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"Parent metal” refers to that metal, e.g. zirconium, which is the
precursor for the polycrystalline oxidation reaction product, that is,
the parent metal boride, parent metal nitride, or other parent metal
compound, and includes that metal as a pure or relatively pure metal, a
commercially available metal having impurities and/or alloying
constituents therein, and an alloy in which that metal precursor is the
major constituent; and when a specific metal is mentioned as the parent
metal, e.g. zirconium, the metal identified should be read with this
definition in mind unless indicated otherwise, by the context.

#parent meta)l boride” and “parent metal boro compounds” mean a
reaction product containing boron formed upon reaction between boron
nitride and the parent metal and includes a binary compound of boron
with the parent metal as well as ternary or higher order compounds.

*parent metal nitride” means a reaction product containing nitrogen
formed upon reaction of boron nitride and parent metal.

"parent metal carbide” means a reaction product containing carbon
formed upon reaction of a carbon source and parent metal.

CLAIM
1. A method for producing a self-supporting body, comprising:
selecting a parent metal;

heating said parent metal in a substantially inert atmosphere to a
[} l/2
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temperature above its melting point to form a body of molten parent metal;
contacting said body of molten parent metal with a permeable mass
corﬁprising boron nitride;
5 maintaining said temperature for a time sufficient to permit infiltration
of molten parent metal into said permeable mass and to permit reaction of
said molten parent metal with saict bc;ron nitride to form at least one
compound selected from the group consisting of at least one boron containing
compound and at least one nitrogen-containing compound; and
continuing said infiltration and reaction for a time sufficient to produce

said self-supporting body comprising at least one parent metal nitrogen-

containing compound.

2. The method according to claim 1, wherein said parent metal comprises

a metal selected from the group of metals consisting of aluminum, titanium,

zirconium, hafnium, vanadium, chromium, niobium, tantalum, molybdenum

and tungsten.
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Tralee Industrial Park
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Danny Ray WHITE
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° *‘'" COMPLETE SPECIFICATION FOR THE INVENTION ENTITLED:

e Process for preparing self-supporting bodies and products made thereby

The following statement is a full description of this invention, including the best method
of performing it known to me/us:-
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Field of the Invention

This invention relates generally to a novel method of preparing self-
supporting bodies, and to novel products made thereby. In its more
specific aspects, this invention relates to a method of producing self-
supporting bodies comprising one or more boron-containing compounds, e.g.
a boride or a boride and a nitride, by reactive infiltration of a molten
parent metal into a bed or mass containing boron nitride and, optionally,
one or more inert fillers, to form the body.

Background of the Present Invention

In recent years, there has been an increasing interest in the use of
ceramics for structural applications historically served by metals. The
impetus for this interest has been the superiority of ceramics with
respect to certain properties, such as corrosion resistance, hardness,
wear resistance, modulus of elasticity, and refractory capabilities when
compared with metals.

However, a major l1imitation on the use of ceramics for such purposes
is the feasibility and cost of producing the desired ceramic structures.
For example, the production of ceramic boride bodies by the methods of hot
pressing, reaction sintering and reaction hot pressing is well known. In
the case of hot pressing, fine powder particles of the desired boride are
compacted at high temperatures and pressures. Reaction hot pressing
involves, for example, compacting at elevated temperatures and pressures
boron or a metal boride with a suitable metal-containing powder. U.S.
Patent No. 3,937,619 to Clougherty describes the preparation of a boride
body by hot pressing a mixture of powdered metal with a nowdered diboride,
and U.S. Patent No. 4,512,946 to Brun describes hot pressing ceramic
powder with boron and a metal hydride to form a boride composite.

However, these hot pressing methods require special handling and
expensive special equipment, they are 1imited as to the size and shape of the
ceramic part produced, and they typically involve low process productivities
and high ‘manufacturing cost.

A second major limitation on the use of ceramics for structural
applications 1s their general lack of toughness (i.e. damage tolerance or
resistance to fracture). This characteristic tends to result in sudden,
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easily induced, catastrophic failure of ceramics in applications involving
even rather moderate tensile stresses. This lack of toughness tends to be
particularly common in monolithic ceramic boride bodies.

One approach to overcome this problem has been to attempt to use
ceramics in combination with metals, for example, as cermets or metal
matrix composites. The objective of this approach is to obtain a
combination of the best properties of the ceramic (e.g. hardness and/or
stiffness) and the metal (e.g. ductility). U.S. Patent 4,585,618 to
Fresnel, et al., discloses a method of producing a cermet whereby a bulk
reaction mixture of particulate reactants, which react to produce a
sintered self-sustaining ceramic body, is reacted while in contact with a
molten metal. The molten metal infiltrates at least a portion of the
resulting ceramic body. Exemplary of such a reaction mixture is one
containing titanium, aluminum and boron oxide (all in particulate form),
which is heated while in contact with a pool of molten aluminum. The
reaction mixture reacts to form titanium diboride and alumina as the
ceramic phase, which is infiltrated by the molten aluminum. Thus, this
method uses the aluminum in the reaction mixture principally as a reducing
agent. Further, the external pool of molten aluminum is not being used as
a source of precursor metal for a boride forming reaction, but rather it
is being utilized as a means to fill the pores in the resulting ceramic
structure. This creates cermets which are wettable and resistant to
molten atuminum. These cermets are particularly useful in aluminum
production cells as components which contact the molten aluminum produced
but preferably remain out of contact with the molten cryolite.

