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ABSTRACT

This paper describes quality control methodologies for the production of semi-
solid A356 aluminum slugs with the SEED process. A methodology based on destructive
tests carried out with an apparatus measuring the force to slice the slugs is presented.
The force measurements were correlated with the solid phase morphologies of the slugs
and were validated against a non destructive methodology that consisted in monitoring
the temperature evolution of crucibles to produce the slugs and the drained metal.
Results from the destructive and non destructive methodologies are compared and
discussed.



INTRODUCTION

The discovery more than thirty years ago that semi-solid metals with globular
structures had low apparent viscosities [1] has led to the development of new casting
technologies. With aluminum alloys, thixocasting was utilized until recently but it is
now being supplanted by rheocasting [2]. There are presently several rheocasting
variants, either in production or in development, and they mainly differ in the
mechanisms utilized to cool and promote the globular structure of the semi-solid
aluminum [2]. Among them is a technology based on the Swirled Enthalpy Equilibration
Device (SEED) that is jointly developed by Alcan International Limited, the owner of the
patent [3], and the Aluminium Technology Centre of the National Research Center of
Canada. The technology distinguishes itself by its simplicity and versatility [4] and is
schematically described in Figure 1. It involves: A) Pouring a liquid aluminum alloy
against the wall of a crucible to nucleate primary alpha grains, B) Swirling of the crucible
to produce a quasi thermal equilibrium with the partially solidified aluminum, C)
Draining of some liquid aluminum to further increase the solid fraction, D) Transferring
the semi-solid slug to a high pressure die casting (HPDC) press to produce a component
of desired shape.

Pouring Swirling  Draining Transferring HPDC press
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Figure 1 — Schematic illustration of the SEED rheocasting technology

A requirement to obtain high integrity rheocast components is that the semi-solid
slugs must be produced in a consistent and standardized manner. Deviations originating
for example from the liquid metal cleanliness or in the slug preparation steps may be an
eventual source of castings defects. Process quality control systems must thus be
designed to ensure that the slugs will meet the desired requirements. This was also an
important issue in thixocasting where the reheating procedure of the pre-cast billets often
led to a lack of feedstock uniformity [5-8]. In this case, temperature monitoring [5,6] and
indentation tests [7,8] have been used to control quality.

In this study, different methodologies were evaluated to determine if they could
detect intentionally imposed deviations in the feedstock preparations steps of the SEED



process. Non-destructive tests were performed by monitoring the temperature evolution
of the crucible and the drained liquid metal. These were complemented by destructive
tests that consisted in measuring the force required to slice the semi-solid slugs.
Correlations of these results with the primary phase morphologies of the slugs were also
carried out.

THEORY

An important feature of the SEED process is the heat absorbed by the crucible. A
finite crucible mass will absorb a finite amount of heat from the poured liquid aluminum
and one can thus select a crucible that only partially solidifies the aluminum. As the
crucible absorbs heat, its temperature evolution can be affected by various process
parameters such as the initial temperature and mass of the aluminum, the initial mass and
temperature of the crucible, the presence or absence of a coating at the interface between
the crucible and the aluminum, etc. In principle, the temperature evolution of the crucible
for a slug produced under a set of desired standard parameters should produce a desired
standard response or ‘signature’. This temperature response should also be distinct from
that obtained when the process parameters have deviated and produced a slug that does
not meet the requirements.

Another feature of the SEED process is the draining of some of the liquid
aluminum. For a desired standard set of process parameters, the evolution in the mass of
drained liquid metal should differ to that obtained when deviations in the production of
the slug have occurred. Lastly, the ‘consistency’ of a slug should vary depending on
whether it was produced under standard conditions or not. Thus, the force required to
slice a slug should provide indications on the conformity of the parameters under which
it was produced.

The consistency of a slug is mainly affected by the amount and morphology of
the solid phase. The rapid cooling of the liquid aluminum that occurs when it is poured
on the wall of the crucible (see Figure 1) causes a large number of primary alpha grain
nuclei to be generated. Equiaxed dendrites then form from these grain nuclei but swirling
of the crucible contributes to their fragmentation and the solidified structure evolves from
rosettes to spheroids through a ripening process similar to the one described by Flemings
et al. [9]. The parameters of the SEED process can be adjusted to vary the amount and
morphology of the solidified phase and, consequently, the force required to slice the
slugs. Metallographic examinations of water quenched slugs were thus performed in this
work to establish the correspondence between the force measurements and the
microstructures.

