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BONDED ABRASIVE ARTICLE AND METHOD OF MAKING THE SAME

TECHNICAL FIELD
The following is directed to an abrasive article, and particularly, to an abrasive article
5 including a vitreous bond material, abrasive particles inchuding a superabrasive material, and
a plurality of pores, and a method of making the bonded abrasive article.
BACKGROUND ART
Bonded abrasive articles, sach as abrasive wheels, can be used for culting, grinding,
or shaping various materials. The industry continues to demand improved bonded abrasive
10 articles with high grinding precision, high efficiency and extended kfe time.
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.
i35 FIG. 1 includes an iHustration of a cross section of a body of an abrasive article
according to an ernbodiment.
F1G. 2A includes a graph illustrating the pore size distribution of a body according to
one embodiment.
FIG. 2B inclades a graph illostrating a pore size distribution of a body according to
20 one embodiment.
FIG. 3 includes a graph illustrating the particle size distribotion of the powder mixture
according o one embodiment.
FIG. 4A includes an optical microscope image of a section of a body according to one

embodiment.
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FIG. 4B inclodes an optical microscope image of a section of a comparative body.

FIG. § inclades an illustration of a shape of a body of the abrasive article according o
one embodiment.

FIG. 6 includes an tHustration of an abrasive article comprising a plurality of bedies
according o one embodiment.
30 FIG. 7 inchides a graph showing a relationship of the elastic modulos vs. porosity
according to embodiments.

FIG. § includes a graph showing a relationship of the Shore D hardness vs. porosity

according to embodiments.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

The foliowing description in combination with the figures is provided to assist in
anderstanding the teachings provided herein. The following disclosure will focus on specific
implementations and embodiments of the teachings. This focus is provided to assistin
describing the teachings and should not be interpreted as a limitation on the scope or
applicability of the teachings. However, other teachings can certainly be used in this
application.

As used herein, the terms “comprises,” “comprising,” Tinclades,” Vincluding,” Thas,”
“having” or any other variation thereof, are intended to cover a non-exclusive inclusion. For
example, a method, article, or apparatus that comprises a hist of features is not necessarily
himited only to those features but may include other features not expressiy listed or inherent
to such method, atticle, or apparatus. Purther, unless expressly stated to the contrary, "or”
refers to an inclusive-or and not to an exclusive-or. For example, a condition Aor B is
satisfied by any one of the following: A is true (or present) and B is false (or not present}, A
is false {or not present) and B is true {or present), and both A and B are true (or present).

Also, the use of 78" or "an” is employed o describe elements and components
described herein. This is done merely for convenience and to give a general sense of the
scope of the invention. This description should be read to include one or at least one and the
singular also includes the phural, or vice versa, unless it is clear that it 1s meant otherwise.
For example, when a single itemn is described herein, more than one item may be used in
place of a single item. Similarly, where more than one item is described herein, a single item
may be substituted for that more than one item.

Unless otherwise defined, all techoical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. The materials, methods, and examples are illustrative only and not intended to be
himating. To the extent that certain details regarding specific materials and processing acts
are not described, such details may include conventional approaches, which may be found in
reference books and other sources within the manufacturing arsts.

Embodiments disclosed herein are directed to an abrasive article comprising a body,
wherein the body can inclode a bond matenal comprising a vitreous matenal, abrasive
particles contained in the bond material, and & plurality of pores. In one aspect, the body can
comprise at least one of the following: a porosity of at least 40 vol% and not greater than 70
vol% for a total volume of the body; a content of abrasive particles of at least 10 wt% and not

greater than 95 wi% {or a total weight of the body; an average particle size (D50) of the
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abrasive particles of at least (.05 microns and not greater than 5 microns; an average pore
size (50} of the pharality of pores being at least 0.1 microns and not greater than 5 microns;
or any combination thereof. In a particular aspect, the abrasive article may be suitable for
high precision grinding.

In one embodiment, a method of forming the body of the abrasive article of the
present disclosure can comprise: providing a powder mixture including abrasive particles and
a bond material, the bond material inclading a vitreous material; filling the powder mixture
into a mold; applying pressure on the powder mixtare in the mold, and heating the pressed
powder mixture to a temperature of at feast 600°C,

In certain aspects, the powder mixture can be made by making an aqueous dispersion
of the abrasive particles and the bond material and conducting spray drving, freeze casting, or
freeze drying, or conducting high shear mixing of the dry or wet ingredients, grinding,
milling, sieving, filiering, or any combination thereof.

In one aspect, the powder mixture can have a water content of not greater than 5 wi%
based on the total weight of the powder mixture, or not greater than 4 wt%, or not greater
than 3 wt%, or not greater than 2 wit%.

In a particular aspect, the powder mixture can have an average particle size (D30) of
at least 0.5 microns, or at least 0.6 microns, or at least 0.8 microns, or at least | micron. In
another aspect, the D30 value may be not greater than 2 microns, or not greater than 1.5
micron, or not greater than 1.0 micron.

In one aspect, filling the powder mixture into the mold can include sequential filling
of the mold combined with agitation of the powder to form a pre-compacted powder mixturg
to reach the tap density of the powder mixture. As used herein, the tap density of the powder
mixtures is determined according to ASTM D7481.

In one aspect, the tap density of the pre-compacted powder mixture in the mold can be
at least .45 g/’cm3, or at least .50 g./'cm3, or at jeast .52 g/cmj, or at least §.54 g/cnf.

After the filling of the mold, the mold can be closed and a pressure may be applied to
press the powder mixture contained in the mold o a pre-determined volume, herein also
called “pressing to volome.”

In one embodiment, the pressing can be conducted by cold pressing. As used herein,
the term “cold pressing” means conducting pressing at room temperature or slightly elevated
temperature. In one aspect, cold-pressing can be conducted at a temperature of at least 20°C,
or at lgast 25°C or at least 30°C or at least 50°C, and not greater than 80°C, or not greater

than 60°C, or not greater than 40°C.
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In certain aspects, the applied pressure during cold pressing can be at least 40 MPa, or
at ieast 60 MPa, or at least 100 MPa, or at least 120 MPa. In another aspect, the applied
pressure may be not greater than 150 MPa, or not greater than 130 MPa, or not greater than
125 MPa.

In a further aspect, after cold-pressing the cold-pressed body can be removed from the
mold before conducting the heating. In a certain aspect, heating of the cold-pressed body can
be conducted at a maximam heating temperature of at least 620°C, or at least 650°C, or at
least 680°C, or at least 700°C. In another certain aspect, the maximum heating temperatare
may be not greater than 850°C, or not greater than 8G0°C, or not greater than 750°C.

As illustrated in F143., 1, the body (10) can comprise abrasive particles (11yand a
plurality of fine pores {12} evenly distributed within the bond material (13).

In one aspecy, the abrasive particles can coraprise a superabrasive material, for
example, diamond, cubic boron nitride, or a combination thereof. In a particular aspect, the
superabrasive material can include diamond. In a certain particular aspect, the superabrasive
material can consist essentially of diamond.

In one embodiment the average particle size (D530) of the abrasive particies can be at
least 0.1 microns, or at least at least 0.3 microns, or at least 0.4 microns, or at least 0.5
microns, or at least .8 microns, or at least 1 micron, or at least 1.5 microns, or at least 2
microns, or at least 3 microns. In another embodiment, the average particle size (DS8), may
be not greater than 3 microns or not greater than 4 muicrons, or not greater than 3 microns, or
not greater than 2.5 microns, or not greater than 2.0 microns, or not greater than 1.5 microns,
or not greater than 1.3 microns, or not greater than 1.0 micron, or not greater than (.9
microns, or not greater than (1.8 microns, or not greater than (.7 microns, or not greater than
0.6 microns. The average particle size (D50} of the abrasive particles may be a value
between any of the minimum and maxinnum values noted above. In a particular aspect, the
average particle size (D3() of the abrasive particles may be at least 0.3 microns and not
greater than 0.7 mdcrons.

