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NICKEL CONTAINING HYPEREUTECTIC
ALUMINUM-SILICON SAND CAST ALLOY

BACKGROUND

[0004] The eutectic structure of aluminum silicon alloys has long been studied to determine
the mechanical properties of the alloys, see U.S Patent Nos. 1,387,900 and 1,410,461, After more
than 80 years of studying this eutectic structure, those skilled in the art now understand that sodium
or strontium additions to the eutectic melt in only 100 ppm concentrations changes the size and
morphology of the eutectic silicon phase resulting in a significant increase in the alloy's ductility.

{0005] Still, hypereutectic aluminum silicon alloys are not used to a great extent in sand
casting processes because they are difficult to machine and because the primary silicon particle size
is larger at sand casting cooling rates than at cooling rates for casting processes that use metal molds.
As a result, there is a requirement to control the casting's microstructure in order to achieve an
acceptable machinability. Achieving an acceptable machinability in a hypereutectic alloy is typically
accomplished through phosphorus additions to the alloy melt to refine the primary silicon particle
size. However, phosphorus prefers to form phosphides with common melt additives such as strontium
and sodium rather than reacting with aluminum to form aluminum phosphide. This is problematic

because aluminum phosphide is the nucleus for primary silicon formation in the
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eutectic structure of hypereutectic aluminum silicon alloys. Accordingly, the eutectic structure of
phosphorus containing hypereutectic aluminum silicon alloys is almost always unmodified.

[0006] Thus, phosphorus refined, solution heat treated, quenched and aged, hypereutectic
aluminum silicon structures provide the baseline for machinability, yet this baseline generally
requires diamond tooling for proper machining. In contrast, eutectic aluminum silicon alloys and
hypoeutectic aluminum silicon alloys, where the eutectic silicon structure is modified with
strontium or sodium additions, have increased ductilities and are easier to machine. However,
when the modified eutectic in the hypoeutectic alloy structures are compared to unmodified
structures, the strontium or sodium modified eutectic structures exhibit nearly identical
machinability in the heat treated condition with the unmodified structures. It is believed that this
equivalence in machinability is due to the eutectic silicon phase occurring as a continuous phase in
the eutectic whether the eutectic is modified or unmodified. Further, since it is always easier to
machine the less ductile 16 or T7 heat treated condition, compared to the as cast condition, there is
an effect that base metal properties have on machinability that is quite significant. Accordingly,
there is not a predictable treatment that improves machinability of hypereutectic aluminum silicon
alloys.

[0007] Hypereutectic aluminum alloy B391 (AA B391) includes 18 to 20% silicon by
weight for wear resistance, 0.4 to 0.7% by weight magnesium for aging response to increase
strength and has maximums for iron and copper of 0.2% by weight for good sand casting attributes,
and is the only hypereutectic aluminum silicon alloy registered for sand casting by the Aluminum
Association. The 0.2% by weight maximum copper constituency ensures that (for any given silicon
content), the solidification range, that is, the temperature difference between the liquidus and
solidus, is at a minimum. In comparison, AA 390 has the same range of elements as AA B391,
except AA 390 has 4.5% by weight copper constituency. Thus, the narrow solidification range of
AA B391 occurs primarily because the significantly lower copper constituency raises the solidus
melting point by nearly 100° Fahrenheit compared to AA 390.

[0008] The narrow solidification range of AA B391 is important because the primary
silicon, which is less dense than the molten alloy, it is less likely to float and segregate upon
precipitation in an alloy of narrow solidification range. The low iron and manganese contents of

AA B391 are desirable and are particularly attractive for a sand cast hypereutectic aluminum silicon
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alloy that solidifies slowly. The mechanical propertics of AA B391 are significantly degraded
when the iron phase grows large during the slow cooling, because a needle like morphology results
for the iron phase, degrading mechanical properties.

[0009] Historically, nickel was an essential element in Y alloy (4% by weight copper, 2%
by weight nickel, 1.5% by weight magnesium, balance aluminum), developed during World War L.
Nickel is present in only three registered alloys with the Aluminum Association today in
concentrations between 2% and 3% nickel. Thus, it is known to use nickel as a minor constituent
in some aluminum copper alloys, such as AA 242, AA 336 and AA 393, wherein the element
imparts high strength at high temperature. AA 242 has a formulation of 3.7 to 4.5% by weight
copper, 1.2 to 1.7% by weight magnesium, 1.8 to 2.3% by weight nickel and balance aluminum.
AA 336 has 11 to 13% by weight silicon, 1.2% by weight maximum iron, 0.5 to 1.5% by weight
copper, 0.7 to 1.3% by weight magnesium, 2.0 to 3.0% by weight nickel and balance aluminum.
Similarly, AA 393 has a hypereutectic formulation of 21 to 23% by weight silicon, 1.3% by weight
maximum iron, 0.7 to 1,1% by weight copper, 0.7 to 1.3% by weight magnesium, 2.0 to 2.5% by
weight nickel and balance aluminum.

