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Abstract—Life consumption monitoring is a prognostic
method to assess the remaining life of a product in 1ts actual
life-cycle environment by continuously or periodically
measuring the product’s performance parameters and
environmental conditions. This paper discusses a generic
process to conduct a life consumption monitoring for
electronic products. Two case studies on a circuit card
assembly in an automobile under-hood environment are
presented as application examples of the process.
Temperature and vibration were identified as the dominant
factors for the failure of the circuit card assembly. The
environmental loads were monitored using a data recorder
and the remaining life of the card assembly were estimated
using physics-of-failure based stress and damage models.
The predicted remaining life of the circuit card assemnbly
correlated well with the measurement results.
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1. INTRODUCTION

Condition-based maintenance and health management
require information of product life consumption and
remaining life. Using the health monitoring approach, the
information of a product in its life-cycle environment can be
obtained by continuously or periodically monitoring and
analyzing the extent of the product’s degradation or
deviation from its “normal” operating state [1].

Methods for health monitoring include non-destructive tests
(e.g., ultrascnic test and visual inspection} and parameters

' 0-7803-8155-6/04/$17.00© 2004 IEEE
? IEEEAC paper #1244, Version 4, Updated December 10, 2003

0-7803-8155-6/04/$17.00 ©2004 IEEE

to be monitored measure cither the health condition {¢.g. the
oil consumption of an engine) or the stress condition (e.g.
vibration) of a product [2][3]. In the extended-range twin-
engine operations (ETOPS) program for example the
ETOPS operators monitor engine conditions to assess
adverse trends in engine performance and execute
maintenance to avoid serious failures (e.g., events that could
cause in-flight shutdowns, diversions, or turnbacks). In
some cases, oil consumption data and engine data are
combined to identify problems in normal engine operation
[4]. In electronic systems, built-in-tests (BIT) are also
emploved for in-situ health monitoring. Key parameters are
tested or monitored using embedded circuits to identify
faults and determine the health condition of the system [5].

Life consumption monitoring (LCM) is a prognostic
approach in health monitoring, which uses physics-of-
failure based models to assess the life consumption and the
remaining life of a product in its life-cycle conditions. A
previous study has proposed a process to conduct life
consumpiion monitoring [6]- However, this process lacked a
key procedure to determine and select the environmental
and operational parameters that should be monitored. This
paper provides an enhanced process to address this issue for
electronic products. In addition, two case studies on a
circuit card assembly in an automobile under-hood
environment are presented as apphcation exarmples of the
process.

2. LIFE CONSUMPTION MONITORING
PROCEDURE

As shown in Figure 1 the life consumption monitoring
process has six steps to estimate the remaining life of an
electronic product. These steps include failure modes and
mechanisms  analysis  (FMMA),  virtual  reliability
assessment, critical parameter monitoring, measurement
data simplification, stress and damage accumulation
analysis, and remaining life estimation. Details for each step
are discussed in the subsequent section.
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Step 1: Conduct failure modes, mechanisms and effects analysis

Y

Step 2: Conduct a virtual reliability assessment to assess the failure
mechanisms with earliest time-to-failure

Step 3: Monitor appropriate product parameters
environmental (e.g, shock, vibration, temperature, humidity)

heat dissipation)

operational (e.g., voltage, power,
Y

Step 4: Conduct data simplification to make

and damage models

sensor data suitable for stress

Step 5: Perform stress and damage accumulation analysis

¥

Step 6: Estimate the remaining life of the product

Is the
remaining-life
acceptable}

Yes

Continue
monitoring

Schedule a maintenance action

Figure 1: Life consumption monitoring process

Failure Modes and Mechanisms Analysis

Failure modes and mechanisms analysis (FMMA) is a
systematic bottom-up approach to identify potential failures.
The objective of conducting a FMMA in life consumption
monitoring is to identify potential failure mechanisms that
can precipitate a failure in given environmental and
operational conditions. The steps involved in FMMA
inciude:

e [Identification of geometry, materials and life cycle
conditions — This step requires determination of the
geometry and materials (along with variability) and the
life cycle environment of the product. Life cycle
environment of a product includes its assembly,
storage, shipping, handling, and usage conditions. Both
variations and the worst-case conditions need to be

determined.
o [demtification of failure modes and corresponding
Jailures sites — All possible failure modes and its

corresponding failure sites need to be identified.
Different failure modes can be interactive and at
different levels.

