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(57) Abstract

A high strength ceramic body and a method of making same are disclosed.
The ceramic body is formed of ceramic composition containing 2.8-5.0 % by weight
MgO, an effective amount of grain growth inhibiting material, and the balance being
essentially zirconia. The crystalline microstructure of the ceramic body comprises
grains of cubic zirconia having an average grain size of less than about 30 microns in
major dimension, 0.1-8.7 % by volume of discrete particles of the grain growth
inhibiting material, and precipitates of tetragonal zirconia having a substantially

ellipsoidal shape with a long dimension of about 0.1-0.4 microns.
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HIGH-STRENGTH
MAGNESIA PARTIALLY STABILIZED ZIRCONIA

Field of The Invention

The present invention relates to a ceramic body and a process for making
the same. In particular, the present invention relates to a ceramic body formed of
magnesia-partially-stabilized zirconia (Mg-PSZ) material having a unique

combination of high strength, wear resistance, and corrosion resistance.

Background of the Invention

The known Mg-PSZ materials are composed of zirconia with about 2.5-
3.5% by weight magnesia, heated to form a single phase cubic zirconia, and then
cooled in a controlled manner to develop a dispersion of tetragonal zirconia
precipitates within the cubic grains. Much of the strength and toughness
provided by the known Mg-PSZ materials results from the potential for stress
induced martensitic transformation of the tetragonal precipitates to the
monoclinic crystalline form when the material is stressed under load. Associated
with the martensitic transformation is a volume expansion of those precipitates.
When the material is placed under load, transformation occurs locally at sites of
weakness, such as pre-existing cracks, pores, or other voids within the material
which experience high stress intensity. The localized transformation zones
reduce the stress levels experienced at the sites of weakness and thereby increase
the strength of the material as a whole.

Despite this strengthening mechanism, one factor limiting the strength of
the known Mg-PSZ materials is the large cubic zirconia grain size of those
materials, typically between about 50 and 100 microns in major dimension. The
cubic zirconia grains become enlarged because of the high processing
temperatures used to achieve the single cubic solid solution phase from which the
final microstructure is developed. The high processing temperatures result in

high diffusion rates and, hence, rapid grain growth of the cubic phase.
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Associated with the large cubic zirconia grains are large pofcé, voids, and
other intrinsic microstructural flaws which limit the strength of the known Mg-
PSZ materials. As a result, the known Mg-PSZ materials have been restricted in
their use. For example, the known Mg-PSZ materials are unsuitable for some
guide, bushing, and forming tool applications in the metals processing industry or
for severe service valve components because the known materials are unable to
provide the requisite combination of high strength, wear resistance, and corrosion
resistance.

In light of the foregoing, it would be highly beneficial to provide a Mg-
PSZ material, and articles formed therefrom, that have a significantly higher
strength than the known Mg-PSZ materials. Further, the material should provide
the high strength without adversely effecting the wear resistance and corrosion

resistance of the material.

Summary of the Invention

The property limitations associated with the known Mg-PSZ materials are
overcome, to a large extent, by a ceramic body in accordance with the present
invention. The present invention provides a ceramic body made from a Mg-PSZ
material, and a process for producing the same, wherein a small volume fraction
of a grain growth inhibiting material is added to a Mg-PSZ material in order to
limit the grain boundary movement of the cubic zirconia phase. The volume
fraction and particle size of the grain growth inhibiting material, as well as the
method of introduction and heat treatment, are controlled to limit grain growth
and thus provide higher strength than the known Mg-PSZ materials. More
specifically, a ceramic body produced in accordance with the present invention
provides a flexural sﬁength that is significantly higher than that provided by the
known Mg-PSZ materials.

