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EXECUTIVE SUMMARY

The objective of this study was to update the MIL-HDBK-217 failure rate prediction models
for Capacitors, Resistors, Inductive Devices, Switches, Relays, Connectors, Interconnection
Assemblies and Rotating Devices. These models were developed or modified primarily from the
statistical analysis of field failure rate data collected during this study. This data was collected
mainly from military maintenance records with additional information and data collected from
warranty records, published information and laboratory test results. Particular attention was given
to the requirement that all data used in support of the models be of high quality. To address this,
IITRI used only that data for which there existed confidence that it indeed was accurate.

An objective of this model deveiopment exercise was also to simplify the models in a manner
that made their complexity consistent with their precision and accuracy, while at the same time
including provisions to account for the primary variables affecting reliability.

Each part type was studied to determine their primary modes and mechanisms of failure.
This information was used to structurs a hypothetical model whose factors were then quantified
from analysis of failure rate data, All reliability models relied on rield data except for
interconnection assemblies which used laboratory test data. Lavoratory test data was used because
the model for inte rconnection assemblies predicts the number of thermal cycles to failure and its
development thus relied on cycle to failure data which is only available through laboratory tests.

A new prediction methodology was also developed to model the failure rate of devices *nat
exhibit wearout failire mechanisms, Devices exhibiting these mechanisms, and those modeled
accoidingly, are; switches, relays and interconnection assemblics (which include Plated Through
Holes (PTH) and Surface Mount Technology (SMT)). This methodology essentially converts a
time to failure statistiz such as Mean-Time-to-Failure (MTTF) or characteristic Life (a) to an
average failure rate over the design Life Cycle or preventative maintenance interval. Since a closed

form solution for the calculation of this average failure rate is not possible, it was accomplished by

means of Monte-Carlo simulations. Acoesstgg ’°.,r )
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The change in predicted failure rate between the models proposed herein and the existing
MIL-HDBK-217 modals varied significantly from part type to part type. However, from the
comparison of the proposed models to the existing models, the following conclusioas can be made:

(D

2

3

4

(5)

{6)

)

Capacitor failure rates are generaily lower than MIL-HDBK-217E models, although
they exhibited a higher dependence on environment.

Film resistors and resistor networks were approximately consistent with MIL-HDBK-
217E, and composition were slightly higher.

Predicted failure rates for inductive devices are generally consistent with MIL-HDBK-
217E models.

The predicted failure rates for switches and relays are generally much higher, have a
much higher dependence on environment, and lower dependence on quality than MIL-
HDBK-217E models.

The predicted failure rate for connectors is generally lower than MIL-HDBK-217E
models.

The predicted failure rate of interconnection assemblies/printed wiring boards depend
much more on specific design attributes, and therefore can be either higher or lower
than MIL-HDBK-217E model.

The electric motor predicted failure rates are generally consistent with MIL-HDBK-
217E.

The above comparisons are qualitative since the actual ratio of new model to the MIL-HDBK-

217E model can vary significantly depending on the specific variables used in the prediction.
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1.0 INTRODUCTION

The purpose of this study effort was to update the failure rate prediction models contained in
MIL-HDBK-217E, "Reliability Prediction of Electronic Equipment” for:

Resistors

Capacitors

Inductive Devices
Switches

Relays

Connectors

Interconnection Assemblics

Rotating Devices

This was accomplished for cach part type by revizwing the existing models, identifying arcas
needing updating or revising, studying the failure physics, collecting failure rate data,
hypothesizing a model, sietistically analyzing the data, and using all information and data avaiiable

to construct new or revised models. Objectives of these models are that they:

(1) Bereflective of current State-of-the-Art in part manvfacturing izchrology,

(2) Include all pant types used in military systems,

(3) Be based only on information that is available during equipment design phases,

(4) Be as accurate and precise as possible given the constraint of #3 above.

(5) Accurately represent various quality levels and environments

In failure rate modeling of components, defect related failure mechanisms (special cause) and
inherent failure mechanisms (common cause) must be treated separately. With a few exceptions,
the predominant failure mechanisms of the parts being modeled herein are specin! cause. For purts
that exhibirt these mechanisms as being predominant, the best model that can be derived is a
statistical regression model from field experience data. To accomplish the above modeling

objectives, field fuilure rate data collected from a wide variety of sources was statistically analyzed.

