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Refractory Article and Method of Making

TECHNICAL FIELD

This invention relates to a sintered refractory product, which is particularly suitable
for the production of glass furnace superstructures.
BACKGROUND ART

Among refractory products, there are sintered products, well known for the
construction of glass-melting furnaces, and fused products. Unlike sintered products, fused
products usually comprise an intergranular vitreous phase binding crystallized grains. The
problems posed by sintered products and by fused products, and the technical solutions
adopted to overcome them, are therefore generally different. A composition developed for
fabricating a fused product is therefore not a priori usable as such for fabricating a sintered
product, and vice-versa.

Sintered products are obtained by mixing appropriate raw materials then crude
shaping this mixture and firing the resulting crude part at a sufficient temperature and for a
sufficient time to achieve the sintering of this crude part. Sintered products, depending on
their chemical composition, are designed f{or very varied industries.

Nuimerous sintered products are particularly suitable for the fabrication of glass
furnaces, chiefly for the superstructure, meaning the walls under the vault not in contact with
the sintered glass, and for the vault of glass furnaces.

In furnaces where the raw materials making up the glass are melted by flame burners,
there is a constant need to improve energy efficiency. The present invention aims to meet
this need.

SUMMARY

According to one aspect, a refractory article includes a body including a ceramic
having an aluminosilicate present in an amount of at least 70 wt% and not greater than 99
wt% for a total weight of the body, and the body furhter includes a dopant including a Mg-
containing oxide compound and a Fe-containing oxide compound, and the dopant is present

in an amount within a range including at least 1 wt% and not greater than 12 wt%.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 includes emissivity of certain samples according to embodiments.
FIG. 2 includes emissivity of certain samples according to embodiments.

FIG. 3 includes an emissivity spectra for a sample according to an embodiment.
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FIG. 4 includes an emissivity spectra for a sample according to an embodiment.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

A product according to the embodiments herein may contain hafnium oxide, HfO,,
which can be naturally present in sources of zirconia. The mass content of zirconia in the
article according to the embodiments can be less than or equal to 5%, generally not greater
than 2%. Zirconia or*ZrO,” conventionally means zirconia and these traces of hafnium
oxide. HfO, is therefore not included in the “other types of oxides”. “Impurities” mean the
unavoidable constituents, necessarily introduced with the raw materials or resulting from
reactions with these constituents. These impurities are not necessarily constituents but are
merely tolerated.

The “size” of a particle is the mean of its largest dimension dM and its smallest
dimension dm: (dM+dm)/2. The “maximum size” of a particle corresponds to the minimum
standard screen opening through which the said particle can pass. The “mean size” of a
mixture of particles is the size dividing the particles of this mixture into first and second
populations that are equal in number, these first and second populations containing only those
particles that have a greater or smaller size respectively than the mean size.

Reference herein to “chamotte” is a mixture of grains obtained from a product that is
sintered and crushed to the desired grain size. The sintered product can be specially prepared
or a manufacturing reject or even a used product that can be thus recycled.

Unless stated otherwise, all of the percentages of the present description are mass
percentages based on the oxides. In a sintered product according to the invention, the
presence of iron, expressed in the form of Fe,O5 and/or titanium oxide, expressed in the form
of TiO», in the contents according to the invention, allows, in combination with the other
constituents, a refractory product to be obtained that is particularly well suited for use in the
vault of a glass-melting furnace. However, at excessively high contents, the presence of
these oxides may be detrimental, and thus excessive amounts of such materials may be
limited.

The process for forming the articles of the embodiments herein, which may be
refractory articles designed for applications in glass-melting furnaces, can include the
following steps. For example, at step a), the raw materials are chosen based upon an intended
final composition of the article. The raw materials are weighed, combined in the desired
contents, and mixed together to form a mixture. The mixture may include binding agents,

such as an organic binding agent and/or deflocculants.
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Next, at step b), the mixture prepared at step a) can be poured into a mold then shaped
so as to form a crude part. The mold can be shaped so that the finally-formed article assumes
the form of a block having a mass of more than 5 kg, preferably more than 10 kg. Such
blocks are well suited to the applications in question, notably, for use as portions of glass-
melting furnaces.

Various shaping processes may be used. For example, shaping can include molding,
punching, pressing (e.g., isostatic pressing, uniaxial pressing, etc.), casting (e.g., slip casting,
gel casting, vibrocasting, etc.), or a combination of any of these techniques. In one
embodiment, shaping results from isostatic pressing at pressures of over 100 MPa. This
technique may enable a more reactive sintering, obtaining denser sintered products. The
apparent porosity of the sintered products can be below 15%, such as below 10% or below
5% or below 2%, or even below 1%. The shaping process can form a green body or crude
part, which will undergo further processing (e.g., sintering) before the final article is formed.

At step c) the crude part is sintered. Sintering is preferably performed at a
temperature of between 1400°C and 2500°C, in a reducing or oxidizing atmosphere. In at
least one embodimemt, sintering is conducted in a reducing atmosphere at atmospheric
pressure.

On completing sintering, a sintered article according to the embodiments herein is
formed. The sintered article may be in the form of a block, which may be a monolithic piece.
Alternatively, the sintered article can be a coating on another part. In still, another
embodiment, the sintered article can be a composite body. The composite body may include
a core and a coating overlying the core, as described in embodiments herein. The coating can
be formed after forming the crude part, but prior to sintering. Thus, the core and the coating
can be co-sintered or sintered simultaneously. Still, in an alternative embodiment, the core
can be formed and sintered first, and thereafter, the coating can be applied and sintered in a
separate operation from the sintering of the core.

The body of the article can have various dimensions, (for example a surface layer of a
thickness of less than 50 mm, less than 40mm, less than 30mm, for example of around 20
mm), notably a region that is exposed to the irradiation of the flames. The shape of the body
is not limiting. The body may have at least one dimension (thickness, length or width) of at
least 150 mm, preferably at least 200 mm, at least 400 mm, at least 600 mm, at least 800 mm
or at least 1000 mm, or even yet at least 1600 mm. In one embodiment, the thickness, length
and width of the body are at least 150 mm, such as at least 200 mm, or at least 300 mm, or at

least 400 mm.
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Preferably, the article forms part of the superstructure (vault) of a furnace, such as a
glass-melting furnace. The present disclosure is not limited only to the embodiments
described and provided by way of illustrative and non-limiting examples.

According to one embodiment, an article can be include a body including an
aluminosilicate and at least one dopant selected from the group consisting of Ni-containing
compounds, Ni-containing oxide compounds, Fe-containing compounds, Fe-containing oxide
compounds, Mg-containing compounds, Mg-containing oxide compounds, Mg containing
and Al-containing oxide compounds, La-containing compounds, La-containing oxide
compounds, Cr-containing compounds, Cr-containing oxide compounds, Mn-containing
compounds, Mn-containing oxide compounds, Ce-containing compounds, Ce-containing
oxide compounds, Sn-containing compounds, Sn-containing oxide compounds, Ti-containing
compounds, Ti-containing oxide compounds, Zr-containing compounds, Zr-containing oxide
compounds, spinel, and a combination thereof. It will be appreciated that the body can
include a combination of dopant materials and is not limited to one dopant. However, there
are embodiments herein that utilize only a single dopant material.

In yet another embodiment, the body can have a majority content by weight of the
aluminosilicate. For example, the body can include a content of the aluminosilicate of at
least about 51 wt% for a total weight of the body, such as at least 55 wt% or at least 60 wt%
or at least 65 wt% or at least 70 wt% or at least 75 wt% or at least 80 wt% or at least 85 wt%
or at least 88 wt% or at least 89 wt% or at least 90 wt% or at least 91 wt% or at least 92 wt%
or at least 93 wt% or at least 94 wt% or at least 95 wt% or at least 96 wt% or at least 97 wt%
or at least 98 wt%. Still, in at least one non-limiting embodiment, the body can include a
content of the aluminosilicate of not greater than 99 wt% for a total weight of the body, such
as not greater than 98 wt% or not greater than 97 wt% or not greater than 96 wt% or not
greater than 95 wt% or not greater than 94 wt% or not greater than 93 wt% or not greater than
92 wt% or not greater than 91 wt% or not greater than 90 wt% or not greater than 89 wt% or
not greater than 88 wt% or not greater than 87 wt% or not greater than 86 wt% or not greater
than 85 wt%. It will be appreciated that the body can include a content of the aluminosilicate
within a range including any of the minimum and maximum percentages noted above. It will
further be appreciated that all compositions herein will have a total content of species that
add up to 100%.

