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Abstract: The effect of trace Sc and Zr on grain refinement of Al-5.0Mg-3.0Zn as-cast alloy was
investigated by optical microscopy and scanning electron microscopy with EDS. The results indicated
that the critical quantities of Sc and Zr for Al-Mg-Zn alloy to produce a significant refining effect
were determined and the total mass fraction of Sc and Zr was not less than 0.27, and the mass
fraction of Sc was more than 0.13. The average grain size of the as-cast alloy ranged from 30 to
44 um. The as-cast microstructure refinement of the alloy was related to the number density of
Al3(Sc, Zr) particles and the critical nucleation work of grains. Furthermore, based on first-principles
calculations, the formation enthalpies of different Al3(Sc, Zr) particles and the interface stabilities
have been theoretically discussed. The experimental phenomenon of increasing the particle number
by the simultaneous addition of Sc and Zr was well explained. Thus, this investigation presented a
better insight into the grain refining mechanism from experiments and theoretical calculations.

Keywords: Al-Mg-Zn alloy; Al3(Sc; Zr); grain refinement; casting; first-principles calculations

1. Introduction

Al-Mg-Zn alloy has moderate strength, excellent corrosion resistance and an age-
hardening response through precipitating T-Mgz»(Al, Zn)49 phases and it is expected to be
used as structural material in aerospace and various types of hulls [1-5]. It is known that
the ingot with fine grains is conducive to improving deformation behaviors and mechanical
properties of final products, and microalloying has become one of the main ways to refine
the microstructure of alloy grains [6-8]. Sc was found to be an effective alloying element
to refine grains by the generation of primary L1;-Al3Sc intermetallics in the melt, which
provided a heterogeneous nucleation core of «-Al [9]. The equilibrium structure of Al3Sc is
L1,, its lattice constant is 0.4103 nm, and its mismatch with the matrix is 1.32%. However,
such effects show up only if Sc addition reaches eutectic composition [10]. Therefore, it
is of great significance to add other elements to replace Sc to reduce the cost and further
improve the mechanical properties of the alloy due to the high price of Sc. Er, Hf, Yb and Zr
can be identified as elements similar to Sc, which can dissolve in phase L1, and improve its
thermal stability [11]. However, the lattice constants of Al3Er and Al;3Yb are 0.4215 nm and
0.4202 nm, and the mismatches with the matrix are 4.08% and 3.71%. Moreover, the solid
solubility of Er and Yb in aluminum is far less than that of Sc [12,13]. The lattice constant of
AlzHf is almost the same as that of aluminum, which is 0.4048 nm and the mismatch with
the matrix is 0.04%. However, the diffusion coefficient of Hf is very small, which is not
conducive to the precipitation of AlzHf [14]. At present, the common approach is to replace
Sc with the Zr element. Zr has a lower diffusion coefficient than Sc, which can effectively
improve the thermal stability and the mismatch between Al3Zr, and the matrix is only
0.75% [15-17]. On the other hand, the primary Alz(Sc, Zr) particles can obviously refine the
as-cast microstructure and improve the strength and formability of the alloy [18-20].
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Owing to the great contribution of grain refinement, numerous investigations on
the Al3(Sc, Zr) primary particles found in aluminum alloys have been carried out [19,21].
Pan [19] studied the effect of Sc and Zr on the microstructure of as-cast Al-5Mg alloy. The
results indicated that 0.2 wt.% Sc did not produce a grain refining effect but eliminated
the dendrite substructure of Al-5Mg alloy. When the Sc content reached 0.6 wt.%, the
average grain size decreased from 265.1 um to 50.3 um. The average grain size decreased
to 54.6 um when 0.2 wt.% Sc and 0.1 wt.% Zr were added. Moreover, the Al3Sc phase
could be identified as the eutectics consisted of Al3Sc and «-Al phases, which exhibited
an ‘Al3Sc + a-Al + Al3Sc” multilayer structure [22]. The same result was found in Al-6Mg
alloy [10]. For Al-Zn-Mg-Cu series alloys, adding 0.20% Zr or 0.20% Sc can partially
refine the grains in Al-7.2Zn-2.2Mg-1.8Cu alloy, while adding 0.10% Sc + 0.20% Zr can
obviously refine the grains, and the average grain size was only 15 um [21]. Based on
three-dimensional electron backscatter diffraction, Li [23,24] observed layer upon layer of
growth of Al3(Sc, Zr). Al, Cu, Si and Fe were enriched between the «-Al matrix and the
cellular eutectic Al3(Sc, Zr) phase, while Sc, Ti and Zr were enriched in the fine Als(Sc, Zr)
phase. Xu [25] suggested that the primary Al3(Sc, Zr) particles had different morphological
characteristics due to the different cooling rates, but all the particles exhibited an obvious
Al3Sc/ Als(Sc, Zr) core-shell structure.

