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Abstract: Rare earth elements and transition elements are widely used in aluminum alloys, magne-
sium alloys and copper alloys due to their unique microalloying effects. With regard to in-depth
research on the grain refinement characteristics of rare earth elements and transition elements, the
combination of grain refinement and microalloying in the master alloys has a great impact on the
theories and technical research of refinement, and the broadening of the application field of master
alloys. This paper first summarizes the grain refinement mechanisms and analyzes the effects of
rare earth elements and transition elements on the grain refinement of aluminum and aluminum
alloys, and summarizes the elements suitable for the preparation of Al-M master alloys and their
refinement mechanism.

Keywords: aluminum alloys; Sc; Zr; heterogeneous nucleation; edge to edge matching model; grain
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1. Introduction

Aluminum and its alloys are highly attractive engineering materials for structural
applications in many industries due to their low density, high specific strength and good
corrosion resistance [1–3]. With the development of material technology, higher require-
ments have been put forward for the comprehensive properties of aluminum alloys, namely
to obtain aluminum alloys with higher strength and better thermal stability [4]. The proper-
ties of aluminum alloys are controlled by a number of microstructural characteristics, such
as grain size. Grain refinement, by promoting nucleation [5,6] and growth restriction [7],
obtains a fine equiaxed crystal structure of α-Al, eliminates columnar structure, ensures
uniform mechanical properties, improves formability and machinability, reduces casting
defects and tearing tendency, and enhances subsequent machining response [8–10].

The grain refinement of commercial aluminum and aluminum alloys is mainly reg-
ulated by grain refiners [11]. Grain refiners are a type of master alloys. When the grain
refining master alloys are added to melt, a large number of heterogeneous nucleating
cores are released after melting. Those cores can affect the nucleating process of melt
crystallization by acting as external cores during melt solidification, and play the role of
refining grains. The most popular grain refiners are Al-Ti-B master alloys [12,13]. However,
Al-Ti-B has no other effect after grain refinement, such as microalloying. Based on the Edge
To Edge matching model [14,15] (E2E model), the coherent relationship between the two
phases was determined by calculating the mismatch degree of the close-packed crystal
plane and the close-packed crystal direction. A class of heterogeneous phase Al2RE (Rare
Earth element) with a refining effect was screened for magnesium alloys. This phase can
also improve the thermal stability of the microstructure [16–19]. In 2009, Qin et al. [16]
added 0.6%~1.0 wt.%Al to Mg-10Y alloy, and the Al2Y formed by Y and Al in the melt
reduced the grain size of the alloy from 180 µm to 36 µm. The size reduction rate was up to
80%, and the refinement effect was almost similar to that of adding Zr. Al2Y is a compound
with high thermal stability, and the microstructure thermal stability of Al2Y is stronger
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than that of Zr-added magnesium alloy due to its uniform distribution within the grain
and at the grain boundary, which can effectively hinder grain boundary migration.

Considering the heterogeneous phase Al2RE, which has the function of refining mag-
nesium alloy grains and microalloying, we draw on this idea and plan to design an Al-M
(Metal) master alloy for the field of aluminum alloys, which both refines grain and improves
thermal stability of the microstructure. Transition element Hf is a good example. When Hf
is added to pure aluminum, the primary phase Al3Hf with L12 structure can be formed,
and the primary phase can also pin the grain boundary after heterogeneous nucleation [20].
Sc, Zr and Er are often used as microalloying elements combined with Al to form the Al3M
phase to improve the mechanical properties and heat resistance of aluminum alloys [21–26].
Literature review shows that rare earth elements and transition elements can form the
Al3M phase with Al after solidification to refine the α-Al grains of aluminum castings,
improve the microstructure and obtain equiaxed grains [20,27–33]. Therefore, it is of great
practical significance to study the grain refinement law, refinement mechanism and factors
affecting the refinement effect of rare earth elements and transition elements to supplement
the grain refinement theory and expand the application field of rare earth elements and
transition elements. The application range of Al-M master alloys can be further expanded
by combining the refined grains of elements with microalloying.

In this paper, the current mainstream grain refinement theory is summarized. Based
on the generalized grain refinement theory [34–41], the refining mechanism and refining
effect of rare earth elements and transition elements on the grains of aluminum and
aluminum alloy are analyzed. The elements suitable for the preparation of an Al-M
master alloy and their refining mechanism and influencing factors of refinement effect are
summarized. Finally, the problems existing in the research process of Al-M intermediate
alloys are presented.

