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o How to validate reliability? As per GEIA-STD-0005-1: 

o Test and analysis 

o Knowledge of environmental and operating conditions 

o Reliability data (test or in-service) 

o Extrapolation of reliability data to applicable conditions 

(acceleration factor) 

 

o Translation: Understand how Pb-free material fails and 

determine if / when these mechanisms will initiate in your 

design in the customerõs use environment over the lifetime of 

the product 

Reliability:  Transitioning to Pb-Free 

2 2 
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o What are the environments of concern? 

o Changes in temperature (thermal cycling) 

o Vibration (high cycle fatigue) 

o Mechanical shock (low cycle fatigue) 

o Hot temperatures (long term aging) 

o Cold temperatures (tin pesting, ductile-to-brittle transition) 

o Corrosion (elevated humidity / corrosive gases) 

 

Reliability:  Overview 

3 3 
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o Study of certain Pb-free solders (tin-silver-copper 

[SAC] and tin-nickel-copper [SNC]) suggests they 

should provide similar or better reliability than SnPb 

o Requires no manufacturing defects 

o Does not include environments with drop/mechanical shock 

 

o SNC may be an appropriate middle ground between 

SnPb and SAC 

o Not as brittle as SAC 

o More creep resistant than SnPb 

o Widely accepted in wave solder and HASL processes 

Long Term Reliability of Pb-Free Solders 

4 4 
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o Recent study found that the majority of electronic 

failures are thermo-mechanically related*  

o By thermally induced stresses and strains  

o Root caused to excessive differences in coefficient of 

thermal expansion 

Thermal Cycling 

*Wunderle, B. and B. Michel, òProgress 

in Reliability Research in Micro and 

Nano Regionó, Microelectronics and 

Reliability, V46, Issue 9-11, 2006. 

A. MacDiarmid, òThermal Cycling Failuresó, RIAC Journal, 

Jan., 2011.  
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Â Where does SnPb outperform Pb-free? 
 

Â Leadless, ceramic components  

Ç Leadless ceramic chip carriers (crystals, oscillators, resistor 

networks, etc.) 

Ç SMT resistors 

Ç Ceramic BGAs 
 

Â Severe temperature  

cycles 

Ç -40 to 125ºC 

Ç -55 to 125ºC 

 

Thermal Cycling:  SnPb vs. SAC 

6 6 

Syed, Amkor 
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o Pb-free alloy exhibits a higher acceleration factor 

o Failures under accelerated life testing (ALT) equivalent to 

longer field life 

 

 

Thermal Cycling:  SnPb vs. SAC (Cont.) 

7 7 
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Thermal Cycling:  SnPb-SAC Transition 

8 8 

I. Kim, ECTC 2007 
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o High silver SAC alloys demonstrate higher creep resistance 
o Results in greater durability under accelerated testing (fast ramps, short dwells) 

o Exception: Very high temperatures (>125°C), high stress loadings (leadless, ceramic) 
o When will high silver SAC alloys be less reliable then SnPb in the field? 

 

Thermal Cycling:  Stress Relaxation 
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Thermal Cycling:  Effect of Dwell Time 
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Dwell Time (min) 

Ceramic BGA on FR4 

0 to 100C (experimental data, Bartello, 2001) 

2512 Resistor on FR4 

25 to 80C (modeling, Blattau, 2005) 

Based on creep laws developed by Schubert 

and damage model developed by Syed  
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o Data gathering 

o Time to failure data for Pb-free solder under a variety of 

standard test conditions 

o Two parameter Weibull model (characteristic life, shape 

parameter) 

 

o Focused on: 

o BGA (area array devices ð CSP, PBGA, CBGA) 

o Thin-Shrink Small Outline Package (TSSOP) 

o Leadless chip resistors, 2512 and 1206 

 

Thermal Cycling:  Study on SnAgCu (SAC305) Solder 
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TSSOP ð Cycles to Failure 
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BGA Results 

Life as a function of 

delta T from tests in 

which two or more 

thermal profiles were 

used, includes CSP, 

PBGA and CBGA 

data 

y = 301550x
-2.7427
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AN ACCELERATION MODEL FOR Sn-Ag-Cu SOLDER JOINT 

RELIABILITY UNDER VARIOUS THERMAL CYCLE CONDITIONS 
N. Pan, G. A. Henshall, F. Billaut, S. Dai, M. J. Strum, R. Lewis, E. Benedetto, J. Rayner 
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o 40% to 60% drop in the number of cycles to failure as dwell is increased 
past 8 hours 

o As the CTE mismatch decreases and the part becomes more compliant, the 
effect of dwell decreases  

