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ABSTRACT 

Significant innovations in Pb-free solder alloy formulations 

are being driven by volume manufacturing and field 

experiences.  As a result, the industry has seen an increase 

in the number of Pb-free solder alloy choices beyond the 

common near-eutectic Sn-Ag-Cu (SAC) alloys first 

established as replacements for Sn-Pb.  The increasing 

number of Pb-free alloys provides opportunities to address 

shortcomings of near-eutectic SAC, such as poor 

mechanical shock performance, but also introduces a variety 

of technical and logistical risks.  Since 2008, the Pb-Free 

Alloy Characterization Program sponsored by the 

International Electronics Manufacturing Initiative (iNEMI) 

has been working to fill the gap in knowledge associated 

with thermal fatigue resistance of these new solder alloys.   

 

Results from the extensive experimental program are now 

becoming available and will be published through a series of 

publications over the next 1- 2 years.  The purpose of this 

first paper in the series is to provide the industry with an 

understanding of the overall program goals, and the 

experimental structure and details.  Subsequent papers will 

focus on presenting results, analyses, and conclusions from 

selected portions of the study. 

 

Key words:  

Solder alloys, lead free solder, thermal cycle reliability, 

thermal cycle testing, low silver alloys 
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INTRODUCTION 

Significant innovations in Pb-free solder alloy formulations 

are being driven by volume manufacturing and field 

experiences.  As a result, the industry has seen an increase 

in the number of Pb-free solder alloy choices beyond the 

common near-eutectic Sn-Ag-Cu (SAC) alloys first 

established as replacements for Sn-Pb.  The increasing 

number of Pb-free alloys provides opportunities to address 

shortcomings of near-eutectic SAC, such as poor 

mechanical shock performance, but also introduces a variety 

of technical and logistical risks.  Since 2008, the Pb-Free 

Alloy Characterization Program sponsored by the 

International Electronics Manufacturing Initiative (iNEMI) 

has been working to fill the gap in knowledge associated 

with thermal fatigue resistance of these new solder alloys. 

 

One major trend in Pb-free solder alloy formulation has 

been the reduction of silver below three percent, down as 

low as no silver at all.  Another is the increasing use of 

microalloying additions or “dopants” to the tin-silver-copper 

or tin-copper based alloys.  Results of early studies [1-4] 

suggested a decrease in thermal fatigue performance with 

decreasing silver concentration, though a quantitative 

relationship was not established.  Furthermore, these early 

investigations lacked benchmarking against eutectic Sn-Pb, 

raising concern that some low Ag alloys may perform worse 

than the historical Sn-Pb solution.  There has also been 

confusion regarding the impact of dopants on thermal 

fatigue reliability.  Over the past year or two, a number of 

researchers have published results increasing our 

understanding on these topics [5-7] but more work is needed 

to increase our knowledge and validate early results. 

 

Accelerated thermal cycle data, while critical to collect for 

new alloys, are not sufficient for making predictions of 

solder joint life in the field.  Acceleration models are 

required to map the experimental data to product field 

conditions.  Unfortunately, the data available to the industry 

to date are insufficient to support the development of such 

models for second generation Pb-free alloys. 

 

The iNEMI Pb-Free Alloy Characterization team has 

designed an experimental program intended to provide the 

industry with a clearer indication of the effects of varying 

silver content and microalloying additions on the reliability 

performance of alloys in thermal cycling, including 

acceleration behavior.    In this study, the team is using 

accelerated thermal cycling (ATC) to evaluate thermal 

fatigue performance of 12 commercial or developmental Pb-

free solder alloys and the eutectic Sn-Pb solder baseline.    

 

The goals of this investigation include the following. 

 Validate recently published results [4-7] regarding 

the dependence of thermal fatigue resistance on 

silver concentration, [Ag], in the range of 0 to 4%. 

 Evaluate the impact of commercially common 

dopants, such as Ni, on thermal fatigue 

performance. 

 Perform preliminary assessments of the thermal 

fatigue performance of some new commercial and 

experimental alloys relative to some common 

performance benchmarks. 

 Benchmark the performance of low silver alloys 

relative to eutectic Sn-Pb. 

 Assess how alloy composition affects the 

acceleration behavior, including interactions of 

dwell time, temperature range, and peak 

temperature, and determine the acceleration 

behavior for a wide range of Pb-free solder alloys.   

 Provide a limited set of data on the impact of 

package design on relative alloy performance. 

 Supplement industry data on the impact of thermal 

aging on thermal fatigue performance of Pb-free 

alloys. 

 Provide basic thermal fatigue data for multiple 

second generation Pb-free alloys for development 

of thermal fatigue models. 

 

OVERALL PROGRAM STRUCTURE 

The iNEMI Pb-Free Alloy Characterization team developed 

an experimental program designed to meet the goals listed 

above.  As described later, a test vehicle using two types of 

ball-grid array (BGA) packages was employed.  The use of 

two different package types provides a limited indication of 

whether or not relative alloy performance depends on 

package attributes.  Inclusion of additional and more varied 

package types was beyond the scope of this investigation 

and warrants further study. 

