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1. 

CHARGE-COMPENSATING DOPANT 
STABILIZED ALUMNAZIRCONA 

CERAMIC MATERALS AND RELATED 
MATERIALS, APPARATUS, AND METHODS 

RELATED APPLICATIONS 

This application claims the benefit under 35 U.S.C. S 119 
(e) of U.S. Provisional Patent Application No. 61/798,431 
filed Mar. 15, 2013 and titled “CHARGE-COMPENSATING 
DOPANT STABILIZED ALUMINA-ZIRCONIA 
CERAMIC IMPLANTS AND RELATED MATERIALS, 
APPARATUS, AND METHODS,” which application is 
incorporated herein by reference in its entirety. 

SUMMARY 

Disclosed herein are embodiments of apparatus, methods, 
and systems relating to ceramic materials comprising charge 
compensating dopants, and related apparatus and methods, 
Such as methods for manufacturing ceramic biomedical 
implants. 

In a first example of an implementation of a method 
according to the invention, a first feedstock may be prepared 
by mixing ingredients comprising at least aluminum oxide 
and strontium carbonate or ingredients selected to yield alu 
minum oxide and strontium carbonate. A second feedstock 
may be prepared by mixing ingredients comprising at least 
aluminum oxide and calcium carbonate or ingredients 
selected to yield aluminum oxide and calcium carbonate. A 
slurry may then be prepared comprising materials from the 
first feedstock, materials from the second feedstock, and fur 
ther comprising one or more trivalent dopants comprising at 
least one of yttrium oxide and gadolinium oxide, and one or 
more pentavalent dopants comprising at least one of tantalum 
pentoxide and niobium pentoxide. 

In some embodiments and implementations, the one or 
more trivalent dopants may comprise any cation with a stable 
oxidation state of +3 and having an ionic radius between that 
of lutetium 3+ and that of praseodymium 3+. Thus, for 
example, in Some embodiments and implementations, neody 
mium, yttrium, and/or gadolinium may be used as a trivalent 
dopant. 

Similarly, in some embodiments and implementations, the 
one or more pentavalent dopants may comprise any cation 
with a stable oxidation state of +5 and an ionic radius between 
that of Vanadium and niobium/tantalum. Thus, for example, 
in Some embodiments and implementations, tantalum, nio 
bium, and/or vanadium may be used as a pentavalent dopant. 

Preferably, the one or more trivalent dopants are within at 
least about 0.5 mol% of the one or more pentavalent dopants. 
In some implementations, the trivalent dopant(s) may have 
the same, or at least Substantially the same, molar concentra 
tion as the pentavalent dopant(s). 

The slurry may additionally comprise one or more addi 
tional ingredients comprising or configured to yield at least a 
portion of a ceramic biomedical implant comprising at least 
Zirconium dioxide, aluminum oxide, at least one of yttrium 
oxide and gadolinium oxide, and at least one of tantalum 
pentoxide and niobium pentoxide. Preferably, the one or 
more trivalent dopants comprise between about 1.5 mol % 
and about 6.5 mol % based on the total molar amounts of 
Zirconium dioxide, cerium oxide, yttrium oxide, gadolinium 
oxide, tantalum pentoxide, and niobium pentoxide in the at 
least a portion of the ceramic biomedical implant, and, simi 
larly, the one or more pentavalent dopants comprise between 
about 1.5 mol% and about 6.5 mol% based on the total molar 
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2 
amounts of Zirconium dioxide, cerium oxide, yttrium oxide, 
gadolinium oxide, tantalum pentoxide, and niobium pentox 
ide in the at least a portion of the ceramic biomedical implant. 
In some Such embodiments and implementations, the one or 
more trivalent dopants comprise between about 3.0 mol % 
and about 5.0 mol % based on the total molar amounts of 
Zirconium dioxide, cerium oxide, yttrium oxide, gadolinium 
oxide, tantalum pentoxide, and niobium pentoxide in the at 
least a portion of the ceramic biomedical implant, and, simi 
larly, the one or more pentavalent dopants comprise between 
about 3.0 mol% and about 5.0 mol% based on the total molar 
amounts of Zirconium dioxide, cerium oxide, yttrium oxide, 
gadolinium oxide, tantalum pentoxide, and niobium pentox 
ide in the at least a portion of the ceramic biomedical implant. 

In some embodiments and implementations, the one or 
more additional ingredients may further comprise a tetrava 
lent dopant, such as cerium oxide. Thus, cerium oxide (or 
another tetravalent dopant) should be considered optional, 
but may provide benefits for certain applications. Use of such 
dopants may, for some embodiments and implementations, 
be used to reduce the amount of trivalent and/or pentavalent 
dopants. However, use of Such a dopant in place of trivalent 
and/or pentavalent compounds may be less desirable for cer 
tain applications. 

In embodiments and implementations comprising cerium 
oxide or another tetravalent dopant. Such dopant may com 
prise no more than about 3.0% by mole based on the total 
molar amounts in the at least a portion of the ceramic bio 
medical implant. This may be preferable in implementation in 
which the isopressing process is performed in a reducing 
atmosphere (such as nitrogen gas). However, if argon gas or 
another non-reducing atmosphere is used during this process, 
the cerium oxide or another tetravalent dopant may comprise 
no more than about 10% by mole based on the total molar 
amounts in the at least a portion of the ceramic biomedical 
implant. 

In some embodiments and implementations, the at least a 
portion of the ceramic biomedical implant may further com 
prise at least strontium oxide, magnesium oxide, titanium 
dioxide, and calcium oxide. In some Such embodiments and 
implementations, at least a portion of the ceramic biomedical 
implant may comprise a combination of aluminum oxide, 
strontium oxide, magnesium oxide, titanium dioxide, and 
calcium oxide in a concentration of at least about 84% by 
Volume. 

In some embodiments and implementations, the at least a 
portion of the ceramic biomedical implant may comprise 
aluminum oxide in a concentration of at least about 74% by 
weight. In some Such embodiments and implementations, the 
at least a portion of the ceramic biomedical implant may 
comprise aluminum oxide in a concentration of at least about 
74.6% by weight. 

