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1 Introduction
The AA5052 aluminum alloy is widely used in 
aircraft fuel tanks, automobiles, marine vessels, and 
construction industries due to its excellent properties, 
such as light weight, medium strength, good corrosion 
resistant, good weldability, and easy to process [1-5].
With the continuous development of aerospace and 
other new technologies, AA5052 aluminum alloys with 
better performance are required, which is improved by 
optimizing the microstructure. For AA5052 aluminum 
alloys, the secondary phases include Mg2Si and Al3Fe, 
which are unchanged after subsequent processing [6].
In aluminum alloys, Fe is a common impurity, which 
forms an Fe-rich phase with a strip- or plat-shape. The 
coarse Fe-rich phase easily acts as crack source and 
reduces the performance of aluminum alloys during heat 
treatment and rolling [7]. The brittle Fe-rich phase forms 
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in low Fe content environments and its morphology 
and size have a significant effect on the mechanical 
propert ies of aluminum parts . The method of 
microalloying is one of the effective means to improve 
Fe-rich phase morphology to obtain high strength, 
high toughness, and good corrosion resistance [8-13]. 
Furthermore, adding neutralizing elements, such as 
Mn and Si, can modify the sharp morphologies of Fe 
phases to decrease damage [14].

Recently, a significant amount of literatures have 
reported that the addition of Sc to aluminum alloys  have 
a positive effect on the microstructure and properties 
of the alloy [15-19]. Tang et al. [20] used Sc to modify the 
6066 aluminum alloy and found that as the content of 
Sc increased from 0% to 0.2%, the average grain size 
of alloy ingots decreased from 45 μm to 20 μm, and the 
microstructural homogeneity was also improved. The 
strong grain refining effect on aluminum alloys can also 
improve their casting structure. Li et al. [21] found that 
with increasing Sc content, the microstructure of Al-Zn-
Mg-Zr alloy also gradually changed from dendrite to 
equiaxed crystalline. Wang et al. [22] found that adding 
Sc and Ti to sand-cast Al-Li-Cu-Mg-Zr alloy effectively 
decreased the grain size from 189 μm to 56 μm. The 
mechanism of Sc grain refinement is that Sc reacts with 
Al to form Al3Sc particles. These particles have an L12 
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structure and act as heterogeneous nuclei. The Al3Sc has a FCC 
crystal structure similar to α-Al. The lattice parameter of Al3Sc 
is 0.4106 nm, which is close to α-Al, which is 0.405 nm. The 
match between them is closer than for any other known grain 
refining nuclei used in Al alloys, and the Al3Sc particles can 
grow on all primary aluminum crystal planes [23, 24]. Therefore, 
Sc is one of the most effective primitives for grain refinement 
in aluminum alloys, and it outperforms most other elements [25].
Recent studies have focused on the effects of adding Sc to 
5xxx aluminum alloys with Mg≥3.5wt.% [2, 4, 10]. However, few 
studies on adding Sc to low-Mg 5052 aluminum alloy.

 In this study, four different groups of AA5052 aluminum 
alloys were prepared by adding Sc. The Al3Fe phase of the 
alloy was micro-characterized by scanning electron microscopy 
(SEM), the grain sizes of the alloy were statistically calculated 
by EBSD, and the grain boundary characteristics were analyzed.
A room temperature tensile test was applied with a universal 
testing machine to investigate the influence of Sc on mechanical 
properties of the 5052 aluminum alloy, which was expected to 
provide a theoretical and experimental basis for the development 
of a new high-strength Al-Mg-Sc-Zr alloy.

2 Experiment and method
Pure aluminum (99.99wt.%), pure magnesium (99.99wt.%), 
Al-10wt.% Mn, Al-20wt.% Si, Al-50wt.% Cr, Al-10wt.% Fe, 
Cu-50wt.% Zn, and Al-2wt.% Sc master alloys were used to 
prepare the AA5052 aluminum alloy samples with different 
concentrations of Sc (0.00wt.%, 0.05wt.%, 0.20wt.%, and 
0.30wt.%). The casting process was as follows: (1) Melted 
pure Al in a vacuum induction furnace at 760 °C; (2) Added a 
suitable quantity of master alloys in the order of Al-10wt.% Mn
and Al-20wt.% Si, Al-50wt.% Cr, Al-10wt.% Fe, and 
Cu-50wt.% Zn, and held for 5 min after each addition; 
(3) Added a corresponding concentration of Al-2wt.% Sc 
master alloys at 730 °C, and held for 10 min, then added pure 
magnesium and held for 5 min; (4) Reduced the temperature 
to 710 °C and poured the melt into a water-cooled permanent 
mold (with the dimensions of 120 mm×50 mm×50 mm) 
to obtain the experimental cast alloys. The composition of 
the experimental alloys was determined by a direct current 
plasma-optical emission spectrometer (DCP-OES), as presented 
in Table 1.