In accordance with one aspect of the present invention, there is provided a
ceramic body made from a ceramic powder composition containing about 2.8-
5.0% by weight magnesia, an effective amount of a grain growth inhibiting

material, and the balance essentially zirconia. The grain growth inhibiting
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material is selected to be insoluble and stable in the Mg-PSZ system at the hi gh
temperatures used during processing (1600° C to 1850°C). Examples of suitable
grain growth inhibiting materials are magnesium aluminate spinel (MgALO,),
silicon carbide (SiC), and titanium carbide (TiC). Nitrides, borides, and other
types of carbides should also be suitable as grain growth inhibiting agents.

The microstructure of the ceramic body comprises grains of cubic zirconia
having an average grain size of less tflan about 30 microns in major dimension
and 0.1-8.7% by volume of discrete particles of the grain growth inhibiting
material. Preferably, the discrete particles of grain growth inhibiting material
have an average size less than 5bout 5 microns in major dimension and reside
primarily at the grain boundaries of the cubic zirconia. However, a portion of the
discrete particles may reside within the grains of cubic zirconia. In one
embodiment, the grain growth inhibiting material comprises magnesium
aluminate spinel (MgALQ,).

Additionally, discrete precipitates of tetragonal zirconia are distributed
within the grains of cubic zirconia. Preferably, the tetragonal precipitates have a
substantially ellipsoidal shape with a long dimension of about 0.1-0.4 microns.

In another aspect, the present invention relates to a method of making a
ceramic body. The method comprises the step of mixing a zirconia powder, a
magnesia powder, and a grain growth inhibiting additive to form a homogeneous
powder mixture. Alternatively, some or all of the magnesia powder can be
replaced with a magnesium salt which decomposes upon heat treatment to form
magnesia. In one embodiment, the additive powder comprises magnesium
aluminate spinel. In an altemate embodiment, the additive powder comprises
alumina which can react with some of the magnesia during subsequent processing
to form magnesium aluminate spinel particles.

The homogeneous powder mixture is consolidated into a green body
which is then fired in air to a temperature in the range of about 1600°C to about
1850°C to develop a substantially fully dense sintered body. When carbides,
nitrides, or borides are used as the grain growth inhibiting agent, the firing is

conducted in a nonoxidizing or reducing atmosphere.
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During the firing step, the grain growth inhibiting particles restrain (pin)
the movement of the zirconia grain boundaries. The firing step is conducted to a
temperature and for a time sufficient to ensure that all, or nearly all, of the
zirconia is in the cubic crystalline form without producing cubic grains having
excessively large sizes.

The sintered body is then cooled at a controlled cooling rate to nucleate
and grow tetragonal zirconia precipitates within the cubic zirconia grains of the
body. In one embodiment, the sintered body is cooled from the maximum firing
temperature to about 1400°C at a rate in the range of about 100C°/hr to about
500C°/hr; from about 1400°C to about 1200°C at a rate in the range of about
40C°/hr to about 200C°/hr; and from about 1200°C to below about 600°C at a
rate in the range of about 100C°/hr to about 300C°/hr. Once cooled, the ceramic
body may be optionally heat treated at a temperature in the range of about

1000°C to about 1500°C to further develop its microstructure.

Brief Description of the Drawings

The foregoing summary, as well as the following detailed description of
the preferred embodiments of the present invention, will be better understood
when read in conjunction with the accompanying drawing, in which Figure 1 is a
flow chart showing the steps of a method for making a ceramic body in

accordance with the present invention.

Detailed Description of a Preferred Embodiment

The present invention relates to a magnesia partially stabilized zirconia
(Mg-PSZ) ceramic body. In one embodiment of the present invention, the
ceramic body is formed from a ceramic powder composition which contains at
least about 2.8 weight percent, and preferably at least about 3.0 weight percent
magnesia (MgO), which is present in the ceramic powder composition to stabilize
some of the zirconia as the cubic crystalline phase at room temperature. Too
much MgO limits the formation of beneficial tetragonal precipitates.

Accordingly, MgO is restricted to not more than about 5.0 weight percent, and
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preferably to not more than about 4.5 weight percent in the ceramic body made
according to this invention.

