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Abstract

A fine and equiaxed solidification process delivers multidimensional benefits to Mg-alloys, such as improved castability, reduced casting
defects, enhanced mechanical properties, increased corrosion resistance and potential for increased recycled contents. Despite extensive
research on grain refinement of Mg-alloys in the last few decades, currently, there is no effective grain refiner available for refining Mg-Al
alloys, and our current understanding of grain refining mechanisms is not adequate to facilitate the development of effective grain refiners.
Under the EPSRC (UK) LiME Hub’s research program, substantial advances have been made in understanding the early stages of solidification
covering prenucleation, heterogeneous nucleation, grain initiation and grain refinement. In this paper, we provide a comprehensive overview
of grain refinement of Mg-alloys by native MgO particles. We show that native MgO particles can be made available for effective grain
refinement of Mg-alloys by intensive melt shearing regardless of the alloy compositions. More importantly, we demonstrate that (1) the
addition of more potent exogenous particles will not be more effective than native MgO; and (2) MgO particles are difficult to be made more
impotent for grain refinement through promoting explosive grain initiation. We suggest that the most effective approach to grain refinement
of Mg-alloys is to make more native MgO particles available for grain refinement through dispersion, such as by intensive melt shearing.
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1. Introduction

Magnesium (Mg) alloys offer unique engineering prop-
erties, such as low density, high specific strength, excellent
castability and good recyclability. Therefore, they find ex-
tensive applications in a wide range of industrial sectors,
such as automotive, aerospace and portable electronic devices
and bio-medical industries [1-5]. Particularly, applications of
magnesium in the automotive industry are continuing to in-
crease as automobile manufacturers are seeking to decrease
vehicle weight for the reduction of CO, emissions [5].

Compared with Al-alloys, another member of the light-
alloy family, Mg-alloys have some limitations, such as low
creep resistance, low tensile properties, poor workability and
low corrosion resistance. Hence, tremendous efforts have
been made to overcome such limitations through various ap-
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proaches, such as the addition of alloying elements [6-9],
surface coating [10,11] and grain refinement [12—-15]. Among
these approaches, grain refinement of Mg-alloys provides
multi-dimensional benefits: (1) a fine and equiaxed solidi-
fication process facilitates the casting process and thus re-
duces cast defects in the solidified microstructures [3]; (2)
the unusually high Hall-Petch slope of Mg-alloys [12,16—-18]
makes grain refinement very effective for simultaneous im-
provement of both strength and ductility; (3) a grain refined
microstructure reduces deformation twinning and the forma-
tion of basal texture [14,15], promotes non-basal slip during
thermal-mechanical processing [19,20], increases formability,
and improves compression/tension yield anisotropy [21]; and
(4) grain refinement also improves simultaneously the corro-
sion resistance [13], creep resistance [22] and fatigue strength
[23,24] of Mg-alloys through finely dispersed and uniformly
distributed second phase particles.

Grain refinement of Mg-alloys is currently achieved
through two different approaches. One is the thermal-
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mechanical treatment of solid Mg-alloys involving plastic
deformation and dynamic recrystallization, such as severe
plastic deformation (SPD) techniques [25-29]. For exam-
ple, fine-grained, or even ultrafine- and nano-grained Mg-
alloys can be obtained by friction stir processing (FSP) [30—
32], equal-channel angular pressing (ECAP) [33-35], high-
pressure torsion (HPT) [36,37]. The other is grain refinement
during solidification processing either by chemical inoculation
or through the application of external physical fields, such
as ultrasonic treatment (UST) [38], electromagnetic stirring
[39-41], and more recently intensive melt shearing [42—45].
Among these methods, chemical inoculation prior to the cast-
ing process has dominated the research effort [46-52]. Gen-
erally, chemical inoculation refers to the addition of grain
refiners that contain both potent nucleant particles to promote
heterogeneous nucleation and solute elements for growth re-
striction to enhance grain initiation. In this overview, we focus
our attention on grain refining Mg-alloys by intensive melt
shearing.

So far, Mg-Zr master alloys remain the only commercially
available grain refiner for Mg-alloys. More than 80% of grain
refinement is achieved through the addition of Mg-Zr grain
refiners [48]. Unfortunately, Zr-containing grain refiners do
not work for Mg-alloys containing Al, Si, and Mn [49,53],
most likely due to the formation of intermetallic phases be-
tween Zr and such alloying elements. However, Mg-Al-based
alloys constitute a major part of the Mg-alloys used in in-
dustries [3]. Extensive work has been dedicated to the search
for effective, low cost and easy-to-use grain refiners for Mg
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Fig. 1. Schematic illustration of the atomic arrangement of MgO. (a) The
unit cell of fcc MgO; (b) atomic arrangement of the {0 O 1} terminated cubic
MgO surface; and (c) atomic arrangement of the {1 1 1} oxygen terminated
octahedral MgO surface.

alloys, especially for Mg-Al-based alloys (see the reviews in
Refs. [48-54]).

In recent years, with significant support from the EPSRC
(Engineering and Physical Science Research Council, UK),
the LiME (liquid Metal Engineering) Research Hub [55] has
focused its fundamental research on the early stage of solid-
ification. Significant advances have been made in the under-
standing of prenucleation [56—-62], heterogeneous nucleation
[63—-67], grain initiation [67-70] and their effect on grain

Fig. 2. Scanning electron microscopy (SEM) images of (a) MgO films and (b) MgO particles in an oxide film in commercial purity Mg (CP-Mg) melt [76],
showing the general morphology of MgO films and MgO particles. The oxide films in the melt are liquid films that contain numerous discrete MgO particles.
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Fig. 3. (a) Bright-field transmission electron microscopy (TEM) image of an oxide film and (b) selected area electron diffraction (SAED) patterns taken from
the oxide film in CP-Mg, showing the oxide film in CP-Mg consists of well-separated individual MgO particles [76].

Fig. 4. Microscopic characterization of MgO particles [76]. (a, ¢) TEM images of {1 1 1} faceted octahedral MgO particle and {0 0 1} faceted cubic MgO
particle; and (b, d) high resolution TEM (HRTEM) images of MgO{1 1 1} and MgO{0 0 1} viewed along [0 1 1] and [0 O 1] MgO directions, respectively,
showing atomically sharp facets.
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Fig. 5. Evidence of heterogeneous nucleation of Mg on a MgO{1 1 1} particle [43,76]. (a) HRTEM image showing the interface between (1 1 1)MgO and
(0 0 0 1)Mg planes, indicating a well-defined orientation relationship (OR): OR1: (1 1 1) [0 1 1]MgO // (0 0 0 1) [0 1 2 0]Mg; (b, c) schematics showing
matching atomic planes of (b) (1 1 1)MgO and (c) (1 1 2 0)Mg in MgO and Mg unit cells, respectively; and (d) schematic showing the atomic configuration
of the two matching planes along ORI, which indicates a large lattice misfit at (1 1 1)MgO/(1 1 2 0)Mg interface and thus a poor nucleation potency for

MgOf1 1 1}.
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Fig. 6. Evidence of heterogeneous nucleation of «-Mg on a MgO{0 0 1} particle [76]. (a) HRTEM image showing the interface between (1 0 0)MgO and (0
11 2)Mg planes, indicating a well-defined orientation relationship (OR) between the two crystals: OR2: (2 0 0) [0 1 I]MgO /OT12) 011 1]Mg; (b,
¢) schematics showing matching atomic planes of (b) (1 0 0)MgO and (c) (0 1 1 2)Mg in MgO and Mg unit cells, respectively; and (d) schematic showing
the atomic configuration of the two matching planes along OR2, which indicates a large lattice misfit at (1 0 0)MgO/(0 1 1 2)Mg interface and thus a poor

nucleation potency for MgO{0 0 1}.

refinement [68—71]. This paper aims to provide a compre-
hensive overview of grain refinement of Mg-alloys by native
MgO particles. We first present the physical and chemical
nature of native MgO particles and their potential for grain
refinement of Mg-alloys; this is followed by an overview of
recent advances in understanding heterogeneous nucleation,
grain initiation and their applications to industrial casting pro-
cesses for grain refinement of Mg-alloys; and finally, we dis-
cuss the potential to make Mg-alloy self-grain-refining and
the new approaches to the future development of refining Mg-
alloys.

2. Native MgO in Mg-alloy melts
2.1. Nature of MgO crystal

Magnesia (MgO) has a NaCl-type structure (Fig. 1a), with
a lattice parameter of a = 4.2 A [72]. It is a typical ionic crys-

