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Abstract: Semi-solid metal (SSM) processing has been an attractive method for manufacturing
near-net-shape components with high integrity due to its distinct advantages over conventional
forming technologies. SSM processing employs a mixture of solid phase and liquid metal slurries
and/or non-dendritic feedstocks as starting materials for shaping. Since the original development
from 1970s, a number of SSM processes have been developed for shaping components using the
unique rheological and/or thixotropic properties of metal alloys in the semi-solid state, in which the
globular solid particles of primary phase are dispersed into a liquid matrix. In this paper, the progress
of the development of shaping technologies and the formation of non-dendritic microstructure in
association with the scientific understanding of microstructural evolution of non-dendritic phase
are reviewed, in which the emphasis includes the new development in rheomoulding, rheo-mixing,
rheo/thixo-extrusion and semi-solid twin roll casting, on the top of traditional rheocasting, thixoform-
ing and thixomoulding. The advanced microstructural control technologies and processing methods
for different alloys are also compared. The mechanisms to form non-dendritic microstructures are
summarised from the traditional understanding of mechanical shear/bending and dendrite multipli-
cation to the spheroidal growth of primary phase under intensively forced convection. In particular,
the formation of spheroidal multiple phases in eutectic alloys is summarised and discussed. The
concluding remarks focus on the current challenges and developing trends of semi-solid processing.

Keywords: near-net shape manufacturing; semi-solid metals; microstructural evolution; solidification

1. Introduction

Semi-solid metal (SSM) processing was developed following the discovery of the
pseudoplastic properties of metallic alloys at different temperatures between the liquidus
and solidus [1,2]. After nearly fifty years’ development, SSM processing has been suc-
cessfully established as a unique technique for manufacturing the high integrity products
with improved mechanical properties [3,4]. Different from the conventional metal form-
ing technologies that use either solid state materials (forging) or liquid metals (casting)
as starting materials, SSM processing uses a mixture of solid and liquid metal slurries,
in which non-dendritic solid particles are dispersed in a liquid matrix. Figure 1 shows
the morphological difference between the typical dendritic microstructure formed under
conventional solidification and the non-dendritic solid particles formed under intensively
forced convection.

In general, casting is more competitive than forging in terms of cost, while forging
is capable of offering the best mechanical performances because of the high integrity.
Semi-solid process can reduce the gap between casting and forging in terms of defect control
and mechanical performance. The components manufactured by the semi-solid process
can achieve a low level of defects (shrinkage or gas porosities, segregations, and surface
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defects) in comparison with castings [5]. Therefore, the components are heat-treatable,
weldable and capable of offering improved mechanical properties. Productivity can be
improved through SSM processing because of the shorter production cycle time than that
in forging. Meanwhile, because the semi-solid slurries release less latent heat within the
die cavity during solidification, the thermal shocks on the die are reduced and the die
life is improved [6]. In addition, die wear may be lower than that in high pressure die
casting due to the low injection speed. The casting surfaces can be free from blisters, and
the heat treatment can be applied to the castings for further improvement of mechanical
properties [7].
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2. Process Development for Component Manufacturing 
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tion, (b) non-dendritic solid particles formed under intensively forced convection for SSM processing.

SSM processing can be technically divided into two basic routes: rheo-route and
thixo-route [3,4]. The SSM processing and the associated theories and mechanisms have
been extensively developed and a number of processes have been used in industry in the
past several decades. The main techniques include rheocasting [8], thixocasting, thixo-
forging, rheomoulding [9], thixomoulding [10], rheo-extrusion [11], thixo-extrusion [12],
semi-solid joining [13], semi-solid twin roll casting [14], and rheo-mixing etc. Several
comprehensive reviews have been published in 1991 [1], 1994 [2], 2002 [3], 2005 [4],
2018 [15,16], 2019 [17], 2020 [18], and 2021 [19]. This overview will mainly focus on
the process development for component manufacturing, techniques for generating the
non-dendritic microstructure and the associated mechanisms in the microstructural evo-
lution of non-dendritic primary phase. It is necessary to note that the alloy development,
pseudo-plasticity and thixotropy of semi-solid slurry and non-dendritic feedstock, mi-
crostructural evolution during shaping, the die filling and deformation mechanisms of
semi-solid slurry and non-dendritic feedstock, the mechanical properties of finished com-
ponents and the mechanism of defect formation are all the critical aspects for the success
of SSM processing. Although these are not reviewed in the present paper, it needs to be
essentially understood as a whole for SSM processing.

2. Process Development for Component Manufacturing
2.1. Rheocasting

Rheocasting starts from liquid alloys to prepare semi-solid slurry containing fine
globular primary phase through solidification, which is immediately transferred into a
die-casting machine for shaping the final products. In rheocasting, a conventional high
pressure die casting (HPDC) machine is usually used for shaping, in which the injection
speed is reduced in comparison with that used in conventional HPDC process [3,7,8]. The
feeding slurry can be produced by a variety of processes, which will be introduced in the
following part of this paper. With necessary process modification, rheocasting can produce
complex-shaped components with improved integrity. The significant advantage of rheo-
casting is that the slurry with globular structure can be made on-demand and onsite [1,3].
The raw material can be any standard alloys that are usable for other methods like squeeze,
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gravity or HPDC process. The chemical composition can also be modified and tailored to
meet the quality and property specifications of the components. Moreover, the rheocasting
does not need to import specially made material with non-dendritic microstructure. Scraps
and runners can be directly re-melted and recycled onsite during rheocasting, which can
significantly lower the production cost.

One of the most industrially successful developments is the new rheocasting
(NRC) [20,21]. The principle of NRC process is shown in Figure 2. In the NRC process, the
conventional vertical indirect squeeze casting technology is combined with an innovative
method for preparing the globular precursor material with thixotropic properties. A melt
with low level of superheat is taken from the holding furnace as starting materials [22]. The
melt is poured into a specially designed steel vessel and kept there for a predefined time
to cool the melt down in a controlled manner, in which a cooling air may be used to offer
required cooling rates. Then the materials inside the vessel is conditioned by induction
heating to equalize the temperature throughout the vessel to form fine and non-dendritic
primary phase in the slurry, followed by charging the materials into the inclined sleeve
of a vertical squeeze casting machine for component shaping. Die filling is required to
be slow with a controlled manner. The semi-solid material is filled into die cavity from
the bottom upwards, allowing a laminar flow and the air is pushed out of the die cavity
without entrapment into the shaped casting. Final solidification occurs in the die under
a high pressure [23]. During NRC process, it is understood that the primary phase in the
melt starts to solidify and it is uniformly distributed within the vessel by the continuous
pouring the melt into the vessel. The solid primary phase is continuously growing in the
vessel until the materials are conditioned to the required temperature [22]. The develop-
ment of dendritic structures is prevented by multiple cycles of cooling and heating of the
suspension in the vessel until the uniform globular structure is achieved [24]. The NRC
process has been industrially available in several countries for a variety of castings.
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Figure 2. Schematic illustration of the stages of new rheocasting (NRC) process. Reprinted with
permission from Ref. [23]. Copyright 2001 John Wiley and Sons.

2.2. Thixoforming

Thixoforming is a process to make near-net-shape components from a partially melted
non-dendritic alloy feedstock within a metal die. Two independent stages are involved in
the thixoforming process [1]. The first stage is uniform heating and partial re-melting of
the specially made non-dendritic billet/feedstock to a semi-solid state and the second stage
is forming the components. After solidification, the shaped components are removed from
the die for subsequent processing [25]. When the components are shaped in a closed die, it
is named as thixocasting, while the shaping is performed in an open die, it is termed as
thixoforging [1]. Figure 3 shows the schematic layout of different forming processes. The
main advantages of thixoforming are that the forming facility is not associated with liquid
metal handling, and the process can be automated by the approaches similar to forging and
stamping [26]. The separation of the two main steps in the process has offered capability of
developing the individual process route industrially. However, as it is difficult to obtain
fully homogenized billets because the billets are usually inhomogeneity with respect to
both structure and composition, the components made from thixoforming are hardly
homogeneous in composition and mechanical properties [27]. Meanwhile, there is up to
10% of metal loss during the reheating. Gates and risers are not recycled within the forming
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facilities and need to send back to the ingot producers. As a result, the manufacturing cost
is increased. Currently, up to 50% of the cost for thixotropic feedstock is a heavy burden for
component manufacturers.
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Reheating to the semi-solid state is a critical phase in thixoforming process. It is
essential to provide semi-solid feedstock with an accurate control of solid fraction with
fine and spheroidal particles in the liquid matrix. The accurate and uniform heating at
processing temperatures throughout the heating cycles are important during the reheating
process, and it is understood that the heating temperature determines the solid fraction of
the feedstock [4]. The inappropriate heating causes the instable feedstock for handling and
inadequate volume fraction in the feedstock. The non-uniform distribution of temperature
leads to the fluctuation of solid fraction and rheological characteristics in different positions,
which in turn cause the difference in formability and the solid/liquid separation during die
filling. More importantly, the non-uniform microstructure leads to non-uniform mechanical
properties in the finished components. Therefore, the heating time needs to be optimized.
The prolonged heating will cause coarsening of the primary phase, but the insufficient
heating time will lead to incomplete spheroidization of the solid particles, which also
results in inadequate rheological properties and difficulties during die filling. Currently,
reheating is mainly achieved by induction heating [4], which has the advantages of precise
and fast heating and capable of satisfying the requirement in SSM processing. However,
the relatively low energy efficiency of induction heating is a drawback [28].

