Modern Aspects of Liquid Metal Engineering

FRANK CZERWINSKI

Liquid metal engineering (LME) refers to a variety of physical and/or chemical treatments of
molten metals aimed at influencing their solidification characteristics. Although the
fundamentals have been known for decades, only recent progress in understanding
solidification mechanisms has renewed an interest in opportunities this technique creates for
an improvement of castings. This review covers conventional and novel concepts of LME with
their application to modern manufacturing techniques based not only on liquid but also on
semisolid routes. The role of external forces applied to the melt combined with grain nucleation
control is explained along with laboratory- and commercial-scale equipment designed for
implementation of various concepts exploring mechanical, electromagnetic, and ultrasound
principles. An influence of melt treatments on quality of the final product is considered through
distinguishing between internal integrity of net shape components and the alloy microstructure.
Recent global developments indicate that exploring the synergy of melt chemistry and physical
treatments achieved through LME allows creating the optimum conditions for nucleation and
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growth during solidification, positively affecting quality of castings.
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I. INTRODUCTION

CASTING is the manufacturing process in which a
molten metal is injected or poured into a die/mold cavity
to create a product being either a raw feedstock for
further processing or a final component with a near-net
or net-shape configuration. Conventional casting offers
a limited part quality at a relatively low cost, in contrast
to solid-state forming routes, which provide generally
better properties but at substantially higher price.!"! The
present techniques offering high-quality parts are asso-
ciated with complex multistep operations exploring the
wrought path with additional hot and cold forming,
machining, and other shaping processes after casting. As
an intermediate measure, there are efforts aimed at
reducing the cost of solid state processing and, inde-
pendently, at improving quality of casting.” It is
believed, however, that the ultimate solution may only
be achieved through development of a novel technology,
which will combine the best features of both processes
by offering the highest properties typical for wrought
products at the low cost and simplicity of casting
(Figure 1).

The progress made in the last few decades by the
casting industry is associated mainly with the develop-
ment of new hardware and auxiliaries. This applies, in
particular, to high-pressure die casting (HPDC),
invented in 1838 for the purpose of producing movable
type for the printing industry and since 1894 has been
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applied for casting of engineering components, being
well suited for mass-scale production of bulk metallic
parts.’] At present, HPDC is the major technology of
manufacturing parts for the automotive industry. The
new machinery, control electronics, tooling and vac-
uum, robotics and postcasting treatment automation
improved the manufacturing outcome and productivity.
So far, the hardware improvement is not matched by
understanding and exploring opportunities created by
molten alloys. There is, therefore, a renewed interest in
the processing side of HPDC and other casting tech-
niques especially in controlling the nature of molten
metal supplied to the die/mold. At the center of an effort
aimed at casting improvement and a quest for a novel
technology of large-scale Production is so-called liquid
metal engineering (LME).¥

This review provides the fundamentals and applica-
tions of LME covering the laboratory- and commer-
cial-scale processes based on both the liquid and
semisolid routes. Particular attention is paid to novel
elements of LME developed in recent years that
combine the melt physical treatment with manipulating
its chemistry and temperature to create conditions for
optimum nucleation and growth, leading to an improve-
ment of the solidification outcome. A link with conven-
tional treatments aimed mainly at melt alloying,
degassing, and purification is emphasized throughout
the article.

II. CONCEPTS OF LIQUID METAL
ENGINEERING

The term liquid metal engineering involves a variety of
physical and/or chemical treatments of molten metals
aimed at influencing their solidification. Although a
simplified approach may limit the phenomenon to

VOLUME 48B, FEBRUARY 2017—367


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0807-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0807-6&amp;domain=pdf

Novel
technology <—— Cost reduction Wrought
products
gl
£
3 ~—
2 5
@ £
= [
g S
£ 5
T
2
&
Castings

Manufacturing cost

Fig. 1—Schematics showing cost—quality relationships for compo-
nents manufactured through casting and through solid state forming
path. An anticipated location of the novel, single-step manufacturing
of net shape components is indicated. Reproduced from Ref. [4] with
permission of ASM International.

single-phase molten alloys above the liquidus line, in
general, however, it also covers manipulating liquid
alloys coexisting with a solid phase, as is the case at
temperatures in the liquidus—solidus range.””

A traditional approach to liquid metal treatment was
limited to alloying to optimize the chemical composition
and refining to remove detrimental impurities. Neverthe-
less, molten alloys are dynamic systems of high complex-
ity and controlling their structural state represents an
opportunity of modifying properties of the product
formed after solidification.”! At present, there are vari-
eties of techniques to implement LME and in addition to
refining through degassing and filtering, there are also
implemented various stirring/shearing/agitations meth-
ods based on mechanical, ultrasound, and electromag-
netic principles.'” For example, ultrahigh shear mixing/
de-agglomeration solutions, used by food or chemical
industries, are also tested with metals. Combining molten
alloys with specific temperatures and chemistries is
recently explored.”! This includes chemical modifications
for grain refinement with or without melt agitation. The
latter may be used to explore internal constituents of melt,
e.g., oxide phase inherently present there. When during a
process of mixing, thixotropic slurries are used instead of
liquid alloys, it opens a way for generating unique alloys
and metal matrix composites. In fact, this method may be
effective for mixing metals that normally are immisci-
ble.’) Although LME generally refers to treatment of
liquid or solidifying alloys it should be mentioned that the
characteristics of two phase slurries may also be affected
by their deformation history while in solid state prior to
melting.!”’

The liquid alloy treatment may take place either at the
stage of raw material generation with a destination for
further processing as is the case during semisolid
technologies or directly prior to casting into net shape
components. Even though at the stage of raw material
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generation the overall objective may be limited to the
alloy microstructure, during forming net-shape compo-
nents, it must cover both the alloy microstructure and
the component integrity. It is worth noting that the
opposite approach of manipulating liquid to maximize
porosity to create foamed materials is of engineering
interest as well.l'” In principle, LME is applicable to all
alloys although the present activities are focused on
aluminum and magnesium due to their lower melting
temperature and therefore less challenging design of the
processing hardware.

To avoid confusion, it should be pointed out that the
same term of “‘liquid metal engineering” has been used
for decades by the US Atomic Energy Commission for
development and non-nuclear testing of liquid metal
reactor components, thus, covering entirely different
processes and materials.'") The Liquid Metal Engineer-
ing Center and the Liquid Metal Information Center,
established in 1966, supported the US Government’s
Liquid Metal Fast Breeder Reactor (LMFBR) program.
Also, outside the United States, the term is used by the
nuclear industry with focus on liquid metals in fusion
and other energy systems (liquid metal cooled nuclear
reactor) with a devoted cyclic International Conference
on Liquid Metal Engineering and Technology.!'* The
3rd conference of this cycle, organized by The United
Kingdom Atomic Energy Authority in Oxford (UK) in
April 1984, placed emphasis on the use of sodium in
LMFBRs.["* Some confusion may also be created by
the term liquid metals while referring to amorphous
alloys, the unique materials that are distinguished by
their ability to retain a random structure when they
solidify, in contrast to the crystalline atomic structure
that forms in ordinary metals and alloys. The same term
is incorporated into the company name producing
amorphous alloys—Liquidmetal Technologies, Inc.['*

III. NUCLEATION AND GROWTH DURING
SOLIDIFICATION

Solidification is one of the most fundamental
nonequilibrium phenomena universal to a variety of
materials. The modern science of solidification began in
the 1940s with an application of heat flow to predict
casting defects!" and culminated in 1964 with a
publication Principles of Solidification by Bruce
Chalmers.!'%

When a liquid metal is subjected to cooling, it
solidifies. Alternatively, solidification may occur as a
result of pressure change. After nucleation, solidification
is continued by the movement of the solid-liquid
interface and atoms are transformed from the disor-
dered liquid state to the more ordered solid state, which
is fundamental to metals processing. This phenomenon
is not only paramount for castings but also for welding,
powder manufacturing by atomization, or wrought
components using cast ingots as a raw material. It is
also essential for generation of amorphous materials.
Although in the past few decades there has been a spike
in the amount of research devoted to crystal nucleation,
our understanding of crystal nucleation is far from being
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complete. The basic elements of nucleation and growth
theory during solidification along with its present
interpretations, helping to understand the effect of
LME on structural refinement of castings, are provided
in this section.

A. Nucleation: Homogeneous, Heterogeneous and
Enhanced Heterogeneous

According to classical theory, the nucleation of a new
phase is a stochastic process, involving fluctuations of
nuclei to overcome an energy barrier. The clusters of
crystalline atoms, seen as a homogeneous crystalline
phase clearly separated from liquid by a distinct
interface, are considered as macroscopic objects.!'”-!®!

The total free energy of formation for a spherical
crystalline nucleus of radius R is expressed by the sum of
a volume term and surface term, respectively:!'”’

AGy,., = %nR3nsA,u +4nR*y 1]
where ng is the number density of particles in the solid,
Au is the difference between the liquid and solid chem-
ical potentials, and y is the liquid—solid interfacial ten-
sion. This AG* goes through a maximum at the critical
radius R, = 2y/(nsAp) (critical nucleus size) and the
height of the free-energy barrier is given by:

16my?
AG, =——T"— 2
hom 3(nSA,u)2 [ ]

Then, the crystal nucleation frequency / per unit
volume is obtained as:

I= %exp [—AG},./ Tks] 3]
where k is a constant, kg is Boltzmann’s constant, and
T is temperature. According to Eq. [3], the nucleation
frequency is controlled by the kinetic factor 7, which
is the characteristic time of material transport control-
ling crystallization.

It is a common assumption that an undercooled liquid
is in a “homogeneous disordered state” before crystal-
lization. Nevertheless, this statement was questioned
recently, offering a novel view of the nature of an
undercooled liquid state and the mechanism of crystal
nucleation. For example, when researching colloidal
liquids, it was proposed that contrary to this common
belief, an undercooled state is actually not homogeneous
but has transient medium-range structural order.'”
According to this assumption, nucleation preferentially
takes place in regions of high structural order via
wetting effects, which significantly reduce the crys-
tal-liquid interfacial energy and thus promote crystal
nucleation. It is argued that this evidence helps solving a
long-standing dilemma of a large discrepancy between
the rigorous numerical estimation of the nucleation rate
on the basis of the classical nucleation theory and the
experimentally observed ones.