At least about 0.05 weight percent, and preferably at least about 0.2
weight percent alumina (Al,O,) is present in the ceramic powder composition to
react with some of the magnesia to form magnesium aluminate spinel (MgAl,Q,).
Too much alumina deleteriously affects the material by forming clusters of
magnesium aluminate spinel particles which become sites of weakness in the
material. Too much alumina will also deplete magnesia from the zirconia matrix
and thereby inhibit formation of the cubic zirconia phase during processing.
Accordingly, alumina is restricted to not more than about 4.0 weight percent, and
preferably to not more than about 2.5 weight percent in the starting powder
composition.

A small amount of yttria (Y,0,), ceria (CeO,), other rare earth oxide, or
strontia (SrO) may be present in this material. In this regard, not more than about
0.5 mole %, better yet, not more than about 0.3 mole %, and preferably not more
than aboﬁt 0.1 mole percent of such oxides are present in this material. The
balance of the ceramic composition is zirconia and minor amounts of other
compounds which in low concentrations do not detract from the desired
properties of the material according to this invention. Among such impurities
may be oxides such as Si0,, Na,0, and K,0, the total weight percent of which is
typically less than about 0.5.

The present invention also relates to a method of making the ceramic
body which will be described with reference to Figure 1. At step 10, the zirconia
powder, magnesia powder, and alumina powder are blended to form a
homogeneous mixture. Some or all of the magnesia powder can be replaced with
a magnesium salt which decomposes upon heat treatment to form magnesia.

The homogeneous mixture is then consolidated into a green body at step
12. The green body is preferably consolidated by pressing the mixture into a
mold. The green body is then fired in step 14 to a temperature in the range of
about 1600°C to about 1850°C to develop a sintered body. During the firing

step, the alumina reacts with some of the magnesia to form magnesium aluminate

-5.
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spinel particles at the zirconia grain boundaries. The magnesium aluminate
spinel particles restrain or pin the movement of the zirconia grain boundaries
during the elevated temperature processing. The firing is continued to a
temperature and for a time sufficient to ensure that all, or nearly all, of the
zirconia is in the cubic crystalline form, without producing excessively large
cubic grains. Preferably, the average cubic grain size is limited to not greater
than about 30 microns in major dimension,

In step 16, the sintered body is cooled at a controlled cooling rate to
nucleate and grow tetragonal zirconia precipitates of the required size within the
cubic zirconia matrix. The sintered body is first cooled from the sintering
temperature to about 1400°C at a rate in the range of about 100C°/hr to about
500C*°/hr. The sintered body is then cooled from about 1400°C to about 1200°C
at arate in the range of about 40C°/hr to about 200C°/hr. The sintered body is
then cooled from about 1200°C to below about 600°C at a rate in the range of
about 100C°/hr to about 300C°/hr.

Step 18 is an optional step in which the ceramic body is heat treated using
a post-firing cycle. The post-firing cycle comprises heating the ceramic body to a
temperature in the range of about 1000°C to about 1500°C to further develop the
microstructure of the ceramic body. A

The microstructure of the ceramic material according to the present
invention includes a matrix of grains of cubic zirconia that are not greater than
about 30 microns in major dimension. The microstructure also includes the
magnesium aluminate spinel particles which are present as a secondary phase
distributed within the microstructure. Although the magnesium aluminate spinel
particles reside primarily at the cubic zirconia grain boundaries, some of the
particles may be distributed within the cubic zirconia grains themselves. The
constraining effect of the magnesium aluminate spinel particles during firing
results in a Mg-PSZ ceramic with a finer grain size and, consequently, higher
strength than the known Mg-PSZ materials. In order to obtain a microstructure
wherein the grains of cubic zirconia have an average grain size of less than about

30 microns in major dimension, at least about 0.1 percent by volume, and
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preferably at least about 0.5 percent by volume, of magnesium aluminate spinel
particles are present in the material. Too much magnesium aluminate spinel
results in the formation of clusters of magnesium aluminate spinel particles which
become sites of weakness in the material. Therefore, the magnesium aluminate
spinel is restricted to not more than about 8.7 percent by volume, and preferably
to not more than about 5.0 percent by volume. In addition, the discrete particles
of the magnesium aluminate spinel preferably have an average size of less than
about 5 microns in major dimension in order to effectively inhibit movement of
the cubic zirconia grain boundaries.

