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Table 1  Chemical composition of Al-Mg-Sc-Zr alloy (ω/%) 

Element Mg Sc Zr Fe Si 

Content 10.52 0.149 0.109 0.119 0.011 
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° 1  Al-Mg-Sc-Zr��Q@¯±²-±�³X 

Fig.1  Engineering stress-strain curve of Al-Mg-Sc-Zr alloy 

 

 2  %&'()*+ Al-Mg,!�+-#./ 

Table 2  Mechanical properties of Al-Mg alloy produced through different processes 

Alloy composition Deformation process UTS/MPa YS/MPa EI/% 

Al-7Mg

 [6]

 Room temperature ECAP 507 446 11 

Al-9Mg

 [12]

 Hard plate roll 525 ~ 14 

Al-5.4Mg-0.37Mn-0.2Sc-0.09Zr 

[28]

 573 K-FSP 386 304 22 

Al-5.4Mg-0.4Mn-0.2Sc-0.09Zr 

[18]

 573 K-ECAP 420 350 26 

Al-5.7Mg-0.4Mn-0.12Sc-0.1Zr-0.38Er

 [29]

 Cold roll+473 K, 1 h annealing 470 370 9.5 

Al-6Mg-0.45Mn-0.25Sc-0.1Zr 

[21]

 Cold roll+573 K, 1 h annealing 440 316 17 

Al-5.8Mg-0.4Mn-0.25Sc-0.1Zr

[24]

 Cold roll+573 K, 1 h annealing 436 327 16.7 

Al-10.52Mg-0.149Sc-0.109Zr

[self made]

 Cold roll+673 K, 1 h annealing 502 320 22 

0.0 0.1 0.2

0

100

200

300

400

500

 

 

E
n
g
i
n
e
e
r
i
n
g
 
S
t
r
e
s
s
/
M
P
a

Engineering Strain



� 9�                                �   c-FRST Al-Mg-Sc-Zr��I´jkµ
f                         ¬2859¬ 

< 2a, 2b¤ Al-Mg-Sc-Zr��'[Ï��$Mø

����J§�_¨3v_h�D;���D;�

�'SCEDW�_TU'�êDWÖSCED��

TU�¤ 0.42 µm$�êDW��TU�¤ 16.22 µmÖ

�îZAl-Mg-Sc-Zr��Y8-þÒÉÊË��|~

�DW��9< 2c ¤��DWTU�[��b?$

�>?D'��îV��6TU'DW#�'_¨

�_$�>?D'��îV��6TU'DW#�'

ï[�_$S<Mk$SCDY_¨D� 80%��Ö

%�$S�TUoV$�#�ï[�_�·V9<

2d ¤< 2a J�>? L1 '54��$DW�54®

�V$îZ�êDW¤���ò'��Ö»¼54®

��$M+]^�> ρ=θ/δb Ã	ãä~�$�J θ

¤Z� δ�54®h'}¨a��b$b=0.286 nmK

Ú��'� ¡¨

[12,30]

$8Ã	$ãä~�¤

2.33×10

11

 m

-2

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

° 2  Al-Mg-Sc-Zr�� EBSD° 

Fig.2  EBSD result of Al-Mg-Sc-Zr alloy: (a) inverse pole figure, (b) intensity quality map, (c) cumulative frequency of grain size, and  

(d) misorientation profiles measured along line L1 
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° 3  Al-Mg-Sc-Zr��ghQ TEM¶· 

Fig.3  Typical TEM images of Al-Mg-Sc-Zr alloy: (a, b) sub grain and dislocation wall in alloy, (c) pinning effect of Al

3

(Sc, Zr) particles 

(the insertion in Fig.3a is the selected area electron diffraction pattern showing the typical reflection of the formation of sub-grain) 
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Table 3  Strength formula 

Strengthening mechanism Strength formula Calculated strength/MPa 

Solute strengthening

[32]

 σ

ss

=H

n

M g

C

 (2) 171.03 

σ

HAGB

=k

y

-1/2

HAGB

d

 (3) 42.21 Grain boundary  

Strengthening
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V

θf)
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 (4) 75.08 

Precipitation strengthening
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 σ
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3 /Gb L

 (5) 68.79 

Work hardening
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 σ
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=MαGB

ρ

 (6) 2.76  

Note: correlation coefficients and independent variables are shown in Table 4 and Table 5
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Table 4  Correlation coefficients of strength formula

[5, 28,34,35]

 

Parameter H/MPa·(wt%Mg)

-1

 n

 

k

y

/MPa·m

1/2

 M α G/GPa b/nm 

Value 12.1 1.14 0.17 3.1 0.24 26.9 0.286 

Note: k

y

 is Hall-Petch coefficient, M is Taylor factor, G is shear modulus and b is Burgers vector; H, n and α are constants 
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Table 5  Independent variables of strength formula 

Parameter C

Mg

/wt% d

HAGB

/µm (S

v

)

LAGB

/m

-1

 θ

LAGB

/rad f
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 L/nm ρ/m
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Value 10.21 16.22 1.1×10

6

 0.049 0.604 187.22 2.33×10

11

 

Note: C

Mg

 is solute Mg content (wt%), d

HAGB

 is grain size of elongated grain, (S

v

)

LAGB

 is the area of per unit volume, θ

LAGB

 is the 

misorientation angle, L is distance and ρ is dislocation density 
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° 4  Al-Mg-Sc-Zr�� XRD°¸ 

Fig.4  XRD patterns for Al-Mg-Sc-Zr alloy 
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° 5  Al-Mg-Sc-Zr��µ¹=4¡¢£IJ 

Fig.5  Comparison between experimental and theoretical yield 

strengths of Al-Mg-Sc-Zr alloy 
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° 6  º�xy»¼½\ 

Fig.6  Schmid factor of different grains 
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Strengthening and Toughening Mechanism of High-Mg Low-Sc Al-Mg-Sc-Zr Alloy 

 

Feng Lei, Li Jianguo, Mao Yizhe 

(Key Laboratory of Advanced Materials Ministry of Education, Tsinghua University, Beijing 100084, China) 

 

Abstract: A novel Al-Mg-Sc-Zr alloy was produced through conventional rolling and annealing process and it achieved a high thermal 

stability, a high ultimate strength (UTS) of 502 MPa, a high yield strength (YS) of 320 MPa and a high elongation to failure of 22%. X-ray 

diffraction (XRD), electron backscattered diffraction (EBSD) and transmission electron microscope (TEM) were used to investigate the 

microstructure of samples and the strengthening and toughening mechanism. Results show that complex effects of solute Mg atoms and 

Al

3

(Sc,Zr) precipitation promote formation of bimodal grain microstructure with large lattice misfit, sub-grain and dispersively distributed 

Al

3

(Sc,Zr) precipitation. The main mechanisms for high strength is the solid solution strengthening of Mg, sub-grain boundary 

strengthening caused by subgrain boundary blocking dislocation, fine grain strengthening and dispersive strengthening of Al

3

(Sc,Zr) 

precipitation. Theoretical strength is in agreement with the experimental strength. The presence of high content of Mg and precipitate of 

Al

3

(Sc,Zr) precipitation promote the formation of bimodal grain structure which was first found in conventional rolling structure. Subgrain 

and elongated grain coordinate with each other during tensile process and then increase ductility of the alloy.  

Key words: Al-Mg-Sc-Zr alloy; Al

3

(Sc,Zr) precipitate; bimodal grain structure; sub-grain; strengthening mechanism 
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