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ABSTRACT Interfacial fatigue cracking behaviors along large–angle grain boundaries (GBs), twin
boundaries (TBs), phase boundaries (PBs) and joint interfaces in metallic materials were summarized.
It is found that the resistance to fatigue crack initiation decreases in the order of low–angle GBs,
persistent slip bands and the large–angle GBs in pure Cu. For annealing TBs, fatigue cracking initiation
strongly depends on the stacking fault energy (SFE) in Cu alloys. With decreasing SFE, fatigue
cracking along TBs becomes easy. In Cu–Ag binary alloys, the misorientation across GBs or PBs
plays an important role in the fatigue cracking, and large misorientation often makes the final fatigue
cracking. For the Cu/solder joint interface, the interfacial fatigue cracking modes are affected by the
solders and aging time. In Sn–Ag/Cu solder joints, fatigue crack normally nucleates along the interface
between the Sn–Ag solder and the intermetallics compounds (IMCs); however, for Sn–Bi/Cu solder
joints, brittle interfacial fatigue cracking always occurs along the interface between Cu and the IMCs
due to the Bi segregation after aging for a long time.
KEY WORDS grain boundary, twin boundary, phase boundary, interconnect interface, fatigue

cracking
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Fig.1 Interfacial fatigue cracking morphology (SEM) of

[579]⊥[5913] Cu bicrystal with a large–angle GB

perpendicular to the loading direction (a) and fa-

tigue fractograph of [123]⊥[335] Cu bicrystal with a

large–angle GB perpendicular to the loading direc-

tion (b)[21−24] (GB—grain boundary)
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P�(( SEM T&/#$, G)+)&=7O)�- 
$(*, >I 2a '0.  $(*1':E/)>&)�
)B3, MQ4-N#I."Z:, >I 2b '0. (G)
+R[)>NX&/)G, 2 ,7U)+)"NÆ'(*
()& OÆ2@N" $12, %WN22:'(*"
 $(*. ,)G, 3<(E/)> Cu G)+), )>O
3)� $(*"9K)9, >NÆ'(*<J, (U.
=)> )� $(*;7E. LO>, =.=)>FR
,5*L>, '&/#" $(*)�,Q> : 2 -G
)+@:,  $(*W3HÆ:)>)�B7::) $
.(. )>FR>O9LO,Q [24].

 :;S,Q)G: 3,<-P.=)> Cu G)
+, Y*)>>5*LI09FRV3E/,  $(*S
3NÆ:)>)�, 733:NÆ'(*)�. ( Cu G
)+" 4112��), 9>'P@"41511'+
7U)+"NÆ'(*&OP. NÆ'(*6�Q�B8
*.+5=, >)+)\)B. (NÆ'(*W�B=�
�), #)',B5="TU9VO)3R3-. ( Cu

* 2 �4916�//�4927� P�
� Cu K
����XZRY[
��
��	
	VM [24−26]

Fig.2 SEM images of fatigue cracking along the GB

parallel to the stress axis in the �4916�//�4927�
Cu bicrystal deformed at strain amplitude

εpl=5×10−4, cycles N=2×105 cyc (a) and

εpl=2×10−3, N=2×105 cyc (b)
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-#NÆ'(*^a)> (PSB–GB) 15Q/N`"b
W [24,26,31]. 49, ( 3 -3=$#)W&/#cC $
(*:'(*)�, >I 4b, 5b ) 6b '0, ,> Polak
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Fig.3 Interaction of PSBs with low–angle GBs (a), fatigue cracking along PSBs (b), interaction of ladder–like

PSBs with low–angle GBs (c) and interaction of dislocation walls with low–angle GBs (d) in fatigued Cu

polycrystal with low–angle GBs (PSB—persistent slip band)

* 4 e
� Cu �	������
�
	Æ����
�
	
Fig.4 Fatigue cracking along large–angle GBs (a) and slip bands (b) in fatigued polycrystalline Cu

�S).(.
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7L9&/#?)>" $.($%, >I 4b ) 6c '
0. (=*9UZP+T2, > Cu–10Zn(?+G[) )
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5e). (*9UZP+]\T@, > Cu–32Zn(?+G[)
) Cu–16Al (6<G[) *9), ?)>" $.($%
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Fig.5 Fatigue cracking behaviors in Cu–Zn alloys

(a) large–angle GBs cracking in Cu–10Zn (b) slip bands cracking in Cu–32Zn

(c) slip bands cracking near TB in Cu–10Zn (TB—twin boundary)

(d) different degree of plastic deformation near TB in Cu–10Zn

(e) TB cracking in Cu–10Zn (f) TB cracking in Cu–32Zn

<37E&/#, 9>2! $.("1'.5 (I 5f )
6d).

