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A B S T R A C T

In this study, a low-cycle fatigue experiment was conducted on printed wiring boards
(PWB). The Weibull regression model and computational Bayesian analysis method were
applied to analyze failure time data and to identify important factors that influence the
PWB lifetime. The analysis shows that both shape parameter and scale parameter of
Weibull distribution are affected by the supplier factor and preconditioning methods Based
on the energy equivalence approach, a 6-cycle reflow precondition can be replaced by a 5-
cycle IST precondition, thus the total testing time can be greatly reduced. This conclusion
was validated by the likelihood ratio test of two datasets collected under two different
preconditioning methods Therefore, the Weibull regression modeling approach is an
effective approach for accounting for the variation of experimental setting in the PWB
lifetime prediction.
ã 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Background

Accelerated life testing (ALT) of printed wiring boards (PWB) is an essential tool for predicting circuit board lifetime in the
electronic industry. A standard practice of using ALTs is to simulate thermally induced failure or low-cycle fatigue by
subjecting a circuit board coupon to a prescribed number of specific thermal cycles that represents in-service use of the
product [1]. For example, the standard practice in the avionic industry employs interconnect stress test (IST) per IPC-TM-650
[2] with all coupons in a lot passing 350 thermal cycles as the acceptance test criteria. In our experiment, the test coupons
were driven beyond the normal test limits of 350 cycles as suggested in [3,4] to precipitate failures and to study differences in
preconditioning processes. The goal of this study is tri-folded: First, we develop an energy-equivalent model for establishing
the IST setup. Second, we compare the results from coupons fabricated by four suppliers. Lastly, this case study demonstrates
the effectiveness of using Weibull regression and computational Bayesian analysis techniques for electronic component
failure analysis.

The IST coupons are manufactured along the side of a circuit board prototype and multiple via barrels are produced on it
(see Fig. 1(a)). The failure mode of the data presented in this paper is thermally induced fatigue due to the expansion and
contraction of via barrels (a via is the mechanism by which different circuit layers are connected). These low cycle fatigues on
interconnects have drawn a lot of attentions from academic researchers and industrial practitioners [5–7]; however, most of
them discussed the fatigues on lead or lead-free solders, not on via barrels. Fig. 2(b) illustrates the fractures in a via barrel.
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Failure is determined when coupon resistance is at greater than 10% resistance change from the original resistance at the
initial cycle at the highest point of the test temperature after preconditioning. The resistance increases because when a crack
forms less material is left to conduct current.

A preconditioning thermal cycle step is required before the designed thermal cycling test that simulates the life
experience of circuit board. This preconditioning step is to account for the thermal stress during the circuit board’s soldering
process. Two modes of heat transfer can be used to reproduce the production thermal stress � the resistive heat transfer as
used by IST or the convection heat transfer by reflow oven. Although the latter one can more realistically represent the
manufacturing process, it demands invaluable manufacturing resource (reflow oven) and is costly and time consuming. In
contrast, IST can heat the internal environment of tested coupons by resistive heat transfer in a very short time. Therefore, it
is important to know what IST settings can be used to replace the reflow preconditioning.

2. Experiment

PWB coupons of size 5” � 0.7 � 0.1” were used in this experiment. Each coupon was made of 14 layers of circuitry with an
electrical circuit daisy chain. These coupons came from four different suppliers and a batch of six coupons was tested
together at one time. There were a total of 134 coupons being tested. The failure times (number of thermal cycles) of these
test coupons are given in Appendix A. If a coupon did not fail, its survival time is marked with “+”.

A test coupon may experience 5 or 6 IST preconditioning cycles (IST5 or IST6) or 6 reflow preconditioning cycles (RFO6).
The experimental settings of these preconditioning methods are described below:

� Use IST to heat test coupons for three minutes until it reaches the maximum temperature of 230 �C, and then cool the
coupon in the room temperature (25 �C) environment for two minutes. This makes one cycle time for the IST test to be five
minutes. However, this experimental setting was modified for the coupons from one supplier, in which the maximum
temperature was increased to 240 �C and 245 �C.

Fig. 1. (a) A typical PWB coupon used in this study; (b) Failure mode is a cracked via barrel at arrow points due to thermal induced fatigue.
Fig. 2. Weibull plots for the 5-cycle IST (245 �C) data and the 6-cycle RFO data.
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� Pass test coupons through the reflow oven for 12 min under the temperature of 250 �C. This way, coupons are heated
directly via convection heat transfer. The test coupon then stays in the room temperature environment for 8 min to cool
down. Thus, one cycle time for the reflow system is 20 minutes.

3. Engineering analysis

Prior to the selection of the Weibull distribution as the appropriate lifetime distribution for the data, all the data sets were
fitted by Weibull, normal, logistic, lognormal and loglogistic distributions. We ranked these distributions by their Anderson-
Darling statistics. It was found that both Weibull and lognormal distributions have the best goodness-of-fit; however, the
Weibull distribution was chosen, because at the highest cycles-to-failure the Weibull distribution tended to have a better fit
when we examined the individual probability plot of each data set.

