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SINTERED CERAMIC COMPONENT AND A
PROCESS OF FORMING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Patent Application No. 62/077,583, filed Nov. 10,
2014, entitled “Sintered Ceramic Component and a Process
of Forming the Same”, naming as inventors Guangyong Lin
etal., which is incorporated by reference herein in its entirety.

FIELD OF THE DISCLOSURE

[0002] The following is directed to sintered ceramic com-
ponents and processes of forming the same.

DESCRIPTION OF RELATED ART

[0003] Manifolds for solid oxide fuel cells can be made of
magnesia-magnesium aluminate spinel ceramics. The start-
ing materials for the ceramics may be commercial grade
materials that include impurities that may provide undesired
colors for the manifold or potentially may contaminate other
components within a solid oxide fuel cell. Improvements in
manifold compositions are desired.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Embodiments are illustrated by way of example and
are not limited by the accompanying figures.

[0005] FIG. 1 includes a dilatometry curve for a compara-
tive sample with a relatively high level of impurities.

[0006] FIG. 2 includes a dilatometry curve for a compara-
tive sample with a relatively low level of impurities.

[0007] FIG. 3 includes a dilatometry curve for another
comparative sample with a relatively low level of impurities.
[0008] FIG. 4 includes a dilatometry curve for a CaO-
doped sample formed using material having a relatively low
level of impurities.

[0009] FIG. 5 includes a dilatometry curve for a Y,O,-
doped sample formed using material having a relatively low
level of impurities.

[0010] FIG. 6 includes a dilatometry curve for a TiO,-
doped sample formed using material having a relatively low
level of impurities.

[0011] FIG. 7 includes a dilatometry curve for a co-doped
sample formed using material having a relatively low level of
impurities.

[0012] FIG. 8 includes a dilatometry curve for co-doped
samples formed using material having a relatively low level of
impurities.

[0013] FIG. 9 includes a plot of relative density as a func-
tion of dopant content for different dopants.

[0014] Skilled artisans appreciate that elements in the fig-
ures are illustrated for simplicity and clarity and have not
necessarily been drawn to scale. For example, the dimensions
of some of the elements in the figures may be exaggerated
relative to other elements to help improve understanding of
embodiments of the invention. The use of the same reference
symbols in different drawings indicates similar or identical
items.

DETAILED DESCRIPTION

[0015] The following description in combination with the
figures is provided to assist in understanding the teachings
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disclosed herein. The following discussion will focus on spe-
cific implementations and embodiments of the teachings.
This focus is provided to assist in describing the teachings and
should not be interpreted as a limitation on the scope or
applicability of the teachings.

[0016] As used herein, color space coordinates are
expressed in terms of CIE 1976 (CIELAB) coordinates, L*,
a*, and b*.

[0017] The term “dopant” is intended to mean a compound
that is intentionally added to affect a property of a material to
which such compound is added.

[0018] Group numbers corresponding to columns within
the Periodic Table of Elements are based on the [UPAC Peri-
odic Table of Elements, version dated Jan. 21, 2011.

[0019] The terms “comprises,” “comprising,” “includes,”
“including,” “has,” “having,” or any other variation thereof,
are intended to cover a non-exclusive inclusion. For example,
aprocess, method, article, or apparatus that comprises a list of
features is not necessarily limited only to those features but
may include other features not expressly listed or inherent to
such process, method, article, or apparatus. Further, unless
expressly stated to the contrary, “or” refers to an inclusive-or
and not to an exclusive-or. For example, a condition A or B is
satisfied by any one of the following: A is true (or present) and
B is false (or not present), A is false (or not present) and B is
true (or present), and both A and B are true (or present).

[0020] The use of “a” or “an” is employed to describe
elements and components described herein. This is done
merely for convenience and to give a general sense of the
scope of the invention. This description should be read to
include one or at least one and the singular also includes the
plural, or vice versa, unless it is clear that it is meant other-
wise.

[0021] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. The materials, methods, and examples are
illustrative only and not intended to be limiting. To the extent
not described herein, many details regarding specific materi-
als and processing acts are conventional and may be found in
textbooks and other sources within the solid oxide fuel cell
and ceramic arts.

[0022] An apparatus can include a sintered ceramic com-
ponent. The apparatus can be an energy generating apparatus
that includes one or solid oxide fuel cells or can be a gas-to-
liquid membrane system. In an embodiment, the sintered
ceramic component can be a manifold to provide a gas to or
remove a gas from the apparatus or can be another component
that is used in conjunction with the solid oxide fuel cell(s) or
gas-to-liquid membrane system. Such other component may
be used to connect a plurality of solid oxide fuel cells or
systems to each other.

[0023] The sintered ceramic component may include a high
purity magnesia magnesium aluminate (“MMA”) that is
intentionally doped with one or more impurities to provide
good sintering properties, high density, a particular color, if
needed or desired, and not have other impurities that could
adversely affect the color or adversely interact with other
components in the apparatus.

[0024] In a particular embodiment, the sintered ceramic
component can include at least 50 wt. % MgO; at least one
desired dopant, wherein each dopant of the at least one
desired dopant has a desired dopant content of at least 0.1 wt.
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%; all impurities are present at a combined impurity content
of' less than 0.7 wt. %; and a remainder comprising Al,O;.
[0025] Inan embodiment desired dopant can include CaO,
Y,0;, TiO,, another suitable dopant, or any combination
thereof. In another embodiment, the desired dopant can
include SrO, BaO, Sc,0;, La,0;, ZrO,, HfO,, V,05,Nb,Os,
Ta,O5, M0,0;, W,0;, Co,0;, or any combination thereof.
Fe,O; may be useful as a co-dopant when combined with
another dopant, such as CaO. In an embodiment, the desired
dopant content is at least 0.2 wt. %, at least 0.3 wt. %, at least
0.4 wt. %, or at least 0.5 wt. %, and in another embodiment,
the desired dopant content is no greater than 5 wt. %, no
greater than 3 wt. %, no greater than 2 wt. %, or no greater
than 1.1 wt. %. In a particular embodiment, the desired dopant
content is in a range 0of 0.2 wt. % to 5 wt. %, 0.3 wt. % to 3 wt.
%, 0.4 wt. % to 2 wt. %, or 0.5 wt. % to 1.1 wt. %.