!-0+ :\*9)*9UZP+3=>3?)
> $.(/!"]^, H# TEM 3 Cu–5Al ( Cu–
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0), C"`+<<Z)+7TbE&'(A\, BR.
+)+(?)>;Q�36. +,3=*9P+<`+<
#�Gf1-, 7:?)>>)+bTH?+#8(N.
"Fe, ,3?)>(CP $��))$,"3=" 
$.(/!Q�-fc"]^.

!-00$#)?)>3 $.(/!"]^, HÆ
5U-b?)>&,�A\. ?)>3=,.9K=)

>, 94iA",�: (1) 3=,K=)>, ?)>ME)
D8(=N."8FF; (2) 3=,.=)>"jDE,
�, V`?)>be`"DEKg. =>, V`?)>(
fcc )+$#)!QZ&+ZQ�", 85^3! {111}
& [37]. 6�, QZ&9 A, B, C , 3 -3=)9, (?)
>ME 3 -)9,$"]h33�" (I 7), 7,-3�
"Z^fN-?)>ME'(g"AB35Kg [36]. >
I 7 '0, ?)>& T 2 ,d_&+GG-)4ME"
4,'(&, +,?)>&ME6<)9G^"3�1,,
2 ,_&+O33�8(". (I 7 )4], )+'S�
?)>Q/'(>, e'-H'("25'(#;@E"
35'(g34, Og3`, H'("[E�:4-N.
>]^)+(?)>&;"36IR, Q7]^?)>Z
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(V`T Cu, Cu–Zn ) Cu–Al *9), (*9U
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Fig.6 Fatigue cracking behaviors in Cu–Al alloys

(a) large–angle GBs cracking in Cu–5Al (b) slip bands cracking in Cu–5Al

(c) slip bands cracking near TB in Cu–5Al (d) TB cracking in Cu–16Al

(e) dislocations could across TB in Cu–5Al (shown by arrow)

(f) dislocations piled–up at TB in Cu–16Al (shown by arrow)

* 7 �
��
\]��]^d�Æ�
�
if���i
Fig.7 The arrange sequence of {111} plane near TB and

the relationship of slip systems between twin and

matrix

ZP+"T@, `+<4/hC [38], 7`+<".K]
^)+"H'(. >I 8a '0, ()+'(��), H
)+��Gb2E,'("3H)+, 2 ,3H)+bT
8(=@N"e*, >8%bT"i[ R1 2WJ, j!
M/R1, 4) M !Jk�[. =>( 2 ,3H)+TQ

�@`+, 74`+;( 2 )+TQ�J)*, *".K
>`+< γ <B. =)+;,EkWT>, M*<B, 8
(>TKg [36]:

M

R1
= γ (1)

3(`+<hC, 3H)+TiT@. =3H)+(
?)>;'#�H'(>, 8%fjl�2H)+Q/H
'(. >I 8b '0, (9`+<$#), 3H)+TiN
K, E,*B, 47<37ES�?)>&, 7(C`+<
$#), 3H)+TiN., [-*B, 477E(?)>
Q�367)� $(*.

g ':, (V`T Cu, Cu–Zn ) Cu–Al *9),
(*1':.=)>)�, (951bTO7E&/#'
(*(*. ?)>+!@-AB")>, 4 $.(/!
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#), (=`+<hC, ?)>3)+"AA<*4/T
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Fig.8 Illustrations of dissociation of a perfect dislocation

into Shockley partials (a) and the interaction be-

tween partial dislocations and TB in high and low

stacking fault energy (SFE) materials (b)

6, 4 $.(O1Z<37E.
3 Cu–Ag/+YZIhJ%K&'()

Cu–28Ag(?+G[) !5UkD)*9, amnZ
"\)&&78>I 9 '0. +, Cu, Ag T<?"bb
:o49l, 4478)F5"M<!? Cu (? Ag <.
*9"&&781'68n Cu "i)(D)78, (I
9a) b)GG+bc)ccNXf0. +, AgP+JN
9, D)78OU2dW, JH6d-i). # SEM Q@

U&/#$: (D)78NXBYgo;P,, 7(i)

 G^9.+go;, >I 9c ) d '0. Rgo;Ze
j�hj, 0+ [39−41] hVgo;>F+T8( cube–
on–cube8FKg. (I 9) 2,i)T8(@N"W:
F, +,D)78G^,i)T, B3<p#Gf")>.

a-&&78, Vm'378T"KgQ/0+, 4
4, <#+<ie.n. (EBSD) ^R3 Cu–Ag *9
"8FQ/-GP, >I 10 '0. I 10a !5�+<o,
I 10b !<5NX"&&8FI, 4)pp-).=>&
(≥15◦). kA&/#$, D)78>ÆD)fq"i)T
"8F@:El8FFoK, ,4<>kD)78"21
159K, 3D)78qZ(i) 21BD. [41]. V
9@-IR, qZ(@,i) "D)78>;@,i)
T">&6�!.=>&. 44!f*.j, NDML>
&, 3 I L>&) II L>&, GG-).=<>)K=
(E=8F) <>. =>V#$, (D)789C8(Kq
NX, 48F3=,Pg78.

