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(54) HEAT RESISTANT ALUMINUM ALLOY, AND METHOD FOR MANUFACTURING SAME

(57) Disclosed is a heat-resistant aluminum alloy in-
cluding aluminum and two types of alloy elements which
are combined while forming a homogeneous solid solu-
tion reinforcing phase. The disclosed heat-resistant alu-
minum alloy includes the alloy elements that form a ho-
mogeneous solid solution and do not have a solvus line
with respect to aluminum as a matrix metal and, there-
fore, the formed homogeneous solid solution reinforcing
phase does not react with aluminum even at a tempera-
ture up to 300°C, thus not becoming coarse or undergo-
ing phase decomposition. Consequently, the disclosed
aluminum alloy may have remarkably enhanced heat re-
sistance.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to a heat-resistant
aluminum alloy and a method for manufacturing the same
and, more particularly, to a heat-resistant aluminum alloy
including aluminum and additional elements having no
solvus line or a solvus line of less than 1 wt.% with respect
to aluminum, which form a homogeneous solid solution,
thus being stable even at a high temperature, as well as
a method for manufacturing the same.

Description of the Related Art

[0002] Currently developed heat-resistant aluminum
alloys have heat resistance properties realized by dis-
persing and controlling an Al-Si-transition element inter-
metallic compound or Al-X (Fe, Cu, Cr, Mn, Ti) interme-
tallic compound in the form of a crystalline phase created
by solidification, that is a phase transformation from liquid
to solid, as well as a precipitation phase created on a
solid phase through heat treatment, on an aluminum
and/or aluminum alloy matrix.
[0003] However, such alloys having enhanced heat re-
sistance through crystallization and/or precipitation of in-
termetallic compounds on the aluminum and/or alumi-
num alloy matrix entail a problem of deteriorated heat
resistance at a temperature of 200°C or higher.
[0004] FIG. 1 is a schematic drawing illustrating high
temperature behavior of elements added to a heat-re-
sistant aluminum alloy in the related art. As shown in the
figure, in the case where the typical heat-resistant alu-
minum alloy is kept at a temperature of 200°C or higher
for a long period of time, the crystallized and/or precipi-
tated intermetallic compound reacts with aluminum as
the matrix to form a new intermediate phase in order to
retain thermodynamic equilibrium or, otherwise, the in-
termetallic compound becomes coarse. As a result, prob-
lems such as occurrence of cracks and/or transition may
be encountered, which in turn deteriorates heat resist-
ance. Accordingly, the foregoing alloys entail limitation
in usage under high temperature conditions of 200°C or
higher.
[0005] Meanwhile, aluminum composite has heat re-
sistance obtained by dispersing nitride, boride, oxide
and/or carbide in a reinforcing phase on an aluminum
alloy matrix. Such an aluminum matrix composite mate-
rial shows superior heat resistance over a heat-resistant
alloy using an intermetallic compound.
[0006] However, an aluminum matrix composite ma-
terial has a difficulty in uniformly controlling the reinforc-
ing phase, while a powder based composite material has
a disadvantage of poor price competitiveness. In the case
where an interfacial reaction occurs between a matrix
metal type aluminum and/or aluminum alloy and a rein-

forcing phase, characteristics of the aluminum based
composite material are drastically degraded.
[0007] In other words, for the heat-resistant alloy hav-
ing the controlled intermetallic compound and composite
material reinforcing phase described above, the interme-
tallic compound or reinforcing-phase may undesirably re-
act, thus causing a problem such as considerable deg-
radation in heat resistance of the heat-resistant alloy.
[0008] Furthermore, each of aluminum alloys commer-
cially available on the market, which include the heat-
resistant alloys current developed in the related art, gen-
erally contains at least 10 kinds of additional elements.
Therefore, in the case where the aluminum alloy is reused
(or recycled), aluminum may undesirably react with the
additional elements during remelting, which in turn caus-
es difficulties with active selection (or screening), thus
entailing limitation in reusing the same.

SUMMARY OF THE INVENTION

[0009] Therefore, the present invention is directed to
solving the above problems and it is an object of the
present invention to provide a heat-resistant aluminum
alloy having a stable reinforcing-phase which does not
coarse or is not phase decomposed by reaction with alu-
minum as a matrix metal at a high temperature, manu-
factured using aluminum and alloy elements having no
solvus line with respect to aluminum and, in addition, a
method for manufacturing the foregoing alloy.
[0010] Another object of the present invention is to pro-
vide a predetermined content of alloy elements enabling
retention of a stable reinforcing phase.
[0011] In order to accomplish the objects described
above, there is provided a heat-resistant aluminum alloy,
characterized in that two types of alloy elements having
no solvus line with respect to aluminum are combined
while forming a homogeneous solid solution reinforcing
phase.
[0012] The alloy elements are contained in an amount
of 0.5 to 10 wt.% relative to the aluminum.
[0013] Moreover, there is provided a method of man-
ufacturing a heat-resistant aluminum alloy, including;
adding alloy elements to an aluminum melt composed of
molten aluminum and casting the melt after the alloy el-
ements are fused in the melt, resulting in the aluminum
alloy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The above and other objects, features and other
advantages of the present invention will be more clearly
understood from the following detailed description taken
in conjunction with the accompanying drawings, in which:

FIG. 1 is a schematic view illustrating high temper-
ature behavior of elements added to a heat-resistant
alloy in the related art;
FIG. 2 is a schematic view illustrating a stable high
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temperature behavior of a homogeneous solid solu-
tion reinforcing phase in a heat-resistant aluminum
alloy according to the present invention;
FIGS. 3 to 10 illustrate binary alloy phase diagrams
of various alloy elements; in particular, FIG. 3 is a
chromium-tungsten (Cr-W) phase diagram, FIG. 4
is a copper-nickel (Cu-Ni) phase diagram, FIG. 5 is
an iron-chromium (Fe-Cr) phase diagram, FIG. 6 is
an iron-manganese (Fe-Mn) phase diagram, FIG. 7
is a manganese-vanadium (Mn-V) phase diagram,
FIG. 8 is a cobalt-nickel (Co-Ni) phase diagram, FIG.
is an iron-nickel (Fe-Ni) phase diagram , and FIG.
10 is a copper-manganese (Cu-Mn) phase diagram;
FIG. 11 is an optical micrograph of the microstructure
of a specimen prepared in Preparative Example 1;
FIGS. 12 to 14 are each a photograph illustrating
mapping results of the microstructure of specimens
prepared in Preparative Examples 1 to 3, using an
electron probe micro-analyzer (EPMA), in particular,
FIG. 12 is of Preparative Example 1, FIG 13 is of
Preparative Example 2 and FIG. 14 is of Preparative
Example 3, respectively;
FIG. 15 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 1 to 300°C for 200 hours;
FIG. 16 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 1 then casting the same;
FIG. 17 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 4, depending upon
content of additional alloy elements;
FIG. 18 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 5;
FIG. 19 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 5, using an EPMA;
FIG. 20 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 5 to 300°C for 200 hours;
FIG. 21 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 5 then casting the same;
FIG. 22 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 6, depending upon
content of additional alloy elements;
FIG. 23 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 7;
FIG. 24 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 7, using an EPMA;

