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[ Abstract] The effects of stress triaxiality on crack propagation behavior in the BGA soldered joint were analyzed using

FEM method. The computation results verified that stress triaxiality factor has an important effect on crack growth be

havior. Crack growth rate increased with increasing stress triaxiality at the neartip region, which is caused by increasing

crack lengths or decreasing solder joint heights. Solder joint deformation is subjected to constraint effect provided by its

surrounding rigid ceramic substrate, the constraint can be scaled by stress triaxiality near crack tip region. Therefore, it

can be concluded that crack growth rate increased when the constraint effect increases.
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1 INTRODUCTION

The reliability of solder joints is one of the criti-
cal issues in Surface Mount Technology ( SMT)
field! '~ 1.

conditions of electronic devices in automotive applica

The more severe service environmental

tion, and the development of advanced interconnec
tion technologies for area array packages demand
higher solder joint reliability, which have focused on
the investigation of solder joint failure!* 7).

A number of previous researchers have proposed
that solder joints failure was caused by creep and fa
tigue damages during thermal cycling, the main
mechanism is thermal stress and low cycle strain-con-
trolled fatigue'®*'.

tion was widely used to predict the fatigue life of sol-
[10~ 12]

Therefore, CoffirrM anson equa-
der joints In the equation, the accumulated
inelastic strain ( creep strain and plastic strain) was
assumed to be the mechanical factor that governed the
failure of solder joints. In fact, the deformation and
the fracture behavior of solder joints were different
from that of bulk solder alloys. The typical PBGA
solder joints were usually formed with SnPb eutectic
alloy as interlayer attached by Si chip and FR4 board.
From the viewpoint of mechanics, the solder joints
were equivalent to low strength match mechanical
heterogeneity. In other words, the plastic deforma
tions of BGA solder joints were constrained by its sur-
rounding stiffer material. In addition, under thermal
cycling loading conditions, solder joints were in a
state of complicated stresses that are composed of ten-
sion stress and shear stress. Therefore, it can be ex-

pected that the constraint effect will play an impor
tant part in high temperature deformation and rupture
behavior of soldered joints. But unfortunately, all of
previous research works neglect the effect of con-
straint on solder joint reliability.

In the present paper, the ADINA finite element
analysis program! ! was used to analyze stressstrain
fields near the crack tip region in the BGA solder
joints. The emphasis was put on the effect of the con-
straint on crack growth behavior of BGA solder
joints.

2 FEM MODEL DEVELOPMENT

The simulated BGA sample was used to analyze
the effect of constraint on the stressstrain field near
the crack tip in the BGA solder joints. In the realistic
PBGA packages, silicon chip was attached to PCB
board with SirPb eutectic solder balls. The most crit-
ical solder joints are the ones closest to the edge of sil-
icon chip because there is the most serious CTE ( coef-
ficient of thermal expansion) mismatch between sili-
con chip and PCB board''"'. In the simulated BGA
samples, alumina ceramic chip was used to simulate
the realistic BGA packages since there was larger
CTE mismatch between alumina ceramic substrate
and PCB board, which is accordant to realistic BGA
package.
Fig. 1. It has a alumina ceramic substrate connected
to an FR4 board with four SirPb eutectic solder joints
at each end. A molybdenum pad with 1. 0mm pad dr
ameter is used as the ceramic connection and the cop-

The specimen geometry was shown in
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per pad with 0. 8mm pad diameter is for the FR4
connection. The analysis used a 2-dimensional plane
strain model. The representative mesh is shown in
Fig. 2, which corresponds to the cross section of the
specimen in y-z plane. All parts of the model consist
of 4 node plane strain elements. Due to symmetry,
only half of the BGA sample was modeled. In this
model,
follows:

Wy =

the boundary conditions can be described as

0 y=20
0, y=2=20 (D

uy, u. are the displacement along y and z

u. =
w here
axises, respectively.

In this model, temperature-independent linear e-
lastic material models were assumed for A,O3 ceramic

Ceramics

chip and FR4 board. The corresponding material con-
stants were summarized in Table 1. The constants are

from Ref. [ 14].

Table 1 Material properties for
AL,03 ceramic chip and FR4 board !

M aterial £ U CTE

/ MPa (107 %/ C)
AL O3 ceramic 3.79x 10° 0.21 5.3
FR4 board 1.11x 10* 0.28 20

A viscoplastic constitutive model was assumed
for the 63Sn/37Pb solder to account for its time-de-
pendent inelastic behavior during thermal cycling.
T emperature-dependent elasticplastic material prop-
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Fig.1 Schematic of BGA simulated sample
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Fig.2 2-dimensional FEM model of BGA sample
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erties were listed in Table 2, they are obtained from

Ref. [ 15].

Table 2 Elastic plastic material properties
for 63Sn/ 37Pb solder alloy'"”!

