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Abstract

Semi-solid metal processing offers a compelling alternative to conventional cast-
ing by enabling the production of alloys with superior, non-dendritic microstruc-
tures. Slurry flow dynamics, less porosity formation, higher die and tool life,
and final mechanical characteristics are all controlled by primary phase mor-
phology during partial solidification. This review presents a critical assessment
of microstructural evolution and mathematical modelling of alloys during semi-
solid processing. The observed interaction between solid fraction development,
morphological changes, slurry rheology and various semi-solid slurry generation
techniques is highlighted. Various techniques for generating non-dendritic struc-
tures are provided, covering their working principles, comparative advantages,
limitations and effective processing windows. Experimental studies remain con-
strained in fully capturing microstructure—property relationships and the influ-
ence of critical processing parameters. To provide a comprehensive assessment,
the latest advancements in volume-averaged solidification process modelling
have been examined, with explicit discussion of why interface-tracking meth-
ods such as phase-field models and Eulerian—Lagrangian approaches fall outside
the present scope. Current two-phase and three-phase solidification models are
evaluated with respect to heterogeneous nucleation, solute redistribution, inter-
facial heat transfer, and inter-phase momentum coupling. Discrepancies between
numerical predictions and experimental observations are discussed, particu-
larly under conditions of high shear and non-uniform thermal fields. The review
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demonstrates that computational constraints continue to limit the prediction
of nucleation kinetics and microscale features, especially for high-temperature,
high-Si and multi-element alloy systems. Although several formulations demon-
strate practical potential in laboratory and small-scale industrial castings, further
progress requires improved calibration, consistent closure relations, benchmark
validation, and expanded material databases capturing micro-macro interactions.
Addressing scale-up requirements related to process stability, defect control,
tool life and feedstock consistency remains critical for enabling reliable semi-solid
processing on an industrial scale.
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Introduction

Dendritic microstructures produced by conventional casting are inherently associ-
ated with porosity, segregation and mechanical anisotropy. Shear forces are intro-
duced to include the effect of these factors. The resulting enhanced fluid flow
disrupts the solid-liquid boundary, fragmenting dendrites and generating a slurry.
Instead of the typical dendritic structure submerged in liquid, this slurry consists
of fragmented or spheroidised primary phase particles. Non-dendritic primary
phase particles are detached and enclosed in a near-eutectic, lower-melting sec-
ondary phase once this slurry solidifies. Despite an increased solid fraction, the
partially remelted non-dendritic microstructure presents substantially reduced
flow resistance. This characteristic offers considerable potential for additional
processing in the semi-solid state through forging, pressure die casting and thixo-
forming. The aforementioned idea serves as a foundation for the novel manufac-
turing technique known as semi-solid metal processing (SSMP), in which metal
alloys are cast or formed in a semi-solid state (Flemings, 1991; Flemings et al.,
1976; Spencer et al., 1972). Semi-solid processing is categorised into rheo-routes
and thixo-routes, as explained in Figure 1 by their respective temperature—time
trajectories during slurry generation and forming. The rheo-route generates a
semi-solid slurry directly from the liquid melt through controlled cooling and
shearing, producing near-net-shape products (Spencer et al., 1972). The slurry
generation enables continuous, low-turbulence mould filling or forming opera-
tions in casting. The thixo-route comprises three steps: preparing a non-dendritic
feedstock, reheating it to a semi-solid state and shaping the thixotropic mushy
billet (Flemings et al., 1976). Over the last five decades, a wide range of SSMP
techniques have been developed, including thixocasting and rheocasting, for
manufacturing components critical to the aerospace, automotive and defence sec-
tors. Processing alloys in semi-solid state minimises thermal stresses on moulds,
results in reduced cycle times, extends tool life, along with economic and environ-
mental benefits, such as low-cost feedstock, recyclability and reduced waste
(Flemings et al., 1976).
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Figure |. Schematic Representation of Thixo- and Rheo-routes of Slurry Generation.
Source: Nafisi and Ghomashchi (2005).

A crucial step in the semi-solid processing of metals and their respective alloys
is the meticulous preparation of slurries that exhibit non-dendritic microstruc-
tures, which, in turn, significantly enhance thixotropic flow characteristics during
the forming processes (Fan, 2002; Tahamtan et al., 2009; Wang et al., 2011).
Conventional casting and solidification inherently produce dendritic morpholo-
gies susceptible to porosity and brittleness (Cho & Kang, 2000). Semi-solid pro-
cessing effectively disrupts dendritic growth through shear-induced fragmentation
and particle spheroidisation (Jin, 2022; Qin & Wallach, 2003; Wu et al., 2004).

The formation of non-dendritic microstructures is fundamentally governed by
mechanisms including dendrite fragmentation, plastic deformation and spheroidal
growth, all of which are significantly influenced by shear intensity, cooling rate
and the dynamics of flow within the material (Fadavi Boostani & Tahamtan,
2010; Ji, 2003; Mohammed et al., 2013). Various techniques for the generation of
non-dendritic structures include non-shearing methods and shearing methods.
Non-shearing techniques produce a semi-solid slurry with a non-dendritic micro-
structure via thermal cycling or solid-state deformation instead of mechanical stir-
ring. A comprehensive review of the techniques used to generate non-dendritic
structures in SSMP is presented in Section ‘Methods Used to Generate Non-
dendritic Structures in Semi-solid Metal Processing’. Although experimental
studies remain essential for understanding material processing and manufacturing
technologies, numerical modelling and simulation have increasingly reduced the
need for costly and complex experimental trials through advances in computa-
tional technology over the past several decades. Simulation-based process



98 Sustainable Manufacturing and Foundry Practices [(2)

modelling has grown as a tool for predicting micro- and macroscale phenomena
of solidification/melting, heat transfer, fluid flow and so on, providing key insights
into the study of new process technologies while refining the current ones (Li
etal., 2022; Ludwig et al., 2014, 2016; Wu et al., 2019). However, the underlying
physical framework significantly impacts a numerical tool’s predictive capacity.
Thus, it is crucial to comprehend the origin of praxis observation and to develop
modelling formulations that accurately represent the relevant flow physics.