Since the data was collected from a variety of sources and from various manufacturers, the models
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will be representative of industry average failure rates and will predict the failure rate for the
"average” manufactuier. They will also be indicative of how well the part manufacturers, as a

whole, are able to control their processes, and how defect free they are able to manufacture them.

Since the majority of failures ir: the early and mid life of electronic parts are related to some
form of defect and are highly process related, the observed failure rates can vary significantly as a
function of manufacturer. It would intuitively seem logical that the variability of military parts
manufactured and screened in accordance with the applicable sperifications would exhibit a smaller
degree of variation than commercial quality parts. However, this decreased variability typically
cannot he observed from field data, possibly due to the fact that there is inherently greater variation
in military environmental stresses, thus masking any decreased variabiiily that may be present.
One way to account for variability and increase the precision of the me .¢l is to require detailed
process specific information as an input to the prediction model. Tt is typically not feasible to
require such information as an irput t¢ the model, since such intormation is only available to the
part manufacturer. Examples of this indormation are defect density, contamination levels, material
comositions, and statistical process control information. These inherent limitations in the type of
data that can be used as input to the failure rate models such as those in M (L-HDBK-217 highlight

the fact that such models are generic, industry average models and not ma..ufacturer specific.

Other objectives of this study were to simplify the models, make them more consistent with
other models in MIL-HDBK-217, and to make their complexity consistent with their accuracy and
precision. For example, there is currently a separate set of environment factors for individual types
of resistors. Most other modeis in the handboek, including microcircuits, have only one set of
environment factors. Given the precision and accuracy of ihe prediction model expected, and the
fact that it is generally impossible to distinguish the difference in environmental effects for cach
individual resistor type from field data, it is proposed that a single quality and environment factor
be used for a generic part type (such as resistors, canacitors, switches, ete.). The exception to this
is that if, within a generic component category, there exist purt types exhibiting different

predominant failure mechanisms.
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2.0 FAILURE RATE MODELING
2.1  FAILURE RATE MODELING APPROACH

A general failure rate modeling approach was defined to provide the basic structure for the
failure rate prediction model development process. Figure 2-1-1 presents the model development
approach and the following paragraphs briefly describe the primary tasks in this approach.

>| IDENTIFY POSSIBLE
VARJABLES
I ]
COLLECT
DEVELOP THEQRETICAL DATA
MODEL ¥
¥
{ ~ L DATA
Pl T m
IDENTIFY MODEL FACTORS
< WITH ALTERNATIVE
METHODS
A
/’——j(
CORRELATION ——
o 7 REJECT HIGHLY
COEFFICIENT DEPENDENT VARIABLES
ANALYS!S
NEARLY INDEPENDENT
STEPWISE MULTIPLE
REGRESSION ANALYSIS
POOR FIT GOODNESS OF
o FIT ANALYSIS
GOOD FIT
FAIL EXTRIME CASE
- ANALYSIS
POOR FIT MODEL
VALIDATION
GOUD FIT
FIGURE 2-1-1: MODEL DEVELOPMENT APPROACH
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2.1.1  ldentify Potential Variables

The first step of the model development process was to identify variables which could
potentially have an effect on failure ratec. These variables were limited to information available to
engineers during equipment design phases. Determination of these variables was based on physics
of failure informution. Appendix B lists the variables tracked (if available) for each part type being
modeled. All variables listed are potential mode! parameters and are either a function of device
construction/design, circuit application, application environment, or a combination thercof. The
identification of these parameters early in the data collection phase served to focus the duta

collection efforts and refine the theoretical medels.
2.1.2 ata Collectd

Effective data collection was critical to the successful completion of this effort. Details of this

portion of the effort are presented in Section 3.0 of this report.

2.1.3  Theoretical Model Development

A series of theoretical failure rate prediction models was hypothesized to provide the resultant
models with a sound theoretical/engineering backing. Basically, theoretical model development
involved evaluation of the effects of the parameters identified in the "Identify Potential Variables™
phase. In addition, the optimal mode! form (i.e., additive, multiplicative, combination) was

determined and the time dependency of each part types failure rate was studied.