Slugs produced under the set of standard conditions were known from previous
work to meet the feedstock requirements for HPDC. However, deviations in these
conditions need to be detected if they occur and it needs to be verified that they produce
measurable differences in temperature, mass and force before considering implementing
them in a quality control system. To this effect, a statistical analysis was used to



determine 95 % confidence intervals in these measured responses. The intervals for the
mean response value, x, were based on the Student’s t-distribution and expressed as

[10]:

<Xx Equation 1
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Where X is the sample mean, #,:,.; is the percentage point of the ¢ distribution where
a/2=0.025 (for a 95% confidence interval in the two tailed distribution) and with n-1/
degrees of freedom, where n is the samples size and s is the sample standard deviation.
Table 1 lists the values of #y25,,.; for n between 1 and 10.
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Table 1 — Percentage points of the ¢ distribution used in the calculation of the 95 %
confidence interval [10]

n-1 o/2 =0.025 n-1  o/2=0.025

1 12.706 6 2.447
2 4.303 7 2.365
3 3.182 8 2.306
4 2.776 9 2.262
5 2.571 10 2.228
EXPERIMENTAL

A schematic illustration of the set-up to produce the slugs and perform the
measurements is shown in Figure 2. Two type K surface thermocouples were positioned
against the external crucible wall at heights of 63 mm and 127 mm and a balance was
placed underneath the crucible to monitor the mass of the drained metal. The tests were
all carried out with the A356 alloy and with crucibles that had a diameter of 80 mm, a
height of 250 mm and a fixed wall thickness. The internal wall of the crucibles also had a
proprietary coating. The production of the semi-solid slugs under standard process
parameters was the following: Ingots of A356 aluminum were melted in an electrical
resistance furnace to a temperature of 680°C. Approximately 2.5 kg of metal was ladled
from the furnace with a spoon and cooled to a temperature of 645°C. The aluminum was
then poured into a crucible at 25°C and to a level of 195 mm, which corresponded to a
mass of 2.2 kg + 40 g. After the pouring operation, the crucible was swirled during 45 s.
This was followed by a 10 s rest after which liquid aluminum was drained from the
bottom (see Figure 2) for a period of 45 s. Once this cycle was completed, the slug was
transferred to the slug cutter and sliced longitudinally at a cutting tool velocity of 70
mm/s. The cutter was equipped with a load cell that enabled the slicing force to be
measured. Finally, the sliced slug was quenched in water for metallographic evaluation.
Temperature, mass and force measurements were recorded with a data acquisition system
at a frequency of 100 Hz.
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Figure 2 — Schematic of the experimental set-up. Temperature and mass measurements
were performed during the slug preparation. The slugs were then transferred to the
slicing unit for the force measurements.

The effect of deviations in the pouring temperature of the aluminum, the mass of
the poured aluminum, the initial temperature of the crucibles and the thickness of the
coating at the internal crucible wall were investigated. Table 2 lists how these were
varied with respect to the standard process parameters. Typically, 10 tests were carried
out to determine the confidence intervals in the measured responses with the standard
process parameters and 5 for the nonstandard conditions.

Table 2 — Experimental conditions

Standard Modified
Process parameters i o
conditions conditions
Pouring temperature (°C) 645 630 665
A356 alloy poured (kg) 2.2 2.0 24
Crucible initial temperature (°C) 25 45

Coating thickness (um) standard -50%  +50%




RESULTS AND DISCUSSION

Figure 3 illustrates the temperature evolution of the external wall of the crucible
at a height of 127 mm and for three different aluminum pouring temperatures. It is
noticed that a rapid rise in temperature occurs during which the crucible absorbs most of
the heat from the aluminum. The temperature then stabilizes, indicating that the crucible
and the aluminum are at, or are nearly at, thermal equilibrium. The 95 % confidence
interval for the standard pouring temperature of 645°C is shown in the hatched grey
zone. The pouring temperature of 630°C was detected as it lies outside this interval. This
is however not the case for the aluminum poured at 665°C. For clarity, only the average
temperature evolutions are shown for the measurements at 630 and 665°C but their
confidence intervals had similar magnitudes to that obtained at 645°C. Due to the
probabilistic nature of the statistical analysis, a pouring temperature of 630°C may thus
be undetected.
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Figure 3 — Effect of the pouring temperature of the aluminum on the crucible wall
temperature at a height of 127 mm