Thermal Cycling:  Effect of Dwell Time 

Normalized time to failure as a function of dwell 

time at maximum temperature for SAC solder 
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Long-Term Dwell 

o Flip-chip BGA  

o (-25C) to 100C 

o Both SAC and SnPb  

experienced shorter  

time to failure when  

exposed to long-term  

dwells 

o Rate of degradation was faster for SAC 

o SAC still far superior to SnPb 

Vasu Vasudevan et al., "Slow Cycle Fatigue Creep Performance of Pb-free (LF) Solders," ECTC, 2008.  

Intel Technology Journal, Materials Technology for Environmentally Green Micro-electronic Packaging, Volume 12, Issue 01, 2-21-2008  



© 2004 - 2007  © 2004 - 2010  

o Cisco Systems aged 

SAC305 ceramic 

BGAs 

o 1000 hrs / 100 °C 

 

o Aging had minimal 

effect on time to 

failure 

Effect of Aging 

Parametric Acceleration Transforms for Lead-Free Solder Joint Reliability 

under Thermal Cycling Conditions, M. Ahmad et. al., 2009 ECTC 
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SnPb vs. SAC:  Resistors 
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SnPb vs. SAC:  TSOP 

Time to 1% failure for 

TSOPs attached with 

SAC or SnPb solder 

and subjected to long 

dwells (~8 hours)  
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SnPb vs. SAC:  Area Array Devices 
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Ratio of SAC/SnPb reliability for area array devices as a function 

of characteristic lifetime of the SAC component 
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o 2512 Resistors and TSOPs with Alloy42 leadframes have 
limited lifetimes 

o 500 cycles of -40 to 125ºC  

o 1500 cycles of 0 to 100ºC 

 

o Long dwells up to 8 hours would be expected to reduce 
lifetime between 40 and 60% 

 

o Once long dwell and differences in shape parameters are 
taken into account, there is likely to be minimal statistical 
difference between SAC305 and SnPb in most operating 
environments 

SnPb vs. SAC305:  Findings 
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PoF Example: SnAgCu Life Model  

o Modified Engelmaier 

o Semi-empirical analytical approach 

o Energy based fatigue 

o Determine the strain range (Dg) 

 

 

 

o C is a correction factor that is a function of dwell time and 

temperature, LD is diagonal distance, a is CTE, DT is 

temperature cycle, h is solder joint height 
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PoF Example ð SAC Model (cont.) 

o Determine the shear force applied to the solder joint 

 

 

 

o F is shear force, L is length, E is elastic modulus, A is the area, h is 

thickness, G is shear modulus, and a is edge length of bond pad 

o Subscripts: 1 is component, 2 is board, s is solder joint, c is bond 

pad, and b is board 
 

o Takes into consideration foundation stiffness and both shear 

and axial loads 
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PoF Example ð SAC Model (cont.) 

o Determine the strain energy dissipated by the solder 

joint 

 

 
 

o Calculate cycles-to-failure (N50), using energy based 

fatigue models for SAC developed by Syed ð Amkor 

( )1
0019.0

-
DÖ= WN f

sA

F
W ÖDÖ=D g5.0



© 2004 - 2007  © 2004 - 2010  

Validation ð Chip Resistors 
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Validation ð  QFN 
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Validation ð  BGA 
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PoF Example ð SAC Reliability (cont.) 

o How to ensure 10 year life in a realistic  

worst-case field environment for  

industrial controls? 

o American Southwest (Phoenix) 

o Dominated by diurnal cycling 

 

Month Cycles/Year Ramp Dwell Max. Temp (
o
C) Min. Temp. (

o
C) 

Jan.+Feb.+Dec. 90 6 hrs 6 hrs 20 5 

March+November 60 6 hrs 6 hrs 25 10 

April+October 60 6 hrs 6 hrs 30 15 

May+September 60 6 hrs 6 hrs 35 20 

June+July+August 90 6 hrs 6 hrs 40 25 

 
+10C at max temperature due to solar loading 
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PoF Example ð SAC Reliability (cont.) 

o Total damage in desert environment 

over 10 years 

 

o Total damage in one cycle of -40C to 

85C test environment 

 

o Total cycles at -40C to 85C to 

replicate 10 yrs in desert 

0.02604 

0.00012 

222 cycles 

At 1 cycle/hour, approximately 1 day of test equals 1 year in the field 
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o Does not finalize the question  

of reliability of Pb-free solder 

o Why? Cost! 

