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NOMENCLATURE

mean-time-to-failure

mean-time-between-failure

failure mode effects analysis

physically observable change caused by the failure mechanism

underlying process by which the specific combination of thermal,
mechanical, electrical, stresses induce failure

location where a failure occurs

approach which involves the use of testing procedures which are based
on quantitative models of the expected failure mechanisms derived and
validated from previous test results

printed circuit board module consisting of substrates, and heatsink
coeflicient of thermal expansion

leadless chip carrier

plated through hole

area where solder connects to LCC and substrate
semi-circular region where solder joint is attached to LCC
cumulative probability of failure

slope parameter of Weibull distribution

scale parameter or characteristic life of Weibull distribution
failure free time parameter of Weibull distribution

Weibull hazard rate

thermal cycles to failure
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I. Introduction

The failure of an electronic system is the loss of its ability to perform its desired functions.
Actuarial statisticians lump failures into one of three categories: infant mortality, random
failure or sudden overstress, and wear-out failure, depending on the trend of the failure
rates. The phenomena of infant mortality, sudden overstress, and wear-out correspond to
different failure mechanisms or their combination. The common practice is to quantify our
ignorance of the stresses, materials, configurations and other variables using stochastic
distribution to represent their behaviors. But even these stochastic characteristics cannot

be quantified without an intimate knowledge of the characteristics of failure. [1]

In traditional reliability analysis for electronic systems application, typical practice is to
assess the mean-time-to-failure (MTTF), constant mean-time-between-failure (MTBF), or
constant failure rate by assuming an exponential distribution. This exhibits a blatant
disregard for the individual failure mechanisms and their effect on field reliability, leading
to poor estimates of time to failure. This is especially true for electronic components
where traditional reliability prediction is based on empirical models fitted to field data

where the root causes of failures are ignored. MIL-HDBK-217 [2] is one such example,

Failures of an electronic module are due to a complex set of interactions between (i) the
"stresses” ( 7.e. environment parameters that act on and within the module) and (i1) the

materials and configurations of components, solder interconnects, and boards. In order to



understand the interaction between the environment and the electronics device, as well as
understand the effect of the critical variables on the statistical distribution and thus the life,
physics-of-failure methodology must be used. From the view point of physics-of-failure,
the characteristics of the failures of an electronic system should be defined by the failure

mode, failure mechanism, and failure site. [3,4]

Failure mode is a physically observable change caused by the failure mechanism, such as
an open, a short, an increase in resistance, or any other electrical change in the device.
Failure mode can serve as a failure criterion in accelerated testing, and therefore, the
traditional failure mode effects analysis (FMEA) is a helpful tool for identifying failure
phenomena. However, in traditional FMEA, the failure modes can not be quantitatively
related to applied stresses, material damage, and product life by a physical model, and

therefore is not a sufficient analysis tool.

The failure mechanism is the underlying process by which the specific combination of
thermal, mechanical, electrical, stresses induce failure. The process of a failure usually

starts from existing defects such as voids in a material or microcracks in the interface of

two materials.

The location where a failure occurs is called the failure site. The failure site can be
classified into different levels such as components, interconnects, substrate, and housing

A failure mechanism could occur at different sites. The failure mechanisms should not be

o



confused with failure modes and initial defects, although they are often called the root

cause of failures.

A correct reliability qualification procedure for critical components should begin with an
investigation of all critical failure mechanisms, followed by an identification of where and
when they may occur, and their effect on the operation of the electronic module over the
required useful life. Failures must be identified with respect to the failure mechanisms that
could potentially be activated in an electronic module during operation, with the
understanding that a given failure mechanism can occur at many sites. Therefore,

investigation of failure mechanism, site, and mode should serve as a guide for accelerated

testing.

In the development of an electronics module, timely and cost effective techniques for
qualification, reliability enhancements, and screening are extremely important to minimize the
time-to-market and satisfy the customer expectation of long-term reliability. In order to
anticipate the likelihood of failure under long-term operational conditions, it is necessary to
fully understand the basic failure mechanisms and then take steps to guérd adequately against
the manifestation of these failure mechanisms. [5, 6] The ability of an electronic assembly to
perform its required function must be evaluated because the reliability of a module is a function
of the reliability of individual components and of the interconnects. Testing to ensure adequate
reliability and quality is usually done under accelerated stresses to achieve test time

compression. Qualification tests as defined in this study are performed during product



development and are intended to assess the product’s ability to conform to nominal design and
manufacturing specifications by satistying long term reliability requirements. Reliability
enhancement testing is performed to guide the ruggedization of products when the
demonstrated reliability is deemed to be inadequate. Screening provides a means by which an
investigator may find fragile or faulty items in an electronic module by means of a test with
appropriately accelerated stresses without weakening or causing the failure of sufficiently
robust items. In each case, the necessity to quantify the results of the test remains. Applying
physics-of-failure methodology to an accelerated test provides the investigator with

information other than just pass-fail. [7]

This research is performed to introduce the inexperienced engineer to the physics-of-failure
methodology as it applies to accelerated testing. The approach is illustrated for testing of
solder joint interconnects. The physics-of-failure methodology is employed in detail to evaluate
the results of the accelerated test and provide useful information on long term reliability of
electronic components. Around the electronic packaging industry, accelerated test are
performed regularly to evaluate the package design relative to each particular application. [8,9]
However, these test results are often evaluated using stochastic approaches in which the effect
of the failure mechanisms is evaluated without regard to actual mechanism. In fact, as this
study shows, some mechanisms which are unwanted may appear. While statistical methods
can sometimes help identify these mechanisms, it is not possible to correctly evaluate them
using statistics alone. It is suggested that statistical methods be used to reinforce the physics-

of-failure methods, and not be used in place of them.



A properly designed accelerated test must not only provide accurate information, but also
provide economic savings and quick turn-around during development of new products or
during process changes in existing products. Test time compression is achieved by accelerating
the stress levels on judiciously chosen test specimens. An acceleration transform is a useful
tool which can be used to relate the accelerated test results to any operational environment.
Unfortunately, accelerated tests are often performed without identifying the potential failure
mechanisms, without adequately investigating the existing acceleration transform models, and
without continuously modifying the test specifications for introduction of new technology.
Therefore, testing based solely on historical testing specifications can be costly and lead to
erroneous conclusions. Furthermore, empirical parametric studies using accelerated testing
techniques often require the testing of many samples under multiple load histories in order to
create an accurate, populated database. By carefully varying the critical variables in the test
specimens, the time required for the parametric-accelerated test can be effectively compressed

by allowing the investigator to achieve multiple stress levels from a single load history.

The physics-of-failure approach involves the use of testing procedures bileh are based on
quantitative models of the expected failure mechanisms derived and validated from previous
test results. In addition, the physics—of—failure approach provides a method to obtain
acceleration transforms and useful trends from limited amount of test data with confidence.
This study attempts to apply the physics-of-failure approach to accelerated testing of surface-

mount components with leadless solder joints, and proposes a practical procedure for

‘h



extracting information from a single accelerated test.

Solder joints typically fail due to cyclic creep-fatigue interactions under thermally applied cyclic
stress. The driving stress is due to the thermal expansion mismatch between the component
and the printed circuit board (PCB), as well as the shear stress in the solder joint near the bond
pad due to the thermal expansion mismatch between the solder material and the bond pad. The
critical variables in this example of an accelerated test are the differences of the coefficients of
thermal expansion (CTEs) of the PCB material and the components. Other critical variables
include the component dimensions and the geometry of the solder joint. Physics-of-failure
models are used to correctly evaluate the acceleration transform for solder joint reliability

without having to create a huge experimental database.

The parametric-accelerated fatigue test for surface-mount solder joints is described in Section
2 The observed failure mechanisms statistical evaluation of the test results are discussed in
Section 3. The physics-of-failure models used to quantify the results of the test and extract
acceleration transform information based on the physics-of-failure are discussed in Section 4.

Conclusions and discussions are presented in Section 5.
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2. Accelerated Test Procedure

As discussed in Section 1, in order to correctly evaluate the ability of an electronics assembly to
withstand long term conditions in a harsh operating environment, the wearout mechanisms
must be assessed and accelerated. In doing so, care must be taken to accelerate the
mechanisms that will cause failure in field conditions without accelerating those mechanisms
which would not ordinarily cause damage. It is well understood and widely accepted that the
driving stress which defines solder joint reliability under thermomechanical cyclic loading is the
differential thermal expansion caused by the size of the component and the difference in the
CTE between the substrate and the component. Additionally, the height of the solder joint,

cross sectional profile of the solder joint, formation of intermetalics, and bond pad integrity can

affect fatigue life of the solder joint.

2.1 Test Samples and Matrix

In this study, the critical variables which are considered are the differential thermal expansion
between the component and the substrate and the size of the components. 1t is assumed that
the solder joint geometry, quality, and metallurgy are nominally uniform across each of the
modules. It is also assumed that the CTE of the module is uniform across each of the modules
such that the same size components on each of the modules experiences the same stress due to
the differential expansion regardless of its location on the module. These assumptions are then

evaluated to determine their validity within the scope of accelerated testing,



Fifteen double-sided, symmetric, multilayered circuit board modules, consisting of ceramic
leadless chip carriers (LCCs) and plated through holes (PTHs), are chosen for this study. Each
module consists of two PCB substrates adhesively bonded to a thermally conductive core or
heatsink. The samples chosen in this study have different combinations of PCB, heatsink, and
adhesive material as given in Appendix A. The dimensions and material properties of the
modules are also given in Appendix A. Each module consists of four 68-pin LCCs, six 48-pin
LCCs, twenty 32-pin LCCs, and two PTH arrays as shown in Figure 2.1. Thus, there are
many stress levels for a single load history. The effect of the size of the components, placement
of the components, and materials used to manufacture the modules on the stresses can be
evaluated and comprehensive acceleration transforms can be created from a single load history

because of the multitude of stress levels reached in different solder joints.

Each component is daisy chained and continuously digitally monitored using Anatech event
detectors, and are polled every 10 seconds. If a transient resistance spike in excess of 300
Ohms is detected, temperature and elapsed thermal cycles for the event are recorded in a
database. This type of intermittent, transient change in resistance is typical of fatigue failures.
The occurrence of 15 such events within less than 20 thermal cycles is defined as a failure of

the solder joint or PTH because the event detectors retain information on only the first 15

events.

The thermal cycling for the parametﬁc—accelerated test is performed in an accelerated stress



test chamber, which is capable of temperature ranges of 200 °C to -100 °C (392 °F to -148 F)
at a temperature rate of change of 60 “C/min. (140 °F/min.). The accelerated test temperature
profile chosen for this study has temperature extremes in this profile of 90 °C and -55 °C.
These extremes are typical of the harshest conditions which will be experienced in an operating
environment. In fact the temperature range is analogous to the temperatures experienced by a
module mounted on an airplane which takes off from an asphalt runway located in a desert and
flies at high altitudes in Siberia. The thermal rate of change is chosen to be 10 °C/min. in order
to ensure that all of the modules located in the chamber will experience the same temperatures.
The temperature holding or soak time of 23.5 minutes at the high temperature excursion is
chosen to ensure that there are no thermal gradients in the modules, and facilitate the time and
temperature dependent stress relaxation. A soak time of 5.5 minutes is used at the low
temperature excursion in order to ensure that there are no thermal gradients in the modules.

Each thermal cycle takes 58 minutes to complete. In order to achieve failure of a sizable

percentage of the population, the cycling is continued until 1000 thermal cycles are completed.

To measure the temperature distribution in the test chamber, 15 thermocouples are
strategically placed in the testing array. The air stream temperaturé differs by as much as
10°C from the temperature measured at the module which is located furthest from the
plenum at the front of the chamber while ramping. The air stream temperature and the
module temperatures coincide within the first few minutes of the dwell periods. However,
due to close proximity of the boards to each other, and the interference of the air flow

caused by the cables connecting the boards to the Anatech devices, the temperature
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Substrate 40-65 mils

Adhesive 5-10 mils

Heatsink 40-80 mils

Figure 2.1. Double-sided, multilayered module.

distribution across each board may be marginally non-uniform. However, this difference is

found to be less than 3 "C, which is within acceptable limits.

The failure data for solder joint failures is shown in Appendix B. The failure data is separated
by groups which have the same approximate CTE. In order to qualitatively obtain some trends
of the failure data, histograms are shown in Appendix C. It is apparent from these histograms
that the trends follow intuition. The larger components typically fail before the smaller
components within the same group. However, there are some 32 pin components which failed
on Group 2 (CIC core) before the 48 pin components failed on the same module. Statistical

analysis along with physics-of-failure methodology will be used in Sections 2 and 3 to explain

this phenomenon.
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2.2 Qualitative Analysis of Failure Mechanism

As discussed in the Introduction, the shape of the solder joint is also assumed to be
nominally uniform, which implies that the variabilities in the shape of the solder joint play
no role on the reliability. This study has shown that there is, in fact, a variability in the
shape of the solder joint. Figure 2.2a shows a 30X magnification photograph of a
premature failure which occurred on a 32-pin LCC on a polyimide/fiberglass board with a
CIC heatsink. This premature failure occurred prior to any 48-pin LCC failures on that
board. This premature failure was not an isolated event, and the 32-pin LCCs on the CIC
heatsink boards (modules 4A and 4B) consistently occurred earlier than the 48-pin LCCs
on those boards. Precise characterization of the CTEs of these modules showed that there
was delamination of the substrate from the heatsink. Although the 68-pin LCC shown in
Figure 2.2b was photographed at 341 thermal cycles and some damage inevitably has
occurred between the times at which each photograph was taken, it serves to qualitatively
illustrate that there is some variation in the shapes of the solder joints and that variation
could affect the solder joint reliability. The solder joint on the 32-pin LCC has a higher
concentration of solder near the neck (castellation) where the solder connects to the
component, and the 68-pin LCC has a thinner column-like shape. The amount of

bulbousness is controlled by the volume of solder deposited in the board prior to reflow.

As stated earlier, the driving factor which determines the reliability of the surface mount

components is the shear stress at the solder joint caused by differential thermal expansion



of the substrate and the component. Figure 2.2¢ shows a 68-pin LCC on a kevlar board
with a carbon composite heatsink. There were no failures recorded on this module.
Figure 2.2d shows a 68-pin LCC on a polyimide/CIC foil board with an aluminum

heatsink. Although there were no failures on the Kevlar board, some fatigue damage is

noted by the striations at the castellation.

Figure 2.2b Polyimide on CIC 1.CC 68
Photographed at 341 Cycles

Completed 1000 Cycles without Failure
Adhesive: Rigid Bond

Normalized CTE 1.7

Figure 2.2a Polyimide on CIC LCC 32
Photographed at 950 Cycles

Failed at 500 Thermal Cycles

Adhesive Rigid Bond

Normalized CTE 1.7

' Figure 2.2d Polyimide/CIC Foil on
Photographed at 341 Cycles
Failed at 179 Cycles
Adhesive: Compliant Bond
Normalized CTE 1.71

AlL6061-T6 L.CC 68
Figure 2.2¢ Kevlar/Epoxy on Carbon Composite LCC 68
Photographed at 950 Cycles _

Completed 1000 Cycles without Failure

Adhesive: Compliant Bond

Normalized CTI 1.57



2.3 CTE Characterization

As stated in the Introduction, the driving factor which determines the reliability of the
surface mount components is the shear stress at the solder joint caused by differential
thermal expansion of the substrate and the component; therefore, precise characterization
of the CTEs of the materials is essential to perform an accurate reliability analysis. This
study illustrates that estimation of multilayered assemblies is a difficult task and

experimental characterization is sometimes necessary.