2. The Mechanism of Grain Refinement

Based on a large number of studies [12,28,34–36,38,42–45], the theory of grain refine-
ment on grain refinement of aluminum alloy refiners can be divided into constitutional
supercooling of solute atoms and heterogeneous nucleation. Grain refiners refine grains
mainly by promoting grain nucleation or inhibiting grain growth. Constitutional super-
cooling provides subcooling and inhibits grain growth. Heterogeneous phases provide a
large number of nucleation sites, improve the nucleation rate and eventually lead to grain
refinement. Both mechanisms are explained in detail below.

2.1. Constitutional Supercooling

During the solidification process of alloys, the segregation of supersaturated solute
atoms from the grains leads to a decrease in constitutional supercooling at the front of
the solid–liquid interface and the inhibition of grain growth. This phenomenon is called
compositional undercooling [36]. When the supercooling degree (∆TC) provided by solute
segregation is greater than the critical subcooling degree (∆Tn) required for nucleation,
migration at the solid–liquid interface is hindered, and continued growth of original grains
is also inhibited, which induces grain refinement. The ability of solute elements to inhibit
grain growth is usually quantified by the Growth Restriction Factor (GRF for short, also
known as Q). Easton and Stjohn [36] used GRF to quantitatively describe the inhibition
effect of different solute elements on grain growth in cast alloys. The expression for
calculating the growth restriction factor is as follows:

Q = mC(k− 1) (1)

where m is the liquidus slope of the aluminum-rich end of the binary alloy, C is the solubility
of the solute and k is the solute partition coefficient (e.g., k = CS

CL
, S represents the α-Al phase

and L represents the liquid phase, CS is the maximum solid solubility of the aluminum-rich
end of the binary alloy and CL is represents peritectic point or eutectic point).
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Generally speaking, for the liquidus slope of the Al-rich end of eutectic reactive binary
alloys, m is negative, and the k value is less than 1. For peritectic reaction type binary alloy,
m is positive, and the k value is greater than 1. Plug m, k and C into Formula 1, so that Q is
always positive. For solute elements that do not interact with each other, their influence
on the solidification process can be measured by the sum of the growth limiting factors
of various solutes (∑ Q). Table 1 shows the theoretical growth-limiting factors of different
solute elements during alloy solidification. According to the Table 1, the Ti element has the
highest value of Q/C, and has the best grain growth inhibition effect and can produce the
best grain refinement effect under the same mass percentage content. Johnsson [46] studied
the subcooling of Ti components and found that the larger Q, the better the grain refinement
effect. When Q is 7, the grain size of pure aluminum is 250 µm. When Q increases to 23,
the grain size decreases to 120 µm.

Table 1. Parameters underlying the calculation of Q for different solutes in aluminum [47].

Element System m (K/wt.%) K C (wt.%) Q/C (K/wt.%)

Cu eutectic −3.4 0.17 33.2 2.8
Ni eutectic −3.3 0.007 6 3.3
Mg eutectic −6.2 0.51 3.4 3.0
Mn eutectic −1.6 0.94 1.9 0.1
Si eutectic −6.6 0.11 12.6 5.9
Fe eutectic −3.0 0.02 1.8 2.9
Er eutectic −0.91 0.03 6 0.88
Sc eutectic −9.4 0.59 0.58 3.90
Ti peritectic 7.8 33.3 0.15 220
Cr peritectic 3.5 2.0 0.4 3.5
Ta peritectic 70.0 7.8 0.10 105
V peritectic 10.0 4.0 0.1 30.0
Hf peritectic 8.0 2.4 0.5 11.2
Mo peritectic 5.0 2.5 0.1 7.5
Nb peritectic 13.3 1.5 0.15 6.6
Zr peritectic 4.5 2.5 0.11 6.8

In addition to the data found in reference [47], this document strengthens the table with more information.

2.2. Heterogeneous Nucleation

In addition to the constitutional supercooling mechanism of solute atoms, elements
also exist in the form of phases, which should also be considered as heterogeneous nu-
cleation. The mechanism of heterogeneous nucleation is based on the crystallographic
relationship between the heterogeneous phase and matrix. There are three prevailing views:
the lattice matching principle [40], two-dimensional matching model [39] and Edge To
Edge matching model [14,15,43,48].

