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ABSTRACT 

Accelerated temperature cycling was used to evaluate the thermal fatigue reliability for the case of backward compatible 

assembly (mixed alloy, Pb-free BGA/SnPb paste) of a 3162 pin count, extremely large body (51.0 mm x 59.5 mm) ball grid 

array (BGA). The BGA component was fabricated with Sn-4.0Ag-0.5Cu (SAC 405) Pb-free solder balls and surface mount 

assembly was done using SnPb eutectic soldering profiles. The profiles were selected to simulate situations involving 

incomplete mixing in order to study the effect of various levels of Pb mixing and microstructure on solder joint quality and 

thermal fatigue reliability. Although the most common criteria for acceptable mixed alloy assembly are uniform or 100% Pb 

mixing throughout the solder joint and complete ball collapse during reflow, these criteria can be difficult to meet with larger 

BGA packages due to thermal issues. The effect of such imperfect mixing on reliability of large packages is unknown. The 

test program included Pb-free, SAC405 assemblies to provide a reliability baseline comparison. Testing was done using a 0 

to 100 C temperature cycle with 10 minute ramp and dwell times and post-cycling failure analysis was conducted on 

representative test samples. Baseline characterization and failure analysis included optical metallography and scanning 

electron microscopy (SEM). The thermal cycling test data and failure analysis results are discussed in terms of the 

relationship to the initial as well as evolving Pb-free and mixed alloy microstructures. The reliability data indicate that mixed 

assemblies can provide acceptable reliability, even in some cases when Pb mixing is not complete or uniform. However, 

these results also show that warpage effects can increase the operating risk by reducing the process margin. Further, it is 

shown also that the reliability likely is influenced more by the underlying Pb-free microstructure than by the Pb introduced 

by mixed assembly.  

 

INTRODUCTION 

Most high reliability electronic equipment producers continue to manufacture and support tin-lead (SnPb) electronic products 

despite the increasing trend for design and conversion to Pb-free manufacturing. These equipment suppliers can continue to 

use SnPb solder assembly and remain in compliance with the RoHS Directive (restriction on certain hazardous substances) 

by invoking the European Union Pb-in-solder exemption [1]. At the same time, companies are facing increased pressure from 

a component supply chain that is rapidly converting to Pb-free offerings and thus has a decreasing motivation to continue 

producing SnPb product for these low-volume end users [2]. Until recently these supply chain constraints were limited to 

high volume, small ball grid array (BGA) packages components such as memory devices. Now there is a growing concern 

surrounding availability of larger SnPb BGA components. For various reasons, complete Pb-free conversion is not always a 

viable option and consequently, these availability issues can force companies to use Pb-free BGAs with the SnPb solder 

assembly process. Pb-free BGAs with SnPb surface mount assembly, often referred to as backward compatible or mixed 

alloy processing, provides an alternative manufacturing path if immediate, complete product conversion to Pb-free 

manufacturing is not possible.  

 

The technical issues associated with mixed alloy processing have been addressed in a significant number of studies [3-51] 

and those results have been reviewed and discussed in detail in previous publications [3, 48, 49, 50]. A review of the 

literature shows that most of those studies have been focused on the optimization of process parameters that produce 

acceptable solder joint quality. This is expected because mixed alloy assembly is not drop-in replacement process. Mixed 

alloy studies using smaller BGA devices have shown that acceptable thermal fatigue reliability can be achieved with 

backward compatible processes [3, 6, 49, 50]. However, there is a gap in the mixed alloy thermal fatigue reliability data for 

BGA packages with a body size greater than 35 mm. It is necessary to develop reliability data for larger packages because 

achieving acceptable mixed alloy assembly is extremely challenging as the package size and board complexity increases. The 

effect of large thermal mass and component warpage on Pb mixing was demonstrated by the work of Kinyanjui et al [48]. 

Therefore it is critical to understand the effect of imperfect mixing on reliability of large packages. In general, the literature 

indicates that there are fundamental inconsistencies and gaps that limit the understanding of mixed alloy reliability, 

particularly with larger body packages [4, 15, 16, 18, 32, and 35, 48, 49, 51]. 

 



This paper presents temperature cycling results for an extremely large body (51.0 mm x 59.5 mm), 3162 ball count, ball grid 

array (BGA) assembled using backward compatible, mixed alloy processing. The surface mount assembly profiles were 

designed to produce both complete and incomplete Pb mixing in the solder joints. The latter case simulates the condition of 

non-optimized mixed assembly to allow evaluation of the effects of incomplete Pb mixing and microstructure on solder joint 

quality and thermal fatigue reliability.  