Parameter optimization during shaping is also critical to ensure a high quality of
finished components. The optimizations generally include process optimization and mod-
elling for the forming process, which takes place with casting process as thixocasting or
with forging process as thixoforging [4]. Nowadays, thixocasting through horizontal cold
chamber die-casting is the dominant process because thixocasting process can be real-time
controlled. As laminar die filling is essential for the forming process, the shot profiles for
specific alloys must be optimized in association with their physical conditions. Moreover,
the design of gating system and die cavity, and the correct choice of die temperature are
very important for the forming process. Because of the reduced filling speed and reduced
solidification shrinkage, the design of gate size and geometric tolerance should be slightly
different to that used in conventional HPDC process.

2.3. Rheomoulding

Rheomoulding is a one-step process that uses liquid alloy as starting materials and
applies shear through screws to create semi-solid slurries, which are immediately injected
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into a die cavity, as shown in Figure 4 [9,29]. There are two different types of mechanisms
that can be employed in rheomoulding process: a single screw or a twin screw. The
rheomoulding with a single screw was developed using a vertically positioned single screw
to shear Sn–Pb and Zn–Al–Cu alloys [30], in which the viscous drag-induced materials
transport along the profile in the single-screw extruder delivers the materials from one end
to another end while the alloy is cooled down to semi-solid processing temperature with
various shear rates. The semi-solid slurry with globular primary phase is transferred into a
chamber connected to the screw profile and equipped with a non-return value. The quick
forward of the single screw pushes the semi-solid slurry into a die cavity. The twin-screw
rheomoulding was developed by Ji et al. [29] for magnesium alloys, in which a very high
shear rate is generated by a pair of self-wiping and co-rotating screws. They consider
the transport behaviour in the closely intermeshing twin-screw extruder as a positive
displacement type of transport, being independent of the viscosity of the molten materials
approximately. It was analysed that the principal forces acting on the materials include
compression, rupture, shear and elasticity owing to the constraint of the two screws and the
barrel on the prepared materials. The rotation motion of fluid moves around the periphery
of the screws with ‘Figure 8’ motions, and push fluid from one pitch to the next one along
the axial direction of the screws, forming a ‘Figure 8’ helix consequently. In this process,
the liquid metal is fed into the barrel, the liquid metal change into semi-solid slurry due
to the cooling and shearing. After that the slurry is injected into a die cavity to form the
final shapes. This type of process is appropriate for the massive production of components
without the process of making special feedstock material.
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2.4. Thixomoulding

Thixomoulding is a technique especially for the production of high quality and near
net-shape magnesium parts [31,32]. The thixomoulding process is schematically illustrated
in Figure 5 [33]. Magnesium alloys in particulate or granule format are fed into a pre-heated
barrel, in which a reciprocating screw is installed and rotated during operation. Barrel
is normally heated to about 600 ◦C to partially melt the magnesium granules. The screw
rotation generates shear within the magnesium and homogenizes the semi-solid mixture
with uniform temperature. The continuous feeding of magnesium granules pushes the
thixotropic alloy flow forward along the barrel into a heated die through a nozzle that is
connected with the sprue and runners in the die. The metal is normally protected by argon
to prevent oxygen pickup and burning of magnesium. Thixomoulding process is similar to
injection moulding system, but the higher processing temperature and materials protection
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are essential for thixomoulding process [34]. The main difference between rheomoulding
and thixomoulding is that the raw material used in thixomoulding is feedstock in the
form of chips of magnesium alloy, but the starting material in rheomoulding is liquid
metal. 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 [35]. Thixomoulding has been
used in industry from the products like the cover for cell phones to the structural products
for automotive industry [36].

Crystals 2022, 12, x FOR PEER REVIEW 6 of 35 
 

 

2.4. Thixomoulding 
Thixomoulding is a technique especially for the production of high quality and near 

net-shape magnesium parts [31,32]. The thixomoulding process is schematically illus-
trated in Figure 5 [33]. Magnesium alloys in particulate or granule format are fed into a 
pre-heated barrel, in which a reciprocating screw is installed and rotated during operation. 
Barrel is normally heated to about 600 °C to partially melt the magnesium granules. The 
screw rotation generates shear within the magnesium and homogenizes the semi-solid 
mixture with uniform temperature. The continuous feeding of magnesium granules 
pushes the thixotropic alloy flow forward along the barrel into a heated die through a 
nozzle that is connected with the sprue and runners in the die. The metal is normally 
protected by argon to prevent oxygen pickup and burning of magnesium. Thixomoulding 
process is similar to injection moulding system, but the higher processing temperature 
and materials protection are essential for thixomoulding process [34]. The main difference 
between rheomoulding and thixomoulding is that the raw material used in thixomould-
ing is feedstock in the form of chips of magnesium alloy, but the starting material in rhe-
omoulding is liquid metal. 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 envi-
ronment, because the handling of liquid metal is completely eliminated and the process 
can be used for the continuous production of large quantities of components [35]. Thix-
omoulding has been used in industry from the products like the cover for cell phones to 
the structural products for automotive industry [36]. 

 
Figure 5. Schematic showing the thixomoulding process according to reference [32,33]. Reprinted 
under the Creative Commons Attribution License (CC-BY) 4.0. 

2.5. Thixojoining 
As a semi-solid process, thixojoining combines forming and bonding into an one-step 

method using the enable ability of joining at semi-solid state [37]. In thixojoining, at least 
two metals are joined using the thixotropic metal as the filler [38–40]. In spite of some 
technological differences among the available thixojoining processes, they can be catego-
rized into four types: (1) adding new functional features, (2) joining metals by using semi-
solid metal slurries, (3) semi-solid metal stir joining, and (4) semi-solid metal diffusion 
joining. Because the inclusions of additional inserts are allowably existed in semi-solid 
matrix without showing a significant detrimental effect, thixojoining can provide an im-
provement in the functionality and complexity of components. Owing to the changes of 
flowability during forming the semi-solid materials, the addition of functional features to 
shaped components is easier comparing to that formed under solid state. Commonly, 
three ways can be possibly applied in order to obtain the additional functionality: (1) some 
special contours such as screw threads to be forged, [41]; (2) components with extra func-
tions to be added by joining in semi-solid state. For example, steel pins can be placed into 
aluminium semi-solid slurry [42]; and (3) adding functions through the combination of 

Figure 5. Schematic showing the thixomoulding process according to reference [32,33]. Reprinted
under the Creative Commons Attribution License (CC-BY) 4.0.

2.5. Thixojoining

As a semi-solid process, thixojoining combines forming and bonding into an one-step
method using the enable ability of joining at semi-solid state [37]. In thixojoining, at
least two metals are joined using the thixotropic metal as the filler [38–40]. In spite of
some technological differences among the available thixojoining processes, they can be
categorized into four types: (1) adding new functional features, (2) joining metals by
using semi-solid metal slurries, (3) semi-solid metal stir joining, and (4) semi-solid metal
diffusion joining. Because the inclusions of additional inserts are allowably existed in
semi-solid matrix without showing a significant detrimental effect, thixojoining can provide
an improvement in the functionality and complexity of components. Owing to the changes
of flowability during forming the semi-solid materials, the addition of functional features to
shaped components is easier comparing to that formed under solid state. Commonly, three
ways can be possibly applied in order to obtain the additional functionality: (1) some special
contours such as screw threads to be forged, [41]; (2) components with extra functions to be
added by joining in semi-solid state. For example, steel pins can be placed into aluminium
semi-solid slurry [42]; and (3) adding functions through the combination of forming and
joining [37]. The achievement of hybrid structures using thixo-joining is one of the most
attractive methods using SSM processing. It is understood that the processing temperature,
pressure applied on the bonding pieces and the duration of joining are critical factors to
affect the quality of joining on top of the materials type to be joined through SSM processing.
The microstructure after bonding is in globular morphology, which is the same as that
observed in other semi-solid microstructures [43,44]. In order to successfully operate the
thixojoining, the solid primary phase in the microstructure of premade starting material
needs to be near-globular or non-dendritic grains surrounded by a liquid matrix and a
wide solidus−to−liquidus transition area.