In this article, a comprehensive understanding of the processing parameters
governing morphological evolution in SSMP is presented, along with relevant
mathematical modelling and simulation approaches. Mathematical modelling and
simulations provide further insight into microstructural evolution under shear
deformation, continuous cooling and isothermal holding conditions. Consequently,
microstructural growth kinetics and selected volume-averaged solidification
models within this framework are discussed. This review explicitly excludes
Eulerian—Lagrangian (E-L) and interface-tracking approaches such as phase-field
methods; the rationale for this scope is discussed in the fourth section.

Microstructural Evolution in the Semi-solid State

Most commercially important metal alloys solidify with a dendritic morphology,
developing either columnar or equiaxed dendritic structures. In both types, den-
drites undergo significant evolution during solidification owing to ripening driven
by surface energy minimisation. The structure becomes progressively coarser dur-
ing solidification due to the remelting of dendrite arms with smaller radii. In cast-
ings and ingots undergoing dendritic solidification, multiple processes operate
simultaneously in the semi-solid region, such as crystallisation, solute redistribu-
tion, ripening, interdendritic fluid flow and solid movement.

The developing dendritic structure is highly sensitive to convection during the
initial stages of solidification. When convection is vigorous and cooling is slow,
grains evolve into spheroidal forms, and the resulting alloys exhibit semi-solid
rheological behaviour that differs substantially from that of fully dendritic alloys
(Jietal., 2022). Semi-solid slurries with non-dendritic microstructures can there-
fore be produced by solidification under forced convection. In mushy equiaxed
solidification, the top surface settles fairly uniformly during the early stages; at
this stage, grains remain free to move. Once the solid fraction reaches a critical
value, grains interlock and mass feeding stops. Studies show that this network
forms at a solid fraction of roughly 0.1-0.2, depending on dendrite size and mor-
phology (Atkinson, 2010; Spencer et al., 1972). Flemings (1991) reported shear-
ing small blocks of aluminium alloys isothermally and observed negligible
strength below approximately 0.2 solid fraction. Above this level, shear strength
increased with increasing solid fraction and rose slightly with a higher strain rate
and larger grain size. In alloys with strong grain refinement, measurable strength
did not appear until a solid fraction of approximately 0.4. Spencer et al. (1972)
conducted similar tests on Sn—Pb alloy and demonstrated that continuous shearing
during solidification dramatically alters rheological behaviour, transforming the
alloy into a highly fluid, thixotropic slurry.
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Deformation in semi-solid dendrites, up to about 0.9 solid fractions, primarily
involves grain-boundary sliding and dendrite distortion. Microstructures show den-
drite bending and liquid-filled spaces between grains. Initial stress increases due to
more particle contacts, but at high strains, continuous fissures can open, causing
stress to drop. Vigorous agitation during solidification initiates the formation of new
grains, which then grow dendritically. Continued shear and solidification time trans-
form the dendritic morphology into a rosette shape due to ripening, shear and abra-
sion (Figure 2). Further cooling perpetuates ripening, leading to spheroidal or
ellipsoidal particles, often with entrapped liquid, especially under slow cooling and
high-shear conditions. The size of individual grains (dendrites or rosettes) is moder-
ately affected by the shear rate above a minimum value but strongly affected by the
cooling rate during the initial stages of solidification (Flemings, 1991).

Mechanisms of Dendrite Fragmentation

Dendritic fragmentation is a widely accepted mechanism for altering the micro-
structure of semi-solid slurries during shearing. This phenomenon involves the
breakdown of primary dendrites into smaller, more spherical particles, which is cru-
cial for achieving a non-dendritic microstructure in SSMP (Ji, 2003). Three princi-
pal mechanisms have been proposed for dendrite-arm fragmentation: (a) break-off
at the roots caused by shear forces, (b) remelting at the roots due to solute enrich-
ment at high-curvature regions, and (c) bending induced by flow stresses, which
generates internal boundaries through the accumulation of geometrically necessary
dislocations. Subsequent wetting of high-angle, high-energy grain boundaries by
the liquid phase ultimately results in dendrite detachment (Flemings, 1991). Figure 3
presents the schematic sequence for the fragmentation of a typical dendritic mor-
phology and its transformation into a globular grain. A partially solidified dendrite
(a) below the liquidus temperature may undergo plastic bending (b) under shear,
producing a large misorientation through geometrically necessary dislocations (c).
Bending occurs only when the surrounding fluid flows sufficiently faster than the
grain. These dislocations store high elastic energy, which is lowered by the forma-
tion of a subgrain boundary. When the grain boundary energy exceeds twice the
solid-liquid interfacial energy, the boundary is replaced by a thin liquid layer that
subdivides the dendrite (Doherty et al., 1984).

The transformation from dendritic to spherical, non-dendritic grains in stirred
melts, as described by Molenaar et al. (1986), is a multi-stage process involving
initial fragmentation and bending due to shear forces, the formation of rosette
structures through liquid entrapment and, finally, ripening of rosettes into spheri-
cal grains under high shear and turbulence (Balasubramani et al., 2023). Spheroidal
particles, together with equiaxed and dendritic particles, constitute the micro-
structure of rheocast alloys. Their formation is primarily linked to the fragmenta-
tion-by-remelting mechanism, and their number density increases with rheocasting
time until it stabilises due to particle sintering and coalescence (Canyook et al.,
2010). The microstructural evolution of rheocast billets is strongly influenced by
the initial processing parameters. Longer stirring durations and lower cooling
rates promote higher particle sphericity at the billet centre, whereas higher
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Figure 2. Schematic lllustration of Evolution of Structure During Solidification With
Vigorous Agitation: (a) Initial Dendritic Fragment, (b) Dendritic Growth, (c) Rosette, (d)
Ripened Rosette and (e) Spheroid.

Source: Shahrooz Nafisi & Ghomashchi, (2019).
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Figure 3. (a) Fragmentation of a Dendrite (Doherty et al., 1984) and (b) the
Temperature Field Above the Liquidus and Below the Liquidus Temperature.