Identification of all contributing failure mechanisms —
Among all potential failure mechanisms, only those that
contribute to a failure are selected.

Virtual Reliability Assessment

Virtual reliability assessment is performed to quantitatively
assess the polential failure mechanisms identified in the
FMMA. The objective is to identify critical failure
mechanisms and corresponding environmental and
operational parameters to be monitored.

Ranking of failure mechanisms based on time-to-failure
— This step estimates time-to-failure for each failure
mechanism selected in the FMMA, and ranks the
failure mechanisms based on the obtained time-to-
failure results.

Identification of critical failure mechanisms — This
step identifies the critical failure mechanisms based on
the failure mechanism rankings. For a non-repairable
unit, the critical failure mechanism is the one in which
the first failure is involved. In reality, one failure may
occur due to multiple failure mechanisms, Failure
mechanisms with time-to-failure less than a product’s
life expectation are considered as critical failure
mechanisms.

Identification of environmental and operational
paramefers to be monitored — Here the failure models
corresponding to the critical failure mechanisms are
identified. The inputs to the failure models in-turn
become the candidate environmental and operational
parameters to be monitored.
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Product Parameters Monitoring

Environmental parameters, such as temperature, humidity,
pressure, vibration or shock, and radiation, and operation
parameters such as current, power and heat dissipation can
be monitored continuously or periodically using in-situ
sensors. These parameters will be used for degradation
evaluation and remaining life estimation.

Data Simplification

Data simplification is the process of converting the raw
sensor data into a form suitable for stress and damage
models. The data simplification process depends on the
input requirements of stress and damage assessment models.
It reduces the number of data to be analyzed and
consequently, reduces memory tequirement and improves
computing speed.

Stress and Damage Accumulation Analysis

Stress and damage accumulation analysis is used to estimate
the damage accumulated in the product. This step begins
with creating simulation models based on product geometry
and material properties. For example, creating a model for a
circuit card assembly requires information on material and
dimensions of boards and components and their layout. The
simulation model is then used to estimate the stress at
individual failure sites based on life cycle environment
loads, which subsequently is used to calculate the time-to-
failure,

Stress and damage models are based on the input type
{cyclic and non-cyclic). Models requiring cyclic inputs are
used to determine the fatigue life or damage of a part.
Examples of this type include Engelmaier’s model for
cyclic thermal fatigue, Suhir’s mode} for die fracture, and
Pecht and Lali’s model for wire fatigue {7]. Models with
non-cyclic inputs usually require time varying value of the
independent wvariable as an input. Examples of this type
include Black’s model for electromigration, Kidson’s model
for intermetallic formation, and Howard’s model for
metallization corrosion {7]. To estimate accumulated
damage for single/multiple loading conditions a damage
accumulation rule is used with the output from stress and
damage models. [n damage accumulation it is postulated
that the damage incurred is permanent, and operation at
several different stress amplitudes in sequence will result in
an accumulated damage equal to the sum of the damage
accrued at each individual stress level. In the linear damage
accumulation theory, damage is assumed to accumulate at
the same rate at a given stress level regardless of the history.
However, damage accumulation may be influenced by the
order of application of damage at various stress levels

Remaining Life Estimation

Remaining life estimation provides estimation of the
remaining life based on accumulated damage of the product.
Remaining life estimation involves choosing the right data
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window for prediction to maximize the system’s
adaptability to rapid changes in degradation while
maintaining an acceptable amount of predictive variability
and uncertainty [8]. Based on the remaining life
information, the user can decide whether to keep the
product in operation with continuous menitoring or to
schedule a maintenance action.

3. CASE STUDIES

Two case studies were conducted to demonstrate the life
consumption monitoring methodology. For each case study,
a test board assembly was placed under-the-hood of a 1997
Toyota 4Runner and subjected to normal driving conditions
in the Washington DC area. Identical printed circuit boards
consisting of eight surface-mount leadless inductors
manufactured by ACL AppliCAD Inc were used in each
study. The inductors were soldered to FR-4 substrate with
Pb-Sn eutectic solder. The manufacturer specified operating
range of the inductors was —55 °C to 125 °C. In the first
case study the board was bolted at all the four corners while
in the second case the board was belted only at two corners
which made it act like a cantilever to vibrations’.

