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ABSTRACT 

This paper reports on the development and application of 

a SAC thermal cycling solder joint reliability model.  The 

strain-energy based model is used to study the effect of 

ramp rates, mean temperature, dwell times and 

temperature profile (sine vs. trapeze-like cycle) on SAC 

solder joint life.  The model captures dwell time effects 

accurately. A detailed study of dwell time and ramp rate 

effects shows how accelerated thermal cycling profiles 

can be optimized to improve test efficiency.  Other 

application examples illustrate the impact of component 

parameters - global mismatch in Coefficients of Thermal 

Expansion (CTEs) and maximum Distance to Neutral 

Point (DNP) - on acceleration factors. 

 

Key words: Lead-free solder joint reliability, SAC life 

prediction model, dwell time, mean temperature, ramp 

rate effects, acceleration factors and their component 

dependency. 

INTRODUCTION 

Statements are often made to the effect that lead-free 

solders are more (or less) reliable than standard SnPb 

solder.  These general statements are incomplete when the 

lead-free alloy composition is not specified and when 

product information and use conditions are left out of the 

equation.  Reliability being defined as the ability of a 

product to survive field conditions for a specified period 

of time, the reliability assessment of lead-free assemblies 

calls for quantitative estimates of solder joint lives under 

relevant use conditions.  This assessment can be 

performed in one of two ways: 1) by making absolute life 

predictions using an established predictive model; 2) by 

extrapolating accelerated test results to field conditions 

using an appropriate Acceleration Factor (AF).  While 

accelerated testing provides raw failure data for model 

calibration and/or validation, the reliability assessment of 

lead-free board assemblies is not complete until the above 

assessment has been performed.   

 

AFs are defined as the ratio of cycles to failure in the field 

to cycles to failure in test.  Cycles to failure used in AF 

calculations are estimated upfront - prior to testing and 

product deployment - using a life prediction model.  The 

reason for this is that very few organizations, if any, can 

afford to wait for field returns to validate predictions of 

cycles to failure under field conditions.  A variety of 

solder joint life prediction techniques has been available 

for decades for SnPb assemblies.  However, model 

development for lead-free assemblies is relatively recent.  

While the author is not aware of any life prediction 

capability for SnBi soldered assemblies, at least a dozen 

different models – including the one presented in this 

paper - have been developed in the last two years for the 

more popular SnAgCu solder alloys [1-11].  The models 

are analytical, one-dimensional strain-energy based (as in 

the present paper), and strain or strain-energy based 

Finite-Element (FE) models.  Examples of application and 

validation of the FE-based methodology in [9] are given 

in [12, 13].  Advantages and disadvantages of each model 

need to be weighed in carefully based on their scope of 

application, accuracy, cost of analysis, and speed of 

execution.  For example, FE-based life predictions, which 

are typically carried by skilled analysts, take from a 

couple of hours to one day of computational time on a 

workstation, whereas algebraic or one-dimensional model 

execute almost instantaneously on standard computing 

equipment.  FE models also require special consideration 

of element size effects since stresses and strain energy 

keep rising as the FE mesh is refined at the edge of solder 

joint interfaces.  On the other hand, the FE approach is the 

most appropriate method when subtle geometric or 

material details (e. g, solder joint voids, intermetallics) 

need to be included in the analysis. 

 

This paper presents work in progress on a one-

dimensional, strain energy model for SAC soldered 

assemblies.  In its present stage of development, the 

model only handles shear stresses and strains that arise in 

solder joints due to the global thermal expansion 

mismatch between surface mount circuit boards and 

components.  A similar capability has been developed to 

account for the contribution of local CTE mismatches in 

to the total (local + global) cyclic strain energy.  This 

latter part of the model is still undergoing validation and 

will be reported on in a future publication.  As such, the 

present model applies only to leadless components with a 
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small contribution of local CTE mismatches to cyclic 

strain energy. 

STRAIN-ENERGY BASED MODELS  
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Figure 1: Life vs. strain energy correlations from [5, 9, 

10] for SAC assemblies. 

 

Figure 1 is a plot of three independent correlations of 

cyclic lives versus strain energy [5, 9, 10] for SAC solder 

joints of composition near that of SAC387 and SAC396 

alloys (3.8-3.9% wt. Ag, 0.6-0.7% wt. Cu).  The two 

correlations of thermal cycling data [9, 10] are each based 

on 12 data points that cover almost two orders of 

magnitude on the life and strain energy axis.   Their 

slopes are close to – 1.   The correlation of isothermal 

(room temperature) mechanical fatigue data [5] is based 

on 9 data points over less than one order of magnitude in 

cyclic lives.  The slope of this correlation is -1.96, which 

is in the range: -1/0.7 = -1.43 to -1/0.5 = -2, given in [14] 

for isothermal mechanical fatigue of engineering metals. 
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Figure 2: Life / strain energy correlation for leadless 

SAC assemblies.  Strain energy is obtained from 

hysteresis loops computed with one-dimensional solder 

joint shear strain model. 

 

Our present correlation of SAC thermal cycling failure 

data, shown in Figure 2, is given as: 

m

JOINT

W

C

A ∆
=

α
   (1) 

where αJOINT is the characteristic life on a per joint basis 
(using Weibull failure distributions from a population of 

critical solder joints as opposed to failure distributions for 

a population of components), A is the solder joint load 

bearing or crack area, C is a constant, ∆W is the cyclic 
strain energy density obtained from the area of stress / 

strain hysteresis loops, and the exponent m is close to 1 

(m = 0.986).   The 27 data points in Figure 2 cover about 

two orders of magnitude in each direction and the slope of 

the centerline correlation is close to -1.   The spread of the 

data around the centerline is a factor of two times, which 

is typical of fatigue correlations.  

 

The slopes of the three correlations of SAC thermal 

cycling data in Figures 1 and 2 are consistent and close to 

-1 in spite of the fact that the three models use different 

constitutive models for SAC solder.  We thus hypothesize 

that, under thermal cycling conditions, SAC cycles to 

failure go as the inverse of cyclic strain energies.   A 

similar, theoretical relationship was first proposed for 

thermal cycling of soft solders [15] based on the 

application of dislocation theory to generic solder fatigue 

damage models.  An inverse relationship between thermal 

cycling life and strain energy was also arrived at in [16] 

using a combination of fracture mechanics theory, 

Miner’s rule cumulative damage and a Monkmann-Grant 

creep rupture criterion.  AFs are thus obtained as the ratio 

of cyclic strain energies (∆W) under test and field 
conditions: 
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where the Nf ’s are cycles to failure and the ∆W’s are 
cyclic strain energies under test and field conditions. 
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Figure 3: Life vs. strain energy correlation of the SRS 

model for standard SnPb assemblies [17-19]. 