 

Note that the investigation of aging effects stems from 

earlier work [8-10] showing that SAC solder thermal fatigue 

performance degrades if the joints are subjected to 

isothermal aging.   

  

Based on these considerations and taking into account the 

project team membership, the alloys listed in Table 1 were 

selected for study.  Note that in most cases the paste alloy is 

SAC 305 and does not match the ball alloy composition.  

The decision to take this approach was based on 

simplification of the experimental matrix and the 

recognition that in most cases today the paste alloy will be 

SAC305 with potentially multiple BGA ball alloys being 

used on the same board. 

 

To meet the objective of determining how alloy composition 

affects the acceleration behavior, one must perform testing 

using multiple thermal cycle profiles.  The selection of 

profiles was accomplished with three goals in mind. 

1. Determine the impact and interactions of the three 

major profile parameters: (i) temperature range, 

T, (ii) maximum temperature Tmax, and (iii) dwell 

time, td. 

2. Determine performance for the most commonly 

used profiles per standard IPC-9701: 0/100 °C and 

-40/125 °C.  Note that the latter addresses concerns 
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in the automotive industry, where electronics are 

exposed to extreme conditions under hood. 

3. Determine the impact of long dwells, which are 

relevant to data center equipment and other 

electronic products that have long on/off cycles.  

  

Of course, the practicalities of available time and resources 

played a role in the final selection of profiles and was 

heavily influenced by the fact that certain profiles are 

commonly being run by member labs (for example, 0 to 

100°C, with 10 minute dwell times).   

 

Table 1. Nominal Solder Alloy Compositions 

No. BGA Ball Alloy

Trade Name or 

Designation

Solder 

Paste Comments

1 Sn-37Pb Eutectic Sn-Pb Sn-37Pb Control

2 Sn-0.7Cu+0.05Ni+Ge SN100C SN100C 0% Ag joint

3 Sn-0.7Cu+0.05Ni+Ge SN100C SAC305 Impact of [Ag]

4 Sn-0.3Ag-0.7Cu SAC0307 SAC305 Impact of [Ag]

5 Sn-1.0Ag-0.5Cu SAC105 SAC305 Impact of [Ag]

6 Sn-2.0Ag-0.5Cu SAC205 SAC305 Impact of [Ag]

7 Sn-3.0Ag-0.5Cu SAC305 SAC305 Impact of [Ag]

8 Sn-4.0Ag-0.5cu SAC405 SAC305 Impact of [Ag]

9 Sn-1.0Ag-0.5Cu+0.05Ni SAC105+Ni SAC305

Impact of 

dopant

10 Sn-2.0Ag-0.5Cu+0.05Ni SAC205+Ni SAC305

Impact of 

dopant

11 Sn-1.0Ag-0.5Cu+0.03Mn SAC105+Mn+Ce SAC305

Impact of 

dopant

12 Sn-0.3Ag-0.7Cu + Bi SACX0307 SAC305

Doped 

commercial 

alloy

13 Sn-1.0Ag-0.5Cu SAC105 aged SAC305 Effect of aging

14 Sn-3.0Ag-0.5Cu SAC305 aged SAC305 Effect of aging

15 Sn-1.0Ag-0.7Cu SAC107 SAC305 Impact of [Cu]

16 Sn-1.7Ag-0.7Cu-0.4Sb SACi SAC305

Doped 

commercial 

alloy  

 

Based on these goals, ten thermal cycle profiles were 

selected.  As shown in Table 2, eight of these form a full-

factorial DOE for T, Tmax, and td, addressing the first goal.  

Added to this set is the -40/125 °C profile, which addresses 

goal 2 (the 0/100 °C profile being part of the DOE).  

Finally, the -40/100 °C 2-hour dwell profile was added to 

meet goal 3.  For clarity, Table 3 defines the main ATC 

DOE. 

 

Table 4 illustrates how the iNEMI project fits in with some 

of the other published work as the industry generates 

information on the thermal fatigue performance of second 

generation Pb-free solder alloys.  The current investigation 

fills gaps not yet addressed, and supplements earlier work to 

provide validation and increased confidence in those 

findings. 

 

TEST VEHICLE  
Parts and Boards 

Two different daisy-chained BGAs were used in this 

program. A 0.8-mm pitch, 14 mm x 14 mm body, perimeter 

192-I/O ChipArray ball-grid array (CABGA), and a 0.5-mm 

pitch, 7mm x 7mm perimeter 84-I/O ChipArray thin core 

ball-grid array (CTBGA) were used for the test vehicle, as 

shown in Figure 1.  The land pads on these parts had an 

electrolytic Ni/Au surface.  A schematic diagram of the 

basic construction of these packages in cross section is 

given in Fig. 2. 