Currently, this process is industrially successful, generating a variety of hybrid struc-
tural products with high quality in different industrial sectors. Table 1 summaries the
typical materials joined by SSM joining technique. Compared with conventional joining
methods, the advantages of thixojoining include the capability of producing functional
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components with multiple materials, manufacturing of hybrid structure with minimized
defects, joining different components with significant thickness variation. In addition,
the semi-solid joining can be effective in a metal with low melting point and a metal
with high melting point [45,46]. With this technology, it is possible to shorten the joining
process. Since the thixojoining process is not based on conventional methods such as
adhesive, nails and screws joining, it is able to produce homogeneous properties with a
high-quality surface. In addition, it is possible to produce desirable bonding in association
with other methods.

Table 1. Types of materials joined by semi-solid metal joining [13,40].

Substrate A Substrate B Interlayer
Combination Ref.

CuZn40Al2 Tool steel [47]
Stainless steel Aluminium alloy [48]

Aluminium alloy,
stainless steel or cast iron

Particles, balls, short fibres of
materials including ceramic,

aluminium alloys, copper
alloys, or stainless steels

[40,42,49,50]

Stainless steel M2 tool steel [51]
X210CrW12, 100Cr6,

X5CrNil18-10
9SMn28, CuCo2Be, CuSn12,

and GBZ12 [37,52]

Sn-15 wt%Pb Sn-15 wt%Pb Sn-5wt%Pb [39]
Pb-15 wt%Sn Pb-15 wt%Sn [53]

Zinc AG40A die cast alloy Zinc AG40A die cast alloy [54]
A356 A356 [55]

SiCP/A356 composites 2024 aluminium alloy Zn-Al [56]
SiCP/A356 composites SiCP/A356 composites Zn-Al [57]

AZ91 alloy AZ91 alloy Mg-25wt%Zn [58]
A356 aluminium alloy A356 aluminium alloy [59]

D2 tool steel D2 tool steel [46,60]
D2 tool steel 304 stainless steel [61]
D2 tool steel M2 tool steel [62]

2.6. Rheo-Extrusion and Thixo-Extrusion

Extrusion under semi-solid state usually includes thixo-extrusion and rheo-extrusion.
In thixo-extrusion process, a solid billet is firstly heated up to a temperature between the
solidus and the liquidus temperatures of the alloy, then the obtained semi-solid feedstock
is introduced into a cylinder piston mechanism for extrusion. The extrusion behaviour of
semi-solid Zn-20Al alloy has been investigated by Zhang et al. [63], and they found that the
appropriate operation temperature for semi-solid extrusion of Zn-20A1 alloy is from 400 to
420 ◦C. A lowered temperature leads to the crack formation, while an increased temperature
results in the liquid segregation during extrusion and subsequently non-uniform mechani-
cal properties in semi-solid products. The extrusion force required for semi-solid alloys is
much less than that required for hot or cold extrusion in the solid state. The semi-solid ex-
trusion of SiCp/2014Al composite was studied by Zu and Luo [64] and confirmed that only
1/3 to 1/5 of the forces are required during semi-solid extrusion comparing to the forces
required for solid extrusion. Semi-solid extrusion can successfully make SiCp/2014Al com-
posites with substantially improved mechanical properties. The yield strength is increased
by 66–131 MPa, the ultimate tensile strength is increased by 43–87 MPa and the modulus is
increased by 18–36 MPa while the elongation is maintained at 3.8–8.4%. The study carried
out by Uetani, et al. [65] for the semi-solid extrusion of Al-10Mg alloy uses a simple me-
chanical stirring treatment to form non-dendritic microstructure in the billet. They obtained
an improvement in ductility and less surface cracking for the extruded products. The semi-
solid extrusion of AZ61A wrought magnesium alloy by Sugiyama, et al. [66] confirmed
that high quality products can be made by semi-solid extrusion, in which the extrusion
parameters have to be carefully controlled to avoid the defects formation in the extruded
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products. During semi-solid extrusion of AZ31 magnesium alloy, plastic deformation and
recrystallization and occurred simultaneously, leading to fine grain size, weakened texture
and improved mechanical properties [67]. Neag, et al. [68] studied 7075 Al-alloy and found
the presence of a solid fraction limit at a level of 0.77 during semi-solid extrusion. The
surface quality of the extruded components will be probably decreased because of the
out of the limit for processing. Thixo-extrusion has also used to process steels such as
100Cr65 [69], HS6-5-2 [70], 9Cr18 [71] and X210CrW12 (AISI D6) [72,73].

For rheo-extrusion, the fabrication of semi-solid slurry and extruding profiles usually
occur simultaneously. For example, Guan, et al. [74] has successfully extruded AZ31 alloy
wire using continuous semi-solid extrusion process to reduce the non-unaffordability in mi-
crostructures. The appropriate parameters for the semi-solid extrusion include 730–750 ◦C
of the processing temperature, 0.4 L/s of the roll cooling is and <10 mm of the roll-shoe
gap width. The tensile strength and the elongation of the extruded 10 mm bar can reach
270 MPa and 16%, respectively, under the condition of artificial ageing at 220 ◦C for 24 h.
Rattanochaikul, et al. [75,76] combined the manufacturing of semi-solid slurry with extru-
sion to fabricate A356 Al profiles and found that the surface defects in extruded parts can
be significantly reduced. A twin screw extruder was used to develop the rheo-extrusion by
Fan, et al. [77] and Roberts, et al. [78], by which the primary phase in the extruded alloys
show a relatively uniform distribution in the matrix, and the products extruded under
optimized conditions have no apparent segregation. Furthermore, Ji, et al. [11] developed
the twin-screw rheo-extrusion for eutectic alloys, in which two different spheroidal primary
phases can be formed in the microstructure.

The semi-solid extrusion process has some obvious advantages in comparison to the
conventional hot-extrusion process, which include low extrusion force and friction force
between the extrusion material and the extrusion die, high fluidity of thixotropic material.
In semi-solid extrusion, the key is to obtain semi-solid slurry that is free of dendrites,
non-agglomerated fine and spheroidal particles in order to improve the thixotropic flow
behaviour. It is also essential that the volume fraction of solid phase in the semi-solid billet
is sufficiently high that can improve the extrudability because of the reduced solidification
when the material passing through the extrusion dies.

In addition, the semi-solid metal extrusion can combine with deposition process to
develop a novel additive manufacturing method, in which wire feedstock was employed
as a metallic filament [79]. The wire feedstock at the deposition head was prepared as
semi-solid state to achieve rheological properties, so this technology can improve the
mechanical properties and cost savings comparing metallic additive manufacturing [80].
Using this technological principle, Mg-38Zn metallic filaments produced via extrusion
obtained a globular microstructure in the semi-solid state, and the excellent thixotropic of
this semi-solid alloy permits the production of sound parts [81].

2.7. Semi-Solid Twin Roll Casting

Twin roll casting (TRC) have been extensively used in aluminium industry to produce
aluminium sheet from 0.5 mm to ≈10 mm thick directly from the melt [82,83]. In twin roll
casting process, the molten metal is fed into the gap between water-cooled rolls, where
the melt solidifies and is subsequently rolled. Because of the metallurgical advantages
and operational economics, TRC process has become widely popular in aluminium and
magnesium industries. Currently, TRC process offers distinct advantages in lowering
the energy consumption, relatively small space requirement, and offering possibilities of
diversification. From the metallurgical point of view, TRC strip offers refined microstructure
with fine primary phase, reduced eutectic spacing and fine intermetallic particles, and more
importantly, the increased solid solubility from high cooling rates [84], which is beneficial
for the mechanical properties of final products. However, the aluminium industry is
still looking for the capability to improve TRC process because of the quality issue for
commercial alloys, in particular the alloys with increased solute contents. The centreline
segregation is a big concern for the performance of products made from TRC strips [85].
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The development of semi-solid twin roll casting can eliminate the disadvantages
associated with the conventional TRC process. Haga, et al. [14,86] cast AA6111 strips
using an unequal diameter twin-roll caster where upper roll is four times smaller diameter
than the lower roll and found the typical semi-solid microstructure in the cast strip. In
the melt drag TRC process, the copper rolls are specially designed and the alloy melt is
dragged to form a semi-solid layer before entering the roll gap [87,88]. The alloys including
AA3004, AA1050, AA5182, AA5083, AA6063, AA6022, AA7075, and A356 have been tried
for semi-solid TRC process [89,90]. Cast strips can be made with a thickness thinner than
3 mm and at different casting speeds of 60–180 m/min. The microstructure in the strip
middle is still achievable for globular morphology. Recent research showed that semi-solid
middle structure in TRC can promoted different grain movements in the rolling process [89].
However, although the successes in lab scale equipment, the concerns for macrosegregation
and microstructural inhomogeneity have not been reported [91,92].