Source: Balasubramani et al., (2023).
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cooling rates produce finer primary o phases (Zhang et al., 2003). The o phase
referred to here is the primary aluminium-rich solid phase that nucleates hetero-
geneously on inoculant particles or active nucleation sites when the alloy is cooled
below the liquidus temperature. Its nucleation is promoted by constitutional
undercooling driven by solute rejection at the solid—liquid interface, and its mor-
phology, dendritic, rosette or globular, is determined by the interplay between
thermal and solute gradients, shear intensity and cooling rate.

Evolution of Non-dendritic Structures Under Shear

Vigorous agitation during solidification progressively transforms as-nucleated den-
dritic fragments into increasingly rounded morphologies through a sequence of over-
lapping mechanisms (Fan, 2002; Spencer et al., 1972). In the initial stage, the imposed
shear field induces mechanical bending of primary dendrite arms and promotes frag-
mentation at the roots (Qin & Wallach, 2003). The fragments, once detached, are
transported by convective flow throughout the mushy zone, where they act as addi-
tional nucleation substrates, thereby multiplying the grain population. As solidifica-
tion continues under sustained shear, the fragmented particles evolve into rosette
structures through liquid entrapment within concave inter-arm regions (Zhang et al.,
2022). Prolonged shear and Ostwald ripening gradually smooth the surfaces of these
rosettes, ultimately yielding spheroidal or near-spheroidal grains. The rate of this
morphological transition is controlled by the combined influence of shear rate, solidi-
fication time and cooling rate (Flemings et al., 1976).

Methods Used to Generate Non-dendritic Structures in Semi-solid
Metal Processing

A diverse range of techniques has been developed over the past five decades to gener-
ate non-dendritic microstructures in SSMP. These methods can be broadly catego-
rised into mechanical agitation methods, electromagnetic and field-assisted methods,
thermal-control-based methods and solid-state deformation methods. Each technique
operates through distinct physical mechanisms and offers different advantages, limi-
tations and processing windows. A systematic overview of the principal techniques
used for slurry generation and microstructural modification is presented here.

Mechanical Stirring (Rheocasting).

Mechanical stirring is the earliest and simplest technique for generating semi-
solid slurries and forms the basis of the original rheocasting process (Spencer et
al., 1972). In this method, a rotating impeller or stirrer is immersed in the partially
solidified melt to impose shear within the mushy region. Continuous shearing
fragments dendrites and promotes their transformation into rosette and near-
spherical globular morphologies through ripening and coarsening. The process is
applicable to a wide range of Al, Mg, Cu and Sn—Pb alloys. Its main advantages
include simple implementation, low capital cost, scalability and compatibility
with conventional casting systems (Li et al., 2002). However, the process may
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suffer from non-uniform shear distribution, temperature inhomogeneity and gas
entrapment under excessive turbulence (Brabazon et al., 2002). Mechanical stir-
ring is generally effective at solid fractions below ~0.5, beyond which the resis-
tance of the solid network hinders stirrer rotation (Kirkwood et al., 2010).

Electromagnetic Stirring.

Electromagnetic stirring (EMS) uses a time-varying magnetic field to generate
Lorentz forces within the electrically conducting melt, producing rotational or axial
convective flow without mechanical contact. The induced flow shears the mushy
zone, fragments dendrites, homogenises temperature and solute fields, and promotes
the formation of fine globular microstructures (Bai et al., 2009). The process offers
contactless operation, reduced contamination, controllable stirring intensity, and
improved grain refinement and macrosegregation control. Despite its advantages
over mechanical stirring, EMS remains associated with several challenges, including
the formation of partially spheroidised rosette structures and microstructural inho-
mogeneity across the billet cross-section, both of which may increase reheating
times. Production costs are further elevated by the additional stages required for
feedstock preparation, reheating before forming and recycling of non-dendritic scrap
material (Mohammed et al., 2013). Stirring efficiency also decreases at higher solid
fractions (~0.3—0.4) due to increased slurry viscosity and the development of a solid
network. Additionally, non-uniform magnetic field distribution in complex mould
geometries may result in heterogeneous microstructures (Bai et al., 2009).

Magnetohydrodynamic Stirring.

Magnetohydrodynamic (MHD) stirring is an advanced form of EMS that employs
combined electric and magnetic fields to generate controlled three-dimensional
flow within the solidifying melt. Unlike conventional EMS, MHD systems may use
superimposed DC and AC fields, pulsed magnetic fields or multi-frequency coil
arrangements to produce complex flow patterns (Vives, 1992). The induced Lorentz
forces promote dendrite fragmentation, enhance temperature and solute homogeni-
sation, and improve grain refinement. MHD provides a more uniform solid fraction
distribution than conventional EMS. The technique offers contactless operation,
programmable flow control, and improved thermal and compositional homogenisa-
tion. However, it involves significantly greater equipment complexity and a higher
capital cost. MHD-cast alloys in the semi-solid state exhibit significant liquid-phase
segregation and extensive agglomeration of solid grains compared with strain-
induced melt activation (SIMA) and spray-cast alloys. Microstructures remain com-
paratively less equiaxed and display high rosette growth rates. These characteristics
are attributed to differences in grain misorientation distribution introduced during
processing (Tzimas & Zavaliangos, 2000).

Cooling Slope Method.

Cooling slope (CS) casting is a simple and low-cost semi-solid slurry preparation
technique in which superheated molten metal flows over an inclined, cooled plate
before solidifying in a mould (Haga & Kapranos, 2002). Rapid heat extraction at
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the slope surface promotes nucleation, while gravity-driven flow generates shear
that detaches nuclei and transports them into the bulk melt, producing fine, near-
spherical primary particles (Haga & Suzuki, 2001). Key process parameters
include channel inclination, slope length, surface temperature and alloy superheat
(Birol, 2009). The technique has been successfully applied to various magnesium
and aluminium alloys. Major advantages include simple operation, low equip-
ment cost and the ability to generate spheroidal primary phases. However, the
process may suffer from porosity, oxide formation and solidified shell formation
along the slope surface, which can affect slurry quality and microstructural uni-
formity (Deepak Kumar et al., 2014). Excessive superheat may remelt nuclei
formed on the slope, whereas insufficient superheat can cause premature solidifi-
cation. The method is therefore most suitable for high-fluidity alloys with rela-
tively wide solidification ranges.

