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[57] . ABSTRACT

The invention is a ceramic composition containing a
new class of dispersant for hindering crack propagation

by means of one or more energy-dissipative mecha-

nisms. The composition is composed of a ceramic ma-
trix with dispersed particles of a transformation-prone
rare-earth niobate, tantalate or mixtures of these with
each other and/or with a rare-earth vanadate. The dis-
persants, having a generic composition tRMQg4, where
R is a rare-earth element, Bis Nbor Taand O is oxygen,
are mixed in powder form with a powder of the matrix
ceramic and sintered to produce a ceramic form or
body. The crack-hindering mechanisms operates to
provide improved performance over a wide range of
temperature and operating conditions.

10 Claims, No Drawings

A statutory invention registration is not a patent, It has

the defensive attributes of a patent but does not have the
enforceable attributes of a patent. No article or advertise-
ment or the like may use the term patent, or any term
suggestive of a patent, when referring to a statutory in-
vention registration. For more specific information on the
rights associated with a statutory invention registration
see 35 U.S.C. 157.
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CERAMICS CONTAINING DISPERSANTS FOR
IMPROVED FRACTURE TOUGHNESS

CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this
invention pursuant to Contract No. W-31-109-ENG-38
between the U.S. Department of Energy and The Uni-
versity of Chicago representing Argonne National Lab-

oratory.
BACKGROUND OF THE INVENTION

This invention relates to new ceramic compositions
with useful properties extending into high temperature-

ranges of 800° C. and above and more particularly to
ceramic compositions containing in dispersed form an
additive class which absorbs stress-related energies
transmitted in the composition. These additives may be

characterized as transformation-prone rare-earth nio-

bates, tantalates or mixtures of these with each other
and/or mixtures with rare-earth vanadates. The disper-
sant is incorporated as small particles in a ceramic ma-
trix in order to attenuate or hinder the propagation in
the matrix of cracks that arise from stress.

Ceramics have been proposed as replacements for
metals in a number of important products including
those for high temperature use such as turbine blades,
cylinder liners and heads for internal combustion en-
gines, connecting rods, and the like. Ceramics have also
been used as liners in vartous industrial processing
equipment including equipment for coal gasification.

Ceramics in general are composed of hard brittle
materials such as Al,O3, ZrO;, MgO and mixtures of
oxides such as mullite (Al,O3 and SiO3;) As small parti-
cles, these materials are mixed with sintering aids and
sintered at elevated temperatures to cause the particles
to adhere together in the desired shape. Stresses in these
materials caused by temperature variations and/or me-
chanical loads limit the performance of the ceramics.
Excessive stresses cause cracks to form and grow across
the structural shapes. In some instances, these cracks
may travel at or near the speed of sound and are not
effectively hindered nor blocked.

Some additives have been incorporated into ceramic
compositions to reduce the effect of stresses on perfor-
mance. One of these involves the addition of an alloying
ingredient (CaO is typical) to ZrO; in order to achieve
a structure in which the matrix consisting of the cubic
form of ZrO; contains as a dispersant fine particles of
the tetragonal form of ZrO,. Another involves adding
ZrO», wholly or partially in the tetragonal form, to
Al203 or mullite. The principal mechanism believed to
be associated with the beneficial effect of both of these
additives involves the action of an advancing crack in
producing a stress-induced transformation of the tetrag-
onal form of ZrO; to the monoclinic form with a resul-
tant volume change. A change in the free energy of the
system occurs and, as a consequence, there is an attenu-
ation of crack progression. Further details are provided
in the article “Transformation Toughening by Dis-
persed Polycrystalline Zirconia” by R. Stevens and P.
A. Evans, Br. Ceram. Trans. J., 83, 28-31 (1984).

