EP 0 608 299 B1

®

Europdisches Patentamt
European Patent Office

Office européen des brevets

@ Publication number:

0 608 299 B1

EUROPEAN PATENT SPECIFICATION

Date of publication of patent specification: 06.12.95 G0 Int. Cl6: C22C 32/00, C22C 1/10

@
@

Application number: 92921334.6
Date of filing: 15.10.92

International application number:
PCT/CA92/00456

International publication number:
WO 93/08311 (29.04.93 93/11)

®

CAST COMPOSITE MATERIAL HAVING ALUMINUM OXIDE REINFORCEMENT IN AN Al-Mg-Sr-MATRIX.

®

®

®

®

®

@

Priority: 15.10.91 US 775763
08.10.92 US 954773

Date of publication of application:
03.08.94 Bulletin 94/31

Publication of the grant of the patent:
06.12.95 Bulletin 95/49

Designated Contracting States:
ATBECHDEDKES FRGBGRIEITLILU MC
NL SE

References cited:
EP-A- 0 074 067
EP-A- 0 369 931
GB-A- 2 081 353
US-A- 5 028 392

Proprietor: ALCAN INTERNATIONAL LIMITED
1188 Sherbrooke Street West

Montreal

Ouebec H3A 3G2 (CA)

Inventor: LLOYD, David, James

865 Berwick Place

Kingston, Ontario K7M 6B7 (CA)
Inventor: JIN, lljoon

696 Sussex Boulevard
Kingston, Ontario K7M 5B1 (CA)
Inventor: MCLEOD, Alan, David
P.O. Box 172

Yarker, Ontario KOK 3NO (CA)
Inventor: GABRYEL, Christopher, Mietek
913 Newhall Drive

Kingston, Ontario K7P 2C5 (CA)
Inventor: SKIBO, Michael, D.
1346 Eolus Street

Leucadia, CA 92024 (US)

Representative: Gaunt, Robert John et al
Stevens, Hewlett & Perkins

1 Serjeants’ Inn

Fleet Street

London EC4Y 1LL (GB)

Note: Within nine months from the publication of the mention of the grant of the European patent, any person
may give notice to the European Patent Office of opposition to the European patent granted. Notice of opposition
shall be filed in a written reasoned statement. It shall not be deemed to have been filed until the opposition fee
has been paid (Art. 99(1) European patent convention).

Rank Xerox (UK) Business Services
(3.10/3.09/3.3.3)



1 EP 0 608 299 B1 2

Description
Technical Field

This invention relates to cast composite materi-
als, and, more particularly, to the preparation of
such composite materials having aluminum oxide
reinforcement particles and an aluminum alloy ma-
tfrix, wherein the matrix is well wetted fo the re-
inforcement but does not react to form extensive
deleterious phases.

Background Art

Cast composite materials are conventionally
formed by melting a matrix alloy in a reactor and
then adding particles. The mixture is vigorously
mixed o encourage wetting of the matrix alloy to
the particles, and after a suitable mixing time the
mixture is cast into molds or forms. The mixing is
conducted while minimizing the introduction of gas
into the mixture. The resulting composite materials
have the particulate reinforcement distributed
throughout a matrix of an alloy composition.

Such cast composite materials are much less
expensive to prepare than other types of metal-
matrix composite materials such as those produced
by powder metallurgical technology and infiltration
techniques. Composite materials produced by the
casting approach, as described in US Patents
4,759,995, 4,786,467, and 5,028,392, have enjoyed
commercial success in only a few years after their
first introduction.

Desirably, the cast composite materials have
fully wetted particles, few voids, and a generally
uniform microstructure. Complete wetting is neces-
sary to realize the full composite strength and other
mechanical properties. Equally important is the
need to avoid the formation of deleterious phases
that may adversely affect the microstructure and
the mechanical properties of the finished cast com-
posite material.

The presence of magnesium in the aluminum-
alloy matrix of cast composite materials reinforced
with aluminum oxide particulate has posed a sig-
nificant problem. Magnesium on the order of 1/2
percent or more is present in many aluminum
alloys to achieve their full strengths during aging
treatments. Aluminum matrix alloys with such large
amounts of magnesium, on the order of 1/2 percent
or more of the matrix, readily wet aluminum oxide
particulate, but may also react with the particulate
to produce the brittle spinel phase, MgAl,O.. The
amount of spinel formed is dependent upon three
factors: the magnesium content of the alloy, the
mixing temperature, and the mixing time. Under
normal mixing conditions, where the mixing tem-
perature is 680-730°C and the mixing time is 1-2
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hours, the magnesium content of the alloy matrix
becomes the principal determining factor of the
amount of spinel formed. Aluminum matrix alloys
with small amounts of magnesium do not exhibit
extensive spinel formation; but also do not readily
wet the aluminum oxide particulate.

In GB-A-2081353 there is described a fibre-
reinforced metal composite material, which in-
cludes an aluminum or magnesium matrix metal
containing at least one element selected from the
group consisting of metals belonging to the fourth
and higher periods of the group (lA) in the periodic
table (potassium, cesium, rubidium, francium) and
to the fifth and higher periods of the group (lIA) in
the periodic table (strontium, barium, radium) and
bismuth and indium, together with alumina fibres.
However, there is no description of a matrix con-
sisting of an aluminum alloy containing magnesium
and, consequently, there can be no spinel forma-
tion.