In practice, the energy barrier to homogeneous
nucleation AGj ., can be substantially reduced, when
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nuclei can form at preferential sites, e.g. mold wall,
impurities, or catalysts:

AG;et = S(G)AGgom [4]

where S(0) is a contact-angle-dependent function and
for small contact angles S(0) is very small (=10~%). A
relation between energy barriers for homogeneous and
heterogeneous nucleation is shown schematically in
Figure 2. As shown in Figure 2(a), for a given energy
barrier AG, heterogeneous nucleation requires lower
undercooling. Figure 2(b) shows a free energy differ-
ence as a function of nucleus size. In the case of spin-
odal decomposition, the supercooled liquid is
unstable with respect to the crystalline phase, and the
transformation to the crystal proceeds in a barrierless
fashion."® To take advantage of heterogeneous nucle-
ation, it is important to understand which materials
can either promote or inhibit nucleation events.

Over decades, substantial progress has been made in
understanding the nucleation of solids in melts at very
high undercooling. This is in contrast to nucleation at very
low undercooling. According to recent research, for very
small undercooling, the process is deterministic, not
stochastic.”” Furthermore, nucleation takes place exclu-
sively on heterogeneities and proceeds as athermal nucle-
ation where the number of nucleation events depends on
the undercooling but not on time nor on the mechanism
(adsorption, wetting or nucleation) of the initial formation
of a thin solid layer on the nucleant area.

The heterogencous nucleation can be further
enhanced by providing substrates for easy nucleation
described as nucleation potency. The latter term is
defined as the crystallographic lattice mismatching
between materials of the substrate and nuclei. The
epitaxial nucleation model, proposed recently,?
assumes that heterogeneous formation of the solid
phase on a potent (small lattice misfit) substrate occurs
by epitaxial growth of the pseudomorphic solid phase
on the substrate surface under critical undercooling
(Figure 3). The growth of solid phase progresses by
creating misfit dislocations at the interface between the
pseudomorphic phase and the potent substrate to
transform the pseudomorphic phase into a solid phase
followed by coherency change from initially coherent to
semicoherent. The critical undercoolin% AT, during
epitaxial nucleation was determined as:?

YLs + VsN T VLN
AT, = LS TISN T VLN
N AS 5]

where y1s, ysn are interfacial energies after the epitax-
ial nucleation: y g between liquid phase L and solid
phase S and ygn between solid phase S and nucleation
substrate N. The interfacial energy y;n is between lig-
uid phase L and nucleation substrate N before epitax-
ial nucleation. In this equation, AS, is the entropy of
fusion per unit volume and /. is critical thickness of
the pseudomorphic layer. Equation [5] allows calculat-
ing the critical undercooling AT, under which the
pseudomorphic layer is able to grow to critical thick-
ness /.. This mechanism is explored for improvement
of alloy properties through grain refinement.
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Fig. 2—Energy barriers of solidification nucleation: (a) schematic of energy barriers for homogeneous AG

s

«
tom and heterogeneous AGy, nucle-

ation under certain undercooling A7, showing an advantage of the latter. As seen in the plot for a given energy barrier AG*, the heterogeneous
nucleation requires lower undercooling. (b) Schematic showing free energy difference AGY; as a function of the crystalline nucleus size n for
homogeneous AGY, heterogeneous AGY ., nucleation and spinodal decomposition along with views of crystalline cluster nucleating within the
undercooled liquid in each case. Fig. (b) reproduced from Ref. [18] with permission of MDPI, Basel, Switzerland.

B. Growth

After a nucleus is formed, solidification enters the stage
of growth. If the enthalpy of the solid is less than that of
the liquid, the process may generate heat. Similarly,
solute may partition into the liquid if its solubility in the
solid is less than that in the liquid. The accumulation of
solute and heat ahead of the interface can lead to
circumstances in which the liquid in front of the
solidification front is undercooled. The interface thus
becomes unstable, and in appropriate circumstances,
solidification becomes dendritic. When regular cells grow
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at a relatively low rate they grow perpendicular to the
liquid—solid interface regardless of crystal orientation.
The microstructure formation in metal castings may be
predicted from a model of solute diffusion.”? At higher
growth rates, the crystallographic factor takes control of
the growth direction, which deviates toward preferred
crystallographic orientation. A dendrite tends to branch
because the interface instability applies at all points along
its growth front. As a result of branching, the growth
front has a tree-like character, which is the origin of the
term dendrite. The essential role of convection and fluid
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Fig. 3—Epitaxial model for heterogeneous nucleation of a solid
phase S on the potent substrate N from liquid phase L: (a) initial
state before formation of the pseudomorphic layer; (b) formation of
the pseudomorphic layer with coherent interface with the substrate;
and (c¢) nucleation completed by formation of misfit dislocations and
interface conversion to the semicoherent one. Adapted from Ref.
[21] with permission of Springer.

flow durin% solidification and crystal growth is well
established !

When considering LME at temperatures in the
solidus—liquidus range, the question arises as to whether
the external force applied during solidification can cause
mechanical deformation of dendrites. According to
common belief, fluid flow during solidification does
not exert mechanical effect on growing dendrites. As
stated in Reference 24, there is no evidence reported in
the literature that dendritic arms were mechanically bent
as a result of the external force. Numerical simulations
concluded that, under most conditions possible during
solidification, the likelihood of mechanical damage of
dendrites is remote.”®! Nevertheless, the twin condition
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required for dendrites to deform; i.e., very thin dendrite
accompanied by high flow velocity of melt can exist in
undercooled melts as verified for Cu-O and Cu-3 wt pct
Sn systems.

Modern X-ray techniques allow in situ observations of
nucleation and growth of individual grains during
solidification within the bulk of liquid metals, offering
the opportunity to validate the theoretical models.*® For
Al-Ti-B alloys, the metastable TiAl; phase was identified
as being responsible for enhanced nucleation. After the
formation of aluminum grains, the TiAl; phase subse-
quently dissolved at the expense of the more stable solid
aluminum-titanium alloy. An example of real-time obser-
vations of nucleation and growth for selected chemistries
of the Al-Ti-B system is shown in Figure 4. The growth
curves of individual aluminum grains with and without
added TiB, particles show a close resemblance to the
behavior of the solid fraction. For diffusion-controlled
growth of noninteracting grains, the grain radius R(7) as a
function of time 7 is given by:

R(t) = As\/Ds(t — t5) [6]

where 4 is a parameter determined from the titanium
solubility in the liquid and the solid phases, Ds is the
diffusion constant of solute titanium in the liquid, and
t; is the moment of nucleation of the grain.

For decades, there has been a discussion to determine
which of two stages, nucleation or growth, exerts a
larger effect on the casting structure. There is a merit in
the recent tendency toward emphasizing the paramount
role of nucleation. Nevertheless, to take full advantage
of solidification, both stages, nucleation and growth,
should be understood and explored.

IV. IMPROVING CLEANLINESS OF MOLTEN
METALS

Molten metals, especially those with high reactivity
like aluminum, have a tendency to absorb hydrogen gas
from the atmosphere, and the ability to readily oxidize.
Moreover, impurities may form due to reactions with
refractories and crucible walls and due to alloying
additions to the melt. A control and removal of gas and
solid impurities from molten metals is of key importance
to produce quality castings. There is a tight link between
conventional melt treatments and new concepts of
LME. For any manipulation aimed at modifying
solidification microstructure, melt cleanliness is essen-
tial. In addition, during majority of novel LME treat-
ments, melt degassing and purification is superimposed
on other processes of melt agitation.

A. Degassing

Molten alloys are susceptible to entrapped and
dissolved gasses, which after solidification have a
detrimental effect on the mechanical properties of
castings. As examples of gas sources, fossil fuel decom-
position and chemical flux material or alloy additives are
frequently given. Also, water from moist air or wet tools
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Fig. 4—Real-time observations of solidification of Al-Ti-B alloys using X-ray methodology: («) through (c¢) grain nucleation and solid fraction as
a function of time for cooling rates of 1 K/min and 10 K/min (1 °C/min and 10 °C/min); (d) grain growth of Al and metastable TiAl; as a func-

tion of temperature. Reproduced from Ref. [26] with permission of Elsevier.

decomposes to release hydrogen in the melt. In the case
of reactive metals such as aluminum, the typical
phenomenon is adsorption and dissolution of hydrogen
in its liquid state. Then, during solidification, dissolved
hydrogen transforms into porosity within aluminum
alloys, which is detrimental to the mechanical properties
of castings and forgings. Thus, in addition to preventing
the entering of hydrogen into the melt from outside,
measurements of its content and subsequent removal are
standard procedures prior to casting.

Vacuum degassing is used primarily in the steel
industry.”” The present degassing techniques of alu-
minum include rotary impeller degassing and the flux
injection process in addition to traditional purge gas
insertion methods, which is seen as less effective.””®! An
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example of a commercial concept is shown in Figure 5.
The overall mechanism is that inert gas collects the
soluble hydrogen atoms, leading to hydrogen molecule
formation inside the lower pressure of the collector gas
bubble. As a purge (collector) gas, the most commonly
used is nitrogen. Argon, being heavier, provides better
cover around the melt and produces less metal-rich
dross. Active halogens are used as well to improve the
efficiency of degassing with an inert gas.

