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ABSTRACT 
The electronics industry continues to experience an 
expansion of Pb-free solder alloy choices beyond the 
common near-eutectic Sn-Ag-Cu (SAC) alloys, most of 
which have reduced Ag content. The increased availability 
of additional Pb-free alloys provides end users opportunities 
to address acknowledged deficiencies created by the high 
Ag content of near-eutectic alloys, such as poor mechanical 
performance under drop, shock, and bend loading, among 
others. Conversely, the availability of new alloys often 
precedes a comprehensive performance assessment of those 
alloys, which introduces a variety of assembly quality and 
reliability risks.  
 
The full impact of most new alloys on overall printed circuit 
assembly (PCA) reliability has yet to be determined, 
particularly with respect to thermal fatigue, a well-known 
wear-out mechanism. Thermal fatigue combined with solder 
creep is considered a major source of failure of surface 
mount (SMT) components. Specifically, there is concern 
that the low Ag alloys will not have fatigue resistance 
adequate to support critical, high reliability applications. 
The Pb-Free Alloy Characterization Program sponsored by 
the International Electronics Manufacturing Initiative 
(iNEMI) is conducting an extensive investigation using 
accelerated thermal cycling (ATC) to evaluate BGA thermal  

fatigue performance of 12 commercial or developmental Pb-
free solder alloys.  The test program also includes eutectic 
Sn-Pb solder samples to complete the reliability 
comparisons. Most of the Pb-free alloys contain less Ag 
than the near-eutectic SAC alloys (3-4%Ag).  
 
This paper presents the initial findings from a subset of the 
iNEMI thermal cycling test matrix derived from only the 
lower Ag alloys, containing 1 wt. % or less Ag.  Data are 
presented for two different BGA components and 
comparisons of results are made among multiple 
temperature cycles. Thermal cycling variables include 
different cyclic temperature ranges (T) and temperature 
extremes.  The failure data are reported as characteristic life 
 (number of cycles to 63.2% failure) and slope  from a 
two-parameter Weibull analysis. The ATC data are 
discussed in terms of the alloy composition and the initial 
microstructures.  The relative performance of the various 
alloys under multiple ATC conditions, and how this may 
impact acceleration behavior, is discussed. 
 
Key words: Pb-free solder, low-Ag, accelerated thermal 
cycling, characteristic life 
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INTRODUCTION 
In addressing the issues that arise from the increased 
number of low-Ag, lead-free solders being offered to the 
market, and in some cases being used in commercial mass 
production, it is useful to consider the factors that led to 
their development.  
 
In the years leading up to the implementation of lead-free 
soldering, various consortia identified the Sn-Ag-Cu 
eutectic alloy as the best option.   Although its melting point 
of 217°C is 34°C higher than the Sn-Pb eutectic it had to 
replace, it was the lowest that seemed to be achievable in an 
alloy which also delivered the other properties that are 
important in a solder.    There was concern that alloys with a 
melting points lower than 217°C (with additions of elements 
such as Zn, Bi, and In) might have characteristics that would 
make them difficult to use in soldering processes or result in 
reduced reliability in service.     
 
The high cost of Ag is often cited as the main driving force 
for the development of alternatives to the Sn-Ag-Cu 
eutectic, and this has certainly been a factor, but it is not 
always the only one.   The first move towards a lower Ag 
content, from the nominal eutectic composition of Sn-
3.8Ag-0.7Cu to Sn-3.0Ag-0.5Cu (“SAC305”) was partly 
motivated by cost saving but another likely driver was 
intellectual property issues.  Evidence of that is the 
accompanying reduction in the Cu content to 0.5%, which at 
the time had no obvious metallurgical justification.  The 
lower Cu content further widens the pasty range of this 
hypereutectic alloy, which increases the likelihood of 
shrinkage defects, and increases the tendency of the alloy to 
dissolve Cu from lands and traces.     
 
The widespread adoption of Sn-0.7Cu with a microalloying 
addition of Ni began in Japan in the late 1990s, well before 
RoHS implementation, partly because of dissatisfaction 
with some aspects of the performance of SAC305 in wave 
soldering.  While the cost saving achieved by eliminating 
Ag from the formulation was an attraction, the better 
performance in wave soldering single-sided consumer 
electronics boards, lower tendency to erode copper and 
smooth bright fillets free of shrinkage cracks were also seen 
as factors in its favor. 
 
The apparent effectiveness of a Ni addition at a level much 
lower than had previously been considered likely to have 
any significant impact on the properties of a solder 
prompted an exploration of the possible benefits of 
additions at the microalloying level of other elements such 
as Bi, Co, Mn, Zn, Ti and the rare earths.  The last was done 
separately, such as Ce, or as the naturally occurring mixture 
of rare earths known as Mischmetal.   Given the context in 
which the SAC0307 alloy appeared on the market it could 
be considered an example of the use of 0.3% Ag as a 
microalloying addition to Sn-0.7Cu rather than a result of 
reducing the Ag content of the ternary eutectic.  
 