2.2.1. Lattice Matching Principle

Traditional heterogeneous nucleation theory holds that the distinguishing condition
for heterogeneous particles to exert nucleation effect is that there is a small interfacial energy
between the particle and matrix phase. The mismatch degree between the heterogeneous
phase and matrix, the electrostatic potential, and the morphology, size and size distribution
of the heterogeneous phase are all factors affecting the interfacial energy, among which
the mismatch degree is the dominant factor affecting the nucleation efficiency of the
heterogeneous phase. The mismatch degree between the heterogeneous phase and the
matrix is widely used to measure its refining ability or to find new nucleating particles.
According to the solidification theory, the smaller the lattice mismatch between particles and
matrix, the lower the interfacial energy of two phases and the stronger the heterogeneous
nucleation effect of particles. Initially, based on lattice constants, Turnbull and Vonnegut [40]
theoretically studied the lattice mismatch degree between matrix and nucleated particle,
and proposed the formula of mismatch degree (δ):

δ =
∆a0

a0
(2)
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where ∆a0 is the difference between the lattice constant of the matrix and the particle on
the low index crystal plane and a0 is the lattice constant of the matrix.

The model points out that when δ≤ 15%, the nucleation particle can produce a refining
effect, otherwise there is no refining ability.

Based on the lattice matching theory, Bramfitt [39] established two-dimensional lattice
matching model to make the low index crystal planes of nucleating particles and matrix
phases coincide, which can be applied to the calculation of the mismatch between two
phases of crystal planes with different atomic arrangement. The formula for calculating the
two-dimensional mismatch (δ (hkl)s

(hkl)n
) is as follows:

δ
(hkl)s
(hkl)n

=
1
3

3

∑
i=1

∣∣∣d[uvw]is cos θ − d[uvw]in

∣∣∣
d[uvw]in

× 100% (3)

where s is the matrix and n is the nucleating particle. (hkl) is low index crystal facet; [uvw]
is the low index orientation on the low index crystal plane; d[uvw]s and d[uvw]n are the
atomic spacing along the corresponding crystal plane and the crystal direction, respectively;
θ is the angle between the crystal direction of [uvw]s and [uvw]n. The theory states that
heterogeneous nucleation is effective when δ < 6%. If δ = 6%–12%, it has medium efficacy;
if it is more than 12%, granules cannot be used as heterogeneous nucleation cores. The face
mismatch degree between Al4C3 and Mg matrix is 4.05% [46]. Subsequent experiments
show that Al4C3 particles can significantly refine the as-cast grains of magnesium alloy,
which fully verifies the effectiveness of the surface matching model.

Based on previous research results, Zhang et al. [14,15] proposed the E2E model to
consider the mismatch degree from the perspective of atomic row (crystal direction) at
the phase interface. The key assumption of the E2E model is that the nucleation substrate
always occurs at the orientation with the least mismatch when the atomic row at the two-
phase interface is parallel and the mismatch degree is minimum. For the requirement of
atomic columns, the atomic columns satisfying the hypothesis should first be densely or
nearly densely packed; secondly, the atomic columns can be arranged in straight lines
(abbreviated as S) or zig-zag lines (abbreviated as Z), as shown in Figure 1. Finally, the lines
of straight atoms correspond to the lines of straight atoms, and the lines of sawtooth atoms
correspond to the lines of sawtooth atoms.
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Figure 1. Schematic illustration of two different types of atom row matching at the interface.
Reprinted with permission from [15], 2005, Elsevier.

The E2E model quantifies the heterogeneous nucleation ability of particles using two
parameters, namely interatomic spacing mismatch (it also known as fr) and interplanar
spacing mismatch (it also known as fd), which correspond to the orientation and plane
of crystal structure, respectively. When the fd and fr of nucleation substrate and primary
crystal nucleus in a certain orientation are less than 6% and 10%, respectively, the nucleation
substrate is an effective heterogeneous core. The atomic spacing mismatch ( fr) and crystal
plane spacing mismatch ( fd) between phases can be calculated using the formula. The
specific calculation formula is as follows:

fd =

∣∣∣∣dm − dp

dm

∣∣∣∣× 100% (4)
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fr =

∣∣∣∣ rm − rp

rm

∣∣∣∣× 100% (5)

where dm is the crystal plane spacing of matrix phase densely packed or nearly densely
packed, dp is the crystal plane spacing of heterogeneous phase densely packed or nearly
densely packed, rm is the atomic spacing of the matrix phase packed or nearly packed and
rp is the atomic spacing of the heterogeneous phase packed or nearly packed.

The reliability of E2E model to predict refinement potential has been verified [42,43,48].
Wang [28] calculated the possible orientation relationship between Al3Zr phase and α-
Al using the E2E model, and found that there are 6 groups of orientation relationships
between Al3Zr and α-Al, and the mismatch degree is less than 6%. The orientation rela-
tionships of [110]Al3Zr(114)Al3Zr//[101]Al(111)Al and [401]Al3Zr(114)Al3Zr//[110]Al(111)Al
were verified using EBSD (Electron Backscatter Diffraction), indicating that Al3Zr is indeed
a heterogeneous core promoting α-Al nucleation. Li et al. [43] used the E2E model to pre-
dict whether LaB6 had the potential to be a heterogeneous nucleating substrate of nascent
Al13Mn4Si8, and reached similar conclusions.

