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ABSTRACT Magnesium alloy components were widely used in automobile and aircraft indus-
tries, due to their light weight, high specific strength, stiffness, damping capacity, machinability, and
recyclability. Engineering components subjected cyclic loading inevitably and led to fatigue failure.
Most studies on magnesium alloy were focus on uniaxial fatigue, very limited work has been done
of magnesium alloys under multiaxial loading. In this study, strain–controlled multiaxial fatigue ex-
periments were conducted on extruded AZ31B magnesium alloy using thin–walled tubular specimens
in ambient air. Four loading paths, including fully reversed tension–compression, cyclic torsion, 45◦

in–phase axial–torsion and 90◦ out–of–phase axial–torsion, were adopted in the fatigue experiments.
It is observed that the strain–life curve displays a distinguishable kink under each loading path at the
equivalent strain amplitude around 0.3% to 0.55%. The fatigue life under the proportional loading
path is the highest when equivalent strain amplitudes higher than 0.45%, and the fatigue life under the
tension–compression loading path is the highest when equivalent strain amplitudes lower than 0.45%.
For the same equivalent strain amplitude, fatigue life under nonproportional loading resulted in the
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shortest fatigue life. Three critical plane multiaxial fatigue criteria were employed to predict fatigue
life. Predictions by Smith–Waston–Topper (SWT) parameter do not agree well with the fatigue life
for the tension–compression and cyclic torsion loading, and 76% predicted results are within factor–
of–five boundaries. The Fatemi–Socie (FS) parameter and a modified SWT parameter are found to be
able to predict fatigue lives reasonably well for all loading paths, and 95% predicted results are within
factor–of–five boundaries. In addition, crack initiation of extruded AZ31B and AZ61A magnesium alloy
based on experimental observation were discussed to explain prediction results vary much for the same
multiaxial fatigue criterion between the two materials. It was demonstrated that AZ31B magnesium
alloy and AZ61A magnesium alloy has different damage mechanism due to different microstructures.
Optical microscopy observations exhibited lamellar twinning exist in a little big elongated grains with
an average grain size of 50 µm in extruded AZ31B magnesium alloy at strain amplitude of 1%. In
the same situation, mechanical twins were observed in almost every equiaxed grain with an average
grain size of 20 µm in extruded AZ61A magnesium. Ex–situ SEM microscopic observation of the
microstructure evolution showed fatigue micro–cracks were at the grain boundaries or slip bands in
extruded AZ31B magnesium alloy, while at twin boundary in extruded AZ61A magnesium alloy.
KEY WORDS AZ31B magnesium alloy, multiaxial fatigue, fatigue life, critical plane approach�4x��tCfk\Wx&p� -, ;���{�4x	7(+WGw~R0�#~R, Pj00)>Z��pUTH�H"uW,3 [1−4]. j0C)�)>hW2�a, 5e�Kd�a, �Æ&6p���D^�7$
?N,, �qRi℄�	t, �k�{�4xW℄�;~0"LC(W��$TH�Hn��UWw�. &uW
OV, �n��UYk�4xWN|℄�}N}},h\W�� [5−15]. �� [5−8] pd, �4xP�50��YN^p�:�0u:�do, BoRi8oAfW�k2, o:�*fW�{��4x℄�/T,�W}�D). Chamos Z [16] �)T AZ31 �4x0 AZ61 �4xW,� – "LrfB\xT�x℄�p�!;&gW. �u�� [5,6,17] pd, #3 Manson–Coffin ��G) AZ31 �4xW℄�"L�, ,� – "Lrf4d=,f~;Z. Hasegawa Z [18] pd Manson–Coffin ���"C(,&�m^W℄�"L, O��3:CP`
,&W,��mYN?a, C��e=, 
t`
,&�℄Nzg�3:$v�=p� -ok�4xVt, }o<=,��xW�℄ Manson–Coffin ��. Park Z [19]N,FR`
,&0,�W0j, pS,���'P~,�RCf02~,�RCfWE:R*WNz. ZhangZ [20] kM� AZ61A �4x}},N|0n|YNW℄���, pdYN6�0,�}k -W
?�{
7b~W0j. Yu Z [21] #3E:1r`FrW FS Nz [22] 0 SWT Nz [23] kM� AZ61A �4xWn|℄�"L}},C(, pd FS NzC(W�x℄�"L>��p%[CPkJ^+, o�3�℄ SWT Nz [24] P\x0�xp[W"LC(p%
>��p%~4k+. 6:>:�Æ�8^Wj0CyG2�aJn+�7$�LWn|
#>x
#
?N,Wg:Æ3,)����4x -Wn|℄�}N�}}℄�"LC(	7�6,3Zd0�U%&.