In another example of an implementation of the invention 
for manufacturing a ceramic piece, the method may comprise 
preparing a slurry comprising, or comprising ingredients con 
figured to yield a ceramic piece comprising, at least: alumi 
num oxide; Zirconium dioxide; one or more trivalent dopants 
comprising at least one of yttrium oxide and gadolinium 
oxide; and one or more pentavalent dopants comprising at 
least one of tantalum pentoxide and niobium pentoxide. Pref 
erably, the one or more trivalent dopants are within at least 
about 0.5 mol% of the one or more pentavalent dopants. As 
mentioned above, in some embodiments and implementa 
tions, the one or more trivalent dopants may be at least Sub 
stantially identical (from a molar concentration standpoint) as 
the one or more pentavalent dopants. 
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A compact may be prepared that is derived from the slurry. 
For example, in some implementations, the slurry may be 
dried and then compressed to form a compact. Alternatively, 
the slurry may be compressed to form a compact and then 
dried. 
The compact may be fired to obtain a fired ceramic piece 

comprising Zirconium dioxide. In some embodiments and 
implementations, the Zirconium dioxide may be in a concen 
tration of between about 21% and about 24% by weight of the 
fired ceramic piece. 

In some embodiments and implementations, the one or 
more trivalent dopants may comprise between about 
1.5 mol % and about 6.5 mol % based on the total molar 
amounts of Zirconium dioxide, cerium oxide, yttrium oxide, 
gadolinium oxide, tantalum pentoxide, and niobium pentox 
ide in the at least a portion of the ceramic biomedical implant. 
Similarly, the one or more pentavalent dopants may comprise 
between about 1.5 mol % and about 6.5 mol % based on the 
total molar amounts of Zirconium dioxide, cerium oxide, 
yttrium oxide, gadolinium oxide, tantalum pentoxide, and 
niobium pentoxide in the at least a portion of the ceramic 
biomedical implant. 

In embodiments and implementations in which the one or 
more trivalent dopants comprise only yttrium oxide, the 
yttrium oxide may comprise between about 3.25 mol % and 
about 4.75 mol% based on the total molar amounts of zirco 
nium dioxide, cerium oxide, yttrium oxide, tantalum pentox 
ide, and niobium pentoxide in the at least a portion of the 
ceramic biomedical implant. 

In other embodiments and implementations in which the 
one or more trivalent dopants comprise only gadolinium 
oxide, the gadolinium oxide may comprise between about 
3.15 mol % and about 4.50 mol % based on the total molar 
amounts of Zirconium dioxide, cerium oxide, gadolinium 
oxide, tantalum pentoxide, and niobium pentoxide in the at 
least a portion of the ceramic biomedical implant. 
The fired ceramic piece may comprise a combined concen 

tration of Zirconium dioxide, cerium oxide, yttrium oxide, 
gadolinium oxide, tantalum pentoxide, and niobium pentox 
ide in an amount of no more than about 25% of the fired 
ceramic piece by Volume. In some such embodiments and 
implementations, the fired ceramic piece may comprise a 
combined concentration of Zirconium dioxide, cerium oxide, 
yttrium oxide, gadolinium oxide, tantalum pentoxide, and 
niobium pentoxide in an amount of no more than about 16% 
of the fired ceramic piece by volume. 
The fired ceramic piece may further comprise aluminum 

oxide, yttrium oxide, strontium oxide, magnesium oxide, tita 
nium dioxide, and calcium oxide. In some embodiments and 
implementations, the fired ceramic piece may further com 
prise cerium oxide. 
The fired ceramic piece may comprise a biomedical 

implant. In some Such embodiments and implementations, 
the biomedical implant may be manufactured so as to have a 
three-point flexural strength of at least about 1,000 MPa, 
and/or a fracture toughness of at least about 6.5 MPam'. 

In another example of an implementation of a method for 
manufacturing a ceramic biomedical implant, the method 
may comprise preparing a slurry comprising ingredients con 
figured to yield a ceramic piece comprising at least aluminum 
oxide, Zirconium dioxide, strontium oxide, magnesium 
oxide, titanium dioxide, and calcium oxide. A trivalent 
dopant may be added to the slurry. The trivalent dopant may 
comprise yttrium oxide and/or gadolinium oxide, and 
wherein the trivalent dopant comprises a concentration of 
between about 1.5 mol % and about 6.5 mol % based on the 
total molar amounts of Zirconium dioxide, cerium oxide, 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
yttrium oxide, gadolinium oxide, tantalum pentoxide, and 
niobium pentoxide in the slurry. 
A pentavalent dopant may be added to the slurry. The 

pentavalent dopant may comprise a combination of tantalum 
pentoxide and/or niobium pentoxide. The pentavalent dopant 
may comprise a concentration of between about 1.5 mol % 
and about 6.5 mol % based on the total molar amounts of 
Zirconium dioxide, cerium oxide, yttrium oxide, gadolinium 
oxide, tantalum pentoxide, and niobium pentoxide in the 
slurry. In some embodiments and implementations, the molar 
concentration of the trivalent dopant may be at least Substan 
tially identical to the molar concentration of the pentavalent 
dopant. 
The slurry may be dried such as, for example, by way of a 

spray drying process, and/or compressed, to form a compact. 
The compact may then be fired to obtain a fired ceramic piece 
comprising at least aluminum oxide, Zirconium dioxide, 
yttrium oxide, strontium oxide, magnesium oxide, titanium 
dioxide, and calcium oxide. The fired ceramic piece may 
comprise aluminum oxide in a concentration of at least about 
74% by weight, and may further comprise zirconium dioxide 
in a concentration of between about 21% and about 24% by 
weight. 
The fired ceramic piece may further comprise strontium 

oxide in a concentration of about between about 0.8% and 
about 1.2% by weight, and a combined concentration of mag 
nesium oxide, titanium dioxide, and calcium oxide in a con 
centration of about 0.3% by weight. In some embodiments 
and implementations, these concentrations may be less than 
or equal to about 0.05% of the entire composition by weight 
(in some embodiments, equal to about 0.05% of the entire 
composition by weight), less than or equal to about 0.10% of 
the entire composition by weight (in some embodiments, 
equal to about 0.10% of the entire composition by weight), 
and about 0.15% of the entire composition by weight, respec 
tively. 

In some embodiments and implementations, cerium oxide 
may be added to the slurry. In some Such embodiments and 
implementations, the cerium oxide may be added to the slurry 
in a concentration of no more than about 3.0 mol% based on 
the total molar amounts of Zirconium dioxide, cerium oxide, 
yttrium oxide, gadolinium oxide, tantalum pentoxide, and 
niobium pentoxide in the slurry. 