In a further embodiment, an amount of the abrasive particles can be at least 15 wt%
based on the total weight of the body, such as at least 20 wt%, or at least 23 wt%, or at least
30 wi%, or at teast 35 wi%, or at least 40 wit%, or at least 45 wi%, or at least 50 wit%, or at
least 53 wi%, or a least 60 wit%. In another aspect, the amount of abrasive particles may be
not greater than 95 wi% based on the total weight of the body or not greater than 93 wit%, or
not greater than 90 wi%, or not greater than 85 wt%, or not greater than 80 wit%, or not

greater than 75 wi%, or not greater than 70 wit%, or not greater than 65 wit%, or not greater
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than 60 wt%, or not greater than 55 wit%, or not greater than 30 wi%. The amount of
abrasive particles can be a value between any of the minimum and maximum values noted
above.

In yet a further aspect, the amount of the abrasive particles may be at lsast 30 vol%
based on the total volume of the body, such as at least 35 vol%, at least 40 vol%, at least 45
vol%, or at least 50 vol%. In another aspect, the amount of abrasive particles may be not
greater than 65 vol%, or not greater than 60 vol%, or not greater than 5335 vol%, or not greater
than 50 vol%, or not greater than 43 vol%.

In a further embodiment, the porosity of the body can be at least 48 vol% based on the
total volume of the body, or at least 41 vol%, or at least 42 vol%, or at least 43 vol%, or at
least 44 vol%, or at least 45 vol%, or at least 46 vol%, or at least 47 vol%, or at least 48
vol%, or at least 49 vol%, or at least 30 vol%. in another erabodiment, the porosity of the
body may be not greater than 7( vol%, or not greater than 63 vol%, or not greater than 60
vol%, or not greater than 58 vol%, or not greater than 36 vol%, or not greater than 33 vol%,
or not greater than 54 vol%, or not greater than 33 vol%, or not greater than 52 vol%, or not
greater than 51 vol%, or not greater than 50 vol%. The porosity of the body can be a value
between any of the minimum and maximum values noted above. In a particular aspect, the
porosity can be at least 32 vol% to not greater than 60 vol% based on the total volume of the
body. As used hergin, the term “porosity” (unless indicated otherwise) relates to the sam of
pores having a pore size of at least 3 nro and being determined by the Archimedes method,

called herein also “open porosity.”

In a certain embodiment, a ratio of the total porosity Pt (sum of open and closed
porosity) to the open porosity Po of the body [Py : P.] may be not greater than 1.25, such as
not greater than 1.11 or not greater than 1.05 or not greater than 1.01. Closed porosity is
defined as the sum of the pores smaller than 3 nm or of larger discrete isolated pores
contained entirely within the body which cannot be detected by the Archimedes method used
for the porosity testing.

In one embodiment, the average pore size (1250 of the body can be at feast 0.1
microns, or at least 0.2 microns, or at least 0.3 microns, or at least 0.5 microns, or at least 0.8
microns, or at least 1 mucron, or at least S microns, or at least 10 microus, or at least 15
microns, or at least 20 microns, or at least 30 microns. In vet another embodiment, the
average pore size may be not greater than 30 microns, or not greater than 45 microns, of not
greater than 40 microns, or not greater than 30 microns, or not greater than 20 microns, or not

greater than 10 microns, or not greater than 3 microns, or not greater than 2 microns, or not
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greater than 1.5 microns, or not greater than 1.0 micron. The average pore size (D50) can be
a value between any of the minimum and maximum values noted above, such as at least 0.1
microns and not greater than 50 microns, at least 0.2 microns and not greater than 5 microns,
or at least (0.3 microns and not greater than 0.9 micron.

In a further ermmbodunent, the 1oh percentile (D10} value of the pore size of the body
can be at least 0.05 microns, or at least 0.1 microns, such as at least 0.2 microns, or at least
(.3 nucrons, or at least 0.5 nucrons, or at least (1.8 nucrons, or at least 1 micron, or at least 3
microns. In another aspect, the D19 size can be not greater than 10 microns, or not greater
thar 5 microns or not greater than 1 micron, or not greater than 0.8 microns, or not greater
than (.5 microns. The D1{ pore size can be a value between any of the minimum and
maximum values noted above, such as from 0.1 microns to 4 microns, or from 8.1 mucrons to
1 micron, or from 0.2 microns to 8.7 microns.

In vet a further embodiment, the 90 N percentile value (D94) of the pore size can be at
least (0.5 microns, or at least 0.7 microns, or at least 1 muicron, or at least 3 microns, or at least
5 mmicrons, or at least 10 microns, or at least 20 maicrons, or at least 40 microns. In another
aspect, the D90 value may be not greater than 70 microns, or not greater than 50 microns, or
not greater than 30 microns, or not greater than 10 microns, or not greater than 5 microns, or
not greater than 1 micron, or not greater than 0.9 microns, or pot greater than (.8 microns.
The D90 pore size can be a value between any of the minimur and maximom valoes noted
above, such as from 0.5 mucrons to 60 microns, or from 0.5 microns (o 5 microns, or from 0.6
microns to microns to (.95 microns.

In a particular aspect, the 99" percentile (D99) value of the pore size of the body can
be not greater than 30 microns, such as not greater than 50 microns, or not greater than 10
niicrons, or not greater than 3 microns, or not greater than 1 micron, or not greater than .98
microns.

In another embodiment, the body can have a pore size distribution, wherein the
distance between the 100 percentile value (D10} of the pore size and the average pore size
(D50), i.e., DI0-D50, may be not greater than not greater than | micron, or not greater than
{1.5 microns, or not greater than .3 microns.

In vet another embodiment, the body can have a pore size distribuation, wherein the
distance between the average pore size (D30} and the gt percentile value (D90), Le., DSO-
D96, can be not greater than 1 micron, or not greater than 1.5 microns, or not greater than 0.4

Microns.
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In yet a further aspect, the pores can have a multi-modal size distribution, for
example, a bimodal or a trimodal size distribution.

In a further particular aspect, at least 95% of the plurality of pores of the body can
have a pore size between (.1 microns to | micron, such as at least 36%, or at least 37%, or at
feast 98%, or at least 99%, or at least 98.53%, or at least 99.9%.

The bond material of the body of the abrasive article may have a particular bond
chemistry that may facilitate improved manofacuuring and performance of the abrasive article
of the present disclosure. In ove embodiment, the bond material of the body can comprise a
vitreous material. In a particular embodiment, the bond material may consist essentially of a
vitreous matertal. As used herein, consisting essentially of a vitreous material means that at
least 99 vol% of the bond material are a vitreous material. The vitreous material can forma
vitreous phase during melting and may thereby bind the abrasive particles together. Typical
materials for forming a vitreous phase can include natural and synthetic minerals, metal
oxides, and non-metal oxides. Non-limiting examples of vitreous material can be glass
materials inclading Si0; as a majority oxide compound and two or more further oxides, for
example, ALOs, L0, Nax(, BoOs, Kb0O, Ba(y, or any combination thereof. In another
embodiment, the bond material may not be limited to a vitreous material and may forther
contain one or more other inorganic materials, for example, a ceramic, a cermet, a metal, a
metal alloy, or any combination thereof. Furthermore, the inorganic material can be an
amorphous material, a polyverystalline material, a monocrystalline material or any
combination thereof.

oanic bond

)