European Application 0,113,249 to Reeve, et al. discloses a method
for making a cermet by first forming in situ dispersed particles of a
ceramic phase in a molten metal phase, and then maintaining this molten
condition for a time sufficient to effect formation of an intergrown
ceramic network. Formation of the ceramic phase is illustrated by
reacting a titanium salt with a boron salt in a molten metal such as
aluminum. A ceramic boride is developed in situ and becomes an intergrown
network. There is, however, no infiltration, and further the boride is
formed as a precipitate in the molten metal. Both examples in the
application expressly state that no grains were formed of TiAl3, AlBp, or
A1By2, but rather TiB, is formed demonstrating the fact that the aluminum
is not the metal precursor to the boride.
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U.S. Patent No. 3,864,154 to Gazza, et al. discloses a ceramic-metal
system produced by infiltration. An A1By, compact was impregnated with
molten aluminum under vacuum to yield a system of these components. Other
materials prepared included SiBg-Al, B-A1; B4C-A1/Si; and A1B),-B-Al.

There is no suggestion whatsoever of a reaction, and no suggestion of
making composites involving a reaction with the infiltrating metal nor of
any reaction product embedding an inert filler or being part of a
composite.

U.S. Patent 4,605,440 to Halverson, et al., discloses that in order to
obtain B4C-A1 composites, a B4C-Al compact (formed by cold pressing a
homogeneous mixture of B4C and A1 powders) is subjected to sintering in
either a vacuum or an argon atmosphere. There is no infiltration of molten
metal from a pool or body of molten precursor metal into a preform.
Further, there is no mention of a reaction product embedding an inert
filler in order to obtain composites utilizing the favorable properties of
the filler.

While these concepts for producing cermet materials have in some cases
produced promising restilts, there is a general need for more effective and
economical methods to prepare boride-containing materials.

Discussion of Related Patent Applications

Many of the above-discussed problems associated with the production
AV ol oy

of boride-containingug tg{i ;; have been addressed in co-pendingKUTSr
Patent App1icationt?er§§1—427—64375337—444ed—4n—%he—names—oﬁ-Qaﬂny~R-—
-Whites—MiehaelK—Aghaiani-an—and—T—Dernis—Claar—en—Jduly—15+—1987—and—
entitled "Process for Preparing Self-Supporting Bodies and Products Made
Thereby”. AY 1aoan | gg
Briefly summarizing the disclosure of -Appl on—L. self-
supporting ceramic bodies are produced by utilizing a parent metal
infiltration and reaction process (i.e., reactive infiltration) in the
presence of a boron carbide. Particularly, a bed or mass of boron carbide
is infiltrated by molten parent metal, and the bed may be comprised
entirely of boron carbide, thus resulting in a self-supporting body
comprising one or more parent metal boron-containing compounds, which
compounds include a parent metal boride ¢r a parent metal boro carbide, or
both, and typically also may include a parent metal carbide. It is also
disclosed that the mass of boron carbide vhich is to be infiltrated may
also contain one or more inert fillers mixed with the boron carbide.
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Accordingly, by combining an inert filler, the result will be a composite
body having a matrix produced by the reactive infiltration of the parent
metal, said matrix comprising at least one boron-containing compound, and
the matrix may also include a parent metal carbide, the matrix embedding
the inert filler. It is further noted that the final composite body
product in either of the above-discussed embodiments (i.e., filler or no
filler) may include a residual metal as at least one metallic constituent
of the original parent metal. Av \Qoﬁﬂliﬂ
Broadly, in the disclosed method of AppHieation—533), a mass

comprising boron carbide is placed adjacent to or in contact with a body
of molten metal or metal alloy, which is melted in a substantially inert
environment within a particular temperature envelope. The molten metal
infiltrates the boron carbide mass and reacts with the boron carbide to
form at least one reaction product. The boron carbide is reducible, at
least in part, by the molten parent metal, thereby forming the parent
metal boron-containing compound (e.g., a parent metal boride and/or boro
compound under the temperature conditions of the process). Typically, a
parent metal carbide is also produced, and in certain cases, a parent
metal boro carbide is produced. At least a portion of the reaction
product is maintained in contact with the metal, and molten metal is
drawn or transported toward the unreacted boron carbide by a wicking or a
capillary action. This transported metal forms additional parent metal,
boride, carbide, and/or boro carbide and the formation or development of a
ceramic body is continued until ejther the parent metal or boron carbide
has been consumed, or until the reaction temperature is altered to be
outside of the reaction temperature envelope. The resulting structure
comprises one or more of a parent metal boride, a parent metal boro
compound, a pareQ§ metaligarbide, a metal (which, as discussed in

nged to include alloys and intermetallics), or
vOids, or any coﬁbination thereof. Moreover, these several phases may or
may not be interconnected in one or more dimensions throughout the body.
The final volume fractions of the boron-containing compounds (i.e., boride
and boron compounds), carbon-containing compounds, and metallic phases,
and the degree of interconnectivity, can be controlled by changing one or
more conditions, such as the initial density of the boron carbide body,
the relative amounts of boron carbide and parent metal, alloys of the
parent metal, dilution of the boron carbide with a filler, temperature,
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and time. Preferably, convarsion of the boron carbide to the parent metal
boride, parent metal boro compound(s) and parent metal carbide is at least
about 50%, and most preferably at least about 90%.

The typical environment or atmosphere which was utilized in
AU 19097/88 was one which is relatively inert or unreactive under the process
conditions. Particularly, it was disclosed that an argon gas, or a vacuum, for
example, would be suitable process atmospheres. Still further, it was disclosed
that when zirconium was used as the parent metal, the resulting composite
comprised zirconium diboride, zirconium carbide, and residual zirconium
metal. It was also disclosed that when aluminum parent metal was used with
the process, the result was an aluminum boro carbide such as Al3B4gC,,
AlB{,C; and/or AlBy4Cy, with aluminum parent metal and other unreacted
unoxidized constituents of the parent metal remaining, Other parent metals
which were disclosed as being suitable for use with the processing conditions
included silicon, titanium, hafnium, lanthanum, iron, calcium, vanadium,
niobium, magnesium, and beryllium.

