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ALUMINUM-CERAMIC COMPOSITES

Background of the Invention
The present invention relates to a composite material
comprising ceramic material in an aluminum matrix, wherein the
5 ceramic comprises a boride, carbide, oxide, nitride, silicide,

etc., of one or more metals other than the aluminum matrix. The
matrix metal, moreover, may constitute an alloy of aluminum.
For the past several years, extensive research has been
devoted to the development of metai-ceramic composites, such as
10 aluminum reinforced with carbon, boron, silicon carbide, silica,
or alumina fibers, whiskers, or particles. Metal matrix
composites with excellent high temperature yield strengths and
creep resistance have been fabricated by the dispersion of very
fine (less than 0.1 wicron) oxide or carbide particles throughout
15 the metal or alloy matrix. The producticn of  such
dispersion-strengthened composites is conventionally accompiished ~
by wmechanically mixing metal powders of approximately 5 micron
diameter or less with the oxide or carbide powder (preferably 0.01
micron to 0.1 micron). High speed blending techniques or
20 conventional procedures such as ball milling may be used to mix
the powder. Standard powder metallurgy techniques are then
employed to form the final composite. Conventionally, however,
the ceramic component is large, i.e. greater than 1 micron, due to
a lack of avéilabi]ity, and high cost, of such small particle size
25 materials. Further, in many cases where the particulate materials
are available in the desired size, they are extremely hazardous
due to their pyrophoric nature.
Alternatively, molten metal infiltration of a ceramic mat has
been used to produce composites. In some cases elaborate particle
30 coating techniques have been developed to protect ceramic
particles from moiten metal during molten metal infiltration.
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Techniques such as this have resulted in the formation of silicon
carbide-aluminum composites, frequently referred to as SiC/Al, or
SiC aluminum. This approach is suitabie for Tlarge particulate
ceramics (e.g. greater than 1 micron) and whiskers. The ceramic
material, such as silicon carbide, is pressed to form a compact,
and Tiquid metal is forced into the packed bed to fill the
intersticies. Such a technique is illustrated in U.S. Patent
4,444,003, of Yamatsuta et al, issued April 24, 1984.

The presence of .oxygen in ball-milled powders used in the
prior art metallurgy techniques, or in molten metal infiltrationm,
can result in oxide formation at the interface of the ceramic and
the metal. The presence of such oxides will inhibit interfacial
binding between the ceramic phase and the matrix, thus adversely
effecting ductility of the composite. Such weakened interfacial
contact can also result in reduced strength, 1oss_of elongation,
and crack propagation.

Internal oxidation of a metal containing a more reactive
component has also been used to produce dispersion strengthened
metals, such as internally oxidized aluminum in copper. For
example, when a copper alloy containing about 3 percent aluminum
is placed in an oxidizing atmosphere, oxygen may diffuse through
the copper matrix to react with the aluminum, precipitating
alumina. This technique, although Tlimited to relatively few
systems, has offered a preferred method for dispersion hardening.

In U.S. Patent 2,852,366, of Jenkins, it is taught that up to
10 percent by weight of a metal complex can be incorporated into a
basis metal or alloy. The patent teaches blending, pressing, and
sintering a mixture of a base metal, a base metal compound of the
non-metallic complexing element, and an alloy of the base metal
and the complexing metal. Thus, for example, the reference
teaches mixing powders of nickei, a nickel-titanium alloy, and a
nickel-boron alloy, pressing, and sintering the mixed powders to
form a coherent body in which a stabilizing unprecipitated
"complex" of titanium and boron is dispersed in a nickel matrix.
Precipitation of the complex phase is specifically avoided.

PCT/US86/00779
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In recent years, numerous ceramics have been formed using a
process referred to as self-propagating high-temperature synthesis
(SHS), which involves an exothermic, self-sustaining reaction
which propagates through a mixture of compressed powders.
Generally the SHS process takes place at super atmospheric
pressures, and 1is ignited by electrical impulse, thermite, or
spark. The SHS process involves mixing and compacting powders of
the constituent elements, and igniting the green compact with a
suitable heat source. On ignition, sufficient heat is released to
support a self-sustaining reaction, which permits the use of
sudden, low power initiation of high temperatures, rather than
bulk heating over Tong times at lower temperatures. Exemplary of
these techniques are the patents of Merzhanov et al. In U.S.
Patent 3,726,643, there 1is taught a method for producing
high-melting refractory inorganic compound by mixing at least one
meta] selected from groups IV, V, and VI of the Pericdic System

with a non-metal such as carbon, boron, silicon, sulfur, or liquid

nitrogen, and  heating the surface of the mixture to produce a-
local temperature adequate to initiate a combustion process. In
U.S. Patent 4,161,512, a process is taught for preparing titanium
carbide by ignition of a mixture consisting of 80-88 percent
titanium and 20-12 percent carbon, resuiting in an exothermic
reaction of the mixture under conditions of Tlayer-by-layer
combustion. These references deal with the preparation of ceramic
materials, absent the presence of a binder.