Divergence in Solder Selection 

31 

SAC405 

SAC305 

SAC105 

SACX 

SNC 

SnAg 

SNCX 

SnCu SnAgCu ?? 

Survey of BGA/CSP manufacturers 

Performed by HP (2007/8) 
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The Current State of Lead-Free 

o Wave soldering 

o SN100C (Nihon Superior) became the dominant alloy 

o Other solder suppliers rapidly coming out with alternate alloys (SnCu+Co, 

SAC105+Ni, etc.) 

 

o Reflow soldering 

o SAC305 still dominant, but ODM/EMS receiving direction  

to find lower cost alloys 

 

o With dominance of mobile,  

increasing number of CSP /  

BGA components with low silver 

SAC 
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Second Generation Pb-Free Solders (SN100C) 

o DfR performed accelerated life testing on Ni-modified 
SnCu (SN100C) 

 

o Three package styles 

o Leadless: 2512 Resistor 

o Leaded: 44 I/O TSOP 

o Ball: 98 I/O CSP 

o Three test environments 

o Temperature cycling 

o Vibration 

o Mechanical shock 
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Results: Thermal Cycling - Resistor 

Resistor samples 

exposed to ȹT of 

75ÁC (blue), 100ÁC 

(red and green) and 

165ÁC (violet).   

 

Dwell time has a 

minimal effect on 

time to failure. 

Time to 1% failure 

of 2000 cycles 

matches 

expectation of 

SnPb and SAC305 
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Results: Thermal Cycling ð TSOP, all solders 

35 

TSOP samples 

exposed to ȹT of 

165ÁC soldered with 

SAC (blue), SN100C 

(green) and SnPb 

(red).   

 

Characteristic life 

(eta, ɖ) and shape 

factor (beta, ɓ) are 

nearly identical.  

 

Tails may indicate 

infant mortalities 

(defect driven). 
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Results: Thermal Cycling ð CSP, all solders 

CSP samples 

exposed to ȹT of 

165ÁC soldered with 

SAC (blue), SN100C 

(green) and SnPb 

(red).   

 

Characteristic life 

(eta, ɖ) is nearly 

identical for SAC and 

SnPb, with SN100C 

marginally higher.   
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Expected Field Failure Time (1%) 
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Estimation for 1% Field Failure Rate 
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Pb-Free Reliability Prediction 
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o Demonstrated to avionics customer that transition to Pb-free 

would have a detrimental impact to product performance 

o Driven by severe use environment 

Case Study: Pb-Free Transition 

SnPb Assembly SAC305 Assembly 



© 2004 - 2007  © 2004 - 2010  

Reliability of Low-Silver SAC Solder (SAC105, etc.) 

o High degree of uncertainty regarding low-silver  

SAC alloys 

o Limited data at this time (only temperature cycling) 

o Existing test results can be in conflict (better, same, worse) 

 

o Work by Auburn University suggests conditions before 

testing may play a critical role 

o Very sensitive creep behavior 
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o Ceramic BGA 

o 25x25mm, 360 I/O 

o PCB 

o 8 layer, 93mil, 370HR, OSP 

o SAC105 and SAC305 

o 0 to 100C, 10 min. dwell 

 

o Minimal difference 

between SAC105 and 

SAC305 

SAC105 / SAC305 

EFFECT OF COOLING RATE, SILVER COMPOSITION, DWELL TIME AND SOLDER JOINT SIZE ON THE 

RELIABILITY OF TIN-SILVER-COPPER SOLDER JOINTS, Dissertation, M. Abtew, SUNY-Binghamton 
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SAC105 / SAC305 (cont.) 

S. Terashima , et. al., ò Effect of Silver Content on Thermal Fatigue Life of Sn - 

x Ag - 0.5Cu Flip - Chip Interconnects , ó J. Electr. Mater. , 2003 . 
G. Henshall , et. al. ò Comparison of Thermal Fatigue Performance 

of SAC105, Sn - 3.5Ag, and SAC305 BGA Components with 

SAC305 Solder Paste , ó Proc. APEX , pp. S05 ð 03 , 2009 
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o Can we predict time to failure for Pb-free solder? 
o High silver SAC (SAC387, SAC305, etc.) and SN100C: Yes 

o Low silver SAC (SAC105, SAC0307, etc.) and others: No 

 

o All physics-of-failure (PoF) based models for solder 
interconnects are semi-empirical 
o The basic concept is still valid, but requires calibration 

 

o Calibration should be performed over orders of magnitudes 
o Allows for the derivation of constants 

 

o The purpose of PoF is to limit, but not eliminate, the influence of 
material and geometric parameters 
o Testing must be re-performed for each package family (ball array devices, 

gullwing, leadless, etc.) 