Failure Modes and Mechanisms Analysis

Failure modes and mechanisms analysis (FMMA) was
conducted to assess all possible failure modes and
mechanisms of the test board assembly in the automobile
underhood environment. Information about product
dimensions and geomeiry were obtained from design
specification, board layout drawing and component
manufacturer data sheets and environmental and operational
parameters were identified based on Society of Automotive
Engineers (SAE) environmental handbook. Identified
environmental and operational parameters were compared
with the existing loading conditions in the underhood
environment to determine the potential failure mechanisms.
Table 1 shows the failure modes and mechanisms analysis
for the circuit card assembly.

? Cantilever mounting was designed in order to accelerate the cffect of road
vibration and is not nccessarily representative of the mounting of
automobilc clectronic modulcs.
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Table 1: Failure modes and mechanisms analysis for the circuit card assembly

Failure . . . Failure Environmental and
Category Failure Site | Failure Mode Mechanism Operational Stress
Electrical open | Thermal fatigue Temperature cycling
PTH Electrical short Conductive Voltage, high RH, and tighter
filament .
(between PTHs) P tion (CFF PTH spacing
Printed circuit] - ormation ¢ )
board (PCB) Electrical short | Electromigratio| High current density and
Metallization |(0Stween traces), n temperature
traces and degradation - - .
in resistance Corrosion High RH, electt."lcal_ bias, ioaic
open traces contamination
Short between ) Overheating due to excessive
s Thermal fatigue| current and prolonged use at
windings .
high temperature
Short between Overheating due to excessive
Component Inductors |yindings and the| Thermal fatigue| current and prolonged use at
core high temperatures
Open circuit .
inside the | Thermal fatigue Prolonged use at high
. temperatures
inductor
Intermittent .
- change in Thermal fa!tlgu e Temperature cycling and
Interconnect | Solder joints . creep, high- L
electrical . vibraiion
. cycle fatigue
resistance :

Virtual Reliability Assessment

Virtual reliability assessment was conducted to assess the
time-to-failure using the failure mechanisms and models
identified in failure modes and mechanisms analysis
(FMMA), including plated through hole fatigue, conductive
filament formation, electromigration, metallization
corrosion, and solder joint fatigue, Information about
product dimensions and geometry were obtained from
design specification, board layout drawing and component
manufacturer data sheets. Environmental data for analysis
including temperature, vibration and humidity were
obtained from the Society of Automotive Engineers {SAE)
environmental handbook and Washington DC area weather
reports,

Figure 3 shows the average power spectral density (PSD)
plot for the vibration on a car frame from SAE handbook
[15]. The car was assumed to run an average of 3 hours per
day. Table 3 shows the temperature data used to define the
underhood environment. The maximum relative humidity
for the underhood environment was 98% at 38°C [15].
Humidity conditions were used in the estimate of time-to-
failure for corrosion and conductive filament formation.

4

Table 2: Virtual Reliability Assessment

Failure . Time-to-
. Failure model .
mechanism failure
Plated through CALCE PTH
barrel thermal
hole (PTH) fati del > 10 years
fatigue atigue mode
(calcePWA)
Conductive Rudra and Pecht
filament model 4.6 years
formation {(CFF) (calceFAST)
Electromigration Black’s model >10 years
(calceFAST)
Corrosion in
board Howard’s model 1 year"
metallization
traces
Engelmaier’s
Solder joint thermal' fatlgu,e
fatigue and Steinberg’s 34 days
vibration model

{calcePWA)

* Time-to-failurc was obtaincd in the worst-casc conditions with the
presence of an clectrolyte. The actual time-to-failure will be much higher
than one year.
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inductors

Figure 2: Experimental setup with the test board mounted under-the-hood of a car
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Figure 3: The power spectral density plot used for the virtual reliability assessment [15].

Table 3: Data used to define the temperature environment
for the virtual reliability assessment.

