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GRINDING BEADS AND METHOD OF PRODUCING THE SAME

Field of the Invention

[0001] The present invention relates generally to grinding media for milling
minerals and inorganic substances and, more particularly, to ceramic beads and balls

used in such milling operations.

Background of the Invention

[0002] The use of ceramic beads and balls in milling and grinding minerals
and inorganic substances is known. The beads and balls are preferably formed of
ceramic materials that exhibit high toughness, high hardness, good strength, and high
wear resistance. It is known to use beads and balls that are formed of alumina or
zirconia that is stabilized or partially stabilized by means of yttrium oxide, cerium
oxide, or magnesium oxide (among others). It is also known to use beads formed of
alumina-zirconia-silica and zirconium silicate.

[0003] The present invention provides grinding media and, more specifically,
beads formed of an alumina-zirconia composition having improved hardness and wear
resistance, as compared to milling media known heretofore. A composition with

better properties than conventional alumina-zirconia-silica is also demonstrated.

Summary of the Invention

[0004] In accordance with a preferred embodiment of the present invention,

there is provided a method of forming alumina-zirconia beads, comprising the steps
of:

(a) forming a slip comprised of about 50% to about 70% by weight
water and about 30% to about 50% by weight of a mixture of metal oxides, the

mixture comprised of:
about 20% to about 40% by weight of alumina,
about 9% to about 12% by weight of ceria, and
about 51% to about 68% of monoclinic zirconia;

(b) milling the slip;
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(c) adding manganese oxide (MnQO) to the slip in a concentration of
about 0.1% to about 1% by weight, based upon the final weight of the mixture of
metal oxides;

(d)  adding an ammonia-containing binding agent to the slip at a
concentration of about 1.1% by weight;

(e)  forming beads by dropping the slip into a calcium chloride
(CaCly) solution wherein drops of the slip gel into beads containing calcium oxide
(Ca0y;

® washing the beads until the calcium oxide (CaO) content of the
beads is between about 0.01% and about 0.8% by weight to the weight of the mixture
of the metal oxides;

(g)  drying the beads; and

(h)  firing the beads at a temperature ‘between about 1,320°C and
about 1,400°C for about 2 hours to about 8 hours.

[0005] In accordance with another aspect of the present invention, there is
provided a ceramic consisting essentially of:

about 51% to about 68% by weight ZrOy;

about 20% to about 40% by weight Al,Os;

about 9% to about 12% by weight CeQOy;

about 0.05% to about 0.2% by weight SiO;;

about 0.01% to about 0.1% by weight MgO;

about 0.1% to about 0.6% by weight MnO; and

about 0.01% to about 0.8% by weight CaO.
[0006] An advantage of the present invention are milling beads formed of
alumina-zirconia having improved hardness, compared to milling beads known
heretofore.
[0007] Another advantage of the present invention are milling beads, as
described above, having improved wear resistance.

[0008] Another advantage of the present invention are milling beads as

described above that produce reduced wear on milling equipment.
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[0009] These and other advantages will become apparent from the following
description of a preferred embodiment taken together with the accompanying

drawings and the appended claims.

Brief Description of the Drawings

[0010] The invention may take physical form in certain parts and arrangement
of parts, a preferred embodiment of which will be described in detail in the
specification and illustrated in the accompanying drawings which form a part hereof,
and wherein:

[0011] FIG. 1 is a graph showing the hardness of alumina-zirconia beads
produced in accordance with the present invention as compared to zirconia-alumina-
silica beads, Ce-TZP beads, and conventional alumina-zirconia compositions;

[0012] FIG. 2 is a graph showing the fracture toughness of alumina-zirconia
beads produced in accordance with the present invention as compared to zirconia-
alumina-silica beads, Ce-TZP beads, and conventional alumina-zirconia compositions;
[0013] FIG. 3 is a graph showing the hardness of alumina-zirconia beads
formed in accordance with the present invention as compared to Ce-TZP and zirconia-
alumina-silica beads; and

[0014] FIG. 4 is a graph showing the fracture toughness of alumina-zirconia
beads formed in accordance with the present invention as compared to Ce-TZP and
zirconia-alumina-silica beads.