There are a number of techniques that can be
applied to enhance wetting or control chemical
interactions between the matrix and the particles,
which may work in some circumstances. The par-
ticles can be modified with special coatings, but
the coating operation can significantly raise the
cost of the particles and the composite material.
Small amounts of reactive gases can be introduced
into the mixing chamber, but the improved wetting
may only be achieved at the cost of increased
porosity in the cast composite material. An ap-
proach fo improve wetting is to raise the tempera-
ture at which the mixing is accomplished, but in-
creased temperature also results in the accelera-
tion of the production of deleterious phases where
such phases are thermodynamically favoured but
kinetically slow in forming at lower temperatures.

There therefore exists a continuing need for an
improved technique for producing cast composite
materials of aluminum-magnesium alloys and alu-
minum oxide particles. The present invention fulfills
this need, and further provides related advantages.

Disclosure of the Invention

The present invention provides a method and
composition that are used in the preparation of cast
composite materials with aluminum oxide par-
ticulate in an aluminum-alloy matrix also containing
magnesium. The technique requires the addition of
a controlled small amount of a further alloying
element to the molten matrix alloy, and therefore is
operable with existing processing procedures. Alu-
minum alloys containing up to 3 percent of magne-
sium that do not contain reactive spinel phase can
be prepared by this approach. The suppression of
spinel formation leaves more magnesium to partici-
pate in the age-hardening reactions when magne-
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sium additions are not made during mixing, leading
to substantially improved mechanical properties for
the aged composite materials.

In accordance with the invention, a composite
material comprises a mixture of from 5 to 35 vol-
ume percent of aluminum oxide reinforcing par-
ticles and from 95 to 65 volume percent of a matrix
alloy. The matrix alloy is an aluminum-based alloy
containing from 0.15 to 3 weight percent magne-
sium and a sufficient amount of strontium to reduce
spinel formation in the matrix to a desired level,
preferably from about 0.1 to about 2 weight percent
strontium. The amount of strontium that must be
added is dependent upon the degree of reduction
of spinel formation desired.

The composite materials are prepared by mix-
ing a molten mixture of the stated composition to
wet the matrix alloy to the particles and to distrib-
ute the particles throughout the volume of the melt
while minimizing the introduction of gas into and
retention of gas within the molten mixture, and then
casting the composite mixture.

The reduction of spinel phase formation by the
addition of strontium to aluminum-magnesium ma-
trix alloys has an unexpected and important benefi-
cial effect in increasing the number of types of
aluminum oxide suitable for use as the reinforce-
ment. In the absence of strontium, only calcined
alumina has any degree of resistance to spinel
formation in an aluminum alloy matrix having 0.15-
3 percent magnesium. The suppression of spinel
formation by the addition of a sufficient amount of
strontium permits other types of aluminas to be
used, including fused alumina, spray dried alumina,
tabular alumina, and sintered alumina, in addition to
calcined alumina. These other types of alumina
could not be heretofore used in the aluminum-
magnesium matrix without great difficulty in mixing
the alumina into the molten matrix alloy.

In the conventional composite having alumina
reinforcement and an aluminum-magnesium alloy
matrix, the formation of spinel phase increases the
surface area of the reinforcement particles and
thence increases the viscosity of the matrix alloy in
the molten state. The result is that the minimum
size and maximum amount of alumina that can be
used in the composite material are limited. For
example, at 20 volume percent alumina particulate,
the smallest alumina particulate that can be used
where spinel forms has a minimum dimension of
about 19-22 micrometers. The suppression of
spinel formation according to the present invention
permits a reduction of the minimum particle dimen-
sion to about 9-13 micrometers. At 10 volume
percent alumina particulate, the smallest alumina
particulate that can be used in the conventional
approach has a minimum dimension of about 9-10
micrometers. The suppression of spinel formation
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according to the present invention reduces the
minimum particle dimension to about 6 microm-
eters. In another example, the maximum practical
volume fraction alumina particulate reinforcement
that can be mixed into the matrix is about 25
volume percent where spinel forms, but increases
above 25 volume percent and as high as 35 vol-
ume percent where spinel formation is suppressed.

Thus, when the present approach is used,
spinel formation is suppressed by the strontium
addition so that the viscosity of the matrix remains
relatively low. Smaller particles and greater volume
fractions of particles can therefore be used.

On the other hand, the presence of strontium
can liberate sodium from the alumina into the mol-
ten matrix. Alumina normally has a small amount of
sodium present, typically on the order of 0.2-0.6
weight percent. Studies indicate that the alumina
normally has at least two phases present, low-
sodium alpha phase and a beta phase that can
include as much as 9 weight percent sodium. The
Al-Mg-Sr alloy of the invention can release sodium
from the alumina reinforcement into the matrix
through a mechanism that may relate fo ion ex-
change. The dissolved sodium can lead to hot
cracking, sfringers, and other defects in the final
product. It is therefore strongly preferred to utilize a
low-sodium alumina for the reinforcement that has
less than about 0.2 percent by weight sodium.
Sodium is dissolved from such a low-sodium alu-
mina into the matrix, but the dissolved amount is
so small as not to have a significant affect on the
properties of the final product. Alumina with a high-
er sodium content results in too high a sodium
content of the final metal matrix. This requirement
may be alternatively stated by requiring the alu-
mina to have a sufficiently low fraction of beta
phase so that the overall sodium content of the
alumina is less than about 0.2 percent by weight.