In one aspect, the bond material can comprise in addition o the inor
material an organic bond material, hereinafter also called organic binder. During heat
treatrment, the organic bond material may decompose and can create or assist in forming a
desired porosity in the sintered body. The organic bond material can be a natural material, a
synthetic material, a resin, an epoxy, a thermoset, a thermoplastic, an elastomer, or any
combination thereof. In a certain embodiment, the organic binder can include a polyether, a
phenolic resin, an epoxy resin, a polyester resin, a polyurethane, a polyester, a polyimide, a
polybenzimidazole, an aromatic polyamide, a modified phenolic resin {such as: epoxy
moditied and rubber modified resin, or phenolic resin blended with plasticizers), cornstarch,
or any combination thereof. In a certain aspect, the organic binder can be polyethylene
glvcol {PEG). In a particular aspect, the PEG can have a molecular weight of not greater than

18,000 or not greater than 15,000, or not greater than 10,000, or not greater than 8,000. In
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another particular aspect, the molecular weight of the PEG can be at least 1000, or at least
3000, or at least 5000, or at least 7000,

In one embodiment, an amount of the bond material in the abrasive body after heating
{sintering) the pressed body can be least § wt% based on the total weight of the body or at
feast 7 wi%, or at least 10 wi%, or at least 15 wt%, or at least 20 wit%, or at least 25 wit%, or
at least 30 wit%. In ancther embodiment, an amount of the bond material in the body may be
not greater than 90 wi% based on the total weight of the body, or not greater than 80 wt%, or
not greater than 70 wit%, or not greater than 60 wi%, or not greater than 30 wt%, or not
greater than 40 wit%, or not greater than 30 wi%, or not greater than 28 wi%, or not greater
than 135 wt%, or not greater than 10 wt%, or not greater than 8§ wt%. The amount of the bond
material may be any value of the minimuim and maximum valaes noted above. In a certain
aspect, the bond material in body can consist essentially of the vitreous bond material.
Consisting essentially of the vitreous bond material means herein that the bond material
contains not more than 1 wt% based on the total weight of the bond material a material which
is not a vitreous material. In a certain particalar aspect, the bond matenial can be a vitreous
bond material in an amount of at least 5 wt% and not greater than 10 wi% based on the total
weight of the bady.

In one embodiment, a weight percent ratio [Cy, : C,] of the bond material 1C] to the
abrasive particles [C,] can range trom 1:15 to 10:1n a particular aspect, the weight percent
ratio [Cn:Cy can range from 1:15 to 1:4, or from 1:15 o 1:10.

The body of the abrasive article of the present disclosure can have a density of at least

1.3 gfem’, such as at least 1.35 g/em’, or at least 1.40 g/em”, or at least 1.42 g/em’, or at least

]

1.46 g/’cn13, or at least 1.48 g,/'cmS. In another embodiment, the density of the body may be
not greater than 1.6 g/cmgﬁ, or not greater than 1.55 g/cm3, or not greater than 1.50 g_l'cmg', or
not greater than 1.45 g/’cm’ga The density of the body can be a value between any of the
rinimum and maximum values noted above.

The body of the abrasive article of the present disclosure can have an excellent
homogeneous microstructure. In one aspect, the body can have a normalized defect amount
{nDFA} of not greater than 3, or not greater than 3, or not greater than 1, the nDFA being a
total amount of particle agglomerates per mm” havin g a diameter size of 50 microns or
greater. In a particular aspect, the body can be free of defects having a diameter size of 50
microns or greater. As used herein, the term “defect” relates to unwanted particle
agglomerates of high density within the body and can be identified and counted in an SEM

image or optical microscope imnage taken from a cross-cut sarface of the body. The term
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defect is also interchangeably used herein with the term “agglomerate”, if not indicated
otherwise.

In another certain particular aspect, a defect within the body can be a particle
agglomerate having a diameter of 18 microns or greater, and the body can have a normalized
defect amount (nDFA) per rom” of not greater than 5, or not greater than 3, or not greater than
1. In a certain aspect, the body can be free of defects having a diameter size of 18 microns or
greater.In another embodiment, a material of the body of the abrasive article of the present
disclosure can have a Shore D hardness according to ASTM D2240 of at least 70, or at least
3, or at least 73, or at least 77,

In a further aspect, the material of the body may have an elastic modulus (EMOD;}
according to ASTM E1876 of at least 18 GPa, or at least 11 GPa, or at least 12 GPa, or at
feast 13 GPa, or at least 14 GPa.

It will be appreciated that the body may have any suitable size and shape as known in
the art and can be incorporated into various types of abrasive articles to form a bonded
abrasive article. For example, the body can be attached to a substrate, such as ahab of a
wheel to factlitate formation of a bonded abrasive grinding wheel.

In one embodiment, the body of the abrasive article of the present disclosure can
comprise a pharality of bodies, herein also called body segments, and the body segments may
be attached to a substrate.

In a certain embodiment, an abrasive article can comprise a substrate and a plurality
of bodies attached to the substrate, wherein each body of the plurality of bodies may
comprise superabrasive particles contained in a bond material including 2 vitreous material
and a plurality of pores. In a particular aspect, the plurality of bodies attached to the substrate
can comprise a Porosity Content Variation (PCV) value of not greater than 1.3. As used
herein, the PCY value is the standard deviation of the porosities of all bodies of the plurality
of bodies attached to the substrate, wherein at least a phirality of 8 bodies was tested and the
combined volume of the tested plurality of bodies s at least 0.43 e, In a certain aspect, the
PCY value may be not greater than 1.2, or not greater than 1.0, or not greater than {.8, or not
greater than 0.6, or not greater than 0.4, or not greater than 8.3, In a particaelar embodiment,
the amount of the phurality of bodies (herein also called segments} attached to the support of
the abrasive article can be at least 40 bodies, or at least 45 bodies, or at least 48 bodies, or at
least 30 bodies, or at least 100 bodies, or at least 150 bodies, or at least 200 bodies. In
another aspect, the amount of plurality of bodies may be not greater than 560 bodies, or not

greater than 300 bodies, or not greater than 100 bodies, or not greater than 70 bodies, or not
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greater than 50 bodies. The amount of the plurality of bodies of the abrasive article can be
number between any of the minimum and maximum number noted above.

In one aspect, a material of the substrate can include aluminum or steel. In another
aspect, the phirality of bodies may be attached to the substrate by an adhesive, for example,
an epoxy-adhesive.

In a further embodiment, a batch of bodies can comprise a plurality of bodies, wherein
each body of the plurality of bodies may comprise superabrasive particles contained in a bond
material including a vitreous material; has a plurality of pores; and may have a total volame
of at least 0.20 cm’, wherein the Porosity Content Variation (PCV) value of the plurality of
bodies may be not greater than 1.3, In a certain aspect, the total volume of each body can be
at least 0.25 cnt’, or at least 0.3 cms, or at Jeast 0.5 cmS, or at least 0.7 cm3, or at least | cm3,
or at feast 3 cnf, or at least 10 cmf%, or at least 17 cm’. Tn anothe aspect, the total volume of
each body may be not greater than 20 ent’, or not greater than 15 cmt’, e not greater than 16
em’, or not greater than 3 em’, or not greater than 1 cm’, or not greater than 0.5 em’, or not
greater than 0.3 em’. The PCV value m ay be a number between any of the minimum and
maximum values noted above.

In another embodiment, the present disclosure is directed to a plurality of abrasive
articles, wherein each abrasive article of the plurality of articles can comprise a substrate and
a plurality of bodies attached to the substrate as described above, and a Porosity Content
Variation (PCV) of all bodies of the plurality of abrasive articles may be not greater than 1.3,
In a certain aspect, the plurality of abrasive articles can be at least 3 abrasive articles, or at
least 5 abrasive articles, or at least 10 abrasive articles, or at least 20, or at least 30, or at least
530, wherein each abrasive article can comprise at least 43 hodies attached to the substrate.