On the other hand, theoretical calculations based on density functional theory were a
good way to understand the grain refinement mechanism. In the framework of the edge-
edge (E2E) matching model, the grain refinement of aluminum by AlzZr and Al3Sc primary
particles can be well explained from the perspective of lattice mismatch [26]. Clouet [9]
built an atomic kinetic model for Al-Zr and Al-Sc binary systems so as to be as close as
possible to the real systems. The model can be used to simulate the precipitation kinetics
of AlsZr and Al3Sc at an atomic scale. The combination of first-principles calculations
and experiments can effectively investigate the refining mechanism of primary Al;(Sc, Zr)
particles. The current research focuses on the microalloying of Sc and Zr in Al-Mg and
Al-Zn-Mg-Cu series alloys, focusing on the morphology, size and precipitation process of
the primary phase, as well as the effect on the refinement of the as-cast microstructure. At
present, there are few studies on the effect of Sc and Zr contents on the critical point of
microstructure refinement in as-cast AI-Mg-Zn alloys.

In the present work, a comparative experiment was designed to investigate the ef-
fects of single and compound addition of Sc and Zr on the as-cast microstructure of
Al-5.0Mg-3.0Zn alloy, and the main novelty of this study is the determination of critical
quantities of Sc and Zr for Al-Mg-Zn alloys to produce significant refining results. More-
over, the refining mechanism of Sc and Zr in Al-Mg-Zn alloys has been studied based on
phase diagram and first-principles calculations. This work helps us to understand grain
refining mechanism in Al-Mg-Zn alloys, which provide guidance for industrial production.

2. Experimental Section
2.1. Experimental Procedures

The nominal compositions of the alloys are listed in Table 1. The raw materials were
99.99%Al, pure zinc, pure magnesium and Al-2wt.%Sc, Al-5wt.%Zr and Al-10wt.%Mn.
Firstly, raw materials were melted in an electrical resistance furnace. Then, the molten
melt was poured at 720 °C into a cylindrical iron plate mold with a height of 50 mm and
a radius of 60 mm, then the ingots were air-cooled to room temperature. Specimens for
further investigation were cut from the center of the ingot. The first set of experiments
investigated the effect of adding Sc and Zr separately on the as-cast microstructure. Then,
the effect of the Sc content on the as-cast microstructure was studied when 0.1 wt.% Zr
content was added. In order to further explore the effect of Sc and Zr content on grain
refinement, the third set of experiments explored the effect of the Sc to Zr ratio on the
as-cast microstructure.
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Table 1. Composition of the alloy (wt.%).
Group Number Alloy No. Mg Zn Mn Sc Zr
Base alloy 5.0 3.0 05 0 0
I: single addition of Sc or Zr 0.275c 5.14 3.0 0.5 0.27 0
0.27Zr 5.1 3.0 0.5 0 0.27
0Sc-0.1Zr 5.1 293 0.54 0 0.1
0.1Sc-0.1Zr 4.99 2.89 0.54 0.1 0.1
II: addition of Sc only if mass fraction of Zr was 0.1 0.155¢-0.1Zr 4.98 3.0 0.5 0.15 0.1
0.175¢-0.1Zr 5.12 3.04 0.48 0.17 0.1
0.25¢-0.1Zr 5.0 3.02 0.5 0.2 0.1
0.07Sc-0.2Zr 5.0 3.0 0.52 0.07 0.20
1 . . . 0.1Sc-0.17Zr 5.12 3.02 0.5 0.1 0.17
III: different Sc to Zr ratio only if the total mass fraction of Sc and Zr was 0.27 0.135¢-0.147r 493 3.0 05 013 014
0.25¢-0.07Zr 5.0 3.0 0.5 0.20 0.07

The metallographic samples were divided into two groups. The first one was anode
coating after being electropolished and then the grain size of the cast alloy was observed by
OM (Optical Microscope). The composition ratio of the anode coating solution was 38 mL
H,50y, 43 mL H3PO,4 and 19 mL deionized water per 100 mL. Pictures were taken with
an optical microscope after the film was coated. Grain size analysis was carried out using
the linear intercept method with at least 10 pictures. The microstructure of the second
batch of samples was analyzed by JEOL JSM 7001F (JEOL, Tokyo, Japan) field emission
scanning electron microscope. The equipment was equipped with an Energy Dispersive
Spectrometer (EDS, JEOL, Tokyo, Japan) module, which accelerates the electrical voltage
of 20~25kV. Pandat developed by CompuTherm LLC (Pandat 2022, CompuTherm LLC,
TEXAS, USA) was used for phase diagram calculation.

