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MULTI-COMPONENT COMPOSITION METAL INJECTION MOLDING

BACKGROUND OF THE INVENTION

[o11 1. Field of the Invention

[02] The present invention is related generally {0 injection molding metals and
more particularly to compositions of metals suitable for processing in plastics
injection molding machines.

[03] 2. Background of the Related Art

[04] Conventional reciprocating screw injection molding machines are capable of
processing/molding most commercial polymers and filled or reinforced polymers.
Although desirable, the machines have not been able to mold parts from metal
alloys. Die casting or other variations on the casting process have been the standard
methods to manufacture 3-dimensional, near net shape parts from metal alloys.
Thixomolding is one method that uses some of the characteristics of plastic injection
molding equipment to mold magnesium alioys. The machine used in thixomolding
differs substantially in design and size from the conventional plastic injection molding
machine.

[05] It is desirable to process and mold metallic alloys {(especially lightweight alloys
such as aluminum, zinc and magnesium) on convention plastic injection molding
equipment. There is a large instalied base of injection molding machinery worldwide
and the operating cost of this machinery is significantly less than is required for
casting and foundry type operations.

[06] Metaliic alloys typically have a relatively narrow temperature transition
between the solid and liguid phases. Even the semi-solid phase typically has a

narrow temperature window.
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[07] Metallic alloys cannot be processed on standard injection molding equipment
in the solid phase or in the semi-solid phase above some fraction solid because the
machine is not strong enough to overcome the resistance of the solid or semi solid
(with high solids content). Similarly standard injection molding equipment is not well
suited to process any material with very low viscosity (e.g. water like). Materials with
too low of a viscosity have little resistance to force (a requirement in the standard
injection molding machine design) and exhibit a flow pattern which is not ideal for
filling a mold cavity (results in voids, difficulty in packing out, and poor mechanical
properties). That leaves only a narrow range of the semi-solid region (e.g. 5-30
solids) that is typically practical for molding metals on injection molding equipment
that requires thermoplastic type flow. This narrow range of the semi-solid region also
corresponds o an acceptable viscosity range that enables injection molding.
[08] In a conventional injection molding machine plastic pellets enter the
conveying screw at or near room temperature. They are typically heated down the
fength of the barrel to 450-700°F (~232-372°C) depending on the type of plastic and
the viscosity desired. The barrel is heated externally to help heat the plastic. The
induced shear created by the screw and viscous liquid also accounts for much of the
heating of the piastic. Typically barrel temperature is controlied in three zones (front,
middie and rear...and feed). There is typically only a 100°F (~37°C) difference
between the front and rear zone temperature set points. However, the material is
heated from nearly room temperature to 500-700°F (~260-372°C) over the length of
the barrel. The feed area temperature is set above room temperature but iower than
the temperature that is required to induce melting so that in this section pellets
remain solid while being conveyed to the hotter zones. The material is continuously

heating due to shear and the residence time in the heated barrel. Therefore, there is



WO 2016/033650 PCT/US2009/057230
-3-
a continual gradient in the material temperature down the length of the barrel from
RT to the injection temperature {a difference of 400-700°F (~204-372°C)). The
externally applied barrel heat helps to increase the temperature of the material but is
doesn’t control the material temperature.
[08] There are other characieristics of the injection molding machine that prohibit
precise temperature conirol in additional to the material temperature gradient down
the length of the barrel. Since the screw moves forward and backward there is also
potential change in temperaiure of the material do {o its rapid movement up or down
the barrel length. New material is constantly being fed and discharged so the heating
process is always transient. The molding process is not always running or “on cycle”.
Downtime for adjustments or problems also changes the temperature profile of the
material because the material is typically not moving during these periods. All these
factors contribute o not being able {o maintain material temperaiure over a narrow
range.
[10] Temperature of the material in process cannot be precisely controlled
because of several factors:
a. material is constantly fed and discharged
b. molding is always a transient process (stop/start)
¢. material is heated from near room temperature to the injection
temperature (e.g. 700°F/372°C) so there is a temperature gradient in
the material down the length of the barrel
d. barrel set point temperatures range only about 100°F/37°C from front
to back...but the material must be heated from 70°F/21°C {0 e.Q.
700°F/372°C (therefore the barrel set points can influence but not

control the material temp)
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e. substantial material heat comes from shear forces which are localized
at the walls and not uniformly distributed through the material
f. when the machine stops cycling for whatever reason {(and material
stops being fed/discharge) the heat balance changes
[11]  All these characteristics make it difficult to maintain a metallic alloy in a
processable (narrow) temperature regime. These characteristics are less prohibitive
when processing plastics because the processable melt range occurs over a much
larger temperature range and the resistance/strength of a cooling plastic is much
less than that of metal and can often be more easily overcome by the force of the

machine/screw.

