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Abstract: Grain refinement is of importance for metallic materials since it provides multiple benefits,
such as improved castability, reduced casting defects and improved mechanical properties. From
extensive research carried out in the past decades, it has been widely accepted that solute is one of the
crucial factors for achieving grain refinement. However, grain refinement is a complex phenomenon,
depending on not only solutes in the melt to provide growth restriction but also the physical and
chemical nature of the nucleant particles (either endogenous or exogenous). Although significant
progress has been made on the subject, some critical questions still remain open, and a comprehensive
understanding of the mechanisms of solute effect on grain refinement is still desirable. In this
paper, we present an overview of the solute effect on grain refinement based on our recent advances
made in the LiME Research Hub. This covers the effect of solute on nucleation potency of nucleant
particles due to interfacial segregation, columnar to equiaxed transition (CET), growth restriction and
eventually on the overall grain refinement.
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1. Introduction

Aluminium (Al) and magnesium (Mg) alloys have extensive applications in both
aerospace and automotive industries for lightweighting to reduce greenhouse gas emis-
sions [1,2]. It is desirable to have a fine and uniform grain structure in the as-cast state of
Al and Mg alloys since such a grain refined microstructure provides not only enhanced
mechanical properties but also an effective mechanism for controlling the cast defects, such
as macro-segregation, porosity and coarse second phase particles [3,4].

The solute effect on grain refinement was attended as early as 1949 by Cibula [5] and
has been widely investigated in the following decades [6–9]. It has been generally accepted
that two crucial factors affect grain refinement: the presence of solutes in the melt and the
existence of nucleant particles [10–13]. During diffusion-controlled solidification, the solute
elements accumulate/deplete in the liquid adjacent to the solid–liquid interface, slowing
down the growth of the solid phase [14], which is referred to as the growth restriction.
Meanwhile, the constitutional supercooling (CS) zone [15,16] is created in front of the
solid–liquid interface. Based on such facts, two mechanisms for solute effect on grain
refinement have been proposed in the literature: (1) solute growth restriction: solute in the
liquid ahead of the growing crystals reduces the growth velocity of the initiated crystals
and increases the maximum undercooling achievable before recalescence, allowing more
particles to be active for grain initiation and thus reducing the grain size [14,17–20]; (2) CS
zone formed by segregating elements: the CS generated by a growing grain will trigger
further grain initiation on the next most potent particle present ahead of the solid–liquid
interface [21,22]. The first mechanism is adopted to numerically predict grain size with
varying solute concentrations for isothermal solidification [14,17–20]. The latter mechanism
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is applicable for solidification with a temperature gradient, which has also been applied in
the numerical prediction of grain size in a near isothermal solidification process [21,22].

Although a great deal of work, both experimental and theoretical, has been carried
out to investigate the mechanisms of solute effect on grain refinement, and reasonable
agreements have been achieved between experimental observation and simulated results,
there still exist open questions on the role of solutes in grain refinement in both scientific
understanding and industrial practice. For example, Tarshis et al. [23] proposed a parameter,
P (constitutional supercooling parameter), to quantify the solute effect on grain size, and
suggested that there appeared to be a good correlation between grain size and P in Ni- and
Al-based alloys, which was supported by Spittle et al. [24,25]. However, Greer et al. [17]
suggested that grain size was better described as a function of Q (growth restriction factor)
rather than P. A number of studies [21,22,26,27] suggested that grain size (d) was inversely
proportional to the growth restriction factor Q, i.e., d ∝ 1/Q. However, Men and Fan [19]
revealed that grain size could be simply related to (1/Q)1/3, which was validated by Becerra
and Pekguleryuz [28], who experimentally found that grain size was related to 1/Q in
Mg–Zn alloys, but better described as a function of (1/Q)1/3 in Mg–In alloys. Xu et al. [29]
experimentally compared the relationships between grain size and three parameters (i.e., P,
Q and ∆Ts (solidification interval)) in Al alloys and demonstrated that the measured grain
size was more closely related to ∆Ts rather than P and Q. In addition, it was also reported
that all these relationships between the grain size and solute growth-restriction-related
parameters (P, Q and ∆Ts) obtained from Al and Mg alloys were not applicable to Zn
alloys [30].

Another issue is the effect of the CS zone on final grain size. For isothermal or near
isothermal solidification, the undercooling in the CS zone is smaller than that outside the
CS zone. According to the free growth model [17], there may be no grain formed in the
CS zone, which is referred to as the nucleation free zone (NFZ) [22] or solute suppressed
nucleation zone (SSNZ) [31]. Shu et al. [31] developed a numerical model to predict the
grain size of Al alloys and suggested that grain refinement of alloys of high solute content
was controlled primarily by SSNZ. However, Du and Li [32] argued that in their numerical
model based on the Kampmann–Wagner model [33], the SSNZ effect could be neglected
during isothermal solidification.