tal and belongs to the family of MX (M represents a metallic
element, X an element of high electronegativity). The ionic
MgO crystals under ambient conditions have a stable {0 0 1}
surface termination (denoted as MgO{0 O 1} hereafter), which
contains equal numbers of the Mg>* and O ions (Fig. 1b)
and therefore is non-polar [73]. A cleavage along the MgO
<1 1 1> orientation produces two smooth surfaces: one with
the Mg surface termination and the other with O surface ter-
mination (Fig. 1c), with both surfaces being polar. Such polar
surfaces are unstable under ambient conditions but can be sta-
bilized by defects, e.g. Mg or O domains [74]. However, the
situation may become different when an ionic crystal is in
contact with liquid metal. The free electrons of the liquid
metal can eliminate the polar effect and stabilize the polar
surfaces, such as in the case of MgO{1 1 1} in liquid Mg.
MgO{1 1 1} surfaces have a 2-dimensional hexagonal lat-
tice, which is similar to that of the close-packed Mg{0 0 0
1} plane.
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Table 1
Calculated lattice misfit (f) between substrate/Al at 660 °C and substrate/Mg at 650 °C [44,68,76,78,80].
Substrate/Metal Crustal structure, lattice Substrate surface Orientation relationship Lattice misfit Refs.
constant at RT for termination (OR) f (%)
substrate (nm)
TiB, / Al hep, a = 0.3030, o001 ©O00 D[11-20] TiB, -4.22 [80]
¢ = 0.3229 /1 (11 1)[0-11] Al
TiB,(Al3Ti 2DC) / Al3Ti: tetragonal, o001 ©O00D[11-20] 0.09 [80]
Al a = 0.3848, ¢ = 0.8596 TiB,(AlsTi 2DC) // (1 1
1)[0 -1 1] Al
a-Al,O3 / Al rhombohedral, 001 000 D[10-1 -0.48 [68]
a = 0.4759, ¢ = 1.2993 0]a-AlL O3 // (100)[001]
Al
y-AlL,O3 / Al fce, a = 0.7924 arn (11 D0 -1 1] y-AlLO3 3.38 [68]
/1 (11 1D[0-11] Al
MgAl,O4 / Al fce, a = 0.8083 arn (11 D[ 10] MgAl,0q4 1.4 [44]
/1 (11 D[110] Al
MgO / Mg fcc, a = 0.4211 (100) (1000 -1 1] MgO // 7.9 [76]
O0-112)01-11]Mg
MgO / Mg fce, a = 0.4211 armn (11 D[0-11] MgO // 7.9 [76]
000 D[11-20]Mg
Zr /| Mg hep, a = 0.3233, N/A ©O00D[11-20]Z/ 0.9 [78]
¢ = 05149 000 D[ 1-20] Mg

2.2. Oxide films in Mg-alloy melts

Oxide films play a critical role in determining the success
of casting processes and the formation of cast defects which
in turn affect the quality and performance of the final castings
[75]. Tt is usually believed that oxide films, particularly those
in Al-alloy melts, are solid films with a finite thickness, and
appear in castings as double films with the dry sides facing
each other, hence representing cracks in the solidified com-
ponents [75].

Mg has a high affinity with oxygen, and oxide films form
instantly on the melt surface freshly exposed to the ambient
atmosphere during melting and melt handling, even though
protective cover gas is used to prevent the melt from severe
oxidation [76,77]. Using a pressurized melt filtration method
[43,76,78,79], oxide films can be collected from various Mg-
alloy melts to facilitate direct examination of the oxide films
and particles. It has been confirmed that oxide films in Mg-
alloy melts are of three distinctive types [43,76]:

* Young oxide films: They are formed through instantaneous
oxidation of freshly exposed melt surfaces during melt
handling, such as melt transfer and pouring. They have
a thickness of 1-2 pum and appear in the liquid in a form
of “wiggly worms” (Fig. 2a). Young oxide films are not
solid films, but liquid films containing individual nano-
sized MgO particles (Figs. 2b and 3) [76].

Old oxide films: They are formed on the top of the al-
loy melt in the crucible during melting through sustained
oxidation for a long period of time. Due to the use of pro-
tective gas on top of the melt, old oxide films often contain
S and F. Old oxide films usually have a thickness of 5-
10 wm, a “caulifiower” morphology and are continuous by
nature [43,76].

e Ingot skins: They are brought into the alloy melt from the
original Mg-alloy ingot. Ingot skins appear in the melt as
straight segments that consist of discrete MgO particles
(nano-size) well dispersed in the Mg matrix [43].

Among the three types of oxide films, young oxide films
are dominant in numbers in the alloy melt. The number of
old oxide films can be reduced by appropriate de-drossing
operations prior to metal casting. Entrained old oxide films
in alloy melts are rare events. Similarly, ingot skins are also
rare events in alloy melt. Our studies have been focusing on
the nature of young oxide films and their effects on the grain
refinement of Mg-alloys [43,76].

2.3. Morphology of native MgO

Native MgO particles in Mg melts are faceted crystals
and have two distinctive morphologies: one is {1 1 1} ter-
minated octahedral (often truncated) and denoted as MgO{1
1 1} hereafter (Fig. 4a); and the other is {0 O 1} terminated
cubic and denoted as MgO{0 O 1} hereafter (Fig. 4c) [76].
Like many other cubic crystals, fcc MgO grows fast along
with its <O 0 1> directions and leaves the slowly growing
{1 1 1} planes as the terminating surfaces, giving rise to a
truncated octahedral morphology. The transmission electron
microscopy (TEM) images in Fig. 4a and c show the de-
tailed surface termination of MgO particles collected from
Mg-alloy melts, and the high-resolution transmission elec-
tron microscopy (HRTEM) images in Fig. 4b and d show
the atomically sharp facets of MgO{1 1 1} and MgO{0 0 1}
viewed along [0 1 1] and [0 O 1] MgO directions, respec-
tively. Fig. 4 suggests that both MgO{1 1 1} and MgO{0 0
1} particles usually have clean terminating surfaces that are
free from any contamination by adsorption of alloying and
impurity elements.
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Fig. 7. Ab initio MD simulations for Mg(/)/MgO interfaces [59]. (a) Mg(/)/MgO{1 1 1} and (c) Mg())/MgO{0 0 1} interfaces, showing atomically rough; (b)
the first liquid Mg layer induced by the usually O-terminated MgO{1 1 1} substrate, containing vacancies as marked by the “x”; and (d) the first liquid Mg
layer induced by the MgO{0 0 1} substrate, showing atomically rough surface due to the varying bond lengths between liquid Mg atoms and the 0%~ and

Mgt ions on the MgO{0 0 1} surface.

It has been suggested that the octahedral MgO{1 1 1}
particles are formed by oxidation of liquid Mg on the freshly
exposed Mg melt surface, while the cubic MgO{0 O 1} par-
ticles are a product of oxidation of Mg vapour above the Mg
melt surface and reintroduced subsequently into the alloy melt
[76].

2.4. Heterogeneous nucleation of Mg on native MgO

Direct evidence for heterogeneous nucleation of Mg on
native MgO particles with well-defined orientation relation-
ships (ORs) between Mg and MgO is repeatedly observed
by HRTEM [43,76,78,79]. Fig. 5 shows an example of Mg
solid nucleated on the (1 1 1) surface of an octahedral MgO
particle [43,76] with the following OR:

OR1: (111)[011]MgO//(0001)[1120]Mg. 6))

The TEM image in Fig. 5a shows the sharp interface be-
tween MgO and Mg being viewed along [0 1 1]MgO and
[1 1 2 0]Mg directions and the schematics in Fig. 5b and
c illustrate the matching atomic planes of (1 1 1)MgO and
(0 0 0 1)Mg in the MgO and Mg unit cells, respectively.
Fig. 5d shows the atomic matching of the two planes, indi-
cating a relatively poor matching between surface O atoms
(red spheres) of MgO and Mg atoms (blue spheres) of Mg at
the interface, despite the same hexagonal atomic arrangement
in the two planes. The calculated lattice misfit is 7.9% accord-
ing to the lattice parameters of MgO and Mg at 650 °C [76],

being much larger than 0.09%, the lattice misfit between the
extremely potent TiB,/Al;Ti-2DC (2-dimensional compound)
and Al [80], suggesting a low potency of the native MgO{1
1 1} particles for nucleating Mg.

The MgO{1 0 0} particles are also found to nucleate Mg
on its {1 0 0} terminating surfaces with a well-defined OR
between the two crystals (Fig. 6a) [76,81]:

OR2:(200) [011]MgO//(0112) [0111]Mg. 2)

Fig. 6b and c schematically show (2 0 0) MgO and (0
1 1 2) Mg planes in their respective unit cells, and Fig. 6d
shows the atomic configuration in the two matching planes.
According to OR2, the calculated lattice misfit at the (1 0
0)MgO/Mg interface is 7.9% [76], being the same as that at
the MgO{1 1 1}/Mg interface.

Generally, lattice misfit (f) between the substrate (N) and
the solid (S) can only be defined for a specified OR between
the two crystals [63]:

(h ke Dl v wly//(0 K 1) [u' v W], 3)

_ d[u’v’w’]s - d[uVW]N

7 100%, “)

d'[u’v’w’]s
where dpyyw), and dpyw), are the atomic spacings along the
[u v wly and [u’ v/ w']g directions of the substrate and the
solid, respectively. Table 1 lists the calculated lattice mis-
fit values of some commonly encountered nucleation systems
in Mg- and Al-alloys [44,68,76,78,80]. The calculated lattice
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Mg(H/MgO{1 1 1} interfaces showing the significantly reduced atomic lay-
ering at the interface, particular at the Mg(/)/MgO{0 O 1} interface [59].

misfit (7.9%) for both MgO{1 1 1}/Mg and MgO{1 0 0}/Mg
systems is much larger than those for other substrate/metal
systems. Such a large lattice misfit suggests a poor nucle-
ation potency of both MgO{1 1 1} and MgO{1 0 0} as the
substrate for nucleating Mg.

2.5. Atomic arrangement at the Mg(l)/MgQO(s) interface

Ab initio molecular dynamics (MD) simulation was used to
assess the interaction between the terminating MgO surface
and liquid Mg and the resultant atomic arrangement at the
Mg(l)/MgO(s) interfaces [59]. It is revealed that, upon ther-
mal equilibrium being reached, a new Mg layer formed on
the surface of MgO{1 1 1}, regardless of the initial surface
termination of MgO{1 1 1} with either O or Mg. Fig. 7a
presents a snapshot of the simulation system equilibrated at
1000 K (front view) showing the newly formed terminating
Mg layer on the MgO{1 1 1} surface and some degree of
atomic layering in the liquid adjacent to the interface. Fig. 7b
is a top view of the atomic arrangement of the newly formed
terminating Mg layer on the MgO{1 1 1} surface revealed
by the time-averaged atomic positions. The existence of va-
cancies in the layer as marked by “x” makes the MgO{1 1
1} surface atomically rough and thus reduces the potency of
MgO{1 1 1} as a substrate for nucleating Mg.