 

EXPERIMENTAL 

Test Vehicle Design 

The detailed package test vehicle attributes for the large-body BGA test vehicle are listed in Table 1. The populated printed 

circuit board test vehicle and the BGA pin diagram are shown in Figure 1. This is an 8 layer test board with dimensions 12 

inches x 8 inches x 0.093 inches (305 mm x 203 mm x 2.36 mm). The board contains two different component footprints but 

only the larger one (51.0 mm x 59.5 mm, 3162 ball count) is used in this study. The test board contains component sites with 

either metal defined (MD) or soldermask defined land patterns (SMD) but only the sites with MD lands are used in this study. 

The MD lands are 17 mils in diameter and the surface finish on the test vehicle is organic solderability preservative (OSP). 

There is one daisy chain net for each land pattern. A number of lands on and near the corner areas as well as similar corner 

sites at the die shadow of the land patterns are not connected within the daisy chain. Typically these corner ball locations are 

not electrically functional on comparable product packages that use this design and are termed non critical to function 

(NCTF). Daisy chain nets from each of the components patterns are routed out to a card edge connector and soldered 

connections are used to monitor the resistances of the daisy chain nets during temperature cycling. 

 
Figure 1: Populated daisy chained test board, top view of large body-BGA and BGA pin diagram. 

 



Table 1: Package Test Vehicle Information 

Test Vehicle Description Package Attributes 

Package Size 51.0 x 59.5 mm 

Die size 22.4 x 29.5 mm 

Substrate thickness 1.500  mm 

Solder ball diameter 0.508 mm 

Ball Pitch 1.1016 mm 

Solder ball metallurgy SAC405 

Ball count 3162 

Ball Pattern 

Fully populated grid with 

selective corner and die 

shadow depopulation  

 

Mixed Assembly Process Characterization 

As mentioned above, the experimental strategy for this work entailed three legs, a partial Pb mixing leg, a full Pb mixing leg 

and a lead-free leg that acts as the control leg. A thermocouple board was prepared to develop the reflow profiles that can 

enable these levels of Pb mixing. The schematic of this thermocouple board is shown in Figure 2. Thermocouples were 

attached to all three BGA sites (U1, U3, and U6) populated with the package TV. Each package TV had five thermocouples 

attached, one at each of the four corners (TC1, TC2, TC3, and TC4) and one at the center (TC5).  Each of these 

thermocouples had fine tips (diameter = 0.005 inches) and were placed at the center of solder joint by drilling from the 

bottom side of the test board. The direction of travel of the test board through the reflow oven is also shown in Figure 2.  

 
Figure 2: A schematic of the reflow profile development board showing the thermocouple locations. 

 

A 0.006 inch thick laser-cut stencil with a circular opening, measuring 0.018 inches was used for solder paste printing. 

However, based on the known dynamic warpage performance of the BGA package TV, an increased amount of solder paste 

was required for the three outer peripheral rows to diminish the risk of the head-on-pillow (HoP) defect. Therefore, a 0.022 

inch stencil opening was used for these rows only. A no-clean, Halogen-free, ROL0, near eutectic SnPb Type 4 solder paste 

was employed during the assembly of boards for Leg 1 and Leg 2.  Similarly, a no-clean, ROL0, SAC305 composition Type 

4 solder paste was used during the assembly of boards for Leg 3. 

 

Figure 3 portrays the reflow profile window for each of the three legs of the designed experiment. The Leg 1 reflow profile 

window generated solder joints with partial mixing of Pb. The %Pb mixing levels in these solder joints varied from 23% to 

86%. Multiple reflow profiling iterations were required to establish the reflow window of this leg. The initial reflow profile 

generated solder joints on the outside rows that were 100% mixed with Pb. To distinguish this Leg 1 from Leg 2, during 

subsequent reflow profile development, the temperature was lowered to reduce the %Pb mixing levels below 100%. It is 

obvious that the final Peak Reflow Temperature range is very wide, varying from 203 °C to 224 °C. This large window is 

necessary because of the large body size and high thermal mass of the BGA package test vehicle. However, it also is obvious 



from Figure 3 that both the Leg 1 and Leg 2 reflow profile windows are outside the typical Sn-Pb eutectic soldering reflow 

window used in the industry. 

Leg 1
Partial Pb Mixing

Leg 2
Full Pb Mixing

Leg 3 Lead Free SAC

Typical Sn-Pb eutectic 

 
Figure 3: Reflow profile windows for the three Legs of the DOE using three package test vehicles on the test board 

 

Backward compatibility solder joints are characterized by a so-called “mixed” microstructure [6-7, 48-50,]. As the Sn-Pb 

solder paste printed on the board land melts during reflow assembly, the Pb diffuses upwards within the lead-free SAC solder 

ball. Figure 4 shows an optical photomicrograph of a mixed BGA solder joint cross-section with partial or incomplete Pb 

mixing. The Pb mixed region is shown towards the printed circuit board side of the solder joint.  For a fully mixed solder 

joint, the Pb mixed region would encompass the entire solder joint, right up to the package land.   

