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 1  AZ91!"�#$%&'� 

Table 1  Chemical composition of as-cast AZ91D magnesium 

alloy (ω/%) 

Al Zn Mn Si Mg 

8.98 0.84 0.23 0.02 Bal. 
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Ç 1  efRÈmnÉ�bÊ�ËÌÇ 

Fig.1  Crack width and depth of rolled specimen 

 

NOP°±!�KwxGÎ¦PÒÓO^�i�xl

@m'�BT�qrs�G�w!o3JmRt�T

� 
x�
�/ÒÓOa]^+ 

������������

�ck�u£¤CD�KNOP Mg

17

Al

12

ËRJ

!K@Ï���m��~�¯ÐTÑ�!ÔÕ�+*X

|¾¿�KoCD�Ð�R/ÊÒT�}!ðñ�Ñ

��~�¯ËRJ���Ì�Ë+% 3� AZ91���

- 30%/1¾¿�20%/2¾¿�10%/6¾¿CDZ!üî

Ò�~�+�% 3M=NR���¾¿�Ko!RÀx

CD¾¿!O^��võöÒÓk©+- 30%/1 ¾¿

CDZ�GH�a�vÛw��ÒÓ�©�x.jCD

�Ko3Æ�R/8yH z!Ú.i�~��$%

3aÏ3d ì&+�£¤

[12]

pÊ����!i��Kq{

�j|H�a�v}��Ñ�`S.j 30%/1 ¾¿C

D}�~�}�R/8y�ai�!G~+- 20%/2

¾¿CDZ�~�PH z!Ú.i�~�PQk©�

k�æ��i�7Ã����ô/U��j��i��

�R/cºo!kÀm'��v�$% 3bÏ3e ì&+

`Mw.~���°±�Ko!O^�i��Ko3�

8�O��GH�a�v���ao!���i��{

l@m'�ÛwÊÒ���<�8éåo!�a�vI

j+- 10%/6 ¾¿CDZ���~�ÒÓk©��a

��!k�æ�Ú.i�~�PQ�l@m'��v

x���¿i�*��~�Pa���kÀ!l@m'

�~����m'��vR/�a/U�$% 3cÏ3f

ì&+̀ A¥.��°±�Ko�8�OaZ�i�o

�s�G�wo!8�³�Icao!�Kw��µ

�Ä!��cl@m'�!���µji��ô��x

�¿i��J��l@m'�r�K�!Mw�    

�

[13]

�$% 3eÏ3f Pì&+jCD�KNOP�i�

!r��lx�Zl@m'�!j��Ñ�ÒÓupD

c�T�!���{��°±�Ko!O^�i�xl

@m'�pDT���!o3PQRt�ðñ~�PM

=�,ö��w����! Mg

17

Al

12

ËRJ�CT�

jê�}�K��T��$% 3ePì&+ 

Crack width 

Crack depth 

b 

h 



� 1�                               ���S'WXYZ AZ91+[§eÍijlmnopHqr                    Ä231Ä 

0

1

2

3

4

5

6

7

0

1

2

3

4

1

0

%

1

5

%

2

0

%

2

5

%

3

0

%

R

o

l

l

i

n

g

 

P

a

s

s

C
r
a
c
k
 
D

e
p
t
h
/
m

m

R

e

d

u

c

t

i

o

n

 

P

e

r

 

P

a

s

s

 

b

0

1

2

3

4

5

6

7

0

1

2

3

4

5

6

7

1

0

%

1

5

%

2

0

%

2

5

%

3

0

%

 

R

e

d

u

c

t

i

o

n

 

P

e

r

 

P

a

s

s

 

C
r
a
c
k

 
W

i
d
t
h
/
m

m

R

o

l

l

i

n

g

 

P

a

s

s

a

 

 

 

 

 

 

 

 

 

 

 

Ç 2  AZ91+[§eÍ�RÈÎÏmnÉ�bÊ�_� 

Fig.2  Average edge crack width and depth of AZ91 hot rolled plate: (a) crack width and (b) crack depth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ç 3  AZ91+[Ð]^_`abcdefgH@�ABij 

Fig.3  Optical microstructure of AZ91 hot rolled magnesium alloy with different reduction per pass and rolling passes: (a, d) 30%/1pass, 

(b, e) 20%/2pass, (c, f) 10%/6pass 
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� 4  AZ91�������	
������ SEM��� EDS�� 

Fig.4  SEM images and EDS spectra of AZ91 hot rolled magnesium alloy with different reduction per pass and rolling passes: 

(a~c) 30%/1pass, (d~f) 20%/2pass, and (g~i) 10%/6pass 

 

l@m'�Ñ�+8¥¦��i�Wj����K��

Ui��j§lNOPBËRJ�£}���ËRJ!