The other factor that triggered a move to lower Ag contents 
in the mid-2000s was the realization that the high flow 
stress and elastic modulus of the high-Ag solders meant that 
assemblies with solder joints made with these alloys were 
vulnerable to failure in drop impact, either by crack 
propagation through the solder joint itself or the crack 
propagation through the laminate, which became known as 
pad cratering.  In a trend apparently driven by a preference 
for simple nomenclature rather than considerations of the 
metallurgy, lower Ag compositions were chosen initially by 
single digit adjustments to the SAC305 which led to alloys 
such as SAC205 and SAC105.  Later considerations have 
prompted an adjustment of the Cu content to more 
metallurgically justifiable levels and this has resulted in 
alloys such as SAC107.  Interestingly, upward extrapolation 
resulted in the appearance of a hypereutectic SAC405 alloy. 
 
ALLOYS 
The solder sphere alloys listed in Table 1 (a subset of all the  
alloys examined in the iNEMI study [1]) were selected as 
being representative of the trends reviewed in the previous 
section but practical limitations on the scope of the DoE 
means they do not comprehensively cover all of these 
trends. Included as reference alloys were Sn-37Pb, which 
until the move to Pb-free technologies was the standard 
solder, and SAC305, which has become the default Pb-free 
solder. “SN100C”, a Nihon Superior proprietary alloy, and 
“SACX0307”, a Cookson proprietary alloy, were included 
because they are already widely used in commercial 
production, albeit mainly for wave soldering.    
 
Table 1.   No-Ag and Low-Ag Solder Sphere Alloys 

Alloy Code Composition 
SN100C Sn-0.7Cu-0.05Ni+Ge 
SAC0307 Sn-0.3Ag-0.7Cu 
SACX0307 Sn-0.3Cu-0.7Cu+Bi+X 
SAC105 Sn-1.0Ag-0.5Cu 
SAC105+Ni Sn-1.0Ag-0.5Cu-0.05Ni 
SAC105+Mn Sn-1.0Ag-0.5Cu+Mn+Ce 
SAC107 Sn-1.0Ag-0.7Cu 

  
Since not all of the lead-free sphere alloys were available in 
the form of solder paste, and because it has become the 
default Pb-free solder alloy, SAC305 paste was used for 
reflow soldering in all cases except SN100C and the 
reference alloy Sn-37Pb.  SN100C spheres were reflowed 
with paste of the same alloy so that one completely Ag-free 
Pb-free alloy was included in the DoE.  For comparison 
purposes, SN100C spheres were also reflowed with 
SAC305 paste. 
 
In those cases where the solder paste alloy was different 
from the solder sphere alloy, the final composition of the 
joint falls somewhere between those of the sphere and paste 
alloys.   Since chemical analysis of the resultant joint alloys 
was not practicable, the composition of the mixed alloy 
joints was estimated by calculation [2] taking into account 
the diameter of the sphere, the dimensions of the printed 
paste deposit and the metal content of the paste (Table 2).  
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For a more comprehensive analysis, see Part I of this series 
of papers [1].  
 
The compositions in Table 2 indicate that if the performance 
of an alloy is sensitive to the Ag content, reflow soldering 
with a different alloy adds a significant variable to the 
performance that, because of differences in solder ball size, 
is also component sensitive.  For example, after reflow with 
SAC305 the Ag content of a joint made to the CTBGA84 
package with a SAC0307 sphere is close to that of a joint 
made to a CABGA192 package with SAC105 sphere. 
 
Table 2. Calculated Ag Content of Final Joints [2] 

Calculated Ag 
Ball Alloy/Paste Alloy 

CTBGA84 CABGA192 
Sn-37Pb/Sn-37Pb 0 0 
SN100C/SN100C 0 0 
SN100C/SAC305 0.79% 0.29% 
SAC0307/SAC305 1.00% 0.57% 
SAC0307+Bi+X/SAC305 1.00% 0.54% 
SAC105/SAC305 1.50% 1.20% 
SAC105+Ni/SAC305 1.46% 1.13% 
SAC105+Mn+Ce/SAC305 1.48% 1.14% 
SAC107/SAC305 1.5% 1.19% 
SAC305/SAC305 2.94% 2.95% 

 
TEST VEHICLE  
As described in detail in Part I [1] two different daisy-
chained BGAs were used in this program: A 0.8mm-pitch, 
14 mm x 14 mm body, perimeter 192-I/O CABGA, and a 
0.5mm-pitch, 7mm x 7mm perimeter 84-I/O CTBGA 
(Figure 1). 
 

 
Figure 1. The Test-BGAs Used in the Program 
 
The parts were procured from Practical Components as 
LGAs and the solder spheres attached by reflow in a forced 
convection oven with a screen printed water washable flux 
paste. 
 
The test vehicle for the project was designed by Alcatel 
Lucent.  It is a 6 layer board with an OSP solderable finish.  
It had 16 sites for a larger 192-I/O stitch-patterned design 
for a CABGA daisy-chained device, and another 16 sites for 
an 84-I/O stitch-patterned design for a CTBGA daisy-
chained device (Figure 2) [1]. 
 

 
Figure 2. Test Vehicle Used in the Program 
 
TEST VEHICLE ASSEMBLY 
The test vehicles were assembled by Flextronics in San 
Jose, California. A 5-mil thick stencil was used with 14mil 
diameter apertures for the large BGA and 12mil x 12mil 
square apertures for the small BGA.  All of the Pb-free test 
vehicles were reflowed in air using the same profile (Figure 
3) [1].   
 