 

The extent of Pb mixing can be quantified by measuring the height to which the Pb has diffused into the SAC solder ball and 

calculating this height as percentage of the solder joint height. Equation 1 gives the formula for % Pb mixing in the mixed 

alloy solder joint. 

                                                                            % Pb Mixing = 100*(H1-H2)/H1     …………….(1) 

 

Figure 4 defines H1 and H2. H1 is the distance from the top of the package land to the top of the board land and is essentially 

the solder joint height or standoff. H2 height is calculated by measuring the distance from the top of the package land to the 

average height location of the Pb-mixed region. 

 

 
  

Figure 4: Photomicrograph of a partially mixed alloy solder joint illustrating the Pb mixing level calculation. 

 



To determine the Pb mixing in the solder joints of the assembled board test vehicle, solder joints of the BGA package test 

vehicle assembled on all three locations (U1, U3, and U6) on the board test vehicle were cross-sectioned. Figure 5 indicates 

the locations of the three cross-section cuts on the ball map of the BGA package. These three cuts, which were performed on 

each assembled package on reflow profile validation boards, are identified as the a) outer row, b) the die shadow row, and c) 

the inner row in this figure.  After polishing, specific solder joints in each cross-section, as indicated by the ball numbers in 

Figure 5, were inspected using an optical microscope and the %Pb mixing measured as explained in Figure 4. 

 

 
Figure 5: Ball map of the BGA package test vehicle showing the location of the three cross-section cuts as well as the 

ball numbers of the solder joints whose %Pb mixing levels were measured after polishing the cross-sections 

 

Target 
Range

Leg 1 Data

(a) (b)

Leg# 1  (Partial Mixing) Leg# 2 (Full Mixing)

 
Figure 6: (a) Comparison of% Pb mixing in the solder joints for Leg 1 and Leg 2; (b) comparison of % Pb mixing in 

Leg 1 solder joints at outer row, die shadow row and inner row cross-section cut locations 

 



The wide range in %Pb mixing in Leg 1 requires further investigation. Figure 6b shows the box plots for %Pb mixing in the 

solder joints with the location within the package where the cross-section cut was made. As is apparent in this figure from the 

box plots, the levels of %Pb mixing decrease and their range of values increases as the location of the cross-section cuts 

moves from the outer row towards the interior of the package, i.e., first the die shadow row and then the inner row. A closer 

look at the profile of the %Pb mixing values across these rows indicates the reason for these trends.  

 

Figure 7 shows the variation in % Pb mixing within BGA solder joints that was measured across solder balls in three cross-

section cuts made at various location on 6 package test vehicles which were assembled using Leg 1 reflow profile parameters. 

The upper plot is for the cross-section cut on the outer row, the middle plot is for the cross-section row on the die shadow 

row and the lower plot is for cross-section on the inner row. The locations of these three rows with respect to the ball map of 

the BGA package can be seen in Figure 5 above. 
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Figure 7: Plots showing the variation of the %Pb mixing in the BGA solder joints across the solder balls in the three 

cross-section cuts made at various locations on a total of six package test vehicles assembled for Leg 1. 

 

Figure 7 clearly illustrates the wide variation in the %Pb mixing across the solder joints of the large BGA package test 

vehicle under evaluation. The outer row has a fairly uniform distribution of the %Pb mixing in the solder joints across its 

entire length. The die shadow row and inner row have, in contrast, a non-uniform distribution of the %Pb mixing across the 

solder joints in those rows. The solder joints in the middle of the rows, those that are under the die or close to the central 

location of the package body, have a significantly lower %Pb mixing (in the 25-50% range) than those on the edges of the 

rows, close to the edge of the package body. As expected, the %Pb mixing levels in the inner row towards the central part of 

the package are slightly lower than those in the die shadow row. 

 

This wide variation in the %Pb mixing is a direct result of the temperature gradient across the solder joints under the large 

package body. The solder joints in the central part of the package do not get to as high a peak reflow temperature and are 

above the solder liquidus temperature for much shorter duration than those at or near the edges of the packages on the outer 

rows. Since the Pb diffusion from the molten Sn-Pb solder paste on the lands into the still solid SnAgCu solder ball is directly 

proportional exponentially to the temperature and linearly to the time, the solder joints that reach a lower peak temperature 

for a shorter time above liquidus will exhibit a lower %Pb mixing within them.  

 

These results illustrate the difficulty in attaining uniform %Pb mixing levels across the entire array of mixed alloy solder 

joints for larger BGA components, for convection reflow soldering processes. 