SUMMARY OF THE INVENTION

[11a] According to a first aspect, there is provided a metal alloy feedstock for metal
injection molding in an injection molding machine having a heated barrel, the heated barrel
having a temperature gradient, the feedstock comprising: a first composition having a first
melting point, wherein the first composition is a metal alloy formed from elements selected
from the group consisting of aluminum, copper, silicon and zinc; a second composition
having a second melting point higher than the first melting point of the first composition; the
first melting point and the second melting point maiching to the temperature gradient of the
heated barrel; whereby when fed into the injection molding machine the first composition
melts prior to the second composition melts and enabling the second composition to solute
into the first composition.

[11b] According to a second aspect, there is provided a method of metal injection molding
on an injection molding machine having a heated barre! with an increasing temperature
gradient, the method comprising: providing a metal alloy feedstock including a first
composition having a first melting point and a second composition having a second melting
point that is higher than the first melting point, the first melting point and the second melting
point selected to match the temperature gradient of the heated barrel of the injection molding
machine,; feeding the metal alloy feedstock into the injection molding maching; melting the
metal alloy feedstock within the heated barrel of the injection molding machine; and
maintaining the percentage of solids to liquids in the metal alloy feedstock of the first
composition and second compesition within a processable range of about 5% to about 30%,
wherein the first composition is selected to include a metal alloy formed from elements

selected from the group consisting of aluminum, copper, silicon and zinc.
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[11c] According to a third aspect, there is provided a method of selecting metal alloys for
use in a metal injection molding process, comprising: selecting a first composition having a
first melting point, wherein the first composition is selected to inciude a metat alloy formed
from elements selected from the group consisting of aluminum, copper, siicon and zinc;
selecting a second composition having a second melting point higher than the first melting
point; the first melting point and the second melting point selected to maich a temperature
gradient of a heated barrel of an injection malding machine; and whereby when the first
composition and the second composition are processed in the injection moiding machine the

percentage of solids to liquids of the first compasition and second composition remain within
a processabie range of about 5% to about 30%.

(12} Embodiments of the present invention seek to soive the problems of the prior art by providing

a muiti-component composition with at least a first component with a low meiting point and a

second component with a higher meliing point selacted to maich with the
temperature gradient of a batrel of an plastics injection molding machine. More than
two components can be provided. Because of its lower melting point, the first
component liquefies first and facilitates the transition of the second component into
the liquidus mixture to reduce binding in the injection molding machine. In particular,
the first component becomes liquid and its temperature is increased as it moves
forward along the length of the barrel by the injection molding machine screw. The
second component becomes soluble in the liquid of the first composition. if additional
componernts are used, the additional components become soluble in the first
composition alse. The additional components are selected 1o have a melting point

greater than the melting point of the first component, but less than the melting point
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of the second component. The process continues with increasing temperature up 1o
the liquidus temperature of the second component. All this time the composition of
the liquid is changing because it has an equilibrium solubility that is temperature
dependent. As the composition changes it also has an increasing liguidus
temperature. Therefore, the composition is somewhat seif-regulating. As the temp
increases more of the second (high melting component is soluble}. The dissolution of
the second component changes the liquid composition and raises its liquidus
temperature, thereby requiring even high temperature o incorporate more of the
second composition. Similarly, if more than two components are used a simitar
equilibrium is reached. This means that the near liguid composition steps up at
nearly the equilibrium figquidus line with increasing temperature (or iength down the
barrel of the injection molding machine). As a result, embodiments of the present invention provide a
multi-compaonent composition of metal useable in an injection molding machines to

facilitate the molding of metal pars.