[0010] Additionally, more than forty years ago, there was considerable interest in the Al-
Ni-Als eutectic, unidirectionally solidified, as a fiber reinforced material, especially for high
temperature applications. As identified in the reference to B. K. Agrawal, Met A 6, 152605, in the
book, Aluminum Alloys: Structure and Properties by L. F. Mondolfo page 339 [Butterworth
Publications Ltd, 1976], by directional freezing, the eutectic may be made to crystallize with the
NiAl; fibers aligned in the direction of growth, with the spacing between the fibers dependent on
the freezing rate. The same reference indicates that additions of barium, cerium and cesium to the
unidirectionally solidified Al-NiAls eutectic changes the solidification pattern from colony to
dendritic It is also known that aging after quenching from high temperature does not produce
hardening of binary Al-Ni alloys to be of practical use.

[0011] However, the addition of nickel in concentrations approaching 6% to aluminum
silicon magnesium casting alloys, aluminum silicon copper casting alloys, aluminum silicon copper
magnesium alloys or aluminum copper casting alloys have not been studied. This is because it is
known that nickel additions of 2% by weight or less have the effect of reducing hot shortness in

some castings and also have the effect of reducing the coefficient of thermal expansion.
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[0012] Additionally, U.S. Patent No. 6,168,675 describes a hypereutectic aluminum silicon
alloy having 2.5 to 4.5% by weight nickel, but with a very high manganese content of 1.2% maximum
by weight and a very high iron content of 1.2% by weight maximum. This alloy is intended for the
die casting process or permanent mold casting process to make vehicular disk brake components.
Because of the high manganese and iron contents, this alloy has a very high heavier metal content
that requires a high holding temperature to prevent the heavier metals from dropping out.
Furthermore, the high manganese content is necessary to modify the needle like beta iron aluminum
phase to the alpha iron aluminum phase and increases the yield strength, tensile strength and
elongation, both at ambient and high temperatures. Notwithstanding the attributes imparted to the
alloy from high levels of manganese and iron, the alloy of U.S. Patent 6,168,675 would not be suited
for a slow cooling process like sand, lost foam or investment casting because the large needle like
iron phase particles would form, even with the high levels of manganese, thereby hindering feeding
during solidification which results in increased porosity levels and decreased ductility levels.

10013] Sand casting processes are increasingly being used to cast complex metal products.
Sand casting procedures include lost foam casting, lost foam with pressure casting, green sand casting,
bonded sand casting, precision sand casting and investment casting. Perhaps the most beneficial and
economical of these types of castings is lost foam casting with pressure. Such a method is described
in U.S, Patent 6,763,876 entitled Method And Apparatus For Lost Foam Casting Of Metal Articles

Using External Pressure.

SUMMARY
[0014] The present invention is directed to a hypereutectic aluminum silicon alloy having
improved machinability with additions of nickel consisting essentially of 18 to 20% by weight silicon,
0.3 to 1.2% by weight magnesium, 3.0 to 6.0% by weight nickel, 0.6% by weight maximum iron,
0.4% by weight maximum copper, 0.8% by weight maximum manganese, 0.5% by weight maximum
zinc and the balance aluminum. The nickel content of the alloy of the present invention may be
modified to constitute 4.5% to 6% by weight, and be substantially free of iron and manganese. The

alloy of the present invention has additional benefits, particularly when compared
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to copper containing hypereutectic aluminum silicon alloys. Such benefits include improved
feeding of shrinkage porosity through an Al-NiAlz eutectic structure under ten atmospheres of
isostatic gas pressure and improved galvanic couple compatibility (over an Al-Ni galvanic couple)
on the micron level for constituents in the microstructure for a wet gasket joint containing salt
water.

[0015] The present invention discloses a hypereutectic alloy composition that, upon
solidification, goes through an Al-NiAls eutectic reaction, and involves the creation of a Al-NiAl;
phase, on slow cooling (as opposed to fast cooling of the die casting process), that resembles a
"Chinese script" morphology. This microstructural morphology is embedded in the eutectic that
surrounds the primary silicon, outlining and partitioning the primary silicon particles, while
providing a semi-continuous fracture path through the eutectics that imparts good machinability to
a hypereutectic aluminum silicon alloy that normally is difficult to machine. Further, it is
important that the alloy of the present invention be substantially free of iron and manganese because
if iron phases and manganese phases are in the microstructure, they clog interdendritic passageways
and hinder feeding, decreasing machinability even when ten atmospheres of isostatic pressure is
applied.

[0016] Thus, the NiAl; Chinese script morphology exists throughout the microstructure
of the alloy of the present invention to enhance machinability and facilitate improved elevated
temperature properties. This finding is quite surprising since normally microstructural features
that enhance machinability, such as sulfides in steel, also degrade mechanical properties.

[0017] The hypereutectic aluminum silicon alloy of the present invention also has
anticipated use in the lost foam casting process for engine components such as engine blocks,
engine heads, and pistons, particularly such engine components used in salt water and thus
requiring high corrosion resistance and high mechanical properties (through low porosity levels)
both at ambient temperatures and elevated temperatures.

[0018] Accordingly, the hypereutectic aluminum silicon sand cast alloy of the present
invention consists essentially of 18-20% by weight silicon, 0.3-1.2% by weight magnesium, 3.0-
6.0% by weight nickel, 0.8% by weight maximum iron, 0.4% by weight maximum copper, 0.6%
by weight maximum manganese, 0.5% by weight maximum zinc, and the balance aluminum.

