

by a distance that can be at least about 0.05 the height (h) along a longitudinal axis 1009 of the body
1002 defining a height. In another embodiment, the center of mass may be displaced from the

geometric midpoint 1030 by a distance of at least about 0.1(h), such as at least about 0.15(h), at least
about 0.18(h), at least about 0.2(h), at least about 0.22(h), at least about 0.25(h), at least about
0.27(h),at least about 0.3(h), at least about 0.32(h), at least about 0.35(h), or even at least about
0.38(h). Still, the center of mass of the body 1001 may be displaced a distance from the geometric
midpoint 1030 of no greater than 0.5(h), such as no greater than 0.49 (h), no greater than 0.48(h), no
greater than 0.45(h), no greater than 0.43(h), no greater than 0.40(h), no greater than 0.39(h), or even
no greater than 0.38(h). It will be appreciated that the displacement between the center of mass and
the geometric midpoint can be within a range between any of the minimum and maximum values
noted above.
In particular instances, the center of mass may be displaced from the geometric midpoint

1030 such that the center of mass is closer to a base, e.g., the bottom face 1002, of the body 1001,

than a top of the body 1001 when the shaped abrasive particle 1000 is in an upright orientation as
shown in FIG. 10.
In another embodiment, the center of mass may be displaced from the geometric midpoint

1030 by a distance that is at least about 0.05 the width (w) along a lateral axis 1008 of the of the body
1001 defining the width. In another aspect, the center of mass may be displaced from the geometric

midpoint 1030 by a distance of at least about 0.1(w), such as at least about 0.15(w), at least about
0.1 8(w), at least about 0.2(w), at least about 0.22(w), at least about 0.25(w), at least about 0.27(w), at

least about 0.3(w), or even at least about 0.35(w). Still, in one embodiment, the center of mass may
be displaced a distance from the geometric midpoint 1030 no greater than 0.5(w), such as no greater
than 0.49 (w), no greater than 0.45(w), no greater than 0.43(w), no greater than 0.40(w), or even no
greater than 0.38(w). It will be appreciated that the center of mass can be displaced a distance from
the geometric midpoint along the lateral axis within a range between any of the minimum and
maximum values noted above.
In another embodiment, the center of mass may be displaced from the geometric midpoint

1030 along the longitudinal axis 1009 by a distance (Dl) of at least about 0.05 the length

(1)

of the

body 1001. According to a particular embodiment, the center of mass may be displaced from the
geometric midpoint by a distance of at least about 0.1(1), such as at least about 0.15(1), at least about
0.18(1), at least about 0.2(1), at least about 0.25(1), at least about 0.3(1), at least about 0.35(1), or even at

least about 0.38(1). Still, for certain abrasive particles, the center of mass can be displaced a distance
no greater than about 0.5(1), such as no greater than about 0.45(1), or even no greater than about
0.40(1). It will be appreciated that the center of mass can be displaced a distance from the geometric

midpoint along the longitudinal axis by a distance within a range between any of the minimum and
maximum values noted above.
FIG. 11 includes an illustration of a shaped abrasive particle according to an embodiment.

The shaped abrasive grain 1100 may include a body 1101 including a base surface 1102 and an upper
surface 1104 separated from each other by one or more side surfaces 1110, 1112, and 1114.
According to one particular embodiment, the body 1101 can be formed such that the base surface
1102 has a planar shape different than a planar shape of the upper surface 1104, wherein the planar
shape is viewed in the plane defined by the respective surface. For example, as illustrated in the
embodiment of FIG. 11, the body 1101 can have base surface 1102 generally have a circular shape
and an upper surface 1104 having a generally triangular shape. It will be appreciated that other
variations are feasible, including any combination of shapes at the base surface 1102 and upper
surface 1104.
EXAMPLE 1
A first sample of particulate material (SI) is made according to the following procedures.
First, lanthanum nitrate hexahydrate, phosphoric acid, and deionized water are obtained. A calcined,
raw material powder of alumina is obtained and the pore volume is measured using BET and the
amount of water that is absorbed by a 10 g sample of the raw material powder to determine saturation
and over-saturation conditions for the raw material powder. The raw material is commercially
available as Catapal B from Sasol Corp.