 
Figure 3. Pb-free Assembly Reflow Profile 
 
MICROSTRUCTURE 
The microstructure of each type of solder joint was recorded 
after assembly by cross-sectioning, optical microscopy and 
SEM [1].    At this stage, the phases present have not been 
positively identified, so the following observations are 
based mainly on the general characteristics of the 
microstructure and their relationship to the composition. 
 
Although, because of undercooling effects, Pb-free solder 
alloys seldom behave in the way predicted by the 
equilibrium phase diagram, consideration of the 
microstructure predicted by such diagrams does provide a 
starting point for the interpretation of what is observed in 
practice.   
 
Because most of the alloys were reflow soldered with 
SAC305, the microstructure of the resultant joint needs to 
be interpreted on the basis of the actual composition, which 
as indicated in Table 2 varies with the solder sphere size.    
However, since the focus of this paper is on performance in 
thermal cycling, this review of microstructure will be based 
on the nominal composition of the alloy.   Allowance for 
actual composition will be made in subsequent failure 
analyses.   
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Because the Ni addition facilitates nucleation of the Cu6Sn5 
phase, the SN100C reflowed with SN100C paste essentially 
behaves as predicted by the Sn-Cu phase diagram for the 
eutectic alloy [3].  The Sn and Cu6Sn5 phases grow from the 
melt in a coupled manner with the resulting microstructure 
being needles of the intermetallic compound dispersed in a 
Sn matrix (Figure 4).    In that regard its microstructure has 
some similarity with that of the Sn-37Pb, except that in that 
alloy the two eutectic phases are both metallic, a solid 
solution of Pb in Sn and a solid solution of Sn in Pb, which 
grow in a coupled manner in the form of parallel plates. 
 

 
Figure 4.   SN100C/Cu Interface in a joint manufactured 
with an SN100C ball and SN100C paste. 
 
The microstructure of the alloys that contain Ag considered 
in this paper, including the SN100C reflowed with SAC305 
paste, can be related to the Sn-Ag-Cu phase diagram, the 
liquidus surface of which is presented in Figure 5 [4]. 
 
 

Figure 5.  Sn-Ag-Cu Liquidus Showing Solidification Paths 
for SAC305, SAC107, SAC105 and SAC0307 [4] 
 
All the low-Ag alloys, as well as the reference alloy 
SAC305, lie in the phase field in which the first stage of 
solidification is the growth of primary Sn dendrites with the 

remaining liquid being enriched in the solute elements.   The 
dendrite arms, outlined by particles of Ag3Sn and Cu6Sn5 
are apparent in Figure 6. 
 

 
Figure 6. SAC107/Cu Interface 
 
The SAC305 differs from the low-Ag alloys in that it 
reaches a pseudobinary eutectic “valley”, after which Sn and 
Ag3Sn freeze out simultaneously until the remaining liquid 
reaches the composition of the ternary eutectic, when all 
three phases, Sn, Ag3Sn and Cu6Sn5 form simultaneously in 
coupled growth.  Ag3Sn is therefore present in the 
microstructure in two morphologies, that from the 
pseudobinary eutectic and that from the ternary eutectic.   
  
As the concentration of solute elements in the SAC0307, 
SAC105 and SAC107 is enriched, it reaches the 
pseudobinary eutectic valley after which Sn and Cu6Sn5 
freeze out simultaneously until the remaining liquid reaches 
the composition of the ternary eutectic.    In these alloys, 
therefore, the Cu6Sn5 is present in two morphologies, from 
the pseudobinary and ternary eutectics.  The difference in 
intermetallic particle sizes in Figure 7 is probably a 
reflection of that difference in origin. 
 

Figure 7.  SAC105+Ni/Cu Interface 
 
The SAC0307, SAC105 and SAC107 differ from each other 
in the proportion of primary Sn in the microstructure 
(greatest for SAC105 and similar for SAC0307 and 
SAC107) and the amount of pseudobinary eutectic (greatest 
for SAC0307 and least for SAC105). 
 
As explained, the effect of the Ni microalloying addition is 
to stabilize the hexagonal form of the Cu6Sn5 intermetallic 
and virtually all of the Ni ends up in that phase [5]. 
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The Bi addition in the SACX0307 would be expected to go 
completely into solid solution in the Sn matrix although it 
might have some effect on the morphology of the 
intermetallic phases (Figure 8).  
 

   
Figure 8. SACX0307/Cu Interface  
 
Mn has low solubility in the Sn matrix and is probably 
present in the microstructure in the form of a MnSn2 
intermetallic [6]. EDX would be needed to determine 
whether the darker particles in Figure 9 are that intermetallic 
phase or are related to the trace addition of Ce. 
 

 
Figure 9. SAC105+Mn 
 
In addition to the fact that the solidification of the solder 
joints tested in this project occurred under conditions that 
were probably far from equilibrium, there is the additional 
complication of reactions between the solder and the Cu 
substrate of the PCB and the Ni metallization of the 
component to form layers of interfacial intermetallic. 
 
In the alloys containing Ni, the intermetallic compound 
formed at the Cu/solder interface would be the stabilized 
hexagonal close-packed crystal (Cu,Ni)6Sn5 (Figure 4).    In 
the alloys that do not contain Ni, (Figure 7) the intermetallic 
at the Cu/solder interface would probably be metastable 
hexagonal Cu6Sn5 in the as-soldered condition, but this 
would be expected to undergo transformation to the 
equilibrium monoclinic form during thermal cycling [7]. 
 