� o3�i��!§l�ö�¡��µ¨pDi�!

�a�̀ Mw.��°±�Ko!O^�ËRJPQO

Á��µ�©|HCD�K}�ai�PQk©!G

~+J. Bohlen �

[14]

£¤�/�U�����l@m'

�}�ª�v¨q«�j���K~� ($i�Ï¬ó

�) �Ì«K�Û�a+®¯°�

[12]

j£¤ AZ91�

��±aNOP! βJËR}��/ βJvB!ËR©

9²���!m'��v�a�öbD�9÷ø³³À

�9´��+�ËH��- 20%/2 ¾¿x 10%/6 ¾

¿CD! SEMÒ�~��M=�/ËRJ�����

��µv¶���v
q�kÀ���vB�±�åÒ

ÓO^�|}~�}�����l@m'��̀ MwB

ËRJK@¯���Ì!�©�Ha¡k+̀ yv
q

À!��µvËRJm��!� o3q��̈ ÒÓp

Dm'��v!�a=¯�T�!����µO���

�!¢C�KwÎ+|}���\]�KPl@m'�

SM�vB·�K�,PSN-o3K��Û�M=t©

�K�(

[15]

�̀ SMw. AZ91���-ÀaÆoÏÁ

¾¿CDZÐT/URt��KwÎ¸�!G~+CD

Z��T���SÒ&�- 10%/6 ¾¿CDZÐ�T

�<HÀ�J ¹º»�/Rs%!CD�KwÎ�

$% 2ì&+ 

�������� �!���

% 5a� AZ91���- 10%/6¾¿CDZ!Ý¼

Þß�àÒ�Ká+�% 5aM=NR�ðñ�à�/

HÁ!���¼T½�¼T½¹¾¿���X8!�

¬À0����¬´�gK�Hafg!ÁÂ+�à


��ÃX8!�T�Ij��A¥���V�J¯ 

a 

50 µm 

20 µm 

10 µm 

10 µm 

50 µm 

50 µm 

b 

d 

e 

g 

h 

Twin 

3 

DRX 

Twin 

DRX 

Twin 

0     2     4     6     8 

0     2     4     6     8 

0     2     4     6     8 

Energy/keV 

8000

6000

4000

2000

0

4000

3000

2000

1000

0

4000

3000

2000

1000

0

I
n
t
e
n
s
i
t
y
/
c
p
s
 

I
n
t
e
n
s
i
t
y
/
c
p
s
 

I
n
t
e
n
s
i
t
y
/
c
p
s
 

Mg 

Al 

Mg 

Al 

O 

Mg 

Al 

O 

c 

f 

i 

1 

Spectrum 3 

Element at% 

Mg 61.5 

Al 38.5 

 

Spectrum 2 

Element at% 

Mg 50.5 

Al 21.9 

O 27.6 

 

Spectrum 1 

Element at% 

Mg 51.9 

Al 24.4 

O 23.7 

 



� 1�                               ���S'WXYZ AZ91+[§eÍijlmnopHqr                    Ä233Ä 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  AZ91��������������	 ! EDS��"# 

Fig.5  Tensile fracture surface SEM morphologies (a~c) and EDS spectra (d, e) of spectrum1 and 2 in Fig.5a of AZ91 hot rolled 

magnesium alloy plate 

 

�����p/�H�!���T�Ì+% 5b���

- 10%/6¾¿CDZ!Ý¼Þß�à«p´Ò�Ká+

�% 5bM=NR�jðñ�à��<MNö�T�!