FIG. 25 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 7 to 300°C for 200 hours;
FIG. 26 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 7 then casting the same;
FIG. 27 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 8;
FIG. 28 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 8, using an EPMA;
FIG. 29 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 8 to 300°C for 200 hours;
FIG. 30 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 8 then casting the same;
FIG. 31 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 9, depending upon
content of additional alloy elements;
FIG. 32 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 10;
FIG. 33 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 10, using an EPMA;
FIG. 34 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 10 to 300°C for 200 hours;
FIG. 35 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 10 then casting the same;
FIG. 36 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 11, depending upon
content of additional alloy elements;
FIG. 37 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 12;
FIG. 38 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 12, using an EPMA;
FIG. 39 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 12 to 300°C for 200 hours;
FIG. 40 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 12 then casting the same;
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FIG. 41 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 13, depending upon
content of additional alloy elements;
FIG. 42 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 14;
FIG. 43 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 14, using an EPMA;
FIG. 44 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 14 to 300°C for 200 hours;
FIG. 45 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 14 then casting the same;
FIG. 46 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 15, depending upon
content of additional alloy elements;
FIG. 47 is an optical micrograph illustrating observed
results of the microstructure of a specimen prepared
in Preparative Example 16;
FIG. 48 is a photograph illustrating mapping results
of the microstructure of the specimen prepared in
Preparative Example 16, using an EPMA;
FIG. 49 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after heating the specimen prepared in Preparative
Example 16 to 300°C for 200 hours;
FIG. 50 is an optical micrograph illustrating observed
results of the microstructure of a specimen obtained
after remelting the specimen prepared in Preparative
Example 16 then casting the same;
FIG. 51 shows a graph of average sizes of homoge-
neous solid solutions of respective specimens pre-
pared in Preparative Example 17, depending upon
content of additional alloy elements;

DETAILED DESCRIPTION OF THE INVENTION

[0015] Hereinafter, preferred embodiments of the
present invention will be described in detail with refer-
ence to the annexed drawings.
[0016] FIG. 2 is a schematic view illustrating a stable
high temperature behavior of a homogeneous solid so-
lution reinforcing phase formed in a heat-resistant alumi-
num alloy according to the present invention. As shown
in FIG. 2, the heat-resistant aluminum alloy of the present
invention is characterized in that it comprises alloy ele-
ments having no solvus line or a solvus line of less than
1% with respect to aluminum while forming a homoge-
neous solid solution to each other on an aluminum matrix,
thereby not undergoing thermal decomposition or be-
coming coarse even at a high temperature.
[0017] Briefly, the present invention provides a heat-

resistant aluminum alloy including; two kinds of alloy el-
ements, which form a homogeneous solid solution, thus
being combined while forming a homogeneous solid so-
lution reinforcing phase. For the foregoing heat-resistant
aluminum alloy, an alloy element having no solvus line
or a solvus of less than 1% with respect to aluminum and,
therefore, not forming an intermetallic compound with
aluminum but forming a homogenous solid solution re-
inforcing phase, even when adding the alloy element to
the aluminum, wherein the homogeneous solid solution
reinforcing phase is present in a single phase and ther-
modynamically stable, may be used.
[0018] Accordingly, the homogenous solid solution re-
inforcing phase does not react with aluminum even at a
high temperature of 200°C or higher, the reinforcing
phase does not coarsen or is not thermally decomposed
and, even when heating the same to a melting point of
aluminum, the homogeneous solid solution formed in the
aluminum may be stably maintained. In addition, even
when the prepared heat-resistant aluminum alloy under-
goes remelting, the formed homogeneous solid solution
reinforcing phase may be stably maintained. These ef-
fects may be identified by the following experimental re-
sults.
[0019] According to the present invention, the forego-
ing two types of alloy elements may include chromium
(Cr) and tungsten (W). The solid solution reinforcing
phase made of these alloy elements, that is, Cr and W,
may maintain a stable single phase at a temperature up
to 1800°C and have a size ranging from 1 to 200Pm.
[0020] Alternatively, the two alloy elements used here-
in may be copper (Cu) and nickel (Ni). A homogeneous
solid solution reinforcing phase made of these alloy ele-
ments, that is, Cu and Ni, may be stable at a temperature
up to 873°C and have a crystal interface shape with a
size ranging from 1 to 50Pm.
[0021] Alternatively, the two alloy elements used here-
in may be iron (Fe) and chromium (Cr). A homogeneous
solid solution reinforcing phase made of Fe and Cr may
be maintained in a stable single phase at a temperature
up to 1500°C and have a facet shape with a size ranging
from 1 to 60Pm.
[0022] Alternatively, the two alloy elements used here-
in may be iron (Fe) and manganese (Mn). A homogene-
ous solid solution reinforcing phase made of Fe and Mn
may have heat resistance at a temperature up to 1245°C
and be formed in a facet shape with a size ranging from
1 to 50Pm.
[0023] Alternatively, the two alloy elements used here-
in may be manganese (Mn) and vanadium (V). A homo-
geneous solid solution reinforcing phase made of Mn and
V may maintain a stable single phase at a temperature
up to 1245°C and have a facet shape with a size ranging
from 1 to 100Pm.
[0024] Alternatively, the two alloy elements used here-
in may be cobalt (Co) and nickel (Ni). A homogeneous
solid solution reinforcing phase made of Co and Ni may
show heat resistance at a temperature up to 1490°C and
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be formed in a needle-like shape with a size ranging from
1 to 70Pm.
[0025] Alternatively, the two alloy elements used here-
in may be iron (Fe) and nickel (Ni). A homogeneous solid
solution reinforcing phase made of Fe and Ni may main-
tain a stable single phase at a temperature up to 1245°C
and have a granular shape with a size ranging from 1 to
30Pm.
[0026] Alternatively, the two alloy elements used here-
in may be copper (Cu) and manganese (Mn). A homo-
geneous solid solution reinforcing phase made of Fe and
Ni may maintain a stable single phase at a temperature
up to 873°C and have a size ranging from 1 to 10Pm.
[0027] As described above, the heat-resistant alumi-
num alloy of the present invention which has a homoge-
neous solid solution reinforcing phase composed of two
types of alloy elements used herein may have improved
heat resistance, compared to a heat-resistant aluminum
alloy in the related art that losses heat resistance at
200°C or higher. Therefore, the inventive aluminum alloy
may be present in a single phase at 300°C or higher and,
even when remelting the same, may stably maintain the
single phase. Such results may be identified by the fol-
lowing experiments.
[0028] The alloy element may be contained in an
amount of 0.5 to 10 wt.% relative to aluminum. If a content
of the alloy element is less than 0.5 wt.% relative to alu-
minum, the content of the alloy element is not sufficient,
thus causing a decrease in reinforcing effects of the ho-
mogeneous solid solution. In contrast, if the content of
the alloy element exceeds 10 wt.% relative to aluminum,
the homogeneous solid solution reinforcing phase be-
comes coarse and, due to a ratio of the coarse reinforcing
phase, a problem in casting and/or segregation may be
encountered.
[0029] In addition, since the foregoing two kinds of al-
loy elements are capable of forming a homogeneous sol-
id solution, a mixing ratio thereof is not particularly limited.
However, according to the present invention, an amount
of one of the alloy elements may range from 10 to 90 wt.
% while the other may be contained in an amount of 90
to 10 wt.%.
[0030] The heat-resistant aluminum alloy according to
the present invention may be manufactured by adding
the alloy elements to an aluminum melt comprising mol-
ten aluminum to fuse the alloy elements therein, and then,
casting the melt. In this regard, aluminum melting may
be executed at about 700°C, 30 to 40°C higher than the
melting point of aluminum, that is, 660°C, in consideration
of heat loss.
[0031] Further, the present invention may use chromi-
um (Cr) and tungsten (W) as the alloy elements. In this
case, Cr and W may be directly added to an aluminum
melt or, otherwise, added in a Cr-W master alloy form.
The alloy elements may also be added in both of Al-Cr
master alloy and Al-W master alloy forms.
[0032] Alternatively, copper (Cu) and nickel (Ni) may
be used as the alloy elements. In this case, Cu and Ni