Similarly, U.S. Patent 4,431,448 teaches preparation of a
hard alloy by intermixing powders of titanium, boron, carbon, and
a Group I-B binder metal, such as copper or silver, compression of
the mixture, Tlocal ignition thereof to initiate the exothermic
reaction of titanium with boron and carbon, and propagation of the
ignition, resulting in an alloy comprising titanium diboride,
titanium carbide, and the binder metal. This reference, however,
is limited to the use of Group I-B metals such as copper and
silver as binders, and requires local ignition. Products made by
this method have low density, requiring subsequent compression and
compaction.
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European. Patent Publication MNo. 0115688, of Corning Glass
Works, published August 15, 1984, relates to cermet bodies formed
by reaction sintering of stoichiometric mixtures of reactants.
The reference teaches formation of bodies comprising 30-95 mole
percent of a non-oxide ceramic compound, and 5-70 mole percent of
a metal or alloy. The method taught is limited to reaction
sintering of premixed and shaped particulate reactants, said
reactants preferably haVing a maximum particle size substantially
less than 44 microns. In such a reaction sintering, normally
conducted at superatmospheric pressures for time periods of hours,
the metal matrix material is a product of the reaction of ceramic
forming reactants. '

Australian Patent Application 22960/83, published July 5,
1984, discloses cermet materials comprising a minor proportion of
ceramic in a metal matrix, characterized by the ceramic forming an
open-cell continuous network, the interstices of which are filled
with metal. The reference fails, however, to provide a composite
comprising discrete, evenly distributed, and separate ceramic
particles in a metal matrix, and in fact would appear to advocate
the presence of a ceramic matrix.

In Application Serial No. 662,928 filed October 19, 1984, by
the present inventors, a process is disclosed for the in-situ
precipitation of ceramic materials in a metallic matrix, utilizing
a solvent assisted/activated reaction wherein the matrix metal is
a solvent for the ceramic forming constituents. The specific
metal matrices suitable for the process disclosed therein include
aluminum, and alloys thereof, as well as a variety of other
metals, and alloys. The reaction set forth by said Application
Serial No. 662,926 is the preferred means for preparation of the
composite structures of the present invention.

Summary of the Invention
It is an object of the present invention to provide

inexpensive composite materials, consisting of discrete finely
dispersed particulate ceramic materials, precipitated in-situ in
aluminum, or alloys of aluminum.
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It is a further object of this invention to provide
dispersion hardened metals and alloys. It is a particular object
of this invention to provide a composite comprising submicron
titanium diboride particulates in an aluminum matrix.

The composite of the present invention may preferably be
formed by the in-situ precipitation of up to about Y5 percent by
weight .of a ceramic material in an aluminum matrix, wherein the
ceramic comprises a boride, carbide, oxide, nitride, silicide,
aluminide, selenide, sulfide, or germanide, of a metal other than
the solvent matrix metal. It has been found that by mixing the
constituents or elements of the desired ceramic material with the
solvent matrix metal, and heating to a temperature at which
substantial diffusion and/or solvation of the reactive elements in
the matrix can occur, typically close to the melting point of the
solvent matrix fetal, a solvent assisted/activated reaction, which
is generally exothermic, can be initiated. This solvent
assisted/activated reaction results in the extremely rapid
formation and dispersion of finély divided particles of the
ceramic material in the metal matrix. While this invention may be
associated with pure aluminum systems, it is also applicable to
alloys thereof.

Brief Description of Drawings

Figure 1 sets forth a graphic comparison of fatigue test
results for a conventional aluminum alloy and a similar alloy in
accord with the present invention.

Figure II demonstrates comparative hardness measurements of
the same two alloys under varying aging conditions.

Description of Preferred Embodiments

The present invention is particularly directed to a novel
composition of fine particulate ceramics, discretely dispersed
within aluminum and/or aluminum alloy systems, said composite
having enhanced mechanical properties, such as high elastic
moduius, (Young's Modulus), Shear Modulus, Rockwell B hardness,
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Knoop hardness, decreased beam bend deformation, greater thermal
shock resistance, high-temperature stability, and improved wear
resistance. However, while the ceramic particles are preferabiy
submicron in diameter, larger particles of the ceramic material
may be present in the aluminum matrix, up to the point at which
such larger particles result in component embrittlement, or loss
of ductility, etc. Such improved properties as attained by the
present invention offer weight savings in stiffness Timited
applications, higher operating temperatures and associated energy
efficiency improvements, and reduced wear in parts subject to
abrasion and/or erosion. A specific application of such materials
is in the construction of turbine engine components, such as
blades.