Alternatively, the copper content may be 0.2% by weight maximum copper, the iron content may
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be 0.6% by eight maximum iron, and the zinc content may be 0.1% by weight maximum zinc.
Alternatively, the aluminum silicon sand cast alloy of the present invention may consist
essentially of 18-20% by weight silicon, 0.3-0.7% by weight magnesium, 3.0-6.0% by weight
nickel, 0.2% by weight maximum iron, 0.2% by weight maximum copper, 0.3% by weight
manganese, 0.1% by weight maximum zinc, and the balance aluminum, wherein the alloy sand
cast using a lost foam casting process with the pressure. As a further alternative, the
hypereutectic aluminum silicon alloy of the present invention may consist ¢ssentially of 18-20%
by weight silicon, 0.3-1.2% by weight magnesium, 4.5-6.0% by weight nickel, 0.8% by weight
maximum iron, 0.4% by weight maximum copper, 0.6% by weight maximum manganese, 0.5%
by weight maximum zinc, and the balance aluminum.

[0019] When the hypereutectic aluminum sand cast alloy of the present invention is cast,
the sand casting procedure is selected from one of the following sand cast procedures: Lost
Foam Casting, Lost Foam Casting with Pressure, Green Sand Casting, Bonded Sand Casting,
Precision Sand Casting, or Investment Sand Casting.

[0020] In one embodiment, the hypereutectic aluminum silicon sand cast alloy of the
present invention has a T6 heated treated microstructure of primary silicon particles embedded in
eutectics of Al-Si and Al-NiAls, and is substantially free of unsolutionized Mg,Si phases and
Cus,NiAlg in Chinese script form. In this embodiment of the alloy, the amount of the eutectic
NiAl; phase is between 5% and 15% by weight, and by further be between 5% and 14.3% by
weight, Additionally, the eutectic Cu3NiAlg phases are present at less than 1% by weight.

[0021] As aforementioned, the nickel constituency of the hypereutectic aluminum silicon
sand cast of the present invention may be narrowed to the 4.5-6.0% by weight nickel. If this
constituency is used, the alloy has a T6 heat treated microstructure wherein primary silicon
particles are embedded in eutectics of Al-Si and Al-NiAl; and the microstructure is generally free
of unseclutionized Mg,Si phases and CusNiAlg in Chinese script form, while the amount of the
eutectic NiAls phase is greater than 10% by weight.

[0022] Additional adjustments to the hypereutectic aluminum silicon sand cast alloy
constituency may be made. Particularly, the iron content may be lowered to be 0.2% by weight
maximum iron; the copper content may be lowered to 0.2% by weight maximum copper; the

manganese content may be lowered to 0.3% by weight maximum manganese, and the
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magnesium content may be modified to 0.75-1.2% by weight. Further, up to 2% by weight nickel
may be substituted with up to 2% by weight cobalt. Also, a grain or silicon refining element may
be added to the alloy. Preferably, the grain or silicon refining elements are either titanium or
phosphorus.

[0023] When the hypereutectic aluminum silicon sand cast alloy of the present invention
is cast using a lost foam casting process with pressure, the alloy would preferably consist
essentially of 18-20% by weight silicon, 0.3-7% by weight magnesium, 3.0-6.0% by weight
nickel, 0.2% by weight maximum iron, 0.2% by weight maximum copper, 0.3% by weight
maximum manganese, 0.1% by weight maximum zinc and the balance aluminum. The alloy may
further include phosphorus in the range of 0.005% -0.1% by weight for refining purposes.
Preferably, pressure is applied to a molten metal casting in accordance with procedures of U.S.
Patent 6,763,876. Most preferably, pressure is applied after ablation of a polymeric foam gating
system that connects the source of molten liquid metal to a polymeric foam pattern, but before
molten metal fully ablates the polymeric foam pattern. Pressure is applied in the range of 5.5-15
atmospheres at a rate faster than 1 atmosphere per 12 seconds. The polymeric foam pattern may
have nearly any configuration, however, to take advantage of the improved galvanic coupled
compatibility of the present invention, the pattern is most preferably of an engine head, pistons for
internal combustion engines, or engine blocks to be used in engines that run in salt water
environment. Internal combustion engine blocks cast with the hypereutectic aluminum silicon
sand cast alloy in the present invention exhibit a porosity level of less than 0.5%.

[0024] The resulting as cast Lost Foam microstructure comprises primary silicon particles
embedded in a mixture of aluminum-silicon eutectic, wherein the eutedic silicon phase is
unmodified and an aluminum-NiAlz eutectic is present and further wherein the NiAl; phase
comprises a Chinese script morphology imparting improved machinability on the alloy.
Specifically, if the weight percent of NiAl; phase exceeds the weight percent of a primary
aluminum silicon phase, the alloy provides a low energy fracture path in the machining process
for improved machinability. The machinability of the alloy improves linearly when the nickel
constituency increases from 3% by weight to 6% by weight nickel, because the weight percent of

NiAls correspondingly increases from 7% to 14% in the eutectic. When the hypereutectic

CA 2900770 2019-02-20



CA 02900770 2015-08-10

WO 2014/158384 PCT/US2014/015664

aluminum silicon sand cast alloy of the present invention is cast using the casting process of
U.S. Patent 6,763,876, the alloy is cooled at a rate typical of sand casting cooling. The
microstructure of such an alloy exhibits less coring than if they alloy was cast using a die casting
process, and, advantageously, the porosity level is generally less than 1%.