2.2. DFT Calculation Details

All calculations in this work were performed by first-principles methods based on
density functional theory (DFT), as implemented in Vienna Ab-inito Simulation Package
(VASP, version 6.1, University of Vienna, Vienna, Germany) code. The generalized gradient
approximation (GGA) parameterized by Perdew, Burke and Ernzerhof (PBE) was used to
describe the exchange-correlation function. A plane-wave energy cut-off of 500 eV was set
in all calculations, and the calculations of unit cells were performed using Monkhorst-Pack
k-point meshes of 12 x 12 x 12. The energy tolerance was set to be 1.0 x 107> eV and the
force tolerance was 1.0 x 10~4 eV A1,

Al;3Sc, Al3Zr and Als(Sc, Zr) are the same crystal structure as CuzAl(cubic) and belong to
the space group L1; (Pm-3 m) at room temperature. Each Al atom is located in the center of
four Sc (Zr) atoms in the four-atom primitive cell, as presented in Figure 1. The corresponding
positions are as follows: Sc (Zr) at (0, 0, 0) and Al at (0,1/2,1/2:1/2,0,1/2:1/2,1/2,0) [27,28].

Figure 1. Crystal models of L1,-Al3Sc and L1;-Al3Zr. (a) L1,-Al3Sc, (b) L1,-Al3Zr.

In order to deeply analyze the thermodynamic stabilities of Al3(Sc, Zr), different
supercells were constructed by doping Sc into Al3Zr. Considering the different Sc/Zr ratios
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and atomic occupancies, we used the Pymatgen software package (version 3.7, Materials
Virtual Lab, La Jolla, CA, USA) to seek the atomic configurations and performed systematic
calculations to find the most stable doping structures. Based on these, 30 Al3(Sc, Zr) models
with different doping sites were constructed, and three models with the lowest energy in
2 x 2 x 2and 2 x 2 x 4 supercells were selected for the following studies. Figure 2 shows
the structures of Al3(Sc, Zr) for different doping systems.

30580¢
‘ Zr O Al

Figure 2. Crystal models of Al3(Sc, Zr) for different doping systems. (a) Al4ScyZrg-1; (b) AlpsScyZrs-2;
(c) AlpyScyZrg-3; (d) AlygScgZrg-1; (e) AlygScgZrg-2; (f) AlygScgZrg-3.

3. Results and Discussions
3.1. Grain Refinement of Sc and Zr Addition in Al-Mg-Zn Alloys

The grain structure of as-cast alloys is shown in Figure 3. The as-cast microstructure
exhibited a typical dendritic substructure within coarse grains only if there was a single
addition of Sc or Zr. It was observed in Figure 3b,c that the grain size was slightly modified by
the addition of 0.27 wt.% Sc or 0.27 wt.% Zr. The results indicated that the grain refinement
was very weak. Figure 4 presents the average grain size of Al-Mg-Zn alloy with the single
addition of Sc and Zr. It was observed that the grain size of Al-Mg-Zn without a trace element
(Figure 3a) was 297 um, while the average grain size was 197 pm with adding 0.27 wt.% Sc
(Figure 3b), and the alloy with adding 0.27 wt.% Zr (Figure 3c) was 260 um. It can be suggested
that the addition of 0.27 wt.% Zr did not result in grain refinement significantly. So, the single
addition of Sc has a better grain refining effect compared to the addition of Zr. However,
for the coarse structure of the alloy with 0.27 wt.% Sc, the addition of 0.27 wt.% Sc content
was still not enough to form primary Al;Sc particles in the melt, although the existence of
Mg and Zn was found to decrease the solubility of scandium in solid solution [29], which
supported the results of this study. Therefore, the grain was not obviously refined with the
single addition of Sc or Zr. Then, we studied the grain structure of as-cast alloys by adding Sc
and Zr simultaneously.
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Figure 3. As-cast microstructures of Al-Mg-Zn alloy: (a) 0Sc-0Zr; (b) 0.27Sc-0Zr; (c) 0Sc-0.27Zr.
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Figure 4. Average grain size of Al-Mg-Zn alloy with single addition of Sc and Zr element.