3.1. Weibull regression model

Weibull distribution has two parameters – the shape parameter v > 0and the scale parameter (the characteristic life)
h > 0, and its probability density function is given by

f tð Þ ¼ v
h

x
h

� �v�1

e� t=hð Þv f ort > 0 ð1Þ

Accordingly, its cumulative failure distribution function is given by

F xð Þ ¼ 1 � e� t=hð Þv ð2Þ
and the reliability function

R xð Þ ¼ e� t=hð Þv ð3Þ
The shape parameter v is often influenced by the supplier factor and the preconditioning method, because they have an

impact on the material being tested. Thus, we model the shape parameter by the following linear function:

v ¼ a0 þ a1s1 þ a2s2 þ a3s3 þ a4r ð4Þ
where s1; s2 ands3 are indicator variables for identifying suppliers and r represents the preconditioning method. When s1 ¼ 1
and s2 ¼ s3 ¼ 0, the first supplier’s coupon is in use. Similarly, the second and third suppliers are identified by s2 ¼ 1 and
s3 ¼ 1, respectively, and the last supplier is identified by s1 ¼ s2 ¼ s3 ¼ 0. The reflow and IST preconditioning methods are
indicated by r ¼ 1 and r ¼ 0, respectively. Using this regression model, we can pool all available data for model parameter
estimation.

For the scale parameter, our previous study suggests that it can be influenced by the energy absorbed by the coupon
during the preconditioning step [8]. As each preconditioning method has different targeted temperature, ramping time and
cycle time, we calculate their joule equivalent energy using the following equation:

Energy ¼ PCC � DT � RT
CT

ð5Þ

where PCC represents the number of preconditioning cycles, DT represents the temperature gap between ramping
temperature and cooling down temperature, RT is the ramping time, and CTis the total cycle time. According to [9], coupons
reach steady state temperatures so fast that it is reasonable to assume that these coupons are always at the readout
temperature. Based on the inverse power law, a log-linear model for the Weibull characteristic life is given by

logh ¼ b0 þ b1s1 þ b2s2 þ b3s3 þ b4loge þ b5r ð6Þ
where variable e denotes the energy absorbed by coupon.

3.2. Bayesian inference

In order to integrate prior knowledge of Weibull parameters into our data analysis, we chose the Bayesian inference
method. A Weibull regression analysis was conducted in WinBUGS environment [10] using the following model:

t i½ � � weibull v i½ �; l i½ �ð Þ

v i½ � ¼ a0 þ a1s1 i½ � þ a2s2 i½ � þ a3s3 i½ � þ a4r i½ �
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l i½ � ¼ h i½ ��v i½ �

logh i½ � ¼ b0 þ b1s1 i½ � þ b2s2 i½ � þ b3s3 i½ � þ b4loge i½ � þ b5r i½ �
where i represents ith test data, i 2 N; Nis the total number of test data.

Our prior knowledge about these parameters was derived from a similar test conducted in [4]. In their test, there were
54 coupons under the IST preconditioning process for six cycles that has the joule equivalent energy of 738, and another
58 coupons under reflow preconditioning process for six cycles with the joule equivalent energy of 615. Fitting their data
resulted in the equation, logh ¼ 26 � 3loge. Therefore, we set the prior distribution, b4 � N �3; 1ð Þ. Other prior distributions
are specified as b0 � N 20; 1ð Þ,bi � N 0; 1ð Þ, i ¼ 1; 2; 3; 5. In addition, the prior distributions for a0s are set as a0 � N 2:5; 1ð Þ,
ai � N 0; 1ð Þ, i ¼ 1; 2; 3.

Markov chain Monte Carlo (MCMC) method was implemented by the Gibbs sampler, which iteratively drew samples of a
parameter from its corresponding conditional distribution model (see [11] for the details of Gibbs sampler).

4. Numerical analysis

Two Markov chains with different initial values were run, with 100,000 iterations and 10,000 burn-in iterations for each
chain. To validate the model and parameter settings, the Gelman-Rubin convergence diagnosis was performed. We had
found the high autocorrelations among b0and b4 samples. The reason of high autocorrelations in these parameters can be
explained by the low variety of equivalent energy values. Therefore, we conducted sample thinning with 20 thinning interval
being set for each parameter.