 

Table 2. Thermal Cycle Profiles  

Profile 
No. Company 

Cycle 
(Min/Max/Dwell) Comment 

1 ALU 0/100/10 

Core DOE 

2 IST 25/125/10 

3 Henkel -40/100/10 

4 Nihon -15/125/10 

5 ALU 0/100/60 

6 HP 25/125/60 

7 HP -40/100/60 

8 CALCE -15/125/60 

9 CALCE -40/100/120 
Long 
Dwell 

10 Delphi -40/125/10 
Common; 
Auto 

 

Table 3.  DOE for Determination of Acceleration Behavior 

ATC-DOE Factors Level-1 Level-2 

Max. Temperature, 
o
C 100 125 

Dwell-Time, minutes 10 60 

T (maxT – minT) , 
o
C 100 140 

 

Table 4. Illustration of How This Investigation Fits with 

Previous Industry Studies [3-7]  

Industry Working 
Group

Alcatel-Lucent 
Working Group

Jabil Working 
Group

iNEMI Alloy 
Characterization

Impact of Ag concentration Impact of Ag concentration & dopants

Rapid results 
through using 
existing test 

materials

Comparison to Sn-Pb

Mixed Sn-Pb/Pb-free joints
Data for common 
commercial alloys

Effects of thermal cycle profile
Quantitative 
acceleration 

factors 

Impact of package type

 
 

The parts were procured from Practical Components as 

land-grid arrays (LGAs) to enable subsequent attachments 

of different lead-free-alloy balls commensurate with the 

scope of the program. 

 

The test printed circuit board (PCB) for the project was 

designed by Alcatel-Lucent. It is a 6 layer board with 16 

sites for the larger 192-I/O stitch-pattern design for a 

CABGA daisy-chained device, and another 16 sites for the 
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84-I/O stitch-pattern design for a CTBGA daisy-chained 

device.  A copper OSP surface finish was used on all 

boards. An image of the actual test board is provided in 

Figure 3. 

 

  
Figure 1. The test BGAs used in the program 

 

 
Figure 2. The test BGAs cross section (courtesy of Amkor) 

 

 
Figure 3. Test PCB used in the program 

 

Balling and Identification of Test Parts  

The two BGA types used in the evaluations started as LGAs 

provided by Practical Components. Based on past 

experience, the iNEMI team chose Premier Semiconductor 

Services LLC to perform the ball attachments to the LGAs.  

Highlights of the ball attachment process used by Premier 

are illustrated in Figure 4.   

 

 
Figure 4. Ball Attach Process Used to Manufacture BGAs 

 

As noted from the illustration, there were many steps 

involved to ensure the ball attachments took place properly. 

Two main precautions were taken to ensure tracking of the 

BGAs with a given alloy throughout the process. One was 

the introduction of individual LGA-substrate lots in 

Premier’s operations for each alloy. This measure ensured 

complete processing of the lot with a given alloy and 

avoiding mixing with other alloy batches. The other 

precaution was the ink-dot marking of every single package 

per lot with a unique identifier (as shown in Figure 5). A 

map provided to Premier referenced a unique dot pattern for 

each ball alloy label from the alloy manufacturers. The same 

labels were placed on the ball containers used by Premier in 

the corresponding individual-lot processing. The permanent 

ink marks also later provided assurance of the use of the 

right package (with the right alloy) in the board-level 
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assembly process at Flextronics, and rendered simple 

tracking of every printed circuit assembly (PCA) based on 

the unique dot patterns on the back of the assembled 

components. 

 

 
Figure 5. Component Unique Ink Marks for Traceability 

 

In Figure 5, note that ball alloy compositions are the same 

for: 

 two rows of SN100C,  

 two rows of SAC105 and SAC105 aged and, 

 two rows of SAC305 and SAC305 aged. 

These sets of samples were marked differently to stage them 

for the board-level assembly phase where the parts would be 

assembled to boards using different solder pastes or post-

assembly preconditioning.  In this fashion, in the post-

assembly phase of the project where the PCAs underwent 

ATC testing, the PCAs were readily traceable by the visible 

dot patterns on the backs of components, avoiding potential 

mix-ups. This approach will also help to avoid mix-ups 

during failure analysis after ATC testing.  

 

Assembling Boards 

As noted from Figure 5, there were 16 different test cells of 

ball-alloy/paste/preconditioning combinations for which 

PCAs needed to be manufactured. The entire PCA 

manufacturing was performed at Flextronics in San Jose, 

CA. Sufficient quantities of test components and test PCBs 

had been procured to enable assembly of a total of 13 PCAs 

per cell. The 13 PCAs per cell were manufactured according 

to the requirements given in Table 5. Thus, Flextronics 

assembled individual lots of 13 PCAs for each test cell 

shown in Figure 5. 