In a technique patented in the 1960s, a flushing cap
device is used in conjunction with a lance injection tube
for more efficient removal of gasses.” As a flushing
medium, nitrogen or other similar gases are used. The
removal of dissolved gases occurs by diffusion from the
metal into the bubbles of the inert gas. As long as the

METALLURGICAL AND MATERIALS TRANSACTIONS B



Fig. 5—Design of foundry degassing unit (FDU) for an improve-
ment of quality of nonferrous castings based on the impeller princi-
ple with rotor, which mixes an inert gas, usually nitrogen or argon,
with the melt. The gas bubbles are distributed widely through the
melt while maintaining a smooth melt surface resulting in short
treatment times, effective degassing, and melt cleaning. Courtesy of
Foseco, http://www.foseco.com.

hydrogen diffuses freely from the metal, flushing for a
certain period of time lowers the concentration of
hydrogen in the melt. During purging of the melt with
gas, the surrounding atmosphere affects the rate of
hydrogen removal since the molten bath tends to
reabsorb hydrogen by reacting with atmospheric mois-
ture and absorbing hydrogen from combustion prod-
ucts. Therefore, an oxygen-free atmosphere overlying
the molten metal, such as dry nitrogen, is provided. The
rotary impeller degassing, introduced in the 1980s, relies
on feeding the purge gas through a rotating shaft,
impeller, or rotor. The finer bubbles, formed in this
technique, reside for a longer time inside the melt,
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collecting more hydrogen atoms. In the 1980s, Pechiney
developed the IRMA™ (Injecteur Rotatif en four de
MAuintien) process based on introduction of gas bubbles
in the melt through the use of rotary impellers accessing
the furnace through the roof.*”

B. Combining Gas With Fluxes

To improve the quality of the aluminum melt, in
addition to nonmetallic inclusions and hydrogen, dis-
solved alkalis like sodium and calcium need to be
removed. To improve the effectiveness, rotary degassing
is combined with a floatation treatment using a variety
of fluxes.”®*!" The flux is delivered by a purge gas of
nitrogen or argon. The flux should have a granular
morphology that flows and should melt only after
entering the molten alloy.*? Since the process in
addition to finely dispersed argon uses chlorine, hex-
achloroethane, C,Clg, and other products, it requires
environmental considerations. For example, covering
fluxes that form a molten layer to help protect the melt
from oxidation and hydrogen pickup. Directly before
pouring, so-called drossing-off fluxes are added to react
exothermically to allow recovery of some aluminum
from dross and agglomerating the oxides for easy
removal. The cleaning fluxes remove nonmetallic inclu-
sions by agglomerating them together with dross. Fluxes
are also added to remove the oxide buildup from
furnace walls.

To remove impurities from the melt on a casting line,
in-line refining (degassing) equipment is typically
installed between the holding furnace and the casting
equipment.®*! The main element of the Rotary Flux
Injector™ by STASPY is the spinning nozzle, through
which a carrier gas (nitrogen) delivers the fluxing agent
(solid salts) underneath the metal surface. The liquefied
fluxing agent is dispersed through the combined actions
of the disperser and the injection of the carrier gas. It is
claimed that the design significantly improves the
efficiency of the fluxing process. An effective solution
was also achieved by Melt Treatment System 1500,5% a
rotary degassing vortex treatment along with a specially
developed flux that reduced the amount of dross created
and produced dross with a lower metal content, there-
fore, minimizing the metal loss. The high cleanliness of
the melt resulted in better fluidity, die filling, and
extended feeding distances. Also the volume fraction,
size, and location of porosity were positively affected.

C. Ultrasonic Degassing

The possibility of using ultrasonic technology for
metal degassing was first suggested in the 1930s. Yet,
successful industrial application of ultrasonic degassing
light alloy melts was only accomplished in the 1960s
when essential relationships were established between
the hydrogen removal and cavitation development.l*®
The primary physical phenomenon associated with
ultrasound that is relevant to treatment of molten
metals is acoustic cavitation. It relies on the formation,
growth, and implosive collapse of bubbles in a liquid
that creates extreme conditions inside the collapsing
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bubble and serves as the origin of most sono-chemical
processes.?”!

After a liquid metal is subjected to ultrasonic vibra-
tions, the alternating pressure above the cavitation
threshold generates bubbles in the liquid, which first
grow than collapse. When cavitation develops, mass
transfer intensifies causing the diffusion of dissolved
hydrogen toward the bubbles and then along with them
to the melt surface.*® The versatility of ultrasonic
applications includes, in addition to degassing, different
effects on liquid metal such as grain refinement and
segregation control.*”!

One experimental ultrasonic degassing method uses
high-intensity ultrasonic vibrations to generate oscillat-
ing pressures in a liquid metal®” A treatment of
aluminum alloys in air, under vacuum and in a
combination with an argon purge, were able to remove
gas within a few minutes of ultrasonic vibration, much
faster than traditional degassing methods. It is of
interest that the ultrasonic degassing efficiency was
increased by small volumes of purge gases. Also, the
amount of dross was reduced by more than 50 pct. In
fact, recent concepts of the ultrasonic device comprise
an ultrasonic transducer with a probe and a gas outlet at
or near the tip of the probe.*! Another improvement
was achieved by combining ultrasonic degassing with
mechanical stirring."*? For fixed ultrasonic parameters,
the degassing efficiency and casting porosity depended
on the melt temperature and on the rotation speed of the
mechanical stirrer.

In addition to testing new hardware designs, exper-
iments were performed for specific commercial alloys.
For the AISi9Cu3 aluminum alloy (all alloy composi-
tions are given in wt pct), the degassing rate was four
times higher as compared to the gas purging method.*
When using hardware based on the novel multifre-
quency multimode modulated technology, it was found
that ultrasonic degassing is effective in reducing porosity
as well as in improving the final density of AISi9Cu3
castings.[**! As stated, the effectiveness of ultrasound in
degassing and in removing impurities from molten
metals can be increased by an addition of a purging
gas into the molten metal bath in close proximity to the
ultrasonic device.*”! Research with melt quantities of up
to 150 kg confirmed ecarlier laboratory tests that a
moving ultrasound probe could achieve results similar
to those of the argon process but with an advantage of
not relying on expensive and fragile graphite rods and
expensive gas that cannot be captured and recycled.[*®
Treating molten metal with ultrasound is cleaner and
more efficient than using argon rotary degassing to
produce high-quality castings. Nevertheless, despite
promising laboratory tests, the commercial application
of ultrasonic degassing is still very limited.

D. Removal of Inclusions

There are several methods to remove inclusions from
molten metals to prevent slag, dross, or pieces of
refractory from the melting crucible entering the casting,
including:*"
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(i) Filtration where molten metal and inclusions are
separated by porous media
(i1) Sedimentation where particles agglomerate on the
bottom of the molten metal
(iii) Flotation where inclusions congregate on the sur-
face of the molten metal
(iv) Centrifugal separation where inclusions are re-
moved by rotating filters due to the density differ-
ence

These techniques replace an older approach of
removing inclusions through whirl gates and extensive
runner systems.

Several established filter technologies are available
including strainer cores, woven cloth or mesh, and
ceramic tile filters, with the latter being considered as the
most effective.*®) The most popular solutions include
pressed cellular, extruded cellular, and foam filters. The
pressed cellular filters are generally characterized by
their round cells when extruded ones have square cells
and foam filters have a random dodecahedron-type
structure. Selection of an appropriate filter depends on
melt chemistry and pouring temperature, amount and
type of slag or inclusions, and expected performance
factors such as the throughput rate.*”! For example, the
standard ceramic cellular or reticulated foam filters are
not readily adaptable to highly automated die casting
and permanent mold casting operations. Ceramic hon-
eycomb filters®® featuring large surface area, high
mechanical strength, and good thermal shock resistance
are mainly used in the foundry environment. In metal
casting, honeycomb ceramic filters remove impurities
and reduce casting porosity leading to improved casting
quality (Figure 6(a)).

Ceramic foam filters (CFFs), introduced in Ilate
1970s,°" have wide application in molten metal filtra-
tion (Figure 6(b)). Reticulated CFFs are widely used in
the foundry because of their high permeability and
excellent filtration efficiency.’? Ceramic foams have a
three-dimensional reticulated structure and excellent
properties including high-temperature resistance, chem-
ical corrosion resistance, low bulk density (0.25-0.65) g/
cm’, and large surface area as a result of high porosity
(60-90 pct). CFFs operate in a mode of deep bed
filtration with inclusions smaller than the pore openings
being retained within the filter. This type of filter is
meant for single use so they are replaced after every cast.

Ceramic foam filters, specifically their design® and
manufacturing techniques,®* are subjects of extensive
research. Also filtration mechanisms are studied with
details of the inclusion removal in aluminum alloys and
the use of alternative filter materials. The filtration
mechanism comprises two parts: (1) transport of inclu-
sions to the filter wall and (2) entrapment of inclusions
by the filter wall. Of particular importance are phenom-
ena of collision by interception and wetting (surface
tension) between inclusion and aluminum and between
filter and aluminum. For effectiveness of filtration,
particles to be removed should directly contact or at
least reach the vicinity of the filter wall. To accomplish
this, the metal carrying the inclusions must wet the filter
material.
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Fig. 6—Ceramic filters used for molten metal filtration: («) honey-
comb filter™® and (b) foam filter.”" Courtesy of Induceramic Inc.

Foam filters are produced from several ceramic
materials, the composition of which depends on the
type of metal subjected to filtration.®™! In addition to
wetting melt, filters should be characterized by high
thermal shock resistance, resistance to the corrosive
effect of metal melts, mechanical strength at high
temperatures, and effectiveness of the filtration process.
It is of interest that in aluminum filtration, alumina is
the most common filter material, even though alumina is
not wetted by aluminum.®®’ Alumina filters show the
best combination of high thermal shock resistance and
filtering efficiency.l>”!

For cast steel, where temperature reaches 1923 K
(1650 °C), ZrO,-based filters are currently applied.™
Trials of cast steel filtration using two types of newly
developed foam filters in which carbon was the phase
binding ceramic particles have been conducted. In one
filter, the source of carbon was flake graphite and
coal-tar pitch, whereas in the other one, Igraphite was
replaced by a cheaper carbon precursor.[*’

Despite widespread use of metal filtration, ceramic
filters have several drawbacks that limit their
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applicability. Although filter preheating is applied, they
tend to be clogged by freezing particles on the first
contact with the molten metal. To prevent clogging,
metal is overheated by at least 100 K (100 °C), nega-
tively affecting melt stability and increasing consump-
tion of energy. To eliminate the need of overheating,
carbon coatings have been applied to the surface of
ceramic filters to reduce the thermal mass of the part
that comes into direct contact with the molten metal.l*"!
As a further improvement, the filter comprising a major
ceramic phase and a minor carbon I_Fhase bonded by a
phosphate compound was proposed.[®!!

