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ABSTRACT

A transparent replica of a casting die was built to achieve a better understanding
of the filling mechanisms of aluminum in high pressure die casting. Water and tomato
paste were respectively used as analogues for the Newtonian liquid aluminum and the
non-Newtonian semi-solid aluminum. The transparent die was installed on an industrial
casting press and filling was filmed with a high-speed camera. Differences between the
Newtonian and non-Newtonian fluids are presented and discussed.



INTRODUCTION

High pressure die casting (HPDC) is often the process of choice to produce
components with complex shapes at high volumes. To this effect, close to 70% of all
aluminum castings are obtained with this process [1]. These castings are conventionally
produced from liquid aluminum alloys but a limitation to their wider use as structural
parts is the large number of defects, particularly porosity, that are usually present. These
defects mainly originate from gas entrapment during filling and solidification shrinkage
during solidification [2]. A strategy that can be used to improve the integrity of castings
is to inject an aluminum alloy in a partially solidified condition. Porosity from gas
entrapment can then be reduced due to the improved die filling conveyed by the more
viscous fluid. Shrinkage porosity is also reduced since the castings are obtained from a
partially solidified alloy.

In this work, the differences in the die filling behaviors between liquid and semi-
solid aluminum were visualized with physical modeling. Water and tomato paste were
respectively used as the analogue fluids for the Newtonian liquid aluminum and non-
Newtonian semi-solid aluminum. A transparent die was fabricated and the filling
sequence was filmed with a high speed camera.

THEORY

Liquid aluminum is a Newtonian fluid, e.i., the viscosity, u, (the ratio of shear
stress to shear rate) is constant with a value of approximately ~0.002 Pa-s[3]. With

semi-solid aluminum, the shear stress to shear rate ratio is not constant and the fluid
belongs to the family of non-Newtonian fluids. High pressure die casting produces a
large amount of shearing during die filling and the viscosity of the fluid therefore varies
over a wide range. The fluid exhibits a thixotropic behavior whereby the non-Newtonian
viscosity decreases with time under constant shearing. This is caused by
disagglomeration and morphological changes in the solid particles [4] but this effect is
difficult to quantify in HPDC since mold filling typically occurs in less than half a
second. Semi-solid aluminum also exhibits a shear thinning behavior [4] where the non-
Newtonian viscosity, 77, decreases with shear rate and may be expressed with a power

law model.

Aluminum chemically reacts with most materials and the visualization of its flow
cannot be carried out using a die transparent to the visible light spectrum. However, a
physical model can be constructed whereby the aluminum is replaced by a less
chemically reactive fluid to simulate its flow. For liquid aluminum, water can
conveniently be used [5,6] and for semi-solid aluminum, tomato paste was selected after
a comparison with other fluids, as summarized in Table 1. Criteria in the selection were
the room temperature rheological properties and the ease of its use and disposal. The
utilization of tomato paste to simulate the flow of semi-solid aluminum has also been
reported elsewhere [7].



Table 1 — Flow behaviors of semi-solid aluminum compared to various analogue fluids

Fluid Shear thinning Thixotropic  Yield stress Inconvenience
Aluminium X X X Temperature/reactivity
Butter X -- X Cleaning
Peanut butter X - X Cleaning
Drilling fluid X X X Disposal
Guar gum X X +X --
Grease (lub) X X X Disposal
Ketchup X - - -
Margarine X -- X Cleaning
Tooth paste X - X -
Tomato paste X +X X -
Paint X X - Toxicity /Cleaning
Shampoo plastic - - -
Yogourt X -- -- --

Figure 1 illustrates the apparent viscosity as a function of shear rate for the
Heinz® Pure Tomato Paste and the A356 aluminum at a solid fraction close to 0.5. It is
seen that the macroscopic shear thinning behavior of the A356 alloy is fairly well
reproduced by the tomato paste. The apparent viscosity of the tomato paste was
characterized with a Couette rheometer (PAAR Physica MCR 500 with CC 27
cylinders), at shear rates that ranged from 0.001 to 1000 s' and yielded the K and n
parameters that are shown in the Figure. For the semi-solid aluminum, these parameters
were taken from the work of Nguyen et al. [8] and Orgeas [9].
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Figure 1 — Apparent viscosity as a function of shear rate for the semi-solid A356 alloy
and the Heinz® Pure Tomato Paste

To obtain a dynamic similarity between the flow of aluminum and an analogue
fluid, the magnitude of forces at similarly located points in each system must have fixed
ratios [10]. In HPDC, the flow is mainly affected by inertia and viscous forces whose
ratio defines the Reynolds number. The flow of semi-solid aluminum is also affected by
its yield stress, whose ratio with the viscous stress defines the Bingham number. The
yield stress however varies considerably with the solid fraction [11] and scaling



difficulties arise from the simultaneous consideration of Reynolds and Bingham numbers
[12]. The dynamic similarity in this work was therefore solely based on the Reynolds
number and experiments with water were carried out at values of ~1-10* and ~5-10*
while those with the tomato paste were at 10 and 100. The scaling ratio between the
model and the prototype was also set to 1:1.