may be directly added to an aluminum melt or, otherwise,
added in a Cu-Ni master alloy form. The alloy elements
may also be added in both of Al-Cu master alloy and Al-
Ni master alloy forms.
[0033] Alternatively, iron (Fe) and chromium (Cr) may
be used as the alloy elements. In this case, Fe and Cr
may be directly added to an aluminum melt or, otherwise,
added in an Fe-Cr master alloy form. The alloy elements
may also be added in both of Al-Fe master alloy and Al-
Cr master alloy forms.
[0034] Alternatively, iron (Fe) and manganese (Mn)
may be used as the alloy elements. In this case, Fe and
Mn may be directly added to an aluminum melt or, oth-
erwise, added in an Fe-Mn master alloy form. The alloy
elements may also be added in both of Al-Fe master alloy
and Al-Mn master alloy forms.
[0035] Alternatively, manganese (Mn) and vanadium
(V) may be used as the alloy elements. In this case, Mn
and V may be directly added to an aluminum melt or,
otherwise, added in an Mn-V master alloy form. The alloy
elements may also be added in both of Al-Mn master
alloy and Al-V master alloy forms.
[0036] Alternatively, cobalt (Co) and nickel (Ni) may
be used as the alloy elements. In this case, Co and Ni
may be directly added to an aluminum melt or, otherwise,
added in a Co-Ni master alloy form. The alloy elements
may also be added in both of Al-Co master alloy and Al-
Ni master alloy forms.
[0037] Alternatively, iron (Fe) and nickel (Ni) may be
used as the alloy elements. In this case, Fe and Ni may
be directly added to an aluminum melt or, otherwise, add-
ed in an Fe-Ni master alloy form. The alloy elements may
also be added in both of Al-Fe master alloy and Al-Ni
master alloy forms.
[0038] Alternatively, copper (Cu) and manganese (Mn)
may be used as the alloy elements. In this case, Cu and
Mn may be directly added to an aluminum melt or, oth-
erwise, added in a Cu-Mn master alloy form. The alloy
elements may also be added in both of Al-Cu master
alloy and Al-Mn master alloy forms.
[0039] Meanwhile, preparation of a master alloy com-
prising each of the alloy elements may be executed by
a variety of dissolution methods in the related art. Ac-
cording to the present invention, the master alloy may be
prepared by: plasma arc melting (PAM) that uses a plas-
ma arc as a heat source and enables dissolution in a
wide range from a low vacuum to atmospheric pressure;
or vacuum induction melting (VIM) that uses Joule heat
generated by eddy current, which flows in a metal con-
ductor in an opposite direction of current of a coil based
on electron induction, to heat and melt the conductor,
thereby easily controlling temperature and constitutional
components via strong agitation in the melt.
[0040] The alloy element may be added in an amount
of 0.5 to 10 wt.% relative to aluminum. The reason for
this is that the content range defined as above is most
preferable to prevent segregation due to coarsening of
the homogeneous solid solution reinforcing phase in the
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heat-resistant aluminum alloy prepared by the manufac-
turing method described above and, in addition, to max-
imize reinforcing effects.
[0041] Hereinafter, the following experiments have
been executed to demonstrate effects of the heat-resist-
ant alloy according to the present invention.
[0042] FIGS. 3 to 10 show binary alloy phase diagrams
of respective alloy elements, in particular, FIG. 3 is a Cr-
W alloy phase diagram, FIG. 4 is a Cu-Ni alloy phase
diagram, FIG. 5 is a Fe-Cr alloy phase diagram, FIG. 6
is an Fe-Mn alloy phase diagram, FIG. 7 is an Mn-V alloy
phase diagram, FIG. 8 is a Co-Ni alloy phase diagram,
FIG. 9 is an Fe-Ni alloy phase diagram, and FIG. 10 is a
Cu-Mn alloy phase diagram.
[0043] As shown in FIG. 3, it can be seen that Cr and
W form a homogeneous solid solution and the homoge-
neous solid solution is stable as a solid phase up to a
temperature of 1800°C, which is considerably higher than
a melting point of aluminum, that is, 660°C.
[0044] In other words, the heat-resistant aluminum al-
loy having a homogeneous solid solution reinforcing
phase of Cr and W may maintain a stable single phase
at a temperature 3 times higher than the melting point of
aluminum and it may be presumed that the homogene-
ous solid solution reinforcing phase does not coarsen nor
is decomposed even at a temperature up to 1800°C. Con-
sequently, the foregoing aluminum alloy may be suitably
utilized as a piston of a diesel engine or aircraft parts,
which are typically used at a high temperature, for exam-
ple, 1800°C.
[0045] In addition, FIG. 4 demonstrates that Cu and Ni
form a homogeneous solid solution and the homogene-
ous solid solution is stably maintained as a solid phase
up to a temperature of 870°C, which is higher than the
melting point of aluminum, that is, 660°C.
[0046] Therefore, it may be presumed that the heat-
resistant aluminum alloy having a homogeneous solid
solution reinforcing phase composed of Cu and Ni does
not entail problems such as coarsening or decomposition
of the Cu-Ni homogeneous solid solution reinforcing
phase at a temperature of about 800°C.
[0047] Further, FIG. 5 demonstrates that Fe and Cr
form a homogeneous solid solution and the homogene-
ous solid solution is stably maintained as a solid phase
up to a temperature of 1500°C, which is considerably
higher than the melting point of aluminum, that is, 660°C.
[0048] Briefly, the heat-resistant aluminum alloy hav-
ing a homogeneous solid solution composed of Fe and
Cr may maintain a single phase even at a temperature
2 times higher than the melting point of aluminum. There-
fore, the Fe-Cr homogeneous solid solution reinforcing
phase may neither coarsen nor be decomposed even at
a high temperature of about 1500°C. Based on such char-
acteristics, the foregoing aluminum alloy may be easily
used for parts such as a gas turbine engine block of a
turbocharger.
[0049] Further, it can be seen from FIG. 6 that Fe and
Mn form a homogeneous solid solution and the homo-

geneous solid solution is stably maintained as a solid
phase up to a temperature of 1245°C, which is consid-
erably higher than the melting point of aluminum, that is,
660°C.
[0050] Briefly, the heat-resistant aluminum alloy hav-
ing a homogeneous solid solution composed of Fe and
Mn may maintain a single phase even at a temperature
2 times higher than the melting point of aluminum. There-
fore, the Fe-Cr homogeneous solid solution reinforcing
phase neither coarsens nor is decomposed even at a
high temperature of about 1245°C. Based on such char-
acteristics, the foregoing aluminum alloy may be easily
used for, for example, a diesel engine block.
[0051] Further, it can be seen from FIG. 7 that Mn and
V form a homogeneous solid solution and the homoge-
neous solid solution is stably maintained as a solid phase
up to a temperature of 1245°C, which is considerably
higher than the melting point of aluminum, that is, 660°C.
[0052] Briefly, the heat-resistant aluminum alloy hav-
ing a homogeneous solid solution composed of Mn and
V may maintain a single phase even at a temperature 2
times higher than the melting point of aluminum. There-
fore, the Mn-V homogeneous solid solution reinforcing
phase neither coarsens nor is decomposed even at a
high temperature of about 1245°C. Consequently, the
foregoing aluminum alloy may be easily used for, for ex-
ample, a lineless engine block in a gasoline engine and/or
other vehicle parts.
[0053] Further, it can be seen from FIG. 8 that Co and
Ni form a homogeneous solid solution to each other and
the homogeneous solid solution is stably maintained as
a solid phase up to a temperature of 1490°C, which is
830°C higher than the melting point of aluminum, that is,
660°C.
[0054] Briefly, the heat-resistant aluminum alloy hav-
ing a homogeneous solid solution composed of Co and
Ni may maintain a single phase even at a temperature
about 830°C higher than the melting point of aluminum.
Therefore, the Co-Ni homogeneous solid solution rein-
forcing phase neither coarsens nor is decomposed even
at a temperature of 300°C or higher, or during remelting.
When the foregoing aluminum alloy is applied to a piston
of a diesel engine, or the like, engine efficiency may be
favorably enhanced.
[0055] Further, it can be seen from FIG. 9 that Fe and
Ni form a homogeneous solid solution and the homoge-
neous solid solution is stably maintained as a solid phase
up to a temperature of 1245°C, which is considerably
higher than the melting point of aluminum.
[0056] Briefly, the heat-resistant aluminum alloy hav-
ing a homogeneous solid solution composed of Fe and
Ni may maintain a single phase even at a temperature
about 600°C higher than the melting point of aluminum.
Therefore, on the basis of thermodynamic calculation, it
may be presumed that the Fe-Ni homogeneous solid so-
lution reinforcing phase neither coarsens nor is decom-
posed at a temperature up to 1245°C. The foregoing alu-
minum alloy may be widely applied to existing car engine
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materials and parts of, for example, an aircraft.
[0057] Further, it can be seen from FIG. 10 that Cu and
Mn form a homogeneous solid solution and the homo-
geneous solid solution is stably maintained as a solid
phase up to a temperature of 873°C, which is higher than
the melting point of aluminum, that is, 660°C.
[0058] Briefly, the heat-resistant aluminum alloy hav-
ing a homogeneous solid solution composed of Cu and
Mn may maintain a single phase even at a high temper-
ature of 300°C or higher, thus exhibiting excellent heat
resistance. Moreover, since the Cu-Mn homogeneous
solid solution reinforcing phase neither coarsens nor is
decomposed at a temperature of about 800°C, which is
higher than the melting point of aluminum, aluminum and
the additional elements, that is, Cu and Mn, may be ac-
tively recycled.