V. PHYSICAL TREATMENT OF MOLTEN
METALS

External forces (stress) applied to a molten alloy to
initiate flow within it, an effect generally referred to as
agitation, result in macroscopic and microscopic mass
transport that assists a distribution of heat and chemical
constituents, therefore, affecting solidification. Although
there are many techniques of physical treatment of
molten alloys, three major categories including stirrin%,
vibration, and impact are most often distinguished.”
The specific terminology is not consistent throughout
the literature, and to draw a conclusion, the device used
to interact with the melt should first be assessed.
Advantages of agitation of a molten metal were noticed
as early as in 1870 where experiments on steel showed
that the shaken melt developed after solidification a
much finer grain structure.[*? This review is not focused
on activities during primary steps of alloy generation
but on treatments explored during molten metal pro-
cessing prior to casting final components.

A. Mechanical Stirring

Mechanical stirring is accomplished by augers,
impellers, or various shape agitators attached to rotat-
ing shafts. An advantage of mechanical stirring is that
its impact on the melt can easily be quantified through
measurements of torque, geometry, and rotational speed
of the mixer. By analogy with solids, one type of
deformation of molten metal under stress is shear. To
create flow in a molten metal, a stress must be applied.
Under an applied force F to the area A4, one type of
deformation is shear t expressed as:

F
=— 7
== 7
The shear rate j(s ') in a system under a force
describes the rate of change of velocity v with distance &
and is defined as:

y=1 3

A resistance of a liquid to deform is referred to as
viscosity. The fundamental relationship between a force
and deformation in liquids is the subject of rheology.
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The concept used to exert a shear on liquids originates
from the late 1800s and relies on concentric cylinders
with a uniform gap around the inner cylinder. The
cylinders are rotated either independently of each other
or together in the same or opposite directions (Figure 7).
The rotation generates shear forces within the liquid
held in the gap between cylinders, which is measured as
torque. When the inner cylinder rotates and outer
cylinder is fixed (with no torsion wire), the design is
called the Searle type. When the outer cylinder rotates
and inner cylinder is suspended by torsion wire, the
design is called the Couette type. A modification was
introduced in the 1930s!°? with a conical slope at the end
of the inner cylinder to ensure the shear rate is uniform
throughout the fluid volume, even in the region under
the inner cylinder. The same ideas were later adopted for
molten metals. For both methods, Searle and Couette,
the shear stress is calculated for the inner cylinder:1®

M

’ anbR% [9]
where M is the torque of the inner cylinder, Ry is the
radius of the inner cylinder (bob), and /, is the
immersed depth of the inner cylinder. The experiments
with Couette-type viscometers in the early 1970s led to
the original observation that stirring of molten alloy
during solidification leads to thixotropic morphologies
instead of to dendritic forms.[° As explained at that
time, melt shearing caused “‘breaking up dendrites.”

A distinction is made between active stirring, where
shear is directly induced, and passive stirring, where
molten metal is forced to flow through stationary
narrow channels.®”) The latter takes place at the
injection stage of die casting or injection molding when
metal flows at very high velocity through the gating

Searle

Couette

M

Fig. 7—Schematics of Couette/Searle device to impose shear on mol-
ten metals. Differences between Couette and Searle concepts are
indicated.
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system to fill the mold/die cavity. In case of thin wall
casting, high velocities accompany flow of the melt
inside the part as well (Figure 8).!°* To magnify the
mixing effect by injection screws in plastics molding,
static mixers of complex geometry are introduced to the
melt flow path.

Examples of hardware solutions where mechanical
stirrin%6 9is explored include continuous mechanical stir
caster,’®” injection molding machinery with its recipro-
cating screw action,”” or shearing cooling rolls. A
scaled-down casting concept with two intermeshing
screws within the twin barrel (cylinder), fed with a
liquid alloy, was explored in a laboratory environ-
ment.”” Tt should be noted that the twin screw design,
based on a rheo-processing principle, is essentially
different from the single screw commercial system based
on the thixo-processing concept, which is fed with solid
coarse metal particulates called chips, pellets, or
granules.”

In hardware designs, using barrel and reciprocating
injection screws, the material is sheared between two
surfaces that move in relation to each other, i.e., the
barrel inner wall and root of the screw (Figure 9). As the
relative speed between screw and barrel increases and
the radial distance between them becomes smaller, the
shear increases. At any single point along a screw, the
shear can be calculated as:'"!

DN

5= 219.1h [10]
where S is the shear rate (reciprocal seconds); D is the
screw diameter (mm); N is the screw speed (rpm); and
h is the screw channel depth (mm). The literature
description of processing mechanisms inside the injec-
tion molding barrel, including shearing phenomenon,
refers predominantly to plastics. A replacement of
high-viscosity plastics with low-viscosity metal leads to
essential differences with details described in Chapter 5
of Reference 2.

B. Mechanical Mold Vibration

Agitation of a molten alloy may be achieved through
mold vibration. An advantage of this method is that no
mixers are inserted into the melt, helping to avoid
corrosion. For practical reasons, frequencies used are
rather low. The effect of mold vibration with a fre-
quency up to 20 Hz on the solidification structure was
verified for an AI-Si eutectic alloy and gravity die
casting.”” The mold vibration caused refinement and
improved uniformity in distribution of the eutectic
silicon. Also, the a-Al dendrites experienced refinement.
The alloy developed increased tensile strength and
hardness after post-cast heat treatment with the highest
values recorded for the frequency of 15 Hz.

A similar range of vibration frequency up to 24 Hz
was tested for the AZ91D magnesium alloy.””?! It was
concluded that the mold vibration during melt solidifi-
cation caused grain refinement and improvement of
mechanical properties. The optimum frequency of mold
vibration was between 12 and 16 Hz. The same vibra-
tion frequency range 12-16 Hz was optimal for an
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Fig. 8—Velocity distribution of the melt and air content in the die cavity using different plunger speeds in vacuum high-pressure die-casting: (a)
plunger speed of 3.0 m/s and (b) plunger speed of 2.5 m/s. Silafont-36 (AlSi9MgMn) alloy. Reproduced from Ref. [68] with permission of
MDPI, Basel, Switzerland.
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SCREW-BARREL AXIS
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Shear Stress and
Temperature
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Fig. 9—Mixing and shearing of a material by injection screw/barrel
couple: (@) a view of injection screw inside the barrel; (b) shearing
details during screw rotation; and (c) shear distribution inside the
barrel as determined for polymers. At present there are no proven
data for molten metals. Figures: (a) courtesy of CONCOR—Tool
and Machine, http://www.concortool.com; (b) reproduced from
Ref. [2] with permission of Springer; (c) reproduced from Ref. [175]
with permission of Gardner Business Media, Inc.

improvement in thermal conductivity and diffusivity of
Al/TiC composites.” A higher frequency in the range
from 40 to 150 Hz was tested using Al-6 wt pct Cu
alloys.”>’% The vibration was introduced when the melt
reached 973 K (700 °C) and continued until complete
solidification. An increase in vibration frequency from
40 to 150 Hz was accompanied by a finer grain size and
by an increase in alloy hardness. In conclusion, no
chemical additives for grain refinement were required.

C. Concept of Ultrahigh Shear Mixing

The ultrahigh shear mixers are designed for applica-
tions that are beyond the capabilities of a conventional
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agitator or stirrer. The terminology of “ultrahigh shear
mixing”’ came from nonmetallurgical applications where
rotor—stator devices called high-shear mixers were intro-
duced for high-volume de-agglomeration offering many
advantages compared to traditional colloid mills, media
mills, immersion mills, and high-pressure homogeniz-
ers.’’! The concept is widely used across processing
industries, including chemical, cosmetic, food, pharma-
ceutical, adhesives, and plastics for emulsification,
homogenization, blending, dissolving, de-agglomera-
tion, particle size reduction, and dispersion of solid
particles or gas suspended in liquid. Such devices are
operated either in batch or inline arrangements. For
example, in-line high shear mixing followed by adsorp-
tion was found to be effective for desulfurization of
diesel fuel.l”® Typical applications, power draw, and
flow characteristics of rotor—stator mixers have been
reviewed in References 79 and 80.

In a typical design, a rotor or impeller, together with a
stationary component known as a stator, or an array of
rotors and stators, is used either in a tank containing the
solution to be mixed, or in a pipe through which the
solution passes, to create shear. A specific example of
design of an ultrahigh shear mixer for other media than
molten metals represents a rotor—stator configuration
with unique geometries and multistage arrangements of
concentric intermeshing teeth. The mixed material
moves through channels of the rotor and stator teeth
with very close tolerances between ad%'acent surfaces,
thereby experiencing very high shear.®!! A different
design explores high-velocity pumping vanes that force
the material into semicylindrical grooves where it splits
into different streams colliding at a high frequency
before leaving the mixer.!®”

In another rotor—stator design, a rotor with a diam-
eter of 85 mm has four blades and the stator has 72 slots
on the side with 8 holes on the top.***¥ According to
computer modeling, the maximum stress was located in
the rotor—stator gap. The modeling also showed that a
minimum speed is required below which the rotor—stator
mixer cannot be used. The ultrahigh shear-stator rotor
design shown in Figure 10 was recently tested with
chemical solutions. As verified by computational fluid
dynamics, the residence time distribution in the mea-
surement outlet agreed with the outlet flow.® Due to
the essential difference between media used by other
industries and molten metal, mainly the temperature
range and corrosive attack, the hardware design is not
universally interchangeable. Nevertheless, a combina-
tion of a simple rotor—stator unit is also adaptable for
metallurgical processing. This concept is used to gener-
ate an intensive melt shearing to disperse effectively the
harmful inclusions into fine particles and enhance
nucleation during subsequent solidification.®

D. Electromagnetic Stirring

The essence of electromagnetic stirring is the current
J:

