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have been developed for application in various industries worldwide. However, it is still
unclear which of these categories in the SSM processing family offers the best method
for metal forming.
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INTRODUCTION

Semi-solid metal (SSM) processing, also known as thixoforming, is a technology for metal forming that
was patented by Spencer during his PhD studies under the supervision of Professor Flemings at the
Massachusetts Institute of Technology (MIT) in the early 1970s (Spencer, D.B., 1972; Fan, Z., 2002).
Nowadays, the thixoforming process has found application in a number of manufacturing domains due to its
ability to deliver the production of high-quality parts at costs that are comparable to or lower than those of
conventional forming techniques such as casting or forging. Some examples of these applications are engine
suspension mounts and steering knuckles for some automobile brands (Mohammed, M.N., 2013; Salleh, M.S.,
2014).

During the last 40 years of research efforts, a lot of different materials have been developed and used with
this process. For successful SSM processing, the microstructures should have solid near-globular grains with a
wide transition area from solidus to liquidus (Mohammed, M.N., 2013; Mohammed, M.N., 2014). The
microstructures impart thixotropic properties in slurries, i.e. they have shear and time-dependent flow properties.
A unique property of the flow behaviour in SSM processing is related to the non-Newtonian behaviour of an
alloy where, in this case, when the material state is 50% solid and is sheared, the coalescence of the material will
break up, its viscosity will fall, and it will flow like a liquid, but if it is allowed to stand for a certain time,
globular coalescence will increase the viscosity of the material, which leads to it being able to support its own
weight and it can be handled in the same way as if it were solid (Atkinson, H.V., 2005).

As described above, a globular microstructure with an appropriate amount of liquid fraction is required in
order for SSM processing or forming to be successful. When shear forces are applied, the near-globular particles
move easily past one another, causing a decrease in viscosity and making the material behave like a liquid. In
contrast, when shear forces are applied on dendritic microstructures, typically found in conventional castings,
the liquid is trapped between the dendritic arms and this prevents them from moving freely, thus increasing the
viscosity of the material.

In recent years, a number of methods have been developed to make fine globular microstructures for
feedstock production. Currently, the focus of these research activities is to understand the main technologies for
component formation via semi-solid state processing and reveal the main differences between them.
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Technologies For Ssm Processing:

Semi-solid metal processing now covers a whole family of processes. These days whole forming processes
can be done by using semi-solid processing techniques without any difficulty. These processing technologies
can be grouped into two main categories based on the status of the starting material: rheo-routes and thixo-
routes. The rheo-route refers to the preparation of a SSM slurry with spheroidal microstructure from a liquid
state, which is injected directly into a die or mould for component shaping without an intermediate
(solidification) stage. The thixo-route refers to processes where the molten metal is solidified initially (in an
intermediate solidification step) during which time the material in the form of a billet was treated in such a way
that when it is heated into the semi-solid state it has a non-dendritic microstructure and is then injected into the
die or mould for component forming. There is still a lack of consensus regarding whether rheoforming or
thixoforming is the best available method. The differences between rheoforming and thixoforming are
illustrated in Figurel. The rheo- and thixo-related terminology is discussed in the following sections.
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Fig. 1: Schematic representation of the two main categories of SSM processing.

Rheo-Related Terms:

The term ‘rheocasting’ refers to a process where a molten alloy with a spheroidal microstructure is
solidified into a semi-solid state and injected directly into a liquid metal die or mould casting cavity without an
intermediate solidification stage. The spheroidal microstructure can be obtained by the liquid route as described
in the work of Mohammed et al.(2013) on technologies for the production of non-dendrite feedstock. In general,
early rheocasting processes used mechanical stirring to obtain a globular microstructure directly from liquid, but
the latest improvements to the technology have employed new processes that promote better properties at the
lowest cost, such as the new MIT process, cooling slope technique, and liquidus casting (also known as new
rheocasting (NRC)). New rheocasting starts with the application of a low level of superheat to the melt the metal
at a uniform temperature near to or just above the liquidus temperature. Next, the molten metal is poured into a
holding mould and kept there for a predefined time to be conditioned into slurries of fine, non-dendritic
microstructures that can be charged into the inclined sleeve of a vertical squeeze casting machine (De
Figueredo, A. and D. Apelian, 2001), as shown in Figure 2.

Fig. 2: Schematic illustration of the stages of new rheocasting (NRC) (De Figueredo, A. and D. Apelian, 2001).