 

For comparison purposes, Figure 3 shows the life / strain 

energy correlation (as in equation (1)) developed for SnPb 

assemblies using the Solder Reliability Solutions (SRS) 

model [17-19].  The slope of the correlation of SnPb 

thermal cycling failure data is -0.998, based on the initial 

correlation of training data from 19 experiments.  The set 

of training plus validation data shown in Figure 3 covers 

two and a half orders of magnitude along both axis.  It is 
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thus reasonable to set a goal for SAC reliability models to 

cover from two to three orders of magnitude along both 

the life and strain energy axis. 

SHEAR STRESS AND STRAIN MODEL 

The shear stress and strain model that is used to compute 

hysteresis loops follows the exact same procedures that 

were developed for the SRS model [17-19] except that 

temperature ramp rates are included in the present 

analysis.  Ramp rates are accounted for by performing a 

step-by-step integration of creep rate equations along the 

prescribed temperature profile.  The method applies to 

any temperature profile.   Examples of thermal cycling 

hysteresis loops for sine and trapeze-like temperature 

profiles will be shown later for illustration purposes.   

 

The present model captures elastic and creep 

deformations of both SnPb and SAC solders.  One 

simplification of the model is that the creep constitutive 

equation only includes minimum creep rates, using 

equations (7) and (15) in [20] for creep of Sn37Pb and 

Sn3.8Ag0.7Cu solders, respectively.  The minimum creep 

rate law for SnPb was shown to follow hysteresis loop 

measurements closely for a ceramic chip carrier on FR4 

(Figure 7 in [20]).  The creep rate formulation for SAC 

was shown to predict the shear strength of SAC solder 

joints in chip scale assemblies at 25˚C, 75˚C and 125˚C 

(Figure 25 in [20]).  In the future, we plan to upgrade the 

current methodology using a more advanced constitutive 

model that accounts for both primary and tertiary creep of 

solders [21]. 

 

Emphasis in the rest of this paper is on applications and 

validation of the model in order to better quantify and 

understand the response of SAC solder joints under 

thermal cycling conditions.   This includes studies of the 

dwell times, ramp rates and mean temperature effects on 

solder joint lives of both SnPb and SAC assemblies.   

Implications in terms of thermal cycling test efficiency for 

SAC assemblies are also discussed.   Examples of SAC 

AFs are given, that illustrate the impact of board and 

component parameters on AFs. 

DWELL TIME EFFECTS 

HOT DWELL EFFECT: SHORT VS.  LONG  

In this section, we study the effect of changing the dwell 

time on the hot side of a temperature profile alone.  Figure 

4 shows hysteresis loops at outermost corner joints under 

the die (17 mm x 17 mm x 0.33 mm) of a 1 mm pitch, 676 

I/O Plastic Ball Grid Array (PBGA) on a 2.36 mm (93 

mil) thick FR-4 board with Organic Solderability 

Preservative (OSP) finish.  The stress/strain simulations 

are for a SAC test vehicle assembled and thermally cycled 

by a consortium of companies known as the Industry 

Working Group (IWG) [22].  The BGA ball and solder 

paste alloys were Sn4.0Ag0.5Cu and Sn3.9Ag0.5Cu, 

respectively.  The peak reflow temperature was 235˚C.   
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Figure 4: Hysteresis loops of SAC outermost corner 

joints under die shadow in 676 I/O PBGA on FR-4.   
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Figure 5: 2P Weibull plot of failure cycles for SAC 

PBGA assemblies subject to ATC (0/100˚C) with short 

(10 minutes) and long dwell (60 minutes) times at 100˚C. 

 

 AF AF Calculation Method 

MODEL 1.26 Predicted as ratio of hysteresis loop 

areas in Figure 4. 

TEST 1.24 Calculated as ratio of cycles to 1% 

failure in test (2P Weibull) 

 1.39 Calculated as ratio of cycles to 

63.2% failure in test (2P Weibull). 

 1.288 Calculated as ratio of failure-free 

cycles in test (3P Weibull). 

Test 

Average 

1.306 Average of above three AFs in test. 

Table 1:  Comparison of predicted and experimental AFs 

for SAC PBGA676 assemblies. 

 

Accelerated Thermal Cycling (ATC) was between 0˚C 

and 100˚C with 10 minute ramps, a 10 minute cold dwell 

and 10 (“short”) or 60 (“long”) minute hot dwell.  Test 

frequencies are 16 and 36 cycles/day, respectively, for the 

“long” and “short” dwell test profiles.  The reader is 

referred to [22] for further details on the test vehicle, test 

conditions and failure analysis results.   Figure 5 shows 

the distribution of failure cycles for the two test profiles 
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on two-parameter (2P) Weibull paper.  Using three-

parameter (3P) Weibull distributions, failure free cycles in 

test were obtained as: N0,Short Dwell = 3963 cycles and 

N0,Long Dwell = 3077 cycles for the “short” and “long” hot 

dwell cycles, respectively (see Figure 22 in [22]).  The 

ratio of loop areas in Figure 4 is 1.26, i.e., the predicted 

AF between the two test conditions is 1.26.  The 

comparison of predicted and experimental AF in Table 1 

indicates that the average experimental AF of 1.306 is 

3.7% higher than the predicted AF of 1.26. 
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Figure 6: Stress and temperature histories for SAC 

PBGA assemblies under “short” and “long” dwell ATC. 

 

The temperature and stress histories along the hysteresis 

loops in Figure 4 are plotted in Figure 6.  Stress relaxation 

proceeds at the fastest rate at the beginning of dwell 

periods (cold and hot).  At 100ºC, 50% stress reduction is 

achieved in the first ten minutes.   Stress reduction slows 

down as time goes on and it takes another fifty minutes to 

reach 74% stress reduction at the end of the “long” dwell 

at 100ºC.   On the cold side, the percentage of stress 

reduction at the end of the 10 minute cold dwell is about 

the same (15 to 17%) for the two temperature profiles.  In 

terms of damage rate, defined as cyclic strain energy per 

unit of time (or loop area over cycle duration), that of the 

“short” dwell cycle is 1.78 times larger than that of the 

“long” dwell cycle.  That is, the “short” dwell cycle is 

more efficient at creating creep-fatigue damage in the 

SAC solder joints than the “long” dwell cycle.  Given that 

failure modes and mechanisms are similar in the two tests 

[22], and that the predicted AF is in excellent agreement 

with the experimental AF, the results of the two 

accelerated test profiles are consistent with each other.  

