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Abstract: The wide crystallization temperature range of Al−Mg alloys is a key factor for the surface defect formation 
during continuous casting and rolling process. To reduce the crystallization temperature range of the alloy, the 
influences of trace Zn, Si, Zr and Ti elements on the microstructure and properties of Al−2Mg−0.5Mn alloy were 
investigated. The X-ray photoelectron spectroscopy, atomic force microscopy, scanning and transmission electron 
microscopy were used for microstructural characterization. The Ti and Zr additions could refine the grain size and 
improve the strength of the Al−Mg−Mn alloy by forming Al3Ti and Al3Zr in the alloy, while the crystallization 
temperature ranges of these alloys were wider. It was revealed that Zn and Si additions could form new secondary 
phases with Mg in the alloy, thus reducing the actual Mg content during later eutectic solidification process. Therefore, 
the crystallization temperature range of Al−2Mg−0.5Mn−0.2Zn−0.2Si alloy was narrower than that of Al−2Mg−0.5Mn 
alloy. The mechanical properties and corrosion resistance of Al−2Mg−0.5Mn alloy were also improved by the additions 
of Zn and Si. 
Key words: Al−Mg alloy; continuous casting and rolling; mechanical properties; corrosion behavior; crystallization 
temperature range 
                                                                                                             

 
 
1 Introduction 
 

Al−Mg (5xxx) alloys have been extensively 
employed in the transportation, construction and 
aerospace industries, owing to their high specific 
strength, low density, and excellent corrosion 
resistance [1−3]. 

Currently, the hot rolling, twin-roll casting, 
and continuous casting and rolling process (CCRP) 
are commonly used to produce aluminum alloy 
sheets [4,5]. The manufacturing performance and 

surface quality of the sheet produced by hot rolling 
and twin-roll casting process are excellent. 
However, these products are very expensive due to 
the high cost of the production line, complicated 
processing technology, long production cycle and 
high energy consumption. 

The ingot milling and heating processes are 
not necessary for CCRP. The layout of the 
production line is simple, which can significantly 
reduce the production process. It has the advantages 
of high production and high efficiency, low energy 
consumption and low costs [6]. However, the CCRP 
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can only be used for 3xxx series aluminum alloys  
or pure aluminum at present. For the Al−Mg alloys, 
surface defects are prone to be formed during the 
process, because the crystallization temperature 
range of alloy is too wide. 

The crystallization temperature range of Al− 
3Mg−0.5Mn alloy was reported to be 22.5 °C [7]. 
The cooling rate in CCRP was very large, so the 
duration time of the solid and liquid two-phase 
region was further extended due to the high degree 
of supercooling. As a result, the surface morphology 
of the rolled plate was poor and the metallurgical 
defects such as pores and inclusions were observed 
in the final product. Unfortunately, it is difficult to 
improve the quality of ingots and final products 
through technical routes. Therefore, there is an 
urgent need to develop new 5xxx series aluminum 
alloys that can be produced by CCRP with high 
quality. 

Magnesium is the major alloying element in 
Al−Mg (5xxx) alloys [8,9], which can produce solid 
solution strengthening effect. However, the β phase 
(Al3Mg2) can be formed in Al−Mg alloys when  
the content of Mg is high, leading to higher 
intergranular corrosion and stress corrosion 
sensitivity [10,11]. The strength of Al−Mg alloys 
was relatively lower than that of the age hardening 
aluminum alloys [12−14]. For such non-heat 
treatable aluminum alloys, work hardening and 
microalloying were often used to increase their 
strength [15]. For instance, TiAl3 particles can be 
formed in Al alloys after the addition of Ti [16,17], 
and the grain size can be refined due to the 
inhomogeneous nucleation during crystallization 
process. The addition of Mn contributes to the 
uniform distribution of precipitates in Al alloys, 
which can also hinder the recrystallization process 
and improve the strength and stability of the   
alloy [18]. Al3Zr compounds can be formed    
with Al after the addition of Zr, which can also 
refine the grains of the as-cast alloy, hinder the 
recrystallization process, and enhance the crack 
initiation resistance of the alloy [19−21]. 

However, the crystallization temperature range 
of the alloy generally increases with the additions 
of alloying elements. Therefore, alloying elements 
that can form compounds with the main alloying 
element Mg in the alloy, such as Si and Zn [17,22], 
should also be researched. It can reduce the 

magnesium content for eutectic reaction with the 
aluminum matrix during casting. The crystallization 
temperature range of the alloy decreases with the 
decreasing of eutectic reaction time. 

