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Thermomechanical processing of cast structures is an effective solid working route of generating
thixotropic morphologies after subsequent partial melting and is in use for decades to
manufacture the bulk billet feedstock for thixoforming from a variety of alloys. The solid-state
deformation is also critical for coarse particulate feedstock, utilized for semisolid forming either
directly or after compaction into billets. Although the original concept, called strain-induced
melt activation (SIMA), defined the specific procedure, the term became generally recognized
synonym for a variety of thermomechanical treatments offering an opportunity of controlling
the solidification microstructure. This review covers transformations during solid-state
deformation, reheating to semisolid state and isothermal holding within solidus–liquidus
range, and solidification of thixotropic slurries. Essentials of semisolid metal processing,
necessary to understand the subject, are supported by details related to specific implementation
techniques and alloys. Application examples at laboratory and commercial levels and properties
achieved with conventional and severe plastic deformation techniques, for different alloys along
with present limitations, are described. The link between solid-state deformation-enhanced
melting and liquid metal engineering is emphasized throughout the paper in terms of the
common goal of controlling the solidification outcome in order to develop technology for
mass-scale production of net-shape components having performance characteristics superior to
conventional castings.
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I. INTRODUCTION

TO address the needs of modern manufacturing
industry, there is a search for a novel technology
allowing large-scale production of net-shape compo-
nents having high-performance characteristics.
Although well-established conventional casting like
high-pressure die casting, offers vast advantages in
terms of manufacturing simplicity, net-shape capabili-
ties, competitive cost and low energy consumption the
product quality in terms of its integrity and properties is
still not sufficient for some structural applications
required in modern transportation vehicles.[1,2]

When semisolid metal processing (SSP) was invented
in the early 1970s,[3] it generated high expectations and
has been seen as a very promising technology with great
potentials and capabilities to revolutionize the manu-
facturing industry. After almost half century of research
and despite valuable findings at a laboratory scale, its

global commercialization progress remains rather lim-
ited. For a new technology to achieve the commercial
acceptance in today’s market, clear advantages of
competitive cost and superior product properties must
be demonstrated. These elements are so far missing and
it is emphasized in the literature that semisolid process-
ing has never advanced to become the major metal
casting process anticipated by so many early researchers,
it requires further development and the critical break-
through is still expected.
Although the first experiments with semisolid pro-

cessing involved a product forming from a liquid-state
precursor termed as rheocasting, the attention shifted
quickly to thixoforming, which on the contrary relies on
solid-state precursors. In fact, thixoforming was the first
one commercialized and seen as an alternative to
complex multistep processes of solid state forming.
However, after roughly two decades, rheocasting with
then developed a variety techniques of slurry prepara-
tions moved again to the center of the research and
industrial interest.[4,5] It is claimed that difficulties with
manufacturing of suitable feedstock/billet was the main
factor leading to reduced interest in thixoforming
despite that it offers broader ranges of design options.
There are still limitations on potential alloys used—bil-
let manufacturing process represents an extra step that
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increases the product cost, and product properties are
still lower than those obtained after conventional
solid-state forming.[6–8] To overcome this technology
gap, understanding and optimizing the billet manufac-
turing process are required.

This review covers all aspects of utilizing solid-state
deformation preceding melting to manufacture thixo-
tropic feedstocks for semisolid processing in the form of
bulk billets and coarse particulates. Along with theo-
retical fundamentals, necessary to understand the sub-
ject, engineering and commercial details of this process
are explained. A particular attention is paid to the link
between deformation-enhanced melting and the ear-
lier-described liquid metal engineering[9,10] in terms of
their common goal of controlling the solidification
outcome to develop technology for mass-scale produc-
tion of net-shape components having performance
characteristics superior to conventional castings.

II. UTILIZING SOLID-STATE DEFORMATION
FOR MELTING CONTROL

The solid-state deformation prior to melting offers an
opportunity of influencing the solidification outcome
through changing the scenario how melting progresses.
The treatment of the as-cast microstructure in solid state
may involve a single-step or multistep physical process-
ing conducted using a variety of techniques. Its objective
is the same as that in the case of liquid metal engineering
with a difference that the solidification outcome is
affected by manipulating the solid metal prior to its
melting rather than the melt itself.

A. Concept Origin

The origin of thermomechanical route of generating
thixotropic structures is traced to the invention by
Young et al.[11] on a process for preparation of a metal
composition suitable for forming in a semisolid condi-
tion. As shown in Figure 1, the process comprises of
casting, preheating to extrusion, extrusion above the
recrystallization temperature (hot working) followed by
quenching and subsequent cold working as the second
deformation step. At this point of time, the billet is
ready to be heated to the semisolid state and subjected
to thixoforming. The directional grain structure is
obtained by hot extrusion working, being the preferred
mode of deformation. According to the invention, cold
working may be imposed by upsetting, swaging, draw-
ing, or rolling. The final shaping is performed in
semisolid state with a liquid volume fraction from 0.05
to 0.8 (in most cases from 0.15 to 0.5). During heating of
a cold-worked structure, recovery and recrystallization
occur before liquid formation with the aid of the stored
energy. Melting starts preferentially at grain boundaries
with a high-energy state, and liquid metal penetrates
into high-angle boundaries of recrystallized grains
resulting in slurry with solid particles of globular shape.
It is believed that the amount and distribution of the
stored energy by cold working are the most critical
factors in the process since they control the recovery and

recrystallization kinetics as well as the uniformity of the
newly formed microstructure. Thus, an assumption of
the key role played by the cold deformation substan-
tially limits the effective diameter of the billet manufac-
tured, which is typically of the order of 37 mm (1.5 in.).
The technique is generally known as strain- or stress-in-
duced melt activation (SIMA) although the term is not
mentioned in the original patent.[11] The SIMA term was
coined by K.P. Young shortly after the patent was
issued.

B. Modifications of the Original Concept

Almost a decade later, in 1992, a modified process was
patented by Kirkwood et al.[12] The essential difference
is a replacement of the hot-deformation followed by
cold-deformation sequence (two-step deformation treat-
ment) in Young’s invention with just a single step of
cold/warm deformation, as shown in Figure 2. Thus, the
Kirkwood’s method of producing thixotropic material
consists of deformation of a fully solidified cast metal
below its temperature of recrystallization by cold or
warm working using extrusion or rolling. In the next
step, the material is heated to semisolid state for
thixoforming. In this technique, recrystallization occurs
during heating of the billet to thixoforming. The process
is known in the literature as recrystallization and partial
melting (RAP). An intention of involving warm defor-
mation was likely to increase the penetration depth of
deformation and an effective diameter of the billet.
However, the warm term in the invention[12] does not
bring novelty since deformation in earlier invention[11] is
defined as cold work (not room temperature). Techni-
cally, therefore, both cold and warm works define the
same deformation at a temperature below the material
recrystallization.
As a second major modification, in 1997, Wood-

house[13] proposed using a single-step deformation as
well, but in contrast to Kirkwood’s solution, his
procedure consisted of hot deformation, as shown in
Figure 3. The Woodhouse’s invention is also described

Fig. 1—Time–temperature profile of SIMA solid-state deformation
concept for melting control: casting–hot deformation–cold
deformation–thixoforming, invented by Young et al. Adapted from
Ref. [11].
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in Reference 14. To emphasize differences between
individual concepts, Figures 1, 2, and 3 were edited for
a consistency. Following hot deformation, billet is
preheated to semisolid forming. There is no specific
name or acronym associated with the Woodhouse’s
method. The novel element of the Woodhouse’s proce-
dure is an elimination of cold/warm deformations,
claimed to be the essence of two earlier inventions.[11,12]

In contrast to SIMA and RAP, there is no static
recrystallization during heating to semisolid forming. A
practical difference between these three deformation
scenarios is the achievable effective diameter of the
billet. A requirement of sole hot deformation expands
substantially the achievable effective diameter of the
billet. In summary, these three inventions, covering
two-stage hot deformation followed by cold deforma-
tion,[11] a single cold/warm deformation,[12] and a single
hot deformation,[13] run out all practical possibilities of
the temperature window.

Over the subsequent years, a number of treatments
based on the concept of melting enhanced by prior
deformation were introduced mainly at the laboratory
scale. The differences are expressed throughout the
type and amount of deformation, temperature, time
intervals, and other processing parameters. For exam-
ple, during fabrication of the AZ91D magnesium
billet, the heating rate to temperature of isothermal
holding following SIMA was claimed to be essential
for obtaining the primary solid particles with a size of
50–60 lm.[15] The common research trend is a replace-
ment of deformation sequence hot and cold with just
a single either hot- or cold-warm stage. As such, they
often fall into scenarios already described in previous
inventions.[12,13] Hence, the proposed SIMA modifica-
tion, through elimination of cold-deformation step
and leaving just warm multiforging,[16] falls into the
scenario proposed earlier by Kirkwood et al.[12] Sim-
ilarly, the essence of the recently published thermo-
mechanical treatment, leading to thixotropic
structures, called two-step SIMA (TS-SIMA)[17–19] is
omitting the cold-working step of the original SIMA
procedure. In practice, the TS-SIMA process follows
the deformation option, invented earlier by Wood-
house.[13] It should be noted that the same term of
TS-SIMA was recently introduced for an entirely
different method where a single cold deformation is
followed by two-step isothermal holding in the
semisolid range using a salt bath. Between steps of
isothermal holding, the material is quenched to room
temperature.[20,21]

C. Literature Terminology

The terminology used in the literature is inconsistent,
which makes it difficult to compare results from
different studies and it is anticipated that this review
will help to clarify the subject. The SIMA term is used
in the literature, almost commonly, as a general term
covering deformation-enhanced melting, following not
only the two-step deformation treatment as proposed
by Young et al.[11] but by a variety of deformation
patterns. Accordingly, the processes exploring a sin-
gle-step uniaxial compression of the Al-Zn-In alloy at
room temperature,[22] a compression of the AZ91D
alloy at 230 �C,[23,24] an equal channel angular extru-
sion of the AZ91D alloy at 280 �C[25] or a single hot
extrusion of Mg-Gd-Y alloys at temperature of
440 �C,[26] corresponding to either RAP or Wood-
house’s method, are all called in the associated papers
as SIMA. This also includes the two-step deformation
but with reversed sequence to that described in the
original SIMA concept: first the cold-deformation step
of rolling, then the hot-deformation step of extru-
sion.[27] Moreover, the SIMA term is used for thermo-
mechanical treatment of alloys being already in the
wrought state.[28] The same SIMA term is used for
generation of spheroidal structures by a deformation at
temperatures of semisolid range[29] or deformation in
semisolid state followed by isothermal holding between
solidus and liquidus.[30,31]

Fig. 3—Time–temperature profile of solid-state deformation concept
for melting control: casting–hot deformation–thixoforming, invented
by Woodhouse, plot created based on description in Ref. [13].

Fig. 2—Time–temperature profile of RAP solid-state deformation
concept for melting control: casting–warm/cold
deformation–thixoforming, invented by Kirkwood et al. Adapted
from Ref. [12].
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The original meanings of terms SIMA and RAP are
sometimes mixed and confused as well. For example,
SIMA is erroneously portrayed as a single-step defor-
mation and differentiated from RAP through deforma-
tion temperature of this single step only, i.e., hot vs warm
deformation.[32,33] In turn, the RAP acronym, which
does not have a letter referring to deformation, is used
to describe just a step of recrystallization followed by
melting after any method of previous deformation.
Accordingly, the term is seen as a stage within the SIMA
process (casting, hot working, cold working and RAP),
creating confusion.[16] To correctly understand the
particular thermomechanical process, therefore, its
detailed description rather than acronyms and process
names should be reviewed.

While during manufacturing of the bulk billet feed-
stock the solid-state deformation is deliberately imposed,
there are examples when the feedstock deformation is a
side effect of the feedstock manufacturing process. This is
the case for the coarse particulate feedstock, called chips
or pellets produced by cutting or other forms of mechan-
ical comminuting of cast ingots.[34–36] The coarse partic-
ulates are used in thixoforming either directly or after a
compaction into larger billets.

To describe the solid-state processing, aimed at influ-
encing melting behavior of metals, the term of thermo-
mechanical processing is used.[37,38] In some cases,
however, when excluding preheating to thixoforming,
the treatment itself may involve just a deformation.

III. GENERATION OF THIXOTROPIC
STRUCTURES DURING SEMISOLID

PROCESSING

The essence of SSP is a replacement of dendritic
structures, prevailing during conventional casting, with
nondendritic morphologies.[39,40] At temperatures of the
solidus–liquidus range, slurries with discrete spheroidal
solid phase suspended in a liquid matrix were found to
exhibit thixotropic behavior with a time- and shear-de-
pendent flow. Thus, after applying shear, solid particles
move easily passing one another and flow at solid
fractions well exceeding 60 pct.[41] This is in contrast to
dendritic morphologies where the liquid entrapped
between dendrite arms gains increased viscosity, block-
ing alloy flow often at solid fractions of as low as 10 pct.

