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ABSTRACT Mechanical behaviors of miniature solder joint interconnections with different scale
matches, diameter (d) in the range of 200—575 µm and length (l) of 75—525 µm, were investigated
by using quasi–static micro–tensile testing. The results show that the joint geometry scaling factor
(d/l) plays an important role in influencing the mechanical constraint level and tensile strength of the
solder joints. However, with increasing d/l, the tensile strength of the joints does not always increase
and not always exhibit a similar trend to that predicted by Orowan approximation equation, but there
is an inverse size effect on the solder joint strength. For both lead–free and lead–containing solders,
the correlation between the tensile strength and volume of the solder joints largely follows inverse
proportion function equation, i.e., σF−Joint = 1

Ad2l
+ B, where tensile strength of the solder joints

increases obviously with the decrease of the solder joint volume and there is a so–called�solder joint
volume effect�, that is, the smaller the solder joint volume, the higher the solder joint strength.
KEY WORDS electronic packaging, miniature solder joint interconnection, size effect, tensile
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?W;F�, #
�glkgfRum;dkz�`
Um�NooiLn��7uWIFuF! [1−3]. .Zy���IuR(�R��L�lW;AIYÆ'Æ)bq=m;F�Rumt?Wu�8#4n,n (bulk solder ma-

terial) ��U&-; Yt/4RuFX�k
JWmt
* mu�,wM-�i	�`� NCET–04–0824~hG,P- : 2008–04–25, ~hv$,P- : 2008–11–14�W�$ : #^�, �, 1976 �h, $th

?Wu�m�k|?FXg). ,nrFXg)F!F�UK, �0�6�1&b. 1�6XeJ, ,nu�{
FA4�[;�WFX/
 (�a; <) 2 .!� [4]. 1�6 [5] ��, /4UKFXg), ey�;2�rgfRum#vd4 10−12 m3(\l\e4
3W;�C?
110 µm mRu) l, *K#4nqFm\)
<)+4;gfRul�&IIF. Sn–Ag–Cu#4nW;Rum���\m�℄mkhX
~u��U&- [6]. n1�h�6 [7−11] S4RÆ'Æ)K�r4n#v\dWlgl
;�o�	�6k Sn–Pb W Sn–Ag–Cu 4n8
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Cu, Ni o&-s
,nm#	Æ)z0glm�hFXg). Q4, Sn–Ag–Cu 4n['U�m���, FXg)��"F, &-}
jim)
e
�&\- [12]. ���8H?�<�H6ky���(�m�N, �H64n (\V$^M0 Sn–Pb 4nm{uH6 Sn–Ag–Cu N4n) z0;gfRu
~t?m�6�CUC+;. .0x�8K�M64nWH64ngfRumn�t?W/tu�(t���6l, �.+m}
FX8ZmRu\6�\, ���J�[0Zm>O. S�1m�6D,�.+mÆ�Rum�d
3? 300 µm �2 (Ru;�A? 440 µm)[13], 
�8m�mRuFXA? 200 µm,gjK 100 µm �R. ��6.+;gfÆ�Ru}
,� Sn–Ag–Cu H64nW Sn–Pb 9,4nRu
3�k (�dj 200 µm) zRu;��k (�dj 75 µm) lm
~t?Wu���(tk�6, �.?4nzM�
��zRu
�Wu�*�o 6/E.

1 H[�BaH[.,
1.1 I\�C�m�r<,n?: Sn ` (O� 99.5%)�Pb `
(99.5%)�Ag G` (99.95%) WH� Cu Æ (99.95%).

Sn–37Pb(oi�
, %, R-) W Sn–3.0Ag–0.5Cu 4nmn�K 150 W�P��Sgvr(t.4nSgK�r.+ LiCl W KCl SR9,�!'�d��g4n�k.SgB�LnK 400 ��2, vS-g 3 Rb��=4n(. + Netzsch STA409 
[L�J�3j Sn–37Pb4nmSkB�? 184—188 �, Sn–3.0Ag–0.5Cu 4nmSkB�? 218—221 �.

1.2 Q5)K℄e��m�.+9+m�/%[/4n//%[�[�p <;gfÆ�Ru}
 [14]. .+mH�/%[
3� ? 225, 300, 425, 500 W 600 µm. 4R8, +P^i� 2 1_R/Æm�	�)b, +H��Nz!+T��/Æ�	W_R4n;G` (?) =L(4, .+5{?
1.5 kW m�L
W�{
�m℄;F��V�o:0mx
�>KÆ�IuR(�Rn�Æ�Ru. .+�℄8-�? Sn–37Pb 4nm4�, 
.+%� 5% ZnCl2 m�℄8-�?H64n Sn–3.0Ag–0.5Cu 4Rlm4�.4RB�LnK+44nSkB� 20—30 �m�<, _4nSk&� 2/Æ
Ob�B 10—20 sb�Wj{B.�RSmÆ�Ru
'-P�)��Dbm�s
3� ? 200, 275, 400, 475 W 575 µm, Ru;�? 75, 125,