According to one particular embodiment, the aluminosilicate can include mullite

(3A1,03 2510,), and more particularly, the aluminosilicate may consist essentially of mullite.
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Materials that consist essentially of a species may include some impurities, but such
impurities do not materially change the operation of the material.

In at least one embodiment, the body can include a content of the at least one dopant
of at least about 1 wt% for a total weight of the body, such as at least 2 wt% at least 2.5 wt%
at least 3 wt% at least 3.5 wt%, at least 4 wt%, at least 4.5 wt%, at least 5 wt%, 5.5 least 6
wit%, at least 6.5 wt%, at least 7 wt% at least 7.5 wt% at least 8 wt% at least 8.5 wt%, at least
9 wt%, at least 9.5 wt%, at least 9.8 wt%. Still, in another instance, the body can have a
content of the at least one dopant of not greater than 20 wt% for a total weight of the body,
such as not greater than 18 wt%, not greater than 17 wt%, not greater than 16 wt%, not
greater than 15 wt%, not greater than 14 wt%, not greater than 13 wt%, not greater than 12
wt%, not greater than 11 wt%, not greater than 10 wt%, not greater than 9 wt%, not greater
than 8 wt%, not greater than 7 wt%, not greater than 6 wt%, not greater than 5 wt%, not
greater than 4 wt%, not greater than 3 wt%. It will be appreciated that the body can include a
content of the at least one dopant within a range including any of the minimum and maximum
percentages noted above.

In one embodiment, the at least one dopant can include a material selected from the
group consisting of NiFe,0,, Fe;04, MgAl,O4 and Fe;04, LayO3, LaCrOs, CryO3, MnO,,
CeO,, NiO, SnO,, TiO,, ZrB,, (Mg, Fe)(Al, Fe),0,, and a combination thereof. More
particularly, the body may have a single dopant, which may include any of the above noted
dopants. Still, in another embodiment, the body may include a plurality of dopants, including
any combination of the dopants noted herein.

In still another embodiment, the body can have an average relative emissivity over a
range of wavelengths of 0.5 microns to 5 microns of at least 0.5, such as at least 0.6, at least
0.65, at least 0.7, at least 0.8, at Ieast 0.83, at least .85, at least 0.87, at Ieast 0.88, at least
0.89, at least 0.9. In one non-limiting embodiment, the average relative emissivity over the
wavelength of 0.5 microns to 5 microns can be not greater than 0.99, such as not greater than
0.98. It will be appreciated that the average relative emissivity can be within a range
including any of the minimum and maximum values noted above. Moreover, the average
relative emissivity can be for a range of wavelengths in the infrared portion of the
electromagnetic spectrum thus providing an indication of the efficiency of reflecting heat.

In still another embodiment, the body can have a minimum emissivity over a range of
wavelengths of 0.5 microns to 5 microns of at least 0.5, wherein the minimum emissivity is
defined as the lowest point along the emissivity spectrum curve over the range of

wavelengths. In still another embodiment, the minimum emissivity can be at least 0.6, such
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as at least 0.65, at least 0.7, at least 0.8, at least 0.83, at Ieast 0.85, at least 0.87, at least 0.88,
at least 0.89, at least 0.9. In one non-limiting embodiment, the minimum emissivity over the
range of wavelengths of 0.5 microns to 5 microns can be not greater than 0.99, such as not
greater than 0.98. It will be appreciated that the minimum emissivity can be within a range
including any of the minimum and maximum values noted above.

Reference herein to emissivity can be an emissivity value at a specific temperautre,
including for example, but not limited to 25°C, 100°C, 500°C, 1000°C, or 1600°C.
Emissivity can be measured using two Fourier transform infrared (FTIR) spectrometers
manufactured by Bruker (Vertex Vertex 80v and 70) for performing emission measurements
in the spectral range of 1000-16000 cm™. The samples have a thickness of about 4 mm and
the typical diameter of the analyzed area on the sample is 2 mm. The sample heating is
provided by a CO2 laser (Diamond K500, Coherent INC.). The beam follows a path through
a splitter and a set of mirrors for conducting heating of the two faces of the sample. Two
radiation heat flux are simultaneously measured by both spectrometers: the flux emitted by
the sample and the flux emitted by a black body. The black body is a Pyrox PY8 furnace,
having a cylindrical cavity in lanthanum chromite LaCrOs3, pierced with a lateral orifice, and
has an emissivity equal to 1. The emission of a heated sample is measured in the direction
perpendicular to the surface (i.e., normal emissivity). The infrared spectrometers are also
used as pyrometers for the measurement of the sample temperature. The method used is that
from the point of Christiansen.

In at least one embodiment, the body can have a melting temperature of at least
1100°C or at least 1200°C or at least 1300°C or at least or at least 1400°C or at least 1500°C
or at least 1600°C or at least 1700°C or at least 1800°C or at least 1900°C or at least 2000°C
or at least 2100°C or at least 2200°C. Still, in at least one embodiment, the melting
temperature can be not greater than 3200°C or not greater than 3000°C or not greater than
2900°C or even not greater than 2800°C. It will be appreciated that the body can have a
melting temperature within a range including any of the minimum and maximum values
noted above.

The body may be particularly useful as a refractory article, such as a portion of a glass
furnace. In at least one embodiment, the body can be a refractory article used as part of a
glass furnace superstructure.

The body can be formed to have a particular theoretical density to facilitate suitable
performance, including but not limited to a theoretical density of at least 50% or at least 60%

or at least 70% or at least 80% or at least 90% or at least 95% or at least 97% or at least 99%.
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In one embodiment, the theoretical density can be not greater than 99%, such as not greater
than 98%, not greater than 97%, not greater than 95%, not greater than 90% or even not
greater than 88%. It will be appreciated that the body can have a theoretical density within a
range including any of the minimum and maximum values noted above.

In certain instances, the body may be essentially free of certain elements or species
containing such elements. For example, the body may be essentially free of Sn, La, Cr, Mn,
Ni, Zr, B, Ce, Ti, oxide compounds thereof, zircon, and a combination thereof. Reference
herein to contents of materials in the body that are essentially free include not greater than
trace amounts of materials or contents of the materials that are present in impurity contents,
such as less than 1 wt%, less than 0.5 wt%, less than 0.1 wt% or even less than 0.01 wt%.

In another embodiment, the body can be essentially free of carbides, nitrides, borides,
and a combination thereof. Moreover, it will be appreciated that in at least one instance, the
body can consist essentially of oxides and/or oxide-containing compounds.

The body may include a combination of distinct phases including polycrystalline,
monocrystalline and/or amorphous phases. For example, the body can include a phase of the
aluminosilicate material and a phase including the dopant material. Still, in certain instances
one or more phases may exist in the body including a combination of the aluminosilicate and
at least one dopant. Such phases having a combination of the aluminosilicate and at least one
dopant may be a solid solution of one or more of the elements contained in the compounds.
Still, in other instances, a phase including the aluminosilicate and at least one dopant may
form a completely distinct composition and discrete phase.

In one embodiment, the body can include a phase including alumina that can be
distinct from a phase comprising the aluminosilicate. According to one embodiment, the
body can have a content of a phase including alumina that is less than a content of a phase
comprising the aluminosilicate.

Moreover, in yet another embodiment, the body may include a phase of silica distinct
from a phase comprising the aluminosilicate. In such instances, the body may have a content
of silica less than a content of a phase comprising the aluminosilicate.