 

Table 5.  PCA Allocations per Every One of 16 Test Cells 

 

PCA 

Group 

Number 

of PCAs 

per Cell 

 

 

Allocations 

1 8 Core DOE (Table 2) 

2 2 Two additional profiles (Table 2) 

3 1 Aging studies 

4 1 Spares 

5 1 Witness set
†
 

†
 A full set of PCAs kept in reserve if needed after ATC testing to 

resolve any questions or issues that might arise. 

 

A 5-mil thick stencil was used with 14-mil-diameter round 

apertures for the large BGA and 12-mil x 12-mil square 

apertures for the small BGA. 

 

Manufactured Joint Microstructures 

The initial microstructures for the joints produced using the 

materials and processes described above were typical of 

what other studies have reported.  Both SEM and optical 

techniques were used to document the joint microstructures 

present at the beginning of thermal cycle testing.  A full 

report on the starting microstructures is beyond the scope of 

this report, but the brief discussion below provides a sense 

of the range in microstructures present in the joints tested. 

 

Figure 6 shows the microstructure for the eutectic Sn-Pb 

control joints. Large dendrites of primary (Pb) phase in a 

eutectic Sn-Pb matrix are apparent.  Figure 7 shows a 

microstructure of a typical low Ag joint, in this case the 

SAC0307 alloy reflowed with SAC305 paste.  Blocky 

precipitates of Cu6Sn5 are visible in a matrix of Sn with fine 

Ag3Sn precipitates in a “cellular” structure.  Figure 8 shows 

the microstructure of the mid-silver SAC205 + Ni alloy 

soldered with SAC305 paste.  This microstructure is similar 

to that for the SAC0307 alloy but with a higher density of 

Ag3Sn precipitates in the cellular matrix.  Figure 9 provides 

the microstructure of the highest Ag joint: SAC405 soldered 

with SAC305 paste.  As expected, large primary Ag3Sn 

plates (appearing as needles in two dimensions) are present 

along with the blocky Cu6Sn5 precipitates.   The matrix now 

has a high density of fine Ag3Sn precipitates making up the 

“cell walls” with regions of essentially pure Sn in the 

centers of the cells.  The scalloped Cu6Sn5 intermetallic 

layer at the interface between the solder and the OSP-copper 

pad is also visible, as would be expected.  Such an interface 

with the PCB pads is typical of all the Pb-free alloy joints.  

Figure 10 provides the initial microstructure of a SN100C 

solder sphere assembled with SN100C solder paste.  In this 

joint, only the copper-tin intermetallics are observed in the 
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bulk solder, with no Ag3Sn cell boundaries due to the 

absence of silver in the solder. 

 

 
Figure 6. Eutectic Sn-Pb Microstructure Prior to Thermal 

Cycle Testing (CTBGA-84) 

 

 
Figure 7. Microstructure Prior to Thermal Cycle Testing for 

the SAC0307 Soldered with SAC305 Paste (CABGA-192) 

 

SOLDER JOINT COMPOSITIONS 

Table 1 presents the target, nominal solder ball alloy 

compositions, together with the nominal composition of the 

solder pastes used in test vehicle assembly.  Two factors 

influence the actual solder joint compositions tested in 

ATC, and cause deviations from the nominal values given in 

Table 1: (1) deviations in actual ball or paste compositions 

from their targets, and (2) mixing of the ball alloy with the 

solder paste alloy.  The latter is affected by the respective 

volumes of the solder balls and paste bricks, which in turn 

depend on design (ball size on the BGA and stencil aperture 

size) and manufacturing variability.   

 

 
Figure 8. Microstructure Prior to Thermal Cycle Testing for 

the SAC205 + Ni Soldered with SAC305 Paste (CTBGA-

84) 

 

 
Figure 9. Microstructure Prior to Thermal Cycle Testing for 

the SAC405 Soldered with SAC305 Paste (CABGA-192) 

 

Table 6 lists the actual solder ball and paste compositions as 

measured by inductively-coupled plasma (ICP) 

spectroscopy.  Comparing the values in Table 6 with the 

target compositions in Table 1 shows that the target 

compositions were met quite well.  For the worst case 

SAC405 alloy, the silver content is only 10 percent below 

the nominal value.  Copper concentrations are also a few 

percent (15% or less) below the target for many of the 

alloys.  Dopant concentrations were met with good 

accuracy. 

 

Using the measured compositions in Table 6, the range and 

variation in solder joint compositions was estimated under 

the assumption of complete mixing of the elements in the 

ball and paste during test vehicle manufacturing.  Pick-up of 

Ni and Cu from the soldering pads is ignored in this 

analysis.  The approach taken to make these estimates uses: 

(1) ICP measurements to determine metal constituent 

masses from the solder-alloy spheres, (2) solder-paste 

volume measurements to determine the related metal 
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constituent masses, and (3) solder-ball diameter tolerances 

as well as computed paste volume tolerances (from actual 

paste brick measurements on sample boards during the PCA 

builds) to project constituent concentration ranges.  