:���<A¥��j¹J�´'�«=¯H�a!V

�J��+`A¥.��w����! Mg

17

Al

12

V�

Jp/��]

[16]

�jCD�K!o3Æ�©V�JC

TK��T��Û�8��i�Ha!T�+jÝ¼Þ

ßNOP�jÞGÎ!o3Æ�Ha!T��Ð��R

�Á�¿T���T�!�ixÄ¦�8�����T

�!K��4Å��ðñ!ST+|}j β-Mg

17 

Al

12

JB α-Mgê�!J�´�����¹º��'(!X

|

[17]

,β-Mg

17

Al

12

J��ÆÇ³�α-Mg ê��	�¯

³-=¯�KwÎ!XØÙ��:�GÎ¦P��µS

���T���+% 5c ���Ý¼Þß�àp´V�

J���ÈÒ�Ká+�% 5c PSM=NR�Á�T

�j��µv�ËRJ��R/��
 3~5 µm+`»

Mw.��jÞß�KNOP���¹J�´=¯V�

J��!�KX§¨]���ËRJµvMw���T

�K�!��78�Û��T������Ï�i��

µ����T�!K�¯ðñ!ST+ 

i�xl@m'�o�CDNOPs�G�wx

ÉÊGÎ!K�9m�T�!���ÒÓ!pDo

3+jÀaÆo�Á¾¿CDNOP��µv�V�J

!ËR��m��¯¢£!� ÄG��¡m'��v

!�a=¯vB·�K�,PSN-o3���Y�i�

!k©¯l@m'�!j��ÑÛ�pDm'��v

!�a+̀ ËÊ��µv�V�JjCD�KNOPM

=ÜN��i�k©xl@m'���µpDT�!�

�+µ������!�£wH�,78 mJ/m

2

-�jC

D�K}¢£M=Ì±�l@�ÍM=�Ñ�U¢£Ì

±ö8éO
}ù=l@m'�!KÉÊ¢£wo�

`SËÊl@m'�!j��Ñ�Y�s�qÁ!G

�w��µpDT�!���̧ ���!CD�KwÎ+ 

µjÝ¼Þß�KNOP�GÎ�@�CD�K

!Î�aGÎ�@��ÞGÎ�@�~Ï��PJB

J7Ã!�´'�wÎÐ��Þß�K}!É¥ÔÕ

~D+�� β-Mg

17

Al

12

ËRJB Mg ê�J��'(

!ÑaX|��Þß}!�KXØÙ]ÒR�|}�

�µv�V�J!ËRMw�8�t©c¹J�´'

�wÎ�~ÏjÞßNOP���ËRJµvMw�

��T�K�!��78��T��¹J'��´¯

��������i��µ��ðñ!��ST+ 

��������

1-��¾¿�Ko!O^�ðñp´SHR/T

�!¾¿x4aMC¾¿§PQRÀ�CDZÍ)ð

ñ!Ð�T� 
x�
PQOa+m>@ AZ91 �

��µÓ�ÀaÆoÏÁ¾¿CDM¸���CD�

a 

20 µm 

b 

c 

50 µm 

5 µm 

Microcrac

Crack 

Tensile axis 

Crack 

+1 

+2 

0     2     4     6     8 

Energy/keV 

1400

1200

800

400

0

I
n
t
e
n
s
i
t
y
/
c
p
s
 

Mg 

0     2     4     6     8 

Energy/keV 

Al 

800

600

400

200

0

Mg 

d 

e 

Spectrum 1 

Element at% 

Mg 64.2 

Al 35.8 

 

Spectrum 2 

Element at% 

Mg 100 

 



Ä234Ä                                          Å:Æ�� �!                                            � 47� 

KwÎ�d/HaO
\]�K+ 

2-AZ91���- 10%/6¾¿CDZ�~�P�

a��!k�æ�Ú.i�~�PQ�l@m'��

vx���¿i�*�+jCD�KNOP�i�!

r��lx�Zl@m'�!j��Ñ�ÒÓupD

c�T�!���{��°±�Ko!O^�i�x

l@m'�pD�T���!o3PQRt+ 

3-AZ91���¢C�KNOP���¾¿�K

o!RÀxCD¾¿!O^�ËRJ�������

µv¶���v
qkÀ���vB�±�åÒÓO

^�|}~�}�����l@m'�+��µv�

ËRJ�Y�pD¢C�K}T�!���¸���

!CD�KwÎ+ 

4-AZ91���¢CZÝ¼Þß�à�/H�!