The semi-solid rolling process has also been used for processing steels [93], in which
the fabricating slurry is combined with the continuously rolling process. Different steels
including 60Si2Mn [94,95], 1Cr18Ni9Ti [94,96,97] and T12 [98] have been tried for semi-solid
twin roll casting process.

2.8. Rheo-Mixing

Rheo-mixing process is a process for immiscible alloys, aiming to use semi-solid
principle to create a uniform microstructure from immiscible systems [99,100]. As shown
in Figure 6, the semi-solid slurry with fine and spheroidal morphology is used to increase
the system viscosity to postpone the agglomeration of finely dispersed immiscible phase
before solidification, which results in the formation of immiscible phase in the finished
products. The rheo-mixing starts from the initial stabilization in the melt by applying an
intensive shear to break and disperse the liquid in a homogeneous state at the predefined
temperature above the monotectic reaction temperature. The fine liquid dispersion is
continuously stabilized by further shearing at the temperature below monotectic reaction
temperature in order to create a semi-solid slurry. The viscosity of the semi-solid slurry is
sufficiently high that the Stokes’ and Marangoni motions are no longer capable of producing
coarse separation in the subsequent solidification. The principle of rheo-mixing has been
demonstrated on Ga-Pb, Zn-Pb and Al-45Sn-10Cu immiscible systems [95,101].
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3. Manufacturing Method for Non-Dendritic Slurry and Feedstock
3.1. Mechanical Stirring

Mechanical stirring during solidification was the earliest method for making semi-
solid slurry because of involving simple equipment [1,7]. In this process, the liquid alloy
is continuously stirred for a predefined time during cooling to a temperature below the
liquidus. Mechanical stirring process has been further developed and used to produce the
SSM slurry by different developers to directly make semi-solid slurry for near-net shaping.
The devices of mechanical stirring can as simple as a stirrer [1], or can be a complicated
self-mashing twin-screw mechanism [3].

The vigorous agitation of melt during solidification can be started in the superheated
state or in the partially solidified state. The forced convection is responsible for the defor-
mation, shearing or melting of dendritic arms, resulting in equiaxed grains in the liquid
matrix. Generally, the use of high solidification rates and high cooling rates together with
high shearing rates can produce fine and spheroidal solid particles in liquid matrix [102].
It has been confirmed that the intensive shearing in company with high shear rate and
high turbulence intensity is beneficial for the formation of fine primary particles and better
distribution of primary phase [103,104]. These grains may be re-melted or undertaken
isothermal coarsening due to the consistent temperature in the surrounding liquid. The
microstructures are further developed after transferring into die cavity, during which
more particles and eutectic will be formed from the remnant liquid [105]. However, this
technique usually causes serious problems including the erosion of stirrer, the alloy-stirrer
reactivity, gas entrainment, melt contamination by debris and oxides, low productivity, and
difficulties of controlling the process at industrial scales [1,106].

3.2. Magnetohydrodynamic Stirring

Magnetohydrodynamic (MHD) stirring process was developed by International Tele-
phone and Telegraph (ITT) in the Stamford, CT, USA, aiming to produce non-dendritic
microstructure in the alloys by rotating electromagnetic fields, in which the local shearing
is created to break up the dendritic arms during casting [107,108]. As the local shearing
is under the melt bottom, gas entrapment and inclusion contamination in the slurry is
minimized. The fine grain size can be generated at a level of 30 µm for aluminium alloy.
The grain refinement for magnesium alloys is more effective [109]. The MHD stirring
process has become the most widely used feedstock production method for thixoform-
ing [102]. A strong fluid flow generated by electromagnetic field can change the grain
growth mechanism in the semi-solid mushy zone. The variations of shear rates at different
radii are responsible for the formation of equiaxed grains in the liquid matrix. The primary
grains will be re-melted to form globular primary phase in the surrounding liquid when it
is maintained at the semi-solid processing temperature [110].

Three modes are capable of creating rotational flow in electromagnetic stirring, which
are horizontal agitation, vertical agitation, and helical agitation. Figure 7 shows the
schematic of these modes [2,3]. In the vertical mode [111], it is believed that the den-
drites in the solidification front undergo a vigorous convection transfer, by which the
dendrites are translated from the solidification front to the hotter zone, and the dendritic
arms are re-melted at their roots to form globular microstructure. This process is controlled
by thermal processing. In the horizontal mode, the motion of the solid dendrites is main-
tained in isothermal circles. The shear rates are different at different radius, which control
the globularization of primary phase [112]. In the helical mode, a combination of the shear
at horizontal mode and the convection in the vertical modes is applied to the melt to form
non-dendritic morphology of primary phase. In MHD process, solid particles are prone
to form rosettes and are not completely round and are not uniformly distributed in the
casting billet, which leads to the prolonged reheating times in the subsequent process. As a
result, the production cost will be increased. Nevertheless, MHD stirring has been the most
effective and most commonly applied method for several decades [113].
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3.3. Slope Cooling Plate (SCP)

The slope cooling plate (SCP) technique is the simple non-agitation process [79,114,115],
in which the slightly superheated melt is poured down a cooling slope to produce feedstock
with a near-globular solid fraction in a liquid matrix. The SCP process was further devel-
oped by using a cooling tube [116] and combining with vibration [117]. The process can
be continuous through direct combination with a shaping process such as rolling, or can
be batch types to collect in a container, which can be used directly for shaping [118]. The
key points include the melt with a low superheat at a uniform temperature before entering
the cooling slope and the consistency of cooling capability in the slope. The mechanism of
forming globular microstructure is based on crystal separation theory. The crystals nucleate
and grow on the slope wall and are immediately washed away from the wall by fluid
motion [119]. The fluid movement is accelerated by gravity, which removes the crystals on
the slope wall and mixes with the superheated melt during flowing. The dendritic arms
of primary phase would be re-melted or sheared off to form fine globular microstructures.
The process is schematically shown in Figure 8. This process is not desirable for some
applications because of gas interruption, contamination by the chemical reactions and
oxidation, difficulty in process control, and the consistency of production. The cooling
slope can be modified using a vibration [120], which could refine the size of the primary
grains; eliminate the segregation in the eutectic phase, and the regional segregation in the
squeeze castings.
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3.4. Continuous Rheoconversion Process (CRP)

The continuous rheoconversion process (CRP) is developed on the basis of passive
liquid mixing techniques through effective control of nucleation and growth of the primary
phase in a specially designed reactor, as schematically shown in Figure 9 [122,123]. The
mixing of two melts with different compositions (whether grain refined or not) near
their respective liquidus temperatures and passive stirring of liquid metal in channels
(instead of active stirring via mechanical or electromagnetic means), and the preheated
reactor can extract heat, and provide copious nucleation and forced convection during
solidification. This leads to the formation of non-dendritic and globular microstructure.
During manufacturing, the CRP reactor can be mounted above the shot sleeve. The solid
fraction in the slurry can be adjusted through changing the melt temperature and the
cooling capability of the reactor. The industrial trials with CRP process has confirmed
the capability to cope with various commercial aluminium alloys. The main advantages
include the simple process, a wide process window, and the capability of processing a
variety of metals and alloys [124].
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3.5. Semi-Solid Rheocasting (SSR)

Semi-solid rheocasting (SSR) is a process developed at MIT in 2000 [125], in which
a hybrid approach of stirring and near-liquid casting is used. The slurry preparation in
this method can be divided into three steps, as shown in Figure 10. The first step is to
hold the melt near its liquidus temperature in order to make sure the process is started
from a homogenous temperature. The second step is to insert a cooled graphite rod into
the melt and immediately stir the melt to rapidly cool down to a temperature slightly
below its liquidus for triggering the initial solidification process. The third step is to
remove the stirrer from the melt, and cool the melt down to a desirable solid fraction to
form SSM slurry, followed by transferring the slurry into the casting machine for shaping
the component [126]. It is anticipated that fine dendritic grains are copiously nucleated
on the stirrer’s surface when the cold graphite stirrer is inserted into the melt with low
superheat. Through stirring the melt below the liquidus temperature, these particles are
quickly removed from the stirrer, and are dispersed throughout the melt as fine grains. The
primary grains are subsequently re-melted due to the superheat in the surrounding liquid.
Therefore, fine particles are developed in the subsequent solidification process, resulting in
the formation of non-dendritic and globular primary phase in the microstructure.
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Figure 10. Illustration of the steps of the Semi-solid rheocasting, in which molten alloy is held above
the liquidus (Step 1), then rapidly cooled and agitated for a controlled duration to a temperature
below the liquidus (Step 2) before agitation and cooling ceases (Step 3) [125].