Various embodiments of the invention are contemplated in 
which any one or more of the embodiments of the invention 
are contemplated in which ceramic pieces and/or biomedical 
implants comprise one or more Such concentrations and/or 
concentration ranges disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The written disclosure herein describes illustrative 
embodiments that are non-limiting and non-exhaustive. Ref 
erence is made to certain of such illustrative embodiments 
that are depicted in the figures, in which: 

FIG. 1 is a flow chart illustrating one example of a method 
for manufacturing a doped alumina-Zirconia ceramic material 
Suitable for use as a biomedical implant. 

FIG. 2 is a graph illustrating the results of a study involving 
concentrations of charge-compensating dopants with various 
embodiments of alumina-Zirconia ceramic components. 

DETAILED DESCRIPTION 

It will be readily understood that the components of the 
present disclosure, as generally described and illustrated in 
the drawings herein, could be arranged and designed in a wide 
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variety of different configurations. Thus, the following more 
detailed description of the embodiments of the apparatus is 
not intended to limit the scope of the disclosure, but is merely 
representative of possible embodiments of the disclosure. In 
Some cases, well-known structures, materials, or operations 
are not shown or described in detail. 

Various embodiments of apparatus, materials, methods, 
and systems are disclosed herein that relate to biomedical 
implants and other devices made up of unique alumina-Zir 
conia ceramic materials having specific dopants. In some 
embodiments, these materials may be used to form various 
structural members, such as human endoprostheses and other 
biomedical implants. Examples of Such implantable devices 
that may benefit from one or more of the unique materials 
and/or methods disclosed herein include, but are not limited 
to, artificial hips, knees, shoulders, ankles and phalange 
joints, spinal articulation devices and other spinal implants, 
and dental implants, such as abutments, crowns, and bridges. 
The compositions and processing methods provided in this 
disclosure may provide devices that have high fracture 
strength and toughness, and have improved resistance to low 
temperature degradation (LTD). 

Alumina has become one of the most widely used ceramic 
materials for total hip arthroplasty. An industrial specification 
was developed for its composition, processing and properties, 
and it has been shown to be biocompatible and to possess high 
hardness and a low coefficient of friction. These characteris 
tics reduce the occurrence of wear debris. However, alumina 
also has a relatively low fracture strength and toughness, both 
of which increase the risk of catastrophic in-vivo failure. 

To overcome this problem, Zirconia was investigated and 
added as an alternative ceramic, either in its partially stabi 
lized form using magnesia, or with yttria to form Tetragonal 
Zirconia Polycrystals (TZP). These compositions greatly 
improved upon the strength and toughness of alumina and, 
moreover, they had lower coefficients of friction and wear. 
These materials derived much of their improved characteris 
tics by taking advantage of a polymorphic phase transforma 
tion that occurs in doped-Zirconia known as transformation 
toughening. This transformation involves the meta 
stabilization of the high-temperature tetragonal phase 
through the incorporation of magnesia, yttria, or other 
dopants. 

In the presence of an advancing crack, the metastable tet 
ragonal phase transforms to its stable monoclinic form, typi 
cally with an accompanying Volume increase of about 5%. 
This Sudden Volume change exerts compressive forces on the 
crack tip, thereby slowing or arresting its propagation. Par 
tially stabilized zirconia (“PSZ) implants are still available, 
and an industrial standard for their composition, processing, 
and properties has been created. However, after more than a 
decade of use. TZP implants were withdrawn from the mar 
ketplace in 2001, and the industrial standard supporting their 
use has since been abandoned. The abandonment of TZP is 
attributable primarily to one severe weakness—it spontane 
ously transforms to its stable monoclinic form under in-vivo 
hydrothermal conditions. This effect has become known as 
low-temperature degradation (LTD). This transformation 
results in increased implant Surface roughness, enhanced 
wear, weakening of the material, and often eventual fracture. 

Zirconia-Toughened Alumina (ZTA) and Alumina Matrix 
Composites (AMC) were then introduced to the marketplace 
in an attempt to overcome TZP's limitations. ZTA is a fully 
dense composite ceramic consisting typically of TZP in an 
alumina matrix. AMC is a special ZTA composition consist 
ing of ZrO2 and mixed oxides consisting of YO. Cr-O, and 
SrO, along with alumina. 
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6 
ZTA/AMC materials are bio-inert, and typically have good 

strength, toughness, and hardness properties. These materials 
are also often highly abrasion- and wear-resistant. For total 
hip arthroplasty (“THA devices”), ZTA/AMC components 
typically provide equivalent or lower wear rates than alumina 
or TZP. However, ZTA and AMC also achieve their mechani 
cal property improvements through transformation toughen 
ing, and concerns remain about their in-vivo hydrothermal 
stability. 
AS Such, in order to overcome one or more of the limita 

tions of the prior art, as discussed above or otherwise, various 
embodiments disclosed herein may provide for an alumina 
Zirconia composite composition and/or related processing 
methods that may be used to form ceramic implants with high 
fracture strength, high toughness, and improved resistance to 
low-temperature hydrothermal degradation. In some embodi 
ments, these benefits may be obtained at least in part by 
adding dopants to the composition, such as charge compen 
Sating dopants. 

Without being limited by theory, it has been proposed that 
the presence of excess oxygen vacancies in a Zirconia lattice 
may enable an LTD process to proceed at an increased pace. 
As such, eliminating excess oxygen vacancies may be used to 
slow or stop LTD. 

In some embodiments, the charge-compensating dopants 
may comprise, for example, Y" paired with Nb" or Ta". 
Some embodiments may comprise equal, or at least approxi 
mately equal, amounts of +3 and +5 Valence cations, which 
may contribute to minimization of oxygen vacancies in the 
Zirconia lattice and/or resistance of LTD behavior. 

In some embodiments, the Al-O concentration in the com 
position is greater than about 75% of the entire composition 
by weight. In some embodiments, the Al-O concentration in 
the composition is greater than about 74% of the entire com 
position by weight. In some such embodiments, the Al-O 
concentration in the composition is greater than about 74.6% 
of the entire composition by weight. It is anticipated, how 
ever, that the desired percentage of alumina may vary in 
accordance with the variance of other ingredients that may 
also be included in the composition, such as SrO, MgO, TiO, 
CaO, ZrOYO, Gd2O, Ta-Os, NbOs, and CeO. 

In some embodiments, the combination of Al-O, SrO. 
MgO, TiO, and CaO is greater than about 84% of the entire 
composition by Volume. Keeping these constituents above 
this Volumetric concentration appears to Substantially elimi 
nate, or at least minimize, water percolation into the ceramic 
body, and thereby minimizes LTD. However, as discussed 
below, this combination percentage may be decreased for 
certain embodiments, particularly when charge-compensat 
ing dopants are used. 

