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Abstract: Without the addition of any grain refiner, the inclusion particles in a melt will induce
heterogeneous nucleation and grain initiation during the solidification of metallic materials. However,
with grain refiner addition, the exogenous particles (from the grain refiner) and the native inclusions
(e.g., oxide particles) will co-exist in the melt, and there will be competition for nucleation and grain
initiation among different types of solid particles. In this paper, we analyze such competition in
Al and Mg alloys using a numerical solidification model that we have developed previously. The
numerical calculations show that the competition for nucleation is strongly dependent on nucleation
undercooling of the different types of particles, while the competition for grain initiation is closely
related to the sizes of solid particles. Based on the numerical results, the general rules of competition
for nucleation and grain initiation have been developed: nucleation starts with particles of minimum
nucleation undercooling, followed by particles with progressively larger nucleation undercooling;
and grain initiation starts with solid particles of the largest size, followed by solid particles with
progressively smaller sizes.
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1. Introduction

Inclusions in an alloy melt, such as oxides and borides, may induce heterogeneous
nucleation [1] and the subsequent grain initiation during the solidification of metallic
materials. Grain refinement [2–5] is defined as the deliberate suppression of columnar grain
growth in ingots and castings and the formation of a fine and equiaxed grain structure
throughout the material. Grain refinement offers a unique opportunity for improving
the performance of metallic materials, such as reduced cast defects in the solidified mi-
crostructure, simultaneously improved ductility and mechanical strength and enhanced
corrosion resistance [6] through the finely dispersed and uniformly distributed second
phase particles.

The approaches to grain refinement during casting processes include chemical inoc-
ulation with the addition of grain refiners and the application of external fields, such as
ultrasonic treatment (UST) [7,8], electromagnetic stirring [9–11] and intensive melt shear-
ing [12–17]. Among these methods, inoculation prior to the casting processes has been
widely used in industry to deliver grain refinement [2–5] through the addition of a large
number of potent nucleant particles that act as the nucleation sites. For example, the
Al-5Ti-1B grain finer and Mg-33Zr master alloy are considered to have the highest grain
refining efficiency for Al and Mg alloys, respectively [2,18]. It has been confirmed that
potent TiB2 (TiB2 with Al3Ti 2DC (two-dimensional compound)) particles in Al-5Ti-1B
grain refiner [19] and Zr particles in Mg-33Zr master alloy [18] dominate the nucleation
and grain initiation processes during solidification.

Due to the high oxidation potential of Al and Mg, molten Al and Mg alloys oxidize
rapidly in contact with air, resulting in inclusions being dominated by oxides. For example,
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there are 0.1–10 ppm Al2O3 for pure Al and 10–200 ppm MgO for pure Mg [20,21]. Although
there are also some other inclusions, such as AlN and Mg3N2, formed during the melting
and casting processes for Al and Mg alloys [22–24], the Al2O3 (or MgAl2O4) and MgO
particles are the dominant inclusions in Al and Mg alloys, and most of them exist in the
form of oxide films [12,25–30]. Without the addition of a grain refiner, these oxide inclusions
act as heterogeneous nucleation sites for the primary phase. For example, native MgO and
MgAl2O3 particles have been confirmed as the nucleation sites in Mg-Al alloys [12,30,31]
and Al-Mg alloys [13]. However, these oxide films lead to a low effective number of grain
initiation events, resulting in a coarse grain structure in the as-cast condition, because
only one grain initiation event occurs in a film or an agglomerate. The approaches that
can effectively disperse the oxides and hence increase the effective oxide particle number
density will reduce the grain size of cast alloys. For example, the effective grain refinement
of Mg alloys can be achieved by intensive melt shearing [12,14–16], which increases the
number density of native MgO particles from 1014 m−3 to 1017 m−3 [32].

Oxide particles, such as MgO in Mg alloys, require relatively large nucleation under-
cooling, because the low nucleation potency originates from the large lattice misfit between
the oxide and the primary phase [12,30,31,33]. When the grain refiner is added to the melt,
taking Mg-33Zr master alloy for Mg alloys as an example, the Zr particles nucleate Mg first
(at a higher temperature) and dominate the subsequent grain initiation process due to the
small nucleation undercooling and high particle number density [34]. This may not leave
any chance for MgO particles to participate in the nucleation process.

The final grain size of a solidified alloy is determined by the competition for nucle-
ation and grain initiation among the different types of particles, both endogenous and
exogenous [34]. In this paper, we study the competition for nucleation and grain initiation
among the different types of particles, e.g., Zr and native MgO particles in Mg alloys and
TiB2/Al3Ti particles and native Al2O3 in Al alloys, using a numerical model. Based on the
numerical results, we derive the basic rules that govern the competition for nucleation and
grain initiation, which can be used to guide the development of new grain refiners for Al
and Mg alloys.

2. Heterogeneous Nucleation and Grain Initiation
2.1. Recent Advances in Heterogeneous Nucleation

Nucleation during solidification in practical metallic systems is heterogeneous due
to the inevitable existence of solid inclusions in metallic melts [1], which is commonly
analyzed by classical nucleation theory (CNT) [35–38]. The heterogeneous CNT considers
the balance between the interfacial energy change and the volume free energy change
during the creation of a spherical cap on a substrate and uses the contact angle as a
measure of the nucleation potency of the substrate [1,39]. However, it is realized that
the heterogeneous CNT is invalid for potent nucleating substrates with a small contact
angle [40], and the nucleation kinetics cannot be accurately described by the CNT for
efficient catalysis at low undercooling [41,42].