Table 1: Composition of aluminum alloy samples (wt.%)

Alloy Si Fe Mg Cu Zn Mn Cr Sc Al

1 0.082 0.275 2.710 0.095 0.964 0.096 0.110 0.000 Bal.

2 0.102 0.355 2.410 0.082 0.101 0.095 0.106 0.050 Bal.

3 0.087 0.348 2.380 0.103 0.110 0.095 0.080 0.200 Bal.

4 0.098 0.372 2.480 0.114 0.104 0.100 0.088 0.297 Bal.

The samples used for microstructure observation were 
machined from cast ingots. All samples were mechanically 
ground and deeply etched with a solution of Keller reagent 
(2.5 mL HNO3+1.0 mL HF+1.5 mL HCl+95 mL H2O) for 
15 s. Microstructure observation including the second phase 
composition analysis was then characterized by a tungsten 
filament scanning electron microscope (SEM, VEGA3 
TESCAN) with an energy dispersive X-ray spectrometer (EDS). 
A JSM7200F JEOL field emission scanning electron microscope 
(FE-SEM) equipped with an electron back-scatter diffraction 
(EBSD, JSM 7200F) system was utilized for EBSD analysis, 
including grain size and misorientation angle quantification. The 
data were analyzed using Channel 5 analysis software provided 
by Oxford HKL Technology. The step size was 0.5 μm under 
an accelerating voltage of 20 kV. The scan area was 1×1 mm2 

for the average grain size analysis and 500×500 μm2 for the 
misorientation angle quantification. The misorientation angle 
quantification was used to determine low angle grain boundaries 
(LAGBs, between 2° and 15°) and high angle grain boundaries 
(HAGBs, above 15°). In the IPF diagram of the EBSD maps, 
the black and red lines indicate the HAGBs and LAGBs, 
respectively. The Al3Fe and Mg2Si phases were characterized by 
transmission electron microscopy (TEM, FEI Tecnai G2 F20).

All tensile specimens were machined from ingots according 

to the schematic shown in Fig. 1. The mechanical property 
analysis was performed on a Shimadzu Electronic Universal 
Material Testing Machine (AG-X Plus) at room temperature 
with a tensile speed of 0.6 mm·min-1.

Fig. 1: Schematic of the tensile specimen

3 Results and discussion
3.1 Microstructure analysis
Figure 2 shows the typical second phases of as-cast AA5052 
alloy without Sc. EDS results in Table 2 indicate the black and 
white phases are Al3Fe and Mg2Si, respectively. Figure 3 shows 
the SEM image of as-cast AA5052 alloy with and without Sc. 
The Al3Fe phase in the as-cast AA5052 alloy without Sc exhibits 
a coarse needle-like shape in the grain boundaries, and most of 
the phases exhibit a strip shape with a length above 100 μm, as 
shown in Fig. 3(a). It finds that the addition of Sc in AA5052 
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Fig. 2: Typical second phases of as-cast AA5052 alloy

Table 2: EDS results of phases indicated by arrows in Fig. 2 (at.%)

Phase Al Fe Si Cu Zn Mn Cr Mg

A 73.53 23.67 0.94 0.14 0 0.01 0.14 1.57

B 2.86 0.57 33.31 0 0.02 0.1 0.12 63.02

Fig. 3: Scattered SEM micrographs of the Al3Fe phase: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Alloy 4

(a)

(c)

(b)

(d)

alloy changes the morphology of the Al3Fe phase [Figs. 3(b-d)].
With the addition of 0.05wt.% Sc in AA5052 alloy, the morphology 
of Al3Fe phase transforms from coarse needle-like into Chinese-
script with a length less than 10 μm [Fig. 3(b)]. Upon further 
increasing the Sc content to 0.2wt.%, the Chinese-script 
Al3Fe phase changes to short rod-like with an average length of 
5.5 μm [Fig. 3(c)]. When the Sc concentration is 0.3wt.%, the 
vast majority of the Al3Fe phase exhibits a near-spherical shape 
with about 2 μm in size ([Fig. 3(d)]. The results indicate that 
the addition of Sc can inhibit the growth of the corase needle-
like Al3Fe phase and leading to a more refined Al3Fe phase in 
AA5052 alloy.

Figure 4 shows EBSD maps for Alloys 1, 2, 3, and 4. The 
grains of the AA5052 aluminum alloy without Sc are relatively 
coarse, and the average grain size is about 138 μm, as shown in 
Fig. 4(a). With the addition of Sc to AA5052 aluminum alloy, 
the average grain sizes of Alloys 2, 3, and 4 with different Sc 
concentrations are 74 μm, 64 μm, and 40 μm, respectively 
[Figs. 4(b-d)]. This indicates that the addition of Sc has a 
significant grain refinement effect. Figure 5 shows a TEM image 
of Alloy 4. Each black spot in the TEM image is a column of 
Sc-rich atoms, which can be identified as an Al3Sc precipitate 
by diffraction spots. The Al3Sc particles act as heterogeneous 
nuclei, which refine the primary α-Al [23].