3.6. Gas-Induced Semi-Solid Process (GISS)

Gas-induced semi-solid process (GISS) is another effective method to provide agitation
flowing of gas bubbles in the melt at the initial stages of solidification [127]. It is developed
on the exploiting the solidification theory by heat extraction and vigorous local extraction
generated from fine gas bubbles. In this process, the gas bubbles are used to stir the
melt while it is cooled down to the semi-solid range. The refined gas bubbles can be
introduced into the melt through different configurations [128,129]. The preparation of
the slurry includes three continuous steps, as schematically shown in Figure 11. The first
step is the application of the melt with a low superheat and at a uniform temperature
near liquidus temperature. Inert gas bubbles are then generated by immersing a porous
graphite diffuser into the melt. Finally, the diffuser is withdrawn after the melt reaches a
target temperature with required solid fraction in the slurry, leading to the formation of fine
globular microstructure. The mechanism of microstructural evolution can be attributed to
the cold graphite diffuser that is immersed in the superheat melt to form numerous nuclei
to grow fine dendritic grains on the surface of the diffuser. The gas flow as bubbles enables
the solid grains to be mixed within the melt. The solid phase can be partially re-melted
due to the surrounding superheated liquid. This process will be balanced in the melt for
a predefined time to obtain fine and non-dendritic globular microstructures [130]. The
GISS technique is suitable for processing different types of alloys including zinc alloys,
aluminium alloys, and magnesium alloys [8,18,125,131].
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3.7. Swirled Enthalpy Equilibration Device Process (SEED)

The Swirled Enthalpy Equilibration Device (SEED) process is a technique for feedstock
and billet preparation for SSM processing [133]. It is developed on the basis of the eccentric



Crystals 2022, 12, 1044 14 of 34

stirring of liquid metal in a metallic container while it is cooled to a semi-solid processing
temperature. The employment of eccentric stirring is to regulate the temperature distribu-
tion within the semi-solid slurry. The slurry preparation can be described in a continuous
three steps, as shown in Figure 12. The first step is to pour a melt with low superheat
and a uniform temperature distribution into a container vessel. The thermal mass of the
container is designed to be sufficient to solidify the melt to a specific solid fraction within
a predefined period. In the second step, the container and the melt are rotated to offer
convection. The swirling action assists in the generation of solid phase. In the optional third
step, the excess liquid is then drained under pressure to produce semi-solid slurry. In this
process, the suppression of growing the dendritic arms in the microstructure is performed
without utilizing special heating equipment or specific insulation [134]. Therefore, this
method may be cheap and ideal for making small size billets [8,127,135,136].
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3.8. Chemical Grain Refinement

Chemical grain refinement is a non-agitation process for producing semi-solid slurry,
which can be an additional step in the semi-solid processing, or can be a batch type
manufacturing of slurry for shaping. It is essentially applied to the specific alloys, such as
by adding a Ti-B master alloy to Al alloy melt in order to promote equiaxed growth for the
primary phase [137], or by adding a Zr-containing master alloy into Al-free Mg alloy melt to
promote spheroidal growth of primary phase at semi-solid processing temperatures [138].
Obviously, it is not applicable for the alloys that cannot be grain refined by foreign particles.
The heterogeneous nucleation suppresses the dendritic growth and promotes the formation
of equiaxed and fine grains of primary phase in microstructures. The particle sizes could be
around 100 µm for primary aluminium phase and around 50 µm for primary magnesium
phase. This can be a good option for the inexpensive production of semi-solid slurry for
semi-solid processing. However, it is not easy to be used alone and the processing windows
are very tight. This method is suitable only for the certain alloy systems that can be grain
refined by nucleation agents.

3.9. Liquidus and/or Sub-Liquidus Casting

Liquidus casting and/or sub-liquidus casting was developed as a low-cost alternative
non-agitation method, in which a melt without superheat is poured directly into the
die or mould [139]. Two conditions are necessary when casting ingots for thixoforming:
one is that the melt is near the liquidus and at a uniform temperature distribution, and
the other is that the melt is rapidly solidified under high cooling rates in the mould to
affect the morphology of primary grains [140,141]. For thixotropic feedstock production
of A356 alloy, low superheat casting into an appropriate mould is capable of making
non-dendritic microstructure after reheating the feedstock into a semi-solid state with
subsequent shaping.
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3.10. Ultrasonic Vibrations (UV)

Ultrasonic vibration (UV) can be employed in semi-solid process to prepare semi-solid
slurry. The principles of UV method can be illustrated in Figure 13 [142]. The high-power
ultrasonic vibrations can increase the number of solidification nuclei during solidification.
Cavitation and acoustic streaming are two basic physical phenomena to cause dendrite
fragmentation induced by ultrasonic vibrations [143]. Cavitation is associated with the pres-
sure fluctuation to form, grow, pulsate and collapse the tiny bubbles in melt processed by
ultrasonic Steady-state acoustic streaming in the melt initiates propagate the high-intensity
ultrasonic waves formed inside the melt. Both cavitation and acoustic streaming lead to
vigorous mixing and thus homogenizing the melt [137]. Wu, et al. [144] found that nu-
merous nuclei and globular particles can be formed in the Al-Si alloy melt when applying
ultrasonic vibration in semi-solid slurry [145]. Jian, et al. [146,147] evaluated the effects
of ultrasonic vibration on the solidification behaviour of aluminium alloy A356 melt. The
ultrasonic vibrations are able to reduce the mean grain size, decrease the variation of phase
distribution and lessen the segregation and improve the homogeneity for composition and
microstructure. Qi, et al. [148] pointed out that ultrasonic vibration can not only refine
primary α-Al and eutectic phases, but also improve the morphology and distribution of
β-Al5FeSi phase for Al-Si-Fe-Mg-Cu-Zn alloy during the preparation of semi-solid slurry.
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3.11. Shearing-Cooling Roll (SCR)

The Shearing-Cooling Roll (SCR) process is a liquid-state process for producing the
semi-solid feedstock. The principle is shown in Figure 14 [149]. This process applies
shearing to the melt at a uniform temperature near liquidus. Shear is created by rotating the
roll against the stationary cooling shoe cavity, in which the melt is steadily cooled by the
static shoe and the rotating roll. The shear forces generate semi-solid slurries with globular
microstructure [150]. It is understood that there are nucleation and growth processes for
dendritic primary phases, when the melt is cooled at the contact surface of the roll-shoe
mechanism. The shear can crush and disperse the solidified grains into the melt to form
equiaxed or spheroidal grains during solidification at high solid fraction. In the SCR
process, the high solidification rates and high shearing rates can produce the formation of
fine and spheroidal particles in the microstructure [149].
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3.12. Stress-Induced and Melt-Activated Process (SIMA) and Recrystallization and Partial
Melting (RAP)

The Stress-Induced and Melt-Activated (SIMA) and the recrystallization and partial
melting (RAP) are solid state processes for making feedstock for semi-solid processing [151].
Briefly, these techniques rely on reheating the plastically deformed alloy into the semi-solid
state. The plastic deformation can occur at a temperature above its recrystallization temper-
ature for the hot working in SIMA process, followed by cold working at room temperature
to store the energy for the subsequently partial re-melting. When the alloy is heated to a
semi-solid state with uniform temperature, the non-dendritic and spherical solid particles
can be formed within the liquid matrix. The SIMA process was modified to that the initial
deformation occurs below the recrystallization temperature during cold working, which
was named as RAP method [152,153]. Figure 15 shows the difference between SIMA and
RAP. Clearly, the SIMA is hot working above the recrystallization temperature and the
RAP is warm working. Therefore, SIMA usually requires an intermediate additional cold
work step and RAP is limited to use in the smaller billet size because it is difficult to
introduce uniform deformation across the cross section for large billets, which is essential
for successful thixoforming with a uniform spheroidal microstructure. In both processes,
the partial re-melting of pre-deformed material is essential for forming the non-dendritic
microstructures. The size of the globular solid particles has a direct association with the
heating rate and the plastic deformation. The solid particles can be as small as 30 µm.
For effective application, the critical processing parameters include the amount of plastic
deformation, reheating temperature, and the duration of heating. The advantages of these
routes are that many alloys are supplied in the extruded or rolled state and the spheroids
tend to be more rounded for providing the better flow and formability [154].

3.13. Spray Casting

Spray casting is a process using a gas jet to deposit liquid metal droplets and semi-
solid particles onto a shaped substrate. Despite no agitation in the process, but high
cooling rate is expected during processing, which leads to form grain size usually less than
20 µm [155,156]. Generally, this technique is considered as an expensive method. However,
it is suitable for the thixoforming of high melting point alloys such as super alloys and
steel [157,158].