In one particular embodiment, the body can have at least one dopant including a
combination of a Mg-containing compound and a Fe-containing compound present in an
amount within a range including at least 1 wt% and not greater than 12 wt% for a total weight
of the body. At least one part of the dopant can include a spinel material, which can have a
spinel structure of MX,04, wherein M and X are cation elements, and more particularly may

be selected from the group of Ni, Al, Sn, Mg, Fe, and a combination thereof. The spinel can
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have an octahedral or cubic crystalline structure. More partiuclarly, the dopant including the
Mg-containing compound and a Fe-containing compound can be present in an amount within
a range including at least 1 wt% and not greater than 10 wt% for a total weight of the body,
such as within a range including at least 2 wt% and not greater than 8 wt% for a total weight
of the body, or even within a range including at least 3 wt% and not greater than 6 wt% for a
total weight of the body.

In yet another embodiment, the body can include a dopant that can include a mixture
or compound including a spinel compound and Fe-containing oxide compound. In such
instances, the dopant can be a mixture including a molar ratio of the compounds (spinel
compound:Fe-containing oxide compound) of at least 0.1:1, such as at least 0.2:1, at least
0.3:1, at least 0.4:1, at least 0.5:1, at Ieast 0.6:1, at Ieast 0.7:1, at least 0.8:1, or even at least
0.9:1. Still, in a non-limiting embodiment, the mixture can have a molar ratio (spinel
compound:Fe-containing oxide compound) of not greater than 9:1, not greater than 8:1, not
greater than 7:1, not greater than 6:1, not greater than 5:1, not greater than 4:1, not greater
than 3:1, or even not greater than 2:1. It will be appreciated that the foregoing molar ratio
can be within a range including any of the minimum and maximum ratios noted above. In a
particular embodiment, the mixture can include a molar ratio (spinel compound:Fe-
containing oxide compound) of approximately 1:1.

For another embodiment including a dopant that is a mixture of the spinel compound
and Fe-containing oxide compound, the mixture can define a molar ratio (Fe-containing
oxide compound:spinel compound) of at least 0.1:1, such as at least 0.2:1, at least 0.3:1, at
least 0.4:1, at least 0.5:1, at Ieast 0.6:1, at Ieast 0.7:1, at Ieast 0.8:1 or at least 0.9:1. Still, in
certain instances, the molar ratio (Fe-containing oxide compound:spinel compound) can be
not greater than 9:1, such as not greater than 8:1, not greater than 7:1, not greater than 6:1,
not greater than 5:1, not greater than 4:1, not greater than 3:1, not greater than 2:1. It will be
appreciated that the foregoing molar ratio can be within a range including any of the
minimum and maximum ratios noted above. In one embodiment, the mixture can include a
molar ratio (Fe-containing oxide compound:spinel compound) of approximately 1:1.

Reference herein to an article comprising certain components (e.g., aluminosilicate
and dopant(s)) is reference to an article that is formed from any of the components in any of
the contents as disclosed in the embodiments herein. For example, the articles of the
embodiments herein can be formed from an aluminosilicate and at least one dopant selected
from the group consisting of Ni-containing compounds, Ni-containing oxide compounds, Fe-

containing compounds, Fe-containing oxide compounds, Mg-containing compounds, Mg-
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containing oxide compounds, Mg containing and Al-containing oxide compounds, La-
containing compounds, La-containing oxide compounds, Cr-containing compounds, Cr-
containing oxide compounds, Mn-containing compounds, Mn-containing oxide compounds,
Ce-containing compounds, Ce-containing oxide compounds, Sn-containing compounds, Sn-
containing oxide compounds, Ti-containing compounds, Ti-containing oxide compounds, Zr-
containing compounds, Zr-containing oxide compounds, spinel, and a combination thereof.
It will also be appreciated that the article can be formed from the noted contents of the
components as described in the embodiments herein, such that the initial mixture used to
form the article can include those contents of components noted as being present in the
article.

In certain instances, the body may be in the form of a composite body having a
coating overlying a core. That is, embodiments herein also include composite materials that
can include a body or core and a coating overlying at least a portion of the body. The coating
can overly at least a majority of the core, such as at least 60%, at least 80%, or even the entire
exterior surface area of the core. Moreover, the coating can be of sufficient thickness to
withstand certain mechanical forces to limit or eliminate damage to the core. The coating
may also be sufficiently robust to substantially eliminate corrosion of the core due to
exposure to corrosive chemical species.

The core underlying the coating can include any material, including but not limited to,
an inorganic material, an organic material, a metal, a metal alloy, a cermet, a ceramic, glass,
polycrystalline material, monocrystalline material, and a combination thereof. The core may
include an oxide, carbide, nitride, boride, and a combination thereof. The core can consist
essentially of any of the foregoing materials. Still, the core can include any of the materials
noted in the embodiments herein, including for example, an aluminosilicate material
including at least one dopant.

Notably, the coating can have any of the attributes of a body including the
compositions noted herein, such as an aluminosilicate and at least one dopant as referenced in
the embodiments herein. For example, the coating can include a material including an
aluminosilicate and at least one dopant selected from the group consisting of Ni-containing
compounds, Ni-containing oxide compounds, Fe-containing compounds, Fe-containing oxide
compounds, Mg-containing compounds, Mg-containing oxide compounds, Mg containing
and Al-containing oxide compounds, La-containing compounds, La-containing oxide
compounds, Cr-containing compounds, Cr-containing oxide compounds, Mn-containing

compounds, Mn-containing oxide compounds, Ce-containing compounds, Ce-containing
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oxide compounds, Sn-containing compounds, Sn-containing oxide compounds, Ti-containing
compounds, Ti-containing oxide compounds, Zr-containing compounds, Zr-containing oxide
compounds, spinel, or any combination thereof.

In one embodiment, the coating can include a majority content by weight of the
aluminosilicate. The coating can have a content of the aluminosilicate of at least about 51
wt% for a total weight of the body, such as at least 55 wt% at least 60 wt% at least 65 wt% at
least 70 wt%, at least 75 wt%, at least 80 wt%, at least 85 wt%, at least 88 wt%, at least 89
wit%, at least 90 wt% at least 91 wt% at least 92 wt% at least 93 wt%, at least 94 wt%, at least
95 wt%, at least 96 wt%, at least 97 wt%, at least 98 wt%. Still, in at least one embodiment,
the coating can have a content of the aluminosilicate of not greater than 99 wt% for a total
weight of the body, not greater than 98 wt%, not greater than 97 wt%, not greater than 96
wt%, not greater than 95 wt%, not greater than 94 wt%, not greater than 93 wt%, not greater
than 92 wt%, not greater than 91 wt%, not greater than 90 wt%, not greater than 89 wt%, not
greater than 88 wt%, not greater than 87 wt%, not greater than 86 wt%, not greater than 85
wt%. It will be appreciated that the coating can include a content of the aluminosilicate
within a range including any of the minimum and maximum percentages noted above.

The coating can comprise an aluminosilicate including mullite (3A1,03 2S510,), and
more particularly, the aluminosilicate can consist essentially of mullite.

In at least one embodiment, the coating can include a content of the at least one
dopant of at least about 1 wt% for a total weight of the coating, such as at least 2 wt% at least
2.5 wt% at least 3 wt% at least 3.5 wt%, at least 4 wt%, at least 4.5 wt%, at least 5 wt%, 5.5
least 6 wt%, at least 6.5 wt%, at least 7 wt% at least 7.5 wt% at least 8 wt% at least 8.5 wt%,
at least 9 wt%, at least 9.5 wt%, at least 9.8 wt%. Still, in another instance, the coating can
have a content of the at least one dopant of not greater than 20 wt% for a total weight of the
coating, such as not greater than 18 wt%, not greater than 17 wt%, not greater than 16 wt%,
not greater than 15 wt%, not greater than 14 wt%, not greater than 13 wt%, not greater than
12 wt%, not greater than 11 wt%, not greater than 10 wt%, not greater than 9 wt%, not
greater than 8 wt%, not greater than 7 wt%, not greater than 6 wt%, not greater than 5 wt%,
not greater than 4 wt%, not greater than 3 wt%. It will be appreciated that the body can
include a content of the aluminosilicate within a range including any of the minimum and
maximum percentages noted above.