[0025] It is contemplated that the hypereutectic aluminum silicon alloy of the present
invention may be used for other types of casting. If this is the case, the nickel constituency
should be 4.5-6.0% by weight nickel with corresponding 0.8% by weight maximum iron
constituency. Such an alloy may be used in either the die casting process or in a permanent mold
casting process or in a semi-permanent mold casting process with sand cores, as well as the sand
casting procedures described, above. Such an alloy has a T6 heat treated microstructure of
primary silicon particles embedded in eutectics of Al-Si and Al-NiAls, and is generally free of
unsolutionized Mg,Si phases and Cu3NiAl6 in Chinese script form. The amount of the eutectic
NiAl; phase is between 5% and 15% by weight, and the NiAl; phase has a Chinese script
morphology.

DETAILED DESCRIPTION OF BINARY AND TERNARY PHASE DIAGRAM DRAWINGS

[0026] Figure 1 demonstrates the binary Al-Si phase diagram.
[0027] Figure 2 is a ternary diagram for a three phase equilibrium for the Al-Si-
NiAl; ternary system.

DETAILED DESCRIPTION OF THE INVENTION

[0028] The hypereutectic aluminum silicon sand cast alloy of the present invention
preferably has the following constituency in weight percentage: 18-20% silicon, 0.3-1.2%
magnesium, 3.0-6.0% nickel, 0.8% maximum iron, 0.4% maximum copper, 0.6% maximum
manganese, 0.5% maximum zinc, balance aluminum. Alternatively, the copper content may be
0.2% by weight maximum copper, the iron content may be 0.6% by eight maximum iron, and the
zinc content may be 0.1% by weight maximum zinc.

[0029] The hypereutectic aluminum silicon sand cast alloy of the present invention may
have a more narrow nickel content of 4.5-6.0% by weight; a more narrow iron content of 0.2%

by weight maximum, a more narrow copper content of 0.2% by weight maximum; a more narrow
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manganese content of 0.3% by weight maximum and a more narrow magnesium content of 0.75-
1.2% by weight. Furthermore, up to 2.0% by weight nicke] to be substituted with up to 2.0% by
weight cobalt, and grain refining elements such as titanium or phosphorus may be added.

[0030] The alloy of the present invention may be sand cast using known sand cast
procedures such as Lost Foam Casting, Lost Foam Casting with Pressure, Green Sand Casting,
Bonded Sand Casting, Precision Sand Casting, or Investment Casting. If the hypereutectic
aluminum silicon alloy is cast using a lost foam casting process with pressure, the alloy may have
the following constituency in weight percentage: 18-20% silicon 0.3-0.7% magnesium, 3.0-6.0%
nickel, 0.2% maximum iron, 0.2% maximum copper, 0.3% maximum manganese 0.1%
maximum zine, balance aluminum. A beneficial lost foam casting process with pressure is
described in U.S, Patent 6,763,876, If phosphorus is added as a refiner, phosphorus should be
added to the composition in the range of 0.005%-0.1% by weight.

[0031] Alternatively, the hypereutectic aluminum silicon alloy of the present invention
may have the following constituency in weight percentage: 18-20% silicon, 0.3-1.2%
magnesium, 4.5-6.0% nickel, 0.8% maximum iron, 0.4% maximum copper, 0.6% maximum
manganese, 0.5% maximum zinc, balance aluminum. This alloy is adaptable to be used in the
die casting, permanent mold casting, and the semi-permanent mold casting with sand cores
processes, as well as the traditional sand casting processes noted above. This alternative alloy
may be modified to contain 0.3-0.7% by weight magnesium; 0.6% by weight maximum iron,
0.2% by weight maximum manganese, 0.2% by weight maximum copper; and 0.1% by weight
maximum zinc. Furthermore, up to 2% by weight nickel may be substituted with up to 2% by
weight cobalt. Further, the constituency may be modified to contain 0.75-1.2% by weight
magnesium or 0.2% by weight maximum iron.

[0032] The alloy of the present invention has a T6 heat treated microstructure of primary
silicon particles embedded in eutectics of Al-Si and Al-NiAl; and is generally free of
unsolutionized Mg,Si phases and Cu3zNiAlg in Chinese script form. The hypereutectic aluminum
silicon alloy of the present invention has an anticipated use with a lost foam casting with pressure
process to cast engine components such as engine blocks, engine heads and pistons, particularly

when such components are to be used in salt water where high corrosion resistance is required.
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The alloy in the present invention provides high mechanical properties (through low potosity
levels) both at ambient temperatures and at elevated temperatures.

[0033] Achieving high corrosion resistance and low porosity levels necessitates an alloy
composition low in copper content. Copper is extensively soluble in aluminum, reaching 5.65% at
the binary Al-Si eutectic temperature and, as a result, copper destroys the corrosion resistance of
aluminum to a greater extent than any other common element in the periodic table. Aluminum
silicon alloys containing copper precipitate the copper containing phases at low temperatures during
solidification after the precipitation of the primary aluminum phase. This low temperature, late
precipitation event clogs the interdendritic feed passageways created by the primary aluminum
silicon dendritic. As a result, the copper containing aluminum silicon alloys cast with the lost foam
casting process of U.S. Patent 6,763,876 typically contain ten times the level of porosity that can be
obtained with the copper free aluminum silicon alloys.

[0034] The present invention describes system engineered design changes based on the
introduction of the NiAl; phase into an aluminum silicon eutectic microstructure, These design
changes provide partitions in the aluminum silicon eutectic that increase machinability and provide
an intermetallic compound constituent in the eutectic having greater galvanic couple compatibility
in a salt water environment than with aluminum-nickel or aluminum-silicon.