A. Thixotropy in Metallurgy

Thixotropy is defined as the progressive decrease in
viscosity with time for a constant applied shear stress,
followed by a gradual recovery when the stress is
removed. The phenomenon was discovered in 1923 by
Schalek and Szegvari[42] in nonmetallic systems. During
experiments with aqueous iron oxide gels, they revealed
that just gentle shaking transformed gel into homoge-
neous liquid. Such a finding was surprising since at that
time, these kinds of physical transformations had only
been known to occur by changing temperature when gels
would melt on heating and then re-solidify on cooling.
The term thixotropy, which originally referred to

reversible changes from fluid to solid-like elastic gel, was
introduced by Peterfi in 1927 as a combination of two
Greekwords: thixis: stirring or shaking and trepo: turning
or changing.[43] Following this discovery, various systems
were studied, including clays, oil suspensions, creams,
drilling mud, flour doughs, flour suspensions, fiber
greases, jellies, paints, and starch pastes.[44]

Half a century later, thixotropy found its way into
metallurgy when Spencer, Flemings, and co-workers
revealed that applying shear during solidification of the
Sn-15 pct Pb alloy substantially reduced the stress
measured.[3] In fact, the stress at a given temperature
below the liquidus was orders of magnitude less than
when the alloy was cooled to that temperature without
shear. Decreasing temperature leads to a rapid increase
in viscosity, but the higher the shear rate, the lower the
maximum viscosity value and the shorter the time to
reach its steady state (Figure 4). At the core of the cause
of stress reduction is an interaction between solid phase
related to morphological changes in semisolid slurry
and, in particular, a replacement of dendritic morpholo-
gies with spheroidal structures. This finding constitutes a
base of SSP, also referred to as semisolid metallurgy.[45]

An example of a suspension of interacting solid particles
is shown in Figure 5. For well-separated particles, the
viscosity g is described by equation[46]:

g ¼ go 1� U
UM

� ��2:5UM

; ½1�

where F is the solid fraction of the suspension and FM

is its maximum value at close packing. An increase in
viscosity may result from a change in solid fraction or
morphology. In case of solid fraction, change is inter-
preted as an increase in the effective volume fraction
Feff, which replaces F in Eq. [1] and takes into
account both the solid and the entrapped liquid.[47]

However, the solid morphology (e.g., dendrite vs glob-
ule) itself depends on the shear rate.[48] As a result, for
the same solid fraction F, different morphologies will

Fig. 4—Influence of the shear rate on the apparent viscosity
development. The initial state of alloy for t = 0 is fully liquid and
cooling conditions are identical in both cases to reach the same
temperature of isothermal holding (i.e., the same solid fraction).
Reprinted from Ref. [45].
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lead to different viscosities. The benefits of SSP are
pronounced both in the solidus–liquidus range via
improved processing behavior and after solidification,
through better properties of the solid alloy.

B. Benefits of Thixotropic Slurries

The benefits of nondendritic morphologies at the stage
of forming in semisolid stage are pronounced through
their flow characteristics. The science of flow and defor-
mation due to movements of matter, describing the
relationship between force, deformation and time is called
rheology. Deformation is the process of changing the
relative position of the various parts in a body. To create
flow, a stress must be applied. Upon deformation, which
changes relative position of particles, spontaneous return
to the undeformed shape takes place and is called
elasticity. There are irreversible changes leading to
dissipation of the mechanical energy as heat. The term
rheology originates from a Greek panta rei: everything
flows and was introduced by Bingham.[49]

There are four major groups of fluids[50,51]: (1) time
independent or purely viscous fluids (Newtonian and
non-Newtonian fluids), (2) time dependent fluids (thix-
otropic and negative thixotropic fluids), (3) viscoelastic
fluids and (4) complex rheological fluids. From the
rheological point of view of a perfect matter, three types
are distinguished: St. Veinant, Hookes, and Newtonian.
The liquid iron solution is widely recognized as a
Newtonian perfect matter. Newton was the first who
assumed that the resistance of the liquid during the flow
is proportional to the relative velocity of the particles[52]:

g ¼ s
_c
; ½2�

where g is coefficient of viscosity (Pa s), s is shear
stress (Pa) and _c is shear rate (s�1).

Non-Newtonian and time-independent flow behavior
was observed for some liquid metal systems.[37] A unique
property of the flow behavior during semisolid processing
is related to the non-Newtonian behavior of an alloy

where due to shear, the particle interconnections will
break up, its viscosity will fall leading to a flow like a
liquid. After resting for a certain time, globules will
connect, increasing the viscosity to the extent such that the
alloy is capable of supporting its ownweight, as is the case
for completely solid phase. The apparent viscosity of
slurries is dependent on shear rate and time; the more
vigorously they are stirred, the more fluid they become.
Under normal thixoforming conditions, the semisolid

slugs experience rapid compression before flowing into
the die cavity. It means, within a very short time
interval, they experience intense shear thinning with the
flow behavior changing from solid-like matter, being
capable to support its own shape, to that of a viscous
liquid.[53,54] The technique of semisolid rapid compres-
sion is used to assess the semisolid flow behavior
through generating load–displacement curves, as it was
the case for Al-30Si-5Cu and Al-30Si-5Cu-2Mg* spray-

formed alloys.[55]

C. Rheo-processing Route

To generate a thixotropic structure during rheo-pro-
cessing, many methods of a liquid metal engineering were
developed, in the early days based on various forms of
melt agitation such as mechanical, ultrasound or mag-
netic. During those days, it was thought that one had to
shear off and break the dendrites during cooling the liquid
down into the two-phase region. Then, novel concepts of
generating thixotropic structures from a liquid precursor
were introduced where through manipulating the molten
metal, the ‘‘copious nucleation’’ was activated capable of
producing slurry with the ideal semisolid structure
directly from the melt. This includes techniques of swirl
enthalpy equilibration, continuous rheo-conversion,
sub-liquidus casting, or new rheocasting process among
others.[1,56–58] In addition, there are still efforts to improve
effectiveness of mixing concepts by incorporating inno-
vative solutions, e.g., gas-enhanced ultrahigh-shear mix-
ing.[59] Exploring cavitation and gas bubble dynamics in
liquid metals and understanding their high densities at
low vapor pressure combined with a large surface tension
coefficient creates new opportunities.[60]

The extensive list of major technologies of liquid
metal engineering developed at commercial and labora-
tory scales is provided in Table I. In this table, magne-
sium injection molding (thixomolding) is also included,
as a universal technology capable of utilizing both the
rheo- and thixo-processing routes.[1] Recent develop-
ments indicate that exploring the synergy of melt
chemistry and physical treatments achieved through
liquid metal engineering allows the creation of the
optimal conditions for nucleation and growth during
solidification, generating the designed morphologies.[10]

As such, there are still options to improve solidification

Fig. 5—Morphological changes of thixotropic suspension of
interacting particles during shear showing decreases in velocity
between the shear rates _cg and _cs: 1. percolating network, 2.
dispersed suspension, and 3. suspension of clusters (computer
modeling). Reprinted with permission from Ref. [47].

*All alloy compositions in this report are in wt pct, unless indicated
otherwise.
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microstructures. For example, an electric field imposed
affects the solidification process. The direct current field
of 20 or 200 A/cm2, imposed during solidification of the
Sn-10Cu alloy, altered the phase-transformation
sequence and suppressed the nucleation of the primary
e phase.[61] Moreover, applying direct current during
solidification enhanced the grain nucleation and inhib-
ited grain growth. For the Sn-50Pb alloy, the average
grain size decreased from 1632 to 567 lm with direct
current density of 1.5 A/mm2 compared with the case
without current-related enhancement.[62]

It should be noted that there is research showing that
partial melting of as-cast structures followed by some
form of isothermal holding may lead to elimination of
dendritic morphology. For example, semisolid metal
forming process for converting a dendritic microstructure
of a hypoeutectic aluminum silicon alloy A357 into
globular forms by slow heating at a rate of 20 to 30 �C/
min to semisolid state and maintaining at the solidus–liq-
uidus range until globules are formed.[63] Another exam-
ple is the controlled slow heating to a temperature
between solidus and liquidus followed by an isothermal
holding process that had a positive effect on solid particle
spheroidization of the as-castAl-5.8Cu alloy.[64] Similarly
for theA356 andA357 alloys heating to 588 �Cat 278 �C/
min and holding for up to 3 minutes followed by
quenching led to globules with a diameter of 120 lm. It
is interesting that heating rate for the same alloys in both
studies differ by tenfold. Also isothermal holding of
3 minutes is relatively short to cause drastic diffu-
sion-controlled changes. In both cases, however, hypoeu-
tectic alloys contained solid Si particles (in solidus/
liquidus range), so the particles are the key factor
contributing to changes during melting. It is suspected
that the silicon particles with a diameter of 5 lm acted as
nuclei for globules growth.[65] Similar experiments were
reported for the AM60B magnesium alloy with grains
refined by MgCO3.

[66] It was found that small and
spheroidal primary particles can be obtained after partial
melting of alloy having a grain size of 69 lm.
The role of cooling rate is clearly shown in other

experiments where a variety of the as-cast structures of
the AlSi7Mg alloy with a grain size ranging from
1.4 mm to 160 lm were obtained by controlling solid-
ification conditions.[67] After partial melting and isother-
mal holding at 580 �C, fine-grained structures evolved
into well-rounded globules after 5 to 10 minutes. In
particular, structures with medium-sized dendrites
evolved to globular morphologies with a relatively large
particle size after a long isothermal holding time, while
coarse-grained dendritic structures were not able to
evolve to globular morphologies at all. In another
experiment with the ZA27 zinc alloy, small rods with a
diameter of 45 mm developed globular morphologies
after heating for 90 minutes at a temperature of
475 �C.[68] There are zinc alloys Zn-Alx-Cuy Zamak,
tested with thixoforming, where liquid metal treatment
was used instead of solid-phase deformation.[69]

At the same time, there are numerous examples
proving that direct melting of the as-cast dendritic
structures did not lead to globular morphologies.[36,70]
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D. Thixo-processing Route

Thixoforming is a general term used to describe the
near net-shape forming from a partially melted nonden-
dritic billet within a metal die (Figure 6). In case the
component shaping is performed in a closed die, it is
called thixocasting. When the shaping process takes
place in an open die, it is called thixoforging. An
advantage of the thixo-route is that forming is free from
handling the superheated liquid metal. Thixoforming is
used by a number of industries producing aluminum
and magnesium alloy parts.[1,38] Some progress was
achieved in its application to high-melting-point metal
alloys.[71–73] There are also disadvantages of thixoform-
ing, and the most frequently cited of these include high
cost of the feedstock material compared with normal
foundry alloys, scrap generation since billets are sup-
plied in specific lengths, no possibility for scrap pro-
duced to be recycled on site, alloy degradation, and loss
during the stages of preheating to semisolid state and
alloy surface oxidation. In the case of magnesium alloys,
the latter requires protective atmospheres to inhibit
reactions with oxygen.[74–76] Moreover, a capital invest-
ment is needed for multiple induction-heating systems,
there is a limitation on potential alloys used, and the
feedstock microstructure deteriorates during partial
melting prior to forming.

E. Billet Manufacturing for Thixoforming

The billet precursor for thixo-processing is manufac-
tured either by liquid-state casting where in principle all
liquid metal engineering routes can be utilized or by
solid-state processing (Figure 7). For commercial

purposes, continuous casting is preferred. The new
process is capable of continuous semisolid casting of
billets of aluminum alloys with a diameter of 70 to
150 mm by agitating the alloy in the flow vessel applying
a mechanical screw and an electromagnetic stirrer.[77]

The microstructure generated consisted of predomi-
nantly globular particles with fine eutectics excluding a
2-mm surface region being dendritic. In a similar
technique, the continuous casting cell with the electro-
magnetic stirring of 10 Hz frequency was used to
manufacture billets of the Al-6Si-2Mg alloy.[78] The
system consisting of melting furnace, melt duct, ceramic
filter, graphite cooler, electromagnetic stirring device,
water cooling and billet-withdrawal machine was deliv-
ering billets at the speed of 2 to 5 mm/s.
A different approach in billet fabrication through

casting route is based on cooling control during
solidification to avoid extensive dendrite growth.[79]

The method does not produce billet with globular
morphologies but rather with very fine dendrites. Then,
after reheating the fine dendrites transform to globular
forms. The principle is based on spray forming, which
converts molten alloy directly into a semifinished
product, e.g., Osprey’s process.[80] In this technique,
the property benefits arise from rapid solidification,
which promotes microstructural refinement and elimi-
nates macrosegregation. The similar transformation of
dendrites into globules was revealed during melting of
rapidly solidified granules[81] (Figure 8). The rapid
solidification is also explored through billet manufac-
turing called rapid slug cooling technology (RSCT),
developed at RWTH Aachen, Germany.[82,83] The
RSCT method was tested with both the magnesium
and aluminum alloys.

Fig. 6—Schematic diagram of temperature–time explaining concepts
of rheocasting and thixoforming based on billet manufactured by
liquid route and solid route.