The grain structure of as-cast alloys with Sc and 0.1 wt.% Zr is shown in Figure 5. The
dendritic substructure with coarse grain was obvious in the alloys of 0 wt.% Sc, 0.1 wt.% Sc
and 0.15 wt.% Sc (Figure 5a—c), whereas the equiaxed structure was found in the alloy with
0.17 wt.% Sc and 0.20 wt.% Sc (Figure 5d,e). The as-cast grains were refined significantly
while the mass percentage of Sc was less than 0.17. Figure 6 displays the evolution of the
average grain size, calculated using the standard linear intercept method. The average
grain sizes of as-cast alloy with 0 wt.% Sc, 0.1 wt.% Sc and 0.15 wt.% Sc were 169, 192
and 191 pum, respectively. The results showed that the grain refinement degree was weak
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when adding a low content of Sc and Zr elements. This was probably because there are not
enough cores formed in the melt to refine the grains. However, the average grain sizes of
as-cast alloy with 0.17 wt.% Sc and 0.20 wt.% Sc ranged from 30 to 33 um. This indicated
that with the increase of the Sc content, the average grain size decreased further, so that the
benefit of grain refinement was greater. It was easy to see that when the total mass fraction
of Sc and Zr was not less than 0.27, the as-cast structure of the alloy was obviously refined.
Thus, we studied the grain structure of as-cast alloys with different Sc to Zr ratios while the
total mass percentage of Sc and Zr was 0.27.

Figure 5. As-cast microstructures of Al-Mg-Zn alloy with different Sc content: (a) 0Sc-0.10Zr;
(b) 0.10Sc-0.10Zr; (c) 0.155¢-0.10Zr; (d) 0.175¢-0.10Zr; (e) 0.20Sc-0.10Zr.

The grain structure of as-cast alloys with different Sc to Zr ratios while the total mass
fraction of Sc and Zr was 0.27 is shown in Figure 7. The as-cast grains were refined with a
Sc to Zr ratio ranging from 0.9 to 2.9, whereas the as-cast alloy exhibited coarse grains in
which the Sc to Zr ratio was less than 0.6. Figure 8 shows the evolution of the average grain
size. The average grain size of the as-cast alloy ranged from 150 to 165 pm when the Sc to
Zr ratio was 0.35 and 0.6, respectively. In contrast, when the Sc to Zr ratio was more than
0.9, the as-cast grains can be significantly reduced even at a lower Zr level, in which the
average grain size was between 30 and 44 um. According to the above results, the grain



Metals 2023, 13, 519

refinement effect of the composite addition of Sc and Zr was higher than that of the single
addition of Sc or Zr. Meanwhile, the composite addition of Sc and Zr can effectively reduce
costs. Considering the cost factor, we considered the alloy with 0.13 wt.% Sc and 0.14 wt.%

Zr as a typical alloy for the study.
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Figure 6. Average grain size of Al-Mg-Zn alloy with addition of 0.1 wt.% Zr.

Figure 7. Cont.
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Figure 7. As-cast microstructures of Al-Mg-Zn alloy with different Sc to Zr ratios: (a) 0.07Sc-0.20Zr;
(b) 0.1S¢-0.17Zr; (c) 0.135¢-0.14Zr; (d) 0.17S¢-0.10Zr; (e) 0.20Sc-0.07Zr.
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Figure 8. Average grain size of Al-Mg-Zn alloy with different Sc to Zr ratios.
3.2. Intermetallics of as-Cast Al-Mg-Zn Alloys

The microstructure of as-cast alloy was studied using a scanning electron microscope
(SEM), and the influence of Sc and Zr addition to the alloy was investigated. We selected
the base alloy, the alloy with 0.07 wt.% Sc and 0.20 wt.% Zr (grains not refined significantly)
and alloy with 0.13 wt.% Sc and 0.14 wt.% Zr (grains refined significantly) as the research
objects. Figure 9 presents the second phase of the base alloy (Figure 9a,b) and the alloy
with 0.07 wt.% Sc and 0.20 wt.% Zr. The EDS results are shown in Table 2. In the terms of
SEM observations and EDS results, the T-AlgMg11Zn1; phase (bright contrast) was along
grain boundaries in the a-Al (fcc) matrix (dark contrast). There were some massive white
Mn-rich phases in the base alloy. However, Al3(Sc, Zr) phase was not observed in the
as-cast alloy.