The failure rate models proposed consist of two additive fuilure rate terms, of which anc or
both are applicable to each part type. The first is a constant failure rate term associated with
random failures due to defects or event related failure mechanisms. This contribution term cannot
be modeled with a physics -of- failure approach and tnerefore is generally a multiplicative model in
which the fuctors represent the predominant failure accelerating veriobles. Since itis primarily a
defect reluted failure rate, itis an industr average fadure rate and represents the capabilities of
current manuiacturing technologies. The second term maodets wearout failure mechanisms, These
are usually referred to as common cause and are inherent mechanisms. Physics of failure
approaches are applicable to these failure mechanisms since they are generally more understood

than detfect related mechaninms,
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These two terms are additive since they are typically separate failure mechanizms for which
different modelling approaches are takzp. For example, wearout failure mechanisms are modeled
with time-to-failure distritutions (Lognormal or Weibull with beta > 1) whereas defect related

failure mechanisms are typically modeled with a constant failure rate.

If the failure mechanisms being modeled are independent, the failure rates associated with
each can be added. An example of this is relays in which one potential failure mode is binding of
the moving mechanism. This most likely is due to a combination of part defect and
environmental/use conditions. Since it is primarily a defect related failure mechanism, it can be
modeled with a constant failure rate. Arn example of a potential common cause failure mode is the
arcing and resulting high resistance material formed between the contacts during the switching
operation. This mechanism is a result of the use and load conditions to which the relay has been
subjected. It is a wearout failure mechanism for which an increasing failure rate (such as Weibull
with B > 1) is appropriate. Since these two mechanisms are statistically independent, the failure

rates associated with each can be added to derive the total failure rate.

Several current MIL-HDEK-217E models include provisions for the failure rate to increase
dramatically when the maximum electrical or temperature stress is approached. Examples of this
are capacitors which have these provisions for voltage and temperature, and resistors which have it
for temperature. Although stresses of these levels will undoubtedly adversely affect the failure
rate, it is very difficult to quantify the failure rate under these stress conditions, prrticularly because
different failure mechanisms are predominant than in the case where the part is used within its rated
stresses. This difficulty, coup.2d with the fact that most other models in MiL-HDBK-217 do not
include these provisions, has led IITRI 10 propose that the new madels do not include these
provisions. Thercfore, it must b understood and clearly noted that the models are valid only for
situations in which the parts are applied in a manaer which stiesses them below their rated values.
Additionally, the models are only valid within the range of stresses of the data on which the model

is based.

A general rule that lITR] followed in development of tis constant failuie rate defect portion
of the madels was to include only those factors that were observed to significantly affect reliability.
Model factors unsubstantiated by empirical data were only included in cases where parameters are
known to effect relinbility. Example of these types o7 fuctors include temperaiase, environment,

and quality.
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Development of the theor=tical models relied heavily on published literature. The literature

included many instances of mathematical models relating failure rate (or mean time-to-failure) to
temperature, power, derating and other factors. Many other technical articles or documents
provided a qualitative assessment of reliability influences. These were usefui to define the relative
effect of numerous variables. In very general terms, the theoretical models (constant failure rate

portion) were of the following form. :

n
7&.1 = lb KT RE nQ i[[l’fti
where
A, = theoretical failure rate prediction
Ar = base failure rate, dependent on device type
mt = temperature factor (Discussed further in Section 2.2)

= e CAG-T)

where
A = constant, activation energy (Ea) divided by K (Bolizmans constant)
T = device temperature
T, = reference temperature

g = environment factor based upon device application environment

nQ = quality factor based upon device screen level and qualification status

n
f1 m = the product of Pi factors based upon varizbles fra the list of potential
i=1 ‘

model input variables found to have a significant effect on failure rate

The development of theoretical device failure rate prediction models was an integral part of
the overall model development process. Infonmation collected through the literature review and
vendor surveys was reviewed and evaluated to aid in the development of theoretical models for

cach component type. The theoretical madels serve the following functions:

*  Assure prediction madels conform to physical and chemical principles

+ Select variables when not possible by purely statistical techniques




2.1.4 Data Analysis

The next phase of the modeling approach was data analysis of the failure rate data collected
through an intensive data collection effort (described in Section 3.0). Techniques used were
correlation coefficient analysis, regression analysis, goodness-of-fit testing and others. These are

described in the following paragraphs.