Similarly, Fig. 7c shows a snapshot of the Mg(/)/MgO{0
0 1} system equilibrated at 1000 K (front view) showing the
atomic arrangement across the interface. Fig. 7d shows the
nature of chemical bonding between different atoms across
the Mg(/)/MgO{0 0 1} interface under equilibrium condi-
tions. The bond length between the Mg?* ion in the MgO{1
0 0} surface and the Mg atom in the melt is 2.92 A 08 A
longer than that between the O>~ ion and Mg atom in the
melt (Fig. 8d), and thus the surface of MgO{1 0 0} is atom-
ically rough [59]. Consequently, the ability of MgO (1 0 0)
to template atomic ordering in the melt is significantly re-
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Fig. 9. Statistical quantification of the size of two morphologies of MgO
particles in CP-Mg, showing that both two types of native MgO particles
have a log-normal size distribution [76]. (a) MgO {1 1 1} and (b) MgO {1
0 0}.

duced [59]. As shown in Fig. 8, the number of atomic layers
in both interfaces is less than 6, the atomic layers in an in-
terface with a smooth substrate surface. It is also noted that
atomic layering at the Mg(l)/MgO{1 1 1} interface (Fig. 8b) is
more pronounced than that at the Mg(/)/MgO{0 0 1} interface
(Fig. 8a).

2.6. Farticle size and size distribution of MgO particles in
Mg-alloy melt

Native MgO particles have two different morphologies in
Mg-alloys: MgO{1 1 1} and MgO{0 0 1} [76]. Although
these two types of MgO particles are formed by different
mechanisms, their sizes follow the log-normal distribution
[76,82]:

dN No ([ln d) - ln(do)]2>

dd ~ od2m P 202

where dj is the geometric mean of particle diameters, Ny is
the total particle number and o is the standard deviation.

As shown in Fig. 9, the fitted dy of native MgO parti-
cles is 0.068 and 0.085 pm with a similar size spreading

&)
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nucleation undercooling (AT},) of 1.2 K, with a number density of 10 m~—3
(non-sheared) and a log-normal size distribution (dp = 0.07 pm, o = 0.45).
The grain initiation occurs initially by EGI (9.2% of the total), followed by
PGI (90.8% of the total).

(o is 0.40 and 0.51) for the MgO{1 1 1} and MgO{1 0 0}
particles, respectively [76], which is consistent with previous
result (dy = 0.07 pm and o = 0.45) [82] where the MgO{ 1
1 1} and MgO{1 0 0} were not distinguished during mea-
surement. The size of native MgO particles is much smaller
than that of the particles in other grain refiners. For example,
the dy of native MgO is one order of magnitude smaller than
that of TiB, particles in commercial Al-5Ti-1B grain refiner
for Al-alloys (0.68 wm [83]). More importantly, the number
density of the native MgO particles in Mg-alloys is found to
be 10'7 m~3 in the intensively sheared Mg melts [82], a few
orders of magnitude higher than that of TiB, particles in Al-
alloys with 1 ppt (0.1 wt.%) Al-5Ti-1B grain refiner addition
(~ 10" m=3 [83)).

2.7. The potency of native MgO for nucleating Mg

From the previous analysis, we understand that both
MgO{1 1 1) and MgO{0 0 1} particles have a 7.9% lattice
misfit with Mg [76], which is considerably larger than those
for the commonly encountered grain refiner systems (see
Table 1). In addition, our density functional theory (DFT)
calculation [59] suggests that both MgO{1 1 1} and MgO{0
0 1} have atomically rough surfaces due to their interaction
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Fig. 11. Solidification behaviour of Mg-1Al alloy with intensive melt shear-
ing at T = 3.5 K/s. (a) cooling curve, (b) grain initiation rate, and (c) total
grain initiation events. Native oxide particles are assumed to have a nucle-
ation undercooling (AT,) of 1.2 K, with a number density of 1017 m—3
(sheared) and a log-normal size distribution (dyp = 0.07 wm, o = 0.45). The
grain initiation is fully explosive.

with molten Mg (Fig. 7). The large lattice misfit and atomi-
cally rough terminating surfaces make both MgO{1 1 1} and
MgO{0 0 1} particles poor substrates for templating atomic
ordering at the Mg(/)/MgO(s) interfaces at both prenucleation
and heterogeneous nucleation stages (Fig. 8). Therefore, it
can be concluded that both MgO{1 1 1} and MgO{0 0 1}
are highly impotent for heterogeneous nucleation of Mg com-
pared with TiB, with Al;Ti 2DC for Al.

3. Grain refinement of Mg-alloys by native MgO

3.1. Native MgO is the only type of solid particle of
significance in Mg-melts

Due to the high oxidation potential of Mg, molten magne-
sium oxidises readily and rapidly when it is in contact with
air, resulting in inclusion contents 10-20 times higher than
that in Al (0.1-10 ppm for pure Al, 10-200 ppm for pure
Mg) [84,85]. During the melting and casting processes, mag-
nesium oxide (MgO) and magnesium nitrides (Mg;N,) are
formed due to the reaction of molten Mg with oxygen and
nitrogen in the atmosphere. The Mg3N, inclusions appear of-
ten together with oxide clusters or films [85,86]. Besides MgO
and Mg3N,, some other inclusions, such as MgS and MgF,,
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Fig. 12. Grain initiation maps for Mg-Al alloys containing nucleant particles which have a varying nucleation potency but constant log-normal particle size

distribution [69,70]. (a) Grain initiation map (A7, —

T plot) for Mg-1Al alloy with Ny = 10'7 m~3 showing the effect of cooling rate (7) on grain initiation

behaviour; (b) grain initiation map (AT, — Cp plot) for Mg-Al alloys with Ny = 107 m=3 and T = 3.5 K/s showing the effect of solute concentration (Cp)
on grain initiation behaviour; (c) grain initiation map (AT, — lg(No) plot) for Mg-1Al alloy at 7 = 3.5 K/s showing the effect of particle number density (No)
on grain initiation behaviour. The solid blue line marks the limit for progressive grain initiation (AT, = AT,;(1st)) and the solid red line marks the limit for
explosive grain initiation (AT, = AT,4). These two lines divide the grain initiation map into 3 distinct zones: progressive grain initiation (PGI) zone where
AT, < ATg(1st); explosive grain initiation (EGI) zone where AT, = ATq,; and the hybrid grain initiation (HGI) zone where ATg;(1st) < AT, < ATjg.

may also form by the reaction of molten Mg with protective
gases during the melting process [85,86]. However, among
these inclusions, the MgO particles are the dominant inclu-
sions in Mg-alloys with a number density as high as 10'” m~3,
which is much higher than that of other inclusions. Although
other inclusion particles may participate in heterogeneous nu-
cleation and even grain initiation, their existence will alter
neither the general features of solidification nor the final grain
size due to their low number density in Mg-melts. Therefore,
we can conclude that native MgO is the only type of particle
of significance in Mg-alloy melts in terms of grain refine-
ment. As will be discussed further later, this provides us with
a great opportunity for effective grain refinement of Mg-alloys
without the need for the addition of any grain refiners.

3.2. Solidification behaviour of Mg-alloys

For Mg-alloys without inoculation, the native MgO parti-
cles are the most likely substrates for heterogeneous nucle-
ation and dominate the subsequent grain initiation process
during solidification [43]. In this section, we will use a nu-
merical approach to demonstrate the solidification behaviour
of Mg-alloys under different conditions. The details of the

numerical model and parameters used in this paper can be
found elsewhere [69]. Here we present some of the key pa-
rameters used during our calculations for quick reference: the
MgO particle number densities (Ny) are 10'* and 10'7 m~3
for Mg-alloys without and with intensive melt shearing, re-
spectively [82]; the MgO particle size distribution follows the
same log-normal distribution (dy = 0.07 wm, o = 0.45) for all
Mg-alloys [82]; the nucleation undercooling (AT;) for MgO
is estimated to be 1.2 K [69], reflecting the low nucleation
potency of MgO for Mg; and the cooling rate (7) is 3.5 K/s
corresponding to that for the standard TP-1 test [87].
Recently, Fan and co-workers [68—70] identified two dis-
tinctive grain initiation modes depending on the interplay be-
tween nucleation undercooling (AT,) and grain initiation un-
dercooling of the largest nucleant particle (AT,(1st)): pro-
gressive grain initiation (PGI) and explosive grain initiation
(EGI), which divide the grain initiation behaviour into three
zones: a PGI zone, an EGI zone and a hybrid grain initi-
ation (HGI) zone [69,70]. PGI is defined as a grain initi-
ation process which starts with the largest solid particle(s)
and continues with the progressively smaller ones and fin-
ishes at recalescence. A necessary condition for PGI is AT,
< AT(1st), i.e., heterogeneous nucleation takes place on all
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nucleant particles before any grain initiation events. Mean-
while, EGI is defined as a grain initiation process, in which a
group of solid particles initiate grains almost simultaneously
and the latent heat released by both heterogeneous nucleation
and the initial free growth can cause an immediate recoa-
lescence which stifles any further grain initiations [69,70]. A
necessary condition for EGI is AT, & AT, where ATy 1S
the undercooling at recalescence. The HGI is a combination
of the initial EGI followed by PGI. A necessary condition for
HGI is ATgi(1st) < AT, < ATmux.