2.2.2. Free Growth Model

In addition to the mismatching degree of interfacial atomic row, heterogeneous particle
size is also a key factor affecting the heterogeneous nucleation efficiency [37,49–51]. When
particle size met the conditions, the undercooling degree could be reduced to provide
driving force and promote heterogeneous nucleation.

dn =
4σSL

∆Sv∆Tn
(6)

where dn is particle diameter (assumed to be spherical); σSL is solid–liquid interface
energy, about 158 mJ·m−2 [37]; ∆Sv is the melting entropy per unit volume (∆Sv is
the ratio of melting potential heat Lv to melting point Tm), which is determined to be
1.112 × 106 J·K−1·m−3 [37] in the experiment; ∆Tn is the critical degree of nucleation sub-
cooling. Greer et al. [37,52,53] used the free growth model to study the grain refining effect
of Al-Ti-B intermediate alloy, and found for the first time the quantitative relationship
between the size of TiB2 particles and the final grain refining effect. Greer et al. believed
that larger TiB2 particles preferentially act as nucleation cores to promote α-Al nucleation
in the crystallization process. With the decrease in the melt temperature, the degree of
supercooling increases, and smaller TiB2 particles begin to produce a heterogeneous nucle-
ation effect. At the same time, the latent heat release of crystalline grains leads to a slow
decrease in temperature. No new grains are formed, and the smaller TiB2 particles cannot
serve as an effective nucleating core. Similarly, Yu et al. [54] analyzed the size change of
Al3Ti in ECAP (Equal Channel Angular Pressing). After 10 ECAP deformations, when the
size of Al3Ti particles remained in the optimal size range of 18–22 µm, the grain refinement
performance of pure Al in the study object was the best and stable.

3. Al-M Master Alloy

Rare earth elements represented by Sc and Er, and transition elements represented
by Zr are added to aluminum alloy in the form of master alloys. Nano-scale Al3M phase
precipitated from the supersaturated solid solution of α-Al plays an important role in
improving the recrystallization temperature of the aluminum alloy, and its mechanical
properties and heat resistance [55]. A large number of studies [28,56–60] have shown that
the three elements Sc, Zr and Er can also improve the casting microstructure and refine the
grain. Considering that refiners in the field of magnesium alloy can play the role of refining
grain and microalloying, we reference this idea. The existing research results of grain
refinement of rare earth elements and transition elements are analyzed, and the elements
suitable for developing Al-M master alloys with microalloying and grain refinement are
summarized. Finally, the existing problems of Al-M master alloys are described.
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3.1. Al-Sc

The Sc element is often used as a microalloying element to improve the microstructure
and properties of aluminum alloys. When Sc is added to aluminum alloy, after solid
solution and aging treatment, the supersaturated solid solution α-Al is decomposed into
Al3Sc precipitated phase with L12 structure. This is evenly and finely dispersed in the
aluminum matrix, increasing the resistance of dislocation slip and climbing, impeding the
migration of grain boundaries and improving the effect of recrystallization temperature
and microstructure thermal stability [21,22,33,55,61,62]. In addition, Sc has the effect of
refining α-Al grains [30–33,57,63–65].

Sc exists in aluminum alloys in two forms, solute atoms and Al3Sc particles [21,57,59],
and the mechanism of refinement is also different. With regard to solute atoms, during the
crystallization process, supersaturated Sc atoms are drained from the grains and biased
at the front end of the solid–liquid interface, resulting in supercooling of the components,
providing a degree of supercooling and inhibiting the growth of grains [57,59]. This
refinement effect is due to the fact that the growth limiting factor of Sc is 3.9C0. As the core
of heterogeneous nucleation [21,32], the Al3Sc phase significantly improves the nucleation
rate, promotes α-Al grain nucleation and leads to grain refinement. This is because the
Al3Sc phase has an L12 structure with a lattice constant of 0.4104 nm [55], which is very
similar to Al in terms of face-centered cubic structure and lattice constant (0.4049 nm), and
there is a small lattice mismatch(1.32% [55]) between the two phases.

