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ABSTRACT

Semi-solid Processing is a relatively new process for producing components with high
integrity where the material is processed at a temperature between solidus and liquidus
and then formed into components. The paper covers semi-solid processing of Mg alloys
using, as an example, the Thixoforming of magnesium AZ91D. The paper describes the
experimental procedure where slugs of feedstock material having a rosette structure are
heated to a semi-solid state to obtain a globular structure before the material is formed
into components in a die casting machine or forging press. The experimental thixotropic
feedstock of magnesium alloy AZ91 was prepared using CANMET’s casting simulator
with electromagnetic stirring. Forging trials were conducted at MTL while die casting of
a number of components was carried out at IMI. The paper presents results of the
optimized heating of 3-inch diameter and 6 inch long slugs of AZ91D alloy prepared
under laboratory conditions. The optimized induction heating procedure was established
to achieve a globular structure with rapid and homogeneous heating of slugs which are
then subjected to high pressure die casting or forging. The optimal casting and forging
parameters (slurry temperature, die temperature, ram speed and metal pressure) are
given. Results on morphological changes in the microstructure of the feedstock material
during heating are presented. It is shown that the material heated to 580 ° C should be
held at this temperature for 30-90 seconds to achieve globularisation of the primary solid
phase without excessive grain growth. The microstructure at various locations in the
final product was analyzed. At the optimum casting and forging conditions no
significant liquid segregation is observed in the final part.
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INTRODUCTION

Semi-solid metal processing is a relatively new forming process for producing
components with high integrity where specially prepared slurries or slugs of the alloy at a
temperature between solidus and liquidus are formed into components. Semi-solid
processing can be classified into two main processing routes: Rheo and Thixo. In Rheo-
processing, shown schematically in Figure 1, the process starts from a melt that is cooled
to a semi-solid temperature and then formed into components. In Thixo-processing,
shown schematically in Figure 2, the process starts from a solid billet that is typically cut
from a rheocast or grain-refined feedstock, heated to a semi-solid temperature and then
formed into components. In all cases the resulting microstructure must produce a
thixotropic material having a viscosity low enough under shear to readily fill the die
cavity under pressure in a die casting machine or a forging press. This technology is
based on research originally conducted at MIT in the 1970s on rheological properties of
semi-solid metals subjected to mechanical stirring (1). It is worthwhile to mention that
the main advantages of Rheo-processing are the energy savings (since no re-melting is
required) and no need to pay a premium for specially prepared feedstock, as well as
recycling which can be done in-house, however, a large capital investment will be
required.
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Figure 1 Schematic representation of the Rheo-Processing.

Practically all high-volume components produced by semi-solid processing today
start with commercial billets in aluminum alloys A356 and A357 as feedstock materials
(2-4). On the other hand, for magnesium components, the proprietary Thixomolding
process (which involves preparation of the thixotropic slurry from magnesium alloy
chips in an injection molding machine, shown schematically in Figure 3,) is the most
common production method used (5). Because fine-grained or rheocast magnesium alloy
bars in different sizes are not available commercially, high-volume production of
components from billets has not been possible to date.



The initial feedstock material must be cast in a way that avoids the formation of
columnar dendrites or alternatively, by shearing or breaking down the dendrites to small
rosettes during solidification. The latter may be achieved through stirring the solidifying
melt mechanically or by electromagnetic means, whereas the former can be achieved by
casting at a low super-heat, or by the use of grain refiners. Much work has been done on
thixotropic aluminium alloys, particularly A356 and A357; in comparison, very little
work has been done on magnesium alloys. Thixotropic feedstock billets are available
commercially for both A356 and A357, but none is commercially available for
magnesium alloys. The feedstock material should then be re-heated to the desired
temperature (corresponding to the desired solid fraction) uniformly and rapidly and be
held for sometime at this temperature to complete the globularisation of the primary
phase (6). There is an optimum temperature profile to achieve the best thixotropic
behaviour (7) depending on the structure and the size of the feedstock.
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Figure 2 Schematic representation of Thixo-procesing

This work presents the results for the casting of laboratory thixotropic feedstock
material of AZ91D using static mold casting with electromagnetic stirring techniques. It
also presents the results for the optimised heating of the 76mm diameter and 152mm long
(37 diameter by 6” long) AZ91D magnesium alloy slugs to the semi-solid forming
temperature. In addition, microstructural changes in the as-cast thixotropic material as a
result of heating to and holding at the desired semi-solid temperature are presented.