Maximum under hood temperature 121 °C
(near the frame) [15]

Average daily maximum 27 °C
temperature [16]

Average daily minimum 16 °C
temperature [16]

The time-to-failure for the failure mechanisms identified by
the FMMA were computed using appropriate failure
models. Table 2 shows the time-to-failures for the failure
mechanisms obtained from virtual reliability assessment,
The time-to-failures are ranked and a risk assessment is
made based on the severity and occurrence of the failure
modes and mechanisms under consideration. The results
show that solder joint fatigue is the only critical failure
mechanism in the given life cycle environment. The

environmental factors that contribute to solder joint fatigue
are temperature cycling and -vibration. The virtual reliability .
assessment predicted 34 days to failure based on solder joint
fatigue.

Product Parameter Monitoring

Monitoring and data simplification schemes were developed
for monitoring and analyzing the automobile underhood
environment for solder joint fatigue analysis. A battery
powered data-recording device was used to record the
temperature and vibration environment of the test board
assembly. An external temperature sensor was attached to
the test board to measure temperature variations in the
underhood conditions. Piezoelectric accelerometers were
mounted on one of the clamping points of the test board to
measure acceleration.
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Figure 4: Temperature profile on the test board, as recorded by the data-recording device
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Figure 5: The environmental temperature profile converted to the peaks and valleys using the Ordered Overall
Range (OOR) method.

Temperature Data Simplification

Temperature data is converted to a sequence of peaks and
valleys using the ordered overall range (OOR) method [13].
The OOR method is a data simplification method, which
allows the user to convert an irregular history into a regular
sequence of peaks and valleys. The QOR algorithm can also
eliminate some of the temperature reversals, which are
potentially less damaging, thereby achieving some data
reduction. The algorithm preserves those reversals that
differ by at least a specified fraction of the largest reversal
in the sequence,

6

Temperature-based siress and damage models for solder
joint fatigue require cyclic input for damage estimation °. A
temperature cycle is defined by its maximum, minimum
temperature, dwell and ramp times Rainflow cycle counting
algorithms are used to identify the cycles based on a given
loading profile [10]. The 3-parameter rainflow cycle
counting method can identify cycles in a manner consistent
with input of stress and damage medels [117, [12].

Vibration Data Simplification

The physics-of-failure based reliability assessment models
for solder joint failure require the random vibration data to
be described in terms of its power spectral density (PSD).

* The method described can be applied to simplify environmental data for
models that require cyclic input and not restricted to temperature.
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Figure 6: Board displacement estimated by calcePWA caused by the vibration profile.

The PSD describes the frequency composition of the
vibration in terms of its mean square value over a frequency
range. Fourier transform analysis is used to transform the
acceleration data from time domain to the frequency
domain. The result of the Fourier transform analysis is
usually a plot of amplitude/ power as a function of
frequency. In real life collected data is sampled and not
continuous. Hence fast fourier transform (FFT) is employed
to analyze discrete {or sampled) data. The PSD is estimated
by the following equation [14]):

G(/) ———\af) M

where G(f) is the Power spectral density at frequency 1, ar is
the FFT compenent of acceleration for frequency £, h is the
sampling interval and N is the number of data points in time
domain.

4. LIFE CYCLE ENVIRONMENT AND RESULTS

This section discusses the monitored environment and
remaining life results for the first case study. (case study-1).

Temperature sensors and accelerometers were used in the
automobile under-the-hood environmeni to monitor
temperature, shock, and vibration. The temperature sensor
used for the case study was Kele’s Model STR-91S two-
wire strap-on RTD sensor that can measure temperature up
to 200 °C. A 3-D piezoelectric (Endevco’s Model 2228C)
accelerometer was mounted on one of the clamping points
of the test board to measure accelerations in all 3 directions
(out-of-plane acceleration for the beard, acceleration along
the car motion and the transverse direction). Figure 2 shows
the experimental setup for the case study.

7

Temperature Apalysis

Figure 4 shows the monitored temperature data on the test
board for the entire duration of the experiment. The
sampling rate was chosen 1o be one minute , The figure
shows that the maximum temperature seen by the circuit
card assembly was 89 °C, which is well below the glass
transition temperature of FR-4 (130 °C) and the rated
temperature of the inductors (125 °C). The minimum
temperature seen by the cireuit card assembly was 4 °C.

The temperature vs. time history was converted to an
equivalent sequence of peaks and valleys (for thermal
fatigue analysis) using the ordered overall range (OOR)
method. Figure 5 shows the acquired temperature data
converted to peaks and valleys, The sequence temperature-
time history was converted to temperature cycles using the
3-parameter rainflow cycle counting method. The cycle
information obtained from the rain flow cycle counting
program was used as input to the calcePWA’ software and a
combined conduction-convection thermal analysis was
conducted.