The whole experiment [22] and the hysteresis loop 

analysis lead to the conclusion that the ”long” dwell time 

at 100ºC is not necessary for the PBGA assembly of 

interest.  

 

For comparison purposes, Figure 7 shows the equivalent 

Sn37Pb hysteresis loops for a similar (non-tested) 

assembly with SnPb instead of SAC solder joints.  Here, 

the difference in loop areas is smaller (ratio of 1.06 times) 

than in the SAC case.  Because of more rapid stress 

reduction at 100ºC, “longer” dwells on the hot side of the 

cycle are even more inefficient than in the case of SAC 

assemblies.  The damage rate for the “short” dwell cycle 

is twice as much as for the “long” dwell cycle.  A more 

important difference between the SAC and SnPb 

hysteresis loops is that the stress ranges are quite 

different, with typically higher stresses in SAC than in 

SnPb assemblies: ~ 7 MPa (SAC) vs. ~ 5 MPa (SnPb) on 

the hot side of the cycle, and -18 MPa (SAC) vs. -14.5 

MPa (SnPb) on the cold side of the cycle.  The SAC 

solder joints build up higher stresses during the 

temperature ramps and experience entirely different stress 

histories than SnPb joints throughout a given thermal 

cycle.  It is thus erroneous to design accelerated 

temperature profiles by simply comparing creep rates for 

the two alloys since creep rates come from isothermal 

creep tests conducted under constant load (or stress). 
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Figure 7: Hysteresis loops of Sn37Pb outermost corner 

joints under die shadow in 676 I/O PBGA on FR-4.   

EQUAL DWELL TIMES: SHORT VS. LONG  
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Figure 8: Basic test vehicle geometry and material 

properties for 32 x 32 mm sq. Ceramic BGA (CBGA). 

 

This section investigates the effect of changing the hot 

and cold dwell times equally for SAC387 and standard 

SnPb assemblies.   Experimental data [23] is for CBGA 

assemblies which were tested under ATC conditions with 

equal hot and cold dwell times of about 7, 22 and 112 

minutes.  Using an average ramp rate of about 

12.5ºC/minute in stress/strain loop simulations, the 

corresponding cycle lengths are 30, 60 and 240 minutes 

for thermal cycling between 0ºC and 100ºC, with 

respective test frequencies of 48, 24 and 6 cycles/day 

(CPD). Basic geometry and material properties were 

gathered from [23].  A summary description of the test 

vehicle parameters used in the simulation is given in 

Figure 8.   Young’s modulus for alumina was taken as E = 

37 Mpsi, that of the standard type of FR-4 was assigned a 

typical value of 2.5 Mpsi.   Since log-normal failure 

distributions in [23] were normalized for each 
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temperature profile, the goal of the present simulation is 

only to predict the effect of dwell times on the ratio of 

SAC to SnPb median lives, as shown in Figure 9. 
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Figure 9: Predicted and experimental trends of SAC to 

SnPb median life ratio as a function of dwell time in 

Thermal Cycling (TC).  CBGA data points are from 

normalized failure distributions in [23]. 

 

Model trends (solid lines in Figure 9) for the ratio of 

median lives vs. dwell times follow the experimental 

results closely.   Under 0/100ºC conditions, the life ratio 

is greater than 1 for dwell times up to about 112 minutes.   

However, extrapolation of the model trend suggests that 

the life ratio would be less than 1 for longer dwells.   

Under harsher -40/125ºC conditions, the life ratio is less 

than 1, even at short dwell times.    This does not mean 

that the SAC solder joints are unreliable or less reliable 

than SnPb solder joints.  Since the strain energy models 

predict the effect of dwell times correctly, the model can 

be used to extrapolate test results for any of the above 

dwell times to make an estimate of life under use of 

conditions of interest.  It is only after extrapolation to use 

conditions that one can conclude whether life 

requirements are met (or not) for both SnPb and SAC 

assemblies.  This extrapolation exercise could not be 

completed in the context of this particular simulation 

since absolute cycles to failure were not available in [23]. 

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

0.000 0.010 0.020 0.030 0.040 0.050 0.060

SHEAR STRAIN

S
H
E
A
R
 S
T
R
E
S
S
 (
M
P
a
)

7 MINUTE DWELL AT 0C and 100C

22 MINUTE DWELL AT 0C and 100C

112 MINUTE DWELL AT 0C and 100C

CBGA on FR4

SAC Joints

ATC: 0-100C, 12.5C/minute ramps

30 Min.

Cycle

60 Min.

Cycle

0C

100C

240 Min.

Cycle

 
(a) SAC, 0/100ºC 
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(b) SnPb, 0/100ºC 
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(c) SAC, -40/125ºC 
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(d) SnPb, -40/125ºC 

Figure 10: Hysteresis loops for SAC and SnPb CBGA 

solder joints under thermal conditions: a) and b): 0/100ºC; 

c) and d): -40/125ºC. 

 

0/100C
CYCLE LENGTH 

(MINUTES) 30 60 240

∆∆∆∆W (normallized) 1.00 1.92 3.41

-40/125C
CYCLE LENGTH 

(MINUTES) 42 240

∆∆∆∆W (normalized) 4.65 8.09  
(a) Strain energy per cycle, normalized for 0/100ºC, 

30 minute cycle length condition. 
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0/100C
CYCLE LENGTH 

(MINUTES) 30 60 240

∆∆∆∆W / Unit of Time 
(normallized) 1.00 0.96 0.43

-40/125C
CYCLE LENGTH 

(MINUTES) 42 240

∆∆∆∆W / Unit of Time 
(normallized) 3.32 1.01  

(b) Damage rate (strain energy per unit of time), 

normalized for 0/100ºC, 30 minute cycle length condition. 

 

Table 2: Strain energy per cycle and damage rate for the 

SAC hysteresis loops in Figure 10. 

 

Hysteresis loops for the SnPb and SAC CBGA solder 

joints of interest are shown on the same scale in Figures 

10a-d.   In all cases, SAC joints build up higher stresses 

than SnPb joints during the ramps, which, as in the case 

of 676 I/O PBGA assemblies, confirms that SAC and 

SnPb solder joints experience different stress histories.   