It is intended to address the three key aspects related to the semi-solid processing
of magnesium alloy AZ91D components from billets: (a) production of the non-dendritic
billet feedstock with equiaxed microstructure by electromagnetic stirring, (b) reheating of
the billets, and (c) semi-solid forming by die casting and forging. Also, this paper will



examine the microstructure of the alloy throughout processing from feedstock to the final
die cast or forged part in relation to the globularity of the primary alpha phase and liquid
segregation, if any, in the final part.
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Figure 3 Schematic representation of Thixomolding (5).

EXPERIMENTAL PROCEDURE

AZ91D billets of thixotropic feedstock were produced at CANMET/Materials
Technology Laboratory (Natural Resources Canada) using a heat resistance furnace to
melt 40kg of alloy AZ91D. A coated, water cooled, copper mould and electromagnetic
stirring (EMS) was used to produce the 300 mm high and 76 mm diameter billets with a
rosette or globular structure. The electromagnetic stirring unit is a JME-Inverpower
Canada Inc. (now ABB) built around the water-cooled copper mold into which the
molten metal is poured. The casting is performed at a low super-heat (~20 ° C) where the
melt pouring temperature is 615 °C. The details on the casting simulator can be found in
a separate publication (8). The chemical composition of the laboratory prepared material
is a typical AZ91D alloy (8.7% Al, 0.89% Zn and 0.18% Mn).

Heating of the laboratory prepared material to the semi-solid temperature was
conducted using a single induction coil operating at 10 kHz and a power of 13.5 kW. The
induction power unit was supplied by Norax Canada, a manufacturer of customized
induction systems based on power transistors operating at frequencies up to 200 kHz (9).
The billet of 76 mm (3 in) diameter and 152 mm (6 in) in length was contained in a
ceramic crucible insulated at the top. It was introduced into the coil by means of a piston



that could be raised and lowered pneumatically, as shown in Figure 4. The coil is
fabricated from a 6.5 mm (0.25 in) diameter copper tubing and has a diameter of 127 mm
(5 in) and a height of 203 mm (8 in). Power input into the coil is controlled by a
programmable controller through a thermocouple inserted into a 37.6 mm (1.5 in) deep
drilled-hole at the center of the top surface. The other three thermocouples were inserted
from the side at the top, middle and bottom surfaces of the billet at a depth of 6 mm (0.24
in) so that temperature drop between the surface and core could be monitored.

In order to avoid over-heating of the surface in the workpiece, power in the coil
was programmed to vary over the heating period of approximately 8 minutes. Full power
was turned on for the first 3 minutes until a temperature of 460 ° C (just below its solidus
temperature) was attained, at which point it was reduced to 60% of its initial value.
Additional reductions over the next two subsequent steps in the remaining 5 minutes
brought the power input down even further. Towards the end of the heating cycle, the
power required to achieve a final temperature of 575 - 580 © C was 15% of the initial
value.

The experimental dies used for the semi-solid casting and forging trials are shown in
Figure 5. The casting die was heated by hot circulating oil while the forging die was kept
at the desired temperature by electrical band heaters. In die casting trials, the semi-solid
slug is injected into the die cavity through a gate at the center, thereby leaving any oxide
skin that could have formed during induction heating in the biscuit. The casting die
produces a box-like component in a Biihler 600 T capacity SC N/53 die casting machine.
The casting has a shot weight of 0.95 kg and a height of 60 mm. The box-like
component has a wall thickness that varies from 9 mm near the gate to 5 mm at the
bottom edge. The forging die produces a disk-like component weighing about one
kilogram with an 18 mm thinner outer section of 170 mm diameter and a 58 mm thicker
inner section of 90 mm diameter.
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Figure 4. Schematic of set-up for reheating of billets; thermocouples were
embedded at points 1, 2, 3 and 4 as shown on the right.






