¢ The sampling intervat for temperaturc measurement was chosen to be low
(i.c., one minutc) so that the data recording device can capture temperature
changes arising duc to starting of the engine

7 calcePWA is a physics-of-failure based virtual reliability assessment tool
developed by CALCE Electronic Products and Systems Center, University
of Maryland, College Park. The software creates numerical models for
thermal and vibration analysis of printed cireuit board assemblies. Based on
the results from thermal, vibration analysis and physics-of-failure models,
the softwarc cstimates time-to-failure,
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Figure 7: Power Spectral Density (PSD) vs. frequency plots averaged over the duration of the experiment
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Vibration Analvsis

Figure 7 shows the power spectral density (PSD) vs.
frequency averaged over the experiment duration. In order
1o select the vibration analysis range, the data recorder was
first programmed to collect data at its maximum sampling
rate® of 7200 samples/ second, and the resulting frequency
spectrum was analyzed, It was observed that the power
spectral density (PSD) of the vibrations was concentrated
below 400 Hz and the PSD was negligible above 600 Hz
(below 10 g%/Hz)). Hence, the frequency analysis range
was conservatively selected to be 1 to 700 Hz. Accordingly
the sampling rate and sample size were selected to be 1800
samples/second and 1024 samples. The anti-alising filter
frequency was chosen to be 700 Hz. The out-of-plane
vibration was at least 2 orders magnitude higher than the
other directions. Hence for simplicity, only out of plane (z-
direction Figure 7) in vibration was used for analysis.

The circuit card assembly was modeled with its two
clamped points for vibration loading. The displacements of
each component were estimated by numerical analysis using
calcePWA. Figure 6 shows the estimated displacement of
the board caused by vibration, [t can be seen from Figure 6
that the gradient of deflection is uniform along horizontal
axis of the board, which results in uniform curvature (1.1 x
10-3 / inch) along the horizontal axis, Uniform radius of
curvature results in egual amount of damage accumulation
in all solder joints due to vibration.

Stress and Damage Accumulation Analysis

Damage accumulation in the circuit card assembly was
determined using solder joint stress and damage models in
calcePWA under the effect of both temperature eycling and

® This was donc to find the frequency range of interest and to cnsure that
any bigh-frequency vibrations would not be climinated in the actual
experiment.

9

vibration. The output of the 3-parameter rainflow cycle
counting algorithm and the power spectral density (PSD) vs.
frequency data were used to estimate the damage. The
damage accumulation® was estimated using the Palmgren-
Miner linear damage accumulation theory [20], The
Palmgren-Miner theory states that the damage fraction (D;)
at any stress level S is linearly proportional to the ratio of
the number of cycles of operation (n;) to the total number of
cycles that would produce failure (N;) at that stress level.
> Lixy
N

1 N

()

The results obtained from stress and damage analysis are
shown in the form of a bar chart in Figure 10. It can be seen
from the plot that damage caused by vibration is much
higher compared to vibration caused by temperature cycling
(87% as opposed to 13%).

Renraining Life Estimation

The remaining life of the circuit card assembly was
calculated on a daily basis by subtracting the life consumed
on a particular day from the estimated remaining life on the
previous day in an iterative manner [19].

RL,=RL,  —DR,*TL, | (3)
where RLy is the remaining life at the end of day N, TLy is
estimated total life at the end of day N and DRy is the
damage ratio accumulated at the end of day N. The time
interval for the remaining life calculation can be decreased
or increased depending on the application and maintenance
plan. Figure 12 shows the summary of estimated remaining
life for the case study along with the experimental life from
Figure 8. The predicted life based on the life consumption
monitoring methodology was 61 days.

? Estimated damage of 100% damage corresponds to the predicted end-of-
life of the board.
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Verification of Remaining Life

The first sign of fatigue failure of solder joints is not
necessarily an electrical open, the solder joint failure often
manifests itself during thermal and mechanical transients, as
a disturbance in the form of a short duration resistance
spike. Fortunately, the thermal and vibration fatigue models
used for the analysis are also based on intermittent
resistance spikes, i.e., interruption of electrical discontinuity
for small periods of time {more than 1 ps) [21].