Spray Casting/Spray Deposition.

Spray casting or spray forming is a non-agitation feedstock production process in
which liquid metal is atomised into fine droplets using high-velocity gas jets and
deposited onto a cooled substrate (Grant et al., 2017). During atomisation, small
droplets solidify rapidly, while larger droplets remain liquid, and intermediate
droplets are deposited in a semi-solid state. The process has been applied to alu-
minium, magnesium, copper alloys, nickel superalloys and metal matrix compos-
ites. Major advantages include fine non-dendritic microstructures without
mechanical stirring, low macrosegregation and the ability to produce near-net-
shape preforms. However, the process involves high equipment and operating
costs, overspray losses and challenges related to porosity and oxide control
(Mohammed et al., 2013).

Swirled Enthalpy Equilibration Device Process.

The Swirled Enthalpy Equilibration Device (SEED) process is a semi-solid feed-
stock preparation technique based on eccentric swirling of molten metal within a
metallic vessel to promote uniform heat extraction and non-dendritic slurry for-
mation (Doutre et al., 2004). Initially, molten metal with low superheat is poured
into a rotating vessel, where swirling flow promotes nucleation at the vessel sur-
face while suppressing dendritic growth. The remaining liquid is subsequently
drained, leaving a self-supporting semi-solid slug suitable for pressure forming.
The enthalpy equilibration approach relies on controlled heat removal, primarily
through the cooled crucible wall, and fluid motion through swirling to produce a
fine, rosette-to-globular primary phase within a narrow solid fraction window (Gu
et al., 2023). The SEED process has been applied commercially to the high-pres-
sure die casting of automotive Al-alloy components. Dendrite fragmentation and
controlled cooling during swirling promote the formation of globular microstruc-
tures. Stirring intensity and pouring temperature are the key parameters control-
ling the transition from dendritic to globular structures and the overall
microstructural evolution (Doutre et al., 2004). The SEED process enables the
on-demand production of semi-solid slurry with precise solid fraction control and
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low rotational speeds, thereby minimising gas entrapment. Its crucible-based con-
figuration is also compatible with conventional die-casting systems. However, the
process requires careful control of pouring temperature, swirling speed, superheat
and cooling conditions to ensure consistent slurry quality. Radial temperature gra-
dients within the crucible may lead to microstructural heterogeneity, while the
liquid-draining step increases process complexity (Luo et al., 2019). The method
is most effective for near-eutectic aluminium alloys with moderate solidification
ranges, whereas alloys with high solidus temperatures or wide freezing ranges are
more difficult to process reproducibly.

Strain-induced Melt Activation Process.

The SIMA process is a solid-state deformation route for producing non-dendritic
feedstock suitable for thixoforming (Wang et al., 2011). In the SIMA process, a
cast alloy billet is first subjected to heavy plastic deformation to introduce a high
density of dislocations and stored strain energy. The deformed billet is then
reheated into the semi-solid temperature range, where partial melting promotes
recrystallisation and liquid penetration along high-energy grain boundaries
(Bolouri et al., 2010). This isolates the recrystallised grains and produces a fine,
near-spherical primary phase surrounded by liquid, making the microstructure
suitable for thixocasting and thixoforging. However, the process requires an addi-
tional deformation step before reheating, increasing processing complexity and
cost. Careful control of deformation and reheating conditions is necessary to
ensure uniform recrystallisation and grain separation. The method is most suitable
for wrought aluminium and magnesium alloys and is less effective for alloys with
wide solidification ranges or poor workability (Czerwinski, 2020).

Recrystallisation and Partial Melting Process.

The recrystallisation and partial melting (RAP) process is similar to SIMA but
employs warm or hot working to introduce stored deformation energy before reheat-
ing into the semi-solid range. During partial remelting, recrystallisation and liquid
penetration along grain boundaries produce fine, near-spherical grains surrounded
by liquid (Jiang et al., 2016). Compared with SIMA, RAP generally provides faster
recrystallisation kinetics and more uniform microstructures, particularly in larger
billets. The process reduces the risk of deformation-induced cracking and is suitable
for alloys with limited cold workability. However, it requires controlled warm
working conditions and careful regulation of deformation and temperature to retain
sufficient stored energy for recrystallisation. RAP is most effective for wrought alu-
minium and is less suitable for brittle cast alloys that cannot undergo substantial
solid-state deformation. Also, non-uniform strain in large billets leads to a heteroge-
neous semi-solid microstructure (Wang et al., 2017).

Direct Partial Remelting.

Direct partial remelting (DPRM) is a thixo-route process in which a grain-
refined cast billet is reheated directly into the semi-solid temperature range
without prior deformation. During isothermal holding, partial melting promotes
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spheroidisation through Ostwald ripening and grain boundary migration, pro-
ducing near-spherical solid grains suitable for thixoforming (Omar et al., 2011).
The process typically operates at solid fractions of 0.4-0.6, and the final micro-
structure strongly depends on the initial grain size and morphology of the feed-
stock. In this method, the as-received material is reheated directly into the
semi-solid range without requiring conventional feedstock preparation routes
such as SIMA or RAP (Mohammed et al., 2013). This simplifies processing and
broadens the range of materials and processing pathways available for produc-
ing thixoformable microstructures. However, precise temperature control and
uniform heating are essential to avoid excessive grain coarsening, while the
process remains highly dependent on the quality of the initial grain-refined bil-
let. Coarse- or columnar-grained feedstocks are generally unsuitable for this
method (Ji et al., 2022).

Ultrasonic Vibration Treatment.

Ultrasonic vibration treatment introduces high-frequency acoustic waves into the
solidifying melt through a sonotrode, generating acoustic cavitation and acoustic
streaming (Jian et al., 2005). Cavitation causes the formation and collapse of
microbubbles, producing intense localised pressure pulses and microjets that frag-
ment dendrite arms, while acoustic streaming enhances convective mixing,
homogenises temperature and solute fields, and distributes the fragments through-
out the melt. The process provides effective grain refinement, promotes degassing
and oxide removal, and can be applied without major modifications to existing
equipment. However, sonotrode erosion, limited acoustic penetration depth and
sensitivity to probe positioning restrict large-scale application (Jiang et al., 2014).
Ultrasonic treatment is most effective during the early stages of solidification at
low solid fractions, as the developing solid network rapidly attenuates acoustic
propagation and reduces cavitation activity.