150, 175, 225, 325, 425 W 525 µm. 3 1 �s?Ru
3W;�� ? 200 W 225 µm mÆ�Rum℄
y1
(SEM) V&.x

�mx, m�Ru88|>�>q (|Rur
)Aa\), 
�6r?��1�9.+CEFXmRu [13]; s4, /4y���N0rl&8s
�;

O 1 �.$Z/3m/.$Z��;
�Qtl SEM U%
Fig.1 SEM image of Cu line/solder/Cu line structured sol-

der joint (diameter: 200 µm, length: 225 µm)2�8&�yw
,n
mL"TN
&-, el0B��kl�L=N0 <mLj!, 0rRu��A��;)
, 
e;2� <
�&[Yz�!&el�99A�T)
�+. ��6r{
EyÆ�RuA�T)
�+m>O. .+_�Æ�Ru}
1VR-u: (1) Æ�Ru�Qk 2 .'�
k[I (IMC) #	4, ���*ZmRu; (2) 
'�4n�8"n; (3) I�*K%�/Æ
3W/Æ
m4R
OFX (|Ru;�), nRuFX�*Zm;gfmFX; (4) KTem�l, �4�Ru}
(t�H.

2 H[;39/T;Tem�K+-�m|�
~�J� DMA(Q800,

TA–Instruments) _(t, �2mHT3i-�?
0.0001 N, m�B�? 35 �, �HÆq?HTLn, �{? 1 N/min. 3 2 ? Sn–3.0Ag–0.5Cu W Sn–37Pb 4nn�m&-FX$!Rum)CTe:�m� J.

2.1 VMd<�M +5)'>GF+3 3a �s?
3�C? 200 µm, Ru;��kl
Sn–37Pb 4nRu}
mTe)
	)�C[, 3 3b ?
Sn–3.0Ag–0.5Cu W Sn–37Pb 4nRu}
mTe�q:��Ru+��km J. 3 3b rn0JkeRu
3? 200 µm l, 
 Orowan *�8q��jimRuTe�q:�, 0r Sn–37Pb W Sn–3.0Ag–0.5Cu 4nmTe�q:�� ? 35.4 W 45 MPa[15,16]. Orowan *�8q [5,17,18] VR��:

σF−Joint = σUTS−Solder ×

(

1 +
d

6l

)

(1)qr, σF−Joint ?�2m�q:�, σUTS−Solder ?#4nmwYTe:�, d?Ru
3, l?Ru;�./q (1)I^, eRu~YF�!� d/l P\l, Ru:� σF−JointP�.S3 2 W3 3 I�DJ, �4�1mRu, e
3�C&�
z�ÆdRu;�l, Ru�q:��U +,
�q)�N&�Æd, Y��kGz8 Orowan *�8qm:3 J�l. Ru;�Ædgl0:km{
<!
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Fig.2 Distributions of the average tensile strengths of Sn–

3.0Ag–0.5Cu (a) and Sn–37Pb (b) solder joints with

different sizes
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Fig.3 Stress–strain curves of Sn–37Pb solder joints (a) and

tensile strength vs solder length (b) for 200 µm di-

ameter joints

x�2;AX4n4�)
[y�m +, 4nE �q�jP�; Rum�s�q)���`�d, ���2mTuP�k. 3 2 W3 3 rm��jimRuTe:�C�\��q+J#4nm:�, UK, �8m�6rRumm�Te:���Up=k. !Q, K;gfRuF�&��dm>OR, VJ�[YLnRu�m4�IX
(�Q#	 IMC 4`�), NI�℄Rum:�>+4�+4nm:�.

2.2 VM +�Md<5)'>GF+3 4a �s? Sn–37Pb 4nRu;�_{?
225 µm, 

3�kl}
mTe)
 – )�C[, 3
4b �s? Sn–3.0Ag–0.5Cu W Sn–37Pb 4nRu}
mTe:��Ru
3�km J�z/ Orowan *�8q:3m J./3 283 4I�, �CRu;�&�
Æd0
3l, RumTe�q:�z� +, �q)�&�P\, Y� ~8 Orowan *�8q:3m�v\Æ. S Orowan*�8qm
~ÆoWIY��D, �xs4,n
~m:�Y~; eRu;�&�

3Ædl, Rurp:�4n��m:��)�p, 4n�:km���p, !
Rum\#:��p, �[ Orowan *�8qm J.
x, ��6mm�
<��, eRu;�_{