The SAC strain energy results and damage rates for all 

five thermal conditions are given in Table 2 where results 

are normalized with respect to the 0/100ºC, 30 minute 

cycle length condition.   This gives a relative comparison 

of loop areas (Table 2a), and more importantly, an 

indication of test efficiency (Table 2b).  For 0/100ºC 

ATC, the 30 minute cycle (~ 7 min. dwells) and the 60 

minute cycle (~22 min. dwells) have about the same 

damage rate (1 vs. 0.96).  The damage rate of the long 

dwell cycle (0/100ºC, 240 min. length, 112 min. dwells) is 

1/0.43 = 2.3 times less than for the short dwell cycle.   As 

in the previous PBGA study, the above observations do 

not indicate any benefit to a 0/100ºC ATC test with long 

dwell times.  Overall, the most efficient of the five 

temperature profiles is the -40/125ºC, 40 min. length, 7 

min. dwell test profile.  Its damage rate is 3.32 times that 

of the 0/100ºC, 7 min. dwell test. 
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Figure 11:  Damage rate or strain energy per unit of time 

(solid lines, primary axis) and test duration given as 

months to 5000 cycles (dashed line, secondary axis) as a 

function of dwell time for SAC and SnPb CBGA 

assemblies in thermal cycling from 0ºC to 100ºC. 

 

Having validated the SAC strain energy model for dwell 

time effects, simulations were run to look for an optimum 

dwell time.    This was done for the same SnPb and SAC 

CBGA assemblies as in the previous section and for 

thermal cycling between 0ºC and 100ºC (12.5ºC/min. 

ramps).  Results are shown as damage rate or strain 

energy per unit of time (∆W / Cycle Length) versus dwell 
time (equal dwells at 0ºC and 100ºC) in Figure 11.  Dwell 

times of 10 and 3 to 4 minutes give the maximum damage 

rate for SAC and SnPb assemblies, respectively.    The 

optimum dwell time for SAC is about three times longer 

than the optimum dwell time for standard SnPb.  Looking 

at the corresponding test duration on the secondary 

vertical axis in Figure 11, a 10 minute dwell time for SAC 

assemblies leads to 4.5 months of testing to reach 5000 

cycles.   A 30 minute dwell time gives about 9.1 months 

of testing to reach the same 5000 cycle count.   

 

The SAC strain energy model correlates thermal cycling 

data from multiple experiments (Figure 2) using different 

component types and test conditions.   The application of 

the model to the study of dwell time effects in SAC 

assemblies - including validation of the model for dwell 

periods in the range 7 to 112 minutes - suggests that 

extended dwell times are not necessary under typical ATC 

conditions.  Although it may not be near optimum test 

conditions, the use of long dwell times is technically valid 

and may be economically acceptable for organizations 

with adequate time and resources to conduct extended test 

programs. 

RAMP RATE EFFECTS 

STRESS/STRAIN ANALYSIS 
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Figure 12: Temperature profiles used in ramp rate study.  

Ramp rate labels are followed by cycle length (in 

minutes) and test frequency (in Cycles/Day or CPD). 

 

Cycle length and test duration are also affected by ramp 

rates.   In order to investigate the effect of ramp rates on 

both SAC and SnPb solder joint lives, the previous CBGA 

and PBGA models were run under conditions: 0/100ºC, 

10 minute dwells (cold and hot) and with ramp rates 
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(equal rates up and down) in the range 1.25ºC/minute to 

40ºC/minute.   The simulations were run for six 

temperature profiles - shown in Figure 12 - with ramp 

rates being doubled from one profile to the next.  These 

profiles have test frequencies from 8 CPD (slowest ramp 

at 1.25ºC/min.) to about 58 CPD (fastest ramp at 

40ºC/min.).   Hysteresis loops are plotted in Figures 13a 

to 13d.  For both SAC and SnPb assemblies, higher 

stresses build up during temperature ramps when the ramp 

rate increases.   The cyclic strain range increases and a 

larger fraction of it is developed during the ramps as the 

temperature ramp rate decreases.  
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(b) SnPb CBGA 
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(c) SAC PBGA 
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(d) SnPb CBGA 

 

Figure 13: SAC and SnPb CBGA / PBGA  hysteresis 

loops for different ramp rates in thermal cycling between 

0ºC and 100ºC with 10 minute dwells (cold and hot). 

RAMP RATE RESULTS 

Ramp rate strain energy and cyclic life results are shown 

in Figures 14 and 15 for SnPb and SAC assemblies, 

respectively.  Cyclic strain energy results as a function of 

ramp rates in Figures 14a (SnPb) and 15a (SAC) are fitted 

with power-law trendlines.   For the two alloys, the 

power-law exponents are small with absolute values in the 

range 0.075 to 0.104.  This suggests a weak dependence 

of cyclic strain energy on ramp rates.   The cyclic strain 

energy results in Figures 14a and 15a are re-plotted as 

relative cyclic lives vs. ramp rates in Figures 14b and 15b.   

For each package and alloy, cyclic lives are normalized 

with respect to the predicted life for the 10ºC/minute ramp 

rate condition.    

 

While the effect of ramp rates on cyclic lives is weak 

(with power-law exponents that are exactly opposite those 

of the strain energy trendlines in Figures 14a and 15a), an 

apparently surprising fact is that the ramp rate effect goes 

in opposite directions for SnPb and SAC.  This is 

consistent with other modeling and experimental data: 

 

• The weak dependence of SnPb cyclic lives on ramp 

rates is supported by accelerated test results in [24].  

ATC failure data in [24] indicates that there was no 

statistical difference in the characteristic lives of 

SnPb assemblies (using nine different package types) 

tested between 0ºC and 100ºC at ramp rates of 10 and 

20ºC/minute.  Failure modes were also identical, 

namely, bulk solder fatigue.  We are not aware of a 

similar experiment having been conducted for SAC 

assemblies.  Further experimentation is 

recommended to check on the weak dependence of 

SAC cyclic lives on ramp rates. 

 

• About SnPb lives that decrease with ramp rates: we 

have added two sets of data points in Figure 14b from 

two separate analysis of the effect of ramp rates on  
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(a) SnPb cyclic strain energy vs. ramp rate. 
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(b) SnPb relative cyclic life vs. ramp rate. 
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(c) SnPb strain energy per unit of time vs. ramp rate. 

