
iNEMI Pb-FREE ALLOY CHARACTERIZATION PROJECT REPORT:  
PART IV - EFFECT OF ISOTHERMAL PRECONDITIONING  

ON THERMAL FATIGUE LIFE 
 

Richard Coyle1, Richard Parker2, Gregory Henshall3, Michael Osterman4, Joe Smetana5 
Elizabeth Benedetto6, Donald Moore7, Graver Chang8, Joelle Arnold9, and Tae-Kyu Lee10 

 

1Alcatel-Lucent, Murray Hill, NJ, USA 
2Delphi, Kokomo, IN, USA,  

3Hewlett-Packard Co., Palo Alto, CA, USA 
4CALCE, College Park, MD, USA 
5Alcatel-Lucent, Plano, TX, USA 

6Hewlett-Packard Co., Houston, TX, USA 
7Henkel Corp., Irvine, CA, USA 

8IST Inc., HsinChu, Taiwan, ROC 
 9DFR Solutions, College Park, MD, USA 

10Cisco Systems, San Jose, CA, USA 
richard.coyle@alcatel-lucent.com; richard.d.parker@delphi.com 

 
 
ABSTRACT 
The Pb-Free Alloy Characterization Program sponsored by 
International Electronics Manufacturing Initiative (iNEMI) 
is conducting an extensive investigation using accelerated 
temperature cycling (ATC) to evaluate ball grid array 
(BGA) thermal fatigue performance of a significant number 
of commercial and experimental Sn based Pb-free solder 
alloys. The temperature cycling test matrix includes a subset 
of test cells designed to evaluate the influence of aging or 
isothermal preconditioning on temperature cycling 
performance. The aging tests consist of a comparison of two 
commercial Sn based Pb-free alloys, SAC305 and SAC105, 
with and without aging for 10 days at 125 °C. Results are 
presented for multiple temperature cycles in order to 
compare the relationship between cyclic temperature ranges 
(T) and temperature extremes on the thermal fatigue life 
and microstructural evolution. The test data and failure 
analyses are discussed in terms of the relationship to Ag 
content and to the initial as well as evolving microstructures 
during temperature cycling.  
 
Key words: Pb-free solder, thermal fatigue, aging, thermal 
preconditioning  
 
INTRODUCTION 
Solder joints age and degrade during service and eventually 
fail by the common wear out mechanism of solder fatigue 
[1]. For Sn-Ag-Cu (SAC) Pb-free solders, there are reports 
that the solder fatigue life, unlike that of Sn37Pb eutectic 
solder, degrades faster if the joints are subjected to 
isothermal preconditioning, often referred to as aging [2-4]. 
Thermal fatigue and creep performance is critically 
important for high reliability applications because it is a 
major source of failure for surface mount (SMT) 

components [5]. In Sn based Pb-free alloys, the processes of 
microstructural aging, creep, and thermal fatigue are known 
to be dependent on the alloy composition, particularly the 
Ag content.     
 
Some studies have identified aging factors that affect 
microstructure, creep, and fatigue of SAC alloys. Research 
has included limited work on commercial components [1, 6-
9] in addition to basic solder property studies [10-15]. These 
studies indicate that there is a relationship between the bulk 
SAC solder microstructure (not interfacial intermetallic 
structures that limit mechanical properties [16]) and thermal 
fatigue performance. In contrast, with Sn-37Pb eutectic 
surface mount solder joints, there is little evidence that the 
initial solder microstructure has a strong influence on the 
thermal fatigue resistance [17-18]. The difference between 
the Sn based Pb-free and Sn-37Pb alloys appears to be due 
to the difference in creep behavior of the alloys. For SAC 
alloys, studies indicate that the creep and fatigue behavior 
can be dependent strongly on microstructure. In the case of 
SAC alloys, higher Ag content results in higher Ag3Sn 
particle density and prolonged thermal fatigue life. This 
observation supports the hypothesis that the fatigue 
resistance in SAC alloys is controlled by the Ag content and 
Ag3Sn intermetallic particle density [6, 19-22].  
 
The microstructures of SAC alloys evolve continually by 
coarsening of Ag3Sn and Cu6Sn5 particles and 
recrystallization of Sn grains in areas of stress concentration 
during thermal aging or thermal cycling [23-26]. The 
combined effect appears to be one of reducing creep 
resistance and thermal fatigue resistance of the solder joint. 
In the cases where the initial solder microstructure is more 
resistant to microstructural evolution during thermal 
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exposure, the solder joint resistance to thermal fatigue is 
much less likely to change over time [23]. Some of the data 
also indicate that the effect of aging on the thermal cycle 
performance, as simulated by preconditioning at constant 
temperature, can vary by component package type [1].  
 