[Example 1]

[0059] Cr-W homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 1 -

[0060] While an aluminum melt comprising molten alu-
minum prepared at 700°C, was maintained at 700°C, Cr
and W as alloy elements were added in an amount of 1.5
wt.%, respectively, to the melt and the melt was main-
tained for 30 to 60 minutes to completely fuse Cr and W.
Then, the mixture was subjected to casting, resulting in
a specimen of a heat-resistant aluminum alloy having a
Cr-W homogeneous solid solution reinforcing phase
(hereinafter, referred to as ’Cr-W homogeneous solid so-
lution reinforcing type heat-resistant aluminum alloy’).

- PREPARATIVE EXAMPLE 2 -

[0061] While an aluminum melt comprising molten alu-
minum prepared at 700°C, was maintained at 700°C, an
Al-Cr master alloy containing 50 wt.% of Cr and an Al-W
master alloy containing 50 wt.% of W were added in an
amount of 1.5 wt.%, respectively, to the melt and the melt
was maintained for 30 to 60 minutes to completely fuse
both the Al-Cr master alloy and the Al-W master alloy.
Then, the mixture was subjected to casting, resulting in
a specimen of a Cr-W homogeneous solid solution rein-
forcing type heat-resistant aluminum alloy.

- PREPARATIVE EXAMPLE 3 -

[0062] While an aluminum melt comprising molten alu-
minum prepared at 700°C, was maintained at 700°C, a
Cr-W master alloy, which is prepared with a relative ratio
of Cr:W of 50 wt.% to 50 wt.% through Plasma Arc Melting
(PAM), was added in an amount of 3 wt.% relative to
aluminum to the melt and the melt was maintained for 30
to 60 minutes to completely fuse the Cr-W master alloy.
Then, the mixture was subjected to casting, resulting in

a specimen of a Cr-W homogeneous solid solution rein-
forcing type heat-resistant aluminum alloy.
[0063] FIG. 11 is an optical micrograph of the micro-
structure of a specimen prepared in Preparative Example
1, wherein the specimen was ground using SiC Emery
paper #200, 400, 600, 800, 1000, 1500 and 2400 and
then finely ground using 1Pm Al2O3 powder, followed by
observation of a structure of the specimen through an
optical microscope. From FIG. 11, it was confirmed that
the heat-resistant aluminum alloy according to the man-
ufacturing method of the present invention has a rein-
forcing phase in a facet shape with a size of 1 to 200Pm.
[0064] FIGS. 12 to 14 are each a photograph illustrat-
ing mapping results of the microstructure of specimens
prepared in Preparative Examples 1 to 3, using an elec-
tron probe micro-analyzer (EPMA).
[0065] As shown in FIG. 12, the specimen prepared in
Preparative Example 1 demonstrated that the reinforcing
phase in the facet shape shown in FIG. 11 is a Cr-W
homogeneous solid solution. Also, from respective spec-
imens prepared in Preparative Examples 2 and 3 shown
in FIGS. 13 and 14, respectively, it was found that Cr and
W in each of the specimens form a homogeneous solid
solution.
[0066] With reference to results of FIGS. 12 to 14, it
can be understood that a route of adding Cr and W as
alloy elements present in the heat-resistant aluminum
alloy according to the present invention does not relate
to formation of the homogeneous solid solution.
[0067] Further, in order to assay high temperature sta-
bility of the Cr-W homogeneous solid solution reinforcing
type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 1 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heat
treated specimen through an optical microscope. The ob-
served results are shown in FIG. 15.
[0068] As shown in FIG. 15, the reinforcing phase com-
posed of the Cr-W homogeneous solid solution exhibited
a reinforcing phase in the same facet shape as the micro-
structure shown in FIG. 11, as compared to the existing
intermetallic compound that becomes coarse or under-
goes phase decomposition in an aluminum matrix at a
high temperature. Also, since coarsening or phase de-
composition of the reinforcing phase was not observed,
it can be understood that the Cr-W homogeneous solid
solution reinforcing phase of the Cr-W homogeneous sol-
id solution reinforcing type heat-resistant aluminum alloy
is stable even at 300°C.
[0069] FIG. 16 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 1 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example
1 to a melting point of aluminum, and casting the treated
specimen.
[0070] As shown in FIG. 16, it can be seen that the
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homogeneous solid solution formed in the Cr-W homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 3, instead, it maintained the reinforcing phase.
From these results, it may be presumed that, when being
recycled, the heat-resistant aluminum alloy according to
the present invention may be effectively utilized to ac-
tively recycle aluminum as a matrix metal, as well as Cr
and W as alloy elements, to eco-friendly Virgin levels
thereof.

- PREPARATIVE EXAMPLE 4 -

[0071] While an aluminum melt comprising molten alu-
minum prepared at 700°C, was maintained at 700°C, a
Cr-W master alloy, which is prepared with a relative ratio
of Cr:W of 50 wt.% to 50 wt.% through Plasma Arc Melting
(PAM), was added in amounts of 0.5 wt.%, 1 wt.%, 3 wt.
%, 5 wt.%, 7 wt.%, 9 wt.%, 10 wt.% and 11 wt.%, respec-
tively, relative to aluminum, to the melt. Following this,
the melt was maintained for 30 to 60 minutes to com-
pletely fuse the added Cr-W master alloy, followed by
casting the melt, resulting in a specimen of a Cr-W ho-
mogeneous solid solution reinforcing type heat-resistant
aluminum alloy.
[0072] FIG. 17 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 4, depending upon the
content of additional alloy elements. After assaying an
image of the microstructure of each specimen prepared
in Preparative Example 4 through an optical microscope,
an average size of homogeneous solid solutions with dif-
ferent contents of alloy elements was determined from
the assayed image using an image analyzer.
[0073] As a result, it was confirmed that, if 0.5 wt.% of
Cr-W master ally is added, an amount of the formed ho-
mogeneous solid solution is decreased and a size thereof
was also small to about 10Pm. On the other hand, when
the added amount is 10 wt.% or more, a size of the ho-
mogeneous solid solution is 300Pm or more, thus coars-
ening too much.
[0074] Consequently, the Cr-W homogeneous solid
solution reinforcing type heat-resistant aluminum alloy
according to the present invention may include a suffi-
cient amount of homogeneous solid solution formed
therein, to thereby exhibit favorable alloy effects, in the
case where a content of each alloy element added to
aluminum ranges from 0.5 wt.% to 10 wt.%. Moreover,
problems such as segregation due to coarsening may be
prevented.