Exemplary of suitable ceramic precipitates are the borides,
(including diborides), carbides, oxides, nitrides, silicides,
aluminides, selenides, suifides, and germanides. Suitable
elements include all of the elements which are reactive to form
ceramics, including, but not limited to, transition elements of
the third to sixth groups of the Periodic Table. Particularly
useful ceramic-forming constituents include aluminum, titanium,
silicon, boron, molybdenum,  tungsten, niobium,  vanadium,
zirconium, chromium, hafnium, yttrium, cobalt, nickel, and iron.
Additional elements suitable for inclusion as ceramic constituents
include magnesium, carbon, selenium, tantalum, gallium, manganese,
germanium, zinc, arsenic, antimony, Tithium, and thorium.

As the matrix metal, or soivent metal, one may use aluminum
or any alloy thereof capable of dissolving or sparingly dissolving
the precursors of the ceramic phase, and having a lesser
capability for dissolving the ceramic precipitate. Thus, the
matrix aluminum acts as a solvent for the reaction species, but
not for the desired ceramic precipitate. It is to be noted that
the matrix aluminum acts primarily as a solvent in the preferred
formation technique utilized to prepare the composites of the
present invention, and that the constituents of the -ceramic
precipitate nave a greater affinity for each other than either has
for the solvent metal.

PCT[USS6/00779
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When aluminum alloys are wutilized, one may retain the
beneficial properties of said alloys, and increase the modulus of
elasticity, high temperature stability, and wear resistance,
although some loss of ductility may be encountered in certain soft
alloys. For example, 7075 aluminum alloy, containing from about 5
percent to about 40 percent by weight titanium diboride, responds
to age-hardening in the same fashion that the 7G75 alloy alone
does, but exhibits a substantial 1increase in modulus of
elasticity, higher  temperature capability, greater high
temperature stability, and extremely high wear resistance.
Further, the composites of the present invention may be fabricated
in conventional fashion, by forging, extruding, rolling,
machining, etc. ,

Varying amounts of ceramic may be dincorporatea into the
composite material, depending upon the end use and the properties
desired in the product. For instance, for dispersion strengthened

-alloys having high modulus, one may utilize a preferred range of
from about. 5 percent by volume .to about 25 percent Dy volume.
However, the ceramic volume fraction for dispersion strengthening
may be varied considerably, so as to produce a composite with the
desired combination of properties, within the range of from about
0.5 percent by volume up to the point at which ductility is
sacrificed to an unacceptable extent. For example, the presence
of more than about 25 percent by volume of ceramic can result in
Toss of elongation in some matrices.

In contrast, cermets of up to about 95 percent or more by
volume of ceramic material in the metal matrix may be produced.
The primary determining factors in the wutilization of such
materials as cutting tools will be the wear, gouging, and chipping
resistances of the composite material produced. Preferred ranges
for cermet materials will, of course, be dependent upon the
desired end use. It is possible to effectively tailor the
composition to achieve any desired properties by controlling the
proportions of the reactant and solvent materials. For instance,
the modulus of elasticity may be approximated by the “Rule of
Mixtures" such that the appropriate proportions of starting



10

15

20

25

30

WO 86/06366

-8 -

materials are employed. As indicated, composites in accordance
with the present invention may comprise from as little as about
0.5 percent ceramic phase to about 95 percent ceramic. Composi tes
having from about 5 percent to about 25 percent ceramic are
suitable for all structural applications, as well as exhibiting
favorable hardness and wear resistance characteristics. Those
composites comprising more than about 25 percent and less than
about 60 percent ceramic are suitable for structural applications
which are subject to compression loading and do not require
elongation. Moreover, those compcsites having greater than about
25 volume percent ceramic are suitable for applications in which
wear resistance is paramount, with composites of from about 60
percent to about 95 percent by volume ceramic being most suitable

for cutting tools or abrasion resistant surfaces.

A comparison of various properties of a composite made in
accordance with the present invention with those of a conventional
aluminum alloy is shown in Table I. As can be seen, an
improvement of about 30 percent in modulus of elasticity is
achieved with retention of an acceptable level of ductility.