The CTEs of the module materials are either taken from in-house data, provided by the
manufacturer of each of the substrates and heatsinks, or taken from the CALCE database.
The CALCE software contains a laminate analysis tool which is used to determine the
CTEs of the glass-polyimide/CIC (copper-invar-copper) foil substrates. These substrates
are comprised of glass-polyimide reinforced with two 6 mil thick 12.5/75/12.5 (Yocopper-
%sinvar-Yocopper) CIC foils. However, the CTEs of bonded assemblies cannot be
predicted well with laminate analysis because laminate analysis does not perform well for
imperfect bonding or viscoelastic materials such as the adhesives used to attach the
substrates to the heatsinks in each module. The inability of a compliant bond to couple the
CTE of the substrate to that of the heatsink material cannot be precisely determined using
laminate analysis because it is formulated for completely rigid or pertectly bonded elastic
materials. Therefore, it is necessary to characterize the CTEs of the modules through

careful experimental measurements.



The CTEs are measured as per Measurements Group Technical Note 513. The surface of
the substrates of the modules are prepared by removing the solder mask and conformal
coating and the 350 € strain gages are mounted using M-Bond 600 adhesive according to
Measurements Group Instruction Bulletin B-130-14. The gages are then clamped to
ensure a thin, hard glue line. The assembly is then placed in the thermal chamber and
ramped at 10 °C/min. to 150 °C where the adhesive is cured for two hours. In order to
minimize the effects of the change in resistance of the lead wires on the strain
measurements due to thermal change in resistivity, a three wire configuration is used.
Further, the length (= 50 cm) and the size of the wire (30 AWG =.25 mm diameter) is kept

as small as possible. Finally, a protective coating (3140 RTV) is applied to the strain

gage.

The strain gages are placed in the active arm in a quarter Wheatstone Bridge
configuration. A reference gage mounted on a material with a known, near zero CTE
(titanium silicate) is placed in a separate quarter bridge. The reference gage is also placed
in the thermal chamber for thermal compensation of the measurement. The strain
experienced by the reference gage is mainly due to the thermal response of the gage, and
not the material on which the gage is mounted due to the fact that the reference material
has a near zero CTE. In this way any effects of the CTE of the gage and the internal
heating effects of the gage due to the bridge voltage are known. In addition, the

transverse sensitivity of the strain gage (although small) should be taken into account.



The strain in the reference gage is subtracted from the apparent strain of the measurement
gage to give the actual strain of the material to be measured. The slope of a linear least
squares regression of the strain measurements taken at 10 °C increments versus
temperature gives an averaged CTE of the material over the temperature range. This
averaged value is used as inputs into the physics-of-failure models. The x-intercept of the

1 - least s regression is the temperature at which the bridges are balanced.
linear least squares reg o

The CTE measurements are done on the surface of each module substrate at four locations
as shown in Figure 2.3 (both in plane directions x and y, in the center and edge of the
substrate). Measuring the CTEs in two places gives valuable information about the CTE
distributions in each module. Measuring the CTEs in two places and two directions

provides insight into potential delamination failure modes of the module.
=)

ST

Figure 2.3. Placement of Strain Gages for CTE Characterization of Modules.




In order to plot the CTE as a function of temperature, the strain as a function of
temperature is divided by AT, where AT is the absolute temperature difference relative to
the temperature at which the bridge is balanced. Taking this local gradient becomes
numerically unsound due to the fact that there is some noise in the strain measurements
(+/- 10 pe), and AT approaches zero near the balance temperature (division by zero). In
order to smooth the data, weighted cubic splines with linear interpolation functions at the
endpoints are fitted through every third CTE calculation. The average of the three sets of
cubic splines fits the data by weighting the outliers less. This technique of averaging the
cubic splines to smooth the experimental data provides the CTE as a function of
temperature as opposed to an averaged CTE which provides a single value over the entire
temperature range. The CTEs are then normalized by the component CTE in order to

in insight i s levels experienced by the components.
gain insight into the stress lev p

F 4 N n CTE distributi f one module in which the heatsink has
' asured distribution o
‘igure 2.4 shows the measu
o %
T : CTE. The adhesive which is used to attach the
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fact, the components located near the edge on this module undergo less strain than the
center components at low temperatures. Further, these measurements emphasize
inaccuracies in calculating the module CTE instead of measuring it, and the errors which

can be introduced by assuming the CTE to be independent of temperature.

Figure 2.5 shows the CTE distribution of one module in which the heatsink CTE is less
than the substrate CTE. The adhesive which is used to attach the substrate to the heatsink
is compliant for the whole temperature range. As usual, the measurements taken on the
edge are driven by the substrate and the measurements taken near the middle are driven by

the CTE of the heatsink. The reason the edge measurement in the x-direction is higher

than the middle measurement in the x-direction is because the substrate CTE is higher than

the heatsink. The measurements taken in the y-direction do not follow the same trend,

because the strain gages oriented in the y-direction are on the x-edge, not the y-edge, as

shown in Figure 2.3. Note that although the adhesive is considered relatively compliant at

all temperatures, the viscoelastic response of the adhesive does make it stiffer at low

temperatures. This tends to couple the CTE of the substrate to the lower CTE of the

heatsink at low temperatures. In addition, the substrate material becomes stiffer at low

temperatures thus reducing the CTE. The fact that the CTE drops off drastically at lower

temperatures is a desirable response. In fact, this is the only module which had no failures

after 1000 thermal cycles. Again, the inaccuracy of estimating a uniform, constant CTE

over the temperature range is illustrated clearly.



The CTE measurements for the remaining modules is presented in Appendix D. Note the
modules with the CIC heatsink (modules 4A, B) which had 32-pin components farling before
the larger 48-pin components has a very large CTE near the edge in the x-direction. This
measurement was repeated several times and with different strain gages at that location to
ensure that no errors were caused by the experimental setup. The CTE measurements show
that the substrate has become delaminated from the heatsink due to the thermal cycling. This is
a very simple example of statistical data (histograms) which must be verified using the physics-
of-failure approach. The experimental data suggested a control problem with these
components, but careful analysis of the situation uncovered a new failure mechanism: in this
case the new failure mechanism is delamination of the substrate from the heatsink. Although
this is a very simple example of using the physics-of-failure methodology in conjunction with a
statistical analysis, it serves to illustrate the point. Now that the new mechanism has been
identified, care can be taken in the future to prevent it from affecting the useful life of the

assembly and contaminating the failure data.

Board X- Middle X- Edge Y- Middle Y- Edge Board Calc
Number CTE CTE CTE CTE CTE | cTe
Normalized | Normalized | Normalized | Normalized @g) |
1 1.76 16 167 | 167
2A Data from 1 | Data from 1 1i _~:1 67 |
2B Data from 1 | Data from 1 | 167 | 187
3 1,65 18 | 172 | 15 |
- aa 161 160 | 18 37 | 17 | ras |
4B Data from 44| Data fro|;4—/’%_ | Data from 4A Data from 4A __;1_';.7: ] v““;éh
s | 17 | 72 | ] L1 e
o Data from 57*D§a_ff4cﬂi L ] —~—Lﬁ_«j_1 5
B 165 | 16 | | | 162 | 178
8A 1.74 ﬁ4793_ | _ 184 ,_:; 5
8B Data from 8A|Data from8A, | | 174 | 41‘5;
9 1.46 172 157 1.52 157 | 106
10 174 | 19t |l | 174 | a5
1 144 | 194 | 169 | 106
12 167 174 | 17 | 176

Table 2.1 Differences in Calculated and Measured CTEs.



The calculated and measured average CTEs are summarized in Table 2.1. The measured
CTEs shown are the average CTEs over the temperature range, which are the slope of the
linear least squares regression of the strain versus temperature. All values have been

normalized by the CTE of the components.
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3. Statistical Evaluation of Test Results

Once the parametric-accelerated test is completed, it is necessary to comprehensively
analyze the failure data using rigorous statistical analysis because of large scatter in the
test data. In addition, it is necessary to assess the etfect of the critical variables on the
accelerated test and how they affect the life of the electronics device. Physics-of-failure
methodology is combined with statistical evaluations to assess the influence of these

critical variables.

3.1 Weibull Statistical Probability Distribution

In typical engineering application; traditional reliability analysis of electronics involves
assessment of the mean-time-to-failure (MTTF) and mean-time-between-failure (MTBF)
based on a constant failure rate assuming an exponentially distributed probability of
failure. This model cannot capture initial failure free periods typical of wearout failures in
electronic interconnects, and is usually based on empirical models fitted to field data where
the root causes of failures are ignored. In designing, qualifying or strengthening a new
product or an existing product with new technologies, these models are sometimes
inappropriate and misleading because they are not derived from or based on physics or
mechanics of real failure [10], and as such, they do not give us insight into or control over
actual failure mechanisms. A survey of commonly occurring failure mechanisms reveals that

power-law relationships are more appropriate than exponential relationships for formulating

o
o



models. It is noteworthy that the Weibull distribution was originally derived by assuming a
power-law relationship for the hazard rate. For example, crack propagation for brittle
materials according to the Griflith Crack Theory relates the applied stress to the stress at the
crack according to a power-law relationship (Gma = ko(Ur)"” | where | and ¢ represent
dimensions of the crack) [11]. Miner’s Rule relates cumulative fatigue damage due to n
applications of the applied stress by a power-law relationship (D = nc’, where b represents
a material property) [12]. A similar power-law relationship is used in this study to model
the accumulation of creep-fatigue wearout damage in solder joints. Probability of failure
is expressed by a three-parameter Weibull distribution.

The cumulative probability of failure, P(t), is defined as:

=
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n+ I

where k represents the failure number and n is the sample size. The experimentally

obtained cumulative probability of failure represented with a three-parameter Weibull

distribution:

(OS]
3]

Pt) — 1 - exp’® " Jort = 1y

] fort <t
where t), B and 0 are the location, scale, and slope parameters, respectively. The two
parameter Weibull assumes that the location parameter is zero, which means that at a time
corresponding to zero thermal cycles, the probability of failure is zero. It has been shown

that the three-parameter Weibull has a higher correlation coefficient than the two



parameter Weibull or a Log-Normal distribution because of its ability to capture the initial
failure-free period [13]. Note that when B = 1 and when t, = 0, the Weibull distribution
reduces to the Exponential distribution (constant hazard rate). Equation (2), for t > t,, can

be solved for B explicitly as shown in Equation (3.3)

log,,In(7 - P(I‘))J o
log,,(t - ty) - log,, 6

o
|8}

The numerator of Equation (3.3) is the reduced variate y = logoIn[1 - P(t)]", and the lead
term of the denominator of Equation (3.3) is the reduced variate x = logy(t - t,). When
assumed to be non-zero, ty must be adjusted so that the data will fall on a straight line
when plotted against the reduced x and y variates. The scale parameter, 6, is also termed
the characteristic life, which is the time when 63.2% of the population will have failed.

The slope parameter, B, is the slope of the best fit line when the data is plotted in terms of

the reduced x and y variates [14].

The hazard rate, h(t), for a Weibull distribution is defined as the probability density divided

by the reliability.

B,',([ —,.I”,)""e-/(l - 10)/8/°

dP(1) | ' 0
ht) = —2— —— = S L
® dt  1-P(t) prltt-t0)/8] 3.4
B -ty g,
h(t ——— ’
G @( 0 / 3.5

The measured P(t) and h(t) help assess the failure mechanisms and the acceleration transforms



3.2 Statistical Evaluation of Mechanism, Site and Mode of Failure
4 «

Cveclic faticue can induce damage in solder joints by causing grai
y g é allds joints by causing grain boundary coarsening
and sliding resulting in void growth between the interfaces of the grain. Eventually, the

s s pe 2 se

voids either grow or coalesce resulting in solder joint cracks which create open circuit
: ¢ en circuits

causing the circuit to malfunction.

Two types of fatlures occurred while performing the accelerated test, which are identified and
distinguished as follows. Solder joint fatigue failures are typically expected to occur first on
larger components, where the shear stress due to the coeflicient of thermal expansion mismatch
between the substrate and the component is greatest. However, in this test the first failures
occurred in the smaller 32-pin LCCs very early, within 200 elapsed thermal cycles. Because
these failures were detected at a very early stage of the testing, and on the smaller components,
further investigation was necessary. Weibull hazard rate plots of these early failures, shown in
Figure 3.2, revealed that these failures follow a decreasing hazard rate, which is consistent with
an infant mortality trend. Solder joint failures which occur due to accelerated testing are not
expected to follow an infant mortality failure trend. Instead they should show an increasing

t with a wear-out failure mechanism.

hazard rate, consisten

The temperature and the time of each resistance spike is plotted against the thermal cycle to

gain further insight into the mechanism of failure for each of the early failures. As shown in

=, . @Y s M T TR .
Figure 3.3, these early failures on the 32-pin LCCs always occurred during the transition from

[89]
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Figure 3.3. Wire-bond failure plotted against
thermal cycles.

high to low temperature, and consistently occurred catastrophically, with a small time interval
between the first and the fifteenth resistance spike on each circuit. Typically, in solder joint

failure there is no such pattern regarding the part of the cycle where failure will occur, and



there is a longer time gap between crack initiation and propagation to final failure. According
to Frear et al. [15], wear-out mechanisms in solder joints include microstructural coarsening
and deformations due to plastic flow and creep, followed by crack initiation and growth, and
crack propagation or coalescence through the solder joints [15]. Final wearout failure occurs
when damage accumulates beyond the endurance threshold of the solder joint. The process of
a crack evolving into an open circuit often takes several hours or several cycles of accelerated
testing. The premature failure, the decreasing hazard rate, the fact that the failures on the
smaller components consistently occurred during transition from high to low temperature, and
the small interval of time between the first and fifteenth resistance spikes all led to the
conclusion that these were not solder joint failures. Failure root-cause analysis at 340 thermal
cycles consisting of delidding and visual inspection under 30X magnification confirmed that
these early failures on the smaller components were wire-bond failures. Since the target of this
test program was solder joint fatigue, these wire-bonds were repaired and returned to test.
Fatigue failure of solder joints, as expected, began to occur later, beginning with the larger
components first and then continuing on the smaller components. The two observed failure

types are classified in Table 3.1.

Failure Type 1

Mode Change in resistance-open circuit

Load Transition from high to low temperature

Site Wire bonds on smaller 32-pin LCCs

Mechanism Wire bond debonding due to shear stress
Failure Type 2

Mode Change in resistance-open circuit

Load Thermal cycling

Site Solder joint fracture

Mechanism Interaction between low-cycle fatigue and creep

Table 3.1 Classification of wire-bond and solder joint failure.



3.3 Acceleration Transform Based on a Bayesian Approach

The experimental data is analyzed using the Weibull statistical distribution described in
Section 3.1. The cycles to failure at a given percent probability of failure are computed
from the maximum-likelihood distribution parameters. However, in order to measure the
uncertainty in determining these parameters, a more rigorous statistical method is

necessary. These parameters are evaluated using a Bayesian approach. [16, ] 7]

The maximum likelihood estimates of the two parameter Weibull distribution provide the
maximum-likelihood that when these parameters are used, the failure data will fall as
closely as possible to the distribution within a degree of uncertainty. This degree of
uncertainty is of paramount importance when attempting to estimate fatigue life. In many
cases an investigator may blindly compute probability distributions without determining
how accurately the distributions fit the actual data. In these cases, outliers are eliminated
from the failure data without sufficient justification. The Bayesian statistical approach
provides a systematic method for computing probability distributions and determining

which data is contaminating the distributions. Failure analysis can then be used to confirm

if there is a good reason for eliminating the outliers.