The Pb-Free Alloy Characterization Program sponsored by 
International Electronics Manufacturing Initiative (iNEMI) 
is conducting an extensive investigation using accelerated 
temperature cycling (ATC) to evaluate BGA thermal fatigue 
performance of a significant number of commercial and 
experimental Pb-free solder alloys [27]. The temperature 
cycling test matrix for the iNEMI program includes test 
cells designed to evaluate the influence of aging or 
isothermal preconditioning on temperature cycling 
performance. This paper presents some of the initial results 
of the study comparing thermal fatigue performance of 
SAC305 (Sn3.0Ag0.5Cu) and SAC105 (Sn1.0Ag0.5Cu) 
alloys with and without aging at 125 °C. Results are 
presented for multiple temperature cycles in order to 
compare the effects of cyclic temperature ranges (T) and 
temperature extremes on the thermal fatigue life and 
microstructural evolution. The test results and failure 
analyses are discussed in terms of the relationship to Ag 
content and to the initial as well as evolving microstructures 
during temperature cycling.  
 
EXPERIMENTAL 
Detailed descriptions of the iNEMI Pb-Free Alloy 
Characterization program goals, experimental plan, and test 
protocols are provided in previous publications [27-28]. The 
test program remains in progress and includes 12 
commercial or developmental Pb-free solder alloys, a 
eutectic Sn-Pb solder baseline, two different ball grid array 
(BGA) components, and 10 different temperature cycles for 
studying thermal fatigue behavior. The results for the 
experimental aging subset presented here include only 
SAC305 and SAC105 alloys, both of the BGA components, 
and only 4 of the temperature cycles.  
 
Test Vehicle  
Figure 1 shows the fully populated test vehicle. Each test 
board contains 16 of the larger 192CABGA and 16 of the 
smaller 84CTBGA BGA components. The BGA component 
and PCB test vehicle characteristics are shown in Table 1.  

 
Figure 1: A fully populated iNEMI Alloy Characterization 
test vehicle.  
 
Table 1:  Ball grid array (BGA) and printed circuit board 
(PCB) test vehicle attributes.  

 
Test Vehicle Assembly and Aging 
The test vehicles were assembled using Type 3 no-clean 
SAC305 paste. The peak temperature for the SAC305 
reflow profile was set at 245°C. Following assembly, all the 
cards were subjected to electrical test and x-ray inspection.  
 
Isothermal aging of the test boards was done in an ambient 
air environment at 125 °C for 10 days (240 hours).  
 
Accelerated Temperature Cycling 
The components and the test circuit boards were daisy 
chained to allow electrical continuity testing after surface 
mount assembly and in situ, continuous monitoring during 
thermal cycling. Thermal cycling was done in accordance 
with the IPC-9701A industry test guideline [29] and 
additional details are provided in another publication [28]. 
The solder joints were monitored using either an event 
detector or a data logger set at a resistance limit of 1000 
ohms, as described elsewhere [28]. The failure data are 
reported as characteristic life  (the number of cycles to 
achieve 63.2% failure) and slope  from a two-parameter 
Weibull analysis. The temperature cycling matrix reported 
in this paper is shown in Table 2; results for other profiles 
will be reported as data become available    
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Table 2: The various temperature cycling conditions used in 
the aging experimental test matrix.   

1 0
2 -40 10
3 -40 10
4 25 10

Cycle    
Number

Minimum 
Temp. 

Maximum    
Temp. (°C)

Temp.     
Range (°C)

Dwell Time 
(min.)

100 100
125 165
100 140
125 100

10

 
Microsturctural Characterization and Failure Analysis 
A baseline characterization was performed on representative 
board level assemblies from each test cell. These baselines 
were performed to document the microstructures before 
temperature cycling and to enable comparisons to samples 
removed from the temperature cycling chambers for failure 
analysis. Microstructural characterization and failure 
analysis was done using optical metallography (destructive 
cross-sectional analysis) and scanning electron microscopy 
(SEM). Once the initial phase identification and elemental 
analysis was completed using energy dispersive 
spectroscopy (EDS), the SEM operating in the backscattered 
electron imaging (BEI) mode was used to differentiate 
phases in the SAC microstructures. Backscattered electron 
imaging (BEI) has been shown to be particularly useful in 
previous studies for differentiating phases in the SAC 
microstructures [6, 8, 9, 19]. Optical metallography 
(destructive cross-sectional analysis) was the primary 
method used to verify the failure mode.  
 
RESULTS AND DISCUSSION 
Microsturctural Characterization 
Figures 2 and 3 show high magnification backscattered 
images (original magnification 1000X) comparing the 
baseline (prior to thermal cycling) BGA solder joint 
microstructures for the 192CABGA and the 84 CTBGA 
packages. These micrographs enable the microstructural 
comparisons between surface mount (SMT) assembly and 
subsequent isothermal preconditioning (aging) for each of 
the two package test vehicles and two solder ball alloys used 
in this study. Lower magnification optical images of 
assembled and aged samples are shown in Appendix A.    
 
