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ABSTRACT

This paper presents new and improved practices for the engineering analysis of Surface Mount
(SM) attachment failure statistics.  The concept of failure free times is introduced for SM
assembly reliability assessment using a three parameter Weibull analysis of failure data.  The
failure free metric is similar to a warranty period during which thermo-mechanical fatigue failures
of solder joints are not expected.  Based on the correlation of a large test database, it is
demonstrated that the Comprehensive Surface Mount Reliability (CSMR) model can predict
failure-free times.  The three parameter Weibull treatment provides more accurate reliability
projections, potentially qualifying component assemblies that would be rated marginal or
unacceptable based on conservative two parameter Weibull or log-normal analysis.

INTRODUCTION

Statistical analysis of solder joint failure data is an essential part of Surface Mount (SM)
assembly reliability assessment programs.  Assembly reliability is estimated by linear
acceleration of the distribution of times-to-failure from test to use conditions and by the
projection of accelerated test data of small sample sizes to low failure percentiles representative
of cumulative failure probabilities required in the field.  The accuracy of field reliability
projections is strongly dependent on the choice of the underlying statistical distribution and on
the assumed or estimated values of the parameters defining that distribution.  This document
reviews existing practices for statistical analysis of solder joint failure data and presents new and
improved practices based on the analysis of an extensive set of failure data.

Tests of goodness-of-fit were run to assess the fit of thermo-mechanical wear out failure data
from 26 accelerated tests to two and three parameter Weibull [1-6] and log-normal [4, 6]
distributions.  The three parameter (3P) Weibull distribution provides a better fit to the test data
and more accurate projections at low failure percentiles where both the two parameter (2P)
Weibull and the log-normal distributions are found to be conservative.  The third parameter of
the 3P Weibull distribution is the failure free time.  The other two parameters are the
characteristic life and the shape parameter as in the more commonly used 2P Weibull
distribution.  Failure free times scaled for solder crack areas correlate to cyclic inelastic strain
energy as in the CSMR correlation of characteristic lives [7].  This additional feature of the
CSMR model provides the capability to predict failure free times at the design stage.  This
enhancement of our modeling capability is expected to predict better field reliability, especially
for SM components that were previously rated as marginal, and for emerging technologies and
applications placing higher stresses on solder joints.  Application examples are given including
the use of the 3P Weibull distribution to predict failure-free times in a design application or to
extrapolate accelerated test data to field conditions.

SOLDER JOINT FAILURE STATISTICS

Failure Definition

Solder joint failure data and the underlying statistical distributions are a function of the chosen
failure definition.  Throughout this document, solder joint failures are determined by the high
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resistance of a continuously monitored test channel [8, 9].  For most datasets analyzed, an
electrical failure is the first intermittent flagged by an Anatech™ 1 event detector as a 1000 ohm
in-situ resistance reading of a 0.2 microsecond minimum duration across a test channel.  Six
older datasets used non in-situ resistance measurements as a failure criterion.  This did not
result in any noticeable discrepancy across our database as these test vehicles were leadless
chip carriers that failed rather quickly.  Solder joint failure statistics for other criteria such as
crack initiation and percent of peripheral cracking [10] or strength degradation [11, 12] were not
investigated in this study.

Infant Mortality

Solder joint failures are hypothesized to follow a bath-tub reliability curve [9] as shown in Figure
1.  Infant mortality failures occur early in the life cycle and have decreasing failure rates while
wear out failures have increasing failure rates.  It is the intent of design-for-reliability practices
that no significant wear out occurs during the product service life.  Infant mortality failures need
to be separated from the wear out failure distribution when analyzing life test data.
Environmental stress testing [13] is used to screen poor quality assemblies that would be prone
to infant mortality in service.  Process control corrective measures ensure that SM assemblies
that are shipped are of high enough quality and do not fail in the field until the wear out threshold
is reached.

FAILURE RATES

TIME

INFANT
MORTALITY

RANDOM FAILURES

WEAR-OUT
ELECTRICAL

FAILURES

Figure 1: Bath-tub Reliability Curve.

An example of infant mortality data during the initial part of the bath-tub reliability curve is shown
in Figure 2.  132 I/O PQFP (Plastic Quad Flat Pack) test vehicles repaired with a hot air reflow
machine were thermally cycled between 0º C and 100º C at a frequency of 96 cycles/day. [14]
Ten first device failures were recorded out of a total of 60 devices.  The first failure was detected
at 2 cycles, the last at 14615 cycles and no other failure occurred until the test was ended at
17,550 cycles.  Failures were attributed to low solder volume on the leads that gave the first
device electrical opens.

                                                       
1 Anatech™ is a trademark of the Anatech company.



Page  3 of 24

TEST CYCLES

F
A

IL
U

R
E

 R
A

T
E

 (
P

E
R

 C
Y

C
LE

)

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

0 2000 4000 6000 8000 10000 12000 14000 16000 18000

TEST FAILURES

WEIBULL FAILURE RATE

Figure 2: Device Attachment Infant Mortality Data with Decreasing Failure Rates.

The failure rate curve in Figure 2 is the instantaneous hazard rate function for the 2P Weibull
distribution shown in Figure 3 2.  The 2P Weibull distribution has a slope less than 1, dictating the
decreasing failure rates characteristic of infant mortality data.

Figure 3: 2P Weibull Distribution of PQFP Infant Mortality Failures (slope: β = 0.266).