In one embodiment, the at least one dopant can include a material selected from the
group consisting of NiFe,0,, Fe;04, MgAl,O4 and Fe;04, LayO3, LaCrOs, CryO3, MnO,,
CeO,, NiO, SnO,, TiO,, ZrB,, (Mg, Fe)(Al, Fe),0,, or any combination thereof. The coating
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can include a single dopant from any of the dopants noted herein. Still, the coating can
include a plurality of dopants.

In still another embodiment, the coating can have an average relative emissivity over a
wavelength of 0.5 microns to 5 microns of at least 0.5, at least 0.6, at least 0.65, at least 0.7,
at least 0.8, at Ieast 0.83, at least 0.85, at least 0.87, at Ieast 0.88, at least 0.89, at least 0.9. In
one non-limiting embodiment, the average relative emissivity over the wavelength of 0.5
microns to 5 microns can be not greater than 0.99, such as not greater than 0.98. It will be
appreciated that the average relative emissivity can be within a range including any of the
minimum and maximum values noted above. Moreover, the average relative emissivity can
be for a range of wavelengths in the infrared portion of the electromagnetic spectrum thus
providing an indication of the efficiency of reflecting heat. The coating can have a minimum
emissivity as described in embodiments herein.

In at least one embodiment, the coating can have a melting temperature of at least
1100°C or at least 1200°C or at least 1300°C or at least or at least 1400°C or at least 1500°C
or at least 1600°C or at least 1700°C or at least 1800°C or at least 1900°C or at least 2000°C
or at least 2100°C or at least 2200°C. Still, in at least one embodiment, the melting
temperature can be not greater than 3200°C or not greater than 3000°C or not greater than
2900°C or even not greater than 2800°C. It will be appreciated that the coating can have a
melting temperature within a range including any of the minimum and maximum values
noted above.

The coating may be particularly useful as a refractory article, such as a portion of a
glass furnace. In at least one embodiment, the coating can be part of a refractory article used
as part of a glass furnace superstructure. Moreover, the entire composite, including the body
and the coating overlying the body can be a refractory article, which maybe used as part of a
glass furnace, and more particularly, part of the superstructure of the glass furnace.

The coating can be formed to have a particular theoretical density to facilitate suitable
performance, including but not limited to a theoretical density of at least 50% or at least 60%
or at least 70% or at least 80% or at least 90% or at least 95% or at least 97% or at least 99%.
In one embodiment, the theoretical density can be not greater than 99%, such as not greater
than 98%, not greater than 97%, not greater than 95%, not greater than 90% or even not
greater than 88%. It will be appreciated that the coating can have a theoretical density within
a range including any of the minimum and maximum values noted above.

In certain instances, the coating may be essentially free of Sn, La, Cr, Mn, Ni, Zr, B,

Ce, Ti, oxide compounds thereof, zircon, and a combination thereof. Reference herein to
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contents of materials in the coating that are essentially free include not greater than trace
amounts of materials or contents of the materials that are present in impurity contents, such as
less than 1 wt%, less than 0.5 wt%, less than 0.1 wt% or even less than 0.01 wt%. For
example, in at least one instance, the coating can be essentially free of carbides, nitrides,
borides, and a combination thereof. Moreover, it will be appreciated that in at least one
instance, the coating can consist essentially of oxides and oxide compounds.

The coating may include a combination of distinct phases including polycrystalline,
monocrystalline and/or amorphous phases. For example, the coating can include a phase of
the aluminosilicate material and a phase including the dopant material. Still, in certain
instances one or more phases may exist in the coating including a combination of the
aluminosilicate and at least one dopant. Such phases having a combination of the
aluminosilicate and at least one dopant may be a solid solution of one or more of the elements
contained in the compounds. Still, in other instances, a phase including the aluminosilicate
and at least one dopant may form a completely distinct composition and discrete phase.

In one embodiment, the coting can include a phase including alumina that can be
distinct from a phase comprising the aluminosilicate. According to one embodiment, the
coating can have a content of a phase including alumina that is less than a content of a phase
comprising the aluminosilicate.

Moreover, in yet another embodiment, the coating may include a phase of silica
distinct from a phase comprising the aluminosilicate. In such instances, the coating may have
a content of silica less than a content of a phase comprising the aluminosilicate.

The embodiments herein may further include a method of making an article
comprising forming a mixture including an aluminosilicate and at least one dopant selected
from the group consisting of Ni-containing compounds, Ni-containing oxide compounds, Fe-
containing compounds, Fe-containing oxide compounds, Mg-containing compounds, Mg-
containing oxide compounds, Mg containing and Al-containing oxide compounds, La-
containing compounds, La-containing oxide compounds, Cr-containing compounds, Cr-
containing oxide compounds, Mn-containing compounds, Mn-containing oxide compounds,
Ce-containing compounds, Ce-containing oxide compounds, Sn-containing compounds, Sn-
containing oxide compounds, Ti-containing compounds, Ti-containing oxide compounds, Zr-
containing compounds, Zr-containing oxide compounds, spinel, and a combination thereof
and sintering the mixture at temperature within a range including at least 1200°C and not

greater than 2800°C.
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In at least one embodiment, forming can include a process selected from the group
consisting of pressing, mixing, molding, casting, punching, printing, depositing, drying,
coating, and a combination thereof.

As noted, the embodiments herein can also include a refractory article having a body
including a ceramic comprising an aluminosilicate and a dopant. The refractory article can
have any of the attributes of the embodiments herein. In one particular instance, the
refractory article can include a body including a ceramic compirising an aluminosilicate
present in an amount of at least 70 wt% and not greater than 99 wt% for a total weight of the
body and a dopant comprising a Mg-containing oxide compound and a Fe-containing oxide
compound, which can present in an amount within a range including at least 1 wt% and not
greater than 12 wt%.

As will be appreciated, the ceramic can be in the form of a monolithic body including
the aluminosilicate and dopant material substantially uniformly distributed throughout the
entire volume of the body. In another instance, the body can be a composite including a core
and a coating overlying the core, wherein the coating can include the ceramic material. The
core or body underlying the coating can also include any of the materials of the embodiments
herein. In at least one embodiment, the core and the coating can include at least one element
that is the same between the composition of the core and the composition of the coating. For
another embodiment, the core and coating can include at least one compound that is the same
with respect to each of the respective compositions. For example, according to one
embodiment, the core and the coating can each include an aluminosilicate material. In aother
embodiment, the core and the coating can each include a majority content of one or more of
the same oxide compounds. For one embodiment, the core and the coating can each include
mullite. For yet another embodiment, the core can consists essentially of one or more oxide
compounds and the coating can consist essentially of one or more oxide compounds. For
example, the core can consist essentially of mullite. The core and the coating can be bonded
directly to each other, without any intervening layers. More particularly, the core and coating
can be co-sintered, such that the components are sinter-bonded.

In at least one embodiment, the article can be a refractory article having a body
including any of the features of the embodiments herein. For example, the body of the
refractory article can include an aluminosilicate that may include mullite. More particularly,
the aluminosilicate material can consist essentially of mullite.

According to another embodiment, the body of the refractory article can include a first

phase comprising the aluminosilicate material. The body may include a particular content of
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the first phase, such as at least 1 wt% of the first phase for the total weight of the body, or
even at least 5 wt%, at least 10 wt%, at least 15 wt%, at least 20 wt%, at least 25 wt%, at
least 30 wt%, at least 35 wt%, at least 40 wt%, at least 45 wt%, at least 50 wt%, at least 55
wit%, at least 60 wt%, at least 65 wt%, at least 70 wt%, at least 75 wt%, at least 80 wt%, at
least 85 wt%, at least 90 wt%, or even at least 95 wt%. For at least one embodiment, the
body can include a majority content of the first phase. In at least one non-limiting
embodiment, the body can include not greater than 99.8 wt% of the first phase for the total
weight of the body, such as not greater than 99 wt%, not greater than 98.5 wt%, not greater
than 98 wt%, not greater than 97 wt%, not greater than 96 wt% not greater than 95 wt%, not
greater than 94 wt%, not greater than 93 wt%, not greater than 92 wt% not greater than 91
wt%, not greater than 90 wt%, not greater than 89 wt%, not greater than 88 wt% not greater
than 87 wt%, not greater than 86 wt%, not greater than 85 wt%, not greater than 84 wt% not
greater than 83 wt%, not greater than 82 wt%, not greater than 81 wt%, not greater than 80
wt% not greater than 75 wt%, not greater than 70 wt%, not greater than 65 wt%, not greater
than 60 wt% not greater than 55 wt%. It will be appreciated that the body can have an
amount of the first phase within a range including any of the minimum and maximum
percentages noted above.