 

Thermal Cycling:  Reliability Prediction 
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o Mechanical fatigue failures occur due to low cycle/high 
amplitude events (shock) and high cycle/low amplitude 
events (vibration) 

 

o Limited number of studies completed to assess the 
performance of Pb-free under high-cycle fatigue 

o Initial understandings of failure behavior based on limited number 
of publications and results of internal testing 

 

o Two approaches 

o Bend cycling 

o Vibration testing 

 

Mechanical Fatigue: Overview 
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Mechanical Cycling (Background) 

o Lifetime under mechanical cycling is  

divided into two parts 

o Low cycle fatigue (LCF) 

o High cycle fatigue (HCF) 

o LCF is driven by plastic strain  

(Coffin-Manson) 

 

 

o HCF is driven by elastic strain  

(Basquin) 

 

 

( )b

f

f

e N
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2
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e=

( )c

ffp N2ee=

-0.5 < c < -0.7; 1.4 < -1/c < 2 

-0.05 < b < -0.12; 8 < -1/b < 20 

Fatigue of Structures and Materials,  

J. Schijve, Springer, 2001 
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o Most test results plot life as a function of board-

level strain 

o Equivalent to solder strain only in the elastic regime 

 

o Bend cycling is ½ to ¼ less severe than 

vibration 

o Not fully reversed 

 

Mechanical Cycling: Testing 
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o Test sample 

o 1.27mm pitch 256 I/O BGA (27 x 27 mm) 

o 90-mil (2 mm) printed circuit board 

 

o Test setup 

o Span of 100 mm 

o Frequency N/A 

o Loads 25 to 60 N 

 

 

Fatigue:  Bend Cycling (KAIST) 
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Fatigue:  Bend Cycling (KAIST) 

49 49 
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Seems to display transition 

or high-cycle behavior 

(good fit to MIL-STD-810) 

nSnPb = 2.9 

nSAC = 4.2  
SAC405 

SnPb 
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Motorola 

o Test sample 

o 0.8mm pitch 179 I/O BGA (14 x 14 mm) 

o 22-mil (0.56 mm) printed circuit board 

 

o Test setup 

o Span of 44 mm 

o Frequency of 1Hz 

o Displacements  

0.2 to 0.5 mm 

 

o Results: SnPb @ SAC 

Fatigue:  Bend Cycling (Motorola) 
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o Test sample 

o 2512 chip resistors  

(6.25mm x 3mm) 

o 62-mil (1.5 mm) PCB 

 

o Test setup 

o Span of 100 mm 

o Frequency 4 Hz 

o Board level strain 

 800 to 2400 me 

 

Fatigue:  Bend Cycling (DfR Solutions) 

Strain (me) SnAgCu SnPb 

800 2,929,200 1,870,00 

1200 69,399 26,395 

2400 
10,508 

7,732 
19,485 

SAC305 

SnPb 
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Fatigue Predictions Using Coffin-Manson 

52 

SAC305 

SnPb 
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Vibration (JGPP) 

o Random Vibration 

o 9.8 to 28 Grms (0.07 to 0.5 G2/Hz) 

o Natural Frequency (72 Hz) 

o Results 

o With BGAõs, SnPb solder always 
outperformed lead-free 

o Less conclusive for leadless/ leaded 
parts 

 

o Some MAS companies are using these 
results to incorrectly conclude SnPb is 
better than SAC in vibration 

All BGA-225 Woodrow, IPC/APEX 2006 
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Fatigue Exponent ð Coffin Manson 

o Assume the solder 

strain is directly 

proportional to the 

board level strain 

o Coffin ð Manson 
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Â Fit to data provides c = 1.5 

Ç Exponent value is too low; representative of low-cycle fatigue  

Â High-cycle fatigue exponent is typically 4 to 6 or higher  

Ç MIL-STD-810, Steinberg 
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Fatigue:  Intel Vibration Study 

55 55 

Â Sinusoidal Vibration 

Ç 0.75g to 4.0g input  

 

Â Note change in Pb-free behavior at 
high loads, compared to SnPb 

Ç Similar behavior observed at DfR 

S.F. Wong, ECTC 2007 
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Results do not display power-law behavior 

 

Fatigue:  Intel Vibration Study (Cont.) 