Copending Australian Patent Application 26514/88 entitled "Process for
Preparing Self-Supporting Bodies and Products Made Thereby”, is related to
AU 19097/88. AU 26514/88 discloses that in some cases it may be desirable
to add a carbon donor material (i.e., a carbon-containing compound) to the
bed or mass of boron carbide which is to be infiltrated by molten parent metal.
Specifically, it was disclosed that the carbon donor material could be capable
of reacting with the parent metal to form a parent metal-carbide phase which
could modify resultant mechanical properties of the composite body, relative to
a composite body which was produced without the use of a carbon donor
material. Accordingly, it was disclosed that reactant concentrations and
process conditions could be altered or controlled to yield a body containing
varying volume percents of ceramic compounds, metal and/or porosity. For
example, by adding a carbon donor material (e.g., graphite powder or carbon
black) to the mass of boron carbide, the ratio of parent metal-boride/parent
metal-carbide could be adjusted. In particular, if zirconium was used as the
parent metal, the ratio of ZrB,/ZrC could be reduced (i.e., more ZrC could

920623,phhispe.026,47794:90.5PE,$
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be produced due to the addition of a carbon donor material in the mass of
boron carbide).

AU 26514/88 also discloses the use of a graphite mold which contains
an appropriate number of through-holes having a particular size, shape and
location which function as a venting means to permit the removal of, for
example, any gas which may be trapped in the preform or filler material as the
parent metal reactive infiltration front infiltrates the preform.

In another related application, specifically, Copending Australian Patent
Application 26762/88 entitled "A Method of Modifying Ceramic Composite
Bodies By a Carburization Process and Articles Made Thereby", additional
modification techniques are disclosed. Specifically, AU 26762/88 discloses that
a ceramic composite body made in accordance with the teachings of
AU 19097/88 can be modified by exposing the composite to a gaseous
carburizing species. Such a gaseous carburizing species can be produced by,
for example, embedding the composite body in a graphitic bedding and
reacting at least a portion of the graphitic bedding with moisture or oxygen in
a controlled atmosphere furnace. However, the furnace atmosphere should
comprise typically, primarily, a non-reactive gas such as argon. It is not clear
whether impurities present in the argon gas supply the necessary O, for
forming a carburizing species, or whether the argon gas merely serves as a
vehicle which contains impurities generated by some type of volatilization of
components in the graphitic bedding or in the composite body. In addition, a
gaseous carburizing species could be introduced directly into a controlled
atmosphere furnace during heating of the composite body.

Once the gaseous carburizing species has been introduced into the
controlled atmosphere furnace, the setup should be designed in such a manner
to permit the carburizing species to be able to contact at least a portion of the
surface of the composite body buried in the loosely packed graphitic powder,
It is believed that carbon in the carburizing species, or carbon from the
graphitic bedding, will dissolve into the interconnected zirconium carbide
phase, which can then transport the dissolved carbon throughout substantially
all of the composite body, if desired, by a vacancy diffusion process.
Moreover, Application 26762/88

920623,phhspe.026,47794-90.5PE,6
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discloses that by controiling the time, the exposure of the composite body
to the carburizing species and/or the temperature at which the
carburization process occurs, a carburized zone or layer can be formed on
the surface of the composite body. Such process could result in a hard,
wear-resistant surface surrounding a core of composite material having a
higher metal content and higher fracture toughness.

Thus, if a composite body was formed having a residual parent metal
phase in the amount of between about 5-30 volume percent, such composite
body could be modified by a post-carburization treatment to result in from
about 0 to about 2 volume percent, typically about 1/2 to about 2 volume
percent, of parent metal remaining in the composite body. Austredinn

The disclosures of each of the above-discussed Commonly OwnedL9¢5¢
Applications are herein expressly incorporated by reference.

Summary of the Invention

In accordance with the present invention, self- supporting ceramic
bodies are produced utilizing a parent metal infiltration and reaction
process (i.e. reactive infiltration) in the presence of boron nitride. A
bed or mass of boron nitride is infiltrated by molten parent metal, and the
bed may be comprised entirely of boron nitride, resulting in a self-
supporting body comprising one or more parent metal boron-containing
compounds, which compounds include a parent metal boride or a parent metal
nitride, or both. Alternatively, the mass to be infiltrated may contain
one or more inert fillers admixed with the boron nitride to produce a
composite by reactive infiltration, which composite comprises a matrix of
one or more boron- containing compounds and also may include a parent metal
nitride and residual unreacted or unoxidized constituents of the parent
metal. In certain embodiments of the present invention, the filler
material may be embedded by a matrix comprising parent metal boron-
containing compounds, parent metal nitrogen-containing compounds and
unreacted or unoxidized parent metal. In both embodiments, the final
product may include a metal as one or more metallic constituents of the
parent metal. Still further, in some cases 1t may be desirable to add a
carbon donor material (i.e., a carbon-containing compound) to the boron
nitride, the carbon donor material being capable of reacting with the
parent metal to form a parent metal-carbide phase, thereby modifying
resultant mechanical properties of the composite body. The reactant
concentrations and process conditions may be altered or controlled to yield
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a body containing varying volume percents of ceramic compounds, metal
and/or porosity.