1
J=-VxB 11]
u
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Fig. 10—Design example of ultrahigh shear mixer based on cylindri-
cal stator-rotor: schematic diagram of the reactor (right), 2.5-mL
rotor—stator (center), and 9.5-mL rotor-stator (left). 2.5-mL reactor
diameter (T) 13 mm, liquid height (H) 22 mm. 9.5-mL reactor diam-
eter (T) 30 mm, liquid height (H) 15 mm. Reproduced from Ref. [85]
with permission of John Wiley & Sons.

generated in the liquid metal according to Faraday’s
law when alternating current circulates through coils
placed around the crucible (¢ magneto conductivity, B
magnetic intensity). The electromagnetic, Lorentz force

F =J x B, imposed on molten metal, is expressed as:™*”
1 B B’

F=-(VXxB)xB=(BxV)——V— 12

L(VxB)xB=(Bx V) -V5 12

indicating the whirling force stirring the melt (first
component of equation) and radial restriction force
(second component). A schematic of power modules
(poles) arrangements of an industrial device along with
an example of molten metal velocities modeled are
shown in Figure 11.[5%

The electromagnetic technologies are used for ferrous
and nonferrous metals.®™ The key limitation of this
method is its scalability. According to Reference 90, an
industrial-size ingot requiring relatively intense steady
magnetic-field strength inside an air gap on the order of
300 mm width would require a current intensity of
about 40,000 A. To reduce energy requirements, a
solution based on an extension of the so-called
Helmholtz resonator was proposed.”’! The Helmholtz
resonator consists of a bottle almost entirely enclosing a
volume of air, with a small opening constituting a
coupling between the air in the bottle and the external
air of the room. As shown in Figure 12, the resonator
consists of a cavity with a liquid metal, where the neck is
crowned by a small pulsating electromagnetic pump;
this pump plays the role of an exciter for the resonant
cavity. An alternating voltage is applied between the two
electrodes while the pump is subjected to a stationary
magnetic field perpendicular to the variable electric
current. In this design, the cavitation threshold depends
mainly on the electromagnetic pressure peak, and under
well-developed cavitation, a Ver?/ fine and homogeneous
microstructure was obtained.!”°

In another design, exploring the electromagnetic prin-
ciple, the horizontal stirrer contains three phases and three
poles, with each phase located circumferentially so that the
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Fig. 11—Simplified diagram of a unit for modeling magnetohydro-
dynamic processes in the mold of a continuous section caster (a) and
velocity field (m/sec) in the cross section of the mold (center of the
stator) for I = 150 A and f = 6 Hz (b). Reproduced from Ref. [88]
with permission of Springer.

current flows through the coils.”? The electromagnetic
force, oriented toward the circumferential direction, causes
refinement of the o-Al phase in an A356 aluminum alloy.
Another proof of concept was verified through an annular
electromagnetic stirring unit. The device was used to assess
the effect of cooling rate, stirring power, and stirring time
on the solidification behavior of A357 alloy.”” As
expected, increasing the cooling rate and stirring power
caused higher grain refinement. The fully refined equiaxed
grain structure was obtained within 10 seconds of pro-
cessing. It is believed that the uniformity of temperature
and chemical composition during the initial stage of
solidification increased the effective nucleation rate.
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Fig. 12—Magnetohydrodynamic cavity resonator designed to in-
crease effectiveness and reduce the extremely high current intensity
required. Adapted from Ref. [90] with permission of Springer.

E. Ultrasonic Treatment: Sono-Solidification

Ultrasonic power is an effective and energy-efficient
means to apply high shear and intense stress to liquids,
powder—liquid mixtures, and slurries (Figure 13). This
makes it a strong alternative to other stirring techniques,
including high-shear mixers. A mechanism of melt
stirring with ultrasound is the same as that described
during degassing with the main role attributed to gas
bubbles. In recent research,” direct observation was
conducted of the penetration of a liquid metal into
preexisting grooves (acting as microcapillary channels)
during the ultrasonic processing of liquid Al-10 wt pct
Cu alloy. This phenomenon is known as the sono-cap-
illary or ultrasonic capillary effect. Some large-scale
government programs are focused on researching the
effect of ultrasonic treatment on solidification of alloys,
in particular, the effect of ultrasonic vibration on the
nucleation and growth of grains during solidification.”

The sonic or ultrasonic irradiation of molten metals is
mainly carried out with magnetostrictive or piezoelectric
transducers.”” The coupling rods made of quartz,
graphite, or various ceramic materials are used to
transfer vibrations to a molten metal, and these mate-
rials are attached to the transducer by special cements.
Due to a high temperature and corrosive environment,
there are serious hardware challenges during service.
For example, the oscillating rods, which are immersed
into molten aluminum alloys, experience rapid dissolu-
tion causing detrimental performance effects. The rod
material contaminates the melt, and the ultrasound
distribution becomes nonuniform within the melt vol-
ume, intensifying cavitation near the transducer or the
coupling rod face. Thus, the present designs are better
suited for smaller volumes of molten alloys.
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Fig. 13—Experimental setup for sono-solidification (10): l—ultra-
sonic generator, 2—treatment vessel, 3—vessel holding device,
4—thermocouple, 5, 6—upper and lower plates, 7—ultrasonic horn,
and 8—ultrasonic transducer. Reproduced from Ref. [176] with per-
mission of US Government.

Ultrasound concepts were tested with many metals
and alloys. Experiments of ultrasonic treatment during
solidification of low-carbon steel showed, in addition to
degassing, grain refinement and elimination of the
Widmanstatten structure.””® With ultrasonic treatment,
pearlite was broken up and the average length of pearlite
plates decreased several times. The most extensive
research on ultrasound treatment was accumulated for
aluminum alloys. For example, sono-solidification of Al
alloys with Si content from 7 to 17 wt pct changed the
shape and size of a-Al grains toward smaller and more
regular ones.””) The nonequilibrium o-Al grains con-
tained higher Si content than the primary «-Al grains of
the hypoeutectic Al-Si alloy, solidified without ultra-
sound treatment. In addition, the long plate-like,
Fe-containing intermetallic phases were refined, con-
tributing to an improvement in mechanical properties.

Experiments with the A356 alloy, treated during
solidification with high-power ultrasound at a frequency
of 18 kHz, showed superior microstructure characteris-
tics with very low micro-porosity levels.”® The effects
included, in addition to a high level of hydrogen
degassing, general microstructure refinement and posi-
tive morphological changes of eutectics. In turn, the
ultrasonic treatment of AISi7Mg and AlSi9Cu3 alloys
allowed the achievement of a density of 98.5 pct after
just 2 minutes, which affected the shape and size of the
primary «-Al grains and the eutectic silicon. Similar
to reports by other authors,’” the ultrasound changed
the morphology of Fe-containing intermetallic phases
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Al;5(Mn,Fe);Si, and AlsFeSi from long plates into short
and thin pdrtlcles with different shapes, uniformly
distributed in the matrix.’”) The positive effects were
also recorded for the 7050 aluminum alloy, having a
different chemical composition than the previously
described Al-Si casting grades. When solidified under
the ultrasonic treatment, the alloy developed a finer
microstructure than that obtained in the conventionally
cast ingot with the o-Al phase changed from coarse
rosette-like to fine globular morphology.'°” During
postcasting heat treatment of such a microstructure,
higher strengths were achieved after shorter homoge-
nizing/aging periods, thus, reducing the energy
consumption.

F. Using Gas for Melt Stirring

In conventional metallurgy, the treatment of molten
metals with purged gases prior to casting is used to
remove dissolved gases (particularly hydrogen), non-
metallic solid inclusions, and unwanted metallic impu-
rities. For example, argon stirring of molten steel
through porous plug is used to improve flotation of
inclusions. To accompllsh melt }z)urlﬁcation the
equipment described earlier is used.'’ The new con-
cepts of melt treatment use gas for agitation of the
molten alloy to modify the solidification microstructure.
So far, the same or slightly modified equipment is used
for new applications. To implement the gas stirring
concept, gas pumps were used for stirring molten metal
directly in a melting furnace.'” The purged gas
improved the rate of melting through maintaining
uniformity of composition and temperature in an
otherwise standing volume of molten metal. In another
design, the argon gas is delivered through metal tubes
arranged in a spiral conﬁguration in circumferentially
spaced relation to one another 1n fixed position with
respect to the refractory block.!!

The use of gas bubbles to agitate a molten metal during
solidification for a purpose of grain refinement through
generating th1xotroglc slurries for rheocasting was intro-
duced in 2006.'%1%) The essence of the apparatus is a
porous graphite rod, with approximately 10 pct porosity,
used as a diffuser (Figure 14). When mounted in a steel
crucible and connected to an argon gas cylinder, it injects
fine gas bubbles into the melt. A combination of rapid
cooling and vigorous convection during solidification led
to grain refinement in the A357 aluminum alloy. This
method, called a gas-induced semisolid process was tested
with the A356 alloy during sand casting.'®”! A similar
method, called rotating gas bubble stirring treatment, was
found to be effective for magnesium alloys.!"** It relies on
injecting fine gas bubbles into the melt during solidifica-
tion through a rotating steel diffuser. As a result, fine and
spherical «-Mg particles of the primary solid were
obtained in an AZ91-2 wt pct Ca alloy. The formation
of globular morphology was attributed to two phenom-
ena: copious nucleation induced by cooling effect of gas
bubbles and dendrite fragmentation, caused by stirring
effect of bubbles.
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Fig. 14—Schematics of the apparatus used for grain refinement by
melt mixing during solidification exploring gas bubbles purged by
the porous graphite rod in the center. The porous graphite is used to
purge gas with fine bubbles. Reproduced from Ref. [105] with per-
mission of Elsevier.