 

Figure 14: “Ramp rate” strain energy results for SnPb 

PBGA and CBGA assemblies. 
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(a) SAC cyclic strain energy vs. ramp rate. 
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(b) SAC relative cyclic life vs. ramp rate. 
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(c) SAC strain energy per unit of time vs. ramp rate. 

 

Figure 15: “Ramp rate” strain energy results for SAC 

PBGA and CBGA assemblies. 
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the cyclic lives of SnPb assemblies [25].   SnPb 

predictions from these two different modeling 

techniques [25] follow our own SnPb CBGA and 

PBGA model trends closely.   That is, three different 

SnPb models predict that SnPb cyclic lives decrease 

with increasing ramp rates.     

 

• About SAC lives that increase with ramp rates:  

thermal cycling failure distributions are not available 

yet (to this author’s knowledge) to test the validity of 

the predicted trend in Figure 15b directly.  However, 

a study of ramp rate effects on the shear strength of 

SAC chip resistor solder joints [26] concluded that 

thermal cycling with the slowest ramp rate 

(10ºC/minute) lead to the largest reduction in shear 

strength after 1200 ATC cycles.  In comparison, 

much less strength reduction was observed after 

thermal cycling with higher ramp rates (up to 

55ºC/minute).  Strength measurements lead to the 

conclusion that slower ramps create more damage per 

cycle (not per unit of time) for SAC solder joints in 

chip resistor assemblies.  This is in agreement with 

the predicted trend of cyclic strain energy increasing 

with slower ramp rates in Figure 15a. 

 

Although cyclic strain energy has a weak dependence on 

ramp rates, the damage rate or strain energy per unit of 

time (not per cycle) increases rapidly with ramp rates as 

seen in Figures 14c and 15c.   Power-law trendlines fitted 

through the model data points in Figures 14c and 15c 

have average exponents of 0.66 (~ 2/3) for SnPb 

assemblies and 0.48 (almost a square root dependence) 

for SAC assemblies.   Provided that bulk solder fatigue 

remains the dominant failure mode, faster ramps provide 

a further opportunity to reduce test duration.  This was 

verified experimentally in [24] for SnPb assemblies under 

thermal cycling with ramp rates in the range 10 to 

20ºC/minute. 
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(a) SnPb loops. 
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(b) SAC loops 

 

Figure 16: SnPb and SAC solder joints hysteresis loops 

for increasing mean temperature (fixed ∆T = 70ºC, 30 
minute cycle, 10 minute dwells). 

 

Figures 16a and 16b show SnPb and SAC solder joint 

hysteresis loops for the outermost corner joints of non-

underfilled flip-chip assemblies on FR-4.   Loops are 

shown for a thermal cycle with a fixed temperature swing 

(∆T = 70ºC, 30 minute cycle, 10 minute dwells) and mean 
temperatures varying from -15ºC to 85ºC.   The model 

simulates a flip-chip test vehicle and experiment [9] with 

solder joint characteristic lives available for three thermal 

profiles: -50ºC to 20ºC (mean temperature = -15ºC), 0ºC 

to 70ºC (mean = 35ºC) and 50ºC to 120ºC (mean = 85ºC). 

 

The general trend displayed by SnPb and SAC hysteresis 

loops is that, as the mean temperature goes up, the strain 

range (loop width) increases while the stress range (loop 

height) decreases.   Since the strain and stress ranges 

evolve in opposite directions, the loop area will be 

maximum for some intermediate value of mean 

temperature.  At that point, solder joint life will be 

minimum and will increase with further increases in mean 

temperature.  This has significant implications as 

discussed in the following sections. 

MEAN TEMPERATURE RESULTS: SN-PB 

SnPb test data from [9] are plotted as characteristic life 

versus mean temperature in Figure 17.   While the raw 

data clearly shows that solder joint life will display a 

minimum for some intermediate mean temperature, there 

is not enough experimental data to pinpoint where the 

minimum occurs.   Reference [9] did not provide a 

discussion of why the test data suggests a minimum life.  

Based on SnPb hysteresis loop areas in Figure 16a (plus 

additional loops that are not shown for other values of the 

mean temperature), the model line (solid line) in Figure 

17 indicates that the minimum life is reached for a mean 

temperature of about 35ºC (0ºC to 70ºC cycle).  A very 

similar trend (not shown) was predicted for the same 

SnPb flip-chip assemblies using the SRS model [17-19].  

Last, note that the temperature at which the minimum life 

occurs is expected to depend on the component, board 
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types as well as the temperature swing ∆T and dwell 
times at the temperature extremes. 
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Figure 17:  Mean temperature effect on flip-chip SnPb 

solder joint life: test data are from [9]; model line is from 

SnPb hysteresis loop model in this paper. 

 

The observed mimimum life from both experimental data 

and life predictions goes against conventional thinking 

which assumes that SnPb solder joint life keeps 

decreasing as the mean temperature rises.  The main 

reason for the existence of a minimum life is the evolution 

of stress and strain ranges in opposite directions, as 

discussed in the previous section.   Additional evidence 

supporting the minimum life concept is available from 

accelerated thermal cycling and modeling of other SnPb 

assemblies: 

 

• In a talk given at ECTC 2005, authors [26] presented 

SnPb solder joint life data for 68 and 84 I/O Leadless 

Ceramic Chip Carriers (LCCCs) on FR-4 versus hot 

temperatures of 75ºC, 100ºC an 125ºC for a thermal 

cycle with a temperature swing ∆T = 100ºC.  The 
corresponding mean temperatures are 25ºC, 50ºC and 

75ºC, respectively.  Thermal cycles were run with 

dwell times of 15 and 75 minutes.   For each 

combination of component size and dwell time (i.e., 

four independent datasets), the plot of characteristic 

life versus maximum temperature clearly showed that 

lives for a hot temperature of 125ºC (mean = 75ºC) 

was similar to or longer than the lives for a maximum 

temperature of 100ºC (mean = 50ºC).   The relevant 

data is not in the paper [26] and the presenters did not 

discuss why the life vs. maximum temperature 

displayed a minimum. 

 

• Figure 18 shows failure data from [27] for 84 I/O 

SnPb LCCCs on FR4.  The data points, which were 

read off Figure 15 in [27], are plotted as median 

cycles-to-failure versus the temperature change (∆T) 
for given cold temperatures of -20ºC or 30ºC.    

Power law trendlines that are fit through the -20ºC 

and 30ºC minimum temperature datasets have a 

cross-over point.   Mean temperature effects and life 

trends go in opposite directions to the left and to the 

right of that cross-over point. 
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Figure 18: LCCC mean solder joint life vs. temperature 

swing (∆T) for cold temperatures of -20ºC and 30ºC (data 
points from Figure 15 in [27]). 