 



Solder Joint Stand-off Height 

Solder joint stand-off height is critical to thermal fatigue reliability. Taller BGA solder joints are expected to be more 

reliable. Solder joint stand-off heights of large body BGA packages differ significantly across its ball array pattern after its 

assembly on the board. Therefore it was imperative to characterize this stand-off height variation across the assembled 

package for all three legs of the experiment. 

 

Figure 8a shows box plots of the solder joint heights for all three legs. For Leg 1, stand-off height data was collected for three 

packages on two boards, for a total of 6 packages. For Leg 2 and  Leg 3, the stand-off height data was collected for three 

packages on one board only. There is a large variation in the stand-off height for each leg, with the range being over 8mils 

from smallest to largest value for Leg 1 solder joints and about 5 mils for Leg 2 and Leg 3 solder joints. Leg 2 and Leg 3 

solder joints have similar stand-off heights since those solder joints have attained full collapse during the reflow soldering 

process. Leg 1 has significantly taller solder joints (the mean is about 2 mils higher) than the other two legs, reflecting the 

partial collapse of these solder joints, since the peak reflow temperature during Leg 1 assembly does not get above the 

SAC405 solder liquidus temperature. 

 

Figure 8b shows the variation of the solder joint stand-off heights across the three cross-sectioned rows, an outer row, an 

inner row and a die shadow row, indicated on the ball map of the package test vehicle in Figure 5. This plot is for Leg 1 

(partial mixing) assemblies only. Each data point in this graph is a mean of the stand-off height for the same ball numbers 

from six packages across two assemblies. The reason for the wide range in the stand-off heights is apparent from this plot. 

Due to the dynamic warpage characteristics of the package test vehicle the solder joints on the outer rows are stretched with 

tall stand-off heights, whereas those in the inner rows, particularly within the center of the package are compressed 

(squashed) with short stand-off heights.  

 

Stretched  
Solder Joints

Squished
Solder Joints

Stretched  
Solder Joints

Package 

Edge

Package 

Edge

Package 

Center

(a) (b)

Leg #1 (Partial Mixing) Leg #2 (Full Mixing) Leg #3 (Lead-free SAC)

Stand-off 
Height

Leg 1 (Partial Mixing)

 
Figure 8: (a) Stand-off heights of the BGA solder joints for all three Legs of the experiment; the inset micrograph 

depicts the measurement of the stand-off height. (b) Variation of the stand-off heights of the BGA solder joints for Leg 

1 (Partial Pb mixing) assemblies across the outer, die shadow and inner rows. 

 

Figure 9 is a compendium of single solder joint micrographs from each of the three legs, for each of the three cross-section 

cut locations (outer row, inner row, die shadow row). The variation of the solder joint stand-off heights are apparent with the 

center solder joints compressed whereas the edge solder joints are stretched, especially in the inner and die shadow rows. The 

variations in the leg mixing levels are also apparent, with Leg 1 having partial Pb mixing with this level varying from edge to 

center and from row to row. Leg 2 has full Pb mixing for all solder joint locations on all rows.  
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Figure 9: A collection of typical single solder joint micrographs for from each of the three legs, and for each of the 

three cross-section cut locations. Ball numbers, %Pb mixing levels and stand-off height in mils for each solder joint 

are also listed. 

 

Detection of Head-on-Pillow (HoP) Defects 

As discussed in the Accelerated Thermal Cycling section below, a number of early solder joint failures were recorded at less 

than 5 cycles into the test. These failures occurred too early to be fatigue failures. A solder joint quality defect was suspected 

as the root cause of these early failures. 

 

To confirm this, two package locations on a single board that exhibited the early failures were analyzed using 3D Computer 

Tomography (CT) X-ray technique. This technique enables detection of solder joint quality issues without destructive cross-

sectioning of the sample. Figure 10 shows the X-ray images obtained from two assembled packages on a Leg 3 (Lead-Free 

SAC) board that had early failures. The images in the top two rows are for two different solder joints from the same package 

location on the board. The bottom row images are from another package location on the same board. In all three cases, the 

head-on-pillow defect signature is clearly visible. The left images are in 3D view with multiple solder joints visible. The right 

images are various slices of the single solder joint that had the defect.  This analysis confirmed that the HoP defect was the 

root cause of the early failures during the accelerated thermal cycling tests for these boards. 

 

3D CT View 2D ̀ Slice` View

Package Location /

Ball Number

U6/CA5

U1/CC4

U1/BU51

 
Figure 10: 3D CT and 2D slice X-ray images depicting Head-on-Pillow (HoP)defects at three solder joint locations for 

one Leg 3 (Lead-free SAC) board. 