Broadly. en the method of this invention, a mass comprising boron
nitride p]aced adjacent to or contacted with a body of molten metal or
metal alloy, which is melted in a substantially inert environment within a
particular temperature envelope. The molten metal infiltrates the mass
and reacts with the boron nitride to form one or more reaction products.
The boron nitride is reducible, at least in part, by the molten parent
metal to form the parent metal boron-containing compound, e.g. a parent
metal boride and/or boro compound, under the temperature conditions of the
process. Typically a parent metal nitride is also produced. At least a
portion of the reaction product is maintained in contact with the metal,
and molten metal is drawn or transported toward the unreacted boron
nitride by wicking or capillary action, This transported metal forms
additional parent metal boride and nitride, and the formation or
development of a ceramic body is continued until the parent metal or boron
nitride has been consumed, or until the reaction temperature is altered to
be outside the reaction temperature envelope. The resulting structure
comprises one or more of a parent metal boride, a parent metal boro
compound, a parent metal nitride, a metal (which as used herein is
interded to include alloys and intermetallics), or voids, or a combination
thereof, and these several phases may or may not be interconnected in one
or more dimensions. The final volume fractions of the boron- containing
compounds (i.e. boride and boro compounds), nitrogen-containing compounds,
and metallic phases, and the degree of interconnectivity, can be
controlled by changing one or more conditions, such as the initial density
of the boron nitride body, the relative amounts of buron nitride and
parent metal, alloying the parent metal, dilution of the boron nitride
with a filler, temperature and time.

Moreover, by adding a carbon donor material (e.g., graphite povder or
carbon black) to the mass of boron nitride, a parent metal carbide phase
may be formed which may modify or enhance one or more properties of the
final body.

Typically, the mass of boron nitride wiil be at least somewhat porous
so as to allow for wicking the parent metal through the reaction product.
Wicking occurs apparently either because any volume change on reaction
does not fully close off pores through which parent metal can continue to
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wick, or because the reaction product remains permeable to the molten
metal due to such factors as surface energy considerations which render at
least some of its grain boundaries permeable to the parent metal.

In another embodiment, a composite is produced by the transport of
molten parent metal into a bedding of boron nitride admixed with one or
more inert filler materials. In this embodimept, boron nitride is
incorporated into a suitable filler material, which then is placed
adjacent to or in contact with the molten parent metal. This setup may
be supported on or in a separate bed that is substantially non-wettable
by and non-reactive with the molten metal under the process conditions.
The molten parent metal infiltrates the boron nitride-filler mixture and
reacts with the boron nitride to form one or more boron-containing
compounds. The resulting self-supporting ceramic-metal composite
typically is a dense microstructure which comprises a filler embedded by
a matrix comprising boron-containing compound(s), and also may include 2
substantial quantity of a nitride and metal. Only a small amount of
boron nitride is required to promote the reactive infiltration process.
Thus, the resulting matrix can vary in content from one composed
primarily of metallic constituents thereby exhibiting certain properties
characteristic of the parent metal; to cases where a nigh concentration
of the boron nitride is used in the process, thereby producing either a
significant boron-containing compound(s) phase or a significant
nitrogen-containing compound(s) phase, or both, which dominate the
properties of the matrix. The filler may serve to enhance the
properties of the composite, lower the raw materials cost of the
composite, or moderate the kinetics of the boron-containing compound(s)
and/or nitrogen-containing compound(s) formation reactions and the
associated rate of heat evolution.

In a further embodiment, the material to be infiltrated is shaped
into a preform corresponding to the geometry of the desired final
composite. Subsequent reactive infiltration of the preform by the
molten parent metal results in a composite having the net shape or near
net shape of the preform, thereby minimizing expensive final machining
and finishing operations. Moreover, to assist in reducing the amount of
final machining and finishing operations, a barrier material can
surround the preform. The use of a graphite mold is particularly useful
as a barrier for such parent metals as zirconium, titanium, or hafnium,
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when used in combination with preforms made of, for example, boron
carbide, boron nitride, boron and carbon. Still further, by placing an
appropriate number of thrcugh-holes having a particular size and shape
in the aforementioned graphite mold, the amount of porosity which
iypically occurs within a composite body manufactured according to the
present invention, is reduced. Typically, a plurality of holes is
placed in a bottom portion of the mold, or that portion of the mold
toward which reactive infiltration occurs. The holes function as a
venting means which permit the removal of, for example, argon gas which
has been trapped in the preform as the parent metal reactive
infiltration front infiltrates the preform.

Sti11 further, the procedures discussed above herein in the
Section "Discussion r:f Related patent Applications” may be applicable in
this invention.

Definitions

As used in this specification and the appended claims, the terms
below are defined as follows:

"Parent metal” refers to that metal, e.g. zirconium, which is the
precursor for the polycrystalline oxidation reaction product, that is,
the parent metal boride, parent metal nitride, or other parent metal
compound, and includes that metal as a pure or relatively pure metal, a
commercially available metal having impurities and/or alloying
constituents therein, and an alloy in which that metal precursor is the
major constituent; and when a specific metal is mentioned as the parent
metal, e.g. zirconium, the metal identified should be read with this
definition in mind unless indicated otherwise, by the context.

"parent metal boride” and "parent metal boro compounds” mean a
reaction product containing boron formed upon reaction between boron
nitride and the parent metal and includes a binary compound of boron
with the parant metal as well as ternary or higher order compounds.

"parent metal nitride” means a reaction product containing nitrogen
formed upon reaction of boron nitride and parent metal.

*Parent metal carbide” means a reaction product containing carbon
formed upon reaction of a carbon source and parent metal. 7%
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Brief Description of the Drawings

Figure 1 is a schematic cross-section of an assembly utilized to
form a body according to the present invention;

Figure 2 is a schematic cross-section of an assembly utilized to
form a body according to the present invention;

Figures 3 and 4 show a novel graphite mold for use with the
invention;

Figure 5 is a photomicrograph taken at 50X of a cross-section of a
body produced in accordance with Example 1;

Figure 6 is a photomicrograph taken at 400X of a cross-section of
a body produced according to Example 1;

Figure 7 is a photomicrograph taken at 400X of a cross-section of
a sample produced according to Example 2;

Figure 8 shows a sample produced in accordance with Example 4; and

Figure 9 shows a sample produced in accordance with Example 6.

