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FIG. 1

based sintering aid materials. In an embodiment, the bond material can in-
clude a phenolic resin. In another embodiment, the bonded abrasive body
can include an oxide phase disposed interstitially between the silicon carbide

abrasive particles. In an additional embodiment, the abrasive particles can
l consist essentially of silicon carbide and aluminum oxide in a ratio of silicon
carbide to alumina of at least about 8:1.
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LIQUID PHASE SINTERED SILICON CARBIDE ABRASIVE PARTICLES

BACKGROUND
Field of the Disclosure

This disclosure, in general, relates to abrasive articles incorporating abrasive
particles, and more particularly abrasive articles incorporating abrasive particles of

silicon carbide.

Description of the Related Art

Silicon carbide has many uses. For example, solid state sintered silicon
carbide has been used quite successfully as abrasive particles in various abrasive

articles, such as bonded abrasive articles and coated abrasive articles

Liquid phase sintered silicon carbide is quite different from the solid phase
silicon carbide. Liquid phase sintered silicon carbide has been used to make seals and
linings to be used in corrosive environments. Liquid phase sintered silicon carbide

has not typically been used as abrasive particles.

SUMMARY

In one aspect, an abrasive article includes a bonded abrasive body having
abrasive particles contained within a bond material. The abrasive particles include
silicon carbide and are essentially free of carbon-based and boron-based sintering aid
materials. In an embodiment, the bond material can include a phenolic resin. In
another embodiment, the bonded abrasive body can include an oxide phase disposed
interstitially between the silicon carbide abrasive particles. In an additional
embodiment, the abrasive particles can consist essentially of silicon carbide and

aluminum oxide in a ratio of silicon carbide to alumina of at least about &:1.

PCT/US2012/045166
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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 flow chart illustrating a method of making liquid phase

sintered silicon carbide abrasive particles in accordance with an embodiment.

FIG. 2 includes an scanning electron microscope (SEM) image of a portion of
a liquid phase sintered silicon carbide abrasive particle in accordance with an

embodiment.

FIG. 3 includes an SEM image of a portion of a liquid phase sintered silicon
carbide abrasive particle in accordance with an embodiment after undergoing a

chemical etching process.

FIG. 4 includes an SEM image of a portion of a solid-state sintered silicon

carbide abrasive particle.

FIG. 5 includes an SEM image of a portion of a solid-state sintered silicon

carbide abrasive particle after undergoing a chemical etching process.

FIG. 6 includes a perspective view of a bonded abrasive wheel incorporating

silicon carbide abrasive particles according to an embodiment.

FIGs. 7-12 include illustrations of shaped abrasive particles including the

abrasive particulate material according to an embodiment.

FIG. 13 includes a perspective view illustration of an abrasive particle in

accordance with an embodiment.

FIG. 14 includes a cross-sectional illustration of a portion of the abrasive

particle of FIG. 13.

FIG. 15 includes a bar chart illustrating a relative performance ratio for

various bonded abrasive grinding wheels used to grind a titanium alloy; and

PCT/US2012/045166
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FIG. 16 includes a bar chart illustrating a G-ratio for various bonded abrasive

grinding wheels during grinding of a white cast iron workpiece.

The use of the same reference symbols in different drawings indicates similar

or identical items.

DETAILED DESCRIPTION

Referring initially to FIG. 1, a method of making liquid phase sintered silicon
carbide abrasive particles is shown and is generally designated 100. The method 100
commences at step 102 by forming a dry mixture including silicon carbide and a
sintering aid material. The mixture can be formed in a mixer. The sintering aid
material may include an oxide. Further, the oxide may include alumina. In particular,

the oxide may consist essentially of alumina.

In some embodiments, the silicon carbide can be provided as a powder having
a particular particle size distribution. For example, in one embodiment, silicon
carbide particles can have a D10 value of at least about 0.18 microns, at least about
(.23 microns, or at least about 0.27 microns. In another embodiment, silicon carbide
particles can have a D10 value no greater than about 0.42 microns, no greater than
about (.37 microns, or no greater than about 0.30 microns. It will be appreciated that
the D10 value for silicon carbide particles may be within a range between, or

including, any of the minimum and maximum noted above.

In an embodiment, silicon carbide particles can have a D50 value of at least
about 0.75 microns, at least about 0.83 microns, or at least about 0.90 microns. In an
additional embodiment, silicon carbide particles can have a D50 value no greater than
about 1.20 microns, no greater than about 1.04 microns, or no greater than about 0.95
microns. It will be appreciated that the D50 value for silicon carbide particles may be
within a range between, or including, any of the minimum and maximum noted

above.

Further, silicon carbide particles can have a D90 value of at least about 1.7
microns, at least about 1.9 microns, or at least about 2.1 microns. In another
embodiment, silicon carbide particles can have a D90 value no greater than about 2.6

microns, no greater than about 2.4 microns, or no greater than about 2.2 microns. It

PCT/US2012/045166
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will be appreciated that the D90 value for silicon carbide particles may be within a

range between, or including, any of the minimum and maximum noted above.

It will be appreciated that the sintering aid material may be a powder material.
The sintering aid material may include an average particle size of at least about 0.07
microns, such as at least about 0.08 microns, at least about 1.2 microns, or even at
least about 1.5 microns. Further, the sintering aid material may include an average
particle size no greater than about 2.6 microns, no greater than about 2.2 microns, or
no greater than about 1.8 microns. It will be appreciated that the average particle size
of the sintering aid material may be within a range between, or including, any of the

minimum and maximum sizes noted above.

In an embodiment, the dry mixture can include at least about 88 wt% silicon
carbide for a total weight of the dry mixture, at least about 91 wt% silicon carbide for
a total weight of the dry mixture, or at least about 94 wt% silicon carbide for a total
weight of the dry mixture. In other situations, the dry mixture can include no greater
than about 99 wt% silicon carbide for a total weight of the dry mixture, no greater
than about 97 wt% silicon carbide for a total weight of the dry mixture, or no greater
than about 96 wt% silicon carbide for a total weight of the dry mixture. It will be
appreciated that the silicon carbide content of the dry mixture can be within a range

between, or including, any of the minimum and maximum values noted above.

In particular instances, the dry mixture can include at least about 0.5 wt%
sintering aid for a total weight of the dry mixture, at least about 2 wt% sintering aid
for a total weight of the dry mixture, or at least about 4 wt% sintering aid for a total
weight of the dry mixture. In other situations, the dry mixture can include no greater
than about 9 wt% sintering aid for a total weight of the dry mixture, no greater than
about 7 wt% sintering aid for a total weight of the dry mixture, or no greater than
about 5 wt% sintering aid for a total weight of the dry mixture. It will be appreciated
that the sintering aid content of the dry mixture can be within a range between, or

including, any of the minimum and maximum values noted above.