Fig. 7—Schematics of techniques available for manufacturing billets
for thixoforming.
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IV. IMPLEMENTING SOLID-STATE
DEFORMATION FOR BILLET

MANUFACTURING

The essential part of all techniques of manipulating
cast microstructure to influence its transformation to
globular morphologies during partial melting is the
solid-state deformation. With the temperature-process-
ing window defined by key inventions,[11–13] the focus
during the recent decades has been on deformation-im-
plementation methods. When designing the billet man-
ufacturing through SIMA techniques, a number of
questions arise. Why so many different deformation

techniques, including exotic ones, are involved in billet
preparation? Is it to obtain the larger volume of
deformed material or to generate more optimal defor-
mation microstructure? Then, what is the optimal
deformation-enhanced microstructure for formation of
thixotropic morphologies after partial melting? It is the
prevailing wisdom that a deformation (either cold or
hot) sufficient to trigger recrystallization (either static or
dynamic) is the essential requirement for successful
dendrite to globule transition during melting. The
required deformation outcome is the equiaxed
microstructure at the beginning of melting (Figure 9).
Methods exploring solid-state deformation prior to

melting and solidification have some limitations in terms
of billet sizes due to the requirement of high and
uniform deformation over the whole cross-sectional
area. However, they generate high-quality feedstock for
thixoforming with a processing potential for alloys
designed for wrought processing and high-melting
temperature alloys such as steel and superalloys. As
explained in this section, deformation processing allows
controlling transformations during subsequent melting
and represents, in general, an effective approach to the
synthesis of materials with desired specific properties. At
the same time, the solid-state deformation and recrys-
tallization of conventionally cast dendritic materials by
thermomechanical treatments are energy and processing
intensive, raising its cost by approximately 3 to 5 times
higher than billets manufactured using the magnetohy-
drodynamic (MHD) stirring process.[84]

An alternative route of bulk billet manufacturing
explores the solid-state compaction of coarse particu-
lates (chips). The particulates may be deliberately
manufactured by comminuting cast ingots or generated
as a side effect of another process, e.g., part machining.
In case of particulates generated during part machining,
this route offers an effective way of metal recycling.[85–88]

In fact, individual particulates represent ‘‘mini-billets’’
with their volume getting heavily deformed in the course
of manufacturing.

Fig. 8—Granules manufactured of an aluminum alloy by rapid
solidification: (a) general view; (b) cross section after etching
revealing internal structure of fine dendrites; (c) magnified view of
granule microstructure. Reprinted from Ref. [253].

Fig. 9—Schematics of transformations required to convert the
as-cast dendritic structure into globular by solid-state deformation
followed by partial melting and semisolid forming.
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A. Cold Working, Static Recovery, and Recrystallization

Cold working (also called work-hardening) is the
plastic deformation of metals below the recrystallization
temperature.[89] The low deformation temperature, typ-
ically below 0.3 to 0.5 of the melting temperature, does
not allow atoms to rearrange themselves. Cold working
introduces defects in the material such as point defects
and dislocations, which can store up to 10 pct of the
energy of plastic deformation. During cold deformation,
the dislocations can initially move through the metal
structure but their movement becomes more difficult
when new dislocations are generated in due course and
their density increases. As a result, dislocations will
interact with each other and become pinned or tangled.
Cold deformation increases the material strength. The
general view and subtle details of internal structure after
cold work are shown in Figure 10. At higher magnifi-
cations, multiply twins are revealed, having different
orientations within each grain with contrast indicating
stress concentration at the twin interfaces. The inter-
metallic compound is distributed along the matrix grain
boundary.

When cold-worked metal is subjected to heating,
changes take place within cold-deformed structure
where new grains are generated by nucleation and
growth (Figure 11).[90] Recovery is a process that starts
at low temperatures leading to the decrease of the

density with redistribution of mainly point defects
(vacancies and interstitials). Also, dislocations of oppo-
site signs annihilate each other, and dislocations align to
form low-energy configurations as is the case in tilt and
twist boundaries. During recovery, accumulated strain is
relieved to some extent by microstructural and submi-
croscopic rearrangements, but grains are not entirely
strain free. The overall energy released at this stage is
rather low. Processes of recovery and recrystallization
involve diffusion and therefore depend on thermal
activation to cause rearrangement of dislocations and
grain boundaries.
The stored strain energy in a deformed material is also

the driving force for recrystallization expressed through
nucleation and growth of the stress-free grains. Static
recrystallization is a phenomenon in which new dislo-
cation-free grains appear in strain-hardened metals and
alloys during annealing. For recrystallization to take
place, a minimum of cold working is needed; if the
deformation is very low, recrystallization does not
occur. The recrystallization behaviors are affected by
amount of prior deformation, temperature, time, initial
grain size, composition and the progress of recovery
before an unset of recrystallization.[89] The process
described is sometimes called as discontinuous static
recrystallization. In case of deformed materials contain-
ing dispersed precipitates, the new microstructure

Fig. 10—Deformation microstructures: optical images of A356.2 alloy (a) as-cast and (b) deformed by cross wedge rolling at 225 �C. Reprinted
with permission from Ref. [155]; TEM images of an internal structure of grains in Mg-8Al-2Zn alloy cold deformed by extrusion: (c)
intermetallic compounds Mg17Al12 located at grain boundary; (d) deformation twins inside the a-Mg grain. Reprinted with permission from Ref.
[35].
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develops uniformly within the material volume as shown
in Figure 12. This process is called continuous static
recrystallization. The new grains develop by gradual
growth of subgrains along with coarsening of parti-
cles.[91] An example of solid-state transformation of the
cold-extruded Mg8Al2Zn alloy during heating up to
solidus temperature is shown in Figure 13. A significant
rebuilding of grains, occurring at 200 �C, suggests
recrystallization, and then at 300 �C, banding is seen
as a result of chemical segregation. The banding
disappears during further heating, and at 460 �C, grain
growth occurs. At 480 �C, the solidus temperature is
exceeded, and melting starts at grain boundaries.

B. Hot Working, Dynamic Recovery,
and Recrystallization

When a metal is worked above its recrystallization
temperature, called hot working, the dislocations can
rearrange and little strengthening is achieved. The
microstructure and mechanical properties formed dur-
ing hot forming are controlled by work hardening,
dynamic recovery, and dynamic recrystallization.
Dynamic recovery is the sole softening mechanism in
metals where climb and cross slip of dislocations are

easily found as in aluminum, a-Fe, or most BCC metals
with high stacking-fault energy (stacking faults in
crystalline structures are planar-type defects).[89,92]

By contrast to static recrystallization, during dynamic
recrystallization, new grains form during deformation,
without the application of an annealing treatment. At a
microstructural level, dynamic recrystallization begins
when strain hardening and a process of recovery can no
longer store accumulated immobile dislocations. As a
result of dynamic recrystallization, some crystal defects
are eliminated, such as part of dislocations formed due
to work hardening, thus improving hot plasticity and
reducing the deformation resistance.[93] The process also
refines microstructure and modifies the crystallographic
texture as shown in Figure 14 for the AA1421 aluminum
alloy deformed at 400 �C.
During the conventional discontinuous dynamic

recrystallization that takes place at elevated tempera-
tures, the new grains evolve by nucleation and growth in
materials with low-to-medium stacking-fault energies.
Severe plastic deformation can produce new ultrafine
grains in any material irrespective of the stacking-fault
energy at relatively low temperatures.[94] This is caused
by the gradual transformation of the dislocation sub-
boundaries produced at low strains into ultrafine grains
with high-angle boundaries at large strains. This process
is termed in situ or continuous dynamic recrystallization.
High stacking-fault energy metals undergo continuous
dynamic recrystallization rather than discontinuous
dynamic recrystallization during high-temperature
deformation.
The commercial alloys used for billets generally have

multiphase structure with dendritic morphologies. Thus,
hot working will include bending and breaking of
dendrites in addition to matrix deformation. For exam-
ple, during SIMA process of preparing semisolid billet
of the ZCuSn10 (88.25Cu, 10.48Sn) alloy that included
rolling at 450 �C, the main mechanism was deformation
of dendrites.[95] During subsequent heating, such a
structure above solidus the liquid phase filled sharp
corners of solid particles with Sn element diffusing from
liquid phase into a solid phase.

Fig. 11—Schematic representation of the discontinuous static recrystallization taking place during the annealing of strain-hardened materials.
Reprinted with permission from Ref. [94].

Fig. 12—Schematic representation of the continuous static
recrystallization controlled by particle coarsening. Reprinted from
Ref. [254].
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C. Grain Growth During Heating

Grain growth is the process of increasing the
average grain size in polycrystalline materials
through growing some grains at the expense of
shrinking smaller ones.[96–98] In contrast to recovery

and recrystallization, grain growth is not in direct
response to deformation, but it is a thermally
driven restoration process that results in lower
surface energy of individual grains. In polycrys-
talline materials, interfaces are unstable, and if

Fig. 13—Microstructure evolution of cold-extruded Mg-8Al-2Zn alloy during heating to solidus range: (a) 200 �C; (b) 330 �C; (c) 460 �C; (d)
480 �C. Holding time of 15 min. The extrusion direction is oriented horizontally. Reprinted with permission from Ref. [35].

Fig. 14—Development of new grains due to continuous dynamic recrystallization observed by orientation imaging microscopy. The AA1421
aluminum alloy was processed by ECAP repeatedly to a strain of 12 at 400 �C. Reprinted with permission from Ref. [94].
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atoms have sufficient mobility, they would rear-
range to configurations minimizing the total inter-
face energy.

The above processes define the driving force for grain
growth. Grain growth may be inhibited through a
presence of fine precipitates, restricting the grain
boundary movement. The grain growth kinetics is of
importance in terms of its relation with the size of
globular morphologies in semisolid slurry. Since the
globule diameter at the beginning of melting is equal to
the size of solid grain at this time, it is beneficial to
retard the grain growth.[35]

D. Deformation Techniques

There is a long list of potential techniques applicable to
impose strain to cast structures for the purpose of influenc-
ing their subsequent melting. In general, they may be
divided into conventional deformation techniques, severe
plastic deformation, and their combinations (Figure 15).

1. Conventional deformation techniques
The conventional deformation methods, applicable to

billet manufacturing, include rolling, extrusion, com-
pression, drawing or forging. It should be noted that the
primary objective here is to impose deformation rather

Fig. 15—Schematics of deformation techniques and their combination explored for manufacturing billets for thixoforming.

Fig. 16—Metal swaging or radial forging involves the forging of a work piece by use of die that exerts compressive forces by impacts that act
around the work circumference. Reprinted from Ref. [101].
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than to create the specific geometric form of a final
component. There is a difference in deformation sce-
narios and amount of strain induced into material
during each processing.

Extrusion is the most frequent deformation technique
used for a variety of alloys to prepare billets for
thixoforming. During extrusion, a block of metal (billet)
is forced to flow by compression through the die opening
of a smaller cross-sectional area than that of the original
billet. The homogeneous deformation during extrusion is
favored by (1) low container friction, (2) well-lubricated
billet, (3) hydrostatic extrusion condition and (4) indirect
extrusion process.[99] The deformation is more uniform
until close to the die entrance where metal flow is
restricted. The temperature increase during extrusion is
affected by extrusion velocity, extrusion ratio, die preheat
temperature, and percentage reduction in area.[100] Alu-
minum is the most common hot-extruded material, with
billet temperatures ranging from 300 �C to 600 �C. In the
extrusion of copper alloys and steels, spontaneous

recrystallization usually takes place during the deforma-
tion as the extrusion temperature is well above the
recrystallization temperature. Compression is a conve-
nient deformation technique during laboratory small-
scale experiments. The tensile/compression testing frames
or simple hydraulic presses can impose sufficient defor-
mation to small samples. During rolling, the work
material is plastically deformed by compressive forces
between two constantly spinning rolls. As a result, the
geometric shape of the work is changed but its volume
remains constant. The plastic deformation of thematerial
occurs in the roll zone. Cold rolling is useful for imparting
strength and favorable grain orientation. Metal swaging
or radial forging involves the forging of a work piece by
use of die that exert compressive forces by impacts that act
around the work circumference.[101] In this process, the
work material is not completely restricted by the die and
may receive several forging blows per second (Figure 16).
These forging strokes are performed by synchronized
rollers that act in a cage, which rotates around the part,
and the rollers, in turn, enact the motion of the die. Metal
swaging is typically performed as a cold-working process.

2. Severe plastic deformation
In addition to conventional processes, there are also

techniques of severe plastic deformation, capable of
imposing ultrahigh strain into material. The most
important deformation methods applicable for billet
manufacturing at experimental level include:

– Equal channel angular extrusion (pressing) (ECAE/
ECAP),

– Twist extrusion (TE),
– High-pressure torsion (HPT),
– Multidirectional forging (MDF),
– Repetitive upsetting and extrusion (RUE).

The ECAE, developed in 1970s, also known as
equal-channel angular pressing (ECAP), is a processing
method in which a metal is subjected to an intense
plastic straining through simple shear without any
accompanying change in the cross-sectional dimensions
of the workpiece.[102,103] As shown in Figure 17(a), the
workpiece is extruded through a die containing two
identical cross-sectional channels, intersecting at an
angle u (generally 90 deg or 120 deg). The unique
feature of ECAE is the ability to impose a significant
cold work without reduction in the cross-sectional area
of the deformed material. When conventional deforma-
tion processes like rolling, forging, extrusion, and
drawing, introduce strain by reduction in the cross-sec-
tional area, in ECAE this objective is accomplished
without reducing the part dimensions.[104]

During TE, the material is extruded through a
complex designed die, where entry and exit cross
sections are identical, but turned for a specific angle b
(usually b = 90 deg).[105] It causes intensive grain
refinement, homogenization and mixing. Since the die
has large stiffness and complex design, it provides high
hydrostatic pressures and simple shear deformations
(Figure 17(b)). In contrast to ECAE, there are two main
shear layers perpendicular to the material axis.