The first data analysis task was correlation coefficient analysis. The objective of this analysis
was to identify highly correlated variables. As part of this task, correlation coefficients were
computed for each pair of independent variables. The correlation coefficient is a measure of the
relation between two variables and varies between -1 and 1 (from perfect negative to perfect
positive correlation). Regression analysis requires that all independent variables are uncorrelated;
therefore, the effects of correlated variables could not be simultaneously quantified. If the
variables were correlated inherently (e.g., temperature and power), a decision was made to include
only the most significant variable in the regression analysis. If the variables were correlated due to
chance (e.g., quality vs. temperature), then several options were considered. If a valid theoretical
or empirical relationship was found for one of the correlated variables, then the effect of that
variable was removed from the data by assuming the relationship to be correct. If this assumption
was correct, then the effect of the remaining correlated variable could be accurately assessed by

data analysis.

"The next step in the model development process was to apply stepwise multiple regression
analysis. Regression analysis is described in detail in Draper and Smith (Reference 2). This
technique was used to compute the coefficients of an assumed model form in a least squares fit to
the data. Regressicn solutions were found for decreasing confidence limits bcginning with 90%.
In addition, standard error statistics were computed for each significant variable to obtain an
indication of the accuracy of coefficient estimates. Additionally, upper and lower 90% confidence
interval values were determined for cach coefficient. In general, variables were not included in the
proposed model if they did not significantly affect failure rate with at least 70% contidence.
Howevar, if a variable such as device quality was known to influence failure rate from an
engineering perspective, then coefficients were computed with less than 70% confidence and a
corresponding factor was proposed. In these instances, the resultant factor should be considered

approximate.

Generully, transformations were performed on the data to yield multiplicative model forms.

To accomplish this, a logarithmic transformation of the failure rate was made so that a linear
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regression could be accomplished. For example, multiple linear regression analysis assumes a

model of the following form;
Y = bo+bl Xl +b2X2+...ann+E

where Y is the dependent variable (in this case failure rate), Xj's are the independent variables, by's

are the coefficients to be estimated by the analysis, and E is the residual error. Since a
multiplicative model was generally used for the models herein, a logarithmic transformation of the
failure rate was required before the regression analysis was performed. Once the coefficients were
derived from the analysis, the antilogarithm was taken to yield the final model. As another
example, the effect of junction temperature is often modeled by use of ths equivalent Arrhenius
relationship, which indicates that the failure rate is a function of temperature, and takes the form,

A = Aexp(-B/M

where T is the temperature, A is the failure rate and A and B are constants. By taking the natural

logarithm of each side, the equation becomes

InA = lnA-%
which can be solved by regression analysis with 1/T the independent variable and In) the

dependent variable.

In addition to quantitative regression that was vscd to relate failure rate to continuous
variables such as temperature and rated power, qualitative regression techniques were also
employed. Qualitative regression (often termed covariance analysis) is used to model the effect of
variables which cannot be measured on a numerical scale (e.g., screen class). A matrix of
indicator variables (0 or 1) is defined and used as the independent variables to represent the
qualitative variable,

The F-ratio and Critical F are parameters which are used in conjunction with regression
analysis to determine significance of independent variables. The Critical F value corresponds to
the degrees of freedom of the model (equal to the number of data points minus the number of
coefficients minus one) and a specified confidence limit. This number may be used to test the

significance of each variable as it is considered for addition to or deletion from the model. The F-
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ratio value for a regression is the quotient of the mean square due to regression and the mean
square due to residual variation. 'f the F-ratio value for any independent variable is greater than the
Critical F value, then it was considered a significant factor influencing failure rate and was included

in the regression solution.
2.1.4.1  Analyzing Data with No Observed Failures

The original data records were combined by adding the number of failures and dividing by
the total number of part hours for those records having the same variables being analyzed. In this
analysis, a record is generated for a specific part in a specific system. For each of these records,
there can be zero, one or more observed failures. A regression analysis was then performed on the
combined records that had one or more observed failures. This was done on failure records only
since it is impossible to run regressions on failure rates of zero. Observances of no failurzs does
not imply a failure rate of zero, but rather enough part hours have not been accrued to experience
failures. To address the problem of analyzing zero failure data points the following options were

considered:
(1) Use only data records with failures.