At 102, the method 100 can include forming a wet mixture that includes the
silicon carbide, the sintering aid, and a liquid carrier. The liquid carrier may include

water. Further, the liquid carrier may include an organic material. Some suitable
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organic materials can include polyvinyl alcohol (PVA) polyethylene glycol (PEG),
triethanolamine (TEA), or a combination thereof. In one particular instance, the
liquid carrier can include a 21% solution of PVA. In an illustrative embodiment, the

liquid carrier can include PEG 400.

In one embodiment, the wet mixture can include at least about 36 wt% water
for a total weight of the wet mixture, at least about 39 wt% water for a total weight of
the wet mixture, or at least about 41 wt% water for a total weight of the wet mixture.
In other cases, the wet mixture can include no greater than about 51 wt% water for a
total weight of the wet mixture, no greater than about 46 wt% water for a total weight
of the wet mixture, or no greater than about 43 wt% water for a total weight of the wet
mixture. It will be appreciated that the water content of the wet mixture can be within
a range between, or including, any of the minimum and maximum values noted

above.

The dry mixture and the liquid carrier may be mixed until the component
materials are well dispersed within each other. The mixing process can have a
duration of at least about 6 hours, at least about 14 hours, or at least about 24 hours.

In some embodiments, the mixing process can have a duration of no greater than
about 48 hours, no greater than about 37 hours, or no greater than about 28 hours. It
will be appreciated that the duration of the mixing operation can have a duration
within a range between, or including, any of the minimum and maximum values noted

above.

In a particular embodiment, the wet mixture may include a particular ratio of
dry mixture components (i.e., the silicon carbide and the sintering aid) to liquid
carrier. For example, the ratio may be at least about 1:1, such as at least about 1.1:1,
at least about 1.18:1, or even at least about 1.2:1. Moreover, in another aspect, the
ratio may be no greater than about 1.3:1, such as no greater than about 1.25:1, or even
no greater than about 1.22:1. It will be appreciated that the ratio of dry mixture to
liquid carrier can within a range between, or including, any of the minimum and

maximum ratios noted above.

After forming the wet mixture, the method 100 can continue at 106 by treating

the mixture to form an article. In some embodiments, the article can include a

PCT/US2012/045166
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ceramic article. Treating the wet mixture may include the application of temperature,
the application of pressure, the application of a chemical to facilitate a physical

change in the wet mixture, or a combination thereof.

In particular instances, the treating process can include a sintering process,
wherein grains of the silicon carbide and sintering aid material are densified under
high temperatures. For example, treating the wet mixture may include transferring the
mixture to a kiln. The mixture may be sintered within the kiln to form a ceramic
article. In an embodiment, the sintering process can have a duration of at least about
0.5 hour, at least about 0.7 hours, or at least about 1.0 hours. In other cases, the
sintering process can have a duration of no greater than about 2.2 hours, no greater
than about 1.8 hours, or no greater than about 1.4 hours. It will be appreciated that
the duration of the sintering process can have a duration within a range between, or

including, any of the minimum and maximum values noted above.

Further, in a particular aspect, the mixture can be sintered at a temperature of
at least about 1800° C. In another aspect, the mixture can be sintered at a temperature
of at least about 1850° C, such as at least about 1880° C or even at least about 1910°
C. In another aspect, the mixture can be sintered at a temperature no greater than
about 2100° C, no greater than about 2070° C, or even no greater than about 2030° C.
It will be appreciated that the sintering temperature can be within a range between, or

including, any of the minimum and maximum temperatures noted above.

In particular instances, treating can include a sintering process, which may
further utilize the application of pressure. For example, treating can include pressing,
and more particularly, hot pressing, such as hot isostatic pressing (HIPing). In some
embodiments, the hot isostatic pressing process can include heating at a rate of no
greater than about 13° C/min., no greater than about 10° C/min., or no greater than
about 7° C/min up to a specified temperature. In an embodiment, the specified
temperature for the hot isostatic pressing process can be no greater than about 1980°
C, no greater than about 1940° C, or no greater than about 1900° C. In certain
aspects, the specified temperature for the hot isostatic pressing process can be at least
about 1810° C, at least about 1840° C, or at least about 1870° C. It will be
appreciated that the specified temperature of the hot isostatic pressing process can be

within a range between, or including, any of the temperatures noted above.

PCT/US2012/045166
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The hot isostatic pressing operation can take place in a particular atmosphere,
such as in an atmosphere including an inert gas. In an illustrative embodiment, the
hot isostatic pressing operation can take place in an argon atmosphere. The hot
isostatic pressing operation can also take place at a specified pressure. In some
embodiments, the pressure for the hot isostatic pressing operation can be at least about
1800 atm, at least about 1900 atm, or at least about 2000 atm. In other embodiments,
the pressure for the hot isostatic pressing operation can be no greater than about 2200
atm or no greater than about 2100 atm. It will be appreciated that the pressure of the
hot isostatic pressing operation can be within a range between, or including, any of

the pressures noted above.

Additionally, the hot isostatic pressing process can include a soak operation
for a duration of no greater than approximately 2 hours, no greater than approximately
1.5 hours, or no greater than approximately 1.0 hours. In certain embodiments, the
soak duration for the hot isostatic pressing process can be at least approximately 0.5
hours or at least approximately 0.8 hours. It will be appreciated that the soak duration
of the hot isostatic pressing process can be within a range between, or including, any
of the values noted above. After completion of the hot isostatic pressing process, the

ceramic article can cool naturally to a suitable temperature.

Notably, the sintering process can include a liquid phase sintering process.
Liquid phase sintering can be characterized by the formation of a liquid phase from at
least a portion of one of the components within the mixture. For example, the
sintering aid component of the mixture may be treated such that at least a portion of
the sintering aid forms a liquid phase. Accordingly, such treating processes can form

liquid phase sintered silicon carbide.

In another particular aspect, treating may be conducted in a particular
atmosphere. For example, the atmosphere may comprise an inert gas including, for
example, neon, argon, nitrogen, or a combination thereof. In other instances, the

atmosphere can be a reducing atmosphere.

After completing the treating process at 106, the method 100 can continue at
108 by altering the article. Altering the ceramic article may include forming an

abrasive particulate material. In one embodiment, forming abrasive particulate

PCT/US2012/045166
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material can include comminuting the ceramic article. For example, the comminuting
process can include crushing the ceramic article in a crusher to yield liquid-phase
sintered silicon carbide abrasive particles (LPS-SiC). For example, the crusher may
be a jaw crusher. However, another suitable type of crusher may be used to crush the
ceramic article. In some instances, the crushing operation can be performed by a

roller crusher or a jet mill at room temperature.

After the altering operation performed at 108, the method 100 may continue at
110 with sorting the abrasive particles, which include liquid phase sintered silicon
carbide. The sorting process undertaken at 110 may include sorting the abrasive
particles by size, shape, or a combination thereof. In one embodiment, the abrasive
particles may be screened in order to sort the abrasive particles into one or more

different grit sizes using one or more mesh screens.