Fig. 17—Principles of selected methods of severe plastic deformation:
(a) equal channel angular pressing/extrusion (ECAE), (b) twist
extrusion (TE), (c) high-pressure torsion (HPT), (d) multidirectional
forging (MDF) and (e) repetitive extrusion upsetting (RUE).
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HPT relies on applying an additional hydrostatic
compression stress on high torsional shearing
stress.[106,107] It is traced back to the work of Bridgman
who showed that fracture strain could be increased by
applying hydrostatic pressure during a torsion test.[108]

In free torsion, the geometrical changes are usually very
small. As a result of combining of those two stresses,
fracture strain can be further enhanced and can be
increased to infinity at very high hydrostatic compres-
sion stresses (Figure 17(c)).

MDF was developed in the early 1990s, as a simple
method for applying large strains that is particularly
useful for the processing of bulk products.[109] As shown
in Figure 17(d), a prismatic specimen is compressed
sequentially along its three principal axes. The shape of
the specimen does not change substantially as a result of
multiple deformations until the strain in each forging
pass is well below 1.

RUE is ultrahigh straining process based on the
combination of conventional direct extrusion followed
by upsetting of an extruded material in several cycles of
severe plastic deformation.[110] The process begins with
the extrusion in order to elongate the grains (Fig-
ure 17(e)). After extrusion, the specimen is upset until
the initial diameter is reached again, so the direct
extrusion process can be repeated. During extrusion and
upsetting processes, the grains are fragmented along
shearing planes.

As expected, the temperature of severe plastic defor-
mation affects the recrystallized grain sizes as shown
during modeling on aluminum (Figure 18). In case of
the Mg-Zn-Y-Zr alloy, deformed through a single pass

ECAE at 200 �C the recrystallized grain structure was
much finer than those deformed under identical condi-
tions at 400 �C.[111] Due to HCP crystallography of
magnesium, the billet orientation exerted effect on the
yield strength and ductility of the deformed alloy. In
particular, at a given ECAE temperature, turning the
billet orientation 90 deg may lead to an increase in yield
strength and a decrease in elongation, or a decrease in
yield strength and an increase in elongation.
For the Al-Zn-Mg alloy, after four passes of ECAP,

precipitates of 120 nm, the g¢, g, T, and E phases were
fragmented into groups of fine spherical particles having
average sizes of 60 nm.[112] After eight ECAP passes, the
number of these precipitates was increased and their
average size reached 65 nm. After post-ECAP annealing
at 120 �C and 200 �C for 20 hours, precipitates with
larger sizes were aligned primarily along grain bound-
aries, and finer particles were evenly distributed within
grains. Increasing the number of ECAP passes from 4 to
8 led to an increase in the volume fraction of the finer
precipitates in the ECAP-processed and -annealed alloy.
To increase strain, two or more different techniques

may be combined, and there are many evidences
supporting fact that a combination of different tech-
niques is effective.[113] A schematic, detailing develop-
ment of internal grain structure during a combination of
cold working followed by hot working, is shown in
Figure 19. Thus, the initial cold work introduces a high
density of dislocations, which transform into polygo-
nized subgrains upon heating to the processing temper-
ature. Then, hot deformation causes subgrain rotation
followed by their transformation.

Fig. 18—Modeling of a process of producing ultrafine grains in bulk metallic materials by means of severe plastic deformation using ECAP: (a)
the boundaries map; (b) orientation imaging microscopy; (c) inverse pole figure obtained from the transverse section of the sample after
four-pass ECAP at 200 �C; (d) standard stereographic projection. Reprinted with permission from Ref. [255].
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The assessment of deformation techniques used in
billet processing comes often from solid-state property
after deformation, not necessarily after semisolid pro-
cessing. At this stage, the severity of deformation and
results for combination of deformation methods provide
convincing evidence. For example a combination of
ECAE with other traditional deformation processes,
such as cold rolling or hydrostatic extrusion[114] or with
hot rolling,[70] was found to be effective. Especially
effective was found a combination of ECAE with
circular-to-rectangular direct extrusion.[115] Not always,
however, an extensive deformation translates to the
superior thixotropic structure after partial melting.

E. Deformation-Induced Transformations in Materials

A search for optimal deformation techniques and
suitable alloy compositions may lead to encounter trans-
formations in some materials ranging beyond conven-
tional expectations. In fact, deformation processing was
found to be an effective approach to the synthesis of
amorphous, nanophase and composite materials. Exam-
ples of possible outcomes are briefly signaled below.

1. Deformation-induced bulk nanostructuring
The nanocrystalline structure of a polycrystalline L12

ordered Ni3Al alloy was induced after severe plastic
deformation by HPT.[116] It is explained that the
inhomogeneous deformation leads to localized disorder
and a high density of dislocations, especially geometri-
cally necessary ones and dynamic recovery causes a
heterogeneous formation of the nanocrystalline

structure. Similarly, during the cold rolling deformation
of a Co-Ni-Cr-Mo alloy (MP35N) with low stack-
ing-fault energy the nanostructures were formed, con-
sisting of platelets of a few atomic layers in thickness
and less than 100 nm in diameters.[117] A deforma-
tion-induced nanostructuring was found in a Ti-Nb-
Ta-In b alloy with low stability against a¢¢ martensitic
transformation.[118] It is explained that the formation of
fine martensite, the interaction among slip dislocations,
martensite and twins, and the reversible transition from
a¢¢ back to b phase are considered as the main causes
leading to pronounced grain refinement to the
nanoscale.

2. Deformation-induced solid-state amorphization
The solid-state deformation offers a possibility of

transforming a crystallographic structure into amor-
phous one.[119] This feature is related to nanostructures
described above since a broad range of nanostructured
materials are obtained by processing amorphous pre-
cursor structures. An amorphization in bulk nanocrys-
talline nickel can be achieved by quasi-static
compression at room temperature.[120] Such structures
can typically be obtained through rapid solidification.
A solid-state amorphization was also achieved through
HPT at room temperature in a nanostructured Al-Mg
alloy,[121] through a surface mechanical attrition treat-
ment a nanocrystalline Al solid solution (4.2Cu,
0.3Mn) alloy,[122] in Al57Ni10Ce3 alloy deformed by
repeated cold rolling and folding[123] and in Al-Sm
multilayer materials deformed through rolling and
folding.[124]

Fig. 19—Schematic illustration of ultrafine grain development during hot deformation of prior cold- and warm-worked alloys. The subgrain
rotations taking place are accompanied by sliding along the grain boundaries during hot deformation at low strain rates. Reprinted with
permission from Ref. [256].
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3. Deformation-induced abnormal grain growth
In contrast to above case of grain refinement, the

solid-state deformation may trigger an abnormal grain
growth. An example is a grain growth within the
AA2195 aluminum alloy where during hot working,
subgrains were formed through dynamic recovery as a
result of mutual annihilation of dislocations and rear-
rangement of remaining ones into regular low-angle
grain boundaries.[125] Hence, the dislocation density was
lower than that during cold working and was unable to
restrict the abnormal grain growth.

4. Deformation-induced changes of phase composition
In addition to structural refinement, the plastic defor-

mation may cause changes in phase composition of the
alloy. During hot rolling of dual-phase steel microal-
loyed with Ti, a deformation affected the precipitation of
titanium nitride TiN.[126] In particular, the size of TiN
precipitates generated in deformed bands was 28 pct
smaller compared to those present in slabs with no
deformation. The smaller TiN size contributed to
grain-size reduction of austenite. Moreover, deformation
led to formation of nonequilibrium phases, such as a¢
(HCP-structured martensite), a¢¢ (orthorhombic-struc-
tured martensite), or x (simple hexagonal structure
phase) in certain metastable b-Type Ti-V alloys.[127]

Moreover, stress-induced a¢¢ transformation took place
in Ti-Nb-Si alloys resulting in pseudoelasticity.[128]

Deformation is known to have a significant effect on
diffusional transformations in materials. It was found
that after deformation the rate of ferrite formation in
steel was several orders of magnitude greater than in the
absence of straining.[129] Similarly, deformation affects
the martensitic transformation in steels. Deformation-in-
duced martensitic transformation was reported for the
304 stainless steel at different temperatures with a strain
up to 30 pct.[130] Also, deformation of Cu-Zr-(Al, Ti)
bulk metallic glass composites induced a martensitic
phase transformation, which resulted in strong work
hardening and contributed to the large compressive
deformability with plastic strains up to 15 pct.[131]

During manufacturing of billets for thixoforming,
deformation triggers recrystallization either directly or
after additional heating. The melting process requires
additional energy and takes place during the next step of
heating to forming. There are examples, however, that
stress-induced melting can occur as a transient stage
during solid–solid-state transformations. For example,
the solid–solid phase transformation with a large
transformation strain can occur via internal stress-in-
duced virtual melting along the interface at temperatures
significantly (100 �C) below the melting temperature.[132]

V. PARTIAL MELTING OF RECRYSTALLIZED
STRUCTURES

During thixoforming the billet is subjected to partial
melting where in contrast to conventional casting, only a
fraction of an alloy volume is converted into liquid.
Then, in contrast to rheo-processing, semisolid slurry is
not subjected to any form of external agitation. This

excludes, for some techniques, pressures imposed on
slurry to force it to flow into the die/mold cavity. In
general, the microstructural evolution during partial
melting is driven by the reduction of interfacial energy
between solid and liquid phases and is controlled by
diffusion. The plastic deformation experienced by the
material prior to melting affects the kinetics of particle
coarsening. There are two levels of melting investiga-
tion: (1) direct bulk measurements of transformations
using thermal techniques and (2) microstructural and
morphological examinations of slurry, which are done
indirectly by quenching it to ‘‘freeze’’ the high-temper-
ature image and then examine it at room temperature by
means of a number of analytical techniques.

A. Assessing Transformations During Melting

The characteristics accompanying alloy melting
including phase transitions, specific heat capacities and
other important chemical properties are measured by
means of differential scanning calorimetry (DSC) or
simultaneous thermal analysis.[133] In fact, the same
techniques are used for measurement of changes during
solidification. The thermal analysis signal in a form of
heating and cooling curves is recorded during melting
and solidification to calculate the temperature vs time
and first derivative vs temperature. Due to its versatility
and explanatory power, DSC is the most-employed
thermal analysis method. The output is used to deter-
mine the alloy thermal characteristics during melting
and solidification, evaluate the effect of chemical com-
position on metallurgical reactions, phase nucleation
and growth as well as solid fraction, being the essential
parameter for semisolid processing.
Thermal analysis curves provide information on

liquidus, eutectic, solidus temperatures or recalescence
effects (an increase in temperature that occurs while
cooling metal when a change in structure). A specific
physical-thermal process simulation and analytical
capabilities represent instrument known as the universal
metallurgical simulator and analyzer (UMSA).[134] An
example of UMSA measurements during melting/solid-
ification of the EZ33 magnesium alloy is shown in
Figure 20. The first derivatives curves shown in Fig-
ure 20(a), generally provide more detailed information
related to the alloy thermal characteristics such as the
liquidus, solidus temperatures or nucleation of the
eutectics. The solid content vs temperature data
obtained from measurements represent the key input
for selecting thixoforming temperature (Figure 20(b)).

B. Selecting Thixoforming Temperature

When conventional casting requires overheating an
alloy above liquidus, semisolid processing takes place at
reduced temperatures of solidus–liquidus range, affect-
ing a number of factors related to the process, hardware
performance, alloy and product properties. A reduction
of the processing temperature to the semisolid range is
generally seen as the advantage of semisolid processing.
Thus, selecting the processing temperature is the major
task during SSP.
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1. Alloy degradation and hardware performance
An inherent feature of some alloys (e.g., magnesium)

is their very high affinity to oxygen. Thus, at high
temperatures, especially that corresponding to semisolid
or liquid states, molten alloys exposed to an oxidizing
atmosphere react rapidly leading to oxidation or in
some cases to ignition and combustion.[75,76] Although
casting and forming in the solidus–liquidus range create
an impression of reduced energy consumption, to reach
the final conclusion, all elements of the manufacturing
cycle should be considered. The process economy is
affected by the hardware required and its service life.
The processing temperature affects not only thermal
attack but also chemical reactivity of the molten alloy. It
is generally concluded that a reduction in processing
temperature is universally positive and sometimes low-
ering temperature by 20 �C to 30 �C makes a substantial
difference in service life of the hardware.[135]

2. Solid fraction effect on product integrity and prop-
erties

The solid fraction is the key parameter affecting the
viscosity of the semisolid slurry. It can be directly
measured on rapidly quenched samples, using metallo-
graphic techniques, such as line intercept[136] or by

thermal analysis exploring melting solidification
curves.[137] Alternatively, for simple alloy systems the
solid fraction is determined based on phase diagram.
For a binary alloy that melts and solidifies under

equilibrium conditions the weight of solid fraction fEqS at
a processing temperature T is calculated[138,139]:

fEqS ¼ ðTM � TÞ �mLco
ðTM � TÞð1� kÞ ; ½3�

where TM is melting temperature of the pure solvent,
mL is the slope of the liquidus line, co is composition
of the alloy and k is partition coefficient of the alloy.
For nonequilibrium solidification with diffusion

occurring only in the liquid phase with no diffusion in
the solid phase the weight of solid fraction fSchS is
expressed by Scheil’s equation[138,139]:

fSchS ¼ 1� TM � T

TM � TL

� � 1
1�k

; ½4�

where TL is the liquidus temperature of the alloy.