3.14. Direct Thermal Method (DTM)

Direct Thermal Method (DTM) is a non-agitation process to make semi-solid
slurry [127,159] deom an alloy with low superheat. Usually the melt is poured into a
cylindrical metallic mould and cooled by mould that has very low thermal mass but
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high thermal conductivity to reach a steady semi-solid state. Owing to the heat matching
between the alloy and the mould, the alloy can be pseudo-isothermal hold during solidifi-
cation. Generally, the mould is made by copper tubes with metal base, which can produce
very low rate of heat loss to the environment. Initially, the alloy is subjected to a rapid
cooling, leading to a high rate of nucleation. After a short time of holding, spheroidal or
globular primary phase can be achieved in the microstructure [160]. This method is a low
cost and good for small billet but with a limitation on the size of the billet.
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3.15. Direct Partial Re-Melting (DPRM)

The Direct Partial Re-melting method (DPRM) is a solid state process to produce
a non-dendritic microstructure especially for high-melting-point metals [161,162]. The
feedstock from the as-received state without any special treatment can be directly reheated
to the semi-solid state through partial re-melting process [163]. This process provides a wide
range potential for high temperature alloy to form thixoformable microstructures [58,164].

3.16. Rapid Slurry Forming (RSF)

Rapid Slurry Forming (RSF) method is a technique relying on the introduction of a
specified amount of solid alloy into the melt to form semi-solid slurry. The inserted metal
serves as an internal chill and a stirrer during solidification [165,166], as shown in Figure 16.
The nuclei can crystallize at the surfaces of the cold solid alloy during mixing process. The
solid grains are immediately dispersed into the melt by the centrifugal force. The melt is
cooled to semi-solid state when the insert is melted. The advantage is that the solid fraction
of primary phase at 20 to 30% can be quickly obtained with a fine globular structure for
retaining the high fluidity of suspension [8,167,168].
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4. Evolution of Non-Dendritic Microstructural in Semi-Solid Processing

Processability of semi-solid alloys are affected by the size and morphology of pri-
mary particles as well as liquid fraction [169–171], so a sufficiently expanded solidus-
liquidus interval and optimal liquid/solid ratio of the metal slurry are required traditionally.
The microstructural evolution in conventional solidification forms dendritic microstruc-
ture, which has been understood to include crystallization, solute redistribution, ripening,
inter-dendritic fluid flow, and solid movement. In SSM processing, the spheroidal primary
phase is formed during solidification, which is unique in comparison with the dendritic pri-
mary phase formed in conventional solidification. According to the processes summarized
in above section, the microstructural evolution can be basically divided into two routes:
liquid route and solid route. For the liquid route, the non-dendritic primary phase can
be formed by dendrite fragmentation [1,4], in which four possibilities including the arms
breaking off at their roots due to shear forces, the arms melting at their roots, dendritic
arms bending, or spheroidal growth. Additionally, isothermal coarsening is always a
concern for the microstructural evolution. For the solid route, the feedstock with equiaxed
microstructure is essential because of the fact that the deformed material is recrystallized
when it is heated above solidus temperature and the liquid tends to form and penetrate the
grain boundaries.

4.1. Microstructural Evolution under Shear (Forced Convection)

The early works have confirmed that the primary solid phase in the semi-solid state
has rosette morphology when Sn-Pb alloys were studied using rotational rheometers [101].
With prolonging the time of stirring, the rosette particles change to spheroidal morphology
containing entrapped liquid by a ripening process. The increase of shear rates acceler-
ates the morphological transition and reduces the amount of entrapped liquid inside the
solid particles. There are several mechanisms proposed for the formation of globular
primary phase.

The mechanism of mechanical shear was proposed by Vogel, et al. [172] for the dendrite
arm fragmentation to account for grain multiplication. The schematic diagram for this
mechanism is illustrated in Figure 17 [173]. It is suggested that the shear force from melt
stirring can cause dendrite arms bend plastically, which subsequently introduce large
misorientations into the dendrite arms to form ‘geometrically necessary dislocations’.
At elevated temperatures, these dislocations are rearranged to form high angle grain
boundaries (HAGBs) through recrystallization. The grain boundary is greater than twice
of the solid-liquid interfacial energy, so the HAGBs can be wetted by liquid metal easily
and result in the detachment of dendrite arms. Ji, et al. [174] investigated the effect of
shearing on the dendrite fragmentation of a Sn-15 wt% Pb alloy. It is suggested that
the liquid melt initially penetrates into the bent dendrite arms, large angle grooves can
be subsequently formed along grain boundaries, leading to the formation of dendrite
fragmentation. Although numerous observations have been reported for the dendrite
arm bending to support this mechanism, a high proportion of low angle grain boundaries
(LAGBs) in the rheocast samples has also been found [175]. Therefore, more evidence is
needed to confirm whether this theory is suitable for LAGBs.

The work done by Mullis, et al. has confirmed the possibility of forming rosette
by growth induced dendritic bending in a shear flow [176,177]. To understand the free
boundary model of dendritic solidification, the effects of fluid flow on dendritic growth
was studied for the orthogonal flow to the principal growth direction. the result shows that
the dendrite bends into the flow due to thermal/solutal advection, and growth rate has the
more pronounced effect than the flow velocity on the rate of bending.
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Figure 17. Schematic of dendrite arm fragmentation mechanism, (a) un-deformed dendrite; (b) after
bending; (c) formation of high angle grain boundary by recrystallization; (d) fragmentation through
wetting of grain boundary by liquid metal. L stands for liquid phase, and S stands for solid dendritic
grain. Reprinted with permission from Ref. [173]. Copyright 1984 Elsevier.

Another mechanism proposes that solute enrichment and thermosolutal convection
near the dendrite root detach secondary or tertiary arms, creating high density of solid
grains [178], as shown in Figure 18. Flemings, et al. [179] suggested that significant temper-
ature disturbances in a molten metal can be provided by vigorous stirring and localized
rapid cooling, and it is helpful for the re-melting and separation of dendrite arms from a
“mother” dendrite. Hellawell, et al. [180] proposed that the secondary dendrite arms can be
detached at their roots through re-melting because of the solute enrichment and thermoso-
lutal convection. Vigorous stirring can cause intensively forced convection and destroy
the stable diffusion fields for continued dendritic evolution, then smooth and rounded
shapes are eventually obtained in solidification. Figure 18 illustrates schematically the grain
multiplication through this mechanism. Jackson, et al. [181] proved that the high solute
concentration in the boundary adjacent to the primary phase will decrease the local melting
temperature owing constitutional supercooling. Wang, et al. [108] increased solute Gd of
Mg-RE alloy to over 9 wt%, resulting in fine and spherical primary Mg phase by dendrite
arm root re-melting in preparing semi-solid Mg-RE alloys slurries. Ruvalcaba, et al. [182]
observed local solute-enrichment during solidification of an Al-20 wt% Cu alloy using
synchrotron X-radiation microscopy, and found that local fragmentation of dendrite arms
is initiated by transient growth conditions. The solute is transported into the mush zone
due to gravity-induced liquid flow, which occurs naturally during solidification.
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The spheroidal growth was proposed by Ji, et al. [183,184] after understanding the role
of intensive shear and the effect of turbulence flow on the solidification to form primary
phase. The intensive shearing and the turbulence flow can cause the following changes:
(1) the formation of uniform temperature and composition fields in melt, (2) the improve-
ment of the heterogeneous nucleation and growth throughout melt, (3) the decreasing
thickness of thermal and solute diffusion boundary layer at solid/liquid interface, (4) the
reduced constitutional undercooling significantly, and (5) the increasing stability of the
solid/liquid interface at a thinner level [185]. Therefore, the nucleation and growth of pri-
mary solid particles in the melt can be very different from the traditional approaches, which
enhance the thermal transportation, the mass transportation and thin the ever-renewed
solid/liquid interface. Because the fluctuations of temperature and composition fields are
reduced significantly, most of atomic clusters can survive in the uniform temperature field
once they become nuclei, leading to an significantly increased number density of nuclei
in melt. At the same time, the intensive shear can produce a more uniform distribution
of atomic clusters owing to a better dispersion throughout melt, which instantaneously
promote the nucleation and growth throughout the whole melt, increasing the effective
nucleation rate and uniform growth of primary particles [102]. Li, et al. [186] studied the
morphological evolution of succinonitrile −5 at% water with stirring during solidification
by in situ observation. They pointed out that the formation and the growth of globular
crystals originate from the direct nucleation and the stirred melt when the alloy is cooled
with simultaneous stirring from a temperature above the liquidus or between the liquidus
and solidus.

As summarized by Ji, et al. [183], the intensity of shear is capable of altering the fluid
flow characteristics in the melt. At low shear rate, the flow is essentially laminar, which
may be sufficient to rotate the dendrites and cause bending of dendrite arms. As a result,
the rosettes can be formed. However, under this condition, although the thickness of
diffusion boundary layer around growing dendrites has been changed, the detachment
of dendrite arms may not happen until the shear rate reach a certain level. The eventual
morphology of primary phase will be maintained as rosette. At high shear rates, the
turbulent flow is generated. The liquid can penetrate into the inter-dendritic region change
the solidification patterns as solutes transfer away from the secondary dendrite arms. In
this case, the detachment of dendrite arms can occur. When the shear rates are sufficiently
high, the ever renewed interface between solid and liquid will promote the formation of
spheroidal particles. The morphological transition from initial dendrite to final spheroidal
structures via rosette with increasing the shear rate and the intensity of turbulence is shown
in Figure 19.