Gas-induced Semi-solid Process.

The gas-induced semi-solid (GISS) process produces a semi-solid slurry by injecting
inert gas through a porous graphite diffuser immersed in the melt near the liquidus
temperature (Wannasin et al., 2010). Rising gas bubbles generate localised shear and
convective flow that fragment dendrites and distribute the fragments throughout the
melt, while simultaneous heat extraction from the injected gas promotes undercooling
and nucleation. The GISS route is suitable for processing different types of alloys,
such as zinc alloys, cast aluminium alloys, wrought aluminium alloys and die casting
aluminium alloys (Mohammed et al., 2013). The process integrates stirring and cool-
ing in a compact, low-cost setup compatible with conventional casting systems, while
the inert atmosphere also helps reduce oxidation. However, gas entrapment, non-uni-
form shear distribution and graphite tip erosion remain important challenges. The
method is most effective at low-to-moderate solid fractions, as increasing solid con-
tent reduces bubble mobility and convective efficiency. Techniques such as ultrasonic
vibration, SIMA and inert gas purging are not industrially viable at high solid frac-
tions, further highlighting the processing niche of GISS (Gautam et al., 2025).
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Effect of Processing Parameters on Microstructure

The viscosity and structural evolution of semi-solid metal slurries are signifi-
cantly influenced by shear rate and cooling rate, leading to pseudoplastic and
thixotropic behaviours. The viscosity of semi-solid metal slurries is highly
dependent on both shear rate and cooling rate, with an increasing shear rate and
a decreasing cooling rate leading to lower viscosity (Fan, 2002). This is partly
due to the formation of denser, more rounded particles that move more easily.
Such slurries exhibit pseudoplasticity (viscosity decreases with increasing shear
rate) and thixotropy (time-dependent viscosity changes as the material structure
builds up or breaks down). This structural evolution, driven by shear and cool-
ing, ultimately governs the rheological properties of the material. Tzimas and
Zavaliangos (2000) reported the effects of cooling rate, shear rate and isother-
mal coarsening on the microstructure of alloys in the semi-solid state. Shearing
significantly reduces flow resistance and viscosity by breaking bonds within the
solid network. The cooling rate controls solidification kinetics and grain refine-
ment, with higher rates producing finer, more uniform a-phase grains and lower
segregation. Isothermal holding determines grain growth and spheroidisation
through ripening, where grains become more equiaxed as soaking time and lig-
uid fraction increase. The grain growth rate constant depends on the liquid vol-
ume fraction and coalescence kinetics. Ji and Fan (2002) investigated the effect
of shearing during solidification under continuous cooling and isothermal con-
ditions using a twin-screw process in Sn—15 wt% Pb alloy. A low shear rate of
500 s! produced mainly rosette grains, while higher shear rates generated
spherical, non-dendritic grains with narrow size distributions. At high shear, the
transition from dendritic to rosette or spherical forms occurs through liquid
entrapment within the rosette. Increasing the shear rate and turbulence shifts the
morphology from equiaxed dendrites to rosettes and then to spheroids. Vigorous
convection causes necking and remelting of dendrite arms, accelerating this
transformation. Koke and Modigell (2003) discussed the significant influence
of both cooling rate and shear rate on the microstructure and rheological proper-
ties of semi-solid metal alloys. The average particle size of the globular grains
was observed to increase with a decreasing cooling rate and an increasing shear
rate. Experiments conducted at three shear rates (100, 200 and 400 s-!) with a
constant cooling rate (—4 °C/min) confirmed that particle diameters increased
with higher shear rates. The rheological behaviour was found to be shear-thin-
ning at steady state, with a transient overshoot (shear-thickening) observed
immediately after shear-rate increases. Rapid changes in shear rate induce struc-
tural breakdown or recovery, leading to transient shear stress and viscosity
responses fundamentally linked to the time-dependent agglomeration and deag-
glomeration of solid particles within the liquid matrix. Liu et al. (2003) further
explain the rheological behaviour of a semi-solid Sn—15% Pb alloy under rapid
shear-rate changes relevant to thixoforming processes. Shear-rate increases trig-
ger swift structural breakdown and a subsequent gradual viscosity decrease.
Recovery upon shear-rate reduction takes longer than breakdown. Both initial
and final shear rates influence the transient behaviour, which is closely tied to
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microstructural changes, including particle agglomeration and particle size evo-
lution. High turbulence and increased shear rates primarily lead to the beneficial
transformation of particle morphology from dendritic to spherical, enhance sol-
ute penetration and accelerate solidification, although they do not necessarily
improve interface stability (Fan, 2002; Qin & Wallach, 2003). Understanding
and controlling these parameters are essential for successful industrial applica-
tions and accurate computational modelling (Ji & Fan, 2002). Effective semi-
solid processing, especially thixoforming, relies heavily on understanding and
precisely controlling process parameters such as shear rate, temperature and die
design. The transient rheological behaviour of the material under these condi-
tions is a key factor for both experimental investigation and computational
modelling to ensure high-quality products and efficient manufacturing.