3. Internal integrity
The evident concern during conventional casting is an

internal integrity of the product. The high part integrity
achieved through semisolid methods improves proper-
ties in the as-cast state and also allows their modification
by exploring heat treatment.[140] There is a general
expectation that higher solid fraction will lead to less
defects associated with solidification. In this respect, the
lower temperature within the semisolid range will cause
reduced porosity due to lower shrinkage and better part
filling due to the laminar flow. While this is true for
solidification shrinkage, the frequency of other defects
may increase due the fact that the reduced heat content
of the slurry shortens the metal flow length and makes it
prone to premature freezing, before reaching its position
inside the die. To compensate this, hot runners are
required instead of conventional cold runners, which
represents at present a technological barrier.[1] So far,
such solutions are only available for transport of molten
plastics.

4. Component properties
A reduction of the processing temperature during

thixoforming influences a number of factors that affect
solidification characteristics and the final microstruc-
ture. While some factors cause an improvement in
product properties, others have clearly negative contri-
bution. According to the general rule, refining
microstructural components leads to improved proper-
ties and is highly desirable. For the liquid alloy portion,
a refinement is achieved by an increased cooling rate.
The cooling rate, however, does not affect the size of the
primary solid particles.
The role of the processing temperature within the

solidus–liquidus range in material properties is more
complex and there is no consistent evidence supporting
the general expectation that its reduction leads to
improved properties. For presently processed magne-
sium alloys, there are examples showing exactly the

Fig. 20—Melting and solidification characteristics of EZ33
magnesium alloy determined using the universal metallurgical
simulator and analyzer (UMSA): (a) first derivatives of heating and
cooling curves vs temperature for three experimental runs; (b) plot of
solid content vs temperature.
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opposite behavior where increased solid fraction led to
reduced both the strength and ductility.[141] As a further
evidence, there is a finding for Mg-Al and Mg-Al-Zn
alloys that the highest strength and ductility were
obtained for near-liquidus processing with 0 pct of solid
fraction.[142, 143] To reverse this trend, recent efforts
within both the industry and academia focus on
identifying opportunities at different stages of the
manufacturing cycle (e.g., post-forming treatments) that
could create the beneficial microstructure. Since thixo-
tropic mixtures represent a form of reversed composites
with the primary solid being a softer phase than the
matrix, minimizing the globule size is of crucial
importance.

C. Morphological Characteristics of Thixotropic Slurry

When transforming dendritic structures into new
morphologies, commonly described as nondendritic
ones, the question arises what is the optimal shape of
the primary solid required for successful processing. As
opposed to rheo-processing route when nucleation from
the liquid phase is the mechanism influencing the
growing solid, during thixo-processing route reviewed
in this report, the solid remains as an alloy (billet)
portion which does not completely melt during preheat-
ing to thixoforming. The unmelted solid influence
depends on its content within the melt, which in some
cases may exceed 80 pct, emphasizing importance.[41]

While considering the role of solid fraction, two aspects
should be distinguished. First, at temperatures of
semisolid range the solid controls rheological properties
of the slurry. Then, after solidification it affects prop-
erties of the final product. Below, major characteristics
of the solid particles are described.

1. Size of the solid particles
The particular attention during partial melting is

attributed to the size of primary solid particles. During
rheocasting, the size of the primary solid is controlled by
the nucleation rate and increasing a number of nucle-
ation sites available allows its refinement. During
thixoforming, the size of the solid globules originates
from the grain size in the solid state after recrystalliza-
tion.[144] As shown in Figure 21, the final particle size is
many times larger than the initial grain, reaching
typically over 100 lm.[36] Such a large size is detrimental
to material properties.

In the absence of external strain, the reduction of
interfacial energy between the particles and liquid
provides the key driving force for morphological and
dimensional changes with a contribution from coales-
cence and Ostwald ripening.[145,146] The coalescence
describes the nearly instantaneous formation of one
large particle upon contact of two smaller ones. Ostwald
ripening is governed by the Gibbs–Thompson effect,
which alters the concentration at the particle–matrix
interface, depending on the curvature of the interface.
The particle curvature creates the concentration gradi-
ent for the diffusional transport of the material.[147]

Ostwald ripening is a paradigm for statistical self-sim-
ilarity in coarsening systems and the first quantitative

description of this phenomenon was given by Lifshitz
and Slyozov[148] and Wagner.[149] Today it is known as
the classical LSW theory.[148, 150] Many factors were
identified in the literature to affect the size of solid
particles in the slurry.

a. Effect of solid-state deformation on particle size
According to experiments with the AA2014 aluminum
alloy the coarsening rate was affected by technique of
slurry preparation.[151,152] A slightly lower coarsening
rate was observed for RAP route of the AA2014 alloy
with 37 pct liquid fraction than for the cooling slope
method treatment of the same alloy with 17 pct fraction
liquid, despite the higher liquid fraction. For the cooling
slope technique, an increase in liquid fraction gave a
higher coarsening rate. It is likely that relatively low
coarsening rates are associated with the presence of fine
solid compounds, which are inhibiting the migration of
liquid film grain boundaries, either through a pinning
mechanism or through impeding diffusion through the
liquid film at the boundary.
An increasing compression ratio during cross wedge

rolling from 10 to 30 pct reduced the solid particle size
of the A356.2 alloy at 580 �C from over 90 lm to
around 70 lm. A role of deformation ratio is also
reported for the AZ91D alloy, where after 4 pass ECAE
at 225 �C with an equivalent strain of 3.63, holding at
545 �C for 25 minutes resulted in the solid particle size
of 5 lm.[153] For upsetting at 225 �C with deformation
of 30 pct (strain equivalent 0.3), the same AZ91D hold
for 25 minutes at 545 �C developed the solid particle
size of 180 lm. It should be mentioned that the size of
solid particles of 5 lm as reported in Reference 153, is
the smallest one found in the literature. However, the
optical microscopy evidence for small particles with a
diameter in the range of 2 to 5 lm is not fully
convincing. The LSW theory was used to describe the
coarsening process of semisolid slurry after compression
deformation through RUE in a Gleeble-1500 ther-
mal–mechanical simulator of the AA7075 aluminum
alloy at 250 �C.[28] After examination of the billet

Fig. 21—Diameters of grains (in solid state) and solid particles (in
semisolid slurry) as a function of temperature for magnesium alloy
extruded at 200 �C plotted along solid content. Reprinted with
permission from Ref. [35].
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reheated to a range of 580 �C to 620 �C and holding for
2 to 35 minutes, it was concluded that the increasing
number of RUE cycles accelerated the recrystallization
rate, reduced the average particle size, and improved the
degree of their spheroidization.

b. Effect of holding time in semisolid range on particle
size
For the AZ91D magnesium alloy asymmetrically
deformed by compression at 230 �C, isothermal holding
in semisolid range affected both the content and size of
solid particles.[24] During isothermal holding, recrystal-
lization was followed by liquid phase nucleation occur-
ring first in the heavily deformed regions. With the
passage of time, solid fraction decreased, while solid
particle size increased in all regions despite of deforma-
tion (Figure 22). After holding for 20 minutes, the
anisotropy caused by asymmetric deformation was
reduced. The influence of holding time in solidus–liq-
uidus range was also documented for extruded AZ80
magnesium alloy. As shown in Figure 23, after 5 min-
utes holding, the homogeneous semisolid slurry was
formed and further holding only led to undesirable grain
growth.[154] The size of the solid particles reached about

60, 80, and 160 lm for holding times of 0, 5, and
60 minutes, respectively. Also for the A356.2 alloy
deformed by cross wedge rolling, holding at 580 �C for
5 to 20 minutes first reduced the solid particle size but
after 10 minutes caused its coarsening.[155]

The experiments with the A319 aluminum alloy led to
conclusion that the effective method to obtain desirable
microstructure is to manage the time in the semisolid
state by controlling heating rate and soaking time.[156]

The coarsening rate of 227 lm3/s was obtained during
isothermal testing.

c. Effect of grain refiner or other additives on particle size
The size of solid particles depends on grain refiner added
to the alloy and the extent of deformation. For 0.02 pct
additions of the Ti (Al-5Ti-1B) refiner to the AA6070 Al
alloy, the increasing pre-deformation reduced the glob-
ules size and increased their sphericity with the optimal
temperature, holding time, and strain fixed at 630 �C,
20 minutes and 30 pct, respectively.[157] For these pro-
cessing parameters, the average globule size achieved
minimum values of 68 and 55 lm for the unrefined and
0.02 pct Ti-refined alloy, respectively. The effect of
Al5Ti1B grain refiners was also studied for the
AlZnMgCu alloy subjected to SIMA at 300 �C with
deformation ratio of 40 pct.[158] The optimal level of Ti
was found to be 0.1 pct. Significant improvements in
mechanical properties were obtained with additions of
grain refiners combined with T6 heat treatment.
For the extruded AZ80 magnesium alloy, small

additions of Y (up to 0.8 pct) were found to control
particle coarsening.[159] The coarsening rate constant of
AZ80 with 0.2 pct Y addition, of 164.22 lm3/s was
approximately four times less than the un-modified
AZ80 alloy of 689.44 lm3/s. Although extending
isothermal holding in semisolid range improved gener-
ally the particle sphericity, there is an evidence of
opposite changes. For example, during deformation of
the AZ31B alloy by compression of 28 to 30 pct at
300 �C, long holding at temperature of 600 �C to 630 �C
led to irregular shape of solid particles.[160]

2. Shape of the solid particles
During thixoforming the particle shape will arise

during melting of the billet and then due to interaction
with neighboring particles during holding and during
flow into the die cavity. These conditions are different
than that during rheo-processing. Therefore the mor-
phological transition from dendrites to rosettes and
spherical shapes with increasing shear and intensity of
turbulence as it is the case during rheo-casting will not
apply here.[39]

When properties of the slurry in solidus–liquidus
range and then solid alloy after solidification are
governed by three-dimensional particles, their assess-
ment is done on flat metallographic sections for two-di-
mensional features. So the question arises on correlation
between 3D and 2D images. An example for Al alloy in
Figure 24 shows differences between the complex 3D
shape and their simplest 2D planar sections.[161] The
particles appearing near spheroidal on planar sections

Fig. 22—The solid fraction (a) and solid particle size (b), plotted as
a function of the isothermal holding time. The line and symbol
denote the data in this study. Ref. [24] (a); Ref. [257] (b). Reprinted
with permission from Ref. [24].
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are in fact of complex 3D shape. Some of them are
interconnected with surrounding particles, forming
complex-shape conglomerates. The average sphericity
(roundness) of particles is expressed by shape factor Fs:

Fs ¼
1

n

Xn
n¼1

L2

4pA
; ½5�

where n is the number of solid particles, L is the
perimeter length, and A is the area as seen on the cross
section. Hence, when Fs equals 1, the particle is per-
fectly round. A different roundness indicator, calcu-
lated as 1/Fs, is also used.

An experimental research and modeling suggest that
the solid shape in the slurry is affected by solid-state
deformation prior to melting and, in general, the
sphericity is reported higher than that after liquid-state
agitation. For example, during deformation of the
AA7075 aluminum alloy, the optimal shape was
obtained for the effective strain of 5.1, holding temper-
ature of 609 �C and time of 14 minutes.[162] For the
A356.2 aluminum alloy deformed by cross wedge
rolling, increasing compression ratio from 10 to 35 pct
increased the shape factor of solid particles at 580 �C
from 0.5 to over 0.65.[155] Similarly, holding time at
temperature of semisolid range of 580 �C increased the
shape factor of solid particles.

There is a research comparing the influence of liquid
agitation techniques as electromagnetic stirring, solidi-
fication time, modification of the eutectic and grain
refinement and solid-state thermomechanical treatments
prior to partial remelting (like solutionizing and cold
rolling) on the solid particle shape.[163] Hence, for the

Al-Si7Mg alloy cold working prior to partial remelting
resulted in the most rapid generation of the perfectly
globular morphology of solid particles, once the thresh-
old deformation for recrystallization was exceeded.
Moreover, the size of solid particles was not affected
by the initial microstructure. The particle coarsening
rate during isothermal holding was lower than that
obtained after the electromagnetic stirring of the same
alloy.