[0026] The desire dopant concentrations may be tailored
more closely to particular dopants. For CaO, the CaO content
can be at least 0.2 wt. %, at least 0.3 wt. %, at least 0.4 wt. %,
or at least 0.5 wt. %, or may be no greater than 3 wt. %, no
greater than 2 wt. %, no greater than 1.5 wt. %, or no greater
than 0.95 wt. %. In a particular embodiment having CaO, the
CaO content is in a range 0f 0.2 wt. % to 3 wt. %, 0.3 wt. % to
2wt. %,0.4wt. % to 1.5wt. %, 0.5wt. %10 0.95 wt. %, 0or 0.2
wt. %10 0.5 wt. %. For Y,0;, the Y,O; content can be at least
0.2 wt. %, at least 0.3 wt. %, at least 0.4 wt. %, or at least 0.5
wt. %, or may be no greater than 3 wt. %, no greater than 2 wt.
%, no greater than 1.5 wt. %, or no greater than 0.95 wt. %. In
a particular embodiment having Y,Oj;, the Y, O, content is in
arange of 0.2 wt. % to 3 wt. %, 0.3 wt. % to 2 wt. %, 0.4 wt.
%to 1.5wt. %, or 0.5 wt. %10 0.95 wt. %. For Ti0,, the TiO,
content can be at least 0.2 wt. %, at least 0.3 wt. %, at least 0.4
wt. %, or at least 0.5 wt. %, or may be no greater than 3 wt. %,
no greater than 2.5 wt. %, no greater than 2.0 wt. %, or no
greater than 1.5 wt. %. In a particular embodiment having
TiO,, the TiO, content is in a range 0f 0.2 wt. % to 3 wt. %, 0.3
wt. % to 2.5 wt. %, 0.4 wt. % 10 2.0 wt. %, or 0.5 wt. % t0 1.5
wt. %.

[0027] In a particular embodiment, some compounds may
not be desired dopants. For example, the desired dopant may
not include Cr,O;, NiO, CuO, or any combination thereof.
Such compounds may react with MgO or Al,O; to form a
different compound.

[0028] The ceramic material may be co-doped with a first
dopant and a second dopant that is different from the first
dopant. The first dopant can include CaO, Y,O;, or TiO,, and
the second dopant includes CaO, Y,O;, TiO,, Fe,0;, SrO,
BaO, Sc,0;, La,0;, ZrO,, HfO,, V,0,, Nb,O,, Ta,Os,
Mo,0;, W,0;, CO,0;, or any combination thereof. In an
embodiment, the first dopant is present in the final composi-
tion at a higher concentration than the second dopant, and in
another embodiment, the first dopant is present in the final
composition at a lower concentration than the second dopant.
In a particular embodiment, a combination of the first and
second dopants is in a range of 1 wt. % to 9 wt. % of the final
composition.

[0029] Most of the sintered ceramic component may
include magnesia and alumina. In an embodiment, the com-
position of the sintered ceramic component can be selected to
achieve a coefficient of thermal expansion (CTE) to match
another component to which the sintered ceramic component
may be coupled. CTEs as described herein are the CTEs as
measured from 25° C. to 1200° C. In conjunction with the
annealing conditions disclosed above, the CTE can be at least
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9.0 ppm/°® C., such as at least 10.3 ppm/° C. or at least 10.6
ppr/° C. In another embodiment, the sintered ceramic com-
ponent may have a CTE ofno greater than 13.0 ppm/° C., such
as no greater than 12.7 ppm/° C., or no greater than 12.5
ppr/® C. In yet another embodiment, the sintered ceramic
component can have a CTE in a range of 9.0 ppny/° C. 10 13.0
pp/° C., 103 ppm/° C. 10 12.7 ppm/° C., or 10.6 ppm/° C. to
12.5 ppm/° C. Depending on the applications of the sintered
ceramic component, the CTE of the sintered ceramic compo-
nent can match closely to that of the material to be coupled.
For example, the sintered having a CTE in a range of 11.0
pp/° C. 10 12.5 ppm/° C. is well suited for use with an SOFC.
In another embodiment, the sintered ceramic component hav-
ing a CTE of 10.6 ppm/° C. to 12.5 ppm/°® C. can be suitable
for use with a gas-to-liquid membrane system.

[0030] In another embodiment, the content may be
expressed as an amount of MgO and another amount of
AL, O;. In an embodiment, the MgO has a content that is at
least 51 wt. %, at least 55 wt. %, or at least 60 wt. %, and in
another embodiment, the MgO has a content that is no greater
than 80 wt. %, no greater than 75 wt. %, or no greater than 70
wt. %. In a particular embodiment, the MgO has a content that
is inarange of 51 wt. % to 80 wt. %, 55 wt. % to 75 wt. %, 60
wt. % to 70 wt. %. In an embodiment the Al,O; has a content
that is at least 20 wt. %, at least 25 wt. %, or at least 30 wt. %,
and in another embodiment, the Al,O, has a content that is no
greater than 49 wt. %, no greater than 45 wt. %, or no greater
than 40 wt. %. In a particular embodiment, the Al,O; has a
content that is in a range of 20 wt. % to 49 wt. %, 25 wt. % to
45 wt. %, 30 wt. % to 40 wt. %.

[0031] The desired dopants may help to achieve good den-
sity without having to sinter the ceramic component at too
high of a temperature or having relatively high levels of
undesired impurities. In an embodiment, the sintered ceramic
component has a density that is at least 90% of theoretical
density, at least 92% of theoretical density, or at least 94% of
theoretical density, and in another embodiment, no greater
than 99.9% of theoretical density, no greater than 99.5% of
theoretical density, or no greater than 99.0% of theoretical
density. In a particular embodiment, the sintered ceramic
component has a density in a range of 90% to 99.9% of
theoretical density, 92% to 99.5% of theoretical density, or
94% to 99% of theoretical density.