In some embodiments, the ZrO content may be within a 
range of between about 21% of the entire composition by 
weight and about 24% of the entire composition by weight. In 
some embodiments, stabilization additives may be added to 
the composition. For example, Y.O. Gd2O, Ta-Os, NbOs, 
and/or CeO may be added as stabilization additives. In some 
such embodiments, the combination of ZrO and stabilization 
additives may be less than or equal to about 16% of the entire 
composition by Volume. Thus, for example, in Some Such 
embodiments, the combination of the ZrO along with Y.O. 
Gd2O, Ta-Os, NbOs, and/or CeO may be less than or equal 
to about 16% of the entire composition by volume. These 
particular compositions appear to Substantially eliminate, or 
at least minimize, LTD through percolation. 

However, it is contemplated that, in other embodiments, 
the addition of charge-compensating dopants may provide for 
Sufficient protection that the Zirconia concentration may be 
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increased while still substantially reducing LTD. For 
example, in some embodiments, the combination of ZrO and 
stabilization additives may be up to about 25% of the entire 
composition by Volume. 
As mentioned above, some embodiments may comprise 

one or more dopants to further decrease LTD and/or other 
wise improve desirable characteristics of the implant or 
device. In some embodiments, such dopants may comprise 
trivalent dopants, such as Yttria (YO) and/or Gadolinia 
(Gd2O) and pentavalent dopants, such as Tantala (Ta-Os) 
and/or Niobia (NbOs), as discussed below. In some embodi 
ments, the trivalent dopant content may be within a range of 
about 1.5 mol % to 6.5 mol % based on the total molar 
amounts of for example, ZrO. CeOYO, Gd-O, Ta-Os. 
and NbOs. In some such embodiments and implementations, 
the trivalent dopant content may be within a range of about 
3.0 mol % and about 5.0 mol % based on the total molar 
amounts of Zirconium dioxide, cerium oxide, yttrium oxide, 
gadolinium oxide, tantalum pentoxide, and/or niobium pen 
toxide in the composition. 

It is thought that concentrations of trivalent dopants below 
the range referenced above may not provide sufficient stabi 
lization, whereas higher concentrations may lead to non 
transformable compositions that exhibit significantly lower 
strength and fracture toughness. Y.O. and Gd2O may be 
interchangeable with one another in the batch for certain 
embodiments and implementations. 

In some embodiments, the pentavalent dopant content may 
also be within a range of about 1.5 mol % to 6.5 mol% based 
on the total molar amounts of, for example, ZrO2. CeO. 
YO, Gd2O, Ta-Os, and NbOs. In some such embodi 
ments, the pentavalent dopant content may also be within a 
range of about 3.0 mol % and about 5.0 mol % based on the 
total molar amounts of Zirconium dioxide, cerium oxide, 
yttrium oxide, gadolinium oxide, tantalum pentoxide, and/or 
niobium pentoxide in the composition. 

It is thought that concentrations of pentavalent dopant 
below the range referenced above may not provide sufficient 
stabilization, whereas higher concentrations may lead to non 
transformable compositions that exhibit significantly lower 
strength and fracture toughness. NbOs and Ta-Os may be 
interchangeable with one another in the batch for certain 
embodiments and implementations. In some embodiments, 
the total mol % of pentavalent dopant is equal, or at least 
substantially equal, to the total mol % of trivalent dopant in 
order to minimize LTD susceptibility. 

In some embodiments and implementations, the one or 
more trivalent dopants may comprise any cation with a stable 
oxidation state of +3 and having an ionic radius between that 
of lutetium 3+ and that of praseodymium 3+. Thus, for 
example, in Some embodiments and implementations, neody 
mium, yttrium, and/or gadolinium may be used as a trivalent 
dopant. 

Similarly, in some embodiments and implementations, the 
one or more pentavalent dopants may comprise any cation 
with a stable oxidation state of +5 and an ionic radius between 
that of Vanadium and niobium/tantalum. Thus, for example, 
in Some embodiments and implementations, tantalum, nio 
bium, and/or vanadium may be used as a pentavalent dopant. 

In some embodiments, the concentration of ceria (CeO) 
may be within a range of between about 0% and about 3.0% 
by mole based on the total molar amounts in the composition. 
For example, in embodiments containing ZrO2. CeO.Y.O. 
Gd2O, Ta-Os, and NbOs, the CeO content may be within a 
range of between about 0% and about 3.0% by mole based on 
the total molar amounts of ZrO2. CeOYO, Gd2O, Ta-Os, 
and NbOs. In some embodiments, CeO may be added to the 
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8 
composition in lieu of at least a portion of the charge-com 
pensating dopants. However, it is expected that use of Ceria 
exclusively rather than charge-compensating dopants may be 
insufficient to adequately stabilize the tetragonal phase of the 
Zirconia. Higher concentrations than those listed above may 
result in cracking of the ceramic body during re-oxidation 
heat treatments Subsequent to hot isostatic pressing in a 
reducing environment. 

In some embodiments, the concentration of strontia (SrO) 
may be between about 0.8% and about 1.2% of the entire 
composition by weight. In some Such embodiments, the con 
centration of SrO may be equal to about 0.8% of the entire 
composition by weight. In some implementations of desired 
methods in accordance with the present disclosure, SrO may 
be added to the composition as strontium aluminate 
(SrAlO4). The addition of this ingredient may be desirable 
for certain applications to provide platelet type grains, which 
may provide additional strength and toughness to the ceramic 
body. 

In some embodiments, the concentration of magnesia 
(MgO) may be less than or equal to about 0.05% of the entire 
composition by weight. In some Such embodiments, the con 
centration of MgO may be equal to about 0.05% of the entire 
composition by weight. MgO may be added to the composi 
tion as a sintering aid and may also serve as an alumina grain 
growth inhibitor. In some implementations of desired meth 
ods in accordance with the present disclosure, MgO may be 
added to the composition as magnesium aluminate 
(MgAlO4). 

In some embodiments, the concentration of titania (TiO) 
may be less than or equal to about 0.10% of the entire com 
position by weight. In some such embodiments, the concen 
tration of TiO, may be equal to about 0.10% of the entire 
composition by weight. TiO, may also be added to the com 
position as a sintering aid. 

In some embodiments, the concentration of calcia (CaO) 
may be about 0.15% of the entire composition by weight. 
CaO may also be added to the composition as a sintering aid. 
In some implementations of desired methods in accordance 
with the present disclosure, CaO may be added to the com 
position as calcium aluminate (CaAl2O). 