The grain size is determined by the grain initiation events at the early stage of solidifi-
cation [20], such as at recalescence for isothermal solidification where the solid fraction is
very small, approximately 10−4 under industrially relevant solidification conditions. The
early stage of solidification as Fan et al. [20] suggested includes the following steps for a
typical solidification of melt with potent nucleant particles: prenucleation, heterogeneous
nucleation, constrained cap growth, grain initiation, spherical growth, dendritic growth
and recalescence. At the early stage of solidification, the grain initiation that is directly
related to the formation of grains, and hence to the final grain size, is determined by the
nucleation potency of particles and their number density and size distribution [20]. How-
ever, depending on heterogeneous nucleation potency, particle number density and size
distribution, grain initiation exhibits different manners [20,34,35], i.e., progressive grain
initiation (PGI), explosive grain initiation (EGI) and hybrid grain initiation (HGI), which
may lead to different grain refining efficiency of nucleant particles. If other conditions are
all fixed to be constant, such as composition, particle number density and size distribution,
and cooling rate, increasing nucleation undercooling can significantly promote the grain
refining efficiency through EGI [20,34,35]. Recently, it has been recognised that the segre-
gation of solute on the surface of the substrate can change the nucleation potency of the
substrate by changing the lattice misfit between the substrate and the solid phase [36–44],
the surface roughness of nucleant particles [45–48] and chemical potential [49]. Therefore,
the solute effect on grain size can be exhibited by altering the heterogeneous nucleation
potency of the substrate, the number density of nucleant particles and the growth restriction
in the melt.
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In this paper, we aim to present an overview of the solute effect on grain refinement of
Al and Mg alloys and offer some suggestions for future research directions on this subject.
Firstly, we briefly review the solute effect on heterogeneous nucleation of the particle in
Section 2 and then present recent advances in the understanding of the effect of solute
growth restriction on grain refinement in Section 3 and a discussion and perspective in
Section 4. Finally, a summary will be presented in Section 5.

2. Solute Effect on Heterogeneous Nucleation
2.1. Heterogeneous Nucleation

In practical metallic systems, nucleation during solidification is heterogeneous due
to the inevitable existence of solid inclusions in metallic melts [50]. So far, heterogeneous
nucleation is usually analysed by classical nucleation theory (CNT) [51–54], which 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 contact angle as a measure for
the substrate potency. However, the CNT has been frequently challenged by recent research
on heterogeneous nucleation, for example, the validity of the capillarity approximation [55],
the discovery of stable prenucleation clusters (PNCs) in aqueous solutions [56], the two-
step nucleation pathway [57], barrier-less nucleation of 1D crystals [58] and observation of
nucleation in 4D [59].

Both the experimental findings [60,61] and atomistic simulations [62–64] have con-
firmed that there exists a prenucleation prior to heterogeneous nucleation, where the atoms
in the liquid adjacent to a crystalline substrate become layered, exhibiting substantial
in-plane atomic ordering within a few atomic layers [38,42]. This prenucleation will lead
to the formation of a 2 dimensional (2D) ordered structure at the liquid–substrate inter-
face and have a significant influence on the subsequent heterogeneous nucleation process
during solidification [39,40,43]. From molecular dynamics (MD) and density functional
theory (DFT) simulations, it has been confirmed that reducing the lattice misfit between the
substrate and the solid [38] and the atomic level surface roughness of substrate [45], increas-
ing attractive interaction (negative ∆Hmix) between substrate and liquid atoms [49] can
significantly enhance the formation of such 2D ordered structure and eventually promote
the nucleation potency.

The epitaxial nucleation model [41] represents an atomistic mechanism for hetero-
geneous nucleation, which proposes that the heterogeneous nucleation proceeds layer-
by-layer through structural templating at the liquid–substrate interface. It suggests that
nucleation undercooling (∆Tn) is strongly dependent on the lattice misfit (f ) between the
solid and the substrate. Recently, from MD simulations, it is suggested that heterogeneous
nucleation can be best described by a 3-layer nucleation mechanism [39,40,43,44]: the first
two layers accommodate misfit, and the third layer creates a crystal plane of the solid (the
2D nucleus) that can template further growth. Meanwhile, the atomistic simulations [43,44]
reveal that heterogeneous nucleation undercooling increases linearly with the increase in
lattice misfit, which is in good agreement with Fan’s epitaxial nucleation theory [41].