The epitaxial nucleation model [43] represents an alternative description of heteroge-
neous nucleation at the atomic level. It suggests that heterogeneous nucleation proceeds
layer-by-layer through structural templating at the liquid/substrate interface, and, hence,
the lattice misfit (f ) at the interface between the solid and the substrate has a strong in-
fluence on nucleation undercooling (∆Tn), i.e., ∆Tn increases with the increasing lattice
misfit. Recently, it has been revealed that, at temperatures above the nucleation temper-
ature, the atoms in the melt adjacent to a crystalline substrate become layered, and such
interfacial layers may exhibit substantial in-plane atomic ordering, which is referred to
as prenucleation [44,45]. Prenucleation leads to the formation of a two-dimensional (2D)
ordered structure at the liquid/substrate interface [44,45], which is affected by the lattice
misfit [44], the atomic level surface roughness [46] and chemical interactions [47] between
the substrate and the solid. The outcome of prenucleation is a precursor for the subsequent
heterogeneous nucleation. In addition, using molecular dynamics (MD) simulation, a
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three-layer nucleation mechanism was developed for heterogeneous nucleation [48–51],
which explicitly predicts that nucleation undercooling increases linearly with the increase
in the lattice misfit [50,51], and this is in good agreement with Turnbull’s crystallographic
model [52] and Fan’s epitaxial nucleation model [43].

2.2. Grain Initiation during Solidification

After nucleation, the 2D nucleus can potentially template the further growth of the
solid, leading to the formation of a spherical cap on the substrate with a curvature at
the liquid/solid interface specified by the undercooling [50]. If a spherical cap can grow
isothermally at this temperature, it will become a grain, and this process is referred to as
grain initiation. However, whether the solid particle can freely grow is governed by the
free growth criterion [53]:

∆Tgid = 4Γ (1)

Γ = γ/∆Sv (2)

where ∆Tgi is the grain initiation undercooling, d is the diameter of the solid particle
which numerically equals the diameter of the nucleant particle; γ is the interfacial energy
of the solid/liquid interface; ∆Sv is the entropy of fusion per unit volume; and Γ is the
Gibbs–Thompson coefficient. It should be pointed out that the three-layer heterogeneous
nucleation mechanism generates a 2D nucleus, while the CNT produces a 3D nucleus from
which the solid phase may grow [50]. In fact, in the new description of the early-stage
solidification, the classical heterogeneous nucleation (cap formation) has been redefined
as grain initiation [50,54]. Equation (1) suggests that, for a given system, the grain initi-
ation undercooling, ∆Tgi, only depends on the size of the solid particle, since γ and ∆Sv
are constant.

In reality, a melt contains a population of nucleant particles with a log-normal size
distribution [55] and may exhibit different grain initiation behaviors [54,56,57]. When the
nucleant particle has a high nucleation potency, nucleation occurs at a higher temperature,
and grain initiation starts at a lower temperature initially with the solid particle with the
largest size and then with progressively smaller ones with decreasing temperatures until
recalescence [53]. This grain initiation behavior is referred to as progressive grain initiation
(PGI) [54,56,57]. For the particle with large nucleation undercooling, grain initiation may
become explosive, i.e., explosive grain initiation (EGI) [54,56,57], where a group of solid
particles initiate grains almost simultaneously, and the latent heat released by both hetero-
geneous nucleation and the initial free growth can cause an immediate recalescence, which
stifles any further grain initiation events. If the nucleation undercooling is moderate, the
grain initiation is most likely in the hybrid grain initiation (HGI) mode [54,56,57], where a
group of large solid particles initiate grains simultaneously in an explosive manner, and
this is followed by progressive grain initiation on smaller solid particles until recalescence.
More details on the grain initiation behavior have been reported elsewhere [54,56,57].

3. Competition for Nucleation

In this section, we use numerical calculations to illustrate the competition for nucle-
ation. The numerical model was modified on the basis of that in Ref. [54], allowing two
types of nucleant particles to be inputted. The parameters used in the numerical model are
shown in Table 1 [54,55,58,59].

For Al alloys without the addition of a grain refiner, the native Al2O3 particles are
the dominant inclusions in the melt, which will nucleate α-Al and dominate the grain
initiation process during solidification. It is assumed that there is only one type of particles,
i.e., Al2O3, in the Al alloy melt without any grain refiner addition and that the oxide
particles have a log-normal size distribution with a geometric mean of d0 = 0.08 µm and a
standard deviation of σ = 0.82 [60]. The calculated lattice misfit at the Al/ Al2O3 interface
is 3.5% [61], which is larger than the misfit (0.09%) between potent TiB2 (with Al3Ti 2DC)
and α-Al [19] but smaller than the misfit (7.9%) between MgO and α-Mg [30]. For the
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numerical calculations, the nucleation undercooling (∆Tn) of Al2O3 is assumed to be 0.3 K
in this work.

Table 1. The parameters used in the numerical calculations. Data from Refs. [54,55,58,59].