 

 



Accelerated Temperature Cycling (ATC) 
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. The resistance of each loop was independently 

monitored during the temperature cycle test. All assembled circuit boards were thermally cycled from 0 C to 100 C (10 

minute ramp between temperature extremes with a 10 minute dwell time at each temperature extreme) in accordance with the 

IPC-9701A industry test standard [51]. The solder joints were monitored continuously during thermal cycling with an event 

detector set at a resistance limit of 1000 ohms. A spike of 1000 ohms for 0.2 microseconds followed by 9 additional events 

within 10% of the cycles to the initial event is flagged as a failure. The failure data are reported as characteristic life  

(number of cycles to 63.2% failure) and slope  from a two-parameter Weibull analysis. 

 

Microstructural 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 and level of Pb mixing before temperature cycling and to enable comparisons to 

samples removed from the temperature cycling chambers for failure analysis. Microstructural characterization and failure 

analysis were done with optical microscopy and scanning electron microscopy (SEM).  Backscattered electron imaging (BEI) 

was the primary technique used to characterize the Pb mixing. Optical metallography (cross-sectional analysis) was used to 

verify the failure mode. Optical metallography is adequate for most SnPb assessments but the SEM used in the backscattered 

electron imaging (BEI) mode has proven to be very useful for differentiating Pb-rich phases [3] and intermetallic compounds 

in the SAC microstructures [45, 49, 50].  

 

RESULTS AND DISCUSSION 

Accelerated Temperature Cycling (ATC) – Early Failures 
The data for Pb mixing solder standoff, and warpage presented previously in the process characterization section exemplify 

the assembly challenges inherent to this large BGA package. These assembly challenges are reflected in the thermal cycling 

results shown in Table 2. A total of 15 early failures were reported and in most cases, the failures occurred within the initial 

five cycles of the testing. A comparison of censored vs. uncensored sample sizes in Table 2 shows that a number of early 

failures occurred in each of the three test cells (Legs 1, 2, and 3). The root cause of the early failures was determined through 

metallographic cross sectional failure analysis. The optical photomicrographs in Figure 11 show the source of the open circuit 

failure, a head-on-pillow (HoP) defect [52], as well as stretched solder joints resulting from dynamic warpage of the BGA 

package. These failures are not surprising given the wide range of assembly quality shown in Figures 8-10.         

 
Figure 11: Optical photomicrographs of a temperature cycled Leg 1 BGA test vehicle showing examples of necked-

down and stretched solder joints and a head-on-pillow defect that resulted in an early failure condition. 

 

Accelerated Temperature Cycling (ATC) – Thermal Fatigue Failures 
The temperature cycling data for the 3162 ball count BGA test cells are summarized in Table 2 and presented in the Weibull 

plot in Figure 12. The Weibull plot presents only censored data, with the early, non-fatigue failures removed. The parameter 

used to assess the reliability or thermal fatigue performance is the Weibull characteristic fatigue lifetime ().  For these three 

test cells, the Leg 1 Partial % Pb Mixing cell has better reliability than either the Leg 2 Full Pb Mixing cell or the completely 

Pb-free SAC405 cell. Additionally, the full Pb mixed cell (Leg 2) has approximately 10% better reliability than the SAC405 

Pb-free cell (Leg 3).  

 



There are two interesting findings that emerge from the characteristic lifetime data. First, these data indicate that introducing 

a moderate amount of Pb into the solder joints generally does not reduce the thermal fatigue reliability of the SAC405 solder 

joints. Second, the test cell with partial Pb mixing outperforms both the full Pb mixed cell and the pure (no Pb) SAC405 cell. 

These findings are interesting considering the results of previous studies that have shown that solder fatigue reliability of 

partial or fully mixed alloy assemblies is comparable to that of pure SAC assemblies [3, 6, 11, 49]. When differences have 

been reported, they have been no more than + 5-10%, which is regarded to be approaching or within experimental error. In 

this experiment, a much greater difference is observed with the Leg 1, partial Pb mixed cell outperforming the pure SAC405 

cell by approximately 25%. Results from a recent study suggest that the thermal fatigue resistance of mixed alloy (backward 

compatible) solder joints may be controlled more by the characteristics and properties of the underlying Pb-free (SAC) 

microstructure than by the Pb content [49]. It is known that differences in SAC microstructure in turn, can result from 

differences in surface mount assembly parameters such as peak temperature and cooling rate. The following section on 

Failure Analysis and Microstructural Evolution explores the relationship between microstructure and Pb mixing 

parameters.      

 

Table 2: Weibull statistics summary for thermal cycling 3162 ball count BGA mixed alloy assemblies.  