[0032] Density may also be expressed on a relative basis.
The relative densities can be expressed as a difference in
percentages of theoretical density. As an example, two differ-
ent components have different compositions and are sintered
under the same conditions. One of the components may have
a density that is 97% of theoretical density, and the other
component may have a density that is 92% of theoretical
density. The density of the one component is 5% higher than
the density of the other component. In an embodiment, when
sintered under the same conditions, the sintered ceramic com-
ponent has a density that is at least 3%, at least 6%, at least
9%, or at least 12% higher than a density of a different
sintered ceramic component that includes at least 50 wt. %
MgO, all impurities are present at a combined impurity con-
tentofless than 0.7 wt. %, a remainder comprising Al,O;, and
other than MgO and Al,O;, no other metal oxide is present at
a content of at least 0.1 wt. %. In another embodiment, when
sintered under the same conditions, the sintered ceramic com-
ponent has a density that is no greater that 17%, no greater
than 16%, no greater than 15%, or no greater than 14% higher
than a density of a different sintered ceramic component that
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includes at least 50 wt. % MgO, all impurities are present at a
combined impurity content of less than 0.7 wt. %, a remainder
comprising Al,O;, and other than MgO and Al,Oj;, no other
metal oxide is present at a content of at least 0.1 wt. %. In a
particular embodiment, when sintered under the same condi-
tions, the sintered ceramic component has a density that is in
a range of 3% to 17%, 6% to 16%, 9% to 15% higher than a
density of a different sintered ceramic component that
includes at least 50 wt. % MgO, all impurities are present at a
combined impurity content of less than 0.7 wt. %, a remainder
comprising Al,O;, and, other than MgO and Al,O;, other
metal oxide is present at a content of at least 0.1 wt. %.

[0033] The color of the sintered ceramic component can be
expressed in CIELAB coordinates. In an embodiment, the
sintered ceramic component has [L* is at least 65, at least 80,
or at least 88; a* is in a range of -1.0 to +7.0, -0.3 to +2.0, or
-0.2to +1.5; and b* is in a range of +4.0 to +20, +4.2 to +15,
or +4.4 to +12. A user of the sintered ceramic component may
desire that the sintered ceramic component have a relatively
white appearance. In an embodiment, the sintered ceramic
component has [* is at least 85, at least 88, or at least 89; a*
isinarange of —-1.0to +1.0, -0.3 to +0.7, or -0.2 to +0.4; and
b* is in a range of +4.0 to +9.0 +4.2 to +8.5, or +4.4 to +8.0.
Contamination, rather than color, may more of a concern.
Alternatively, a user may desire that the sintered ceramic
component have a yellow or dark yellow appearance. In a
particular embodiment, the sintered ceramic component has
L* is at least 65, at least 70, or at least 75; a* is in a range of
0.0t0 +7.0 +0.5 to +6.6 or +0.7 to +6.0; and b* is in a range of
+5.0to +20, +6.0 to +17, or +6.5 to +15.

[0034] A process of forming the sintered ceramic com-
pound can include obtaining appropriate powders that make
up the sintered ceramic compound. Sources for the MgO and
Al,O; may include those particular compounds or can
include other sources. In an embodiment, powders of MgO
and spinel (MgAl,O,) may be used. In another embodiment,
a powder including a fused MgO-containing MgAl,O, may
beused. Thus, the relative amounts of MgO and Al,O, may be
controlled in a variety of ways. One or more desired dopants
can be added. Any of the dopants previously described may be
added at the amounts previously described. In another
embodiment, the dopants may be added using a different
compound. For example, CaCO, may be used instead of orin
conjunction with CaO. During the formation sequence,
CaCOj; decomposes into CaO and CO,, thus, leaving CaO in
the sintered ceramic component. The amount of CaCOj in the
starting material may be adjusted to account for a higher
molecular weight as compared to CaO. The powders may be
agglomerated, milled, subjected to another particle size
changing operation, or the like, if needed or desired. In an
embodiment, the powders may have different particle sizes
for the same material or different materials. The powders for
the ceramic component can be combined before, during or
after the powders have an appropriate particle size. The pow-
ders can include at least 50 wt. % MgO; at least one desired
dopant, wherein each dopant of the atleast one desired dopant
has a desired dopant content of at least 0.1 wt. %; all impu-
rities are present at a combined impurity content of less than
0.7 wt. %; and a remainder comprising Al,O;.

[0035] The process can further include combining the pow-
ders and a binder, another material, or a combination thereof
to form a green mixture. The binder or other material can
include a polyacrylate, a polyvinyl alcohol, a polyethylene
glycol, another suitable material to aid in mixing or binding
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the powders, or any combination thereof. A solvent can be
used if needed or desired. The solvent can include water,
alcohol, glycol, another suitable liquid that can aid in allow
for better mixing of the powders and the binder, or any com-
bination thereof. One or more additional materials can be
added if needed or desire. Such additional materials can
include a surfactant, a polyvinyl alcohol, a polyvinyl butyral,
a butyl benzyl phthalate, a fish oil, or any combination
thereof.

[0036] The method can further include shaping the green
mixture having a shape corresponding to the sintered ceramic
component. The shape can be larger than the final sintered
ceramic component due to densification during a subsequent
sintering operation.

[0037] The object can be heated during one or more opera-
tions to form the sintered ceramic component. The object may
be heated to a first temperature to drive out volatile compo-
nents, such as the solvent. The temperature can be in a range
0f'25° C. 10 150° C. for a time in a range of 1 hour to 4 hours.
The pressure during volatile component drive off can be at
atmospheric pressure or under vacuum pressure. If vacuum
pressure is used, the pressure should not be so low as to cause
any cracks, fractures, or other defects to form in the object.
The temperature can be increased to burn out the binder and
any other carbon-containing material. The temperature for
the burn out operation can be in a range of 150° C. to 650° C.
for atime in a range of 5 to 48 hours. The pressure for the burn
out can be performed at atmospheric pressure, at a higher
pressure than atmospheric pressure, or under vacuum. Gas
evolved during burn out may be difficult to remove if the
pressure is too higher. In an embodiment, the pressure may
not be greater than 30 kPa. If the pressure is too low, cracks,
fractures, or other defects may form in the object. In an
embodiment, the pressure may be at least 0.2 kPa-abs. In
another embodiment, pressures higher or lower than recited
may be used. The burn out can be performed using an oxygen-
containing gas, such as O,, ozone, N,O, NO, or the like. O,
may be in the form of air (21 vol. % O,) or may be provided
ata concentration different from air. Air may be flown into the
furnace during the burn out of the binder or other carbon-
containing material.