Volume-averaged Transport Phenomena in Solidification
Processes: Scope and Rationale

Scope of the Review and Exclusion of Phase-field and
Eulerian—Lagrangian Methods

Before presenting the volume-averaged framework, it is necessary to clarify
why two prominent classes of solidification models, phase-field methods and
E—-L approaches, fall outside the scope of this review. This is not a reflection of
their scientific merit, but rather a recognition that their computational demands
and characteristic length scales differ fundamentally from those of the volume-
averaged approach discussed here. The E-L method follows individual solid
particles (Lagrangian) in a continuous liquid phase (Eulerian). The E-L tech-
nique is effective for diluted particle-laden flows, but it proves computationally
challenging for SSMP since solid volume percentages typically fall between 0.3
and 0.5, necessitating the tracking of massive amounts of interacting particles.
Additionally, the natural consideration of phase transition and solidification
physics required for predicting morphological evolution is absent from the
method. Phase-field models are very useful for comprehending dendritic mor-
phology and microsegregation because they resolve the solid—liquid interface at
the mesoscale. However, these are inappropriate for the macroscale casting
models pertinent to SSMP process design, though, because their computing cost
limits domain sizes to the microscale. Hence, volume-averaged, continuum-
scale formulations that are computationally tractable for engineering-scale pre-
dictions are the main topic of this review. Phase-field models resolve the
solid-liquid interface explicitly, tracking its position through a diffuse interface
parameter that varies smoothly between bulk phases. Coupled with convective
flow, as demonstrated by Beckermann et al. (1999), phase-field models can cap-
ture dendritic growth morphology, anisotropy and solute trapping with great
fidelity. The scale (6 ~10-'-10-3 mm) is orders of magnitude smaller than the
macroscopic casting dimension (~10>-~103 mm). Resolving the interface over a
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full engineering casting geometry would require computational meshes of pro-
hibitive size. Furthermore, phase-field simulations of solidification under con-
vection are typically restricted to two-dimensional domains or small
three-dimensional volumes, limiting their direct applicability to industrial pro-
cess optimisation. For these reasons, while phase-field models provide invalu-
able insight into mesoscale solidification physics, they are excluded from the
present macroscale-focused review.

E-L methods treat the liquid melt as a continuous Eulerian field and track each
solid particle, crystal, or grain individually as a Lagrangian entity. This approach
is powerful for capturing particle-level dynamics such as sedimentation, cluster-
ing and individual grain growth trajectories. Cellular Automata approaches effec-
tively capture mesoscale phenomena such as grain growth kinetics, crystallographic
orientation, and the columnar-to-equiaxed transition (CET) across various solidi-
fication and manufacturing processes (Dreelan et al., 2022; Staroselsky et al.,
2024; Zhi et al., 2024). However, the computational cost scales with the number
of tracked particles, and in industrial castings where grain densities may reach
101°-10"/m-3, full Lagrangian tracking is computationally prohibitive. Moreover,
the feedback between individual grain trajectories and the evolving macroscopic
flow field (two-way coupling) introduces substantial numerical complexity.
Volume-averaged (Eulerian—Eulerian) frameworks overcome this limitation by
representing the solid phase as a continuum, making them tractable for engineer-
ing-scale simulations while retaining statistical descriptions of grain number den-
sity, size and morphology. The present review therefore focuses exclusively on
volume-averaged formulations.

General Transport Framework

The volume-averaged approach describes each phase a (liquid, solid, columnar,
equiaxed) through conservation equations for mass, momentum, energy and spe-
cies. For a generic transported quantity ®@a, the volume-averaged conservation
equation takes the form:

0(e,P,0, )/ 0t+V -(e,0,8,)=V-(£,T,P.0,)+S, (1

Here, ¢, is the volume fraction of phase a, p, its density, I the effective dif-
fusivity and S a source term that accounts for inter-phase exchange. The pres-
sure gradient force is incorporated as a component of the momentum source
term. Physical quantities are most naturally expressed as mass-weighted (Favre-
averaged) values, related to volume-weighted quantities through the phase den-
sity. For mass conservation (¢zx :1), the source term S, represents the net
inter-phase mass transfer due to solidification or remelting. For momentum
(¢a =u, ),Sa encompasses the drag force, buoyancy and solidification-induced
momentum exchange. For energy (¢, = A, specific enthalpy), S, includes the
latent heat release and inter-phase heat transfer. For the solute species (¢, =C,,
solute concentration), S, accounts for solute redistribution at the solid-liquid
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interface. The distinguishing feature of different volume-averaged solidification
models lies in how they formulate the closure laws, that is, the expressions for
inter-phase exchange terms (mass transfer rate A, momentum drag M, heat flux
QO and solute exchange J). These terms are not computed explicitly at the
microscale but are modelled through constitutive relations that encode the
assumed grain morphology, growth kinetics and interfacial conditions. The fol-
lowing sections describe how these closure laws differ between the two-phase
globular equiaxed model and the three-phase columnar—equiaxed model.

Modelling Examples

Modelling Equiaxed Solidification via a Two-phase Approach
(Non-dendritic)

Equiaxed microstructures are prevalent in the solidification of industrial alloys, par-
ticularly those refined by inoculants to produce a fine, near-spherical crystal mor-
phology. In the mathematical model, grain morphology is approximated as spherical,
and diffusion around the globular structure dictates growth dynamics. Ni and
Beckermann (1991, 1993) originally developed the two-phase solidification model
for globular equiaxed solidification. Ludwig and Wu (2002) and Wu et al. (2003a)
subsequently extended this model to update several closure laws. Further refine-
ments were made by Wu et al. (2013, 2014), Wu and Ludwig (2006, 2007), Bedel
et al. (2015) and Heyvaert et al. (2017) by accounting for inoculant transport.

Closure Laws and Inter-phase Exchange Terms

The key inter-phase exchange terms in the two-phase globular equiaxed model are
the solidification rate M (kg m? s), the inter-phase momentum drag M ap
(N m), the inter-phase heat transfer 0, (W m) and the solute exchange C,
(kg m3 s7! of solute). These terms couple the solid and liquid phase conservation
equations. The solidification rate M is the crucial quantity from which all other
solidification-induced exchange terms are derived. It is evaluated from the solid-
liquid interfacial energy balance:

M =p,-(df, 1 di)=[ p,f, (K ~1)+0, [/[L+h, (T, -T)] @)

where [, is the solid volume fraction, P, the solid density, L the latent heat, h,
the inter-phase heat transfer coefficient per unit interfacial area and Q, the exter-
nal thermal source. Once M is known, the inter-phase solute exchange C is
obtained from the lever rule or Scheil-type conditions applied at the solid-liquid
interface, accounting for the impingement factor Qimp that reduces the effective
interfacial area at high solid fractions:
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C=M-C-(1-9,,) 3)

where C” is the solute concentration at the solid-liquid interface. The impinge-

ment factor 2, ~accounts for the overlap of diffusion fields between neighbour-

ing grains and can be treated as a function of solid fraction f, or approximated as
Q,, = f, Wuetal, 2013, 2014).