[0035] Clogging of the interdendritic passageways for alloys with high iron constituencies
(e.g., AA 336 and AA 393) may occur because the iron phasc forms long, needle like phases during
solidification, clogging the interdendritic passageways and causing the alloy to have high
microporosity, even with the application of ten atmospheres of pressure. In contrast, the "Chinese
script" phase morphology of an Ni-Al; eutectic phase is coarse and intermixed with aluminum
silicon eutectic when formed under sand casting cooling rates in the ternary reaction (Liq > Si + Al
+ NiAl;). Significantly, the coarse phase NiAl; starts to precipitate, particularly for Ni
compositions above 6%, before the ternary eutectic temperature is reached. The NiAlz network,
because of its open structure at the micron level, is quite permeable for the liquid constituents that
do not contain solid copper phases or solid iron phases and thus, this morphology does not hinder
the interdendritic feeding of molten aluminum when under ten atmospheres of isostatic gas pressure

are applied. As a result, hypereutectic aluminum silicon magnesium alloys containing nickel, but
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having low levels of both iron and copper, have lower porosity levels, when sand cast using ten
atmospheres of gas pressure in a lost foam with pressure casting process,

[0036] During solution heat treating of "as cast" samples, there is a clear difference between
copper containing hypereutectic aluminum silicon alloys with nickel and copper free hypereutectic
aluminum silicon alloys with nickel. Solution heat treating solubilizes Mg,Si and most of the
Cu3NiAlg phase, but only causes simple rounding of the silicon and NiAl; particles, The
phenomenon occurs because silicon and NiAl; are basically insoluble in aluminum, while
magnesium and copper are extensively soluble in aluminum. Thus, results suggest that silicon and
NiAls should provide strength and stability at elevated temperatures to a greater extent than
magnesium, copper and manganese. The results also suggest that microstructures obtained with the
copper free aluminum silicon alloys containing nickel are relatively stable at room temperatures
after slow cooling through the solidification event. Fast cooled samples, on the other hand because
of coring, would be expected to be less stable at elevated temperatures.

[0037] Additionally, it has been realized that when nickel is added to the eutectic
constituents as an NiAl; compound rather than as a pure element (that is insoluble in aluminum),
there is no uncombined nickel (i.e., "free nickel") present in the microstructure. This is significant
because free nickel affects galvanic corrosion phenomena adversely, while NiAls;, as
aforementioned, has beneficial effect of facilitating corrosion resistance.

[0038] It is known that in man-made metal matrix composites, the volume fraction of the
reinforcing phase is increased by artificially adding more of the reinforcing phase. With eutectics,
the volume fraction of the reinforcing phase (i.e., the "fiber phase") and the matrix phase are fixed
by nature by the eutectic composition and by the compositions of the phases in equilibrium at the
cutectic temperature.

[0039] The AA B391 alloy is associated with a binary Al-Si eutectic that has a long arrest
temperature isotherm at 577° Celsius. The long arrest isotherm causes liquid styrene defects when
cast in the lost foam casting process, because the molten B391 alloy near its solidus temperature is
90 weight % liquid and only 10 weight % solid. In the present invention, another arrest temperature
for the NiAl; eutectic at 640° Celsius enters the solidification profile of the alloy. This arrest
temperature not only provides a time frame for the liquid styrene to escape, but also enhances the

feeding of shrinkage porosity. Copper containing aluminum silicon alloys with nickel, in addition
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to the above, would also contain the CuzNiAlg phase in Chinese script form that would aid in
machinability but would contain low melting copper phases that precipitate late in the solidification
process and clog the feed passageways, preventing the attainment of low porosity levels, even when
solidified under 10 atmospheres of gas pressure.

[0040] The copper free hypereutectic aluminum silicon alloys, with a solidus melting point
of nearly 100° Fahrenheit higher than the copper containing hypereutectic aluminum silicon alloys,
do not precipitate low melting point phases that clog the interdendritic passageways feeding this
shrinkage porosity. Thus, the coarse, Chinese script morphology of the NiAl; phase in the Al-
NiAl; eutectic, when solidified under sand casting cooling rates, enhances the feeding of shrinkage
porosity because of the NiAl; size and morphology relative to the eutectic silicon phase,

[0041] The present invention utilizes the AI-NiAlz binary eutectic as it extends with
increasing silicon content into the bivariant (i.e., two degrees of freedom) temperature plane of the
Al-AINi3-Si phase diagram, to provide a source of the NiAl; phase in "Chinese script" morphology
form with a 14% NiAl; for 6% nickel composition.

