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Abstract

This paper examines the board-level solder joint reliability 
of PBGA, FBGA and CSP packages under temperature 
cycling (TC) condition, both experimentally and numerically. 
11 legs of test vehicles including 2 legs of PBGA, 2 legs of 
FBGA, 2 legs of two-die CSP and 5 legs of single-die CSP, 
were assembled with different solder ball sizes, mold 
compound materials, test board thickness, and solder 
materials, i.e., eutectic Pb-Sn and Sn3Ag0.5Cu. Those 
assemblies were subject to TC condition using UTAC internal 
TC chamber and data collection system. Two TC conditions 
were used, which are –40oC~125oC with 15mins ramp/dwell 
(TC1) and 0oC~100oC with 10mins ramp/dwell (TC2). For the 
numerical study, Darveaux’s approach, which uses Anand’s 
visco-plasticity constitutive model plus fracture mechanics 
based fatigue model, was used for legs with eutectic 
62Sn36Pb2Ag solders; while for Pb-free legs, various publicly 
available Pb-free constitutive and fatigue models were applied 
to evaluate their prediction capability. 

1.  Introduction 
Solder joint reliability under cyclic temperature changes 

has always been a concern due to the loading exerted by CTE 
(coefficient of thermal expansion) mismatch between package 
and PCB. With the increasing complexity of package structure 
and variety of material combination, such TC concern should 
be addressed as early as possible in the new package 
development process.  

For the past several decades, eutectic Pb-Sn solder has 
been widely used. As long as the package is properly 
designed, satisfactory solder joint reliability can be achieved. 

In the design stage, it is desirable to use simulation tool to 
predict the solder joint reliability not only in a qualitative way, 
but also in a quantitative way [1]. A lot of efforts have been 
put into this prediction model. Based on extensive 
characterization of solder materials, board-level TC 
experiments and the failure mechanisms observed, various 
prediction models using finite element simulation were 
proposed and verified by experiments. Among them, 
Darveaux’s [2] visco-plasticity constitutive model plus his 
fracture mechanics based fatigue model is more popular than 
others due to its ease of implementation and is well known for 
its prediction accuracy. 

However, the transition from Pb-based solder to Pb-free 
solders, driven by environmental concerns, makes it difficult 
to give an accurate prediction as in the age of eutectic Pb-Sn 
solder. This is because Pb-free solders have different 
mechanical characteristics. In order to establish an accurate 
prediction model for Pb-free solder, many researchers have 
conducted material characterization on various Pb-free solders 

(with different compositions) and proposed the corresponding 
fatigue models [3, 5-7]. Some of those Pb-free constitutive 
models and fatigue models are available in the public domain. 
This paper will use PBGA, FBGA and CSP as the test vehicles 
to examine the various available Pb-free constitutive and 
fatigue models. For comparison purpose, eutectic legs were 
also included in the evaluation matrix and Darveaux’s 
constitutive and fatigue models are used for prediction. 

2. Experiment Matrix 
The experiment matrix is shown in Table 1. There are 

totally 11 legs, including 2 legs of PBGA (288Ball), 2 legs of 
FBGA (324Ball), 2 legs of dual-die CSP (90Ball) and 5 legs of 
single-die CSP (84Ball). Different package size, solder ball 
size, solder composition, mold compound material, test board 
thickness and TC conditions were studied.  Same sample size 
was used across different legs. All the test samples were 
subject to TC conditions with PBGA and FBGA tested under 
TC2 and CSP tested under TC1. A typical board-level 
assembly using CSP is shown in Figure 1. The PCB 
assemblies were slotted into 3-zone TC chamber as shown in 
Figure 2 for in-situ monitoring. Once there is failure based on 
the failure criterion (300 ohms) pre-defined, the data 
collection computer can automatically log it down for 
subsequent data analysis 
 

Table 1: Experiment matrix for board-level test 
 

  