The composite material of the invention has an
aluminum-based matrix containing magnesium re-
quired for precipitation hardening. The matrix is
well wetted to the aluminum oxide particulate, but
the production of spinel phase is reduced or sup-
pressed entirely even when the magnesium content
is on the order of up to 3 percent by weight. The
resulting composite materials have improved me-
chanical properties due to the greater amount of
magnesium retained in the matrix to participate in
age hardening. Other features and advantages of
the present invention will be apparent from the
following more detailed description of the preferred
embodiments, take in conjunction with the accom-
panying drawings, which illustrate, by way of exam-
ple, the principles of the invention.
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Brief Description of the Drawings

Figure 1 is a micrograph of a composite material
having 15 volume percent aluminum oxide par-
ticles in an AA-6061 aluminum matrix, with no
strontium added;

Figure 2 is a micrograph of a composite material
having 15 volume percent aluminum oxide par-
ticles in a 6061 aluminum matrix, with 0.1 per-
cent by weight strontium added;

Figure 3 is a micrograph of a composite material
having 15 volume percent aluminum oxide par-
ticles in a 6061 aluminum matrix, with 0.5 per-
cent by weight strontium added;

Figure 4 is a graph of reduction of spinel forma-
tion as a function of strontium content in a 6061
alloy containing 15 volume percent aluminum
oxide particles;

Figure 5 is a graph of yield strength as a func-
tion of aging time, for composites having 15
volume percent aluminum oxide particles in a
6061 aluminum matrix, with no strontium addi-
tion and with 0.6 weight percent strontium addi-
tion; and

Figure 6 is a graph of magnesium content of the
matrix as a function of mixing time for compos-
ites having 15 volume percent aluminum oxide
particles in a 6061 aluminum matrix, and various
strontium additions.

Best Modes for Carrying Out the Invention

In accordance with the invention, a method for
preparing a cast composite material includes pro-
viding a mixture having a composition of from 5 to
35 volume percent of aluminum oxide reinforcing
particles and from 95 to 65 volume percent of a
molten matrix alloy. The matrix alloy is an alu-
minum-based alloy containing from 0.15 to 3
weight percent magnesium and from 0.1 to 2
weight percent strontium. This composition is
mixed to wet the matrix alloy to the particles and to
distribute the particles throughout the volume of the
molten matrix, while minimizing the introduction of
gas into and retention of gas within the mixture.
The mixture is cast, to a final shape or a semi-
finished shape for further processing.

The reinforcing particles are formed primarily
of "aluminum oxide", also called alumina or Al>Os,
in any of its various forms and morphologies. In a
typical example, the particles are 5-10 micrometers
in diameter with an aspect ratio of 1-5, but those
parameters are intended as examples and not limit-
ing of the invention. The particles may also include
other components such as other oxides in impurity
amounts or as intentional additions. The need for
the present invention arises because the aluminum
oxide of the particles chemically reacts at elevated
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temperature with magnesium present in the matrix
alloy to form spinel phase, MgAlOs, and is there-
fore useful whenever the particles contain sufficient
aluminum oxide to produce a substantial spinel
reaction.

The aluminum oxide preferably has a sodium
content (usually present as sodium oxide) of less
than about 0.2 weight percent. When the composite
is prepared, the molten matrix alloy is mixed under
high-shear conditions with the aluminum oxide re-
inforcement particulate. Sodium can be liberated
from the particulate into the matrix, leading to a
dissolved sodium content in the matrix. The so-
dium present with magnesium can lead to hot
shortness, affecting castability and hot working.
After the composite is cooled and the matrix solidi-
fied, the dissolved sodium may cause cracking,
stringers, and other defects that reduce the me-
chanical properties of the composite material.
When the sodium is reduced to less than about 0.2
percent, the effect of dissolved sodium becomes
negligible and can be tolerated.

Alumina can be produced by a variety of pro-
duction methods. Experience has shown that only
calcined alumina produces moderate resistance to
spinel formation in aluminum-magnesium alloy ma-
trices prepared by the conventional approach. This
limitation on the selection of alumina type reduces
the ability of the alloy designer to select alumina
suited to meeting particular requirements. The sup-
pression of spinel formation according to the
present invention, where strontium is added, per-
mits a variety of different types of alumina to be
used successfully without spinel formation. Thus,
other types of alumina such as fused alumina,
spray dried alumina particulate, tabular alumina,
and sintered alumina can be used.

The alumina particulate used with the present
approach, where no spinel is formed to increase
the effective surface area of the particulate, can
have a minimum size of less than possible using
the prior approach where spinel is formed. In a
conventional composite having alumina particles in
an aluminum-magnesium alloy maitrix, the particles
must be larger than about 19-22 micrometers for
20 volume percent particulate and larger than
about 9-10 micrometers for 10 volume percent
particulate, for two reasons. Smaller particles are
largely reacted away during spinel formation, and
molten mixtures containing smaller particles be-
come 100 viscous to be properly mixed due to the
increased surface area of the spinel-reacted par-
ticles. With the suppression of spinel formation by
strontium addition, the alumina particles can be
made as small as about 9-13 micrometers in their
minimum dimension for 20 volume percent alumina
reinforcement and 6 micrometers for 10 volume
percent alumina reinforcement, without dissolving
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or increasing the viscosity to an unacceptably high
value.

These results may be interpolated and extrapo-
lated over the range of alumina contents of interest,
from about 5 to about 35 volume percent alumina,
as follows. For conventional alloys where spinel
forms at the particle/matrix interface, the minimum
size of the alumina particles is approximately de-
scribed by the relation 81 = KV,, where S, is the
minimum permissible size of the alumina particles
in micrometers, V, is the amount of alumina par-
ticulate in the mixture in volume percent; and K is a
scaling constant approximately equal to 1. For the
approach of the present invention, S; =1/2KV, +1,
where S, is the minimum permissible size of the
alumina particles in micrometers, where spinel for-
mation is suppressed.