Figure 10 shows the SEM images of the second phase of the alloy with 0.13 wt.% Sc
and 0.14 wt.% Zr. The EDS results are displayed in Table 3. In particular, there were some
flocculent and honeycomb second phases along the grain boundary and within the grain
in the alloy. This phase could be identified as Als(Sc, Zr). It was generally located at the
grain boundary and combined with the Fe-Mn-rich phase and T phase. Pan [19] found two
different morphologies of primary Al3(Sc, Zr) particles in Al-Mg alloy, including square and
triangular features, and all the particles possessed a similar multilayer structural feature.
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Xu [25] observed the morphology of primary particles of Al-Sc-Zr alloy at different cooling
rates. The results showed that the primary Als(Sc, Zr) particles were small cubic, pointed
cubic or cross-flower-shaped particles at a slow cooling rate. The primary particles were
separated in a crisscross shape at a moderate cooling rate and in a sharp cubic shape at a
high cooling rate. The reason why the Alz(Sc, Zr) phase was flocculent and honeycomb in
this experiment needs to be further explored.

Figure 10. SEM image of second phase in alloy with 0.13 wt.% Sc and 0.14 wt.% Zr. (a) T phase,
(b) Mn-rich phase, (c,d) Al3(Sc, Zr) phase.
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Table 2. EDS spectrum analysis results of the intermetallic marked in Figure 9 (at.%).
Element Al Mg Zn Mn Fe
A 484 375 14.1 - -
B 73.2 15.0 3.8 8.0 -
C 47.4 385 14.1 -
D 75.7 5.8 1.4 3.5
E 77.7 3.8 15 7.0 10.0
Table 3. EDS spectrum analysis results of the intermetallic marked in Figure 10 (at.%).
Element Al Mg Zn Mn Fe Sc Zr
A 58.6 27.3 14.1 - - -
B 70.9 15.3 4.6 9.3 -
C 75.7 5.8 14 3.5 9.1 3.7
D 75.1 4.3 1.2 12.5 7.3 - -
E 88.1 4.6 1.3 - 4.7 14

In order to further clarify the complex structure, primary particle samples showing more
details of microstructure were selected for study, and the results are shown in Figure 11. From
the results of line scan elements analysis, it can be seen that the primary Als(Sc, Zr) phase had
a layered structure of “Al3(Sc, Zr) + Al + Al3(Sc, Zr)” from two-dimensional space observation,
which was similar to the experimental results reported by Forbord [30].

b .
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Distance(im)

Figure 11. SEM images and line scan elements analysis (LSEA) of particles extracted from samples.
(a) Al3(Sc, Zr) phase, (b) line scanning of Als(Sc, Zr).

4. Discussion

Considering the difference in the actual casting process, the grain size of Al-5.0Mg-3.0Zn
alloy was divided into three gradients. The grain size of the base alloy was 300 um; after
adding Sc and Zr, the grain size was between 150 to 200 um. When the total mass fraction
of Sc and Zr was not less than 0.27, and the mass fraction of Sc was more than 0.13, the
as-cast grains can be significantly refined, and the average grain size ranged from 20 to
40 um. Figure 12 shows the formation of Als(Sc, Zr) during solidification. AlsZr particles
were formed firstly under a temperature above 650 °C. Once peritectic particles (Al3Zr)
were formed, further solidification was controlled by a peritectic reaction to form an Al
layer: Al3Zr + liquid — Al The Al layer can be used as the nucleation surface of the initial
eutectic reaction: liquid— «-Al+Al3Sc [23]. This is owing to the very close orientation
relationship and very small lattice mismatch between Al (fcc, a = 0.4050 nm) and Al3Sc
(L1, a = 0.4105 nm), which promoted the nucleation of Al3Sc on Al. However, Wang [21]
suggested that the Al3Zr nucleated preferentially; then, Al3Sc was covered at the surface of
Al3Zr particles. Finally, Al3(Sc, Zr) particles with a layered structure were formed. The next
step was a-Al nucleation by Al3(Sc, Zr) particles. Although there was some controversy; it
was recognized that Al;3Zr particles formed firstly during the solidification process.
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Figure 13 presents the phase diagram calculation results of Al-5.0Mg-3.0Zn-0.5Mn-xZr
with a different Sc content. With the increase of the Zr content, the formation temperature
of Al3Zr particles increased, and there were more Al3Zr particles in the melt. According to
the SEM results, the as-cast microstructure can only be refined effectively if the Als(Sc, Zr)
particles existed in the alloy. Taking the alloy with 0.07 wt.% Sc and 0.20 wt.% Zr as an
example, the AlzZr particles precipitated firstly in the melt, then the x-Al matrix was
formed by the peritectic reaction (Al3Zr + L — «-Al) at 630 °C. The Fe-Mn-rich phase began
to precipitate at 580 °C until the solidification ended at 550 °C. In the whole solidification
process, only the Al3Zr particles served as the nucleating point to fine the microstructure,
so the influence on the grain size was not obvious. But for the alloy with 0.13 wt.% Sc and
0.14 wt.% Zr, AlzZr still formed initially, and Al3Sc particles precipitate at 600 °C, then
Al3(Sc, Zr) particles with layered composite structure formed. The experimental study
indicated that Al3Zr was more stable than Al;Sc, and Als(Sc, Zr) phases were more likely
to precipitate and stabilize than Al3Zr and AlsSc [19,30-32]. Next, we will discuss the effect
of Al3Sc, Al3Zr and Alz(Sc, Zr) particles on the as-cast grain structure of Al-Mg-Zn alloy.