For this case study, the functional degradation of the circuit
card assembly was monitored experimentally in terms of
resistance change of the solder joints. An event detector
circuit was connected in series with all the components and
solder joints to indicate intermittent resistance changes. The

10

event detector was connected to the data logger to record
the time when there was an increase in resistance. An
intermittent increase in resistance, termed a “resistance
spike” was defined to be an increase in resistance of 100
ohms [17]. Failure was defined as occurrence of fifieen
such resistance spikes.

The event detector circuit sends a continuous direct current
signal through the daisy-chained circuit containing the
inductors and the solder joints in series. Since the inductors
offer zero resistance to the direct cwrrent, the resistance of
the daisy-chained circuit is dependent on the resistance of
the solder joints. The resistance offered to the direct current
was compared with the preset value (100 ohms increase for
each solder joint) 7200 times every second. The comparison
results were logged at the end of every second.
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Figure 8 shows the measured “nominal” resistances
{measured during the experiment on a daily basis with the
car engine off) and the occurrences of the resistance spikes,
It can be seen from the plot that there is a gradual change in
resistance throughout the experiment. The actual life of the
circuit card assembly was found to be 66 days.

5. RESULTS FROM A CASE STUDY IN A SIMILAR
ENVIRONMENT

This section gives the summary of a similar case study (case
study — II) where an identical circuit card assembly was
mounted under-the-hood of the same vehicle (1997 Toyota
4-Runner) {19]. A temperature sensor and a single axis
piezoelectric accelerometer were used along with the data-
recording device to monitor the underhood environment.
The experiment was continued until failure of the circuit
board assembly. The recorded temperature and the vibration
envircnment for the case study are shown in Figure 9. The
accelerometer was used to monitor the out-of-plane
acceleration of the circuit card assembly, There was a car
accident during the experiment, which resulted in very high
level of random vibration, Aiso two shock profiles
(maximum peak to peak acceleration of 45 g for duration of
100 milliseconds) were recorded.

Remaining life of the circuit card assembly was estimated
on a daily basis based on the collected environmental data.
Figure 13 shows the estimated remaining life as a function
of time. Actual life from resistance monitoring was found to
be 39 days, which is close to the predicted value of 40 days
obtained from the experiment

6. CASE STUDY COMPARISON

A comparison between the case studies in terms of
monitored environment and the predicted results is given in
Table 4. It can be seen from the table that higher fraction of
damage occurred due to temperature cycling in the circuit
card assembly for case study-I (13% as opposed to 5%).
This can be explained from the recorded temperature data,
which shows higher temperature cycling values for case
study-I compared to case study-II. It can also be found from
the table that damage fraction due to vibration is
comparatively less in case study-I. This observation is due
to: 1) lower value of power spectral density (PSD)
compared in case study-1 compared to case study-1I and 2}
high vibration during the car accident in case study-II.

For both case studies the predicted life of the circuit card
assembly based on life consumption monitoring are within 8
% of the actual experimental life. Also it can be found that
the predicted and actual life of the circuit board assembly
are higher for case study-I compared to case study-11, which
is due to the fact that wvibration is the dominant
environmental load compared to temperature cycling in the

11

automotive underhood environment and vibration

conditions are more harsh in case of case study-I1.

Table 4: Comparison between the case studies

Case Case
Study I Study [I
Avg. 410C | Avg. 30C
Temperature Max. 89 Max. 61
°oC oC
. 10 6.09¢-3 8.73e-3
Maximum PSD value o2/Hz. 2z,
Predicted life using life 6ldays | 40days
consumption monitoring
Acfual life base?d on 66 days 19 days
resistance monioring
0,
% Damage due to 13 % 504
temperature cycling
% Damage due to vibration 87 % 95 %
7. SUMMARY

This paper discusses an enhanced life consumption
monitoring methodology with defined process to determine
failure mechanisms and parameters to be monitored in
health monitoring and management of electronic products.
it also presents two case studies in an automobile
underhood environment as real application examples of the
methodology. In the case studies, solder joint fatigue was
identified as the only critical failure mechanism.
Temperature and vibration were identified as the
environmental parameters that needed to be monitored for
the life consumption and remaining life estimation. The
results showed that the remaining life prediction correlate
well with the measurement.
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