The reinforcing particles are present in an
amount of from about 5 to about 35 percent by
volume of the mixture. (The other component, the
matrix, is therefore present in an amount of from
about 95 to about 65 volume percent of the mix-
ture.) If less than about 5 volume percent of par-
ticles is present, there is no technical value re-
alized by their presence, and the manufacture of a
composite material is not justified either technically
or economically. If more than about 35 volume
percent of particles is present, the composite mix-
ture is too viscous and cannot be properly mixed.
The particles are free flowing and can be mixed
into the matrix, as distinguished from continuous
particles that cannot be so mixed.

In a conventional composite material having
alumina particles in an aluminum-magnesium ma-
trix, the volume fraction of particles cannot exceed
about 25 percent, or the viscosity of the molten
mixture is foo high to permit proper mixing. When
larger volume fractions are present, the spinel reac-
tion causes a significant increase in the surface
area of the particles and thence the viscosity of the
molten mixture of particles and matrix alloy. The
suppression of spinel formation by the addition of a
sufficient amount of strontium results in the surface
area of the particles remaining constant during
mixing, and no substantial increase in viscosity.
Thus, with the present approach the alumina con-
tent can be as high as about 35 volume percent
and still have a sufficiently low viscosity to permit
mixing and wetting of the matrix alloy to the par-
ficles.

The matrix is an aluminum-based alloy. It con-
tains from about 0.15 to about 3 weight percent
magnesium. Magnesium in this range is an ab-
solute requirement of the present invention. Other-
wise spinel does not form in sufficient amounts to
be ftroublesome, and there is no need for the
strontium addition. If less than about 0.15 weight
percent magnesium is present, magnesium does
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not play a substantial role in the strengthening of
the composite matrix, and there is an insignificant
amount of spinel formation in any event so that no
problem is evident. If more than about 3 weight
percent magnesium is present, there is a high
degree of spinel nucleation which results in an
acceptable dense, fine-grained, crack-free reaction
product.

There must be present in the matrix a sufficient
amount of strontium to reduce the spinel phase to
a desired level. The addition may be sufficient to
partially or fully suppress the formation of spinel.
For practical purposes, "full suppression” has been
defined as 95 percent suppression of spinel forma-
tion. There have been identified four principal fac-
tors that have a determinative effect on the selec-
tion of the permissible range of strontium added to
the cast composite material having aluminum oxide
particles in aluminum-based matrix. These factors
include magnesium content of the maitrix alloy,
temperature of the alloy during mixing and casting,
fotal mixing and contact time between the matrix
alloy and the particulate, and the desired degree of
spinel suppression. No theory integrating all of
these factors has been developed, but some guide-
lines have been identified for conditions of com-
mercial interest.

Thus, the combination of the proper amounts
of magnesium and strontium in the aluminum ma-
trix, together with a reinforcement that reacts to
produce spinel, is a necessary part of the present
approach.

In a typical situation, the composite material is
prepared by mixing at a temperature of about
730°C. Contact times can range from a relatively
short 45 minutes to an extended time of about 120
minutes, which can include both active mixing and
a holding period prior to completion of solidifica-
tion. It has been observed that, for a 730 ° C mixing
temperature and 45 minutes contact time, the
strontium content required to achieve a 75 percent
suppression of the spinel formation is on the order
of 0.1 times the weight percent magnesium in the
matrix alloy. Under these same conditions, the
strontium content required to achieve a 95 percent
suppression (i.e., virtually total suppression) of the
spinel formation is on the order of 0.4 times the
weight percent magnesium in the matrix alloy. For
a 730°C mixing temperature and 120 minutes
contact time, the strontium content required to
achieve a 95 percent suppression of the spinel
formation is on the order of 0.6 times the weight
percent magnesium in the matrix alloy.

Based upon these observations and knowledge
of aluminum alloy melting practices, some general
conclusions have been reached. First, the greater
degree of suppression of spinel formation (95 per-
cent, or total suppression) is preferred, since it is
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attainable by the present approach. Second, for
short mixing times and a minimum magnesium
content of the matrix of 0.15 percent, the results
suggest that the strontium addition can be as small
as about 0.06 percent for 45 minutes mixing time
or 0.09 percent for 120 minutes mixing time. Ap-
plicant has selected a minimum strontium content
of about 0.1 percent as preferred, based upon this
analysis and to provide a small margin against the
possibility that even longer holding times may oc-
cur in commercial foundry practice. Third, for long
mixing times and a maximum magnesium content
of about 3 weight percent, the strontium content of
the matrix should be about 1.8 weight percent to
achieve 95 percent suppression of spinel formation.
Applicant has selected a maximum strontium con-
tent at this magnesium level of about 2 percent
based upon these results, to provide a small mar-
gin against the possibility that even longer holding
times may occur in actual foundry practice.

The matrix can also contain other elements
normally found in aluminum alloys containing mag-
nesium. Such elements, include, but are not limited
to, copper, nickel, chromium, iron, and manganese.
The presence of strontium reduces magnesium
loss from the matrix caused by the spinel forma-
tion, but does not appear to have any significant
effect on these other elements.

The mixture of reinforcing particles and molten
matrix alloy may be formed in any operable man-
ner. Preferably, the maltrix alloy is melted, and
magnesium (if not already present) and strontium
are added and stirred into the melt. The aluminum
oxide reinforcing particles are added to the melt
and incorporated by high-shear stirring.

The mixture is preferably mixed according fo
the process described in U.S. Patents 4,759,995,
4,786,467, or 5,028,392, to wet the matrix alloy to
the particulate matter.