Detailed Description of Preferred Embodiment

[0015] The present invention relates to alumina-zirconia and, more
particularly, to alumina-zirconia beads. Alumina-zirconia beads formed according to
the present invention preferably have the following chemical composition, by weight

percent;
about 51% to about 68% by weight ZrQ;;
about 20% to about 40% by weight Al,Os;
about 9% to about 12% by weight CeOy;
about 0.05% to about 0.2% by weight SiO;;
about 0.01% to about 0.1% by weight MgO;
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about 0.1% to about 0.6% by weight MnQO; and
about 0.01% to about 0.8% by weight CaO.

[0016] In accordance with one aspect of the present invention, the foregoing
ceramic is formed by a “sol-gel” process. In accordance with a preferred process,
high-surface area alumina (Al;O3) is milled in water until approximately 50% of the
particles within the alumina (Al,O3) have a diameter of about 0.40 microns (um) to
about 0.45 microns (um). In one embodiment, the alumina (Al,O3) particles have a
diameter of about 0.43 microns (pm). Water comprises about 60% by weight of the
resultant mixture of water and alumina (Al,O3). The milled alumina (Al;05) is then
added to a slip comprised of about 60% by weight of water and a milled mixture of
monoclinic zirconia and ceria. Within this mixture, ceria is about 15% by weight.
The milled alumina (Al,Os) is added to the mixture of monoclinic zirconia and ceria,
so as to produce a “slip” having about 30% by weight alumina (Al;Os3). The water,

alumina (Al,03), and ceria-zirconia are further milled.

[0017] Manganese oxide (MnO), in the form of a dry powder, is added to the
slip in a concentration range of about 0.1% to about 1% by weight, i.e., based upon the
final mixture weight of alumina (Al;03) and ceria-zirconia. The manganese oxide

(MnO) is added as a sintering aid as shall be described in greater detail below.

[0018] As will be appreciated by those skilled in the art, alumina (Al,O3) and
zirconia (ZrO,) typically contains small amounts of impurities, such as magnesium
oxide (MgO) and silicon dioxide (SiO;). These impurities exist in most alumina
(AL,03) and zirconia (ZrO,) in relatively small amounts. In accordance with one
aspect of the present invention, it is desirable that specific amounts of magnesium
oxide (MgO) be present in the resultant alumina-zirconia bead. Accordingly,
magnesium oxide (MgO) may be added to the aforementioned slip. Magnesium oxide
(MgO) is added as an exaggerated grain growth inhibitor and is preferably added such
that the magnesium oxide (MgO) concentration is about 0.02% to about 0.1% by
weight of the alumina (Al;O3) and ceria-zirconia. The addition of magnesium oxide
(MgO) to the slip may not be required if the alumina (Al,O3) within the slip contains

sufficient magnesium oxide (MgO) to meet the desired concentration range.
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[0019] The resultant slip mixture is then milled until the average particle
diameter of the alumina (AL,O3) and ceria-zirconia is about 0.40 microns (um) to
about 0.45 microns (um). In one embodiment, the slip is milled until the average
particle diameter of the alumina (Al,O3) and ceria-zirconia is about 0.43 microns
(pm). The water composition of the final mixture is preferably about 55% to 65% by
weight.

[0020] A binding agent is then added to the final slip mixture at a
concentration of about 1.1% by weight to form a sol. In accordance with one
embodiment of the present invention, an ammonia-based alginate, sold under the trade

name Collatex™, is added to the slip mixture.

[0021] Forming the ceramic beads comprises dropping the aforementioned
“sol” into a calcium chloride (CaCl,) solution, wherein drops of the sol gel into beads.
A chemical reaction between the ammonia-based alginate binder and the calcium
chloride solidifies the sol into relatively solid beads. These beads contain residual
calcium oxide (CaO) as a result of the sol-gel process. The resultant individual beads

have a size that can range between 0.5 mm and 5 mm.