Table 1 gives the posterior estimations of model parameters. Using the estimated value of each parameter and its
corresponding standard deviation value, we can perform a t test to show whether or not the parameter is statistically
significant. The p-values of these tests are listed in the table. We notice that, for the Weibull shape parameter, only supplier
2 has a significant effect, while the effects from other suppliers are not statistically different. For the scale parameter
(characteristic life), all suppliers are significant. In addition, the large magnitude of b4 (the coefficient of the equivalent
energy factor) indicates that the energy equivalence variable can explain a large portion of variability in the Weibull
distribution’s characteristic life. Meanwhile, the negative value of b4 indicates that the lifetime of PWB coupon is inversely
proportion to the energy it absorbed. The method of preconditioning has an impact on the lifetime of PWB coupon only
through the Weibull characteristic life, not through its shape parameter, as the coefficient a4 is not statistically significant.

Using the regression model for the Weibull characteristic life, we may consider replacing the traditional reflow
precondition by a proper IST precondition. As stated in [8], a 6-cycle reflow precondition with the temperature range from
25 �C to 250 �C, 12 min ramp time and 20 min cycle times can produce 782 joule equivalent energy, thus the last two terms of
the right hand side of Eq. (6) is calculated as �1:755 � log782 þ 0:2382 ¼ �4:84. By using an IST precondition with the
temperature range from 25 �C to 245 �C, 3 min ramp time and 5 min cycle time, a 5-cycle IST has 660 joule equivalent energy
and the last two terms of Eq. (6) is �1:755 � log660 ¼ �4:94, which is close to the previous reflow calculation. Thus, this IST
preconditioning method can be used to replace the traditional reflow preconditioning method so as to avoid the use of reflow
oven in the test and to reduce the total testing time. Furthermore, we performed a likelihood ratio test on the 5-cycle IST data
(245 �C) and the 6-cycle RFO data from Supplier 4 and concluded that their failure time distributions are not statistically
different. This conclusion is also confirmed by Fig. 2, where the fitted Weibull distributions for these two datasets overlap
each other.

Table 1
Posterior estimation of Weibull regression parameters.

node mean s.d. p-value 2.5% median 97.5%

alpha0 3.353 0.3618 <0.0001 2.668 3.342 4.076
alpha1 0.3456 0.5693 0.6636 �0.7581 0.3476 1.488
alpha2 �2.039 0.4438 <0.0001 �2.884 �2.045 �1.147
alpha3 0.3183 0.5573 0.6778 �0.7455 0.3054 1.44
alpha4 0.9209 0.4466 0.0952 0.06004 0.9201 1.806
beta0 19.12 0.9538 <0.0001 17.25 19.07 21.1
beta1 �1.104 0.06232 <0.0001 �1.225 �1.104 �0.9813
beta2 �2.906 0.1896 <0.0001 �3.27 �2.912 �2.513
beta3 �0.6304 0.05737 <0.0001 �0.7407 �0.6305 �0.5184
beta4 �1.755 0.1462 <0.0001 �2.06 �1.748 �1.467
beta5 0.2382 0.05425 <0.0001 0.1332 0.2379 0.3475
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5. Conclusion

The low-cycle fatigue tests were conducted on the PWB coupons from four different suppliers. In this paper we
demonstrate the use of Weibull regression model and computational Bayesian analysis method for identifying important
factors on PWB lifetime. Our result shows that as the lifetimes of coupons from four suppliers are different in general,
coupons from supplier 2 possess significantly lower life characteristic than others. Furthermore, we demonstrate that the
energy equivalence approach is an effective approach for accounting for the variation in lifetime estimation due to different
preconditioning methods and for setting IST parameters. Based on this approach, a 6-cycle reflow precondition can be
replaced by a 5-cycle IST precondition, thus the total testing time can be greatly reduced.
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Appendix A. Thermal cycle test dataset

Thermal cycle test dataset

Supplier 1 Supplier 2 Supplier 3 Supplier 4

IST5
(230C)

IST6
(230C)

RFO6 IST5
(230C)

RFO6 IST5
(230C)

IST6
(230C)

RFO6 IST6
(240C)

IST5
(245C)

483 754 764 75 81 607 556 1055 1179 1056
340 520 637 11 84 608 556 1195 1512 1473
387 578 668 23 86 649 662 1196 1880 1567
539 851+ 798 121 92 803 805 1491 1903 1713
321 491 616 8 103 827 851 1559 1934 1728
449 578 747 73 190 1065 933 1616 2149 1744
611 1500+ 945 1622 2185 1809
618 1500+ 956 1674 2424 2610
623 1500+ 990 1706 2464 1800+
665 1500+ 1048 1765 1800+ 1800+
769 1500+ 1108 1802 1800+
819 1500+ 1151+ 1889 1800+
869 1500+ 1500+ 1971 1800+
918 1500+ 1500+ 2045 1800+
1000+ 1500+ 1500+ 2076 2821+
1000+ 1500+ 1500+ 2120 2821+
1000+ 1500+ 1500+ 2176 2821+

1500+ 1500+ 2437 2821+
2733
1800+
1800+
1800+
1800+
1800+
1800+
1800+
2800+
2800+
2800+
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