TiBy (Forging)

TABLE I
| | Modulus of |
Material | Hardness | Elasticity | Elongation
} Rockwell 8 % 106 ibs/in-’-% %
[ [ |
7075 Al } 75 [ 10.3 | 7.0
| |
l [ I
7075-15 vol% % 90-100 % 13.2 4.0
| |

It is noted that the aluminum-ceramic composites of the
present invention have a number of advantages over prior art
materials such as silicon carbide-aluminum. For example, these
composites are considerably Tess expensive and more convenient to

PCT/US86/00779
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manufacture, have more uniform dispersion of the particulate
material in the matrix metal, and are not subject to oxide
formation at the aluminum/ceramic interface. Moreover, the
composites of this invention are isotropic materials, having equal
or essentially equal properties in all planar directions. This
differs from hot-pressed composites, which are anisotropic due to

the unidirectional pressing forces exerted during their

formation. In addition, the gomposite materials of the present
invention are readily castable to near-net shape, whereas prior
art composite materials have not been castable or readily formed.
The product composites also have improved properties, such as
superior hardness and modulus, improved high temperature stability
and processibility, without significant degradation of properties
such as fracture toughness or ductility.

Aluminum-titanium diboride composites of the present
invention, for example, attain high wear resistance and Young's
Modulus, with no loss of fracture toughness. Silicon
carbide-aluminum having a similar elastic modulus exhibits
significantly Tower toughness values, and would in fact be subject
to brittle failure.

As illustrated in Figure I, the fatigue properties (crack
growth rate per cycle) of the aluminum composites of the present
invention are Detter than those of similarly heat treated base
alloy (without particulate inclusion). This indicates that the
inventive composites are less subject to fatigue failure than base
alloys having the same heat treatment.

It hnas also been found that a composite of the present
invention having almost twice the elastic modulus of the base
alloy metal maintains surprising ductility. The combination of
improved elastic modulus and elongation achieved by the present
composites is unavailable in prior art materials, and is believed
to be due to the very small (less than 1 micron in preferred
embodiments) particle size and even distribution of the
precipitated phase. It must be noted that similar composites,
produced by classical powder metallurgy techniques, dc not yield

PCT/US86/00779
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the same combination of properties. Thus, while the same hardness
may be achieved, similar elongation will not be achieved, due to

"‘matrix-oxide contamination weakening of the bond between the metal

matrix and the ceramic particle. Composites of the present
invention provide moduli of elasticity ranging from that of the
base matrix to that of the incbrporated ceramic, dependent upon
the volume fraction and shape of the ceramic phase. For example,
based on The Rule of Mixtures, 20 volume percent T1'B2 in
aluminum would have a modulus of approximately 22 x 106 psi,
while the base metal modulus would be approximately 10 x 106
psi. On the other hand, the same composite materials exhibit
elongations unexpectedly greater than about 1 percent, and
preferably about 3 to 4 percent or more. It is also recogni zed
that small particle size is desirable when seeking high fracture
toughness and/or high elongation.

Tabie II demonstrates the comparability of aluminum alloy
2024 T6 with composites of the present invention (2024XD T6)
subjected to'slightly lower heat treatment temperatures. Whereas’
the Aluminum Association standards call for a 920°F. solution
heat treatment of the 2024 T6 alloys, it appears that the
composite materials beénefit from a slightly (approximately
20°F.) lower heat treatment temperature.

PCT/US86/00779
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Table II
| Yield | Ultimate | Elongation
Material | (KSI) | (KSI) | (%)
2024 To* | 50 | 64 | 5
l i |
2024XD T6 | 47.6 | 60.0 | 4.8
(865°F Solution |  46.5 | 61.2 | 6.5
Heat Treat) | 47.4 I 60.8 | 4.9
| 49.C I 60.3 l 4.4
|  48.9 i 60.0 | 4.9
| | |
2024XD To | 46.9 | 62.2 | 4.7
(890°F Solution | 48.3 | 61.6 | 4.7
Heat Treat) | 47.6 I 62.4 | 4,1
| —em- | 63.5 | 5.2
| 46.9 I 64,2 | 6.3
| I |
2024XD T6 | 49.4 l 66.5 | 5.3
(900°F Solution | 44.9 | 60.2 | 3.1
Heat Treat) | 46.9 | 66.8 | *k
| 44.9 | 80.1 | **
| | l
* - Aluminum Association Standards and Data, 1982, p. 107.