[Example 2]

[0075] Cu-Ni homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 5 -

[0076] A specimen of a heat-resistant aluminum alloy
having a Cu-Ni homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Cu-Ni homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-
scribed in Preparative Example 1, except that Cu and Ni
were used as alloy elements in an amount 1.5 wt.% for
each.
[0077] FIG. 18 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 5, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observing a structure of the
specimen through an optical microscope. As a result, it
was found that the Cu-Ni homogeneous solid solution
reinforcing type heat-resistant aluminum alloy specimen
prepared in Preparative Example 5 has a reinforcing
phase in a crystal interface shape with a size of 1 to 50Pm.
[0078] FIG. 19 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 5, using an EPMA. From this figure,
it was confirmed that the reinforcing phase in the crystal
interface shape is a Cu-Ni homogeneous solid solution.
[0079] Further, in order to assay high temperature sta-
bility of the Cu-Ni homogeneous solid solution reinforcing
type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 5 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 20.
[0080] As shown in FIG. 20, the reinforcing phase com-
posed of the Cr-W homogeneous solid solution exhibited
a reinforcing phase in the same crystal interface shape
as the microstructure shown in FIG. 18, as compared to
the existing intermetallic compound that becomes coarse
or undergoes phase decomposition in an aluminum ma-
trix at a high temperature. Also, since coarsening or
phase decomposition of the reinforcing phase was not
observed, it can be understood that the Cu-Ni homoge-
neous solid solution reinforcing phase of the Cu-Ni ho-
mogeneous solid solution reinforcing type heat-resistant
aluminum alloy is stable even at 300°C.
[0081] FIG. 21 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 5 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example
5 to the melting point of aluminum, and casting the treated
specimen.
[0082] As shown in FIG. 21, it can be seen that the
homogeneous solid solution formed in the Cu-Ni homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
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coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 4, instead, it maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics and a feature that the Cu-Ni homogene-
ous solid solution reinforcing phase has 3.3 times the
specific gravity of aluminum, the foregoing heat-resistant
aluminum alloy may be effectively utilized to actively se-
lect and recycle aluminum as a matrix metal, as well as
Cr and W as alloy elements to eco-friendly Virgin levels
thereof, in the case where the heat-resistant aluminum
is recycled.

- PREPARATIVE EXAMPLE 6 -

[0083] A specimen of a Cu-Ni homogeneous solid so-
lution reinforcing type heat-resistant aluminum alloy was
prepared by the same procedures as described in Pre-
parative Example 4, except that a Cu-Ni master alloy
prepared with a relative ratio of Cu:Ni of 50 wt.% to 50
wt.%, through Plasma Arc Melting (PAM), was used.
[0084] FIG. 22 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 6, depending upon the
content of additional alloy elements thereof. After assay-
ing an image of the microstructure of each specimen pre-
pared in Preparative Example 6 through an optical mi-
croscope, an average size of homogeneous solid solu-
tions with different contents of alloy elements was deter-
mined from the assayed image using an image analyzer.
[0085] As a result, it was confirmed that, if 0.5 wt.% of
Cu-Ni master alloy is added, an amount of the formed
homogeneous solid solution is decreased and a size
thereof was too small to about 1Pm, thus not being meas-
urable. On the other hand, when the added amount is 10
wt.% or more, a size of the homogeneous solid solution
is 300Pm or more, thus coarsening too much. Conse-
quently, the Cu-Ni homogeneous solid solution reinforc-
ing type heat-resistant aluminum alloy according to the
present invention may include a sufficient amount of ho-
mogeneous solid solution formed therein, to thereby ex-
hibit favorable alloy effects, in the case where a content
of each alloy element added to aluminum ranges from
0.5 wt.% to 10 wt.%. Moreover, problems such as seg-
regation due to size coarsening may be prevented.

[Example 3]

[0086] Fe-Cr homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 7 -

[0087] A specimen of a heat-resistant aluminum alloy
having an Fe-Cr homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Fe-Cr homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-

scribed in Preparative Example 1, except that Fe and Cr
were used as alloy elements in an amount 1.5 wt.% for
each.
[0088] FIG. 23 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 7, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observation of a structure of
the specimen through an optical microscope. As a result,
it was found that the heat-resistant aluminum alloy spec-
imen prepared in Preparative Example 7 has a reinforc-
ing phase in a facet shape with a size of 1 to 60Pm.
[0089] FIG. 24 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 7, using an EPMA. From this figure,
it was confirmed that the reinforcing phase in the facet
shape is an Fe-Cr homogeneous solid solution.
[0090] Further, in order to assay high temperature sta-
bility of the Fe-Cr homogeneous solid solution reinforcing
type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 7 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 25.
[0091] As shown in FIG. 25, the reinforcing phase com-
posed of the Fe-Cr homogeneous solid solution exhibited
a reinforcing phase in the same facet shape as the micro-
structure shown in FIG. 23, as compared to the existing
intermetallic compound that becomes coarse or under-
goes phase decomposition in an aluminum matrix at a
high temperature. Also, since coarsening or phase de-
composition of the reinforcing phase was not observed,
it can be understood that the Fe-Cr homogeneous solid
solution reinforcing phase of the Fe-Cr homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy according to the present invention is stable even at
300°C.
[0092] FIG. 26 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 7 then casting the same. Here, a cast
specimen is substantially obtained by remelting the spec-
imen prepared in Preparative Example 7 to a melting
point of aluminum, and casting the treated specimen.
[0093] As shown in FIG. 26, it can be seen that the
homogeneous solid solution formed in the Fe-Cr homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 5, instead, it maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics and a feature that the Fe-Cr homogene-
ous solid solution reinforcing phase has 2.78 times the
specific gravity of aluminum, the foregoing heat-resistant
aluminum alloy may be effectively utilized to actively se-
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lect and recycle aluminum as a matrix metal, as well as
Fe and Cr as alloy elements to eco-friendly Virgin levels
thereof, in the case where the heat-resistant aluminum
is recycled.

[Example 4]

[0094] Fe-Mn homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 8 -

[0095] A specimen of a heat-resistant aluminum alloy
having an Fe-Mn homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Fe-Mn homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-
scribed in Preparative Example 1, except that Fe and Mn
were used as alloy elements in an amount of 1.5 wt.%
for each.
[0096] FIG. 27 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 8, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observation of a structure of
the specimen through an optical microscope. It was found
from FIG. 27 that the heat-resistant aluminum alloy spec-
imen prepared in Preparative Example 8 has a reinforc-
ing phase in a facet shape with a size of 1 to 50Pm.
[0097] FIG. 28 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 8, using an EPMA. It was confirmed
that the reinforcing phase in the facet shape shown in
FIG. 27 is an Fe-Mn homogeneous solid solution.
[0098] Further, in order to assay high temperature sta-
bility of the Fe-Mn homogeneous solid solution reinforc-
ing type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 8 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 29.
[0099] As shown in FIG. 28, the reinforcing phase com-
posed of the Fe-Mn homogeneous solid solution exhib-
ited a reinforcing phase in the same facet shape as the
microstructure shown in FIG. 27, as compared to the ex-
isting intermetallic compound that becomes coarse or
undergoes phase decomposition in an aluminum matrix
at a high temperature. Also, since coarsening or phase
decomposition of the reinforcing phase was not ob-
served, it can be understood that the Fe-Mn homogene-
ous solid solution reinforcing phase of the Fe-Mn homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention is sta-
ble even at 300°C.
[0100] FIG. 30 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-

tained after remelting the specimen prepared in Prepar-
ative Example 8 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example
8 to a melting point of aluminum, and casting the treated
specimen.
[0101] As shown in FIG. 30, it can be seen that the
homogeneous solid solution formed in the Fe-Mn homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 6, instead, it maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics and a feature that the Fe-Cr homogene-
ous solid solution reinforcing phase has 2.8 times the
specific gravity of aluminum, the foregoing heat-resistant
aluminum alloy may be effectively utilized to actively se-
lect and recycle aluminum as a matrix metal, as well as
Fe and Mn as alloy elements to eco-friendly Virgin levels
thereof, in the case where the heat-resistant aluminum
is recycled.