The maximum-likelihood estimators have desirable properties for large samples, and these

estimators become more precise as additional data becomes available. Therefore when

using relatively small sample sizes, as is true for this study, the uncertainty of the true
5 C



parameters becomes a major concern. Other techniques such as sample theory methods
measure the uncertainty in terms of the sampling distribution of the estimators of the
parameters. Unfortunately, when using sampling theory it is practically impossible to
obtain the joint distribution of the maximum-likelihood estimates for both of the Weibull
parameters simultaneously. The Bayesian approach does provide a method to obtain
confidence contours on both parameters of the Weibull distribution. The confidence
contours also provide a quantitative method to recognize and eliminate outliers. In this
study, prior knowledge of the distribution parameters is not assumed. Assuming no prior
knowledge of the distribution parameters is a conservative approach. However, in cases

of relatively small sample size, existing data suggests a less conservative approach. [18]

The two-parameter Weibull distribution for t > 0 is obtained from Equation 3.2 as:

P) = 1 - exp™™” 3.6
For this distribution, the mean time to failure (MTTF) is:

MTTF=0T(1+1/B) 3.7

where I is the gamma function.

The probability density for the two-parameter Weibull distribution is:

] B [t/ 7B
p(1) - j‘l’(x)dx =gl exp ™" 38

There are n failures from the population occurring at times X, X,, X;... X, and d samples
have not failed at the end of the test at time T. The joint probability for n failures and d

censored data is proportional to the conditional likelihood, P, of the data on the

distribution parameters P(Datal6, B).



P(Datal®,B) o< f(X,)dx f(X)dx f(X)dx... f(X,)(1= F(T))* 5

From Equation (3.8) this reduces to:

!3” " B-1 B
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[f we assume a prior probability density To(8, B) the posterior density , T, is

(0. B|Data) e P(Datald, B)m, (6, B) %

The posterior density is normalized by the numerical integral of the posterior density by

integrating 6 from zero to infinity. Further, if a constant prior density is assumed we get:
n(B'])ata)ocnOJ’(; P(Datale, B)do -

After some work, this becomes:

I'(n+1/B) : Bx

B X B s 17" + X X ®
B 517 + X, o : <X
i=l L

Equation (3.13) is then normalized by the numerical integral of the right hand side. This

(98]
(95}

n(B|Data) =

gives the marginal posterior density of the Weibull slope parameter, B. However, our
goal is to obtain the posterior density of both parameters based on a constant prior
density. This is obtained directly from Equation (3.10) by normalizing by the numerical

integral of the right hand side of the equation to obtain:

n n B-1 B
:;T,H {H ,\'J ex —Gnllia"[' + X X,] }
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A typical three dimensional plot of Equation (3.14) is shown in Figure 3.4, The total



volume under the plot is equal to unity due to the normalization. The algorithm to

compute confidence contours at any percent confidence is given in Appendix F.

The experimental failure data is separated into twelve groups based on shear strain range

Ay, estimated as [19]:

The failure data grouped according to strain range is given in Appendix E. Confidence
contours at of 95%, 90%, 50%, and 5% for the twelve different groups are shown in

Appendix G. The maximum-likelihood estimates of B and 6 occur at the peak of Figure
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Figure 3.4 Three-Dimensional Weibull posterior Density
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When the posterior parameter density plot is sharp, as shown in Figure 3 4, there is good
confidence in the calculated distribution parameters. When this plot is flat, there is little
confidence in the parameters. This lack of confidence is due to small sample size, much of
the data being censored, and the fact that a conservative flat prior distribution is assumed.
All three of these effects are interrelated. As seen in Appendix G, the 95% confidence
contour for B at 2.60% strain can range from 2.0 to 9.0. This shows that there is little
confidence in this calculation for the maximum-likelihood estimate of B, but there is much
confidence in the calculation for 6. Blindly fitting the Weibull distribution to the failure
data without examining the confidence on the distribution parameters may not have led to
this conclusion. Similarly, the confidence contours on 6 for 3.20, 3.85, and 7.40% strain
show that there is little confidence in the maximum-likelihood estimates of © for these

strain levels. Based on these observations, these values of B and 6 are eliminated from the

data as shown in Figure 3.5

Now that the maximum-likelihood estimates of the distribution parameters are determined
at different strain levels, the final step in obtaining a physics-of-failure acceleration
transform is to relate these parameters to the critical variables. The strain is related to 6
by a power law relationship, and the strain is related to B by a linear regression. This
fitting of the distribution parameters to the strain is shown in Figure 3.5 at the top using all
of the distribution parameters and in the bottom of Figure 3.5 the outliers discussed above
are eliminated from the data. There is a dramatic change in the results when eliminating

the outliers from the data, and all of the uncontaminated data shows a consistent trend.

o]
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Note that slope parameter, B, remains essentially constant when the outliers are
eliminated. The time to failure based on X percent probability of failure as a function of
strain is computed using the following relation:
0 o N (X %)/0]"
X% = [ - exp 3.16
Rearranging Equation (3.16) and simplifying gives

R L
N, (X%) = 6[-In(1-X %0)] 3,17

where 0 =3 1. 195}"“)917 and B = 2.0 as shown in Figure 3.5 Note that 6 is dependent on strain.

The reason for this dependence will be discussed in Section 4.1.

Figure 3.6 shows the acceleration transform model based on the Bayesian statistical
approach as calculated from Equation (3.17). Note that this acceleration transform model

is based on strain and not temperature. The temperature can be back calculated from each

strain level by Equation (3.15).
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4. Physics-of-Failure Evaluation of Test Results

One of the goals of this study is to obtain qualitative assessment of the damage caused in the
LCC solder joint during thermal cycling. Another goal is to extract information regarding the
acceleration transform from the test described in Section 2. To maximize the information
extracted from the experiment for more accurate acceleration transforms, the effect of critical
variables (such as component size and module CTE) on the solder joint stresses is estimated
from physics-of-failure models. In order to correctly evaluate any accelerated test, it is
necessary not only to define the critical variables, but also to quantify the effect of these
variables in laboratory as well as in the field conditions. The Bayesian statistical approach
as it is presented in the previous section is used for eliminating the outliers from the failure
data in order to achieve a more dependable database which can be used accurately with
physics-of-failure models to obtain acceleration transforms. By estimating the total shear
strain and then determining the dependence of the distribution parameters on the strain
range, it is possible to obtain a hybrid analytical-empirical acceleration transform model
based on the statistical evaluation of the empirical results. Alternatively, it is possible to
acceleration transform using only physics-of-failure modeling. In

obtain a purely analytical

both situations, the test data serves to verify the accuracy of the models or modify the
oth situd 5

models for more accurate acceleration transforms for tuture studies.

damage model. The stress analysis is used to compute the state of stress at the failure site,
mag ,



as a result of environmental loads. In this example, we are interested in the history of
mechanical stress and strain in the solder joint caused by the global temperature changes
ges.
Typically this involves solving a boundary value which depends on the critical variables
such as the differential thermal expansion, the size of the components, and the geometry of

the solder joint. The damage model relates the amount of stress to time to failure based

on each failure mechanism.

34



4.1 Physics-of-Failure Models Considered

In this study two physics-of-failure models, namely the IPC model [19] and the CALCE
energy partitioning model [25], are used to comparatively evaluate the accelerated test
results. The IPC model makes several simplifying assumptions to enable closed form
stress analysis. The CALCE energy partitioning model requires more detailed inputs which

normally require nonlinear viscoplastic stress analysis.

4.1.1 IPC Physics-of-Failure Model

The fifteen modules are separated into five groups determined by CTE in order to obtain the
acceleration transforms. All of the modules in each group have approximately the same CTE.
In addition to the CTEs of the modules, an additional experimental parameter is the component
size. The failure data is separated into 15 groups because there are three different component

sizes and five different calculated effective module CTEs. For simplicity, other variables such

as solder joint geometry and temperature distribution are assumed to be nominally uniform for

all of the components. In addition, the thermal expansion coefficient is assumed to be uniform

across each module. Due to the differential thermal expansion between the board and

component, the magnitude of the stresses is different for each combination of module CTE and

component size. Thus, there is a wealth of information available from a single test.

The influence of each critical variable on the stress magnitude is modeled with simple closed-



form stress analysis and combined with a single power-law damage model. The physics-of-
failure model proposed by Engelmaier and recommended by IPC SM-785 [19] for solder joint
fatigue provides a first order approximation to estimate the thermal cycles to failure as a
function of percent probability of failure. This model makes use of a modified Coffin-Manson
low cycle fatigue equation [20] developed for more typical elastic-plastic engineering metals
which relates strain range to time to failure by a power law. Because of the time dependent
viscoplastic stress-relaxation and creep behavior of solder, the Coftin-Manson equation
requires modification to a more general relationship proposed by Morrow [21]. Furthermore,
based on empirical data [22], the fatigue ductility exponent is expressed as a function of
temperature and time. This type of functional relationship is sometimes used as an attempt to
quantify the effects of creep and stress relaxation on fatigue damage. The model for

determining the cycles to failure, N, for leadless surface-mount solder joints undergoing

accelerated thermal cycling is [19]:

[ F LzAoAT 1L lnfl - 0.01x) é’ "
Newod) = Sl T ms) :
where the fatigue ductility exponent, ¢, is
L3060 '
o 0 422 = 6X/0_4 7}] A 1 741Y10 - ln(/ - '7__) 42
Li

and where

€ fatigue ductility coeflicient, 2¢; = 0.65 for near-eutectic tin-lead solder.

F empirical "non-ideal" factor accounting for non-ideal solder joint geometry, larger

solder fillets, Pb rich boundary layers, etc... For leadless chip carriers, 1.2 > F >

0.7 . For this analysis F = 1.



Aot

AT

solder joint height. h is the distance from the substrate to the bottom of a
component, h = 6.5 mils in the present study.

maximum diagonal distance between solder joints for each component.

absolute difference in coeflicients of thermal expansion of the ceramic components
and the substrate. Ao ranges from 0.5 ppny/ °C to 5 ppn/ °C in this study.

cyclic temperature swing, which can account for the internal heating of components
due to power dissipation effects as well as external temperature variations. Because
the components were not powered up, AT = 145 °C in this study.

mean cyclic solder joint temperature. Because the components were not powered up,
this temperature is the average temperature due to the thermal cycle. Ty =40 °C.

dwell time in minutes. Because more stress relaxation occurred during the longer 23.5
minute dwell at 90 °C as shown in Figure 3, t4 = 23.5 minutes.
Weibull slope parameter. B =4.0 for LCCs [23].

for this study ¢ = -0.417 from Equation 4.2.

Equation (4.1) combines a low-cycle fatigue model with simplified stress analysis, and has been

experimentally validate

d for temperatures greater than 20 °C. Note that the component size

(Ly), the CTE mismatch between the PCB and the component (Ac), and the cyclic temperature

range (AT) are all explicit parameters in this model, and hence their effects on solder joint
(=hed\ ‘

stresses can be quantitatively assessed. This stress analysis ignores the local CTE mismatch at

the solder pads on the su

during the dwells

bstrate and the component, and assumes complete stress relaxation

at hich as well as low temperatures. Due to the fact that the mean cyclic
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temperature and dwell time remain constant, the fatigue ductility exponent, ¢, remains
constant for each combination of module and component. The cycles to failure for each
combination of module and component is computed relative to an arbitrary reference
configuration according to Equation (4.1).

(L«I )u/ A (ch/ A [(/) /

/
N = 336, 43

Equation (4.3) relates the cycles to failure to an effective cyclic temperature range, AT
which would cause failure if each combination of module and component had the same
critical variables (Lg and Aov) as the reference configuration. The cycles to failure

y the actual critical variables for each combination of module and component

determined b

is equated with the cycles to failure given by Equation (4.3).
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Simplification and rearrangement gives:

Arl' r sd Aa 1
pff == test ;
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Because the stress levels are different for each combination of component and module, the

physics-of-failure model allows us to compute fifteen different values for ATy from the AT

In summary, Equation (4.4) is an expression of an effective cyclic temperature range which

would have produced failure in the reference configuration, in the same number of cycles

observed on each configuration for the actual cyclic temperature range used in the test.

Equation (4.4) is used later in this study to compute acceleration transform using this physics-of-
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farlure model. This physics-of-failure model along with the experimental data is used to estimate the
effect of the size of the components and module materials on the stresses in the solder joints. When
assessing the effect of the component size on the stresses, Equation (4.1) 1s solved for each

module and each component at 50% probability of failure. Then, a reference module is chosen

and the cycles to failure given by Equation (4.1) is used to normalize the failure data with

respect to the reference module. The experimental data relative to the reference module is
separated into three groups determined by component size, and three-parameter Weibull
distributions of the three different size components are shown in Figure 4.1a as if they had been
mounted on the reference module. This method of estimating the effect of the stresses is used,
as opposed to lumping together all of the failure data for each of the component sizes

ardless of the module on which they are mounted, because it eliminates the influences of the

"o
lvb

stresses due to the different module materials on the statistical distributions. The reference

module for this study is chosen to be a glass/polyimide substrate with CIC foils on an

aluminum heatsink. In a similar manner, the effect of the substrate material, heatsink material, and
adhesive used to attach the substrate to the heatsink on the stresses 1s assessed by normalizing the
faillure data relative to a reference component (32-pin LCC in this example) and separating the

experimental data into five groups determined by module CTE, as shown in Figure 4.1¢.

In order to quantify the effect of the CTE variation across the modules on the experimental results,

the stress levels for each component and module combination are determined relative to a reference
configuration by using Equation (4. 1), and the experimental data is normalized with respect to these
stresses. The failure data is then separated into two groups determined by component placement on

the PCB (center and edge). The center components are labeled 32-7, 32-8, 32-9, and 48-2 in Figure
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iminati Yect of the » CTE and component size on the stresses, it 1s clear
2.1. By eliminating the effect of the module CT i ’ -

from Figure 4.1b that the components located closer to the center of the module are less likely to fail
than the components near the edge. This is due to the non-uniformity of CTE distribution discussed
in Section 2.4 can affect the transform since the physics-of-failure model assumes that same size
components on all similar modules undergo similar fatigue due to the same differential thermal

' > C modules.
expansion regardless of the location of the components on the modules
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4.1.2 CALCE Energy Partitioning Damage Model

As discussed in the previous section Engelmaier attempts to obtain a closed form physics-

of-failure model by simplification of the Manson-Coffin equation through relating the

shear strain amplitude to the fatigue life by a one term relationship. This relationship

although easy to apply and quick to yield results, includes assumptions which may not be

completely acceptable. A different damage model is proposed by Manson et al. [24], for

creep-fatigue interactions. This model uses a strain range partitioning technique where

creep and plastic strains are recorded separately and the damage due to each mechanism is

evaluated independently. The total damage is the sum of the damage from the individual

mechanisms. In fact, the strain range partitioning considers the damage due to (i)

completely reversed plasticity, (i) tensile plasticity reversed by compressive creep, (iii)

tensile creep reversed by compressive plasticity, and (iv) completely reversed creep. Each

of these components is related to damage by a Coffin Manson type power law and the

total damage and thus the time to failure is determined by superposition. However,

implementation of this damage model using finite element stress analysis requires

maintaining a state of constant stress during creep straining, which is difficult to simulate

in a CTE mismatch problem.