**. Fracture Outside Gage Length.

Wear test data, as set forth in Tabie III, indicate a very
significant improvement in durability in both heat treated (HT)
ana non-treated composites of the present invention as compared to

the base alloy.
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Table 11T

WEAR TEST DATA

ALL TEST RUN AT 100 RPM, 220 SiC GRIT,
0.2 HRS., UNDER 3301.3 GMS. LOAD

5 | ‘ | Wear Rate
SAMPLE | vOL. (CM°) | (HR/CH®)
| |

6061 l 0.350 | 0.57
6061 XD | - 0.032 | 6.45

10 6061 XD | 0.033 | 6.06
2014 | 0.332 | 0.60
2014 XD 1 0.0C9 - 22.2
2014 XD(H.T.)] 0.009 | 22.2
7075 | 0.295 | 0.68

15 7075 XD | 0.008 | 25.0
7075 XD(H.T.)| 0.007 | 28.6

Rockwell B hardness of composites of the present invention
has been found to be very similar to that of the base alloy
employed, as illustrated in Figure II.

20 It is to be noted that care must be taken to avoid the
presence of inclusions or particulate impurities such as carbon,
refractory brick, or oxides. Such inclusions may lead to brittle
behavior by initiating fracture.

Other properties of the aluminum-ceramic composites of the

25  present invention demonstrate values at least equivalent to those
of the base alloy utilized. These properties include Young's
Modulus, shear modules, high temperature stability, corrosion
resistance, thermal shock resistance, thermal coefficient of
expansion, and beam deflection.
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The aluminum-ceramic composites may be easily fabricated by
conventional techniques, such as extrusion, rolling, and forging.
The composites may be precision cast, since the precipitated
particulate phase is so fine and so evenly distributed as to
permit the retention of fluidity by the matrix metal phase. Also,
due to the inertness of the particulate phase, and its
insolubility in the matrix metal, weldability of the composites is
significantly enhanced, particularly when compared to prior art
materials such as silicon carbide-aluminum.

Various reaction modes have been identified for preparation
of the composites of the present invention. In one mode, the
starting materials constitute individual powders of each of the
solvent metal and the individual constituents of the ceramic to be
formed. For example, one may react a mixture of aluminum,
titanium, and boron, to form a dispersion of titanium diboride in
an aluminum matrix. ,

In a second reaction mode, one may react individual alloys of
a common metal, one such alloy comprising an alloy of aluminum
with one of the constituents of the ceramic, and the other
comprising an alloy of aluminum and the other constituent of the
ceramic. As an example, one may react a mixture of
aluminum-titanium alloy with aluminum-boron alloy, to form a
dispersion of titanium diboride in aluminum. This alloy-alloy
reaction route may, in some cases, be relatively slower than the
elemental route, yet may offer economic advantages because the
alloys utilized can be cheaper than the elemental powders. In
this case, the preferred technique is that of separately melting
master alloys containing the chosen elements and mixing them in
the molten state, forming a mass in which the dissolved aluminum
acts as a liquid solvent for the constituents of the ceramic.

A third reaction mode constitutes a combination, or
intermediate, of the first two modes discussed above. Thus, one
may react a premixed alloy of aluminum and one reactive species,
with an -elemental powder of the second reactive species, such as
combining an aluminum-titanium alloy with eiemental boron powder.
This reaction mode may be relatively more expensive than the

PCT/US86/00779
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alloy-alloy reaction mode, but offers a more rapid reaction, which
in turn permits formation of finer grain precipitates than
obtainable by the él]oy-al]oy route. However, the alloy-elemental
powder reaction mode could be relatively less expensive, although
5 slower, than the elemental powder mode, in most cases.

It is also to be noted that complex compounds, as well as
plural ceramic phases, may be precipitated. Thus, aluminum matrix
combinations with complex ceramics such as titanium zirconium
boride, may be prepared.

10 It is particularly to be noted that the prior art teaches
that the combination of elemental powders, particularly of a
coarse particulate size, would yield undesirable compounds, or
large agglomerated aggregates. In contrast, the present invention
provides for the formation of finely dispersed precipitaﬁe in a

15 matrix of the aluminum. It 1is important that the ceramic
precipitate material is not solubie in the aluminum, while the
constituents of the ceramic, individually, are at least sparingly
soluble 1in aiuminum, Thus, the exothermic dispersion .reaction
mechanism depends upon a certain amount of each ceramic forming

20 constituent dissolving and diffusing in the aluminum, and while in
solution (either liquid or solid state), reacting exothermically
to form the insoluble ceramic, which precipitates rapidly as a
very fine particulate. The aluminum, functioning as a solvent,
provides a medium in which the reactive elements may diffuse and

25 combine. Once the initial reaction has occurred, the heat
released by the exothermic reaction causes additional diffusion of
reactive components in the solvent aluminum, and. drives the
reaction to completion.