‘Rheomoulding’ is a method taken from the field of polymer processing. There are two different types of
mechanism that can be employed in this process: a single screw or a twin screw. Researchers at Cornell
University patented the first rheomoulder, which consisted of a single screw with a vertical shape that could be
applied to Sn-Pb and Zn-Al-Cu-based alloys (Peng, H., W.M. Hsu, 2000). Then, this type of screw was adapted
to a horizontal shape to mould magnesium alloy parts. Later on, twin screw rheomoulding was developed by
Fan and colleagues (Ji, S., 2002), as schematically illustrated in Figure 3. With this type of mechanism, a very
high shear rate is generated by rotating the two screws in opposite directions. In brief, the mechanism of this
process uses liquid metal which is fed into a barrel where it is cooled and stirred by means of the rotating twin
screw so that the material changes from a liquid state to a semi-solid slurry, after which the slurry is injected
through a nozzle into a die cavity to form the final shape. This type of process is appropriate for the production
of large quantities of components that do not require specially produced feedstock material.
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Fig. 3: Schematic illustration of a twin-screw rheomoulding machine (Ji, S., 2002).
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Thixo-Related Terms:

The term ‘thixocasting’ usually refers to the process where a molten ingot billet is solidified initially (in an
intermediate solidification step) during which time the material was treated in such a way that when it is
reheated uniformly to a semi-solid state it will have an equiaxed or globular microstructure. Then a ram or
plunger injects and squeezes the thus created semi-solid slurry into a horizontal cold chamber or a closed die by
a shot piston, in a manner comparable to high-pressure die-casting. The content of the liquid fraction of the
metal prior to forming is relatively high, i.e., more than 50%.

In contrast, the term ‘thixoforging’ describes a process where a semi-solid ingot or billet with a liquid
fraction of less than 50% is inserted into the lower half of a horizontal open die and by squeezing the two halves
of the die together, the metal fills it completely in one step and formsa near net shape component (Kopp, R.,
2001). The procedures of and the differences between rheocasting, thixocasting and thixoforging are illustrated

in Figure4.
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Fig. 4: Schematic illustration of different routes for semi-solid metal processing (Quaak, C.J., 1996).

The ‘thixomoulding’ process is similar to the rheomoulding process with respect to the mechanism and the
procedure, but the main difference can be found in the raw material that is used for feedstock; in thixomoulding
the material is in the form of chips of magnesium alloy as opposed to in rheomoulding. The process of
thixomoulding is schematically illustrated in Figure 5. In brief, the mechanism of this process consists of
feeding the magnesium alloy chips, which are around 2-5 mm in size, by a volumetric metering device into a
heated barrel where the material is stirred and partially melted. Then a rotating screw is used to transfer the
slurry into one side of the valve to inject it through a nozzle into a die cavity to form the final shape. The main
advantages of thixomoulding are that the forming operations can be done in a one-step process which takes
place in a clean and safe environment because the handling of liquid metal is completely eliminated and the
process can be used for the continuous production of large quantities of components (Pasternak, L., 1992).
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Fig. 5: Schematic showing the thixomoulding process (Pasternak, L., 1992).

The ‘thixojoining’ process is also part of the thixoforming family. This technique has various advantages
when compared with conventional joining methods including the possibility of producing functional
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components with multiple materials and minimizing the defects associated with the conventional welding
process. In addition, semi-solid joining can be used to join low-melting-point metal with high-melting-point
metal (Kiuchi, M., 1998; Mohammed, M.N., 2012). As reported by previous studies, there are three possible
methods that can be used to produce thixojoining process: 1) combining forming and bonding in one step
(Baadjou, R., 2006) 2) using a thixotropic metal as a filler for the joining materials (Mendez, P.F., 2002), and 3)
joining two metals in thixotropic property (Mohammed, M.N., 2013). Since the thixojoining process is not
based on conventional methods (adhesive, nails, screws),it is able to produce homogeneous properties with a
high-quality surface and avoids the creation of a dendritic microstructure in the join zone as shown in Figure 6.

Fig. 6: Demonstration component for joining two different materials with microstructure at interface
(Mohammed, M.N., et al, 2013).

Conclusion:

This overview clearly shows that several techniques for component forming using semi-solid state
processing have been developed for application in various industries worldwide. This review of the main routes
has categorized these different techniques based on the presence or absence of an intermediate solidification step
and the main differences between these technologies have been highlighted. The main difference between thixo-
and rheo-based techniques is that the latter category does not have an intermediate solidification stage.
However, it is still unclear which of these categories in the SSM processing family offers the best method for
metal forming.
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