The equiaxed grain radius R_ is related to the grain number density » by the

geometric relation: R, = 3/3 f. / 4xn_ . The system of four transport equations (mass,
momentum, energy and species for each phase) contains four primary unknowns:
the phase volume fractions f,, the phase velocities ua, the temperature 7' (assuming
local thermal equilibrium between phases: T, =7, =T') and the solute concentra-
tions. The assumption of local thermal equlllbrlum (T T, ) is standard in most
two-phase models for alloys with moderate cooling rates, as the inter-phase heat
transfer is rapid relative to the solidification timescale. Under this assumption, the
energy equations for both phases can be combined into a single mixture enthalpy
equation, reducing the number of unknowns. Once 7 is known from the mixture
energy equation, the remaining inter-phase exchange terms M, Q and C are com-
puted using the known solidification rate M and the grain evolution equation. If the
effect of turbulent flow must be accounted for, the diffusion length scale used in
computing Q and C must be adjusted using turbulent diffusivity correlations (Ni &
Beckermann, 1993).

Nucleation Model.

For the majority of engineering alloys, heterogeneous nucleation on inoculant
particles governs the equiaxed grain population. An initial number density n, of
inoculant particles (embryos) is present in the parent melt; undercooling progres-
sively activates these as equiaxed nuclei. The nucleation rate, which has a
Gaussian distribution function of undercooling, can be estimated by the source
term N,. The nucleation parameters, n,_, AT, and AT, can be ascertained
through experimentation (Ahmadein et al., 2009; Wang & Beckermann, 1996).
Since the solid phase is regarded as a pseudofluid, the associated momentum con-
servation equation must be solved by defining the solid phase’s viscosity, p,
which is brought about by interactions between individual equiaxed grains. Ishii
and Zuber (1979) demonstrated that the viscosity of a solid/liquid combination is

equal to u,, =4, - ( il ff ) . The viscosity of the solid phase is obtained
as follows, considering that the mixing rule (Beckermann et al., 1999)

W, = fil, + f. 1, is applicable here. A packing limit with a 51gn1ﬁcantly smaller
solid volume percentage (e.g., 0.2) can be implemented to simulate the coales-
cence of dendritic crystals (Combeau et al., 2009; Li et al., 2012). Other calcula-
tion techniques need to be taken into account for the turbulent flow (Acharya &
Moukalled, 1989; Henkes & Hoogendoorn, 1994; Lipton et al., 1984; Ni &
Beckermann, 1993).
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Implementations of the Globular Equiaxed Solidification Model

Ni and Beckermann (1993) performed the first simulation using the globular equiaxed
solidification model to study crystal sedimentation. Their exploratory two-phase flow
simulation demonstrated the coupled interaction between local crystal growth dynam-
ics and grain arrangement, enabling quantitative correlations between sedimentation-
induced solidification outcomes (grain size distribution and macrosegregation) and
processing parameters (temperature, constitutional undercooling) for the first time. A
two-dimensional domain of Al-4.0 wt% Cu alloy was simulated under side and bot-
tom cooling (Ludwig & Wu, 2002; Wu et al., 2003a). Results at 80 s reveal that nucle-
ation and solidification commence along the die wall. A portion of the grains is carried
to the central region by melt flow, while others sink and settle at the bottom corners.
The coupling of inter-phase momentum exchange drives the formation of two coun-
ter-rotating vortices: one clockwise in the right half and one anticlockwise in the left
half of the domain. The flow is primarily driven by crystal sedimentation and sedi-
mentation-induced melt convection, though thermo-solutal convection also contrib-
utes. Later work extended the globular equiaxed solidification model to study:
globular equiaxed crystal formation during channel cooling of A356 aluminium alloy
(rheocasting/cooling slope) (Ahmadein et al., 2009; Wang et al., 2005); macrosegre-
gation and breakdown during monotectic solidification (Wu et al., 2003b, 2005); the
onset of solidification during mould filling in form casting (Wu et al., 2018); and
macrosegregation caused by crystal sedimentation in steel ingots (J. Li et al., 2014;
Li et al., 2012; Tu et al., 2014). Validation against laboratory casting experiments for
mixed columnar equiaxed solidification has been reported by Wu et al. (2003b) and
Wu and Ludwig (2006).

Modelling the Columnar-to-equiaxed Transition

A mixed columnar—equiaxed microstructure is the most common as-cast structure
in commercial castings. During solidification, columnar crystals grow preferen-
tially along the thermal gradient from the mould wall, while equiaxed grains
nucleate in the undercooled bulk melt and may be advected by convection.
Because columnar and equiaxed crystals differ fundamentally in their mobility,
that is, columnar crystals are immobile or grow at a prescribed velocity, while
equiaxed crystals are free to move, they must be treated as distinct phases in the
model, even though both represent the same solid phase from a thermodynamic
standpoint. The three-phase model for CET was originally developed by Wu and
Ludwig (2006, 2007). It extends the two-phase equiaxed model of Section
‘Modelling Equiaxed Solidification via a Two-phase Approach (Non-dendritic)’
by adding a columnar phase, bringing the total to three phases: liquid, columnar
solid and equiaxed solid. The columnar tip advancement is described by the
Lipton—Glicksman—Kurz (LGK) model (Lipton et al., 1984), which predicts the
columnar tip velocity and tip radius as functions of local undercooling. The
equiaxed solidification sub-model is identical to that described in Section
‘Modelling Equiaxed Solidification via a Two-phase Approach (Non-dendritic)’.
The columnar-to-equiaxed transition (CET) is predicted using Hunt’s blocking
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criterion (Hunt, 1984). The transition from columnar to equiaxed growth occurs
when the volume fraction of equiaxed grains ahead of the columnar tip front
exceeds a critical threshold (typically 0.49), at which point the equiaxed grains
mechanically block further columnar advances.

Boussinesq Approximation and Density Treatment.