A mixture constituting 22 percent titanium, 10 percent boron,

30 and 68 percent aluminum powders was placed in a crucible, and
placed in a furnace which was heated to 735°C. Temperature
readings were obtained by a thermocouple placed near the specimen,
and represent minimum temperatures attained. A plateau exists on
the temperature trace obtained, indicating absorption of energy,
attributable to Tlocalized melting, and the initiation of
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substantial diffusion of the reactive components. The temperature
trace then indicated the solvent assisted initiation of the
reaction of the reactive constituents, and the very rapid
temperature 1increase associated therewith. As shown by the

5 temperature trace, extremely high temperatures were achieved in
very short periods of time. During this time frame, essentially
all of the reactive components in the solvent metal reacted to
form the insoluble ceramic, which immediately precipitated, as
submicron discrete particulates.

10 The cool-down period following initiation of the reaction and
consumption of the reactive constituents is believed important in
achieving very small grain size, and Timiting grain growth. It is
known that at high temperatures, it is possible for the ceramic
particles to grow, e.g. by agglomeration. This should also be

15 avoided, because of the negative effect of large particle sizes on
ductility. The cool-down or quenching of the reaction is, in a
sense, automatic, since once the ceramic forming constituents are
completely reacted; there- is no further energy released to
maintain the high temperatures achieved. However, one may control

20 the rate of cool-down to a certain extent by control of the size
and/or composition of the mass of material reacted. That is,
large thermal masses absorb energy, and cool down more siowly,
thus permitting growth of larger particles, such as may be desired
for greater wear resistance, e.g. for use in cutting tools. It is

25 recognized that if it is desired to rapidly cool the reaction mass
to an intermediate temperature, one may achieve this by the
introduction of a stream of ccol inert gas, such as helium. Thus,
the temperature may be rapidly reduced from the maximum
temperature attained to a temperature where grain growth is

30 wminimal. In terms of temperatures that cause coarsening of the
particle size, temperatures in the region of 1000°C are not
generally believed to have substantial impact on particle growth.
However, at temperatures in the region of 1600°C and higher, grain
growth can occur over extended time periods. For example, silicon
nitride may begin to grow at 1600°C, over a period of days,
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whereas titanium diboride will not begin to exhibit grain growth
below about 1800°C. The incidence of particle growth will depend
on the particular ceramic phase being formed.

Further, slowly cooling the reaction product is in some cases

5 advantagebus, since rapid quenching of some ceramic-aiuminum
composites as are formed by this invention may result in a high
incidence of fracturing due to thermal stresses.

The reaction temperature has generally been found to be
relatively close to the melting temperature of aluminum in 1iquid

10  state reactions. For example, in the production of titanium
diboride in aluminum, the reaction proceeds at a temperature
around 650°C, or very close to the melting point of the aluminum
solvent. It should be noted that in the absence of a solvent
metal, the reaction of titanium and boron to form titanium

15  diboride was not observed to proceed below a temperature of about
1200°C, and generally will produce large crystallites having a
particle size at least as large as the starting materials. While
one need not actually reach the melting temperature, one must
achieve a temperature where localized or incipient melting occurs,

20 or a state where substantial diffusion of the reactive species in
the aluminum can occur. '

It is noted that with respect to impurities, the aluminum may
be alloyed at will, while in the reactive constituents, a limited
amount of alloying element or impurity may be tolerated. It has

25 been found that an impurity with which a reactive constituent
forms a stable compound may not exceed approximately 10 percent by
volume. For example, the presence of magnesidm in boron appears
to inhibit the formation of titanium diboride in an aluminum
matrix by forming a magnesium-boron complex on the surface of the

30 boron particles, thereby limiting diffusion of the boron in the
matrix. The presence of magnesium in the aluminum, however, does
not appear to have this effect. That is, boride forming materials
in the boron itself will inhibit the desired dissolution or
diffusion of the boron and its subsequent reaction to form
titanium diboride. '
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It is also to be noted that in accordance with the present
invention, one may have composites formed by the complex
precipitation of a plurality of systems. There is no real limit
on the number of ceramic phases which can be precipitated. Thus,

5 it is possible to have composites having complex ceramic phases,
such as Ti(BO.SCO.S)’ or alternatively, to a mixture of
titanium diboride and zirconium diboride in an aluminum matrix,
precipitated in accordance with the reaction:

Ti + Ir + 4B + Al —> TiB, + IrB, + Al.