The first phase may include a particular material, such as mullite. In one
embodiment, the first phase can include at least 10% mullite, such as at least 20% mullite, at
least 30% mullite, at least 40% mullite, at least 50% mullite, at least 60% mullite, at least
70% mullite, at least 80% mullite, at least 90% mullite, at least 95% mullite, or even at least
98% mullite. According to a particular embodiment, the first phase can consist essentially of
mullite.

The first phase may have at least one species of the dopant, and more than one species
of one or more dopants in the body. For example, the first phase can include at least one
compound including at least one element of the dopant. In certain instances, the first phase
can include an oxide compound including at least one element of the aluminosilicate and at
least one element of the dopant. In yet another embodiment, the first phase can include a
compound including at least one cation element of the aluminosilicate and at least one cation
element of the dopant.

In more particular instances, the first phase may include a solid solution. For at least
one embodiment, the first phase can include a solid solution of the aluminosilicate, and more
particularly mullite, and at least one species of the dopant. For an embodiment, the first

phase can include a solid solution of the aluminosilicate material, such as mullite, and a first
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compound including at least one species of the dopant. The first compound may include an
oxide.

The first phase may comprise the majority of the body, but that need not necessarily
always be the case for all embodiments herein. The first phase may form a substantially
continuous phase extending throughout the entire volume of the body.

The body may include other phases that are distinct from the first phase. For
example, the body can include a second phase distinct from the first phase. In at least one
embodiment, the body can include a greater content of the first phase (Cpl) as compared to
the content of the second phase (Cp2), as measured in weight percent or volume percent.
According to one embodiment, the the body can define a ratio of the content of the first phase
relative to the second phase as the ratio (Cp1:Cp2), which may have a value of at least 1.1:1
or at least 1.2:1 or at least 1.3:1 or at least 1.4:1 or at least 1.5:1 or at least 1.6:1 or at least
1.7:1 or at least 1.8:1 or at least 1.9:1 or at least 2:1, at least 3:1, at least 4:1, at least 5:1, at
least 6:1, at least 7:1, at least 8:1, at least 9:1, at least 10:1. Still, in one non-limiting
embodiment, the body can have a ratio (Cp1:Cp2) of not greater than 100:1, such as not
greater than 90:1 or not greater than 80:1 or not greater than 70:1 or not greater than 60:1 or
not greater than 60:1 or not greater than 50:1 or not greater than 40:1 or not greater than 30:1
or not greater than 20:1 or not greater than 10:1 or not greater than 8:1 or not greater than 6:1
or not greater than 5:1 or not greater than 4:1 or not greater than 3:1 or not greater than 2.5:1.
It will be appreciated that the body can have a ratio (Cp1:Cp2) within a range including any
of the minimum and maximum ratios noted above.

According to a particular embodiment, the second phase may be essentially free of the
aluminosilicate material, and more particularly, can be essentially free of mullite. The second
phase can have at least one species of the at leaset one dopant, such as at least one element
from the one or more dopants. In certain instances, the second phase can include at least one
compound including at least one element of the one or more dopants. In particular instances,
the second phase can include an oxide compound having at least one element of the
aluminosilicate and at least one element of the dopant. More particularly, the second phase
may include a compound including at least one cation element of the aluminosilicate and at
least one cation element of the dopant.

The body may include a particular content of the second phase, such as at least 1 wt%
of the second phase for the total weight of the body, or even at least 2 wt%, at least 3 wt%, at
least 4 wt%, at least 5 wt%, at least 6 wt%, at least 7 wt%, at least 8 wt%, at least 9 wt%, at
least 10 wt%, at least 11 wt%, at least 12 wt%, at least 13 wt%, at least 14 wt%, at least 15
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wit%, at least 16 wt%, at least 17 wt%, at least 18 wt%, at least 19 wt%, at least 20 wt%, at
least 21 wt%, at least 25 wt%, at least 30 wt%, at least 35 wt%, at least 40 wt%, at least 45
wt%, at least 50 wt%, or even at least 55 wt%. Still, in at least one non-limiting embodiment,
the body may include not greater than 60 wt% of the second phase for the total weight of the
body, such as not greater than 55 wt%, not greater than 50 wt%, not greater than 45 wt%, not
greater than 40 wt%, not greater than 35 wt%, not greater than 30 wt%, not greater than 25
wt%, not greater than 20 wt%, not greater than 19 wt%, not greater than 18 wt%, not greater
than 17 wt%, not greater than 16 wt%, not greater than 15 wt%, not greater than 14 wt%, not
greater than 13 wt%, not greater than 12 wt%, not greater than 11 wt%, not greater than 10
wt%, not greater than 9 wt%, not greater than 8 wt%, not greater than 7 wt%, not greater than
6 wt%, not greater than 5 wt%, not greater than 4 wt%, not greater than 3 wt%, or even not
greater than 2 wt%. It will be appreciated that the body can have a content of the second
phase within a range including any of the minimum and maximum percentages noted above.
In at least one embodiment, the body may include a minority content of the second phase.

According to one particular embodiment, the refractory article can have body
including the dopant, which can include a combination of a Mg-containing oxide compound
and a Fe-containing oxide compound present in an amount within a range including at least 1
wt% and not greater than 10 wt% for a total weight of the body. More particularly, the
dopant can be present in an amount within a range including at least 2 wt% and not greater
than 8 wt% for a total weight of the body, such as at least 3 wt% and not greater than 6 wt%
for a total weight of the body. In one particular instance, the dopant can include (Mg, Fe)(Al,
Fe),04, and may consist essentially of (Mg, Fe)(Al, Fe);0,.

In certain instances, the article can have a body including a content of the
aluminosilicate of at least about 51 wt% for a total weight of the body, such as at least 55
wit% at least 60 wt% at least 65 wt% at least 70 wt%, at least 75 wt%, at least 80 wt%, at least
85 wt%, at least 88 wt%, at least 89 wt%, at least 90 wt% at least 91 wt% at least 92 wt% at
least 93 wt%, at least 94 wt%, at least 95 wt%, at least 96 wt%, at least 97 wt%, or even at
least 98 wt%. Still, in at least one non-limiting embodiment, the article can have a body
including a content of the aluminosilicate of not greater than 99 wt% for a total weight of the
body, such as not greater than 98 wt%, not greater than 97 wt%, not greater than 96 wt%, not
greater than 95 wt%, not greater than 94 wt%, not greater than 93 wt%, not greater than 92
wt%, not greater than 91 wt%, not greater than 90 wt%, not greater than 89 wt%, not greater

than 88 wt%, not greater than 87 wt%, not greater than 86 wt%, or even not greater than 85
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wt%. It will be appreciated that the body cn have a content of aluminosilicate within a range
including any of the minimum and maximum ratios noted above.