3. Chemical and phase composition of solid particles
A simplified description of semisolid slurries fre-

quently distinguishes just solid and liquid phases.
However, the solid particles may represent multiphase
systems with complex structure. Their phase composi-
tion may be deduced from phase diagrams for equilib-
rium or nonequilibrium (Scheil) cooling conditions, e.g.,
calculated using the FACTsage software.[164] At semi-
solid range, solid particles itself may represent a mixture
of solid and individual liquid pools distributed within. A
specific feature of solid particles at temperature of
semisolid range is the so-called entrapped liquid (Fig-
ure 25). As seen in a case of liquid pool in Figure 25a
and grain boundaries in Figure 25b, using term ‘‘grain’’
for solid particles may not be accurate.
Many investigators have studied the microstructural

evolution during partial melting and found a presence of
small liquid pools within primary particles.[165] At
solidus–liquidus range, the liquid pools within solids
reduce the volume of liquid surrounding solid particles,
negatively affecting the slurry flow. The formation
mechanism and evolution of liquid pools entrapped
within solid particles were investigated during partial

Fig. 23—Microstructure of AZ80 reheated to 570 �C and isothermally held for (a, d) 0 min, (b, e) 5 min and (c, f) 60 min. Reprinted with
permission from Ref. [154].
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melting of the Mg2Si/AM60B composite with fine-
grains.[166] The results indicate that merging of dendrite
arms during the initial stage of partial melting is the
main cause for the formation of the entrapped liquid
pools. According to phase transformations the genera-
tion of the entrapped liquid pools is attributed to the
reactions of a+ b fi L and a fi L. As shown through
in situ X-ray micro-tomography examinations during
partial melting of the cold-rolled Al-8Cu alloy, the
liquid droplets entrapped inside solid globules nucleate
and coarsen.[167]

VI. SOLIDIFICATION OF SEMISOLID
SLURRIES

After thixoforming is completed, the remnant liquid is
subjected to solidification. Its volume fraction and
chemical composition depend on processing parameters.
Thus, during partial melting, the primary focus is on the
morphology of solid fraction, while during solidifica-
tion, the liquid fraction attracts the major attention.

A. Chemical Composition of the Remnant Liquid

In semisolid slurry, the chemical composition of
the remnant liquid is different from that of the
average composition of the alloy and the lower liquid
fraction is accompanied by the larger differences. For
a given alloy chemistry, the composition of the liquid
fraction depends on temperature within the
solidus–liquidus range. As shown in Figure 26, for
a simple phase diagram, the lower temperature is
accompanied by higher content of the lower-melt-
ing-point element. Thus, the regions between den-
drites are rich in the lower melting-point element,
since these regions represent the last liquid to
solidify. A lack of physical agitation during thixo-
forming affects the solidification mechanism of rem-
nant liquid. In particular, during thixocasting of the
AA7075 aluminum alloy, the liquid pools trans-
formed back into dendritic morphologies.[168] Then,
the dendritic solidification is accompanied by recrys-
tallization, solute distribution, ripening, interdendritic
fluid flow, and movement of solid.[169]

Fig. 24—General microstructure of the rheo high-pressure die cast A356 alloy in the as-cast condition shown on planar 2D section (a) and
accompanying 3D images of extracted grains from the casting locations indicated by arrows (b through i). Reprinted with permission from Ref.
[161].
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B. Solidification Features

After solidification, the liquid fraction that transforms
into a solid, connects the primary solid in the final
product. Its properties are, therefore, essential for entire
microstructure, created during semisolid processing. As
documented by fractographic observations, the interface
between the primary solid and solidified liquid fraction
represents a weak region leading to crack-propagation
path during alloy failure.[141] Thus, there are efforts
oriented toward controlling properties of the solid–liq-
uid interface. In addition to chemical composition that
may cause embrittlement, the remnant liquid solidifica-
tion areas are prone to solidification defects, as is the
case in cast structure. As a major concern, there is a
solidification shrinkage since there may not be sufficient
amount of molten alloy to feed the remaining volume
behind the moving solidification front.

VII. ALLOYS FOR THERMOMECHANICAL
ROUTE OF BILLET PREPARATION

Alloys to be applicable for semisolid processing have to
fulfill general criteria.[170] An additional condition
required for thixoforming with a billet prepared by the
solid-state deformation route is the alloy formability.
Over decades a variety of alloys were explored both at
laboratory and industrial scales mainly based on Al, Mg,
Zn, Cu, Fe (steel) or Co. Experiments with metal matrix
composites were also carried out. A recent trial included
new materials called high-entropy alloys (Table II).

A. Cast vs Wrought Grades

The predominant portion of presently used alloys for
thermomechanical route of billet preparation belongs to
casting grades. Among them, the most often used are
aluminum casting alloys A356 or A357 with good
fluidity and castability due to high content of Al-Si
eutectics. For copper grades the ZCuSn10 alloy was
used for the billet preparation through rolling and
partial melting.[95]

There is an interest in alloys designed for wrought
processing, known of having better performance and
offering higher mechanical properties than cast
grades.[171] This is in part due to lack of alloys
specifically designed for semisolid processing. According
to experimental trials, the high-strength wrought alu-
minum alloys can be thixoformed. However, wrought
alloys are more difficult to process due to low content of
eutectics and narrow solidification range, sometimes
limited to a few �C. Moreover, the usually wrought
high-strength aluminum alloys, which are typically used
in forging, are not well suited for semisolid forming,
especially because they have a tendency for hot cracking

Fig. 25—SEM images of primary solid particles in AZ91D alloy
processed from coarse particulates deformed by mechanical
comminuting: (a) particle containing in the centre a solidification
product of ‘‘entrapped liquid’’—alloy containing 43 pct of the
primary solid; (b) particle without any precipitate of a second phase
with grain boundaries in near-surface region—alloy with 5 pct of the
primary solid. Surface after Ar ion etching. Reprinted with
permission from Ref. [141].

Fig. 26—Schematics showing a composition of remnant liquid
during solidification of semisolid slurry.
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during solidification. Therefore, the superior mechanical
properties of forged components cannot completely be
achieved by thixoforming. It appears that some modi-
fications to composition or some tighter constraints in
the bounds allowed in the alloy specification are
required. The most frequently thixoformed alloys
designed for wrought processing include AA6061,
AA6066, AA2024, AA7075 aluminum, C544, C360
copper, or steel.[17,18]

B. Utilizing Alloys in As-wrought State

There is an ambiguity in the literature regarding use of
wrought alloys for thixoforming. It is caused by the fact
that these alloys are not only used for billet manufac-
turing in initial as-cast state[16] but also in initial wrought
state.[172] In some papers, the initial state is left not
specified or described as ‘‘as-supplied,’’ leaving the
reader guessing. Using a wrought-state precursor with-
out specifying the initial structure may lead to misleading
conclusions that just melting (with omitting deformation
treatments) is generally sufficient for converting dendritic
forms into thixotropic structures. Therefore, for clarity,
the as-wrought state term is used in this paper to
distinguish it from alloys designed for wrought process-
ing but being in the as-cast state. Since the objective of
thermomechanical treatment during billet preparation is
to convert dendritic forms present after casting into
nondendritic morphologies, according to this definition,
the SIMA, RAP and Woodhouse concepts do not apply
to materials being already in the wrought state. Being in
a wrought state means that an alloy was already
subjected to thermomechanical treatment.

Using the as-wrought alloys and then subjecting them
to partial remelting either directly or after additional
thermomechanical processing does increase the number
of manufacturing steps and component cost. Although
it may be easy and convenient for laboratory experi-
mentations, in reality, remelting of quality wrought
structure is expensive since cost of the entire manufac-
turing cycle should be calculated. Therefore, partial
melting of the as-wrought alloys may find justification
for a limited volume niche market but does not have
characteristics required for a technology suitable for
mass-scale production.

1. Direct partial melting of alloys in the as-wrought
state

Direct partial melting is promoted as being effective
for high-melting-point alloys, mainly steels. Since the
wrought state involved intensive, often multistage,
deformation during manufacturing, alloys have
deformed (or also recrystallized) microstructure ready
for partial melting.[172–176] Direct partial melting exper-
iments involved tool steels such as M2, D2, and
XW-42.[174] In case of D2 steel, the process started from
the soft annealing state at 850 �C.[176] The material was
heated in an argon atmosphere up to 1330 �C which
corresponded to about 38 pct of liquid fraction and held
for 5 minutes followed by air cooling to room temper-
ature. As shown in Figure 27, after partial melting, the
microstructure consisted of globular particles with an

average size of about 50 lm, while the areas between
globules were filled with eutectic carbides forming a
lamellar network.

2. Applying solid-state deformation to alloys
in the as-wrought state
There are examples when alloys in the as-wrought

state are additionally subjected to hot, cold deformation
or their combinations, preceding partial melting.[177,178]

In principle, extra deformation steps may be added to
the already as-wrought state of the material to increase
deformation. However, an additional deformation treat-
ment of wrought alloys multiplies the already high-man-
ufacturing cost and is not viable economically.
An example is shown for the AA2024 alloy where

open die forging (upsetting) with strains from 0.1 to 1.0
was used to deform cold-rolled bars. The increased cold
strain caused reduction of the grain size from 76 to
52 lm.[179] In another research, the commercially
wrought 2024 aluminum alloy T4 rods were annealed
at 415 �C for 3 hours, cold compressed at 40 pct
reduction and partially melted at 620 �C (55 pct liquid
fraction) leading to a grains with diameter of 88.2 lm
surrounded by eutectics.[180] For the AA7075 Al alloy
the RUE at 250 �C was used to produce billets. After
reheating to 580 �C to 620 �C for 2 to 35 minutes, the
fine and spheroidal morphology was developed.[28]

Before melting, the grain-boundary composition
approached Al-Cu and Al-Si binary eutectics with the
increased contents of Cu and Si and reduced content of
Mg. It was found that the three-cycle deformation by
RUE followed by isothermal heating at a temperature
range of 600 �C to 610 �C for 10 to 15 minutes provided
an optimal microstructure in terms of size and shape of
spheroidal features. Further deformation caused
microstructure degradation through increased size and
reduced sphericity of solid particles. These findings
suggest that the optimal rather than the maximum
deformation is required. However, there is an invention
proposing hot extrusion at 540 �C (42 �C below solidus)
for the cold-rolled AA6061 aluminum alloy as the
treatment optimizing properties of the billet.[27]

For wrought alloys it is important to test partial
remelting before application of additional deformation
to assess viability of increasing the manufacturing cost.
An influence of additional deformation was assessed for
the AA6063 aluminum alloy in the form of an as-ex-
truded bar.[178] As shown in Figure 28(a), the initial
microstructure is typical for extruded state with fibrous
grains and intermetallic particles aligned in the extrusion
direction. After direct partial melting at 630 �C, the
billet developed large and irregular solid grains with
possible adverse effect on the mechanical properties
(Figure 28(b)). A deformation by a combination of
radial forging at 300 �C with 70 pct area reduction
followed by unidirectional forging at room temperature
and compression ratio of 80 pct showed refined grains
with no evidence of recrystallization (Figure 28(c)).
Partial melting of additionally deformed structure at
630 �C led to solid particles with a size of over 100 lm
(Figure 28(d)). While this example shows beneficial
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effect of additional deformation, there is vast evidence
proving similar effect achieved after just a single-step
deformation.

C. Low Formability Metals

The material formability is an essential feature qual-
ifying it for thermomechanical way of billet preparation.
It is obvious that alloys with poor formability may crack
providing a limited success. Some improvement of
formability may be achieved by increasing the deforma-
tion temperature, applying annealing between passes
and reducing deformation within a single pass.[181] Thus,
metals with BCC and HCP structure would benefit from
methods relying on temperature exceeding recrystalliza-
tion. In contrast, metals with FCC structure, known to
have good formability, may rely on deformation below
the recrystallization temperature. In addition to the
alloy matrix, its formability may be degraded due to the
presence of continuous and brittle intermetallic com-
pounds along with the formation of eutectic structures
at grain boundaries. To some extent, the formability
improvement may be achieved through changing defor-
mation conditions as is the case in superplastic forming,
ECAE, cross-roll rolling, asymmetric, or shear rolling.

Examples of alloys frequently used in semisolid
processing but having poor formability are magne-
sium-based grades. The poor plastic flow properties of
magnesium at room temperature are inherently related
to its crystal anisotropy and HCP structure offering
limited number of active slip systems, primarily just
involving the basal planes.[1] The critical resolved shear
stress for basal plane slip in magnesium single crystal is
about two orders of magnitude lower than that for
nonbasal plane slip involving prismatic or pyramidal
planes so the distribution of the former plays an

important role in determining its formability. Therefore,
deformation resistance along direction parallel to the
basal plane is small, but deformation resistance in
direction parallel to the prismatic plane is very large. As
explained in Figure 29, due to strong preferred crystal-
lographic texture, during rolling, a metal cannot deform
along the thickness direction. Since during rolling
deformation, very strong basal texture develops in
magnesium sheet, changing the texture type, or at least
weakening of the basal component, is an effective route
to formability enhancement.

D. Improving Formability Through Alloying

In the case of magnesium alloys, the effective way of
improving formability is through modification of their
chemical composition. Recent studies[182] have shown
that magnesium when alloyed with rare earth elements
developed much weaker basal texture resulting in
improved room-temperature formability. In addition
to weakening the basal texture and improving ductility,
the advantages of rare earths include high strength, high
creep resistance, acceptable corrosion behavior, and
improved flammability resistance. As an explanation, it
is proposed that a strong interaction of solutes with
dislocations and grain boundaries is responsible for the
significant impact rare earth additions have on the
extruded grain size and texture at very low alloying
levels. Since rare earths are associated with the high-cost
and supply issues, there are trials with other elements
having high affinity to oxygen as Ca, Sr, and Ba.[183,184]

An interesting finding is a synergy of certain elements,
e.g., a combination of Ca and Ce, which enhanced
precipitation hardening, refined grain size, improved
texture, and ductility to greater extent than is the case
with the separate additions of individual elements.

Table II. Examples of Alloys Used for Thixoforming, Utilizing Billets Manufactured by Solid-State Deformation Prior to Melting

to Generate Globular Morphologies

Alloys Base
Major Chemical Elements

(Wt Pct)
Cast/

Wrought
Specific Gravity

(g/cm3)
Liquidus

(�C)
Solidus
(�C)

Thixoforming
Refs.