The abrasive particles may include an average particle size of at least about
0.1 microns, at least about 1 micron, at least about 3 microns, at least about 8 microns,
at least about 12 microns, at least about 20 microns, at least about 25 microns, at least
about 30 microns, at least about 35 microns, at least about 40 microns, or even at least
about 50 microns. In another embodiment, the abrasive particles can include an
average particle size of not greater than about 3000 microns, not greater than about
2500 microns, not greater than about 1700 microns, not greater than about 1100
microns, not greater than about 800 microns, not greater than about 500 microns, not
greater than about 425 microns, not greater than about 375 microns, not greater than
about 320 microns, not greater than about 200 microns, or even not greater than about
90 microns. It will be appreciated that the average particle size can be within a range

between, or including, any of the minimum and maximum sizes noted above.

FIG. 2 includes an illustration of an SEM image of a portion of an abrasive
particle 200. In particular, the abrasive particle 200 represents a SEM image of liquid
phase sintered silicon carbide abrasive particle according to an embodiment of the
present disclosure. As shown in FIG. 2, the SEM image indicates that the abrasive

particle 200 can include silicon carbide grains 202 and a sintering aid material 204.

In one embodiment abrasive particle 200 can be essentially free of carbon-

based and boron-based sintering aid materials. In another embodiment, the abrasive
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particle can be essentially free of yttria, silica, phosphates, phosphides, alkali
elements, alkaline earth elements, rare earth elements, transition metal elements,

silicides, aluminides, or a combination thereof.

The abrasive particles of the embodiments herein can include silicon carbide.
In particular instances, the abrasive particles can include silicon carbide grains made
of liquid phase sintered silicon carbide (LLPS-SiC). In fact, the abrasive particle can
include grains consisting essentially of liquid phase sintered silicon carbide (LPS-

SiC).

The abrasive particles formed according to the embodiments herein can have
at least about 90 wt% silicon carbide, at least about 92 wt% silicon carbide, or at least
about 93 wt% silicon carbide. In another embodiment, the abrasive particles can
include no greater than about 99 wt% silicon carbide, no greater than about 97 wt%
silicon carbide, or no greater than about 95 wt% silicon carbide. It will be appreciated
that the amount of silicon carbide can be within a range between, or including, any of

the minimum and maximum percentages noted above.

In a particular aspect, the abrasive particle 200 can include silicon carbide
grains. The silicon carbide grains can have an average grain size of at least about 0.01
microns, at least about 0.05 microns, at least about 0.1 microns, at least about 0.4
microns, at least about 0.6 microns, or even at least about 1 micron. Further, the
silicon carbide grains can have an average grain size of not greater than about 100
microns, not greater than about 50 microns, not greater than about 25 microns, not
greater than about 10 microns, or not greater than about 1 micron. It will be
appreciated that the average particle size can be within a range between, or including,

any of the minimum and maximum sizes noted above.

As illustrated in FIG. 2, the abrasive particles of the embodiments herein can
include a sintering aid material contained within the matrix of the particle. In
particular, the sintering aid material 204 can be a separate and distinct phase from the
silicon carbide grains 202. In particular instances, the sintering aid material 204 can
be an interstitial phase formed at the grain boundaries between the silicon carbide
grains 202. As shown in FIG. 2, the SEM image indicates that the abrasive particle

200 can include silicon carbide grains 202 and a sintering aid material 204.
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According to one embodiment, the sintering aid material 204 can include an
oxide material. Suitable oxides can include alumina. In particular embodiments, the

sintering aid material 204 can consist essentially of alumina.

The abrasive particles formed according to the embodiments herein can
include a particular content of the sintering aid material. For example, the abrasive
particles may include a content of the sintering aid material, which can include an
oxide, of not greater than about 5 wt%, not greater than about 4.5 wt%, not greater
than about 4 wt%, not greater than about 3.5 wt%, or even not greater than about 3
wt% for the total weight of the particles. In another embodiment, the abrasive particle
200 can include a content of the sintering aid material, which can be an oxide, of at
least about 0.1 wt%, at least about 0.5 wt%, at least about 0.8 wt%, at least about 1
wt%, at least about 1.5 wt% for the total weight of the particles. It will be appreciated
that the oxide content can be within a range between, or including, any of the

minimum and maximum percentages noted above.

In certain instances, the abrasive particles can consist essentially of silicon
carbide and alumina. In particular, the abrasive particle can include a ratio of silicon
carbide to alumina. The ratio of silicon carbide to alumina can be at least about 8:1,
at least about 9:1, or at least about 10:1. Alternatively, according to another
embodiment, the ratio can be no greater than about 40:1, no greater than 30:1, or no
greater than about 25:1. It will be appreciated that the ratio can be within a range

between, or including, any of the minimum and maximum ratios noted above.

In another aspect, the abrasive particles can include a theoretical density of at

least about 96%, at least about 97%, at least about 98%, or at least about 99%.

Further, in one embodiment, the abrasive particle can have a particular
strength. For example, the strength of the abrasive particles can be of at least about
700 MPa, at least about 750 MPa, at least about 800 MPa, at least about 825 MPa, or
even at least about 850 MPa, wherein strength is measured as a Modulus of Rupture
by a 4 point bend test. Still, in another embodiment, the abrasive particle can include
a strength of not greater than about 1200 MPa, or even not greater than about 1100

MPa, wherein strength is measured as a Modulus of Rupture by a 4 point bend test. It
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will be appreciated that the strength can be within a range between, or including, any

of the minimum and maximum strength values noted above.

According to an embodiment, the abrasive particles can include a Knoop
hardness of at least about 27 kgf/mmz, such at least about 28 kgf/mmz, or even at least
about 29 kgf/mmz. In yet other instances, the Knoop hardness of the abrasive particle
may not be greater than about 35 kgf/mmz, such as not greater than about 32 kgf/mmz,
or not greater than about 30 kgf/mmz. It will be appreciated that the Knoop hardness
can be within a range between, or including, any of the minimum and maximum

Knoop hardness values noted above.

FIG. 3 includes an SEM image of a portion of a liquid phase sintered silicon
carbide abrasive particle 300 in accordance with an embodiment after undergoing a

chemical etching process.

FIG. 4 includes an SEM image of a portion of a solid-state sintered silicon

carbide abrasive particle 400.

FIG. 5 includes an SEM image of a portion of a solid-state sintered silicon

carbide abrasive particle 500 after undergoing a chemical etching process

Referring to FIG. 6, a bonded abrasive wheel is shown and is generally
designated 600. As shown, the bonded abrasive wheel 600 can include a generally
cylindrical bonded abrasive body 602. The bonded abrasive body 602 can include a
plurality of abrasive particles contained within a bond material, which can be abrasive
particles formed according to the embodiments herein and having any of the attribute
of the abrasive particles according to embodiments herein. Notably, the abrasive

particles can be liquid phase sintered silicon carbide abrasive particles.