The abrasive article can be configured to conduct a material removal operationon a
wafer comprising silicon or a ceramic material selected from the group consisting of oxides,
carbides, nitrides, borides, or any combination thereof.

In one particalar aspect, a material removal operation on a silicon carbide wafer or
stlicon carbide ingot can be conducted using the abrasive article to obtain an average surface
roughness Ra of not greater than 50A, such as not greater than 40A, not greater than 30A, not
greater than 25A, not greater than 204, or not greater than 1SA, or not greater than 10A.

In a certain aspect, the abrasive article can he a {ixed abrasive vertical spindle
(FAVS), suitable for precision grinding under low force and with a low sub-surface damage.
In one embodiment, the abrasive article can being adapted to remove material from a silicon

carbide water having a diameter of at least 200 mm with a total thickness variation of not

10



10

20

[\
Lo

36

WO 2022/011234 PCT/US2021/041048

greater than 2 microns, while the grinding performance moay a have G ratio of not greater than
1.0 at a force of 25 1bs.

Many different aspects and embodiments are possible. Some of those aspects and
embodiments are deseribed herein. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only illustrative and do not lirait the scope
of the present invention. Embodiments may be in accordance with any ong or more of the
embodiments as listed below.

EMBODIMENTS:

Embodiment 1. An abrasive article comprising: a body inclading a bond material,
abrasive particles, and a plurality of pores, wherein the bond material comprises a vitrgous
material; and the abrasive particles are contained in the bond material and comprise a
superabrasive material; and wherein the body comprises at least one of: a porosity of at least
40 voi% and not greater than 70 vol% for a total volume of the body; a content of abrasive
particles of at least 10 wt% and not greater than 94 wt% for a total weight of the bedy; an
average particle size (D50) of the abrasive particles of at least 0.05 microns and not greater
than 5 microns;
an average pore size {D50) of the plurality of pores being at least (.1 microns and not greater
than 5 microns; or any combination thereof.

Embodiment 2. An abrasive article comprising: a body inclading a bond matenal,
abrasive particles, and a plurality of pores, wherein the bond material coraprises a vitreous
material, and further wherein the abrasive particles are contained in the bond material and
comprise a superabrasive material, the abrasive particles further comprising an average
particle size (D30} of at least 0.1 microns and not greater than 5 roicrons, and wherein the
body comprises an amount of the abrasive particles of at least 15 wit% for a total weight of
the body.

Embodiment 3. An abrasive article comprising: a body inclading a bond matenal,
abrasive particles and a plurality of pores, wherein the bond material comprises a vitreous
material; the abrasive particles are contained in the bond material and comprise a
superabrasive material; the abrasive particles have an average particles size (D50) of at least
{.1 microns and not greater than § microns; a porosity of the body is at least 44 vol% and not
greater than 70 vol% for a total volume of the body; and wherein the porosity defines an
average pore size of at least (1.1 microns and not greater than 5 microns.

Embodiment 4. An abrasive article comprising: a substrate; and a plurality of bodies

attached to the substrate, wherein each body of the plurality of bodies comprises abrasive
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particles contained in a bond material including a vitreous material; and the plurality of
bodies comprises a plurality of pores, and a normalized Porosity Content Variation (PCV)
value of the plurality of bodies is not greater than 1.3.

Embodiment 3. A batch of bodies compnising: a plurality of bodies, wherein
each body of the plurality of bodies comprises abrasive particies contained in a bond material
including a vitreous material and a plurality of pores; the plurality of bodies has a combined
volume of at least .45 em™; and a Porosity Content Variation (PCV) value of the plorality of
bodies is not greater than 1.3,

Embodiment 6. The plurality of bodies of Embodiments 4 or 5, wherein the plurality
of bodies includes at least 15 bodies, or at least 30 bodies, or at least 40 bodies, or at least 45
bodies, or at leas 50 bodies, or at least 100 bodies, or at least 130 bodies, or at least 200
bodies.

Embodiment 7. The plurality of bodies of any one of Embodiments 4-6, wherein the
PCY value of the plurality of bodies is not greater than 1.2, or not greater than 1.0, or not
greater than 0.8, or not greater than 0.6, or not greater than .4, or not greater than 0.3, or not
greater than 0.2.

Embodiment 8. The plurality of bodies of any one of Embodiments 4-7, wherein a
total volume of each body of the plarality of bodies is at least (.03 em’, or at least 0.05 e,
or at least 0.1 cm® , or at least .2 cm3, or at least .25 cm3, or at least 0.3 em®, or at least 0.5
cms, orat least 0.7 cms‘, or at least 1 cmss or at jeast 3 cnf, or at least 10 cm3, or at least 12
em’.

Embodiment 9. The plurality of bodies of any one of Embodiments 4-7, wherein a
total volume of each body of the plurality of bodies is not greater than 20 e, or not greater
than 15 CmS, or not greater than 10 Cnf, or not greater than 5 cnf, or not greater than | cm’i,
or not greater than 0.5 em’, or not greater than 0.3 cm’.

Embodiment 10, A plurality of abrasive articles, wherein each abrasive article of the
plurality of abrasive articles comprises the plurality bodies of any one of Embodiments 4 to 9.

Embodiment 11. The plurality of abrasive articles of Embodiment 10, wherein an
amount of the plurality of abrasive articles is at least 5 abrasive articles, or at least 10
abrasive articles, or at least 20 abrasive articles, or at least 30 abrasive articles, or at feast 50
abrasive articles.

Embodiment 12. The plurality of abrasive articles of Embodiments 10 or 11, wherein
a Porosity Content Variation (PCV) value of all bodies of the plorality of articles is not

greater than 1.3,
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Embodiment 13. The abrasive article of any one of the preceding Embodiments,
whergin the abrasive particles include diamond, cubic boron nitride, or a combination thergof,
Embodiment $4. The abrasive article of Embodiment 13, wherein the abrasive

particles inclade diamond.

Embodiment 15, The abrasive article of Embodiment 14, wherein the abrasive
particles consist essentially of diamond.

Embodiment 16. The abrasive article of any one of Embodiments 2, 4, or §, wherein
the body comprises a porosity of at least 40 vol% and not greater than 70 vol% for a total
volume of the body.

Embodiment 17. The abrasive article of any one of Embodiments 1, 3 and 13,
wherein the porosity of the body is at least 41 vol% for a total volume of the body, or at least
42 vol%, or at least 43 vol%, or at least 44 vol%, or at least 45 vol%, or at feast 46 vol%, or
at least 47 vol%, or at least 48 vol%, or at least 49 vol%, or at least 50 vol%.

Embodiment 18. The abrasive article of any one of Embodiments 1, 3 and 16,
wherein the porosity of the body is not greater than 63 vol%, or not greater than 60 vol%, or
not greater than 58 vol%, or not greater than 56 vol%, or not greater than 33 vol%, or not
greater than 54 vol%, or not greater than 53 vol%, or not greater than 52 vol%, or not greater
thar 51 voi%, or not greater than 50 vol%.

Embodiment 19. The abrasive article of Embodiments 17 or 13, wherein the porosity
is a least 43 vol% and not greater than 60 vol%, or at least 50 vol% and not greater than 58

~
!

vol%, or at least 53 vol% and not greater than 57 vol%.

Embodiment 20. The abrasive article of any one of Embodiments 2, 4, and 5, wherein
the body coraprises a plarality of pores having an average pore size (D50) of at least 0.1
nicrons and not greater than 5 microns,

Embodiment 21. The abrasive article of Embodiments 1, 3, or 20, wherein the pores
have an average pore size (D50) of at least 0.3 microns, or at least .4 microns, or at least .5
oicrons, or at {east 0.8 roicrons, or at feast 1 micron, or at least 1.5 mucrons, or at least 2
MCIORS.