The mixing preferably is accomplished with no
vortex in the melf, and under vacuum or static
nitrogen atmosphere followed by evacuation. The
importance of minimal vortex in the melt is de-
scribed in relation to Figure 1 of U.S. patent
4,786,467. The use of vacuum is described
throughout U.S. patents 4,759,995 and 4,786,467.
The minimization of gas using a nitrogen atmo-
sphere during mixing, followed by evacuation, is
described throughout U.S. patent 5,028,392. In one
typical example, the mixture is mixed in vacuum
for 90-135 minutes.

After mixing is complete, the mixture is cast. It
may be cast into molds or ingot molds, or continu-
ously cast. Any type of casting process may be
used, as long as the process cools the composite
material so that the matrix solidifies with a cast
microstructure.
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A number of different alloy systems were pre-
pared and tested to verify the usage of strontium to
suppress spinel formation. In each case, the com-
posite contained 15 volume percent aluminum ox-
ide particulate reinforcement, and 85 volume per-
cent of the maltrix alloy. The matrix alloys were
6061 alloy (nominal composition 0.6 weight percent
Si, 0.25 weight percent Cu, 1.2 weight percent Mg,
0.20 weight percent Cr, balance aluminum), con-
taining 0, 0.1, 0.2, 0.5, 0.6, or 1.0 weight percent
Sr; 7005 alloy (nominal composition 1.4 weight
percent magnesium, 4.5 weight percent zinc, 0.45
weight percent manganese, 0.13 weight percent
chromium, 0.04 weight percent titanium, balance
aluminum) containing 0, 0.5, or 1.0 weight percent
strontium; and 2024 alloy (nominal composition 4.5
weight percent copper, 0.6 weight percent man-
ganese, 1.5 weight percent magnesium, balance
aluminum) containing 1.0 weight percent strontium.

The composite materials were prepared by
melting the nominal alloy composition at a tem-
perature of about 730°C, and then adding the
appropriate amount of strontium in the form of an
aluminum-10 weight percent strontium master al-
loy. (No magnesium addition was made during the
mixing operation, to replace free magnesium that
might otherwise be lost to spinel formation.) The
aluminum oxide powder was added to the melt,
and the reactor vessel was sealed and pumped to
a vacuum of about 1 Torr or less. The mixture was
mixed using an impeller that did not produce a
vortex at the surface of the melt, at a stirring rate of
about 1200 rpm. The mixing was continued for 120
minutes, but was halted periodically to take sam-
ples of the melt for chemical analysis. The mixed
composite material was cast into 57mm round
ingot molds and solidified.

Figures 1-3 present microstructures of one of
the alloys studied, modified 6061 alloy with 0
weight percent Sr (Figure 1), 0.1 weight percent Sr
(Figure 2), and 0.5 weight percent Sr (Figure 3).
The spinel phase MgAl, O is present in the com-
posite having no strontium, Figure 1, as small cry-
stals that appear to cling to the surfaces of alu-
minum oxide particles. Only a very small amount,
judged to be acceptable for most applications, of
spinel phase is visible in the composite having 0.1
weight percent strontium, Figure 2. Substantially no
spinel phase is visible in the composite having 0.5
weight percent strontium. The presence of stron-
fium, in an amount of at least about 0.1 weight
percent of the matrix alloy, is sufficient to suppress
spinel formation to an acceptable level. Similar
results were observed for other alloys studied.

Figure 4 presents the results of an evaluation
of the spinel content in samples removed from
various melis after 45 minutes of mixing. A 75
percent reduction in the spinel as compared with
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material having no strontium addition is considered
sufficient. This reduction in spinel content is
achieved in those alloys containing 0.1 or more
strontium. Nearly complete suppression of spinel
(i.e., a 95 percent reduction) is achieved in alloys
containing 0.4 percent or more strontium. These
results demonstrate that the amount of added
strontium may be adjusted to reduce the spinel
formation by any desired amount, from minor re-
duction to substantially complete suppression.

The mechanical properties of some of the cast
composite materials, after mixing for 120 minutes,
were studied. Specifically, tensile test studies were
performed on the 6061 alloy containing 0 and 0.6
weight percent strontium. For these tests, the as-
cast composite materials were extruded to rod and
machined into tensile test specimens. The speci-
mens were solution heat treated at 530°C for 1
hour and water quenched. The specimens were
aged for various amounts of time from 0 to 24
hours at a temperature of 175°C, and tensile test-
ed for yield and ultimate strength.

Figure 5 reports results of the aging tests,
illustrating the 0.2 percent yield strength as a func-
tion of aging time. The specimens containing no
strontium showed only a small aging response,
while the specimens containing 0.6 weight percent
strontium showed a large aging response. In the
specimens having no strontium, most of the mag-
nesium is reacted to form spinel during mixing and
is therefore not available to form strengthening
precipitates. On the other hand, the specimens
containing more than about 0.4 weight percent
strontium do not form spinel phase (as shown in
Figure 3), leaving most of the magnesium available
o form strengthening precipitates during aging.

Figure 6 presents further support for this un-
derstanding of the effect of strontium additions on
cast aluminum (plus magnesium) alloy-alumina re-
inforcement composite materials. Specimens of the
6061 alloy mixture having 15 volume percent alu-
mina particles and containing various amounts of
strontium were sampled after the indicated times,
and the matrix chemically analyzed for magnesium
content. The melt containing no strontium exhibited
a continual rapid decrease in magnesium content,
from about 1.2 percent initially to about 0.2 percent
after 120 minutes. The melts containing 0.1 and 0.2
weight percent strontium exhibited a much slower
reduction in magnesium content.