Test Cell 
Initial 

Sample Size 

Censored 

Sample Size* 

Characteristic 

Life  (cycles) 
Slope β 

Correlation 

Coefficient r
2
 

Leg 1 Partial % Pb Mixing 32 26 5795 10.8 0.975 

Leg 2 Full Pb Mixing 32 28 4758 14.0 0.965 

Leg 3 Pb-free SAC405 32 27 4382 10.2 0.818 

*Note: Censoring the early failure data points reduced the effective sample size to less than 32.  

 

 

 
Figure 12: Weibull plot comparing the temperature cycling performance of mixed alloy Leg 1 (partial Pb mixing) and 

Leg 2 (full Pb mixing) and the Pb-free Leg 3 (SAC405, no Pb mixing). 

 

 

Microstructural Characterization and Failure Analysis  
Baseline Microstructural Characterization  



Metallographic analyses were performed to characterize the microstructure of the two backward compatible mixed alloy 

assemblies (Leg 1 and Leg 2) and the pure SAC405 assembly (Leg 3). The same metallographic techniques subsequently 

were applied to characterize and analyze the failures from the ATC tests.   

 

Figure 13 shows a number of backscattered electron images (BEI) of the baseline microstructures for typical BGA samples 

from each of the test cells used in the mixed alloy accelerated temperature cycling study. In the backscattered mode, the 

dense, Pb-rich phase has a bright white appearance. Figure 13a shows details of the partially mixed microstructure (Leg 1) 

that results from assembly using a SnPb soldering profile with a short TAL and a peak temperature slightly below the Pb-free 

solder melting point. The Pb has mixed upward through approximately 25-80% of the height of the solder ball, depending on 

its location in the package (see details in Figures 7 and 9). In the upper region of the solder ball (package side) where the 

fatigue cracks tend to propagate, the SAC microstructure (without Pb) is more typical of the microstructure found in an as-

received BGA before surface mount assembly. The SAC solder in this region did not melt during the surface mount reflow 

process. The microstructure consists of small primary Sn cells surrounded by regions where the binary Sn-Ag eutectic 

decomposition has produced dense networks of very fine Ag3Sn intermetallic particles.  

 

Figure 13b shows the full Pb mixed microstructure (Leg 2) that results from assembly with a SnPb solder profile using longer 

TAL and temperature slightly above the Pb-free soldering melting point. The Pb from the solder paste is distributed 

throughout the SAC solder ball during reflow, extending upwards from the PCB pad to BGA pad side of the solder joint. This 

is characterized as a fully mixed condition but the Pb-bearing constituents are not distributed homogeneously throughout the 

solder joint. The SAC microstructure again consists of primary Sn grains with Ag3Sn intermetallic particles at the cell 

boundaries. However, in this case the Ag3Sn intermetallic particles have a lamellar, rather than equiaxed morphology. This 

intermetallic morphology is also found in the reflowed region of Leg 1 and appears to result from using a SnPb assembly 

profile. 

 

Figure 13c shows the microstructure of the pure Pb-free SAC405 (Leg 3) test cell created with a Pb-free soldering profile 

using a peak temperature of approximately 240 °C. The pure Pb-free Leg 3 microstructure qualitatively is similar to the 

microstructure of Leg 1 shown in Figure 13a with primary Sn cells with Sn-Ag eutectic decomposition at the boundaries. The 

major microstructural difference is that Leg 3 has a lower the density of Ag3Sn intermetallic particles and the intermetallic 

particle size is larger.  

 

In these samples, unlike some of the non-optimum solder joints cited in Figure 9-11, the extent of solder melting and mixing 

has resulted in reasonable solder joint quality. The mixed alloy solder ball collapse is comparable to the pure Pb-free 

collapse, the solder joints are well-formed, and there is no excessive segregation of Pb in the mixed regions.   

 



 
Figure 13: Backscattered electron (BEI) images of the baseline microstructures for typical BGA samples from each of 

the test cells used in the mixed alloy accelerated temperature cycling study. 

 

Failure Analysis and Microstructural Evolution 

Figure 14 shows optical photomicrographs of failed solder joints from the ATC testing. All failures have the characteristic 

intergranular fracture along Sn boundaries that is seen routinely in SAC fatigue failures and is consistent with those reported 

much earlier by workers such as Dunford [53]. The fractures in both the partially mixed (Leg 1) and full mixed (Leg 2) 

samples also resemble SAC fractures because the cracks propagate along Sn boundaries, regardless of the presence of Pb, in 

the same manner as in the Pb-free sample (Leg 3) [49].  

 

 

(b)  (a) 

(c) 



 
Figure 14: Optical photomicrographs of BGA solder joints from Legs 1, 2, and 3 that have failed by thermal fatigue 

during accelerated temperature cycling. 
 