Detailed Description of the Invention and Preferred Embodiments

In accordance with the invention, a self-supporting body is
produced by the reactive infiltration of a molten parent metal into a
mass comprising boron nitride to form a polycrystalline ceramic-
containing body comprising the reaction product(s) of the parent metal
with boron nitride, and also may include one or more constituents of the
parent metal. The boron nitride, typically a solid at the process
conditions, is preferably in fine particulate or powdered form. The
environment or atmosphere for the process is chosen to be relatively
inert or nonreactive under the process conditions. Argon or vacuum, for
example, would be suitable process atmospheres. The resulting product
comprises one or more of (a) a parent metal boride, (b) a boro compound,
(c) a parent metal nitride, and (d) metal. The constituents and
proportions in the product depend largely on the choice and composition
of parent matal and the reaction conditions. Also, the self-supporting
body produced may exhibit porosity or voids.

In the preferred embodiments of the present invention, the parent
mctal and a mass or bedding of boron nitride are positioned adjacent each
other so that reactive infiltration will be in the direction towards and
into the bedding. The bedding, which may be preshaped, may include a
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filler material, such as a reinforcing filler, which is substantially
inert under the process conditions. Tnis filler material is usually
embedded by a matrix comprising the reaction products formed from the
reaction between the parent metal ard the boron nitride, and the matrix
may also contain unoxidized or unreacted constituents of the parent metal.
The reaction product can grow into the bedding without substantially
disturbing or displacing 1t. Thus, no external forces are required which
might damage or disturb the arrangement of the bedding and no awkward or
costly high temperature, high pressure processes and facilities are
required to create the reaction product. Reactive infiltration of the
parent metal into and with a mass of filler material containing boron
nitride, which preferably is in particulate or powdered form, forms a
composite typically comprising filler material and parent metal borides
and parent metal nitrides. With aluminum as ‘the parent metal, in
addition to the filler material, the product may comprise borides or
nitrides of aluminum, and also may include unreacted parent metal, e.qg.
aluminum, and possibly other unreacted or unoxidized constituents of the
parent metal. If zirconium is the parent metal, the resulting composite
may comprise, in addition to the filler material, borides or carbides of
zirconium and also may include unreacted or unoxidized parent metal or
constituents of the parent metal.

Although the present invention is hereinafter described with
particular reference to certain preferred embodiments in which the
parent metal is zirconium or aluminum, this is for illustrative purposes
only. Other parent metals also may be used such as silicon, titanium,
hafnium, lanthanum, iron, calcium, vanadium, niobium, magnesium,
tantalum, chromium, molybdenum, tungsten and beryllium, and examples for
several such parent metals are given below.

Referring to Figure 1, the parent metal 10 as the precursor, e.g.
zirconium, is formed into an ingot, billet, rod, plate, or the 1ike. The
metal 1s at least partially embedded in particulate boron nitride 12. This
setup or assembly is surrounded by an inert material 14, typically in
particulate form, which is not-wettable by and non- reactive with the
molten metal under the process conditions, and contained within a crucibie
16 or other refractory vessel. The top surface 18 of the parent metal may
be exposed, or the parent metal may be completely embedded or surrounded by
the boron nitride, and also the inert bed 14 may be omitted. This assembly
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is placed in a furnace and heated, preferably in an inert atmosphere such
as argon, above the melting point of the parent metal but preferably below
the melting point of the desired reaction product so as to form a body or
pool of molten metal. It should be understood that the operable
temperature range or preferred temperature may not extend over this entire
interval. The temperature range will depend largely upon such factors as
the composition of the parent metal and the desired phases in the resulting
corposite. Molten metal contacts the boron nitride, and a parent metal
boride (e.g. zirconium diboride) and/or a parent metal nitride (e.g.,
zirconium nitride) are formed as the reaction product. Upon continued
exposure to the boron nitride, the remaining molten metal is progressively
drawn through the reaction product in the direction of and into the mass
containing the boron nitride, to provide continued formation of reaction
product at the interface between the molten metal and boron nitride. The
product produced by this method comprises the reaction product(s) of the
parent metal with the boron nitride, or may comprise a ceramic-metal
composite to include further one or more unreacted or non-oxidized
constituents of the parent metal. A substantial amount of the boron
nitride is reacted to form the reaction product(s), preferably this amount
being at least about 25%. The ceramic crystallites formed as the reaction
product by the process may or may not be interconnected, but preferably are
interconnected in three dimensions, and the metallic phases and any voids
in the product are normally at least partially interconnected. Any
porosity tends to result from a partial or nearly complete depletion of the
parent metallic phase in favor of the formation of additional reaction
product (as in the case where boron nitride is present in at least a
stoichiometric amount), but the volume percent of voids will depend on such
facto-s as temperature, time, type of parent metal, and the porosity of the
mass of boron nitride.

It has been observed that products made in accordance with this
invention using zirconium, titanium and hafnium as the parent metal form
a parent metal boride characterized by a platelet-1ike structure. These
platelets typically are unaligned or randomly oriented and may increase
the fracture toughness of the body because of crack deflection and/or
pull-out mechanisms.

In another aspect of the invention, there is provided a self-
supporting body, including composite bodies, comprising a matrix of
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reaction product, and, optionally metallic constituents, embedding a
substantially inert filler. The matrix is formed by the reactive
infiltration of a parent metal into a bed or mass of the filler
intimately mixed with boron nitride. The filler material may be of any
size or shape, and may be oriented with respect to the parent metal in
any manner as long as the direction of development of the reaction
product will be towards and will engulf at least a portion of the filler
material without substantially disturbing or displacing it.The filler
may be composed of or comprise any suitable material, such as ceramic
and/or metal fibers, whiskers, particulates, powders, rods, wires, wire
cloth, refractory cloth, plates, platelets, reticulated foam structure,
solid or hollow spheres, etc. A particularly useful filler is alumina,
but other oxides and ceramic fillers may be used depending on the
starting materials and the end properties desired. The volume of filler
material may be a loose or bonded array or arvangement, which array has
interstices, openings, intervening spaces, or the like, to render the
filler material permeable to the infiltration of molten parent metal.
Further the filler material may be homogeneous or heterogeneous. If
desired, these materials may be bonded with any suitable binding agent
(e.g. Avicil PH 105, from FMC Co.) which does not interfere with the
reactions of this invention or leave any undesirable residual by-
products within the final composite product. A filler which would tend
to react excassively with the boron nitride or with the molten metal
during processing may be coated so as to render the filler inert to the
process environment. For example, carbon fiber, if used as a filler in
conjunction with aluminum as the parent metal will tend to react with
molten aluminum, but this reaction can be avoided if the fiber is first
coated, e.g. with alumina.