 

� To the right, and for a temperature swing of 
100ºC as shown in Figure 18, the test data and 

best-fit lines give the following median cycles to 

failure for thermal cycles with a cold temperature 

of -20 or 30ºC: 

∆∆∆∆T = 100C Fail Cycles

-20 to 80C 410

30 to 130C 300  
With a lower mean temperature of 30ºC, the -20 

to 80ºC condition gives a longer solder joint life 

than the 30 to 130ºC condition with a mean 

temperature of 80ºC.  This is as expected 

according to Coffin-Manson type life prediction 

models and conventional thinking, i.e. when the 

mean temperature is higher, solder creeps more 

and solder joint life decreases.  This would occur 

for any temperature change to the right of the 

cross-over point in Figure 18. 

 

� To the left of the cross-over point, and for a 50ºC 
temperature change as shown in Figure 18, 

median cycles to failure are: 
∆∆∆∆T = 50C Fail Cycles

-20 to 30C 938

30 to 80C 1772  
With a lower mean temperature of 5ºC, the -20 

to 30ºC condition gives a shorter solder joint life 

than the 30 to 80ºC condition with a mean 

temperature of 50ºC.  This is contrary to 

conventional thinking and Coffin-Manson type 

life prediction models.   This reversal of trends 

would occur for any temperature changes to the 

left of the cross-over point.   This trend, whereby 

colder cycles lead to shorter lives than hotter 

cycles, is in agreement with the previously 

discussed minimum life concept.  

 

• Independent users [28] of the SRS model [17-19] 

have reported solder joint life predictions under 
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thermal cycling conditions with a fixed temperature 

swing where, past a certain point, cycles to failure 

increase when the mean temperature keeps rising. 

 

Six experimental datasets [9, 26, 27], and at least two 

strain energy based life prediction models, indicate that, 

for a fixed temperature swing, increases in mean 

temperature lead to a minimum solder joint life.   Beyond 

that point, solder joint life increases with further increases 

in the mean temperature.   As discussed above, as well as 

in the previous section, strain energy models capture that 

characteristic of soft solders well.   Coffin-Manson life 

prediction models, which do not account for the reduction 

in the maximum stress range as the mean temperature 

increases, do not. 

MEAN TEMPERATURE RESULTS: SAC SOLDER 
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Figure 19:  Mean temperature effect on flip-chip SAC 

solder joint life: test data are from [9]; model line is from 

SAC hysteresis loop model in this paper. 

 

SAC test data from [9] and life predictions using the SAC 

hysteresis loop model are plotted as characteristic life 

versus mean temperature in Figure 19.   The data points 

are scattered around the life prediction line, which is not 

untypical of fatigue data.   The model predictions suggest 

a minimum life for a mean temperature somewhere in the 

range 50ºC to 65ºC.   The evolution of SAC hysteresis 

loops with increasing mean temperature being similar to 

that of SnPb assemblies (see Figure 16), a minimum life 

is expected as well for the flip-chip SAC assemblies.  

However, given the apparent scatter in the data, and the 

small number of data points, the comparison of test and 

life predictions for SAC solder joints is inconclusive.   

Further experimentation is warranted to verify or to 

disprove the minimum life concept for SAC assemblies. 

ACCELERATION FACTORS   

EFFECT OF GLOBAL CTE MISMATCH ON AFs 

The first application example is that of SAC AFs for a 1 

mm pitch (31 x 31 I/O array with six solder balls removed 

from each corner), 32 mm square, 2.40 mm thick alumina 

CBGA  on 72 mil thick FR-4 board.  The test vehicle is 

modeled after a test board [2] that underwent accelerated 

thermal cycling between 0ºC and 100ºC at a test 

frequency of 2 Cycles Per Hour (CPH).  Cycle length is 

30 minute per cycle.  The measured temperature profile 

was not available but is reasonably assumed to have 

approximately 10 minute ramps and 5 minute dwells, as 

in similar tests from the same authors’ organization.  The 

test vehicle is as described in [2].  The SAC solder joints 

were 15 mil tall.   Failure times [2] that were fitted to a 

log-normal failure distribution gave a median life N50% = 

1310 cycles and a standard deviation σ = 0.16.   Most of 
the design information and material properties are 

available in [2], except for the board in-plane CTE.    
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Figure 20: SAC CBGA hysteresis loops for use (20/70ºC, 

1 CPD) and ATC conditions (0/100ºC, 2 CPH).  Loops 

are shown for a global CTE mismatch ∆α = 5.7 ppm/ºC. 
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Figure 21: CBGA acceleration factor versus global CTE 

mismatch for ATC conditions: 0/100ºC (2 CPH) and use 

conditions: 20/70ºC (1CPD) with a trapeze-like profile. 

 

The purpose of this analysis is to investigate the impact of 

this unknown board CTE and, by the same token, that of 

the global in-plane CTE mismatch on the extrapolation of 

ATC test results to use conditions.   For illustration 

purposes, hypothetical field conditions are picked as a 

trapeze-like daily thermal cycle with 5ºC/min. ramps 

between 20ºC and 70ºC, and equal dwell times of 710 

minutes on the cold and hot sides of the cycle. 

 

Hysteresis loops for the outermost, near-corner joints 

were generated under use and ATC conditions for CTE 
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mismatches in the range 2.5 to 14.5 ppm/ºC.    The 

example loops shown in Figure 20 are for a CTE 

mismatch of 5.7 ppm/ºC, i.e., a board CTE of 12.2 

ppm/ºC since the assumed CTE of the alumina CBGA 

substrate was taken as 6.5 ppm/ºC.   The AF between 

ATC and use conditions is calculated as the ratio of the 

two loop areas.  This assumes that the product board 

assembly and the test vehicle have identical design 

parameters and material properties.  Because the actual 

board CTE was not available, the loop and AF analysis 

were repeated for various board CTEs.  Figure 21 shows 

the dependency of the AF on the global CTE mismatch.   