Figure 6 shows the selected IPF plots of EBSD observation. 
The EBSD observation range of Alloy 1 was selected to be 
1 mm×1 mm and the step size was set to 2 μm. The observation 
range of the Alloys 2-4 was selected to be 500 μm×500 μm 
and the step size was set to 1 μm. The grain boundary is 
superimposed on the IPF diagram: black represents the high 
angle grain boundaries (HAGBs) above 15°, and red represents 
the low angle grain boundaries (LAGBs) between 2°-15°. The 
proportion of low angle grain boundaries in Alloy 1 reaches 
69.5%, in Alloy 2 reaches 67.5%, in Alloy 3 reaches 61.8%, 
and in Alloy 4 reaches 57.4%. The proportion of HAGBs is 
26.8%, 27.2%, 34.3%, and 39.8% in Alloys 1, 2, 3 and 4, 
respectively. It is obvious that the LAGBs proportion decreases 
and correspondingly HAGBs increases with increasing the 
concentration of Sc. This difference is likely to eventually lead 
to a difference in the strength of the material.
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Fig. 4: EBSD maps for alloys with different contents of Sc: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Alloy 4

Fig. 5: TEM map of Al3Sc particles in Alloy 4

(a)

(c)

(b)

(d)

3.2 Mechanical properties
Figure 7 shows the stress-strain curves and the average tensile 
strength and elongation of the four groups of aluminum 
alloys. When Sc concentration is 0wt.%, the ultimate tensile 
strength of the alloy is 181.3 MPa and the elongation is 
19.8%. When the Sc concentration increases to 0.05wt.%, 
the ultimate tensile strength is 196.3 MPa and the elongation 
increases to 30%. When Sc concentration increases to 0.2wt.%, 
the ultimate tensile strength increases to 216 MPa and the 
elongation decreases to 23.5%. When Sc concentration is 
further increased to 0.3wt.%, the ultimate tensile strength is 
251 MPa and the elongation is 19.3%. Thus, it can be deduced 
that the ultimate tensile strength of the alloy increases with 

increasing Sc concentration, while the elongation shows a 
trend of firstly increase and then decrease. The increase in 
ultimate tensile strength can be attributed to several factors. 
The first is that the addition of Sc changes the morphology 
of Al3Fe phase and reduces its harmful effect. The second is 
the effect of grain refinement. As suggested by the theory of 
non-uniform nucleation, the degree of refinement of the grain 
depends on the number of nucleation particles in the melt and 
the effective nucleation of the particles. Among them, the 
effective nucleation of particles depends on the lattice constant 
and the lattice type of the nucleation particles and the α-Al 
matrix [26]. The Al3Sc particles precipitated by Sc in the alloy 
melt have an L12-type face-centered cubic lattice, which act 
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Fig. 6: Selected IPF plots of the EBSD maps of Alloy 1 (a), Alloy 2 (b), Alloy 3 (c), and Alloy 4 (d)

as the high-quality heterogeneous nuclei of α-Al in the alloy 
solidification process, effectively refining the aluminum matrix 
grains [23]. Moreover, the LAGBs decrease with the increase of 
Sc. The LAGBs are formed by a dislocation motion, and these 
dislocations gradually accumulate, resulting in the gradual 
increase of the orientation difference of the grains on both 
sides [27]. Compared with the HAGBs, the LAGBs boundary 
can be more easily broken when the dislocation moves near 
the LAGBs boundary due to the small orientation difference 
between adjacent grain boundaries, rather than accumulating 
at the grain boundary, which is a common occurrence at 
HAGBs. The accumulation of dislocations at HAGBs leads to  
a concentration of stress [28]. This observation suggests that the 

strength of the alloy is enhanced by the increase of HAGBs, 
which can inhibit the movement of dislocations. With the 
further increase of HAGBs, the defects at the grain boundaries 
increase and the plasticity of the material decreases.