Accelerated Life Tests and Linear Acceleration

The rest of this document addresses the statistical analysis of wear out failure data.  SM field
reliability estimates obtained from accelerated life test data assume a constant Acceleration
Factor (AF).  AFs are obtained from physical models that relate times-to-failure to applied
                                                       
2 Log-normal and Weibull plots in this document were generated by the WeibullSMITH™ software.

WeibullSMITH™ is a trademark of the Fulton Findings company.
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"stresses" for specific failure modes, solder compositions and assembly technologies.
Acceleration models have been developed, for example, for 95Pb-5Sn and 97Pb-3Sn flip-chip
attachment [15, 16] and eutectic or near-eutectic Sn-Pb SM assemblies [7, 11, 17-21].  AFs are a
time compression factor [6] that give the failure distribution in service by shifting the failure
distribution of test data to field conditions as shown in Figure 4.

CDF
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Figure 4: Linear Acceleration of Test Wear-Out Data and Projection to Lower Failure Levels
Required in the Field.

For linear acceleration, the relationship between the Cumulative Distribution of Failures (CDF)
functions Ffield and Ftest for field and test conditions is (see Figure 4):

F N F
N

AFfield field test
field( ) ( )= (1)

where Nfield is a random time or cycles to failure under field conditions.  The field service life
Nfield (F) for a required CDF of F is:

N F AF N Ffield test( ) ( )= × (2)

where Ntest(F) is the equivalent test time under accelerated test conditions for the same
cumulative failure level F at time Nfield(F) in the field.  Equations (1) and (2) are equivalent and
hold regardless of the underlying statistical distribution.

Figure 5 shows device attachment failure times for one stress condition versus another stress
condition for three datasets [22, 23].  The data is from identical test vehicles (25 mil pitch
leadless chip carriers on organic boards, 60Sn-40Pb solder) tested under three different thermal
cycling conditions (30º C to 130º C, 30º C to 70º C and 30º C to 90º C) at a common frequency of
58 cycles/day.  The three datasets plotted on a log-log scale are almost parallel to the ascending
diagonal of the plot.  This supports the assumption of linear acceleration without any
presumption of the underlying statistical distribution.  Life-test data from IBM also support the
assumption of constant acceleration factors for flip-chip [16] and ceramic Ball Grid Array (BGA)
[24] assembly reliability.  In both cases (flip-chip and ceramic BGAs), failure data from mild and
highly accelerated thermal cycling tests were found to follow parallel distributions on log-normal
plots.



Page  5 of 24

FAILURE CYCLES (STRESS 2)

F
A

IL
U

R
E

 C
Y

C
LE

S
 (

S
T

R
E

S
S

 1
)

1.0E+02

1.0E+03

1.0E+04

1.0E+02 1.0E+03 1.0E+04

30/90C vs. 30/70C

30/70C vs. 30/130C

30/90C vs. 30/130C

Figure 5: Verification of Linear Acceleration Assumption.

Statistical Failure Distributions

The next and perhaps most important issue with solder joint accelerated life test models is the
choice of a statistical distribution of times-to-failure that fits the early part of the wear-out failure
distribution well.  The first wear-out failures under accelerated testing conditions are of most
interest, much more so than median lives since we are concerned with low failure percentiles in
the field.  The required end of life CDF for assembly reliability in industrial telecommunication
applications is typically less than 100 to 200 ppm (0.01% to 0.02%) on a component basis.  For
small test samples, the log-normal and 2P Weibull distributions may fit the failure data equally
well over a limited range of high CDFs.  However, their projections to the lower cumulative
failure levels of interest may be very different as shown in the examples below.  Sample sizes
are less than 100 devices in general and CDFs for the test populations start at 1000 ppm or a
few percent, that is, one to two orders of magnitude higher than a 100 ppm field requirement
(Figure 4).

Figure 6 shows the fit of several statistical distributions to test failure data for a dataset with 190
devices.  The solder joint cycles to failure are for ceramic resistor networks on organic circuit
boards subjected to thermal cycling between 0º C and 100º C at a frequency of 72
cycles/day.[25]
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Figure 6: Ceramic Resistor Network Data: Fit of Statistical Failure Distributions
to Test Cycles to Failure.

The 3P Weibull distribution shows the best overall fit.  On the high end, the four distributions fit
equally well and give approximately similar values of median lives.  On the low end, the 2P
Weibull with Maximum Likelihood Estimates (MLE) [3, 6] results in a conservative fit as it
predicts a CDF of 10% at 909 cycles, that is, 19 devices are predicted to fail by 909 cycles.  In
the test, the first failure actually occurred at 1002 test cycles with an estimated CDF of 0.37% 3.
The 2P Weibull using a Rank-Regression (RR) [3, 6] algorithm provides a slightly better fit.  The
log-normal distribution provides the next best fit with 1% failure at 943 cycles.  The 3P Weibull
distribution is asymptotic to a vertical line at 949 cycles.  This is interpreted as a minimum life or
failure free time.

Distribution
CDF 2P Weibull (MLE) 2P Weibull (RR) Log-Normal 3P Weibull
1% 324 768 943 1045

0.1% 118 445 737 975
0.01% 43 258 601 957

Table 1: Cycles to CDF's of 0.01%, 0.1% and 1% (from data in Figure 6).