2.2. Effect of Solute Segregating at the Liquid/Substrate Interface

In order to minimise the energy of the liquid–substrate interface, solutes may segre-
gate on the surface of the substrate [65–67]. Here, the term “substrate” is defined as any
solid particle present in the melt that may act as a potential nucleation site, such as oxides,
borides and carbides. Such segregation is most likely a monoatomic layer, only occasionally
two or more layers [66,67], and may play a critical role in the heterogeneous nucleation
process [55,68], since it may change the atomic arrangement at the liquid–substrate inter-
face (thus misfit) [39,40], surface roughness [45] and chemical potential [49], altering the
nucleation potency of the substrate and eventually changing grain size [20].

The recent MD simulations [39,40,43,44], revealing the relationship between heteroge-
neous nucleation undercooling and lattice misfit, suggest that the nucleation potency of a
substrate can be manipulated by the segregation of solute atoms at the liquid–substrate
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interface. One of the practical examples is Ti segregation at the liquid–TiB2 interface. MD
simulations [69,70] have suggested that an Al3Ti-like thin layer could form on the TiB2
surface due to the segregation of Ti in the melt. Fan et al. [36] experimentally observed
the formation of a monoatomic layer of (112) Al3Ti 2-dimensional compound (2DC) on the
(0001) TiB2 surface. This Al3Ti 2DC significantly reduces the absolute lattice misfit from
−4.22% (between the TiB2 (0001) terminal surface and the α-Al) to only 0.09% (between the
Al3Ti 2DC and the α-Al), making the TiB2 with Al3Ti 2DC extremely potent for nucleating
α-Al [36]. It should be noted that not all solute segregations on the substrate surface could
reduce the lattice misfit between the substrate and the solid. For example, when Zr is
added to Al-alloys inoculated with Al-Ti-B grain refiner, the Al3Ti 2DC on the TiB2 becomes
thermodynamically unstable and dissolves into the melt [37]. Then, Zr atoms can segregate
at the liquid–TiB2 interface leading to the formation of (0001) Ti2Zr 2DC on the (0001) TiB2
surface, changing the absolute lattice misfit back to 4.2% (between Ti2Zr 2DC and α-Al),
which renders TiB2/Ti2Zr particles impotent for nucleation of α-Al [37]. Besides the 2DC,
segregation of solute at the liquid–substrate interface can also form a 2D solid solution
phase (2DS). For example, in Al-5Ti-1B grain refiner inoculated Al-alloys with high contents
of Si, the original Al3Ti 2DC on TiB2 particle becomes thermodynamically unstable and
gradually dissolves into the melt when Si increases to a level of more than 3wt.%; the Al3Ti
2DC is eventually replaced by Si-rich 2DS, resulting in a reduced nucleation potency [71].

Furthermore, increasing the surface roughness of a crystalline substrate at an atomic
level can reduce prenucleation on the substrate [45], which suggests that heterogeneous
nucleation can be impeded by roughening the substrate surface at the atomic level. The
DFT simulations showed that MgO particle with both {1 1 1} and {0 0 1} terminated
faces had an atomically rough surface in liquid Mg [46], as well as α-Al2O3{0 0 0 1} and
MgO {1 1 1} in liquid Al [47]. This atomically rough terminating layer deteriorates the
atomic ordering in the liquid adjacent to the liquid–substrate interface, hence reducing the
nucleation potency of the substrates. In addition to lattice misfit and atomic level surface
roughness, the chemical interaction between the liquid and the substrate may also affect
prenucleation, as Fang et al. [49] found that for a given liquid metal, an attractive chemical
interaction (negative heat of mixing) between the liquid and the substrate strengthened
atomic ordering in the liquid at the interface, while a repulsive interaction (positive heat
of mixing) weakened atomic ordering. Therefore, the segregation of solute at the liquid–
substrate interface may change the surface roughness and interaction between substrate
and liquid and consequently change the nucleation potency. It should be pointed out that
an atomic rough surface of a substrate means higher interfacial energy between the liquid
and the substrate, which in turn increases the tendency for segregation of solute elements
at such interface due to the increased driving force.

2.3. Effect of Solute on the Formation of New Nucleant Particles

Some solute elements, no matter alloying elements or impurity elements, may change
the nucleant particles or lead to the formation of intermetallics prior to α-Al during solid-
ification. Such particles may act as nucleation sites for subsequent solidification of α-Al,
and therefore, have a significant influence on the final grain size. For example, 0.7wt.%
or more Mg addition in commercial Al (CP-Al) can change the dominant oxide particles
from Al2O3 in CP-Al to MgAl2O4 in Al-Mg alloys, which can act as the heterogeneous
nucleant particle for α-Al [72]; Ca addition in a twin-roll-cast Mg-3Al-1Zn alloy leads to the
formation of Al2Ca particles during solidification, which was confirmed to nucleate α-Mg
and cause grain refinement of AZ31 alloy by Jiang et al. [73]. The formation of primary
solid particles is also commonly found in peritectic alloy systems, such as Mg-Zr alloys and
Al-Ti alloys, where the particles formed via peritectic reaction in hyper-peritectic alloys may
act as heterogeneous nucleation sites, resulting in potential grain refinement. For instance,
Wang et al. [74,75] found high-purity commercial Al (HP-Al) was significantly refined by
additions of peritectic-forming elements, e.g., Ti, Zr, Nb and V, due to the formation of
intermetallics that could act as the nucleation sites for α-Al. The newly formed nucleant
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particles due to the addition of solute during the melting or solidification process will
introduce the competition for nucleation and grain initiation during solidification [76,77],
which strongly affect the final grain size.