[0038] Thetemperature can be further increased to form the
sintered ceramic component. The one or more dopants in the
object can help to lower the sintering temperature of the
material. Thus, the sintering can be performed lower than the
magnesia-alumina material by itself. The sintering can be
performed at a temperature less than 1600° C. Without
dopant, the magnesia-alumina material will not properly sin-
tered until the material is well above 1600° C., such as closer
to 1800° C. In an embodiment, sintering is performed at a
temperature of at least 1200° C., at least 1250° C., or at least
1300° C., and in another embodiment, sintering is performed
at a temperature no greater than 1575° C., no greater than
1500° C., or no greater than 1450° C. In a particular embodi-
ment, sintering is performed at a temperature in a range of
1200° C. to 1575° C., 1250° C. to 1550° C., or 1300° C. to
1450° C. The sintering may be performed for a time to allow
sufficient sintering and densification to occur. In an embodi-
ment, the time is at least 1 hour, at least 2 hours, or at least 3
hours, and in another embodiment, the time may be no greater
than 50 hours, no greater than 20 hours, or no greater than 9
hours. In a particular embodiment, the time is in a range of 1
hour to 50 hours, 2 hours to 20 hours, or 3 hours to 9 hours.
Sintering can be performed at a pressure of at least atmo-



US 2016/0130184 Al

spheric pressure (also referred to as pressureless sintering) to
a relatively high pressure. The pressure can be applied in the
form of pressurized gas, hot pressing or hot isostatic pressing.
Sintering can be performed using an oxygen-containing gas,
such as O,, ozone, N,O, NO, or the like. O, may be in the
form of air (21 vol. % O,) or may be provided at a concen-
tration different from air.

[0039] Although many values of sintering parameters are
described, after reading this specification, skilled artisans will
appreciate that values outside those disclosed may be used
without deviating from the concepts herein. The operations
described above may be performed during a single heating
cycle or during different heating cycles. Additional opera-
tions may be performed during heating. For example, during
cooling after sintering, the sintered ceramic component may
be allowed to soak at atemperature to reduce the likelihood of
building up too much strain within the component. Control-
ling the heating rate and cooling rate may also be used to
reduce the likelihood of building up too much strain and
cracking within the component.

[0040] The sintered ceramic component is well suited for
use as a gas manifold or another component used in conjunc-
tion with a solid oxide fuel cell, a gas-to-liquid membrane
system, or for another application where the sintered ceramic
component configured such that it withstand exposure to a
relatively high (i.e., greater than 400° C.) during normal
operating conditions of an apparatus.

[0041] Many different aspects and embodiments are pos-
sible. Some of those aspects and embodiments are described
herein. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only illus-
trative and do not limit the scope of the present invention.
Additionally, those skilled in the art will understand that some
embodiments that include analog circuits can be similarly
implemented using digital circuits, and vice versa. Embodi-
ments may be in accordance with any one or more of the items
as listed below.

Embodiment 1

[0042] A sintered ceramic component having a final com-
position can include at least 50 wt. % MgO; at least one
desired dopant, wherein each dopant of the at least one
desired dopant has a desired dopant content of at least 0.1 wt.
%; all impurities are present at a combined impurity content
of'less than 0.7 wt. %; and a remainder including Al,O;.

Embodiment 2

[0043] A process of forming a sintered ceramic component
can include:

[0044] combining a binder and at least one powder to
form a green mixture, wherein the at least one powder
includes at least 50 wt. % MgO; at least one desired
dopant, wherein each dopant of the at least one desired
dopant has a desired dopant content of at least 0.1 wt. %;
all impurities are present at a combined impurity content
ofless than 0.7 wt. %; and a remainder including Al,Os;

[0045] shaping the green mixture to form an object hav-
ing a shape corresponding to the sintered ceramic com-
ponent; and

[0046] sintering the object to form the sintered ceramic
component having a final composition, wherein sinter-
ing is performed at a temperature less than 1600° C., and
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the sintered ceramic component has a density that is at
least 90% of theoretical density.

Embodiment 3

[0047] The process of Embodiment 2, further including
combining a first powder including MgO, a second powder
including Al,O;, and a third powder including the at least one
desired dopant before adding the binder.

Embodiment 4

[0048] The process of Embodiment 2, further including
combining a first powder including MgO and Al,O; and a
second powder including the at least one desired dopant
before adding the binder.

Embodiment 5

[0049] The process of Embodiment 4, wherein the first
powder includes a fused MgO-containing MgAl,0O, material.

Embodiment 6

[0050] The process of any one of Embodiments 2 to 5,
wherein sintering is performed at a temperature of at least
1200° C., at least 1250° C., or at least 1300° C.

Embodiment 7

[0051] The process of any one of Embodiments 2 to 6,
wherein sintering is performed at a temperature no greater
than 1575° C., no greater than 1500° C., or no greater than
1450° C.

Embodiment 8

[0052] The process of any one of Embodiments 2 to 7,
wherein sintering is performed at a temperature in a range of
1200° C. to 1575° C., 1250° C. to 1550° C., or 1300° C. to
1450° C.

Embodiment 9

[0053] The process of any one of Embodiments 2 to 8,
further including burning out the binder before sintering the
object.

Embodiment 10

[0054] The process of any one of Embodiments 2 to 9,
wherein the at least one desired dopant within the combined
powders is CaCO;.

Embodiment 11

[0055] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the desired
dopant content is at least 0.2 wt. %, at least 0.3 wt. %, at least
0.4 wt. %, or at least 0.5 wt. %.

Embodiment 12

[0056] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the desired
dopant content is no greater than 5 wt. %, no greater than 3 wt.
%, no greater than 2 wt. %, or no greater than 1.1 wt. %.
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Embodiment 13

[0057] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the desired
dopant content is in a range of 0.2 wt. % to 5 wt. %, 0.3 wt. %
to 3 wt. %, 0.4 wt. % to 2 wt. %, or 0.5 wt. % to 1.1 wt. %.

Embodiment 14

[0058] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the at least
one desired dopant includes CaO.

Embodiment 15

[0059] The sintered ceramic component or the process of
Embodiment 14, wherein the CaO content is at least 0.2 wt.
%, at least 0.3 wt. %, at least 0.4 wt. %, or at least 0.5 wt. %.