For mismatches in the range ∆α = 3.4 to 14.5 ppm/ºC, the 
AF is in the range 2.06 to 2.08.   For smaller CTE 

mismatches, the AF drops.  It would probably be affected 

by contributions of the local CTE mismatch to cyclic 

strain energy as well.   As long as the global CTE 

mismatch is large enough, the AF is rather insensitive to it 

and to the assumed board CTE.   Given that the CBGA 

board assemblies of interest lead to a rather low median 

life of 1310 cycles, it is likely that the board in-plane CTE 

and the board-to-component CTE mismatch were large 

enough that the applicable AF is in the low sensitivity 

area of Figure 21.   For extrapolation to use conditions 

(see next section), we thus use an AF of 2.06.   The low 

sensitivity of AFs to the global CTE mismatch is 

consistent with the Norris-Landzberg model [29] for high-

lead (95-97% wt. Pb) SnPb solder.   When applied to 

product and test board with identical geometries and 

properties, the global CTE mismatch drops out of the 

Norris-Landzberg AF calculations.   The low sensitivity 

of AFs to the global CTE mismatch in the SAC CBGA 

example in this section suggests that simplified, algebraic 

AF models for leadless SAC assemblies may not need to 

include a global CTE mismatch factor.  That is, while 

absolute life predictions depend strongly on the global 

CTE mismatch, the latter may possibly be ignored in 

algebraic AF models that would be used to extrapolate 

accelerated test results from a given test vehicle to a 

product board assembly of similar geometry and with 

identical board and component material properties.   

Under such conditions, algebraic AF formula would likely 

be determined by temperature profile parameters, 

including the mean temperature, the temperature change, 

different ramp rates up and down as well as different 

dwell times on the cold and hot sides of test and field 

thermal cycles. 

TRAPEZE-LIKE VS. SINE THERMAL PROFILE 

In this section, we compare predicted AFs for use 

conditions with hypothetical trapeze-like and sine 

profiles.  The latter type of profile is representative of 

diurnal / solar type thermal loading as may be 

encountered, for example, in some automotive, outside 

plant or space applications.  The simulated test vehicle is 

the same CBGA on FR-4 as in the previous section.   
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Figure 22: Trapeze-like and sine profile for field thermal 

cycles between 20ºC and 70ºC. 
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Figure 23: CBGA solder joint hysteresis loops under 

ATC conditions (0/100ºC) and field cycles (20/70ºC) with 

trapeze-like and sine temperature profiles. 

 

Figure 22 shows both profiles for thermal cycling 

between 20ºC and 70ºC at a use frequency of 1 CPD.   

The trapeze-like field profile is the same as before and the 

sine profile follows the equation: 

( )tf2πsin
2

∆T
TT(t) MEAN ⋅⋅+=   (3) 

where the temperature T(t) at a given time, t, is a function 

of the mean temperature, Tmean (average of maximum, 

Tmax, and minimum temperature, Tmin), the temperature 

change, ∆T = Tmax – Tmin, and the cyclic frequency, f.    
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(a) Stress history and temperature profile. 
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(b) Strain history and temperature profile. 

 

Figure 24: Stress and strain histories for sine temperature 

profile (use conditions: 20/70ºC, 1 CPD). 

 

Hysteresis loops for ATC conditions, trapeze and sine 

temperature profiles in use are shown in Figure 23.  The 

shown loops are for the 32 mm sq., 2.40 mm thick CBGA 

test vehicle with a global CTE mismatch of 5.7 ppm/ºC.  

The area of the “sine” loop is about 1.8 times smaller than 

that of the loop for trapeze-like use conditions.  The 

corresponding stress and strain histories are shown in 

Figure 24.   The stress/strain analysis started with a zero 

stress condition and the loops closed (or stabilized) after 

just two cycles. 

 

As in the case of a trapeze-like temperature profile, AFs 

for use conditions with a sine profile have a low 

sensitivity to CTE mismatches (same ∆α on test and 
product boards) that are large enough.   The “sine” AF 

dependency on ∆α is as shown in Figure 25.   For ∆α 
greater than 4 ppm/ºC, the sine AF is in the range 3.74 to 

3.84.   In that area of low sensitivity, the AF for the “sine” 

profile is 3.74/2.06 = 1.8 times larger than the AF for the 

“trapeze-like” profile.  
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Figure 25: CBGA acceleration factor versus global CTE 

mismatch for ATC conditions: 0/100ºC (2 CPH) and use 

conditions: 20/70ºC (1CPD) with a trapeze or sine profile. 

 

N1% (ATC) (Cycles) 946

1949

"Trapeze-Like" Profile: 

AF = 2.06

3538

"Sine" Profile:             

AF = 3.74

5.34 "Trapeze-Like" Profile

9.69 "Sine" Profile

N1% (Use) = N1% (Test) * AF 

(cycles)

Years to 1% Failure in Use = 

N1% (Use) / 365.25 Cycles/Year  
 

Table 3: Extrapolation of CBGA cycles to 1% failure in 

test to years to 1% failure in use for both trapeze-like and 

sine temperature profile. 

 

Assuming the in-plane CTE of the test and product boards 

is large enough, the AFs are 2.06 and 3.74 for the above 

trapeze-like and sine temperature profiles, respectively.   

From the median life (N50% = 1310 cycles) and the 

standard deviation (σ = 0.14) in test [2], the log-normal 
failure distribution gives 946 cycles to 1% failure under 

ATC conditions.   The life calculations in Table 3 then 

give a field life (years to 1% failure) of 5.3 and 9.7 years 

for the trapeze-like and sine temperature profiles, 

respectively. 
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Figure 26: CBGA acceleration factor versus maximum 

DNP of identical components on product and test boards 

for ATC conditions: 0/100ºC, 2 CPH, and use conditions: 

20/70ºC, 1CPD, with a trapeze-like profile. 

 

Figure 26 shows the AF versus maximum DNP for 

CBGAs of different sizes (max. DNP in the range 0.5” to 

1”) and for the previously defined ATC and trapeze-like 

use profile.   AFs were calculated as before by generating 

hysteresis loops for variable DNPs that were identical for 

both the test board and the product board.   The AF of 

2.06 for the maximum DNP of 0.752 is for the reference 

test vehicle (32 mm square, 2.4 mm thick).   The board-

to-component CTE mismatch was maintained at 5.7 

ppm/ºC as in the previous reference case.   The AFs 

increase with package size, contrary to their low 

sensitivity to CTE mismatches when the latter 

mismatches are large enough.   The reason for this is that 

the maximum DNP affects the hysteresis loop model not 

only in the calculation of maximum shear strains but also 

in assembly stiffness calculations.  Contrary to the CTE 

mismatch factor which can possibly be dropped out of 

simplified AF formulae, the DNP effect would have to be 
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factored in.  In support of that conclusion, an 

experimental study of SnPb AFs [24] showed that AFs are 

package dependent for nine different packages of variable 

constructions and sizes.  Power law trendlines did not fit 

the model data points in Figure 26.  Instead, the data 

points are fitted with a second order polynomial. 
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Figure 27: Relative AF or relative life versus maximum 

DNP of product board CBGA.   ATC conditions are: 

0/100ºC, 2 CPH.   Use conditions are: 20/70ºC, 1 CPD, 

with a trapeze-like profile. 