In a particular aspect, the bond material can include an organic material. For
example, the bond material can include a polymer, such as a thermosetting polymer.
Alternatively, the bond material can include a formaldehyde. Suitable formaldehydes

for use in the bond material can include resins, such as a phenolic resin.

In an alternative embodiment, the bond material may include an inorganic

material. For example, the inorganic material can include a metal, metal alloy,
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vitreous, crystalline (e.g., ceramic) material or a combination thereof. In one
particular embodiment, the bond material can include a vitreous material. In another
instance, the bond material can include a ceramic, such as an oxide, which may be in

the form of a vitreous material.

In another aspect, the bond material can include a hybrid bond material that

can include an inorganic material and an organic material.

In an embodiment, the bonded abrasive body 302 can include a G-ratio of at
least about 200 for grinding a workpiece comprising metal for a depth of cut of at
least about 0.0005 inches. The G-ratio can be a measure of weight of material
removed from a workpiece divided by the weight of material lost from the bonded
abrasive body 302. In particular, the G-ratio can be at least about 210, at least about
225, at least about 250, at least about 275, at least about 290, at least about 300, at
least about 310, or even at least about 320. In another embodiment, the G-ratio can be
not greater than about 1000, or not greater than about 900. It will be appreciated that
the G-ratio can be within a range between, or including, any of the minimum and

maximum G-ratios noted above.

In another aspect, the G-ratio can be within a range between about 150 and
400, within a range between about 175 and about 400, within a range between about
200 and about 400, within a range between about 225 and about 400, within a range

between about 250 and about 400 for a workpiece comprising Ti.

In still another aspect, the G-ratio can be within a range between about 150
and about 800, within a range between about 200 and about 800, within a range
between about 400 and about 800, or between about 500 and about 800, within a

range between about 550 and about 700 for a workpiece comprising iron.

In another aspect, the bonded abrasive body 302 can have a G-ratio of at least
about 2 times the G-ratio of a body including solid-phase sintered silicon carbide
abrasive particles during grinding of a Titanium alloy workpiece, a cast iron
workpiece, or both, at a speed of at least about 60 feet per minute. Further, the
bonded abrasive body 302 can have a G-ratio of at least about 2.5 times, at least about

3 times, at least about 4 times, or at least about 5 times of a body including solid-
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phase sintered silicon carbide abrasive particles during grinding of a titanium alloy

workpiece, a cast iron workpiece, or both.

In some embodiments, the abrasive particles can be formed to have a specific
shape or contour. Suitable forming techniques can include extrusion, molding, screen
printing, casting, punching, embossing, pressing, cutting, and a combination thereof.
For example, the abrasive particles can have a specific contour, such as a polyhedral
shape, including for example, triangular, rectangular, pentagonal, hexagonal, conical,
helical, elliptical, and elongated shapes. The abrasive particles may include a
combination of such shapes. In one particular embodiment, the abrasive particles can
be formed of a body having a complex three-dimensional geometry including 3-fold
symmetry in three perpendicular planes defined by a longitudinal axis, a lateral axis,

and a vertical axis.

FIGs. 7-12 include exemplary abrasive particulate material having specific
contours and defining shaped abrasive particles, which can incorporate the
compositions described herein. As shown in FIG. 7, the shaped abrasive particle 700
may include a body 701 that is generally prismatic with a first end face 702 and a
second end face 704. Further, the shaped abrasive particle 700 may include a first
side face 710 extending between the first end face 702 and the second end face 704.
A second side face 712 may extend between the first end face 702 and the second end
face 704 adjacent to the first side face 710. As shown, the shaped abrasive particle
700 may also include a third side face 714 extending between the first end face 702
and the second end face 704 adjacent to the second side face 712 and the first side

face 710.

As depicted in FIG. 7, the shaped abrasive particle 700 may also include a first
edge 720 between the first side face 710 and the second side face 712. The shaped
abrasive particle 700 may also include a second edge 722 between the second side
face 712 and the third side face 714. Further, the shaped abrasive particle 700 may
include a third edge 724 between the third side face 714 and the first side face 712.

As shown, each end face 702, 704 of the shaped abrasive particle 700 may be
generally triangular in shape. Each side face 710, 712, 714 may be generally

rectangular in shape. Further, the cross section of the shaped abrasive particle 700 in
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a plane parallel to the end faces 702, 704 can be generally triangular. It will be
appreciated that while the cross-sectional shape of the shaped abrasive particle 700
through a plane parallel to the end faces 702, 704 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.

FIG. 8 includes an illustration of a shaped abrasive particle according to
another embodiment. As depicted, the shaped abrasive particle 800 may include a
body 801 that may include a central portion 802 that extends along a longitudinal axis
804. A first radial arm 806 may extend outwardly from the central portion 802 along
the length of the central portion 802. A second radial arm 808 may extend outwardly
from the central portion 802 along the length of the central portion 802. A third radial
arm 810 may extend outwardly from the central portion 802 along the length of the
central portion 802. Moreover, a fourth radial arm 812 may extend outwardly from
the central portion 802 along the length of the central portion 802. The radial arms
806, 808, 810, 812 may be equally spaced around the central portion 802 of the
shaped abrasive particle 800.

As shown in FIG. 8, the first radial arm 806 may include a generally arrow
shaped distal end 820. The second radial arm 808 may include a generally arrow
shaped distal end 822. The third radial arm 810 may include a generally arrow shaped
distal end 824. Further, the fourth radial arm 812 may include a generally arrow
shaped distal end 826.

FIG. 8 also indicates that the shaped abrasive particle 800 may be formed with
a first void 830 between the first radial arm 806 and the second radial arm 808. A
second void 832 may be formed between the second radial arm 808 and the third
radial arm 810. A third void 834 may also be formed between the third radial arm
810 and the fourth radial arm 812. Additionally, a fourth void 836 may be formed

between the fourth radial arm 812 and the first radial arm 806.

As shown in FIG. 8, the shaped abrasive particle 800 may include a length
840, a height 842, and a width 844. In a particular aspect, the length 840 is greater
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than the height 842 and the height 842 is greater than the width 844. In a particular
aspect, the shaped abrasive particle 800 may define a primary aspect ratio that is the
ratio of the length 840 to the height 842 (length:width). Further, the shaped abrasive
particle 800 may define a secondary aspect ratio that is the ratio of the height 842 to
the width 844 (width:height). Finally, the shaped abrasive particle 800 may define a
tertiary aspect ratio that is the ratio of the length 840 to the width 842 (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 .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 800 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 800 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 800 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 800 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
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abrasive particle 800 with respect to the secondary aspect ratio may be a Kanji

character.

FIGs. 9-10 depict another embodiment of a shaped abrasive particle that is
generally designated 900. As shown, the shaped abrasive particle 900 may include a
body 901 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 901 may
have a first end face 902 and a second end face 904, a first lateral face 906 extending
between the first end face 902 and the second end face 904, a second lateral face 908
extending between the first end face 902 and the second end face 904. Further, the
body 901 can have a third lateral face 910 extending between the first end face 902
and the second end face 904, and a fourth lateral face 912 extending between the first

end face 902 and the second end face 904.