An alternative to the strain-range partitioning approach for separating the damage due to

the different fatigue mechanisms is the CALCE energy partitioning damage model [25] In

this proposed approach, the energy dissipated for each thermal cycle is partitioned into the
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elastic strain energy density, Ue, the plastic work density dissipated per cycle, W,, and th
, YY), d e

creep work density dissipated per cycle, We. Each of the components of energy is then
o

related to time to failure by Coffin-Manson type power laws as follows:

—_ = b' ¢ d'
(/ —UU+W,,+WC =UoN 5 +Wp(,N_”, +W_ N 41
where
U,=U V”*l W—WN“'—'[ d & :
by B gV g = ’2"68’ =WV =10 g atnd W =W N, = j ot dt 42

T'he fatigue constants Ueo, b, Wpo, €, Weo, and d’ are determined from experimental data

taken from various investigators [26].

Fatigue Constants for Pb/Sn Solder

b' -0.18
c' -0.6
d' i 4,18
Ueo | 0.698 Mpa/cycle"b’
| Wpo | 165 Mpa/cycle’c'
Wco 143 Mpa/cycle’d’

Table 4.1 Fatigue Constants ([26] 1993)

As shown in Table 4.1, the fatigue constants and thus the time to failure can vary

significantly depending on the damage mechanism. The damage due to the elastic, plastic

and creep energy density dissipated is De=1/Ng, Dp=1/Np, and De=1/Nre, respectively.

The total damage , Dr, 18 computed by using Miner’s postulate for superposition of

damage.

o 0\ S— 4
e=baD D s ﬁ
1 N»“'N-/P +N ./i'N et N fe N fe 3
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The energy terms Ue, Wy, and W, are typically computed from viscoplastic FEM analysis.

The cycles to failure for each mechanism Ny, N, and N are then obtained by using the

faticue constants given in Table 4.1. The advantage of using this type of physics-of-failure
g S

model over the IPC model is that (i) there are no assumptions about the load history , or

the amount of stress relaxation, (ii) damage due to the different mechanisms (elasticity,

plasticity, and creep) can be addressed separately instead of lumping them into a single

term, and (iii) the local and global CTE mismatches can be addressed in a unified manner.

The advantage of energy partitioning over strain range partitioning is that the loads are
O

easy to simulate since they are not constant during the dwells. There is a wealth of

experimental data from which the fatigue constants in Table 4.1 can be determined for

each mechanism.
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4.2. Stress Analysis

As discussed in Section 4.1, the CALCE Energy Partitioning model requires a detailed

viscoplastic FEM analysis. The details of this stress analysis are presented here.
4.2.1 Constitutive models

In order to model the viscoplastic response of solder, it is necessary to comprehensively

evaluate the constitutive models whichare used to simulate the material response using FEM.

Plastic deformation, as defined in this study, are “instantaneous” inelastic deformations which
occur when the stress exceeds the yield stress. The constitutive model for the elastic-plastic

response of solder is given by a power-law hardening Ramberg-Osgood model
¢ [&]"
E=E +E, =% = 4.8
e P 1’

where € is the equivalent mechanical strain, E is the elastic modulus, & is the equivalent
(von Mises) stress, K is the strength coefficient, and n, is the plastic strain hardening
exponent. It is assumed that plasticity and creep are independent and therefore, the
strength coefficient and strain hardening exponent should be independent of creep. Itis
therefore desirable to obtain these material properties from experiments conducted at high
strain rates such that they are unaffected by any creep mechanisms. The values which
have been used in previous studies (K = 48.44 MPa and n, = 0.0565 [25,26]) have been

taken from experimental data obtained at temperatures of 20 °C, at strain rates of
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0.002/sec. At this relatively low strain rate it is possible that creep may have allowed the
stresses to relax, resulting in a flatter stress strain response and thus a low plastic
exponent. In order to remedy this situation, experimental data at high strain rates is used
to determine the plastic material properties. In addition the yield stress is temperature

dependent. The temperature dependent plastic material properties used in this study are
given in Table 4.2. The experimental data along with the regressions to determine these

material properties is shown in Appendix H. The plastic properties used in this study are
= e

taken from the experimental data at strain rates of 0.1/sec as shown in the last three rows

of Table 4.2.

Temp C| oy MPa] e/sec [ KMPA| nc

— 40 | 290 | 0001 [ 4916 | 0105 |

20 | 20.9 | 001 | 4015 | 0.142

20 | 299 | 01 | 3885 015

| 20 [ 291 01 | 40.27 | 0.057 |
80 174 | 01 | 27.76 | 0.066

Table 4.2 Plastic Material Properties

Creep, as defined in this study, 18 temperature-time dependent plastic deformations which may

oceur even though the applied stress may be less than the yield strength. Stress relaxation

occurs when the strain is held constant and viscous flow occurs. Since the dimensions are fixed

due to the constant strain, the viscous flow allows the stress to be reduced or relaxed. Strictly

speaking, creep and stress relaxation are defined by changes in different state variables

however, they can be modeled to oceur simultaneously.
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It is now well established that steady state creep deformation of metals can be expressed

by the general Dorn Equation

ekl ol (bY

AT 4.9
Dub w)\d

where g is the creep strain rate, D the diffusion coetlicient, W the shear modulus, b the

Burger’s vector, d the grain size (or interphase spacing), G the applied stress (usually

shear), k is Boltzman’s constant, and A, n. and p are material constants. The diffusion
coefficient is given by an Arrhenius equation:

A
D=De “ 4.10

The diffusion coefficient, activation energy, and the creep exponent, n. depend on the
controlling mechanism: grain boundary diffusion, grain boundary sliding, and matrix creep
due to bulk diffusion. The mechanism which dominates depends on the temperature and
stress level Shine and Fox [27] have illustrated that there is little correlation between

fatigue life due to creep damage and grain boundary creep. In addition, grain boundary

creep dominates at high stresses (= 20 MPa), and is not considered in this study.

In order to simplify the analysis method, Equations 4.9 and 4.10 can be combined and

simplified to give a Weertman steady state model:

{%J 411

At any constant temperature experimental data of €. versus applied shear stress provides

£, =g0"e

{an) , -
n. and g,¢ "/ by power-law regression. The test temperature and the activation energy
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for the creep mechanism enable calculation of'€,. Another group of investigators use a
Norton equation to express the creep strain rate in which the coefficient and exponent are
temperature dependent. [29]

g, = A(T)O‘"“(T) 412

Investigator Shine [27] [Conrad [28 [ Temp. Deg C[A %/hr*Mpa”n nc |Shiratori {29J
€0 /sec*Mpa*n | 2.56E-01 | 6.70E+01 0 3.57E-10 56 |
nc 6.3 4.3 25 1.98E-08 4.7
AH/K 8165.2 8165.2 50 6.42E-07 3.9
100 7.04E-05 3

Table 4.3 Creep Material Properties from Several Investigators

Figure 4.3 shows creep strain rate versus temperature at stresses of 200, 2000, and 5000
psi (1.379, 13.79, and 34.48 MPa) respectively, using the creep material properties given
in Table 4 3. It is noteworthy that the creep response can change drastically depending on
which experimental properties are used for the analysis. This effectively illustrates how
differences in FEM results can change from study to study depending on the constitutive
model. Care must be taken to ensure that the FEM results, based on whichever
constitutive model is chosen, represent the physical response of the system. For this
study, each of the constitutive model; was evaluated using finite eléments, and based on

the monotonic results, the creep properties reported by Shine [27] are chosen.
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Figure 4.3 Creep Strain Rate versus Temperature at Different Stress Levels
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4.2.2 FEM Modeling

In order to facilitate the complex numerical calculations involved in the stress analysis, the
geometry is modeled approximately as two dimensional plane stress. This is recognized to
be an assumption, since the loads and the material responses are three-dimensional in
nature, with the stress distribution in the fillet region consisting of combined normal,
bending, and shear stress which varies throughout the thickness. The solder joints of the
LCCs tested as described in Section 2 are examined in detail to accurately model the
solder joint profile. It is widely understood that the shape of the solder joint greatly
affects the fatigue life, and the [PC model, in an attempt to account for this variability

includes a fillet thickness factor (F) which can range from 1.2 to 0.7 for LCCs. [23] The

geometry is generated using Patran 3 commercial finite element software, and the

nonlinear numerical analysis iS conducted using Abaqus 5. The geometry is described in

Appendix 1.

All materials except solder are treated as linear elastic. The dimensions and material

properties are given in Appendix L. The FEM mesh is generated using 4 noded

quadrilateral generalized plane stress elements which have two displacement degrees of

freedom per node. Symmetric boundary conditions are applied along the center of the

component. The bottom of the substrate is constrained in the thickness direction to
prevent board warpage. The thermal loads which correspond to those encountered during

the accelerated test are applied to the structure in a piecewise incremental fashion. In

n
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order to evaluate the effect of creep during the temperature loading and unloading, the

analysis is carried out as follows:

I. A small temperature change is applied to the structure (2 °C for this study) and an

elastic-plastic analysis is conducted.

2. The elastic-plastic analysis is followed by a creep analysis with a dwell equal to the

time taken for the temperature change of the previous step. For example, when the ramp

. . p 0 . ., . - <
rates are 10 °C/min and each step consists of a 2 “C temperature change, the time for each

step is 12 seconds.

3. The creep analysis is performed at the upper and lower dwell temperatures for times

corresponding to those encountered during the accelerated test. [29]

In reality, creep occurs at all times during the loading and unloading, not just once every

12 seconds. It is postulated that if this analysis were to be performed using smaller
temperature increments, the stresses would decrease, while the creep strains would

increase accordingly. However, the area under the hysteresis plot corresponding to creep

would converge to a single value. This approximation remains valid because the useful

parameter is the creep work dissipated in the energy partitioning model. This

approximation would present problems when using the strain range partitioning model.

This analysis is conducted for two thermal cycles to eliminate the effects of ratcheting and

thermal shakedown. The calculations for strain energy, plastic work, and creep work

densities are done using stress-strain histories recorded during second thermal cycle. It is

noteworthy that some previous studies which have used the CALCE energy partitioning



model ignored the creep during the temperature ramps [25, 26, 31]. This approximation

can have a significant impact on the results, as shown in Section 4.2 3.

In order to determine the effect of mesh size on the FEM results, a fine and coarse mesh

are evaluated. The first mesh contains 1337 elements and 1426 nodes, and the second

mesh contains 269 elements and 3 14 nodes. Contour plots are generated after a 3 °C

elastic plastic step. The maximum stress in both cases occurs at the element located at the

heel of the solder joint under the component. In fact, solder joint cracks for LCCs

typically begin at the heel and propagate parallel to the underside of the component, then

proceed at a 45° angle through the fillet thickness. [9] The maximum stress at this element

for both meshes differs by less than 1%. This small difference when considering the

drastic differences in the number of elements for each mesh is not surprising when

realizing that the coarser mesh was optimized such that the size of the critical element is as

close as possible to the size of that element in the finer mesh, while allowing the other

elements to become larger. This type of convergence study is desirable, because it allows

the investigator to obtain the same results with the coarser mesh while saving

computational time. The computational time for finer meshes while doing nonlinear

analyses can be twice as long, which becomes more important when the analysis is

performed several times.



4.2.3 FEM Results

As stated earlier, the there are some assumptions and limitations when using a 2-D stress
analysis to represent a 3-D mechanical system. The fact that the shear stress distribution
changes through the thickness of the fillet of the solder joint does not greatly effect the
results, however, because the critical location occurs at the heel of the solder joint. Three-
dimensional finite element analyses [9] have shown that the maximum stress occurs at a

cross section taken about the center of the solder joint at the heel, which is the same

location that is analyzed in this study.

Hysteresis plots of the critical element are partitioned into their elastic, plastic, and creep

components as discussed in Section 4.1.2. These hysteresis plots, as shown in Figure 4.4

show how the combined effect of the size of the component and the differential thermal

expansion affect the stress-strain curve, and thus the energy associated with the hysteresis

loop.

The effect of allowing creep during the loading as opposed to allowing creep during only

the dwells is summarized as follows:

1. The beginning of the dwell for the first thermal cycle (labeled “b-c”) shows that a large

portion of the creep strains occur during that dwell. During the second thermal cycle,

after ratcheting and thermal shakedown, the majority of the creep strains occur during

the temperature loading , while only a small portions of the creep strains for that cycle

occur during the dwell. This illustrates the significance of both eliminating the thermal

‘N
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shakedown from the first thermal cycle, and more importantly the creep damage which
occurs during the loading. These results suggest that if the ramp rates are slow

enough, the importance of the dwell is minimal for fatigue damage.

o

In previous studies, the creep strain was not considered during the loading which
underestimates the strains and overestimates the stresses. In addition, not considering
the stress relaxation due to creep during the loading causes the portion of creep strain
to become interchanged with plastic strains. As the damage model implies,

erroneously shifting the failure mechanism can lead to poor life estimations.

J

3. During the temperature unloading, at relatively high temperatures, if the creep

behavior is not considered, the creep strains once again are significantly

underestimated.

4. Almost no creep damage occurs at the low temperature dwell.

The fact that a low portion of the total creep strains occur during the high temperature
dwell is an important observation when considering that accelerated tests are often
performed with extended dwell times in order to maximize the stress relaxation. Instead,

the goal should be to optimize the damage while minimizing the test time. Engelmaier
o

suggests that in applying his model to an accelerated test, the high temperature dwell be
o

conducted for at least one hour for the stresses to relax completely. This study shows

rather effectively that the majority of the creep damage can be induced within a few

minutes of the high temperature dwell.



At relatively low temperatures, as the creep constitutive model dictates, less stress
relaxation can occur even when considering creep during the unloading. The stress
eventually exceeds the temperature dependent yield stress and plastic strains occur.
However, during the low temperature dwell, the creep strains are very small. This is
explained by the fact that the creep strain rate as shown in Figure 4.3 at low temperatures
and high stresses (5000 psi, 34 MPa) is on the order of 107/sec. When multiplied by the
total low temperature dwell time, the creep strains during the dwell are negligible. It is a
common practice for simplicity that the dwell time at the low temperature is chosen to be
equal to the dwell time at the high temperature. However, the high costs which can be
incurred by maintaining low temperatures in the test chamber for longer dwell times
cannot be justified. This explains why a relatively short dwell time, in which the main goal

is to allow the solder to reach thermal equilibrium, is chosen for this study, and is highly

recommended for future accelerated tests.

LAt 10E|  Ue Wp We

6mils/C | (MPA) | (MPA) | (MPA) | N R L £
5375 | 00034 | 00668 | 0.2043 [6.57E+12|4.54E+05] 28238 2826

4902 | 00034 | 00687 | 0.1857 |6.57E+12|4.33E+05| 307.0 | 306.7 |

4257 | 00034 | 0.0651 | 0.1669 |6.57E+12|4.74E+05| 336.6 336.4

ST DOk 0.1574 |5.59E+12[522E+05] 354.1 | 3538
3166 | 00036 0.1385 |4.78E+12|540E+05| 3954 | 3951 |

“5595 | 00037 01048 |411E+12[5.44E+05] 502.8 | 5023 |

Table 4.4 Fatigue Life from FEM Analysis and Energy Partitioning Model.

The fatigue life is calculated using the energy partitioning method based on the previously

obtained fatigue constants, as shown in Table 4.4. Note that as the displacement (and thus

the creep work dissipated) increases by about a factor of two, the life decreases by a factor



of two. This relationship is seen because the majority of the damage is due to the creep
strains, and the Energy Partitioning fatigue constants for creep use a Coffin-Manson slope
of approximately - 1.0, which suggests fatigue life is approximately linearly related to creep
work. However, the experimental failure data for this test suggests that the Coftin-Mason
slope should be flatter. It stands to reason that if the damage model is giving poor fatigue
life estimations for an accelerated test, this discrepancy will be magnified for fatigue life
estimations in the field, where the stresses and the proportions of damage due to the

different mechanisms changes. Thus the model constants are updated in the next section

to improve accuracy of the prediction.
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4.3 Energy Partitioning Update

The constitutive model and method of analysis are continuously being modified and

improved as we increase our understanding of the actual damage mechanisms, the physical

parameters which contribute to the damage mechanisms and how that damage relates to

useful life. In addition, the damage model which ultimately relates the damage to fatigue

life estimation must be refined. As stated earlier, the fatigue constants do not match the

experimental results, and therefore will not match the field results. In order to obtain

better predictions, the experimental data along with the FEM results are used to improve

the damage model.