Liquid ‘ Liquid
Al Zr+Liquid

6501 Al Zr + Liquid 650 :
bxy Al Zr + Fee + Liquid — iqui
O 600 I+ Fee + Liqui A1 7+ Fee + L1, - FCC + Liquid O 600 Al ZrtFectLiquid Al Zr+Fee+L1,-FCC+Liquid
[= 3% - el = 2

AlZr + Al FeMpA+Fcc + Liquid Al Zr+Al -FeMn#Fec+Liquid
550 Al Zr+ Al FeMn + Fec + L1, - FCC + Liquid 550 Al Zr+Al FeMn+Fcc+L1,-FCC+Liquid
Al Zr+Al FeMn+Fcc
AlLZr +/ALFeMn + Fec . AlZr+ Al FeMn + Fec + L1, - FCC AlZr+Al FeMn+Fec+L1,-FCC
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Figure 13. Phase diagram calculation results of Al-5.0Mg-3.0Zn-0.5Mn-xZr alloy with different Sc
content: (a) 0.07Zr; (b) 0.1Zr; (c) 0.14Zr; (d) 0.20Zr.
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Accordingly, the calculated lattice parameters of Al3Sc and Al3Zr are summarized
in Table 4 and compared with the values from other sources. As clearly presented, the
calculated lattice parameters of Al3Sc and Al3Zr are in good agreement with other works
and experimental results [33-36]. The lattice misfit of Al3Sc with Al is a little lower than
AlsZr, which implies that the interfacial energy of Al3Sc/«x-Al could be lower than that of
Al3Zr/ «-Al.

Table 4. The calculated lattice parameters for Al3Sc, AlsZr and Al3(Sc, Zr) and the lattice misfit with Al.

Systems Lattice Parameter (A) Lattice Misfit (%)
Al 4.05 -
4.103 1.304
Al3Sc 4.106 [34] -
4.047 [33] -
4.105 1.361
AlzZr 4.113 [35] -
4.117 [36] -
Alpy4ScyZrg-1 4.098 1.361
A124SCZZI'6-2 4.096 1.185
AlyyScyZrg-3 4.097 1.132
AlygScgZrg-1 4.097 1.161
Al488c8Zr8—2 4.096 1.161
AlygScg”Zrg-3 4.105 1.146

To understand the dependence of different doping sites on lattice parameters in
supercell, we calculated the lattice parameters of Al3(Sc, Zr) at different Sc/Zr ratios, and
calculated the corresponding lattice mismatch between Al and Alz(Sc, Zr). The obtained
results are also presented in Table 4. It can be seen that with the change of the Sc/Zr
ratio, the lattice parameter of Al3(Sc, Zr) and the lattice mismatch with Al also changes.
Obviously, the lattice misfit between Al3(Sc, Zr) and Al is very low, only 1.13 to 1.36%,
and it decreases with the increase in the Sc content. Therefore, it can be deduced that the
interface energy of Sc-doped Al/Al;Zr was reduced, and the interface of Al/Al3(Sc, Zr)
could be more stable than Al/Al3Zr. Thus, the stability of Al/ Al3Zr interfaces can be
strengthened with Sc doping. Li [33] has also reported that the addition of the Sc element
is beneficial to the formation of the interface, improving the bonding strength and wetting
effect of the interface, which is consistent with our results. It can be well explained that Sc
doping can reduce the lattice mismatch between Al and Al3Zr, which is responsible for the
grain refinement of Al-Mg-Zn alloy.