Figure 15 shows backscattered electron images of a Leg 1 sample that failed in thermal cycling. Although the initial 

microstructure had approximately 50% Pb mixing, Pb did not influence the failure because cracking occurred in the upper, 

Pb-free region (see baseline microstructure in Figure 13a). The higher magnification images show accelerated coarsening of 

the Ag3Sn intermetallic particles in the strain-localized region of the solder joint where crack propagation occurs. This pattern 

of microstructural evolution is characteristic of the thermal fatigue failure process in these Pb-free alloys [54] and was first 

reported by Dunford in 2004 [53]. The coarsening process is slower in the region below the fatigue crack because it is only 

driven thermally with a minimal contribution due to strain.      

 
Figure 15: Backscattered electron (BEI) images of a Partial Pb Mix, Leg 1 sample that failed in ATC at 6360 cycles. 

The fatigue failure occurred at the package side of the solder joint at a significant distance from the region of Pb 

mixing. 

 

Figure 16 shows backscattered electron images of a Leg 2 sample that failed in thermal cycling. The higher magnification 

images show coarsening of the lamellar Ag3Sn intermetallic particles in the strain-localized region of the solder joint where 

crack propagation occurs. The lamellar morphology remains intact outside the strain-localized region. The crack propagation 



path is intergranular along Sn boundaries, as seen routinely in SAC fatigue failures. There are some Pb particles along the 

crack path but it is difficult to ascribe a negative affect to the presence of Pb since Leg 2 outperformed the Leg 3, Pb-free 

SAC405 test cell (Figure 12).  

 

Figure 17 shows backscattered electron images of a Leg 3 sample that failed in thermal cycling. As expected, the higher 

magnification images show Ag3Sn intermetallic particle coarsening in the strain-localized region of the solder joint and 

intergranular crack propagation along Sn boundaries.  

 
Figure 16: Backscattered electron (BEI) images of a Full Pb Mix, Leg 2 sample that failed in ATC at 5099 cycles. 

 
Figure 17: Backscattered electron (BEI) images of a Pb-free SAC405, Leg 3 sample that failed in ATC at 4538 cycles. 

 

 

The better fatigue resistance of the two mixed alloy test cells was not expected, although a similar result was reported in an 

earlier study by some of the current authors [50]. This was true particularly in the case of the superior performance of the 

Partial Pb Mixed Leg 1. Previously it was mentioned that the thermal fatigue resistance of mixed alloy solder joints may be 



controlled more by the characteristics and properties of the underlying Pb-free (SAC) microstructure than by the Pb content 

added during assembly [49]. Figure 18 shows the underlying baseline SAC microstructures and the microstructures after 

thermal cycling the for the three test cells. Since Legs 1 and 3 both failed in a Pb-free region of their solder joints, a 

comparison of these two samples is of high interest.  

 

 
Figure 18: Backscattered electron (BEI) images comparing the baseline SAC microstructures and the microstructures 

after thermal cycling (ATC) for each of the three test cells. 

 

The higher magnification images in Figure 19 reveal no startling baseline microstructural differences between Leg 1 and Leg 

3. The microstructures of both test cells have a high density of the Ag3Sn intermetallic particles, which is a characteristic of 

the SAC405 alloy. The quantity and size of the Ag3Sn intermetallic particles is similar in both samples, although the Leg 1 

sample may contain a slightly higher volume fraction of Ag3Sn particles. A higher volume fraction of Ag3Sn particles could 

account for the better fatigue resistance in Leg 1 [55, 56, 57]. The Leg 3 sample appears to contain larger primary Sn 

dendrites, and there is one paper that suggests fatigue resistance increases with increasing Sn dendrite size [58]. The Sn 

dendrite effect however, remains only a hypothesis and has not been supported by other research. A definitive determination 

of Sn dendrite and intermetallic particle size and distribution would require extensive quantitative metallography, which is 

beyond the scope of this study.   

 

There is one study in the literature that suggests that the lamellar Ag3Sn intermetallic morphology present in Leg 2 resists 

particle coarsening and provides a moderate increase in fatigue resistance [45]. In the current work however, there does not 

appear to be a correlation between the lamellar microstructure and fatigue life because Leg 2 outperforms Leg 3 but does not 



outperform Leg 1. In summary, the findings in the current metallographic and microstructural analysis are not alone 

sufficient to explain the better fatigue resistance of the two mixed alloy test cells.    

 

 
Figure 19: Higher magnification backscattered electron (BEI) images comparing the baseline SAC microstructures of 

the Leg 1 partial %Pb Mix Leg 3 Pb-free test cells. 