2.4. Effect of Solute on Particle Agglomeration

In addition, as the agglomeration of nucleant particles has a strong effect on the final
grain size [78], the solute in the melt may affect the grain size by altering the degree of
agglomeration of nucleant particles. For example, increasing Mg content in Al-Mg alloy
can make the MgAl2O4 particles self-dispersion throughout the melt [72]. Therefore, this
issue is probably a factor affecting final grain size and should be carefully attended to when
comparing the solute effect on the grain size.

3. Effect of Solute Growth Restriction on Grain Refinement
3.1. Growth Restriction Parameter β

Although a number of parameters have been proposed to quantify the growth restric-
tion of solutes, such as the constitutional supercooling parameter, P [23], growth restriction
factor, Q [14,17], and diffusion coefficient weighted growth restriction factor, U [79], the
correlation between these parameters and grain size has been obtained from experiments
and modelling [11–13,17,22,24,25]. However, there are still some conflicts not only in the
relationships between grain size and these parameters [29,30], but also in the relationships
between grain size and Q [19,28]. For example, most of the research shows the grain size is
inversely proportional to the growth restriction factor Q, but some other results from both
modelling [19] and experiment [28] revealed that the grain size could be simply related to
(1/Q)1/3. As illustrated in Figure 1 and described by Equations (1) and (2), the P and Q
are more likely thermodynamic parameters, which are ineffective to describe the growth
restriction of solute at different solidification processes, i.e., different cooling rates:

P =
mC0(k− 1)

k
(1)

Q = mC0(k− 1) (2)

where m is the slope of liquidus, C0 is the solute concentration and k is the partition
coefficient. Based on an analytical model, we [80] proposed a growth restriction parameter,
β, to quantify the growth restriction of solute:

β =
mC0(k− 1)

∆T
− k (3)

which contains not only the thermodynamic part, mC0(k− 1), but also the kinetic part, ∆T.
For diffusion-controlled spherical growth, the growth velocity V of a grain of radius r

is given by the following equation [81,82]:

V =
λ2D
2r

(4)

where D is the diffusion coefficient of solute and λ is a parameter related to the instan-
taneous undercooling. If λ2/2 is taken as the growth coefficient, its inverse, 2/λ2, can
be considered as the growth restriction coefficient. As shown in Figure 2 [80], 2/λ2 is a
monotonical function of β and independent of the nature of solutes. In addition, the β also
can be expressed as the following equation:

β =
fL
fS

(5)

where fL and fS are the phase fractions of the liquid and the solid, respectively. Equation (5)
indicates the physical meaning of β is the ratio of the liquid phase fraction, fL, to the
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solid phase fraction, fS. Furthermore, Equation (5) provides an approach to calculating
the true β values of multicomponent systems using CALPHAD software and associated
thermodynamic databases.
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Figure 2. Growth restriction coefficient (2/λ2) for spherical growth during solidification of binary
alloys as a function of the growth restriction parameter, β, showing that the growth restriction
coefficient is a unique function of β, regardless of the nature of solutes, solute concentrations and
solidification conditions. Reprinted with permission from Ref. [80]. Copyright 2022 Elsevier.

However, it should be noted that there is a critical undercooling (∆T in Equation (3))
below which the solidification becomes non-diffusion controlled. This means that there
is a critical concentration (C*) for a given alloy, beyond which the solidification will be
diffusion-controlled, and the solute will partition between the solid and liquid phases
during the growth of the solid phase [80]; otherwise, solidification will no longer be
diffusion-controlled, and there is no partitioning of solute during the growth of solid phase,
meaning there is no growth restriction of solute. Taking a binary alloy solidifying under a
given undercooling (∆T), for example, one obtains C* from Equation (3):

C∗ =
k∆T

m(k− 1)
. (6)