(2) Use the lower 60% confidence level for zero failure data records, providing a minimum
number of operating hours have been observed. This translates to the assumption that

.9 failures have occurred in the given number of part hours.

(3) Use of a very low failure rate (i.e., several orders of magnitude lower than the lowest

observed failure rate) for zero failure records.

(4) Use of only those records with failures for model development and multiplication of the
derived base failure rates by the ratio: [observed hours without failures/total observed
hours]. For example, if 70 percent of the total part hours correspond to records with
failures, the failure rates derived from the regression analysis of the data records with

failures would be multiplied by .7.

Option 1 is not desirable since it ignores observed part hours with no failures and wiil result
in pessimistic prediction models. Option 2 is also not desirable since it, in essence, assumes
failures have occurred that in fact, have not. Option 3 alleviates the concerns of pessimistic

prediction models, but confounds the derivation of specific mode! factors. Option 4 is the best
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available option since it 1) allows accuraie quantification of relative model factors and 2) results in
an overall accurate model. This occurs since it is scaled in a manner that allows accurate prediction
of the entire population of parts regardless if there have heen enough hours to ohserve failures in
the particular data set used to derive the model.

It is necessary to modify the predicted failure rate by the percentage of zero failure hours to
account for all observed hours after the regression results are obtained. The regression analysis
can only utilize non-zero failure rates and therefore only the failure records can be used to quantify
model variables. The zero failure records are only used to scale the predicted failure rates in
accordance with the behavior of the entire population. Therefore, the hours and failures of the
entire dataset cannot be used since only a subset (those with failures) are used to derive the model

variables.

2.1.5 Mgdel! Evaluation

A danger in developing models with multiple regression techniques is that the resulting
models can yield unrealistically high or low results if the extremes of model input variables are
used. The next phase of the model development process was therefore to perform an extreme case
analysis. Predictions were performed using the proposed model for parameters beyond the ranges
found in the data. The intent of the extreme case analysis was two-fold: (1) to identify any set of
conditions which cause the proposed model to numerically "blow up,” (2) to identify any set of
conditions which predict a failure rate which is intuitively incorrect. For instance, a model that
predicted an unscreened device with a lower failure rate than a similar screened device or that
predicted a negative failure rate would be ex:mpies of an intuitively incorrect model. IITRI was
very sensitive to this effect and included models that have such extreme values only in cases whete
it is justified from theoretical or empiricu! considerations. Reasons fur failing the extreme case
analysis primarily involve an incorrect choice of model form. If the extreme case analysis indicated
that the proposed model 'was unacceptable, then the entire model development process was begun
again.

Itis very important that the resulting models predict failure rates that are credible to practicing
reliability engineers. For this reason, the developed models were reviewed to ensure that they
yield results that are both reasonable ard intuitively correct. To accomplish this, predicted failure
rates were calculated using typical parameter values. Level 2 derating requircments of Reference
76 will be used to define typical values and are used to normalize the models since the derating

values in that document . ipresent typical and realistic values being used. The actual derating
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values to be used for this purpose are not important, only that they are representative of current
design practices. The predicted failure rates were then analyzed to verify that they yield reasonable
results that are representative of typical observed values. If the model factors resulting from the
analysis are not reasonable from an engineering perspective, the factors causing the inconsistency
were deleted and the regression analysis was performed again. A portion of this effort was also to
identify and remove outlier data points that may not have been considered as such by the statistical
analysis. While such outliers were often obvious and discarded in the original dataset, there we:
instances where selected data point(s) that were not considered outliers by the statistical analysis

were severely impacting the results.

Particular attention was given to the models that appear to be yielding excessively high or low
failure rates. If this was the case, each model exhibiting these characteristics was reevaluated and

e

corrected until reasonable and intuitive results are obtained.