The additive is formed, which includes a first component of a phosphoric acid and a second
component of lanthanum nitrate salt solution. Each of the components is formed based on an intended
amount of second phase that is desired in the finally-formed particulate material. The components are
in the form of solutions.
The raw material powder is impregnated with the phosphoric acid component by dispersing
the solution on the raw material powder and stirring the mixture. The mixture is dried for at least 8
hours at 95°C in air.
After drying the raw material impregnated with the phosphoric acid component, the available
pore volume for the lanthanum nitrate salt component is calculated based on the first component
addition. A molar ratio of approximately 1:1 of La to P is used to calculate the concentration of the
lanthanum nitrate salt to be added to the dried raw material. The lanthanum nitrate salt component is
then dispersed onto the dried material while stirring for impregnation into the alumina-based raw
material. The mixture is dried for at least 8 hours at 95°C in air.
The mixture including the first and second components is sintered in a rotary kiln at a
temperature of approximately 1450°C for a time of 10 minutes in air. The sintered particulate
material had a density of 97.5% theoretical density, a specific surface area of 0.1 m 2/g, approximately
97% of a first phase of alpha alumina, approximately 1.0 wt% of a second phase of monazite (LaP0 4),

approximately 1.3 wt% of a third phase of a lanthanum aluminate compound (i.e., MgLaAlnOi 9), and
a remainder of impurity materials.
Particles according to Example 1 were made and analyzed. FIGs. 12A and 12B provide SEM
images of a particulate material formed according to Example 1. As illustrated, the exemplary body
1201 includes a non-uniform distribution of the second phase at a peripheral region 1201 of the body.

The particulate material demonstrates a non-uniform distribution of the second phase and the third
phase, and in particular, the second phase is preferentially distributed in a peripheral region 1202,
distinct from the central region 1203. Moreover, the third phase is preferentially distributed in the
peripheral region 1202.
The abrasive particles of FIG. 12A and 12B demonstrate remarkable and unexpected
improvement in grinding capabilities compared to conventional grains. FIG. 13 includes a plot of
specific grinding energy versus cumulative material removed for a grinding test on a workpiece of
304 stainless steel operated as a dry plunge grinding operation at a material removal rate of 4
inch 3/min inch, grinding in short intervals removing 0.2 inchVinterval, at a wheel speed of 7500 sfpm.
As illustrated, the particulate material of sample S1 demonstrated increased cumulative material

removed at a consistently lower specific grinding energy compared to state-of-the-art abrasive
materials. In particular, the comparative examples using the same belt architecture (e.g., backing
material, make coat material, size coat material, etc.) included conventional sample 1 (CS1),

commercially available as HiPAL 133-1 from Saint-Gobain Abrasives, Inc. and conventional sample
2 (CS2), commercially available from 3M as 321 abrasive grain.
EXAMPLE 2
A second sample (S2) of particulate material is made according to Example 1, but the
component of lanthanum nitrate salt is added first, and thereafter, the component of phosphoric acid is
added. The particulate material of sample S2 had a density of 97.5% theoretical density, a specific
surface area of 0.1 m 2/g, approximately 98% of a first phase of alpha alumina, approximately 1.1 wt%
of a second phase of monazite (LaP0 4), approximately 0.7 wt% of a third phase of a lanthanum
aluminate compound (i.e., MgLaAlnOi 9), and a minor content of impurities.
Particles according to Example 2 were made and analyzed. FIG. 14 includes a SEM image of
particulate material formed according to Example 2 . As illustrated, the exemplary body 1401
includes a non-uniform distribution of the second phase at a peripheral region 1402 of the body 1401.
After analysis, it was determined the particulate material has a non-uniform distribution of the second
phase and the third phase, and in particular, the second phase is preferentially distributed in a
peripheral region 1402 and the third phase is preferentially distributed in a central region 1403.
EXAMPLE 3
A third sample (S3) of particulate material is made according to an embodiment, and in
particular utilizes a doping procedure. The doping procedure includes forming an additive in the form
of a mixture including La nitrate hexahydrate in water with phosphoric acid. A chemical reaction
occurred, forming hydrated monazite (rhabdophane) as a precipitate. The mixture containing the
hydrated monazite is then mixed with a precursor raw material powder of Example 1. The precursor
raw material powder of Example 1 is formed from boehmite commercially available as Catapal B
from Sasol Corp. that is incorporated into a mixture including 30% solids (boehmite), 1 wt% seed
material (alpha alumina) for the total weight of the boehmite, and 7 wt% nitric acid for the total
weight of the boehmite. The mixture is in the form of a slurry using water as the liquid carrier that
gels under ambient conditions. The additive can be added to the slurry or gel to dope the precursor
raw material. Thereafter, the precursor raw material with the additive can be dried at 95°C, crushed
and calcined at 1000°C. Thereafter, the material can further be sintered according to the conditions of
Example 1.
The particulate material of sample S3 has a density of approximately 97.5% theoretical
density, a specific surface area of about 0.1 m 2/g, approximately 96.5% of a first phase of alpha
alumina, approximately 1.4 wt% of a second phase of monazite (LaP0 4), and approximately 2.1 wt%
of a third phase of a lanthanum aluminate compound (i.e., MgLaAlnOi 9), and a minor content of
impurities.
Particles according to Example 3 were made and analyzed. FIG. 15 includes a SEM picture
of an exemplary particulate material formed according to Example 3 . As illustrated, the body 1501