As shown, the first end face 902 and the second end face 904 can be parallel to
each other and separated by the lateral faces 906, 908, 910, and 912, giving the body a
cube-like structure. However, in a particular aspect, the first end face 902 can be
rotated with respect to the second end face 904 to establish a twist angle 914. The
twist of the body 901 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. 10
looking down the longitudinal axis 980 defining a length of the body 901 on the end
face 902 parallel to a plane defined by the lateral axis 981 extending along a
dimension of width of the body 901 and the vertical axis 982 extending along a
dimension of height of the body 901. According to one embodiment, the body 901
can have a longitudinal twist angle 914 defining a twist in the body 901 about the
longitudinal axis such that the end faces 902 and 904 are rotated relative to each other.
The twist angle 914, as illustrated in FIG. 10 can be measured as the angle between a
tangent of a first edge 922 and a second edge 924, wherein the first edge 922 and
second edge 924 are joined by and share a common edge 926 extending longitudinally
between two of the lateral faces (910 and 912). 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.
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In a particular aspect, the twist angle 914 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 914 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. 11 includes an illustration of another embodiment of a shaped abrasive
particle. As shown, the shaped abrasive particle 1100 may include a body 1101
having a generally pyramid shaped with a generally triangle shaped bottom face 1102.
The body can further include sides 1116, 1117, and 1118 connected to each other and
the bottom face 1102. It will be appreciated that while the body 1101 is illustrated as

having a pyramidal polyhedral shape, other shapes are possible, as described herein/

According to one embodiment, the shaped abrasive particle 1100 may be
formed with a hole 1104 (i.e., and opening) that can extend through at least a portion
of the body 1101, and more particularly may extend through an entire volume of the
body 1101. In a particular aspect, the hole 1104 may define a central axis 1106 that
passes through a center of the hole 1104. Further, the shaped abrasive particle 1100
may also define a central axis 1108 that passes through a center 1130 of the shaped
abrasive particle 1100. It may be appreciated that the hole 1104 may be formed in the
shaped abrasive particle 1100 such that the central axis 1106 of the hole 1104 is
spaced apart from the central axis 1108 by a distance 1110. As such, a center of mass
of the shaped abrasive particle 1100 may be moved below the geometric midpoint
1130 of the shaped abrasive particle 1100, wherein the geometric midpoint 1130 can
be defined by the intersection of a longitudinal axis 1109, vertical axis 1111, and the

central axis (i.e., lateral axis) 1108. Moving the center of mass below the geometric
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midpoint 1130 of the shaped abrasive grain can increase the likelihood that the shaped
abrasive particle 1100 lands on the same face, e.g., the bottom face 1102, when
dropped, or otherwise deposited, onto a backing, such that the shaped abrasive

particle 1100 has a predetermined, upright orientation.

In a particular embodiment, the center of mass is displaced from the geometric
midpoint 1130 by a distance that can be at least about 0.05 the height (h) along a
vertical axis 1110 of the body 1102 defining a height. In another embodiment, the
center of mass may be displaced from the geometric midpoint 1130 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 1101 may be displaced a distance from
the geometric midpoint 830 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 1130 such that the center of mass is closer to a base, e.g., the
bottom face 1102, of the body 1101, than a top of the body 1101 when the shaped

abrasive particle 1100 is in an upright orientation as shown in FIG. 11.

In another embodiment, the center of mass may be displaced from the
geometric midpoint 1130 by a distance that is at least about 0.05 the width (w) along a
lateral axis 1108 of the of the body 1101 defining the width. In another aspect, the
center of mass may be displaced from the geometric midpoint 1130 by a distance of at
least about 0.1(w), such as at least about 0.15(w), at least about 0.18(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 1130 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).
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In another embodiment, the center of mass may be displaced from the
geometric midpoint 1130 along the longitudinal axis 1109 by a distance (D)) of at
least about 0.05 the length (1) of the body 1101. 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).

FIG. 12 includes an illustration of a shaped abrasive particle according to an
embodiment. The shaped abrasive grain 1200 may include a body 1201 including a
base surface 1202 and an upper surface 1204 separated from each other by one or
more side surfaces 1210, 1212, and 1214. According to one particular embodiment,
the body 1201 can be formed such that the base surface 1202 has a planar shape
different than a planar shape of the upper surface 1204, wherein the planar shape is
viewed in the plane defined by the respective surface. For example, as illustrated in
the embodiment of FIG. 12, the body 1201 can have base surface 1202 generally have
a circular shape and an upper surface 1204 having a generally triangular shape. It will
be appreciated that other variations are feasible, including any combination of shapes

at the base surface 1202 and upper surface 1204.

Additionally, the body of the shaped abrasive particles can have particular
two-dimensional shapes. For example, the body can have a two-dimensional shape as
viewed in a plane defined 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.

FIG. 13 includes a perspective view illustration of an abrasive particle in
accordance with an embodiment. Additionally, FIG. 14 includes a cross-sectional
illustration of a portion of the abrasive particle of FIG. 13. The body 1301 includes
an upper surface 1303 a bottom major surface 1304 opposite the upper surface 1303.
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The upper surface 1303 and the bottom surface 1304 can be separated from
each other by side surfaces 1305, 1306, and 1307. As illustrated, the body 1301 of the
shaped abrasive particle 1300 can have a generally triangular shape as viewed in a
plane of the upper surface 1303 defined by the length (1) and width (w) of the body
1301. In particular, the body 1301 can have a length (1), a width (w) extending
through a midpoint 1381 of the body 1301.

In accordance with an embodiment, the body 1301 of the shaped abrasive
particle can have a first height (h1) at a first end of the body defined by a corner 1313.
Notably, the corner 1313 may represent the point of greatest height on the body 1301.
The corner can be defined as a point or region on the body 1301 defined by the
joining of the upper surface1303, and two side surfaces 1305 and 1307. The body
1301 may further include other corners, spaced apart from each other, including for
example corner 1311 and corner 1312. As further illustrated, the body 1301 can
include edges 1314, 1315, and 1316 that can separated from each other by the corners
1311, 1312, and 1313. The edge 1314 can be defined by an intersection of the upper
surface 1303 with the side surface 1306. The edge 1315 can be defined by an
intersection of the upper surface 1303 and side surface 1305 between corners 1311
and 1313. The edge 1316 can be defined by an intersection of the upper surface 1303
and side surface 1307 between corners 1312 and 1313.

As further illustrated, the body 1301 can include a second height (h2) at a
second end of the body 1301, which is defined by the edge 1314, and further which is
opposite the first end defined by the corner 1313. The axis 1350 can extend between
the two ends of the body 1301. FIG. 14 is a cross-sectional illustration of the body
1301 along the axis 1350, which can extend through a midpoint 1381 of the body
along the dimension of width (w) between the ends of the body 1301.