- PREPARATIVE EXAMPLE 9 -

[0102] A specimen of a heat-resistant aluminum alloy
was prepared by the same procedures as described in
Preparative Example 4, except that a Fe-Mn master alloy
comprising a relative ratio of Fe:Mn of 50 wt.% to 50 wt.
% prepared through Plasma Arc Melting (PAM), was
used.
[0103] FIG. 31 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 9, depending upon the
content of additional alloy elements. After assaying an
image of the microstructure of each specimen prepared
in Preparative Example 9 through an optical microscope,
an average size of homogeneous solid solutions with dif-
ferent contents of alloy elements was determined from
the assayed image using an image analyzer.
[0104] As a result, it was confirmed that, if 0.5 wt.% of
Fe-Mn master alloy is added, an amount of the formed
homogeneous solid solution is decreased and a size
thereof was small to about 5Pm or less. On the other
hand, when the added amount is 10 wt.% or more, a size
of the homogeneous solid solution is about 250Pm or
more, thus coarsening too much. Consequently, the Fe-
Mn homogeneous solid solution reinforcing type heat-
resistant aluminum alloy according to the present inven-
tion may include a sufficient amount of homogeneous
solid solution formed therein, to thereby exhibit favorable
alloy effects, in the case where a content of each alloy
element added to aluminum ranges from 0.5 wt.% to 10
wt.%. Moreover, problems such as segregation due to
size coarsening may be prevented.
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[Example 5]

[0105] Mn-V homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 10 -

[0106] A specimen of a heat-resistant aluminum alloy
having an Mn-V homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Mn-V homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-
scribed in Preparative Example 1, except that Mn and V
were used as alloy elements in an amount of 1.5 wt.%
for each.
[0107] FIG. 32 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 10, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observation of a structure of
the specimen through an optical microscope. It was found
from FIG. 32 that the Mn-V homogeneous solid solution
reinforcing type heat-resistant aluminum alloy specimen
prepared in Preparative Example 10 has a reinforcing
phase in a facet shape with a size of 1 to 100Pm.
[0108] FIG. 33 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 10, using an EPMA. It was con-
firmed that the reinforcing phase in the facet shape shown
in FIG. 32 is an Mn-V homogeneous solid solution.
[0109] Further, in order to assay high temperature sta-
bility of the Mn-V homogeneous solid solution reinforcing
type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 10 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 34.
[0110] As shown in FIG. 34, the reinforcing phase com-
posed of the Mn-V homogeneous solid solution exhibited
a reinforcing phase in the same facet shape as the micro-
structure shown in FIG. 32, as compared to the existing
intermetallic compound that becomes coarse or under-
goes phase decomposition in an aluminum matrix at a
high temperature. Also, since coarsening or phase de-
composition of the reinforcing phase was not observed,
it can be understood that the Mn-V homogeneous solid
solution reinforcing phase of the Mn-V homogeneous sol-
id solution reinforcing type heat-resistant aluminum alloy
according to the present invention is stable even at
300°C.
[0111] FIG. 35 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 10 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example

10 to a melting point of aluminum, and casting the treated
specimen.
[0112] As shown in FIG. 35, it can be seen that the
homogeneous solid solution formed in the Mn-V homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 7, instead, it has maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics and a feature that the Fe-Cr homogene-
ous solid solution reinforcing phase has 2.4 times the
specific gravity of aluminum, the foregoing heat-resistant
aluminum alloy may be effectively utilized to actively se-
lect and recycle aluminum as a matrix metal, as well as
Fe and V as alloy elements to eco-friendly Virgin levels
thereof, in the case where the heat-resistant aluminum
alloy is recycled.

- PREPARATIVE EXAMPLE 11 -

[0113] A specimen of a heat-resistant aluminum alloy
was prepared by the same procedures as described in
Preparative Example 4, except that an Mn-V master alloy
comprising a relative ratio of Mn:V of 50 wt.% to 50 wt.
% prepared through Plasma Arc Melting (PAM) was
used.
[0114] FIG. 36 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 11, depending upon the
content of additional alloy elements. After assaying an
image of the microstructure of each specimen prepared
in Preparative Example 11 through an optical micro-
scope, an average size of homogeneous solid solutions
with different contents of alloy elements was determined
from the assayed image using an image analyzer.
[0115] As a result, it was confirmed that, if 0.5 wt.% of
Mn-V master alloy is added, an amount of the formed
homogeneous solid solution is decreased and a size
thereof was small to about 4Pm or less. On the other
hand, when the added amount is 10 wt.% or more, a size
of the homogeneous solid solution is about 300Pm or
more, thus coarsening too much. Consequently, the Mn-
V homogeneous solid solution reinforcing type heat-re-
sistant aluminum alloy according to the present invention
may include a sufficient amount of homogeneous solid
solution formed therein, to thereby exhibit favorable alloy
effects, in the case where a content of each alloy element
added to aluminum ranges from 0.5 wt.% to 10 wt.%.
Moreover, problems such as segregation due to size
coarsening may be prevented.

[Example 6]

[0116] Co-Ni homogeneous solid solution reinforcing
type heat-resistant aluminum alloy
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- PREPARATIVE EXAMPLE 12 -

[0117] A specimen of a heat-resistant aluminum alloy
having a Co-Ni homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Co-Ni homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-
scribed in Preparative Example 1, except that Co and Ni
were used as alloy elements in an amount of 1.5 wt.%
for each.
[0118] FIG. 37 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 12, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observation of a structure of
the specimen through an optical microscope. It was found
from FIG. 37 that the heat-resistant aluminum alloy spec-
imen prepared in Preparative Example 12 has a reinforc-
ing phase in a needle-like shape with a size of 1 to 70Pm.
[0119] FIG. 38 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 12, using an EPMA. It was con-
firmed that the reinforcing phase in the facet shape shown
in FIG. 37 is a Co-Ni homogeneous solid solution.
[0120] Further, in order to assay high temperature sta-
bility of the Co-Ni homogeneous solid solution reinforcing
type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 12 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 39.
[0121] As shown in FIG. 39, the reinforcing phase com-
posed of the Co-Ni homogeneous solid solution exhibited
a reinforcing phase in the same needle-like shape as the
microstructure shown in FIG. 37 as compared to the ex-
isting intermetallic compound that becomes coarse or
undergoes phase decomposition in an aluminum matrix
at a high temperature. Also, since coarsening or phase
decomposition of the reinforcing phase was not ob-
served, it can be understood that the Co-Ni homogene-
ous solid solution reinforcing phase of the Co-Ni homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention is sta-
ble even at 300°C.
[0122] FIG. 40 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 12 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example
12 to a melting point of aluminum, and casting the treated
specimen.
[0123] As shown in FIG. 40, it can be seen that the
homogeneous solid solution formed in the Co-Ni homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never

coarsened nore decomposed even during remelting, as
expected from the binary alloy phase diagram shown in
FIG. 8, instead, it maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics, the foregoing heat-resistant aluminum al-
loy may be effectively utilized to actively select and re-
cycle aluminum as a matrix metal, as well as Co and Ni
as alloy elements to eco-friendly Virgin levels thereof, in
the case where the heat-resistant aluminum is recycled.

- PREPARATIVE EXAMPLE 13 -

[0124] A specimen of a heat-resistant aluminum alloy
was prepared by the same procedures as described in
Preparative Example 4, except that an Co-Ni master alloy
comprising a relative ratio of Co:Ni of 50 wt.% to 50 wt.
% prepared through Plasma Arc Melting (PAM) was
used.
[0125] FIG. 41 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 13, depending upon the
content of additional alloy elements. After assaying an
image of the microstructure of each specimen prepared
in Preparative Example 13 through an optical micro-
scope, an average size of homogeneous solid solutions
with different contents of alloy elements was determined
from the assayed image using an image analyzer.
[0126] As a result, it was confirmed that, if 0.5 wt.% of
Co-Ni master alloy is added, an amount of the formed
homogeneous solid solution is decreased and a size
thereof was small to about 5Pm or less. On the other
hand, when the added amount is 10 wt.% or more, a size
of the homogeneous solid solution is about 300Pm or
more, thus coarsening too much. Consequently, the Co-
Ni homogeneous solid solution reinforcing type heat-re-
sistant aluminum alloy according to the present invention
may include a sufficient amount of homogeneous solid
solution formed therein, to thereby exhibit favorable alloy
effects, in the case where a content of each alloy element
added to aluminum ranges from 0.5 wt.% to 10 wt.%.
Moreover, problems such as segregation due to size
coarsening may be prevented.