Some of the differences between Newtonian and power law non-Newtonian fluids
can be viewed by considering a steady and fully developed laminar flow in a circular
tube with no slip at the boundary. In Figures 2 to 5, differences in velocity, shear stress,
shear rate and viscosity are illustrated. The equations utilized in these calculations are
listed in Table 2 and the symbols are defined in the Nomenclature.
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In Figure 2, the velocity of the non-Newtonian fluid is relatively constant near the
center of the tube but has a steep gradient near the wall. For a given average velocity, the
non-Newtonian fluid will have a lower maximum velocity than the Newtonian one. In
Figures 3 and 4, it is seen that shear stress and shear rate are at the maximum at the wall
of the tube. In Figure 5, the non-Newtonian viscosity varies over a large range but most
of the variation is concentrated near the center of the tube.



Table 1. Velocity, shear stress, shear rate and viscosity equations for the Newtonian and
power law non-Newtonian fluids flowing in a circular tube [13].

Newtonian fluid Non-Newtonian power law fluid
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EXPERIMENTAL SET-UP

A schematic of the test part that was modeled is illustrated with its dimensions in
Figure 6. It consisted of 4 tensile bars with a feeding system and overflows. The
geometry of the bars had the peculiarity that it consisted of a relatively narrow cavity
having a contraction followed by an expansion.
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Figure 6 — Schematic of the modeled casting consisting of four tensile test bars.
The die for this part was placed vertically with a bottom to top filling against
gravity

The die for this part is illustrated in Figure 7 and consisted in two halfs, one made
of acrylic and the other of aluminum. The acrylic half was inserted in an aluminum
frame and secured to the mobile platen of a Biihler SC/N53 industrial press at the
Aluminium Technology Centre. The aluminum half was also inserted in an aluminum
frame but was secured to the immobile platen of the press. An enclosure consisting of
four horizontal arms was fixed on the aluminum frame of the acrylic section of the die to
apply a pressure between the two sections and an O-ring was also placed between them.
The high speed camera (Photron Fastcam PCI-10X) used to film the filling was also
placed inside this enclosure. Filling typically lasted less than 0.5 s and was captured at



250 and 1000 frames/s with a shutter speed up to 1/2000 s. High intensity lighting with
low current variation amplitude was also provided to the set-up.
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Figure 7 — Diagram of the die and its components. The illustration on the right is an
exploded view of the acrylic die and its aluminum frame

The tests were all carried out in a similar manner. Approximately 750 mL of
fluid was placed in the shot sleeve and injected in the die by the piston which had been
programmed to a fixed stroke length. During an injection, the piston velocity remained
constant but two velocities (0.05 m/s and 0.3 m/s) were investigated. With water, these
provided turbulent conditions with Reynolds numbers in the narrow section of the tensile
bars of ~10* and ~5-10* and with tomato paste, the conditions were laminar with
Reynolds numbers of ~10 and ~100. A food coloring was mixed to the water to provide
a greater contrast with the acrylic.

RESULTS AND DISCUSSION

Figure 8 provides four photographs of water filling the narrow and expanding
sections of the tensile bars at a Reynolds number of ~10*. Retouches were made to the
pictures to improve their contrast. Even though the flow was turbulent, the fill fronts,
outlined with white segments between the walls of the tensile bars, progressed as uniform
planes. In HPDC, this is highly desirable to reduce air entrapment during filling [2]. The
presence of large bubbles depicted in the Figure by the encircled regions was also
observed. They rose faster than the fill fronts and formed continuously as though air was
being pushed in the die. It was observed that this air originated from the shot sleeve and
was injected by the piston along with the water. In HPDC, air entrained during injection
has been reported to be a source of porosity in aluminum castings [14]. The results of
the present physical modeling work indicate that the amount of entrained air can be
significant.
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Figure 8 — Water injection at a Reynolds number of ~10*in the narrow bar section. The
fill fronts in the bars are outlined with white segments between the die walls. Large air
bubbles that formed are encircled. Filling was from bottom to top