Analysis at relatively high magnification is required to 
resolve the fine microstructural features of the SAC alloys. 
The 192CABGA microstructures shown in Figure 2 consist 
of primary Sn cells with Ag3Sn particles (lighter phase) that 
most likely result from binary eutectic decomposition at the 
cell boundaries. As expected, the SAC305 alloy with its 
higher Ag content contains more Ag3Sn particles and those 
particles often precipitate as wider networks along the Sn 
boundaries [6, 19]. The Ag3Sn precipitate density is much 
lower in SAC105 alloy and the Ag3Sn particles are arranged 
more linearly rather than in wider networks or bands. 
During isothermal aging, the Ag3Sn precipitates coarsen or 
ripen [1-4], which results in fewer but larger particles. The 
primary Sn grain size does not seem to be altered by the 
isothermal aging.  
 

The microstructures for the 84CTBGA package shown in 
Figure 3 differ significantly from those of the larger 
192CTBGA package. The Ag3Sn precipitate density again is 
higher in the SAC305 but the Sn cell size in the smaller 
diameter 84CTBGA balls of both alloys is noticeably 
smaller compared to the Sn cell size in the larger diameter 
192CABGA balls. The Sn cell boundaries in this case most 
likely are low angle sub-grain boundaries, are decorated by 
the Ag3Sn precipitates. Isothermal aging coarsens the Ag3Sn 
precipitates in both alloys and this does appear to produce 
significant growth in Sn cell size, although the boundaries 
are no longer well-defined due to coarsening.     
 
In addition to having fewer Ag3Sn particles, SAC105 differs 
from SAC305 in that it contains more Cu6Sn5 intermetallic 
precipitates (darker phase). The presence of Cu6Sn5 is not a 
critical factor  because Ag3Sn particles are considered to be 
the primary microstructural feature that influences  thermal 
fatigue resistance in SAC alloys [6, 19-22, 27, 30]. 
Compared to the Ag3Sn particles, the number of Cu6Sn5 
particles is low and they are distributed randomly.  
 
During thermal cycling, SAC microstructures experience 
additional aging due to the combined in situ influence of 
strain and temperature. In both of the packages and alloys 
studied here, isothermal aging has resulted in obvious 
Ag3Sn particle coarsening before thermal cycling began.   

 
Figure 2: Backscattered electron micrographs of baseline 
microstructures of SAC305 and SAC105 192CABGA 
solder joints. The Ag3Sn particle density is higher in the 
SAC305 solder joints and Ag3Sn particle coarsening is 
evident in both alloys due to isothermal aging.   
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Figure 3: Backscattered electron micrographs of baseline 
microstructures of SAC305 and SAC105 84CTBGA solder 
joints. The primary Sn cell size is much smaller in the 
84CTBGA compared to the 192CABGA shown in Figure 2. 
Ag3Sn particle coarsening due to isothermal aging is evident 
with both alloys.  
 
ATC Test Results Summary 
The thermal cycling results are summarized in Tables 3 
through 6 and shown graphically in the Weibull plots 
presented in Appendix B. The tables include the 
characteristic lifetimes and Weibull slopes (β) to facilitate 
comparisons of components and temperature cycles for the 
two alloys, with and without aging.  
 
Table 3:  Thermal cycling statistics for the 192CABGA 
assembled with SAC305 solder balls, with and without 
isothermal aging.   

 
 

Table 4:  Thermal cycling statistics for the 192CABGA 
assembled with SAC105 solder balls, with and without 
isothermal aging.   

 

Table 5:  Thermal cycling statistics for the 84CTBGA 
assembled with SAC305 solder balls, with and without 
isothermal aging.   

 
 
Table 6:  Thermal cycling statistics for the 84CTBGA 
assembled with SAC105 solder balls, with and without 
isothermal aging.   

 
 
For this type of thermal cycling evaluation, the IPC 9701 
test method guideline [29] mandates a sample size of 32, in 
order to minimize the impact that experimental deviations or 
outliers have on the Weibull statistics. This study uses an 
initial sample size of only 16 components per cell resulting 
from resource limitations imposed by the large number of 
alloys and cycles required in the experimental plan [28]. 
There are variations in slope (β) across the data sets in this 
study and these β variations should be taken into 
consideration when making characteristic lifetime 
comparisons between data sets.  
 
The most striking and pertinent trend in the current data is 
that the 10 day/125 °C isothermal aging generally does not 
result in a significant reduction in the thermal fatigue life in 
the majority of the test cells. This outcome could have been 
anticipated based on previous publications [1, 6]. Likewise, 
it is not startling to see that the influence of aging on 
thermal fatigue life can be dependent on temperature 
cycling parameters variables such T and temperature 
extremes [1, 31]. This is expected because the critical 
underlying factors that influence microstructural aging in 
SAC alloys are the solder joint strain generated during 
thermal cycling and the higher temperature extreme used in 
the cycle. It is well known that strain and temperature, in 
conjunction with the coefficient of thermal expansion (CTE) 
mismatch, drive thermal fatigue failures in solder joints.   
 