BRIEF DESCRIPTION OF THE DRAWINGS

[13] These and other features, aspecis, and advantages of the present invention
will become better understood with reference to the following description, appended
claims, and accompanying drawings where:

[14] Fig. 1is a binary phase diagram of a zinc-aluminum metal alioy made in
accordance with the method of the present invention;

[15] Fig. 2is a close up view of inset A of Fig. 1;

[16] Fig. 3 shows a close up view of inset A of Fig. 1 with a reference point B

indicating the 95wit% zinc/ Swt% aluminum eutectic;
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[17]  Fig. 4 shows a close up view of Inset A of Fig. 1 with a vertical line with marks

C indicating the 85wi% zinc/15wt% aluminum singular composition; and

[18] Fig. 5 shows a close up view of Inset A of Fig. 1 with a stepped line D

indicating a multi-component composition bounded by 85wi% zinc/15wi% aluminum

and 85wit% zinc/5wi% aluminum.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[19] One approach is to define alloys with a wide range between the liquidus and
solidus temperatures. This range is still wider than is easily processed. Semi-solids
with solid content above about approx. 30-35% are not processable, in general, on
conventional injection molding equipment. The range of processability of a semi-solid
metal of homogeneous composition is about 5-30 wt% solids. The temperature
range o maintain this %solids window is narrow. The temperature window is narrow
even in alloys with a wide solidus {o liquidus temperature delta.

[20] As an example of the present invention, an alloy with an approximately 130°F
range between liquidus and solidus (85wit% zinc /15wi% aluminum) would be a good
candidate for injection molding because of relatively large temperature differential.
The range of 5-30% solids is significantly lower (approx. 70-80°F). This material is
processable on standard injection molding equipment but the window is not wide
enough for acceptable routing processing. The material binds occasionally.

[21]  To view this example in the extreme the Al/Zn eutectic is near 95wi%
Zn/5wi% Al. Referring to Fig. 3, this composition transforms from solid to liquid
without a semi-solid phase. One can imagine that this material is impractical for
injection molding. The liquid phase is 100 low in viscosity for processing (i.e. no

resistance to flow and undesirabie turbulent flow during mold filling). The solid phase
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on the other hand will not flow and presents too much resistance to the machine. Fig.
2 is the binary phase diagram for zinc-aluminum in the range 80-100 wt% zinc and
between the temperatures of approximately 600 and 900°F.
[22] The invention involves multi-component maierials, such as two or more
components, that provide a gradient in composition along the length of the barrel that
parallels the temperature gradient.
[23] To describe the invention the phase diagram for Zinc/Aluminum is shown
having three different material compositions as seenin Figs. 3, 4, and 5.
[24] Referring to Fig. 4, shows a phase diagram for a singular composition of
85wi% zinc/15wi% aluminum of the present invention that is processable but without
a sufficient window for routine processing. In the phase diagram, it is clear that with
this composition the behavior can only extend up and down the vertical line. The
range in which it will be processable is in a window that occupies only a portion of
this line. Additionally any change in temperature will produce a change in percent
solids and therefore a significant change in rheological characteristics.
[25] Referring to Fig. 5, a phase diagram for a multi-component compaosition
bounded by 85wit% zinc/15wi% aluminum and 95wit% zinc/5wit% aluminum is
described. As can be ascertained from Fig. 5, a mixture of soluble compositions
results in a compaositional gradient that paraliels the temperature gradient in the
barrel. This mixture ensures that the composition is always reasonably close to the
liquidus temperature (low % solids) and will maintain reasonably consistent rheology
down the barrel length of an injection molding machine.
[26] An example of the inventions uses a mixture of two aluminum/zinc
compositions (mixed pellets having different compositions). In this case both

compositions are aluminum-zinc but the ratio of each element is different. A specific
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example is 95wWi%/5wi% zinc/aluminum as the first composition and 85wi%/15wt%
zinc/aluminum as the second composition. The low temperature melting component
will form liquid first. As the first component becomes liquid and its temperature is
increased as it moves forward along the length of the barrel and components of the
second composition become soluble in the liquid. The process continues with
increasing temperature up to the liquidus temperature of the second component. All
this time the compaosition of the liquid is changing because it has an equilibrium
solubility that is temperature dependent. As the composition changes it also has an
increasing liquidus temperature. Therefore, the composition is somewhat self-
reguiat’ir‘ig'.'As the temp increases more of the second (high melting component is
soluble). The dissolution of the second component changes the liquid composition
and raises its liquidus temperature, thereby requiring even high temperature 1o
incorporate more of the second composition. This means that the near liquid
composition steps up at nearly the equilibrium liquidus line with increasing
temperaiure (or length down the barrei of the injection molding machine}.
[27] This process is not reversible so cooling of any given composition does not
result in separation of the components. However, because there is a compositional
gradient down the length of the barrel any cooling effects (from, for example,
movement of the screw) are small relative to the critical temperature at which that
particular composition would have too high a solids content to be mechanicaliy
moved or sheared by the machine.
[28] This compositional variant provides the necessary window or forgiveness for
metal alloys 1o be processed on conventional injection molding equipment.
[29] The present invention has been shown {o produce good molded parts on

conventional injection molding equipment (with modification to the screw, i.e. 0
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compression, relief of flights in the solid to melt transition area). The examples listed

below include two components for simplicity. However, more than two componenis

may be used. The additional components, though, must be selected to have a

melting point that falls on the phase change diagram of the alloy between the first

component and the second component.