Numbers of cycles to failure probabilities of 0.01%, 0.1% and 1% for the four distributions are
given in Table 1.  Figure 6 and Table 1 show the conservatism of 2P Weibull projections at lower
failure levels.  For example, a CDF of 0.1% occurs at 445 cycles on the 2P Weibull (RR) curve
and at 975 cycles on the 3P Weibull curve.  In terms of field life with a 0.1% CDF requirement,
the 3P Weibull allows for a design life a factor of 975/445 = 2.19 times longer than the 2P
Weibull.  The 2.19 times difference is significant since it translates into, for example, limiting a
design life to 10 years based on 2P Weibull or 21.9 years based on 3P Weibull analysis.  This
difference becomes larger at lower CDFs (e.g.: a factor of 957/258 = 3.7 for a CDF of 0.01%).

The downward deviation of the test data at the low end of the failure distributions shows similarly
on 2P Weibull and log-normal plots when the sample size is large enough.  The data in Figures

                                                       
3 The population CDFs at test failure times are calculated using the median rank algorithm recommended
in Ref. 6 (p. 112).  The preferred estimate of the CDF at the ith failure for a starting sample size of n is:
F(i) = (i - 0.3) / (n + 0.4) for i = 1, 2, 3...
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7, 8 and 9 is for SOT (Small Outline Transistor) components assembled on FR-4 circuit boards
and tested under accelerated conditions between 0º C and 100º C at a frequency of 100
cycles/day [26].  The sample size was 120 components and failures were reported on a per
component basis.  The first failure occurred at 4650 cycles and 58 components, that is 48 % of
the sample size, had not failed when the test was interrupted at 13589 cycles.  The curvature of
the data in Figures 7 and 8 suggests that a 3P Weibull distribution is a more appropriate
distribution [1-5].  The data aligns on a 3P Weibull plot by shifting the origin of the time axis to
the minimum life (Figure 9).  The expected failure free time from the 3P Weibull analysis is 4465
cycles (Figure 9).  Similar observations were made by E. Nicewarner [27, 28] on a large number
of datasets showing that the 3P Weibull is a more accurate distribution for solder joint failure
statistics.

Figure 7: 2P Weibull Plot of SOT Failure Data.

Figure 8: Log-Normal Plot of SOT Failure Data with 95% Confidence Bands.
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Figure 9: 3P Weibull Plot of SOT Failure Data with 95% Confidence Bands.

BEST WORKING DISTRIBUTION

Database Tests

Tests of goodness-of-fit of statistical distributions were run on 26 independent datasets that had
complete failure logs available.  The test vehicles covered a wide range of circuit board
technologies and components including discretes, leadless and leaded perimeter packages and
area array packages [7].  Solder composition was eutectic or near-eutectic tin-lead.  For each
dataset, failure statistics were fit to log-normal, 2P and 3P Weibull distributions as shown in
Figures 7 to 9 for the SOT data.  The correlation coefficients are shown in Figure 10 where the
datasets are rank-ordered by increasing values of r2 for the 2P Weibull (RR) distributions.
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Figure 10: Database Correlation Coefficients for Log-Normal, 2P and 3P Weibull Distributions.
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The correlation coefficients for the 3P Weibull distributions are larger than 0.95 except for two
tests with r2 values of 0.925 and 0.932.  The correlation coefficients for the log-normal
distributions of 9 datasets are less than 0.95 and as low as 0.84.  The r2 's for the 2P Weibull
distributions of 18 datasets are less than 0.95 and as low as 0.75 for 18 datasets.  Based on the
results of these statistical tests, the 3P Weibull distribution appears to work best and is our
preferred statistical distribution for the engineering analysis of solder joint failure data.  The 3P
Weibull distribution supersedes our previous use of 2P Weibull's.

Physical Interpretation

The log-normal distribution, which applies well to failure mechanisms encountered in semi-
conductor reliability such as electro-migration, corrosion and other chemical processes [6, 29],
appears as a competitor to the 3P Weibull, which is a preferred distribution for strength and
fatigue of materials [5, 30-32].  However, the multiplicative degradation theory that leads to the
log-normal distribution [6, 29] does not agree with constant crack propagation and strength
degradation rates measured during thermal cycling of surface mount assemblies [21, 33, 34].
Using the crack area, A, as the random variable that describes the state of degradation in a
solder joint at a given cycle, the crack area at the next cycle is A + ∆A where ∆A is the
incremental crack growth per cycle.  According to the log-normal theory [6, 29], the increase in
degradation is proportional to the present state of degradation, that is: ∆A = k x A, where k is the
degradation proportionality factor.  The log-normal theory thus gives crack propagation rates that
increase with the crack area during thermal cycling.  This conflicts with measurements by R.
Darveaux [21] who found that cracks in solder joints of area array packages grow at a constant
rate during thermal cycling.  Crack initiation was about 10% of the fatigue life and a linear
relationship existed between crack length and thermal cycles for seven test conditions covering a
wide range of temperature swings and cyclic frequencies.  Similar observations were made by Y.
Uegai et al. [33] for crack growth in solder joints of Alloy 42 leaded PQFPs.  The constant crack
propagation rate model agrees with the scaling of cyclic life for the solder crack area in the
CSMR model [7].  The quantitative agreement between the two models is shown later in Figure
14.  Using joint strength as another variable that describes solder joint degradation, J. Seyyedi et
al. [12, 34] found that solder joint strength decreases linearly with increasing number of thermal
cycles for several solder compositions including eutectic tin-lead.  The degradation of strength at
a constant rate does not support the log-normal theory either.