With respect to package type, the most obvious trend in 
these data is that the 84CTBGA outperforms the 
192CABGA by 30-40% as indicated by characteristic 
lifetime. However, unlike some previous findings [1, 31], 
there is not a strong link in the current study between aging, 
characteristic lifetime, and package type. In a few of the test 
cells in the current study, the 192CABGA is slightly more 
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sensitive to the effects of isothermal aging than the 
84CTBGA. Presumably this is because the package 
construction generates higher shear strains in the solder 
joints resulting in accelerated microstructural evolution 
(coarsening) and subsequent fatigue cracking. This view is 
consistent with results from other studies suggesting that 
strain-enhanced coarsening during temperature cycling 
dominates the microstructural evolution [6, 32] in 
components with longer inherent lifetime. In those 
situations the negative contribution of microstructural 
evolution due to pre-aging is relatively insignificant 
compared to the microstructural evolution due to strain-
enhanced, in situ evolution. However, it must be noted that 
significant microstructural differences are observed in the 
two packages (Figures 2 and 3) and this could be as equally 
important as the inherent strain of the two packages.  
 
Although aging generally did not degrade the fatigue life in 
most of the test cells, there are a few exceptions. In the 
0/100°C cycle, the 192CABGA with SAC105 loses about 
20% of its fatigue life with aging. The other two cycles 
where aging lowered the characteristic lifetime measurably 
were the -40/125 °C and the 25/125 °C. However, in those 
cases the aging affect was observed with both packages but 
only with the SAC305 alloy. The common factor in those 
two test cells is the 125 C upper temperature extreme.  
 
Aging is seen to affect the reliability more often in the test 
cells using the 125 C upper temperature extreme but even 
here the results are not dramatic or consistent. The data from 
Tables 3-6 show that -40/125 °C testing drives failures 
several times faster than any of the other cycles. Because 
failure occurs very rapidly during the -40/125 °C testing, the 
microstructural contribution from pre-aging may be 
significant. It is interesting that aging reduces the reliability 
of the 192CABGA by about 30% with the SAC305 alloy 
but has no effect on the SAC105. Aging reduces the 
reliability of the 84CTBGA by 15% with the SAC305 and 
produces no change with SAC105. Regardless of the 
isothermal aging, the SAC305 outperforms the SAC105 
with either the 192CABGA or the 84CTBGA. A similar 
deviation in the general aging trend is observed in the data 
for the 25/125 °C temperature cycle. With this cycle, the 
data show a reduction in characteristic lifetime with aging 
for both components but only with the SAC305. Again, the 
fatigue performance of the SAC305 measured by 
characteristic lifetime is equal to or better than the SAC105 
despite any reduction due to pre-aging.  
 
The most significant aging effects are found with the two 
most severe temperature cycles and with the SAC105 
192CABGA in the 0/100 °C temperature cycle. While the 
observations for the severe cycles can perhaps be reconciled 
with an argument based on rapid in situ aging, the 0/100 °C 
data for the SAC105 are anomalous and challenging to 
interpret in a manner self-consistent with typical 
phenomenological arguments based on Ag content and 
particle coarsening. However, it must be reiterated that there 
are variations in slope (β) across the data sets and these β 

variations should be taken into consideration when making 
characteristic lifetime comparisons between data sets.  
 
The SAC305 exhibits better overall fatigue resistance 
regardless of the aging phenomenon although in a few of the 
more severe test cells the statistical separation between the 
two alloys arguably is minimal. This result is not so 
surprising considering the recent results reported by Lee and 
Ma, in which they observed a minimal difference in 
performance between SAC305 and SAC105 using a high-
stress test vehicle configuration [31]. They concluded that 
Ag3Sn precipitate coarsening occurred so rapidly under their 
test conditions that the Ag content and particle density were 
no longer the primary factors controlling thermal fatigue 
life. The current -40/125 °C results are consistent with this 
hypothesis because Ag content is less of a factor in this 
severe temperature cycle characterized by a combination of 
the highest strain (T) and the highest upper temperature 
extreme. Although the current results may be explained with 
the Lee and Ma hypothesis, the reduction in fatigue life in 
the SAC305 components due to aging in the two 
temperature cycles using the 125 °C temperature extreme 
are worthy of further study. Special microstructural analysis 
may be required in order to explain these findings.  
 
It must be noted that all the temperature cycles reported in 
this study used 10 minute dwell times. Some studies have 
shown that testing with a longer dwell time further 
diminishes the effect of isothermal aging or eliminates it 
completely [1, 6, 8, 30]. The iNEMI Alloy Program 
includes testing with longer dwell times and those results 
will be published at a later date. 
 
FAILURE ANALYSIS 
Failure analysis was performed to document the solder joint 
thermal fatigue failures. The restricted sample size of 16 per 
test cell made it necessary to cycle each test board to 100% 
failure (N=100) to satisfy the statistical requirements of the 
acceleration factor Design of Experiment [28]. Each board 
is populated with both components (Figure 1) and the mean 
cycles to failure of the 84CTBGA is substantially longer 
than that of the 192CABGA. Therefore, the 192CABGA 
components were exposed to a large number of cycles 
beyond the final failure in that set, which results in 
significantly more damage accumulation throughout the 
solder ball array of the 192CABGA packages.  
 