G. Role of Solid State Deformation Preceding Melting

In previous sections, treatment was exclusively
focused on a fully liquid state. Nevertheless, the nature
of liquid alloy coexisting with solid, as is the case in the
solidus-liquidus range, can also be controlled by a
deformation history of its solid state prior to melting.
The phenomenon is generally known as stress (or strain)
induced melt activation (SIMA) and is classified as a
route of generatmg globular structures for semisolid
processing.”! The full cycle involves four stages: casting,
hot working, recrystallization, and partial melting. The
term of RAP, developed as an acronym for the last two
stages, exists in the literature as an equivalent to
SIMA ']

The common techniques of 1 }])osing deformation
include rolling,!"'” extrusion,! and severe plastic
deformation such as by equal channel angular pressing
(ECAP).""I' A combination of hot rolling and ECAP
was also found to generate a thixotropic microstructure
in M§—3 wt pct Zn alloy after reheating to a semisolid
state.'" Another combination explored to create
thixotropic slurry is warm multiforging followed by
recrystallization and partial melting. The method was
tested for the 7175 aluminum alloy.'' The SIMA
mechanism is responsible for transformation of coarse
metal particulates into thixotropic slurry during com-
mercial-scale processing of metals within an 1n]ect10n
moldlng barrel.!"'®"") The limitation of SIMA is the
maximum size of the component where cold deforma-
tion can be introduced. In practice, cross sections
activated are rather small, for some deformation tech-
niques below 30 mm.
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VI. APPLICATION AREAS AND BENEFITS OF
LME

The applications where LME can benefit the quality
of cast components, described in this section, do not
emphasize the conventional alloying, degassing, and
melt purification.

A. Casting Integrity

Particular attention has been paid recently to
so-called high integrity (or structural) castings, where
after solidification, the net-shape parts have negligible
porosity.!"® There are many factors affecting casting
integrity in addition to alloy chemistry, including
die/mold design, casting technique, and process param-
eters. An application of vibration during filling of thin
wall investment castings, applied at sufficiently high
temperature, increases metal fluidity. For the A356
aluminum alloy at temperatures exceeding 1023 K
(750 °C), the fluidity increase reached 17 pet.!''” Sim-
ilarly, a vibration during welding, seen as a widely
accepted manufacturing procedure, led to grain refine-
ment, improved weld integrity, and mechanical proper-
ties.!'*”) Substantial advantages are expected after
application of LME to casting of fully molten alloys
using the HPDC technique. The ability to achieve low
porosity in predictable locations is seen as the major
commercial gain in mass-scale production of net shape
components. It is clear that the better quality compo-
nents with higher strength lead to a series of savings due
to the possibility of component size reduction for the
same application causing lower material and energy
consumption and a smaller machine needed to manu-
facture it translating to lower capital investment. The
casting integrity is discussed further in a later section.

B. Grain Refinement

The grain size is seen as the primary feature describing
the casting microstructure. For most alloys, grain
refinement leads to an improvement of their structural
homogeneity and mechanical properties. During con-
ventional casting, the alloy grain size is affected by its
chemical composition and by temperature of the molten
state, tem})erature of the mold/die, and cooling
rate.l'>" 123l Thus, the refined grain size is commonly
seen as the benefit of LME. It should be emphasized that
the grain size in cast structures may be interpreted
differently than that in the wrought state. Therefore, to
assess literature conclusions, it should be checked first
what morphological feature was exactly measured. In
some cases, a refinement is interpreted through a
reduction of dendrites and quantified through secondary
dendrite arm spacing. Also, a replacement of dendritic
structures with globular ones is often seen as a refine-
ment although a diameter of the primary solid particles
may reach an order of 500 um.

In a review performed in 1980 on the effects of
vibration on solidification, theoretical models were
assessed concluding a mechanical-fragmentation as a
best fit for dendritically solidifying alloys.!'**'*! For
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materials such as pure metals, solidifying with a planar
front, a close correlation was revealed between the
theoretical threshold for cavitation and the onset of
grain refinement. No obvious evidence was found to
suggest fundamental differences among ultrasonic,
sonic, and subsonic vibration.

There are several ways that ultrasonic treatment alters
grain nucleation. For example, the pressure oscillations
in a melt under ultrasonic processing cause changes of
the liquidus temperature. As a result, some parts of the
melt are superheated and the other parts are under-
cooled. This phenomenon occurs at high frequencies
and causes an increase in the amount of nuclei in the
melt [126:127

According to theoretical mechanisms, cavitation leads
to an increase in melting temperature predicted by the
Clausius—Clapeyron equation:

ar_ LA
dT  TAv Av
de ;

where dar s the slope of the tangent to the coexistence
curve at any point, L is the specific latent heat, T is
the temperature, Av is the specific volume change of
the phase transition, and As is the specific entropy
change of the phase transition. The Clausius—Clapey-
ron relation characterizes a discontinuous phase transi-
tion between two phases of matter of a single
constituent. On a pressure—temperature (P—7) diagram,
the line separating the two phases is known as the
coexistence curve. The Clausius—Clapeyron relation
gives the slope of the tangents to this curve. Thus, the
temperature increase that is observed due to cavitation
along wetting of otherwise unwetted insoluble particles
and acting as nucleation substrates contributes to grain
refinement.!'?*!

Ultrasonic treatments led to significant grain refine-
ment of A356 alloy (Figure 15). The experimental
verification revealed that ultrasonic treatment reduced
the overall temperature of the treated melt, thus,
reducing its pouring temperature.!'?®! It was subse-
quently concluded that the grain size of the A356 alloy
was closely correlated with pouring temperature, sug-
gesting that ultrasonic grain refinement is predomi-
nantly a result of heat removal by the horn and
ultrasonic stirring.

[13]

C. Exploring Melt Impurities for Grain Refinement

Although this process relies on exploring exogenous
particles for grain refinement similar to that discussed
earlier, it is treated here separately because of its
potentially great importance in practice. The essential
point is to explore melt impurities as effective substrates
for grain refinement. A particular role in grain refine-
ment is ascribed to metallic oxides inevitably present in
molten alloys, especially those with high reactivity to
oxygen such as Mg and AL!'?1% Duyring melting,
pouring, and transfer processes, as a result of melt
turbulence, the oxide formed on the free surface is
entrained into the alloy volume.!'*"! When the oxidized
surface is folded over onto itself and entrained into the
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Fig. 15—Effect of ultrasonic treatment on grain size for cast A356
aluminum alloy: (@) variation of grain diameter at 25.4 mm from
bottom of casting and liquid temperature with elapsed time at
1223 K (950 °C) for various ultrasonic treatments; (b) variation of
grain diameter at 25.4, 76.2, and 127 mm from bottom of casting
with pouring temperature. Reproduced from Ref. [128] with permis-
sion of MDPI, Basel, Switzerland.

bulk liquid, a particular case of defect is formed, called
the double oxide film defect with characteristic features
of unbonded oxide surfaces, separated by a gas. The
entrained oxides along with other defects prevent
manufacturing of high-integrity parts.

By exploring LME, the harmful effect of these oxide
inclusions is not only eliminated but also used as the
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effective grain refiner. The oxide films on molten Mg
alloys, when deliberately dispersed using intensive melt
shearing, act as endogenous particles for effective grain
refinement. For the Mg-9Al-1Zn alloy, the microscopic
analysis of oxide, extracted from molten alloy, distin-
guished the submicrometer-size MgO particles, resulting
from enforced breakup of the oxide films. High-resolu-
tion microscopy revealed good lattice matching between
MgO and the o-Mg matrix.['*?! The experiments con-
clude that by applying intensive melt shearing, the oxide
films and the oxide particles are dispersed to the level
that the rate of their agglomeration is slow, allowing
casting and solidification to continue with the grain
refining effect.

D. Alloy Development

It is generally known that vehicle lightweighting with
aluminum alloys improves fuel economy and reduces
emissions. In fact, it represents a complementary
approach for hybrids and fuel cells to improve vehicle
performance. The strategic visions to reduce the vehicle
weight by up to 20 pct were not implemented, in part,
due to barriers in appropriate alloys, especially for
high-temFerature applications and manufacturing tech-
nologies."** A development of new alloys with
high-temperature capabilities and a high-volume, low-
cost casting process will close the gap by allowing the
production of high-integrity components. Such a tech-
nology would reduce component cost and increase
competitiveness of the manufacturing industry.

The strengthening phases such as Al,Cu, Mg,Si, or
Al,CuMg within the Al-Si-Cu-Mg alloy usually coarsen
or even dissolve at temperatures above 443 K (170 °C),
thus, limiting their practical applications in engine
blocks and cylinder heads. In a search for alloys with
thermal stability exceeding 573 K (300 °C), alloying of
the Al matrix with elements such as Ni, Fe, Cr, Ti, V,
and Zr looks very promising.!'**!3*! Yet, these exotic
elements having high melting temperatures generate
extremely coarse compounds that deteriorate alloy
properties in the as-cast state and require len thy and
costly postcasting homogenization treatment.['** 198 Ap
example of coarse phases in an Al-Si-Cu-Mg base with
Ti-V-Zr additions is shown in Figure 16. In some cases,
even lengthy heat treatment is not effective. Moreover,
to homogenize the molten alloy, high overheating and
long holding times were required, leading to losses of
other, more volatile constituents. It is believed, there-
fore, that the intensive physical treatment will allow not
only for homogenizing its chemical composition but also
for refining alloying compounds of complex chemistry,
being in control of the alloy properties during service.
The melt treatment during alloy generation should offer
a number of benefits: (1) reducing the overheating
temperature required during melting, (2) reducing the
required holding time in a molten state, and (3) reducing
holding times during postcast heat treatment or in some
cases eliminate the need for heat treatment altogether,
thus, essentially improving the energy effectiveness of
the entire process.
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Fig. 16—Coarse phases requiring refinement via LME in the as-cast
Al-Si-Cu-Mg alloy modified with Ti, V and Zr: (a) optical micro-
scopy image; (b) SEM image after deep etching. Alloy composition:
Si-7.02 pct, Cu-0.95 pct, Mg-0.48 pct, Zr-0.56 pct, Ti-0.20 pct,
V-0.32 pct. Composition of phases marked, based on EDX analysis:
#1 o-aluminum, #2 Eutectic silicon, #3 AI2.1Cu, #4 Al8.5Si2.4Cu,#5
Al7.28i8.3Cu2Mg6.9, #6 All4Si7.1FeMg3.3, #7 Al2.8Si3.8V1.6Zr,
#8 AlS5.18135.4Til.6Zr5.7Fe, #9 Al21.4Si4.1Ti3.5VZr3.9, #10 Al6.7-
Sil.2TiZr1.8. All values are in wt pct. Reproduced from Ref. [177]
with permission of Elsevier.