The matrix containing 0.6 weight percent stron-
tium exhibited a small reduction of magnesium
content from about 1.2 percent to about 1.0 per-
cent. Since 6061 alloy is often melted to have
about 1.0 weight percent magnesium, it is apparent
that providing 1.2 percent magnesium initially re-
sults in an acceptable magnesium level of 1.0
percent after mixing. To assess the effect of the
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loss of magnesium to the vacuum mixing environ-
ment, a sample of the matrix 6061 alloy alone (no
aluminum oxide particulate present) was mixed for
135 minutes, and found to undergo a loss of mag-
nesium content to about 1.05 weight percent (the
dashed line labelled "Vacuum Only"). Figure 6
demonstrates that nearly all of the magnesium loss
in the 0.6 weight percent strontium alloy was due
to vaporization rather than spinel formation, a con-
clusion supported by Figure 3. Figure 6 is also
consistent with the conclusion that most of the
magnesium loss from the matrix having no stron-
tium is due to formation of spinel phase, rather
than vaporization.

It will be appreciated that these resulis were
attained in studies wherein no magnesium was
added to the melt to replace that lost to spinel
formation in some of the alloys. In commercial
practice, the loss of magnesium to spinel formation
may be compensated for by magnesium additions
during mixing, but the need for such additions
makes the composite melting process more com-
plex and unpredictable. Thus, a key advantage of
the present invention is an absence of a need to
compensate for magnesium loss by the spinel re-
action (because strontium suppresses this effect)
and associated reduction in complexity of the melt-
ing operation.

Thus, small amounts of strontium have a sur-
prisingly beneficial effect when present in a com-
posite alloy of aluminum oxide particles in a matrix
containing 0.15 to 3 weight percent magnesium.
The strontium reduces or entirely suppresses the
formation of spinel phase, which otherwise forms
and depletes the matrix of available magnesium.
With sufficient strontium present, the spinel forma-
tion is suppressed, nearly all of the magnesium is
available for the age-hardening reaction, and the
composite material exhibits an excellent hardening
response and excellent mechanical properties.
These improvements are not related to wetting
effects, because the matrix alloys containing no
strontium can be fully wetted to the particles. In-
stead, they result from the observed reduction in
spinel formation when aluminum oxide reinforce-
ment is present in an aluminum-based matrix alloy
containing magnesium.

Claims

1. A composite material comprising a mixture of
from 5 to 35 volume percent of aluminum
oxide reinforcing particles and from 95 to 65
volume percent of a maitrix alloy, the matrix
alloy being an aluminum-based alloy contain-
ing from 0.15 to 3 weight percent magnesium
and a sufficient amount of strontium fo reduce
spinel formation in the composite material.
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The composite material of claim 1, wherein the
strontium content is more than about 0.1
weight percent of the matrix.

The composite material of claim 1, wherein the
strontium content is more than about 0.4
weight percent of the matrix.

The composite material of claim 1, wherein the
matrix has a cast microstructure.

The composite material of claim 1, wherein the
aluminum oxide reinforcing particles contain
less than about 0.2 percent by weight sodium.

The composite material of claim 1, wherein the
aluminum oxide reinforcing particles are se-
lected from the group consisting of fused alu-
mina, spray dried alumina, tabular alumina,
and sintered alumina.

The composite material of claim 1, wherein the
minimum dimension of the aluminum oxide
reinforcing particles is in the range from about
S, to about S¢, where Sy and S; are given
respectively by S = KV, and S =
12KV, +1, and Sy and S; are measured in
micrometers, V, is the amount of alumina par-
ticulate present in volume percent of the com-
posite material, and K is a constant approxi-
mately equal to 1.

A composite material comprising a mixture of
from 5 to 35 volume percent of aluminum
oxide reinforcing particles and from 95 to 65
volume percent of a maitrix alloy, the matrix
alloy being an aluminum-based alloy contain-
ing from 0.15 to 3 weight percent magnesium
and from about 0.1 fo about 2 weight percent
of strontium.

A method for preparing a cast composite ma-
terial, comprising the steps of:

providing a mixture having a composition
of from 5 to 35 volume percent of aluminum
oxide reinforcing particles and from 95 to 65
volume percent of a molten maitrix alloy, the
matrix alloy being an aluminum-based alloy
containing from 0.15 to 3 weight percent mag-
nesium and a sufficient amount of strontium to
reduce spinel formation in the composite ma-
terial;

mixing the mixture to wet the matrix alloy
to the particles and to distribute the particles
throughout the volume of the molten matrix;
and

casting the mixture.
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The method of claim 9, wherein the strontium
content is more than about 0.1 weight percent
of the matrix.

The method of claim 9, wherein the strontium
content is more than about 0.4 weight percent
of the matrix.

The method of claim 9, wherein the strontium
content is from about 0.1 to about 2 weight
percent of the matrix.

The method of claim 9, wherein the step of
mixing occurs while minimizing the introduc-
tion of gas into and retention of gas within the
mixture.

The method of claim 9, wherein a vacuum is
applied to the mixture during the step of mix-

ing.

The method of claim 9, wherein a static nitro-
gen atmosphere is applied to the mixture dur-
ing the step of mixing.

The method of claim 9, wherein the aluminum
oxide reinforcing particles contain less than
about 0.2 percent by weight sodium.

The method of claim 9, wherein the aluminum
oxide reinforcing particles are selected from
the group consisting of fused alumina, spray
dried alumina, tabular alumina, and sintered
alumina.

The method of claim 9, wherein the minimum
dimension of the aluminum oxide reinforcing
particles is in the range from about S» to about
S1, where Sy and S are given respectively by
S1 = KVyand S; = 1/2KV,+1,and Sy and S
are measured in micrometers, V, is the
amount of alumina particulate present in vol-
ume percent of the composite material, and K
is a constant approximately equal to 1.

