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Table 1  Chemical composition of experimental alloys (ω/%) 

Alloy Mg Si Mn Cu Ti Cr Zn Fe Zr Al 

6061 0.901 0.737 0.010 0.240 0.014 0.128 0.008 0.192 - Bal. 

6061-0.15Mn-0.05Zr 0.750 0.615 0.147 0.170 0.013 0.110 0.009 0.320 0.043 Bal. 
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Fig.1  Metallographic microstructures of as-cast 6061 alloys (a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron mold  and 

(b, d) copper mold Ô
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Fig.2  SEM images of as-cast 6061 alloys (a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron mold and (b, d) copper mold Ô
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Table 2  EDS analysis results of compositions of as-cast alloy in Fig.2�
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Point Al Si Fe Mn Cr Mg Zr Phase 
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Fig.3  XRD patterns of as-cast 6061 alloys (a, b) and 

6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron 

mold and (b, d) copper mold  
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Fig.4  Lattice parameter of Al in as-cast 6061 alloys 
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Fig.5  Solid solubility of Mg, Si and Mn in as-cast 6061 alloys (a, b) 

and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron 

mold and (b, d) copper mold  
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Fig.6  Metallographic microstructures of homogenization-treated 6061 alloys (a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by 

iron mold and (b, d) copper mold�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� 7  606123
H 6061-0.15Mn-0.05Zr23
�,-.H)*+,-.VW�XYZ4 SEM ¤¥ 

Fig.7  SEM images of homogenization-treated 6061 alloys (a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron mold and (b, d) 

copper mold �

400 µm 

a 

b 

c 

d 

2 

1 

2 

1 

2 

3 

2 

a 

b 

c 

d 

40 µm 

2 



� 1 �                     �  ��m)*+,/01MnH Zr4 606123
56789:�;<4=>             �305� 

 

� 3  � 7 ������	
��
���� EDS ���� 

Table 3  EDS analysis results of homogenized alloys in Fig.7a~7d 

Point Al Si Fe Mn Cr Mg Zr Possible phase 

1 in Fig.7a 95.64 1.57 1.56 0.13 0.22 0.88 - β-Al
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2 in Fig.7a 85.06 5.01 8.69 0.35 0.22 0.67 - α-Al

8

(FeMnCr)

2

Si 

1 in Fig.7b 92.15 3.29 3.67 0.21 0.16 0.52 - β-Al

9

Fe

2

Si

2

 

2 in Fig.7b 83.65 5.32 9.62 0.38 0.66 0.37 - α-Al

8

(FeMnCr)

2

Si 

2 in Fig.7c 86.96 4.44 3.17 5.07 0.26 0.05 0.05 α-Al

8

(FeMnCr)

2

Si 

3 in Fig.7c  83.63 6.13 5.78 3.86 0.03 0.54 0.03 α-Al

8

(FeMnCr)

2

Si 

2 in Fig.7d 87.34 3.96 3.10 4.30 0.68 0.57 0.05 α-Al

8

(FeMnCr)

2

Si 

 

Mn$Fe ^ Mg |}�¶�d�6��5an�1Ë

β-Al

9

Fe

2

Si

2

u�+ 7a@ 1^ 7b@ 1�A0p��5a

n�1Ë α-Al

8

(FeMnCr)

2

Siu�+ 7a~7d@ 2�A�*

ÄÅn������6��5an�1 βu| αuC

��Mn$Zr �O×�ì}z^�;� Al

9

(MnFe)

3

Si

uµ��+ 7c@ 3�

[5,16]

�d�+ 7c�@ 3£�6�

�5an�1â����dp��ÄÅn��Mk

Fe$Mn$Zr |}
�¢£� Mg ^ Si |}z^¿~

�����¹eº»AB��gÄÅn��M�Ï


l0p� α-Al

8

(FeMnCr)

2

Si uEg�l�31¹eº

»efU�MT�ì¾uÐ Mg$Mn |}k Fe$Si

¢£PQ�ÊlgM��a�ÄÅn��M�Mg ^

Mn uÐWz¿opku�¸����Wz�\� Fe 

^ Si|}�í�gp���ë�÷»�ABCD�e

fU�M\�M��z{|}goz¢£�ÄÅn�

��aM��T�uÐ Mg^ Si|}z^�Fe^ Mn

�|}�¶��5an�1}��C�V α u�Êl

g~����V]6�Ð8� 

+ 8� 6061���^ 6061-0.15Mn-0.05Zr���

÷»AB^¹eº»ABtCÄÅn��M� XRD

+�� 

 

 

 

 

 

 

 

 

 

� 8  606123
H 6061-0.15Mn-0.05Zr23
�,-.H)

*+,-.VW�XYZ4 XRD�I 

Fig.8  XRD patterns of homogenization-treated 6061 alloys (a, b) 

and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron 

mold and (b, d) copper mold  
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Fig.9  Lattice parameter of Al in homogenization-treated 6061 

alloys and 6061-0.15Mn-0.05Zr alloys 
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Fig.10 Solid solubility of Mg, Si and Mn in 

homogenization-treated 6061 alloys (a, b) and 

6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron 

mold and (b, d) copper mold  
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Fig.11  Tensile properties of as-cast 6061 alloys (a, b) and 

6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron 

mold and (b, d) copper mold  
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Fig.12  Fracture morphologies of as-cast 6061 alloys (a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron mold and (b, d) 

copper mold 
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Fig.13  Tensile properties of homogenization-treated 6061 alloys 

(a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast 

by iron mold and (b, d) copper mold  
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Fig.14  Fracture morphologies of homogenization-treated 6061 alloys (a, b) and 6061-0.15Mn-0.05Zr alloys (c, d): (a, c) cast by iron 

mold and (b, d) copper mold  
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Effects of Water-Cooling Cu Mould on Microstructure and Mechanical Properties of 

6061 Aluminum Alloys with Mn and Zr Addition 
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Abstract: Effects of sub-rapid solidification by water-cooling Cu mold on microstructure and mechanical properties of 6061 aluminum 

alloy with Mn and Zr addition were investigated. Microstructure of the alloys was analyzed by optical microscopy, scanning electron 

microscopy and EDS energy spectrum. Solubilities of Mg, Si and Mn elements in as-cast and homogenized Al alloys were estimated by 

X-ray diffraction and Vegard’s Law. Tensile tests were conducted to investigate the mechanical properties of 6061 aluminum alloy. Results 

show that both the segregation of Mg, Si and Mn elements and homogenization time are decreased by sub-rapid solidification. The grain 

sizes are refined significantly by adding Mn and Zr elements. As-cast precipitated phase is transformed into α-Fe phase of granulate from 

β-Fe of bone and strip by water-cooling Cu mold, and they are mainly granular α-Al

8

(MnFe)

2 

Si and α-Al

8

(MnFeCr)

2

Si after 

homogenization treatment. Tensile properties of Al alloy with Mn and Zr addition cast by water-cooling Cu mold are improved. The UTS, 

YS and elongation of the homogenized alloy reach to 286 MPa, 27 MPa and 17.84%, respectively. 

Key words: 6061 aluminum alloy; water-cooling Cu mold; sub-rapid solidification; microstructure; mechanical property
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