A suitable refractory container holding the parent metal and a bed
or volume of filler with admixed boron nitride properly oriented to
permit reactive infiltration of the parent metal into the filler bed and
proper development of the composite, is placed in a furnace, and this
lay-up is heated to a temperature above the melting point of the parent
metal. At these elevated temperatures, the molten parent metal
infiltrates the permeable filler by a wicking process and reacts with
the boron nitride, thereby producing the desired ceramic or ceramic-
metal composite body. Moreover, to assist in reducing the amount of
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final machining and finishing operations, a barrier material can
surround the preform. The use of a graphite mold is particularly useful
as a barrier for such parent metals as zirconium, titanium, or hafnium,
when used in combination with preforms made of, for example, boron
carbide, boron nitride, boron and carbon. Still further, by placing an
appropriate number of through-holes haviag a particular size and shape
in the aforementioned graphite mold, the amount of porosity which
typically occurs within a composite body manufactured according to the
present invention, is reduced. Typically, a plurality of holes is
placed in a bottom portion of the mold, or that portion of the mold
toward which reactive infiltration occurs. The holes function as a
venting means which permit the removal of, for example, argon gas which
has been trapped in the preform as the parent metal reactive
infiltration front infiltrates the preform. Figure 3 and Figure 4 show
a preform 42 in contact with a parent metal ingot 43, both of which are
contained in a graphite refractory vessel 41. The graphite refractory
vessel 4] has a bottom portion 44 having therein a plurality of through-
holes 45 which function as a venting means. The through-holes 45 permit
any gas trapped in the preform (e.g., argon) to escape as the parent
metal reactive infiltration front infiltrates the preform (i.e., the
reactive infiltration front penetrates the preform in the direction of
the arrow "A” in Figure 3). Thus, porosity in the formed composite body
can be reduced.

A setup which can be utilized to produce the bodies of this invention
is 11lustrated in Figure 2. The boron nitride, together with any desired
inert filler materials, is fabricated into a preform with a shape
corresponding to the desired geometry of the final composite. The preform
20 is superimposed with the parent metal precursor 10 and the assembly is
surrounded by the inert material 14 contained within the crucible 16. The
top surface 18 of the parent metal may or may not be exposed. The preform
20 may be prepared by any of a wide range of conventional ceramic body
formation methods (such as uniaxial pressing, isostatic pressing, slip
casting, sedimentation casting, tape casting, injection molding, filament
winding for fibrous materials, etc.) depending on the characteristics of
the filler. Initial bondiny of the filler particles, whiskers, fibers, or
the 1ike, prior to reactive infiltration may be obtained through 1ight
sintering or by use of various organic or inorganic binder materials which
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do not interfere with the process or contribute undesirable by- products to
the finished material. The preform 20 is manufactured to have sufficient
shape integrity and green strength, and should be permeable to the
transport of molten metal, preferably having a porosity of between about 5
and 90% by volume and more preferably between about 25 and 75% by volume.
In the case of an aluminum parent metal, suitable filler materials include,
for example, silicon carbide, titanium diboride, alumina and aluminum
dodecaboride (among others), and as particulates typically having a mesh
size of from about 14 to 1000, but any admixture of filler materials and
mesh sizes may be used. The preform 20 is then contacted with molten
parent metal on one or more of its surfaces for a time sufficient to
complete infiltration of the matrix to the surface boundaries of the
preform. The result of this preform method is a ceramic-metal composite
body of a shape closely or exactly representing that desired in the final
product, thus minimizing or eliminating expensive final machining or
grinding operations.

A wide variation of boron nitride concentrations can be provided
in the filler, but the lower the concentration of boron nitride, the
higher the volume percent of metal in the matrix. When very low amounts
of the boron nitride are used, the resulting matrix is interconnected
metal and a limited amount of parent metal boride and parent metal
nitride dispersed in the metal. In the absence of boron nitride,
reactive infiltration of the filler may not occur, and infiltration may
not be possible without special procedures, such as the application of
external pressure to force the metal into the filler.

Because a wide range of boron nitride concentrations in the filler
can be used in the process of this invention, it is possible to control
or to modify the properties of the completed product by varying the
concentration of boron nitride and/or the composition of the bed. When
only a small amount of boron nitride is present relative to the amount
of parent metal, such that the mass comprises a low density of boron
nitride, the composite body or matrix properties are dominated by the
properties of the parent metal, most typically ductility and toughness,
because the matrix is predominately metal. Such a product may be
advantageous for low or mid-range temperature applications. When a
large amount of boron nitride is used, as for example when compound(s)
having boron nitride particles are densely packed around a filler
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material or occupy a high percentage of space between constituents of
the filler, the resulting body or matrix properties tend to be dominated
by the parent metal boride and parent metal nitride, in that the body or
matrix would be harder or less ductile or less tough. If the
stoichiometry is closely controlled so as to achieve substantially
complete conversion of the parent metal, the resulting product will
contain 1ittle or no metal, which may be advantageous for high
temperature applications of the product. Also, the substantially
complete conversion of the parent metal could be significant especially
in some high temperature applications, because the boride reaction
product is move stable than boron nitride in that boron nitride will
tend to react with residual or unoxidized metal, e.g. aluminum, present
in the product.

in one embodiment of the present invention, TiB, is added to the
boron nitride to obtain a final body having a higher boride content.
This technique can be utilized with other compounds which might affect
or enhance the properties of the final body. For example, A1Bj, could
be added to the boron nitride in order to create more parent metal
boride in the final product and, in addition, the aluminum metal
released from the reaction between the A1B;, and parent metal could
alloy, or form intermetallics, with the parent metsl, thus affecting or
enhancina the properties of the final body.