Parameters (Symbol, Unit) Al-Cu Mg-Zr

Partition coefficient (k) −2.5 [58] 4.7 [59]
Liquidus slope (m, K(wt.%)−1) 0.13 [58] 8.2 [59]
Heat capacity (cpv, Jm−3K−1) 2.58 × 106 [55] 2.59 × 106 [54]

Enthalpy of fusion (∆HV, Jm−3) 9.5 × 108 [55] 6.75 × 108 [54]
Diffusion coefficient (D, m2s−1) 2.52 × 10−9 [55] 2.7 × 10−9 [54]

Gibbs–Thompson coefficient (Γ, Km) 1.42 × 10−7 [55] 1.48 × 10−7 [54]
Volume (V0, m3) 1 × 10−6 1 × 10−6

Cooling rate (K/s) 3.5 3.5

Figure 1a shows the calculated cooling curve of Al-1Cu alloy without (blue solid line)

and with (red dashed line) 1 ppt (0.1 wt.%) Al-5Ti-1B grain refiner at a cooling rate (
·
T) of

3.5 K/s. Without the addition of the grain refiner, only native Al2O3 particles exist in the
melt, with the particle number density (N0) of the oxides being estimated to be 1012 m−3,
which is two orders of magnitude less than MgO (1014 m−3) in Mg alloys [20,21,32]. The
maximum undercooling (∆Tmax) achieved without the grain refiner during solidification is
1.08 K (Figure 1a), and the calculated grain size is 357 µm. The grain initiation undercooling
for the largest Al2O3 particle (“∆Tgi(1st)”) is 0.25 K (calculated from Equation (1) based
on the N0 (1012 m−3)), which is slightly smaller than the ∆Tn (0.3 K), indicating that the
grain initiation is an HGI [54,56,57], i.e., EGI first, followed by PGI, as shown in Figure 1b.
When 0.1 wt.% Al-5Ti-1B grain refiner is added in the Al-1Cu alloy, the N0 of the potent
TiB2 particles (TiB2 with Al3Ti 2DC [19]) is 7.3 × 1012 m−3 [55], which have a log-normal
size distribution with d0 = 0.68 µm and σ = 0.876 [55]. The ∆Tn of the potent TiB2 particle
is estimated to be 0.01 K [53], which is smaller than the ∆Tgi(1st) (0.02 K calculated from
Equation (1), based on the N0 (7.3 × 1012 m−3)); grain initiation thus becomes fully PGI
(Figure 1c). The ∆Tmax (Figure 1a) achieved in Al-1Cu alloy is reduced to 0.21 K, and
the calculated grain size is 105 µm. As the ∆Tn for Al2O3 is 0.3 K, which is larger than
∆Tmax (0.21 K), the nucleation of α-Al on Al2O3 particles does not occur. Therefore, only
the potent TiB2 particles participate in the nucleation process.

A similar phenomenon happened in Mg alloys without and with the addition of Mg-Zr
grain refiner. Figure 2a shows the calculated cooling curves of Mg-0.45Zr alloy without

(blue solid line) and with (red dashed line) Mg-33Zr grain refiner at
·
T = 3.5 K/s. Without

the grain refiner addition, there are only native MgO particles in the melt, the N0 of the
MgO particles is estimated to be 1014 m−3 [32] and the size distribution is log-normal, with
d0 = 0.07 µm and σ = 0.45 [32]. The ∆Tmax without the grain refiner addition is 1.82 K
(Figure 2a), and the calculated grain size is 251 µm. The grain initiation undercooling for
the largest MgO particle (“∆Tgi (1st)”) is 0.76 K, which is smaller than the ∆Tn (1.2 K [54]),
indicating that the grain initiation is an HGI (Figure 2b). With the addition of Mg-33Zr
grain refiner, the added Zr particles in the melt have an N0 of 1012 m−3 and a log-normal
size distribution with d0 = 0.73 µm and σ = 0.62 [62]. The Zr particles will nucleate α-Mg
first because of their high nucleation potency, followed by grain initiation (Figure 2c). The
∆Tmax with grain refiner is 0.77 K (Figure 2a), which is smaller than the ∆Tn of MgO (1.2 K),
meaning that the native MgO particles have no chance to participate in nucleation.
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Figure 1. Solidification behavior of Al-1Cu alloy without and with the 1 ppt (0.1 wt.%) addition of
Al-5Ti-1B grain refiner (GR) under a cooling rate of 3.5 K/s. (a) Cooling curves; (b) grain initiation rate
without the addition of Al-5Ti-1B grain refiner; (c) grain initiation rate with the addition of Al-5Ti-1B
grain refiner. The red and blue dots in (a) mark the onset of grain initiation on solid particles induced
by TiB2 and Al2O3 particles, respectively.
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Figure 2. Solidification behavior of Mg-0.45Zr alloy without and with the addition of Mg-Zr grain
refiner (N0(Zr) = 1012 m−3) under a cooling rate of 3.5 K/s. (a) Cooling curves; (b) grain initiation
rate without the addition of Mg-Zr grain refiner; (c) grain initiation rate with the addition of Mg-Zr
grain refiner. The red and blue dots in (a) mark the onset of grain initiation on solid particles induced
by Zr and MgO particles, respectively.
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The above two cases show the competition for nucleation between native oxide parti-
cles (Al2O3 and MgO) and potent particles (TiB2/Al3Ti and Zr) from grain refiners. Without
the addition of grain refiners, the native oxide particles—Al2O3 in Al-1Cu alloy and MgO in
Mg-0.45Zr alloy—are the only types of particles of significance, and they participate in both
nucleation and the subsequent grain initiation processes (Figures 1b and 2b). When more
potent particles are added to the melts, i.e., potent TiB2 in Al-1Cu alloy and Zr in Mg-0.45Zr
alloy, there is a competition for nucleation between the native oxide particles and the
exogenous particles. Which type of particles can nucleate depends on the relative position
of the nucleation undercooling of the individual type of particles. During solidification,
the most potent nucleant particles will nucleate first, since they have the lowest nucleation
undercooling. This will be followed by nucleation on particles that have progressively
larger nucleation undercooling. All particles that satisfy ∆Tn < ∆Tmax will participate in
nucleation, while those particles with ∆Tn > ∆Tmax will not be made for nucleation. In the
previous two cases, we have ∆Tmax < ∆Tn (oxide); both Al2O3 and MgO particles fail in
the competition for nucleation, and only the potent TiB2 and Zr particles participate in the
nucleation and grain initiation process (Figures 1c and 2c).