Embodiment 22. The abrasive article of Embodiments 1, 3, or 2{, wherein the pores
have an average pore size (D3{) of not greater than 4 microns or not greater than 3 microns,
or not greater than 2.3 microns, or not greater than 2.0 microns, or not greater than 1.3
niicrons, or not greater than 1.3 microns, or not greater than 1.0 microns, or not greater than

0.& microns.

i
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Embodiment 23. The abrasive article of any one of the preceding Embodiments,
wherein the plurality of pores has a D99 value of not greater than 20 microns, or not greater
than 10 microns, or not greater than 5 microns, or not greater than 1 microns, or not greater
than (.95 microns.

Embodiment 24. The abrasive article of any one of the preceding Embodiments,
wherein the plurality of pores have a D10-D30 range value of not greater than 1 micron or
not greater than .5 microns or not greater than 8.3 microns.

Embodiment 25. The abrasive article of any one of the preceding Embodiments,
wherein the plurality of pores have a D50-D90 range value of not greater than 1 micron or
not greater than (.5 microns or not greater than 0.4 microns.

Embodiment 26. The abrasive article of any one of the preceding Embodiments,
wherein at least 953% of the plurality of pores have a pore size between 0.1 microns to 1
micron, such as at least 96%, or at least 97%, or at least 98%, or at least 99%, or at least
99.5%, at least 99.9%, or 180%.

Embodiment 27. The abrasive article of any one of the preceding Embodiments,
wherein the plurality of pores define a multi-modal size distribution.

Embodiment 28. The abrasive article of Embodiment 27, wherein the plurality of
pores define a bimodal or a trimodal size distribution.

Embodiment 29. The abrasive article of any one of the preceding Embodiments,
wherein a ratio [Pt:Po] of the porosity of the body (Pt) to an open porosity (Po) of the body is
not greater than 1.25, such as not greater than 1.11 or not greater than 1.05 or not greater than
101

Embodiment 30. The abrasive article of any one of the preceding Embodiments,
wherein an amount of the abrasive particles is at least 15 wit% based on a total weight of the
body, or at least 20 wt%, or at least 25 wt%, or at least 30 wt%, or at least 35 wt%, or at least
40 wit%, or at least 45 witth, or at least 50 wi%, or at least 55 wit%, or at least 60 wi%.

Embodiment 31. The abrasive article of any one of the preceding Embodiments,
wherein an amount of the abrasive particles is not greater than 93 wt% based on a total
weight of the body, or not greater than 94 wt%, or not greater than 93 wit%, or not greater
than 92 wt%, or not greater than 90 wit%, or not greater than 85 wi%, or not greater than 80
wt% or not greater than 70 wt% or not greater than 63 wi% or not greater than 50 wt% or not
greater than 55 wt% or not greater than 50 wt% or not greater than 45 wi% or not greater than

40 wit%.
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Embodiment 32. The abrasive article of any one of the preceding Embodiments,
wherein an amount of the bond material is at least 5 wi% based on a total weight of the body,
at least 6 wit%, or at least 7 wit%, or at least 10 wi%, or at least 15 wt%, or at least 20 wi%, or
at Teast 25 wi%, or at least 30 wt%.

Embodiment 33. The abrasive article of any one of the preceding Embodiments,
wherein an amnount of the bond material is not greater than 93 wit% based on a total weight of
the body, or not greater than 92 wi%, or not greater than 91 wit%, or not greater than 90 wt%,
or not greater than 85 wt%, or not greater than 80 wit%, or not greater than 70 wi%, or not
greater than 60 wit¥%, or not greater than 50 w%, or not greater than 40 wi% or not greater
than 35 wit%, or not greater than 30 wt%, or not greater than 20 wt%, or not greater than 15
wit%, or not greater than 10 wi%, or not greater than 8 wt¥, or not greater than 6 wi%.

Embodiment 34. The abrasive article of any one of the preceding Embodiments,
wherein the bond material consists essentially of the vitreous material.

Embodiment 35. The abrasive article of any one of the preceding Embodiments,
wherein the bond material comprises an amorphous phase and/or a polyerystalline phase.

Embodiment 36. The abrasive article of any one of the preceding Embodiments,
wherein a weight percent ratio [ChiCa] of the bond material {CUb] to the abrasive particles
{Cajis atleast 1:15, oratleat 1:12, or at least 1:10, or at least 1:8, or at least 1:5.

Embodiment 37. The abrasive article of any one of the preceding Embodiments,
wherein a weight percent ratio [Ch:Ca] of the bond material [Ch] o the abrasive particles
{Ca] is not greater than 18:1 or not greater than 1:1, or not greater than 1:5, or not greater
than 1:10.

Embodiment 38. The abrasive article of Embodiments 36 or 37, wherein the weight
percent ratio {Ch:Ca] of the bond material {Cb] to the abrasive particles [Caf ranges from
1:15 10 101, or from 1:15t0 14, orfrom 1:15 0 1:10.

Embodiment 39. The abrasive article of any one of the preceding Embodiments,
wherein the body has a density of at Jeast 1.3 g/ e’ or at least 1.35 g.:’cm;: or at least 1.40
g_/'cnf, or at least 1.42 g/cmgﬁ, or at least 1.44 g/cm’j', or at least 31.46 gfcnf, or at least 1.48
glom’.

Embodiment 4. The abrasive article of any one of the preceding Embodiments,
wherein the body has a density of not greater than 1.6 g/ent’, or not greater than 1.55 glem’,
or not greater than 1.50 g/lem’, or not greater than 1.48 g/em’, or not greater than 1.45 g/em’.

Embodiment 41. The abrasive article of any one of the preceding Embodiments,

wherein the body comprises a normalized defect amount (nDVFA) of not greater than 3, or not

1
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greater than 3, or not greater than 1, the nDFA being a total amount of particle agglomerates
per mum?2 having a diameter size of 50 microns or greater.

Embodiment 42. The abrasive article of Embodiment 40, wherein the body is free of
defects having a diameter size of 30 microns or greater.

Embodiment 43. The abrasive article of any one of Embodirsents 1-40, wherein the
body comprises a normalized defect amount (nDFA) of not greater than 5, or not greater than
3, or not greater than 1, the nDFA being a total amount of particle agglomerates per mm?2
baving a diameter size of 18 microns or greater.

Embodiment 44. The abrasive article of Embodiment 43, wherein the body is free of
defects having a diameter size of 18 microns or greater.

Embodiment 43, The abrasive article of any one of the preceding Embodiments,
wherein the body is essentially free of ceria.

Embodiment 46. The abrasive article of Embodiment 43, wherein the body is free of
ceria.

Embodiment 47. The abrasive article of any one of the preceding Embodiments,
wherein a material of the body comprises a Shore D hardness according to ASTM D2240 of
at least 70, or at least 73, or at least 75, or at least 77.

Embodiment 48. The abrasive article of any one of the preceding Embodiments,
wherein a material of the body comprises an elastic modulus (EMOD)} according to ASTM
EI876 of at least 10 GPa, or at least 11 GPa, or at least 12 GPa, or at least 13 GPa, or at least
14 GPa.

Embodiment 49. The abrasive article of any one of the preceding Embodiments,
wherein the abrasive article is configured to conduct a material removal operation on a wafer
comprising silicon or a ceramic material selected from the group consisting of oxides,
carbides, nitrides, borides, or any combination thereof.

Embodiment 30. The abrastve article of Embodiment 49, wherein the abrasive article
is configared to conduct the material a removal operation on a silicon carbide wafer.