Leg 1 PBGA 35x35 6.20x6.20 Eutectic
0.76mm

Leg 2 FBGA 15x15 8.40x8.40 Eutectic
0.40mm

Leg 3 PBGA 35x35 6.20x6.20 Pb-free
0.76mm

Leg 4 FBGA 15x15 8.40x8.40 Pb-free
0.40mm

Leg 5 Eutectic
0.45mm

Leg 6 Pb-free
0.45mm

Leg 7 9.5x 9.3 Eutectic
0.40mm 1.1

Leg 8 9.5x 9.3 Pb-free
0.40mm 1.1

Leg 9 9.5x 9.3 Eutectic
0.45mm 1.1

Leg 10 9.5x 9.3 Pb-free
0.45mm 1.1

Leg 11 9.5x 9.3 Pb-free
0.45mm 1.1

 5 x 9.7

2.35

Test Condition

 0C to +100C
10 mins - ramp
10 mins - dwell

PCB
(mm)

Size 
(mm) Solder/ diaDie Size

(mm)PackageLeg #

8x13wCSP
(2 die) 1.1

 -40C to +125C
15mins-ramp
15mins-dwell

 -40C to +125C
15mins-ramp
15mins-dwell

wCSP
(1 die) 12.5x10



                                                                                                122                2006 Electronics Packaging Technology Conference 

 

 
 

Figure 1: Test board with CSP packages 
 

 
 

Figure 2: UTAC in-house TC chamber with in-situ monitoring 
system 

 

3. Experimental Results and Discussion 
Up to 2500 cycles, all the CSP legs reached full failure. 

For PBGA and FBGA, full failure was reached until 8000 
cycles. The failure data was collected and analyzed. The 
characteristic lives for all the 11 legs were calculated using 
Weibull++ 7 and are shown in Table 2. 
 

Table 2: Weibull parameters and experimental results 
 

From the results listed in Table 2, we can see that lead-free 
solder obviously outperforms eutectic solder in all the legs 
tested. From the testing results for PBGA and FBGA, we can 

see that when the testing condition is less severe, lead-free 
performs significantly (2X) better than eutectic. For the cases 
where testing conditions are severe, e.g. those CSP legs, 
although lead-free still outperforms eutectic, such 
outperformance is not so significant.  

Effect of other factors such as solder ball size can been 
seen from leg 10 and leg8, which shows larger solder ball size 
gives better reliability. Although some contradictory trend is 
found between leg 7 and leg9, failure analysis shows that the 
difference in solder ball size is blurred by the large amount of 
voids existing in solder joints of leg 7. A typical void in solder 
joint of leg 7 is shown in Figure 3. With the presence of void, 
the solder joint size of leg 7 can be identical with or even 
larger than that of leg 9. Moreover, the voids mainly lie on the 
crack propagation path, thus helping to reduce the fatigue 
crack growth (because stress intensity factor for sharp crack is 
infinity while the stress intensity factor for void (if taken as 
circular shape) is around 2, so with the presence of void, it 
may reduce the speed of crack propagation). Some clue can 
also been seen from the Weibull parameter of leg 7 and 9 
listed in Table 2. When solder joint initiated and propagated in 
leg 7, the void temporarily stopped the propagation. Energy 
has to be accumulated again to initiate new crack in the rest of 
the solder. After new crack was initiated, there is lesser solder 
to crack through. This is probably why the Weibull slope for 
leg 7 (β=17.4) is much steeper than that of leg 9 (β=9.8).  

The effect of mold compound material on solder joint 
reliability was also studied. As can be seen from leg 10 and 
leg 11, leg 10 with CTE of 13ppm/k has better CTE matching 
with PCB and thus results in better solder joint reliability than 
leg 11, whose mold compound has a CTE of 9ppm/k. 
Although the difference shown in the experimental results is 
small, subsequent simulation results show that 31% 
improvement in solder joint fatigue life can be achieved by 
using the mold compound with CTE of 13ppm/k 
 

 
 

Figure 3: Large void in solder joint of leg 7 

4. Failure Analysis 
Failure analysis on failed samples shows that all failures 

are due to solder joint crack under TC test. The cracks were 
found to be all near the interface between solder mask defined 
(SMD) pad of the package and solder joint. Figure 4 shows the 
SEM picture of the solder joint crack. 
 