E. Semisolid State Technologies

Semisolid processing has been initially seen as the
technology capable of manufacturing net shape compo-
nents at low cost with properties substantially better
than that offered by casting. The primary objective of
LME within all semisolid technologies is to generate
thixotropic structures through nucleation of globular
forms instead of dendritic ones during solidification to
essentially improve flow durin% net shape forming and
bringing several other benefits.!'*”)

1. Role of Temperature and Time

Lowering the processing temperature below the lig-
uidus replaces the molten alloy with semisolid slurry.
Although in casting of fully molten alloys the LME
provides general improvements of melt quality through
refining and degassing, in semisolid processing, it aims
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additionally at the generation of globular morphologies
of the primary solid. In alloys with multiphase compo-
sition, in addition to the matrix, also the other phases
experience modification.

To assess the role of temperature, high-intensity
ultrasonic melt treatment was applied to an
Al-0.4 wt pct Ti alloy over three temperature ranges:
1083 K to 1043 K (810 °C to 770 °C) (above liquidus),
1043 K to 1003 K (770 °C to 730 °C) (across liquidus),
and 1003 K to 963 K (730 °C to 690 °C) (below
liquidus)."*! As a result of ultrasonication, the primary
AlLTi intermetallics were refined over all three temper-
ature ranges and their morphology changed from typical
large dendritic plates to small compact tablets. As
shown in Figure 17, the ultrasonication effect depends
on processing temperature.

A need for deeper understanding of formation of
thixotropic structures was pointed out recently through
research showing an importance of time over melt
temperature during processing emphasizing the impor-
tance of melting kinetics.'"*"! The experiments conducted
with high-purity aluminum and the binary Al-Si eutectic
alloy claim the possibility of forming thixotropic struc-
tures in materials with no practical freezing range being
at odds with the conventional requirement of the
freezing range defined by inspecting the liquid fraction
vs temperature curve and defined as the processing
window. The results suggest that the time sensitivity
depends on the sample mass, the heat flux, and the phase
transformation temperature.

2. Executing LME Within Solidus—Liquidus Range

The initial research of semisolid processing involved
rheocasting where the molten alloy treatment during
cooling to the liquidus—solidus range caused transforma-
tions from dendritic to globular morphologies. As tech-
nology progressed, several liquid metal treatments aimed
at generating globular morphologies were introduced.
Semisolid processing was subsequently dominated by
thixoforming (thixocasting, thixoforging) where thixotro-
pic raw material, created during the first stage, was
subsequently reheated to semisolid range and then sub-
jected to net shape forming. Nevertheless, due to excessive
cost, thixocasting soon lost its advantage and today’s
semisolid processing is again dominated by rheo-routes.

In contrast to dendritic forms, thixotropic mixtures
act as deformable semicohesive spheroidal solids satu-
rated with liquid where a macroscopic stress applied is
carried by both the solid and liquid phases (Figure
18(a)). This deformation behavior is unique for thixo-
tropic structures. Alloys with dendritic features cannot
be deformed by grain rearrangement due to significant
geometric interference of complex shape solid features,
leading to high flow resistance in semisolid state. To
exhibit thixotropic properties, spheroidal particles
should be surrounded by the liquid matrix and sepa-
rated from each other. Yet, solid particles may often be
interconnected forming complex conglomerates. The
particle agglomeration, as shown in Figures 18(b)
through (d), is detrimental to flow behavior of the
semisolid slurry. This explains challenges of LME to
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Fig. 17—Measurements of the primary Al;Ti particle size distribu-
tion within the ingot samples after ultrasonic treatment (@) treatment
performed from 1083 K to 1043 K (810 °C to 770 °C); (b) treatment
performed from 1043 K to 1003 K (770 °C to 730 °C); (c¢) treatment
performed from 1003 K to 963 K (730 °C to 690 °C). Reproduced
from Ref. [140] with permission of Elsevier.
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eliminate conglomerates and generate the optimum
thixotropic morphologies.

Although during rheocasting the physical treatment
starts within a single-phase liquid, it is continued during
coexistence of two-phase thixotropic slurry (Figure 19).
As a result, at the time of net shape forming, only a
portion of metal remains liquid and requires attention.
The solid fraction range allowing processing was ini-
tially defined between 5 and 60 pct with the upper limit
seen as a content above which alloy freezes so it could
not been flown into the mold cavity. Nevertheless, after
semisolid extrusion molding was invented, that limit was
substantially raised up to over 85 pct, meaning that only
a small fraction of liquid metal remained at the time of
net shape forming."**'*! To add complexity, the thixo-
forming path involves partial remelting of previously
solidified thixotropic alloy, just creating within it again a
fraction of fresh liquid. It should be emphasized that the
chemical composition of the liquid fraction in semisolid
state differs from that measured for the bulk alloy, and as
temperature decreases, these differences grow. To take
advantage of having melts with two different composi-
tions, i.e., initial one and at the stage of forming, the
overall alloy chemistry should specifically be designed for
this purpose."* In addition to less challenging alloys
from the hardware perspective such as Al and Mg grades,
there are also attempts to process alloys with higher
melting temperatures including steel.'* %1 A lack of
specifically designed alloys for this technology is seen as
one of the obstacles contributing to still limited commer-
cialization of semisolid processing.

F. Near-Liquidus Forming

At the time when rheocasting was invented, the
formation of globular structures was explained through
“breaking up dendrites” during the freezing process
either by mechanical stirring or via other forms of
agitation. In the next step, fragments of dendrites within
the melt volume would act as nuclei of new grains that
transform to spheroids. Nevertheless, experimental evi-
dence accumulated later seriously questioned this mech-
anism. Direct observations of the solidification of
transparent liquids with metal-like crystallization charac-
teristics and numerical modeling suggest rather that
globular crystals form through direct nucleation from a
liquid instead of from fragments of broken dendrites.l"*"!

As explained earlier, the morphology of solid in the
two-phase mixture of solid and liquid is controlled by
cooling, convection, or their combination. The particu-
lar role in generating globular forms, however, is
associated with the melt temperature.!* 15U It is a
general casting observation that lowering the pouring
temperature promotes the formation of equiaxed solid-
ification morphologies. In particular, when superheating
is sufficiently low, the whole melt is undercooled and
copious heterogeneous nucleation takes place through-
out it. This leads to complete elimination of the
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Fig. 18—Globular morphology generated during semisolid processing and revealing formation of conglomerates between solid particles by met-
allographic technique of reconstructing the 3D space connections of particles, described in Ref. [178]: (¢) Mg-9 pct Al-1 pct Zn (wt pct) alloy
processed by injection molding: (b) Euclidean distance map of the grains created for determination of topological characteristics; (¢) 2D skeleton
separating the touching grains used for 3D structure reconstructions; (d) skeleton in 3D formed by connecting the ultimate eroded points of 2D
sections. (b) through (d) reproduced from Ref. [178] with permission of Prof. A. Kazakov.

columnar zone and to the formation of fine equiaxed
grains in the entire melt volume. It is clear that the
temperature control imposed by the near liquidus
process may be challenging for certain hardware and
larger alloy volumes. A combination of melt shearing
with reciprocating injection screw and precise tempera-
ture control in near liquidus range conducted within the
injection molding machine led to an ultrafine
microstructure (Figure 20). For magnesium alloy
AZ91D, this way of processing led to a superior
combination of strength and ductility."*! Electromag-
netic stirring at near liquidus temperatures was ex]plored
for the thixotropic structure of AZ91D alloy.*”! Near
liquidus processing combined with squeeze casting was
found beneficial for aluminum alloy as well.['?

G. Alloy Generation by Mixing Thixotropic Slurries

Mixing of thixotropic slurries represents a novel
technique of alloy generation.!’¥ A selection of chem-
istry of individual slurries, mixing proportions, and
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preheating temperature allows controlling partition of
alloying elements between the solid and liquid, thus,
generating alloys with unique microstructures, essen-
tially different from those formed after the conventional
mixing of completely molten ingredients. The same
result may be achieved by mixing solid particulates
(activated by cold deformation) of different alloys
followed by partial remelting.'®

The concept of alloy formation during the semisolid
mixing of two alloys of the same elements is shown in
Figure 21 along with the simple phase diagram and
accompanying room temperature microstructures.
When alloy 1 enters the semisolid state, the melting of
alloy 2 is already well advanced. As a consequence, the
predominant portion of the liquid phase, which is rich in
B, is derived from alloy 2. For the two alloys considered
here, at all molding temperatures, alloy 1 contributes
more solids while alloy 2 supplies more liquid. With
increasing the preheating temperature, the B content in
the liquid is reduced due to a dissolution of the solid
phase rich in A.
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Fig. 19—Schematics explaining concepts of metal treatment during
Ref. [179] with permission of NADCA.

Fig. 20—Near liquidus processing: fine-grain microstructure with a
single unmelted particle shown in the center. Magnesium alloy Mg-9
pct Al-1 pct Zn (wt pet): color etching revealing approximate grain
orientations.

The alloy generation by mixing thixotropic slurries
during semisolid injection molding is of great engineer-
ing importance. The potential advantages may be shown
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semisolid processing based on rheo- and thixo-routes. Reproduced from

by considering mixing of several commercial alloys where
each of them was designed for different properties:
Mg-6Al, Mg-5A1-2Sr, Mg-2Ce-0.3Zn and Mg-9Al-1Zn.*!
Although Mg-9Al-1Zn shows good mechanical proper-
ties with excellent castability, the Mg-6Al is known for its
high ductility and toughness. Hence, by mixing these two
grades, an intermediate range of properties may be
covered. Then, the Mg-5A1-2Sr alloy has excellent creep
resistance at high temperatures. An increase in Al content
during alloying with Mg-9Al-1Zn improves its castability
and room temperature strength while still preserving
satisfactory creep resistance at moderate temperatures.
Similarly, the alloy Mg-2Ce-0.3Zn is designed for high-
creep resistance. An absence of Al results in reduced
tensile properties at room temperature and demanding
casting behavior. Combining it with Mg-9Al-1Zn could
allow for balancing among alloy castability, room
temperature yield, tensile strength, and creep resistance.