Embodiment 51. The abrasive article of Embodiment 50, the abrasive article being
adapted for conducting the material removal operation on a silicon carbide wafer to a surface
roughness Ra of not greater than 30A, or not greater than 25A, or not greater than 20A, or not
greater than 154, or not greater than 10A.

Embodiment 52. The abrasive article of Embodiments 50 or 51, the abrasive article
being adapted to remove material from a silicon carbide wafer having a diameter of at least

200 mm with a total thickness variation of not greater than 2 microns.
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Embodiment 53. The abrasive article of any one of Embodiments 4 and 6-52,
wherein the plurality of bodies is attached to the substrate by an adhesive.

Embodiment 54. The abrasive article of any one of Embodiments 4 and 6-53,
wherein a material of the substrate includes ahiminum or steel.

Embodiment 53, The abrasive article of any one of Erobodiments 4 and 6-54,
wherein the plurality of bedies comprises at least 45 bodies attached to the substrate, and the
substrate has a diameter of not greater than 11 inches.

Embodiment 56. The abrasive article of any one of the preceding Embodiments,
wherein an average particle size (D50) of the abrasive particies is at least 0.1 microns, or at
least at least 0.3 microns, or at least 0.4 microns, or at least 0.5 microns, or at least Q.8
microns, or at least 1 micron, or at least 1.5 mucrons, or at Jeast 2 moicrons, or at least 3
micTons.

~
Ji
i

Embodiment 57. The abrasive article of any one of the preceding Embodiments,

wherein an average particle size (D30) of the abrasive particies is not greater than 5 microns
or not greater than 4 microns or not greater than 3 microns or not greater than 2.5 microns, or
not greater than 2.0 microns, or not greater than 1.5 microns, or not greater than 1.3 microns,
or not greaier than 1.0 micron, or not greater than 0.9 microns, or not greater than 0.8
microns, or not greater than 0.7 microns, or not greater than 8.6 microns.

Embodiment 38, A method of forming an abrasive article, comprising:
formaing a body, wherein forming the body comprises:
providing a powder mixture including abrasive particles and a bond material, the bond
material including a vitreous material;
filling the powder mixture into a mold;
conducting cold-pressing to form a cold-pressed body having a pre-determined volurme; and
heating the cold-pressed body to a maximom heating temperature of at least 600°C to form
the body, wherein the abrasive particles comprise a superabrasive material and have a particle
size of at least .05 microns and not greater than 3 microns.

Embodiment 539. The method of Embeodiment 58, wherein the powder mixture
comprises a water content not greater than 3 wt% based on the total weight of the powder
mixtare.

Embodiment 60. The roethod of Ernbodiments 38 or 59, wherein cold-pressing is

conducted at a temperature of at least 20°C, or at least 25°C, or at least 30°C,or at least 40°C.
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Embodiment 51. The raethod of any one of Embodiments 58-60, wherein cold-
pressing is conducted at a temperature not greater than 80°C, or not greater than 60°C, or not
greater than 30°C, or not greater than 40°C.

Embodiment 62. The method of any one of Embodiments 38-61, wherein cold
pressing 18 conducted at a pressure of at least 40 MPa, or at least 100 MPa, or at least 120
MPa.

Embodiment 63. The method of any one of Embodiments §8-62, wherein cold
pressing is conducted at a pressure not greater than 150 MPa, or not greater than 130, or not
greater than 125 MPa.

Embodiment 64. The method of any one of Embodiments 38-63, wherein filling of
the mold comprises adding the powder mixture into the mold in at least two steps and pre-
compacting the powder mixture o rernove entrapped air.

Embodiment 65. The method of Embodiment 64, wherein filling of the mold with the
powder mixture comprises at least three steps.

Embodiment 66. The method of Embodiments 64 or 65, wherein {illing of the mold
with the powder mixture comprises pre-compacting the powder mixwure o a tap density of
the powder mixture,

Embodiment 67. The method of Embodiment 66, wherein the tap density of the
powder within the mold is at least 0.45 g/om’, or at least 0.50 g/eny’, or at least 0.52 g/om’, or
at least 0.54 glem’.

Embodiment 63. The method of any one of Embodiments 58-67, wherein the pre-
determined volume of the cold-pressed body corresponds to a density after heating of at least
1.3 g.:’cm;(, or at Jeast 1.35 g,"<:m3, or at least 1.40 g/cmg', or at least 1.42 g/cms, or at least 1.44
g/cmsa or at feast 1.46 g/’cnf.

Embodiment 69. The method of any one of Embodiments 58-68 wherein the pre-
determined volame of the cold-pressed body corresponds 1o a density after heating of not
greater than 1.6 g./'cmg, or not greater than 1.55 g./'cmg, or not greater than 1.50 g.:’cm;: or not
greater than 1.45 gfc,mS.

Embodiment 70. The method of any one of Embodiments 58-69, wherein the
maximum heating temperatore is at Jeast 620°C, or at least 650°C, or at least 680°C, or at
least 700°C.

Embodiment 71. The method of any one of Embodiments 38-70, wherein the
maximum heating temperature is not greater than 830 °C, or pot greater than 800 °C, or not

greater than 730°C.
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Embodiment 72. The moethod of any one of Embodiments 58-71, wherein the
abrasive particles consist essentially of diamond particles.

Embodiment 73. The method of any one of Embodiments 38-72, wherein an average
particle size (DS0) of the powder mixtore is at least (.5 microns, or at least (1.6 microns, or at

5 least (.8 microns or at least 1 micron.

Embodiment 74. The method of any one of Embodiments 58-73, wherein an average
particles size (D30) of the powder mixwre is not greater than 2 microns, or not greater than
1.5 microns, or not greater than 1.0 microns.

Embodiment 75. The method of any one of Embodiments 38-74, wherein a D90

160 valge of the powder mixture is not greater than 7 microns, or not greater than S microns, or
not greater than 4 microns.

Embodiment 76. The method of any one of Embodiments 58-75, wherein a D99
value of the powder mixture is not greater than 135 microns, or not greater than 10 microns, or
not greater than 9 microns.

i35 Embodiment 77. The method of any one of Embodiments 58-76, wherein the powder
mixture further comprises an organic hinder.

~ry
I

Embodiment 78. The method of Embodiment 77, wherein the organic binder includes
a polyether, a phenolic resin, an epoxy resin, a polyester resin, a polyurethane, a polyester, a
polyimide, a polybenzimidazole, an aromatic polyamide or any combination thereot.

20 Embodiment 79. The method of Embodiment 78, wherein the organic binder includes
a polyether.

Embodiment 80. The method of Embodiment 79, wherein the polyether includes
polyethylene glycol (PEG).

Embodiment 81. The method of any one of Embodiments 78-80, wherein an amount

[\
Lo

of the organic binder is at least 0.8 wit% based on the total weight of the powder mixture, or
at feast 1 wt%, or at least 1.5 wi%, or at least 2.0 wi%, or at least 3 wt%.

Embodiment §2. The method of any one of Embodiments 77-81, wherein an amount

of the organic binder is not greater than 10 wit% based on the total weight of the powder
mixtare, or not greater than 5 wt%, or not greater than 3 wt%.
36 Embodiment 83. The method of Embodiment 80, wherein a molecular weight of the
PEG is not greater than 13,000, or not greater than 13,000, or not greater than 10,000, or not
greater than 9000, or not greater than 8,000, or not greater 7,000,

Embodiment 84. The method of Embodiment 8{, wherein a molecular weight of the

PEG 1s at least 1000, or at least 3000, or at least 5000, or at least 7000, or at least 3000.
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Embodiment 85. The raethod of any one of BEmbodiments 58-84, wherein the powder
mixture is essentially free of ceria.

Embodiment 86. The method of Embodiment 85, wherein the powder mixture is free
of ceria.