 

Discussion of ATC Results 

Although the mixed alloy thermal fatigue results for Legs 1 and 2 certainly are better than expected, they do not constitute an 

endorsement of mixed alloy, backward compatible assembly for this large body, high pin count BGA. The censored data in 

Table 2 and the early failure mode shown in Figure 11 emphasize the primary finding of this study: 15% of the samples 

submitted for thermal cycling failed almost immediately in testing. It is true that early failures also plagued the Pb-free 

samples (no Pb mixing) but that is a clear indication of the impact of the inherent package warpage on assembly quality. It 

should seem obvious that adding Pb mixing to an already risky assembly process would only further increases the risk. This 

conclusion is validated by the substantial variation in %Pb mixing and overall quality in the Leg 1 samples driven by 

dynamic package warpage, large thermal mass, and the unusually large physical dimensions and high pin count of the 

package.  

 

The better thermal fatigue performance of the Pb mixed alloy test cells could be due to a combination of factors. The results 

of the microstructural analysis hinted that the Ag3Sn intermetallic particle density might be greater in Leg 1, but this is a 

tentative observation, not a strong correlation. It should also be noted that due to the de facto industry standardization of 

SAC305, very few of the recent mixed alloy experiments have studied detailed microstructural effects in higher Ag content 

alloys such as SAC405. Therefore previous results on SAC305 may not be directly applicable to SAC405. The dynamic 

warpage of the package in Leg 1 may also lead to a larger average solder joint standoff heights (Figures 9 and 11) thereby 

increasing fatigue life moderately.  

 

It also is worth mentioning that the testing parameters could influence the test results. Microstructure related differences in 

fatigue performance tend to be manifested more in thermal cycling tests run with shorter dwell times such as the 10 minute 

dwell used in the current study [50]. Conversely, longer dwell times have been shown to minimize or eliminate effects related 

to the initial microstructure [45, 49]. The apparent differences in fatigue life between the SAC405 and the mixed cells could 

diminish if a longer test dwell time was applied. This has practical implications because longer dwells are more characteristic 

of actual service conditions.  

Factors Affecting Solder Joint Quality 



There are many design and surface mount assembly parameters that can modulate the solder joint quality and solder joint 

defect types. These factors include package substrate and printed circuit board thicknesses, form factor, material properties of 

the component, PCB, solder alloy, and SMT process parameters such as reflow profile, stencil aperture size and thickness, 

printed solder paste volume on the PCB lands, and fixturing.   Typical solder joint defects include solder bridging, Head on 

Pillow (HoP), Non Wet Opens (NWO), solder dewetting, and excessive solder voids. In this study, HoP and elongated solder 

joints were observed often as shown in Figures 10 and 11.  The HoP defect typically forms when there is poor contact 

between the solder ball at the component side and solder paste at the board side during melting and solidification through the 

reflow profile. Any ball that solidifies quickly with less time to wet the paste or contact molten solder at the PCB side during 

cooling is likely to form a HoP defect. Local board warpage and variations in paste volume and paste activity can modulate 

the defect levels. The magnitude of the component warpage is a function of package size [59, 60] and certain SMT factors 

(increasing the paste volume for the affected PCB pads and use of higher activity paste) were able to reduce or eliminate HoP 

defects in this study.  

 

Conclusions  
 

The fundamental conclusion of this study is that solder joint quality issues need to be first addressed and resolved before 

attempting mixed alloy assembly on thermally massive BGA packages or packages. The following detailed conclusions can 

be drawn from the results of the mixed alloy assembly and thermal cycling study: 

 The thermal cycling data indicates that introducing a moderate amount of Pb into the solder joints does not reduce the 

thermal fatigue reliability of the SAC405 solder joints. The thermal fatigue crack path in the Pb mixed joints is 

intergranular along Sn boundaries and has a similar appearance to the cracking in the pure Pb-free SAC405 solder joints. 

The failure mode and cracking mechanism are consistent with results reported in previous studies.  

 The thermal cycling data show that the test cell with partial Pb mixing outperforms both the full Pb mixed cell and 

the pure (no Pb) SAC405 cell. These findings appear to contradict the results from previous studies that show that solder 

fatigue reliability of partial or fully mixed alloy assemblies is comparable to that of pure SAC assemblies. The better 

performance of the Pb mixed test cells could be attributed to differences in surface mount profile, particularly differences 

in peak temperature and TAL. Different soldering profiles can produce different solidification conditions that in turn, 

result in different basic SAC microstructures, different warpage profiles, and different solder standoff heights.   

 The high thermal mass and large physical dimensions of some BGA packages may limit the ability to create fully Pb 

mixed solder joints with a nominal SnPb reflow assembly profile. When a typical SnPb peak temperature and time above 

liquidus (TAL) is employed, it is difficult to achieve full Pb mixing at any package location and the partial %Pb mixing 

varies by as much as a factor of 2 across the BGA package. It must be noted that in practice, operating at temperatures 

above the nominal SnPb processing window can damage other components on the printed circuit board assembly and can 

diminish the effectiveness of the flux in the solder paste.    
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