In order to correctly evaluate the fatigue constants, we once again refer to Solomons [30],

data for mechanical cycling of eutectic solder at different temperatures. Solomon provides

Coffin-Manson fatigue curves for plastic strain versus fatigue life at low temperature (-50

°C), where the creep strains are assumed to be negligible. This data at 50% load drop
provides the following relationship:

Ae,= Ag, N % = A8, = 03N ,"" 4.13
However, the goal is to relate the damage in the strain domain to the energy domain.
There is a unique relationship between strain and energy based on the constitutive model.
The exponents are related by the following[25]:

¢'=(1+n,)c=(1+014)(-038) = -0.43 =i

60



The next task is to relate Agp to Wyo. This is done quite simply by evaluating the

following integral:

4.15

ro

A€,
W, =2 fodsP
0

From the Ramberg-Osgood plastic model at low temperature and high strain rate we get:
< 5 -]

4.16

I
I

Ae
2 J.I e Wpade
2 | Ke e,
0

2KAe,,"" 417
er — ______‘_4»___: 147
" n,+1

Note that the plastic fatigue constants, Wy and ¢’ listed in Table 4.1 are incorrect in part

due to typographical errors in [30]. The next goal is to reevaluate the creep fatigue
(=)

constants relative to the new plastic fatigue constants, the experimental failure data and

the FEM simulations of the damage due to the accelerated test environment. The strain

energy, plastic, and creep work dissipated is determined from the FEM analysis at
o) bl

different values of LyAc, therefore, it is necessary to evaluate the functional dependence

of the experimental data to LaACt. The experimental data at different values of LsAct is

plotted thermal cycles to failure. The outliers are eliminated from the experimental data

. i i ibed in Section 3.3. A power law
using the operational Bayesian method as descri D

regression is performed on the experimental data as shown in Figure 4.5 to obtain the

following relationship between LsAc and cycles to failure due to the total (elastic, plastic,
o

and creep) damage:
4.18

-0.38

AaL, = 42200N,

6l



In order to evaluate the damage due to the creep, the elastic and plastic damage is

subtracted from the total damage:
D, =l =0 ~ “,n where D, =1/ N_[x 17

Using Equation (4.18) and the strain energy and plastic work from the FEM analysis along

with the new plastic fatigue constants gives:

ot
b !

2] :(ﬂij W ~[(L] —[~ﬁ—] 4.20
\ 42200 ‘ U, ;Vlm

Finally, W, at different values of LsAot is plotted against Ni. (1/D.) to obtain the updated

creep constants (d’=-0.4, and W¢, = 1.8 MPa/cyc]ed‘). The updated Energy Partitioning

fatigue constants are shown in Table 4.6, and the strain energy and work densities versus

fatigue life using these constants is shown in Figure 4.7. FEM analyses using these new

fatigue constants will match the experimental results for this study, and therefore can be

considered to be more accurate for extrapolations to field conditions.
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4.4 Physics-of-Failure Acceleration Transforms

The acceleration transform is computed from the measured material responses by

separating the failure data into fifteen groups according to component size, component

location, and module on which the component i placed. Each component in each of the
groups has the same differential thermal expansion.

Acceleration transforms are computed using Equation (4.4) and are shown in Figure 4.8.
Each value for AT,y is plotted against the cycles to failure for a given probability of failure, as
determined from the three-parameter Weibull distributions of the corresponding experimental
failure data with the outliers eliminated using the operational Bayesian method. The

acceleration transform for the reference configuration at 50% probability of failure is shown in
Figure 4.8 The fitting of the ATy versus experimental cycles to failure is done according to a
power-law relationship (AT.x = aNp). For this study, the reference configuration has been
chosen to be a 68-pin component on a substrate consisting of a glass/polyimide laminate with
copper-invar-copper (CIC) foils for constraining the CTE. The substrate is mounted on an
aluminum heatsink. Figure 4.8 also shows the theoretically predicted acceleration transform
according to the physics-of-failure model given in Equation (4.1). Similar plots at 5%, 10%,

and 25% probability of failure are shown in Appendix N.

The data is right censored, meaning that some of the specimens in each population have not

failed. The censoring of the data is implicitly taken care of in the acceleration transform



because the Weibull distributions used to compute the measured thermal cycles at each percent

probability of failure makes use of the censored data. Additional plots can be generated by this

method for any reference combination of component size and module material at different

probabilities of failure.

There is clearly some disagreement between the experimentally obtained acceleration plots and

the analytical prediction. The differences can be attributed partially to the limitations and
assumptions of the physics-of-failure model used in this study, and partially to the limitations of

the test methods.

The IPC SM-785 physics-of-failure model includes assumptions and fatigue properties which

are not valid at the temperatures and dwell times encountered during this accelerated test.
Since this model is recommended for use only above the temperature of 20 °C and dwell times

of at least 1 hour, it is not well suited for accelerated testing outside these specifications.
Fortunately, Equation (4.4) which is used to compute the experimental acceleration transform

proposed by the physics-of-failure model. In this paper,

1s independent of the fatigue properties
this model is used only for illustrating the method of extracting acceleration transform data

from a single test. As discussed by Engelmaier, the strain range accompanied by creep and

restimated in this model, and thus the fatigue life is

stress relaxation can be significantly OV
underestimated. Therefore, the model provides a lower bound for reliability estimates [23].
This is increasingly evident in Appendix N as the range of the temperature cycle increases. The

ween the experimental acceleration transform and this

monotonic increase of the deviation bet
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physics-of-failure model is seen to increase with increasing probability of failure. This suggests

that the slope parameter, B = 4.0, recommended in [23] 13 probably inaccurate. The

experimental data for this test gives a different value for B (2.0), and as a result, the

disagreement between the experiment and the model is seen to increase with increasing

probability of failure. In fact, a survey of other experimental data suggests values much lower
2 for LCCs. [13]

than 4.0 for the slope parameter. Clech reports slope parameter of 2.

A nominally uniform solder joint geometry is assumed in this study for simplicity. It is clear

strongly dependent on the height of the solder joint.

from Equation (4.1) that the model is
Typically, solder joint height changes from module-to-module due to the manufacturing

processes, and this variability has been considered to be included in the slope parameter in this
mount of intermetalics formed

study, creating additional sources of inaccuracy. Further, the a

ad surface quality, plating (if any), location on

in each solder joint is dependent on the bond p
module, and component size (thermal inertia). These manufacturing variabilities affecting bond

integrity have also been ignored in the present [lustrative example.

nts, it is assumed that the CTE distribution is

In addition to the assumptions about the solder joi
ighout the temperature range. In

uniform across each module, and that it is single valued throt

and damage due to repeated thermal cycling can

fact, the edge effects due to delamination

ections 3.3 and 4.1.1. The assumption that

Contaminate the failure data as demonstrated in S
the CTEs can be represented by @ single value for the entire temperature range is also not

completely valid as shown by the CTE measurements.
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The acceleration transform using the calculated and measured CTEs are shown in Figure

43, Note that the effect of the calculated CTEs changes the acceleration transform

dramatically, especially at lower values of ATer Life predictions using the calculated

CTEs may lead to erroneous conclusions, and the goal of the acceleration transform i to

accurately determine the time to failure at lower temperature ranges such as those

encountered in an operational environment. This demonstrates the significance of

accurate experimental measurements in order to evaluate the critical variables.
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Acceleration Transform @ 50% Prob. of Failure
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5. Conclusions And Discussions

This research has illustrated that physics-of-failure models and statistical approaches can be
used in conjunction with accelerated test data to quantify damage caused in LCC solder joints
during temperature cycling and extract acceleration transform information from a single test on
a well-designed sample. Further, we can determine the effect of component size, module
material, and location of the component on the stresses. Such techniques are essential for cost
effective, timely testing of highly reliable modules under accelerated stresses. However, all
sources of experimental errors and analytical errors due to assumptions in the model must be
monitored closely. Furthermore, these errors must be minimized to create more accurate

acceleration transforms and provide quantitative data based on the critical variabilities.

The methodology is illustrated for solder joint fatigue failures on surface-mount printed circuit
board modules under thermal cycling; however, the techniques are general enough to be
applied to a very broad range of accelerated tests using physics-of-failure models to evaluate
the tests and proactively engineer the product. There are several areas for improving the
agreement between the semi-analytical models and experimental results. The effect of the non-
uniformity of the CTE distributions in the modules is addressed, and the change in the
acceleration transform based on calculated versus measured material responses is determined.
The difference in the acceleration transform models depending on how the data is analyzed
suggests that it is necessary to carefully measure the critical variables, validate all assumptions

in the models, and systematically analyze the data searching for outliers which cannot be
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physically explained based on our evaluation method in order to obtain accurate acceleration

transform information. Bayesian statistics provide a systematic method to determine the

maximum-likelihood estimates of the Weibull distribution parameters and confidence on these

estimates. Although this method is numerically more difficult, it is more sophisticated and

provides a finer analysis than sequentially examining the data. By judiciously eliminating the

contaminated data from the population it is possible to obtain more accurate relationships

between the distribution parameters, and ultimately the time to failure, and the critical variables

in order to obtain the acceleration transform. However, a less conservative choice of a prior

distribution should be used in future analyses. The solder fatigue data from the literature and

the results of this study can be used in future analyses to obtain more accurate prior distribution

information and update the physics-of-failure models to obtain more accurate acceleration

transforms. Experimental data confirms (as observed by other researchers) that the IPC model

(1) is too conservative under accelerated stress conditions encountered in this study, (i1)

overpredicts the Weibull slope parameter by a factor of two.

Two different physics-of-failure models have been used to obtain quantitative insights into this

problem. The physics-of-failure FEM modeling performed in this study leads to several

important conclusions:

I. The stress analysis in the [PC model is too simplistic to capture complex effects such as

multiaxiality and nonuniformity of stress fields, incomplete stress relaxation, and local CTE

mismatches.

2. Creep damage dominates while elastic and plastic damage are negligible, for the cases

L.

-



examined. This explains why models based on total energy have worked reasonably well.
However for low temperature behavior, as well as combined temperature and vibrational
loading, the energy partitioning method may still provide an advantage.

Ratcheting and shakedown is followed by a stable hysteresis loop within a few thermal
cycles for the cases examined.

4. Most of the creep damage occurs during the temperature loading and unloading for the
ramp rate (10 °C/min.) used in this study. There is very little additional damage done during
the high temperature dwell, and there is almost no damage done at the low temperature dwell.
Reduction of dwell times is an effective way to reduce testing time when testing for solder
fatigue. Decisions to reduce dwell times should also include considerations of time needed to

achieve thermal equilibrium and the influence of dwell times on other potential failure

mechanisms.

5. At 10 °C/min. ramp rate, creep relaxation causes the maximum stress to be approximately
the same for all of the cases examined regardless of the magnitude of loading (2592 < LyAo <
5372 X 10 mils/ °C, AT = 145 °C, T, =40 °C). This leads to an almost one-to-one
correspondence between total strain range and energy (mostly creep) associated with the
hysteresis loop. This explains why strain-based fatigue models work reasonably well for
leadless solder joints. However, this may not be true for leaded components and different
loading rates.

6. This study has provided the data necessary to provide a significant update and

improvement to the CALCE energy partitioning creep fatigue damage constants



6. Contributions

This research provides an example of using physics-of-failure methodology to combine

test data with statistics and analytical-empirical models to obtain quantitative damage
metrics and acceleration transforms.

The results from the accelerated test illustrate the importance of accurately modeling

loads, critical variables, and constitutive properties of the materials to obtain valuable

information to quantify these tests.

The method analysis of is improved and the constitutive model for eutectic tin-lead solder

is refined. The CALCE energy partitioning damage model is updated and improved for

eutectic solder.

An analytical predictive ability based on this type of physics-of-failure evaluation for
accelerated tests will obviously result in significant savings of cost and time and provide

valuable information during qualification, reliability enhancement, or screening tests.
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Appendix B Failure Data

CIC Foil Boards with Compliant Adhesive

1
razgﬁfs 1 2A 2B.,3,7 Cmter Compononts LCC48— LCC32 7,89

it T nar l\L ';1*1 lL‘l < (i “ompone I ‘f
ailur n nt‘ 3k
Gro II \IJIH (=} rcle Nur 21 Name Fai

/ LD } c4L be .

Lece8-2 157 .
AT LCCe8-1 179
“LCC68-2 196
LCC68-2 216
LCCe8- 1 218
LCC68-2 245
LCC68-2 259
LCC68 -2 264
LCC68-1 280
CEC el 88
LCC68-2 295

LCC68-1 296

A [CCe8-2 296
.............................................. "B “"E"CC 68 5 1 29-.9......
...................................... e
""""" ' 1] A LCCB8-1 312
18 712 3538354 3 A __LCC68-2 353
357 & 3 B LCC68-1 357
B

269 Edge
324 Edge
347 Edge

LEC 48717422 Edge
LCC48-2 435 Edge
[CC48-1 443 Edge
[(CC48-2 456 Edge
TLCCE8 1475 Edge

LCC48-2 500 Edge
LCC48-1 503 Edge
LCC48-2 519 Edge
541 LCC48-3 541 inner
T [(CC48-1 545 Edge
Center
565 Center
”589 Center
2 617 Edge

345 Center

743 Edge

W854 inner
855 Edge

t

"LCC48-1 956 Edge
LEGC 48 - 3 981 Center

~iod

is'



; i CIC Foil Acrylic SD113
1 continued
e Center C mponents LCCI}E} 3 LCCQZ

Modulos 1 7A 28 3.7 7,8,9 )

ANRRATARRA

Bonrd UM%

Compnﬁﬁnt

AT

R e

Pirst

o e i annel  Therma. :
h l/lulLil‘)rJ}J 4 kL\hujmbu r cyale  Nupber Hame FaLL
i 648 & 649 2B B LCC32-4 648 Edge
A LCC32-6 708 Edge
— TR i 757 Eden
A LCC32-4 751 Edge
AL..LCC32-9 754 Center
.................................... T T
LCC32-1 805 Edge
[CC32-2 860 Edge
LCC32-5 860 Edge
[CC32-37 7864 Edge
.............................. e
"LCC32-1 894 Edge
A LCC32-1 907 Edge
A LCC32-8 912 Center
3 B LCC32-1 917 Edge
T 54 926 1 B LCC32-7 926 Center
17 283 942 7 B LCC32-10 942 Edge
18 66 955495 2B .. A LCC32-1 955 Edge
............ . T R TEE 3577 674 Center
20 21 1001&1002____ 1 B tEC 224 1001 Edge




CIC Core

Group 2
Modules 4A,4B Center Components Lcc48-3, LCC32-7,8,9
Failure # Channel Thermal Board Side Component First
/Group  Number cycle Numper Name Fail
1 175 OFF, 269+ 4B A LCC68-1 269
5 v - I LCC 68-1 343
3 R B LCC 681 435
i T LCCTEE 2R
g A LCC68-2 495
5 A LCC68-2 855 Center
7 B LCC68-2 879 Edge
i TETLCC48-3 676 " Edge
""" > BTTATTTLCC48-1 719  Edge
= 1 A LCC32-1 347 Edge
5 A TLEC32-5 471  Edge
) 135 A LCC32-6 500 Edge
4 179 5158620 4B B LCC32-2 619 Edge
5 187 666 4B B LCC32-10 666 Edge
6 162 742 & 743 4B A LcCc32-1 742 FEdge
7 182 750 - 756 4B B LCC32-5 750 Edge
8 133 §937-894 4A ATTLCC32-4 893
9 167 7001&1002 4B A LCC32-6 1001
Group 3 Kevlar
Mod. 8A,8B,9,10,11 Center Components LCC48-3,LCC32-789
Failure # Channel Thermal Board Side Component First
/Group Number cycle Number Name Fail
1 335 460 10 A LCC68-1 460
2 351 509 - 511 10 B LCC68-1 509
3 336 634 - 636 10 A LCC68-2 634
4 384 787 11 B Lcces-2 787
5 368 952 11 A~ LCC68-2 952
6 415 (945-947)-341 8A B LCC68-2 604
=604 - 606 .
7 448 1000-341=659 8B B LCC68-3 659
............ TG 365341224 BA B UTEEC32:9 24
R R 4‘0‘2 GE405) 341 A B - LCC~32—1 ......... 63 ....... Edge
=63 & 64 Edge
3 388 751-341=410 8A A LCC32-3 410
4 390 (927-944)-341 8A A LCC32-5 586
=586 - 603

* Were not Plotted in Histograms. Possible Wire Bond Failures.
Modules 8A, 8B were added after other
Boards have completed 341 thermal cycles
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Al/SiC Core

Group 4
Modulg 12 Center Components LCC48-3, ltCC32-l7‘8,9 _
Pailure # channel Thermal Board Side Component First
rneens A C ! 2 Name Fail
G Number Cycle [\uml.b»_r P ad I
o : B LcC 32-2 226
A LCC68-1 227

“Were not Plotted in Histograms. Possible Wire Bond Failures.