One of the objectives of the subsequent failure analysis will 
be to determine whether the interfacial intermetallic 
compounds and their potential solid state phase 
transformations have any effect on the performance of the 
solder joints in this test program. 

Depending on the Cu content of the alloy, the intermetallic 
formed at the Ni/solder interface would probably be Ni3Sn4 
with Cu substituting for some of the Ni, or Cu6Sn5 with Ni 
substituting for some of the Cu.  Certainly the morphology 
of the intermetallic at the solder/Ni interface is different 
from that at the solder/Cu interface (Figures 10 & 11). 
 

 
Figure 10. SN100C/Ni Interface 
 

 
Figure 11. SACX0307/Ni Interface 
 
THERMAL CYLING 
The thermal cycling methodology, including failure 
definition for in situ daisy-chain resistance measurement is 
described in Part I [1]. 
 
At the time this paper was being written, complete results 
were available for the thermal cycling profiles listed in 
Table 3.  
  
Table 3.  Available Thermal Cycle Data. 

Temperature Range 
Dwell 
(min) 

ΔT  

0°C 100°C 10 100°C 
-40°C 125°C 10 165°C 
25°C 125°C 10 100°C 
-40°C 100°C 10 140°C 
-15°C 125°C 10 140°C 

 
RESULTS AND DISCUSSION 
In this paper, the focus is on the low-Ag alloys and the 
single solder sphere/solder paste combination that is Ag-
free.     
 
Results for the characteristic life (η) for each alloy 
combination in each of the thermal cycle regimes is 
summarized in Figures 12-16, with the results in each case 
ranked from shortest to longest.   Because, for the several 
reasons discussed elsewhere in this paper, the component 
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size had a significant effect on the ranking, the results for 
each component are presented separately. 
 
While the characteristic life is the first criterion by which 
the performance of an alloy is assessed, the shape 
parameter, (β), has implications for the failure behavior and 
each plot of η is accompanied by a plot of β values in the 
order of the ranking in the matching plot.  A high β value 
means that once failure has begun all joints fail quickly, 
which  can be considered desirable provided the associated 
η is large enough to provide the required service life.   A 
low β indicates that failures are spread over a wide range, 
which is not a disadvantage provided that the early failures 
occur late enough to deliver the required service life. 
 
Although for each condition there is sometimes a wide 
range of β values, there is no clear pattern in the ranking.  
An alloy that has a low β in one condition has a high β in 
another.   At this stage there is not enough data available to 
determine whether that variability is a reflection of the 
intrinsic properties of the alloys or it is just the result of 
experimental factors. 
 
Perhaps not surprisingly, in 17 of the 20 conditions the 
range of characteristic life was book-ended by Sn-37Pb and 
SAC305 with the characteristic life generally increasing 
with the Ag content.  It is interesting to note, however, that 
in two conditions, the CTBGA84 in the -40-125°C (Figure 
13(a)) and 25-125°C (Figure 14(a)) thermal cycles the 
SAC105+Ni performed similar to the SAC305, in the latter 
case even outperformed it by a slight margin.  The 
SAC105+Ni alloy also performs almost as well as SAC305 
in several other cases as is apparent in Figures 12 to 16.   
We continue to investigate the reason for this finding. 
 
The fact that in most cases the low-Ag alloys outperformed 
Sn-37Pb by a signficant margin, and in several cases came 
close to matching the SAC305, could be taken as evidence 
that this category of alloys may provide  a viable option as 
alternative Pb-free solders in applications where other 
properties, such as their higher melting points, would not be 
a problem. 

  (a)
 

 
(b)

 

 (c)
 

 
Figure 12. Ranked Characteristic Life for 0-100°C Thermal 
Cycle with 10 Minute Dwells 

(d)

 

364



 
 

 
 

 
 

 
Figure 13.  Ranked Characteristic Life for -40-125°C 
Thermal Cycle with 10 Minute Dwells 
 

\ (a)(a)
 

 
(b) (b)

 

 
(c) (c)

 

 
Figure 14.  Ranked Characteristic Life for -25-125°C 
Thermal Cycle with 10 Minute Dwells 

(d) (d)
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Figure 15.  Ranked Characteristic Life for -40-100°C 
Thermal Cycle with 10 Minute Dwells 
 

 
(a)(a)

 

 
(b) (b)

 

 
(c) (c)

 

 
Figure 16.  Ranked Characteristic Life for -15-125°C 
Thermal Cycle with 10 Minute Dwells 

(d) (d)
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Although there is some variation in ranking with thermal 
cycle and component size, it appears that there is an 
underlying overall trend in the ranking of particular alloys 
over all test conditions, in most cases within a fairly narrow 
range.  When the incidence of each alloy occurring at a 
particular ranking is plotted, the trend that emerges is shown 
in Figure 17 with increasing Ag content in the solder joint 
tending to increase its ranking.  
 

 
Figure 17.  Distribution of Ranking Over All Test 
Conditions 
 
When the characteristic life is plotted as a function of 
thermal cycle (Figures 18(a) & (b)) it can be seen that, as 
the intensity of the stress imposed on the joints in terms of 
strain and temperature increases, differences between the 
alloys diminish and it appears that all alloys are trending 
towards the characteristic life of Sn-37Pb, which remains 
remarkably stable over this range of conditions. Whether 
this is a consistent trend should become apparent when the 
results of thermal cycling with 60 and 120 minute dwells, 
which are also part of this DoE, become available.   
 