Increasing the Reynolds number to ~5-10* had significant effects on the filling
and close-up views were taken to provide greater details. In Figure 9, the lower section
elbow of bar No. 1 (identified in Figure 6) is shown. In Figure 9A, the fill front appears
with a large region of air entrapment. In Figures 9B, C and D, the fill front has passed
the angle of view of the camera and regions of air entrapment are also present. These
regions contained mostly water but had large amounts of air in them. The large bubbles
observed at the lower Reynolds number (Figure 8) which originated from the air in the
shot sleeve were replaced by a multitude of smaller ones.
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Figure 9 - Close-up views of water injection in the exterior runner elbow of bar No. 1 and
at a Reynolds number of ~5-10" in the narrow bar section. The white contour lines
delimit regions that contained mostly water but had large amounts of air in them. The
outside of these regions contained water but much less air in them

Close-up views of the expanding section of tensile bar No. 1 (identified in Figure
6) are also shown in Figure 10. The filling front, outlined with the white demarcations,
appeared non-planar with signs of splashing. In HPDC, this filling condition is
undesirable since it contributes to a greater porosity [2]. In Figure 10A, it is seen that the
fluid jetted out of the narrow bar section without entirely filling the expanding section
and droplets ahead of the filling front were also formed. In Figure 10D, the fill front has
passed the angle of view of the camera and variations in the gray tones denotes air
entrainment.
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Figure 10 - Close-up views of water injection in the expanding section of a tensile bar at
a Reynolds number of ~5 10", Filling fronts are delimited with white contour lines

Very different flows were obtained when water was replaced by tomato paste.
The tests with this fluid were carried out at the same injection velocities but the Reynolds
numbers were lower and provided laminar regimes rather than turbulent ones. As shown
in Figure 11, with a Reynolds number of ~10, the filling fronts were planar, well defined
and stable. The presence of air originating from the shot sleeve reported earlier in the
tests with water was not observed. The tomato paste was sufficiently viscous to form
freestanding mounts that completely filled the opening of the runner/shot sleeve junction
and this considerably reduced the amount of air injected by the piston. In Figure 11B, it
is seen that as the fluid entered the expanding section of the tests bars, it did not
immediately fully expand against the die walls. Instead it formed a small vertical column
that expanded approximately twice the diameter of the reduced section after which it
collapsed against the walls (Fig. 11B and C) and resumed its upward movement to the
top of the die. The maximum height of the column seen in Figure 11B was dictated by
factors such as inertia, viscosity, yield stress and surface tension.
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Figure 11 — Tomato paste injection at a Reynolds number of ~10 in the narrow section of
the bars

Differences in the flow fronts were observed when the injections were carried out
at a Reynolds number of ~100. Figure 12 depicts close-ups of the lower section elbow of
bar No. 1. There is a small increase in diameter located at the junction of the runner and
the test bar that promoted the formation of air pockets depicted in Figures 12C and 12D.
This entrapment was not observed with the tests at Re ~10.
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Figure 12 — Close-up views of tomato paste injection in the exterior runner elbow in bar
No. 1 and at a Reynolds number of ~100 in the narrow bar section
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The filling fronts in the tensile bars are illustrated in Figure 13. They remained
planar except in the expanding sections. The filling front was planar in the lower grip
section (Fig. 13A) but became non-planar in the upper grip section (Fig. 13B). The flow
then collided with the end of the cavity and filled the die from top to bottom by diverging
to the sides (Figs. 13C and 13D). This backward filling front thus produced air
entrapment and predicted that defects could occur in this region if tensile bars were
produced from semi-solid aluminum under similar conditions. This was later confirmed
by metallographic examinations of die cast A356 aluminum tensile bars [12,15]

Figure 13 — Tomato paste injection at a Reynolds number of ~100 in the narrow and
expanding sections of the bars

CONCLUSION

The test carried out using water as an analogue for liquid aluminum to fill a die
consisting of four tensile bars showed that planar filling fronts could be retained in the
presence of turbulent regimes where the Reynolds number was ~10*. The loss of planar
filling fronts with accompanying air entrapments were observed when the Reynolds
number was increased to ~5-10°. A significant amount of air was also observed to be
injected in the die by the piston at both Reynolds numbers. The tests carried out with
tomato paste as an analogue fluid for the semi-solid aluminum showed that planar filling
fronts were present at a Reynolds number of ~10. The loss of these planar filling fronts



was observed in the expanding section of the test bars when the Reynolds number was
increased to ~100. Compared to water, injection of air by the piston was considerably
reduced when tomato paste was used.
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NOMENCLATURE
K Parameter in power law model ((Kg /m)s*™)
L Pressure drop distance (m)
n Parameter in power law model
r Radial direction (m)
R Radius (m)
v, z-directed component of velocity (m/s)
AP Pressure drop over length L (Pa)
y Shear rate (s'l)
n Non-Newtonian viscosity (Pa-s )
Y7, Viscosity (Pa-s)
T Shear stress in the r direction due to flow in z direction (Pa)
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