 

 
Figure 10. Microstructure Prior to Thermal Cycle Testing 

for the SN100C Soldered with SN100C Paste (CTBGA-84) 

 

For all cases studied, with the exception of Sn-Pb and the 

SN100C paste case, Figure 11 shows that the actual solder 

joints subjected to thermal cycling have silver compositions 

that may deviate significantly from the nominal ball 

composition.  Discretely characterizing the volumes for 

paste bricks and solder balls as low (L), medium (M), or 

high (H), Figure 11 gives results for three of the nine 

possible combinations of joints: (1) LL – low volume ball 

and paste (low extreme), (2) MM – medium volume ball and 

paste (nominal), and (3) HH – high volume ball and paste 

(high extreme).  Composition ranges using these definitions 

are given for both the BGA (CABGA-192) and CSP 

(CTBGA-84) packages. Deviations in joint composition 

depend on: package type (0.46 vs. 0.30 mm ball diameter), 

variations in manufactured ball size, and variations in 

manufactured paste brick volume.  Note the significant 

contribution to the joint composition variability caused by 

variations in paste brick volumes measured during test 

vehicle manufacture, Figure 12.   

 

Computed Ag concentrations in the final solder joints allow 

categorizing of the 15 different Pb-free test cells into 7 

groups with overlapping concentration distributions. As a 

first pass, the thermal-fatigue reliability results of the ATC 

experiments could be correlated against the [Ag] from these 

7 groups. Significant differences in the reliability within any 

one of these groups could point to other contributors to 

performance.  Three of the 7 groups exhibit significant to 

moderate differences in [Ag] between the BGAs and CSPs, 

which could point to potential drivers of reliability 

differences aside from those due to distance from neutral 

point, standoff, and solder re-crystallization. Within the 

higher Ag joints (i.e., SAC305 & SAC405), the [Ag] range 

approaches a significant 1%, which could potentially 

explain any overlapping reliability results with the lower 

[Ag] subgroups.  

 

For reference, the nominal Ag compositions were also 

estimated using the on-line calculator from Prof. Pan [11], 

assuming a paste transfer ratio of 90%. The comparative 

results of the Ag composition between those derived in the 

project versus those estimated by the Pan calculator are 

reflected in Table 7. The results appear to be in good 

agreement. 

 

ESTABLISHING PROCEDURES FOR PRODUCING 

COMPARABLE DATA 

Unification of Tools, Materials, and Methods 

In properly structured DOEs, to achieve meaningful and 

credible results with high signal/noise ratios, efforts must be 

made to eliminate or minimize sources of variability that 

would bias the effects of the factors of interest and/or 

interactions on the DOE response variables.  Due to the 

large size of this project, it became apparent that the ATC 

testing had to be divided among multiple member labs. This 

implied an array of contributors to experimental variability, 

including ATC equipment, tools, materials, and methods of 

set-up and execution. Given this significant challenge, the 

team put substantial effort into preparing for the ATC tests, 

as well as thermal profiling and failure data collection, to 

ensure the output data were as unbiased as possible.  This 

involved construction of three different checklists that 

needed to be closely followed by all seven ATC test centers 

listed in Table 2.   

 

Checklist Overview   

Checklist-1: Establishment and/or Procurement of All 

Materials/Tools/Instruments for ATC Setup.  
Through this checklist, the ATC centers worked together to 

ensure not only availability of the necessary materials, tools, 

and instruments, but also to unify on key elements as much 

as possible. The main categories for this checklist are 

reflected in Table 8 in the appendix. 

   

Some highlights from Checklist-1 are:  

 ATC chamber identification and ensuring that the 

related maintenance and calibrations had taken place; 

 Use of a minimum number of 9 thermocouples (TCs) to 

be used in every chamber for profiling; 

 Agreeing to use a maximum of two different thermal 

compounds for TC-junction connectivity to the PCBs 

(centers adopted the materials used at HP and ALU); 

 Of all centers, only ALU used an event detector. All 

other centers utilized data loggers with either home-

developed data capture software, or software that was 

developed by Agilent, which accompanied loaner 

systems to those centers. 
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Table 6. Measured Alloy Compositions for 0.46 mm Dia. and 0.30 mm Diameter Solder Spheres 

Element Sn-37Pb SN100C SAC0307 SAC105 SAC205 SAC305 SAC405 SAC105+Ni SAC205+Ni SAC 105+Mn SACX0307 SAC107 SACi

Ag 9 ppm <5 ppm 0.31% 1.01% 1.99% 2.95% 3.76% 0.93% 1.97% 0.95% 0.28% 1.00% 1.69%

Al <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm 6 ppm <5 ppm <5 ppm <5 ppm

As 16 ppm 49 ppm 19 ppm 41 ppm 23 ppm 15 ppm 32 ppm 11 ppm 33 ppm 5 ppm 40 ppm 23 ppm 12 ppm

Au <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Bi <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm 0.09% <10 ppm <10 ppm