Figures 4 and 5 respectively illustrate the evolution of the drained liquid
aluminum and the slicing force of slugs produced at the standard temperature of 645°C
and the two nonstandard temperatures of 630 and 665°C. In these two graphs, the results
for the slugs produced at 665°C are outside the confidence intervals of the standard
temperature but the results at 630°C are just at the limits of the confidence intervals and
would therefore often be undetected. The larger amount of drained metal for the curve at
665°C is considered to be caused by the lower solid fraction in the slug. In Figure 5, the
larger slicing force for the curve at this temperature is considered to be caused by a larger
proportion of dendrites as the results to follow will show. Graphs similar to those
depicted in Figures 3, 4 and 5 were generated for variations in the masses of poured
aluminum, initial crucible temperatures, and thickness of the internal crucible coating.



The ability of the three methodologies to detect these process variations are summarized
in Table 3.
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Figure 4 — Effect of pouring temperature on the evolution of the drained metal.
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Figure 5 — Effect of pouring temperature on the force to slice the slug. The slug was
sliced from top to bottom and the initial position refers to the top



Table 3 — Summary of the experimental results

Non-destructive evaluations DestrucFlve .
Modified parameters cvaluation g-grain
Crucible wall temperature ~ Drained morphologies
Force
63 mm 127 mm mass
Pouring 630 - - nd nd g+r
temperature
(°C) 665 + nd + + d+r
A356 alloy 2.0 nd - - + r+d
poured (kg) 2.4 nd nd + nd g+r
Crucible initial
temperature 45 + nd + nd g+r
O
Coating -50% nd nd + nd g+r
thickness (um) 4500, nd _ nd + r+d

— : below standard response, + : above standard response, nd : not detected,
g = globules, r = rosettes, d = dendrites, predominant morphology put in first

The examination of Table 3 teaches that among the three methods used to detect
the process deviations, the measurement of the drained metal was the most reliable. This
was followed by the temperature and the force measurements. In addition, the
combination of the temperature and mass measurements succeeded at detecting all the
process deviations. Also listed in Table 3 are the structures (dendrites, rosettes or
globules) that were observed from the metallographic examinations of the quenched
samples. The results show that the force measurements can be a useful tool to determine
optimal production parameters for the semi-solid aluminum since they can quickly assess
the state of the grain morphologies. Examples of these morphologies are provided by the
photomicrographs in Figure 6. In some instances, the rapid cooling during quenching of
the samples produced internal cracks and the examination of their interfaces provided
structures with the depth of field shown in Figure 7.
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Figure 6 — Grain morphologies of quenched samples observed with an optical
microscope at 50X showing: a) dendrites, b) rosettes, c) globules.



A

Figure 7 — Grain morphologies of quenched samples observed with a scanning electron
microscope showing: a) dendrites at 60X, b) globules at 80X

The relationship between the grain structures and the slicing force is illustrated in
Figure 8. It is seen that the force decreased according to the ripening state of the grains
(dendrites — rosettes — globules).
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Figure 8 — Slicing force as a function of slug position for different grain morphologies

In Figures 5 and 8, it is seen that the maximum slicing force was typically
detected at approximately 15 mm from the top surface of the slug. In principle this
should have been measured at or closer to the surface since, due to exposure to the
ambient conditions, the outermost layer of the slug had a higher solid fraction than the
bulk. In addition, a ‘ripple’ in the force was often observed and this may have been
caused by a readjustment in the velocity of the cutting tool as the slicing of this higher
resistance layer was completed. The metallographic examination of the longitudinal
sections of the slugs also revealed that aside from this outermost top layer, the
microstructures were quite uniform. Therefore, the decrease in force as the slug was



being sliced may have been caused by an increase in the shear rate at the interface
between the cutting tool and the slug. Since the semi-solid aluminum is pseudoplastic,
this shear rate increase would yield a decrease in the apparent viscosity and thus a
decrease in the force. Work is presently carried out to improve the slicing apparatus with
different mechanical and electronic components to test these hypotheses. As far as the
measurements of the crucible temperatures and the drained metal masses are concerned,
additional work is being conducted to implement these approaches to an on-line process
monitoring system to insure that slugs are produced under desired parameters.

CONCLUSIONS

Force measurements performed on semi-solid slugs provided valuable
information on the grain morphology of the solid aluminum phase. This novel approach
could therefore be a useful tool to quickly determine the optimal process parameters to
produce slugs with the desired grain morphology. Additionally, the drained metal weight
and crucible wall temperature measurements confirmed the impact of modified process
parameters on the grain morphology.
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