[Example 7]

[0127] Fe-Ni homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 14 -

[0128] A specimen of a heat-resistant aluminum alloy
having an Fe-Ni homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Fe-Ni homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-
scribed in Preparative Example 1, except that Fe and Ni
were used as alloy elements in an amount of 1.5 wt.%
for each.
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[0129] FIG. 42 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 14, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observation of a structure of
the specimen through an optical microscope. It was found
from FIG. 42 that the heat-resistant aluminum alloy spec-
imen prepared in Preparative Example 12 has a reinforc-
ing phase in a granular shape with a size of 1 to 30Pm.
[0130] FIG. 43 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 14, using an EPMA. It was con-
firmed that the reinforcing phase in the facet shape shown
in FIG. 42 is an Fe-Ni homogeneous solid solution.
[0131] Further, in order to assay high temperature sta-
bility of the Fe-Ni homogeneous solid solution reinforcing
type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 14 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 44.
[0132] As shown in FIG. 44, the reinforcing phase com-
posed of the Fe-Ni homogeneous solid solution exhibited
a reinforcing phase in the same granular shape as the
microstructure shown in FIG. 42 as compared to the ex-
isting intermetallic compound that becomes coarse or
undergoes phase decomposition in an aluminum matrix
at a high temperature. Also, since coarsening or phase
decomposition of the reinforcing phase was not ob-
served, it can be understood that the Fe-Ni homogene-
ous solid solution reinforcing phase of the Fe-Ni homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention is sta-
ble even at 300°C.
[0133] FIG. 45 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 14 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example
14 to a melting point of aluminum, and casting the treated
specimen.
[0134] As shown in FIG. 45, it can be seen that the
homogeneous solid solution formed in the Fe-Ni homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 9, instead, it maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics, the foregoing heat-resistant aluminum al-
loy may be effectively utilized to actively select and re-
cycle aluminum as a matrix metal, as well as Fe and Ni
as alloy elements to eco-friendly Virgin levels thereof, in
the case where the heat-resistant aluminum alloy is re-
cycled.

- PREPARATIVE EXAMPLE 15 -

[0135] A specimen of a heat-resistant aluminum alloy
was prepared by the same procedures as described in
Preparative Example 4, except that an Fe-Ni master alloy
comprising a relative ratio of Fe:Ni of 50 wt.% to 50 wt.
% prepared through Plasma Arc Melting (PAM) was
used.
[0136] FIG. 46 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 15, depending upon the
content of additional alloy elements. After assaying an
image of the microstructure of each specimen prepared
in Preparative Example 15 through an optical micro-
scope, an average size of homogeneous solid solutions
with different contents of alloy elements was determined
from the assayed image using an image analyzer.
[0137] As a result, it was confirmed that, if 0.5 wt.% of
Fe-Ni master alloy is added, an amount of the formed
homogeneous solid solution is decreased and a size
thereof was small to about 3Pm or less. On the other
hand, when the added amount is 10 wt.% or more, a size
of the homogeneous solid solution is about 280Pm or
more, thus coarsening too much. Consequently, the Fe-
Ni homogeneous solid solution reinforcing type heat-re-
sistant aluminum alloy according to the present invention
may include a sufficient amount of homogeneous solid
solution formed therein, to thereby exhibit favorable alloy
effects, in the case where a content of each alloy element
added to aluminum ranges from 0.5 wt.% to 10 wt.%.
Moreover, problems such as segregation due to size
coarsening may be prevented.

[Example 8]

[0138] Cu-Mn homogeneous solid solution reinforcing
type heat-resistant aluminum alloy

- PREPARATIVE EXAMPLE 16 -

[0139] A specimen of a heat-resistant aluminum alloy
having a Cu-Mn homogeneous solid solution reinforcing
phase (hereinafter, referred to as ’Cu-Mn homogeneous
solid solution reinforcing type heat-resistant aluminum
alloy’) was prepared by the same procedures as de-
scribed in Preparative Example 1, except that Cu and
Mn were used as alloy elements in an amount of 1.5 wt.
% for each.
[0140] FIG. 47 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen pre-
pared in Preparative Example 16, wherein the specimen
was ground using SiC Emery paper #200, 400, 600, 800,
1000, 1500 and 2400 and then finely ground using 1Pm
Al2O3 powder, followed by observation of a structure of
the specimen through an optical microscope. It was found
from FIG. 47 that the heat-resistant aluminum alloy spec-
imen prepared in Preparative Example 12 has a reinforc-
ing phase in a crystal interface shape with a size of 1 to
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10Pm.
[0141] FIG. 48 is a photograph illustrating mapping re-
sults of the microstructure of the specimen prepared in
Preparative Example 16, using an EPMA. It was con-
firmed that the reinforcing phase in the crystal interface
shape shown in FIG. 48 is a Cu-Mn homogeneous solid
solution.
[0142] Further, in order to assay high temperature sta-
bility of the Cu-Mn homogeneous solid solution reinforc-
ing type heat-resistant aluminum alloy according to the
present invention, the specimen prepared in Preparative
Example 16 was first heated to 300°C for 200 hours, fol-
lowed by observation of the microstructure of the heated
specimen through an optical microscope. The observed
results are shown in FIG. 49.
[0143] As shown in FIG. 49, the reinforcing phase com-
posed of the Cu-Mn homogeneous solid solution exhib-
ited a reinforcing phase in the same crystal interface
shape as the microstructure shown in FIG. 47, as com-
pared to the existing intermetallic compound that be-
comes coarse or undergoes phase decomposition in an
aluminum matrix at a high temperature. Also, since
coarsening or phase decomposition of the reinforcing
phase was not observed, it can be understood that the
Cu-Mn homogeneous solid solution reinforcing phase of
the Cu-Mn homogeneous solid solution reinforcing type
heat-resistant aluminum alloy according to the present
invention is stable even at 300°C. Consequently, the Cu-
Mn homogeneous solid solution reinforcing type heat-
resistant aluminum alloy may increase the limits of heat
resistance of an automobile engine, thus improving fuel
efficiency.
[0144] FIG. 50 is an optical micrograph illustrating ob-
served results of the microstructure of a specimen ob-
tained after remelting the specimen prepared in Prepar-
ative Example 16 then casting the same. Here, a cast
specimen after remelting is substantially obtained by
remelting the specimen prepared in Preparative Example
16 to a melting point of aluminum, and casting the treated
specimen.
[0145] As shown in FIG. 50, it can be seen that the
homogeneous solid solution formed in the Cu-Mn homo-
geneous solid solution reinforcing type heat-resistant
aluminum alloy according to the present invention never
coarsened nor was decomposed even during remelting,
as expected from the binary alloy phase diagram shown
in FIG. 10, instead, it maintained the reinforcing phase.
Moreover, it may be presumed that, if using the foregoing
characteristics, the foregoing heat-resistant aluminum al-
loy may be effectively utilized to actively screening and
recycle aluminum as a matrix metal, as well as Cu and
Mn as alloy elements to eco-friendly Virgin levels thereof,
in the case where the heat-resistant aluminum is recy-
cled.