��ÆYkM� AZ31B �4xP,��mN�^WN|0n|℄�}N}},��. #3 3 tE:1r`FrW℄�NzC(�CYN6�^W℄�"L. A&k℄�/TWK��), k
 AZ61A �4x9;,0j�4x℄�"LC(W)1.

1 2����� -Nb� 46 mm WM� AZ31B �4xF�, e<�3{ (n*{+, %) N: Al 3.0, Zn 1.0, Mn

0.2, Si 0.3, Cu 0.05, Ni 0.005, Fe 0.005, Mg ;*. P�R^{�}}��0�5��, UT -W��s�mfN 244 MPa, ��mfN 291 MPa, �.9N 10.45%,iF�59N 12%;  -W�5s�mfN 151 MPa, ��mfN 417 MPa, �59N 9.29%.  -P��0�5N,Æ3^Ws�}N�d=Ib^�k2.℄���
#3��FE��, |H 1 6�. ��l, 
��W�
hI&gF9�{3�h}}GO. H
2 �=,���
hW�PK�p� OM m. �_, P?b:M�vnWnF�, CP��n{8
(�
JWq�%0J�%; q�%4Z|�o`
:EN 8 µm, J�%4�.�o`
:EFT 50 µm; P`}:M�vnWnF�, �4x4d?K�`P
a;Z; �{lW��p=7�)T:�.℄���P Instron ���X/���G�}}, ��GR�<� ±222 kN W|n,N0 ±2800 Nm WX�. �aP��p,�W|n,��℄,�#3�℄W
MTS *�R�j}}(*. �R?a^, #3℄a�{�}} 4 tk2,��mN�W℄���, YN6�{�N�� – �5YN6� (6� a), 
?X�YN6� (6� b), 45◦ 
#YN6� (6� c) 0 90◦ x
#YN6� (6� d), |H 3 6�. ep, 45◦ 
#YN6�0 90◦x
#YN6�&:n|YN6�, e℄,�}d�mN|n,�}dW √

3 	.
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Fig.1 Geometries of tubular specimen (unit: mm)

9 2 L� AZ31B ?3w~OJ�o� OM l
Fig.2 OM image of extruded AZ31B magnesium alloy in

three dimensions

9 3 \�Æ�VXM5��$G
Fig.3 Schematics of the loading paths used for fatigue ex-

periments

(a) tensile–compress (path a)

(b) cyclic torsion (path b)

(c) 45◦ in–phase axial–torsion (path c)

(d) 90◦ out–of–phase axial–torsion (path d)

2 2�"�H 4 ��C6�YN^WZt,� – "Lrf, ℄�"L�,&}dU
6�J,&^f 5% �6k,W
?A+. �_, 4 tYN6�W,� – "Lrf�e=d,��IbW�b, 6� a—d =dW�b6k,WZt,�}{�N 0.45%, 0.47%, 0.55% 0 0.3%, k,W
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Nf, cyc9 4 AZ31B ?3wO�BXM5�℄V+� – !Kqe
Fig.4 Strain–life curves under different axial–torsion load-

ing paths shown in Fig.3℄�"L{�N 11360, 4000, 4332 0 5780 cyc; ℄�"L$YN6�W0jkJ, QZt,�}�: 0.45% �,�6� a 0 c YNW℄�"Ll�, oIb�:3 2 �YN6�^W℄�"L; Q,�}\: 0.45% �, �6�
c YNW℄�"L�:6� a YNW℄�"L; PgCWZt,�}YN^, �6� d YNW℄�"L�\. kH
4 p��+�S4, pdZt,�}>℄�"LW�[�3^���:

((∆ε

2

)

eq
− ε0

)ξ
Nf = C (1)�p, (∆ε/2)eq NZt,�}; Nf N℄�"L; ε0, ξ 0

C �A&��+�S4U=W%+.