In another embodiment of the present invention, a solid oxidant
could be added to the boron nitride bed to permit enhanced infiltration.

Also, elemental boron may be admixed with the boron nitride bed
(including a bed with filler) to facilitate reactive infiltration,
particularly when using aluminum as the parent metal.

Additior.al variations in the characteristics and properties of the
composite can be created by controlling the infiltration conditions.
Variables which can be manipulated include the nature and size of the
particles of boron nitride material, and the temperature and time of
infiltration. For examplz, reactive infiltration involving large boron
nitride particles and minimum exposure times at low temperatures will
result in a partial conversion of the boron nitride to parent metal
boron and parent metal nitrogen containing compound(s). As a
consequence, unreacted boron nitride material remains in the
microstructure, which may impart desirable properties to the finished
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material for some purposes. Infiltration involving the boron nitride
particles, high temperatures and prolonged exposure times (perhaps even
to hold at temperature after infiltration is complete) will tend to
favor substantially complete conversion of the parent metal to the
parent metal boride and nitride compound(s). Preferably, conversion of
the boron nitride to the parent metal boride, and parent metal nitride
is at least about 25%. Infiltration at high temperatures (or a
subsequent high temperature treatment) also may result in densification
of some of the composite constituents by a sintering process. 1In
addition, as noted previously, the reduction of the amount of available
parent metal below that necessary to form the parent metal boride and
nitride compound(s) and fi11 the resulting interstices in the material
may result in a porous body which also could have useful applications.
In such a composite, porosity may vary from about 1 to 25 volume
percent, and sometimes higher, depending upon the several factors or
conditions enumerated above.

The following Examples illustrate the novel reaction products of this
invention and the method by which they are prepared; however, these
Examples are illustrative only and they are not intended to limit the
invention claimed.

Example ]

The following example demonstrates the reactive infiltration of a
titanium parent metal into a boron nitride bedding.

A cylindrical ingot of commercially pure titanium having approximate
dimensions of 1 inch in diameter and 1-1/2 inches tall was embedded within
a mass of particulate boron nitride ( approximate particle size )50
micron) contained within an alumina crucible.

The assembly, consisting of the alumina crucible and its contents,
was placed in an induction furnace supplied with argon gas flowing at 300
cc/minute. The assembly wai heated from room temperature to about 1700°C
and maintained at about 1700°C for approximately 30 minutes. After the 30
minute heating period, the furnace was turned off and the assembly was
allowed to cool within the furnace for about 1 hour prior to removal from
the furnace.

A visual examination of the assembly indicated that the titanium
parent metal had reactively infiltrated the boron nitride bedding to form
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a self-supporting body. A powdered sample of an interior section of the
self-supporting body was subjected to X-ray diffraction analysis and this
analysis showed the presence of compounds of titanium with nitrogen and
boron (such as Ti,N, TiB and possibly TiN), thus confirming that the
titanium parent metal had reacted with the boron nitride bedding material.

Figure 5 is a photomicrograph at 50X magnification of a cross-
section of the self-supporting body produced in this example. Figure 6 is
a photomicrograph at 400X magnification of a cross-section of the self-
supporting body produced in this example.

xXam

The following example demonstrates the reactive infiltration of a
titanium parent metal into a bedding of boron nitride mixed with aluminum
powder.

A cylindrical ingot of commercially pure titanium having approximate
dimensions of 1 inch diameter by 1.5 inches tall was embedded within a
particulate bedding material comprising about 89.5 grams of 150 micron
boron nitride powder and about 22.4 grams of aluminum powder. The bedding
material was contained within an alumina crucible.

The assembly, consisting of the alumina crucible and its contents,
was placed within an induction furnace supplied with argon gas flowing at
approximately 500 cc/minute. The assembly was heated from room
temperature to about 1700°C and maintained at 1700°C for approximately 30
minutes. After the 30 minute heating period, the furnace was turned off
and the assembly was allowed to cool within the furnace for approximately
1 hour.

A visual examination of the assembly indicated that the titanium
parent metal had reactively infiltrated the boron nitride/aluminum mixture
to form a self-supporting body. A powdered sample of an interior section
of this body was subjected to X-ray diffraction analysis. This analysis
showed the presence of compounds of titanium with nitrogen and boron (such
as TiN, TiB, and TiB), thus confirming that the titanium parent metal had
reacted with the boron nitride bedding material. This analysis also
showed at least trace amounts of A1Bjq, which indicates that the aluminum
in the bedding material reacted with either the boron nitride or with
dissociated boron.
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Figure 7 is a photomicrograph at 400X magnification of a cross-
section of the self-supporting body produced in this example.

Example 3

The following example demonstrates the reactive infiltration of a
zirconium parent metal into a bed of particulate boron nitride.

A cylindrical ingot of commercially pure zirconium parent metal
having approximate dimensions 1 inch diameter by 1.5 inches all was
embedded within a mass of particulate boron nitride (approximate particle
size 150 micron) contained within an alumina crucible.

The assembly, consisting of the alumina crucible and its contents,
was placed in an induction furnace supplied with argon gas flowing at
approximately 500 cc/minute. The assembly was heated from room
temperature to about 1900°C and maintained at 1900°C for approximately one
hour. After the one hour heating period, the furnace was turned off and
the assembly was allowed to cool within the furnace for approximately 1
hour.