In embodiments containing MgO in combination with 
TiO2 and CaO, these ingredients may form a low melting 
eutectic that may serve to lower the sintering temperature and 
may further allow for the production of a ceramic body with 
a finer grain size, higher fracture strength, and toughness. For 
certain applications, it may be desirable to keep the total 
concentration of the combination of the sintering aids at less 
than or equal to about 0.3% of the entire composition by 
weight. For example, in some embodiments, the total com 
bined concentration of MgO, TiO, and CaO may be less than 
or equal to about 0.3% of the entire composition by weight. 

In some embodiments, the combination of sintering aids 
may be equal to about 0.3% of the entire composition by 
weight. In some such embodiments, the combination of MgO, 
TiO, and CaO may be approximately equal to about 0.3% of 
the entire composition by weight. In other embodiments, the 
combination of sintering aids may be less than 0.3% of the 
entire composition by weight. For example, the combination 
of MgO, TiO, and CaO may be less than 0.3% of the entire 
composition by weight. 

For some implementations, concentrations of these ingre 
dients (or the combination of other sintering aids) higher than 
about 0.3% of the entire composition by weight may lead to 
the development of a glassy grain-boundary phase in the 
dense ceramic, which may potentially result in lower strength 
and toughness, whereas concentrations significantly lower 
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than about 0.3% of the entire composition by weight may be 
insufficient to provide for adequate densification. 

In one specific example of a composition according to one 
or more of the principles disclosed herein, the composition 
may comprise about 18.95% by weight of ZrO about 2.42% 
by weight of Gd-O, about 2.95% by weight of Ta-Os, about 
1.60% by weight of SrAl-O, about 0.42% by weight of 
CaAl2O about 0.18% by weight of MgAl-O, about 0.10% 
by weight of TiO, and about 73.38% by weight of Al-O. 
This specific composition may comprise about 92 mol % of 
ZrO, about 4 mol% of GdO, and about 4 mol % of Ta-Os 
within the phase comprising ZrO, Gd2O, and Ta-Os in the 
composition. It should be understood, however, that these 
percentages and/or ingredients may vary in other implemen 
tations and embodiments, as suggested elsewhere in this dis 
closure. 
A particular exemplary method 100 for creating a ceramic 

implant is illustrated in FIG. 1. In this method, one or more 
feedstocks may be prepared for the SrAl-O and CaAl2O at 
102 by mixing SrCO or CaCO with Al-O, respectively. 

In some implementations of methods for creating a 
ceramic material. Such as a ceramic implant, having these or 
other ingredients, commercially available ceramic powders 
may be used, such as TosohTMTZ-0 or TZ-3Y (Tokyo, Japan) 
or Inframatt M Advanced Materials (Manchester, Conn.) 0 and 
3 mol % ZrO. Additionally, or alternatively, Inframatt M 
CeO, Spectrum ChemicalTM (Los Angeles, Calif.), CaCO, 
SrCO, and TiO, Sasol CeraloxTM (Tuscon, Ariz.) AHPA-0.5 
Al-O, and/or AHPA SpinelTMAF (MgAlO4) may be used. 
The feedstock(s) may be prepared for, for example the 

SrAl-O and CaAl2O, by mixing SrCO or CaCO with 
Al-O, respectively. This may be done using, for example, 
vibratory, ball, or attrition milling in water with appropriate 
dispersants for about 8 to about 24 hours. Many such dispers 
ants may be used, as those of ordinary skill in the art will 
appreciate. For example, a combination of ammonium 
hydroxide and citric acid may be used for certain implemen 
tations, which may be desirable for performing a suitable pH 
adjustment. The step 102 of preparing the feedstock(s) may 
further comprise centrifuging the mixed constituents to 
remove excess water, after which the resulting cakes may be 
dried in an oven. A dry-ball mill deagglomeration step may 
then be conducted to break down soft agglomerates. 

The feedstock(s) may then be calcined at step 104. In some 
implementations, step 104 may comprise calcining the feed 
stock(s) in air at between about 1100° C. and about 1300° C. 
for approximately 2 hours. 
The feedstock(s) may then be weighed and added to the 

batch in their appropriate proportions, along with the remain 
ing constituents, as indicated at the green state forming step 
depicted at 106, to create a slurry. Step 106 may further 
comprise Subjecting the feedstock(s), incombination with the 
remaining raw materials (together, the slurry), to vibratory, 
ball, or attrition milling for about 8 to about 24 hours in water, 
along with appropriate dispersants. A binder may also be 
added to the batch at the end of the mixing/milling operations, 
after which the slurry containing the constituents may be 
dried. Various binders may be used, as those of ordinary skill 
in the art will appreciate. For example, in Some implementa 
tions, an acrylic copolymer known under the name Rhoplex 
B-60ATM may be used. The drying may take place, for 
example, in a conventional countercurrent, two fluid nozzle 
atomization spray dryer. The material may then be sieved. An 
external lubricant may also be added, if desired, such as 
Acrawax CTM. 

In some implementations, a green state forming method/ 
step(s) may comprise mixing, dispersing, and/or milling 
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10 
feedstocks and raw powders, as referenced above, after which 
an alternative green forming step 108 may be employed in 
place of step 106. In some implementations, step 108 may 
comprise a Lange's Colloidal Isopressing process, wherein 
the dispersed, milled slurry is infused with a salt to create a 
weakly attractive particle network. This slurry may then be 
consolidated via, for example, pressure filtration. In some 
implementations, the pressure filtration may be below the 
ductile-to-brittle transition pressure to achieve a plastic, high 
Solids loading slurry. Further details for determining Such 
pressures may be found in U.S. Pat. No. 6,787,080 titled 
“Colloidal Isopressing, the entire contents of which are 
hereby incorporated by reference herein. 

Finally, step 108 may further comprise isostatically press 
ing the consolidated slurry/compact in a mold cast into a 
desired shape. In some implementations, this may be done at 
pressures between about 150 MPa and about 300 MPa. In 
some implementations, step 108 may, like step 106, comprise 
use of a binder. However, it is thought that use of a lubricant 
would be unnecessary in methods comprising step 108 rather 
than step 106. 
As indicated at step 110, components from one or both of 

the green state forming steps (106 and 108) may then be fired 
in, for example, an electric air atmosphere kiln. This may be 
done, in Some implementations, at temperatures between 
about 1450° C. and about 1600° C. for up to 2 hours. 