The optical photomicrographs in Figures 4 and 5 show 
fatigue cracking resulting from thermal cycling of BGA 
solder joints assembled with SAC305 and SAC105, with 
and without thermal preconditioning (aging). Representative 
photomicrographs are shown comparing results from the 
least aggressive (0/100 °C) and most aggressive (-40/125 
°C) cycles. Additional failure analysis for the other 
temperature cycles will be presented in future publications.  
 
The Pb-free failures are characterized by failures at the 
package side of the solder joint with a variety of crack paths 
and fracture features such as crack branching, 
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recrystallization and cavitation. These fracture 
characteristics are seen routinely in SAC thermal fatigue 
failures and are consistent with those reported much earlier 
by workers such as Dunford [33]. The observed fatigue 
damage typically is greater in the 192 CABGA due to the 
extended cycling beyond the final failure for those 
packages. In both components, the most significant amount 
of damage was observed at the die shadow as expected for 
these types of packages. It is assumed that the initial failures 
occur at the package corners or at the die shadow but that 
can not be confirmed by metallographic analysis.  
 
Optical photomicrographs confirming thermal fatigue 
cracking in samples from the -40/125 °C cycle are shown in 
Figures 6 and 7. The extent of the fatigue damage observed 
in -40/125 °C typically is more severe than in 0/100 °C due 
to the more aggressive temperature cycling, particularly in 
the SAC105 samples. 
 

 
Figure 4: A series of photomicrographs comparing thermal 
damage fatigue in 192CABGA and 84CTBGA packages 
assembled with SAC305 solder balls and SAC305 solder 
paste, with and without isothermal aging. The temperature 
cycle was 0/100 °C.   

 
Figure 5:  A series of photomicrographs comparing thermal 
damage fatigue in 192CABGA and 84CTBGA packages 
assembled with SAC105 solder balls and SAC305 solder 
paste, with and without isothermal aging. The temperature 
cycle was 0/100 °C.     
 

 
Figure 6: A series of photomicrographs comparing thermal 
damage fatigue in 192CABGA and 84CTBGA packages 
assembled with SAC305 solder balls and SAC305 solder 
paste, with and without isothermal aging. The temperature 
cycle was -40/125 °C.   
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Figure 7: A series of photomicrographs comparing thermal 
damage fatigue in 192CABGA and 84CTBGA packages 
assembled with SAC105 solder balls and SAC305 solder 
paste, with and without isothermal aging. The temperature 
cycle was -40/125 °C.   
 
The backscattered electron micrographs in Figures 8 
through 12 illustrate the microstructural evolution process 
resulting from accelerated temperature cycling. These 
higher magnification images show the intermetallic particle 
coarsening and Sn recrystalization that precede fatigue 
failure in these Pb-free SAC alloys.  
 
Figure 8 shows images from SAC305 192CABGA 
components with and without 0/100 °C temperature cycling. 
Figure 9 shows comparable SAC305 192CABGA images 
for the -40/125 °C temperature cycling. These images 
demonstrate the dramatic Ag3Sn particle coarsening in the 
region that contains the fatigue cracking. The wider bands 
of Ag3Sn particles present originally along the Sn cell 
boundaries in the SMT assembled SAC305 sample (also see 
Figure 2) no longer exist due to particle coarsening during 
thermal cycling. With both temperature cycles, there are 
very few Ag3Sn particles present in the strain-localized 
region surrounding the fatigue crack. Despite the significant 
differences in their thermal cycles, the resultant 
microstructures in this region are very similar.  
 

 
Figure 8: Backscattered electron micrographs illustrating 
the microstructural evolution of the 192CABGA component 
with SAC305 solder balls with 0/100 °C thermal cycling.    

 
Figure 9: Backscattered electron micrographs illustrating 
the microstructural evolution of the 192CABGA component 
with SAC305 solder balls and with -40/125 °C thermal 
cycling.    
 
The images in Figure 10 and Figure 11 show examples of 
microstructures from the high strain regions surrounding 
fatigue cracks created during 0/100 °C temperature cycling. 
When viewed at even higher magnification in Figure 12, 
only a few large (coarse) Ag3Sn particles can be seen in the 
fatigued region. The strain-enhanced aging that occurs 
during temperature cycling is known to accelerate particle 
coarsening and promote fatigue crack propagation. Note the 
similarity in the microstructures of all four samples shown 
in Figures 10 and 11 regardless of component differences, 
Ag content and pre-aging of the microstructures. The 
characteristic lifetimes may be different for each 
combination of alloy and component but by the time the 
fatigue crack has begun to propagate to failure, the 
evolution and extent of the particle coarsening in the strain-
localized region is roughly equivalent for all conditions 
tested. Further, the inherent characteristic lifetimes for both 
components (with either alloy) are sufficiently high that the 
initial microstructural degradation imparted by isothermal 
pre-aging often has minimal influence on the number of 
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cycles to failure. All these observations are consistent with 
the hypothesis that SAC fatigue life generally is controlled 
by the Ag content and Ag3Sn particle density and that the 
effects of pre-aging on fatigue life are minimal for most 
components under most temperature cycling conditions. 
While there are a few exceptions to these observations 
within the data sets reported, most notably in the -40/125 °C 
data set, it also remains to be determined if those exceptions 
would translate into an impact on actual service life.   
 