 
Figure 18(a). Trends in Characteristic Life for CTBGA84 

 
Figure 18(b). Trends in Characteristic Life for CABGA192 
 
Effect of Component Type  
For the 0-100°C thermal cycle the characteristic life of the 
joints of the CABGA192 was less than those of the 
CTBGA84 components by a factor of around 1.5. (Figure 
19).  The SN100C/SAC305 combination appears to be more 
sensitive to the increased severity of the conditions imposed 
by the larger package with its characteristic life in this 
thermal cycle reduced by a factor of more than 2, but the 
large difference in the Ag content of the joints for these two 
packages (Table 2) is probably the greatest contributor to 
this difference.   Some critical properties of the SN100C 
alloy have been shown to be very sensitive to Ag additions 
in this range [3]. 
 
For all alloys the difference in performance between the 
packages results from the differences in the effective strain 
associated with the larger distance to the neutral point for 
the CABGA192 compared with the CTBGA84.  
Additionally the solder ball sizes on these packages are 
different; 0.46mm diameter for the CABGA192 compared 
to 0.30mm diameter for the CTBGA84.   This solder ball 
size results in different BGA standoff heights, different 
solder joint crack areas, and different final solder alloy 
compositions.  The dependence of the final joint 
compositions resulting from differences in sphere size is 
shown in Table 2.   The different solder ball size might also 
have a small effect on the solder joint morphology and 
microstructure.   
 

 
Figure 19. Effect of Component Type 
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Acceleration Factors 
The acceleration factors between the -40-125°C profile and 
the 0-100°C (Figure 20(a)) are generally in the range of 3-4 
for most of the alloys, although those for SN100C/SN100C, 
SAC0307/SAC305 and SAC105/SAC305 lie in the 4-5 
range.   It is worth noting that in this comparison, the most 
extreme in this study, the Sn-37Pb is least affected with an 
acceleration factor of around 2.  The lower sensitivity of η 
to cycling conditions of Sn-37Pb is consistent with the 
general observation that it is a relatively compliant alloy, 
accommodating substantial strain without work hardening 
and able to recover at the higher temperature end of the 
cycle.  This finding is also consistent with earlier results of 
Henshall et al. [8, 9]. 
 
The acceleration factor associated with an increase in peak 
temperature of 25°C for a thermal cycle with a ΔT of 100°C 
(Figure 20(b)) is generally in the range 1-1.5 with the largest 
factor of more than 1.9 being for the combination of the 
SAC107 alloy with the CABGA192.   
 
This trend for the SAC107 alloy continues with the 
acceleration factor associated with an increase in peak 
temperature of 25°C for a thermal cycle with a ΔT of 140°C 
(Figure 20(c)).  

 

 
Figure 20(a) (b).  Thermal Cycle Acceleration Factors 

 

(c)

Figure 20(c).  Thermal Cycle Acceleration Factors   
 
In Table 4, the average acceleration factors for a selection of 
combinations of conditions over all the alloys in this low-
Ag category are summarized with the standard deviation 
providing an indication of the alloy to alloy variation.  
 
Table 4. Acceleration Factor Summary for All Low-Ag 
Alloys CABGA192 component 

Thermal 
Cycle 

Acceleration 
Factor 

-40-
125°C 

25-
125°C 

-40-
100°C 

-15-
125°C 

Average 4.23  1.41    
0-100°C 

Std  Dev 0.70 0.29   
Average   2.62  

-40-125°C 
Std Dev   0.36  
Average    1.03 

-40-100°C 
Std Dev    0.13 

 
Weibull Analysis 
Since there are more combinations of alloy and test 
conditions than can be considered in detail in this paper, a 
selection of the results will be reviewed on the basis of what 
insights they might provide into some of the key issues 
arising from the trends in solder alloy development 
mentioned earlier.     

(a)

 
Since the effect of Ag on the performance of Pb-free solders 
in thermal cycling is the key issue in this part of the project, 
results will be considered on the basis of the Ag level of the 
alloy.  For this purpose the alloys have been classified into 
the four general categories in Table 5. 
 
Table 5.  Alloy Categories Used in Analysis of Results 

Category Alloy Paste 
No-Ag SN100C SN100C 
Very low-Ag SAC0307, SN100C SAC305 
Low-Ag SAC105, SAC107 SAC305 
Micro-Alloyed SACX0307, SAC105+Ni, 

SAC105+Mn 
SAC305 

(b)

 
Of the three major microalloying additions, Ni, Mn and Bi, 
only Ni was present in alloys with more than one Ag 
content and so the trend analysis is based on that addition.  
 
The microalloying additions differ in the way that they 
change behavior and properties of the alloy.   Ni works by 
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incorporating selectively in the Cu6Sn5 intermetallic phase 
and changing its behavior in several ways [3, 5, 7].  
 
 On the basis of the binary Sn-Bi phase diagram, Bi has 
considerable solubility in Sn and at the low level of its 
addition in the SACX0307 alloy its solubility is unlikely to 
be affected by other elements present, so it could be 
assumed that it provides some solid solution strengthening 
of the Sn matrix.  
  
The way in which the Mn and Ce additions work in the 
SAC105 alloy is discussed in reference 6. 
 