- PREPARATIVE EXAMPLE 17 -

[0146] A specimen of a heat-resistant aluminum alloy

was prepared by the same procedures as described in
Preparative Example 4, except that a Cu-Mn master alloy
comprising a relative ratio of Cu:Mn of 50 wt.% to 50 wt.
% prepared through Plasma Arc Melting (PAM) was
used.
[0147] FIG. 51 shows a graph of average sizes of ho-
mogeneous solid solutions of respective specimens pre-
pared in Preparative Example 17, depending upon the
content of additional alloy elements. After assaying an
image of the microstructure of each specimen prepared
in Preparative Example 17 through an optical micro-
scope, an average size of homogeneous solid solutions
with different contents of alloy elements was determined
from the assayed image using an image analyzer.
[0148] As a result, it was confirmed that, if 0.5 wt.% of
Cu-Mn master alloy is added, an amount of the formed
homogeneous solid solution is decreased and a size
thereof was small to about 2Pm or less. On the other
hand, when the added amount is 10 wt.% or more, a size
of the homogeneous solid solution is about 250Pm or
more, thus coarsening too much. Consequently, the Cu-
Mn homogeneous solid solution reinforcing type heat-
resistant aluminum alloy according to the present inven-
tion may include a sufficient amount of homogeneous
solid solution, to thereby exhibit favorable alloy effects,
in the case where a content of each alloy element added
to aluminum ranges from 0.5 wt.% to 10 wt.%. Moreover,
problems such as segregation due to size coarsening
may be prevented.
[0149] As is apparent from the foregoing, the heat-re-
sistant aluminum alloy according to the present invention
is characterized in that a homogeneous solid solution
reinforcing phase composed of two types of alloy ele-
ments, which have no solvus line with respect to alumi-
num as a matrix metal while forming a homogeneous
solid solution reinforcing phase, does not react with alu-
minum even at a high temperature of 300°C or higher,
which in turn, does not coarsen or undergoes phase de-
composition. Accordingly, remarkably improved heat re-
sistance may be attained. Also, when recycling the used
alloy elements as well as aluminum, these may be
screened based on a difference in melting points or spe-
cific gravities thereof after remelting, therefore, may be
eco-friendly applied in various fields. Although aluminum
could not yet be used at a temperature of 200°C or higher
in some applications, for example, automobiles, diesel
engines, aircraft parts, etc., due to limitations of heat-
resistant aluminum, the present invention may be appli-
cable to the foregoing applications and, in particular,
raise the limit of heat resistance of the existing automobile
engine, to thereby pursue improvement in fuel efficiency.
[0150] Moreover, it is possible to prevent a homoge-
neous solid solution reinforcing phase formed using a
proper amount of alloy elements from coarsening or seg-
regation thereof.
[0151] Although the preferred embodiments of the
present invention have been disclosed for illustrative pur-
poses, those skilled in the art will appreciate that various
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modifications, additions and substitutions are possible,
without departing from the scope and spirit of the inven-
tion as disclosed in the accompanying claims.

Claims

1. A heat-resistant aluminum alloy, comprising alumi-
num and two types of alloy elements which form a
homogeneous solid solution and are combined to
form a homogeneous solid solution reinforcing
phase.

2. The alloy according to claim 1, wherein the alloy el-
ements are contained in an amount of 0.5 to 10 wt.
% relative to aluminum.

3. The alloy according to claim 2, wherein, one of the
two alloy elements is contained in an amount of 10
to 90 wt.% while the other is contained in an amount
of 90 to 10 wt.%.

4. The alloy according to claim 3, wherein the two alloy
elements are chromium (Cr) and tungsten (W).

5. The alloy according to claim 4, wherein, in the case
where the homogeneous solid solution reinforcing
phase is composed of Cr and W, it maintains a stable
single phase at a temperature up to 1800°C and has
a size of 1 to 200Pm.

6. The alloy according to claim 3, wherein the two alloy
elements are cupper (Cu) and nickel (Ni).

7. The alloy according to claim 6, wherein, in the case
where the homogeneous solid solution reinforcing
phase is composed of Cu and Ni, it is stable at a
temperature up to 873°C and has a crystal interface
shape with a size of 1 to 50Pm.

8. The alloy according to claim 3, wherein the two alloy
elements are iron (Fe) and chromium (Cr).

9. The alloy according to claim 8, wherein, in the case
where the homogeneous solid solution reinforcing
phase is composed of Fe and Cr, it maintains a stable
single phase at a temperature up to 1500°C and has
a facet shape with a size of 1 to 60Pm.

10. The alloy according to claim 3, wherein the two alloy
elements are iron (Fe) and manganese (Mn).

11. The alloy according to claim 10, wherein the homo-
geneous solid solution reinforcing phase has heat
resistance at a temperature up to 1245°C and is
formed in a facet shape having a size of 1 to 50Pm.

12. The alloy according to claim 3, wherein the two alloy

elements are manganese (Mn) and vanadium (V).

13. The alloy according to claim 12, wherein the homo-
geneous solid solution reinforcing phase maintains
a stable single phase at a temperature up to 1245°C
and has a facet shape with a size of 1 to 100Pm.

14. The alloy according to claim 3, wherein the two alloy
elements are cobalt (Co) and nickel (Ni).

15. The alloy according to claim 14, wherein the homo-
geneous solid solution reinforcing phase has heat
resistance at a temperature up to 1490°C and is
formed in a needle-like shape having a size of 1 to
70Pm.

16. The alloy according to claim 3, wherein the two alloy
elements are iron (Fe) and nickel (Ni).

17. The alloy according to claim 16, wherein the homo-
geneous solid solution reinforcing phase maintains
a stable single phase at a temperature up to 1245°C
and has a granular shape with a size of 1 to 30Pm.

18. The alloy according to claim 3, wherein the two alloy
elements are copper (Cu) and manganese (Mn).

19. The alloy according to claim 18, wherein the homo-
geneous solid solution reinforcing phase maintains
a stable single phase at a temperature up to 873°C
and has a size of 1 to 10Pm.

20. A method for manufacturing a heat-resistant alumi-
num alloy, comprising; adding alloy elements to an
aluminum melt composed of molten aluminum, and
casting the melt after the alloy elements are fused.

21. The method according to claim 20, wherein the alloy
elements are Cr and W, which are directly added to
the melt or, otherwise, added as a Cr-W master alloy
or both of aluminum-Cr master alloy and aluminum-
W master alloy to the melt.

22. The method according to claim 20, wherein the alloy
elements are Cu and Ni, which are directly added to
the melt or, otherwise, added as a Cu-Ni master alloy
or both of aluminum-Cu master alloy and aluminum-
Ni master alloy to the melt.

23. The method according to claim 20, wherein the alloy
elements are Fe and Cr, which are directly added to
the melt or, otherwise, added as an Fe-Cr master
alloy or both of aluminum-Fe master alloy and alu-
minum-Cr master alloy to the melt.

24. The method according to claim 20, wherein the alloy
elements are Fe and Mn, which are directly added
to the melt or, otherwise, added as an Fe-Mn master

27 28 



EP 2 383 358 A2

16

5

10

15

20

25

30

35

40

45

50

55

alloy or both of aluminum-Fe master alloy and alu-
minum-Mn master alloy to the melt.

25. The method according to claim 20, wherein the alloy
elements are Mn and V, which are directly added to
the melt or, otherwise, added as an Mn-V master
alloy or both of aluminum-Mn master alloy and alu-
minum-V master alloy to the melt.

26. The method according to claim 20, wherein the alloy
elements are Co and Ni, which are directly added to
the melt or, otherwise, added as a Co-Ni master alloy
or both of aluminum-Co master alloy and aluminum-
Ni master alloy to the melt.

27. The method according to claim 20, wherein the alloy
elements are Fe and Ni, which are directly added to
the melt or, otherwise, added as an Fe-Ni master
alloy or both of aluminum-Fe master alloy and alu-
minum-Ni master alloy to the melt.

28. The method according to claim 20, wherein the alloy
elements are Cu and Mn, which are directly added
to the melt or, otherwise, added as a Cu-Mn master
alloy or both of aluminum-Cu master alloy and alu-
minum-Mn master alloy to the melt.

29. The method according to claim 20, wherein the alloy
elements are added in an amount of 0.5 to 10 wt.%
relative to aluminum.
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