5 Embodiment §7. The method of any one of Embodiments 38-86, wherein after

heating the body consists essentially of diamond particles and vitreous bond material,

Embodiment 83. The method of any one of Embodiments 58-87, further comprising
cotting the body after heating into a plurality of bodies.

Embodiment 89. The method of Embodiment 88, further comprising attaching the

10 plurahty of bodies to a substrate with an adhesive.

Embodiment 90. The method of Embodiments 88 or 89, wherein a Porosity Content
Variation (PCV) value of the plurality of bodies is not greater than 1.3,

EXAMPLES

Example 1

i35 A raw material powder having a particle size distribution as iHustrated in FEG. 3 was
used to create 10 body samples. The raw material powder was a homogeneous fine powder
mixture made from approximately 91.5 wt% diamond particles having an average particles
size (D50} of about 8.3 microns, 7.0 wt% of a vitreous material having an average particle
size of 2.5 microns, and 1.5 wt% of an organic binder (polyethvlene glycol).

20 A mold was filled with the 47.5 g of the raw material powder by adding the powder to
the mold in three steps combined with agitating the powder to obtain a desired tap density of
about 0.543 g/eny’.

After filling the mold, the mold was closed and the powder was cold pressed at room
temperature to a pre-calculated volume of 33 ent’. The applied pressure was about 9

tons/inch” (124 MPa) for about 10 seconds. After the cold-pressing, the pressed body was

[\
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removed from the mold and transferred to an oven. Heating of the pressed body was
conducted at a heat rate of 1°C/min up to 515°C, followed by a rate of 2°C/minup to a
temperature of 700°C, and maintained at 700°C for three hours.

A series of ten sintered bodies (samples 1 to 13} was made according the above

30 described process. The making of the body of sample 51 was well repeatable, such that the

standard deviation of the porosity values between the ten samples was 0.122, which is herein
also called the Porosity Content Variation (PCV} value. The measured density (weight
divided by volume} of gach body after heating and conling to room temperatire was 1.44
glemy
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Table 1
Sample | Density afier Cold Porosity Pove Distribution
Pressing and {vol% ]
Heating [g/ec]
St 1.44 55.1 9% of pore volume < lpm
52 1.44 55.16 9% of pore volume < lum
53 1.44 55.12 99% of pore volume < lym
sS4 1.44 55.27 99% of pore volurme < lym
55 1.44 55.03 39%0f pore volume < Tum
S6 1.44 55.13 9% of pore volume « lym
S7 1.44 55.15 99% of pore volume < lum
58 1.44 5518 99% of pore volume < lum
S9 1.44 54.91 9% of pore volume < lpm
S10 1.44 54.87 99% of pore volume < tum

All pore size distributions described herein were measured with a Micromeritics
AutoPore IV mercury porosimeter according to ASTM D4404-10. The porosity was
measured according the Archimedes method, via water saturation of the pores.

The porosity measurement was conducted by placing the sample body for about 2
hours in an oven at 80°C and irmmediately measuring the dry weight of the body (W) after
removing it from the oven. After measuring the dry weight, the body was placed ina
chamber including disulled water and immersed within the water, and the weight gain (Wi,)
of the bady by absorbing the water was followed with a scale. Once a stable weight of the
body within the water was obtained, the body war removed from the water and dried with a
damp cloth to remove excess water and the body was immediately weight again to obtain the
weight of the body saturated with the water (W), The porosity was calcudated by the
tollowing equation: P(%) = (Vioay W = V body tue / Viody W J X 100, wherein V poay w = Whs -
Wiea/ A and Ve = Wia/ & geo » G aeo being the theoretical density of the body without pores.
As theoretical density tor the bodies of Example 1 was calculated a vahie of 3.21 g/c;rf,
based on the amount of diamond and vitreous bond material and exclading the pore volume.
The densitigs of the bodies were calculated also based on the values obtained during
conducting the Archimedes method, by dividing the dry weight of the body (W) by the
volurne of the body (V oy w)-

The porosity values measured via the Archimedes method and recited in Table | and

2 relate to the open porosity of the measured samples, that means the pores accessible to the
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water. The percentage of the closed porosity (not reached by the water) was for all samples
below 1vol% based on the total volume of the bady. The closed porosity was calculated
based on the theoretical density (calculated density for zero porosity), the actual density, and
the measured “open” porosity via the above-deseribed Archimedes method.

Another series of 9 body samples (samples 511-519) was prepared the same way as
the samples of Table 1, except that the powder material was added to the mold in one step
and without agitating the powder to its tap density. A summary of the obtained porosities and
densities is shown in Table 2.

It can be seen in Table 2 that the obtained porosities had a much greater porosity
variation (between about 49% and 54%), with a standard deviation of 1.47 {corrgsponding to
a POV valoe of 1.47). It could be further observed by measuring the pore size distribution of
the bodies that more than 3% of the pore volume contributed to pores greater than 1 micron.

Similarly, the variation of the densities of the bodies after cold-pressing and heating was also

large, ranging from 1.48 to 1.62 glem’.
Table 2
Sample | Density after cold-pressing | Povosity | Pore Size Distribution
and heating [g/ce] {vol%]

51 1.48 5392 more than 3% of pore volume > 1 micron
Si2 1.49 53.49 more than 3% of pore volume > 1 micron
513 1.54 51.93 more than 3% of pore volume > 1 micron
S14 1.57 51.02 more than 3% of pore volume > 1 micron
S15 1.57 50.99 more than 3% of pore volume > | micron
516 1.38 50.76 more than 3% of pore volume > 1 mucron
S17 1.59 50.33 more than 3% of pore volume > 1 micron
S18 1.60 50.29 more than 3% of pore volume > 1 micron
519 1.62 49.61 more than 3% of pore volume > 1 micron
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Exampie 2

Investigation of Microstructure,

An SEM image of a section of a crosscut of Sample 9 of Example 1 is shown in FIG.
4A to illustrate the microstructure of the body. It can be seen that the body had a very
homogenous stracture, without any larger agglomerates of particles and without larger pores
or cracks. An image analysis made with Image] software showed that the cross-cut section of
the body shown in FIG. 4A contained no agglomerates (herein also called defects) having a
diameter size of 50 microns or larger within an area of 1 mn”

Fuarthermore, the analysis of the image of FIG. 4A with focus on detecting defects
having a size of 18 microns or greater revealed that the body contained less than 5 defects
within an area of 1 mum”, wherein an average of 3 images at different positions were taken for
the analysis.

In contrast, a comparative body is shown in FIG. 2B, which was made with the same
types and amount of starting ingredients {diamond particles, vitreous bond, organic binder)
but not prepared according to embodiments of the method disclosed herein. [t can be seen
that the microstructure is much more uneven. The image analysis of the microstracture of the
sample shown in FIG. 2B identified an amount of 200 defects per mm” with a diameter size
of 30 microns or greater.

The body of the sample shown in FIG. 4A was further analyzed by its pore size
distribution using a Micromeritics AutoPore IV mercury porosimeter according to
ASTM D4404-10.

A graph of the pore size distribution is shown in FIG. 2A, and the D10, D50, D90
and DY are suramarized in Table 3. The measured pore size distribution confirms the
homogeneous structure of the body shown in Fi{. 4A. [t can be seen that the body had a
narrow pore size distribution, wherein up to the D99 value all pores were smaller than 1
THCTON.

Table 3

Pove Size Distribution Sample @

D10 [microns] (.316
D50 [microns| 3,571
B9G Imicrons] 0.704
DO9 [microns] (1.916
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Exampie 3

Mechanical Properties with varying porosity.