The aim of the current work is to decrease the 
crystallization temperature range and improve the 
properties of Al−Mg alloy by adding trace elements. 
The effects of Zn, Si, Zr and Ti on the 
crystallization temperature range, microstructure, 
mechanical properties, and corrosion properties of 
Al−2Mg−0.5Mn alloy were studied. 
 
2 Experimental 
 
2.1 Materials 

The CCRP cannot be realized in the lab now. 
Since it needs a great deal of Al alloy (10 t or more) 
in the factory, the traditional melting and casting 
were carried out in the lab. The Al−2Mg−0.5Mn, 
Al−2Mg−0.5Mn−0.2Zn−0.2Si, Al−2Mg−0.5Mn− 
0.2Zn−0.2Zr, Al−2Mg−0.5Mn−0.2Zn−0.2Ti, Al− 
2Mg−0.5Mn−0.2Si−0.2Zr and Al−2Mg−0.5Mn− 
0.2Si−0.2Ti researched in this study were named 
1#−6#, respectively. The alloys melts were poured 
into a 100 mm × 100 mm × 8 mm steel mold. The 
ingots were homogenized at 460 °C for 24 h. To 
research the mechanical properties and corrosion 
resistance of different alloys, the ingots were cold- 
rolled into 2 mm-thick plates. 
 
2.2 Microstructure characterization 

Microstructure characterization was performed 
using an Auriga (Zeiss, 30 kV) FIB scanning 
electron microscope (SEM) equipped with an 
energy dispersive spectroscopy (EDS) and electron 
backscatter diffraction (EBSD) system, and 
transmission electron microscopy (TEM) images 
were obtained by FEI Talos F200S (FEI, 200 kV) 
equipped with EDS. SEM and EBSD samples were 
prepared by electropolishing with a solution of 90% 
absolute C2H5OH and 10% HClO4. The starting 
voltage was 25−60 V, and the electrolysis time was 
6−35 s. The Leica EMRES 102 ion beam polishing 
system was used for surface polishing. Channel 5 
software was used to analyze the EBSD data. TEM 
samples were prepared by twin-jet electropolishing 
in 75% methanol and 25% HNO3 (volume fraction) 
solution at approximately −20 °C. 

The corrosion products after electrochemical 
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corrosion were determined by Axis Supra X-ray 
photoelectron spectroscopy (XPS, Axis Supra)  
with Al Kα. The vacuum during the test was 
controlled within 6.65×10−7 Pa, and the binding 
energies of the tested curves were calibrated with 
C 1s= 284.8 eV. 

The STA 449F3 (German Netzsch) calorimeter 
was used for thermal analysis and testing of the 
line-difference (differential) scanning calorimeter 
(DSC). The temperature range was 25−800 °C, and 
the heating and cooling rate was 10 °C/min. 
According to the DSC curves of the alloy, the 
solidus temperature of the alloy was the 
temperature corresponding to the initial location of 
the homoeothermic peak during melting, and the 
liquidus temperature of the alloy is the temperature 
corresponding to the initial location of the 
exothermic peak during solidification [23]. The 
difference between the solidus temperature and the 
liquidus temperature was regarded as the 
crystallization temperature range of the alloy. 

According to GB/T 16865—2013, the rolled 
plate was machined along the rolling direction into 
a dog bone shape tensile specimens with a gauge 
length of 25 mm and width of 6 mm. Then, the 
burrs were polished off from the specimens with 
sandpaper and the tensile tests were carried out at a 
tensile rate of 2 mm/min. Three specimens of each 
alloy were prepared and the mean value was used as 
the test result. 

The electrochemical test was carried out on an 
RST5200F (RST Electrochemical Workstation) 
using a three-electrode working system. The sample 
was used as the working electrode, the reference 
electrode was a saturated calomel electrode, and the 
auxiliary electrode was a platinum electrode. The 
test was carried out in 3.5 wt.% sodium chloride 
solution, and the scanning speed was 0.5 mV/s. 

The degree of intergranular corrosion 
resistance was estimated by the nitric acid mass loss 
test (NAMLT). The experiment mainly referred to 
ASTM G67—2013 [24]. 