These components may then be hot isostatically pressed at 
step 112. In some implementations, this may be done at 
temperatures between about 1400° C. and about 1500° C. in 
nitrogen or argon gas at pressures of between about 130 MPa 
and about 210 MPa. In some implementations, the hot isos 
tatic pressing may be done for about 1 to 2 hours. 
The components may then be re-oxidized at step 114. Step 

114 may be performed using an electric air atmosphere kiln at 
temperatures between about 1250° C. and about 1400° C. for 
time periods ranging from about 2 to 48 hours. 

It has been discovered that many embodiments of compo 
nents, such as biomedical implants, produced and processed 
according to one or more principles, implementations, and/or 
embodiments of this disclosure have 3-point flexural 
strengths of at least about 1,000 MPa and fracture tough 
nesses of at least about 6.5 MPam'. Such embodiments 
may also exhibit minimal low temperature hydrothermal deg 
radation after being exposed to Saturated Steam autoclave 
environments of 120° to 134°C. for up to 100 hours. 

EXAMPLE 1. 

In a first working example, several embodiments of 
ceramic components were manufactured using the principles 
disclosed herein. The results of a study of these components 
are depicted in the graph of FIG. 2. As shown in FIG. 2, this 
study comprised use of ceramic components comprising vari 
ous concentrations of charge-compensating dopants used in 
ZTA materials. The chart of FIG. 2 plots x-ray diffraction 
spectra as relative intensity as a function of the diffraction 
angle for each sample material. 
The components used in the study comprise Gd2O/Ta-Os 

and YO/Ta-Os ceramic compositions having dopant con 
centrations of 2.5 and 5% by mole for the Gd-O/Ta-Os 
composition and 3 and 6% by mole forY.O/TaOs compo 
sition. The study was focused upon establishing the bounds of 
dopant concentration for charge-compensating schemes in 
ZTA materials. Standard data for monoclinic ZrO, tetragonal 
ZrO, and C.-Al-O are also plotted in FIG. 2 for reference. 
As can be seen in FIG. 2, components produced and pro 

cessed according to this disclosure exhibit mixed monoclinic 
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and tetragonal Zirconia content at the low end of the dopant 
mole fraction spectrum and 100% tetragonal Zirconia content 
at the high end of the dopant mole fraction spectrum. There 
fore, it is believed that the range of dopant compositions 
described in this disclosure may at least roughly represent the 
boundaries of the transformable region of the phase diagram. 
The material should be transformable in order for the com 
posite to exhibit desired strength and fracture toughness. 

These results suggest that embodiments having a trivalent 
dopant content within a range of about 1.5 mol % to 5.5 mol 
% based on the total molar amounts of, for example, ZrO. 
CeOYO, Gd2Os, Ta-Os, and/or NbOs, may be preferred 
for certain uses. Y.O. and Gd2O may be at least relatively 
interchangeable with one another in the batch for certain 
embodiments and implementations. Thus, the amounts of 
YO disclosed herein may generally be substituted for 
Gd2O, and vice versa. Similarly, any Such amounts may 
generally comprise any suitable combination of Gd2O and 
YO. 
As with the trivalent dopants, the pentavalent dopant con 

tent may be within a range of about 1.5 mol % to 5.5 mol % 
based on the total molar amounts of, for example, ZrO2. 
CeOYO, Gd-O, Ta-Os, and/or NbOs. TaOs and NbOs 
may be interchangeable such that the combination of the two 
is at least approximately equal to the proposed concentration 
of one of the two. 

However, the test results further suggest that slightly less 
GdOs may be needed in order to achieve the same effect as a 
given amount of YO. Thus, in Some preferred embodi 
ments, the trivalent and pentavalent dopant contents may both 
be within a range of about 3.25 mol% to about 4.75 mol% for 
compositions comprising Y.O. with NbOs or Ta-Os and 
may both be within a range of about 3.15 mol % to about 4.50 
mol % for compositions comprising Gd2O, with NbOs or 
Ta2O5. 

It is also contemplated that Some of the ranges presented 
above may be shifted or expanded under certain conditions. 
For example, under the condition that the ratio of zirconia 
(plus dopants) to alumina is increased, the useful range of the 
dopant ranges may be expanded. For example, in embodi 
ments in which this ratio is no more than about 25/75 by 
Volume, the trivalent/pentavalent ranges may both be 
between about 2.0 mol % to about 7.0 mol%. This relation 
ship between the ratio of zirconia to alumina and the width of 
the preferred ranges of the trivalent and pentavalent dopants 
may be related on a sliding scale Such that, as the aforemen 
tioned ratio is decreased, the most useful trivalent and pen 
tavalent dopant ranges tighten. 
NbOs and Ta-Os may be interchangeable with one another 

in the batch for certain embodiments and implementations 
such that any mention of NbOs herein may instead refer to 
Ta2O5, and vice versa. Similarly, the amounts of NbOs dis 
closed herein may generally be substituted for Ta-Os, and 
Vice versa. Further, any such amounts may generally com 
prise any Suitable combination of NbOs and Ta-Os rather 
than just one of these compounds. 

In view of the foregoing, it should be appreciated that, 
certain preferred embodiments and implementations may be 
characterized in that the molar concentration of YOs and/or 
Gd2O is at least approximately equal to the molar concen 
tration of NbOs and/or TaOs and the molar amounts fall 
within the ranges presented herein. In some embodiments, the 
molar amounts presented hereinforTa-Os may be substituted 
for NbOs, and vice versa and, similarly, the molar amounts 
presented hereinforYO may be substituted GdO. To state 
this principle otherwise, any mention of a molar concentra 
tion of either Y.O. and Gd2O may be replaced with any 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
combination of Y.O. and Gd2O that together add to Such 
concentration and, likewise, any mention of a molar concen 
tration of either NbOs or Ta-Os may be replaced with a 
combination of a molar concentration of NbOs and Ta-Os 
that together add to Such concentration. 

Moreover, it should be understood that, although an at least 
Substantially identical molar concentration of YO and/or 
Gd2O relative to NbOs and/or Ta-Os is preferred, signifi 
cant improvement may beachieved by compositions in which 
these two concentrations are within at least about 0.5 mol % 
of one another. 

Ceramic components formed in accordance with one or 
more principles, implementations, or embodiments of this 
disclosure can be shaped and machined into useful human 
endoprostheses, including but not limited to artificial hips, 
knees, shoulders, ankles and phalange joints, and/or articula 
tion devices in the spine, as well as dental implants, abut 
ments, crowns and bridges. 