In yet another embodiment, the a body can have a particular content of dopant, which
may include the total content of dopants (i.e., a content of a single dopant or the sum of more
than one dopant). The body can include a content of the dopant of at least about 1 wt% for a
total weight of the body, such as at least 2 wt% at least 2.5 wt% at least 3 wt% at least 3.5
wit%, at least 4 wt%, at least 4.5 wt%, at least 5 wt%, 5.5 least 6 wt%, at least 6.5 wt%, at
least 7 wt% at least 7.5 wt% at least 8 wt% at least 8.5 wt%, at least 9 wt%, at least 9.5 wt%,
at least 9.8 wt%. Still, in at least one non-limiting embodiment, the content of the dopant can
be not greater than 20 wt% for a total weight of the body, such as not greater than 18 wt%,
not greater than 17 wt%, not greater than 16 wt%, not greater than 15 wt%, not greater than
14 wt%, not greater than 13 wt%, not greater than 12 wt%, not greater than 11 wt%, not
greater than 10 wt%, not greater than 9 wt%, not greater than 8 wt%, not greater than 7 wt%,
not greater than 6 wt%, not greater than 5 wt%, not greater than 4 wt%, not greater than 3
wit%.

For at least one non-limiting embodiment, the body of the refractory article may
consist essentially of oxides. The body of the refractory article may include a phase of
alumina distinct from a phase comprising the aluminosilicate, such as the first phase and or
second phase as provided in the embodiments herein. In at least one embodiment, the body
may include a third phase distinct from the first phase and/or second phase, which may
include alumina, and more particularly, can consist essentially of alumina. The content of the
third phase can be the same as the contents given for the second phase according to
embodiments herein. In at least one embodiment, the body comprises a content of alumina
less than a content of a phase comprising the aluminosilicate. Moreover, the body of the
refractory article may include a content of alumina less than a content of the second phase.
Still, the body may include a content of alumina greater than a content of the second phase.

The body may also include a phase of material including silica, and more particularly,
a fourth phase consisting essentially of silica. The fourth phase can be distinct from the first
phase, second phase, and third phase. The presence of the fourth phase does not require the
presence of a second phase or a third phase. The presence of a third phase does not require
the presence of a second phase or fourth phase. The content of the fourth phase within the
body can be the same as the contents given for the second phase according to embodiments
herein. In at least one embodiment, the body comprises a content of silica that can be less

than a content of a phase (e.g., a first phase) comprising the aluminosilicate. Moreover, the
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body of the refractory article may include a content of silica less than a content of the second
phase. Still, the body may include a content of silica greater than a content of the second
phase. Additionally, the body of the refractory article may include a content of silica less
than a content of the third phase. In another embodiment, the body may include a content of
silica greater than a content of the third phase.

One or more embodiments herein may demonstrate remarkable combination of
average relative emissivity for a particular range of wavelengths of radiation combined with
melting temperature to be particularly suited for use as refractory objects. In partiuclar, it is
noted that utilization of a body comprising primarily an aluminosilicate material (e.g.,
mullite) in combination with a dopant of a spinel of NiFe,Oj, or a dopant of a spinel of
MgAl,0O4 and FesO4 in a 50/50 mol ratio provided remarkable results. Notably, the content of
such dopants may be within a range between 2 wt% and 12 wt% for a total weight of the
body.

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

EMBODIMENTS

Embodiment 1. A refractory article comprising:
a body including a ceramic comprising:
an aluminosilicate present in an amount of at least 70 wt% and not greater than
99 wt% for a total weight of the body; and
a dopant comprising a Mg-containing oxide compound and a Fe-containing
oxide compound, present in an amount within a range including at least
1 wt% and not greater than 12 wt%.
Embodiment 2. The refractory article of embodiment 1, wherein the ceramic is in the
form of a monolithic body including the aluminso silicate and dopant.
Embodiment 3. The refractory article of embodiment 1, wherein the body is a
composite including a core and the ceramic as a coating overlying the core.
Embodiment 4. The refractory article of embodiment 3, wherein the core and the

coating can include at least one element that is the same.
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Embodiment 5. The refractory article of embodiment 3, wherein the core and coating
can include at least one compound that is the same.

Embodiment 6. The refractory article of embodiment 5, wherein the core and the
coating can include an aluminosilicate.

Embodiment 7. The refractory article of embodiment 3, wherein the core and the
coating can both include a majority content of one or more of the same oxide compounds.

Embodiment 8. The refractory article of embodiment 7, wherein the core and the
coating can include mullite.

Embodiment 9. The refractory article of embodiment 3, wherein the core consists
essentially of an oxide.

Embodiment 10. The refractory article of embodiment 3, wherein the core consists
essentially of mullite.

Embodiment 11. The refractory article of embodiment 1, wherein the aluminosilicate
comprises mullite.

Embodiment 12. The refractory article of embodiment 1, wherein the aluminosilicate
consists essentially of mullite.

Embodiment 13. The refractory article of embodiment 1, wherein the body includes a
first phase comprising the aluminosilicate.

Embodiment 14. The refractory article of embodiment 13, wherein the body includes
a majority content of the first phase.

Embodiment 15. The refractory article of embodiment 13, wherein the first phase
comprises mullite.

Embodiment 16. The refractory article of embodiment 13, wherein the first phase
comprises at least 10% mullite.

Embodiment 17. The refractory article of embodiment 13, wherein the first phase
consists essentially of mullite.

Embodiment 18. The refractory article of embodiment 13, wherein the first phase
comprises at least one species of the dopant.

Embodiment 19. The refractory article of embodiment 13, wherein the first phase
comprises at least one compound including at least one element of the dopant.

Embodiment 20. The refractory article of embodiment 13, wherein the first phase
includes an oxide compound including at least one element of the aluminosilicate and at least

one element of the dopant.
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Embodiment 21. The refractory article of embodiment 13, wherein the first phase
includes a compound including at least one cation element of the aluminosilicate and at least
one cation element of the dopant.

Embodiment 22. The refractory article of embodiment 13, wherein the first phase
includes a solid solution of the mullite and at least one species of the dopant.

Embodiment 23. The refractory article of embodiment 13, wherein the first phase
includes a solid solution of the mullite and a first compound including at least one species of
the dopant.

Embodiment 24. The refractory article of embodiment 23, wherein the first
compound includes an oxide.

Embodiment 25. The refractory article of embodiment 13, wherein the body includes
a second phase distinct from the first phase.

Embodiment 26. The refractory article of embodiment 25, wherein the body includes
a greater content of the first phase (Cp1) as compared to the content of the second phase
(Cp2).

Embodiment 27. The refractory article of embodiment 26, wherein the body includes
aratio (Cp1:Cp2) of at least 1.5:1 and not greater than 5:1.

Embodiment 28. The refractory article of embodiment 25, wherein the second phase
is essentially free of mullite.

Embodiment 29. The refractory article of embodiment 25, wherein the second phase
comprises at least one species of the dopant.

Embodiment 30. The refractory article of embodiment 25, wherein the second phase
comprises at least one compound including at least one element of the dopant.

Embodiment 31. The refractory article of embodiment 25, wherein the second phase
includes an oxide compound including at least one element of the aluminosilicate and at least
one element of the dopant.

Embodiment 32. The refractory article of embodiment 25, wherein the second phase
includes a compound including at least one cation element of the aluminosilicate and at least
one cation element of the dopant.

Embodiment 33. The refractory article of embodiment 25, wherein the body includes
at least 1 wt% and not greater than 60 wt% of the second phase for the total weight of the
body.

Embodiment 34. The refractory article of embodiment 25, wherein the body includes

a minority content of the second phase.
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Embodiment 35. The refractory article of embodiment 25, wherein the dopant
includes a combination of a Mg-containing oxide compound and a Fe-containing oxide
compound present in an amount within a range including at least 1 wt% and not greater than
10 wt% for a total weight of the body.

Embodiment 36. The refractory article of embodiment 35, wherein the dopant is
present in an amount within a range including at least 3 wt% and not greater than 6 wt% for a
total weight of the body.

Embodiment 37. The refractory article of embodiment 1, wherein the body comprises
a content of the aluminosilicate of at least about 51 wt% and not greater than 99 wt% for a
total weight of the body.

Embodiment 38. The refractory article of embodiment 25, wherein the dopant
comprises (Mg, Fe)(Al, Fe),04.

Embodiment 39. The refractory article of embodiment 25, wherein the body
comprises an average relative emissivity over a wavelength of 0.5 microns to 5 microns of at
least 0.8.