The grain refining mechanism of Sc is different, which leads to the difference in the
refining effect of α-Al grains. According to the results of literature studies [57,65], the
refining effect of Al3Sc is stronger than that of solute atoms. As can be seen from Figure 2a,
the grain size of α-Al without addition of Sc element is 860 µm. When 0.2 wt.%Sc is added,
the grain size of α-Al is 830 µm, the grain size is coarse and uneven (Figure 3a) and there
is no significant reduction in grain size. The grain refining effect is gradually enhanced
with the increase in Sc content within eutectic composition (Sc = 0.58 wt.% Figure 2b). The
grain size of 0.5 wt.%Sc alloy is 700 µm, and the grain size reduction is 160 µm. The grain
size reduction rate is 18.6%. When Sc content is increased beyond the eutectic point, grain
size decreases more significantly. An addition of 0.7 wt.% Sc can refine the grain to 40 µm.
Figure 3b shows that the grain size is fine and uniform, and the reduction rate reaches
95.3%. This difference in refinement results from refinement mechanism. According to
the Al-Sc binary phase diagram (Figure 2b), when the addition amount of Sc is lower than
that of eutectic component, Sc element exists in the matrix in the form of solute atoms, and
component subcooling is used as the mechanism of grain refinement. Beyond the eutectic
point, Al3Sc begins to be the main form of Sc. At the same time, the refinement mechanism
changes from the subcooling of solute atoms to heterogeneous nucleation. Heterogeneous
nucleation has a stronger refinement effect and can significantly refine α-Al grains.

However, the refinement theory and optimization of refinement effect of Al3Sc need
further study. The current understanding of grain refinement mechanism still remains
the lattice mismatch proposed in 1952. In 2005, Zhang [66–68] proposed the E2E model to
deeply understand the crystallographic relationship between heterogeneous phases and
matrix. In 2021, Yan [65] found that there was a good orientation relationship between
Al3Sc and α-Al:

[011]Al//[011]Al3Sc&(200)Al//(200)Al3Sc and [112]Al//[112]Al3Sc&(111)Al//(111)Al3Sc
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However, the crystallographic study of Al3Sc grain refinement has not been studied
enough. In addition, the grain refinement effect is affected by the morphology, and the
primary phase Al3Sc has many morphologies [69,70]. Sun [69] studied the relationship
between melting conditions and the morphology of primary phase Al3Sc, and found that
cooling rate was the key factor affecting the morphology evolution of Al3Sc. Melting
temperature had a greater effect on the dendrite degree, and holding time had a greater
effect on the primary phase size. Moderate melting temperature and rapid cooling result
in the diversity of primary Al3Sc phase morphology, and this Al3Sc has the best refining
effect on the studied alloys. Higher melting temperature and slower cooling rate will result
in the primary Al3Sc phase with butterfly shape and cracked cube with pointed arrows at
the corners, and the refining effect of this master alloy will be significantly reduced. Very
low cooling rate and high melting temperature lead to dendrite formation of primary Al3Sc
phase with the worst thinning effect and microstructure inheritance.

3.2. Al-Zr

Zr, as a transition group element, is added to magnesium alloy in the form of Mg-Zr
master alloy, which can produce strong grain refinement effect [71,72]. Zr has also been
reported to refine α-Al grains [28–30,63,64].

Zr exists in different forms in aluminum alloys [28], and its refining mechanism is
also different. According to the Al-Zr phase diagram [73], the solid solubility of Zr is
0.11 wt.%, and Zr exists in the form of solute atoms at this concentration. According to
Table 1, the GRF of Zr is 6.8C0, and the segregation at the solid–liquid interface during
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crystallization leads to the undercooling of the components. This reduces the undercooling
degree, inhibiting the grain growth and refining the grains. In the presence of the Al3Zr
phase, the mechanism of grain refinement is heterogeneous nucleation, which can be
explained by Zhang Mingxing’s Edge To Edge model [41,67,68]. The Al3Zr phase formed
during the solidification process is a D023 crystal structure, belonging to the tetragonal
crystal structure, with lattice constants of a = 0.4007 nm and c = 1.7286 nm. Each cell
contains 12 Al atoms and 4 Zr atoms [74].

The most densely packed facet of the Al3Zr phase is {114}Al3Zr that contains three
densely packed atomic columns(< 221 >S

Al3Zr‚ < 110 >Z
Al3Zr and < 401 >Z

Al3Zr). For
convenience, the superscript “Straight (for short, S)” and “Zig-Zag(for short, Z)” are
used to distinguish the straight row atomic arrangement from the sawtooth row atomic
arrangement, as shown in Figure 4a,b. A sub-densely packed plane is {020}Al3Zr, which
contains only one dense row of atoms (< 401 >Z

Al3Zr). The third densely packed surface
of the Al3Zr phase is {220}Al3Zr, which contains two densely packed atomic columns
(< 221 >S

Al3Zr and < 110 >Z
Al3Zr).
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Aluminum is a face-centered cubic structure with a lattice constant of a = 0.4049 nm
and 4 Al atoms in the cell [74]. The most densely packed surface of Al is {111}Al. It has
two closely packed columns of atoms: < 110 >Z