In accordance with an embodiment, the shaped abrasive particles of the
embodiments herein, including for example, the abrasive particle of FIGs. 13 and 14
can have an average difference in height, which is a measure of the difference
between hl and h2. More particularly, the average difference in height can be
calculated based upon a plurality of shaped abrasive particles from a sample. The
sample can include a representative number of shaped abrasive particles, which may

be randomly selected from a batch, such as at least 8 particles, or even at least 10
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particles. A batch can be a group of shaped abrasive particles that are produced in a
single forming process, and more particularly, in the same, single forming process.
The average difference can be measured via using a STIL (Sciences et Techniques
Industrielles de la Lumiere - France) Micro Measure 3D Surface Profilometer (white

light (LED) chromatic aberration technique).

In particular instances, the average difference in height [h1-h2], wherein h1 is
greater, can be at least about 50 microns. In still other instances, the average
difference in height can be 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, the shaped abrasive particles herein, including for example the
particle of FIGs. 13 and 14, can have a profile ratio of average difference in height
[h1-h2] to profile length (1) of the shaped abrasive particle, defined as [(h1-h2)/(1,)]
of at least about 0.04. It will be appreciated that the profile length of the body can be
a length of the scan across the body used to generate the data of h1 and h2 between
opposite ends of the body. Moreover, the profile length may be an average profile
length calculated from a sample of multiple particles that are measured. In certain
instances, the profile length (1,) can be the same as the width as described in
embodiments 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 (.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, the shaped abrasive particles of the embodiments herein, including

for example, the body 1301 of the particle of FIGs. 13 and 14 can have a bottom
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surface 1304 defining a bottom area (Ayp). In particular instances the bottom surface
1304 can be the largest surface of the body 1301. The bottom surface can have a
surface area defined as the bottom area (Ay) that is greater than the surface area of the
upper surface 1303. Additionally, the body 1301 can have a cross-sectional midpoint
area (A,) defining an area of a plane perpendicular to the bottom area and extending
through a midpoint 1381 of the particle. In certain instances, the body 1301 can have
an area ratio of bottom area to midpoint area (Ap/A,,) 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.

In accordance with one embodiment, the shaped abrasive particles of the
embodiments herein, including for example, the particle of FIGs. 13 and 14 can have
a normalized height difference of at least about 40. The normalized height difference
can be defined by the equation [(h1-h2)/(h1/h2)], wherein h1 is greater than h2. In
other embodiments, the normalized height difference can be at least about 43, at least
about 46, at least about 50, at least about 53, at least about 56, at least about 60, at
least about 63, or even at least about 66. Still, in one particular embodiment, the
normalized height difference can be not greater than about 200, such as not greater

than about 180, not greater than about 140, or even not greater than about 110.

In another embodiment, the shaped abrasive particles herein, including for
example, the particle of FIGs. 13 and 14 can have a height variation. Without wishing
to be tied to a particular theory, it is thought that a certain height variation between
shaped abrasive particles, can improve a variety of cutting surfaces, and may improve
grinding performance of an abrasive article incorporating the shaped abrasive
particles herein. The height variation can be calculated as the standard deviation of
height difference for a sample of shaped abrasive particles. In one particular
embodiment, the height variation of a sample can be at least about 20. For other
embodiments, the height variation can be greater, such as at least about 22, at least

about 24, at least about 26, at least about 28, at least about 30, at least about 32, or
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even at least about 34. Still, in one non-limiting embodiment, the height variation
may be not greater than about 180, such as not greater than about 150, or even not
greater than about 120. It will be appreciated that the height variation can be within a

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

According to another embodiment, the shaped abrasive particles herein,
including for example the particles of FIGs. 13 and 14 can have an ellipsoidal region
1317 in the upper surface 1303 of the body 1301. The ellipsoidal region 1317 can be
defined by a trench region 1318 that can extend around the upper surface 1303 and
define the ellipsoidal region 1317. The ellipsoidal region 1317 can encompass the
midpoint 1381. Moreover, it is thought that the ellipsoidal region 1317 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.

Moreover, the rake angle described in accordance with other embodiments
herein can be applicable to the body 1301. Likewise, all other features described
herein, such as the contours of side surfaces, upper surfaces, and bottom surfaces, the
upright orientation probability, primary aspect ratio, secondary aspect ratio, tertiary
aspect ratio, and composition, can be applicable to the exemplary shaped abrasive

particle illustrated in FIGs. 13 and 14.

While the foregoing features of height difference, height variation, and
normalized height difference have been described in relation to the abrasive particle
of FIGs. 13 and 14, it will be appreciated that such features can apply to any other
shaped abrasive particles described herein, including for example, abrasive particles

having a substantially trapezoidal two-dimensional shape.

The shaped abrasive particles of the embodiments herein may include a dopant
material, which can include an element or compound such as an alkali element,
alkaline earth element, rare earth element, hafnium, zirconium, niobium, tantalum,
molybdenum, vanadium, or a combination thereof. In one particular embodiment, the
dopant material includes an element or compound including an element such as
lithium, sodium, potassium, magnesium, calcium, strontium, barium, scandium,

yttrium, lanthanum, cesium, praseodymium, niobium, hafnium, zirconium, tantalum,
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molybdenum, vanadium, chromium, cobalt, iron, germanium, manganese, nickel,

titanium, zinc, and a combination thereof.

In certain instances, the shaped abrasive particles can be formed to have a
specific content of dopant material. For example, the body of a shaped abrasive
particle may include not greater than about 12 wt% for the total weight of the body.

In other instances, the amount of dopant material can be less, such as not greater than
about 11 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%,
or even not greater than about 5 wt% for the total weight of the body. In at least one
non-limiting embodiment, the amount of dopant material can be at least about 0.5
wt%, such at least about 1 wt%, at least about 1.3 wt%, at least about 1.8 wt%, at least
about 2 wt%, at least about 2.3 wt%, at least about 2.8 wt%, or even at least about 3
wt% for the total weight of the body. It will be appreciated that the amount of dopant
material within the body of the shaped abrasive particle can be within a range between

any of the minimum or maximum percentages noted above.
EXAMPLES

Example 1 is formed from a mixture having the following composition:

SiC 250g

Al203 7.5g

PVA soln(21%) 3.33¢g
PEG400 2.5¢
TEA 1.75¢

Water 205¢g

After mixing, the materials of the Example 1 composition are sintered at about
1910° C under a hot pressure process to form an article having greater than about 98%
theoretical density. Then, article is crushed, sieved, and incorporated into a resin
bond material to form abrasive segments representing bonded abrasive articles. The

abrasive segments of Example 1 are tested against a wet titanium alloy workpiece and
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a dry white cast iron workpiece placed on a 2-axis hydraulic surface grinding machine
sold by Okamoto Corporation as model 618 DX. The table speed of the grinder is
60 feet/minute at an infeed (i.e., cut depth) of about 0.0005 inches for the titanium
alloy workpiece and an infeed of about 0.0015 inches for the white cast iron
workpiece. Abrasive segments of Example 1 are tested against the state of the art
abrasives. The results of the testing of Example 1 and the state of the art abrasives are

shown in FIG. 15 and FIG. 16.