The Kelvin probe force microscopy mode of 
atomic force microscopy (AIST-NT, AFM) was 
used to explore the potential between the secondary 
phase and the Al matrix of the polished cold-rolled 
plate surface on an area of 100 μm × 100 μm. 
LabRAM HR Evo’s AIST-NT atomic force 
microscope and software were used. 

 
3 Results 
 
3.1 DSC analysis of as-cast alloys 

DSC was used to determine the crystallization 
temperature range of the alloy. The DSC curves of 
the as-cast alloys are shown in Fig. 1. An obvious 
exothermic peak during the cooling process and an 
obvious endothermic peak during the heating 
process could be observed on the DSC curves of 
each alloy. 

According to the DSC curves of the as-cast 
alloys with different composition in Fig. 1, the 
liquidus temperature (LT), solidus temperature (ST), 
and crystallization temperature range corresponding 
to different compositions are given in Table 1. 

It is revealed that the narrowest crystallization 
temperature range among these alloys is Al−2Mg− 
0.5Mn−0.2Zn−0.2Si, in which the crystallization 
temperature range falls below 5 °C. The 
crystallization temperature range of Al−2Mg− 
0.5Mn−0.2Zn−0.2Si was about 80% smaller than 
that of the Al−3Mg−0.5Mn alloy [7]. 
 
3.2 Microstructure of cold-rolled alloys 

The backscattered SEM micrographs of the 
cold-rolled alloys and the distribution of the main 
elements are shown in Fig. 2. There were mainly 
two types of phases in the Al−2Mg−0.5Mn− 
0.2Zn−0.2Si alloy, as shown in Fig. 2(a). The white 
intermetallic compounds were intermittent, while 
the gray compounds were more continuous. The 
mapping images show that the white particles are 
mainly the Al6Mn phases [25−27] and the gray 
areas are mainly the Mg2Si phases. Figure 2(b) 
shows the backscattered SEM image and EDS main 
element distribution obtained in rolled Al−2Mg− 
0.5Mn−0.2Si−0.2Zr alloy, which was confirmed the 
existence of two kinds of particles. 

The element distribution maps of Al, Mn, Mg, 
Si, and Zr indicated that the white phase mainly 
include Al and Mn, while the black phase include 
Mg and Si, and the distribution of Zr was more 
dispersed. Therefore, the white particles were 
mainly Al6Mn phase, and the black particles were 
Mg2Si phase [28]. The backscattered SEM image 
and main element distribution of cold-rolled 
Al−2Mg−0.5Mn−0.2Si−0.2Ti are displayed in 
Fig. 2(c). The gray secondary particles were Mg2Si 
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Fig. 1 DSC curves of as-cast alloys: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6# 
 
Table 1 Crystallization temperature range of as-cast 
alloys 

Alloy Liquidus 
temperature/°C 

Solidus 
temperature/°C 

Range/ 
°C 

1# 646.5 638.3 8.2 
2# 646.4 641.8 4.6 
3# 653.6 643.4 10.2 
4# 652.7 639.5 13.2 
5# 651.6 640.9 10.7 
6# 655.2 642.5 12.7 

phase, and the white particles were Al6Mn   
phases. In addition, there were some Ti-containing 
particles. 

Typical TEM images of the cold-rolled alloys 
are shown in Fig. 3. A large number of dislocations 
and high-density dislocation tangles could be 
observed in the cold-rolled alloy [29]. Grain 
boundaries could not be discovered due to residual 
stress generated by cold rolling, and only fuzzy 
grain boundaries and dislocation tangles composed  
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Fig. 2 Backscattered electronic images and elements distribution of cold-rolled alloys: (a) 2#; (b) 5#; (c) 6# 
 
of dense dislocations could be observed. In  
addition, the observed streaks were recognized as a 
corrugated pattern, which is often discovered in 
cold-rolled alloys [30]. There were mainly two 
kinds of grain boundaries in the strip-like structure. 
One was the grain boundary parallel or 
approximately parallel to the rolling direction, 

which is called the geometrically necessary 
boundary (GNB). The other was the grain boundary 
between and perpendicular to the strips, called the 
incidental dislocation boundary (IDB), which was 
mainly low-angle grain boundary. The internal 
dislocation density and dislocation tangles 
significantly increased after adding trace alloying 
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Fig. 3 TEM images of rolled alloys: (a, b) Bright-field image and HRTEM image of 1# alloy; (c, d) Main element 
distributions and HRTEM image of 3# alloy; (e, f) Main element distributions and HRTEM image of 4# alloy 
 