Al and < 211 >S
Al. Furthermore, {020}Al is

a sub-dense plane with only one dense row of atoms (< 110 >Z
Al). The third closest plane is

{220}Al containing < 110 >Z
Al and < 211 >S

Al.
The interatomic spacing mismatch and interplanar spacing mismatch between Al3Zr

and α-Al were calculated respectively, and the results are shown in Table 2. Table 3 lists
the orientation relationships that meet the conditions of interatomic spacing mismatch less
than 10% and interplanar spacing mismatch less than 6%. EBSD results prove the existence
of two groups of orientation relationships (Figure 5):

[101]Al(111)Al//[110]Al3Zr(114)Al3Zr and [110]Al(111)Al//[401]Al3Zr(114)Al3Zr
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Table 2. Result of calculations [28].

Matching Crystal Direction fr Matching Crystal Plane fd

< 110 >S
Al // < 110 >S

Al3Zr 1%
{111}Al//{114}Al3Zr 1%
{111}Al//{020}Al3Zr 17%
{111}Al//{220}Al3Zr 65%

< 110 >S
Al

// < 401 >S
Al3Zr 2%

{020}Al//{114}Al3Zr 15%
{020}Al//{020}Al3Zr 1%
{020}Al//{220}Al3Zr 42%

< 211 >Z
Al

// < 221 >Z
Al3Zr 4%

{022}Al//{114}Al3Zr 40%
{022}Al//{020}Al3Zr 29%
{020}Al//{220}Al3Zr 1%

Table 3. Orientation relationship between Al3Zr phase and α-Al [28].

Matching Crystal Direction fr Matching Crystal Plane fd

< 110 >S
Al // < 110 >S

Al3Zr 1%
{111}Al//{114}Al3Zr 1%
{022}Al//{220}Al3Zr 1%

< 110 >S
Al

// < 401 >S
Al3Zr 2%

{111}Al//{114}Al3Zr 1%
{020}Al//{020}Al3Zr 1%

< 211 >Z
Al

// < 221 >Z
Al3Zr 4%

{111}Al//{114}Al3Zr 1%
{022}Al//{220}Al3Zr 1%
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Figure 5. Backscattered electronic (BSE) image of the microstructure and EBSD Kikuchi pattern of
Al3Zr and Al [28]. Reprinted with permission from [28], 2013, Elsevier.

The grain refinement mechanisms of solute atom Zr and Al3Zr are different, which
leads to the difference in grain refinement effect. The refining effect of Al3Zr phase is much
better than that of solute atomic Zr, which occupies a dominant position. Wang et al. [28]
studied the effect of Zr addition on grain refinement of pure aluminum. The results show
that the equilibrium solidification microstructure is obtained by controlling the cooling rate
at 1 K/s when the addition amount is 0.1 wt.% (Figure 6b,e). It was found that the pure Al
grain size is reduced from 1100 µm to 1050 µm (Figure 6a,e), and the grain size reduction
rate is 4.5%. The grain size of pure aluminum is 500 µm and the size reduction rate is 54.5%
when the addition amount is increased to 0.2 wt.% (Figure 6c,e). The addition was further
increased to 0.5 wt.%, and the grain size was reduced to 350 µm (Figure 6e). This difference
in refinement results from the change of refinement mechanism. When 0.1 wt.%Zr is added,
the constitutional undercooling of solute atomic Zr acts as a refinement mechanism. If the
addition amount of Zr is above 0.1 wt.%, Al3Zr is detected by XRD and serves as the core
of α-Al nucleation.
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Figure 6. Results of grain refinement [28]: (a) 0% Zr, (b) 0.1% Zr, (c) 0.2% Zr, (d) 0.3% Zr,
(e) relationship of Al grain size and Zr addition level, (f) XRD result of as-cast Al. Reprinted
with permission from [28], 2013, Elsevier.

The refining effect of heterogeneous phase is affected by its morphology [75,76].
Through literature research, it was found that the morphology of Al3Zr will change ac-
cording to different casting temperature [76]. When the temperatures were 1123 K, 1173 K,
1223 K and 1273 K, the morphologies of the Al3Zr of spherical shape, tetragon shape, rod
shape and fiber shape were observed, respectively. At present, the effect of different Al3Zr
morphologies on the refinement results has not been reported. The study on the effect of
morphology on refinement has a positive effect on the optimization of refinement ability.

3.3. Al-Er

The price of Er is only 1
80 ~ 1

100 that of Sc [77], and the Er element is often added to
aluminum alloy as an alternative element of Sc to produce microalloying and improve
the microstructure and mechanical properties of the alloy [26,27,78–80]. As a rare earth
element, a refined grain is one of the characteristics of Er [27,60,81].