The calculated cooling curve of Mg-1Al alloy without in-
tensive melt shearing is shown in Fig. 10a, where the max-
imum undercooling (ATy.x) is 1.54 K, and the temperature
increases gradually after recalescence. The largest MgO par-
ticle, d(1st), is 0.78 wm, which corresponds to a grain ini-
tiation undercooling, “AT,;(1st)” = 0.76 K. Therefore, this
satisfies “AT(1st)” (0.76 K) < AT, < ATmax (1.54 K),
and the grain initiation is HGI, as shown by the evolu-
tion of grain initiation rate (i.e., number of grain initiation
events per unit time and per unit volume) during solidification
(Fig. 10b). Please note that “AT,(1st)” would be the un-
dercooling required for the largest solid particles to initi-
ate grains if heterogeneous nucleation has occurred. When
Mg-1Al alloy solidifies at an undercooling (A7) of 0.76 K,
there is no grain initiation since MgO particles need to nu-
cleate Mg at large undercooling (AT, = 1.2 K). After nu-
cleation at AT = AT,, a population of the solid particles
(7.136 x 10% m™3) satisfy the grain initiation criterion and
initiate grains simultaneously in an EGI manner. However,
the heat released by the growth of the initiated grains is not
enough to cause recalescence and the system can continue to
cool to a lower temperature, which makes it possible for the
smaller solid particles to initiate grains. After EGI, further
grain initiations occur progressively to smaller solid particles
in a PGI manner until recalescence, which stifles any fur-
ther grain initiation (Fig. 10b). The calculated average grain
size is 400 pwm, and the number of grains formed by EGI
is 9.2% of the total grains (Fig. 10c), being less than 50%.
This suggests that the solidification of Mg-1Al alloy without
intensive melt shearing at a cooling rate of 3.5 K/s is PGI
dominant.

Fig. 1la shows the calculated cooling curve of Mg-
1Al alloy with intensive melt shearing, where the cal-
culated ATy is 1.2 K and the temperature increases
sharply after recalescence. With intensive melt shearing,
MgO particle number density (Ny) increases from 10'* to
107 m™3 [82], and the largest MgO particle, d(1st), is now
1.28 pm, which corresponds to the grain initiation under-
cooling, “ATg(1st)” = 0.46 K. As the first grain initiation
must start after nucleation, we have: ATg(Ist) = AT, =~
AT = ATg(LY), and the grain initiation takes place in
an extremely short period of time (Fig. 11b and c), which
is a typical case for EGI. The grain initiation rate only has
one very sharp peak during solidification (Fig. 11b). The cal-
culated grain size is 88 pm, suggesting that intensive melt
shearing can lead to significant grain refinement due to the
promotion of explosive grain initiation.
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Fig. 13. Grain initiation map for Mg-Al alloys without and with intensive
melt shearing, corresponding to MgO particle number density No = 10
and 10" m™3, respectively. Native oxide particles are assumed to have a
nucleation undercooling (AT,) of 1.2 K and a log-normal size distribu-
tion (dp=0.07m, o =0.45). Under such conditions, it is impossible to
have fully progressive grain initiation. The solid black line represents the
bounder between EGI and HGI for No=10'"m=3 and the solid red line for
No=10"m™3. The dashed red line is an extrapolation of the solid red line.
The inset shows the enlarged region of the bottom-left corner of the diagram.

As discussed previously, PGI requires AT, < ATy(lst),
i.e., heterogeneous nucleation must take place before any po-
tential grain initiation events. For Mg-alloys with native MgO
particles, AT, = 1.2 K. A complete PGI thus requires that
no MgO particles are greater than 490 nm in size, which is
not practically possible. Therefore, there will be impossible
for any Mg-alloy to solidify in a completely PGI manner.

3.3. Grain initiation maps

The grain initiation behaviour during the solidification of
Mg-alloy is determined by the following factors: cooling rate
(1), solute concentration (Cy), nucleation potency (AT;,) and
particle number density (Ny). The grain initiation behaviour
can be conveniently presented by the grain initiation maps
[69,70]. Fig. 12 demonstrates the grain initiation maps for
Mg-Al alloys in the forms of AT,-T, AT,-Cy and AT,-Ny
plots to illustrate the effects of cooling rate, solute concentra-
tion and particle number density on grain initiation behaviour
[69,70]. In Fig. 12 there are two different types of solid lines:
the blue lines represent AT, = ATy(1st) and the red lines
AT, = ATg (L") = ATpa. They divide each plot into 3
distinct zones: a progressive zone, an explosive zone and a
hybrid zone, corresponding to PGI, EGI, and HGI behaviour
for grain initiation [69,70].

For Mg-alloys with native MgO particles (AT, = 1.2 K),
the grain initiation behaviour is affected by T, Cy and No.
Fig. 13 shows the grain initiation maps in the form of 7 - C
plot for Mg-Al alloys without and with intensive melt shear-
ing, corresponding to Ny = 10" and 10! m~3, respectively.
As shown in Section 3.2, we have AT, > AT,(Ist) with
and without intensive melt shearing, suggesting that there is
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Fig. 14. Grain refinement maps for Mg-Al alloys containing nucleant particles with varying nucleation potency but constant log-normal particle size distribution
[69,70]. (a) Grain refinement map (AT, — T plot) for Mg-1Al alloy with Ny = 10" m—3 showing the effect of cooling rate on grain refinement; (b) grain
initiation map (AT, — Cy plot) for Mg-Al alloys with Ny = 10'7 m™3 and T = 3.5 K/s showing the effect of solute concentration on grain refinement; (c)
grain initiation map (AT, — Ig(No) plot) for Mg-1Al alloy at T = 3.5 K/s showing the effect of particle number density on grain refinement. The solid black
line represents the conditions where explosive grain initiation has equal proportion with progressive grain initiation (Ngg1:Npgr = 1); the light and dark grey
coloured zones mark PGI-dominant and EGI-dominant zones, respectively. The thin coloured lines are iso-grain-size lines with the grain size being attached

to each iso-grain-size line.

no fully PGI during the solidification of Mg-Al alloys. The
red and black lines represent the boundaries between EGI
and HGI for Ny = 10" and 10'7 m~3, respectively. The red
dashed line is an extrapolation of the red line because in this
low Cy range the freezing range is smaller than AT, suggest-
ing that solidification may become partitionless [88]. From
Figs. 12 and 13, it is clear that EGI is favoured by a slower
cooling rate, lower solute concentration, lower nucleation po-
tency and a larger particle number density. In addition, it
should be pointed out that EGI may not necessarily result in
grain refinement. For example, the grain initiation in Mg-1Al
and Mg-9Al alloys with intensive melt shearing is EGI and
HGI, respectively. However, the grain size of Mg-1Al alloy
(88 wm) is larger than that of Mg-9Al alloy (59 pm).

3.4. Grain refinement maps

To understand the effect of grain initiation behaviour on
grain refinement, the concept of the grain refinement map
has been developed [69,70]. The effects of nucleation potency,
cooling rate, solute concentration and particle number density

on the grain size of Mg-Al alloys are shown by the iso-grain-
size lines in Fig. 14. In Fig. 14 the solid black lines represent
Necr:Npgi = 1, which delineates the PGI-dominant zone (Npgp
> Nggp) from the EGI-dominant zone (Npgr < Nggi), Where
Npgr and Ngg; are the total numbers of PGI and EGI events
during solidification, respectively.

Cooling rate and solute concentration have a similar trend
on grain size (Fig. 14a and b). In the PGI-dominant zone,
grain size decreases with increasing cooling rate and solute
concentration but is almost independent of AT; for a given
cooling rate and solute concentration; whilst in the EGI-
dominant zone, grain size decreases with increasing AT),, but
is almost independent of cooling rate and solute concentra-
tion for a given AT,. However, for a given AT,, the grain
size decreases with increasing particle number density in both
PGI-dominant and EGI-dominant zones (Fig. 14c), but with
different efficiency: in the PGI-dominant zone, grain size de-
creases moderately with increasing Ny and is independent of
AT,; whilst in the EGI-dominant zone, grain size not only
decreases more rapidly with increasing Ny but also decreases
with increasing AT;,.
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Fig. 15. Grain refinement maps for Mg-1Al alloy under different conditions.
(a) Without intensive melt shearing (Nyg = 10 m~3); and (b) with intensive
melt shearing (Ny = 107 m~3). Native oxide particles are assumed to have
a nucleation undercooling (ATy) of 1.2 K and a log-normal size distribution
(do = 0.07 wm, o = 0.45). The curves represent iso-grain-size lines with
specific grain sizes as labeled by the data attached to each curve.

From the grain refinement maps (Fig. 14) we can conclude
that for a specified Mg-alloy (fixed Cy) and a given solidifica-
tion condition (fixed 7), grain refinement cannot be achieved
by inoculation with more potent nucleant particles than MgO.
In practical terms, this means that it is impossible to develop
a grain refiner containing more potent particles than MgO,
which can be more effective than the native MgO particles.
In this case, further grain size reduction can only be made
possible by increasing the MgO particle number density (e.g.
intensive melt shearing) or by making the native MgO parti-
cles more impotent.

For Mg-alloys with native MgO particles (AT, = 1.2 K),
the grain refinement maps for Mg-Al alloys without and with
intensive melt shearing are shown in Fig. 15 in the form of
the 7 - Cy plot. Fig. 15 suggests that intensive melt shearing
can significantly reduce the grain size of Mg-Al alloys with
the same solidification process (constant cooling rate).

Although it is theoretically feasible to develop grain refin-
ers for Mg-alloys with more impotent particles than MgO if
MgO particles can be completely removed from the melt, it
is practically very difficult to do so since: (1) the terminating
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surface of MgO not only has a large lattice misfit with Mg
(7.9%) but also is atomically rough due to the presence of
vacancies and vertical displacement of surface atoms. It will
be very difficult to find the particles that are more impotent
than MgO; (2) complete removal of MgO particles from Mg
melt is almost impossible due to the high affinity of Mg to
oxygen.