The number density of nucleated particles is related to the enthalpy of formation.
Table 5 shows the enthalpies of formation and bond orders of Al3Sc, AlsZr and Al3(Sc, Zr)
with different Sc to Zr ratios. Both the formation enthalpy and bond order depict the
strength of the atomic bonding in the crystal, reflecting the stability of the compound.
The higher the bond order, the stronger the bond. The formation enthalpies of Al3Zr and
Al3(Sc, Zr) particles are almost equal, which means that these compounds are easier to
precipitate than Als;Sc during solidification. This is consistent with the result of phase
diagram calculations. For the solidification stage, the larger formation enthalpy can lead to
more particle precipitation, which is beneficial to improve the properties of the alloy. The
bond orders for different systems are also listed in Table 4. Bond orders for the Al-Zr bond
(~0.32) are always larger than that of Al-Sc bonds (~0.23), which represents the stronger
covalent binding between Al and Zr atoms. With the increase in Sc content, the Al-Zr
bond orders in Al3(Sc, Zr) particles also increase. For Sc-Zr bonds, their bond strengths
are very weak with only ~0.015 bond orders. Previous studies [33] have also shown that
the formation enthalpy of Alz(Sc, Zr) is lower than that of AlzSc phases. Therefore, due
to the small interfacial mismatch and strong thermodynamic stability of Al3(Sc, Zr), the
simultaneous addition of Sc and Zr into Al alloys might be beneficial to the grain refinement.
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Table 5. The calculated enthalpies of formation and bond orders for Al3Sc, Al3Zr and Al3(Sc, Zr) in
different systems.

Systems Enthalpy of Formation (kJ/mol) Bond Bond Order
Al;Sc —18.96 Al-Sc 0.236
AlsZr —19.57 Al-Zr 0.318

Al-Sc 0.231
AlpyScyZrg-1 —20.07 Al-Zr 0.314
Sc-Zr 0.015
Al-Sc 0.234
AlyyScyZrg-2 —19.88 Al-Zr 0.323
Sc-Zr 0.015
Al-Sc 0.236
AlpyScyZrg-3 —19.88 Al-Zr 0.320
Sc-Zr 0.015
Al-Sc 0.239
AlygScgZrg-1 —19.59 Al-Zr 0.328
Sc-Zr 0.016
Al-Sc 0.234
AlygScgZrg-2 —19.97 Al-Zr 0.323
Sc-Zr 0.015
Al-Sc 0.236
AlygScgZrg-3 —19.97 Al-Zr 0.324
Sc-Zr 0.015

5. Conclusions

The critical values of Sc and Zr content refining Al-5.0Mg-3.0Zn alloys were investi-
gated by comparative experiments, and the grain refining mechanism was investigated
from both experimental and first-principles calculations and the main conclusions were
drawn as follows.

(1) The content of Sc and Zr had a significant effect on the as-cast structure of AI-Mg-Zn
alloy. The critical content of Sc and Zr which can produce a remarkable refining effect on
Al-Mg-Zn alloy was that the total mass fraction of Sc and Zr was not less than 0.27, and the
mass fraction of Sc was more than 0.13. The average grain size ranged from 30 to 44 pum.

(2) A primary Alz(Sc, Zr) phase existed in the remarkably refined alloy, which was
honeycomb and flocculent, and there was no primary Als3(Sc, Zr) phase in the as-alloy with
coarse grains.

(3) The lattice misfit of Al/Al3Zr was higher than that of Al/Al3(Sc, Zr), which
indicated that the Al3(Sc, Zr) phase can serve as a better heterogeneous nucleation for «-Al
for its lower interface energy.

(4) The formation energy of the Als(Sc, Zr) was lower than that of the Al3Sc phase.
This meant that the nucleation driving force of Al3(Sc, Zr) was beneficial to the refinement
phase. Thus, the alloy with 0.13 wt.% Sc and 0.14 wt.% Zr was refined significantly.
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