[0042] Accordingly, the NiAl; is preferably introduced into the eutectic and does not
materially change the initial primary silicon volume fraction. Further, the NiAl; addition imparts
high wear properties because long tie lines from essentially pure silicon to the Al-Si eutectic
equilibrium remain relatively constant, However, the NiAl; addition increases the volume fraction
of the cutectic constituents, and accordingly, less Al-Si ecutectic must freeze at the lowest
temperatures. This is advantageous in the lost foam casting process because, compared to a normal
binary eutectic, all of the solidification does not have to occur at one temperature. Accordingly,
there is a lengthened time frame with an organized sequence of solidification events over a range of
temperatures. The job of "feeding" shrinkage (e.g., with pressure) and providing time for the liquid
styrene to vaporize and escape through the coating on the foam therefore increases. This extra time
for solidification is particularly important in the lost foam process because an advancing metal front
that ablates a foam gating system and mold and provides heat energy for the foam to evaporate
proceeds throughout the gating system and mold at or near its solidus temperature, Thus, the
molten metal front is usually near freezing even before filling is complete, particularly if the metal
has to travel a significant distance through the foam gating system and mold. Furthermore, for the

eutectic composition, the molten metal has a very low viscosity and may engulf and trap
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unvaporized liquid styrene as the metal front freezes, leading to casting defects. If, as solidification
proceeds, a gradual increase in the viscosity of the melt occurs, liquid styrene entrapment at the
final stages of solidification is minimized. This is beneficial to the quality of the casting as defects
are reduced. Accordingly, because the alloy of the present invention, with the NiAl; compound
addition creating either a binary Al-NiAl; eutectic equilibrium or a ternary Al-Si-NiAl; eutectic that
occur at a higher temperature than the Al-Si eutectic, effectively the temperature of the eutectic is
raised and the viscosity of the melt is increased by 10 to 15%. Thus, entrapment of styrenc is
prevented and further associated casting defects are essentially eliminated.

[0043] Thermodynamically, the heat fusion of aluminum is quite high at 92,7 calories per
gram, while the heat of fusion of NiAlj is 68.4 calories per gram. However, the heat of fusion of
silicon is much higher at 430 calories per gram, nearly five times that of aluminum and over six
times that of NiAl;. Thus, as a nickel free hypoeutectic aluminum silicon alloy solidifies and gives
off 430 calories per gram as the primary silicon precipitates, there is a tendency for the temperature
gradient on the aluminum to decrease. The decrease of the temperature gradient of the aluminum
reduces the heat input to the melt and causes shrinkage porosity to become more difficult to feed.
[0044] In contrast, as the hypereutectic aluminum silicon alloy of the present invention
solidifies and NiAl; precipitates out of solution, only 68.4 calories per gram of heat are given off.
Thus, during this early stage of solidification when NiAls is precipitating out of the solution, a
larger temperature gradient is cxpected and, as a result, the feeding efficiency of the shrinkage
porosity is greater than when compared to an alloy without nickel. The addition of the NiAl;
compound thus provides favorable conditions in the lost foam casting process for the liquid styrene
to vaporize and escape through the coating on the foam, decreasing the amount of eutectic liquid
that will have to go through the Al-Si eutectic during the last stages of

solidification for the alloy, and further increasing shrinkage porosity feeding efficiency.

[0045] One embodiment of the present invention sets an upper limit of 6% nickel. Higher
values of nickel would involve the NiAl; phase not only as a phase solely coming from the Al-
NiAl; eutectic, but also as a primary phase. This would involve a liquidus temperature steeply
rising with increasing nickel content and a temperature above the melting point of pure aluminum
all of which works against the attributes needed for a good sand casting alloy. At 6% nickel, the

binary NiAl; eutectic reaction produces a eutectic that is 14.3% NiAls. This is the maximum
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amount of eutectic NiAls that can be obtained; it is fixed by nature. At 3% nickel, only half of the
14.3% NiAl; is obtained. At 2% nickel, only 1/3 of the NiAl; is obtained. Thus, for practical
reasons, 3% by weight nickel was chosen as the lower limit because of the diminishing benefits in
going to lower nickel concentrations. Furthermore, there is both a machining and high temperature
strength advantage of having a volume fraction of the NiAl; phase that exceeds the primary silicon
volume fraction. This is more likely to be seen for nickel contents greater than 4.5% by weight.
[0046] As aforementioned, the nickel containing alloy of the present invention is primarily
intended for sand casting processes where the iron content is low and the manganese content is low.
For those casting processes where the iron content may be above 0.2%, and in particular above
0.3% by weight, cobalt up to 2% by weight, preferably only up to 1% by weight, may be substituted
for an equivalent amount of nickel. The advantage of such substitution is that the cobalt modifies
the needle like morphology of the aluminum beta phase.

[0047] Magnesium is present in the alloy of the present invention for its age hardening
response. Under the conditions of equilibrium for hypereutectic aluminum silicon alloys, Mg, Si
does not appear visible at less than 2000X magnification in the as cast condition as a coarse
constituent of the eutectic until a magnesium content of about 0.75% has been attained. Also, when
the magnesium level is kept below 0.75%, aluminum, silicon and Mg,Si form a ternary eutectic
containing 4.97% magnesium, and 12.95% silicon and freezes at 555° Celsius.

[0048] Silicon is present in the proposed alloy for the wear resistance properties imparted
by the hard primary silicon particles. Compared to the standard AA 390 alloy which can have a
silicon content as low as 16% by weight, the proposed alloy has a minimum silicon content of 18%
by weight. Accordingly, this silicon level contains 50% more primary silicon for wear resistance.
Silicon levels higher than 20% by weight will contain 100% more primary silicon particles than a
16% by weight silicon alloy, but are not advised because the liquidus is above 700° Celsius.