A variety of bodies having a porosity between 52 and 59 percent were prepared and
tested for the mechanical propertiss Shore D Hardness and elastic moduolus (EMOD). The
5 bodies with different porosities were formed by varying the amount of powder mixture filled
into the mold, while pressing to the same volume, as described in Example 1.
A summary of the Shore D Hardness measurements of the body samples is shown in
FIG. 7. Tt can be seen that the highest Shore D hardness was obtained with bodies having a
porosity of around 53%. The Shore D hardness was measured according to ASTM-D2240.
10 A similar trend could be observed with regard to the elastic modulus (EMOD). The
best values also were observed at around 33% porosity, while with further increasing
porosity, the EMOD declined. The EMOD was determined according to ASTM-E1876.
Exampile 4

Assembline of an abrasive wheel,

i35 Sintered bodies made according to the description of Example 1, samples $1-314,
were cut into smaller body segments, herein also called a plurality of bodies, wherein each
body segment had the shape of about (1.5 inches length, $.125 inches height, and 0.25 inches
thickness, with rounded edges, as illustrated in FIG. 5.
The body segments were attached to the outer surface of a preformed wheel substrate
20 using an epoxy adhesive. An illustration of a wheel containing 48 attached body segments {a
plurality of 48 bodies) covering a round substrate area of a diameter of 11 inches is shown in
FIG. 6.
It will be appreciated that the body segment described and shown in this Example s

only one non-limiting embodiment, and the shape of the body segment and arrangement of

[\
Lo

the plurality of bodies on a substrate can have a large variety. Furthermorg, the abrasive
wheel can have a diameter size larger or smaller than 11 inches.

Exampile §

Testing of grinding performance.

The grinding performance of a representative body having a porosity of 52.8%
30 {sample $20) was compared with the grnnding performance of a body which was made by
over pressing (C1). Over pressing was conducted by increasing the amount of powder in the
mold and pressing to the same volume. A further comparative body (C2) was tested which

had a porosity similar as sample S20, but had a less homogeneous structure with a defect
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amount of about 22 defects per mm”.

Table 4
Sample Poraosity Amount of Max. Ra §' 1 Valley depth {L&}
ivol%] >80pm Defects Foree [ibs]
per mm’
520 52.8 0 56 17.5 118
2 46.6 0 >100
C3 50.0 22 26 21.0 1192

Abrasive wheels were prepared having the structure of the multi-segment wheel as
shown in FIG. 6, using as segments the body samples summarized in Table 4. The grinding
experiments were conducted with a Revasam 7TAF-HMG grinder, and used as subsirates
silicon carbide walers of 4H-N type having a diameter of 6 inches.

It can be seen {rom the results summarized in Table 4 that wheels made [rom the
over-pressed body required a too high maximum force (100 tbs) for the grinding. Although
comparative wheel C3 required a low maximurm force of 23 Ibs, the valley depth (sub-surface
induced damage of the wafer) was very high {1192 microns). Wheels of body sample 521
achieved an excelient surtace finish with a low surface roughness and an about ten times
lower valley depth as sample C3.

The foregoing embodiments are directed to bonded abrasive products, particularly for
precision grinding, which represent a departure from the state-otf-the-art.

Benefits, other advantages, and solations o problems have been described above with
regard to specific embodiments. However, the benefits, advantages, solutions to problems,
and any feature(s) that may cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a eritical, required, or essential feature of any or
all the claims. Reference herein to a material including one or more components raay be
interpreted to include at least one embodiment wherein the material consists essentially of the
one or morg components identified. The term “consisting essentially” will be interpreted to
inchide a composition incloding those materials identified and excluding all other materials
except in minority contents {(e.g., impurity contents}, which do not significantly alier the
properties of the material. Additionally, or in the alternative, in certain non-limiting
embodiments, any of the compositions identified herein may be essentially free of materials

that are not expressly disclosed. The embodiments herein include range of contents for
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certain components within a material, and it will be appreciated that the contents of the
components within a given material total 100%.

The specification and illustrations of the embodiments described herein are intended
to provide a general understanding of the stnucture of the various embodiments. The
specification and tHustrations are not intended to serve as an exhaunstive and comprehensive
description of all of the elements and featares of apparatus and systems that use the structares
or methods described herein. Separate embodiments may also be provided in combination in
a single embodiment, and conversely, various featares that are, for brevity, described in the
context of a single embodiment, may also be provided separately or in any subcombination.
Further, reference to values stated in ranges inchudes each and every value within that range.
Many other embodiments may be apparent to skilled artisans only after reading this
specification. Other erabodirnents may be used and derived from the disclosure, such thata
structural substitution, logical substitution, or another change may be made without departing
from the scope of the disclosare. Accordingly, the disclosure is to be regarded as illustrative

rather than restrictive.
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What is claimed is:
1. An abrasive article comprising:
a body including a bond material, abrasive particles, and a plurality of pores, wherein
the bond material coraprises a vitreous material; and
the abrasive particles are contained in the bond material and comprise a
superabrasive material;
and wherein the body comprises at least one of:
a porosity of at least 40 vol% and not greater than 70 vol% for a total
volurme of the bedy;
a content of abrasive particles of at least 10 wt% and not greater than
94 wit% tor a total weight of the body;
an average particle size (D50) of the abrasive particles of at least 0.03
microns and not greater than 5 microns;
an average pore size (D30} of the plurality of pores being at least 0.1
microns and not greater than 5 microns; or

any combination thereof.

2. 'The abrasive article of claira 1, wherein the porosity of the body is at least

48 vol% and not greater than 60 vol%.

.

3. The abrasive article of claims 1 or 2, wherein the average pore size {D350) of

the plarality of pores is not greater than 0.9 microns.

4. The abrasive article claims 1, 2 or 3, wherein the abrasive particles inclode

diamond, cubic boron nitride, or a combination thereof.

5. The abrasive article of claim 4, wherein the abrasive particles consist

essentially of diamond.

6. The abrasive article of claims 1, 2, or 3, wherein the bond material consists

essentially of a vitreous material.

7. The abrasive article of claims 1, 2, or 3, wherein the phurality of pores has a

D90 value of not greater than 1 micron.
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The abrastve article of clatms 1, 2, or 3, wherein an amount of the abrasive

particles is at least 85 wi% based on the total weight of the body.

The abrasive article of claims 1, 2, or 3, wherein an amount of the bond
material is at least 3 wi% and not greater than 15 wt% based on the total

weight of the body.

. The abrasive article of claims 1, 2, or 3, wherein a weight percent ratio [ChiCy]
of the bond material [C, ] to the abrasive particles {C,} ranges from 1115 to

1:10.

. The abrasive article of claims 1, 2, or 3, wherein the body comprises a
normalized defect amount (nDFA)} of not greater than 3, the nDFA being
defined as a total amount of particle agglomerates per mm™ having a diameter

size of 18 microns or greater.

. The abrasive article of claims 1, 2, or 3, wherein the abrasive article is
contigured to conduct the material a removal operation on a silicon carbide

wafer or a silicon carbide ingot.

. A method of forming an abrasive article, comprising:
forming a body, wherein forming the body comprises:

providing a powder mixture including abrasive particles and a
bond material, the bond material including a vitreous
material;

filling the powder mixture into a mold;

conducting cold-pressing of the powder mixture o a pre-
determined volume to obtain a cold-pressed body; and

heating the cold-pressed body to a maximum heating
temperature of at least 600°C to form the body,

wherein the abrasive particles comprise a superabrasive

material having a particle size of at least 0.05 microns and not

greater than 5 microns.

14. The method of claim 13, wherein filling of the mold with the powder mixture

comprises pre-compacting the powder mixture to a tap density of the powder

maxture.
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18, The method of claims 13 or 14, wherein an average particle size (D53) of the

powder mixiure is at least 0.5 microns and not greater than 2 microns.
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