The Weibull distribution is an extreme or lowest value distribution derived from weakest link
theory [1-6, 32].  In SM attachment reliability, we are concerned with component attachment
failures defined as the first interconnect open among the weakest or highly stressed solder joints
of a given component.  For example, in assessing the attachment reliability of a 68 I/O
peripheral component, failure statistics for the test population are times-to-failure of the worst
joints where, for each component under test, the worst joint is the weakest of 68 joints, likely one
of 8 corner joints, that fails first.  Since our accelerated tests are analyzed and extrapolated on
the basis of first device failures, our wear-out failure data are weakest link statistics that lend
themselves well to an extreme value distribution like the Weibull distribution.

The interpretation of the minimum life that stems from the 3P Weibull distribution of solder joint
electrical failures is as follows.  While solder joint damage mechanisms are activated early
during thermal cycling, wear-out failures do not occur until a critical damage level, or failure
threshold, has been reached and cracks have propagated through the joints.  Under thermal
cycling conditions, wear-out failures are preceded by a sequence of microstructural coarsening
and deformations due to plastic flow and creep, crack initiation and growth, and crack
propagation or coalescence through the solder joints [35-38], all of which take time.  A population
of a given type of SM component with solder joints of acceptable quality is thus expected to
remain electrically failure-free for a minimum amount of time, the assembly failure-free time.
The weakest joint for the component population fails open when the deployed assemblies reach
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the failure threshold.  The more resilient joints fail at later times following a Weibull distribution
which starts at the minimum life and whose shape parameter captures the spread of joint quality
within the population.  The distribution of failure times reflects joint-to-joint differences in solder
volume, geometry, microstructures and micro-mechanical failure paths as well as differences in
applied loads.

While we lack field data to test failure distributions under use conditions, to our knowledge, the
large number of AT&T SM circuit packs that have been deployed in the field for the last 10 years
or so are essentially free of solder joint wear-out failures.  This supports the use of a failure
distribution with a minimum life parameter.  The main benefit of this enhanced treatment of SM
failure data is that the 3P Weibull analysis allows for the qualification of component assemblies
that would be rated marginal based on conservative 2P Weibull projections.

TEST DATA CORRELATION

The CDF for the 3P Weibull distribution is:

for N < N0 : F(N) = 0 (3)

for N > N0 : F N
N N

N
( ) exp[ ( ) ]= − −

−
−

1 0

0α
β

where the three independent parameters are:

­ The minimum life or failure-free time, N0 , prior to which no failures are expected.
­ The characteristic life, α , or time to a CDF of 1 1− ≈e 63.2%.
­ The shape parameter, β, given by the slope of the failure distribution on Weibull paper with

the origin of the time axis shifted to N0 .

Other useful equations and properties of the 3P Weibull distribution are given in Appendix.

We use the CSMR modeling approach to estimate α and N0 . The original CSMR correlation of
characteristic lives [7] across our test database remains valid since test cycles to the 63.2%
failure level are approximately the same whether the data is fit with 2P or 3P Weibull
distributions.  The CSMR predictive capability has been enhanced by correlating test failure-free
times in a similar manner.  Figures 11 and 12 show correlations of failure-free times and
characteristic lives scaled for the solder crack area A (N0/A and α/A, respectively) versus cyclic
inelastic strain energy ∆W in [8].  The regression lines have slopes close to -1.  The median
slopes are: -0.93 with 95% confidence bands: (-1.07, -0.78) for the N0/A correlation; -1.05 with
95% confidence bands: (-1.17, -0.94) for the α/A correlation.  The spread of the data is a factor
of two times below and three times above the regression lines.  Such a spread is typical of
fatigue lives.  [ 11, 39]

The shape parameter β ranges from 1 to 5.5 across our database with a median value of 2.2.
The standard deviation of β across the database is 1.1. and the one standard deviation range for
β is 1.1 to 3.3.  The average value β = 2.2 compares with typical values of β = 1.5 and 2.0 for 3P
Weibull distributions used in the bearings industry for the reliability of ball bearings and roller
bearings respectively.  [40, 41]
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Figure 11: Correlation of Failure-Free Times Scaled for Solder Crack Areas versus Cyclic
Inelastic Strain Energy.
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Figure 12: Correlation of Characteristic Lives Scaled for Solder Crack Areas versus Cyclic
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Page  12 of 24

CYCLIC INELASTIC STRAIN ENERGY (NORMALIZED)

N
0/

 A
 (

N
O

R
M

A
LI

Z
E

D
)

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E-01 1.00E+00 1.00E+01 1.00E+02

UPPER BOUND

REGRESSION

LOWER BOUND

NO-FAILURE

1 FAILURE

COMPAQ BGAs

40 I/O CU TSOP

Figure 13: Fit of Additional Data to the Correlation of Failure-Free Times Scaled for Solder Crack
Areas versus Cyclic Inelastic Strain Energy.

Additional data that fit or support the failure-free time correlation are shown in Figure 13:

­ Four tests have zero or one failure.  The N0 estimates for these four tests are lower bounds
shown as triangles.  The N0 lower bound estimates are obtained by setting the median rank
CDF to F = (1-0.3)/(n+0.4) for the first failure (see footnote no. 3) and solving the 3P Weibull
CDF equation for N0:

0 7
0 4

1 0

0

.
.

exp[ (
*

) ]
n

N N
N+

= − −
−

−α
β (4)

where n is the sample size and β = 2.2. The parameter α is estimated from the lower bound of
the CSMR characteristic life correlation and N* is the number of cycles to the first and only
failure for the tests with one failure or the number of cycles at end of test plus one for the three
tests that did not have any failure.  For the latter, we assume that the first failure would have
occurred at the next cycle had the test been continued.  The lower bound estimates of N0/A
support the failure-free time correlation since the data fall within or below the correlation band.