With respect to microstructural characterization and failure 
analysis, there is one potentially important aspect of the 
deformation and fatigue failure of SAC alloys that is not 
addressed in this paper. The fatigue resistance of SAC 
solder joints depends on the interaction between the Ag3Sn 
intermetallic particles and the primary Sn cell or dendrite 
boundaries. There is evidence from the literature that the Sn 
grain morphology and orientations of the anisotropic Sn 
grains can influence the fatigue behavior [24, 34, 35]. Two 
specialized analytical methods can be applied to study the 
Sn orientation problem: polarized light microscopy (PLM) 
and orientation imaging microscopy (OIM) using electron 
backscattered diffraction (EBSD). These analytical methods 
were beyond the scope of the current study and may not 
yield useful results in this case given the sample damage 
caused by extended cycling.  However, even if the fatigue 
damage is so severe that it precludes effective 
microstructural analysis, there may be some value to 
characterizing the baseline microstructures using each of 
these methods.  

 
Figure 10: Backscattered electron micrographs illustrating 
the microstructural evolution in the 192CABGA component 
during 0/100 °C temperature cycling.  

 
Figure 11: Backscattered electron micrographs of the 
microstructural evolution in the 84CTBGA component 
during 0/100 °C temperature cycling.  
 

 
Figure 12: An example of accelerated intermetallic particle 
coarsening in the strain-localized region of a 0/100 °C 
SAC305, 192CABGA sample. The combination of strain 
and temperature in this region promotes recrystallization 
and fatigue crack propagation. In the absence of higher 
strain, coarsening is much slower as evidenced by the 
smaller particles and higher particle density in the region 
adjacent to (below) the crack.   

 
SUGGESTIONS FOR FUTURE WORK 
All the temperature cycling reported in the current study 
was done using 10 minute dwell times. This is a relatively 
short dwell time and it has been shown in other studies that 
testing with a longer dwell time further diminishes the effect 
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of isothermal aging or preconditioning in SAC alloys. The 
test matrix for this iNEMI Pb-Free Alloy Characterization 
Program includes temperature cycles with longer dwell 
times and tests with longer dwell times are in progress. The 
results from those tests will be compared to the current 
results to further assess the effect of dwell time on 
characteristic lifetime (fatigue life) measured in temperature 
cycling tests.  
 
Further failure analysis and appropriate microstructural 
characterization is recommended in order to understand the 
aging-induced reduction in SAC305 fatigue life measured in 
the -40/125 °C and 25/125 °C temperature cycles. 
Specialized techniques for microstructural characterization 
could be explored including polarized light microscopy 
(PLM) and orientation image microscopy (OIM) using 
electron backscattered diffraction (EBSD). Extended 
thermal cycling may cause sample damage that will limit the 
effectiveness of either of these techniques. If that happens, 
some advanced microstructural analysis on the baseline 
samples may provide some insight relative to the failure 
behavior in SAC305.   
 
SUMMARY AND CONCLUSIONS 
Accelerated temperature cycling was used to assess the 
influence of aging or isothermal preconditioning on thermal 
fatigue performance of two commercial Pb-free alloys, 
SAC305 and SAC105, with and without aging for 10 days 
at 125 °C. The experimental test matrix included two 
different component test vehicles and four different thermal 
cycles with data for six other cycles to be reported when 
available. The following observations and conclusions can 
be drawn from the results of this study. 
 

 In almost all the test cells, the isothermal aging 
parameters used in this investigation (10 days at 
125 °C) had minimal measureable effect on the 
thermal fatigue life. There are exceptions to that 
observation in the most aggressive temperature 
cycle, -40/125 °C and one test cell using 0/100 °C 
cycling. That former cycle drives failures the 
fastest of any cycle reported here. It is 
hypothesized that the rapid fatigue failure induced 
by the severity of the -40/125 °C test conditions 
allows the microstructural degradation from pre-
aging to have a significant affect on the fatigue life.   

 The data for the 25/125 °C temperature cycle also 
show an aging effect similar to that observed in the 
-40/125 °C cycle. With this cycle, the data show a 
moderate 15% reduction in characteristic lifetime 
with aging for both components but the reduction 
due to aging is observed only with the SAC305 
alloy. The common factor in these two cycles is the 
125 °C upper temperature extreme.  

 The results of the metallographic analyses show 
that the failure mode in all cases is solder fatigue at 
the package side of the solder joints. The first 
failures appear to occur at the die shadow in both 
components.   