3.5. Experimental validation of theoretical calculations

In order to validate the theoretical predictions, a series
of experiments have been carried out on Mg-Al alloys. The
detailed experimental procedures were presented elsewhere
[89,90]. In this section, we briefly sum up some of the key
features of our experiments to ensure the reliability of our
experimental findings:

(1) Applying intensive melt shearing [43,90]. The same experi-
mental conditions for intensive melt shearing were applied
to all the experiments to ensure the MgO particle num-
ber density is consistent in all the samples (approximately
10" m=3 [82)).

(2) Using a standard TP-1 test [87,90]. The standard Alcan
TP-1 test provides a quasi-isothermal solidification at a
constant cooling rate (close to 3.5 K/s for Al-alloys) at
the centre of the sample for Mg-alloys. Adaptation of TP-
1 test procedures ensures the consistency of solidification
conditions.

(3) Checking microstructure on both vertical-section and
cross-section [71,89,90]. This ensures that grain size is
measured only for equiaxed grain structures, avoiding the
inaccuracy introduced by the ‘“grain size” data measured
from the columnar structures.

The optical macrographs in Fig. 16 show the grain struc-
tures of commercial purity Mg (CP-Mg) on both cross-section
and vertical-section with and without intensive melt shearing.
Without intensive melt shearing, CP-Mg has a fully columnar
grain structure (Fig. 16a and c), while with intensive melt
shearing the grain structure becomes fine and fully equiaxed
(Fig. 16b and d). This result supports the conclusion from
Figs. 13—15 that increasing nucleant particle number density
promotes explosive grain initiation and leads to significant
grain refinement. In addition, Fig. 16a and ¢ demonstrate that
the standard TP-1 test procedures for grain size measurement
can lead to erroneous grain size data if the microstructure on
the vertical section is not checked. The inclusion of such data
in the theoretical analysis may exaggerate the solute effect on
grain size [71,89].

Fig. 17 shows the calculated grain size data together with
experimental data in Mg-Al alloys with and without intensive
melt shearing under different solidification conditions, such as
the standard TP-1 test (7 = 3.5 K/s) [69] and the high pres-
sure die casting (HPDC) (7" & 1000 K/s) [91]. The dashed
box in Fig. 17 highlights that the sample has a columnar
grain structure which is not used to compare with the calcu-
lations. For Mg-Al melts, the nucleating particles are native
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CP-Mg without shearing

CP-Mg with shearing

Fig. 16. Optical macrographs of CP-Mg solidified in a TP-1 mould. (a, c¢) Without intensive melt shearing; and (b, d) with intensive melt shearing. (a, b) are
the cross sections and (c, d) are the vertical sections, showing the columnar structure of non-sheared CP-Mg and equiaxed structure of sheared CP-Mg.
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Fig. 17. The calculated grain size (solid lines) for Mg-Al alloys solidified
under different conditions, showing a good agreement between calculations
and experimental data [69,91].

MgO particles, which have a relatively large AT, (1.2 K)
due to their large lattice misfit with Mg [76] and atomically
rough surfaces [59]. When Mg-Al alloys are solidified in the
TP-1 mould without prior melt shearing, the Ny of the MgO

particles is approximately 10'* m™3 [82]. In this case, the
grain initiation behaviour is PGI dominant, resulting in a rel-
atively large grain size (the filled squares in Fig. 17). With
prior melt shearing, the Ny of the MgO particles increases to
10" m~3 [82]. This increase in N, changes the grain initia-
tion behaviour from PGI-dominant to EGI-dominant, result-
ing in a decrease in grain size (the filled circles in Fig. 17).
In addition, HPDC allows the Mg-Al alloys to solidify at a
high cooling rate (~10% K/s) and a high shear rate (~10° /s,
comparable with intensive melt shearing) at the gate prior to
solidification, leading to a more significant grain refinement
(the filled diamonds [91] in Fig. 17).

These experimental results (Figs. 16 and 17) confirm that
intensive melt shearing of Mg-alloys prior to casting leads to
orders of magnitude increase in MgO particle number density
which in turn results in a significant reduction of grain size.
In addition, the results in Fig. 17 provide firm evidence to
support that a high cooling rate promotes grain refinement, but
solute concentration (growth restriction) has a limited effect
on grain size.

In summary, the good agreement between experimental
data and theoretical predictions over 3 orders of magnitude of
grain size data provides strong validation of the current theo-
retical model for grain size prediction [69]. This comparison
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Fig. 18. Schematic illustration of the (a) twin-screw high shear unit [42,95],
(b) rotor-stator high shear unit, and (c) macroscopic melt flow pattern around
the tip of the rotor-stator high shear device [94,96].

in Fig. 17 also provides indirect validation of the concept of
progressive and explosive grain initiation behaviour.

4. Applications to industrial casting processes
4.1. Dispersion of MgO particles by intensive melt shearing

To produce cast components/feedstock with fine and uni-
form solidification microstructure, we have developed a novel
intensive melt shearing process to condition alloy melts prior
to solidification processing [42,45,92-94]. The high shear pro-
cess was initially embodied by a twin-screw machine [42,95]
(Fig. 18a) and later by a simpler rotor-stator mechanism
[94,96] (Fig. 18b). For the twin-screw high shear process
(Fig. 18a), the liquid metal is fed into the device, in which
a pair of co-rotating and fully intermeshing screws are ro-
tating inside a heated barrel with accurate temperature con-
trol. The liquid metal in the twin-screw unit is subjected to
intensive shearing under a high shear rate and high inten-
sity of turbulence. Consequently, the conditioned liquid metal
has extremely uniform temperature, uniform composition and
well-dispersed inclusion particles [42]. The rotor-stator unit
(Fig. 18b) comprises a rotor and a stator attached to an elec-
trical motor with speed control. During its operation, the fast-
rotating rotor inside the stator provides intensive shearing to
the melt in the gap between the rotor and the stator and also
in the openings on the stator. The rotation speed can be as
high as 10,000 rpm providing a shear rate as high as 10° s~
This rotor-stator high shear device provides dispersive mix-
ing action inside the rotor-stator device and distributive mix-
ing outside the rotor-stator through the macro-flow patterns
shown in Fig. 18c [94].
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Fig. 19. Grain size of AZ91D alloy solidified in the TP-1 mould
(T = 3.5 K/s) under different processing conditions showing the significant
grain refinement by intensive melt shearing [43].

Fig. 20. Optical micrographs of AZ91D alloy produced by (a) the conven-
tional HPDC process, and (b) the MC-HPDC process [100]. Intensive melt
shearing leads to a fine and uniform microstructure with significantly reduced
cast defects.

Here we show an example of the application of intensive
melt shearing for grain refinement of Mg-alloys [43]. The
AZ91D alloy melt was transferred to a preheated twin-screw
unit and subjected to intensive shearing at different tempera-
tures (605 to 650 °C) above the alloy liquidus with a rotation
speed in the range of 500-800 rpm. The standard TP-1 test
mould was used to cast AZ91 alloy with and without in-
tensive melt shearing. The resultant grain size as a function
of pouring temperature is presented in Fig. 19 [43]. With-
out melt shearing, the grain size increases significantly with
the increase in pouring temperature, while with intensive melt
shearing the grain size is much finer at all the pouring temper-
atures. In addition, melt shearing not only provides significant
grain refinement but also reduces grain size dependence on
the pouring temperature [43]. Further investigations [82] show
that intensive melt shearing can effectively disperse the usual
oxide films and oxide skins into more discrete particles, re-
sulting in a significant increase in MgO particle number den-
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Fig. 21. Optical micrographs showing the microstructures of Mg-alloys produced by the HPDC process [68]. (a) Mg-9Al-1Zn without intensive melt shearing,
the average grain size is 200 wm; (b) Mg-1Zr-1Ca alloy with intensive melt shearing, the average grain size is 20 pm; and (a) CP-Mg with intensive melt

shearing, the average grain size is 6 um.

sity from 10'* m=3 without shearing to 107 m~ with shear-
ing. It was confirmed that such dispersed MgO particles do
act as heterogeneous nucleation sites for effective grain re-
finement [43].

4.2. Melt conditioning-high pressure die casting
(MC-HPDC) process

HPDC has been the workhorse of the automotive indus-
try due to its unique characteristics, such as low-cost, high
efficiency and high volume for component production [97].
However, the HPDC process suffers from a number of draw-
backs, such as high volume fraction of porosity, non-uniform
microstructure, the existence of defect band and particularly
inconsistency of mechanical performance of cast components.
Intensive melt shearing prior to HPDC seems to offer a unique
solution to such problems [42,98—107]. Fig. 20 compares the
microstructures of AZ91D alloy bars with a 6 mm diameter
produced by the conventional HPDC (Fig. 20a) and by the
MC-HPDC process (Fig. 20b) [100]. Intensive melt shearing
disperses the usual oxide films into more discrete MgO par-
ticles resulting in a 3-order magnitude of increase in MgO
particle number density [82]. The combination of the high
number density of nucleant particles and high cooling rate
leads to a significant increase in the total number of grain
initiation events, and thus a fine and uniform solidification
microstructure throughout the entire components (Fig. 20b).
This in turn reduces/eliminates the condition for the forma-
tion of cast defects, providing a component with high in-
tegrity and improved mechanical performance [100]. Grain
refinement of HPDC Mg-alloys by intensive melt shearing is
further demonstrated in Fig. 21 [68]. The conventional HPDC
process produces AZ91D alloy samples with a 200 pwm grain
size (Fig. 21a); with intensive melt shearing the grain size of

Mg-1Zr-1Ca alloy is reduced to 20 pm (Fig. 21b), and 6 pm
for CP-Mg (Fig. 21c) [68].