Embodiment 40. The refractory article of embodiment 25, wherein the body
comprises a melting temperature of at least 1600°C.

Embodiment 41. The refractory article of embodiment 25, wherein the body is part of
a glass furnace.

Embodiment 42. The refractory article of embodiment 25, wherein the body is
essentially free of Sn, La, Cr, Mn, Ni, Zr, B, Ce, Ti, oxide compounds thereof, zircon, and a
combination thereof.

Embodiment 43. The refractory article of embodiment 25, wherein the body is
essentially free of carbides, nitrides, borides, and a combination thereof.

Embodiment 44. The refractory article of embodiment 25, wherein the body consists
essentially of oxides.

Embodiment 45. The refractory article of embodiment 25, wherein the body
comprises a phase of alumina distinct from a phase comprising the aluminosilicate, and
wherein the body comprises a content of alumina less than a content of a phase comprising
the aluminosilicate, and wherein the body comprises a phase of silica distinct from a phase
comprising the aluminosilicate, and wherein the body comprises a content of silica less than a

content of a phase comprising the aluminosilicate.
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Examples
Example 1

Twenty samples were formed to create various refractory articles having bodies made
of mullite and including a dopant as outlined in the Table 1 below. Each of the samples were
by creating a mixture including the desired amount of the dopant (i.e., Fraction X) with
electrofused mullite, approximately 15 wt% alumina (d50 of approximately 5 microns),
approximately 4 wt% fumed silica (d50 of approximately 0.5 microns and SSA of 14 rnz/g),
such that the total of the contents was 100%. The “Standard Mullite” Sample was formed
from approximately 81 wt% electrofused mullite, approximately 15 wt% alumina (d50 of
approximately 5 microns), and approximately 4 wt% fumed silica (d50 of approximately 0.5
microns and SSA of 14 m2/g). All other samples included a particular amount of dopant, as
identified in Table 1 below, and such content of dopant was substituted for an equal amount
of mullite from the sample. Each of the samples was sintered at 1700°C for 10 hours.

With regard to the data presented in Table 1, it should be noted that emissivity is
measured as noted in the description herein. For the room temperature measurements, the
measurement was a hemispherical reflection. In the range of wavelengths between 0.4um
and 2.5um, the reflection is measured using a Perking Elmer Lambda 950 spectrometer. In
the range of wavelengths between 2um and 25um, the reflectivity is measured using a FTIR
spectrometer. Radiation is received perpendicularly to the surface of the sample (i.e., normal
incidence), and the reflected signal is measured via an integrating sphere (i.e., hemispherical
reflection). The opening of the spheres in both spectrometers has a diameter of 20 mm. The
sample is placed on the opening for reflection measurement (respectively transmission
measurement if needed) and the sample need to be larger than the opening. Refectivity is the
ratio of the recorded signal by the incident signal. Emissivity is derived by the formula:
Emissivity = 1- Reflectivity. The sample is thick enough to avoid transmission. If needed,
the diffuse transmissivity can also be measured in the spectrometer with the integrating
sphere. In case the transmitted signal is not negligible, the emissivity is derived by the
formula: Emissivity = 1- Reflectivity — Transmissivity.

For the high temperature measurements, the sample is heated with a high power CO2
laser, and the emission of a heated sample is measured in the direction perpendicular to the
surface (i.e., normal emissivity). The average emissivity for the samples was calculated over
the wavelength range, without weighting factor. The blackbody average was aweighted
average along the wavelength range with the Planck function. Planck function gives spectral

blackbody emission (i.e., anemission of a surface with emissivity of 1) with at a given
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wavelength and a given temperature. The Planck function at 1600C is given by the following

function

he?

Lﬂ ()= 2

15
€

o L
Pk, T

Notably, the variables in the above equation include h=6,62.10* J.s, which is

Planck’s constant, c:2,99.108rn.s'1 , which is the velocity of light velocity in a vaccuum,

Kg=1,38.1023 rnz.kg.s'Z.K'1 is the Boltzmann constant and A is the wavelength in m, and T is

the temperature in Kelvin. Wavenumber in cm-1 is the inverse of wavelength.

Table 1
RT HT
RT 1600°C
measurement i measurement
Dopant ] ] measureme; measurement
(hemispherica (normal
oo nt Average Average
I refl.) emission)
. BlackBody : BlackBody
Fraction X 4000cm-1 4000cm-1
average average
dopant in
] %mass 1600°C 1600°C ~14000cm-1; ~14000cm-1
Mullite
Standard
.13 .14 .13 .13
pMullite
NiFe204 10.0% 0.90 0.90
NiFe204 5.0% 0.86 0.86
NiFe204 2.5% 0.78 0.78
Fe304 10.0% 0.90 0.89
Fe304 5.0% 0.90 0.89
Fe304 2.5% 0.76 0.74
Fe203 10.0% 0.90 0.90
Fe203 0.5% 0.25 0.28
(MgAIZO4)50%
o(Fe0,) . 5% 0.90 0.90
mol
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La203 0.5% 0.14 0.15
LaCrO3 10.0% 0.26 0.26
Cr203 10.0% 0.20 0.17
Cr203 0.5% 0.26 0.41
MnQO2 10.0% 0.49 0.48

Ce02 10.0% 0.24 0.25
NiO 10.0% 0.81 0.85
Sn02 10.0% 0.21 0.21
TiO2 0.5% 0.21 0.25
ZrB2 10.0% 0.24 0.26

Table 2 below provides some melting points of the materials made from the batch of

samples of Example 1 noted above in Table 1. The melting temperatures provide further

indication of the refractory capabilities of the samples.

Table 2

Dopant in Mullite

Fraction X %omass

Melting Temperature

NiFe204 10.0% 1850°C but NIS
Fe304 10.0% 1595°C
Fe203 10.0% 1350°C

(MEAIL0, )5 osimor (F€30 s 094mal 5% 1600°C
LaCrO3 10.0% 2450°C
Cr203 10.0% ~2300°C
MnO2 10.0% 1347°C
Ce02 10.0% 2400°C
NiO 10.0% 1957°C but NIS
Sn02 10.0% 1625°C but vol.
ZrB2 10.0% 3000°C

FIGs. 1 and 2 provide plots of emissivity versus wavelength for certain samples of

Example 1. Notably, the sampels containing Fe;O3 (10%), FezO4 (10%), NiFeO4 (10%), and
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(MgAl1,04),(Fe203) (5%) demonstrated the highest average emissivity of the samples tested.
FIG. 2 further demonstrates the impact of the dopants on the emissivity for certain samples
doped with iron-containing dopants. Notably, the sample with only 5% of
(MgAI204),(Fe203) performed as well as the other samples having twice the content of iron-
containing dopants.

It should be noted that the sample containing 5% (MgAl,0.),(Fe;O3) was formed
according to the following process. The powder was synthetized by presintering by mixing
50% mol of spinel powder (MgAl,O4) and 50% mol of Fe3O4 powder. The powders were
supplied by Alfa Aesar. The mixture was made into pellets by uniaxial pressing and then
sintered at a temperature between 1500°C and 1650°C. The pellets were then crushed to 325
mesh size. This powder was then added as an additive in the mullite formulation at 5 wt%.
Example 2

Two new samples representing a composite body including a core and coating were
formed. The first sample was created by first electrofusion of a mixture of 42.3 wt%
alumina, 27.0 wt% magnesium, and 30.6 wt% Fe,O3; powder. The fused cast material was
then crushed into powder with grain size below 325 mesh size. The sieved powder was then
placed in a liquid carrier to create a slurry that was sprayed onto a block of mullite. The
coating had a thickness of approximately of 100~300 microns. FIG. 3 includes an emission
spectra for the first sample.

A second sample was formed by electrofusion of a mixture of 59.7 wt% alumina, 31.3
wt% magnesium, and 11.9 wt% Fe,Os; powder. The fused cast material was then crushed into
powder with grain size below 325 mesh size. The sieved powder was then placed in a liquid
carrier to create a slurry that was sprayed onto a block of mullite. The coating had a
thickness of approximately of 100~300 microns. FIG. 4 includes an emission spectra for the
second sample.