Equation (6) suggests that C* increases with increasing ∆T for a given binary alloy.
Clearly, C* marks the solute concentration at which the solidification undercooling equals
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the freezing range of the alloy no matter the eutectic and peritectic systems. For a given
undercooling ∆T, when C0 < C*, solidification becomes partitionless (non-equilibrium
solidification), and therefore there is no growth restriction (β = 0); whereas when C0 > C*,
growth restriction increases with increasing C0, as described by Equation (3). It is very likely
that partitionless solidification occurs in the systems, such as Al-Zr and Mg-Mn alloys,
where the maximum freezing ranges of these alloys (C0 < Cm) are very small, being about
0.2 K for Al-Zr alloys and 0.1 K for Mg-Mn alloys (calculated from the Pandat software
with PanAl database and PanMg database [83]), which are in the range of undercooling of
the standard TP-1 test (about 0.5 K) [84]. Therefore, the growth restriction of solute is only
applicable in the condition that the growth undercooling is smaller than the freezing range
of the alloy.

3.2. Effect of Growth Restriction on Columnar to Equiaxed Transition (CET)

Grain refinement aims to suspend columnar grain growth and form a fine equiaxed
grain structure throughout the ingots or castings [3]. The first target of grain refinement is
to achieve columnar to equiaxed transition (CET) [3]. CET requires the equiaxed grains
formed at the solidification front can effectively block the growth of columnar dendrites,
which is referred to as the front blocking mechanism proposed by Hunt [85]. As illustrated
in the schematical CET map (Figure 3), there are three types of as-cast microstructures,
columnar, equiaxed and mixed grain structure, depending on temperature gradient (G)
and growth velocity (V). Figure 3 suggests that equiaxed grain structures are favoured by
high growth velocity, high solute concentration and low temperature gradient. Under a
quasi-isothermal (G is very small) condition, such as the standard TP-1 test, the as-cast
structure is more likely to be either equiaxed or columnar, as the mixed zone becomes very
limited under this condition, as shown in the dashed box in Figure 3. For example, the TP-1
samples of Al binary alloys with sufficient grain refiner showed either columnar structure
or equiaxed structure [86,87].
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Based on the front blocking mechanism of CET, we proposed a criterion for CET under
a quasi-isothermal solidification [9]:

β = 1.14. (G → 0) (7)

when β = 1.14 the CET will occur during solidification; β > 1.14, the as-cast alloy will be
a fully equiaxed grain structure; β < 1.14, the as-cast alloy will be a fully columnar grain
structure. This criterion was validated using the standard TP-1 test not only in binary Al
alloys but also in some ternary systems, e.g., Al-Fe-Si and Al-Fe-Cu systems, as shown
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in Figure 4 [9,87], where the concentrations for CET predicted by β = 1.14 are in good
agreement with that obtained by experiments. However, it should be noted that β = 1.14 as
a criterion for CET is only applicable to solidification conditions where the temperature
gradient is very small, i.e., G→ 0 [9].
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3.3. Effect of Growth Restriction on Grain Size

Grain refinement is a complex phenomenon involving many factors that are opera-
tional simultaneously, such as alloy compositions and the chemical and physical nature of
nucleant particles, which may include crystal structure, morphology, surface termination,
size distribution and number density. In order to correctly evaluate the growth restriction
of solute on grain size, other conditions should be kept constant. We have carried out a
series of rigorous experiments to assess the growth restriction effect of solute on grain
size in Al and Mg binary alloys [9,87]. Some key information for the experiment is shown
as follows:

(1) Using an excess-Ti-free grain refiner for Al alloys: To eliminate the influence of excess Ti
(introduced from Al-5Ti-1B grain refiner), a new grain refiner alloy, Al-1.54TiB2 [87],
was produced by repeated dilution–filter–dilution of the commercial Al-5Ti-1B grain
refiner using HP-Al. The resultant Al-1.54TiB2 master alloy contains only Al3Ti 2DC
sheathed TiB2 particles with other impurities being reduced to a few ppm. In each
Al binary alloy, the same amount of potent TiB2 particles was added, approximately
1013 m−3.

(2) Applying intensive melt shearing for Mg alloys: An intensive melt shearing technique [88–91]
was adopted in Mg binary alloys, which can effectively disperse MgO particles
to ensure a nearly consistent total number density throughout the melt prior to
solidification processing. The particle number density in the fully sheared melt is
estimated to be 1017 m−3, compared with 1014 m−3 in the non-sheared melts [92].

(3) Using standard TP-1 test to standardise solidification condition: The standard Alcan TP-
1 test [84] provides a quasi-isothermal solidification with a constant cooling rate
(3.5 K/s) at the centre of the sample for Al and Mg alloys.

(4) Checking microstructure in both vertical and cross sections: The grain size is only meaning-
ful for equiaxed grain structures. To ensure grain size is measured only for equiaxed
grain structures, both vertical and cross sections of TP-1 samples were checked, as
some samples that show an equiaxed structure in cross section may be columnar
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when the vertical section is checked. This will avoid the inaccuracy introduced by the
“grain size” data measured from the columnar structures.