elements to the Al−2Mg−0.5Mn alloy. The main 
element distribution of Al−2Mg−0.5Mn−0.2Zn− 
0.2Zr (3#) alloy and Al−2Mg−0.5Mn−0.2Zn−0.2Ti 
alloy (4#) are shown in Figs. 3(c) and (e), 
respectively. The secondary phase precipitated on 
the grain boundary with a large number of 

dislocations around them. As shown in Fig. 3(e),  
the spherical secondary phase in 3# alloy mainly 
contained Al and Zr, and the spherical secondary 
phase in the Al−2Mg−0.5Mn−0.2Zn−0.2Ti alloy 
(4#) mainly contained Al and Ti, which could be 
identified as the Al3Ti phases. The high-resolution 
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transmission electron microscopy (HRTEM)  
images of 1#, 3# and 4# alloys are shown in 
Figs. 3(b, d, f), respectively. A large number of 
lattice distortion regions could be observed in 
different cold-rolled alloys [31,32]. After adding 
elements to the Al−2Mg−0.5Mn alloy, the lattice 
distortion in the alloy became more serious. 
Dislocation accumulation was found in these areas 
(yellow circled area), which can provide the driving 
force for dynamic recrystallization [33]. It could 
also be found that the additions of trace elements to 
the alloy can increase the lattice constant and 
interatomic distance of the Al−2Mg−0.5Mn alloy. 

The grain orientation distribution maps of the 
cold-rolled Al−2Mg−0.5Mn-based alloys is shown 
in Fig. 4. LAGBs and HAGBs are represented by 
black and gray lines, respectively. After 77% cold 

rolling deformation of alloys, the original equiaxed 
grains of the alloys were elongated along the rolling 
direction, showing typical fibrous structure. The 
grains of Al−2Mg−0.5Mn alloys were refined after 
adding alloy elements. In particular, the grains in 
alloys with Ti and Zn, Ti and Si were smaller and 
straighter than those in other alloys. The addition of 
Ti can form Al3Ti phase with the Al matrix, which 
can act as heterogeneous nucleation sites during 
crystallization and refine the microstructure of the 
alloy. In Figs. 4(a−c), different degrees of texture at 
30°−45° to the rolling direction were observed. 

The orientation maps of the samples are shown 
in Fig. 5. All textures distributed along the rolling 
direction. The percentage of typical textures is 
given in Table 2. It can be observed that the 
proportion of Brass texture is the highest in the 

 

 
Fig. 4 EBSD images of cold-rolled alloys: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6# 



Meng-jia LI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2898−2912 

 

2905 

 

 

Fig. 5 Orientation maps of cold-rolled alloys: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6# 
 
Table 2 Percentage of textures in cold-rolled alloys (%) 

Sample S texture Copper texture Brass texture Goss texture Cube texture Other textures 

Al−2.0Mg−0.5Mn 24.0 33.1 40.1 1.5 0.1 1.2 

Al−2.0Mg−0.5Mn−0.2Zn−0.2Si 52.8 13.3 15.9 5.6 1.4 11.1 

Al−2.0Mg−0.5Mn−0.2Zn−0.2Zr 54.7 19.1 14.4 6.5 0.9 4.5 

Al−2.0Mg−0.5Mn−0.2Zn−0.2Ti 55.0 9.11 19.2 4.1 2.2 10.5 

Al−2.0Mg−0.5Mn−0.2Si−0.2Zr 44.4 15.3 20.4 8.0 3.4 8.5 

Al−2.0Mg−0.5Mn−0.2Si−0.2Ti 53.4 14.0 13.3 4.9 2.1 12.3 

 
Al−2Mg−0.5Mn alloy, followed by Copper texture 
and S texture. However, the ratio among these three 
textures changed significantly after adding trace 
alloying elements to Al−2Mg−0.5Mn alloy. The 

content of S texture increased fast, while the Brass 
texture and Copper texture both decreased. This 
shows that the alloy composition would affect the 
texture of the alloy. 
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3.3 Mechanical properties 
To understand the influence of different 

