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Abstract 

Metal Compression Forming (MCF) is a variant of the squeeze casting process, in which molten 
metal is allowed to solidify under pressure in order to close porosity and form a sound part. 
However, the MCF process applies pressure on the entire mold face, thereby directing pressure 
on all regions of the casting and producing a uniformly sound part. The process also enhances 
the solidification rate of the metal promoting a very fine grain structure which results in improved 
properties. Consequently, the process is capable of producing parts with properties close to that 
of forgings, while retaining the near net shape, complexity in geometry, and relatively low cost of 
the casting process. The paper will describe the casting process development involved in the 
production of a 356 alloy motor mount bracket, including the use of a filling and solidification 
model to design the gating and determine process parameters. Tensile properties of the 
component will also be presented and correlated with those of forged components. 
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Introduction 

The use of aluminum alloy castings for structural components offers significant opportunities for 
achieving weight reduction in automobiles, since they are typically about half the weight of the 
steel, cast iron, or ductile iron component that they replace. However, the performance 
requirements of structural components, particularly chassis or suspension components, places 
greater requirements on the mechanical properties of the components, and consequently limits the 
range of components that can be manufactured by traditional metal mold processes such as 
gravity or tilt-pour permanent mold casting. High pressure die casting without vacuum 
assistance, the process used for the majority of aluminum alloy automotive components, is 
typically not suitable for chassis and suspension parts as the parts cannot be heat treated and may 
often contain unacceptable levels of porosity. Newer processes such as squeeze casting or semi- 
solid metalcasting are the primary candidates for chassis and suspension components, as they are 
capable of producing high integrity heat treatable parts at the high production volumes required by 
the automobile industry. 

In this paper, the use of a new process called Metal Compression Forming (MCF) for the 
manufacture of a motor mount bracket component in A356 alloy, is described. The MCF process 
was developed by the Thompson Aluminum Casting (TAC) Company and is a variant of the 
squeeze casting process. In the MCF process, molten metal is allowed to solidify under pressure 
in order to close porosity and form a sound part, in the same manner as the squeeze casting 
process. However, the MCF process applies pressure on the entire mold face, thereby directing 
pressure uniformly on all regions of the casting and producing a uniformly sound part. Castings 
made by squeeze casting processes that apply pressure on the gate area via a plunger, on the other 
hand, may be sound near the gate where pressure is applied, but may exhibit higher levels of 
porosity away from the gate. The MCF process is capable of producing parts with properties 
close to that of forgings, while retaining the near net shape, complexity in geometry, high 
throughput, and relatively low cost of the die casting process. Figure 1 shows a schematic 
illustration of the MCF process. 

Production of Test Bar 

Prior to the casting process development required for production of the motor mount bracket, a 
test bar was produced for the purpose of determining tensile properties and verifying the 
capability of the process. For the production of the test bar casting, TAC decided to use a tilt 
pour arrangement to fill the die in order to minimize turbulence, prevent air entrapment, and 
consequently allow castings to be heat treated. A 250-ton die casting machine was modified to 
allow the platen to rotate 90" in the plane of the platens and allow tilt pour filling of the test bar 
die. The shot sleeve was removed. One of the platens was fixed and contained the female half of 
the die. The other platen was movable and contained the male half of the die. The parting line 
was parallel to the platens as in a typical die casting die and the die cavity was filled from the side 
using a pouring cup. At the start of the process, the male and female halves of the die were 
engaged to provide a closed cavity. Molten metal was ladled into the pouring cup, and the platens 
and dies were rotated to allow the metal to fill the die. On completion of filling, the sprue was 
shut off by a hydraulically actuated shut-off pin and the mold cavity was pressurized by the 
movement of the male half of the die. Pressurization continued till the end of solidification, after 
which the male die was retracted and the part ejected. Mold coolant and lubricant were applied 
after part ejection and the cycle was repeated. 

The test bar die produced a flat tensile specimen of nominal dimensions 12 x 12 x 90 mm in the 
gauge section and 18 x 12 x 50 mm in the grip section. For the production of the test bar, no 
grain refiner or strontium modifier was added to the melt, nor was the melt degassed. Thus, the 
results obtained should be fairly conservative. Figure 2 shows a photograph of the test bar. As 
shown in Figure 2, the actuation of the shut-off pin effectively isolated the die cavity from the 
open sprue and essentially cut the part off at that point. A contraction was provided at the gate 
below the shut-off pin to allow the test bar to be easily broken or cut off at the gate area. 
Figure 3 shows a computed tomography radiograph of the test bar. It shows the test bar to be 
completely sound in the gauge section. A small amount of porosity was visible in the grip 
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section, indicating that further optimization of the process was required for porosity to be 
completely eliminated. Figure 4 shows an optical micrograph of the microstructure in the test 
bar. It indicates that the high cooling rate obtained in the MCF process produced a high level of 
refinement of the eutectic silicon even in the absence of strontium addition. The high cooling rate 
also resulted in a fairly fine dendrite cell spacing of approximately 35 pm. 