The microstructure of the present invention further contains discrete
precipitates of tetragonal zirconia within the cubic zirconia grains. Precipitates
having a substantially ellipsoidal shape with a long dimension of about 0.1 to
about 0.4 microns are particularly useful in benefitting the strength of the
material. When the material is stressed under a load, the tetragonal precipitates
undergo a martensitic transformation into a monoclinic crystalline form which
benefits the strength of this material. The formation and benefits of such
tetragonal precipitates in Mg-PSZ are described in U.S. Patent Nos. 4,279,655

and 4,885,266, the specifications of which are incorporated herein by reference.

Examples
In order to demonstrate the properties provided by the material of the

present invention, Examples 1 and 2 of the material of the present invention were
prepared. The powder compositions of Exarnples 1 and 2 were measured by X-
ray fluorescence (XRF) spectroscopy and are given in weight percent in Table 1.
For comparative purposes, Samples A to C with compositions outside the range
of the material according to the present invention were also tested. Their weight
percent compositions were also determined by XRF and are also shown in Table
1. Samples A to C are representative of the highest strength, commercial Mg-
PSZ materials currently available from Carpenter Advanced Ceramics Inc., Coors

Ceramics Co., and Kyocera Industrial Ceramics Corp., respectively.
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Si0,
MgO
ALQ,
Fe,0,
Sr0
Zr0,
HfO,!

Y203
Other

Table 1
Comparative

Example No. Sample No.
A1 2 A B C
<001 <001 .047 083 214
371 396 | 335 296  3.61

98 98 | 014 006  .022
003 007 { 019 019 .028
<05 <05 | .277 .003 .006
933 93.6 9524 95.82 9448
192 1951195 192 212

13 A3 | <05 <05 13
<01 <0.1 | <01 <01 <02

tHafnium compounds occur naturally in zirconia ore deposits.
Consequently, hafnia (HfO,) is always present at low levels in
zirconia chemically derived from such material.

PCT/US00/01804

Examples 1 and 2 were prepared by weighing out batches of high purity

zirconia, alumina, yttria, and magnesium carbonate powders in proportions

necessary to obtain approximately the chemical compositions shown in Table 1.

The powder batches were wet attrition milled in deionized water with a dispersant

1o an average particle size less than 1.0 microns in major dimension. An organic

binder was added and the material was spray dried to free flowing powder

batches by conventional ceramic processing methods. Each powder batch was

preformed into a rectangular block about 6mm x 20mm X 80mm in a uniaxial

pressing die at a pressure of about 20 MPa and then cold isostatically pressed at

180 MPa to form a green compact.

In order to develop the microstructure required to provide the very high

strength characteristic of the present invention, the green compacts of Examples 1

and 2 were fired. The firing cycle employed was as follows:
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Temperature (°C) Rate (C°/hr)
Firing cycle: Room temperature to 400 25
400 to 1700 50
Hold at 1700 for 30 minutes
1700 to 1400 200
1400 to 1200 100
1200 to room temperature 200

After firing, Example 2 was heated to 1090°C at a rate of 100C°/hr, held
for 90 minutes at temperature, and then cooled to room temperature at a rate of

100C°/hr. Example 1 was not given any post-firing heat treatment.

The microstructures of Examples 1 and 2 and Samples A to C were
evaluated by optical and scanning electron microscopy of polished cross sections
1o determine the average size of cubic zirconia grains and the volume fraction of
magnesium aluminate spinel particles.