Because strain is the key driver for solder joint 
deterioration, the focus will be on the results for the 
CABGA192, which, for a given temperature cycle, imposes 
more strain on the peripheral joints.  The oversized die 
further increases the strain to which the solder is subjected 
for a given difference in thermal expansion between the 
component package and the PCB.   Most of the results 
reported will be for the 0-100°C thermal cycle, which is 
commonly used when testing circuitry operated in relatively 
benign controlled environments. The effect of a more 
extreme cycle will be examined by comparison with results 
for the -40-125°C cycle, which, for the purposes of this 
project is considered to be representative of the conditions 
to which circuitry operating in uncontrolled environments 
could be exposed.  The effect of peak temperature will be 
examined by comparison of results for the 0-100°C and 25-
125°C profiles. 
   
Effect of Composition 
Figure 21 clearly shows the dramatic increase in cycles to 
failure between SAC305 and Sn-37Pb for the 0-100°C 
profile. For the conditions tested, the characteristic life of 
SAC305 is nearly four times that of Sn-37Pb.  As noted in 
Part I [1], there were early concerns that low-Ag, Pb-free 
alloys might perform worse in thermal cycling than Sn-
37Pb.  Consistent with recent studies [8-10], this is not the 
case for the 0-100°C profile tested here.  This result is most 
dramatically demonstrated by the data for the Ag-free 
SN100C/SN100C results shown in Figure 21.  Even with no 
Ag present, the Pb-free alloys out-perform Sn-37Pb for 
these testing conditions.   Figure 21 also shows that the 
presence of a calculated 0.29% Ag in the SN100C joints 
reflowed with SAC305 had no significant effect on the 
performance of the SN100C in this test condition.    
 
Since the 10 minute dwell used in the thermal cycling 
reported here is not representative of real service conditions, 
these differences between the alloys cannot necessarily be 
taken as an indication of their relative performance in 
practical application.  It is expected that the results from 
thermal cycling with longer dwell times that were also 
included in the DoE, of which the work reported here is a 
part, will provide a better indication of performance in 
actual service conditions. 
 

 
Figure 21. Weibull Plots for CABGA192, Thermal Cycle 0-
100°C, 10 minute Dwells Comparing the Ag-free Alloy 
with Reference Alloys 
 
Figure 22 presents the effect of Ag on the Sn-0.7Cu alloy.  
The zero-Ag alloy in this DoE (SN100C) also contains 
0.05% Ni but it is unlikely that this would have a major 
effect on performance in this type of test.  The proven 
effects of the Ni addition are in promoting eutectic behavior 
in solidification and stabilizing the hexagonal close packed 
form of the Cu6Sn5 intermetallic [7].  Any effect from the Ni 
would probably result from the elimination of primary tin 
dendrites and the associated shrinkage defects that tend to 
occur in the basic Sn-0.7Cu alloy and the benefits of the 
resulting fine uniform eutectic structure [5]. 
 

 
Figure 22. Weibull Plots for CABGA192, Thermal Cycle 0-
100°C, 10 minute Dwells Showing the Effect of Ag Levels 
on Sn-0.7Cu 
 
The increase in the Ag content from zero to a calculated 
0.54% in the SAC0307 alloy had little effect on the β but 
increased η by 31%.  The increase to a calculated 1.19% Ag 
in the SAC107 alloy increased η by 61% compared with the 
Ag-free joint, but the variation in the results increased, with 
a first failure occurring before the first failure of the 
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SAC0307 and a reduction in β from around 9 for SN100C 
and SAC0307 to around 5.   As noted earlier, it is not clear 
at this time whether this change in β is related to the alloy 
composition or an artifact of the experiment. 
 
In Figure 23 it is clear that, in terms of an increase in 
survival in these conditions compared with Sn-37Pb, even 
the calculated 0.54% Ag in the SAC0307 delivered 61% 
improvement as compared to the η achieved with SAC305. 
The calculated 1.19% Ag in the SAC107 delivered 83% of 
the SAC305 improvement, but at the expense of a wider 
spread of results mentioned earlier. 
 

Figure 23.  Weibull Plots for CABGA192, Thermal Cycle 
0-100°C, 10 minute Dwells Comparing Low-Ag Alloys 
with Reference Alloys 
 
The results in Figure 24 indicate that the Ni addition to the 
SAC105 alloy had no significant effect on β or η in this test. 
This is not unexpected since the main reason that Ni is 
added to this alloy is because of its beneficial effect on 
performance in impact loading and there is no reason to 
expect a significant effect in relatively mild thermal cycling. 
Similar, earlier findings of Henshall et al [8] did not reveal a 
dramatic effect of a Ni dopant on thermal fatigue 
performance.  
 
The Mn addition reduced η by about 30% with a wider 
variation in results (smaller ρ) that suggests more than one 
failure mechanism.  
 
 

 
Figure 24. Weibull Plots of CABGA192, Thermal Cycle 0-
100°C, 10 minute Dwells Showing the Effect of the 
Indicated Microalloying Additions 
 
The microalloying additions in the proprietary alloy 
SACX0307 do not appear to have any statistically 
significant effect (Figure 25). 
 

 
Figure 25. Weibull Plots of CABGA192, Thermal Cycle 0-
100°C, 10 minute Dwells Comparing the Effect of 
Microalloying Additions, Bi and Rare Earth Elements 
 
It is clear from Figure 26 that in this test the increase in Cu 
content from a nominal 0.5% to 0.7% had no significant 
effect on the performance of the 1% Ag alloy. 
 