4. Competition for Grain Initiation
4.1. Competition for Grain Initiation between Potent TiB2 and Al2O3 Particles in Al Alloys

Taking Al-4Cu alloy without a grain refiner as an example, Al2O3 particles are the
dominant particles in the melt, which dominate the nucleation and grain initiation processes
during solidification. Most of the Al2O3 particles are in the form of oxide films, and the
effective N0 of the Al2O3 particles is estimated to be 1012 m−3. The application of intensive
melt shearing can effectively disperse oxide particles in the oxide films and increase the
effective particle number density (N0). It has been demonstrated that intensive melt
shearing disperses the native MgO particles and increases the N0 of MgO from 1014 m−3

(non-sheared) to 1017 m−3 (sheared) [32], with a three-order magnitude increase in particle
number density. Here, we assume that the N0 of Al2O3 particles increases from 1012 m−3 to
1015 m−3 after intensive melt shearing.

Without intensive melt shearing (N0(Al2O3) = 1012 m−3), the predicted grain size

of Al-4Cu alloy solidified at
·
T = 3.5 K/s is 223 µm, while with intensive melt shearing

(N0(Al2O3) = 1015 m−3), the grain size is reduced to 85 µm. When 0.1 wt.% Al-5Ti-1B
is added to the non-sheared Al-4Cu melt, there are two types of particles: potent TiB2
(N0 = 7.3 × 1012 m−3) and Al2O3 (N0 = 1012 m−3). Figure 3a is the calculated cooling curve

for this case at
·
T = 3.5 K/s, where both potent TiB2 and Al2O3 particles nucleate α-Al

and take part in the grain initiation process. Grain initiation by potent TiB2 is typical PGI,
whereas grain initiation by Al2O3 is HGI (Figure 3b). The calculated total grain number
density (N) is 1.29 × 1012 m−3 (corresponding to a grain size of 73 µm), and most of the
grains (99.99%) are initiated by potent TiB2 particles. This means that the grain initiation is
dominated by TiB2 particles. When the addition of 0.1 wt.% Al-5Ti-1B grain refiner to the
intensive melt sheared Al-4Cu melt, the calculated total number of grain initiation events
(N) is 1.39 × 1012 m−3 (corresponding to a grain size of 71 µm), of which 89.7% grains are
initiated by potent TiB2 particles.

In this case (Figure 3), since ∆Tmax (0.37 K) is greater than the nucleation undercooling
(∆Tn) for both potent TiB2 (∆Tn = 0.01 K) and the native Al2O3 particles (∆Tn = 0.3 K),
both potent TiB2 and the native Al2O3 particles can participate in the nucleation process,
although nucleation occurs on potent TiB2 particles first and then on native Al2O3 particles.
Besides the competition for nucleation, there is also a competition for grain initiation
between the solid particles nucleated on both TiB2 and Al2O3 particles, depending only
on the particle size according to the free growth criterion (Equation (1)). Due to the much
larger size of potent TiB2 particles (d0 = 0.68 µm for TiB2 and d0 = 0.08 µm for Al2O3) and the
similar particle number density, the grain initiation process is dominated by TiB2-nucleated
solid particles, and only a small number of grain initiation events originate from Al2O3
particles (Figure 3c).
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These results suggest that, with the addition of 0.1 wt.% Al-5Ti-1B grain refiner, potent
TiB2 particles dominate the grain initiation process and dictate the final grain size, making
the number density of Al2O3 particles insignificant for grain refinement.

4.2. Competition for Grain Initiation between Zr and MgO Particles in Mg Alloys

The commercial Mg-33Zr grain refiner contains a large number of potent Zr particles
which have a log-normal distribution with d0 = 0.73 µm and σ = 0.62 [62]. The total
number of Zr particles in the Mg-33Zr master alloy (N0(Zr)) is estimated to be 1017 m−3.
There would be no Zr solid particles in Mg-Zr alloy melt if the Zr addition was less than
0.45 wt.%, the peritectic point (Cm) in the Mg-Zr binary system [59]. Therefore, for Mg-Zr
alloys containing less than 0.45 wt.% Zr, the native MgO particles are the only nucleation
sites. The number density of the native MgO particles (N0(MgO)) in the Mg alloys has been
estimated to be 1014 m−3 in the non-sheared melt and 1017 m−3 in the sheared melt [32].