While the effect of a tetragonal ZrO; dispersant in a
cubic ZrO; matrix or in an Al»Q3 or mullite matrix has
interesting results, this approach is limited in its upper
operating temperature. This 1s because the tetragonal
form of the ZrO; dispersant necessary for the beneficial
effect cannot be retained above about 800° C. More-
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over, it appears that the tetragonal ZrO; dispersant
functions only by the volume-change effect of the trans-
formation. =

Still another limitation in the use of tetragonal ZrQO;
as a dispersant at lower temperature as well as higher

temperature is the need for a complex, difficult-to-con-

trol interplay of additive composition thermal treatment
and dispersant particle size that is difficult to manipulate
in achieving satisfactory level of crack attenuation.
When higher operating temperatures of 800° C. to 1200°
C. are required for ceramics; and/or when additional
crack-attenuating functions are sought and/or when
better crack-attenuatton control 1s required at any oper-
ating temperature: other dispersant additives would be
desirable. |

Accordingly, one object of the invention is an addi-
tive system to improve crack attenuation at higher tem-
peratures in ceramics. Another object of the invention is
an additive system which acts as an energy absorber
through one and preferably more than one mechanism.
An additional object of the invention is an additive
system which provides a range of additives useful, ef-
fective and controllable under different temperature
conditions and in different ceramics. A further object of
the invention i1s an additive system combining two or
more of the above objects. These and other objects of
the invention will become apparent from the following
detailed invention.

SUMMARY OF THE INVENTION

Briefly, the invention is directed to a ceramic compo-
sition particularly useful at temperatures above about
800° C. and comprising a ceramic matrix and an addi-
tive system based on a transformation-prone rare-earth
niobate, tantalate or mixtures of these with each other
and/or with a rare-earth vanadate. The general formula
for these additives 1s tRMO4 where R is a rare earth
element with an atomic number in the range of 57-71
and M 1s Nb or Ta or mixtures, with or without substitu-
tion of V, as for example, L.LaNbg gV.204. The prefix t
denotes that the dispersant particles are retained in a
tetragonal crystal form at an ambient, working tempera-
ture 100°-200° C. below the temperature at which the
tetragonal form would exist in a bulk sample of RMOa.
The method of achieving this retention 1S an essential
part of the invention, as will be described. These addi-
tives, when dispersed as small particles in a ceramic
mixture, undergo in the temperature range 800°-1200°
C., a stress-induced transformations to a monoclinic
form and thereby impart the same crack-attenuating
mechanism over this higher temperature range that
tZrO; provides only at 800° C. and below.

These new dispersants also in general have the capac-
ity to provide other mechanisms for hindering crack
propagation. One of these 1s the stress-induced motion
of domain walls that occur concurrently with the trans-

- formation. This additional energy-dissipative mecha-

nism accompanying crack impingement can slow down
and ultimately halt crack motion. Another mechanism
lies in the low inherent sonic velocity that 1s a charac-
teristic of the tRMOg dispersant. The velocity of crack
propagation at sonic or near-sonic levels through a
tRMOg dispersant particle should be attenuated by as
much as 50% relative to the velocity in a matrix such as
Al,Os, leading to a dissipative “out-of-step’”, noncoop-
erative crack movement. All of the foregoing crack-
hindering mechanisms can operate collectively and
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interactively in a tRMOy4 dispersant, thus providing
advantages with respect to other dispersants.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The inventive ceramic composition comprises a ce-

ramic matrix as a continuous phase with a hardness
above about §00-1000 (Vickers dtamond pyramid) and
as a second component a tetragonal rare-earth niobate
or tantalate or mixtures of these with each other and/or
with a rare-earth vanadate. The second component is
present in an amount below about 25 wt. % of the com-
position and dispersed in the matrix as particles sized
below about 5 microns, the particles of the second com-

ponent have a transition temperature depressed by

about 100°-200° C. from the transition temperature of
the component in its bulk form.