Embodiment 16

[0060] The sintered ceramic component or the process of
Embodiment 14 or 15, wherein the CaO content is no greater
than 3 wt. %, no greater than 2 wt. %, no greater than 1.5 wt.
%, or no greater than 0.95 wt. %.

Embodiment 17

[0061] The sintered ceramic component or the process of
Embodiments 14, 15, or 16, wherein the CaO content is in a
range of 0.2 wt. % to 3 wt. %, 0.3 wt. % to 2 wt. %, 0.4 wt. %
to 1.5 wt. %, 0.5 wt. % to 0.95 wt. %, or 0.2 wt. % to 0.5 wt.
%.

Embodiment 18

[0062] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the at least
one desired dopant includes Y,O;.

Embodiment 19

[0063] The sintered ceramic component of Embodiment
18, wherein the Y,O; content is at least 0.2 wt. %, at least 0.3
wt. %, at least 0.4 wt. %, or at least 0.5 wt. %.

Embodiment 20

[0064] The sintered ceramic component of Embodiment 18
or 19, wherein the Y, O, content is no greater than 3 wt. %, no
greater than 2 wt. %, no greater than 1.5 wt. %, or no greater
than 0.95 wt. %.

Embodiment 21

[0065] The sintered ceramic component of Embodiments
18,19, or 20, wherein the Y ,O; content is in a range 0o 0.2 wt.
% to 3 wt. %, 0.3 wt. % to 2 wt. %, 0.4 wt. % to 1.5 wt. %, or
0.5 wt. % to 0.95 wt. %.

Embodiment 22

[0066] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the at least
one desired dopant includes TiO,.

Embodiment 23

[0067] The sintered ceramic component of Embodiment
22, wherein the TiO, content is at least 0.2 wt. %, at least 0.3
wt. %, at least 0.4 wt. %, or at least 0.5 wt. %.
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Embodiment 24

[0068] The sintered ceramic component of Embodiment 22
or 23, wherein the TiO, content is no greater than 3 wt. %, no
greater than 2.5 wt. %, no greater than 2.0 wt. %, or no greater
than 1.5 wt. %.

Embodiment 25

[0069] The sintered ceramic component of Embodiments
22,23, or 24, wherein the TiO, content is in a range of 0.2 wt.
% to 3 wt. %, 0.3 wt. % to 2.5 wt. %, 0.4 wt. % to 2.0 wt. %,
or 0.5 wt. % to 1.5 wt. %.

Embodiment 26

[0070] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the at least
one desired dopant includes SrO, BaO, Sc,0;, La,0;, ZrO,,
HfO,, V,0,, Nb,Os, Ta,05, Mo0,0;, W,0;, Co,0;, or any
combination thereof.

Embodiment 27

[0071] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the at least
one desired dopant does not include Cr,O;, NiO, or CuO.

Embodiment 28

[0072] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein the at least
one dopant includes a first dopant and a second dopant.

Embodiment 29

[0073] The sintered ceramic component or the process of
Embodiment 28, wherein the first dopant includes CaO,
Y,0;, or TiO,.

Embodiment 30

[0074] The sintered ceramic component or the process of
Embodiment 28 or 29, wherein the second dopant includes
Ca0, Y,0;, TiO,, Fe,0;, SrO, BaO, Sc,0,, La,0;, Zr0,,
HfO,, V,0s, Nb,Os, Ta, 05, MO,0;, W,0,, or CO,0;.

Embodiment 31

[0075] The sintered ceramic component or the process of
any one of Embodiments 28 to 30, wherein the first dopant is
present in the final composition at a higher concentration than
the second dopant.

Embodiment 32

[0076] The sintered ceramic component or the process of
any one of Embodiments 28 to 31, wherein the first dopant is
present in the final composition at a lower concentration than
the second dopant.

Embodiment 33

[0077] The sintered ceramic component or the process of
any one of Embodiments 28 to 32, wherein a combination of
the first and second dopants are in a range of 1 wt. % to 9 wt.
% of the final composition.
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Embodiment 34
[0078] The sintered ceramic component or the process of

any one of the preceding Embodiments, wherein MgO has a
content that is at least 51 wt. %, at least 55 wt. %, or at least
60 wt. %.

Embodiment 35

[0079] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein MgO has a
content that is no greater than 80 wt. %, no greater than 75 wt.
%, or no greater than 70 wt. %.

Embodiment 36

[0080] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein MgO has a
content that is in a range of 51 wt. % to 80 wt. %, 55 wt. % to
75 wt. %, 60 wt. % to 70 wt. %.

Embodiment 37

[0081] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein Al,O; has a
content that is at least 20 wt. %, at least 25 wt. %, or at least
30 wt. %.

Embodiment 38

[0082] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein Al,O; has a
content that is no greater than 49 wt. %, no greater than 45 wt.
%, or no greater than 40 wt. %.

Embodiment 39

[0083] The sintered ceramic component or the process of
any one of the preceding Embodiments, wherein Al,O; has a
content that is in a range of 20 wt. % to 49 wt. %, 25 wt. % to
45 wt. %, 30 wt. % to 40 wt. %.

Embodiment 40

[0084] The sintered ceramic component or the process of
any one of the preceding Embodiment, wherein the sintered
ceramic component is a gas manifold.

Embodiment 41

[0085] An apparatus including the gas manifold of
Embodiment 38, wherein the apparatus is a solid oxide fuel
cell, and the gas manifold is fluidly coupled to an electrode of
the solid oxide fuel cell.

Embodiment 42

[0086] The sintered ceramic component or the process of
any one of the Embodiments 1 to 39, wherein the sintered
ceramic component is a component of a gas-to-liquid mem-
brane system.

Embodiment 43

[0087] The sintered ceramic component or the process of
any one of preceding Embodiments, wherein the sintered
ceramic component has the following CIELAB coordinates:

[0088] L* is at least 65, at least 80, or at least 88;
[0089] a*isinarangeof-1.0to+7.0,-0.3t0 +2.0,0r-0.2
to +1.5; and
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[0090] b*isin arange of +4.0to +20, +4.2to +15, or +4.4
to +12.