Here, we analyze the solidification behavior of Mg-0.3Zr alloy, where 0.3 wt.% Zr pro-
vides sufficient growth restriction to deliver columnar to equiaxed transition (CET). Figure 4
shows the calculated cooling curves and grain initiation rates for Mg-0.3Zr alloy without
and with intensive melt shearing. Without intensive melt shearing (N0(MgO) = 1014 m−3),
the first batch of grain initiation events occur at the time of nucleation (blue circle in
Figure 4a) and have a grain density of (7.1 × 108 m−3), as shown in Figure 4b. Since these
grain initiation events are not sufficient to cause recalescence, the melt temperature contin-
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ues to decrease, and more grain initiation events can occur before recalescence (Figure 4b).
The total grain density is 7.55 × 109 m−3 (corresponding to a grain size of 404 µm), of
which only 9.4% of grains are initiated by EGI (the first batch), meaning that this is a PGI-
dominant process [54,57]. With intensive melt shearing (N0 = 1017 m−3), the first (batch)
grain initiation events (7.33 × 1011 m−3) also occur at the time of nucleation, but unlike the
case without intensive melt shearing, these grain initiation events are sufficient to cause
recalescence, leading to a sharp increase in temperature (Figure 4a). This is a typical EGI
process, as shown in Figure 4b. The grain size, in this case, is 88 µm, which is much finer
than that without intensive melt shearing (404 µm).
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Figure 4. The calculated (a) cooling curves and (b) grain initiation rates of Mg-0.3Zr alloy without
and with intensive melt shearing at a cooling rate of 3.5 K/s. The blue circle marks the onset of grain
initiation induced by native MgO particles, which is also the nucleation temperature of native MgO
nucleating α-Mg. The blue circle in (a) marks the onset of grain initiation on solid particles induced
by MgO particles.

When the addition of Zr in the Mg-Zr alloys is slightly more than Cm, there exist
undissolved (or primarily solidified) Zr particles, with the size distribution being assumed
to be the same as that in the Mg-33Zr master alloy in this work. Therefore, there are two
types of particles available for nucleation and grain initiation in the melt: the solid Zr
particles and the native MgO particles.

For example, when the Zr content is 3.3 ppm larger than 0.45 wt.%, the estimated Zr
particle number density in the Mg-Zr alloy melt is N0 = 1 × 1011 m−3 (Mg-0.45Zr alloy
with extra solid Zr particles). The calculated cooling curve for this alloy without intensive
melt shearing is shown in Figure 5a. In this case, the grain initiation events start with
Zr-induced solid particles, followed by MgO-induced solid particles, due to the larger
particle size of Zr (d0 = 0.73 µm for Zr and d0 = 0.07 µm for MgO). Because of its low number
density (1 × 1011 m−3), the nucleation and grain initiations by Zr particles do not lead to
recalescence. This provides an opportunity for MgO particles to participate in both the
nucleation and grain initiation processes (Figure 5b) until recalescence at ∆Tmax = 1.32 K.
The grain initiation induced by Zr particles is a typical PGI, and that induced by MgO
is an HGI (Figure 5b). If the Zr content is 5 ppm more than Cm (the N0 of Zr particles is
1.5 × 1011 m−3), the ∆Tmax is 1.2 K (Figure 5c), which can just trigger the nucleation and
grain initiation by MgO particles. The grain initiation induced by Zr particles is still PGI,
but that induced by MgO becomes EGI, as shown in Figure 5d. The resultant grain size is
165 µm, and almost all the grains (99.3%) originate from Zr particles. With a slight further
increase in the Zr content (assuming the N0 of Zr particles is 1.6 × 1011 m−3), the ∆Tmax
decreases to 1.19 K (Figure 5e), which cannot trigger the nucleation on MgO particles;
then, the grains are all induced by Zr particles (Figure 5f). The increased addition of Zr
will continue to increase the N0 of Zr particles, and ∆Tmax becomes smaller, so the MgO
particle will have no chance to nucleate. From these three cases, for non-sheared Mg-0.45Zr
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alloy, the addition of Zr particles (N0 > 1 × 1011 m−3) changes the grain initiation from
MgO-dominant to Zr-dominant (see Table 2), accompanying a decrease in grain size with
an increase in Zr particle number density.
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Figure 5. The calculated cooling curves (a,c,e) and grain initiation rates (b,d,f) of Mg-0.45Zr alloy
with different amounts of Zr particles and without intensive melt shearing at a cooling rate of 3.5 K/s.
(a,b) N0 = 1 × 1011 m−3, (c,d) N0 = 1.5 × 1011 m−3, (e,f) N0 = 1.6 × 1011 m−3. All the Zr particles
are assumed to have the same log-normal size distribution (d0 = 0.73 µm and σ = 0.62 (data from
Ref. [62])). The red and blue circles mark the onset of grain initiation on solid particles induced by Zr
and MgO particles, respectively.
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Table 2. The calculated results of Mg-Zr alloys (the Zr content is slightly higher than Cm 0.45 wt.%)
without and with intensive melt shearing prior to the addition of Zr particles. N0(MgO) = 1.0 × 1014

for non-sheared melt and N0(MgO) = 1.0 × 1017 m−3 for sheared melt.