The growth from the nuclei to the final solid particles can be actually divided into two
sequential stages. The first stage is the growth of the nuclei during continuous shearing and
cooling to a temperature corresponding to the desired solid fraction. As mentioned above,
the driving force at this stage for growth comes from the temperature drop, and the growth
rate is usually high due to the favourable thermodynamic and kinetic conditions. The
second stage is the growth during isothermal shearing at a fixed semi-solid temperature.
The driving force is supplied by the tendency for reducing the solid/liquid interfacial area
governed by Gibbs—Thompson effect. Sannes, et al. [187] investigated the microstructural
evolution of semi-solid ZE33 magnesium alloy at different solid fractions, and they found
that the coarsening kinetics obeys the Lifshitz—Slyozov—Wagner (LSW) theory [188,189].
They also found that the coarsening rate increases with decreasing solid fractions, and
pointed out that coalescence ripening plays major role to the microstructural coarsening
at high solid fraction in the semi-solid state, while Ostwald ripening is the dominant
mechanism for microstructural coarsening at low solid fraction. Ji, et al. [190] studied
the isothermal coarsening under low shear rate for the semi-solid slurry of AZ91D alloy
with initially fine and spherical particles that is produced by high shear rate. As shown
in Figure 20, there is a domain coarsening process under low shear rate, in which these
fine and spherical solid particles in the semi-solid slurry become coarse obviously with
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decreasing particle density, while the solid fraction, particle shape and agglomeration
level of solid particles remain constant. Besides, both the coarsening rate constant and the
exponent agree well with the calculated value based on the classical LSW theory.
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shearing at low shear rate at 589 ◦C for different times, (a) 0 min; (b) 70 min; (c) 110 min. Reprinted
with permission from Ref. [190]. Copyright 2006 Elsevier.

4.2. Microstructural Evolution by Grain Refinement

Qian [129] investigated the growth of primary phase in the refined magnesium alloys
and found that the primary grains can grow up from a properly refined alloy melt to
form spheroidal morphology without agitation. A wide range of solid fraction up to
more than 50% can be obtained through effective control of nucleation and growth by
grain refinement. The spherical primary particles are formed by the combination of both
dissolved and undissolved zirconium, which increase the nucleation rates under a small
undercooling. When all conditions required for the Mullins—Sekerka stability analysis
are satisfied, the Mullins—Sekerka stability criterion for spherical growth can be used to
interpret the formation of globular microstructure. Adding erbium to modify A356 Al alloy,
spherical primary α(Al) grains can be obtained in semi-solid state produced by serpentine
channel technique, and more Er additions lead to uniform distribution and finer size of
spherical primary α(Al) grains [191].
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In addition, the sharp chilling effect of serpentine channel process on melt can pro-
mote heterogeneous nucleation, and fine-grained semi-solid alloy can also be obtained by
prompting the initial solidification nucleation [192]. Qi, et al. [193] adopted distributary-
confluence channel (DCC) technology to fabricate semi-solid slurry of aluminium and
magnesium alloys, in which the melt went through multiple chilling channels and accu-
mulated together finally. At last, fine primary grains obtained due to the high nucleation
rate by melt chilling and intensity melt convection. Using the DCC technology, refine and
spheroidize primary α(Al) grains can also be obtained in a semi-solid 6061 Al alloy [194],
and it was proved that the nucleation rate of primary grains is effectively increased via
increasing the bend number and decreasing the bend diameter.

4.3. Microstructural Evolution during Partial Re-Melting

The microstructural evolution through partial re-melting to semi-solid temperatures
can be divided into four steps [1–4] known as “(1) recovery, recrystallization and struc-
tural separation; (2) coarsening of solid grains; (3) spheroidization of solid grains; and
(4) coarsening of spherical grains.” according to reference [195].

In the first step stage, the microstructural change mainly involves in recovery, recrys-
tallization, and structural separation owing to the heating operation [196]. Considering
the fact that sub-grain boundaries form by the climbing or cross slipping resulting from
joined vacancies and rearranged dislocations, grains with high dislocation density are easily
replaced by new sub-grains with less dislocation density. Because the holding temperature
of alloy billets is higher than the eutectic temperature, partial re-melting also occurs when
a portion of solid phases is melted [197,198]. With the increase of heating time, the liquid is
formed and becomes greater gradually to create isolated solid grains. These grains grow
and coarsen continuously under isothermal heating. It is commonly known that the growth
and coarsening of the solid grains in semi-solid state are controlled by coalescence and
Ostwald ripening. During the growing and coarsening of the microstructure, atoms of
the solid material diffuse from regions with high curvature to regions with low curvature
points, providing the driving force for spheroidization of solid grains [199]. As long as the
grains are not spherical at semi-solid processing temperatures, the spheroidization process
occurs to maintain the minimum surface energy, during which the grain numbers per unit
volume remain un-change.

Following this stage, smaller grains are melted in favour of the larger grains, and
the numbers per unit volume are reduced. The grain coarsening follows Ostwald ripen-
ing mechanism according to the LSW theory [151]. Loue and Suery [200] studied the
microstructural evolution of A357 alloy during isothermal holding after partial re-melting,
and found that the number density of initially formed globular particles decreases with in-
creasing the isothermal holding time, but that initially formed dendritic structures remains
fairly constant. Also, the coarsening kinetics of solid particles is accelerated under longer
solidification time and smaller initial grain size. Blais, et al. [201] investigated the effects
of initial particle morphology in semi-solid alloy on the coarsening behaviour. During
isothermal holding in the semi-solid state, the solid particles always evolve towards a
spherical morphology regardless of the initial morphology. Moreover, according to the
Doherty theorem [202], the coarsening rate accelerates when the solid fraction (fs) is higher
than 0.6. However, the research carried out by Manson—Whitton, et al. [152] showed
opposite results in the case of spray formed Al-4%Cu with higher solid fractions (fs ≥ 0.7).
Therefore, the solid-solid contacts affect the morphology of the primary solid phase during
coarsening. For the solid fractions greater than the transition value at 0.7, the coarsening
rate constant (k) decreases as solid fraction increases. In general, Ostwald ripening is
the dominant mechanism for solid particle growth at high liquid volume fractions i.e.,
high heating temperatures and long holding times in semi-solid state. This mechanism is
less effective in particle growth but has a significant effect on the spheroidization of solid
grains. In contrast, the coalescence growth mechanism occurs for semi-solid alloys at a
small amount of liquid fractions, which is more effective in grain growth but has only a
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minor effect on the spheroidization process [203,204]. The solid grains are readily in contact
with one another at a relatively high solid fraction (early stages of heating operation), and
dominant growth mechanism in the coarsening of the solid grains obeys the coalescence
mechanism. Further increase of the holding time decreases the solid fraction in semi-solid
alloy, and Ostwald ripening mechanism becomes more effective in the process of grains
coarsening. Therefore, it is expected that spheroidization and further growth of solid grains
are governed by the two competing mechanisms during re-melting process.

High entropy alloys (HEAs) containing different solution phases have high melt-
ing temperatures with solidification intervals, making them potential candidates for
semi-solid processing [205–207]. For example, Rogal [208] recently studied thixoforming of
CoCrCuFeNi HEAs. The globular microstructure can be obtained by the recrystallization
and partial re-melting method using a temperature at 1150 ◦C and 1340 ◦C. The microstruc-
ture of the thixo-cast alloy consists of two face-cantered cubic solid solutions: one in the
form of globular grains, containing near equiatomic concentrations of Co, Cr, Fe and Ni, and
the other, enriched in Cu, homogeneously distributed around grains. For the CrCuFeMnNi
HEAs, increasing the Cu content can cause an increase of low melting FCC1 phase and a
decrease of FCC2 phase, and Cr-rich BCC phase can be formed during solidification. Dual
face-centred cubic (FCC) CoCrCu1.2FeNi was also chosen to fabricate semi-solid feedstock
by SIMA [209], in which Cu-rich FCC1 phase was liquid in semi-solid state, and both FCC1
and FCC2 phases recrystallized during heating. Finally, FCC2 phase coalesced, grew up
and spheroidized with a low coarsening coefficients in semi-solid range.