370



Figure 26. Weibull Plots of CABGA192, Thermal Cycle 0-
100°C, 10 minute Dwells Comparing the Effect of Cu Level 
 
Effects of Component Size 
For all alloys the additional strain on the outer joints 
resulting from the larger component size significantly 
reduces η (Figures 27-30).   The results of this comparison 
are summarized in Table 6. 
 
 The effect of the larger component size appears to be 
significantly less in terms of reduction in η for SAC0307 
and SAC105 than the microalloyed SN100C and 
SACX0307.  The greatest effect appears to have occurred in 
the SN100C reflowed with SAC305 with the effect on the 
Ag-free SN100C similar to that on the SACX0307.   Further 
experimentation and analysis are required to determine 
whether these trends hold in general.  
 
As mentioned previously in interpreting these results, 
account has to be taken of the sensitivity of the final joint 
composition to the solder ball size (Table 2).  For a 
nominally identical composition there is a difference in 
component size and ball size as well as a difference in the 
Ag level in the joints of the CTBGA84 and the CABGA192.  
 

 
Figure 27. Weibull Plots Showing the Effect of Component 
Size on an Ag-free Alloy in Thermal Cycling 0-100°C, 10 
Minute Dwells 
 

 
Figure 28. Weibull Plots Showing the Effect of Component 
Size on a Very Low-Ag Alloy in Thermal Cycling 0-100°C, 
10 Minute Dwells 
 

 
Figure 29. Weibull Plots Showing the Effect of Component 
Size on a Microalloyed Very Low-Ag Alloy in Thermal 
Cycling 0-100°C, 10 Minute Dwells  
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Figure 30. Weibull Plots Showing the Effect of Component 
Size on a Low-Ag Alloy in Thermal Cycling 0-100°C, 10 
Minute Dwells 
 
Table 6. Summary of Component Effect on Characteristic 
Life 

0/100/10 
CABGA192 

0/100/10 
CTBGA84 Category Alloy/Paste 

η β η Β 

η 
Ratio 

Sn-37Pb/Sn-37Pb 1477 12.3 2310 11.0 1.6 Reference 
 Alloys SAC305/SAC305 5718 7.0 9819 7.0 1.7 
No Ag SN100C/SN100C 3101 8.7 5306 7.7 1.7 

SN100C/SAC305 3067 10.0 6625 8.0 2.2 Very Low Ag 
SAC0307/SAC305 4071 9.2 5577 11.6 1.4 
SAC105/SAC305 4910 5.4 6826 7.9 1.4 Low Ag 
SAC107/SAC305 5000 5.2 7255 7.4 1.5 
SACX0307/SAC305 4194 7.0 7183 10.0 1.7 
SAC105+Ni/SAC305 4707 6.6 7683 7.0 1.6 

Microalloyed 

SAC105+Mn/SAC305 3396 4.07 6514 8.3 1.9 

 
Effect of Thermal Cycle Range 
The effect of a more extreme thermal cycle is apparent in 
Figures 31-35, which compare Weibull plots for the thermal 
cycle -40-125°C with those for 0-100°C, in both cases with 
10 minute dwells.  These results are summarized in Table 7. 
 
While in all cases there was a substantial drop with an 
increase in thermal cycle range, it appears that the Ag-free 
SN100C and the SAC105 suffered the greatest drop with an 
η for the more extreme thermal cycle about 40% of that of 
the milder cycle with SAC0307 and SAC107 suffering only 
a little less reduction.  The differences between other alloys 
seem to be within the range of experimental error.  
 

 
Figure 31. Weibull Plots Showing the Effect of Thermal 
Cycle on an Ag-free Alloy Joints to CABGA192 
Component 
 

 
Figure 32. Weibull Plots Showing the Effect of Thermal 
Cycle on Very Low-Ag Alloy Joints to CABGA192 
Component 
 

 
Figure 33. Weibull Plots Showing the Effect of Thermal 
Cycle on Microalloyed Very Low-Ag Alloy Joints to 
CABGA192 Component 
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Figure 34. Weibull Plots Showing the Effect of Thermal 
Cycle on Low-Ag Alloy Joints to CABGA192 Component 
 

 
Figure 35. Weibull Plots Showing the Effect of Thermal 
Cycle on Ni-doped Low-Ag Alloy Joints to CABGA192 
Components 
 
Table 7. Summary of Effect of Temperature Range 

0/100/10 
CABGA192 

-40/125/10 
CABGA192 Category Alloy/Paste 

η β η β 

Acceleration 
Factor 

0/100/10 to 
-40/125/10 

Sn-37Pb/Sn-37Pb 1477 12.3 658 6.5 2.2 Reference 
 Alloys SAC305/SAC305 5718 7.0 1612 5.2 3.5 
No Ag SN100C/SN100C 3101 8.7 623 5.5 5.0 

SN100C/SAC305 3067 10.0 826 7.0 3.7 Very 
 Low Ag SAC0307/SAC305 4071 9.2 846 14.2 4.8 

SAC105/SAC305 4910 5.4 940 6.8 5.2 
Low Ag 

SAC107/SAC305 5000 5.2 1196 7.6 4.2 
SACX0307/SAC305 4194 7.0 1079 5.6 3.9 
SAC105+Ni/SAC305 4707 6.6 1245 7.0 3.8 

Micro- 
alloyed 

SAC105+Mn/SAC305 3396 4.07 1040 7.8 3.3 

 
Effect of Peak Thermal Cycle Temperature 
The effect of a 25°C higher peak temperature on thermal 
cycles with a ΔT of 100°C is presented in Figures 36-40.  
The results are summarized in Table 8. 
 