­ The COMPAQ Ball Grid Array (BGA) data, shown as circles, are from accelerated tests where
the characteristic lives, αtest, and cycles to first failure, N1st , were reported in [42].  Since
failure logs were not available, N0 was obtained by solving the median-rank CDF equation at
the time the first failure occurred:

0 7
0 4

1 1 0

0

.
.

exp[ ( ) ]
n

N N
N

st

test+
= − −

−
−α

β (5)

The COMPAQ data fit the failure-free time correlation band.

­ The 40 I/O copper TSOP [43] data point, shown as a star, had failure statistics available for
Weibull analysis and also fits the failure-free time model.

The validity of the failure-free time and characteristic life correlations will be further tested as
new thermal cycling data with failure logs become available.

The N0/A and α/A cyclic lives scaled for the solder crack area are interpreted as parameters of a
distribution of inverted crack propagation rates.  N0/A gives the fastest rate for growing cracks
and producing an open through the weakest joint of the population being assessed.  Figure 14
shows the regression lines for the N0/A and α/A (=N(63.2%)/A) data versus cyclic strain energy
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as well as inverted crack propagation rates (dN/dA) from measurements by R. Darveaux. [21]
The crack area propagation rates (dA/dN) were obtained from crack length and crack area
measurements averaged over 3 devices x 8 corner joints/device = 24 joints every time devices
were pulled out of test.  The mean dN/dA vs. ∆W in relationship for 60Sn-40Pb has a slope of -
0.971 [21] very close to the slopes of our N0/A and α/A regression lines.  Considering that crack
initiation is a small fraction of the fatigue live [21, 33], Darveaux's dN/dA line for mean crack
propagation rates is remarkably close to our regression line for characteristic lives and supports
the above interpretation of N0/A and α/A in terms of crack propagation rates.

CYCLIC INELASTIC STRAIN ENERGY (NORMALIZED)

N
/A

 (
N

O
R

M
A

LI
Z

E
D

)

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E-01 1.00E+00 1.00E+01 1.00E+02

N(63.2%)/A REGRESSION

MEAN dN/dA (DARVEAUX)

N0/A REGRESSION

Figure 14: Comparison of R. Darveaux's Crack Propagation Data [21] and CSMR Regressions of
Characteristic Lives and Failure-Free Times Scaled for Solder Crack Areas.

APPLICATIONS

Design-For-Reliability Rules

For a given component assembly and anticipated use conditions, reliability goals are stated in
terms of failure-free life, N0, or acceptable cumulative failure distribution, F, at the end of the
design life (N cycles of operations for a single thermal load):

­ When N N D N
N

< = <0 0
0

1  or  , no wear-out failures are expected in service.  The number of

cycles of operation N is specified in the product design requirements and N0 is estimated
from the CSMR model.  The failure-free cumulative damage D0 represents the fraction of
available failure-free time that has been used up at the end of the design life.

­ When N N N N D F N
N Ff f

f
> < = <0 1 and (F),   or  ( )

( )
, reliability requirements are met but the

cycles of operation exceed the failure-free time.  Nf(F) is the number of service cycles to the
acceptable proportion failed F.  The cumulative fatigue damage Df(F) represents the fraction
of available fatigue life or cycles to the acceptable failure level F that has been used up at
the end of the design life.

­ When N N D F N
N Ff f

f
> = >(F),  or  ( )

( )
1, reliability goals are not met.  Accelerated testing is

recommended when the reliability goals are not met marginally, i.e. when Df(F) is slightly
larger than 1.
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Similar rules apply when the product thermal history includes multiple thermal loads encountered
in Environmental Stress Testing (EST), storage and transport, or when service conditions include
severe or worst case thermal cycles.  The cumulative failure-free damage D0 and the cumulative
fatigue damage Df(F) are then estimated using Miner's rule [44]:

D
N

N
i

ii
0

0
1= <∑

,
(6)

D F
N

N Ff
i

f ii

( )
( ),

= <∑ 1 (7)

where Ni is the number of cycles for each thermal load (index i).  N0,i is the failure-free time and
Nf,i(F) is the cycles to a proportion failed F for each thermal condition i.  Miner's rule, originally
derived from cumulative strain energy considerations, has not been formally validated for solder
joint failures.  We believe that Miner's rule applies to solder joint fatigue since the CSMR
database correlations of failure-free times and characteristic lives are also energy based.

Design Examples

Example 1: Failure-Free Life Prediction.

The assembly is a PolyHIC [45] module on FR-4 (CTE = 18 ppm/º C) for hypothetical use in an
outdoor cabinet with a 20 year design life requirement.  The hypothetical thermal history includes
EST, storage and transport cycles and a daily thermal cycle (365.25 cycles/year) between 35º C
and 70º C in operation.  The temperature swings, dwell times and number of cycles for each
condition are in Table 1.

CONDITION Tmin
(º C)

Tmax
(º C)

Dwell
(minutes)

Ni
(cycles)

N0,i
(cycles)

Damage:
Ni/N0,i

1. EST -20 70 30 20 2980 0.67%

2. STORAGE -20 25 720 25 11707 0.21%

3. TRANSPORT -40 25 720 25 5296 0.47%

4. OPERATION 35 70 720 20 x 365.25
= 7305

14241 51.30%

D0 = 52.65%

Table 1: PolyHIC Thermal Conditions and Cumulative Failure-Free Damage at 20 years.