FIG. 15 includes a bar chart 1500 that illustrates a G-ratio for various bonded
abrasive grinding wheels, including an Example 1 grinding wheel. A first bonded
abrasive grinding wheel includes black silicon carbide (37C) particles contained
within a bond material. A second bonded abrasive grinding wheel includes hot
pressed silicon carbide (HP-SiC) particles contained within the bond material. A third
bonded abrasive grinding wheel includes liquid phase sintered silicon carbide (LPS-
SiC) particles, according to Example 1, contained within the bond material. A fourth
bonded abrasive grinding wheel includes LPS-SiC particles, according to Example 1,
contained within the bond material. A fifth bonded abrasive wheel includes standard

alumina particles contained within the bond material.

As shown, the first bonded abrasive wheel has a G-ratio of about 100. The
second bonded abrasive wheel has a G-ratio of about 122.80. The third bonded
abrasive wheel has a G-ratio of about 336.80. The fourth bonded abrasive wheel has
a G-ratio of about 327.20. Finally, the fifth bonded abrasive wheel has a G-ratio of
about 220.40.

FIG. 16 includes a bar chart 1600 that illustrates a G-ratio for various bonded
abrasive grinding wheels used to grind a white cast iron. The first bonded abrasive
grinding wheel included black silicon carbide (37C) particles contained within a bond
material. The second bonded abrasive grinding wheel included hot pressed silicon
carbide (HP-SiC) particles contained within the bond material. The third bonded
abrasive grinding wheel included liquid phase sintered silicon carbide (LLPS-SiC)
particles, according to Example 1, contained within the bond material. The fourth
bonded abrasive grinding wheel included LPS-SiC particles, according to Example 1,
contained within the bond material. The fifth bonded abrasive wheel can include

standard alumina particles contained within the bond material.
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As shown, the first bonded abrasive wheel included a G-ratio of about 100.
The second bonded abrasive wheel included a G-ratio of about 120.40. The third
bonded abrasive wheel included a G-ratio of about 583.54. The fourth bonded
abrasive wheel included a G-ratio of about 641.79. Finally, the fifth bonded abrasive

wheel can include a G-ratio of about 539.18.

The grinding wheels for Example 1 and the fourth bonded abrasive wheel also
including liquid phase sintered silicon carbide abrasive grains demonstrate improved
grinding performance when compared to that of the comparative wheels. In
particular, with respect to the grinding of a titanium alloy workpiece, the relative
performance ratios of the abrasive wheels having liquid phase sintered silicon carbide
abrasive particles have an improvement of almost 3 times that of the wheel including
solid state silicon carbide abrasives. Furthermore, with respect to the grinding of a
white cast iron workpiece, the relative performance ratios of the abrasive wheels
having liquid phase sintered silicon carbide abrasive grains have an almost 5 times
improvement over the solid state silicon carbide abrasive grains. The abrasive wheels
having liquid phase sintered silicon carbide abrasive particles demonstrate
improvement over abrasive wheels having other abrasive content, such as the alumina
grains of the fifth wheel and the black silicon carbide grains of the first wheel, when

grinding the titanium workpiece or the white cast iron workpiece.

The foregoing embodiments are directed to abrasive grains that represent a
departure from the state-of-the-art. In particular, it is typically expected that solid
state silicon carbide abrasive grains will outperform liquid phase sintered silicon
carbide abrasive grains because the solid state grains have an increased hardness and
density with respect to the liquid phase sintered silicon carbide abrasive grains.
However, as demonstrated in FIG. 15 and FIG. 16, the liquid phase sintered silicon
carbide abrasive grains outperform the solid state silicon carbide grains. Without
being bound to a particular theory, the improved performance of the liquid phase
sintered silicon carbide abrasive grains can be due to the solid state silicon carbide
abrasive grains being too hard and breaking as larger pieces as opposed to the liquid
phase sintered silicon carbide abrasive grains that break into smaller pieces along the
grain boundaries. For example, as seen in FIG. 3, the grain boundaries of the etched

liquid phase sintered silicon carbide abrasive particle are more clearly defined than
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the grain boundaries of the etched solid state silicon carbide abrasive particles of FIG.
5. Accordingly, as the liquid phase sintered silicon carbide abrasive grains are used
during grinding, less material is removed from the abrasive wheel as opposed to the
larger amounts of abrasive material being removed from the wheels having solid state

silicon carbide grains.
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WHAT IS CLAIMED IS:

1. An abrasive article comprising:

a bonded abrasive body having abrasive particles contained within a bond
material, the abrasive particles comprising silicon carbide and
essentially free of carbon-based and boron-based sintering aid

5 materials.

2. An abrasive article comprising:
a bonded abrasive body having abrasive particles contained within a bond
material, the abrasive particle consisting essentially of silicon carbide
10 and aluminum oxide in a ratio of silicon carbide to alumina of at least

about 8:1, and the bond material comprising phenolic resin.

3. An abrasive article comprising:

a bonded abrasive body having abrasive particles contained within a bond
15  material, the abrasive particle made of silicon carbide grains and an oxide phase
disposed interstitially between the grains of silicon carbide, wherein the bond material

comprises phenolic resin.

4. The abrasive article of claim 1, 2, or 3, wherein the abrasive particles are
essentially free of silica, phosphates, phosphides, alkali elements, alkaline earth

20 elements, transition metal elements, silicides, aluminides, or a combination thereof.

5. The abrasive article of claims 1, 2, 3, or 4, wherein the abrasive particles
comprise at least about 90 wt% silicon carbide, at least about 92 wt% silicon carbide,

or at least about 93 wt% silicon carbide.

6. The abrasive article of claim 1 or 3, wherein the abrasive particles consist

25  essentially of silicon carbide and alumina.

7. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise a ratio of silicon carbide to alumina of at least about 8:1,

at least about 9:1, or at least about 10:1.
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8. The abrasive article of any one of the preceding claims, wherein the

abrasive particles comprise liquid phase sintered silicon carbide (LLPS-SiC).

9. The abrasive article of claim 8, wherein the abrasive particles consist

essentially of liquid phase sintered silicon carbide (I.LPS-SiC).

10. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise an average particle size of at least about 0.1 microns, at
least about 1 micron, at least about 3 microns, at least about 8 microns, at least about
12 microns, at least about 20 microns, at least about 25 microns, at least about 30
microns, at least about 35 microns, at least about 40 microns, or even at least about 50

microns.

11. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise an average particle size of not greater than about 3000
microns, not greater than about 2500 microns, not greater than about 1700 microns,
not greater than about 1100 microns, not greater than about 800 microns, not greater
than about 500 microns, not greater than about 425 microns, not greater than about
375 microns, not greater than about 320 microns, not greater than about 200 microns,

or even not greater than about 90 microns.