Intensifier Movement 
to Compensate for 
Solidification AI- Shrinkage 

Figure 1. Schematic illustration of metal 
compression forming process. 

Specimens were machined from the gauge 
section of the test bar for tensile tests at 
-40°C, room temperature, and 120°C. 
Cylindrical specimens with a gauge length of 
28.6 mm (1.125") and a diameter of 
3.2 mm (0.125") in the gauge section and 
6.4 mm (0.25") in the grip section were 
used for all tensile tests. Tensile tests at 
-40°C and 120°C were conducted in an 
insulated environmental chamber. A fan 
circulated air in the chamber to maintain 
constant temperature. For the -40°C tests, 
liquid nitrogen was used to cool the 
circulated air, while for the 120°C tests a 
resistance heating element was employed to 
heat the circulated air. The liquid nitrogen 
flow and the heating element were controlled 
by a thermocouple tied directly to the 
specimen. 

Figure 5 shows a plot of ultimate and yield 
strengths measured from specimens obtained 
from the MCF test bar. For purposes of 
comparison, ultimate and yield strengths for 
wrought and squeeze cast 6061 alloy and for 
squeeze cast 356 alloy obtained from the 
ASM Casting Handbook are also shown. 

Figure 2. Photograph of test bar produced by metal compression forming. 



Figure 3. Computed tomography 
radiograph of Metal Compression 

Formed test bar. 

Figure 4. Optical micrograph of Metal 
Compression Formed test bar. 

The data clearly demonstrated that the 
ultimate tensile strength values for the MCF 
samples compared favorably with those for 
the wrought and squeeze cast 6061 and 356 
alloy samples. The yield strength exhibited 
by the MCF samples was lower than for 
either the wrought or squeeze cast samples. 
However, it was assumed that this 
difference was due to a difference in heat 
treatment as well due to the fact that no 
special efforts were made to control the alloy 
composition for the production of the test 
bar castings. 

Figure 6 shows a plot of the tensile 
elongation for specimens obtained from the 
MCF test bar. Again, values for wrought 
and squeeze cast 6061 alloy and squeeze cast 
356 alloy are also plotted for 

comparison. The data indicate that the properties for the MCF specimens compare favorably to 
the data for wrought and squeeze cast 6061 alloy specimens and significantly exceed the 
published data for squeeze cast 356 alloy, although in this case the published data for squeeze 
cast 356 alloy seems to be rather low. However, the fact that tensile elongation values of nearly 
12% were achieved for 356 alloy indicates that microporosity in the samples was extremely low 
or absent. Metallographic examination of the test bars did not indicate any evidence of 
microporosity . 

Production of Motor Mount Bracket 

The tensile properties obtained from the MCF test bar confirmed that the process was capable of 
producing properties close to that of forging. The development of the MCF process for the 
prototype production of the motor mount bracket consisted of the design of the die including the 
modeling of the filling of the die cavity and the subsequent solidification of the part. 

The first step consisted of determination of the thermophysical properties of the 356 alloy as a 
function of temperature. Thermophysical properties were determined at the facilities of the High 
Temperature Materials Laboratory (HTML) at Oak Ridge National Laboratory. Thermal 
conductivity (K) was determined by its relation to thermal diffusivity (a),  bulk density (p), and 
specific heat Cp, by K = apCp. Thermal diffusivity (a) was determined using the laser flash 
thermal diffusivity technique (LFTD). Specific heat capacity (Cp) was measured using 
differential scanning calorimetry (DSC). Linear thermal expansion (LTE) and density (p) were 
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Figure 5. Plot of ultimate and yield strengths measured from specimens obtained from metal 
compression formed test bar. Also shown are values for wrought 6061 
and squeeze cast 6061 and 356 alloys for comparison. 
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Figure 6. Plot of tensile elongation measured from specimens obtained from Metal Compression 
Formed test bar. Also shown are values for wrought 6061 and squeeze cast 