includes a substantially, uniform distribution of the second phase throughout the body 1501, and
generally no evidence of a "halo" region is distinguishable.
EXAMPLE 4
A fourth sample (S4) of particulate material is made according to an embodiment, and in
particular, utilizes the same procedure used to form the particulate material SI, however the process is
directed to impregnation of shaped abrasive particles. Accordingly, the raw material powder is in the
form of green (i.e., unsintered) shaped abrasive particles, which have been dried after being formed.
The first component is added to the green shaped abrasive particles, and the particles are calcined, and
the second component is added to the calcined particles. The calcined particles having both
components of the additive impregnated in the body are sintered. FIG. 16 includes an illustration of
an exemplary particulate material formed according to Example 4 . As illustrated, the body 1601

includes a non-uniform distribution of the second phase at a peripheral region 1602 of the body,
generally defining a "halo" region within the body 1601 that is generally distinct from a central region
1603 within the interior of the body 1601.

The particulate material of sample S4 has a density of approximately 97.5% theoretical
density, approximately 97.6% of a first phase of alpha alumina, approximately 0.9 wt% of a second
phase of monazite (LaP0 4), and approximately 1.5 wt% of a third phase of a lanthanum aluminate
compound (i.e., MgLaAlnOi 9), and a minor content of impurities.
EXAMPLE 5
A fifth sample (S5), a sixth sample (S6), and a seventh sample (S7) were formed according to
Example 4, thus forming triangular shaped abrasive particles with different contents of monazite. The
fifth sample S5 includes 3.8 wt% monazite and approximately 2.5 wt% lanthanum aluminate, sample
S6 has 8.3 wt% monazite and approximately 2.5 wt% lanthanum alumina, and sample S7 has 12.9

wt% monazite and approximately 1.5 wt% lanthanum alumina. Each of the samples had an average
crystalline size of alpha alumina of less than about 1 micron. The samples were tested according to
the grinding test detailed in Example 1. FIG. 17 includes a plot of specific grinding energy versus
cumulative material removed for a grinding test using samples S5, S6, and S7. The grinding test was
performed on a workpiece of 304 stainless steel operated as a dry plunge grinding operation at a
material removal rate of 4 inch 3/min inch, grinding in short intervals removing 0.2 inchVinterval, at a
wheel speed of 7500 sfpm. As illustrated, samples S5, S6, and S7 demonstrated different grinding
performance as compared to each other.
The present application represents a departure from the state of the art. While the industry
has recognized that alumina materials may have certain additives, such as zirconia, magnesia,
lanthanum, and calcia, and raw material mineral additives including a combination of such elements,
such as monazite, the industry has not recognized the significance of the combination of features
disclosed herein. Notably, the particulate material of the embodiments herein can be formed through

unique processes that can result in a combination of unique features, including but not limited to
composition, additives, morphology, two-dimensional shape, three-dimensional shape, distribution of
phases, difference in height, difference in height profile, flashing percentage, height, dishing, half-life
change of specific grinding energy, and a combination thereof. And in fact, particulate material of