12. The abrasive article of claim 1 or 3, wherein the abrasive particles

comprise an oxide.

13. The abrasive article of claim 12, wherein the oxide comprises alumina.

14. The abrasive article of claim 12 or 13, wherein the oxide consists

essentially of alumina.

15. The abrasive article of claim 12, 13, or 14, wherein the oxide is an

interstitial phase between grains of silicon carbide.

16. The abrasive article of any one of claims 1, 3, and 12-15, wherein the

abrasive particles comprise a content of an oxide of not greater than about 5 wt%, not
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greater than about 4.5 wt%, not greater than about 4 wt%, not greater than about 3.5

wt%, or even not greater than about 3 wt% for the total weight of the particles.

17. The abrasive article of any one of claims 1, 3, and 12-16 , wherein the
abrasive particles comprise a content of an oxide of at least about 0.1 wt%, at least
about 0.5 wt%, at least about 0.8 wt%, at least about 1 wt%, at least about 1.5 wt% for

the total weight of the particles.

18. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise a theoretical density of at least about 96%, at least about

97%, at least about 98%, at least about 99%.

19. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise a strength of at least about 400MPa, at least about 500
Mpa, 700 MPa, at least about 750 MPa, at least about 800 MPa, at least about 825
MPa, or even at least about 850 MPa, wherein strength is measured as a Modulus of

Rupture by a 4 point bend test.

20. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise a strength of not greater than about 1200 MPa, or even not
greater than about 1100 MPa, wherein strength is measured as a Modulus of Rupture

by a 4 point bend test.

21. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise a Knoop hardness of at least about 27 kgf/mm?, such at

least about 28 kgf/mmz, at least about 29 kgf/mmz.

22. The abrasive article of any one of the preceding claims, wherein the
abrasive particles comprise a Knoop hardness of not greater than about 35 kgf/mmz,

such not greater than about 32 kgf/mmz, or not greater than about 30 kgf/mmz.

23. The abrasive article of claim 1 or 2, wherein the abrasive particles
comprise silicon carbide grains, wherein the silicon carbide grains have an average

grain size of at least about 0.01 microns, at least about 0.05 microns, at least about 0.1
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microns, at least about 0.4 microns, at least about 0.6 microns, or even at least about 1

micron.

24. The abrasive article of claim 1, 2, or 23, wherein the abrasive particles
comprise silicon carbide grains, wherein the silicon carbide grains have an average
grain size of not greater than about 100 microns, not greater than about 50 microns,
not greater than about 25 microns, not greater than about 10 microns, or not greater

than about 1 micron.

25. The abrasive article of claim 1, wherein the bond material comprises an

organic material.

26. The abrasive article of claim 25, wherein the bond material comprises a

polymer.

27. The abrasive article of claim 25 or 26, wherein the bond material

comprises a thermosetting polymer.

28. The abrasive article of claim 25, 26, or 27, wherein the bond material

comprises formaldehyde.

29. The abrasive article of any one of claims 25-28, wherein the bond material

comprises a resin.

30. The abrasive article of claim 29, wherein the bond material comprises

phenolic resin.

31. The abrasive article of any one of the preceding claims, wherein the bond
material comprises a hybrid bond comprising an inorganic material and an organic

material.

32. The abrasive article of claim 1, wherein the bond material comprises a

metal or metal alloy.

PCT/US2012/045166
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33. The abrasive article of claim 1, wherein the bond material comprises a

vitreous material.

34. The abrasive article of claim 1, wherein the bond material comprises an

oxide.

5 35. An abrasive article comprising:

a bonded abrasive body having abrasive particles contained within a bond
material, wherein the abrasive particles include liquid phase sintered
silicon carbide; and

wherein the body comprises a G-ratio of at least about 200 for grinding a

10 workpiece comprising metal, at a constant infeed speed, for a depth of
cut of at least about 0.0005 inches, wherein the G-ratio is a measure of
weight of material removed from a workpiece to weight of material

lost from the bonded abrasive body.

36. The abrasive article of claim 35, wherein the G-ratio is at least about 210,
15  atleast about 225, at least about 250, at least about 275, at least about 290, at least

about 300, at least about 310, or even at least about 320.

37. The abrasive article of claim 35 or 36, wherein the G-ratio is not greater

than about 1000, or not greater than about 900.

38. The abrasive article of claim 35, 36, or 37, wherein the G-ratio is within a
20 range between about 150 and 400, within a range between about 175 and about 400,
within a range between about 200 and about 400, within a range between about 225
and about 400, within a range between about 250 and about 400 for a workpiece

comprising Ti.

39. The abrasive article of any one of claims 35-38, wherein the G-ratio is
25  within a range between about 150 and about 800, within a range between about 200
and about 800, within a range between about 400 and about 800, or between about
500 and about 800, within a range between about 550 and about 700 for a workpiece

comprising white cast iron.
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40. The abrasive article of any one of claims 35-39, wherein the abrasive

particles consist essentially of liquid phase sintered silicon carbide and alumina.

41. The abrasive article of any one of claims 35-40, wherein the bond material

comprises an organic material.

5 42. An abrasive article comprising:

a bonded abrasive body having abrasive particles contained within a bond
material, wherein the abrasive particles include liquid phase sintered
silicon carbide; and

wherein the body has a G-ratio of at least about 2 times the G-ratio of a body

10 including solid-phase sintered silicon carbide abrasive particles during
grinding of titanium workpiece, at a table speed of at least about 60
inches per minute, at a depth of cut of at least 0.0005 inches, wherein
the G-ratio is a measure of weight of material removed from a

workpiece to weight of material lost from the bonded abrasive body.

15 43. The abrasive article of claim 42, wherein the body has a G-ratio of at least
about 2.5 times, at least about 3 times, at least about 4 times, or at least about 5 times
of a body including solid-phase sintered silicon carbide abrasive particles during

grinding of the titanium workpiece.

44. An abrasive article comprising:

20 a bonded abrasive body having abrasive particles contained within a bond
material, the abrasive particle comprising silicon carbide and
essentially free of carbon-based and boron-based sintering aid
materials; and

wherein the body comprises a Q-ratio of at least about 200 for grinding a

25 workpiece comprising metal, at a table speed of at least about 60
inches per minute, at a depth of cut of at least 0.0005 inches, wherein
the Q-ratio is a measure of weight of material removed from a

workpiece to weight of material lost from the bonded abrasive body.

30
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45. A method of forming liquid phase sintered silicon carbide abrasive
particles comprising:

forming a dry mixture of silicon carbide and a sintering aid, wherein
the sintering aid is essentially free of boron and carbon;

5 forming a wet mixture of the silicon carbide, the sintering aid, and at

least one carrier liquid;

treating the wet mixture in a liquid phase sintering process to form a
ceramic article; and

crushing the ceramic article to form abrasive particles including silicon

10 carbide.

46. The abrasive article or method of any one of the preceding claims,
wherein at least a portion of the abrasive particles include a shaped abrasive

grain.
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