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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

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 

1 in Fig.2a  89.19 4.44 2.16 3.66 0.16 0.39 - Al
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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 

 

 

 

 

 

 

 

 

 

 

� 5  606123H 6061-0.15 Mn-0.05Zr23�,H+,-
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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  

 

uÐz1 Al v��¸ Mn uÐz^�ab Vegard �

cde�÷»AB� 6061��/� 0.5%Mg|}Wz

g Al~���Mn$Si�Co^�:óy�6061��

^ 6061-0.15Mn-0.05Zr ��g¹eº»øA��31

¹eº»�º�R��Ó�401 W/m·K�My�"�

gef¹wxef�65y�ì��gVWCD��

�My�Ce��RS��W/vzüTU{|vu�

�]�¹eº»VW�lxy 6061��ABÄÅ#�

gVWCD��31 Mg$Si$Mn|}}~ÐNO�

Êl¦\³AB���Â¢D��À�¦\³��g

oz¯��5an�1Ó���¹eº»AB���

�5an�1M÷»ABqÃ� 

2.2  ������
������� 

g 6061�����¹eº»ABM÷»AB2�

�¡³|}Â¢�9�¢£Ã��5an�1��d

�g 6061�����O Mn$ZrM�B���5an 

�1¢£n2���] 6061 ���^ 6061-0.15Mn- 

(
1
1
1
)

20 30 40 50 60 70 80 90

d

c

b

 

 

I
n

t
e

n
s
i
t
y

/
a
.
u

.
 

2θ /(

o

)

(
2
0
0
)

(
2
2
0
)

(
3
1
1
)

(
2
2
2
)

a

0.40432

0.40436

0.40440

0.40444

0.40448

L
a
t
t
i
c
e

 
P

a
r
a

m
e
t
e

r
 
o
f
 
A

l
/
n

m

Alloys

 Iron mold

 Copper mold

6061 Aluminum 

6061-0.15Mn-0.05Zr

 

 

0.0

0.2

0.4

0.6

0.8

 

Alloys

dca b

S
o

l
i
d

 
S

o
l
u

b
i
l
i
t
y

,
 
ω

/
%

 Mg

 Si

 Mn

 

 



�304�                                          ��� ¡¢�£                                            � 48� 

 

0.05Zr ���÷»AB^¹eº»ABA���Ä�

�ÄÅn��� 

+ 6� 6061���^ 6061-0.15Mn-0.05Zr���

÷»AB^¹eº»ABtCÄÅn��M��u�

�,-���tCÄÅn��M�oz�¢£��5

an�1uÉ1A�������qÃ�opkuÁ

o��±F��2ÄÅn�����ÄÅn��~Ð� 

+ 7� 6061���^ 6061-0.15Mn-0.05Zr��

÷»AB^¹eº»ABtÄÅn��M� SEM

,-�  

3 SEM,-�lj£�tCÄÅn��M���

����Ã���5an�1}z^�Ï
V6�^

0p�Ð8�kA��� SEM.M�6��5an�

17�¦\�0p��5an�1vwqr��5a

n�1�Ó�:2�qÃ��� EDS ,��Ñ 3��

ÄÅn��M}z^��5an�1Ï
�3 Al$Si$�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� 6  606123H 6061-0.15Mn-0.05Zr23�,-.H)*+,-.VW�XYZ4AB578 

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�
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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 �
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� 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

9
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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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� 11  6061 23H 6061-0.15Mn-0.05Zr 23�,-.H

)*+,-.4©ªde;< 

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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� 12  606123H 6061-0.15Mn-0.05Zr23�,-.H)*+,-.©ªde«¬® 

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 

0.0

0.2

0.4

0.6

0.8

1.0

 

Alloys

d

c

ba

S
o

l
i
d

 
S

o
l
u

b
i
l
i
t
y

,
 
ω

/
%

 Mg

 Si

 Mn

 

 

0

50

100

150

200

250

300

 

E
l
o

n
g

a
t
i
o

n
/
%

 

U
T

S
&

0
.
2
%

 
P

r
o

o
f
 
T

Y
S

/
M

P
a

 

 UTS

 TYS

 Elongation

 

dcb

a

Alloys

0

10

20

30

40

50

60

 

d 

20 µm 

c 

b 

a 



� 1 �                     �  ��m)*+,/01MnH Zr4 60612356789:�;<4=>             �307� 

 

]���¸�¶�«¬vw:M�

[19

�

20]

�¹eº»A

Bxy³�����kQR��#,Ð¢��S� 

2.3.2  	
������������ 

+ 13 � Ä Å n � � M 6061 � � � ^

6061-0.15Mn-0.05Zr ���÷»AB^¹eº»AB

�&¨��#,�tCÄÅn��M�6061���^

6061-0.15Mn-0.05Zr ��÷»AB^¹eº»AB�

������)������xy�¸��)y¦�

�d�¹eº»AB� 6061-0.15Mn-0.05Zr ���d

�����¿ 286 MPa$����Ë 127 MPa$��

)Ë 17.84%��ËtCÄÅn��M�}z^��5

an�1goz�Vº»N¼Ð8�¸ Mg$Mn�z

{|}ÄÅÐ8g��ku�RS����xy�¸

��)y¦� 

+ 14Ë�Æ��ÄÅn��M�����§� � 
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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  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 14  606123H 6061-0.15Mn-0.05Zr23�,-.H)*+,-.VW�XYZ4©ªde«¬® 

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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