[0022] The resultant beads are then washed until the calcium-oxide (CaO)
content of the beads is between about 0.01% and about 0.8% by weight relative to the
weight of the metal oxides within the beads. The resultant beads are then dried. The
dried beads are fired at a temperature of between about 1,320°C and about 1,400°C for
about 2 hours to about 8 hours. During the firing process, the silicon dioxide (SiO;)
and manganese oxide (MnO) within the sol (slip) act as sintering aids. The
magnesium oxide (MgO) and calcium oxide (CaQ) act as a stabilizer. Magnesium
oxide (MgO) also acts to inhibit exaggerated grain growth.

[0023] The resultant alumina-zirconia beads exhibit higher hardness than
conventionally formed alumina-zirconia compositions, while maintaining fracture
toughness suitable for milling and grinding operations and resulting in lower wear.
[0024] The present invention shall now be further described with respect to
specific examples of the present invention. Alumina-zirconia beads are formed

according to the foregoing process.
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[0025] More specifically, a high surface area alumina is milled in water until
the diameter of about 50% of the particles is about 0.43 microns. The resultant
mixture contains about 60% by weight water. The milled alumina is then added to a
milled mixture of ceria and zirconia so as to produce a “slip” having about 30% by
weight alumina. This slip is then further milled. Manganese oxide (sintering aid), as a
dry powder, is added to the slip in a concentration range of about 1% by weight, i.e.,
based on the final mixture weight of alumina, ceria and zirconia. MgO (MgOH) in a
concentration range of about 0.25%-0.4% by weight is then added to the alumina,
ceria and zirconia mixture. This final mixture is milled until the average particle
diameter is about 0.43 microns. The water composition of this final mixture is about
60% by weight. Collatex™ (binding agent) is added to this final mixture at a
concentration of about 1.1% by weight to form a sol. This sol (slip) is dropped into a
calcium chloride (CaCl,) solution. Beads are formed due to surface tension of the slip.
Beads are solidified by gelling due to a chemical reaction between the Collatex™
binder and the CaCl,. After the composition is sufficiently gelled so that the beads
can be handled, the beads are then washed, dried and fired. The firing temperature is
in the temperature range of 1,320°C to 1,400°C (for approximately 6 hours).

[0026] The alumina-zirconia beads formed according to the foregoing process

~ have the following composition:

Alumina-Zirconia
Element Weight %
ZrO, 57.74
AlLOs 30.38
CeQ, 10.68
MnO 0.26
CaO 0.69
SiO, 0.13
MgO 0.06
Fe,O3 0.05
TiO; 0.01
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[0027] As will be appreciated by those skilled in the art, Fe,03 and TiO,
components of the beads result from impurities typically found in alumina (Al,O3) and
zirconia (ZrOy).

[0028] FIG. 1 is a graph showing the hardness of alumina-zirconia beads
formed as described above compared to published data on known conventional
alumina-zirconia compositions, taken from Tsukuma et al., Strength and Fracture
Toughness of Y-TZP, Ce-TZP, Y-TZP/Al,Os, and Ce-TZP/Al,Os Advances in
Ceramics, Vol. 24; Science and Technology of Zirconia III, The American Ceramic
Society, Inc., 1988. As shown in FIG. 1, beads formed according to the present
invention exhibited hardness greater than the hardness properties of conventional
alumina-zirconia compositions.

[0029] FIG. 2 shows the fracture toughness for the same alumina-zirconia
beads. As illustrated in FIG. 2, the fracture toughness was slightly less than the
properties of conventional alumina-zirconia compositions, but still within the
acceptable range for grinding media.

[0030] FIGS. 3-4 compare the resultant alumina-zirconia beads against

conventional Ce-TZP beads and alumina-zirconia-silica beads having the following

compositions.
Alumina-
Ceria-TzP | 2000
Element Weight % Weight %
ZrO, 83.79 13.83
AlLO3 0.03 77.42
CeO, 15.28 --
MnO 0.34 --
CaOo 0.42 0.64
SiO, 0.09 6.39
MgO 0.02 0.11
Fe,03 0.01 0.34
TiO, 0.01 0.04
Y203 - 1.23
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[0031] As illustrated in FIGS. 3-4, the alumina-zirconia beads formed in
accordance with the present invention exceeded the Vickers hardness of conventional
Ce-TZP beads and of conventional alumina-zirconia-silica beads. Alumina-zirconia
beads formed in accordance with the present invention also exceeded fracture

toughness of conventional alumina-zirconia-silica beads.