3Ædl, 0�q:�U} +. 
!zY���m J, x
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Fig.4 Stress–strain curves of Sn–37Pb solder joints (a) and

tensile strength vs joint diameter (b) for joints with

225 µm solder length
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~_)�#	)
�#	 <WU;�ao�	(tfW�6.�S, ��1m�
' (�tG-Rum
'
? 5–

20 .) m�M(tB5W0��J�W, Ru}
FX$!&- (l _{
 d �kl) l�s�q�JWAm&-.�4 Sn–37Pb 4nRu, e~YF�!� d/l < 1.2 l,}
m�q)A\)�JWKRur); e d/l=1.2 l,�qK#	JWm&{A? 50%; 
e d/l > 1.2 l, �qN\)�A4#	Amr8#	A= 45◦ �� (e1oqEJWK��h1#	m>OR�i). 0� J��,�4 Sn–3.0Ag–0.5Cu 4nRu, e d/l >2.1—2.7 l,\)�Ru>W#	�q�[, <Ru
3Cd�qJWK#	mr#FX d/l C\, YI�8d
3�2rR�IXm
i\��b1A.0R, �Ru;�? 225 µm m}
(trg�Hm�, |�}
�Hj)KE ub_|kH; Kb, �rg�Hm}
8T�m}
K℄
y1 (JEOL, JSM–

5200) R(tB5�J,  JV3 5 �s. I�DJ, &-
3mRu>W6H&-m�qÆq. d
3 (200 µm)Rurg�H}
r, Ru4n)�
3�d, ��WNYqEUK, V3 5a �s; #Vo}
6HT�b, �q)AJWKRur
Am, �M4B>��, V3 5b �s. 
\
3 (575 µm) Ru}
rg�Hb, Ru4n)�
3��d, 
K#	KJWkqE, V3 5c �s;#Vom}
6H�qb, 0�s�qAmJWK4n8/%[#	r8#	A= 45◦ ��m4nr, 
<�qÆq�U&-4d
3Ru}
, V3 5d W e �s.Q4, &-
3Rum:�6 z�qÆq��n8Ru (4n) W/%[ (s,) KTeHT�+Rm
~_)&-1A. KTe�qmHo��, /4/%[84

nmduÆiW Poisson �&- (/mduÆi�\

Poisson ��d, 4nN\Æ), e/%[`K4du�q��l, Rur4n)��.�iE z�u�q, glRu�<1m`b (y))
���i�k, #K4n8�,m#	KJW#	)
 σr, V3 6 �s. #	)
m\dFA4Ru~YF�!� d/l, d/ldC\N#	)
C+ [19], 1�6 [17] eJ#	)
m�\dIY#4nTe:�m 1/2, | σrmax = σUTS

2 . Q4, /4Ru}
KTe�Hl�u�qhKRur
�Xm4n)�JW,#�qK�8℄IMm=~qTe}
*�, 0r�Xm4n)�*�?=~}
rm;dIM. 1< BridgmanY~ [20] �J, Ru�m)
[y�wdI�/Rq=�:

σm

σeff
=

1

3
+ ln(1 +

dmin

2R
) (2)0r, σm xRurm)C)
, σeff xRurmog)
, dmin xRur�	v�dKm
3, R xRu���qb4=
mÆ3 (�3 6b). eRu;� l �C&�

3 d Ædl, Ru�m)
[y��)�p, #	)
�)��`�p, |e d2 < d1 l, #	)
 σr2 < σr1,V3 6c �s.�Ks4n (H~x�M Pb) W/s,m4RK�
�, K1o��, SR4nrm Sn W?� Cu s,K#	_|�iÆ)i= Cu6Sn5, # IMC �b;\#;xq=fym'�
k[I4; /4 Cu mR\{℄N,�I�*K IMC 48SR4nrm Sn Æ)q=nm

IMC n04`P�; Y+B)tl
�;, K Cu6Sn5 4Ws, Cu `
nI�JW2Tm Cu3Sn 4 [7]. SY~_�, e�CRu;� l &�l, +C&-
3Rum4n#v (V = πd2l
4 ) 8h1 Cu s
	v (S = πd2

4 ) &

O 5 %,b2 Sn–37Pb 3mQtD�aqf�GV5GS�|	lp�
Fig.5 Morphologies of Sn–37Pb solder joints with length of 225µm and different diameters after yield and rupture

(a) longitudinal cross–section of the joint with 200µm diameter after yield

(b) morphology of the joint with 200 µm diameter after rupture

(c) longitudinal cross–section of the joint with 575 µm diameter after yield, circles showing the crack initiation

positions

(d) and (e) morphologies of the joints with 575 µm diameter after rupture
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Fig.6 Solder joint model, triaxial stress state and interface stresses in solder joints after deformation