A visual examination of the assembly indicated that the zirconium
metal had reactively infiltrated the boron nitride bed to form a self-
supporting body.

Example 4

The following example demonstrates the reactive infiltration of a
zirconium parent metal into a bed of particulate boron nitride.

A cylindrical ingot of Grade 702 zirconium from Teledyne-Wah-Chang-
Albany, (Albany, OR) having approximate dimensions of 5/8 inch in diameter
by 3/4 inch tall was embedded in a porous mass of UCAR HCM particulate
boron nitride (particle size smaller than 48 mesh and larger than 200
mesh) contained within a graphite crucible. The upper surface of the
ingot was left exposed to the atmosphere.

The assembly, consisting of the graphite crucible and its contents,
was placed in an electrical resistance heated furnace supplied with argon
gas flowing at approximately 500 cc/minute. The assembly was heated to a
temperature of about 1900°C over a period of approximately four hours and
then maintained at about 1900°C for about one hour. Before being removed
from the furnace, the assembly was allowed to cool for approximately 12
hours.



10

15

- 21 -

A visual examination of the assembly indicated that the zirconium
parent metal had reactively infiltrated the boron nitride bed to form a
self-supporting body having an interior cavity which replicated the shape
of the cylindrical zirconium ingot, as shown in Figure 8. A powdered
sample of an interior section of the body was subjected to X-ray
diffraction analysis. This analysis showed the presence of at least one
compound of zirconium with boron (IrB,), thus confirming that the
zirconium parent metal had reacted with the boron nitride bedding
material.

Example §

The following example demonstrates the reactive infiltration of
titanium into a bed of particulate boron nitride.

A cylindrical ingot of Grade 2 titanium having approximate
dimensions of 1 inch diameter by 3/8 inch height was placed on top of an
approximately 1/2 inch thick by 1 inch diameter cylindrical preform of
HTP-40 boron nitride (particle size smaller than 40 mesh and larger than
150 mesh), contained within a graphite crucible having a 1 inch inner
diameter. The preform was formed by placing a layer of the boron nitride
particulate within the graphite crucible and subjecting the boron nitride
layer to vibratory packing for about 2 minutes. A small metal weight was
placed on top of the boron nitride layer before the packing procedure was
initiated in order to facilitate the densification of the boron nitride
layer. No binder was utilized to produce the preform. The assembly,
consisting of the graphite crucible and its contents, was placed within an
electrical resistance heated furnack supplied with argon gas flowing at
500 cc/minute. The assembly was heated from room temperature to about
1750°C over a period of approximately 3 hours. The assembly was
maintained at about 1750°C for approximately 2 hours. After this two hour
heating period, the assembly was allowed to cool within the furnace for
about 12 hours prior to removal from the furnace.

A visual examination of the assem)ly indicated that the titanium
parent metal had reactively infiltrated the boron nitride preform to form
a self-supporting body. A powdered sample of an interior section of the
body was subjected to X-ray diffraction analysis. This analysis showed
the presence of compounds of titanium with nitrogen and boron (such as
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TioN and TiB), thus confirming that the titanium parent metal had reacted
with the boron nitride bedding material.

Example 6

The following example demonstrates the reactive infiltration of a
titanium parent metal into a bed of particulate boron nitride.

A cylindrical ingot of Grade 2 titanium having approximate
dimensions of 5/8 inch in diameter by 3/4 inch tall was embedded within a
mass of particulate boron nitride (UCAR HCM BN from Union Carbide,
particle size smaller than 48 mesh and larger than 200 mesh) contained
within an alumina crucible. The upper surface of the titanium ingot was
exposed to the atmosphere. The assembly, consisting of the alumina
crucible and its contents, was placed within an electrical resistance
heated furnace supplied with argon gas flowing at about 1 liter/minute.
The assembly was heated to about 1750°C in approximately 4.5 hours, at
which time the argon gas was replaced with forming gas (approximately 96%
by volume N, gas and 4% by volume Hp gas) flowing at about one
Titer/minute. The assembly was then maintained in the flowing forming gas
at about 1750°C for about four hours.

The assembly was removed from the furnace after cooling for about 12
hours and visually examined. The examination indicated that the titanium
parent metal had reactively infiltrated the boron nitride bed to form a
self-supporting body having an interior cavity which, as shown in Figure
9, closely replicated the exterior surface of the cylindrical ingot of
titanium.

A powdered sample of an interior section of the body was subjected
to X-ray diffraction analysis. This analysis showed the presence of
compounds of titanium with boron and nitrogen (such as TiB, and TiN), thus
confirming that the titanium parent metal had reacted with the boron
nitride bedding material.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:-

1. A method for producing a self-supporting body, comprising:
selecting a parent metal;
S heating said parent metal in a substantially inert atmosphere to a
temperature above its melting point to form a body of molten parent metal;
contacting said body of molten parent metal with a permeable mass
comprising boron nitride;
maintaining said temperature for a time sufficient to permit infiltration
10 of molten parent metal into said permeable mass and to permit reaction of
said molten parent metal with said boron nitride to form at least one
compound selected from the group consisting of at least one boron containing
compound and at least one nitrogen-containing compound; and
continuing said infiltration and reaction for a time sufficient to produce
15 said self-supporting body comprising at least one parent metal nitrogen-

containing compound,

2, The method according to claim 1, wherein said parent metal comprises

a metal selected from the group of metals consisting of aiuminum, titanium,

Soe 20 zirconium, hafnium, vanadium, chromium, niobium, tantalum, molybdenum
and tungsten,
:f 3 A method of producing a self-supporting body substantially as
‘e hereinbefore described with reference to the Examples.
h 25
°:: 4, A self-supporting body when produced by the method claimed in any
, f one of the preceding claims,

DATED this 23rd day of June, 1992,
30 LANXIDE CORPORATION

By its Patent Attorneys

DAVIES COLLISON CAVE
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