From the experimental results by Spittle and Sadli [24], the grain size of Al alloys de-
creased dramatically from about 1200 µm for HP-Al to about 110 µm with increasing solute
content. However, the alloys with large grain sizes (larger than 400 µm) are mainly located
in the region of β < 1.14 (Figure 5a [9]). From the CET criterion, the alloys within the region
of β < 1.14 have a columnar structure, which was confirmed by the repeated experiment [9].
Therefore, these samples that show columnar structures should be eliminated for assessing
the growth restriction effect on grain size.
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The microstructure changes abruptly from columnar to equiaxed around β = 1.14
(Figure 5) [9], which means necessary growth restriction is needed for achieving grain
refinement, allowing the occurrence of CET. After CET, growth restriction has a moderate
effect on the reduction of grain size, as shown in the range of 1.14 < β < 15 in Figure 5,
which shows the experimental data in Al (Figure 5a) and Mg alloys (Figure 5b) assessed by
the TP-1 tests; further increase in growth restriction when β > 15 will have almost no effect
on the grain size. The exaggerated conclusion in the literature that solute has a significant
effect on grain size is most likely caused by the inclusion of erroneous grain size data of
dilute alloys that have a columnar grain structure. The numerical calculations showing the
growth restriction effect on grain size in Al-Cu, Al-Fe and Al-Si alloys inoculated with Al-
1.54TiB2 grain refiner solidified under the same solidification conditions also confirm that
grain size decreases with increasing β when β < 20, and levels off when β > 20 (Figure 6 [9]).

To further analyse the mechanism of growth restriction on grain refinement, the
solidification behaviours of Al-Cu alloys that contain the same nucleant particles (constant
number density and size distribution) were investigated (Figure 7 [9]). Increasing the
growth restriction of solute in the melt, the growth velocity of the solid phase will decrease,
resulting in a delay of recalescence (Figure 7a). As a result, the maximum undercooling
obtained at recalescence, ∆Tmax, increases (Figure 7b), which leads to an increase in grain
initiation events (Ngi) (Figure 7c), and hence a reduction of grain size (d) (Figure 7d). The
number of grain initiation events increases, and the grain size decreases with increasing
solute contents at low Cu concentrations, while the change of grain size levels off at high
Cu concentrations since grain size (d) is related to Ngi through the following equation [17]:

d =
0.5(

Ngi
)1/3 (8)
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Figure 7. The calculations of Al-Cu alloys inoculated by potent TiB2 particles (N0 = 1 × 1013 m−3)
with a log-normal size distribution (d0 = 0.67 µm and σ = 0.876) at Ṫ = 3.5 K/s [9]. (a) The calculated
cooling curves of Al-0.2Cu, Al-2Cu and Al-13Cu alloys, showing that recalescence is delayed to a
lower temperature by increasing the solute contents; (b) the calculated ∆Tmax, (c) the total number
density of initiated grains (Ngi); and (d) the predicted grain size. Reprinted with permission from
Ref. [9]. Copyright 2022 Elsevier.

In brief summary, the mechanism of growth restriction effect on grain size is that,
when all other parameters are kept constant, an increase in solute concentration slows
down crystal growth due to solute growth restriction, which in turn increases the max
undercooling achievable at recalescence and allows more nucleant particles to participate
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in grain initiation, consequently resulting in an increased total number of grain initiation
events and thus reduced grain size.

3.4. Growth Restriction in the Case of Explosive Grain Initiation (EGI)

As demonstrated in Ref. [35], the grain initiation mode of the Al alloys inoculated by
potent TiB2 particles in the TP-1 test is a typical PGI. However, the growth restriction effect
on grain size for EGI is different from that for PGI. The grain refinement map of the ∆Tn-C0
(nucleation undercooling-composition) plot (Figure 8a) [20] shows the growth restriction
effect on grain size in PGI-dominant and EGI-dominant zones, which are delineated by a
line that represents the solidification conditions where the number of EGI and PGI events
are equal. In the PGI-dominant zone (light shadow in Figure 8a), grain size decreases with
increasing solute contents, while in the EGI-dominant zone (dark shadow in Figure 8a) grain
size is almost independent of solute contents as suggested by the vertical iso-grain-size
lines, which is more clearly shown in Figure 8b. This indicates the growth restriction effect
of solute on grain size becomes weaker with increasing the EGI event during solidification.

Metals 2022, 12, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 8. (a) Grain refinement map of the ΔTn-C0 (nucleation undercooling-composition) plot and 
(b) solute effect on grain size for Mg-Al alloys with particle number density 1017 m−3 and a log-
normal size distribution (d0 = 0.67 μm and σ = 0.876) at Ṫ = 3.5 K/s [20]. 