Cd <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Ce <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm 100 ppm <5 ppm <5 ppm <5 ppm

Co <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Cr <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Cu 21 ppm 0.64% 0.65% 0.47% 0.47% 0.47% 0.47% 0.44% 0.47% 0.44% 0.66% 0.67% 0.64%

Fe <10 ppm 39 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm 10 ppm <10 ppm 17 ppm 17 ppm

Ga <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Ge <10 ppm 10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Hg <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

In <5 ppm 23 ppm 26 ppm 9 ppm <5 ppm 20 ppm 16 ppm <5 ppm <5 ppm 17 ppm 27 ppm 37 ppm 17 ppm

K <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm

Mn <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm 0.03% <5 ppm <5 ppm <5 ppm

Ni 6 ppm 0.05% <5 ppm <5 ppm 11 ppm <5 ppm 32 ppm 0.04% 0.05% 15 ppm 43 ppm 15 ppm <5 ppm

P <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm

Pb 38.16% 322 ppm 356 ppm 182 ppm 137 ppm 120 ppm 190 ppm 37 ppm 157 ppm 38 ppm 277 ppm 408 ppm 91 ppm

S <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Sb <10 ppm 110 ppm 25 ppm 26 ppm 11 ppm 23 ppm 395 ppm <10 ppm 13 ppm <10 ppm 39 ppm <10 ppm 0.40%

Si <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Sn 61.84% 99.31% 99.04% 98.52% 97.54% 96.58% 95.77% 98.59% 97.51% 98.57% 99.06% 98.33% 97.27%

Zn <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Supplier Cookson Nihon Cookson Cookson Cookson Cookson Cookson Cookson Cookson Indium Cookson Senju Henkel

0.46 mm dia.

 
 

Element Sn-37Pb SN100C SAC0307 SAC105 SAC205 SAC305 SAC405 SAC105+Ni SAC205+Ni SAC 105+Mn SACX0307 SAC107 SACi

Ag 26 ppm <5 ppm 0.31% 0.99% 1.92% 2.92% 3.67% 0.93% 1.97% 0.94% 0.31% 1.01% 1.69%

Al <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm 7 ppm <5 ppm <5 ppm <5 ppm

As 124 ppm 54 ppm 28 ppm 28 ppm 27 ppm 39 ppm 29 ppm 19 ppm 29 ppm 9 ppm 33 ppm 85 ppm 24 ppm

Au <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Bi 110 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm 0.085% <10 ppm <10 ppm

Cd <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Ce <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm 88 ppm <5 ppm <5 ppm <5 ppm

Co <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Cr <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Cu 120 ppm 0.60% 0.65% 0.46% 0.45% 0.46% 0.47% 0.43% 0.46% 0.44% 0.64% 0.69% 0.64%

Fe <10 ppm 24 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm 16 ppm <10 ppm <10 ppm 26 ppm 16 ppm

Ga <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Ge <10 ppm 11 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm 86 ppm

Hg <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

In 22 ppm 27 ppm 25 ppm 56 ppm <5 ppm 19 ppm 15 ppm <5 ppm <5 ppm 17 ppm 29 ppm 29 ppm 17 ppm

K <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm

Mn <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm 0.03% <5 ppm <5 ppm <5 ppm

Ni 10 ppm 0.06% <5 ppm <5 ppm 11 ppm <5 ppm 34 ppm 0.05% 0.05% 15 ppm 15 ppm 15 ppm <5 ppm

P <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm <50 ppm

Pb 38.40% 302 ppm 344 ppm 235 ppm 132 ppm 294 ppm 194 ppm 33 ppm 162 ppm 36 ppm 299 ppm 372 ppm 87 ppm

S <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Sb 135 ppm 180 ppm 22 ppm 79 ppm <10 ppm 22 ppm 411 ppm <10 ppm 13 ppm <10 ppm <10 ppm 79 ppm 0.40%

Si <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm <10 ppm

Sn 61.60% 99.34% 99.04% 98.55% 97.63% 96.62% 95.86% 98.59% 97.52% 98.59% 99.05% 98.30% 97.27%

Zn <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm <5 ppm

Supplier Cookson Nihon Cookson Cookson Cookson Cookson Cookson Cookson Cookson Indium Cookson Senju Henkel

0.30 mm dia.
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Figure 11. Solder Joint Silver Concentration Ranges (Percent Silver) for BGA (CABGA-192) and CSP (CTBGA-84) 

Components 

 

 

 

 
Figure 12. Variation in Measured Paste Volumes During Test Vehicle (TV) Manufacture 
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Table 7. Comparison of iNEMI-Project derived "nominal" Ag Compositions against those obtained using the John Pan 

Calculator [11] with a paste transfer of 90%. 