3 �;6)
3.1 FS 1'/=

Fatemi 0 Socie[22] 
&,��E:℄,�%*Wn|℄�%+ PFS, �F�|^:

PFS =
∆γ

2

(

1 +K
σnmax

Sy

)

(2)�p, ∆γ/2 N1rF�W℄,�}, 1rFN�J℄n,�}d6PW`F; K �> -7�W-+, �t�����0
?X�YN6UW��+��*S4P�?rf�; σnmax N1rF�W�Jrn,&, Sy N -Ws�mf. #3� (2) R3M� AZ31B �4xk,:�C℄�"LW PFS, p%|H 5 6�. �_, P℄�"L\: 200 cyc �, 6� a 0 b k,W PFS +�kJ; Q℄�"L�: 1000 cyc �, 6� a 0 b k,W PFS +�kq. PUT -PYN?a^W PFS 6, �Æ�^�R3℄�"L:

(PFS − PFS0)
νNf = C (3)
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3.2 SWT 1'/=
Smith, Waston 0 Topper[23] <=W℄�%+>1rF�W℄,�}0�J|n,&7�, 7A_[W�[�3^���:

PSWT = σmax
∆ε

2
(4)�p, PSWT � SWT NzpW℄�%+; ∆ε/2 N1rF�W|n,�}, 1rFN�J|n,�}6P`F;

σmax �1r`F�W�J|n,&.#3� (4) R3M� AZ31B �4xk,6� a 0
b W℄�"LW PSWT, p%|H 6 6�. �"Æ=, M� AZ31B �4xP℄�%+ PSWT gZ�, 6� a W℄�"LIb�:6� b; #3>� (3) {�g0W��k��+�S4, S4rf>��p%^!kJ.

3.3 >G SWT 1'/=
SWTNz}�3:)��z/T�SoRi℄�	tW -. �8T67W,&�80/T}N, Jiang 0

Sehitoglu[24] <=,�℄ SWT Nz, 
&1rFN�J℄�%+d6P`F, ℄�%+ PSWT−M W�F�|^:

PSWT−M = 2b∆ε〈σmax〉+
1− b

2
∆τ∆γ (5)�p, σmax N�Jrn℄,&; τ N℄n,&; ε N℄,�; γ Nn,�; b �> -7�W-+, o 0≤ b ≤1, eJq�s1/TW�Cg/v�. N�D,&=d�d,
& 〈σmax〉=0.5(σmax+ |σmax|). Q 0≤ b ≤0.37, NzC(W�℄nz/T; Q b ≥0.5, N��z/T; Q b WdP 0.37 T 0.5 _[, NB4z/T.k:M� AZ31B �4x, g7Q b=0 �, ��0X�YN^W PSWT−M > Nf �[rf>��p%S4�
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Fig.5 Relationship between PFS and fatigue life

+, |H 7 6�. 
�6�YN^W℄�%+A&� (5)3=, Æ���+�S4UTW�%+v6|^�6�:

(PSWT−M − 0.3)1.85Nf = 2200 (6)

3.4 1'5.D�#�B7*�3�) 3 �NzC(W℄�"L>��p%W�[|H 8 6�, ep, �fL�C(p%>��p%�i, 2 ?bf_[p?�SC(p%>��p%
dt:
0.5—2.0_[Wp?, o 2 ?�f_[Wp?�SC(p%>��p%
dt: 0.2—5.0 _[Wp?. �_, 95%W FS ℄�NzWC(p%>��p%W
dt: 0.2—

5.0 _[, 62% P 0.5—2.0 _[; �3 SWT ℄�NzC(, 76% WC(p%>��p%
dt: 0.2—5.0 _[, P�tLIWC(p%WYN6��N|��0
?X�; �℄ SWT NzWC(p%>��p%Wg~6f76<�, 95% WC(p%>��p%W
dt: 0.2—

5.0 _[, zP�x℄�p?CP 2 ���Wp%/=,�tL.C(p%b�, >D� SWT Nzg
, FS Nz0
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Fig.6 Relationship between PSWT and fatigue life
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9 8 �2 FS, SWT /�\ SWT MyB'V\�!K=Æ�o$V�Z
Fig.8 Comparison of experimental and predicted Nf using