Y<$#9C8(.+")>, >b<J, Cu–Ag*
9"&&78JN�;, 49C8(.+"<>&, 5E
#1'0+(" *!+#T4 $1215. > ':,
(Y< fcc 97), '(*).=)>31'" $.(
)9 [21−32]. (G<3aa9kD)gr*9)G<m*
9), <>.(6�+M<"513<71Æ2 [42−45].
7( Cu–Ag M<*9), h�8(.+"<>&, %;
S#$, .CG<>&("r@NP�" @*(h<k
lJ`, f0,e`"s $1<, 7e9@CG<>&
)'(*,$ $(*. !-00Q�,-3="/n(

* 9 Cu–28Ag 
��s���t� SEM [�opVM
Fig.9 Microstructures of etched Cu–28Ag alloy taken by optical microscope (a) and SEM (b—d)
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 $1215, m'm Cu–Ag *9"&&78)<5"
 $12,Q9&>ug'&Q/GP.

I 9c ) d f0-i) G^.+"n Ag go;,
%3( $@*>h<IJr>&/#'(*,$, =>
O&/#-:'(*.(, >I 11 )pcvi'0. ,
34!go;)F+i)T?9 cube–on–cube 8FK
g [39−41], <4D&'(g<Fi=':, 4)'(*(
*4-H# Essmann B [9] *,")&\n-KM&b

W.=>V&/#.+"'(*O\S�i))D)78,
R:'(* $(*O<O\S�Ml, >I 11 )oc
vi'0. (I 10b "8FI4-p,, ,>D)78)
i)T">&5U! II L>&, wj# Cu <) Ag <
W! fcc ,�, <=")+,�)D&'(g<'(*O
\S�Ml>&<37E.

a:'(* $.(9, ;S)V&/#@B<> 
$.($%, >I 12 '0. I 12a )((*MEG^=

* 10 Cu–28Ag 
��jkplkÆ�lscÆ�tmu�xq�r
�����
Fig.10 Electron backscattered diffraction image (a) and Kikuchi band contrast and high–angle boundary map of

the same area (b) of Cu–28Ag alloy
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Fig.11 Fatigue cracking along the SBs under εpl=5×10−4, N=104 cyc (a) and εpl=7.5×10−4, N=5×103 cyc (b),

the SBs can pass continuously throuth the type II interface, as indicated by white arrows

* 12 �������	
	

Fig.12 Fatigue cracking along the interphase interfaces under εpl=5×10−4, N=104 cyc (a) and εpl=5×10−4, loading

to failure (b), the SBs can pass continuously throuth the type II interface, as indicated by white arrows
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Wang B [24,26] 33=8FF)> Cu G)+ $.(
"GP, Cu–Ag *9)<> $.(O4-H#LO"
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Fig.13 Fatigue crack initiations and fracture morphologies of the Sn–4Ag/Cu interfaces

(a) cross section image of the as–soldered sample, cyclis stress amplitude σa=35 MPa, N=1×104 cyc

(b) cross section image of the sample aged at 180 x for 16 d, σa=30 MPa, N=1×104 cyc

(c) fatigue fracture surface (d) microstructure of crack propagation region
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Fig.14 Fatigue crack initiations and fracture morphologies of Sn–58Bi/Cu interfaces

(a) cross section of the as–soldered sample, σa=55 MPa, N=3000 cyc

(b) cross section of the sample aged at 120 x for 5 d, σa=45 MPa, N=3000 cyc

(c) macroscopic fatigue fracture surface

(d) microstructure of crack propagation region of sample aged for at 120 x for 5 d

(e) side surface of sample aged at 120 x for 8 d (IMCs—intermetallics compounds)

(f) fracture surface of sample aged at 120 x for 8 d
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Fig.15 SEM images of fatigue damage behavior of Sn–3.8Ag–0.7Cu/Cu single crystal interfaces

under a plastic strain amplitude of 10−3

(a) as–reflowed sample, deformed by 3000 cyc

(b) as–reflowed sample, deformed by 4000 cyc

(c) aged sample at 170 x for 7 d, deformed by 2000 cyc

(d) aged sample at 170 x for 7 d, deformed by 3000 cyc
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