 
 

Checklist-2: Unifying on All Work/Methods Towards 

Complete ATC Setup.  
The main categories in this checklist were the ATC chamber 

and the PCAs (see Table 8 (in the appendix for details). Via 

this checklist, the ATC centers ensured that they were 

following the same standards to ready the chambers for 

profiling, as well as using identical procedures to prepare 

the PCAs for profiling.   

 

Some highlights from Checklist-2 are:  

 ATC thermal profiles closely followed the guidelines 

provided in IPC9701A; 

 Specific examples with highlighted measurements were 

provided to ensure commonality in measuring the 

critical dwell times for every profile; 

 A common scheme to properly attach TC junctions to 

test vehicles (see Figure 13); 

 IPC-9701A document currently does not specify a 

tolerance on dwell-time 

o Agreed to use target dwell times in the 

different ATC regimes as minimums. 

o Adopted an upper bound of 14 minutes for 

profiles 1 - 4 (10-min dwells), and 70 minutes 

for profiles 5 – 8 (60-min dwells). 

o The 70 minutes was a conservative drop from 

a figure of 84minutes. Both 14 and 84 minutes 

were derived through a sensitivity analysis 

exercise using HP’s collective AF models for 

Pb-free solder joints [12]. 

 

Checklist-3: Items to Check Off Before Formal Start of 

ATC Testing.  
The main categories in this checklist were PCA wiring and 

support, thermal profiling, initial base resistances, and 

failure definition for data logger and event detector systems 

(see Table 8 in the appendix for details). 

 

 
Figure 13. Attachment Method of TC Junctions on PCAs 

 

Some highlights from Checklist-3 are: 

 Use of profile ramp-rate of +/-7
o
C/min was agreed 

upon based on quick review of preliminary profiles 

and owner experiences. This target (as opposed to 

the much larger range of <20
o
C/min from 

IPC9701A) was adopted to further reduce potential 

sources of bias from ramp on solder joint reliability 

across the DOE profiles. Ramp-rate tolerance 

calculations on a set of thermal profiles suggested 

that depending on how/where the measurements 

for "ramp-rate" are taken on the actual thermal 

profiles, the true tolerance around the nominal 

values (for a series of normal-looking profiles) 

could be large. The ATC-test owners developed 

their corresponding semi-final profiles targeting the 

nominal ramp-rate of 7°C/min.  The team 

discussed the resulting ramp rates, and concurred 

on validity before finalizing their profiles. 

 Following creation and validation of the final ATC 

profiles, all data logger users concurred on 

scanning all 512 channels per chamber for an 

initial period of 6 hrs to establish the related time 
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zero resistances (R0) at the corresponding 

temperatures. In the 6-hr period, if for example 

there were 6 complete cycles, the R0 per channel 

was defined as the average of the 6 recorded 

maximum R values + 3sigma (R0 per channel = 

avg (maximums) + 3sigma). 

 

Data Logger vs. Event Detector 

Costs and logistics prohibited the use of a common data 

acquisition method across all test labs. HP, Alcatel-Lucent 

(ALU), and CALCE had pre-existing equipment (data 

loggers for HP and CALCE; Anatech event detector for 

ALU), as well as their own software to capture temperature 

and chain-resistance data. The other three centers, Henkel, 

IST, and Delphi, borrowed data loggers from Agilent 

Technologies with software written by Agilent specifically 

to address the needs of this program. 

 

Since the Anatech event detector is designed to capture a 

resistance event (not a percentage change relative to a 

starting resistance like a data logger), it was decided to unify 

the definition of failure between the data logger and event 

detector, as described in the next section. 

 

Failure Definition (as Driven by IPC 9701-A) 

In IPC9701A, a failure for an event detector is defined as 

the first interruption for a period of one microsecond or less 

and an increase in daisy chain resistance to1000  or more, 

and affirmation of the failure by nine or more additional 

events within 10% of the cycles to initial failure. There is a 

large disparity in this definition versus that for data loggers 

(for which, IPC9701A defines the failure as a maximum of 

20% nominal resistance increase within a maximum of five 

consecutive reading scans). Consequently, the team decided 

to adopt a unified failure definition for both types of 

systems using IPC9701A’s definition for event detectors, 

since adoption of the new failure definition for data logger’s 

systems was feasible while the reverse was not.  The 

definition was agreed upon as follows: 10 “events” 

(measurements of resistance above the threshold value of 

1000 ) take place within 10% of cycles from the first 

“event.”  The first event meeting this criterion is defined as 

the point of failure. 

 

Data Collection 

Throughout the course of thermal cycling by different test 

centers, failure data were captured and the entire iNEMI 

team was updated on a regular basis by reviewing the 

Weibull transformation of the failure data. Every center was 

responsible for their own data collection and management. 

Utmost care was taken by each center to ensure validity of 

the failure data and to define failures using the method 

described.  HP developed a simple MS Excel macro to semi-

automate the task of determining if a given failure (among 

512 channels per chamber) met the failure criterion. This 

macro was shared and used by all test centers to minimize 

the potential variability in failure assessment across 

different ATC profiles. 