 The thermal fatigue performance (characteristic 
lifetime) of the 192CABGA component may be 
slightly more sensitive to the effects of isothermal 
aging than the 84CTBGA. In general, the 
characteristic lifetime of the 192CABGA is 30-
40% less than that of the 84CTBGA. Presumably 
this is caused by higher inherent solder joint shear 
strains with a possible additional factor due to 
microstructure. This may be similar in the case of 
the -40/125 °C cycle, where microstructural effects 
from aging have more impact on the shorter life 
192CABGA component. 

 The SAC305 alloy with its higher Ag content 
outperforms the lower Ag SAC105 alloy in all 
temperature cycles. However, in the test cells using 
this most aggressive cycle, the statistical separation 
between the SAC305 and SAC105 alloys often is 
minimal. The -40/125 °C results imply that Ag3Sn 
precipitate coarsening occurs so rapidly that Ag 
content and particle density are not necessarily the 
primary factors controlling thermal fatigue life 
under those test conditions.  
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APPENDIX A 
 

Optical Photomicrographs of SMT Assembled and 
Aged 192CABGA and 84CTBGA Samples 

 
 
 
 
 
 
 

 

Figure A-1: Low magnification optical 
photomicrographs showing cross sectional views 
of the SAC305 192CABGA and 84CTBGA test 
vehicles. The photomicrographs show each 
package test vehicle with and without isothermal 
aging for 10 days at 125 °C. 

 
Figure A-2: Low magnification optical 
photomicrographs showing cross sectional views 
of the SAC105 192CABGA and 84CTBGA test 
vehicles. The photomicrographs show each 
package test vehicle with and without isothermal 
aging for 10 days at 125 °C. 
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Figure B-1: This Weibull plot shows the influence of aging 
on the thermal fatigue life of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC305 alloy solder 
balls and tested using the 0 to 100 °C temperature cycle. 
Aging has no measureable effect on the fatigue life of either 
component.   
 
 
 

 
Figure B-2: This Weibull plot shows the influence of aging 
on the thermal fatigue life of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC105 alloy solder 
balls and tested using the 0 to 100 °C temperature cycle. 
Aging reduces the fatigue life of the 192CABGA by about 
20% but has no measureable effect on the fatigue life of the 
84CTBGA.   
 
 
 

 
Figure B-3: This Weibull plot shows the influence of aging 
on the thermal fatigue of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC305 alloy and tested 
using the -40 to 125 °C temperature cycle. Aging reduces 
the fatigue life of the 192CABGA by about 30% and the 
84CTBGA by about 15%.    
 
 
 

 
Figure B-4: This Weibull plot shows the influence of aging 
on the thermal fatigue of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC105 alloy and tested 
using the -40 to 125 °C temperature cycle. Aging has no 
appreciable affect on the characteristic lifetime of either 
component. Note that the Weibull slope (β) for the 
192CABGA component with SAC105 and no isothermal 
aging (β=10.16) is significantly higher than the other three 
test cells (β~4-6).   
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0/100 °C and -40/125 °C thermal cycles  
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 Figure B-5: This Weibull plot shows the influence of aging 
on the thermal fatigue life of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC305 alloy solder 
balls and tested using the -40 to 100 °C temperature cycle. 
There is no appreciable difference in the fatigue life of 
ither component with or without aging.   

the fatigue life of 
ither component with or without aging. 

duces the fatigue life of both components by about 
0%.    

measureable effect on the fatigue life of either 
omponent.   
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Figure B-6: This Weibull plot shows the influence of aging 
on the thermal fatigue life of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC105 alloy solder 
balls and tested using the -40 to 100 °C temperature cycle. 
There is no appreciable difference in 
e
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure B-7: This Weibull plot shows the influence of aging 
on the thermal fatigue life of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC305 alloy solder 
balls and tested using the 25 to 125 °C temperature cycle. 
Aging re
2
 
 

 
Figure B-8: This Weibull plot shows the influence of aging 
on the thermal fatigue life of the 192CABGA (left) and 84 
CTBGA (right) assembled with the SAC105 alloy solder 
balls and tested using the 25 to 125 °C temperature cycle. 
Aging has no 
c
 

ReliaSoft Weibull++ 7 - www.ReliaSoft.com

P robability  - Weibull

IST Data 7-17-12\Cell5-BGA84-SAC105SAC305: 
IST Data 7-17-12\Cell5-BGA192-SAC105SAC305: 
IST Data 7-17-12\Cell13-BGA84-SAC105 agedSAC305:   
IST Data 7-17-12\Cell13-BGA192-SAC105 agedSAC305:   

Time, (t)

U
nr

el
ia

bi
lit

y,
 F

(t
)