The method of claim 9, wherein the volume
fraction of the aluminum oxide reinforcing par-
ticles is from about 5 to about 35 volume
percent.

A cast composite material prepared by the
method of claim 9.

Patentanspriiche

1.

Verbundmaterial, das eine Mischung von 5 bis
35 Volumenprozent verstirkende Aluminium-
oxidteilchen umfasst, und von 95 bis 65 Volu-
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menprozent einer Matrixlegierung, wobei die
Matrixlegierung eine auf Aluminium beruhende
Legierung ist, die von 0,15 bis 3 Gewichtspro-
zent Magnesium und eine ausreichende Men-
ge Strontium enthilt, um Spinellbildung in dem
Verbundmaterial zu verringern.

Verbundmaterial nach Anspruch 1, in dem der
Strontiumgehalt hSher als ungefdhr 0,1 Ce-
wichtsprozent der Matrix ist.

Verbundmaterial nach Anspruch 1, in dem der
Strontiumgehalt hSher als ungefahr 0,4 Ge-
wichtsprozent der Matrix ist.

Verbundmaterial nach Anspruch 1, in dem die
Matrix eine gegossene Mikrostruktur hat.

Verbundmaterial nach Anspruch 1, in dem die
verstdrkenden Aluminiumoxidteilchen weniger
als ungefdhr 0,2 Gewichtsprozent Natrium ent-
halten.

Verbundmaterial nach Anspruch 1, in dem die
verstdrkenden Aluminiumoxidteilchen von der
Gruppe ausgewdhlt werden, die aus geschmol-
zenem Aluminiumoxid, sprihgetrocknetem Alu-
miniumoxid, tafelférmigem Aluminiumoxid, und
gesintertem Aluminiumoxid besteht.

Verbundmaterial nach Anspruch 1, in dem die
Minimalbemessung der verstidrkenden Alumini-
umoxidteilchen in dem Bereich von ungefdhr
S2 bis ungefdhr S; liegt, worin Sy und Sz
jeweils durch 81 = KV, und S = 12KV, +1
gegeben sind, und Sy und Sz in Mikrometer
gemessen werden, V, die Menge der vorlie-
genden Aluminiumoxidfeststoffteilchen in Volu-
menprozent des Verbundmaterials ist, und K
eine Konstante ungefdhr gleich 1 ist.

Verbundmaterial, das eine Mischung von 5 bis
35 Volumenprozent verstirkende Aluminium-
oxidteilchen umfasst, und von 95 bis 65 Volu-
menprozent einer Matrixlegierung, wobei die
Matrixlegierung eine auf Aluminium beruhende
Legierung ist, die von 0,15 bis 3 Gewichtspro-
zent Magnesium und von ungefdhr 0,1 bis
ungefidhr 2 Gewichtsprozent Stromtium enthilt.

Verfahren zur Herstellung eines gegossenen
Verbundmaterials, das die folgenden Schritte
umfasst:

es wird eine Mischung mit einer Zusammen-
setzung von 5 bis 35 Volumenprozent verstar-
kende Aluminiumoxidteilchen geliefert, und von
95 bis 65 Volumenprozent einer geschmolze-
nen Matrixlegierung, wobei die Matrixlegierung
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eine auf Aluminium beruhende Legierung ist,
die von 0,15 bis 3 Gewichtsprozent Magnesi-
um und eine ausreichende Menge Strontium
enthilt, um Spinellbildung in dem Verbundma-
terial zu verringern;

die Mischung wird gemischt, um die Matrixle-
gierung an die Teilchen zu benetzen, und die
Teilchen durch das Volumen der geschmolze-
nen Matrix zu verteilen;

die Mischung wird gegossen.

Verfahren nach Anspruch 9, in dem der Strom-
tiumgehalt héher als ungefdhr 0,1 Gewichts-
prozent der Matrix ist.

Verfahren nach Anspruch 9, in dem der Strom-
tiumgehalt héher als ungefdhr 0,4 Gewichts-
prozent der Matrix ist.

Verfahren nach Anspruch 9, in dem der Strom-
tiumgehalt von ungefdhr 0,1 bis ungefdhr 2
Gewichtsprozent der Matrix ist.

Verfahren nach Anspruch 9, in dem der Mi-
schungsschritt stattfindet, wahrend die Einfiih-
rung von Gas in die Mischung und das Halten
von Gas in ihr kleingehalten wird.

Verfahren nach Anspruch 9, in dem ein Vaku-
um wihrend des Mischungsschrittes auf die
Mischung angewandt wird.

Verfahren nach Anspruch 9, in dem eine stati-
sche Stickstoffatmosphidre wihrend des Mi-
schungsschrittes auf die Mischung angewandt
wird.

Verfahren nach Anspruch 9, in dem die ver-
stdrkenden Aluminiumoxidteilchen weniger als
ungefdhr 0,2 Gewichtsprozent Natrium enthal-
ten.

Verfahren nach Anspruch 9, in dem die ver-
stdrkenden Aluminiumoxidteilchen von der
Gruppe ausgewdhlt werden, die aus geschmol-
zenem Aluminium, spriihgetrocknetem Alumini-
um, tafelférmigem Aluminium, und gesintertem
Aluminium besteht.