The method employed to evaluate the strength of Examples 1 and 2 and
comparative Samples A to C is described below. First, bars about 4mm x Smm x
40mm were cut from the sintered rectangular blocks of each composition with a
diamond impregnated slitting wheel. The bars were then ground to a cross
section of 3.0mm x 4.0mm = 0.3mm with a diamond resin bonded cup wheel
rotating at 4100 rpm. The depth of cut for each pass was 0.025mm, with the
exception of the final two passes on each face which were made using a depth of
only 0.012mm. No other surface preparation was given to the bars. The bars
were then subjected to flexural strength testing in a one-third, four point bend
fixture with a major span of 20.0 mm at a cross head speed of 0.25 mm/minute.
The maximum load at fracture and the bar cross sectional dimensions at the
failure site were used to calculate the flexural strength. An average strength was
then calculated for each material from at least six (6) test results. The average

strength values determined are shown in Table 2. .

9.
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Table 2

Average Cubic Er—‘—St; matcg . ~ Average

Grain Size' W Flexural Strength

_ (um) (vol.%) —  (MPa) *
Example 2 15 25 846(39)
Sample A 45 0 700(48)
Sample B 52 0 568(56)
Sample C 36 0 654(30)

*The numbers in parentheses indicate one standard deviation.

*‘Determined by the linear intercept method.

The data of Table 2 clearly show that Examples 1 and 2 of the present

invention have a significantly higher average flexural strength than comparative

Samples A to C.

It will be recognized by those skilled in the art that changes or

modifications may be made to the above-described embodiments without

departing from the broad inventive concepts of the invention. It should therefore
be understood that this invention is not limited to the particular embodiments-

described herein, but is intended to include all changes and modifications that are

Throughout this specification and the claims which follow, unless the context
requires otherwise, the word "comprise”, and variations such as “comprises" or
"comprising”, will be understood to imply the inclusion of a stated integer or step or group

of integers or steps but not the exclusion of any other integer or step or group of integers or

steps.

The reference to any prior art in this specification is not, and should not be taken

as, an acknowledgment or any form of suggestion that that prior art forms part of the

common general knowledge in Australia.

-10-
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WHAT IS CLAIMED IS:
I. A Mg-PSZ ceramic body formed from a ceramic powder composition

consisting essentially of about 2.8-5.0% by weight MgO, an effective amount of
grain growth inhibiting material, and the balance being essentially zirconia,
wherein the crystalline microstructure of the ceramic body comprises grains of
cubic zirconia having an average grain size of less than about 30 microns in
major dimension and about 0.1-8.7% by volume of discrete particles of the grain

growth inhibiting material.

2. The ceramic body of Claim 1 wherein the grain growth inhibiting material
is an inorganic compound that is insoluble and stable in the Mg-PSZ at a

temperature in the range of about 1600°C to about 1850°C.

3. The ceramic body of Claim 2 wherein the grain growth inhibiting material
is selected from the group consisting of magnesium aluminate spinel, silicon

carbide, titanium carbide, and mixtures thereof.

4. The ceramic body of Claim 1 wherein the ceramic powder composition
contains about 0.05-4.0% by weight alumina and wherein the discrete particles of
the grain growth inhibiting material comprise discrete particles of magnesium

aluminate spinel.

5. The ceramic body of Claim 4 wherein at least a portion of the discrete
particles of magnesium aluminate spinel reside at the grain boundaries of the

cubic zirconia.

6. The ceramic body of Claim 5 wherein a further portion of the discrete
particles of magnesium aluminate spinel reside within the grains of cubic

zirconia.

7. The ceramic body of Claim 4 wherein the discrete particles of magnesium

-11-
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aluminate spinel have an average size of less than about 5 microns in major

dimension.

8. The ceramic body of Claim 1 wherein the crystalline microstructure of the
ceramic body c'ompriscs discrete precipitates of tetragonal zirconia within the

grains of cubic zirconia.