200.000 10000.0001000.000
1.000

5.000

10.000

50.000

90.000

99.000 Probability-Weibull

IST ell13-BGA192-SAC105 agedSA...
We
RRX
F=16/S=0

 Data 7-17-12\C
ibull-2P
 SRM MED FM

Data Points
Probability Line

IST l13-BGA84-SAC105 agedSAC...
We
RRX
F=16/S=0

 Data 7-17-12\Cel
ibull-2P
 SRM MED FM

Data Points
Probability Line

IST l5-BGA192-SAC105SAC305
We
RRX
F=16/S=0

 Data 7-17-12\Cel
ibull-2P
 SRM MED FM

Data Points
Probability Line

IST l5-BGA84-SAC105SAC305
We
RRX SRM MED FM
F=16/S=0

 Data 7-17-12\Cel
ibull-2P

Data Points
Probability Line

Richard Parker
Delphi
7/20/2012
2:45:33 PM

ReliaSoft Weibull++ 7 - www.ReliaSoft.com

P robability  - Weibull

IST Data 7-17-12\Cell14-BGA84-SAC305 agedSAC305:   
IST Data 7-17-12\Cell14-BGA192-SAC305 agedSAC305:   

IST Data 7-17-12\Cell7-BGA84-SAC305SAC305: 
IST Data 7-17-12\Cell7-BGA192-SAC305SAC305: 

Time, (t)

U
nr

el
ia

bi
lit

y,
 F

(t
)

200.000 10000.0001000.000
1.000

5.000

10.000

50.000

90.000

99.000 Probability-Weibull

IST ell14-BGA192-SAC305 agedSA...
We
RRX
F=16/S=0

 Data 7-17-12\C
ibull-2P
 SRM MED FM

Data Points
Probability Line

IST ell14-BGA84-SAC305 agedSAC...
We
RRX
F=16/S=0

 Data 7-17-12\C
ibull-2P
 SRM MED FM

Data Points
Probability Line

IST Cell7-BGA192-SAC305SAC305
We
RR
F=15/

 Data 7-17-12\
ibull-2P
X SRM MED FM

S=1
Data Points
Susp Points
Probability Line

IST Cell7-BGA84-SAC305SAC305
We
RR
F=15/

 Data 7-17-12\
ibull-2P
X SRM MED FM

S=1
Data Points
Susp Points
Probability Line

rker
Delphi
7/20/2012
2:46:28 PM

Richard Pa

ReliaSoft Weibull++ 7 - www.ReliaSoft.com

P robability  - Weibull

Henkel Data\Cell5-BGA84-SAC105SAC305:   
Henkel Data\Cell5-BGA192-SAC105SAC305:   
Henkel Data\Cell13-BGA84-SAC105 agedSAC305: 
Henkel Data\Cell13-BGA192-SAC105 agedSAC305:   

Time, (t)

U
nr

el
ia

bi
lit

y,
 F

(t
)

200.000 10000.0001000.000
1.000

5.000

10.000

50.000

90.000

99.000 Probability-Weibull

Hen BGA192-SAC105 agedSAC305
We
RR
F=15/

kel Data\Cell13-
ibull-2P
X SRM MED FM

S=1
Data Points
Susp Points
Probability Line

Hen GA84-SAC105 agedSAC305
We
RRX
F=16/S=0

kel Data\Cell13-B
ibull-2P
 SRM MED FM

Data Points
Probability Line

Hen A192-SAC105SAC305
We
RRX
F=16/S=0

kel Data\Cell5-BG
ibull-2P
 SRM MED FM

Data Points
Probability Line

Hen A84-SAC105SAC305
We
RRX SRM MED FM
F=16/S=0

kel Data\Cell5-BG
ibull-2P

Data Points
Probability Line

Richard Parker
Delphi
7/20/2012
2:45:06 PM

ReliaSoft Weibull++ 7 - www.ReliaSoft.com

P robability  - Weibull

Henkel Data\Cell14-BGA84-SAC305 agedSAC305: 
Henkel Data\Cell14-BGA192-SAC305 agedSAC305:   

Henkel Data\Cell7-BGA84-SAC305SAC305:   
Henkel Data\Cell7-BGA192-SAC305SAC305:   

Time, (t)

U
nr

el
ia

bi
lit

y,
 F

(t
)

200.000 10000.0001000.000
1.000

5.000

10.000

50.000

90.000

99.000 Probability-Weibull

Hen BGA192-SAC305 agedSAC305
We
RR
F=15/

kel Data\Cell14-
ibull-2P
X SRM MED FM

S=1
Data Points
Susp Points
Probability Line

Hen BGA84-SAC305 agedSAC305
We
RRX
F=16/S=0

kel Data\Cell14-
ibull-2P
 SRM MED FM

Data Points
Probability Line

Hen GA192-SAC305SAC305
We
RRX
F=16/S=0

kel Data\Cell7-B
ibull-2P
 SRM MED FM

Data Points
Probability Line

Hen BGA84-SAC305SAC305
We
RR
F=12/

kel Data\Cell7-
ibull-2P
X SRM MED FM

S=4
Data Points
Susp Points
Probability Line

rker
Delphi
7/20/2012
2:46:13 PM

Richard Pa

APPENDI  B 

Weibu  Pl s 

-40/100 °C and 25/125 °C thermal cycles  

X
 
ll ot
 

389