56 56 
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o 15 mm x 15 mm,  208 I/O BGA  
o 0.8 mm pitch 
o 12.7 x 12.7 mm die, CSP  

 
o Three preconditioning states 

o No preconditioning 
o Thermal Cycling from -20C to 85C 120 cycles 
o Isothermal 150C for 100 hours 

 
o Seven loading conditions 

o Four harmonic vibration levels 
o Three shock levels 

 
o Two alloys 

o Sn3.0Ag0.5Cu / 63Sn37Pb 

Experimental Procedures ð Test Matrix 

57 
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Vibration Results ð Analysis 

58 

Large variation in time to failure 

due to multiple stress states 

present at each load level 
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Vibration Results ð Analysis 

o FEA to determine the stress levels 

o 6 Stress levels Identified for each vibe level 

U1 

U20 
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SnPb Vibe Results: Stress/Location Corrected
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-6.3281

y = 2E+14x
-5.9271

y = 3E+14x
-6.3956

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

10 15 20 25 30 35

Stress (MPa)

C
y
c

le
s

 t
o

 F
a

il
u

re

SnPb NPC

SnPb TC

SnPb ISO

SnPb Fatigue 

Relationship 

No 

Precondition 

Thermal 

Cycling 

Isothermal 

Vibration Results ð Analysis (cont.) 

116.8.116 -Ö= Ns

081.2.68 -Ö= Ns

097.0.79 -Ö= Ns
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SAC305 Vibe Results: Stress/Location Corrected
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Vibration Results ð Analysis (cont.) 

058.3.52 -Ö= Ns

09.1.78 -Ö= Ns

082.0.71 -Ö= Ns
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Vibe Results ð 2X Safety Factor SnPb 

High Cycle Fatigue S-N Curve for SnPb, 3 Preconditions
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None 8.628 6.51 
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Cycling 
12.34 8.427 
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Aging 
10.31 7.42 

SnPb fatigue 

exponent 
8.333 [1] 6.34 

Steinberg uses 6.4 
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Vibe Results ð 2X Safety Factor SAC305 

High Cycle Fatigue S-N Curve for SAC305, 3 Preconditions
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Vibe Comparison (SnPb vs. SAC305) 
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o SAC is ôstifferõ than SnPb  

o For a given force / load, it will respond with a lower displacement 
/ strain (elastic and plastic) 

 

o Low-cycle fatigue (plasticity driven) 

o Under displacement-driven mechanical cycling, SnPb will tend to 
out-perform SAC (e.g., chip scale packages [CSP]) 

o Under load-driven mechanical cycling, SAC will tend to out-
perform SnPb (e.g., leads of thin scale outline packages [TSOP]) 

 

o High-cycle fatigue (elasticity driven) 

o SAC will tend to out-perform SnPb for all package types 

 

Mechanical Fatigue:  Interpretation of Pb-Free Data 
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Predicting Reliability - Vibration 

o Critical displacement 
(Steinberg) 

o B is length of PCB parallel 
to component 

o c is a component packaging 
constant 

o 0.75 to 2.25 

o h is PCB thickness 

o r is a relative position factor 

o 1.0 when component at 
center of PCB 

o L is component length 

Lchr

B
Zc

00022.0
=

Â At critical displacement, 

component can survive a 

minimum 20 million cycles under 

random vibration 
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Use of FEA Simplifies Calculation 

o ɕ is analogous to 

0.00022B, but 

represents strain 

o c is a component 

packaging constant  

o L is component 

length  

Lc
c

z
e=
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Vibration (Prediction) 

o Life calculation 

o Nc is 10 million cycles (harmonic) 

o Nc is 20 million cycles (random) 

 

o Assumptions 

o Chassis natural frequency differs from the CCA natural frequency by at 
least factor of two (octave) 

o Prevents coupling 

o Vibration occurs at room temperature 

o Depending upon the configuration and loading, vibration at lower or higher 
temperatures can increase/decrease lifetime 

o Does not consider the influence of in-plane displacement (i.e., tall 
components) 

b

FEA

c
cFEA NN ö

ö
÷

õ
æ
æ
ç

å
=

e

e
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Validation ð Random Vibration 