T emperature/ C

M aterial property

- 55 125
Elastic modulus/ M Pa 17.958  12.738
Possion’ s ratio 0. 353 0. 383
CTE(10™ %/ C) 21.0 21.0
Yield stress/ MPa 48.23 8.05
Tangent modulus/ M Pa 897.9 636.9

The steady creep behavior was assumed to follow

Weertman’ s rule! !¢
. TN
E = & *® Once e kT (3)

= . . -1 .
where €is equivalent creep strain rate, s* ; O is
the effective stress, MPa; n, is the stress exponent,

n.= 0.159; AH is the activation energy, AH = 1.13

x 10" "(J/mol); T is the absolute temperature, K;
k is the Boltzmann’ s constant, k= 1.38x 10" 2(J/
K); & is material constant, &= 6.286x% 10" °.

In FEM analysis, The loading is 10s ramp and
30min hold time thermal cycling between — 55 C
and 125 C. The highest temperature 125 C is treat-
ed as the initially stressfree temperature.

Since highest stress concentrated at the interface
between ceramic substrate and solder alloy in the out-
side solder joints, the initial crack was defined at the
interface. Initially it was assumed that the crack was
0. 125 mm long, then grew up to 0.625mm. Finite
element analysis was carried out for six different crack
lengths. In order to prevent the embedment between
crack surfaces, the crack surfaces were defined as
contact surfaces. In order to vary the constraint pro-
vided by the rigid ceramic substrate, on one hand, six
different crack lengths were chosen, they were
0.125, 0.250, 0.333, 0.416, 0.500 and
0. 625 mm, respectively. On the other hand, two sol-
der joint heights were used, one was 0. 450 mm, the
other was 0. 375 mm.

3 RESULTS AND DISCUSSION

In the paper, hydrostatic stress was expressed as
Oy by
Oh= (01+ O+ G3)/3

where 0, 0,, 03 are the principal stress.

Stress triaxiality is expressed by 0,/ 0, where O
is the Mises effective stress.

The neartip stress field for an interface crack
between ceramic substrate and solder alloy was de-
scribed by fracture mechanics parameter, strain ener

gy release rate G. Fig. 3 shows the variation of strain
energy release rate range AG with crack length for
different solder joint heights. It could be seen that
AG increased with increasing crack length or decreas-
ing solder joint height. Fig. 4 shows the variation of
crack growth rate with crack length for different sol-
der joint heights. From Fig.4 it can be seen that
crack growth rate increased with increasing crack
lengths, or decreasing solder joint heights. It has the
same changing trend with AG.
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Fig. 3 Variation of strain energy release rate range
with crack length for different solder joint heights
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Fig. 4 Variation of crack growth rate with
crack length for different solder joint heights

Stress-strain field near crack tip region for an in-
terface crack between ceramic substrate and solder al-
loy determines crack propagation behavior in the sol-
der joints. As mentioned above, solder joint is of low
strength match mechanical heterogeneity, in which
higher hydrostatic stress produced. Fig.5 and Fig. 6
were the corresponding stress triaxiality and creep
strain distribution at the front of crack tip under dif-
ferent crack lengths, respectively. From Fig.5 and
Fig. 6 we can see that stress triaxiality and equivalent
creep strain increased with increasing crack length.
Distribution of stress triaxiality at the front of crack
tip reflects the changing trend of solder joint deforma-
tion constraint provided by its surrounding material.
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From the point of view of energy balance, stress tri-
axilality increased at the crack tip with crack length,
that indicated that elastic energy stored in cracking
body increases, crack propagation driving force in-
creases, 1. e. energy release rate increases. Corre
spondingly, crack growth rate increases with increas-
ing crack length, as shown in Fig.3 and Fig. 4. E-
quivalent creep strain increased with increasing crack
lengths, which indicated that energy dissipated in-
creases in the process of crack growth, crack growth
resistance increases. That also illustrated that crack
growth is in a phase of steady propagation, and most
of the elastic energy released in the process of crack
propagation is dissipated to form the plastic zone at
the crack tip.
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Fig. 5 Distribution of stress triaxiality at
front of crack tip for different crack lengths
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Fig. 6 Distribution of equivalent creep strain
at front of crack tip for different crack lengths

Fig. 7 and Fig. 8 give the stress triaxiality and e
quivalent creep strain distribution near the crack tip
under different solder joint heights. From Fig. 7 and
Fig. 8 it can be seen that the stress triaxiality in-
creased with decreasing solder joint height. That in-
dicated that the solder joint deformation constraint ef-
fect provided by its surrounding material increases
with reducing solder joint height. Similar to the
above results, strain energy release rate range AG
and crack growth rate increase with decreasing solder
joint height, as shown in Fig. 3 and Fig. 4.
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Fig. 7 Distribution of stress triaxiality at
front of crack tip for different solder joint heights
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Fig. 8 Distribution of equivalent creep strain at
front of crack tip for different solder joint heights

4 CONCLUSION

The solder joint deformation is subjected to con-
straint effect by the rigid ceramic substrate. The con-
straint can be scaled by stress triaxiality near crack tip
region. FEM calculation results show that the con-
straint effect increases with increasing crack lengths
or decreasing solder joint height. Crack growth rate
increases correspondingly with increasing the con-
straint, which results in lower fatigue life of solder
joint. Thus it seems that the constraint effect should
be reduced in order to improve the reliability of solder
joint.
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