4.4. Microstructural Evolution in an Inclined Cooling Surface

Microstructural evolution involved in the inclined cooling surface is a complex combi-
nation of heat-fluid flow-mass transfer in the liquid and/or solid state, which may include
a combination of shear and re-melting associated with the slope cooling process. As shown
in Figure 21, the heat transfers between the contacting melt and the inclined surface, and
the shear stress acted on the melt as result of gravity force are critical parameters to change
the microstructure [210]. When the melt with initial low superheat is poured on the cooling
slope, it forms an ‘elliptical impact zone’ where material is spread and cooled [211,212]. The
impact zone on the cooling slope is anticipated to be the principal source of nuclei [23,213].
Solidification begins on the cooled surface when the melt temperature drops below the
liquidus temperature. During the movement of the melt along the slope, the gravity force
generates shear stress and varies shear rates in the melt, leading to the detachment of solid
primary phase from the cooled surface, which are subsequently mixed with the melt away
from the cooled surface, and the solid phase is immediately reheated to a temperature
above the liquidus temperature. As the solute segregation at the solidification front takes
place during grain growth in an alloy, the solute variation in the melt can cause nucleating
crystal to detach from the inclined cooling surface. Comparing with the solute content at
cooled surface, there is higher solute content in the region of roots of the crystal owing to
the segregated solute atoms to disperse in the liquid, which leads to interfacial undercool-
ing and lower growing rate in the local region. Consequently, a necking is developed by
the decelerated growing rate, then the necked crystal can be detached from the cooling
surface [214]. As the pouring continues, the formed crystals are continuously detached
from the cooling surface and join the melt downward. It was also pointed out that the tem-
perature variation results in the detachment of dendrite arms. Studies have been performed
to examine the effect of length and angle of slope plate on the morphological evolution of
the grains [114,215]. However, it can be argued that the nucleation of the primary phase
may also take place throughout the melt owing to shearing and cooling the melt below
solidification temperature. Taghavi, et al. [216] reported the microstructural formation of
three layers when the melt flow over the inclined surface. The bottom layer connected to
the surface of the inclined surface is a solid layer containing the primary solid phase. The
middle layer is a semi-solid layer containing the growing primary solid phase and the melt.
The top layer contains the molten alloy in which the heat transfer rate is higher than that in
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the middle layer. The heat and solute would be transported simultaneously in this process,
which result in the non-dendritic morphology transition of primary phase.
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development during melt flow over the inclined surface. Reprinted with permission from Ref. [210].
Copyright 2012 Springer Nature Customer Service Centre GmbH, Springer Nature.

5. Microstructural Evolution of Binary Eutectic Alloy under Forced Convection

Although the semi-solid principle has been reasonably understood for the alloys
solidified in a temperature range [169,170], it has found the eutectic alloys and pure metals
that solidify with a solid-liquid fraction ratio during thermal arrest at a fixed temperature,
which can also be processed to form semi-solid slurry [169,217–221], as shown in Figure 22.
This confirms that semi-solid slurry can be formed by controlling the temperature, and/or
by controlling the time of solidification process. The nucleation and growth of eutectic
alloys under forced convection are different from that in off-eutectic alloys.
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In a binary eutectic alloy, two distinct types of nuclei are existed in the melt, and
each of them corresponds to one chemical composition. For the conventional eutectic
solidification [222], the nucleation events commence at a temperature below the eutectic
temperature with the heterogeneous nucleation of one of the eutectic phases on nucleants
present in the liquid, and is completed by the heterogeneous nucleation of the second
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eutectic phase on the first. Under forced convection, the temperature and composition
fluctuations are significantly reduced and become uniform and ever-renewable in each part
of the bulk melt. Generally, a uniform temperature field is benefit for the survival of crystal
nuclei after it is created from the atomic clusters, leading to an increased density of crystal
nuclei. For the binary eutectic alloy, the potential nuclei of each phase can be dispersed
throughout the bulk melt independently and uniformly when the forced convection is
applied below the liquidus temperature. Under the condition with similar density of atomic
clusters in the melt, the ever-renewed and uniform temperature and composition fields can
reduce or even diminish the suppression effect from one phase to another phase. Therefore,
the nucleation undercooling is minimized greatly, and the atomic clusters grow and become
nuclei at a temperature close to the equilibrium temperature.

For the eutectic solidification under conventional conditions, two eutectic phases can
grow synergistically behind an essentially planar solidification front as it is controlled
by boundary diffusion. Traditionally, the solidification of one phase result in excessive
concentration of another phase by short diffusion distance laterally. Similarly, the solute
atoms rejected ahead of one phase diffuse to the tips of the adjacent lamellae. This diffusion-
controlled growth of eutectic solidification leads to a lamellar morphology in the eventually
solidified microstructure of eutectic alloys. While forced convection can cause the volume
diffusion of solute atoms in the matrix, and the microstructural morphologies of eutectic
alloys have become dependent on the convection intensity. A relatively weak shear can
only enhance the solute transportation at the solid/liquid interface a little of, but there is
little perturbation in this process for the eutectic alloy solidification. Therefore, a weak
shear may not entirely destroy the lamellar eutectic growth. It has been proposed that
the promotion of solute transportation just varies the interlamellar spacing or the lamellar
growth direction in eutectic solidification [223]. It is suggested that the limited solute
transportation at the solid/liquid interface may possibly constrain further growth of solid
phase, which leads to the coupled format as a short and irregular rod microstructure.
When the intensity of shear increases to a moderate level, the solute transportation at the
solid/liquid interface increases, and diffusion layer around solid phase reduces, resulting
in the formation of coupled particles. Two kinds of eutectic phases are alternatively
arranged in the coupled eutectic cell. In this case, one phase may form imperfect spheroidal
particles firstly, and subsequently another phase nucleates and grows on the surface of
a phase due to the local solute accumulation. The number of coupled particles depends
on the imperfect points on the surface of the existing solid particles, which is further
determined by the intensity of forced convection. Once the intensity of forced convection
increases to a sufficiently high level, both the temperature field and the composition
field are extremely uniform throughout the eutectic melt. the solute at the solid/liquid
interface is uniformly distributed, and the diffusion layer around the solid phase are
significantly reduced and even diminished. As a result, the crystal nuclei of two phases
are also distributed throughout the bulk melt uniformly. The particles of prior phase grow
and form perfect spheroids with equal growth velocity, and nucleation can occur on the
whole surface with equal probability in the uniform composition field. On the other hand,
another phase grows independently from the crystal nuclei in the saturated melt as perfect
spherical particles. The effect of forced convection on the eutectic alloy can be schematically
shown in Figure 23. The same principle should apply to the eutectic alloys containing
more than two components. The importance of this finding is that the knowledge of SSM
processing as a function of temperature for the alloy with one primary phase is extended
to the simultaneous formation of multiple phases in a consistent temperature. Therefore,
the parameters to control the formation of solid phases can be obtained by temperature
and time. In other words, SSM processing is not only temperature dependent, but also
time-dependent. It is also demonstrated by Al-Si eutectic alloy to form semi-solid slurry for
rheocasting because the thermal arrest during solidification, induces the decoupled crystal
growth between silicon and aluminium under convection [220,224].
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6. Summary

After several decades’ development, semi-solid metal processing has been used in in-
dustry for different alloys. It is still attracting more interesting in processing new materials,
including high entropy alloys, eutectic and purify alloys. Therefore, SSM processing of
new materials is one area to be explored in future, in particular for the high value-added
materials. Meanwhile, the development of novel alloys should be matched with the tech-
nological characteristics of slurry preparation and shaping of semi-solid alloys, aiming to
achieve excellent processing or performance properties. Only combining the alloys with
the SSM processing can exert its function in microstructural control.

A major advantage of the semi-solid processing comes from the fact that it can achieve
a low level of defects in components. During fabrication and forming of semi-solid alloys,
gas entrapment and inclusion contamination in the slurry should be minimized. Although
present fabrication processes of semi-solid slurry have been optimized greatly, gas entrap-
ment and inclusion contamination can’t be avoided entirely due to intensive disturbance
during preparing semi-solid slurries. Comparatively, new rheocasting (NRC) process can
yield non-dendritic primary grains without any disturbance in semi-solid state, and it
can allow a laminar flow during filling and solidification under a high pressure. There-
fore, NRC or other novel processes may be effective technological methods for improving
SSM processing and achieve the maximum potential for SSM alloys.

As the cost of manufacturing non-dendritic feedstock for thixoforming is an issue for
massive manufacturing, thixoforming may be not very competitive for low cost material
such as aluminium alloys and magnesium alloys. However, it is still attractive for making
high integrity components that are not capable of making by other processing methods
or that are high value-added components. For massive production of aluminium and
magnesium alloys, rheocasting is a cost-saving process and competitive for the balance of
manufacturing cost and quality. Therefore, the process on slurry-making from the liquid
alloy is one of the critical areas. However, the low volume fraction of primary phase in
semi-solid slurry may not be desirable option because it may be difficult to achieve obvious
improvement of mechanical properties in the components in comparison with that made by
high pressure die casting. Therefore, more efforts are required to provide a microstructure
comprising high volume fraction of fine and spheroidal particles distributed uniformly in
the matrix for subsequent component shaping.
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