Grain sedimentation and thermo-solutal convection are modelled using the
Boussinesq approximation (Li et al., 2014; Wu & Ludwig, 2006, 2007) in which
the density p is treated as constant in all terms of the Navier—Stokes equations
except for the gravitational body force term. In the buoyancy term, density varia-
tions are linearised as:

p=p[1-B(T~T,)~B.(C~GC,)] “)

where B, and B, are the thermal and solutal expansion coefficients, respectively,
P, is the reference density, 7, and C, are the reference temperature and concen-
tration, respectively. This approximation is valid when density variations are
small, a condition generally satisfied in Al-alloy systems over typical solidifica-
tion temperature ranges. The Oberbeck—Boussinesq approximation decouples the
flow equations from the energy and species equations except through the buoy-
ancy source term, greatly simplifying the numerical solution. Because the liquid
and solid have different densities, the shrinkage-driven feeding flow is handled
separately: in open-domain continuous casting, hot melt enters at the inlet; in
closed-domain ingot or form castings, a shrinkage cavity must be fed by an addi-
tional gas or slag phase (Wu et al., 2017).

Implementations of the Columnar-to-Equiaxed Transition Model.

The three-phase CET model of Wu and Ludwig (2006, 2007) was first applied in an
exploratory simulation of a scaled-down model ingot to demonstrate mixed colum-
nar—equiaxed solidification. Heat transfer controls the overall solidification
sequence, but melt convection and grain sedimentation exert a significant influence
on the final as-cast structure. When the surface temperature falls below the liquidus
temperature, solidification commences with the formation of the columnar phase at
the mould wall. Equiaxed grains nucleate in the undercooled melt, and melt convec-
tion transports them towards the mould wall, where they sink. Sinking crystals drag
the melt downwards along the walls, generating a rising melt flow in the casting
centre. Thermal-solutal buoyancy further modifies the overall convection pattern.
As solidification proceeds, the columnar phase volume fraction increases at the
mould wall, while equiaxed grains continue to nucleate, grow and sink along the
columnar tip front until the CET occurs. The model was subsequently extended for
industrial ingots (Wu et al., 2017), incorporating the formation of shrinkage cavities
and dendritic equiaxed crystal morphology as significant additions. It was noted
that the prior assumption of an ideal globular equiaxed grain morphology tends to
overestimate macrosegregation (Wu & Ludwig, 2006, 2007), highlighting the
importance of morphological fidelity in closure laws.
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Comparison of Solution Techniques

Volume-averaged solidification models can be solved using several numerical
approaches, each carrying distinct advantages and limitations depending on the
application:

Table I. Comparison of Numerical Methods for Modelling Fluid Flow, Heat Transfer,
and Microstructure Evolution in Casting and Solidification.

Method Description Advantages Limitations Best For
Finite volume Integral Conserves Numerical Melt flow,
method conservation flux; robust  diffusion on macro-heat
(FVM) on control for complex  unstructured transfer
volumes geometry grids
Finite element Variational Handles Comeputationally Thermomechanical
method formulation irregular intensive coupling in
(FEM) on elements domains; for large 3D solidification
good for solid domains
mechanics
coupling
Lattice Mesoscale; Natural for Not yet scalable Dendritic growth
Boltzmann velocity complex for full industrial at mesoscale
method distribution interface casting domains
(LBM) functions topology;
parallelisable
SIMPLE/ Pressure— Widely Convergence Inter-dendritic and
SIMPLER velocity validated; issues in high- mould-filling flow
algorithms coupling for efficient for  solid-fraction
incompressible  steady-state  mushy zones
flow problems
Phase-field Diffuse-interface Resolves Restricted to Dendrite
method formulation solid-liquid microscale morphology,
with order interface domains microsegregation
parameter ¢ without (mm?3); high
explicit computational
tracking cost

Future Scope

Research is largely focused on conventional Al, Mg and Sn—Pb alloys, while semi-
solid processing of high-temperature alloys, high-Si-content alloys and lightweight
multi-element alloys remains less explored, with emphasis on understanding their
fragmentation and spheroidisation kinetics. Further work is also needed to improve
energy efficiency, cycle time, tool life, defect suppression, process stability, automa-
tion, feedstock consistency and integration with existing manufacturing systems to
enable reliable large-scale industrial production. Integrating physics-based models
with machine learning or statistical inference can improve the prediction of particle
morphology, slurry behaviour and defect formation while reducing computation
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time, provided that proper validation is ensured. In addition, many closure laws
used in volume-averaged models still require refinement through targeted experi-
mental studies on fluid—solid interactions during solidification, especially at inter-
mediate solid fractions. Model validation should increasingly rely on controlled
laboratory benchmark experiments rather than only engineering castings, as this
allows individual closure laws and physical assumptions to be isolated and tested
more effectively. Finally, advancing integrated micro-macro property modelling
will require more extensive material input data beyond traditional approaches.

Conclusion

Shear rate, cooling rate and isothermal holding are the dominant parameters
governing the transition from dendritic to non-dendritic microstructures in
SSMP. Their combined influence controls dendrite fragmentation, spheroidisa-
tion, grain growth, slurry viscosity and the overall thixotropic behaviour essen-
tial for effective rheocasting and thixocasting. The comparative analysis of
stirring methods reveals that each technique has a distinct and limited process-
ing window defined by its effective solid fraction range, shear intensity and
scalability. These constraints must be matched to alloy solidification kinetics
for optimal microstructure control.

Accurate modelling and simulation of SSMP are necessary because they pro-
vide a practical approach to predicting microstructural evolution, such as frag-
mentation, spheroidisation and rheological transitions, without relying on
repetitive experiments. Volume-averaged Eulerian—Eulerian multi-fluid frame-
works, reviewed here, are the appropriate engineering-scale tools for this purpose.
Several significant advancements have been made over the past two decades: (a)
solidification models accounting for mixed columnar—equiaxed structure growth;
(b) refinement of equiaxed crystal morphology descriptions; and (c) application
of models to shrinkage cavity and macro segregation phenomena.

Further research directions include designing specific laboratory benchmark
experiments for model validation, providing more reliable processing parameters
and material data, improving closure laws through targeted experimental studies,
incorporating turbulence models into multiphase flow frameworks and develop-
ing hybrid physics—machine-learning (ML) approaches to accelerate computa-
tion. As computing power increases, the industrial applicability of these models
will become increasingly feasible.
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