alloying elements on the mechanical properties of 
Al−2Mg−0.5Mn alloy, tensile tests and hardness 
tests were conducted. The yield strength (YS), 
ultimate tensile strength (UTS), and elongation (El) 
of different alloys are summarized in Table 3. It can 
be observed that adding trace amounts of alloying 
elements to the Al−2Mg−0.5Mn alloy can improve 
the tensile strength slightly. This may be related to 
the presence of different secondary phases in these 
alloys, such as Al3Zr, Al3Ti, MgZn2 and Mg2Si. 
These phases can all increase the strength of the 
alloys. Higher contents of S texture can be observed 
after adding different elements, which could also 
influence the strength of the alloy. Among the 
cold-rolled alloys in this experiment, the tensile 
strength of Al−2Mg−0.5Mn−0.2Si−0.2Ti alloy is 
the highest, followed by the Al−2Mg−0.5Mn− 
0.2Zn−0.2Ti alloy. 

 
Table 3 Mechanical properties of alloys 

Alloy YS/MPa UTS/MPa El/% 

Al−2Mg−0.5Mn 212.5 256.0 3.4 

Al−Mg−Mn−0.2Zn−0.2Si 196.3 262.0 2.7 

Al−Mg−Mn−0.2Zn−0.2Zr 221.3 266.8 2.7 

Al−Mg−Mn−0.2Zn−0.2Ti 230.7 274.7 4.4 

Al−Mg−Mn−0.2Si−0.2Zr 208.5 270.3 2.3 

Al−Mg−Mn−0.2Si−0.2Ti 222.6 282.6 4.0 
 
3.4 Corrosion behaviors 

The intergranular corrosion sensitivity of the 
alloys was tested by NAMLT, and the results are 
shown in Fig. 6. The degree of sensitization value 
of all test alloys was less than 3.5 mg/cm2. The 
material with a mass loss of less than 15 mg/cm2 

could be judged to be resistant to intergranular 
materials according to the ASTM G67 standard, so 
these alloys were all intergranular corrosion 
resistant materials. It was not easy for the β phase to 
precipitate at the grain boundaries due to the 
relatively low Mg content. Moreover, it can be 
concluded that these secondary phase particles 
formed by the additions of different alloying 
elements did not affect the corrosion resistance of 
the alloy [34,35]. 

The polarization curves of the cold-rolled 
experimental samples were tested in 3.5 wt.% NaCl 

solution at room temperature, and the results are 
shown in Fig. 7. The polarization curve in the anode 
region of the Al−2Mg−0.5Mn−0.2Si−0.2Ti alloy 
showed induced pitting corrosion followed by 
active corrosion, in which no passive platform was 
observed. However, the polarization curves of other 
alloys showed spontaneous passivation before being 
significantly broken down by pitting corrosion. 
Table 4 presents the values of the corrosion 
potential (φcorr) and the corrosion current density 
(Jcorr) resulted from the Tafel curves in Fig. 7. The 
φcorr of the Al−2Mg−0.5Mn−0.2Si−0.2Zr alloy was 
more positive than that of the other alloys, and the 
corrosion current density of the Al−2Mg−0.5Mn− 
0.2Zn−0.2Zr alloy was significantly lower than  
that of the Al−2Mg−0.5Mn alloy. It can also be 
observed that the φcorr values increased and the  
Jcorr values decreased, showing higher corrosion 
resistance of Al−2Mg−0.5Mn alloys after adding 
different alloying elements. 
 

 
Fig. 6 Nitric acid mass loss test (NAMLT) result of 
cold-rolled alloy 
 

 
Fig. 7 Polarization curves of cold-rolled alloys 
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Table 4 Electrochemical parameters of cold-rolled alloys 

Alloy φcorr(vs SCE)/V Jcorr/(A·cm−2) 