The additives may be identified by the formula

tRMOy4 where R 1s a rare earth element with an atomic
number of 57-71 and M 1s Nb or Ta or mixtures thereof
with or without V additions. Advantageously, R has an
atomic number of 57-71 when M is Nb (with or without
V) and 60-71 when M 1s Ta. When M is Nb, the tetrago-
nal phase transforms in a bulk sample between about
500°-800° C. depending on the rare-earth partner.
When M is Ta, the tetragonal phase transforms in a bulk
sample between about 1300°-1420° C. depending on the
rare earth. Controlled changes in composition such as
mixing niobates with tantalates or partially substituting
-V for Nb or Ta will permit the selection of a tetragonal
transformation temperature Optlmlzed for a desired
operating temperature of the ceramic body to which the
dispersant is added. The tetragonal transformation tem-
perature will be manipulated so that it will not occur at
operating temperature in the absence of a crack-
generated stress but will occur in the presence of such a
stress, thus bringing into operation the crack-hindering
mechanism previously described.

If the bulk transition temperature is T¢ and the de-
pressed transition temperature is Tp(T¢>Tp), then the
operating temperature Topis such that Tc>Top>Th.
For the preferred effect, Top should be close to but
always greater than Tp. By controlling the chemical
composition of the dispersant material, T ccan be varied
between about 1400° C. and — 100° C. with Tp always
lower than T¢ by about 100°-200° C. A maximum
operating temperature based on T¢ being about 1400°

C. would thus be about 1200° C. _
Another means of manipulating the tetragonal trans-

formation temperature, in addition to composition con-
trol lies in controlling the size of the dispersant particles
and their surface condition: the transformation tempera-
ture decreases with decreasing particle size. The follow-
ing is an illustrative example of these control processes.
The compound LaNbO4 undergoes the tetragonal trans-
formation at 500° C. in a bulk sample. By a partial sub-
stitution of V for Nb (LaNbg.sV0.204), the bulk-sample
transformation is reduced to 95° C. By particle-size and
surface-condition control, fine particles of the V-sub-
stituted compound can be made to undergo the tetrago-
nal transformation at about —75° C. More generally, by
changing the amount and nature of M (Ta, Nb, or par-
tial replacement by V) T¢ can be varied from 1400° C.
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to —200° C. and (T¢c—Tp) can be maintained at about

200° C. Thus by changing the chemical concentration
of the dispersant, an operating range of temperature
Te>Top>Tp can be obtained suitable for different
products.
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The following generic compositions may be utilized
for a) and ¢) R =elements 39 and 60-71; b) R =elements
being the operating temperature of the ceramic compo-
sittion and/or the desired level of crack -attenuating
properties.

a) R Ta(_x)VxO4 where 0=x=0.3

b) R Nb(1—x)VxO4 where 0=x=0.3

c) R Ta(j— x)NbyO4 where 0=x=1.0
for a) and c¢) R =elements 39 and 60-71; b) R =elementa
39 and 57-71.

Preferably for high temperature use, the dispersants
contain Ta. These dispersant additives in general have a
melting temperature above about 1600° C. and a bulk
elastic modulus of 1-2 X 1012 dynes cm =2 which is typi-
cally one-half or less of those of the host materials.
Hlustrative dispersants are: NdTag gVo,204; YdTag 9Vo.
204; HoTag95V0.0504 YbTaO4; LaNbggsVsOs;
NdNbop.75V0.2504; TbNbo.30V0.2004; TmNbLO4:
SmTag gNbg204; DyTagsNbo.4Os; ErTag4NbgOs;
YTagp 2Nbo.gO4. They are prepared by repetitive sinter-
ing of the requisite amounts of the component oxides
(R203, Ta;0s, Nb2Os, V20s) in air or air enriched with
oxygen in the range 1200°-1600° C. to ensure chemical
homogeniety. As an illustration, NdNbO 75V0.2504 is
prepared by mixing Nd203 with Nb205 and V205 in the
appropriate amounts in powder form with the mixture
being sintered at 1400° C. in air for about 24 hours.

The host ceramic may be any one of the usual impor-
tant oxides and preferably is AlyO3, ZrO;, MgO or
mixtures of AlyO3 and S10; such as mullite. They are
used in the preparation as particles sized below about 5
microns: the principal consideration being sinterability.