4. Discussion 
4.1. Atomistic Mechanism of Growth Restriction 

Because of the partitioning of solute elements between the solid and liquid phases 
during solidification and the difference in diffusivity of solute in the melt, solute elements 
will redistribute at the solid–liquid interface and then result in the enrichment/depletion 
of solute at the solid–liquid interface, which leads to the decrease in velocity of the solid–
liquid interface, showing the growth restriction effect of solute. However, the physical 
mechanism at the atomic level is worthy of further consideration. The growth velocity of 
the solid phase is determined by the competition between the atomic attachment and de-
tachment, which is related to the driving force of the phase transformation from liquid to 
solid, and the rate of supply of such atoms to the solid–liquid interface from the bulk liq-
uid. Kinetically, as the atomic attachment and detachment at the interface are easy under 
relatively small undercooling within a very small time scale, the controlling factor for 
growth is the rate of atomic supply from the bulk liquid to the solid–liquid interface. For 
the alloys containing eutectic-forming elements (k < 1), the controlling factor for solid 
growth is the supply of the solvent atoms to the interface during solidification. The solute 
atoms will enrich at the solid–liquid interface due to the rejection of solute atoms from the 
solid phase, which will block the supply of solvent atoms and consequently lead to a de-
creased growth velocity. On the contrary, for the alloys containing peritectic-forming ele-
ments (k > 1), the growth of the solid phase needs more solute atoms causing a depletion 
of solute (equivalent to the enrichment of solvent) at the solid–liquid interface. Then, the 
supply of solute atoms becomes the controlling factor for solid growth. In this case, the 
solvent atoms enriched at the solid–liquid interface will block the supply of solute atoms, 
leading to a decreased growth velocity of the solid. Therefore, the physical origin of 
growth restriction is the blockage of the supply of the critical elements for solid growth, 
i.e., solvent atoms in the case of eutectic-forming elements and solute atoms in the case of 
peritectic-forming elements.  

4.2. Enhancing Grain Refinement  
From Section 3, it is clear that the growth restriction of solute is required for grain 

refinement, as it can induce the CET during solidification to achieve an equiaxed struc-
ture. After CET, the grain size is only moderately reduced with initially increasing growth 
restriction of solute, and the reduction becomes very limited when the growth restriction 

Figure 8. (a) Grain refinement map of the ∆Tn-C0 (nucleation undercooling-composition) plot and
(b) solute effect on grain size for Mg-Al alloys with particle number density 1017 m−3 and a log-normal
size distribution (d0 = 0.67 µm and σ = 0.876) at Ṫ = 3.5 K/s [20].

4. Discussion
4.1. Atomistic Mechanism of Growth Restriction

Because of the partitioning of solute elements between the solid and liquid phases
during solidification and the difference in diffusivity of solute in the melt, solute elements
will redistribute at the solid–liquid interface and then result in the enrichment/depletion
of solute at the solid–liquid interface, which leads to the decrease in velocity of the solid–
liquid interface, showing the growth restriction effect of solute. However, the physical
mechanism at the atomic level is worthy of further consideration. The growth velocity
of the solid phase is determined by the competition between the atomic attachment and
detachment, which is related to the driving force of the phase transformation from liquid
to solid, and the rate of supply of such atoms to the solid–liquid interface from the bulk
liquid. Kinetically, as the atomic attachment and detachment at the interface are easy
under relatively small undercooling within a very small time scale, the controlling factor
for growth is the rate of atomic supply from the bulk liquid to the solid–liquid interface.
For the alloys containing eutectic-forming elements (k < 1), the controlling factor for solid
growth is the supply of the solvent atoms to the interface during solidification. The solute
atoms will enrich at the solid–liquid interface due to the rejection of solute atoms from
the solid phase, which will block the supply of solvent atoms and consequently lead to a
decreased growth velocity. On the contrary, for the alloys containing peritectic-forming



Metals 2022, 12, 1488 12 of 16

elements (k > 1), the growth of the solid phase needs more solute atoms causing a depletion
of solute (equivalent to the enrichment of solvent) at the solid–liquid interface. Then,
the supply of solute atoms becomes the controlling factor for solid growth. In this case,
the solvent atoms enriched at the solid–liquid interface will block the supply of solute
atoms, leading to a decreased growth velocity of the solid. Therefore, the physical origin of
growth restriction is the blockage of the supply of the critical elements for solid growth,
i.e., solvent atoms in the case of eutectic-forming elements and solute atoms in the case of
peritectic-forming elements.