Embodiment 44
[0091] The sintered ceramic component or the process of

any one of the preceding Embodiments, wherein the sintered
ceramic component has the following CIELAB coordinates:

[0092] L*is at least 85, at least 88, or at least 89;
[0093] a*isinarangeof-1.0to+1.0,-0.3t0+0.7,0r-0.2
to +0.4; and
[0094] b*isinarange of +4.0t0 +9.0 +4.2 t0 +8.5, or +4.4
to +8.0.

Embodiment 45
[0095] The sintered ceramic component or the process of

any one of Embodiments 1 to 43, wherein the sintered
ceramic component has the following CIELAB coordinates:

[0096] L* is at least 65, at least 70, or at least 75;
[0097] a*isinarange 0of0.0to +7.0 40.5 to +6.6 or +0.7 to
+6.0; and
[0098] b*isin arange of +5.0to +20, +6.0 to +17, or +6.5
to +15.

Embodiment 46
[0099] The sintered ceramic component or the process of

any of the preceding Embodiments, wherein the sintered
ceramic component has a density that is at least 3%, at least
6%, at least 9%, or at least 12% higher than a different
sintered ceramic component that includes at least 50 wt. %
MgO, all impurities are present at a combined impurity con-
tent of less than 0.7 wt. %, a reminder including Al,O;, and
other than MgO and Al,O;, no other metal oxide is present at
a content of at least 0.1 wt. %.

Embodiment 47

[0100] The sintered ceramic component or the process of
any of the preceding Embodiments, wherein the sintered
ceramic component has a density that is no greater that 17%,
no greater than 16%, no greater than 15%, or no greater than
14% higher than a different sintered ceramic component that
includes at least 50 wt. % MgO, all impurities are present at a
combined impurity content of less than 0.7 wt. %, a remainder
including Al,O;, and other than MgO and Al,O,, no other
metal oxide is present at a content of at least 0.1 wt. %.

Embodiment 48

[0101] The sintered ceramic component or the process of
any of the preceding Embodiments, wherein the sintered
ceramic component has a density that is in a range of 3% to
17%, 6% to 16%, 9% to 15% higher than a different sintered
ceramic component that includes at least 50 wt. % MgO, all
impurities are present at a combined impurity content of less
than 0.7 wt. %, a remainder including Al,O;, and, other than
MgO and Al,O;, no other metal oxide is present at a content
of at least 0.1 wt. %.

Embodiment 49

[0102] The sintered ceramic component or the process of
any of the preceding Embodiments, wherein the sintered
ceramic component has a coefficient of thermal expansion
from 25° C. to 1200° C. of at least 9.0 ppm/° C., at least 10.3
pp/° C., or at least 10.6 ppm/°® C.
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Embodiment 50
[0103] The sintered ceramic component or the process of

any of the preceding Embodiments, wherein the sintered
ceramic component has a coefficient of thermal expansion
from 25° C. to 1200° C. of no greater than 13.0 ppm/° C., no
greater than 12.7 ppm/° C., or no greater than 12.5 ppm/° C.

Embodiment 51

[0104] The sintered ceramic component or the process of
any of the preceding Embodiments, wherein the sintered
ceramic component has a coefficient of thermal expansion
from 25° C. to 1200° C. in a range of 9.0 ppm/°® C. to 13.0
pp/° C., 10.3 ppm/° C. 10 12.7 ppm/° C., or 10.6 ppm/° C. to
12.5 ppm/° C.

EXAMPLES

[0105] The examples presented below demonstrate that
sintered ceramic components having compositions as
described above may be formed at sintering temperatures that
are less than 1600° C. and achieve desired densities and
visible appearances. The sintered ceramic components may
have different colors depending on the dopants and dopant
concentrations selected. Samples were generated for analysis
of'sintering temperatures, densities when sintered at 1550° C.
for 4 hours, and color information of the sintered materials.

1. Composition of Samples and Annealing

[0106] Samples were generated with different composi-
tions. One sample was made using conventional commercial-
grade starting materials that were relatively high in impurities
and is referred to as the Impure Sample. Samples were made
with starting materials that had relatively low impurity levels
and are referred to the Pure 1 Sample and the Pure 2 Sample.
Tables 1 and 2 below include particle size distributions and
the compositions of the Impure and Pure 1 and 2 Samples. For
particle size distributions, d, ,, ds,, and d,, represent the 10”
percentile, 50” percentile, and the 90” percentile of the
Impure and Pure Samples.

TABLE 1

Particle Size Distribution of the Impure and Pure Samples

Sample djo (pm) dso (pm) dgo (Hm)

Impure Sample 0.13 2.65 5.25

Pure 1 Sample 0.46 2.82 498

Pure 2 Sample 0.22 2.81 6.91
TABLE 2

Composition of Impure and Pure Samples

MgO ALO; CaO Y,0; TiO, ZrO,* SiO, Na,O
Sample wt. % wt.% ppm ppm ppm  ppm  ppm ppm

Impure 64.6 351 6100 160 124 1600 1100 600
Purel 65.2 346 645 <5 10 150 120 140
Pure2 664 350 765 20 60 2600 190 65

4710, reported is the combination of ZrO, and HfO,

[0107] Other samples were generated using the starting
materials with the relatively low impurity levels and had
dopants at different concentrations added to such starting
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materials. In particular, doped samples below were generated
using the material used to form the Pure 1 Sample, except for
samples doped or co-doped with TiO, and the Y1-Ca0.5
Sample, each of which were generated using the material
used to form the Pure 2 Sample. Below are tables with
samples and the doping concentrations.