FS model (a), SWT model (b) and modified SWT

model (c)�℄ SWT NzRk+C(M� AZ31B �4xN|0n|YN^W℄�"L. Yu Z [21] ��M� AZ61A�4xW℄�"LC(���3, FS ℄�Nz0�℄
SWT ℄�Nz. C(p%�I, FS ℄�NzR��vC( AZ61A �4xW\x℄�"L, O��x℄�W"LC(p%X+kJ. M� AZ61A �4xn|YN^W�x℄�	t$|n,�}0jkJ, oM� AZ31B �4xW℄�	t$℄n,�}0jkJ, FS ℄�Nz��3:℄nz/TWn|℄�Nz [22]. 6" FS ℄�Nz

R�k+^C(M� AZ31B �4xB\x℄�T�x℄�W"L, oM� AZ61A �4xzP\x℄�^!RUTk�vW℄�"LC(p%. Yu Z [21] �3�℄
SWT ℄�Nz�, A&�t>2~,�RCfg�W --+ b, k+^C(,M� AZ61A �4xWn|℄�"L, 86% WC(p%>��p%
dt: 0.5—2.0 _[. O�, #3�℄ SWT NzC(M� AZ31B �4x�, zQ b=0 !RUT�4WC(p%, 95% WC(p%>��p%
dt: 0.2—5.0 _[, Oz7 45% WC(p%>��p%
dt: 0.5—2.0 _[. |l6), P
b=0 �, �℄ SWT NzC(W�℄nz/T, b P 0.37> 0.5 _[�C(W�B4z/T. k:M� AZ31B �4x, 67��peN℄nz/T; ok:M� AZ61A�4x, P\x℄�p?, b dl� 0, C(N℄nz/T; P�x℄�p, b dkP 0.37 > 0.5 _[, C(NB4z/T. kV 2 t -W/T zC(p%>��p%g~, V.I�℄ SWT Nz�"�v^s,/TWg/{�.� M� AZ31B �4x> AZ61A �4x℄���#3,gCWYN6�, O�6,� – "LrfÆ=, -W℄�;~=d,g(_>, #3C�Wn|℄�Nzk)t -}}"LC(Wp%�=d,kJW+(.�eD)� -K�p�W+(Ri4�GmW�C6i. M� AZ31B �4x>M� AZ61A �4xWK�p��C [21,25], M� AZ31B �4xpT7�.WJ�%87Z|q�%, eZ|q�%W`
JqN 8 µm;M� AZ61A �4xWZ|�%`
JqN 20 µm[21].N|k2��YN, Zt,�}N 1% �M� AZ31B0 AZ61A �4xWK�
a|H 9 6�. �"Æ=,V 2 t�4xP℄�&6p,�:�W6f�C, M�
AZ31B �4xzPkJW�.�%Q=d,�*:�,oM� AZ61A �4xO7P67Z|�%Qe=d,:�. kM� AZ31B �4x}��3 SEM �), |H
10 6�. �_, ℄�K/T,�P�rC; K�. >��C, M� AZ61A �4xW℄�/Tkn=dP�%Q�W:�r� [20].3I, �C: bcc 0 fcc p�W -, 	7 hcp p�W�4xW℄�"LrfP\x℄�0�x℄�p_[=d,�b (H 4). {YyN, �4x\x℄�0�x℄�mhW℄�4�Gm�C, P\x℄�?a^, /TBB�Ti/�-[&6, ℄�/TW{-&6^Z[�℄�"L; O�, P�x℄�?a^, K�:f^W
?�{��L [26]. ���.K�p�W�<"I:Et,P�x℄�p�b~, V%Q��x℄�/T{3&6p, K�p�O��%:f^WKq/T�S}Nk℄�"Lfw�Æ3, �{8�. iyNf, �=74x<%W
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9 9 L� AZ31B ?3w/L� AZ61A ?3w [20] O+�|M 1% �M{��\�Æ�5VJ�	`
Fig.9 Microstructures of extruded AZ31B magnesium al-

loy (a) and extruded AZ61A magnesium alloy [20] (b)

after fatigue experiments under tension–compression

with the equivalent strain amplitude of 1%

9 10 L� AZ31B ?3wO+�|M 1% �M{��\�Æ�5V.S SEM l
Fig.10 SEM image showing the cracks in extruded AZ31B

magnesium alloy after fatigue experiments under

tension–compression with the equivalent strain am-

plitude of 1%NzR�G)�4xWn|℄�}N.^:�℄ SWT ℄�NzP"��z/Ta=N}W 7075–T651 74x [27]�"℄nz/T0B4z/Ta=N}W 16Mn[28] �"IM� AZ61A �4x [21] peUT,k�vW℄�"LC(p%. ÆUyN, �8�4xK�p�k℄�4�W0j, *}K�)1W0j%+, }���}�℄ SWT Nz, 
R�b$�vC(�4x℄�"LWb�n|℄��R.