1# −1.038 7.606×10−7 

2# −0.896 1.146×10−7 

3# −0.924 5.175×10−8 

4# −0.924 1.705×10−7 

5# −0.881 1.098×10−7 

6# −0.890 3.590×10−7 
 

The electrochemical corrosion products of the 
experimental alloys were investigated by XPS. 
Since compact oxide film can be formed on the 
surface of aluminum alloys, it can prevent the alloy 
from being further oxidized [36] and therefore 
presents excellent corrosion resistance. To reveal 
the proportion of corrosion products and remaining 
oxide film on the surface after the electrochemical 
reaction, the Al 2p and O 1s spectra of the alloy 
were fitted, as shown in Fig. 8. After the 
electrochemical corrosion, the surface Al elements 
of the experimental alloy were mainly in the 
formation of Al, AlxOy, and Al(OH)3 [37,38]. The 
corresponding binding energies were 72.8, 75.5, 
and 74.4 eV, respectively. The O elements were 
mainly in the form of H2O, Al2O3, and Al(OH)3 [39]. 
The corresponding binding energies were 534.0, 
532.9 and 531.9 eV, respectively. This is in the 
initial stage of electrochemical corrosion, where 
Al3+ reacted with OH− to form Al(OH)3. As the 
reaction progresses, unstable Al(OH)3 could be 
quickly dehydrated into Al2O3 and H2O. Therefore, 
the surface of the cold-rolled alloy sample was 
mainly composed of the passive film Al2O3 and the 
corrosion product Al(OH)3 after electrochemical 
corrosion in a 3.5 wt.% NaCl solution [40]. 
 
4 Discussion 
 

The crystallization temperature range of 
Al−2Mg−0.5Mn-based alloys was obviously 
smaller than that of Al−3Mg−0.5Mn alloy, 
indicating that the crystallization temperature range 
of Al−Mg alloy was mainly affected by Mg content. 
To research the influence of Mg content in Al−Mg 
alloys, the Al−Mg binary phase diagram is drawn 
by Pandat® software, as shown in Fig. 9. 

The liquidus temperature and the solidus 
temperature of Composition C1 were T1 and 1 ,T ′  

respectively, and those of C2 were T2 and 2 ,T ′  
respectively. It can be seen from the phase diagram 
that the temperature difference between the solid–
liquid lines of C1 is significantly smaller than that 
of C2. Therefore, when the magnesium content is 
lower than 10 wt.%, crystallization temperature 
range increases with the Mg content, which is 
mainly due to the fact that the eutectic reaction time 
of Al and Mg increases. The additions of Zn and Si 
to the Al−2Mg−0.5Mn alloy effectively reduced its 
crystallization temperature range, as shown in 
Fig. 1. This is mainly due to the fact that the 
addition of Zn can form the MgZn mesophase with 
Mg in the alloy, such as MgZn2 and Mg32(Al,Zn)49, 
which can consume some Mg atoms in alloy [7]. 
Moreover, Mg2Si phase can be formed in the alloy 
with the addition of Si, which also consumes some 
Mg atoms and reduces the Mg content for the 
eutectic reaction in the alloy. Therefore, the 
crystallization temperature range of the alloy was 
significantly reduced by Zn and Si additions to the 
Al−2Mg−0.5Mn alloy. However, with the additions 
of other elements, the crystallization temperature 
range of the alloy was slightly larger than that of 
Al−2Mg−0.5Mn. This is due to the fact that Al3Zr 
dispersed phase can be formed after the addition of 
Zr, and Al3Ti phase can be formed after the addition 
of Ti, as shown in Fig. 3. The additions of both Zr 
and Ti consumed a certain amount of Al, which can 
increase the relative ratio of Mg/Al in the alloy. 
Additionally, more types and contents of alloying 
elements can lead to the higher crystallization 
temperature and cause more complex reactions to 
be finished during the crystallization process, so the 
crystallization temperature range increases slightly 
after adding Ti and Zr. 

AFM was used to explore the potential 
between secondary phase and Al matrix of the 
polished cold-rolled sheet surface, and the results 
are shown in Fig. 10. The secondary phase (bright 
area) and the aluminum matrix (dark area) can be 
clearly separated in the potential diagram, but   
the types of different phases cannot be clearly 
distinguished. Compared with the Al−2Mg−0.5Mn 
alloy, alloys with additions of different elements 
presented a smaller potential difference with the 
matrix. Since the secondary phases of Mg2Si, 
MgZn2, Al3Zr or Al3Ti in Al−Mg−Mn alloys with 
the additions of Zn, Si, Zr and Ti cannot form a 
large potential difference with the aluminum matrix 
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Fig. 8 XPS spectra fitting after electrochemical corrosion of cold-rolled alloy: (1a−1f) High-resolution spectra of Al 2p 
(1#−6#); (2a−2f) High-resolution spectra of O 1s (1#−6#) 
 
and the amount of these secondary particles was 
small, no obvious corrosion sensitivity of 
Al−Mg−Mn alloys increased after adding trace 
elements. 