embodiments herein has proven to result in remarkable and unexpected performance.
The above-disclosed subject matter is to be considered illustrative, and not restrictive, and the

appended claims are intended to cover all such modifications, enhancements, and other embodiments,
which fall within the true scope of the present invention. Thus, to the maximum extent allowed by

law, the scope of the present invention is to be determined by the broadest permissible interpretation
of the following claims and their equivalents, and shall not be restricted or limited by the foregoing
detailed description.
The Abstract of the Disclosure is provided to comply with Patent Law and is submitted with
the understanding that it will not be used to interpret or limit the scope or meaning of the claims. In
addition, in the foregoing Detailed Description, various features may be grouped together or described

in a single embodiment for the purpose of streamlining the disclosure. This disclosure is not to be

interpreted as reflecting an intention that the claimed embodiments require more features than are
expressly recited in each claim. Rather, as the following claims reflect, inventive subject matter may
be directed to less than all features of any of the disclosed embodiments. Thus, the following claims
are incorporated into the Detailed Description, with each claim standing on its own as defining

separately claimed subject matter.

WHAT IS CLAIMED IS:
I . A particulate material having a body including a first phase having at least about 70 wt
alumina for a total weight of the first phase, and a second phase comprising phosphorus, wherein the
body comprises at least about 0 . 1 wt

of the second phase for the total weight of the body, and

wherein the second phase has an average grain size of not greater than about 1 micron.
2 . A particulate material having a body including a first phase comprising alumina and a

second phase comprising phosphorus and a rare earth element, wherein the second phase is nonuniformly dispersed throughout the body, and wherein the first phase has an average grain size of not
greater than about 10 microns.
3 . A particulate material having a body including a first phase comprising alumina and a

second phase comprising phosphorus and a rare earth element, wherein the second phase is
substantially uniformly dispersed throughout the body.
4 . The particulate material of any one of claims 1, 2, and 3, wherein the first phase comprises

at least about 7 1 wt

alumina for the total weight of the first phase.

5 . The particulate material of any one of claims 1, 2, and 3, wherein the body comprises at

least about 0.2 wt

of the second phase for the total weight of the body.

6 . The particulate material of any one of claims 1, 2, and 3, wherein the body comprises not

greater than about 30 wt

of the second phase for the total weight of the body.

7 . The particulate material of any one of claims 1, 2, and 3, wherein the second phase

comprises a majority content of phosphate and at least one rare earth element.
8. The particulate material of any one of claims 1, 2, and 3, wherein the second phase

comprises monazite (LaP0 4).
9 . The particulate material of any one of claims 1, 2, and 3, wherein the first phase comprises

grains having an average grain size of not greater than about 1 micron.
10. The particulate material of any one of claims 1, 2, and 3, wherein the first phase

comprises grains having an average grain size of at least about 1 nm.
II. The particulate material of any one of claims 1, 2, and 3, wherein the body is a shaped
abrasive particle.
12. The particulate material of any one of claims 1, 2, and 3, wherein the body comprises a

shape selected from the group consisting of triangular, quadrilateral, rectangular, trapezoidal,

pentagonal, hexagonal, heptagonal, hexagonal, octagonal, and a combination thereof.
13. The particulate material of any one of claims 1, 2, and 3, wherein the body comprises a

ratio [W1/W2], wherein W l represents a weight percent of the first phase within the body and W2
represents a weight percent of the second phase within the body, and wherein the ratio [W1/W2] is at
least about 1.5.

14. The particulate material of any one of claims 1, 2, and 3, wherein the body comprises not

greater than about 1 wt

of an impurity element selected from the group consisting of transition

metal elements, alkaline earth elements, alkaline elements, and a combination thereof.
15. The particulate material of any one of claims 1, 2, and 3, wherein the second phase

comprises grains and the first phase comprises grains, and wherein the grains of the second phase
have an average grain size less than an average grain size of the grains of the first phase.
16. The particulate material of any one of claims 1, 2, and 3, wherein the body comprises a

ratio [G1/G2], wherein Gl represents the average grain size of the first phase, and G2 represents the
average grain size of the second phase, and wherein the ratio [G1/G2] is at least about 1.1.
17. The particulate material of any one of claims 1, 2, and 3, wherein the second phase is