The failure-free cycles N0,i for each thermal condition are based on the lower bound of the
CSMR correlation of failure-free times.  The cumulative damage D0 = 52.65 % is less than 1,
thus the PolyHIC SM assembly is failure-free beyond the specified design life of 20 years.  Note
also that the pre-service cycles (EST, storage and transport) only have a small contribution to
the cumulative damage at 20 years.  The maximum possible failure-free time N0(years) is
obtained by setting Miner's cumulative damage for failure-free times equal to 1 and solving for
N0(years), i.e.:

N
N

N yearsi

ii 01

4
01

20
2980

25
11707

25
5296

365 25

14241
1

,

. ( )

=
∑ = + + +

×
= , or:   (8)

from which we get: N0(years) = 38.46 years.  The actual failure-free life exceeds the design life
by a factor: 38.46 years / 20 years = 1.92.  The 20 year failure-free life is thus met with a large
"safety" margin since, in addition to this 1.92 factor, predictions are based on the lower bound of
the CSMR database correlation.

Example 2: Failure-Free Life Prediction and Cumulative Distribution of Failures.
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The assembly is code 1206 discrete resistors (CTE = 6 ppm/º C) on FR-4 (CTE = 18 ppm/º C)
with a 20 years design life in an outdoor cabinet environment.  The hypothetical product thermal
history includes EST, storage and transport cycles and a daily thermal cycle (365.25 cycles/year)
between 35º C and 70º C in operation.  The temperature swings, dwell times and number of
cycles for each condition and a 20 year design life are in Table 2.

CONDITION Tmin
(º C)

Tmax
(º C)

Dwell
(minutes)

Ni
(cycles)

N0,i
(cycles)

Damage:
Ni/N0,i

1. EST -20 70 30 20 1553 1.29%

2. STORAGE -20 25 720 25 4422 0.57%

3. TRANSPORT -40 25 720 25 2307 1.08%

4. OPERATION 35 70 720 20 x 365.25
= 7305

7760 94.13%

D0 = 97.07%

Table 2: "1206s" Thermal Conditions and Cumulative Failure-Free Damage at 20 years.

The cumulative failure-free damage at 20 years is D0 = 97.07%, slightly less than 1.  The 20
year failure-free life requirement is met and the maximum expected failure-free life is 20.62
years (obtained by setting D0 = 1).  The "safety" margin is low, however, the results are
conservative since predictions are based on the lower bound of the failure-free time correlation
and test data for resistors are above the central regression line of the correlation band, that is, at
least a factor of 2 above the lower bound.

The wear-out failure distribution starts at 20.62 years.  Table 3 shows that the cumulative wear-
out damage Df(F) for a targeted proportion failed F = 0.02% at 25 years is larger than 1.

CONDITION Tmin
(º C)

Tmax
(º C)

Dwell
(minutes)

Ni
(cycles)

Nf,i
(cycles)

Damage: Ni/Nf,i

1. EST -20 70 30 20 1583 1.26%

2. STORAGE -20 25 720 25 4534 0.55%

3. TRANSPORT -40 25 720 25 2357 1.06%

4. OPERATION 35 70 720 25 x 365.25
= 9131.25

7983 114.38%

Df(F) = 117.25%

Table 3: "1206s" Thermal Conditions and Cumulative Wear-Out Damage at 25 years.

The actual CDF at 25 years is solved for by setting Df(F) equal to 1 in Equation (7).  We find F =
1.52%.  The plot of the CDF versus time in Figure 15 shows that the cumulative proportion failed
increases rapidly after the failure-free life has been exceeded.
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Figure 15: CDF versus Service Life for 1206 Resistors in Outdoors Cabinet (Example 2).

Other Applications:

Failure-free time estimates for other assemblies are shown in Table 4 in perspective with
predictions based on 2P Weibull projections.  The thermal history is a daily cycle between 35º C
and 70º C for a design life of 20 years.  The common substrate CTE is 18 ppm/º C.  Failure-free
time predictions are based on the lower bound of the CSMR correlation.

COMPONENT FAILURE-FREE LIFE CUMULATIVE PPM @ 20 YEARS

(YEARS) 2P WEIBULL PROJECTIONS

1206 RESISTOR 20.6 275

SOT-23 37 120

POLYHIC 39 194

132 I/O PQFP 83 5

Table 4: Comparison of Failure-Free Times and Cumulative CDF Predictions (in ppm)
from 2P Weibull Analysis.

The 1206 resistors had a CDF of 275 ppm at 20 years based on 2P Weibull analysis whereas the
3P Weibull analysis is failure-free beyond the 20 year design life.  The reliability gain is more
obvious for the other devices where the failure-free life from 3P Weibull is much larger than 20
years.  While the SOT-23 and PolyHIC assemblies had acceptable CDFs between 100 and 200
ppm at 20 years, the failure-free analysis gives failure-free times of 37 and 39 years,
respectively.  This is a significant gain which, for other devices and use environments, translates
into meeting reliability requirements based on 3P Weibull analysis or not passing the
requirements based on 2P Weibull.  The 83 year failure-free life for the 132 I/O PQFP exceeds
the 20 year design life requirement by a large margin.
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Test Data Extrapolation

As a result of the linear acceleration property of life test data (see Appendix), the 3P Weibull
shape parameters are identical for test and field conditions and the failure-free times and
characteristic lives have the same acceleration factor, i.e.:

βfield = βtest = β (9)

αfield = AF x αtest (10)

Ν0,field = AF x N0,test (11)

N0,test , αtest and β are given by the 3P Weibull analysis of the test data.  The acceleration factor
AF is obtained from the cyclic inelastic strain energies: ∆W in,test and ∆W in,field for test and field
conditions, respectively:

AF
W

W
in test

in field

p= ( ),

,

∆

∆
(12)

where the exponent p is close to 1.  Since the slopes of the median regression lines for the N0/A
and α/A correlations are slightly different (-1.05 vs. -0.93; see Figure 14) we use the smaller
value p = 0.93 from the N0/A correlation.  This value of p is slightly less than the 0.971 exponent
of Darveaux's crack propagation rate equation and is thought to give conservative estimates of
AFs.