Adding Ti to Al−2Mg−0.5Mn could increase 
the strength of the alloy more than other alloying 
elements. This is mainly because Ti can refine   
the as-cast grains and greatly improve mechanical  
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Fig. 9 Al−Mg binary phase diagram obtained by Pandat® software 
 

 
Fig. 10 Potential distribution of cold-rolled alloys obtained by AFM: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6# 
 
performance after the subsequent heat treatment and 
rolling process of the Al−Mg alloy. The effects of 
other elements on the strength of the three alloys 
were not so obvious. In 5xxx aluminum alloys, 

strain hardening and solid solution strengthening of 
magnesium are the main strengthening mechanisms 
of aluminum−magnesium alloys. Microalloying is 
an important method to further increase the strength 
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of alloys. However, solution and aging treatments 
are needed to precipitate large amounts of 
secondary phases after adding elements. For 
example, after being solution-treated at about 
500 °C, a high volume fraction of MgZn2 particles 
needs to be artificially aged at 100−170 °C [41,42], 
Mg2Si particles at 120−200 °C [43], and Al3Zr 
particles at approximately 370 °C [44]. However, 
the dislocation density of the alloys will decrease 
obviously after solution treatment, which can 
decrease the effect of strain hardening. Therefore, 
no solution and aging were researched about these 
alloys. As a result, the improvements of strength in 
the as-cold rolled Al−Mg−Mn alloys with the 
additions of Si, Zn and Zr were not so obvious. 

In general, the mechanical properties and 
corrosion resistance of Al−Mg−Mn alloys were 
both increased by adding alloying elements, while 
Al−2Mg−0.5Mn−0.2Zn−0.2Si was the only alloy 
with crystallization temperature range lower than 
that of Al−2Mg−0.5Mn alloy. It is the most 
promising alloy that could be used for continuous 
casting and rolling processes. The next step of our 
work is to produce and research the microstructure 
and properties of Al−2Mg−0.5Mn−0.2Zn−0.2Si 
alloy using CCRP in the factory. 
 
5 Conclusions 
 

(1) The additions of Zn and Si to the 
Al−2Mg−0.5Mn alloy decreased the crystallization 
temperature range and the crystallization 
temperature range of the Al−2Mg−0.5Mn−0.2Zn− 
0.2Si alloy was 4.6 °C. However, the additions of 
Zr and Ti increased the crystallization temperature 
range of the alloy. 

(2) The percentage of brass texture was the 
highest in Al−2Mg−0.5Mn alloy. After adding other 
elements, the proportion of S texture increased. 

(3) The tensile strength and hardness of the 
Al−2Mg−0.5Mn alloy were improved by adding 
trace elements. Among them, the strength of the 
Al−2Mg−0.5Mn−Si−Ti alloy was the highest, 
mainly owing to the smaller grain size. 

(4) The NAMLT results of all the studied 
alloys were ranged from 1.34 to 3.13 mg/cm2, 
which were all less than 15 mg/cm2. The additions 
of Zn, Si, Zr and Ti can improve the corrosion 
resistance of Al−Mg−Mn alloys. 

(5) Al−2Mg−0.5Mn−0.2Zn−0.2Si was found 

to be the most promising alloy for continuous 
casting and rolling processes. 
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摘  要：Al−Mg 系合金由于大的结晶温度区间，其表面会在连铸连轧生产过程中形成较多缺陷。为了减小合金的

结晶区间，研究微量 Zn、Si、Zr 和 Ti 元素对 Al−2Mg−0.5Mn 合金显微组织与性能的影响。采用 X 射线光电子能

谱、原子力显微镜、扫描电镜和透射电镜对合金的显微组织进行表征。Ti 和 Zr 的添加可以在 Al−Mg−Mn 合金内

部形成 Al3Ti 和 Al3Zr，使得其晶粒更细、强度更高，但是其结晶区间也随之变大。研究表明，添加 Zn 和 Si 能与

合金内部的 Mg 形成新的第二相，从而使得共晶凝固过程中的实际 Mg 含量降低，因此，Al−2Mg−0.5Mn−0.2Zn− 

0.2Si 合金的结晶温度区间比 Al−2Mg−0.5Mn 合金的窄。另外，添加 Zn 和 Si 后，Al−2Mg−0.5Mn 合金的力学性能

与抗腐蚀性也得到一定程度的提升。 

关键词：铝镁合金；连铸连轧；力学性能；腐蚀行为；结晶温度区间 
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