4.3. Melt conditioning-direct chill (MC-DC) casting process

Direct-chill (DC) casting produces [108] Mg-alloy billets
or slabs as feedstock for subsequent thermomechanical pro-
cessing, such as extrusion and rolling. A grain-refined as-cast
microstructure is desirable for two major reasons [108]: (1) a
fine and equiaxed solidification process leads to a reduction
in both macro-segregation and cast defects, which will, in
turn, facilitate the subsequent thermomechanical processing;
and (2) grain refinement and its consequences result in im-
proved mechanical performance, particularly those properties
closely related to local stress concentration, such as ductility,
fatigue strength and fracture toughness. However, currently,
there are no effective grain refiners available to deliver grain
refinement of Mg-alloys. In recent years, the implementation
of intensive melt shearing in the DC sump has led to the de-
velopment of a novel MC-DC process [109-119] (Fig. 22a).
The MC-DC process provides for the first time an effective
approach for in situ control of microstructures during DC
casting process. Fig. 22b is an optical micrograph showing
the sharp microstructural transition from a coarse equiaxed
dendritic structure with a millimetre level of grain size to
fine and equiaxed dendrites by switching on the rotor/stator
high shear device during DC casting of AZ91D alloy [111].

Intensive melt shearing in the DC sump disperses the usual
oxide films into more discrete MgO particles and leads to a
3-order magnitude increase in MgO number density, which in
turn results in a significant grain refinement according to the
grain refinement maps (Fig. 15). In addition, intensive melt
shearing ensures a controlled and uniform sump temperature
and a uniform chemical composition, creating a favourable
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Fig. 22. (a) Schematic illustration of the MC-DC casting process where an intensive melt shearing device is submerged in the sump of the DC caster; (b)
optical micrograph showing the immediate microstructural transition of DC cast AZ91D alloy from a coarse grain structure (bottom half of (b)) to a refined
grain structure (top half of (b)) when the rotor-stator high shear device is switched on [111].

Fig. 23. Optical micrographs of cast AZ80 alloy billet (300 mm diameter) by (a, c) the conventional DC casting process and (b, d) the MC-DC casting

process.

and consistent solidification condition. The overall effect of
intensive melt shearing is a fine and uniform microstructure
throughout the entire DC billet with significantly reduced or
eliminated macro-segregation, porosity and surface defects,
as demonstrated in Fig. 23 by the grain structures of MC-DC
cast AZ80 alloy billet (300 mm diameter) in comparison with
that produced by the conventional DC casting process.

Intensive melt shearing in the DC sump provides also an
effective means for accurate sump temperature control. With
an appropriately selected rotation speed, the sump tempera-
ture is not only uniform but can be accurately controlled to
be a few degrees above the alloy liquidus. This leads to a sig-
nificantly reduced distance between the liquidus and solidus
isotherms. Under a constant casting speed, this means a pro-
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Fig. 24. Intensive melt shearing in the DC sump (MC-DC) leads to simulta-
neous refinement of grain size and secondary dendritic arm spacing (SDAS)
of AZ31 alloy billet in comparison with the same alloy produced by con-
ventional DC casting.

portional reduction of solidification time (the time a solid
particle stayed between the liquidus and solidus isotherms).
According to the dendrite growth theory [120], the ultimate
effect of intensive melt shearing is a significant reduction
of secondary dendrite arm spacing (SDAS), as shown in
Fig. 24. A refined SDAS causes the last-to-solidify liquid
(usually multi-component eutectic) to be finely dispersed in
the inter-dendrite arm regions, leading to refined and uni-
formly distributed second phase particles, as demonstrated in
Fig. 25 by the refined and uniformly distributed 8-Al;7;Mg),
phase in the MC-DC cast AZ31 billet.

4.4. Melt conditioned twin-roll casting (MC-TRC) process

Twin roll casting (TRC) combines casting and hot rolling
into a single step for producing strips close to their final
thickness, reducing the need for hot or cold rolling, which
is particularly attractive for Mg-alloys [121-123]. However,
the conventional TRC process emphasises the importance of
the deformation part of the process taking little advantage
of the casting process. This causes the solute-rich liquid to
segregate to the centre of the strip leading to a severe centre-
line segregation and surface bleed, which decreases the duc-
tility of the as-cast strip, extends the homogenisation time
and increases the production cost. Thus, currently, only very
dilute alloys may be efficiently processed with the conven-
tional TRC. The grand challenges in TRC research include:
(1) reducing/eliminating centre-line segregation; (2) reduc-
ing/eliminating the strong basal texture in the as-cast strip;
and (3) increasing cast speed thus increasing productivity.

In the LiME Hub, we have developed a novel MC-TRC
process [124—135]. The MC-TRC process (Fig. 26 [131]) has
the following advantageous features:

* Intensive melt shearing prior to TRC disperses the usual
oxide films into discrete MgO particles, increasing MgO
number density from 10" to 10" m=3 [82]. The high
particle number density of MgO, with low nucleation po-
tency, high particle number density and high cooling rate
ensure a high density of grain initiation events during

‘,. - -
-
"y .
S . P :
g “» ;) 9% 3 o' g " .
r W x £ ot v o
” . ) a? /™ :
- ~ - X o, -
’f 4 o« s e, * - u B
p . o » A ¢l al
‘:""5,. P Ah '; = 5T -

Fig. 25. Micrographs of DC cast AZ31 alloy showing that intensive melt
shearing leads to refined and well-dispersed second phase particles (-
Alj7Mgj; in this case). (a) Without intensive melt shearing; and (b) with
intensive melt shearing.
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Fig. 26. Schematic illustration of the MC-TRC process [131]. Melt-
conditioning unit [96] provided intensively sheared alloy melt to a low force
twin roll caster via an intermediate tundish.

TRC and thus a fine and equiaxed solidification process
(Fig. 27 [130]). Consequently, MC-TRC eliminates the
coarse columnar grain structures and thus significantly re-
duces or even eliminates the possibilities of centre-line seg-
regation and surface bleed (Fig. 28 [45]).
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(a) Conventional TRC process

Fig. 28. Microstructures of as-cast AZ31 strips produced by (a) TRC and (b)
MC-TRC, showing significant grain refinement and improved microstructural

uniformity [45].

* A small roll diameter provides a large opening for the
tundish tip to move closer to the roll nip resulting in a
smaller deformation zone and a reduction of strip thick-
ness, being as thin as 1 mm. The overall effect is an in-

creased cast speed and reduced production cost.

* The emphasis on the importance of casting in the MC-TRC
process makes it possible to reduce substantially the rolling
force, changing the TRC microstructure from a largely de-
formed structure with strong basal texture (Fig. 28a) to
a solidification structure with more random grain orienta-
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Fig. 30. Pictures of AZ31 alloy strip after hot stamping at 450 °C [128]. (a)
Conventional TRC strip; and (b) MC-TRC strip. After stamping, the TRC
strips show severe cracking while the MC-TRC strips are crack free.

tions (Fig. 28b) [45]. The grain size reduction by intensive

melt shearing can be as much as an order of magnitude.
* MC-TRC ensures a fine, uniform and almost defect-free

microstructure through the entire strip thickness, which in

200
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Fig. 29. True stress-strain curves for as-cast AZ31 strip tested at different temperatures [128]. (a) Conventional TRC strip; and (b) MC-TRC strip. The strips
produced by traditional TRC have low strength, low ductility and irregular temperature dependence, suggesting that the TRC strips have severely defected. On
the opposite, the MC-TRC strips have significantly improved strength and ductility predictable temperature dependence, suggesting that the MC-TRC strips

are free from critical defects.
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Fig. 31. Optical micrographs showing the grain structures of AZ91D alloy repeatedly re-melted and re-solidified in a TP-1 mould (7 = 3.5 K/s). (a) Without
the initial melt shearing; and (b) with the initial melt shearing. The numbers in the micrographs indicate the number of times of re-melting.

turn leads to a high and consistent mechanical performance
(Fig. 29) [128].

« It has been successfully demonstrated that the MC-TRC
strip can be directly hot-stamped without any need for
prior rolling (Fig. 30) [128]. This provides a commercial
opportunity for the production of 3C packaging by direct
stamping of the MC-TRC Mg thin strips.

4.5. Self-grain-refining Mg-alloy ingot

Our research has confirmed that the grain refining effect of
intensive melt shearing can be sustained even after repeated

remelting and casting without the need for further intensive
melt shearing [136]. The intensively sheared AZ91 alloy melt
was cast into the TP-1 mould, and the produced TP-1 ingot
was then remelted and recast repeatedly without further inten-
sive melt shearing. The reference samples were produced by
repeatedly melting and casting AZ91D alloy without any in-
tensive melt shearing. The resultant microstructures are com-
pared in Fig. 31. Intensive melt shearing of AZ91D alloy melt
results in well-dispersed MgO particles, a high MgO particle
density in the alloy melt and ultimately a fine grain size (be-
low 200 wm) in the as-cast TP-1 ingot. Repeatedly remelting
and casting may cause two opposite effects: (1) increased
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Fig. 32. Grain size of AZ91D alloy repeatedly re-melted and re-solidified
in a TP-1 mould (7 = 3.5 K/s) as a function of the number of times of
re-melting.

MgO number density due to further oxidation during melt
handling and casting; and (2) decreased MgO number density
due to re-agglomeration of the initially dispersed MgO parti-
cles in the melts and during solidification. The experimental
results in Fig. 31 suggest that the MgO particle number den-
sity in the repeatedly remelted samples is sufficiently high
to sustain the level of grain refinement without the need for
further intensive melt shearing. However, this is not the case
for the reference samples (without the initial intensive melt
shearing), where the grain size of the repeatedly remelted and
recast samples is constantly larger than 500 pwm (Fig. 32).