Additionally, the models were analyzed relative to the existing MIL-HDBK-217E models.
For mature technologies, or cases where there is no obvious reason for failure rates to be getting
worse, the models were scrutinized to determine if the pessimistic failure rate is justified or
whether it is merely a statistical anomaly of the modeling process. It should also be noted that in
cases where the new models differ substantially from the old, it could be due to a lack of data in the
original dataset used to derive the MIL-HDBK-217E models.

The goodness-of-fit of the regression solution was then measured using the R-squared
statistic. The R2 coefficient or multiple coefficient of determination is equal to the ratio of the sum
of squares of the deviations explained by the regression to the sum of the squares of the deviations
of the observed data. The R2 value was used as a means to determine the ability cf the regression
model to predict the observed results. The coefficient ranges from 0 to 1.0. A coefficient value of
1.0 indicates a perfect fit between the model and the observed data. While there is no minimum
acceptable coefficient, higher values indicate better correlation between predicted and observed

. 2 - .
failure rates. The range of R< values in this analysis was from .30 to .78.




2.2 TEMPERATURE EFFECTS

An investigation into the effects of temperature was a crucial part of this failure rate modeling
“effort. Based on the published literature, the impact of device temperature was determined to be an
important variable affecting the failure rate of most part types being modeled.

It was concluded in this study that, of the devices studied, the reliability of capacitors,
variable resistors, inductors, transformers, and motors exhibit a strong dependency on
temperature. It will be shown in Section 4.1.3.2 that for capacitors, the acceleration rates predicted
from analysis of accelerated life tests are much higher than those used historically in MIL-HDBK-
217. This could be due to higher acceleration rates at the highly accelerated test conditions relative
to field usage. With the exception of resistors, the other components types listed above have
similar reliability concerns to capacitors due to the similar nature of the insulating material.
Nevertheless, it is obvious that, for these part types, temperature must be accounted {or in the
model. In general there was no evidence that, at field use conditions, the curre.t MIL-HDBK-217
acceleration rates are erroneous. Therefore, for most of the applicable part types, current MIL-
HDBK-217 temperature acceleration factors will be used as a baseline to derive the new models.

While, in general, quality and/or environment were derived from analysis of the empirical
dataset, in no case during this effort could a temperature factor be derived from the empirical field
data due to the fact that an accurate operating temperature of the components was rarely known.
Although this uncertainty in temperature precludes derivation of a temperature factor from field
data, temperature is known from laboratory data to heavily influence the reliability of most part
types being modeled and must be accounted for. Alternative methods of deriving a temperature
factor were therefore used, such as; life test data, knowledge of temperature effects of failure
mechanism similar to those being modeled, results reported in the literature, and existing reliability
rnodels.

Based on historical data, the Arrhenius relationship adequately models the reaction raie of
many failure mechanisms within a specific temperature range. The Arrhenius model is based on
empirical data and predicts that the rate of a given chemical or physical reaction, in this case a
failure mechanism, will be exponential with the inverse of temperature. Conceptually, the

Arrhenius model is given by:

Reaction Rate = exp(-E,/KT)




E, = activation energy (eV)

= Boltzman's constant
= 8.617x 1073 (eV/°K)
T = temperature (°K)

Every chemical reaction has a unique activation energy associated with it. Most components
have several such reactions proceeding simultaneously, each capable either individually and/or
jointly of causing a part failure. However, consideration of each reaction separately would be too
complex to analyze with the available data. It has been found, however, that for general classes of
components with similar failure mechanism distributions the cumulative effects of the various
reactions can be approximated by an Arrhenius mcdel for a specified temperature range. This
relationship has been designated as the "equivalent Arrhenius relationship.” Because of the
documented accuracy of this approach and the limitations of the available data, it. was decided to
investigate the effects of temperature using the equivalent Arrhenius relationship. It must be
emphasized that beyond the range of normal usage temperatures, this relationship will no longer be
applicable. It must also be noted that while the Arrhenius relationship was originally derived to
model chemical reaction rates, it is used herein as an empirical model describing the temperature

dependence of failure rate.