(a) geometry of solder joint

(b) triaxial stress state in a plastically deformed solder joint

(c) interface stresses in plastically deformed solder joint-, 
x#v8	v (2S) m�dC? l/2, ?QI�O?&-
3m IMC 4`s��l.
_��, KRu;�\-l, /4d
3RumF�!� d/l d�d, 
~A���p, KTe�HK�rRu#	)
�d, 
Rur)A��)�p#�S8i�q, �b�vom;K;\;[tn%��qK�, !
�q�sJWKRur) (3 5b). �
3�\mRu,

d/l d�\l�2r�+mA��)gl#	)
�\,
 IMC 4`8d
3Ru�*, #<#	UKmR�IX (VJ}W�Fo) \�d
3Ru2�, !QKTe�HK�r, �dmHT|�glqE�SJWK4n8
IMC 4#	 (V3 7 �s), 
qE�aq=���RQ
j�q. m� J��, e d/l <K0r#FXl, �qAm\�JWK#	Am, Qls4,n
~r:�Y~m=�Ru:�m Orowan *�8q�&Iy+.

2.3 5)>GF+'�L8�"%X`S_	m� JI�DJ, s4Ru~YF�!�
d/l m Orowan *�8q&�
��1>ORmRuTe:�; .0xRu;�_{l
3P\r~YF�!�\-
Ru
3&-m>O, m� J8 Orowan *�8q:3 J&�. ��6K�\im>1&-FX$!RumTe�q:�
<(t�J��WH�b�W, RuTe:�8Ru#v`
>1V3 8 �sm�k�v.�3 8a �s Sn–3.0Ag–0.5Cu H64nRu:�mm�
<(t�[KY, qjmÆ�\O
�kAN?

σF−Joint =
1

8V
+ 59 (3a)q (3a) I*�j=

σF−Joint =
1

6d2l
+ 59 (3b)

O 7 �[b2 (575 µm)Sn–37Pb QtqpDIVJ3m/

IMC "�
Fig.7 Crack initiation and growth along the solder/IMC

interface of the joint with diameter of 575 µm

(a) SEM image of longitudinal cross–section

(b) SEM image of the fractured joint interface-
, �3 8b �s Sn–37Pb 4nRu:�mm�
<(t�[KY, ji0Æ�\O
�kAN?
σF−Joint =

1

14V
+ 54 (4a)q (4a) I*�j=

σF−Joint =
1

11d2l
+ 54 (4b)I�DJ, Ru#vCdN0Te�q:�C+. IEy d W l mwY�k>O�_hq�(�(EU. \
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Fig.8 Relationships of tensile strength and solder joint vol-

ume of Sn–3.0Ag–0.5Cu (a) and Sn–37Pb (b)V, e d _{
 l �*℄ddl (\e4 l → 0, |\.}
�?/Æ[), 0:�\�4#4n:�
�)�*4�℄\d�, Y8�Cm� J>1�lu, m�3{��,
3? 200 µm /[m:�<K 600 MPa, x4n:�
10 ��_; 
e l ℄\ (l → ∞) l, |\.}
/4n<=, σF−Joint �b�_{d (� Sn–3.0Ag–0.5Cu H64n#d? 59 MPa, 
� Sn–37Pb 4n#d? 54 MPa).Q4, e�C l _{, d Ædl (HxEywY>O, !? d ? 0 r�b4 0 l, 4R�2H�q=), �2:�
σF−Joint  +; 
e d → ∞ l (\e4 2 S)t�mm=\)
m4R), SY~��_D�2:�)#℄+, 
/4QwY>OR4RK���mW, #�
&>1IY��z4��d..+_�.�8q (3) W (4) I�{iq
�RuTe:�8Ru#v`
mAN.

3 ;D
(1) ;F�gf4nRu/4�ih1s,mA�,0Te�q:��U+4#4nz Orowan *�8q:3m:�, �8=�mRu:�Kp.

(2) RuF�!� (d/l) P\�gl�2r
~A�W)
[y� +, 
#&Æxn�2:k, pJW8
Orowan *�8q:3\Æm:�FXg).

(3) Ru
3�C&�
z�ÆdRu;�l, Ru

~YF�!� d/l P\, Ru�q:��U +, Y��kGz8 Orowan *�8qm:3�v��l, Rum�s�q)AJWKRur
Am, �M4B>��.

(4) Ru;�&�

3P\l, Ru~YF�!�
d/l  +, 
0Te:�Æ
�`�p, Ru:��kGz8 Orowan *�8qm:3�v\Æ; Ru�qÆq8Ru~YF�!�z4ntV1A, d/l d�\lRu�JW#	�q.

(5) H~�4H6 Sn–Ag–Cu 4nnx Sn–37Pb4n, Ru:�8Ru#v`
m�kAN�[Æ�\O
, |��Ru#vmÆd, RumTe:�P\, UsJ�CdC:�m�#v�FXg).�=SU
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