A356.0 Al 7Si-0.3Mg cast 2.7 615 555 192
6061 Al 0.8 to 1.2Mg, 0.4 to 0.8Si wrought 2.7 652 582 18
7075 Al 2.1 to 2.9Mg, max 0.4Si, 0.18 to

0.28Cr
wrought 2.8 635 477 11, 20

ZA27 Zn 27Al, 2Cu cast 5.0 484 376 165
AZ91 Mg 9Al, 1Zn cast 1.8 595 470 15, 153
AM60 Mg 6Al cast 1.8 615 540 197, 206
ZK60 Mg 6Zn, 0.5Zr wrought 1.9 635 520 210
C360 Brass Cu 3Pb, 35.5Zn wrought 8.5 899 888 11
AISI H13
Steel

Fe 0.36C, 5.26Cr, 0.8V, 1.2Mo wrought 7.7 1454 1315 200

M2 Fe 0.78C, 3.7Cr, 1.7V, 4.5Mo, 5.5W wrought 8.1 1425 1235 32
Stellite 21 Co 62Co, 27Cr, 0.25C, 5.5Mo, 2.7Ni cast 8.3 1366 1338 71
Composite Al Al 6061 matrix+SiC reinforce-

ment particles
cast 652 582 247

High-entropy
Alloy

CoCrCuFeNi (equiatomic
contents)

cast 248

High-entropy
Alloy

AlCoCrCuNi (equiatomic
contents)

cast 1325 1085 196
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VIII. DEFORMATION-ENHANCED MELTING
OF COARSE PARTICULATES

In addition to bulk billets used in thixocasting or
thixoforging, there is also feedstock in a form of coarse
particulates used as a material precursor for net-shape
semisolid forming. These are relatively coarse particu-
lates with a size of several millimeters, which are orders
of magnitudes larger than particles of tens or hundreds
of micrometers used in powder metallurgy.[185]

Although there is a size difference of orders of magni-
tude between the bulk billet and coarse particulates, the
thermomechanical treatment prior to melting plays the
same role in dendrites–globules transformation within
both types of the feedstock.

A. Coarse Particulates

Coarse particulates are either deliberately manufac-
tured by mechanical comminuting of cast ingots or
collected as byproduct during machining of compo-
nents. To manufacture chips, the material passes
through rolls with cutting teeth located around their
surfaces. After cutting, chips are separated based on size

using sieving.[1] An example of chip morphology,
manufactured from zinc and magnesium alloys, is
shown in Figure 30.
An alternative route of billet manufacturing explores

solid-state compaction of coarse particulates (chips). In
the case of chips generated during part machining, this
route offers an effective way of metal recycling. Accord-
ing to Reference 85, chips of the AZ91D magnesium
alloy were subjected to series of isothermal treatments
for various holding times within the range of 510 �C to
570 �C following compression into a billet at 250 �C.
The outcome was a semisolid structure with the highly
spheroidal and homogeneous solid particles. A similar
idea of recycling of the AZ91D magnesium alloy chips
to produce the semisolid billet is described in Reference
86. Moreover, the machined chips were used as a
precursor in billet preparation from AZ91 and AZ31
alloys.[87] The manufactured billets developed refined
and globular primary a-Mg solid particles with sizes of
about 55 lm for the AZ91 and 50 lm for the AZ31
alloy. In another recycling idea, the AA6060 aluminum
alloy chips were compacted into billets and then
extruded through the flat-face, porthole, and ECAP
dies to impose different deformations.[186] The
high-quality aluminum billets, manufactured this way,
may be used for semisolid processing. The compaction
of billets using deliberately comminuted chips does not
seem to be economically viable. There are, however,
examples of laboratory scale experiments where chips
deliberately produced from the ADC12 aluminum alloy
(10.7Si, 2.3Cu) by lath machining were compressed
inside a mold at 200 �C.[187] After partial melting at
555 �C, the billet developed homogeneous and spherical
particles with the average size of 82 lm.
The chip recycling technology combined with the

SIMA method, called CR-SIMA, was adopted to
prepare semisolid billets from the AZ91D magnesium
alloy refined by Er additions.[88] After chip compaction,
the microstructure consisted of fine a-Mg grains and the
c-Mg17Al12 phase quite uniformly dispersed within the
matrix. During continuous heating, the c-Mg17Al12
phase distributed at triple junctions melted, and grains
were separated. During the semisolid isothermal hold-
ing, the amount of liquid increased until the solid–liquid
system reached its equilibrium state. At the same time,
the particles gradually spheroidized and began to grow
with the further increasing holding time. As a result,
semisolid microstructure with small and spheroidal
primary particles was obtained.

B. Melting Characteristics of Coarse Particulates

The chips manufacturing using mechanical cutting,
which takes place at temperature below 100 �C resulted
in cold work within their entire volume.[1] Although it is
difficult to estimate quantitatively the extent of chip
deformation, in general the internal structure exhibits all
features typical of heavily deformed material. As
explained in detail in Reference 36, the heating of the
mechanically chipped alloy led to essential changes
within its microstructure, expressed primarily by a
replacement of cold-deformed structure by strain-free

Fig. 27—Microstructure of AISI D2 steel after direct partial
remelting from the as-wrought state at 1300 �C, holding for 5 min
and air cooling: (a) general view; (b) magnified image showing
structure of solid/solid interface. Reprinted from Ref. [173].
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grains. Exceeding the solidus temperature activated an
alloy melting and transformed an equiaxed grain struc-
ture into semisolid slurry. An example of heating of
deformed magnesium alloy particulates is shown in
Figure 31. In the same figure, an analogy is shown in
terms of behavior of globules from the same alloy,
created during rapid solidification. During the very
initial stages of the alloy melting, the network of grain
boundaries was covered with the liquid phase, which at
room temperature represents a practically pure
Mg17Al12 compound. As the temperature increases, the
equiaxed grains transformed to spherical solid particles,
surrounded by the liquid phase. Thus, a combination of
cold deformation, introduced during chipping, and
recrystallization during subsequent heating control the
thermal decomposition of chips during melting.

An example of direct application of coarse particulates
is a commercial semisolid technology of injectionmolding
(thixomolding) where particulates are fed into a machine
similar to that used in molding plastics, conveyed inside
the heated barrel and after partial melting, injected into
the mold cavity to form net-shape product.[1] In this
process, the solid-state deformation is the principal
mechanism controlling the feedstock melting and is
critical for generation of thixotropic structures.[34] The
role of feedstock deformation was not acknowledged in
original inventions of magnesium injection molding and

related early literature, where an action of injection screw
was seen as the only factor controlling the feedstock
transformation during heating. The later research within
the manufacturing industry of injection molding machin-
ery revealed the very detailed structure of the particulate
feedstock and its transformation characteristics during
heating into semisolid state.[1,36]

C. Powder Thixoforming

There are also reported thixoforming experiments
with powder particulates as solid precursors. In powder
thixoforming, green billets are first obtained by blend-
ing and cold pressing a powder mixture, which is then
partially melted and thixoformed.[188] When using a
mixture of Ti and Al alloy powders, cold pressing and
partial melting the Al3Ti reinforcing particles were
generated in the Al3Tip/Al matrix composites.[189] The
same technique of powder thixoforming was used to
manufacture the core–shell-structured (Al, Si)3Tip par-
ticulate-reinforced A356 composites.[190]

It appears that there is no full analogy between partial
melting behavior of powders and coarse particulates
described above. In case of powder, the primary particle
size in semisolid slurry equals to several diameters of the
original powder, so it is different from coarse particulates
forming numerous clusters of grains within a single chip.

Fig. 28—Effect of additional deformation on microstructure of AA6063 aluminum alloy after partial melting: (a) the as-extruded state; (b) the
as-extruded and partially melted at 630 �C and 15 min holding; (c) the as-extruded and radially forged at 300 �C with 70 pct area reduction and
compressed at room temperature with 80 pct of compression ratio; (d) after partial melting of (c) at 630 �C and holding for 15 min. Reprinted
from Ref. [178].
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IX. LABORATORY AND INDUSTRIAL
IMPLEMENTATIONS

Thermomechanical processing of feedstock for thixo-
forming is used mainly at the laboratory but also at
industrial scale. Still limited examples of fully commercial
use are listed inReferences 37, 58 and191.Thedeformation
patterns cover single, two-step and multistep treatments
involving hot and/or cold working. The key differences are
associatedwith techniques of imposing deformation. There
is a limitation on the billet size that is possible to prepare
through solid-state deformation and typical dimensions are
usually too small for many industrial components.

A. Extrusion

The majority of alloys processed by extrusion include
both cast and wrought aluminum grades. There are
findings showing that extrusion parameters affect the
billet quality and properties of thixoformed compo-
nents. This fact was revealed for billets of the A356
aluminum alloy fabricated by a hot extrusion through a
flat-face and a curved die.[192] In the case of extrusion via
the flat-face die, there was a large variation in the
average grain size and the mean roundness of equiaxed
a-Al grains accompanied by a large scattering in the
tensile properties throughout the part. In contrast, when

the billet extruded through the curved die was used as
the feedstock, limited variation in tensile properties was
observed.
The warm extrusion was found effective in generating

a uniform and spheroidal microstructure suitable for
thixoforming in the AA7005 aluminum alloy.[193] After
thixoforming at 605 �C and T6 heat treatment, the
highest tensile properties reached 237 MPa, 361 MPa,
and 16.8 pct for yield stress, ultimate tensile strength,
and elongation, respectively. It was found that more
liquid fraction at the temperature of 612 �C is beneficial
for homogeneity of solid distribution within the thixo-
formed part. Similarly, hot extrusion was effective in
billet manufacturing of the AA6061 aluminum alloy.
The extrusion of the as-cast alloy in a hydraulic press at
460 �C with an extrusion ratio of 14:1 followed by
partial melting at 635 �C for 5 minutes led to solid
particle diameter of 100 lm.[194] The globule/matrix
interfaces were harder than the Al matrix itself. The
deformation method by hot extrusion with a ratio of
27:1 was used with the same AA6061 aluminum alloy to
disintegrate the initial dendritic structure for thixoform-
ing.[17] After partial melting, Cu, Mg, and Si were the
major elements distributed along the globule/matrix
interfaces. Also, the single-step hot extrusion was used
to deform the AA6066 Al-Mg-Si alloy leading to fine,
globular, and uniform morphology after a

Fig. 29—Explaining low formability of magnesium: (a) anisotropy of magnesium crystal at room temperature; (b) texture formation during
rolling process; (c) cracking of magnesium alloys during attempts of rolling; (d) brittle fracture surface of magnesium alloy cracked during
rolling. Reprinted from Ref. [258].
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short-duration salt bath treatment.[18] With increasing
the extrusion ratio, the dynamic recrystallization
became more severe producing smaller recrystallized
grain.

A single-step hot extrusion at 330 �C to 350 �C was
found to be effective for the AZ61 magnesium alloy.[13]

The directly cast bars with a diameter of 203 mm
(8.5 in.) were extruded to diameter of 76 mm (3 in.),
heated to a semisolid state and formed by squeeze
casting. In the case of the AZ80 alloy modified with
micro additions of Y, a single-step extrusion was
effective during billet preparation for thixoforming.[159]

B. Compression

A cold compression with a reduction in height by up
to 40 pct was used for the AA7075 aluminum alloy.[195]

After heating to semisolid range of 625 �C, the average
size of solid particles gradually decreased with the
increasing compression ratio, and the largest reductions

were seen for compressions below 30 pct. An uniaxial
compression of 10 to 40 pct at ambient temperature was
sufficient to generate globular particles in the Al-Zn-In
alloy.[22] Increasing the compression ratio from 10 to
30 pct, positively affected the particle sphericity after
isothermal holding between 635 �C and 660 �C for
40 minutes. Further increasing the compression ratio up
to 40 pct led to particle coarsening and reduction in
their sphericity. The same compression range of 28 to
30 pct at 300 �C was also effective for the AZ31B
magnesium alloy.[160]

A requirement of minimum deformation to generate
globular morphologies was demonstrated on high-melt-
ing point, high-entropy alloy AlCoCrCuNi.[196] As
shown in Figure 32, compression deformation at
850 �C with a strain of 25 pct did not generate globular
forms after partial melting as was the case after larger
deformation of 50 pct imposed at 1050 �C. It seems also
that for the AM60B alloy the compression extend
affected the microstructure after partial melting.[197] The

Fig. 30—Examples of chips manufactured by mechanical comminuting: (a) ZA27 zinc alloy; (b) AZ91D magnesium alloy—cutting followed by
grinding; (c) AZ91D—cutting only; (d) MEZ magnesium alloy with additions of rare earth elements—turning. Reprinted with permission from
Ref. [253].

3248—VOLUME 49B, DECEMBER 2018 METALLURGICAL AND MATERIALS TRANSACTIONS B



coarse-grained structure disappeared and a fine-grained
structure resulted in the cyclic extrusion compressed
alloy. However, coarse grains and recrystallized grains
co-existed when the same alloy was deformed by

conventional compression. After partial melting, the
alloy treated by cyclic extrusion compression exhibited
fine microstructure, in which spheroidal solid particles
contained pools of entrapped liquid.