3.3 Fracture morphology 
Figure 8 shows the tensile fracture morphology of the alloys 
with different Sc contents. The presence of dimples in the 
fracture of all the four alloys indicates a ductile fracture. For 
Alloy 1 without Sc, the long-strip Al3Fe phase is observed at 
the intersection of the tearing ridges, as shown in Fig. 8(a). 
This indicates that in the process of tensile deformation, 
microcracks are generated around the Al3Fe phase, and the 

(a)

(c)

(b)

(d)

Fig. 7: Stress-strain curves of alloys with different Sc concentrations (a) and average tensile strength and 
elongation of alloys with different Sc concentrations (b)

(a) (b)
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Fig. 9: SEM image of tensile fracture side of Alloy 1 (a-b) and Alloy 4 (c-d)

Fig. 8: SEM image of tensile fracture morphology: (a) Alloy 1; (b) Alloy 2; (c) Alloy 3; (d) Alloy 4 

(a)

(c)

(b)

(d)

micropores extend along the interface between the matrix and 
the Al3Fe phase, forming large cracks around the phase. The 
rapid expansion of the cracks then leads to the failure of the 
alloy. Whereas the Al3Fe phases present at the bottom of the 
dimple pit of alloys with addition of Sc contents, as shown 
in Figs. 8(b), (c) and (d). When the morphology of Al3Fe 
phase changes from coarse needle-like to Chinese-script, the 
ductility is significantly improved, such as Alloys 2 and 3 of 
the Sc-containing alloys. When the content of Sc is increased 
to 0.3wt.%, a great number of Al3Fe particles are distributed 

on the fracture surface as marked by red arrows in Fig. 8(d). 
This reveals that the microcrack is generated at particles 
interface, which can be attributed to the lower ductility of 
Alloy 4. Therefore, the morphology of the Al3Fe phase on the 
grain boundary has an important influence on the mechanical 
properties of the alloy. 

Figures 9(a) and (b) show the morphology of the tensile 
fracture side of Alloy 1. It can be found that obvious micro-
crack and porosities near the fracture, and the micro-cracks 
spread along the surrounding pores. Figures 9(c) and (d) 

(a) (b)

(c) (d)
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show the morphology of the tensile fracture side of Alloy 4.
The Al3Fe phase changes from needle-like shape into 
granular particles by adding Sc, and few microscopic cracks 
are produced in the granular Al3Fe phase, which shows 
that the Al3Fe phase morphology is the primary factor 
affecting the cracks. By adding different concentrations 
of Sc to the AA5052 aluminum alloy, the morphology of the 
Al3Fe phase is changed to granular shape, thus, the mechanical 
properties of the alloy are improved and the hot cracking is 
eliminated.

In AA5052 aluminum alloy, Fe is a harmful element when 
it is present in the form of solid solution atoms or an iron-
containing phase, and its existence has an adverse impact on 
the performance of the alloy [29]. The atomic radius of Fe is 
only 12% larger than that of Al, and the maximum equilibrium 
solid solubility of Fe in Al is only 0.052wt.%. Therefore, the 
solution strengthening effect of Fe in aluminum alloys is quite 
poor. The Fe content in this studied alloy is much greater than 
the maximum equilibrium solid solubility of Fe. Therefore, 
most of the Fe exists in the form of a second phase, the coarse 
needle-like Al3Fe phase.

The Al3Fe phase is present in a hundred-micron, needle-like 
form in Alloy 1. By adding 0.3wt.% Sc, the hundred-micron, 
needle-like Al3Fe phase in the AA5052 alloy is transformed 
into several micron-sized, granular Al3Fe phase, which 
increases the tensile strength of the alloy by 70 MPa. Therefore, 
when the needle-like Al3Fe phase is changed to fine particles, 
it becomes a strengthening phase rather than a harmful phase, 
thus playing a role in improving strength of AA5052 aluminum 
alloys. The Al3Fe phase is base-centered and monoclinic. 
Therefore, there are obvious differences between the Al3Fe 
phase and Al in structure and lattice parameters. When the 
Al3Fe phase in aluminum alloys is nano-sized, it becomes 
a strengthening phase. The strengthening of the nano-sized 
Al3Fe phase is caused by the Orowan dislocation bypass 
mechanism [30]. A smaller average particle radius can obtain a 
better strengthening effect [31].

4 Conclusions
(1) In AA5052 aluminum alloy, the addition of Sc can change 

the morphology of the Al3Fe phase. When Sc is not added, the 
Al3Fe phase is thick and needle-like, with a size of approximately 
100 μm. When 0.3% Sc is added, the Al3Fe phase becomes 
nearly spherical with a size of approximately 2 μm.

(2) The addition of Sc into AA5052 aluminum alloy can 
effectively refine the average grain size, and decrease the 
proportion of LAGBs.                                                           

(3) The average tensile strength of the AA5052 aluminum 
alloy prepared by adding different contents of Sc (0, 0.05%, 
0.2%, and 0.3%) is 181 MPa, 196 MPa, 216 MPa, and 251 MPa,
respectively, the addition of 0.3% Sc increases the tensile 
strength by 70 MPa, indicating that Sc can effectively improve 
the strength of the alloy. But the average elongation after fracture 
is 19.8%, 30%, 23.5%, and 19.3%, respectively, which is 

noticeably increased due to the morphology change of the Al3Fe 
phase from needle-like to spherical and then decrease because 
of significant increases in HAGBs with the increase of Sc.
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