10 It has been found that the particle size of the ceramic phase
in the aluminum matrix may vary from less than 0.01 microns to
about 1 micron or larger, up to about 25 microns, dependent upon a
number of factors in preparation. Ceramic particles of less than
1 micron diameter have been found preferable for many purposes,

15 and some composites in accordance with this invention have been
found to have a particle size distribution 1in wnich high
proportions, e.g., substantially all, of the ceramic particles
appear to be less than 1 micron in.size. Further, composites in
which substantially all particles are smaller than 2 microns have

20  been prepared, in which well over 50 percent of the particles are
smaller than 1 micron. The factors which effect particle size
include reaction heat-up rate, reaction temperature, cool-down
rate, and crystallinity and particle size of starting materiais.
Appropriate starting material sizes may range from less than 5

25 microns to more than 200 microns, with one normally utilizing
larger particle size powders for economic reasons.

It has been found that some specific reactant properties have
a greater impact than powder particle size on the particle size of
the ceramic produced. For example, the use of amorphous boron

30 results in the precipitation of a finer grain size titanium
diboride than .does the use of crystalline boron of otherwise
comparable nature. The precipitation of specific grain size
ceramic phase may be selectively controllea by proper control of
starting composition, temperature of reaction, and cool-down rate.

35 Example 1 illustrates the in-situ precipitation of fine
particlies of titanium diboride in aluminum by a powder-powder mode
reaction.
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Example 1 |
A mixture of 34 percent by weight of titanium powder, 16

percent by weight of boron and 50 percent by weight of aluminum
was isostatically compacted to 38,000 pounds per square inch. The

5 compacted artifact was then heated in a furnace set at a
temperature of 800°C. Upon reaching approximately 670°C, a rapid
increase in temperature to approximately 1250°C was noted. The
rate of increase in temperature was very rapid (greater than 900°C
per minute) followed by a fast cool down rate of approximately

10  400°C per minute. On subsequent examination the sample was found
to contain a fine dispersion (0.1 - 3 microns) of titanium
diboride particles in an aluminum matrix.

An alloy-alloy reaction, in the liquid state, is exemplified
by Examples 2 and 3 described below.

15  Example 2 .

Two separate aluminum alloys, one containing 10 percent
titanium, and the other 4 percent boron, by weight, were placed in
an alumina crucible and heated to 1400°C for one hour under an
argon atmosphere. MWMixing of the alloys occurred through diffusion
20 and thermal effects. The experiment was performed at 140G°C to

ensure that all of the titanium and boron alloys were dissolved,

thereby allowing the titanium diboride to fully precipitate, it
being considerably less soluble than the individual elements.

Subsequent SEM/EDS analysis of the metal matrix composite produced
25 identified submicron T1‘B2 particles dispersed in an aluminum

matrix. While this experiment was intended to completely dissolive

the titanium aluminide and aluminum boride such that all the
titanium and boron were freely in solution in the aluminum, it was
recognized that because of its 1limited solubility titanium

30 diboride could precipitate at any temperature above the melting
point of the solvent metal, even if not all of the alloys were
dissolved.
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Example 3
To support the contention that it was not necessary to fully

" dissolve the titanium and boron in the alloys, three experiments

similar to Example 2 were performed, except that the maximum

5  temperatures achieved were limited to 1200°C, 1000°C and 800°C

respectiveiy. As in Example 2, evenly dispersed Ti82 particles
were observed in the aluminum matrix, in all cases.

The following Example 4 describes the production of
aluminum/titanium diboride composites by alloy-alloy reaction, in
10 the plasma state.

Example 4
In this example, a reaction is achieved by striking an arc

between two electrodes, each containing aluminum matrix metal and

one reactive species, in a closed vessel. The relative positions

15 of the electrode§ is adjusted to achieve the passing of the arc.

The said .electrodes may also be rotated as to achieve even

melting. Atomizing the homogenized molten metal into powder can

be achieved in air, but is preferably performed in a non-reactive

atmosphere such as an inert gas or a vacuum. Alternatively, the

20 molten metal may be collected in a nheated container placed below
the arc to obtain an ingot.

The reaction between the ceramic constituents within the arc

yields a ceramic compound which is mixed with the matrix metal.

Due to the very rapid heat up and cool down rates associated with

25  this process, a very fine distribution of ceramic particles in the

metallic matrix is achieved. Striking an arc in the above manner

between two electrodes, one of which contains aluminum and

titanium and the other aluminum and boron, results in the

formation of a fine dispersion of titanium diboride in a molten

30  aluminum droplet which solidifies as it drops through the inert

gas. The powder thus produced can be subsequently processed by

conventional powder metailurgical techniques. In a different

variant of this process, the molten metal droplets are collected
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in a heated crucible to produce an ingot for conventional metal
working operations. In yet another variant the droplets are
collected on a chilled rotating drum to produce metai-ceramic
flakes. '

The following example teaches the influence of amorphous
boron on the particle size of titanium diboride precipitated in an

-aluminum matrix.