It will be understood by those having skill in the art that 
changes may be made to the details of the above-described 
embodiments without departing from the underlying prin 
ciples presented herein. For example, any Suitable combina 
tion of various embodiments, or the features thereof, is con 
templated. 

In any methods disclosed herein comprising one or more 
steps or actions for performing the described method, the 
method steps and/or actions may be interchanged with one 
another. In other words, unless a specific order of steps or 
actions is required for proper operation of the embodiment, 
the order and/or use of specific steps and/or actions may be 
modified. 
Throughout this specification, any reference to "one 

embodiment,” “an embodiment” or “the embodiment’ 
means that a particular feature, structure, or characteristic 
described in connection with that embodiment is included in 
at least one embodiment. Thus, the quoted phrases, or varia 
tions thereof, as recited throughout this specification are not 
necessarily all referring to the same embodiment. 

Similarly, it should be appreciated that in the above 
description of embodiments, various features are sometimes 
grouped together in a single embodiment, figure, or descrip 
tion thereof for the purpose of streamlining the disclosure. 
This method of disclosure, however, is not to be interpreted as 
reflecting an intention that any claim require more features 
than those expressly recited in that claim. Rather, inventive 
aspects lie in a combination of fewer than all features of any 
single foregoing disclosed embodiment. It will be apparent to 
those having skill in the art that changes may be made to the 
details of the above-described embodiments without depart 
ing from the underlying principles set forth herein. The scope 
of the present invention should, therefore, be determined only 
by the following claims. 
The invention claimed is: 
1. A method for manufacturing a ceramic biomedical 

implant, the method comprising the steps of 
preparing a first feedstock; 
preparing a second feedstock; 
preparing a slurry comprising materials from the first feed 

stock, materials from the second feedstock, and further 
comprising: 
one or more trivalent dopants comprising at least one of 

yttrium oxide and gadolinium oxide; 
one or more pentavalent dopants comprising at least one 

of tantalum pentoxide and niobium pentoxide, 
wherein the one or more trivalent dopants are within 
no more than about 0.5 mol % of the one or more 
pentavalent dopants; and 
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one or more additional ingredients comprising or con 
figured to yield at least a portion of a ceramic bio 
medical implant comprising at least Zirconium diox 
ide, aluminum oxide, at least one of yttrium oxide and 
gadolinium oxide, and at least one of tantalum pen 
toxide and niobium pentoxide, wherein the one or 
more trivalent dopants comprise between about 1.5 
mol % and about 6.5 mol % based on the total molar 
amounts of Zirconium dioxide, cerium oxide, yttrium 
oxide, gadolinium oxide, tantalum pentoxide, and 
niobium pentoxide in the at least a portion of the 
ceramic biomedical implant, wherein the at least a 
portion of the ceramic biomedical implant further 
comprises at least strontium oxide, magnesium oxide, 
titanium dioxide, and calcium oxide, wherein the at 
least a portion of the ceramic biomedical implant 
comprises a combination of aluminum oxide, stron 
tium oxide, magnesium oxide, titanium dioxide, and 
calcium oxide in a concentration of at least about 84% 
by Volume, and wherein the one or more pentavalent 
dopants comprise between about 1.5 mol% and about 
6.5 mol% based on the total molar amounts of zirco 
nium dioxide, cerium oxide, yttrium oxide, gado 
linium oxide, tantalum pentoxide, and niobium pen 
toxide in the at least a portion of the ceramic 
biomedical implant. 

2. The method of claim 1, wherein the one or more addi 
tional ingredients further comprises cerium oxide. 

3. The method of claim 2, wherein the cerium oxide com 
prises no more than about 3.0% by mole based on the total 
molar amounts in the at least a portion of the ceramic bio 
medical implant. 

4. The method of claim 1, wherein the molar concentration 
of the one or more trivalent dopants is at least substantially 
identical to the molar concentration of the one or more pen 
tavalent dopants. 

5. The method of claim 1, wherein the at least a portion of 
the ceramic biomedical implant comprises aluminum oxide 
in a concentration of at least about 74% by weight. 

6. The method of claim 5, wherein the at least a portion of 
the ceramic biomedical implant comprises aluminum oxide 
in a concentration of at least about 74.6% by weight. 

7. The method of claim 1, wherein the step of preparing the 
first feedstock comprises mixing ingredients comprising at 
least aluminum oxide and strontium carbonate or ingredients 
selected to yield aluminum oxide and strontium carbonate, 
and wherein the step of preparing the second feedstock com 
prises mixing ingredients comprising at least aluminum oxide 
and calcium carbonate or ingredients selected to yield alumi 
num oxide and calcium carbonate. 

8. A method for manufacturing a ceramic piece, the method 
comprising the steps of 

preparing a slurry comprising, or comprising ingredients 
configured to yield a ceramic piece comprising, at least: 
aluminum oxide; 
Zirconium dioxide; 
a trivalent dopant comprising yttrium oxide; and 
one or more pentavalent dopants comprising at least one 

of tantalum pentoxide and niobium pentoxide, 
wherein the trivalent dopant is within no more than 
about 0.5 mol % of the one or more pentavalent 
dopants, wherein the yttrium oxide comprises 
between about 3.25 mol % and about 4.75 mol % 
based on the total molar amounts of Zirconium diox 
ide, cerium oxide, yttrium oxide, tantalum pentoxide, 
and niobium pentoxide in the at least a portion of the 
ceramic biomedical implant, and wherein the one or 
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14 
more pentavalent dopants comprise between about 
1.5 mol % and about 6.5 mol % based on the total 
molar amounts of Zirconium dioxide, cerium oxide, 
yttrium oxide, tantalum pentoxide, and niobium pen 
toxide in the at least a portion of the ceramic biomedi 
cal implant; and 

firing a compact derived from the slurry to obtain a fired 
ceramic piece comprising Zirconium dioxide in a con 
centration of between about 21% and about 24% by 
weight of the fired ceramic piece. 

9. The method of claim 8, wherein the fired ceramic piece 
comprises a combined concentration of Zirconium dioxide, 
cerium oxide, yttrium oxide, tantalum pentoxide, and nio 
bium pentoxide in an amount of no more than about 25% of 
the fired ceramic piece by volume. 

10. The method of claim 9, wherein the fired ceramic piece 
comprises a combined concentration of Zirconium dioxide, 
cerium oxide, yttrium oxide, tantalum pentoxide, and nio 
bium pentoxide in an amount of no more than about 16% of 
the fired ceramic piece by volume. 

11. The method of claim 8, wherein the fired ceramic piece 
further comprises aluminum oxide, yttrium oxide, strontium 
oxide, magnesium oxide, titanium dioxide, and calcium 
oxide. 