The results from repeatedly remelting and recasting sug-
gest that Mg-alloys can be made self-grain refining if the
alloy ingots were cast with prior intensive melt shearing. The
self-grain refining ingot has a fine and uniform microstructure
across the entire ingot (Fig. 33) [136,137].

4.6. High shear recycling

The recycled Mg-alloys contain an increased amount of ox-
ide skins, oxide films, impurity elements and other inclusions,
which makes direct in-house recycling of Mg-scrap impossi-
ble. Mg-alloy scraps are usually collected and recycled in a
dedicated recycling centre with a complex melt treatment pro-
cess [138]. However, the dispersing power of intensive melt
shearing may be used not only to eliminate the harmful effect
of oxide films and other inclusions but also to make them
available for grain refinement without the addition of grain
refiners. This is demonstrated in Fig. 34 by the mechanical
performance of AZ91D alloys produced by HPDC from feed-
stock with different contents of directly recycled scraps [138].
It is not surprising to note that both the strength and ductility
of HPDC AZ91D from 100% diecast scrap match well those
from 100% primary alloys. This is a very encouraging re-
sult since it means that diecasting foundries can recycle their
scrap in-house without compromising the mechanical perfor-
mance of their HPDC components as long as they fully shear
their melts with scrap addition. It is also clear that this di-

rect recycling approach is applicable to all casting processes,
including continuous casting as long as the Mg melts with
recycled contents are fully treated by the high shear process.
Obviously, further research is required to understand corro-
sion resistance and other chemical and physical properties of
the Mg-alloys with directly recycled contents.

5. General discussions

5.1. The addition of more potent particles than MgO will
not lead to more grain refinement

The traditional wisdom for grain refinement is to promote
heterogeneous nucleation (reducing AT,) by adding grain re-
finers that contain potent nucleant particles of significant num-
ber density [46-52,80]. This approach is clearly demonstrated
by the two well-known commercial grain refiners, Al-Ti-B-
based grain refiners for Al-alloys [80,139] and Mg-Zr-based
grain refiners for Mg-alloys [48,140]. In the case of Al-Ti-
B-based grain refiners, TiB, particles have a lattice misfit of
-4.22% with Al and are therefore relatively impotent for nu-
cleating Al. However, a (1 1 2)Al;3Ti 2DC forms on (0 0 0
1) TiB, surface during the grain refiner production process
and reduces the absolute value of the misfit from the origi-
nal 4.22% to 0.09%, rendering the TiB,/Al;Ti 2DC particles
extremely potent for nucleating Al [80]. In addition, from a
nucleation competition point of view, such potent particles
ensure that there is no other solid particle of significance for
heterogeneous nucleation. Similarly, in the case of Mg-Zr-
based grain refiners for Mg-alloys, the same crystal structure
and closely matching crystal lattice parameters between Zr
and Mg make Zr a very potent substrate for the heteroge-
neous nucleation of Mg [78]. It should be pointed out that
such success in grain refinement relies on the specific chem-
ical and physical characteristics of the liquid/substrate inter-
face at the moment of heterogeneous nucleation. Any changes
in the interfacial characteristics prior to heterogeneous nucle-
ation may alter the pathway of heterogeneous nucleation and
grain initiation, resulting in a different outcome for grain re-
finement. For instance, the existence of 500 ppm Zr in Al-
alloys makes TiB,-based grain refiners ineffective for grain
refinement [141], and Mg-Zr-based grain refiners do not work
for Al-containing Mg-alloys [48], all due to chemical reac-
tions at the substrate/liquid interface prior to heterogeneous
nucleation.

Here we demonstrate that this traditional approach for
grain refiner development is not effective for Mg-alloys, i.e.,
the addition of more potent particles than native MgO will
not lead to more effective grain refinement of Mg-alloys than
the native MgO particles do. Just imagine that there is a
group of hypothetical solid particles that have the same par-
ticle size distribution as MgO particles (dy = 0.07 wm and
o = 0.45) but have different nucleation undercooling (AT).
Fig. 35 shows the calculated grain size as a function of nu-
cleation undercooling and two different particle number den-
sities (Nop = 10'* and 10" m=%) for Mg-1Al alloy solidi-
fied at a cooling rate of 3.5 K/s. The dotted line represents
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Fig. 33. Optical graphs of AZ31 melt-conditioned cast ingot showing a fine and uniform grain structure upon final solidification after application of intensive
melt shearing [136,137]. (a, ¢) Macrostructure and (b, d) microstructure; and (a, b) without and (c, d) with intensive melt shearing.
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Fig. 34. Performance of high shear recycled AZ91D alloy produced by MC-
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Fig. 35. Calculated grain size of Mg-1Al alloy solidified at 7 = 3.5 K/s and
inoculated by hypothetical solid particles with varying nucleation undercool-
ing (AT,) at two different particle number densities (Np) but with the same
log-normal size distribution (dy = 0.07 pm, o = 0.45). The red dots mark
the position where PGI and EGI have equal numbers (Nggi:Npgi = 1), and
the dotted line represents MgO particles with estimated AT, = 1.2 K.

AT, = 1.2 K, which is the estimated AT, for MgO, and
the red dots mark the positions where the numbers of PGI
and EGI events are equal, which delineate the PGI dominant
zone from the EGI dominant zone. When Ny = 10 m—3,
grain initiation is PGI-dominant; when the addition of more
potent particles (decreasing AT,) with the same Ny and size
distribution as MgO particles is made, the grain size does not
decrease but increases slightly. This suggests that the addition
of more potent particles will not lead to more grain refine-
ment. When the N, increases to 10'7 m™3, grain initiation
changes to EGI-dominant and the grain size is significantly
reduced. Similarly, the addition of more potency particles with
the same Ny and size distribution as MgO particles increases
substantially the grain size. However, in both cases, the ad-
dition of more impotent particles (increasing AT,) will result
in more significant grain refinement for both Ny = 10'* and
107 m~3 if native MgO particles can be completely removed
from the melt. This will be discussed further later.

It can be concluded from this analysis that the addition
of more potent nucleant particles than MgO will not lead to
more grain refinement than native MgO particles do. This
suggests that the current search for effective grain refiners for
Mg-alloys (particularly Mg-Al alloys) by addition of more po-
tent particles than MgO will need to change direction, from
searching for more potent particles to enhance heterogeneous
nucleation to searching for more impotent particles to im-
pede heterogeneous nucleation: (1) making native MgO parti-
cles themselves more impotent; and (2) adding more impotent
particles but removing completely the native MgO particles.

5.2. Making native MgO more potent will not lead to more
grain refinement

The solute segregated at the liquid/substrate interface may
form 2DC or 2DS (2 dimensional-solution) to change the nu-
cleation potency of the substrate due to the changes in lat-
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tice misfit, surface roughness or chemical potential. In Mg-
Y alloys, Wang [142,143] found that O and Y co-segregate
on the MgO {1 1 1} facet and form a Y,03 2DC layer, as
shown in Fig. 36. According to the high angle annular dark-
field (HAADF) scanning transmission electron microscopy
(STEM) images from different directions, the OR between
{11 1}MgO and {1 0 0}Y,03 2DC was established as:

(111) [211]MgO//(100)[001] Y,03 — 2DC. (6)

As a result, the Y,03-2DC replaces MgO as the new sub-
strate templating the nucleation of Mg grain. The most likely
OR as Wang [142] suggested is

{100}(100) Y205 —2DC//{0001}{1010)Mg. ©)

The formation of {1 0 0}Y,0; 2DC on MgO{1 1 1}
changes the lattice misfit from the original 7.9% between
MgO and Mg to 1.7% between {1 0 0}Y,03 2DC and Mg.
Moreover, the surface layer of {1 0 0} Y,O3 2DC contains
Y atoms only, which are strongly attracted to the Mg atoms

in liquid due to the negative mixing enthalpy between Y and
Mg, and thus enhance the nucleation potency of {1 0 0}Y,03
2DC [58,142]. Both the reduced misfit and increased chem-
ical interaction make the MgO{1 1 1} particles coated with
Y,03 2DC more potent than the original MgO{1 1 1) with
a clean surface. However, the experimental results from the
TP-1 test have confirmed that the grain size of Mg-0.1Y al-
loy with intensive melt shearing is 105 wm, comparable with
100 pwm for Mg-1Al alloy with intensive melt shearing. This
has confirmed that making MgO particles more potent will
not lead to more effective grain refinement, being consistent
with the conclusions from the previous section.

5.3. It is difficult to make native MgO more impotent for
more effective grain refinement

As suggested in Fig. 35 and discussed in Section 5.1, more
significant grain refinement can be achieved by the addition
of more impotent particles than MgO to impede heteroge-
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neous nucleation. Perhaps the most convenient way to do so
is to make the native MgO particles more impotent by chem-
ical segregation at the interface between liquid Mg and MgO
substrate, by either increasing the lattice misfit [56,63-65] or
increasing the substrate surface roughness at the atomic level
[57] or enhancing the repulsive interaction between the lig-
uid and substrate atoms [58]. However, this might be a mis-
sion impossible, since the lattice misfit is already high (7.9%)
[76] and the surfaces of both MgO{1 1 1} and MgO{1 0 0}
are already rough [59]. This is further demonstrated by the
following two cases.