2.3 MODELING WEAROUT FAILURE MECHANISMS

Several part types being modeled can exhibit wearout failure mechanisms. These part types
include: motors, switches, relays, surface mounted devices, connectors and Aluminum electrolytic
capacitors. If wearout failure mechanisms are the predominant reliability drivers for a particular

part type, a constant failure rate model clearly is not applicable.
IITRI has analyzed several alternative methods of modeling these device types, including:
(1) A time dependent failure rate

(2) A step function failure rate
(3) A constant failure rate and a wearout time beyond which the model is not valid

(4) A constant average failure rate for the entire life byclc of the part




-~

Since it is desirable that the models to be developed be independent of time and based on a
constant failure rate, the use of Number 4 above is proposed. In this approach, an average failure
rate is calculated over the life cycle of the equipment in which the part is operating. The average
hazard rate over the life cycle cannot be used because it is a measure of the instantaneous failure
rate of a part under the condition that it has not yet failed. The condition of interest in this
modeling effort is the failure rate after a portion of the population has failed. This model is based
on the premise that parts are replaced upon failure and that an effective constant failure rate is
achieved after a given time due to the fact that the effective "time zero” of replaced parts become
random after a significant portion of the population is replaced.

Since this failure rate cannot be derived in a closed form, Monte Carle simulations were
performed to estimate the failure rate of the Weibull distribution as a function of time, assuming
that parts are replaced upon failure, and assuming the Weibull distribution is valid. Since the term
failure rate implies a constant hazard rate from the exponential distribution, its use as a time varying
function is not entirely accurate. Therefore, some have referred to this time dependent faiiure rate

as the "Rate-ot-Occurrence-of-Failure”.

The Weibull Probability Density Function (pdf) of time to failure is:

(P
w == (i)‘“ @)

o

The time to failure of a given component that follows this ndf is:

1
TTF; = o[- In (1 - RND)|P
where;
'I’IFij = Time to failure of the ith component which hus been replaced j times. ’ITFU-
is relative to the "time zero" of the i'h component
o = Weibull characteristic life, time at which 63.2% of the population will have

fuiled (without replacements)




B = Weibull Shape Parameter
RND = Random number equally distributed between 0 and 1
The "Rate of Occurrence of Fuilure" was calculated for cach B value in the following manner:

1. The TTF for component i = 1 was calculated. This process was repeated for 100

failures of the i = | component (j = 1 - 100)
2. This process was repeated 1000 times (i = 1 - 1000)
3. Total failures in each time increment of .1 « were tallied.

The following figure illustrates this concept (dots represent failure in time);
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Ten simulations were performed, using o = 1 and varying the beta value from 1 to 10.

Appendix C presents the actual results of these simulations. Since the simulations were performed
with o = 1, the results can be converted to an actual situation by using an « in absolute time units.

It can be seen from these results that the failure rate of a's greater than one starts out very
low, increases when the hazard rate of the initial population starts to increase, oscillates as parts are
being replaced, and reaches an asymptotic value after some period of time. The actual failure rate
unit of these simulations is failures per 1000 components per .1 o, Therefore, dividing by 100

yields the unit failures per alpha.

The asymptotic failure rate, regardless of beta, is very close to one. The times at which the
asymiptote is reached, however, is dependent on beta. These values are illustrated in Table 2.3-1.

TABLE 2.3-1:
APPROXIMATE TIMES AT WHICH ASYMPTOTIC FAILURE
RATES ARE REACHED
beta asymptote
2 la
4 2.4a
6 42a
8 7.0
10 IHa

An average cumulative failure rate was then caleulated as a function of beta and the Life Cycle
(LLC)/+1pha ratio, These average failure rates are summarized in Table 2.3-2 and in Figure 2.3-1.
The values summarized in this table are average failure rates from time 0 to time LC/a and were

computed by dividing the total simulated number of fatlures by the time (in units of ).

The units of the average cumulative feilure rate are in failures per alpha. Dividing the

cumulative fatlure rate by « (in 100 hours) yiekds a failure rate of F/100 hrs.