606 1 and 356 alloys for comparison. 
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determined by high-temperature dilatometry. A dual push-rod differential dilatometer equipped 
with a thermally isolated linear variable displacement transducer (LVDT) was used to accurately 
measure displacement as a function of temperature. For density (p) measurements, the 
dilatometer was operated in a single push-rod configuration outfitted with a special POCO" 
graphite tube and end caps which contained the alloy sample during melting (see Figure 7). The 
alloy specimen was then heated to 800°C and cooled to below its solidification temperature 
(500°C). The change in length was measured and multiplied by the cross sectional area of the 
specimen to determine the volume change during solidification, after compensating for the 
thermal expansion of the system. The density was calculated over this temperature range from 
the mass of the specimen. Figure 8 shows the variation of density with temperature for 356 
alloy. 

a 

Graphite Tube Specimen 6.35 mm 

t 

Figure 7. Schematic of modified push-rod arrangement used for 
density measurement by dilatometry. 
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Figure 8. Measured variation of density of 356 alloy with temperature. 
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The measured properties were vital to both casting modeling and for calculations of the extent of 
die movement required to compensate for solidification shrinkage. The LTE of the die material as 
a function of temperature was also measured. This information also proved vital as it was 
discovered that the expansion of the dies over several casting cycles negated much of the effect of 
the die movement required to compensate for solidification shrinkage. The knowledge of the 
L E  of the die was used to calculate the position of the dies after several casting cycles and then 
correctly calculate the required die movement to compensate for solidification shrinkage. 
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The die cavity configuration as designed by TAC consisted of two cavities one on top of another. 
Figure 9 shows a photograph of the gating system with a bracket attached to the top cavity. The 
tilt pour filling of the die and subsequent solidification of the motor mount were modeled using 
ProCASTTM software. Both color prints and a video animation of the results were produced. 
The modeling of the die filling and part solidification provided the following information: 

1. 

2.  

3 .  

4. 

The filling results indicated a propensity 
for air entrapment, particularly in the top 
cavity, suggesting that the gating system 
could be redesigned for smoother filling. 
The solidification model indicated that 
the bottom cavity as well as the gate 
areas were likely to start solidifying 
before the top cavity. 
The solidification results indicated that 
the likely region for porosity formation 
was the center of the bracket. 
The filling and solidification model 
indicated that portions of the cavity 
attained a solid fraction of 40% about 5 
seconds after the start of filling and that 
solidification was completed at the end 
of 35 seconds. 

Based on the results of the solidification 
model, the gate areas were enlarged to allow 
a smoother flow of metal into the die cavity. 
Also, it was decided not to use the top cavity 
due to the excessive turbulence in the top 
cavity. Since solidification of the bottom 
cavity commenced before the top cavity, it 
was necessary to start compression before 

the onset of coherency (assumed to be at 40% solid) of the material in the bottom cavity. This 
ensured that compression would not be resisted by the solidifying material and could be used to 
compensate for solidification shrinkage. Figure 10 shows a temperature contour map of the die 
cavity about 5 seconds after the start of filling indicating the onset of coherency in the gate area of 
the bottom cavity. Figure 10 also indicates the modified gating used in the final die design. 

Figure 9. Gating system of initial design 

Prototypes of the motor mount bracket were successfully made using the bottom cavity and 
information on the position and extent of die movement needed to compensate for solidification 
shrinkage. X-ray radiographs confirmed that the bracket was sound. Tensile specimens obtained 
from the motor mount bracket exhibited an average yield strength of 230 MPa (33.3 Ksi), 
ultimate tensile strength of 300 MPa (43.5 Ksi), and elongation of 16.3%. Fatigue specimens 
obtained from the bracket also exceeded the design requirements for the part. 

Commercial production of the motor mount bracket using the MCF process is scheduled for 1998 
model automobiles. The commercial version of the process will use a low pressure bottom fill 
approach rather than the tilt pour arrangement. The process is also currently being extended for 
the manufacture of metal matrix composite materials using the bottom fill approach. Future 
efforts are also expected to include the production of more complex parts and the use of other 
alloys. 
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Figure 10. Temperature contour plot of the modified design 5 seconds after the start of filling, 
indicating the onset of coherency in the gate area of the bottom cavity. 

summary 

A new process called Metal Compression Forming, a variant of the squeeze casting process, 
developed by Thompson Aluminum Casting Company, was successfully used to produce an 
aluminum 356 alloy motor mount bracket. The determination of thermophysical properties for 
the alloy, especially the density variation across the freezing-range and the linear thermal 
expansion of the die material, as well as the use of casting and solidification models of the filling 
of the die cavity and the solidification of the part, were crucial to the development of optimum 
process parameters for the production of a sound part. 
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