The SN100C reflowed with SAC305 was least affected by 
the higher peak temperature with the SAC107 experiencing 
the greatest loss. 

 
Figure 36. Weibull Plots Showing the Effect of Peak 
Thermal Cycle Temperature on Ag-free Alloy Joints to 
CABGA192 Components 
 

 
Figure 37. Weibull Plots Showing the Effect of Peak 
Thermal Cycle Temperature on Very Low-Ag Alloy Joints 
to CABGA192 Component 
 

 
Figure 38. Weibull Plots Showing the Effect of Peak 
Thermal Cycle Temperature on Microalloyed Very Low-Ag 
Alloy Joints to CABGA192 Component 
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Figure 39. Weibull Plots Showing the Effect of Peak 
Thermal Cycle Temperature on Low-Ag Alloy on 
CABGA192 Component 

 
Figure 40. Weibull Plots Showing the Effect of Peak 
Thermal Cycle Temperature on Ni-doped Low-Ag Alloy 
Joints to CABGA192 Component. 
 
Table 8. Summary of Effect of Peak Temperature 

0/100/10 
CABGA192 

25/125/10 
CABGA192 Category Alloy/Paste 

η β η β 

Acceleration 
Factor 

0/100/10 to 
25/125/10 

Sn-37Pb/Sn-37Pb 1477 12.3 1527 9.7 1.0 Reference 
 Alloys SAC305/SAC305 5718 7.0 4632 7.4 1.2 
No Ag SN100C/SN100C 3101 8.7 2087 10.6 1.5 

SN100C/SAC305 3067 10.0 3197 3.4 1.0 Very 
 Low Ag SAC0307/SAC305 4071 9.2 2607 7.2 1.6 

SAC105/SAC305 4910 5.4 3144 3.5 1.6 
Low Ag 

SAC107/SAC305 5000 5.2 2660 7.1 1.9 
SACX0307/SAC305 4194 7.0 3205 5.5 1.3 
SAC105+Ni/SAC305 4707 6.6 3413 4.1 1.4 

Micro- 
alloyed 

SAC105+Mn/SAC305 3396 4.07 2873 2.7 1.2 

 
CONCLUSIONS 
This project has generated a very large amount of data and 
at this early stage in the analysis we can only note the 
general trends.   The challenging point that emerges is that 
the relationships between solder alloy composition and 
performance are complex. While the results reported here 
make it possible to make some general observations, until 
the results of the full set of thermal cycle data and the 

failure analysis are available, it will not be possible to get a 
real insight into how performance is related to composition.   
Nevertheless, trends such as those that are apparent in 
Figure 17 indicate that, in short dwell thermal cycles there is 
a correlation between characteristic life and Ag content.   
Another key finding is that all the Pb-free alloys perform 
better than Sn-37Pb under the conditions tested, including 
the Ag-free SN100C/SN100C combination. This together 
with the fact that all the Pb-free alloys have high 
acceleration factors (0-100°C vs. -40-125°C) suggests that 
low-Ag alloys will perform better than Sn-37Pb in office or 
similarly controlled environments.   This finding supports 
the earlier work of Henshall et al. [8,9]. 
 
One of the most interesting trends that emerge from this 
study is apparent in Figure 18.  That is that as the stress 
generated by strain and exposure to elevated temperature 
increases, the difference between the Pb-free solder alloys 
collapses and their performance appears to be converging 
towards that of Sn-37Pb.  The results of thermal cycling 
with longer dwells included in the DoE, of which the testing 
reported here is a part, will confirm whether that trend to 
convergence as the severity of conditions increase will 
continue. 
 
Given that both Sn-37Pb and Pb-free solders have what is 
essentially a Sn matrix, this convergence is a trend that 
might be expected.   While the intermetallic precipitates 
formed by the Cu, and in particular the Ag, have an initial 
strengthening effect when they are small, finely dispersed 
and possibly to some extent coherent with the tin matrix, 
that effect will inevitably diminish as short range order at 
their interface with the tin breaks down and the particles 
coarsen.    
 
Although reference to this point has been made throughout 
this paper, it has to be emphasized that because SAC305 
paste was used for the reflow of all alloys except SN100C 
and the reference alloy Sn-37Pb, the composition of the 
solder joints was significantly different from the nominal 
composition of the solder ball alloy.  And because of ball 
size effects there were significant differences in the 
composition of the joints between the two component types.   
This has introduced an additional complication into the 
interpretation of the results.     
 
FUTURE WORK 
Obviously, the first of the future work will include 
completion of thermal cycling for all alloys and profiles [1].   
Beyond that the objective of this project extends to the 
possibility of establishing criteria for alloy selection and 
perhaps providing a basis for fine tuning formulations to 
achieve improved performance.  To provide a basis for alloy 
improvement, it is necessary to understand the relationship 
between the alloy composition, the microstructure of the as-
soldered joint, and the evolution of the microstructure to 
failure.   To achieve that understanding there will have to be 
detailed failure analyses which will be another significant 
step in this program.  
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