Fig. 31—Microstructure transformations within Mg-9Al-1Zn chips produced by mechanical comminuting (left hand side) and granules produced
by rapid solidification (right hand side) during heating. The corresponding temperatures are indicated on simplified phase diagram: A room
temperature, B heated in solid state above recrystallization temperature, C heated into semisolid state. Reprinted with permission from Ref.
[185].

Fig. 32—Schematic illustration of the microstructural evolution of cast AlCoCrCuNi high-entropy alloy (a) after deformation of 25 pct strain
rate at 850 �C (b) followed by partial melting at 1250 �C (c) and 50 pct strain rate at 1050 �C (d) followed by partial melting at 1250 �C (e).
Only in the case (d), the partial melting led to a spheroidal morphology. Reprinted with permission from Ref. [196].
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C. Rolling

A possibility of utilizing ultra high strain hot rolling,
consisting of one rolling pass with large thickness
reductions was examined for grain refinement in the
AZ91 alloy.[198] The large deformation led to grain
refinement and the dynamic recrystallization mechanism
was highly dependent of the initial texture. The process
is seen as an alternative to other more expensive
deformation methods such as powder metallurgy or
ECAE. The conventional rolling was effective to man-
ufacture semisolid billet of the ZCuSn10 (88.25Cu,
10.48Sn) alloy.[95] Two or four pass rolling after holding
15 minutes at 450 �C which let to 10 and 20 pct
deformation was sufficient to generate globular mor-
phologies after partial melting. For the wrought
AA7075 aluminum alloy, rolling was found to be
effective to eliminate a presence of continuous and
brittle intermetallic compounds from grain boundaries
as it was the case for conventional SIMA process.[20]

D. Forging

Experiments with the A356 alloy showed that radial
forging can induce enough strain at 60 pct of area
reduction to prepare billet for high solid fraction thixo-
forming.[199] Similarly, as it was observed for other
deformation techniques, further increasing reduction up
to 75 pct did not contribute to themicrostructure improve-
ment.Radial forging at the temperature of 300 �Cwas also
used to deform the AA6063 Al alloy bar into a stepped
shaft with different area reduction ratios.[172] An isother-
mal holding in solidus–liquidus range showed that increas-
ing deformation ratio led to smaller grain size and
improved sphericity. For the AA7175 Al alloy, an
improvement was recorded for the modified processing
consisting of casting, two-stage homogenization, warm
multiforging, recrystallization followed by semisolid form-
ing, compared with multistage conventional process con-
sisting of casting, hot working, and cold rolling with a
reduction ratio up to 20 pct.[16] The improved efficiency of
the modified process was attributed to the enhanced
recrystallization kinetics due to the relatively large amount
of uniform deformation imposed by multiforging and a
high density of Mg(Zn, Al, Cu)2 precipitates. It is believed
that precipitates, formed by two stage homogenization,
acted as the preferential recrystallization sites.

Upsetting at 300 �C at a constant strain rate of 1/s
with 25 and 50 pct cross-section reductions using a
multistage hot-compression testing machine was effec-
tive to prepare a billet from the as-cast Cr-V-Mo steel
(AISI H13).[200] As a result, fine spherical structure with
homogeneous distribution of carbides was generated.
Larger deformations of 50 pct, higher heating rate of
50 �C/s and shorter holding time of 20 seconds were
more effective in microstructure refinement through
higher degree of nucleation during recrystallization,
inhibiting the growth of austenite grains and coarsening
of solid particles in solidus liquidus range.

For some alloys there is a possibility of improving
properties created after thixoforming through heat
treatment.[201,202] In the case of H13 steel, the
microstructural evolution caused by tempering

improved ductility. When tempering temperature was
560 �C, a good combination of mechanical properties
was achieved. Schematic illustration of complex evolu-
tion of spheroidal microstructure during tempering at
various temperatures is shown in Figure 33.

E. Severe Plastic Deformation

An application of the ECAE technique to manufac-
ture billets for thixoforming was investigated for a
variety of magnesium alloys including the AZ80,[203]

AZ91,[25,153,204] ZW21,[205] AM60,[206] AM50[207] and
ZW61[208] grades. The common benefit quoted is that
the fine grain microstructure after deformation trans-
forms to small granules in semisolid state. For the
AZ91D alloy, the four-pass ECAE deformation at
300 �C resulted in an average grain size of 20 lm and
after partial melting the globule size of 25 lm.[204] For
the same AZ91D alloy deformed by two pass ECAE at
280 �C after partial melting at 540 �C solid particles
reached 50 lm.[25] The tensile properties of the AM50,
thixoformed alloy at 600 �C using a billet prepared by
ECAE were roughly 30 pct higher than after forming at
the same temperature of 600 �C using a cast billet.[207] A
finer microstructure was obtained for the same AZ91D
alloy thixoformed after RUE at 285 �C, 310 �C, and
340 �C where solid particles reached 12 to 24 lm.[209]

For the ZK60+RE alloy, the solid particle size was
also smaller after ECAE at 350 �C using a die with
curvature angle of the outside corner of 90 deg than
after compression at 350 �C in a hydraulic press with the
compression ratio of 40 pct.[210] The solid particles in
the slurry obtained after single-pass MDF of the A356
aluminum alloy developed a similar sphericity but
smaller globule size than after MHD stirring.[211] As
reported for conventional deformation techniques,
increasing the number of forging passes led to the
coarsening of solid particles.

F. Combinations of Different Deformation Techniques

The comparison of combination of ECAE and hot
rolling over a single deformation via hot rolling was
documented for the Mg-3Zn cast magnesium alloy with
a-Mg dendrites having an average secondary arm
spacing of 250 lm.[70] The single-step hot rolling at
350 �C refined the alloy microstructure by creating
deformation bands of the a-Mg particles of the order of
10 to 50 lm that were separated by Zn-rich precipitates.
Reheating led to globular morphology and at 630 �C,
globular particles reached a diameter of 82 lm. An
additional deformation of the hot-rolled alloy using the
ECAP method at 250 �C led to laths with a thickness of
0.4 lm and a length of 3 lm as well as equiaxed grains
with a diameter of 0.5 lm, both separated by Zn-rich
precipitates. After reheating of this microstructure to a
temperature of 630 �C, the spheroidal morphologies
with an average globule size of 62 lm were formed.
Thus, a step of ECAE deformation reduced solid
globules by 25 pct compared to that achieved for
hot-rolled billet (Figure 34). A similar globule size was
obtained for extrusion of the AZ91 alloy at 350 �C to
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400 �C with a ratio of 30 to 50:1 followed by compres-
sion at 200 �C to 220 �C with a nominal strain of 20 to
40 pct.[15] After isothermal holding at 570 �C to 580 �C
for 30 to 180 seconds, the globular solid particles
reached size in the range of 40 to 60 lm.

Majority of multistage treatments, however, do not
provide assessments of individual steps, just focusing on
the final effect. A combination of hot extrusion, solution
treatment, aging, and upsetting with different ram veloc-
ities was conducted at temperature range of 280 �C to
380 �C of the LY11 aluminum alloy (4.1Cu, 0.64Mg,
0.54Mn with solidus of 514 �C and liquidus of 642 �C)
revealed processing parameters affecting transformation
into globular forms.[212] After partial melting at 580 �C to
620 �C, the average size of grains increased with the
increasing deformation temperature, and decreased with
decrease in the ram velocity. Increasing the isothermal
temperature and elongating holding time would benefit
the fragmentation spheroidization and coarsening of
solid particles. Similar behaviors were researched during
forging and lateral extrusion of various aluminum alloys
including grades designed for wrought processing.[213]

G. Deformation in Semisolid State

Development of thixotropic structures by imposing
deformation in semisolid state is beyond the scope of this
review. The technique is briefly mentioned here since in
the literature for its scenario the same SIMA term is
sometimes used.[30] For example, severe plastic deforma-
tion ECAP explored pressing the A356 aluminum alloy at
572 �C through two channels with an intersection angle of
90 deg.[31] Then, the deformed material was subjected to

isothermal holding at the same temperature of 572 �C.As
a result of the ECAP deformation and isothermal holding
in the semisolid state, the fine spheroidal solid structure
was created. It was concluded that the globular structure
was observed even in early stages of the isothermal
holding, the dendritic structure has completely broken
down, and isothermal coarsening in the deformed alloys
well obeys the LSW equation.
As expected, deformation of semisolid slurry involves

different mechanisms than discussed in this report for
solid-state SIMA. To identify these mechanisms, thix-
otropic compression test was conducted on a RUE-pro-
cessed AZ91D magnesium alloy at temperatures ranging
from 500 �C to 550 �C by means of a Gleeble-1500
thermal–mechanical simulator.[29] Among deformations
experienced by the slurry, the elastic-like deformation,
strain-hardening deformation, and rheological vis-
coplastic deformation were named. The dominant
deformation mechanisms included slipping or rotating
mechanism of the solid particles along the liquid films,
the slipping mechanism between the solid particles, the
plastic deformation mechanism of the solid particles.
and the dynamic recrystallization within solid particles.

X. AN ASSESSMENT MATRIX FOR
THIXOFORMING

For a manufacturing technology to achieve the
commercial acceptance in today’s market, clear advan-
tages of superior product properties and competitive
cost must be demonstrated. Unfortunately, when assess-
ing the advantages of semisolid routes over conventional

Fig. 33—Schematic illustration of microstructural evolution during tempering at various temperatures of thixoformed AISI H13 steel. Reprinted
with permission from Ref. [202].
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techniques such a single evident advantage often does
not exist. Therefore, to understand differences between
conventional and novel processing techniques, an
assessment matrix should be created. An example of
processing elements to be considered during such a
comparison is shown in Table III.

For thixoforming the assessment is not straightfor-
ward since some factors may superimpose on each other.
For example, while comparing mechanical properties it
is difficult to separate the contribution of porosity and
other defects in casting from the microstructural factor.

A change of manufacturing from casting to thixoform-
ing and then to wrought processing is associated with a
transition from dendrites to globular morphologies to
equiaxed grains. These changes are superimposed on a
reduction in porosity and other defects related to melt
solidification. Then, the same is valid for a comparison
between semisolid microstructures generated at different
temperatures. The lower thixocasting temperature, the
lower contribution of liquid and associated with it
solidification shrinkage and other melt-related defects.
At the same time, the higher contribution of globular
forms that replace dendritic morphologies. It is a
common expectation that reduced temperature will lead
to better properties. So far, there is no consistent
evidence that the microstructure of present alloys,
generated after semisolid processing, leads to substantial
increase in mechanical properties with reduced process-
ing temperature. In fact, for magnesium alloys, there are
examples showing exactly the opposite trend.[141]

There should also be a distinguished difference
between properties of an alloy manufactured as a test
sample and properties of the same alloy within different
regions of a net-shape component. The intricate shape
of components will influence defect formation during
manufacturing with a contribution from liquid fraction.
The properties after thixoforming are usually located
between values generated after casting and after
wrought processing. To show the scale of differences,
several selected examples are listed in Table IV. Some
additional results may be found in Reference 214. It is
seen that for thixoforming of cast alloys tensile prop-
erties exceed their equivalents achieved after casting.
However, the properties of wrought alloys after thixo-
casting are generally below values obtained after
wrought processing. The misleading conclusions are
sometimes reached in the literature by utilizing the
hot-worked state as a comparison base for wrought
alloys. One should, however, remember that the optimal
properties of wrought alloys are not those achieved after
hot rolling or hot extrusion.

XI. CONCLUDING REMARKS

Thermomechanical treatment of cast solid metals
prior to partial melting represents an effective tool of
influencing the solidification outcome and converting
dendritic structures into globular morphologies. The
concept is explored for manufacturing billets for thixo-
forming using a variety of alloys ranging from low

Fig. 34—Microstructure of the Mg-3 pct Zn alloy after hot rolling,
ECAP deformation followed by reheating to 630 �C and water
quench: (a) TEM micrograph of the grain boundary region and
diffraction pattern with indexation of reflections from the area
marked by red ring: (b) optical image after etching, observed in bias
light. Reprinted from Ref. [70] (Color figure online).

Table III. An Example of Matrix Used for Assessing the Semisolid Processing

Casting Semisolid Processing Wrought Processing

Major Structural Features dendrites globules/dendrites grains
Internal Integrity (Porosity-P) Pc Pssp<Pc 0
Alloy Properties low intermediate high
Component Properties low intermediate high
Heat Treatment Capabilities no/yes yes/no yes
Process Temperature above liquidus liquidus–solidus below solidus
Relative Component cost low intermediate/high high
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temperature melting aluminum and magnesium to steel
and Co based grades. The solid-state deformation is also
essential for coarse particulate feedstock, utilized for
semisolid forming either directly or after compaction
into billets. Although the original deformation concept,
called SIMA, defined the specific procedure, the term
became a generally recognized synonym for a variety of
thermomechanical treatments offering an opportunity of
controlling the solidification microstructure. It is gener-
ally accepted that the solid-state deformation treatment
provides high-quality billets for thixoforming, but it
represents additional steps in manufacturing cycle,
increasing substantially the component cost. Although
the complex, frequently multiple deformation scenarios,
ranging from conventional to severe plastic deformation
techniques, generate very fine-grained structures in the
billet, there is no evidence that the extra manufacturing
efforts are fully compensated by a corresponding
increase in properties of a thixoformed component to
the level that allows it to successfully compete with
well-established conventional technologies of mass-scale
production.
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