Er exists in aluminum alloy in two forms: solute atom and Al3Er phase. Based on the
literature review [27,60,81], the solute atom Er can only refine the α-Al dendrite arms, while
the primary Al3Er phase can refine the grains. Wen et al. [27] studied the effect of refining
as-cast Al-Mg-Mn-Zr alloys with different additions of Er, and observed that the addition of
0.2 wt.%Er did not lead to grain refinement compared with the alloys without Er. However,
as shown in Figure 7b, there does appear to be refinement in the dendritic substructure
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within the grains. The grain size of α-Al decreased significantly after adding 0.4 wt.%Er. By
comparison with Figure 7a,c, the grain size of the alloy containing 0.4 wt.%Er is only half of
that without the addition of the alloy. Increasing the addition of Er will only lead to slight
decrease in grain size. Figure 8 shows the XRD diffraction patterns of the as-cast alloy with
different Er content and the homogenized alloy with 0.4 wt.%Er added. The peak of Al3Er
phase appeared only after 0.4 wt.%Er was added, and the diffraction peak still existed after
homogenization. However, this indicates that 0.2 wt.% Er can be dissolved in the matrix.
In summary, according to the Al-Er phase diagram [82], the maximum solid solubility of Er
is 0.05 wt.%, and XRD results show that there is no formation of Al3Er in the alloy added
0.2 wt.%Er. In the solidification process, the supersaturated Er is segregated at the grain
boundary, but the GRF of Er is 0.88C0, which is much smaller than that of Zr (6.8C0) and
Sc (3.9C0), so it is difficult to produce a refinement effect. At 0.4 wt.%, the presence form
of Er changes, with solute atoms and intermetallic compounds co-existing. Except for a
small part of Er that is dissolved in the matrix, most Er is segregated at the front end of
the solid–liquid interface. The aggregation of Er at the interface will make the composition
fluctuation near the interface more drastic, because in the Al-Er binary phase diagram, the
eutectic reaction temperature at the Al-rich end is 655 ◦C, and the eutectic composition is
6 wt.%. When the melt near the solid–liquid interface is cooled to 655 ◦C, Al3Er compounds
can be formed in the melt with high erbium content (more than eutectic point composition)
near the interface. These Al3Er compounds are directly extracted from the melt. When
the primary Al3Er phase appears in the melt, there is still much liquid that has failed to
crystallize and nucleate. The lattice type (L12) and lattice constant (a = 0.4215 nm) of Al3Er
are very close to that of aluminum matrix (face-centered cubic structure, lattice constant
a = 0.4049 nm), and the lattice mismatch is 4.10% [81]. The two phases are congruent and
semi-congruent. Moreover, the melting point of Al3Er is 1067 ◦C, which is much higher
than the melting point of the matrix (660 ◦C), and it has good stability after formation and
will not melt back into the matrix. These characteristics ensure that the Al3Er phase has a
good heterogeneous nucleation, so the primary Al3Er phase can serve as the nucleation
core and play a role in refining grains when the melt continues to crystallize and nucleate.
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The primary phase has excellent thermal stability. Wen et al. [27] found that
0.2 wt.%Er was dissolved in the Al matrix as a solid solution, while other excess Er atoms
were segregated at grain boundaries during solidification to form the main Al3Er phase.
After homogenizing the cast alloy at 470 ◦C for 24 h (Figure 8), the morphology and struc-
ture of the primary Al3Er did not change, indicating that Al3Er could not dissolve into the
Al matrix at this temperature because the melting point of Al3Er is much higher than the
melting point of Al alloy. Although Al3Er can refine grains and has good thermal stability,
Sc is an excellent candidate for intermediate alloys considering the crystal constant, lattice
mismatch and growth limiting factor of Al3Sc.

3.4. Al-Sc-Zr

Based on the previous analysis of refinement mechanism and refinement effect of
elements, Sc, Er and Zr all have the effect of refining grains. By forming primary Al3M
phase and using heterogeneous nucleation as grain refining mechanism, they can all be
used as candidate elements for preparing Al-M intermediate alloys.