For N cycles of a given thermal cycle in the field, wear-out failures are not expected up to N =
Ν0,field = AF x N0,test.  For N > Ν0,field,  the cumulative distribution of failures or proportion failed
at cycle N is:

F N
N AF N

AF AF Nfield
test

test test
( ) exp[ ( ) ],

,
= − −

− ×
× − ×

1 0

0α
β (13)

Example 3: Alloy 42 Leaded TSOPs (2 Meg devices) and Copper Leaded TSOPs (die-up).

The failure-free test data is for 32 I/O 2Meg Alloy42 leaded TSOPs (RUN 2B in [8]; CTE = 19.6
ppm/º C for the test boards) and 32 I/O 2Meg copper leaded TSOPs (die-up configuration in [46];
CTE = 19 ppm/º C for the test boards).  Acceleration factors are calculated for a circuit-board
CTE of 18 ppm/º C and an outdoor cabinet use environment characterized by a daily thermal
cycle between 35º C and 70º C.  Results are shown in Table 5 in perspective with failure rate
predictions based on 2P Weibull projections.

TSOP N0,test AF N0,field N0,field Cum. ppm @ 10 Years

(cycles) (cycles) (years) 2P Weibull Projections

Alloy 42 767 3.28 2515 6.9 880000
(= 88%)

Copper 2800 4.38 12264 33.5 52000
(= 5.2%)

Table 5: Extrapolated Failure-Free Times and Cumulative CDF Predictions (in ppm) at 10 years
from 2P Weibull Analysis.
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The ratio of failure-free lives for the copper and Alloy 42 configurations is: 33.5 / 6.9 = 4.85,
consistent with previous conclusions [46] that solder joints of copper leaded TSOPs on FR-4
have a fatigue live about five times larger than solder joints of Alloy 42 TSOPs.

The projected failure-free life in the field is 33.5 years for the copper TSOP example.  A 20 year
design life requirement would be met with a "safety" margin of 33.5 / 20 = 1.675.  The failure-
free projection of more than 20 years is a significant gain over the projected 5.2% cumulative
failure at 10 years from the 2P Weibull analysis of the data [46].

For Alloy 42 TSOPs, the projected failure-free life is 6.9 years in the field consistent with the 5
year service life restriction for telecommunication applications [8].  From the 3P Weibull analysis
of test data: αtest = 1918, β = 2.287 and the predicted CDF at 10 years (N = 10 x 365 = 3650
cycles) is:

F yearsfield( ) exp[ ( .
. .

) . ] . %10 1 3650 3 28 767
3 28 1918 3 28 767

2 287 6 2 = − − − ×
× − ×

=

also a significant gain compared to the 88% cumulative failure projection from 2P Weibull
analysis [46].

CONCLUSIONS

The 3P Weibull treatment of SM assembly failure data enhances the CSMR design tool by
enabling the prediction of failure-free times for assembly reliability.  The 3P Weibull analysis is
supported by a large test database and further exploits failure statistics at the tail end of solder
joint failure distributions.  In general, we expect better and more accurate reliability projections
than were made in the past based on conservative 2P Weibull analysis.
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APPENDIX: 3P WEIBULL EQUATIONS AND PROPERTIES

Cumulative Distribution Function:

for N < N0 : F(N) = 0

for N > N0 : F N
N N

N( ) exp[ ( ) ]= - -
-
-1 0

0α
β (A.1)

where the characteristic life, α, and the minimum life or failure-free time, N0, are obtained from
accelerated test data or calculated with the CSMR model. An average value of the shape
parameter β for SM assembly 3P Weibull distributions is β = 2.2.

For N = α , the CDF is F = − ≈1 1 e 63.2% independently of N0 and β.

The cycle count to a CDF of F is: N N N F= + − × − −0 0 1 1( ) [ ln( )]α β (A.2)

Reliability Function: R N F N( ) ( )= −1 (A.3)

Hazard Rate Function (Instantaneous Failure Rate) for N > N0 :

h N
N N

N N N
N N

N( )
( )

( )
( )=

- -

-
=

-
-
-

β β

α β
β

α
β0

0
0

0

0

1
(A.4)

A useful expression for h(N) as a function of the CDF is:

h N
N N

F N( ) [ ln( ( ))]=
−

− −
β

0

1 (A.5)
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h(N) has units of failures per unit of time (or per cycle when N is the number of cycles)

For N and N0 in hours, the instantaneous failure rate in FITs (failures in 109 hours) is:

iFITs = h(N) x 109 (A.6)

iFITs
N N

F N=
×
−

− −
β 10

1
9

0

[ ln( ( ))] (A.7)

Acceleration Factor for the 3P Weibull Distribution

As a result of linear acceleration, the 3P Weibull shape parameters are identical for test and field
conditions and the failure-free times and characteristic lives have the same acceleration factor,
i.e.:

βfield = βtest (A.8)

αfield = AF x αtest (A.9)

Ν0,field = AF x N0,test (A.10)

This is demonstrated below.  There is a similar derivation of this for 2P Weibull distributions in
Tobias and Trindade (pp. 130-131), Reference 6 in the text.