N0(Zr) (m−3) N0(MgO) (m−3) ∆Tmax (K) N(Zr)/N Grain Size (µm)

- 1.0 × 1014 1.82 0 251
1.0 × 1011 1.0 × 1014 1.32 97.7% 184
1.5 × 1011 1.0 × 1014 1.2 99.3% 165
1.6 × 1011 1.0 × 1014 1.19 100% 162

- 1.0 × 1017 1.2 0 88
1.0 × 1011 1.0 × 1017 1.2 9.2% 86
1.5 × 1011 1.0 × 1017 1.2 13.4% 85
1.6 × 1011 1.0 × 1017 1.19 100% 162

Note: N(Zr)/N represents the ratio of grain initiation events induced by Zr particles.

There is a critical particle number density of Zr (N0*). When N0 ≤N0*, the recalescence
will not occur before nucleation on MgO particles, and MgO particles will nucleate and
take part in the grain initiation during solidification. When N0 > N0*, the recalescence will
occur before nucleation by MgO due to the sufficient number of Zr particles taking part
in the grain initiation. Hence, the MgO particles have no chance to nucleate, failing in the
competition for nucleation.

Figure 6 shows the solidification behavior of sheared Mg-Zr alloy with 3.3 ppm extra
Zr (N0(Zr) = 1 × 1011 m−3). The first batch of grain initiation events are induced by
Zr particles (Figure 6a), being the same as the case of the non-sheared alloy (Figure 5a).
Because of the high N0 of MgO particles resulting from intensive melt shearing, once
nucleation occurs on MgO particles, a large number of them can initiate grains, resulting in
an immediate recalescence (Figure 6b), which is a typical EGI by MgO particles, and the
∆Tmax is 1.2 K. However, unlike the case without intensive melt shearing, about 90.8% of
the grains are induced in EGI by MgO particles. As a result, the corresponding grain size is
86 µm, which is slightly smaller than that of Mg-0.45Zr alloy with intensive melt shearing
but without Zr particles (Table 2). The grain size only slightly decreases with the increase
in the Zr particles until N0 = 1.5 × 1011 m−3. Figure 7 shows the grain size as a function
of Zr content in Mg-Zr alloys without and with intensive melt shearing. When the N0 of
Zr particles is increased to 1.6 × 1011 m−3, ∆Tmax is 1.19 K, and the grain initiation is only
induced by Zr particles, as shown in Figure 5e. In this case, the grain size is 162 µm, which
is much larger than that (85 µm) when the N0 of Zr particles is 1.5 × 1011 m−3 (Figure 7).
Only when the N0 of Zr particles continues to increase can the grain size decrease (Figure 7).
When the Zr content is less than 0.45 wt.% (Cm), it is assumed that there are no Zr particles
in the melt; when the Zr content is larger than 0.45 wt.%, there will be Zr particles in the
melt, and the N0 of Zr particles is calculated from the excess Zr based on the assumption
that the Zr particles in the melt have the same size distribution as that in the Mg-33Zr
grain refiner. It should be noted that, in the real cases, the N0 of the Zr particles is most
likely lower than the calculated value, especially for the melt with intensive melt shearing,
because the intensive melt shearing will promote the coarsening of the Zr particles in the
melt [34].

For the Mg-Zr alloys with a Zr content less than Cm, the native MgO particles are the
only solid particles, and they will participate in the nucleation and grain initiation. The
grain size decreases with increasing Zr content due to the increase in growth restriction, as
shown in Figure 7. Note that the grain size without intensive melt shearing decreases more
readily than that with intensive melt shearing because the solidification of alloys without
intensive melt shearing is PGI-dominant, whereas that with intensive melt shearing is
EGI-dominant (Figure 4). It is also noticed that the growth restriction effect of Zr on the
grain size is stronger for PGI-dominant than EGI-dominant [54,57].
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Figure 6. The calculated (a) cooling curve and (b) grain initiation rate of sheared Mg-0.45Zr alloy with
a small number of Zr particles (N0 = 1× 1011 m−3) at a cooling rate of 3.5 K/s. The red and blue circles
mark the onset of grain initiation on solid particles induced by Zr and MgO particles, respectively.
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Figure 7. (a) The calculated grain size of Mg-Zr alloys with and without intensive melt shearing at a
cooling rate of 3.5 K/s; and (b) the enlarged part of (a) with a Zr concentration near Cm. The N0 of Zr
particles is equivalent to the extra Zr (exceeding 0.45 wt.%) based on the size distribution of Zr in the
Mg-33Zr grain refiner.