Leg 1 PBGA 35x35 Eutectic 14.0 2803 3478
Leg 2 FBGA 15x15 Eutectic 13.5 1052 1438
Leg 3 PBGA 35x35 Pb-free 16.9 6457 7781
Leg 4 FBGA 15x15 Pb-free 13.8 3011 3806
Leg 5 Eutectic 5.7 896 1697
Leg 6 Pb-free 16.1 1938 2417
Leg 7 Eutectic 17.4 1696 1994
Leg 8 Pb-free 6.8 1353 2288
Leg 9 Eutectic 9.8 1198 1974
Leg 10 Pb-free 3.6 519 2313
Leg 11 Pb-free 6.0 1198 2292

β
N

(63.2%)
Size 
(mm) Solder 1st 

Failure

12.5x10

PackageLeg #

8x13wCSP (2 die)

wCSP (1 die)
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Figure 4: SEM picture of typical solder joint crack at package 
side 

 
PBGA and FBGA 

The daisy chain design for current PBGA and FBGA test 
vehicles are shown in Figure 5 and 6. For FBGA, failure 
analysis found that net 8.4x8.4 registered most frequent 
failures, showing it is the most critical net under TC test. Note 
that net 8.4x8.4 is directly under the die edge. This means that 
die edge effect on solder joint fatigue is significant in this 
case. Similar observation is found in PBGA failed samples. 
The daisy chain connection, net 13 which is directly under the 
die edge, is most prone to fatigue failure. Subsequent 
simulation results for PBGA and FBGA show that critical 
solder joint is in agreement with experimental findings. 

 

 
Figure 5: Daisy chain connection for FBGA 

 

 
Figure 6: Daisy chain connection for PBGA 

 
 CSP 

The daisy chain connection for dual-die CSP test vehicle is 
shown in Figure 7. Failure analysis found that net 4-10, which 
registered 20 failures, is the most critical net. Further failure 
analysis shows that only ball number 10 contains solder joint 
crack. The other ball, ball number 4, of the critical net did not 
fail. That is to say, for current dual-die CSP, the critical solder 
joint is near the package’s bonding channel and under the die 
edge. 
 

 
Figure 7: Daisy chain connection for dual-die CSP 

  
However, for single-die CSP package, the critical location 

is different than that of dual-die CSP. Failure analysis shows 
that the critical location is at the package corner, circled by 
pink color, as shown in Figure 8. Most probably, the 
depopulated solder ball in that corner makes the stress 
distribution more severe around this corner. Again, for both 
single-die and dual-die CSP packages, subsequent simulation 
predicts similar critical locations as the experimental findings.  
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Figure 8: Daisy chain and critical location for single-die 

CSP 

5. Simulation- Constitutive and Fatigue Models 
(1) Eutectic Pb-Sn Solder 

For eutectic Pb-Sn solder joint modeling, Darveaux [2] 
modified Anand’s visco-plastic constitutive model and his 
fracture mechanics based fatigue life correlation model is 
used. Anand’s model can be directly implemented in ANSYS 
software and its nine constants, from C1 to C9, are shown in 
Table 3 [2]. 

 
Table 3: Anand’s constants for eutectic solder [2] 

C1 So 12.41 Initial value of deformation resistance 
C2 Q/k 9400 Activation energy 
C3 A 4e06 Pre-exponential factor 
C4 ξ 1.5 Multiplier stress 
C5 m 0.303 Strain rate sensitivity of stress 
C6 ho 1379 Hardening constant 

C7 s^ 13.79 Coefficient for deformation resistance 
saturation value 

C8 n 0.07 Strain rate sensitivity of saturation 
(deformation resistance) value 

C9 a 1.3 Strain rate sensitivity of hardening 

 
Other material properties of the eutectic Pb-Sn solder are 

listed in Table 4. 
 