 

Consider a situation where the ATC failure times for the 

previous 32 mm square, 2.40 mm thick CBGA (maximum 

DNP ~ 0752”) on FR-4 are the only available test results 

and SAC solder joint life estimates are requested for 

CBGAs of other sizes, all other parameters being equal.   

These life estimates are obtained by using a relative AF 

that is defined as the ratio of cycles to failure in use for a 

given DNP over cycles to failure in ATC for the 32 mm 

square, 2.40 mm thick CBGA on FR-4.   Hysteresis loops 

were generated for various values of the maximum DNP 

under trapeze-like use conditions (20/70C, 1 CPD).  The 

relative AFs that were obtained are plotted as a function 

of the maximum DNP in Figure 27.  These relative AFs 

also serve as a measure of relative solder joint life versus 

maximum DNP under the stated use conditions.   A 

power-law trendline that was fitted through the model 

data points in Figure 27 indicates that relative AFs or 

relative SAC solder joint lives go as 1 / DNP
1.1. 
 

 

The 1.1 DNP exponent is quite different from an exponent 

of 1.9 for the life versus 1 / DNP relationship for high Pb 

solders [29] or an often quoted exponent of about 2 in 

Coffin-Manson reliability models for standard SnPb 

assemblies.   However, even for standard SnPb, power-

law trendlines fitted through life versus DNP data give 

inverse relationships with exponents that are not always 

near 2.   For the five SnPb datasets plotted in Figure 28, 

the life vs. 1 / DNP relationships show exponents in the 

range 0.94 to 1.68.  Four of the five datasets in Figure 28 

give inverse power-law exponents in the range 0.94 to 

1.28, and the average of these four exponents is 1.10.  

Including the fifth dataset with an exponent of 1.68, the 

average of the five exponents is 1.22.   Although we were 

not able to locate life versus DNP data for SAC 

assemblies, the 1.1 exponent in Figure 27 is consistent 

with the exponents obtained for the SnPb datasets in 

Figure 28. 
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Figure 28: Life vs. DNP experimental data [30-32] for 

five families of leadless components.   The three LCCC 

datasets [30] correspond to different stand-off heights of 

85, 135 and 185 µm. 
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Figure 29: Hysteresis loop for prototype alumina 

substrate on FR-4 under three ATC conditions. 

 

Figure 29 shows hysteresis loops for the outermost corner 

joints of a SAC test vehicle where the component is a 30 

mm square, 1 mm thick alumina substrate.    The analysis 

is for components mounted on prototype boards as 

described in [8].   Test results were available for three 

ATC profiles: ATC1 (30/80ºC), ATC2 (0/100ºC) and 

ATC3 (-40/125ºC).   Temperature profiles were entered 

from measurements in [8].  Ramps were fairly linear 

except for the ATC3 condition where the ramp down part 

of the profile was divided into two sections to reflect a 

decrease in ramp down rates.   This shows as a kink near 

the bottom side of the ATC3 loop in Figure 29.  Dwell 

times, estimated from temperature profiles in [8], are as 

shown in Figure 29.  In this analysis, whose purpose was 

to further validate the strain-energy based computation of 

AFs, the mildest condition ATC1 is used as a hypothetical 

“use” condition.   From loop areas in Figure 29, the AFs 
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from ATC2 and ATC3 test conditions to ATC1 “use” 

conditions are 5.4 and 9.4, respectively. 

 

-5

-4

-3

-2

-1

0

1

2

1 10 100 1000

CYCLES

L
N
(-
L
N
(1
-F
))

F = 63.2%

X AF = 5.4

X AF = 9.4

TEST:

-40/125C

TEST:

0/100C

"USE":

30/80C

1

2
.5
6

1

3
.1
6

1

2
.5
9

PROJECTIONS

 
 

Figure 30: Experimental 2P Weibull failure distributions 

for ATC1, ATC2 and ATC3 conditions, and projections 

of failure distributions from test (-40/125ºC and 0/100ºC) 

to “use” conditions (30/80ºC).   On vertical axis (double-

log scale), F is the cumulative distribution of failures or 

cumulative fraction failed. 

 

2P Weibull failure distributions for the three ATC 

conditions are shown as solid lines in Figure 30 using 

Weibull parameters - characteristic life and shape 

parameter - from [8].   The projections of the actual 

failure distributions from “test” (-40/125ºC and 0/100ºC) 

to “use” (30/80ºC) conditions are obtained by translating 

the failure distributions in “test” by a multiplicative factor 

(the above calculated AFs) along the horizontal 

logarithmic scale.   The projected failure distributions 

under “use” conditions are shown as semi-dashed lines in 

Figure 30.   The projected characteristic lives are within 

30% from the actual characteristic life under “use” 

(30/80ºC) conditions.  Based on this and other examples 

(not shown here), SAC AFs calculated with the present 

hysteresis loop model have a 30% uncertainty. 

CONCLUSIONS 

This paper reported on work in progress on a SAC solder 

joint life prediction model and SAC acceleration factors.   

In its present condition, the strain-energy based model 

applies only to leadless components.   An extended 

version that includes the effect of local CTE mismatches - 

an important factor for attachment reliability of leaded 

packages - is under development and will be reported on 

in the future.   The present model was used to better 

understand the response of SAC solder assemblies under 

thermal cycling conditions.   The life vs. strain energy 

correlation of the SAC model is based on 27 independent 

datasets.  The slope of thermal cycling life vs. strain 

energy correlation is close to -1, consistent with that of 

other FEA-based strain-energy correlations.  The model, 

which has also been validated for dwell time effects, can 

be used to optimize accelerated test conditions.   

Examples shown in the paper illustrate the impact of 

dwell time, ramp rate and profile type (sine vs. trapeze-

like) on solder joint life and acceleration factors.   Global 

CTE mismatches that are large enough were found to 

have a weak effect on AFs.   However, maximum DNPs 

have a stronger effect which is supported by the fact that 

experimental AFs are package-dependent [24].  
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