When the Zr content in Mg-Zr alloys is more than Cm, Zr particles will be available
for the nucleation of α-Mg, and then the Zr particles and native MgO particles co-exist in
the melt. There will be competition for nucleation and grain initiation during solidification.
As shown in Figure 5 for the non-sheared melt (N0 of MgO is 1014 m−3), when the N0
of Zr particles is less than 1.5 × 1011 m−3, both Zr and MgO particles will participate
in nucleation and grain initiation. However, when the N0 of Zr particles is more than
1.5 × 1011 m−3, only Zr particles participate in nucleation and grain initiation, and MgO
particles fail in the competition. The grain size of the non-sheared melt continuously
decreases with the increase in Zr addition because of the increase in growth restriction (Zr
content < Cm) and Zr particle number density (Zr content > Cm) (Figure 7).

For the sheared melt (N0 of MgO is 1017 m−3), both Zr and MgO particles participate
in nucleation and grain initiation when the N0 of Zr particles is less than 1.5 × 1011 m−3,
which is the same with the non-sheared melt but with a smaller grain size (Figure 7a).
When the N0 of Zr particles is 1.6 × 1011 m−3, MgO particles fail in the competition for
nucleation. In this case, only Zr particles participate in nucleation and grain initiation,
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increasing the grain size (Figure 7b). With the further addition of Zr, the grain size then
decreases due to the increase in Zr particles in the melt (Figure 7a).

It should be pointed out that the grain size is the same for both the non-sheared and
sheared melt when the N0 of Zr particles is more than 1.5 × 1011 m−3 (corresponding to
5 ppm extra Zr), as MgO particles fail to win the competition for nucleation under this
condition. However, in the case of experiments under such conditions [34], the resultant
grain sizes are different for the samples with and without melt shearing, because intensive
melt shearing promotes the coarsening of the Zr particles in the melt, resulting in the
difference in the Zr particle number density in the non-sheared and sheared melts [34].
Overall, the grain size data are qualitatively in good agreement between the calculations
(Figure 7) and experiments [34].

5. General Discussion

From the previous analysis, even though two (or more than two) types of particles
co-exist in the melt, it is possible that only one type of particle can participate in the
nucleation and grain initiation due to the large difference in ∆Tn. This means that there
exists competition for nucleation and grain initiation among the different types of particles
during solidification. Assuming that there are two types of particles in the melt—Type 1
particles with a nucleation undercooling of ∆Tn(1), and Type 2 particles with a nucleation
undercooling of ∆Tn(2)—we have the following four cases for competition for nucleation
between these two types of particles depending on the relative positions of their nucleation
undercoolings to the maximum achievable undercooling during solidification, ∆Tmax:

• when ∆Tn(1) < ∆Tmax < ∆Tn(2), only Type 1 particles participate in nucleation;
• when ∆Tn(2) < ∆Tmax < ∆Tn(1), only Type 2 particles participate in nucleation;
• when ∆Tn(1) < ∆Tn(2) < ∆Tmax, both Type 1 and Type 2 particles participate in

nucleation; Type 1 particles nucleate first, followed by Type 2 particles; and
• when ∆Tn(2) < ∆Tn(1) < ∆Tmax, both Type 1 and Type 2 particles participate in

nucleation; Type 2 particles nucleate first, followed by Type 1 particles.

Such competition for nucleation is schematically illustrated in Figure 8, where the
∆Tn(1) − ∆Tn(2) plot is divided into four different zones by three characteristic lines: the
black dotted line for ∆Tn(1) = ∆Tn(2); the red dashed line for ∆Tn(2) = ∆Tmax; and the
blue dashed line for ∆Tn(1) = ∆Tmax. The four zones represent different characteristics of
nucleation. Effectively, Figure 8 becomes a nucleation competition map, which can be used
to facilitate the understanding of nucleation competition.
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Figure 8. Schematic illustration of the competition for nucleation between two types of particles
(Type 1 and Type 2). The red and blue dashed lines represent ∆Tn(2) = ∆Tmax and ∆Tn(1) = ∆Tmax,
respectively; the black dotted line represents ∆Tn(1) = ∆Tn(2). In the red area, only Type 1 particles
nucleate; in the blue area, only Type 2 particles nucleate; in the light red area, Type 1 particles nucleate
first, followed by Type 2 particles; in the light blue area, Type 2 particles nucleate first, followed by
Type 1 particles.
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Therefore, in a system with different types of particles, the basic rule governing the
competition for nucleation can be expressed as:

∆Tn = Min{∆Tn(i)} and ∆Tn(i) < ∆Tmax (3)

where ∆Tn(i) is the nucleation undercooling required by the ith type of nucleant particles.
As heterogeneous nucleation is a deterministic process and independent of particle size,
nucleation occurs first on nucleant particles with the smallest nucleation undercooling
and then on particles with progressively larger nucleation undercoolings. This process
continues until recalescence (∆Tmax), which denies the chance for heterogeneous nucleation
on those particles that have not participated in nucleation so far.

It should be noted that nucleation does not mean grain initiation. Although both
Type 1 and Type 2 particles in the light red and light blue zones in Figure 8 can nucleate,
whether both of them can participate in the subsequent grain initiation process is dependent
on their sizes. In other words, the competition for grain initiation only occurs on those
particles that have participated in heterogeneous nucleation. After nucleation, all the
nucleant particles become solid particles. According to the free growth criterion [53], grain
initiation is only related to the sizes of solid particles and is independent of the nature of
the substrate, such as misfit, surface roughness and chemistry. Therefore, the competition
for grain initiation is among all those solid particles and is irrelevant to the substrates on
which the solid particles were nucleated. Hence, we have the following competition rule
for grain initiation:

∆Tgi = Max{dN(i)} (4)

where dN(i) is the diameter of the ith nucleant particles that have already participated in
nucleation. Equation (4) states that, among all the solid particles, the largest solid particles
initiate the grain first, followed by grain initiation on progressively smaller ones regardless
of the type of the nucleant particles, as long as nucleation has occurred in the first place.