���T�Ì��T�A¥��j¹J�´'�«=

¯H�a!V�J��+jÞß�KNOP���Ë

RJµvMw���T�K�!��78��T��

¹J'��´¯������Ï�8��i����

�T�!K�+ 

 

����    References 

[1] Mordike B L, Ebert T. Materials Science and Engineering A 

[J], 2001, 302: 37 

[2] Wang Lingyun(ÑÒÓ ), Huang Guangjie(Ô@Õ ), Chen 

Lin(Ö ×) et al. Rare Metal Materials and Engineering (Å

:Æ�� �!) [J], 2007, 36(5): 910 

[3] Han G M, Han Z Q, Luo A A et al. Journal of Alloys and 

Compounds[J], 2015, 641: 56 

[4] Men H, Jiang B, Fan Z. Acta Materialia [J], 2010, 58: 6526 

[5] Xu S W, Matsumoto N, Kamado S et al. Materials Science and 

Engineering A[J], 2009, 523: 47 

[6] Meng M, Zhang Z M, Zhang B H et al. Journal of Alloys and 

Compounds [J], 2012, 513: 112 

[7] Alili B, Azzeddine H, Abib K et al. Transaction of Nonferrous 

Metal Society of China[J], 2013, 23: 2215 

[8] Kim W J, Park J D, Kim W Y. Journal of Alloys and 

Compounds[J], 2008, 460: 289 

[9] Pérez-Prado M T, del Valle J A, Ruano O A. Scripta 

Materialia[J], 2004, 51: 1093 

[10] Zhang Dingfei(ØÙÚ), Zhao Xiabing(ÛÜÝ), Shi Guoliang 

(Þ�ß) et al. Rare Metal Materials and Engineering (Å:

Æ�� �!) [J], 2011, 40(3): 418 

[11] Zhu S Q, Yan H G, Chen J H et al. Scripta Materialia[J], 

2010, 63: 985 

[12] Liu Liufa(àáâ), Ding Hanlin(Ùã×), Ding Wenjiang(Ù

äå). Rare Metal Materials and Engineering (Å:Æ�

� �!) [J], 2009, 38(1): 104 

[13] Sun H Q, Shi Y N, Zhang M X et al. Acta Materialia[J], 2007, 

55: 975 

[14] Bohlen J, Yi S B, Swiostek J et al. Scripta Materialia[J], 

2005, 53: 259 

[15] Engler O, Yang P, Kong X W. Acta Materialia [J], 1996, 44: 3349 

[16] Lu Y Z, Wang Q D, Ding W J et al. Materials Letters[J], 

2000, 44: 265 

[17] Lalpoor M, Dzwonczyk J S, Hort N et al. Journal of Alloys 

and Compounds[J], 2013, 557: 73 

Effects of Precipitated Phase on Microstructure and Edge Crack Behavior of Hot 
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Abstract: The effects of precipitated phase on the microstructure, deformation mechanism and edge crack behavior of hot rolled AZ91 

magnesium alloy plate with different reduction per pass and rolling passes were studied by optical microscope, field emission scanning 

electron microscope equipped with energy spectrum and tensile testing at ambient temperature. The results indicate that multi-pass with 

small rolling reduction can reduce the edge cracks and improve the rolling forming ability for AZ91 magnesium alloy. Precipitated phase 

from the slice layer to spherical particles with tinier size during the rolling deformation is beneficial to inhibit the initiation of crack. The 

tensile fracture surfaces show obvious intergranular fracture features, and the microcrack primarily distributes around the Mg/Mg

17

Al

12

 

phase interface and coarser second phase. Spherical precipitated phase particles could be prone to be one of the initiation sources of 

microcrack, and then the microcrack extends and turns to the macrocrack. 

Key words: precipitated phase; AZ91 magnesium alloy; hot rolling deformation; microcrack 
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