9. The ceramic body of Claim 8 wherein the discrete precipitates of
tetragonal zirconia have a substantially ellipsoidal shape with a major dimension

of about 0.1-0.4 microns.

10. . The ceramic body set forth in any one of Claims 1 to 9 wherein the ceramic
powder composition consists essentially of about 3.0-4.5% by weight MgO,

about 0.2-2.5% alumina, and the balance is essentially zirconia. '

11.  The ceramic body set forth in Claim 10 wherein the crystalline

microstructure of the ceramic body comprises about 0.5-5.0 % by volume of

v particles of magnesium aluminate spinel.

12. A ceramic body formed from a powder mixture consisting essentially of
about 2.8-5.0% by weight magnesia, about 0.05-4.0% By weight alumina, and the
balance essentially zirconia, wherein the crystalline microstructure of the ceramic
body comprises:

grains of cubic zirconia having an average grain size of less than about 30
microns in major dimension; _

0.1-8.7% by volume of particles of magnesium aluminate spinel residing
at the boundaries of the cubic zirconia grains and having an average size of less
than about 5 microns in major dimension; and

precipitates of tetragonal zirconia formed within the grains of cubic
zirconia, said tetragonal zirconia precipitates having a substantially ellipsoidal

shape with a long dimension of about 0.1-0.4 microns.

.12-
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13. A ceramic body as set forth in Claim 12 wherein ceramic powder
composition consists essentially of about 3.0-4.5% by weight MgO, about 0.2-

2.5% alumina, and the balance is essentially zirconia.

14.  The ceramic body set forth in Claim 13 wherein the crystalline
microstructure of the ceramic body comprises about 0.5-5.0 % by volume of

particles of magnesium aluminate spinel.

15. A method of making a ceramiq body comprising the steps of:

a. mixing a zirconia powder, a magnesia powder, and a grain growth
inhibiting material to form a homogeneous powder mixture;

b. consolidating the homogeneous powder mixture to form a green
body;

c. firing the green body to a temperature in the range of about
1600°C to about 1850°C and for a time sufficient to form a polycrystalline cubic
zirconia phase and particles of the grain growth inhibiting material; and

d. cooling the sintered body at a controlled cooling rate to form the

ceramic body.

16.  The method of Claim 15 wherein the mixing step comprises the step of
selecting the grain growth inhibiting material to provide grain growth inhibiting
particles selected from the group consisting of inorganic compounds that are
insoluble and stable in the Mg-PSZ at a temperature in the range of about 1600°C
to about 1850°C.

17.  The method of Claim 16 wherein the mixing step comprises the step of
selecting the grain growth inhibiting material to provide grain growth inhibiting
particles selected from the group consisting of magnesium aluminate spinel,

silicon carbide, titanium carbide, and mixtures thereof.

18.  The method of Claim 15 further comprising the step of heat treating the

ceramic body to a temperature in the range of about 1000°C to about 1500°C.

-13-
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19.  The method of Claim 15 wherein the cooling step comprises the step of
cooling the sintered body from the maximum firing temperature to about 1400°C

at a rate in the range of about 100C°/hr to about 500C°/hr.

5 20.  The method of Claim 19 wherein the cooling step further comprises the
step of cooling the sintered body from about 1400°C to about 1200°C at a rate in
the range of about 40C °/hr to about 200C°/hr.

21.  The method of Claim 20 wherein the cooling step further comprises the
10 step of cooling the sintered body from about 1200°C to below about 600°C at a
rate in the range of about 100C°/hr to about 300°C/hr.

22, Ceramic bodies or methods of making same, substantially as hereinbefore

described with reference to the Examples and the accompanying drawing.
DATED this 29" day of November 2002.
CARPENTER ADVANCED CERAMICS, INC.

By Its Patent Attorneys
DAVIES COLLISON CAVE

-14-
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