[30] Three specific examples are listed below:

[31] Example 1)

[32] 10wWt% (+/-5wi% ) (95wWt% zinc / Swit% aluminum)

[33]  90Wt% (+/-Bwi% ) (85Wt% zinc / 15wi% aluminum)

[34] More specifically, 15wi% (95wt% zinc / 5wt% aluminum) and 85wi% (85wi%

zinc / 15wi% aluminum) has been found {o be optimum.

{35] Example 2)

[36] 85wWi% (+/-5Wi% )} (85Wit% zinc / 15wit% aluminum)

[37] 15Wt% (+/-Bwit% ) (86wWt% aluminum / 10wi% silicon / 4wt% copper)

[38] More specifically, 88wt% (85wi% zinc / 15wt% aluminum) and 12wi% (86wit%

aluminum / 10wi% silicon / 4wt% copper) has been found 1o be optimum.

[39] Example 3)

[40] 50wi% (85wWt% zinc / 15wt% aluminum)

[41] BOwt% (86wWl1% aluminum / 10wi% silicon / 4wt% copper)

[42] Inthe examples, the first component of 85wi%/15wt% zinc/aluminum singular

composition or 95/5 wi% zinc/aluminum singular compaosition is not routinely

processable without the second component.

[43] The 86/10/4 wt% Al/Si/Cu singular composition is not routinely processable

without the first component.
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[44] However, by missing the two composition together, the mixed compositions
are routinely processable.
[45] Although described here with only three examples the concept is applicable to
all metals. There will of course be limitations in regards to maximum temperature
reachable in convention injection molding machines and the stability of machine
components in presence of hot metallic alloys. Additionally, a non-alioying
reinforcement material such as glass, hollow microspheres, fly ash, carbon fiber,
mica, clay, silicon carbide, alumina, aluminum oxide fibers or particulates, diamond,
boron nitride, or graphite or other reinforcement materials as are known in the art
may be added to the feedstock. Additionally, the reinforcement materials may be
dry-blended with the feedstock as it is being fed into the injection molding machine to
form molded parts and metal-matrix composites.
[46] Therefore, it can be seen that the present invention provides a unique solution
to the problem of using a plastics injection molding machine to mold metal parts by
using a multi-component composition of two or more components, of metal feedstock
with varying composition.
[471 It would be appreciated by those skilled in the art that various changes and
modifications can be made to the illustrated embodiments without departing from the
spirit of the present invention. All such modifications and changes ére intended to be

within the scope of the present inveniion.
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What is claimed is:

1. A metal alloy feedstock for metal injection molding in an injection molding
machine having a heated barrel, the heated barrel having a temperature gradient,
the feedstock comprising:

a first composition having a first melting point, wherein the first
composition is a metal alloy formed from elements selected from the group
consisting of aluminum, copper, silicon and zinc;

a second composition having a second melting point higher than the first
melting point of the first composition;

the first melting point and the second meiting point matching to the
temperature gradient of the heated barrel;

whereby when fed into the injection molding machine the first composition
melts prior to the second composition melts and enabling the second
composition to solute into the first composition.

2. The metal alloy feedstock of claim 1, wherein the first composition
includes about 5wit% to about 15wt% of the feedstock and the second
composition includes about 85wt% to about 95wt% of the feedstock.

3. The metal alloy feedstock of claim 1, wherein the first composition
includes about 80wt% to about 90wt%.
4, The metal alloy feedstock of claim 1, wherein the first composition and

second composition each comprise about 50wt% of the metal alloy feedstock,
respectively.

5. The metal alioy feedstock of claim 1, wherein the first composition is a
metal alloy comprising about 95% zinc and about 5% aluminum.