Samples 1 and 2 were then tested according to the conditions noted above. In
particular, the emissivity was measured using two Fourier transform infrared (FTIR)
spectrometers manufactured by Bruker (Vertex Vertex 80v and 70) for performing emission
measurements in the spectral range of 1000-16000 cm™. The samples had a thickness of
about 4 mm and the typical diameter of the analyzed area on the sample was 2 mm. The
sample was heated by a CO, laser (Diamond K500, Coherent INC.). The beam followed a
path through a splitter and a set of mirrors for conducting heating of the two faces of the
sample. Two radiation heat fluxes were simultaneously measured by both spectrometers: the

flux emitted by the sample and the flux emitted by a black body. The black body was a
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Pyrox PY8 furnace, having a cylindrical cavity in lanthanum chromite LaCrOs, pierced with
a lateral orifice, and having an emissivity equal to 1. The emission of the heated sample was
measured in the direction perpendicular to the surface (i.e., normal emissivity). The infrared
spectrometers were also used as pyrometers for the measurement of the sample temperature.
The method used was that from the point of Christiansen. The emission spectra for the first
and second samples is shown in FIGs. 3 and 4 respectively. As noted, the emission spectra
for both samples over the range of wavelengths and temperatures measured is suitable for use
in refractory operations.

Notably, both samples demonstrated suitable performance and broad-band emissivity
over the temperature range of interest.

It will be appreciated that reference herein to any materials of the articles of the
embodiments includes forming the article essentially from any of the materials mentioned.
Moreover, it will be appreciated that the foregoing description also contemplates that any of
the articles of the embodiments herein may be essentially free of any materials that are
described as well as those materials that are not described with any of the articles.

The above-disclosed subject matter is to be considered illustrative, and not restrictive,
and the appended claims are intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true scope of the present invention. Thus, to the
maximum extent allowed by law, the scope of the present invention is to be determined by
the broadest permissible interpretation of the following claims and their equivalents, and shall
not be restricted or limited by the foregoing detailed description.

The Abstract of the Disclosure is provided to comply with Patent Law and is
submitted with the understanding that it will not be used to interpret or limit the scope or
meaning of the claims. In addition, in the foregoing Detailed Description, various features
may be grouped together or described in a single embodiment for the purpose of streamlining
the disclosure. This disclosure is not to be interpreted as reflecting an intention that the
claimed embodiments require more features than are expressly recited in each claim. Rather,
as the following claims reflect, inventive subject matter may be directed to less than all
features of any of the disclosed embodiments. Thus, the following claims are incorporated
into the Detailed Description, with each claim standing on its own as defining separately

claimed subject matter.
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CLAIMS
1. A refractory article comprising:
a body including a ceramic comprising:
an aluminosilicate present in an amount of at least 70 wt% and not greater than
99 wt% for a total weight of the body; and
a dopant comprising a Mg-containing oxide compound and a Fe-containing

oxide compound, present in an amount within a range including at least

1 wt% and not greater than 12 wt%.
2. The refractory article of claim 1, wherein the ceramic is in the form of a monolithic body
including the aluminso silicate and dopant.
3. The refractory article of claim 1, wherein the body is a composite including a core and the
ceramic as a coating overlying the core.
4. The refractory article of claim 3, wherein the core and the coating can include at least one
element that is the same.
5. The refractory article of claim 3, wherein the core and coating can include at least one
compound that is the same.
6. The refractory article of claim 5, wherein the core and the coating can include an
aluminosilicate.
7. The refractory article of claim 3, wherein the core and the coating can both include a
majority content of one or more of the same oxide compounds.
8. The refractory article of claim 7, wherein the core and the coating can include mullite.
9. The refractory article of claim 3, wherein the core consists essentially of an oxide.
10. The refractory article of claim 3, wherein the core consists essentially of mullite.
11. The refractory article of claim 1, wherein the aluminosilicate comprises mullite.
12. The refractory article of claim 1, wherein the aluminosilicate consists essentially of
mullite.
13. The refractory article of claim 1, wherein the body includes a first phase comprising the
aluminosilicate.
14. The refractory article of claim 13, wherein the body includes a majority content of the
first phase.
15. The refractory article of claim 13, wherein the first phase comprises mullite.
16. The refractory article of claim 13, wherein the first phase comprises at least 10% mullite.

17. The refractory article of claim 13, wherein the first phase consists essentially of mullite.
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18. The refractory article of claim 13, wherein the first phase comprises at least one species
of the dopant.

19. The refractory article of claim 13, wherein the first phase comprises at least one
compound including at least one element of the dopant.

20. The refractory article of claim 13, wherein the first phase includes an oxide compound
including at least one element of the aluminosilicate and at least one element of the dopant.
21. The refractory article of claim 13, wherein the first phase includes a compound including
at least one cation element of the aluminosilicate and at least one cation element of the
dopant.

22. The refractory article of claim 13, wherein the first phase includes a solid solution of the
mullite and at least one species of the dopant.

23. The refractory article of claim 13, wherein the first phase includes a solid solution of the
mullite and a first compound including at least one species of the dopant.

24. The refractory article of claim 23, wherein the first compound includes an oxide.

25. The refractory article of claim 13, wherein the body includes a second phase distinct
from the first phase.

26. The refractory article of claim 25, wherein the body includes a greater content of the first
phase (Cpl) as compared to the content of the second phase (Cp2).

27. The refractory article of claim 26, wherein the body includes a ratio (Cp1:Cp2) of at least
1.5:1 and not greater than 5:1.

28. The refractory article of claim 25, wherein the second phase is essentially free of mullite.
29. The refractory article of claim 25, wherein the second phase comprises at least one
species of the dopant.

30. The refractory article of claim 25, wherein the second phase comprises at least one
compound including at least one element of the dopant.

31. The refractory article of claim 25, wherein the second phase includes an oxide compound
including at least one element of the aluminosilicate and at least one element of the dopant.
32. The refractory article of claim 25, wherein the second phase includes a compound
including at least one cation element of the aluminosilicate and at least one cation element of
the dopant.

33. The refractory article of claim 25, wherein the body includes at least 1 wt% and not
greater than 60 wt% of the second phase for the total weight of the body.

34. The refractory article of claim 25, wherein the body includes a minority content of the

second phase.
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35. The refractory article of claim 25, wherein the dopant includes a combination of a Mg-
containing oxide compound and a Fe-containing oxide compound present in an amount
within a range including at least 1 wt% and not greater than 10 wt% for a total weight of the
body.

36. The refractory article of claim 35, wherein the dopant is present in an amount within a
range including at least 3 wt% and not greater than 6 wt% for a total weight of the body.

37. The refractory article of claim 1, wherein the body comprises a content of the
aluminosilicate of at least about 51 wt% and not greater than 99 wt% for a total weight of the
body.

38. The refractory article of claim 25, wherein the dopant comprises (Mg, Fe)(Al, Fe),0;.
39. The refractory article of claim 25, wherein the body comprises an average relative
emissivity over a wavelength of 0.5 microns to 5 microns of at least 0.8.

40. The refractory article of claim 25, wherein the body comprises a melting temperature of
at least 1600°C.

41. The refractory article of claim 25, wherein the body is part of a glass furnace.

42. The refractory article of claim 25, wherein the body is essentially free of Sn, La, Cr, Mn,
Ni, Zr, B, Ce, Ti, oxide compounds thereof, zircon, and a combination thereof.

43. The refractory article of claim 25, wherein the body is essentially free of carbides,
nitrides, borides, and a combination thereof.

44. The refractory article of claim 25, wherein the body consists essentially of oxides.

45. The refractory article of claim 25, wherein the body comprises a phase of alumina
distinct from a phase comprising the aluminosilicate, and wherein the body comprises a
content of alumina less than a content of a phase comprising the aluminosilicate, and wherein
the body comprises a phase of silica distinct from a phase comprising the aluminosilicate, and
wherein the body comprises a content of silica less than a content of a phase comprising the

aluminosilicate.
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