TABLE 3

CaO-doped Samples (Doped from material used for Pure 1 Sample)

Sample CaO vol. % Ca0 wt. %
Ca00.14 0.14 0.130
Ca00.25 0.25 0.235
Ca00.28 0.28 0.262
Ca00.42 0.42 0.393
Ca0 0.50 0.50 0.469
Ca0 0.56 0.56 0.524
Ca00.75 0.75 0.704
Ca0 1.00 1.00 0.939
TABLE 4

Y-505-doped Samples (Doped from material used for Pure 1 Sample)

Sample Y,0; vol. % Y,0; wt. %

Y,0;1% 1 1.398

Y,0;2% 2 2.784

Y,053% 3 4.160

Y,034% 4 5.524
TABLE 5

TiO,-doped Samples (Doped from material used for Pure 2 Sample

Sample TiO, vol. % TiO, wt. %

TiO, 0.25 0.25 0.296

TiO, 0.50 0.50 0.592

TiO, 0.75 0.75 0.887

TiO, 1.00 1.00 1.183

TABLE 6
Co-Doped Samples
Y,030rTiO,  Y,0;0rTiO, CaO

Sample vol. % wt. % CaOvol.% wt. %
Y1—Ca0.5 1.00 1.398 0.5 0.467
Y2.22—Ca0.84 2.22 3.083 0.84 0.779
Ti0.5—Ca0.5 0.50 0.592 0.50 0.469
Til—Ca0.5 1.00 1.183 0.50 0.469
[0108] After preparing the samples, samples were heated to

1600° C. at a rate of 10° C./minute to obtain data for dilatom-
etry curves. Other samples were heated to 1550° C. for 4
hours in air to obtain densification data.

2. Experimental Data

[0109] Dilatometry curves were generated for the samples
and are included in FIGS. 1 to 8, which have % dL/dT as a
function of temperature during the heating to 1600° C. FIG. 1
includes a dilatometry curve of the Impure Sample. FIGS. 2
and 3 include dilatometry curves of the Pure 1 and Pure 2
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Samples. FIGS. 4 to 8 include the dilatometry curves for
selected doped and co-doped samples.

[0110] Densification was performed at 1550° C. for 4 hours
in air except as explicitly noted. FIG. 9 includes a plot of
densification, expressed as percentage of theoretical density
as a function of doping concentration for particular dopants.
The material for the Impure Sample has typically has a den-
sification in a range of 95.7% to 98.8%. Table 7 includes the
densification data.

TABLE 7

Densification (1550° C. for 4 hours in air)

Relative Density

Sample (% of Theoretical Density)
Impure 95.7 to 98.8
Pure 1 83.0
Pure 2 88.7
Ca0 0.14 95.6
Ca0 0.25 95.6
Ca0 0.28 95.2
Ca0 0.42 97.0
Ca0 0.5 95.6
Ca0 0.56 95.6
Ca0 0.75 95.5
CaO 1.0 95.0
Y,0, 1% 91.8
Y,0; 2% 90.6
Y,0, 3% 88.8
Y,0, 4% 87.6
TiO, 0.25 91.0
TiO, 0.50 92.1
TiO, 0.75 94.7
TiO, 1.00 93.7
Y2.2—Ca0.84 97.4
Y1.0—Ca0.5 95.1
Ti0.5—Ca0.5 95.4
Til.0—Ca0.5 96.2
[0111] Samples were checked for their visible appearance

to the human eye. Samples were inspected after densification,
and after annealing the densified samples were annealed at
800° C. for 72 hours in air. Table 8 includes the visual appear-
ance information.

TABLE 8

Visual Appearance

Appearance after

Appearance after densification and

Sample densification further anneal

Impure

Pure 1 ‘White ‘White

Pure 2 ‘White ‘White

CaO ‘White ‘White

Y,0; Dark Yellow Light Yellow

TiO, White White

CaO and Y,0, Dark Yellow Darker Yellow

(Brown)

CaO and TiO, White White

[0112] Samples after densification were analyzed for their

color in terms of color space coordinates L*, a* and b*. YI
E313 [D65/10] is yellowness as measured using ASTM stan-
dard E313 using the version in effect as of the filing date of
this specification. D65 is the standard illuminant, and 10
refers to the angle of insert light. Table 9 includes color space
coordinate and yellowness information.
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TABLE 9

Color Space Coordinates and Yellowness

YIE313
Sample L* a* b* [D65/10]
Impure 78.21 3.05 18.85 40.95
Pure 1 96.77 0.46 3.86 7.53
Pure 2 96.41 0.38 4.22 8.16
Ca0 0.14 92.46 0.19 4.89 9.56
Ca0 0.25 90.05 0.1 5.62 11.10
Ca0 0.28 91.3 0.06 5.65 10.98
Ca0 0.42 89.47 0.11 6.91 13.61
Ca0 0.5 89.3 0.05 5.68 11.24
Ca0 0.56 90.16 -0.16 5.64 10.90
Ca0 0.75 90.28  -0.05 6.45 12.51
Ca0 1.0 90.02  -0.03 7.73 14.95
Y,0;1 84.66 349 1258 27.91
Y,0;2 75.46 432 1472 35.50
Y,0,3 70.7 569 1392 37.06
Y,0;4 65.53 6.55 11.47 34.81
TiO, 0.25 96.12 0.32 4.74 9.08
TiO, 0.50 95.33 0.32 571 10.90
TiO, 0.75 9387 -0.01 6.11 11.52
TiO, 1.00 92.69  -0.06 6.23 11.83
Y2.2—Ca0.84 78.81 5.95 18.03 41.95
Y1.0—Ca0.5 9243 0.20 5.03 9.82
Ti0.5—Ca0.5 90.72 -098  10.65 19.39
Til.0—Ca0.5 9041  -0.66 1197 22.06

3. Observations

[0113] The Impure Sample has good sintering and densifi-
cation properties; however, the Impure Sample has a high
level of impurities due to commercial-grade starting materials
being used. The Pure 1 Sample has a white appearance, but
the density is 83% when exposed to 1550° C. for 4 hours. In
some applications, a densification of at least 95% may be
needed or desired. Thus, sintering would need to be per-
formed at a temperature greater than 1600° C. or the exposure
at 1600° C. or lower would be long, both of which are undes-
ired. The Pure 1 and 2 Samples have very low levels of
impurities and have a white appearance. As compared to Pure
1 Sample, the Pure 2 Sample has a significantly higher ZrO,
content; however, even at such a ZrO, content, the Pure 2
Sample still does not have sufficiently good sintering and
density properties.

[0114] The CaO-doped samples have a white appearance
and good sintering characteristics. After sintering at 1550° C.
for 4 hours in air, the density is over 95% of theoretical
density at a CaO content of 0.13 wt. % and higher. Overall, the
density is the highest in a range of 0.40 wt. % to 0.55 wt. %
CaO content. Higher CaO can be used; however, the higher
content levels increase manufacturing costs and does not
further improve density.