Table 4: Other material properties for eutectic older [4] 

E (MPa) 75790-152T (degree K) 
ν 0.35 
CTE (ppm/K) 24.5 

 
For the fatigue life prediction models, Darveaux’s fracture 

mechanics based model shown below is used for eutectic Pb-
Sn solder.  

Crack Initiation: 2
1

K
aveo WKN ∆=        (1) 

Crack Growth: 4
3

K
aveWK

dN
da ∆=         (2) 

Where K1 to K4 are the constants for above model and can 
be found in [2]. 

 
 
 

(2) Pb-free Solder 
For Pb-free solder joint, currently in the public domain 

there is no such a constitutive model and fatigue life 
correlation model that can predict the solder joint fatigue 
behavior as accurate as Darveaux model. So current 
simulation study will explore the Pb-free solder constitutive 
models and fatigue correlation models available in the public 
domain. Schubert et al. [5] proposed the use of hyperbolic sine 
function to describe the creep behavior of Pb-free solder 
Sn4Ag0.5Cu while Wiese et al. [6] described the steady-state 
creep behavior of Sn3.8Ag0.7Cu, Sn3.5Ag0.75Cu and 
Sn3.5Ag0.5Cu using a double power law constitutive 
equation. Table 5 shows the constitutive equations by 
Schubert et al. and Wiese et al. 

 
Table 5: Constitutive equations for Pb-free solders 

Solder  Constitutive equation 

Sn4Ag0.5Cu  
(Wiese et al. [6]) 
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Other material properties of the Pb-free solders are listed 

in Table 6 [5,6].  
 
Table 6: Elastic material properties of Pb-free solders 

E (MPa) 59533-66.667T (degree K) (Wiese et al.) 
61251-58.5T (degree K) (Schubert et al.) 

ν 0.36 
CTE (ppm/K) 20.0 

 
For Pb-free solders, Syed proposed both accumulated 

creep strain based and creep energy density based fatigue 
prediction models in his work [7].  

 
Table 7: Syed’s fatigue correlation model for Schuber’t 

hyperbolic sine constitutive equation [7] 
Acc. Creep Strain ( ) 10513.0 −= accmeanN ε  
Creep Energy Density ( ) 10019.0 −= accmean wN  
 
Table 8: Syed’s fatigue correlation model for Wiese’s 

double power constitutive equation [7] 
Acc. Creep Strain ( ) 10468.0 −= accmeanN ε  
Creep Energy Density ( ) 10015.0 −= accmean wN  
 
It should be noted that in Table 7 and 8, fN is the mean 

life. According to Syed, characteristic life can be 
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approximated based on below equation when β in the two-
parameter Weibull plot is equal to 10. 

meancha NN ×= 05.1              (3) 
 Schubert [5] also proposed his energy and strain based 

fatigue models in his work. His models are shown in Table 9. 
 
Table 9: Schubert’s fatigue correlation model for his 

hyperbolic sine constitutive equation 
Acc. Creep Strain ( )295.15.4 −= accchaN ε  
Creep Energy Density ( )02.1345 −= acccha wN  
 
For Pb-free solders both researchers’ energy and strain 

based fatigue models will be investigated. This is mainly to 
see which constitutive model plus fatigue correlation model 
can lead to the best prediction accuracy.  

6. Simulation- Results and Discussion 
(1) FE Models 

FE models were set-up using ANSYS finite element 
analysis software. Figure 9 shows the typical meshes for 
various packages in current context. 
 