Module 12 was added after other
Boards have completed 341 thermal cycles

CIC Foil Boards with Adhesive which is Rigid at Low T.
r Components LCC48-3, LCC32-7,8,9
Board Side Component First
Number Name Fail
LCCB8-2 123
LCC68-2 194
LCC68-1 252
LEC 68-2 261
LCC68-1 262
LCC68-1 299 Edge
LCC68-1 376 Edge
LCC48-1 338 Edge
LCC48-2 431 Center
LCC48-1 449 Edge
LCC 48-3 459 Edge
LCC48-1 590 Edge
LCC 48 -1 645 Center

Group 5
Modules 5, 6 Cente
Failure # Channel Thermal
/Group Number Cycle

.................................................... 5 — e T

5 LCC48-3 789 Edge
B N 5 LCC48-2 890 outer
............................................................... ST ST 2 R TS Qe ter
“““““““ 402 & 403 5 LCC32-6 402 Edge
728 5 LCC32-9 728 Center
728 6 i [CC32-6 728 Edge
............................... : TR Cdge

:;Edge
Edge

Center
e A LCC32-4 851 Center
~ggs 6 A LCC32.7 882 Center
A 5 B [CC32-8 887 Edge
""""" B 6 ATTTIEC32797 939

09]
1%
@)
Q)
N
AN
{
‘o
3 O
i
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Appendix C Histograms of Acceleratec

Group 1 LCC - 68 Center and Edge

Modules 1, 2A, 2B, 3, 7 Material CIC Foil Adhesive: Compliant

Total LCC - 68 Components: 20
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Number of Failures

(2]
{

Group 2 LCC - 48 Center vs. Edge

Modules 4A, 4B Material CIC Core

Total LCC - 48 Components: 8 Edge, 4 Center

Thermal Cycles
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Number of Failures

Group 3 LCC - 68 Center and Edge

Modules 8A, 8B, 9, 10,11 Material Kevlar

Total LCC - 68 Components: 10
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Number of Failures

Group 3 LCC - 48 Center vs. Edge

Modules 8A, 8B, 9, 10,11 Material Kevlar
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Number of Failures

Group 5 LCC - 68 Center and Edge

Modules 5, 6 Material CIC Foil Adhesive: Rlgid at Low T.

Total LCC - 68 Components: 8
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Appendix D CTE Measurements (Normalized by Component CTE)

Module 1 Heatsink CTE > Substrate CTE, Adhesive Compliant
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Module 7 Heatsink CTE > Substrate CTE, Adhesive Compliant
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col

Group
%Y
Ay=A0ATLd/2h
648 269 347 402 226 338 479 63 156 123 288 460
708 324 453 546 459 431 541 410 157 194 353 509
727 347 500 728 719 449 565 855 179 252 357 634
751 392 619 772 754 590 589 860 196 261 516 787
784 422 666 172 789 645 645 216 262 524
805 435 676 819 24 701 854 218 269 568
860 443 728 823 890 245 299 620
860 456 734 826 259 343
864 475 742 851 264 376
888 500 750 280 435
894 503 882 295 485
516 887 296 495
519 893 296 852
545 299 870
617 310
743 312
859
# Failed 0 " 16 13 9 6 Vs 6 4 g7 14 7 -
“# Censored at 1000 8 64 18 31 22 58 15 10 56 15 2 1 12
# In Group 8 75 34 44 31 64 22 16 60 32 16 8 16
oY
Ay=AaATL4/2h
% Failed 00.0% 14.7% 47.1% 29.5%

29.0% 094% 31.8% 37.5% 06.7% 53.1% 875% 87.5% 250%
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Appendix F Algorithm to Compute Confidence Contours on Distribution Parameter

The confidence contours are computed as follows:

1. Determine the contours at arbitrary altitudes . Approximately 20 contours is sufficient

for numerical accuracy

a enclosed in each couture, this is the area of the projection of the

S

Compute the are

probability density contours on the 6-B plane.

3. Compute the volume above each contour
4 Add the volume computed in step 3 to the area of the contour calculated in step 2

This is the volume inside the confidence

multiplied times the altitude of the contour.

contour.

urs and the desired contour intervals gives

5. Interpolations between the calculated conto

Confidence levels of 95%, 90%, 50% and

the altitudes at the desired confidence level.

5% are used for this study

6. Determine the contours at the altitudes determined in step 5.
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I Plastic Constitutive Model Constants at Different Temperatures and Strain rates
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Il

Pitch  (all Bond Pad Bond Pad  Castelation Castelation
units mils) Length Height Width Height
LCC-48 40 80 0.5 6 45
LCC-68, 32 50 80 056 8 45
Component  Cu-W Comp. Front Over Component Rear Over
Height Pad Length Hang Length Ld/2 Hang
LCC-48 45 40 33 396 7
LCC-68, 32 45 50 33 672, 365 -3
Material In Plane In Plane Out of Plane Vxy Vyz Vzx
ChE Modulus Modulus
ppm/C 10E + 6psi 10E + 6psi
‘Copper Electro Deposited 16.7* 12.0° 120" 34* 347 34"
Copper Tungsten ' 5.4* 10.4* 10.4* by A A
60Pb-405n Solder 23.9 4.34 434 0.4 0.4 0.4
Ceramic - o4 5497 54 97*** 0212 Q. 21%* .21
Substrate o 6-10 4 4 0.12 0.3 014

Substrate height

80 mils

* CALCE Database
*** Papers Verma, Das, ...
Otherwise measured by Hamilton Standard
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Temperature Deg. C

85

-15 4

-55

Thermal Profiles Used for FEM Analysis

90C
C
/AT =145C dT/dt=10C/min
. 45C
itk wh
T '=25C dT/dt=1.7C/min ~,
: ~
e
10 20 30 40

Time in minutes

————Acc. Test — = Field]
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1337 Elements
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Gl

Fine Mesh
1337 Elements
1426 Nodes

Element Contour

ElemHode 51

Color Index

.445E+01
.A404E+01
.364E+01
.323E+01
.283E+01
242E+01
L202E+01
.162E+01
L121E+01
.808E+00
.A04E+00
.000E+0D

= 4.849306E+00

e B
PR S | |
g 0
=g 0
SRR 8 []
~~~~~~~~~~~~ 7 1.
...................... 6 0
———— 5 1
—_4 0
— 3 0
AR BV TAN T 2 []
~~~~~~ 1 0
Hin = 0.000000E+00
Max =
Hin ID= 352
Max ID= 91
Contour_1:
Stress
Hises
Scalar

(HOH-LAYERED)

Step2

| Tduell1loadcase



Coarse Mesh
269 Elements
314 Nodes

911




]
2 M 1
e
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Coarse Mesh
269 Elements
314 Nodes
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81

ElemHode S1

Color Index

B 0.446E+01
. & 0.405E+01
§ 0.365E+01
9 0.324E+01
- -~ 8  0.284E+01
-7 0.243E+01
...................... 6 0.203E+01
Coarse Mesh e 5 0.162E401
s o, 1. 12ZE4011
e 3 [, 810E+00
269 Elements e 3 1 ABEEHD
s I | I 1 [1 111 1 1]
314 Nodes Min = 0.000000E+00
Hax = 4.861124E+00
Hin ID= 75
Max ID= 35
Contour_1:
Stress
Hises
Scalar

{HON-LAYERED)

Tduellloadcase
I Mg_wgﬁ L Step2
S
S —;—/ —




Appendix J Sample Abaqus Input File

*HEADING
ABAQUS job created on 14-Sep-
*NODE, NSET=ALLTHEM
1, 0.2032, 0.
Nodal data in X, y, Z coordinates units mm
314, 8525, -1.3144

ok

95 at 11:07:56

ET
*ELEMENT, TYPE=CPS4, ELSET=SOLDERJO
L, I, 2, 5 4

connectivity for solder joint clements

74, 91, 97, 98, 92
*ELEMENT, TYPE=CPS4, ELSET=ELM91
two critical clements in solder joint

35. 42, 43, 48, 47

36, 43, 44, 49, 48
*ELEMENT, TYPE=CPS4, ELSET=COPPERW

13, 15 7. 99, 068
connectivity for copper tungsten LCC bot

89, 113, 93, 68 99
*ELEMENT, TYPE=CPS4, ELSET=COPPER

190, 52, 227, 229, 55
connectivity for copper substratc bond pad clements

221, 256, 257, 186, 258
*ELEMENT, TYPE=CPS4, ELSET=LCC

90, 74, 80, 115, 114
connectivity for LCC elements

189, 213, 216, 226, 225
*ELEMENT, TYPE=CPS4, ELSET=POLY_CIC

162, 186, 187, 190, 189
connectivity for substrate elements

1d pad elements

269, 310, 311, 314, 313
*k
** solderjoint
*ok
*SOLID SECTION, ELSET=SOLDERJO, MATERIAL=SOLDER
0.1,
ko
- critical solderjoint element in solder
*

*SOLID SECTION, ELSET=ELM91, MATERIAL=SOLDER

0.1,

*k

 copperW

ok

*SOLID SECTION,
0.1,

ELSET=COPPERW, MATERIAL=CU_W

* ok

*k
* copper
* %

*SOLID SECTION, ELSET=COPPER, MATERIAL=CU

119



*%

0.1,

> LEC

*k

*SOLID SECTION, ELSET=LCC, MATERIAL=CERA

*ok

MIC

0.1,

** poly cic

*k

*SOLID SECTION, ELSET=POLY_CIC,

* %

MATERIAL=SUBSTRAT

0.1,

*ok

*INITIAL CONDITIONS, TYPE:TEMPERATURE
ALLTHEM, 0.2500000E+2

*ok

*# golder

#* Date: 30-Aug-95

* %k

Time: 16:16:40

*MATERIAL, NAME=SOLDER

* ok

*ELASTIC, TYPE=ISO
24960., 0.4

*k

*EXPANSION, TYPE=ISO, ZERO=(

).2500000E+2

2.39E-5,

*ok

**Because plasticity only occurs while

at low temp

**can use one plastic law
*PLASTIC, HARDENING=ISOTROPIC

29.86, 0.

30.0, 0.00085
31.0, 0.0011
33.0, 0.0021
34.0, 0.0028
36.0, 0.0048
38.84, 0.01
48.0, 0.0132
55.0, 0.276

*CREEP, LAW=USER

*USER SUBROUTINES

1

2 COORDS,NSTATV,NOEL.NPT.

SUBROUTINE CREEP(DECRA,DE
TEMP,DTEMP,PREDEF.DPRED.TIME.DTIME.CMNAME.LEXIMP,LEND.

LAYER KSPT KSTE P KINC)

INCLUDE "ABA_PARAM.INC"

CHARACTER*8 CMNAME

DIMENSION DECRA(S).DESWA(S),STATEV(*).PREDEF( 1),.DPRED(1),
TIME(2),COORDS(*)

A=0.2557

AN=6.28

DELH=0.7036

AK=8.617E-5

DECRA(l)=A*QTILD**AN*EXP(—l ‘()*DELH/(AK*(TEMP+273)))*DTlM[i
RETURN

SWA.STATEV.SERD, ECO,ESWO,P.QTILD,



END
ok
** CU
** Date: 30-Aug-95
ok
*MATERIAL, NAME=CU
* %k
*ELASTIC, TYPE=ISO
82740., 0.34

Time: 16:16:40

*k

*EXPANSION, TYPE=ISO, ZERO=25.
1.67E-5,

ok

** CU_W

** Date: 30-Aug-95
Kok

Time: 16:16:40

*MATERIAL, NAME=CU_W

ok

*ELASTIC, TYPE=ISO
71708., 0.17

Kk

*EXPANSION, TYPE=ISO, ZERO=25.
5.4E-6,

Hok

** Ceramic

*% Date: 30-Aug-95 Time: 16:16:40

*k

*MATERIAL, NAME:CERAMIC

*oke

*ELASTIC, TYPE=ISO
379018.,  0.21

Hok

*EXPANSION. TYPE=ISO, ZERO=25.
5.4E-6,

* %k

** substrate

** Date: 30-Aug-95 Time: 16:16:40

*ok
*MATERIAL, NAME=SUBSTRAT
ok
*ELASTIC, TYPE=ISO
27580., 0.13
*ook
*EXPANSION, TYPE=ISO, ZERO=25.
9.25E-5,
* ok
*******************************************************
®ST ‘
D L, BOUNDARY CONDITION

LOAD CASE 1: INTRODUCE THE INITIA ‘ _
#* ALL BCs applicd with OP=NEW must be apphcc! during the
**same step. Do not use OP=MOD with a perturbation step.
*BOUNDARY, OP=NEW

216, XSYMM

217, XSYMM

*STATIC



218, XSYMM
226, XSYMM
312, XSYMM
313, XSYMM
314, XSYMM
314, YSYMM
188, YSYMM
191, YSYMM
194, YSYMM
261, YSYMM
264, YSYMM
266, YSYMM
271, YSYMM
275, YSYMM
277, YSYMM
280, YSYMM
283, YSYMM
288, YSYMM
293, YSYMM
296, YSYMM
299, YSYMM
302, YSYMM
305, YSYMM
308, YSYMM
311, YSYMM
*END STEP

s sk ok ok ok ok ok ok ke ok oK
ok step 2, GO FROM Tr TO 28 DEG C, TCI
o one sec. elastic plus 11 sec. viscoelastic
o cach 3deg C = 10deg C/min

*STEP, INC~40, AMPLITUDE=RAMP

*ok

ook ok
****************************************

*STATIC

0.1, 1.0

*TEMPERATURE, OP= MOD
ALLTHEM, 28.