[0115] The Y203 1 sample has a white appearance. As the
YO, content increases the sample becomes more yellow. At
2 vol. % and higher, the Y,0O;-doped samples have a dark
yellow appearance that can change to yellow when exposed at
800° C. for 72 hours in air. The sintering characteristics are
good, but not as good as the CaO-doped samples. Based on
the data, the density increases until the Y,O; content reaches
1.40 wt. % and then decreases.

[0116] The TiO,-doped samples have a white appearance.
The sintering characteristics are good, and between the sin-
tering characteristics of the CaO-doped samples and the



US 2016/0130184 Al

Y,0;-doped samples. Based on the data, the density
increases until the TiO, content reaches 0.9 wt. % and then
decreases.
[0117] Y1.0-Ca0.5-co-doped samples have a white appear-
ance and with a density 0t 95.1%, the same as CaO 0.5 singly
doped samples both in density and in appearance while higher
than'Y 1.0 (1.0 Vol %.Y,0;) singly doped samples (91.8%).
The Y2.2-Ca0.84 has a higher density (97.4%) than the den-
sity of Y or Ca samples, regardless of Y or Ca content in their
corresponding singly doped samples, and the Y2.2-Ca0.84
co-doped samples have dark yellow appearance, the same as
Y,0; doped samples with a Y,O; content of 2.78 wt % and
higher. The data indicates that a certain amount of Y,0; and
CaO doping can be used if both color and density are impor-
tant in some applications. Both Ti0.5-Ca0.5 and Ti1.0-Ca0.5
co-doped samples have similar results in the both density and
appearance as the CaO 0.5 singly doped samples but higher
than Ti 0.5 and Ti 1.0 singly doped samples for the density.
[0118] Note that not all of the activities described above in
the general description or the examples are required, that a
portion of a specific activity may not be required, and that one
or more further activities may be performed in addition to
those described. Still further, the order in which activities are
listed is not necessarily the order in which they are performed.
[0119] Benefits, other advantages, and solutions to prob-
lems have been described above with regard to specific
embodiments. However, the benefits, advantages, solutions to
problems, and any feature(s) that may cause any benefit,
advantage, or solution to occur or become more pronounced
are not to be construed as a critical, required, or essential
feature of any or all the claims.
[0120] The specification and illustrations of the embodi-
ments described herein are intended to provide a general
understanding of the structure of the various embodiments.
The specification and illustrations are not intended to serve as
an exhaustive and comprehensive description of all of the
elements and features of apparatus and systems that use the
structures or methods described herein. Separate embodi-
ments may also be provided in combination in a single
embodiment, and conversely, various features that are, for
brevity, described in the context of a single embodiment, may
also be provided separately or in any subcombination. Fur-
ther, reference to values stated in ranges includes each and
every value within that range. Many other embodiments may
be apparent to skilled artisans only after reading this specifi-
cation. Other embodiments may be used and derived from the
disclosure, such that a structural substitution, logical substi-
tution, or another change may be made without departing
from the scope of the disclosure. Accordingly, the disclosure
is to be regarded as illustrative rather than restrictive.
What is claimed is:
1. A sintered ceramic component having a final composi-
tion comprising:
at least 50 wt. % MgO;
at least one desired dopant, wherein each dopant of the at
least one desired dopant has a desired dopant content of
at least 0.1 wt. %;
all impurities are present at a combined impurity content of
less than 0.7 wt. %; and
a remainder comprising Al,Oj.
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2. The sintered ceramic component of claim 1, wherein the
at least one desired dopant includes CaO.

3. The sintered ceramic component of claim 2, wherein the
CaO content is at least 0.2 wt. %.

4. The sintered ceramic component of claim 1, wherein the
at least one desired dopant includes Y,Oj.

5. The sintered ceramic component of claim 4, wherein the
YO, content is no greater than 3 wt. %.

6. The sintered ceramic component of claim 1, wherein the
at least one desired dopant includes TiO,.

7. The sintered ceramic component of claim 6, wherein the
TiO, content is no greater than 3 wt. %

8. The sintered ceramic component of claim 1, wherein the
at least one dopant includes a first dopant and a second
dopant.

9. The sintered ceramic component of claim 1, wherein
MgO has a content that is in a range of 51 wt. % to 80 wt. %.

10. The sintered ceramic component of claim 1, wherein
Al O, has a content that is in a range of 20 wt. % to 49 wt. %.

11. The sintered ceramic component of claim 1, wherein
the sintered ceramic component is a gas manifold.

12. The sintered ceramic component of claim 1, wherein
the sintered ceramic component is a component of a gas-to-
liquid membrane system.

13. The sintered ceramic component of claim 1, wherein
the sintered ceramic component has a coefficient of thermal
expansion from 25° C. to 1200° C. in a range of 9.0 ppm/° C.
to 13.0 ppm/° C.

14. A process of forming a sintered ceramic component
comprising:

combining a binder and at least one powder to form a green

mixture, wherein the at least one powder includes:
at least 50 wt. % MgO;
at least one desired dopant, wherein each dopant of the at
least one desired dopant has a desired dopant content
of at least 0.1 wt. %;
all impurities are present at a combined impurity content
of less than 0.7 wt. %; and
a remainder comprising Al,Oy;;
shaping the green mixture to form an object having a shape
corresponding to the sintered ceramic component; and
sintering the object to form the sintered ceramic compo-
nent having a final composition, wherein sintering is
performed at a temperature less than 1600° C., and the
sintered ceramic component has a density that is at least
90% of theoretical density.

15. The process of claim 14, wherein sintering is performed
at a temperature no greater than 1575° C.

16. The process of claim 14, wherein the at least one
desired dopant includes CaO.

17. The process of claim 14, wherein the at least one
desired dopant includes Y,O;.

18. The process of claim 14, wherein the at least one
desired dopant includes TiO,.

19. The process of claim 14, wherein the at least one dopant
includes a first dopant and a second dopant.

20. The process of claim 14, wherein the sintered ceramic
component has a coefficient of thermal expansion from 25° C.
to 1200° C. in a range 0f 9.0 ppm/° C. to 13.0 ppm/° C., 10.3
pp/° C. to 12.7 ppm/°® C., or 10.6 ppm/° C. 10 12.5 ppm/° C.
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