TESTING PROGRESS  

Table 9 summarizes the testing status at the time of this 

writing (July 2012).  Four of the profiles are complete, with 

all parts failed (512 total; 256 per package type).  The other 

profiles have significant numbers of failures, particularly for 

the 192-BGA package. 

 

The large amount of failure data now available has allowed 

the team to proceed with analyses of results.  A significant 

number of Weibull plots have been developed, providing a 

means to scrutinize the data for errors, trends, and areas for 

investigation.  Emphasis has been placed on answering the 

key questions posed in the introduction to this paper.  Some 

of these results and preliminary conclusions are reported in 

the other three papers of this series [13-15].  Failure analysis 

efforts also have begun. 

 

Table 9.  Summary of ATC Testing Status 

Profile 

No. Company

Cycle 

(Min/Max/Dwell) Status

Current Cycle 

#

1 ALU 0/100/10 Complete 12900

2 IST 25/125/10 Complete 9946

3 Henkel -40/100/10 Complete 6200

4

Nihon/ 

DfR Solutions -15/125/10 In Progress 5200

5 ALU 0/100/60 In Progress 6100

6 HP 25/125/60 In Progress 3911

7 HP -40/100/60 In Progress 3554

8 CALCE -15/125/60 In Progress 2585

9 CALCE -40/100/120 In Progress 1579

10 Delphi -40/125/10 Complete 3175  
 

Move-Forward Plan 

Our plan is to reach complete failure for all parts in all 

chambers.  This approach will provide the best possible data 

for the DOE, which can then be used in the development of 

acceleration models.  Once PCAs are fully failed, only then 

will they be removed for failure analyses. It is anticipated 

that the testing will continue to the end of the 2012 calendar 

year, and possibly beyond for the least aggressive profiles.  

The team plans to publish results as they become available. 

 

SUMMARY 

The electronics industry now has an extensive set of Pb-free 

alloys from which to choose, but only a limited 

understanding of how these new alloys will perform in 

thermal fatigue under product use conditions.  This paper 

has presented the background for a series of reports at this 

conference and over the next 1-2 years that will provide 

results of a large experimental program on the thermal 

fatigue performance of second generation Pb-free solder 

alloys.  We have presented the specific program goals aimed 

at providing the industry with data and knowledge needed to 

make solder joint reliability assessments for these new 

alloys.  The selection of alloys, test vehicles, and testing 

conditions to support that aim have been described.  The 

reports that follow will provide the results and conclusions 

from the program described in this paper. 
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APPENDIX – CHECKLIST SUMMARY 

 

Table 8. Summary of the three different checklists that were used to maximize the portability of the ATC data and minimize 

variances from different sources 

Checklist-1 

Establishment and/or Procurement of all 

Materials/Tools/Instruments for ATC Setup. 

Checklist-2 

Unifying on all work/methods 

towards complete ATC setup. 

Checklist-3 

Check-off list before formal start of 

ATC testing. 

ATC Chamber 

Identification of site/chamber/capability 

Fixtures 

Profiles 

ATC Chamber 

Responses to fields in Checklist-1 

complete? 

Preliminary thermal profiles 

Profile specifications (example-

profile provided to team) 

 

PCA wiring/connections/support 

PCA Wiring 

TC-wire 

TC locations on PCAs and attachment 

method/media to PCB 

TC locations across 16 PCAs 

Wiring support (to relieve stress/strain 

from TH joints) 

Connectors for flat-ribbon continuity 

& pre-wiring of data logger terminal 

blocks 

PCA 

PCAs  

Sample PCB 

Thermocouple (TC) Wires 

Thermal Compound 

Kapton Tape 

PCA 

Sample-PCBpreliminary profiling 

Sample-PCA profiling 

TC locations on PCAs 

TC locations across 16 PCAs 

Wiring completed? (this includes 

soldering wires to PCAs, 

identifications, & end-connection 

terminations for linkages to data 

logger or event detector) 

Wiring support (to relieve 

stress/strain on TH joints) 

PCA Thermal Profiling 

Agreed-upon ATC regimes 

(minT/MaxT/DT) 

Profile Temperatures & Dwell Times 

Profile Ramp Rates 

Profile Ramp-Rate Tolerance 

Connectors (outside chamber, as cable 

extenders) 

Connectors Type/PN 

 Base DC Resistances 

Unified method for establishing the 

"Initial Reference Daisy-Chain 

Resistances" (for data logger). 

Connector [directly to the data logger or 

event detector system] 

Connector Type/PN 

 Data Logger and/or Event Detector 

Failure Definition 

Wiring Cable (from PCA) 

Cable Type/PN 

  

Wiring Cable (to data logger or event 

detector, if separate from that from PCA) 

Cable Type/PN 

  

Data Acquisition Equipment 

Event detector or data logger 

System Loaner 

  

Computer & Data 

Software for resistance/temperature Data 

Capture 
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