This competition rule for grain initiation is schematically illustrated in Figure 9, which
shows a hypothetical melt containing three different types of nucleant particles (denoted
as A, B and C) with their unique size distributions. It is also assumed that all three
types of nucleant particles have already participated in heterogeneous nucleation (i.e.,
∆Tn(i) ≤ ∆Tmax). After nucleation, a spherical cap is created on a nucleant particle,
forming a solid particle which has the same size as the nucleant particle. Therefore, the
size distribution of solid particles from each type of nucleant particle is the same as that of
the nucleant particles. The corresponding grain initiation undercooling is also shown in
Figure 9, from which we obtain the minimum substrate size, dmin, which corresponds to
the maximum achievable undercooling (e.g., limited by recalescence), ∆Tmax. Clearly, only
those nucleant particles with their size dN ≥ dmin are able to initiate grains. This means that,
as shown in Figure 9, all of the C type particles and some of the B type particles contribute
to grain initiation, whilst all of the A type particles will not participate in grain initiation.

The traditional wisdom to achieve grain refinement is to enhance heterogeneous
nucleation by the addition of potent nucleant particles (i.e., to reduce ∆Tn) to alloy melts
prior to solidification, as demonstrated by chemical inoculation with Al-5Ti-1B grain refiner
in Al alloys and with Mg-Zr grain refiner in Mg alloys. This approach is to improve the
competitiveness of the exogenous particles from grain refiners for nucleation and grain
initiation by enhancing their nucleation potency and/or increasing the particle number
density. This approach promotes PGI and leaves little space for further improvement in
grain refinement efficiency [54,56,57].

The concept of explosive grain initiation (EGI) provides a new approach to enhancing
the efficiency of grain refinement: more significant grain refinement can be achieved
by promoting EGI through impeding heterogeneous nucleation [54,56,57]. Many native
oxide particles exist in Al and Mg alloy melts. Once made available by high shear, they
deliver effective grain refinement, as demonstrated by the intensive melt shearing in Al-Mg
alloys [13] and Mg-Al alloys [12]. As shown in Section 4, the well-dispersed Al2O3 particles



Metals 2022, 12, 1512 14 of 17

can lead to a decrease in the grain size of Al-4Cu alloy from 223 to 85 µm, comparable with
the addition of 0.1 wt.% Al-5Ti-1B grain refiner (the grain size is 73 µm). For Mg alloys, the
addition of a small amount of Mg-Zr grain refiner to the melts with intensive melt shearing
may lead to an increase in the grain size (Figure 7b). The addition of sufficient grain
refiner can deliver a grain size comparable to that achieved by the native MgO particles
(Figure 7). However, grain refinement obtained by inoculation not only increases the cost
but also makes recycling more difficult. Furthermore, their existence at grain boundaries
deteriorates the mechanical performance of the as-cast components.
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The challenge for grain-refining Al and Mg alloys using the native oxide particles
is to make the native oxide particles dominate the nucleation and grain initiation pro-
cesses. This can be achieved by: (1) eliminating other, more potent impurity particles of
a significant number density in the melt; and (2) increasing the number density of oxide
particles to change the grain initiation by native oxide particles from PGI-dominant to
EGI-dominant. In this sense, the intensive melt shearing technique that can effectively
disperse native oxide particles in the melt is particularly useful for the grain refinement of
Al and Mg alloys [12–16,63–65]. However, it should be pointed out that any technique that
can effectively disperse the oxide films in the melts can deliver grain refinement. Besides
dispersing native oxide particles, another approach to further grain refinement is to reduce
the nucleation potency of the native oxide particles by altering the lattice misfit and/or
introducing interfacial roughness [54,56,57].

6. Summary

In this paper, we studied the competition for nucleation and grain initiation in melts
containing more than one type of particle. Using a numerical model, we have analyzed
the competition in Al-Cu alloys inoculated with Al-5Ti-1B grain refiner and Mg-Zr alloys
inoculated with Mg-Zr grain refiner. Based on the numerical results, we have developed
the basic rules of competition for nucleation and grain initiation in the systems containing
more than one type of nucleant particle:

(1) The competition for heterogeneous nucleation is governed by ∆Tn = Min{∆Tn(i)},
which states that nucleation occurs first on nucleant particles with the smallest nu-
cleation undercooling and then on particles with progressively smaller nucleation
undercoolings until recalescence.
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(2) The competition for grain initiation occurs only on those particles that have partic-
ipated in heterogeneous nucleation and is governed by ∆Tgi = Max{dN(i)}, which
states that, among all the solid particles, the largest solid particles initiate grains first,
followed by grain initiation on progressively smaller ones regardless of the type of
nucleant particles from which the solid particles originated.

In addition, we have demonstrated that well-dispersed native oxide particles by
intensive melt shearing can reduce the grain size to a level that is comparable with that
achieved by the addition of a grain refiner.
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