Example 5
An identical mixture (but for the use of amorphous boron

instead of crystalline boron) as that described in Example 1 was
prepared (i.e. approximately 34% by weight of titanium, 16% by
weight of boron and 50% by weight of aluminum), compacted, and
heated in a furnace. At a temperature of about 626°C, a rapid
exotherm was noted. Subsequent examination revealed the presence
of very fine 0.01 - 1.0 micron titanium diboride particles in an
aluminum matrix. _

The following example illustrates the preparation of a
different ceramic phase in aluminum.

Example 6

An experiment was conducted, whereby molybdenum disilicide
was precipitated in an aluminum matrix. A mixture of
approximately 7.5 percent silicon, 12.5 percent molybdenum, and 80
percent aluminum powders by weight was compacted and subsequently
heated in a furnace. On attainment of a temperature of
approximately 640°C, a sudden exotherm was noted. Subsequent
X-ray and SEM analyses confirmed the presence of particulate
molybdenum disilicide in an aluminum matrix.

Additional experiments were conducted to produce a variety of
aluminum and aluminum alloy matrix composites, as set forth in
Table IV which follows.
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It is understood that the above description of the present
invention is susceptible to considerable modification, change, and
adaptation by those skilled in the art, and such modification,
changes, and adaptations are intended to be considered to be

5 within the scope of the present invention, which is set forth by
the appended claims.
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We Claim:

An isotropic metal matrix composite comprising discrete,
finely dispersed ceramic particles in a matrix metal selected
from the group consisting of aluminum and its alloys,
characterized by an elongation greater than about 1 percent,
and an elastic modulus greater than that of the matrix metai
in the absence of said cerami¢.

A composite as set forth in Claim 1, wherein said ceramic
particles are from about 0.01 to about 25 microns in diameter.

A composite as set forth in Claim 1, wherein said ceramic is
selected from the group consisting of borides, carbides,
oxides, nitrides, silicides, a]uminides, selenides, sulfides,
germanides, and mixtures thereof.

A composite as set forth in Claim 3, wherein at least about
50 percent by weight of said ceramic particles are less than
one micron in size.

A composite as set forth in Claim 3, wherein said ceramic is
titanium diboride.

A composite as set forth in Claim 5, wherein said titanium
diboride constitutes from about 0.5 to about 95 percent by
voiume of the composite.

A composite as set forth in Claim 6, wherein said titanium
diboride constitutes from about 5 to about 25 percent by
volume of the composite.

A composite as set forth in Claim 5, wherein said titanium
diboride is precipated in-situ in said matrix metal.
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A composite as set forth in Claim 8, wherein said matrix
metal is aluminum.

A metal matrix composite comprising discrete, finely
dispersed particles of an in-situ precipitated inclusion
selected from the group consisting of ceramics and
intermetallic compounds in a matrix metal selected from the
group consisting of aluminum and its alloys.

A composite as set forth in Claim 10, characterized by having
an elastic modulus greater than that of the matrix metal, and
an elongation of greater than about 3 percent.

A composite as set forth in Claim 11, wherein said particles
constitute from about 0.5 to about 95 percent by volume of
said composite.

A composite as set forth in Claim 11, wherein said particles

constitute from about 5 to about 25 percent by volume of said
Composite.

A composite as set forth in Claim 11, wherein said particles
constitute from about 25 to about 60 percent by volume of
said composite.

A composite as set forth in Claim 11, wherein said particles

constitute more than about 60 percent by volume of said
composi te.

A composite as set forth in Claim 10, wherein said particles
constitute a complex ceramic phase.

A metal matrix composite consisting of a matrix selected from
the group consisting of aluminum and aluminum alloys, and a
discrete, in-situ precipitated, finely dispersed, submicron
particulate ceramic phase.
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18. A composite as set forth in Claim 17, further characterized
by elongation of at least about 3 percent and Young's Modulus
greater than that of the matrix metal.

19. A composite as set forth in Claim 18, wherein said ceramic
phase is selected from the group consisting of borides,
silicides, carbides, oxides, and nitrides.

20. A composite as set forth in Claim 19, wherein said ceramic
phase constitutes from about 5 to about 25 percent by volume
of said composite.

21. A composite as set forth in Claim 19, wherein said ceramic
phase is titanium diboride.

22, A composite as set forth in Claim 19, wherein said matrix
comprises an aluminum alloy.
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