4 ")
(1) YN6�k℄�"L7b~0j. PgCWZt,�}^, x
#YN6�W℄�"L�\; Q,�}�: 0.45% �, 
#YN6�^W℄�"L��, Q,�}\: 0.45% �, �� – �5YN6�^W℄�"L��.

(2) E:1r`FrW FS Nz0�℄ SWT Nz
 SWT NzR��+^C(M� AZ31B�4xW℄�"L.

(3) #3�CW6�}}YN, M��4xW,� -"LrfeCP�b, �IM��4xP\x℄�p0�x℄�pW℄�4�Gm�C.�%:<
[1] Kojima Y, Aizawa T, Kamado S. Mater Sci Forum, 2000;

350–351: 3

[2] Bettles C J, Gibson M A. JOM, 2005; 57: 46

[3] Yu H, Li W X, Li S R. Light Alloy Fabric Technol, 2001;

29(7): 6

[4] Wang Q D, Ding W J. World Nonferrous Met, 2004; 1(7):

8

[5] Kwon S, Song K, Shin K S, Kwun S I. Trans Nonferrous

Met Soc China, 2010; 20: 533

[6] Michael H, Martin L, Katrin B, Walter R. Mater sci Eng,

2010; A527: 5514

[7] Nascimento L, Yi S, Bohlen J, Fuskova L, Letzig D, Kainer

K U. Procedia Eng, 2010; 2: 743

[8] Begum S, Chen D L, Xu S, Luo A. Int J Fatigue, 2009;

31: 726

[9] Park S H, Hong S G, Lee B H, Bang W, Lee C S. Int J

Fatigue, 2010; 32: 1835

[10] Tokaji K, Kamakura M, Ishiizumi Y, Hsegawa N. Int J

Fatigue, 2004; 26: 1217

[11] Nan Z Y, Ishihara S, Goshima T, Nakanishi R. Scr Mater,

2004; 50: 429

[12] Begum S, Chen D L, Xu S, Luo A. Mater Sci Eng, 2009;

A517: 334

[13] Begum S, Chen D L, Xu S, Luo A. Int J Fatigue, 2009;

31: 726

[14] Srivatsan T S, Wei L, Chang C F. Eng Fract Mech, 1997;

56: 735

[15] Michael H, Martin L, Katrin B, Walter R. Mater sci Eng,

2010; A527: 5514

[16] Chamos A N, Pantelakis S G, Haidemenopoulos G N, Ka-

mousti E. Fatigue Fract Eng Mater Struct, 2008; 31: 812

[17] Matsuzuki M, Horibe S. Mater Sci Eng, 2009; A504: 169

[18] Hasegawa S, Tsuchida Y, Yano H, Matsui M. Int J Fa-

tigue, 2007; 29: 1839

[19] Park S H, Hong S, Lee B H, Lee C S. Int J Mod Phys,

2008; 22B: 5503

[20] Zhang J X, Yu Q, Jiang Y Y, Li Q Z. Int J Plast, 2011;

27: 768

[21] Yu Q, Zhang J X, Jiang Y Y, Li Q Z. Int J Fatigue, 2011;



�1452 u�%���� _ 48 �
33: 437

[22] Fatemi A, Socie D F. Fatigue Fract Eng Mater Struct,

2013-01 1988; 11: 149

[23] Smith R N, Warson P, Topper T H. J Mater, 1970; 5: 767

[24] Jiang Y, Sehitoglu H. Fatigue and Stress Analysis of

Rolling Contact, Report No.161, UILU–ENG 92–3602,

College of Engineering, University of Illinois at Urbana–

Champaign, 1992

[25] Xiong Y, Yu Q, Jiang Y Y. Mater sci Eng, 2012; A546:

119

[26] Bennett V P, McDowell D L. Int J Fatigue, 2003; 25: 27

[27] Zhao T W, Jiang Y Y. Int J Fatigue, 2008; 30: 834

[28] Gao Z L, Zhao T W, Wang X G, Jiang Y Y. J Pressure

Vessel Technol, 2009; 131: 021403

(UPJN: KRM)