primarily disposed at grain boundaries between grains of the first phase.
18. The particulate material of any one of claims 1 and 2, wherein the body comprises a

different content of the second phase at a peripheral region of the body as compared to a central
region of the body.
19. The particulate material of any one of claims 1, 2, and 3, wherein the body comprises a

third phase comprising lanthanum aluminate (LaAlnOi ).
20. The particulate material of any one of claims 1, 2, and 3, wherein the body comprises a

fourth phase comprising chromium oxide (Cr20 3) .
21. The particulate material of any one of claims 1, 2, and 3, wherein the particulate material

is part of a fixed abrasive article selected from the group consisting of a coated abrasive article and a

bonded abrasive article.
22. A shaped abrasive particle having a body including a first phase and a second phase

comprising monazite (LaP0 4) .
23. The shaped abrasive particle of claim 22, wherein the body comprises a first phase

distinct from the second phase, wherein the first phase comprises at least about 70 wt
total weight of the first phase, and wherein the body comprises at least about 0.2 wt

alumina for a
of the second

phase for the total weight of the body.
24. The shaped abrasive particle of claim 22, wherein the second phase comprises monazite

(LaP0 4) .
25. The shaped abrasive particle of claim 22, wherein the body comprises a shape selected

from the group consisting of triangular, quadrilateral, rectangular, trapezoidal, pentagonal, hexagonal,
heptagonal, hexagonal, octagonal, and a combination thereof.
26. The shaped abrasive particle of claim 22, wherein the body is a shaped abrasive particle

comprising a length

(1),

a width (w), and a height (hi), wherein the height (hi) is an interior height of

the body and at least about 28% of the width, the body further including a percent flashing (f) of at

least about 10% and not greater than about 45% for a total side area of the body.

27. The shaped abrasive particle of claim 22, wherein the body comprises a ratio [W1/W2],

wherein

l represents a weight percent of a first phase within the body and W2 represents a weight

percent of the second phase within the body, and wherein the ratio [W1/W2] is at least about

1.

28. The shaped abrasive particle of claim 22, wherein the second phase is substantially

uniformly dispersed throughout the body.
29. The shaped abrasive particle of claim 22, wherein the body comprises a different content

of the second phase at a peripheral region of the body as compared to a central region of the body.
30. The shaped abrasive particle of claim 22, wherein the body comprises a greater content of

the second phase at a peripheral region of the body as compared to a central region of the body.

31. The shaped abrasive particle of claim 22, wherein the body comprises lanthanum
aluminate (LaAlnOi ) .
32. A method of making a particulate material comprising:

providing a raw material powder;
including an additive to the raw material powder; and
forming a particulate material having a body including a first phase comprising an oxide and a
second phase comprising elements of the additive including phosphorus and a rare
earth element, wherein the second phase is substantially uniformly distributed
throughout the body.
33. The method of claim 32, wherein providing includes calcining the raw material powder at

a temperature of at least about 500°C.
34. The method of claim 32, wherein including comprises impregnating including providing

the additive into pores of the raw material powder after calcination of the raw material powder.
35. The method of claim 32, wherein including comprises saturation of porosity of the raw

material powder with the additive.
36. The method of claim 35, wherein saturation includes filling at least a portion of the pore

volume of the raw material powder with the additive.
37. The method of claim 32, wherein including comprises doping.
38. The method of claim 37, wherein doping comprises providing the additive prior to

calcination of the raw material powder.
39. The method of claim 32, wherein the additive comprises a first component and a second

component distinct from the first component, and wherein including comprises providing the first
component at a first time and the second component at a second time separate from the first time.
40. The method of claim 32, wherein the additive comprises a first component and a second

component distinct from the first component, wherein the first component and the second component
are added simultaneously, wherein the first component comprises lanthanum nitrate, and wherein the

second component comprises phosphoric acid (H3P0 4).

41. The method of claim 32, wherein including the additive comprises:

providing a first component of the additive to the raw material powder;
heating the raw material powder and first component; and
providing a second component of the additive to the raw material powder, the second
component distinct from the first component and comprising phosphorus.
42. The method of claim 41, wherein forming comprises combining the first component and

the second component to form a precursor of the second phase, wherein the precursor of the second

phase comprises a hydrated compound.
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