 
PBGA quarter model 

 
FBGA quarter model 

 
Dual-die CSP quarter model 

 
Single-die CSP full model 

 
Figure 9: FE meshes for various packages 

 
(2) Results and Discussion for Eutectic Pb-Sn Legs 

The comparison between simulation prediction and 
experimental results is shown in Table 10. It is seen that 
simulated characteristic lives for leg 2, 5, 7 and 9 have good 
correlation with the experimental data. For those four legs, the 
maximum difference between simulation and experiment 
result is 44.4%, shown by leg 2. However, the prediction 
accuracy is quite poor for leg 1, which is PBGA package. 
Predicted life is almost 2.7X of actual life.  

 

%100
_

__ ×−=
actualCycle

actualCyclepredictionCycleError (4) 

 
Table 10: Simulation result for legs with eutectic solder 

 
Darveaux' (Anand) Leg # Darveaux' energy Actual Error 

1 9125 3478 162.4% 
2 2077 1438 44.4% 
5 2011 1697 18.5% 
7 1787 1994 -10.4% 
9 2128 1974 7.8% 

 
(3) Results and Discussion for Pb-free Legs 

Table 11 shows the prediction vs. actual life results for all 
the 6 Pb-free legs. Apparently Schubert’s hyperbolic sine 
constitutive equation plus his energy based fatigue prediction 
model gives the best overall prediction accuracy. Similar 
observation as eutectic legs, least accurate prediction is seen 
for PBGA leg. However, the overall absolute prediction error 
is still within 50%, showing good feasibility of Schubert’s 
hyperbolic sine constitutive model and his energy based 
fatigue model for lead-free solder reliability prediction. 

One of the objectives for lead-free solder modeling is to 
curve fit more accurate fatigue model. However, the results for 
current CSP legs are close to each other. So more data points 
between the PBGA and CSP results are needed for good curve 
fitting. Additional TC legs will be added and performed in the 
future for curve fitting of new fatigue life prediction model. 
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Table 11: Simulation result for legs with lead-free solder 
 

Table 11-1 
Wiese's (double power) Leg # Syed's energy Syed's strain Actual 

3 37232 25895 7781 
4 5434 4316 3806 
6 4789 4134 2417 
8 4444 3780 2288 

10 6460 5396 2313 
11 5002 4223 2292 

 
Table 11-2 

 Schubert's (hyperbolic sine)  
Leg # Syed's energy Syed's strain Actual 

3 16685 10927 7781 
4 3676 2860 3806 
6 3581 2948 2417 
8 3200 2577 2288 

10 4512 3502 2313 
11 3565 2841 2292 

 
Table 11-3 

 Schubert's (hyperbolic sine)   
Leg # Schbt's energy Schbt's strain Actual Error 

3 11151 15319 7781 43.3%
4 2383 2700 3806 -37.4%
6 2321 2809 2417 -4.0%
8 2069 2359 2288 -9.6%

10 2938 3510 2313 27.0%
11 2310 2676 2292 7.9% 

 

7. Conclusions 
Board-level TC experiments were done for UTAC PBGA, 

FBGA, single-die and dual-die CSP packages. Experimental 
results showed that Pb-free Sn3Ag0.5Cu solder apparently 
outperforms its eutectic Pb-Sn counterpart. It is found that 
larger solder ball size and mold compound with closer CTE to 
test board tend to give better TC performance.  

Numerical simulation results showed that Darveaux’s 
approach severely over predicts the TC performance for 
eutectic PBGA leg by about 160%. However, for the rest of 
the legs, this approach gives good prediction accuracy. For Pb-
free legs, it is found that Schubert’s hyperbolic sine 
constitutive model plus his creep strain energy based fatigue 
correlation model can give the best overall prediction 
accuracy. Absolute prediction error for all the legs performed 
is within 50%. The current experimental results especially for 
CSP legs, are too close to each other. This makes it difficult 
for curve fitting of own fatigue prediction model. Future work 
will perform more TC legs for curve fitting a more accurate 
fatigue prediction model. 
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