[0032] Alumina-zirconia beads, formed as described above, are tested against
Ce-TZP beads (as described above) and conventional alumina-zirconia-silica beads in
a conventional mill. Testing indicates that the wear of commercially available
zirconium silicate beads is four to five times greater than the wear of alumina-zirconia
beads formed in accordance with the present invention. In addition, Y-TZP beads are
not directly compared based upon historical data indicating poor performance in
aqueous environments due to inherently low resistance to hydration.  As neither
composition is considered viable, results of the testing are not included here. The

following TABLE 1 compares wear characteristics of the respective beads.

TABLE 1
Average
Bead Weight Equipment
Loss Weight Loss Ratio Ratio
Equipment
Bead Type (% in 1h) (%/h) Bead Wear Wear
Alumina-Zirconia-
Silica 2.70 0.44 1 1
Ce-TZP 0.23 0.13 0.09 0.29
Alumina-Zirconia | 0.12 0.11 0.05 0.26
[0033] According to TABLE 1, wear resistance of alumina-zirconia beads

formed according to the disclosed process exceeds wear resistance of conventional Ce-
TZP beads and alumina-zirconia-silica beads. TABLE 1 also shows that alumina-
zirconia beads formed according to the disclosed process exhibit reduced wear of the
milling equipment as compared with wear of conventional Ce-TZP beads and

alumina-zirconia-silica beads.
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[0034] TABLE 1 also shows improvements in wear resistance of alumina-
zirconia beads formed according to the disclosed process versus conventional Ce-TZP
and alumina-zirconia-silica beads in a wear test with a sample of an ore slip.

[0035] The foregoing description is a specific embodiment of the present
invention. It should be appreciated that this embodiment is described for purposes of
illustration only, and that numerous alterations and modifications may be practiced by
those skilled in the art without departing from the spirit and scope of the invention. It
is intended that all such modifications and alterations be included insofar as they come

within the scope of the invention as claimed or the equivalents thereof.
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Having described the invention, the following is claimed:

L.

A method of forming alumina-zirconia beads, comprising the steps of:

(a)  forming a slip comprised of about 50% to about 70% by weight

water and about 30% to about 50% by weight of a mixture of metal oxides, said

mixture comprised of:

about 20% to about 40% by weight of alumina (Al,05),
about 9% to about 12% by weight ceria, and
about 51% to about 68% of monoclinic zirconia;
(b)  milling said slip;
) adding manganese oxide (MnO) to said slip in a concentration

of about 0.1% to about 1% by weight, based upon the final weight of said

mixture of metal oxides;

(d)  adding an ammonia-containing binding agent to said slip at a
concentration of about 1.1% by weight;

(e) forming beads by dropping said slip into a calcium chloride
(CaCly) solution wherein drops of said slip gel into beads containing calcium
oxide (Ca0);

® washing said beads until the CaO content of said beads is
between about 0.01% and about 0.8% by weight to said weight of said mixture
of said metal oxides;

(g)  drying said beads; and

(b)  firing said beads at a temperature between about 1,320°C and
about 1,400°C for about 2 hours to about 8 hours.

2. A method as defined in claim 1, wherein said mixture of metal oxides

includes about 0.05% to about 0.2% by weight of silicon dioxide (SiO) and about

0.01% to about 0.1% by weight of magnesium oxide (MgO).

3. A method as defined in claim 2, wherein said silicon dioxide (SiO;) and

magnesium oxide (MgO) are impurities in said alumina (Al,Os).
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4. A method as defined in claim 1, wherein said alumina (Al,O3) has an

average particle size of about 0.43 microns (um).

5. A method as defined in claim 1, wherein said metal oxides in said slip

have an average particle size of about 0.43 microns (um).

6. A ceramic consisting essentially of:
about 51% to about 68% by weight ZrO,;
about 20% to about 40% by weight Al,O3;
about 9% to about 12% by weight CeO,;
about 0.05% to about 0.2% by weight SiO,;
about 0.01% to about 0.1% by weight MgO;
about 0.1% to about 0.6% by weight MnO; and
about 0.01% to about 0.8% by weight CaO.
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