The linear acceleration equation for all cycles N in the field is:

F N F
N

AFfield test( ) ( )= (A.11)

By substituting the 3P Weibull distributions into (A.11), we get:
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that is:
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Equation (A.13) which must hold for all N larger than the failure-free times implies: β βfield test=

Equation (A.13) then becomes:
N N
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N AF N

AF AF N
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field field
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Equation (A.14) must hold for all values of N, thus: Ν0,field = AF x N0,test and αfield = AF x αtest.

As discussed in Tobias and Trindade [6] for 2P Weibull distributions, and contrary to popular
belief, the equality of shape parameters is not an assumption, it is a consequence of the linear
acceleration model.

Relationship between the Weibull Parameters of Component and Subset Failure Distributions

Failure data are acquired on a component basis or on a component sub-set basis.  The first
solder joint failure on a given component gives the time to failure of that component.  While the
other solder joints of a component will fail at a later time, the distribution of first component
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failures is what we are interested in.  On occasion, failure data are acquired with higher
resolution than at the component level and the component is divided into k sub-sets.  For
example, since the PolyHIC data [45] was on an octile basis, k = 8 for 8 octiles per PolyHIC.  If
the size of the component population is n, the size of the sub-set population is k x n.  In the
PolyHIC experiment, the component population had a sample size of 32 components and the
octile population had a sample size of 8 x 32 = 256 octiles.  The component and the octile
populations are two distinct populations with different failure distributions (see Figure A.1).  As
shown below, there is a mathematical relationship between the two failure distributions.

When the k subsets of a component are statistically and mechanically independent, the
attachment of that component does not fail if none of the k sub-sets fails.  Thus, the probability
of non-failure of a component is:

1 1− = −F N F Ncomponent sub
k( ) ( ( )) (A.15)

for all cycles N.

The component Weibull distribution has parameters: N0,comp , αcomp and βcomp and its CDF
function is:

F N
N N

comp
comp

comp

comp( ) exp[ ( ) ],
*= − −

−
1 0

α

β
(A.16)

where: α αcomp comp compN*
,= − 0 .

The component subset Weibull distribution has parameters: N0,sub , αsub and βsub and its CDF
function is:

F N
N N

sub
sub

sub

sub( ) exp[ ( ) ],
*= − −

−
1 0

α
β (A.17)

where: α αsub sub subN*
,= − 0 .

By substituting the CDF functions into equation (A.15) we get:
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Equation (A.18) holds for all N larger than the failure-free times and implies: βcomp = βsub = β.
Equation (A.18) then becomes:

N N N N
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Equation (A.19) must hold for all cycles N larger than the failure-free times, thus:

N0,comp = N0,sub (A.20)

and: α
α

βcomp
sub

k
*

*
=

1
(A.21)

The physical interpretation of equal β's is that shape parameters reflect the spread of solder joint
quality which is expected to be the same for the component sub-set population and for the
component population, provided that all test vehicles come from the same batch.  The equality
of failure-free times is intuitively obvious.  An example of data supporting equations (A.20) and
(A.21) is given below.

The PolyHIC data was analyzed on a per component and per octile basis.  Assuming that failures
for the eight octiles of a component are independent, that is, the stress distributions on the solder
joints of an octile are not affected by failed solder joints on other octiles of the same component,
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the 3P Weibull analysis should give the same N0 for the octile ("oct") and the component
("comp") populations.  The relationship between the shifted characteristic lives is:

α
α

βcomp
oct*
*

/
=

81
(A.22)

where the shifted characteristic lives are the characteristic lives referred to the failure-free time
origins: α αcomp comp compN*

,= − 0  and α αoct oct octN*
,= − 0 .  The 3P Weibull parameters for

PolyHIC octiles and component failures are tabulated below:

Population N0 α α* β 81/β

Octiles 3091 18301 15210 2.956 2.02
Components 3768 10875 7107 2.334 2.44

The ratio of N0's is: 3768/3091 = 1.22, that is, the N0's are not quite equal as expected from the
theory.  The difference in N0's is attributed to the statistical nature of the data and perhaps to the
fact that the first failure stands slightly out of the failure distributions (see Figure A.1 below).  The
ratio of α*'s is: 15210/7107 = 2.14 which is in the range of 81/β in the table above.  To be on the
conservative side when using the PolyHIC data in the CSMR correlations, we used the lowest
value of N0 = 3091 for the PolyHIC failure-free time and for the PolyHIC component
characteristic life, we used the lowest value obtained from octile statistics and equation (A.22),
that is:

α
α

βcomp oct
oct

oc
N≈ + = + =0 1

8
3091 10617,

*

t 1 2.956
15210

8
which is slightly less than αcomp = 10875 obtained from component failure statistics.  The
relationship between the failure statistics of the component and octile populations is fairly good,
suggesting that the failures of the 8 octiles of a given component are relatively independent of
one another.  The distinct failure distributions for the octile and component populations are
shown on 2P Weibull paper in Figure A.1.

Figure A.1: PolyHIC component and octile failure distributions on 2P Weibull paper.