[0049] The electrolytic potential of the NiAl; compound is negative 0.73 volts, as
compared with negative 0.85 volts for pure aluminum. The potential of aluminum-nickel alloys
decreases slowly from pure aluminum to NiAl;, Metals with large positive standard electrode
potentials (e.g., Au, Ag, Cu) show very little tendency to dissolve in water and are known as noble
metals. However, base metals with a negative standard electrode potential have a tendency to

dissolve in water or corrode, such as magnesium and sodium. Thus, a galvanic couple between
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aluminum and NiAlz shows a slight tendency of the less noble aluminum metal in the system to
dissolve in the electrolyte. The galvanic corrosion of aluminum coupled to pure nickel would be
expected to be far worse because nickel is significantly more noble than NiAl;. Thus, since the
nickel is entirely tied up in the NiAly compound, the addition of nickel to the alloy does not
decrease the alloy's application for salt water use. In fact, the potential difference for the Al-NiAl;
couple in salt water is less than the potential difference for the Al-Si couple in salt water.
[0050] Pistons arc the engine components that require the highest elevated temperature
properties. A low thermal expansion coefficient is of paramount importance in selecting a material
for piston construction. Nickel decreases the thermal expansion coefficient of aluminum to a
greater extent than any other element and, at a 6% nickel addition, the thermal expansion
coefficient of aluminum decreases by approximately 10%. High thermal conductivity is also a very
important property for piston construction because the combustion heat of the engine must be
dissipated. However, elements that dissolve in aluminum in the solid state solution affect the lattice
structure and decrease the thermal conductivity of aluminum., Accordingly, heat treating
procedures that cause the precipitation of phases from solution in aluminum, such as the TS heat
treatment versus the T6 heat treatment, is the appropriate heat treatment for an aluminum piston
alloy,
[0051] It is known that nickel is insoluble in aluminum in the solid state. Nickel has no
measurable cffect on the thermal conductivity of aluminum because the maximum solubility of
nickel and aluminum is approximately 0.04%. Nickel forms a eutectic with aluminum at the
aluminum end of the Al-Ni binary diagram. The AI-Ni eutectic requires a liquid alloy of
approximately 6% by weight nickel to decompose at 640° Celsius on cooling to a mechanical
mixture of basically "pure" solid aluminum and NiAls. This solidified alloy has a density of
approximately 2879 kg/m’. This density is less than the expected algebraic calculated density of
3072 kg/m’ for a 6% addition of nickel because the NiAl; expands upon solidification,
[0052] Referring now to the Al-Ni binary phase diagram of Figure 1, although a phase
equilibrium diagram for the Al-Si-NiAl; ternary system does not exist, it will be recognized by
those skilled in the art that a ternary eutectic transformation liquid > Al + NiAl; + Si occurs at
approximately 5% Ni, 11-12% Si at 557°C. In the solid state the three phases Al, NiAl;, and Si are
present in most of the alloys. The solubility of silicon in NiAl; is of the order of 0.4-0.5%; the
15
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solubility of nickel in aluminum is only 0.04% at the binary eutectic temperature and that of silicon
is reduced by nickel additions. This knowledge, combined with the Al-Ni phase diagram of Fig. 1
demonstrates that there is a three phase equilibrium for the Al-Si-NiAl; ternary system. Thus, a
ternary diagram may be constructed demonstrating that equilibrium occurs over a temperature range
and not, as in binary systems, at a single temperature, as demonstrated in Fig. 2. According to the
Gibbs' Phase Rule, the three phase equilibrium in the ternary system is bivariant. The Gibbs' Phase '
Rule states that the maximum number of phases (P) that can coexist in a chemical system or alloy,
plus the number of degrees of freedom (F) is equal to the sum of the components (C) of the system
plus 2. Thus, in the Al-Si-NiAl; equilibrium, two degrees of freedom exists because there is a
maximum number of 3 phases that can coexist and 3 components of the system exist since
F=[C+2]-P according to the Gibbs' Phase Rule. Accordingly, after the pressure has been selected,
only the temperature or one concentration parameter need be selected in order to fix the conditions
of equilibrium.

[0053] The representation of a three-phase equilibrium on a phase diagram requires the use
of a structural unit that will designate, at a given temperature, the fixed composition of three
conjugate phases (i.e., the Al phase, the Si phase and the NiAl; phase). The structural unit is found
in the "tie triangle" of Figure 2, where R represents the Al phase, S represents the NiAl; phase and
L represents the Si phase. The triangle R-S-I. connects the three phases that the original phase P
decomposes into. Using P as the experimental condition 20% Si, 6% Ni and approximately 73%
Al, and using the formulas, tabulated in Figure 2, to calculate the percentage of NiAl; and
percentage of silicon, the percentage of NiAlj is determined to be 11% and the percentage of silicon
is determined to be 8%. These calculations are in reasonable agreement [i.e., + or - 1% for NiAlj
and -+ or— 0.5% for silicon} with quantitative metallography that was measured on ten samples.
[0054] It has been observed that the NiAl; phase precipitates out of the alloy at about a 14%
quantity as a semi-continuous mass of "Chinese script" phases in the eutectic structure between
primary silicon particles. Meanwhile, the primary silicon volume fraction is approximately 8% in
the same sand cast microstructure. This unique microstructure is particularly important for
improved machinability and further provides the appropriate reinforcement for elevated temperature
creep strength and other elevated temperature properties, making the alloys of the present invention

an excellent choice of material for piston construction.
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[0055] The present invention is further detailed in the following examples.
EXAMPLES
EXAMPLE 1
[0056] Pistons for an internal combustion engine were cast with an alloy according to the

present invention and having the following specific constituents in weight percentage: 19% silicon,
0.6% magnesium, 4% nickel and balance aluminum. The pistons were cast using a traditional sand
casting method. The cast pistons were heat treated and subsequently machined.