Fook

*EL FILE, ELSET=ELM91, gos
PE,

Eﬁfﬁmgﬁgﬁ INTEGRATION POINT, FREQUENCY=0

*NODE PRINT, GLOBAL=YES, FREQUENCY=0

*NODE FILE, GLOBAL=YES. FREQUENCY=0

*END STEP

* STEP. INC=1000, AMPLITUDE= RAMP

*VISCO,CETOL=5.E-6,EXPLICIT

1.0E-2, 11
*k

*EL FILE, ELSET=ELM91, POS!TIONZINTEGRATION POINT

TEMP.S,SINV, ENER,E,PE, CEE
*EL PRINT, POSITION= [NTEGRATION POINT, FREQUENCY=0

*NODE PRINT, GLOBAL= YES, FREQUENCY=0
*NODE FILE, GLOBAL=YES, FREQUENCY:O

*END STEP
; Hok KK
***************************************************

ITION:INTEGRATION POINT



*STEP, INC=40, AM’PLITUDE=RAMP
* ok

*STATIC

0.1, 1.0

*TEMPERATURE, oP=MOD
ALLTHEM, 31.

*%

*EL FILE, ELSET=ELMY1, POSITIONZINTEGRAT[ON POINT
TEMP,S,SINV‘ENER.E‘PENCE,EE

*EL PRINT, POSITION=INTEGRATION POINT, FREQUENCY=0
*NODE PRINT, GLOBAL:YES, FREQUENCY:‘O

*NODE FILE, GLOBAL=YES, FREQUENCYZ()

*END STEP

* STEP, INC=1000, AMPLITUDE:RAMP
*VISCO,CETOLZS.E—G,E,\’PLICIT
1.0E-2, 11

*ok

*EL FILE, ELSET=ELM91, pOSITIO
TEMP.S.SINV.ENER.E.PE.CE,EE

*EL PRINT, POSITION=INTEGRATION POINT, FREQUENCY:()
*NODE PRINT, GLOBAL:YES. FREQUENCY:O

*NODE FILE, GLOBAL=YES, FREQUENCY:O
*END STEP

sk s sk sk sk sk ok ok ok ook ROk K
**(he previouse steps are repeated until t
** are completed

N=INTEGRATION POINT

*****************************************

wo thermal cycles



Appendix K Fortran Post Processing File for FEM Analysis

C In order to link the following command is typed at the command prompt
C {77 namee.f -0 name Jsoftware/calce/abaqus3.4/1ib/shr.a Jsoftware/calce/abaqus3.4/lib/interface.a

€

¢ This program compute
¢ plastic, and creep) in th
the maximum valucs oCcurs.

s the maximum cquivalent stress and strain (clastic,
¢ solder, locate the integration point where

c

c

¢ Input Filename: ‘fname.fil', where fname is the root name of the

c input file.

C

¢ Output Filename: read.dat

¢ output.dat

o
CCccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
o}

¢ Variables used by this programin and ABAQUS subroutines SPRINC and SPRIND:
c

cndi  -- number of direct components in stress/strain tensor.

cnshr  -- number of shear components in stress/strain tensor.

¢ ndipl --ndi+1

carray --real array containing values read from results file (.fil).

c equivalenced (0 jrray.

cjrray -- integer array containing values read from results file (.fil).

C equivalenced (o array.

¢ fname -- root file name of input file (W/0 fil extension).
- number of results files (fil) to be read.

¢ nru

¢ lrunit-- array containing unit number and format of results files:
c Irunit(1,*) ==~ unit number of input file.
c lrunit(2,*) --> format of input file.
cloutf -- format of output file:

c ( --> standard ASCII format.

G | --> ABAQUS results file ASCII format.
& 7 --> ABAQUS results file binary format.
cjunit -- unit number of file to be opened.

cjred  --error check return code.

c .eq. 0 --> no erroIs.

C ne. 0 --> errors detected

ckey --current record key identifier.

¢ jelnum-- current clement number.

cintpn -- integration point number.
clstr -~ indicates type of principal value (stress/strain) and

ordering used:

c

c for calculation of pricipal value (stress/strain):
C ] --> stress.

¢ 2 --> strain.

¢ for calculatin of directions:

c ] --> stress.

C 2 --> strain.

Ccs -- array containing stress (cnsor.

cele -- array containing elastic strain (cnsor.

cple  --array containing plastic strain tensor.
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-- array containing creep strain (cnsor.

ciere
¢ totale -- array containing total strain (ensor.
cseq - equivalent Stress.

celeeq - equivalent clastic strain.

¢ pleeq -~ equivalent plastic strain.

ccreeq -- equivalent creep strain.

¢ totaleeq -~ equivalent total strain.

-~ maximum cquivalent stress.

lent clastic strain.
lent plastic strain.
e

¢ seqm
¢ eleeqm -- maximum cquiva
¢ pleeqm -- maximum equiva
¢ creeqm -- Maximum equivalent creep Stre

¢ totaleeqm -- maximum {otal equivalent strain.
numeles -- element number where maximun mises stress value occurs.

numints - int. point number where maximum miscs Stress value ouucrs.
numeleel -- element number W
numintel - int. point number where cleeqm oceurs.

-- clement number where plecqm occurs.
here pleeqm OCCUIS.

re creeqm occurs.

O

here clecqm ouucurs.

o

numelepl
numintpl -- int. point number w
numelecr -- element number whe
numinter — int. point where creeqm occurs.
numeletotal -- clement number where totalecqm occurs.
numinttotal - int. point where totaleeqm ocCurs.
implicit real*8 (a-h,0-2)
parameter (Ntolal_inc:S()().Nclczz().Ngau:4)

G 0 60

o O 8

real mus
common /Strcss/sigmzlx(Nloml_inc,Nclc,Ng,ﬂu).Sigm:l.\‘(Nlolal;inc,
Nele Ngau)

1 Nclc,Ngau),lauxy(Nloml_inc,
common/clrstraiu/cl_epsix(Ntotal_inc,Nclc.Ngnu)\clhcpsi_v(Nlomlginc,

1 NclcNgzlu)cl_cpsiz(Ntolzll_iuc.Nclc.Ngau).

2 cl_gamma,\'y(Nlolzll_inc,Nclc,Nguu)
common/pl_slrain/pl_cpsi,\'(Nloml_inc.Nclc.Ngnu).pl_cpsiy(NlolalA_inc,
1 Nelc,Ngau).pl_cpsiz(Ntotal—inc,Nclc.Ngau).

2 pl_gamma.\'y(Ntotal#inc.Nclc.Ngzm)
common/cr_slrain/cr_cpsix(Nlotal_inc.Nclc,Ngau).cr_cpsi_v(Nlol;llﬁinc.
1 Nclc,Ngnu),cr_cpsiz(Nlolal_inc.Ncle.Ngau),

2 cr_gammaxy(Ntotzll_inc.Nclc.N gau)
Common/l'strain/t_cpsix(Ntolal_inc.Nelc.Ngau),t#cpsiy(Nlolul#inc,

| Ncle.Ngau),1_cpsiz(Ntolul_inc,Nclc,Ngzlu),

2 t#gammu.\'y(Ntoull_inc,Nclc.Ngau)
common/cquivalcnt/vonmis(Nlolnl_inc,Nclc,Ngzm).clmcpsicq(N[om1A_i,,CA
1 Nelc,Ngau).pl_cpsicq(Nlomlwinc. Nele,Ngau).cr_epsieq( Ntotal inc,
2 Nclc.Ngau),l#cpsicq(Nlolzll»_inc.Nclc,Nguu)
(Nlol:ll__in(:.Nclc,Ngzm).plwork(Nlolul;inc.

common/energy/strencrgy
zll#inc,NelQNgau)

1 Nclc,Ngnu).cm'ork(Ntot
common/limc/timcjnc(Ntolalﬁinc),limc‘lotzll( Ntotal 1nc)
common/lempcmlurc/tcmp(N(olal_inc)
common/toml_incrcmcnts/Nof_loml_slcp.Nol’)toml#inc
comnmn/soldcr_propcrly/Es.Gs,clc.mus
common/H_cquivalent/H_vomnis(Nlom
1 lf{_pl_cpsicq(Nloml#inc).Hﬂcr_cpsicq(Nlolnl;_mc).
2 H_l_cpsicq(,Nlolzll_inc)

l#inc).H_cl#cpsicq(Ntol:llgmc),

character fname*80

$%]
N



write(6,%) 'Enter the name of the input file (W/0 i
read(5.'(a)") fname

write(6,*) fname

call input_data

write(6.%) 'got all solder data'

call rczldﬁﬁl_ﬁlc(fnumc)

write(6,%) 'read all of fil'

call do_averaging

stop

end

cccccccccccccccccccccccccccccccccccccccccccccccc
CCCCCCCCCCCECCCCCCCeeereeeeeeece

CCCCCCCCCCCCCCCCCCLCEeeereeeeeeee

CCCECCCCCCCCeCCCeCeCeeeeeeee
ccecccecceeccccecceece SUBROUTINES

ccccccccccccccccccccccccccccccccccccccccccc
CCccccccccccccccccccccccccccccccccccCCccccccccccccccccccccccccccccccccccccccc
¢ input_data: input necessary data for the analysis
Ccccccccccccccccccccccccccccccccccccccccccccccccc
subroutine input_data
implicit real*8 (a-h,0-7)
real mus
common/solder_prope
Es=2.496d6
Gs=0.5*Es/(1.0+mus)

CCCCCCCCCCCCCCCCCCCCCCCCCCCC

rty/Es.Gs,cte,mus

mus=0.4

cte=21.0d-6

return

end
Ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
¢ read_fil_file: to read result from ABAQUS .fil output data files, and store
C them in the common blocks, without flip the sign

CCCCCCCCCCCECCCCCeeeeeeeeeceect

CCCCCCCCCCCCCCCCCCCCCCCCC

(fname)
()O,Ncle=20,Ngau:4)

CCOCCECCeCeeeeeeceeee
subroutine read fil_file
parameter (Nlotal_inc=5
implicit real*8 (a-h.0-2)
dimension array(5 13)‘jrmy(2.513), lrunit(2.1)
equivalence (array(1). jrray( 1.1)
common /strcss/signmx(Ntolalyinc.NclqNg:lu).sigmny(Ntolulﬁinc,

1 Ncqugzm).lzmxy(Nlolal#mc.Nelc.Nguu)
common/e]451rain/cl_cpsi.\'(Nlolul‘inc‘Nclc.Ngzm).cl_cpsiy(Ntol;xl_ inc,
] Nelc.Ngau),cl_cpsiz(Ntolal_inc.Nclc.Ngzm).

2 cl_gzunnmxy(Ntoml_inc.Ncle.Ng:m)

common/pl“stmin/plﬂepsix(Ntotle_inc,Nelc.Ng

1 Nclc,Ngau),pl_cpsiz(Nlolnl_inc.NclcQNgzlu),

2 pl_gzlmmnxy(Nlotnl_inc.Nclc,Ngau)

common/cr_stmin/cr_epsix(Ntolal_inc.Nclc,Ng

1 Nclc.Ngau),cr‘cpsix(Nlolal'inc.Nclc.Ng:m),

2 cr__gannnaxy(Nloml_inc.Nclc.Nguu)

common/l;strain/(#cpsix(Nlolle_inc.Nclc.Ng,zm).l‘mcpsiy(Nlomlrinc,

1 Nclc,Ngau).t_cpsiz(Ntolzll_inc,Nclc.Ngzm)‘

2 l#gumma.\'y(Nlolzll#inc,Nclc.Nguu)

nu)plﬂcpsiy(Nlo(nl#i nc,

nu).crﬁcpsiy(Nloml_inc.
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ke

common/equiv 1lcnl/vonmis(Nloml_inc,

1 Nclc,Ngau).pl_cpsicq
2 Nclc.Ngau),l_cpsicq(N
Common/cnergy/slrcncrgy(Nl
| Nclc.Ngnu),crwm'k(N(om
counnon/limc/limc_inc(Ntol
common/tcmpcmlurc/lcmp(Nlol:\l_inc)
al_incrcmcms/Nof_iol

total_inc,Nel
otal_inc,N
|_inc.Nele

common/tot

c='mcnergy.m')
'steps.dat’)
energy pl_wor

opcn(unit=55,ﬁl
0pen(1111il:5‘),ﬁlc=
write(53.%)'"% strain_
wrilc(SS.*)'\vork:[‘

inc_total=0

nru=1

loutf=0
lrunit(1,1)=8
lrunit(2,1)=2

call initpf(fname,t
junit=lrunit(l, 1)
call dbrnu(junit)

1ru,lmnil.10ut[‘)

¢ Read records from the
¢ maximum of 10 million records in

do 1000 k100=1,20000
do 1000 k1=1,20000
call dbﬁlc(O.array.jrcd)

if (jred.ne.0) g0 o 1001
key=jrray(l 2)

¢ Get the current step, increme

1©q.2000) then

if (key
|=inc_total+1

inc_tota
istep=jrray( 1,8)
inc_slcp:jrray(l .9)
time_I nc(incﬂtolul)
u'mc#toml( incﬂlolal)
write(6,200 l)istcp.in
lime‘inc(incﬂloml
write(6, %)==
format(1x,'iste
'inc_lolal:'.i4,
f8.3)
wrile(i‘),z()OZ)istcpincgs
format(3i4)

=array($)
=array(3)

) me_

2001

(Ntolal_inc,Nclc,Ngau

al_step.

k cr_

nt number and time.

p="i3, Ix.'inc_ste
1x.'time_inc=

Nclc.Ng:lu),cl_cpsicq(Nlolulkinc,
),cr_cpsicq(Nlolnl_inc.

¢,Ngau)
clc.Ngzlu).plwork(Nlol

Ngau)

al_inc,

zll_inc),limc_lolzll(Ntolal#inc)

Nof total_inc

work'

c/stcp.inc_tolnl,
{otal(inc_total)

p="i3,1x,

' 18.3.1 < time_total=",

1cp,incmloml



¢ Gel the clement and intcgration point numbers, jelnum and I

¢ location of intpn (0--at inp.pt.,
¢ the number of direct and shear components in the analysis.

ntpn, and the

1--at centroid, 4--nodal average) and

mmmm=mmmmmm=
clse if (key.eq. 1) then
jelnum=jrray( 1.3)
intpn=jrray(1,4)
locate=jrray(1.6)
ndi=jrray(1.8)
nshr=jrray(1,9)
ndip 1=ndi+1
c::=::::=::-:=:=:=::=:::==::::====:==::::=:=::z:::::=::::: ,,,,,,,,,,,,,,,,,,,
¢ Get the temperature.
else if (key.eq.2) then
lcmp(inc_[otal):array(_ 3)
C::::::::::=:::::::::::::::::::::::::::::::::::::::::: ________________

clse if (key.eq.1l) then
sigmax(inc_total.jclnum,inlpn)zarm_v(Z%)
sigmzly(inc_toml.jclnum.intpn)=army(4)
lzm,\'y(inc#lotal.jclnum‘impn)=array(5)

C===========—
¢ Get the von-mises stress
c=::=::=::=::====::=::::==:::====:=:==::===:=::::::::::::::::::::::::::::
else if (key.eq.12) then
vonmis(inc#lolal.jclmun,inlpn):arm_v(B)
c:::::==::==:==:======:::=::=====::==:=:=:::::::::::::::::::::::::;.:_::
¢ Get the energy density.
c==:::::::=::=:=====::=:======::====::::=:===::=:::::::::::::.:::::::::::
clse if (key.cq. 14) then
strencrgy(inc_tola].jclnum.intpn):arrny(."a)
plwork(inc_lotal,jclnum,inlpn)=zlrray(4)
crwork(inc_total, jelnum,inlpn):army(S)
if (jelnum.eq.3S.and,inlpn.cq.-&) then
write(35,2060) strcncrgy(incﬂtotal.jelnum.impn)‘
1 p]work(inc_lotal.jclnum.impn),
2 cnvork(inc,lotal,_iclnum.inlpn)
endif
2060 format(f12.4,f12.4.012.4.%
C::::::::::::::::::::::::::t:::::::::::::-_-:::::.::::::;::::i:;-2 S
¢ Get the total strain tensor
C::::::::::::::r::::::::::::::::::::::::::::::::::::::::::::::::::::;f:;
clse if (key.eq.21) then
t_cpsix(inc#lolal._jclnum.intpn)=:1rray(3)
l_cpsiy(inc_tolal.jclnum.inlpn)=army(_4)
ligamma,\y(inc_lolnl.jcluum,impn):army(5)
call gcl_y,_componcnl(l_cpsix(inc#lolnl.jclnum.inlpn)_
| l_cpsi.\'(inc_lolnl,jclnum,inlpn),
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W N

l_cpsiy(inc;lotzll.jclmlm,impn),
t;gzlmmaxy(inc'loml.jclnum.inlpn))

\in tensor, and the cquivalent plastic strain

¢ Get the plastic str

else if (key.cq.22) then

pl‘cpsi.\'(inc__lolzll,jclnum,in(pn)=zlrr:1y(3)

plwcpsiy(inc_tolal,jclmlm,intpn):nrray(4)

plmgamma,\'y(inc_}olal.jclnum.impn):arm_v(i)

pl_cpsicq(inc“lot:\l.jclnum. intpn)=array(6)

ipart=2

call get;xﬂcomponent(pl'cpsiz,(
pl_cpsix(inc_ﬁlolal.jclnum. intpn),
pl_cpsiy(inc_loluchlmxm_impn),ipzm)

inc_total jelnum.intpn).

and the equivalent creep strain.