Verfahren nach Anspruch 9, in dem die Mini-
malbemessung der verstdrkenden Aluminium-
teilchen in dem Bereich von ungefdhr S bis
ungefdhr Sy liegt, worin S und S, jewsils
durch 81 = KV, und S; = 1/2KV, +1 gegeben
sind, und S1 und S in Mikrometer gemessen
werden, V, die Menge der vorliegenden Alumi-
niumoxidfeststoffteilchen in Volumenprozent
des Verbundmaterials ist, und K eine Konstan-
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te ungefahr gleich 1 ist.

Verfahren nach Anspruch 1, in dem der Volu-
menbruchteil der verstdrkenden Aluminium-
oxidteilchen von ungefdhr 5 bis ungeféhr 35
Volumenprozent ist.

Gegossenes Verbundmaterial, das durch das
Verfahren nach Anspruch 9 hergestellt wird.

Revendications

Matiére composite comportant un mélange
d'env. 5 & 35 pour cent par volume de parti-
cules de renfort d'oxyde d'aluminium et d'env.
95 2 65 pour cent en volume d'alliage de
matrice, l'alliage de matrice étant un alliage &
base d'aluminium contenant env. 0.15 & 3 pour
cent par poids de magnésium et un montant
suffisant de strontium pour réduire la formation
spinel en matiére composite.

La matieére composite selon la revendication 1
selon laquelle la teneur en strontium est supé-
rieure & 0,1 pour cent par poids de la matrice.

La matieére composite selon la revendication 1
selon laquelle la teneur en strontium est supé-
rieure & env. 0,4 pour cent par poids de la
matrice.

La matiére composite selon la revendication 1,
selon laquelle la matrice comporte une micros-
tructure moulée.

La matiére composite selon la revendication 1,
selon laquelle les particules de renfort d'oxyde
d'aluminium contiennent un montant inférieur 2
env. 0,2 pour cent par poids de sodium.

La matiére composite selon la revendication 1,
selon laquelle les particules de renfort d'oxyde
d'aluminium sont sélectionnées & partir du
groupe consistant d'alumine fondue, d'alumine
séchée par pulvérisation, d'alumine lamellaire
et d'alumine frittée.

La matiére composite selon la revendication 1,
selon laquelle la cote minimum des particules
de renfort d'oxyde d'aluminium se situe dans
la fourchette d'env. Sy & env. S, selon laquel-
le S1 et S, sont obtenus respectivement a
partir de Sy = KV, et S, = 12 KV,+1, et S,
et S> sont mesurés en microns, V, est le
montant de particules d'alumine en poucenta-
ge de volume de la matieere composite, et K
est une constante approximativement égale 2
1.
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Matiére composite comportant uin mélange
d'env. 5 & 35 pour cent en volume de parti-
cules de renfort d'oxyde d'aluminium et d'env.
95 3 65 pour cent en volume d'un alliage de
matrice, l'alliage de matrice étant un alliage &
base d'aluminium contenant 0,15 & 3 pour cent
par poids de magnésium et env. 0,1 3 2 pour
cent de strontium.

Méthode de préparation de matieére composite
moulée comporiant les phases suivantes:

préparation d'un mélange ayant une com-
position d'env. 5 & 35 pour cent par volume de
particules de renfort d'oxyde d'aluminium et
d'env. 95 & 65 pour cent en volume de fusion
d'alliage de matrice, ledit alliage de matrice
étant un alliage & base d'aluminium contenant
0.15 & 3 pour cent par poids de magnésium et
un montant suffisant de strontium pour réduire
la formation spinel dans la matiére composite;

le mélange de la préparation pour humidi-
fier l'alliage de matrice sur les particules et
pour distribuer les particules dans le volume
entier de la fusion de matrice; et

le moulage du mélange.

La méthode selon la revendication 9, suivant
laquelle la teneur en strontium est supérieure 2
env. 0,1 par poids de la matrice.

La méthode selon la revendication 9, suivant
laquelle la teneur en strontium est supérieure 2
env. 0,4 par poids de la matrice.

La méthode selon la revendication 9, suivant
laquelle la teneur en strontium est d'env. 0.1 3
2 pour cent par poids de la matrice. supérieure
a env. 0,4 par poids de la matrice.

La méthode selon la revendication 9, suivant
laquelle la phase de mélane est assurée en
minimisant l'introduction et la rétention de gaz
dans le mélange.

La méthode selon la revendication 9, suivant
laguelle le mélange de la préparation est effec-
tué sous vide.

La méthode selon la revendication 9, suivant
laguelle le mélange de la préparation est effec-
tué sous atmosphére d'azote.

La méthode selon la revendication 9, suivant
laquelle la teneur en sodium des particules de
renfort d'oxyde d'aluminium est inférieure 2
env. 0,2 pour cent par poids.
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La méthode selon la revendication 9, suivant
laquelle les particules de renfort d'oxyde d'alu-
minium sont sélectionnées 2 partir du groupe
de fusion d'alumine, d'alumine séchée par pul-
vérisation, d'alumine lamellaire, et d'alumine
frittée.

La matiére composite selon la revendication 1,
selon laquelle la cote minimum des particules
de renfort d'oxyde d'aluminium se situe dans
la fourchette d'env. Sy & env. S, selon laquel-
le S1 et S, sont obtenus respectivement a
partir de Sy = KV, et S, = 12 KV,+1, et S,
et S> sont mesurés en microns, V, est le
montant de particules d'alumine en pourcenta-
ge de volume de la matiere composite, et K
est une constante approximativement égale 2
1.

La méthode selon la revendication 9, selon
lawuelle la fraction de particules de renfort
d'oxyde d'alumine est d'env. 5 3 env. 35 pour
cent par volume.

Matieére composite moulée préparée selon la
méthode 2 la revendication 9.
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