The dispersants are also used as small particles of 5
microns and below, advantageously preferably about
0.1-5 microns and preferably about 0.1-2 microns. The
smaller particles tend to enhance the depressant effect
on the bulk transition temperature and facilitate the
generation of a umiform dispersant distribution.

Usually, the dispersants i1s incorporated into the ce-
ramic in an amount less than about 25 wt. %. The lower
limit is sufficient to enhance the desired performance of
the ceramic composition. Advantageously, the range is
about 3-25 wt. % and preferably about 8-15 wt. %.

Conventional state-of-the art ceramic preparation
procedures are utilized for sintering the host materials.
Particles of the matrix materal, sized below about 5
microns are intimately mixed by ball milling with parti-
cles of the dispersant sized 0.1-5 microns. Sintering aids
such as MgQO or other conventional sintering aids may
be added as necessary. The mixed powders are com-
pressed into compacts of appropriate size and shape,
and these are then sintered in air or in air enriched with
oxygen between 1300° C. and 1600° C. for 10 hours or
less.

The limitation as to upper sintering temperature is the
melting point of the dispersant phase which usually
ranges from 1600°-2000° C.

These new dispersants also in general have the capac-
ity to provide other mechanisms for hindering crack
propagation. One of these is the stress-induced motion
of domain walls that occur concurrently with the trans-
formation. This additional energy-dissipative mecha-
nism accompanying crack impingement can slow down
and ultimately halt crack motion. Another mechanism
lies in the low inherent sonic velocity that is a charac-
teristic of the tRMO4 dispersant. The velocity of crack
propagation at sonic or near-sonic levels through a

tRMOy dispersant particle should be attenuated by as
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much as 50% relative to the velocity in a matrix such as |

Al;03, leading to a dissipative “out-of-step”, noncoop-
erative crack movement. All of the foregoing crack-
hindering mechanisms can operate collectively and
interactively in a tRMOy dispersant, thus providing
advantages with respect to other dispersants.

The embodiments of this invention in which an exclu-
sive property or privilege is claimed are defined as
follows: :

1. A ceramic composition consisting essentially of a
ceramic matrix of AlLOj3, mullite, ZrO;, MgO or mix-
tures thereof as a continuous phase with a hardness
above about 800 and as a second component a tetrago-
nal rare-earth niobate, tantalate or mixtures of these
with each other and/or with a rare-earth vanadate, the
- second embodiment being present in an amount in the
range of about 3-25 wt. % of the composition and dis-
persed in the matrix as particles sized below about 5
microns, the particles of the second component in the
matrix having a transition ternperature Tp being below
the transition temperature for the second component in

bulkor Tc.
2. The ceramic composition of claim 1 wherein the

second component has a depressed transition tempera-
ture Tp above about 800" C. and below T¢ by at least
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6
about 100° C., a melting temperature above about 1600°
and a hardness below about 500 (Vickers pyram:d).

3. The ceramic composition of claim 1 wherein the
second component has the formula tRMO4 wherein R is
a rare earth, M is Nb or Ta or mixtures thereof with or
without V, and R has an atomic number in the range of
39 and 57-71 when M is Nb and 39 and 60-71 where M |
is Ta. |

4. The ceramic composition of claim 3 wherein the
second component has a depressed transition tempera-
ture above about 800° C., a melting temperature above

- about 1600° C., and a hardness below about 500.

5. The ceramic composition of claim § wherein the
second component has a stress-free transition tempera-
ture between 800° and 1200° C. and is present in the

amount of about 8-15 wt. %.
6. The ceramic composition of claim § wherein the

particles of the second component are sized in the range
of about 0.1-2 microns.

7. The ceramic composition of claim 5 wherein R 1s
Ho and M i1s Ta.

8. The ceramic composition of claim § wherein R is
Nd and M is Ta. | |
9. The ceramic composition of claim § wherein R is
Nd and M is Nbg.¢Tag.4. |

10. The ceramic composition of claim § wherein R 1s
Nd and M is Tag.sVo.2. |
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