The compound addition of elements in pairs is a means to improve the refining ef-
fect and reduce the amount and cost of rare earth addition. Studies have shown that
the addition of Sc and Zr can significantly refine α-Al grains in aluminum alloys [33,63].
Yin et al. [63] studied the effect of compound addition of Sc and Zr on the casting microstruc-
ture of Al-Mg alloy. The results show that, compared with adding Sc and Zr separately,
adding 0.2 wt.%Sc and 0.1 wt.%Zr to Al-5Mg alloy at the same time, the grain size of the
alloy decreases more obviously, and the equiaxed grains are more uniform. Zou et al. [83]
also found through experiments that the compound addition of trace Sc and Zr can better
refine the grain of cast aluminum alloy. In addition, the combination of Sc and Zr elements
can reduce the use of Sc elements, thus reducing the production cost. Meng et al. [64] stud-
ied the effect of rare earth Sc and Zr on the microstructure of Al-Mg-Si-Cu-Cr-V alloy, and
found that the improvement effect of 0.13 wt.%Zr and 0.03 wt.%Sc added at the same time
is almost the same as that of 0.15 wt.%Sc. Esmaeili et al. [84] found similar grain refinement
in Al-Mg-Si-Sc-Zr alloys and reached the same conclusion. It is generally believed that the
compound addition of Sc and Zr can produce a synergistic effect, that is, the precipitation
strengthening effect of the Al3(Sc, Zr) phase formed by the decomposition of supersaturated
solid solution is introduced to strengthen the matrix better [85–87]. Recent studies [88]
indicate that controlling the mass ratio of Sc and Zr can change the primary phase type.



Metals 2023, 13, 751 13 of 17

Wang [88] found Al3(Sc, Zr) in the cast aluminum alloy after refining, where the mass ratio
of Sc and Zr is 1, and the addition amount is 0.2 wt.%. When the mass ratio of Sc to Zr
was adjusted to 4 and the addition amount of Zr was 0.1 wt.%, the cast microstructure was
only Al3Sc, and their composite phase was not detected [89]. The mass ratio of Sc to Zr was
adjusted to 0.5, the addition amount of Zr was 0.2 wt.%, the cast microstructure was only
Al3Sc, and their composite phase was not detected [90]. Compared to Al3Sc, Al3(Sc, Zr) is
also an L12 structure with a smaller lattice mismatch (1.15%) with Al [91].Further analysis
shows that by regulating the mass ratio of Sc and Zr, the primary phase type changes and
the mechanism of grain refinement is different, which appears in Al-V-B [92].Whether the
size, morphology and distribution will change needs to be further studied.

4. Prospects

Aluminum alloy with light weight, excellent mechanical properties, corrosion resis-
tance and conductive properties are used in aerospace, ships, transportation and other
fields. Due to the influence of casting process parameters and environmental factors, the
organization and composition of cast aluminum parts are not uniform, which limits the
expansion of the application range of aluminum alloy. In order to solve this problem, based
on the idea of screening out Al2RE in magnesium alloy, which can refine grain and improve
thermal stability of microstructure, this paper proposes the idea of preparing a new Al-M
master alloys with grain refinement and a microalloying effect, which can not only solve
the uneven structure and composition of casting, but also produce a microalloying effect
after refining. This further improves the heat resistance of aluminum alloy. The selection of
elements suitable for the preparation of new master alloys, the discussion of the refinement
mechanism of elements, the analysis of the refinement effect of elements and the summary
of factors affecting the refinement effect have very important theoretical significance for
understanding the nature of the chemical method affecting the refinement of the grain, and
its application in industrial production and guidance of the development of intermediate
alloys, but also has practical application value. We selected Sc and Zr elements as reference
objects for Al-M master alloys, but there are still many problems:

(1) The refinement mechanism of Al3Sc needs further analysis. At present, the under-
standing of the refinement mechanism is still in the crystal structure, lattice constant
and lattice mismatch. With the help of E2E model, it is helpful to explore the crys-
tallographic relationship between Al3Sc and α-Al and to improve the refinement
theory. Sc is a eutectic reaction type element, and the primary Al3Sc phase in the
eutectic structure during the solidification process is isolated at the grain boundary.
The influence of the size, distribution and number density of the primary phase on
the refining effect is still unclear.

(2) The primary Al3Zr phase will have different morphologies when the melting condi-
tions are different. The law and mechanism of the influence of morphologies on the
refining effect need to be explored using experiments. The size and distribution of the
primary phase are also factors to be considered.

(3) The analysis of the strength of the grain refinement effect of Sc and Zr elements can
provide data in support of the optimization of the refinement effect and the design of
ternary alloy composition.

(4) When the pairwise addition of Sc and Zr elements to prepare ternary master alloys is
performed, the primary phase type of the master alloys is affected by the mass ratio
of Sc and Zr, and whether the morphology and distribution will have the same law.
Whether the composition ratio of Sc and Zr is also one of the factors affecting the type,
morphology and distribution of primary phase is still to be discussed. In addition, if
the type and morphology of primary phase change, will the refinement mechanism
also change?
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