4.2. Enhancing Grain Refinement

From Section 3, it is clear that the growth restriction of solute is required for grain
refinement, as it can induce the CET during solidification to achieve an equiaxed structure.
After CET, the grain size is only moderately reduced with initially increasing growth
restriction of solute, and the reduction becomes very limited when the growth restriction
reaches a certain level, such as β > 15 in Figure 5. Therefore, the approach to achieve
significant grain refinement via increasing growth restriction of the alloys is not so effective
in the practical solidification conditions, especially when the alloys already have sufficient
growth restriction.

When the alloys are inoculated by a grain refiner with potent nucleant particles, the
grain initiation is treated as PGI. For example, in the solidification process of Al-Cu alloys
inoculated with 1 ppt (0.1 wt%) Al-5Ti-1B grain refiner [35], the TiB2 particles with Al3Ti
2DC on the surface show an extremely high nucleation potency with nucleation undercool-
ing (∆Tn) around 0.01 K [17]. The approach that promotes PGI to achieve grain refinement
has reached its limit leaving little space for further improvement [18,20,35]. On the other
hand, the concept of EGI provides a new approach that has the potential to push grain
refinement to a level unachievable by PGI [20,34,35]. It has been demonstrated by a numer-
ical modelling that impeding heterogeneous nucleation (increasing ∆Tn), promoting EGI,
can significantly reduce the grain size when other conditions are fixed constantly [20,34,35].
As mentioned in Section 2, the solute segregated on the surface of the nucleant particle may
change the nucleation potency due to the variation in lattice misfit, surface roughness and
chemical potential, which provide an approach to achieving significant grain refinement by
manipulating the nucleation potency of particles. For example, the Mg alloys provide us
with a potential alloy system to apply this new approach.

The native MgO particles are the only dominant inclusions in the Mg melt [88,93],
which can be effectively dispersed throughout the melt using intensive melt shearing, and
the number density can be as high as 1017 m−3 level [92]. The MgO has a large lattice
misfit with α-Mg (7.9%) [93], indicating the nucleation undercooling of MgO for α-Mg is
relatively large compared to potent TiB2 particle for α-Al and Zr particle for α-Mg. This
makes MgO particularly effective for grain refinement of Mg alloys through the promotion
of EGI. In addition, the first principal calculations show that the elements, e.g., Ca, Be, Sr
and Ba, are readily adsorbed on the surface of MgO [94]. Wang et al. [95,96] experimentally
observed an adsorption layer at the Mg/MgO interface when Ca and Sn were added to
the Mg melt, which may lead to atomic surface roughness and then change the nucleation
potency of MgO particle. Therefore, to achieve significant grain refinement by “poisoning”
the native oxides with the addition of minor solute to induce the chemical segregation at
the liquid–oxide interface is of importance for both the development of grain refinement
and the closed-loop recycling of metallic materials, as it not only makes native inclusions
useful and effective for grain refinement, but also significantly reduces the probability for
the existence of large inclusions, having a positive effect on final mechanical performance,
especially for secondary alloys.

5. Summary

Although extensive research has been carried out on the solute effect on grain refine-
ment and significant progress has been made over the past decades, there are still some
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key questions that remain open. Heterogeneous nucleation and grain initiation are two
important processes at the early stage of solidification related to the final grain size. In
this paper, we have briefly reviewed the solute effect on heterogeneous nucleation via
segregation on the surface of the substrate or the formation of nucleant particles. Then, we
present an overview of the growth restriction effect of solute on grain refinement, and the
key points are shown as follows:

(1) The growth restriction parameter, β, is a function of C0, m, k and ∆T, incorporating
holistically the nature of solute, solute concentration and solidification condition. The
physical meaning of β is the ratio of the liquid phase fraction, fL, to the solid phase
fraction, fS.

(2) Theoretically, for a given alloy system solidifying under a given undercooling, there
is a critical solute concentration (C*), below which solidification becomes partitionless
(non-equilibrium solidification), and therefore there is no growth restriction (β = 0)
during solidification.

(3) The key role of growth restriction on grain refinement is to achieve the equiaxed
structure of as-cast alloys. Under quasi-isothermal solidification condition, a CET
criterion is developed: β = 1.14. When β < 1.14, the as-cast microstructure is most
likely columnar; and when β > 1.14, the as-cast microstructure will be equiaxed.

(4) For progressive grain initiation, the grain size is moderately reduced with an increase
in growth restriction just after CET, and levels off with further increase in growth
restriction. For explosive grain initiation, the growth restriction has no effect on the
grain size.

(5) The traditional approach that promotes PGI by the addition of grain refiner with
potent nucleant particles to achieve grain refinement has reached its limit leaving
little space for further improvement. However, impeding heterogeneous nucleation
(increasing ∆Tn), promoting EGI, may achieve significant grain refinement.
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