In Mg-Ca alloy, Wang [142,144] observed an adsorption
layer with a thickness of around 1 nm at the Mg/MgO
interface, which has the same structure as the adjacent
MgO. HAADF imaging and electron energy loss spectroscopy
(EELS) analysis were used to characterize both the Mg/MgO
{111} and Mg/MgO {1 0 0} interfaces. The results showed
that the segregation layers had the same structure as MgO;
both Mg and O were deficient in the segregation layer, whilst
the Ca and N were concentrated, indicating that Mg and O
atoms on the MgO surface were substituted by Ca and N
atoms, respectively. Such a substitutional process will lead to
the formation of vacancies and local atomic re-configuration,
resulting in an atomically rough surface. Albeit the lattice
misfit is not changed, the atomically rough surface will reduce
the nucleation potency [57], which in turn impedes the het-
erogeneous nucleation. The experiments [142,144] confirmed
that the grain size of Mg-Ca alloy (0.3-1.0 Ca) with intensive
melt shearing is between 95 and 162 pm, being comparable
with that of CP-Mg with intensive melt shearing. The slight
decrease in grain size with increasing Ca addition may be
attributed to the increased dispersion of MgO particles due to
reduced interfacial energy rather than a change in the potency
of MgO particles.

Sn is also experimentally confirmed to segregate onto the
surface of MgO in Mg-Sn alloys. Similar to the case of Mg-
Ca alloys, segregation of Sn at the Mg/MgO interface does
not alter the lattice misfit but introduces vacancies and atomic
displacement in the segregated layer, leading to an increase
in surface roughness at the atomic level that impedes hetero-
geneous nucleation [142]. The grain size of Mg-Sn alloys is
only moderately reduced compared to CP-Mg, and this slight
reduction in grain size is most likely caused by the dispersion
of MgO particles due to reduced interfacial energy rather than
by decreased nucleation potency.

5.4. There is little space for developing successful grain
refiners for Mg-alloys

The benchmarking position for developing new grain re-
finers is native MgO. The new grain refiners have to be more
effective for grain size reduction than the native MgO par-
ticles themselves. Based on the concept of grain refinement
maps presented in Section 3.4, successful grain refiners can
be developed through the following potential approaches:

(1) Reducing nucleation undercooling (AT,) to enhance
heterogeneous nucleation. This will promote PGI for
grain refinement.

(2) Increasing nucleation undercooling by making native
MgO particles more impotent. This will promote EGI
for grain refinement.

(3) Reducing the mean size and narrowing the size distribu-
tion (close to mono-size) of the operating particles (par-
ticles that initiate grains). This will increase the number
of grain initiation events before recalescence for grain
refinement.

Based on our previous discussions, particles that promote
explosive grain initiation will result in finer grain size. Ap-
proach (1) promotes progressive grain initiation and will not
be more effective for grain refinement than the native MgO
particles. This approach has been utilised to develop new
grain refiners, particularly for Mg-Al alloys, and has had lit-
tle commercial success [48,52]. Approach (2) involves making
native MgO particles more impotent, which is very difficult
to achieve since MgO particles having a large lattice misfit
with Mg and an atomically rough surface are already very
impotent. Approach (3) is not practical since the native MgO
particles are not only fine in mean particle size but also dif-
ficult to change their natural size distribution (log-normal).
Therefore, we can conclude that there is little space for the
development of new grain refiners that can be more effective
than native MgO particles.

5.5. Grain refining Mg-alloys by intensive melt shearing

As we have discussed previously, there is little space
to develop effective grain refiners for Mg-alloys by using
either more potent particles to promote progressive grain
initiation or more impotent particles to promote explosive
grain initiation. Instead of chemical inoculation (addition
of grain refiners), perhaps the most straightforward way to
grain refine Mg-alloys is the physical dispersion of native
oxide.

Native MgO in Mg-alloys has a large lattice misfit with
Mg (7.9%), an atomically rough surface due to surface va-
cancies and vertical displacement of the surface Mg atoms
and a large particle number density (107 m™3). According
to the grain refinement maps presented in Figs.14 and 15, all
these characteristics put native MgO in a good position for
effective grain refinement of Mg-alloy. The only action re-
quired for achieving effective grain refinement is to disperse
the native MgO particles to make the best use of all the avail-
able MgO particles. This proposition has been supported by
our recent experimental results.

* We found out that the application of intensive melt shear-
ing in the DC casting process (i.e., the MC-DC pro-
cess) can result in grain refinement in all the Mg-alloys
we have tried so far, and this grain refinement is in-
dependent of alloy compositions. As shown in Fig. 37,
all the MC-DC Mg-alloys have a grain size of around
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Fig. 37. The microstructures of various Mg alloys produced by conventional DC casting and MC-DC casting, showing that melt conditioning (intensive melt
shearing) produces grain refinement of Mg alloys independent of alloys’ compositions. (a,c,e,j,i) Conventional DC casting and (b, d, f, h, j) MC-DC casting.

180 wm while the grain size of the same alloys without
melt shearing can be as large as 1 mm, or even columnar
grains.

The grain refining effect of intensive melt shearing can be
sustained by repeated remelting and recasting without fur-
ther intensive melt shearing (Fig. 31). This is attributed to
the fact that the dispersed nano-sized native MgO parti-
cles will remain dispersed during remelting and act as the
nucleation sites for grain refinement during the subsequent
casting. New oxide films and potential surface contamina-
tion formed during remelting and casting make no signif-
icant difference to a population of highly impotent MgO
particles with a high enough density.

* Intensive melt shearing is a process easy to implement

in industrial casting processes for grain refinement. As we
have demonstrated previously, it is suitable for HPDC, sand
casting, DC casting, TRC and other casting processes.

* Intensive melt shearing provides not only grain refine-

ment but also other advantages over chemical inocula-
tion, such as enabling direct in-house recycling, and en-
hanced mechanical performance (particularly ductility, fa-
tigue strength and fracture toughness) due to dispersed in-
clusions and secondary phase particles.

Overall, it can be concluded that grain refining Mg-alloys

can be achieved through dispersing native MgO particles by
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intensive melt shearing without the need for any exogenous
grain refiners.

6. Concluding remarks

Grain refinement can increase the strength, ductility,
formability and corrosion resistance of metallic alloys, and is
particularly desirable for Mg-alloys. The conventional wisdom
for grain refinement is to enhance heterogeneous nucleation
through chemical inoculation by the addition of grain refiners
that contain potent nucleant particles. Most recently, we have
demonstrated that more significant grain refinement of Mg-
alloys can be achieved by impeding heterogeneous nucleation
using native MgO which is relatively impotent for heteroge-
neous nucleation of Mg. In this paper, we have provided a
review of the traditional approaches to grain refinement and
a detailed overview of the recent advances in understanding
heterogeneous nucleation and grain initiation, and their impli-
cations for effective grain refinement of Mg-alloys. The major
conclusions are summarised as follows:

* The native MgO exists in Mg-alloy melts as oxide films,
which consist of densely populated MgO particles formed
by direct oxidation of liquid Mg. Mg oxide films can be
effectively dispersed into more discrete MgO particles by
intensive melt shearing. The native MgO particles have a
morphology of either octahedral or cubic with the {1 1 1}
or {0 0 1} surface termination, respectively (denoted as
MgO{1 1 1} and MgO{0 0 1}). The MgO particles have
a log-normal particle size distribution with a geometrical
mean size of dp = 68 nm and a standard deviation of
o = 0.4 for MgO{1 1 1}, and dyp = 85 nm and o = 0.51
for MgO{0 0 1}. The estimated effective MgO particle
number density is 10" and 10'7 m~3 for Mg-alloy melts
without and with intensive melt shearing, respectively.
Native MgO has a lattice misfit of 7.9% with Mg, an atom-
ically rough surface due to the existence of surface va-
cancies and surface atomic displacement, and is therefore
relatively impotent for heterogeneous nucleation of Mg al-
though it has been confirmed experimentally that both the
MgO{1 1 1} and MgO{0 O 1} do nucleate Mg. The es-
timated nucleation undercooling AT, for MgO/Mg system
is 1.2 K, which is much larger than that for the TiB,(Al;Ti
2DC)/Al system (AT, = 0.01 K [145]).

Grain initiation occurs during solidification in three dis-
tinctive modes: progressive grain initiation (PGI), explosive
grain initiation (EGI) and hybrid grain initiation (HGI, and
HGI = EGI + PGI). Such grain initiation behaviour can
be well described in a grain initiation map. Generally, EGI
is promoted by low cooling rate, low solute concentration,
low nucleation potency and high nucleant particle density.
We have developed an intensive melt shearing process,
which was initially embodied by a twin-screw machine
and later by a rotor-stator device. We have demonstrated
that intensive melt shearing can effectively disperse the
usual oxide films into more discrete MgO particles, which
not only eliminates the harmful effect of oxide films but

also uses positively the dispersed MgO particles for grain
refinement.

We found that the grain refining effect of intensive melt
shearing can be sustained after repeated remelting and re-
casting without the need for further melt shearing. This
suggests that intensive melt shearing prior to ingot casting
can make Mg-alloys ingots self-grain-refining.

The application of intensive melt shearing has led to the
development of a range of melt-conditioned solidification
processing technologies, such as MC-DC casting, MC-
TRC, and MC-HPDC processes. Significant grain refine-
ment has been achieved in all these melt-conditioned pro-
cesses, resulting in a fine and uniform microstructure with
substantially reduced cast defects.

The traditional approach to grain refinement is to enhance
heterogeneous nucleation by the selection of more potent
nucleant particles to promote PGI. The new concept of EGI
provides a novel approach to grain refinement, i.e., imped-
ing heterogeneous nucleation by more impotent particles
to promote EGI. We have used native MgO in Mg-alloys
as an example to demonstrate this new approach.

There is little space to develop grain refiners for Mg-alloys
that can be more effective than native MgO particles. We
have theoretically demonstrated and experimentally con-
firmed that the addition of more potent particles than MgO
will not lead to more effective grain refinement than native
MgO and that it is almost practically impossible to make
MgO more impotent for further grain refinement. There-
fore, we do not need to develop grain refiners for Mg-
alloys, and what we need is to make the best use of the
native MgO particles for effective grain refinement, such
as the dispersion of native MgO particles by intensive melt
shearing.
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