¢ Get the creep strain tensor

clse if (key.eq.23) then

cr_cpsi.\'(inc_lolzll.jelnum.intpn):army(?a)

cr_cpsiy(inc_toml.jclnum. intpn)=array(+)

cr_gamma.\y(inc_tolal.jclnum,inlpn)=zma_v(5)

cr_epsieq( inc_total, jclnum.intpn):arru_v(())

ipart=2

call get_z_componcm(
cr_epsix(inc_tot
cr#cpsiy(inc_toml.jclnum.int

cr#cpsiz(inc_total,jclnum,inlpn)_

al,jelnum.impn),
pn).ipart)

1000
1001

8]

W N

n

(&

endif

Ise if(kcy.eq.25) then
cl_cpsi.\'(inc_tolzll.jclm

ym,intpn)=array(3)

al, jclnum.inlpn)zarray( 4)

el_epsiy(inc_tot
intpn)=array(5)

el ga mnmxy(inc#toml.jclnum
ipart=1

call gcl#z_componcnl(clAcpsiz(incﬂlolal.jelnum.inlpn).
cl#epsi.\'(incglolzll.jclmun.inlpu),
cl‘cpsiy(inc__lolal._jclnum.intpn)‘iparl)

call gctﬂcquivalemgslrain(cl_cpsicq(inc__toml.jclnum,

intpn).

el epsix(inc_tota
el cpsiy(inc_tota
el epsiz(inc_tota
el gammaxy( inc_tot

l.jelnum.impn),
1 jelnum.intpn).
I jelnum.intpn),
al jelnum.intpn))

continue
MENTS, END OF POSTPROCESS

write(0,

#)NO MORE INCRE

Nof total_step=istcp
Nof_lolalﬁinc:inc#toml

write(6,
write(6,

*‘)‘Nofﬂtoml#slcp:‘.Nof'loml;stcp
*)'Nof__lotal_inc*—".Nofftotzll%inc

1



write(35,%)'])'

close(unit=55)
closc(unit=59)

return
end

CCCCCCOCCCCECCCCCCCeeeeeeeeeeeee
7 compomen
for plastic and creep, where mu=

ceece
¢ get_z_component: (0 get the
€ stress problem. ipart=1

o ipart=1 for clastic, where mu=mus
COCCCECCECCECECCCLEECCLLeeeeeeeeee
l(cpsiz.epsix.cpsiy.ipzlrl)

{ of the strain tensor for planc
0.5, while

CCCCCOCCCeereeeeceeece ceceeececcecececeecce
subroutine get_z_componen
implicit real*8 (a-h,0-7)
real mus,mu
common/solder#propcrly/Es,G
if (ipart.cq.2) then

mu=0.5d0
clse if (ipart.eq.1) then
mu=mus
endif
epsiz=-1.0*mu

s,cle,mus

*(i cpsi.\'+cpsiy)/( 1.0-mu)

return

end
cccccccccccccccccccccccccccccccccccccccccccccccccc
in (clastic...) from the

and cr_epsicq arc obtained

CCCOCCCCCCCCCCCeCCeeeeeeeee
c gcl‘equivalcnt_strain: get the equivalent stra
c individual strain components. pl_epsieq
v directly from ABAQUS
Ccccccccccccccccccccccccccccccccccccocccccccccccccccccccccccccccccccccccccccc
subroutine gel_cmlivalenl_strain(cpsicq.cpsix.cpsiy.cpsiz.gzunma.\'_v)
implicit real*8 (a-h,0-7)
CpsSINy= yammaxy/2.0d0
ﬁ:cpsi.\'+cpsiy+cpsiz
si:(cpsixy)**l—(cpsi_\'
cpsicq=(2.()/3A())*sqn(ﬁ**z-ﬂAl)*si)
return
end

*cpsiy+cpsi,\'*cpsiz+cpsi_\'*cpsix)

cC CCCCCCCCCCCCCCCCCCCCCCCCC

[ cquivalent/ common

ccccccceeeceececeeeeeeceee
averaging. Store /H

CCCCCCCCCeeeeeeeeeeeeee
¢ do_averaging: for the purpose of
c block from /equivalent/ common block
cccccccccccccccccccccccccccccccccccccccecccccccccccccc
subroutine do_averaging
implicit real*8 (a-h,0-7)
parameler(Nloml;inc-fS()().Nclc=2().Ngzlu'z4)
common/cquivalcm/vonmis(Nlolul_inc.Nclc.Ngau).clﬁcpsicq(Nloml inc.,
1 Nclc,Ngzm)_plﬁcpsicq(Nlol:ll_inc,Nelc.Ng:lu).cx'_cpsicq(Nloml_inc,
2 Nclc.Ngau),l#cpsicq(Ntol:ll#inc,Nclc~Ng:m)
common/lolal_incrcmcnls/Nof_loml_stcp,Nol‘_loml_inc
common/H_cquivalerll/kl)’Ollltlis(Nlolnl#inc).l-ifclﬁcpsicq(Nlo(zll inc),
1 H_pl__cpsicq(Nlolal#inc),H#cr_cpsicq(Nlolulﬂinc)‘
2

H;l_cpsicq(Nlolal',inc)

CCCCCCCCCCCCCCCCCCCCCCC
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100

1193

200
1000

common/limc/timc_inc(Nlolzll_inc),limc#tolzll(Nlot:\lfinc)

couunon/tcmpm'umrc/lcmp(Nlo(al_inc)
write(6,%)'Input. Nofele, Nofint'

read* Nofele,Nofint
opcn(unn:é(),ﬁlc:'slcpnum.m')
opcn(unil:5(),ﬁlcz'loop.m')

write(50,%)'"% temp von cleq pleq creq tote filename="'

write(60.%)'"% step tot_time'
wrilc(()().*)'nstcp:['
write(30.%)'a='

Nofele=91
Nofint=3
do 100 line=1,Nof total_inc

:vonmis(linc.Nofclc‘Noﬁm)
l_cpsicq(line.Nofelc.Noﬁnl)
l_cpsicq(linc.Nofclc.Noﬁm)
cpsicq(liuc,Nofclc.Noﬁm)
(linc.Nofclc‘Noﬁnl)

HJ’OI\HHS(IiﬂC)
H_cl_cpsieq(linc):c
H_pl#cpsicq(linc):p
H_cr#cpsicq(linc):cr_
H_l_cpsicq(linc)=t#epsicq
continue
opcn(unil—:S‘).ﬁlc:'slcps.dm')
do 200 line=1,Nof_total_inc
rcad(S‘),*)istcp,incﬂstcp,inc_loml
H_total_cpsicq=H_cl_cpsicq(linc)+H1pl_cpsicq(
wrilc(()(),*)islcp.timc_lotal(linc)
write(50,1 l93)(cmp(linc).H_vonmis(line),
1 H_pl_cpsicq(linc).H_cr_cpsicq(linc).H_tol
formal(["/.ljcl3.6.':‘)

line)+H_cr_epsieq(line)

H el _epsieq(line),
al_epsicq

continue

format(1x,315.
write(30,9)']'
write(60.9)'];'

5x.3¢12.4)

closc(unit=>54)
close(unit=55)
close(unit=59)
return

end
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Appendix L Matlab Post Processing File Used to Create Hysteresis Plots

clear
% loop. stepnuni, and menergy arc created from

loop;
stepnui; o, fortran post processing file

menergy;
sub=[43 166 233 358] % array which determines when stresses {lip

k=Iength(sub)

lrows.columns]=si7,c(zl);
laststep1=190 o last step in first thermal cycle

o T T
Yo Read Temperature “temp"

for i=1:rows:
temp(i)=a(i, 1);

end;

temp=temp’;

for i=1:rows;
von(i)=a(i,2);

end;

von=von';
%)::::==:=::::=::=:::=::::::::::::::::::::‘—‘:::::::::::::
% Flip according to von change in concavity

Yo Creates flip array from sub array

%o sub array contains the subscripts which correspond

% {o changes in concavity of the von mises Stresses
%)::2:::::::—::::::::::::::::::::::::::::::::::::::‘::::::
for i=1:rows;

flip(i)=0;

end;

for i=sub(1):sub(2)-1:
flip()=1;

end;

for i=sub(3):sub(4)-1;
flip()=1;

end;

flip=lip"

Yo Flip the von mises Stress
for i=1:1oWs;

if flip(1)==0;

vonflip(i)=a(i,2);

clse;

vonflip(i)=-a(i.2);

end;

end;



for i=1:rows;

if flip(i)==0;
cleshifi(i)=100*a(i,3);
clse;

eleshift(i)=- 100*a(i,3);
end;

end;

eshift(1)=0:

cflipped(1)=100*a(1.5);

tmp=0;

for i=2:1ows;,

cshift(i)=cshift(i—1);
for j=1:k:
if sub(j)==1 & flipi) == L;
eshift(i) = a(i,5)-tmp * eshift(i);
tmp = a(i,5):
clseif sub(j)==i & flip(i) == 0;

eshift(l) = eshift(i)-a(i,5)+ump .
tmp = a(i.5);
end;
end;
deltae(i)=a(i,5)-tmp;
if flip()==0:
eﬂipped(i)=lO()*(deltac(i)+cshiﬂ(i));
else;
cﬂipped(i)=lO()*(csllift(i)—dcllae(i));
end;
end; %end i
%===:==::=::=:=:=::::=::=:::::::::::=::::::::
Y% Average
9 ()::::::::::'::‘::::::::::::::::::;:::::::::::::
for i=1:rows-1;
cavg(i):(eﬂippcd(i)Jrcﬂipped(i+1))/2;
vonzlvg(i):(vonﬂip(i)+\'onﬂip(i+] N/2;
end; 0, end i on average
eavg(rows =cflipped(rows);
vouavg(rows)=von(rows);
creshift=cavg’, ~ Yocreep flipped averaged
clear eflipped;

clear cavg;
vonel=vonflip;

o, Doesnt average von for elastic

vonflip=vonavg",

0, "::::::::::::::::::::::::::::::::::::::::r;:::
Yo Flip Plastic
(:/():::::::::—.:::::::::::::::::—::::::::z::_,_:* ——



cshift(1)=0;

cﬂippcd(l):lOO*:l(l,-l);

tmp=0;

for i=2:rows;

eshift(i)=eshift(i-1);
for j=1:k;
if sub(j)==1 & flip(i) == L
eshift(i) = a(i,4)-tmp + eshift(1):
tmp = a(i,4):
clscif sub(j)==1 & flip(i) == 0:
eshift(i) = eshift(i)-a(i,H)+Htmp -
tmp = a(i,4):

end;
end;
deltac(i)=a(i,4)-tmp;
if flip(i)==0;
cﬂippcd(i)=l()()*(dcllac(i)+cshift(i)):
clse;
eﬂippcd(i)=l()O*(cshifl(i)—dcltac(i));
end;
end; %end i
plcslliﬁ:eﬂipped'; opplastic strains flipped averaged
0, 0::::::=::=::=:=::::::::::::::____:__:::::::::::::
Yo New total strain
‘%ZZ’—‘:::::::::::::::::::::::::::::::::::::::::::::
for i=1:1ows;
elcshift(i)=l()O*vonavg(i)/24960;
lolshift(i):plcshiﬂ(i)+creshift(i)+cleshiﬁ(i);
end;
totshift=totshift";
%:::::::=—_—‘-‘—'—:===::=:::=:==::::::::::::—_—‘::::::::::::::—:_::
%o Read unflipped stress and strains (%)
(%)::::::::‘—:::_—‘::f—‘::==::::::::::::::::::::::::‘—'::::::::::
for m=3:6;
for i=1:rows;
unﬂip(i):l()()*a(i.m):
end; veend i
if m==3;
cle=unflip’; vpelastic unflipped
clseif m==4;
ple=unflip": %pplastic unflipped
elseif m==5;
cre=unflip’; opcreep unflipped
elseif m==6;
tote=unflip"; o4total unflipped
end; oeend if on m
end %end m
(V():=:==:::::::::::::::::::::::::::::::::::::::::::::::::::
Yo Compute Total incl. flipped strains (%0) "inel"
9 ‘_—'———-——~——————————-—————————»—:::::1:::::::;::—.::-:—:::—:r:—j-_m_-—_—::;,r_

for i=1:rows;
inclshiﬂ(i)=crcshift(i)+plcshifl(i);
end;

inclshift=inclshift’;



clear a;

for m=1:3:

for i=1:r0Ws:

templ (H)=work(i.m);

end %end i
if m==1,
strain=tcmpl';  Yestrain cnergy
elseif m==2;
pl_\v0rk=tcmpl‘: plastic work
clseif m==3,
cr_work=templ - 04creep work

end: %end if on m

end %end m
‘%,:::::::::::_—_—::::::::::::::::::::::::::::::::::::::::_—_;:::_
% compute life from work for 2nd thermal cycle
(%):::_—:::::_—::::::_—:::;:::::::::::::::::::::::_—_:::::::::_—_:::

delstrain=strain(rows)
delpl_work=pl_wo rk(rows)-pl_work(laststep 1)
delcr_work=cr_work(rows)-cr_work(laslslep 1)
nfﬁcl=(delslrain/.689)A(- 1/.18)
nf pl=(1 45*dclp1_work/165.5)A(- 1/.6)

nf cr=( l45*delcr_work/l42.5)A(—1/1 16)
nfﬂlot=nf_cl*nl’_pl*nf_cr/(nf#el*nf#pl+nf_pl*nf_cr+nf_cr*uf_cl)
%nf_tol:nf#cl*nfﬁcr/(nf_cr+nfﬂel)

echo on;

veuse in case delpl_work=0



Appendix M Hysteresis Plots From FEM Analysis

Equivaient Strain (%)
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