12. The method of claim 11, wherein the fired ceramic 
piece further comprises cerium oxide. 

13. The method of claim 8, wherein the molar concentra 
tion of the trivalent dopant is at least substantially identical to 
the molar concentration of the one or more pentavalent 
dopants. 

14. The method of claim8, wherein the fired ceramic piece 
comprises a biomedical implant, wherein the biomedical 
implant comprises a three-point flexural strength of at least 
about 1,000 MPa, and wherein the biomedical implant further 
comprises a fracture toughness of at least about 6.5 MPam'. 

15. A method for manufacturing a ceramic biomedical 
implant, the method comprising the steps of 

preparing a slurry comprising ingredients configured to 
yield a ceramic piece comprising at least aluminum 
oxide, Zirconium dioxide, strontium oxide, magnesium 
oxide, titanium dioxide, and calcium oxide; 

adding a trivalent dopant to the slurry, wherein the trivalent 
dopant comprises yttrium oxide and/or gadolinium 
oxide, and wherein the trivalent dopant comprises a 
concentration of between about 1.5 mol% and about 6.5 
mol % based on the total molar amounts of zirconium 
dioxide, cerium oxide, yttrium oxide, gadolinium oxide, 
tantalum pentoxide, and niobium pentoxide in the 
slurry; 

adding a pentavalent dopant to the slurry, wherein the 
pentavalent dopant comprises tantalum pentoxide and/ 
or niobium pentoxide, wherein the pentavalent dopant 
comprises a concentration of between about 1.5 mol % 
and about 6.5 mol% based on the total molar amounts of 
Zirconium dioxide, cerium oxide, yttrium oxide, gado 
linium oxide, tantalum pentoxide, and niobium pentox 
ide in the slurry, and wherein the molar concentration of 
the trivalent dopant is at least substantially identical to 
the molar concentration of the pentavalent dopant; 

firing a compact derived from the slurry to obtain a fired 
ceramic piece comprising at least aluminum oxide, Zir 
conium dioxide, yttrium oxide, strontium oxide, mag 
nesium oxide, titanium dioxide, and calcium oxide, 
wherein the fired ceramic piece comprises aluminum 

oxide in a concentration of at least about 74% by 
weight, 



US 9,353,012 B2 
15 

wherein the fired ceramic piece comprises zirconium 
dioxide in a concentration of between about 21% and 
about 24% by weight, 

wherein the fired ceramic piece comprises strontium 
oxide in a concentration of about between about 0.8% 
and about 1.2% by weight, 

wherein the fired ceramic piece comprises a combined 
concentration of magnesium oxide, titanium dioxide, 
and calcium oxide in a concentration of about 0.3% by 
weight, and 

wherein the fired ceramic piece comprises a combina 
tion of aluminum oxide, strontium oxide, magnesium 
oxide, titanium dioxide, and calcium oxide in a con 
centration of at least about 84% by volume. 

16. The method of claim 15, further comprising adding 
cerium oxide to the slurry. 

17. The method of claim 16, wherein the cerium oxide is 
added to the slurry in a concentration of no more than about 
3.0 mol % based on the total molar amounts of zirconium 
dioxide, cerium oxide, yttrium oxide, gadolinium oxide, tan 
talum pentoxide, and niobium pentoxide in the slurry. 

18. A method for manufacturing a ceramic piece, the 
method comprising the steps of: 

preparing a slurry comprising, or comprising ingredients 
configured to yield a ceramic piece comprising, at least: 
aluminum oxide; 
Zirconium dioxide; 
one or more trivalent dopants comprising at least one of 

yttrium oxide and gadolinium oxide; and 
one or more pentavalent dopants comprising at least one 

of tantalum pentoxide and niobium pentoxide, 
wherein the one or more trivalent dopants are within 
no more than about 0.5 mol % of the one or more 
pentavalent dopants; and 

firing a compact derived from the slurry to obtain a fired 
ceramic piece comprising zirconium dioxide in a con 
centration of between about 21% and about 24% by 
weight of the fired ceramic piece, wherein the fired 
ceramic piece comprises a combined concentration of 
Zirconium dioxide, cerium oxide, yttrium oxide, gado 
linium oxide, tantalum pentoxide, and niobium pentox 
ide in an amount of no more than about 25% of the fired 
ceramic piece by volume. 
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19. The method of claim 18, wherein the fired ceramic 

piece comprises a combined concentration of zirconium 
dioxide, cerium oxide, yttrium oxide, gadolinium oxide, tan 
talum pentoxide, and niobium pentoxide in an amount of no 
more than about 16% of the fired ceramic piece by volume. 

20. A method for manufacturing a ceramic piece, the 
method comprising the steps of: 

preparing a slurry comprising, or comprising ingredients 
configured to yield a ceramic piece comprising, at least: 
aluminum oxide: 
Zirconium dioxide: 
a trivalent dopant comprising gadolinium oxide; and 
one or more pentavalent dopants comprising at least one 

of tantalum pentoxide and niobium pentoxide, 
wherein the trivalent dopant is within no more than 
about 0.5 mol % of the one or more pentavalent 
dopants, wherein the gadolinium oxide comprises 
between about 3.15 mol % and about 4.50 mol % 
based on the total molar amounts of zirconium diox 
ide, cerium oxide, gadolinium oxide, tantalum pen 
toxide, and niobium pentoxide in the at least a portion 
of the ceramic biomedical implant, and wherein the 
one or more pentavalent dopants comprise between 
about 1.5 mol % and about 6.5 mol % based on the 
total molar amounts of zirconium dioxide, cerium 
oxide, tantalum pentoxide, and niobium pentoxide in 
the at least a portion of the ceramic biomedical 
implant; and 

firing a compact derived from the slurry to obtain a fired 
ceramic piece comprising zirconium dioxide in a con 
centration of between about 21% and about 24% by 
weight of the fired ceramic piece. 

21. The method of claim 20, wherein the fired ceramic 
piece comprises a combined concentration of zirconium 
dioxide, cerium oxide, gadolinium oxide, tantalum pentox 
ide, and niobium pentoxide in an amount of no more than 
about 25% of the fired ceramic piece by volume. 

22. The method of claim 21, wherein the fired ceramic 
piece comprises a combined concentration of zirconium 
dioxide, cerium oxide, gadolinium oxide, tantalum pentox 
ide, and niobium pentoxide in an amount of no more than 
about 16% of the fired ceramic piece by volume. 
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