H. Mixing Immiscible Metals
There are many couples of metals where the two

elements exhibit a positive heat of mixing (positive AH).
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Fig. 21—Concept of alloy generation by mixing thixotropic slurries: alloy 1 and 2 of the same components A and B were mixed together. C,

and C, show their phase composition at two different temperatures.

As a result, they are unable to form alloys with each
other; i.e., the binary phase diagrams show a miscibility
gap that represents the equilibrium between two liquids
of different compositions. Examples include Cu-Ta,
Fe-Ag, Al-Ta, Pb-Al, Zn-Pb, Pt-Pd, Cu-Pd, Al-Bi,
Al-In, Al-Pb, Ga-Pb, Pb-Zn-Sn, Al-Pb, and Cu-Pb. To
overcome this obvious challenge, several methods were
proposed. In some techniques, stress is applied to the
liquid phase with some analogy to the observation from
the solid state known as the deformation-induced
(severe plastic deformation) intermixing of equilibrium
immiscible elements, leading in stressed diffusion cou-
ples to the homogeneous microstructure.!'>%

The technique developed in the 1980s at MIT,!*
called the “Mixalloying Process,” explores two or more
molten liquid reservoirs and connecting pipes to pump
alloys and injecting them through nozzles to the mixing
chamber. In the chamber, two liquid metal jets were
impinged into a mixing head and intimately mixed the
ingredients by turbulence. After mixing, the alloy is cast
to a water-cooled copper mold. Using this technique,
dispersed-phase microstructures of the immiscible Pb-Zn,
Pb-Zn-Sn, and Pb-Al alloys were produced.[%!57]

Another technique is based on shear mixing semisolid
slurries.™ In the first step, the initial stabilization is
achieved by applying an intensive shear stress—strain
field to create a fine homogeneous liquid dispersion at a
temperature above 7). In the second step, a fine liquid
dispersion is further stabilized by shearing it at a
temperature below T to create a semisolid slurry, the
viscosity of which is high enough that both Stokes and
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Marangoni motions can no longer produce coarse
separation. The high-pressure torsion was explored for
bulk mechanical alloying of combinations of immiscible
Ag-Ni and Nb-Zr systems.'"*® For Ag and Ni, no
alloying on an atomic scale was observed after 100
rotations. In contrast, the §-Zr phase appeared after two
rotations in the Nb-Zr system. Furthermore, Nb and Zr
were completely mixed to form a bcee structured single
phase after 100 rotations. Nonequilibrium phases can
form as a result of high-pressure torsion. Another
strategy for the generation of a new metastable alloy of
immiscible metals is by the pulsed laser irradiation of
colloidal nanoparticles.I'> Using this technique, Au;_,
Ni, 3D structures with 56 at pct of Ni in Au were
successfully manufactured.

1. Mixing Molten Alloys to Generate Thixotropic
Slurries

Manipulating two liquid alloys is used in the contin-
uous rheo-conversion process developed at MPI/WPI in
2002.11°N The process is based on a passive mixing of
two liquids of equal or different compositions in which
the nucleation and growth of the primary phase are
controlled using a specially designed ‘“‘reactor” provid-
ing heat extraction, copious nucleation, and forced
convection during the initial stage of solidification. As a
result, globular structures are formed. Variable heat
extraction rates can be obtained by controlling either the
superheat of the melt, the temperature of the channel
system, or the temperature of the reactor. The technique
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has been applied in both hyper-eutectic Al-Si alloys (i.e.,
A390) and hypo-eutectic Al-Si alloys (A356, A357)

J. Metal Matrix Composites

Although benefits of metal matrix composites are well
established, there are still issues with a technology to
manufacture bulk quantities with uniform distribution
of reinforcement, especially of the nanometer range. The
LME techniques provide manufacturing opportunities
of metal matrix composites by exploring (1) processes
with the matrix in the liquid state and (2) processes with
the matrix in the semisolid state or combinations of both
routes. Examples of technologies used include mechan-
ical stir casting!'®"! and injection molding or casting with
intensive melt shearing.!'®? In the latter example,
intensive shearing in a twin screw barrel helped to
break up the agglomerates and uniformly dispersed the
particles within the melt. It is claimed that high shear
rate and shorter cycle time are beneficial. A shear form
imposed by injection screw was found beneficial with

Fig. 22—Comparison of microstructure after casting of completely
molten alloy resulting in dendritic morphology and some porosity
(a) with that after semisolid processing showing globular morpholo-
gies with no porosity (b). Magnesium-based alloy. Reproduced from
Ref. [179] with permission of NADCA.
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generating composites with semisolid metallic matrix
reinforced by both the inert or reactive particles.!®

The ultrasonic cavitation-assisted processing was also
found to be an effective route for composite manufac-
turing. Positive results were obtained for Al,O5 and SiC
nanoparticles and the A356 base where particles were
dispersed in molten metal by ultrasonic cavitation and
acoustic streamin§ technology to avoid agglomeration
and coalescence.'® As a result, the microstructure was
refined and tensile strength, yield strength, and elonga-
tion increased significantly. A limitation was recorded
on ensuring proper cavitation and acoustic streaming in
sufficient melt volume for efficient dispersion of the
nanoparticles. The same ultrasonic cavitation-assisted
casting process was used to fabricate the aluminum
alloy-nano boron carbide metal matrix nanocompos-
ites.'®) A combination of stir casting and ultrasonic
vibration with a frequency of 18 to 24 Hz was found to
have a positive effect on nanoparticle distribution within
the composite.['®®

K. Generating Metallic Foams

Metallic foams and porous metals are materials that
contain in their structure deliberately created pores.
Solid metallic foams are known for their interesting
combinations of physical and mechanical properties
such as high stiffness accompanied by very low specific
weight or high compression strengths. There is some
confusion in distinguishing metallic foams from cellular
metals, porous metals, and metal sponges.'®” The
production methods of metallic foams rely on creating
gas bubbles in the liquid either by gas injection or by
decomposing a chemical blowing agent in the melt.

Aluminum foams are very useful and promising
functional materials with special advantages such as
good heat resistance, sound and heat absorption, high
strength, and easy recycling. On several manufacturing
methods, the gas injection where foams can be produced
continuously looks promising.!'®® To generate foam, air

Impact of processing temperature

Component integrity Alloy microstructure

Heat content Phase
Freezing composition

Liquid content Phase

Shrinkage morphology

Fig. 23—Influence of temperature during semisolid processing on
component integrity and microstructure. Reproduced from Ref. [179]
with permission of NADCA.
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is injected through a nozzle into molten aluminum
composites, forming a liquid foam body, which is
stabilized by the presence of solid ceramic particles at
gas—liquid interfaces of the cell walls.'®) The major
advantage of metal foams produced by casting over
other methods is the shell-like skin at the outer surface
and the mostly closed cell foam inside the structure.!!’”
As a separate family, foams with thixotropic structure of
the metallic skeleton may be generated.'” Although
details depend on a particular production method, there
are great opportunities in exploring LME in all of
them 1171:172]

VII. ASSESSING THE EFFECT OF MELT
TREATMENT ON PRODUCT QUALITY

When considering casting from temperatures exceed-
ing liquidus, LME has a universally positive effect on
the part quality through improving the part integrity,
alloy purity, and refining microstructure. During other
processes such as composite manufacturing, alloys with
exotic ingredients improving homogeneity through
LME are also straightforward to understand. The issue
is becoming more complex when applying LME to
alloys at temperatures of the liquidus—solidus range.

Nevertheless, several benefits were associated with
formation of fine equiaxed morphologies instead of
coarse dendritic structures (Figure 22). The most fre-
quently quoted include improved metal fluidity, refined
and uniformly dispersed porosity, finer second phases,
improved resistance to hot tearing, longer fatigue life,
and greater pressure tightness.!'”¥ Yet, in the literature,
the component integrity and alloy microstructure are
often not separated, the mechanism of improvement is
difficult to assess.

The term “‘nondendritic structures” typically covers
numerous changes within both (1) the alloy microstruc-
ture and (2) the part integrity (Figure 23). Thus, to
assess the influence of LME on component properties,
the factors affecting its performance must be distin-
guished.”) First, the transition from casting using
molten metal into semisolid slurry reduces liquid content
resulting in lower solidification shrinkage. Then, the
thixotropic nature of the slurry improves flow during
filling the die/mold cavity causing reduction of defects
especially for parts with intricate shapes, having com-
plex filling paths. Both factors improve the part internal
integrity and have a positive effect on part quality. At
the same time, the reduced temperature of semisolid
slurry increases the tendency to premature freezing
preventing complete part cavity filling, which is seen as a
negative factor. The effect of processing temperature on
alloy microstructure is not straightforward. The alloy
microstructure consists of phases with specific size and
morphologies, and a replacement of dendritic forms
with globular ones is not seen as exerting a universally
positive influence on properties. In fact, a presence of
coarse globules of the primary solid leads to reduced
strength.['" Also, the liquid phase solidified at the end,
being highly enriched in alloying elements, can have a
brittle nature and therefore lead to reduction of overall
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ductility. In contrast, the microstructure refinement
achieved by LME has a positive effect on part properties
for all solidification morphologies: dendritic, globular,
and equiaxed.

VIII. SUMMARY

To address the needs of our modern manufacturing
industry, there is a search for novel technologies for
large-scale production of net shape components having
high performance. Techniques based on net shape
forming directly from the liquid state, like HPDC, offer
substantial advantages in terms of manufacturing sim-
plicity, cost, and energy consumption over complex
multistep processes based on solid state forming. An
alternative manufacturing route exploring semisolid
processing generated high expectations but, after several
decades of research, still did not pass the critical
breakthrough. Engineering molten alloys to influence
their solidification process, leading to increasing the
component performance characteristics through improv-
ing its integrity and alloy microstructure, looks very
promising but is still not fully explored. Recent global
developments indicate that exploring the synergy of melt
chemistry and physical treatments achieved through
LME allows the creation of the optimum conditions for
nucleation and growth during solidification, positively
affecting quality of castings.
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