6. The metal alloy feedstock of claim 1, wherein the first composition is a

metal alloy comprising about 85% zinc and about 15% aluminum.
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7. The metal alloy feedstock of claim 1, wherein the second composition is a
metal alloy formed from elements selected from the group consisting of
aluminum, copper, silicon and zinc.
8. The metal alloy feedstock of claim 1, wherein the second composition is a
metal alloy comprising about 86wt% aluminum, about 10wt% silicon, and about
4wit% copper.
9. The metal alloy feedstock of claim 1, further comprising at least one
composition having a melting point greater than the first melting point, but less
than the second melting point.
10. The metal alloy feedstock of claim 1, further comprising a non-alloying
reinforcement material.
11. A method of metal injection molding on an injection molding machine
having a heated barrel with an increasing temperature gradient, the method
comprising:

providing a metal alloy feedstock including a first composition having a
first melting point and a second composition having a second melting point that is
higher than the first melting point, the first melting point and the second melting
point selected to match the temperature gradient of the heated barrel of the
injection molding machine;

feeding the metal alloy feedstock into the injection molding machine;

melting the metal alloy feedstock within the heated barrel of the injection

molding machine; and
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maintaining the percentage of solids to liquids in the metal alloy feedstock
of the first composition and second composition within a processable range of
about 5% to about 30%,

wherein the first composition is selected to include a metal alloy formed
from elements selected from the group consisting of aluminum, copper, silicon
and zinc.
12.  The method of claim 11, wherein the first composition is selected to
include about 5wt% to about 15wt% of the feedstock and the second composition
is selected to include about 85% to about 85% of the first composition and the
second composition mixed together.
13. The method of claim 11, wherein the first composition is selected to
include about 80wt% to about 90wt% of the first composition and the second
composition mixed together.
14. The method of claim 11, wherein the first composition and second
composition are selected to comprise about 50wt% of the first composition and
the second compaosition mixed together.
15. The method of claim 11, wherein the first composition is selected to
include a metal alloy comprising about 95% zinc and about 5% aluminum.
16. The method of claim 11, wherein the first composition is selected o
include a metal alloy comprising about 85% zinc and about 15% aluminum.
17.  The method of claim 11, wherein the second composition is selected to
include a metal alloy formed from elements selected from the group consisting of

aluminum, copper, silicon and zinc.
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18.  The method of claim 11, wherein the second composition is selected to
include a metal alloy comprising about 86wt% aluminum, about 10wt% silicon,
and about 4wt% copper.
19.  The method of claim 11, further comprising selecting at least one
composition having a melting point greater than the first melting point, but less
than the second melting point in the metal alloy feedstock.
20. The method of claim 11, further comprising feeding a non-alloying
reinforcing material into the injection molding machine.
21. A method of selecting metal alloys for use in a metal injection molding
process, comprising:

selecting a first composition having a first melting point, wherein the first
composition is selected io include a metal alloy formed from elements selected
from the group consisting of aluminum, copper, silicon and zinc;

selecting a second composition having a second melting point higher than
the first melting point; the first melting point and the second melting point
selected to match a temperature gradient of a heated barrel of an injection
molding machine; and whereby when the first composition and the second
composition are processed in the injection molding machine the percentage of
solids to liquids of the first composition and second composition remain within a
processable range of about 5% to about 30%.
22.  The method of claim 21, wherein the first composition is selected fo
include about 5wt% to about 15wt% of the feedstock and the second composition
is selected to include about 85% to about 95% of the first composition and the

second composition mixed together.
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23. The method of claim 21, wherein the first composition is selected to
include about 80wt% to about 90wt% of the first composition and the second
composition mixed together.

24. The method of claim 21, wherein the first composition and second
composition are selected fo comprise about 50wt% of the first composition and
the second composition mixed together.

25. The method of claim 21, wherein the first composition is selected to
include a metal alloy comprising about 95% zinc and about 5% aluminum.

26. The method of claim 21, wherein the first composition is selected to
include a metal alioy comprising about 85% zinc and about 15% aluminum.

27. The method of claim 21, wherein the second composition is selected to
include a metal alloy formed from elements selected from the group consisting of
aluminum, copper, silicon and zinc.

28. The method of claim 21, wherein the second composition is selected o
include a metal alloy comprising about 86wt% aluminum, about 10wt% silicon,
and about 4wt% copper.

29. The method of claim 21, further comprising selecting at least one
composition having a melting point greater than the first melting point, but less
than the second melting point.

30.  The method of claim 21, further comprising selecting at least one non-
alloying reinforcement material to add to the first composition and the second

composition.