[0057] The machining of the pistons went so well that it was suspected that the alloy was
not a hypereutectic aluminum silicon alloy. The machining results were so surprising that instead
of carbide tooling or diamond tooling, high speed steel was sufficient to machine the pistons.
Further, in comparison tests with pistons cast from AA B391, the pistons using the alloy of the
present invention gave lower emission numbers than in pistons cast from AA B391. 'The lower
emission numbers are attributable to higher temperature strength of the alloy of the present
invention, as well as the lower the coefficient of thermal expansion of the alloy of the present
invention.

EXAMPLE 2

[0058] A two cylinder engine block was cast using the lost foam casting with pressure
process wherein ten atmospheres of pressure were applied during solidification. The two cylinder
engine block was cast from an alloy of the present invention and specifically comprising 19.1%
silicon, 0.65% manganese and 5.2% nickel. After casting, the porosity level of the two cylinder
block was measured to be 0.11%.

[0059] The porosity value of 0.11% is significantly lower than the best porosity levels (of
approximately 0.35%) that have been measured for copper-containing hypereutectic aluminum
silicon alloys solidified under 10 atmospheres of pressure under identical conditions in the identical
foam blocks. The tensile strength from samples obtained from a block cast from the alloy of the
present invention tested at 700° Fahrenheit had a tensile strength of 10.5 ksi. The machining results
for a machining trial of 100 engine blocks were surprising as to the results in Example | with the

pistons, and, accordingly, allowed for high speed steel machining.
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[0060] The above demonstrated examples constitute 100% improvement in projected tool
life for machining components constructed of alloys of the present invention versus machining
components constructed of aluminum alloy B391. Since pistons, engine blocks and engine heads
are engine components that require an extensive amount of machining after casting, this invention
is particularly suited therefor.

[0061] It should be apparent to those skilled in the art that the present invention as
described herein contains several features, and that variations to the various embodiments disclosed
herein may be made which embody only some of the features disclosed. Various other
combinations, and modifications or alternatives may also be apparent to those skilled in the art.
Such various alternatives and other embodiments are contemplated as being within the scope of the
following claims which particularly point out and distinctly claim the subject matter regarded as the

invention.
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CLAIMS:

1. A hypereutectic aluminum silicon die cast alloy comprising 18-20% by weight silicon,
3-6% by weight nickel, 0.3-1.0% by weight magnesium, (.03 - 0.20% by weight strontium, and

the balance aluminum wherein the alloy is free of iron, copper and manganese, excepting

impurities.

2. The alloy of claim 1, wherein the strontium content is 0.03 - 0.18% by weight.

3. The alloy of claim 1, wherein the nickel content is 4.5 - 6.0% by weight.

4. The alloy of claim 1, wherein the alloy has a microstructure of refined, fragmented primary

silicon particles embedded in one of a binarvy Al-Si eutectic, a ternary eutectic comprised of
eutectic Si, or eutectic Al, wherein the alloy microstructure further comprises primary aluminum

dendrites having a dendrite arm spacing of less than 20 microns.

5. The alloy of claim 4, wherein the amount of an eutectic NiAlz phase is between 5% and
15% by weight.
6. The alloy of claim 3, wherein the alloy has a microstructure of primary silicon particles

embedded in one of a ternary eutectic comprised of eutectic Si, eutectic NiAls, or eutectic Al and

the amount of the eutectic N1Als; phase is greater than 10% by weight.

7. The alloy of claim 1, wherein alloy avoids die soldering.

8. The alloy of claim 1, wherein 0.1 to 2% nickel is substituted with 0.1 - 2% cobalt.

9. The alloy of claim 1, wherein the alloy 1s die cast using a high pressure die casting process.
19
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10. A hypercutectic die cast alloy comprising 14-22% by weight silicon; 0.03-0.20% by weight
strontium; 0.01 to 1.0% by weight iron; 3.0 - 6.0% by weight nickel; 0.4 — 0.7% by weight
magnesium; and the balance aluminum, wherein the alloy is free of copper and manganese,

excepting impurities.

11. The alloy composition of claim 10, wherein the iron content is 0.01 to 0.7% by weight

iron.

12. The alloy composition of claim 10, wherein the strontium content is 0.05 - 0.10% by

weight strontium.

13. The alloy of claim 10, wherein the alloy comprises a microstructure having primary silicon
particles less than 20 microns in size with refined, fragmented morphology, primary aluminum
dendrites with a secondary dendrite arm spacing of less than 15 microns and a modified eutectic

structure with a eutectic silicon phase having fibrous morphology.

14. The alloy of claim 10, wherein the alloy avoids die soldering and has an elongation of

greater than 2%.

15. The alloy of claim 10, wherein the silicon content 1s 18-20% by weight silicon.

16. The alloy of claim 10, wherein the alloy has copper at less than 0.2% by weight maximum

copper and manganese at less than 0.3% by weight manganese.

17. The alloy of claim 10, wherein 0.1 - 2.0% by weight nickel is optionally substituted with
0.1 - 2.0% by weight cobalt.

18. The alloy of claim 10, wherein the alloy has a microstructure of primary silicon particles

embedded in a ternary eutectic comprised of eutectic Si, eutectic Al-NiAls and eutectic Al-Si.
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