TABLE 2.3-2:
CUMULATIVE FAILURE RATE SUMMARY

&)

B
LC
a 1 2 3 4 5 6 7 8 9 10
1 1 41 a3 02) 00 |00 |00 o0 |00 | 00
2 1 430 s 05| 0100 [00 |00 {00 |00
3 | S04 .23 a0 031 .02 o0t] 00 |00 |00
4 1 571 .31 200 09 04 02f .02 .0t} 00
5 1 62 ] 41 250 a7 0] 06] .04 .02] .01
.6 1 68 | .51 341 26 20| a2} 09| .08 .04
7 1 74 | 61 461 39 36 27] 251 20 .15
.8 1 78 | .68 S99 58| 53| 46 50| 4z ] .40
9. 1 84| .76 71 71 AT I 74 .72 73
1.0 1 90| 82| 80| 82| 85| .86 ] .91 931 94
1.5 1 97 92 .84, 82| 89| 5| .74} 72| .70
2.0 1 1.01 98 1 94 94| 95| 941 96| 96| .96
2.5 ! 1.04 | 101 971 94 94 93| 89| 88| .86
3.0 | 1.06 1 1.03 ] 100 98| 98] 99| 99| 98| .98
’ 3.5 ! Log | 1os ] 1ot 99 w8 99t 97| 94| .93
4.0 ! 108 | 107 ] 103 ] 102 ] 1ot rol | ror | oo | oo
4.5 1 1091 107 | 104 103 | Lot} o2 99| ax 97
5.0 I 1.09 | 108 1 105 ) 103 ] 102 ] ro3 ] ro2{ tot ] 1o

The time is normalized to the ratio: Life Cycle (LCYalpha, Components not using hours as
the independent variable (f.e., switches which use actuations) can either egnate # cyeles to time or
can use total number of cycles expected as LC. Life eycle in the contextof this model is the design

life of the equipment in which the part s operating,
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FIGURE 2.3-1:
CUMULATIVE AVERAGE FAILURE RATE AS A FUNCTION
OF LIFECYCLE, . AND 3

For example, if the Lite Cycle of a motor is .5 a2 and =3 for the motor,
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If o = 100,000 hrs:
1.41]63 = 4.1 F/100 hrs. (Dividing by o achicves absolute A)
. -

Additionaily, if preventative maintenance (PM) is performed, the PM interval can be used for

LC, thus yielding the average failure rate in the PM interval.

The methodology developed herein allows a constant average failure rate to be predicted over
the life cycle (or preventative maintenance interval) if the o and B of a part are known. This allcws

modeling of wearout items providing these values can be determined.

Many reliability models yield the MTTF. Since the proposed model uses the characteristic
life (a) as the variable to predict the failure rate, o must be derived from the MTTF. The ratio
MTTF

a

- the mean life (MTTF) (from Reference 51).

is not constant but depends on B. The following relates the B value to the percent failed at

TABLE 2.3-3:
PERCENT FAILED AT MTTF AS A FUNCTION OF j

B Percentile

.5 75%
1.0 64
2.0 54.5
3.0 51
4.0 50
5.0 50
6 50
7 50
8 50
9 50
10) S50
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Using Weibull probability paper, the ratio of a/MTTF can be calculated. This data is
summarized in Table 2.3-4. For typical B's of 2-4, this ratio is modest, on the order of 1.06 to
1.15. This indicates that there will be a negligible error if the MTTF is used instead of a. In fact,

several models to be presented later use the mean number of cycles to failure.

TABLE 2.3-4:
o/MTTF RATIO AS A FUNCTION OF B

B a/MTTF
1 1

2 1.15
2.5 1.12
3.0 1.10
4.0 1.06

These simulation results illustrate that the failure rates associated with wearout failure
mechanisms are very close to zero, provided that the characteristic life of a given component is
much greater than the design life of the equipment in which it operates. This should occur if the
components wearout characteristics are understood and the proper design precautions have been
taken to ensure a robust design. The ultimate objective of design and reliability enginecrs is to
achieve a design robust enough to operate reliably in a given application for a given life cycle. This
methodology provides a tool to ensure this robustness has been achieved.




3.0 DATA COLLECTION

An aggressive data collection effoit was undertaken to collect failure rate dara cn the part

types being modeled. The objectives of this data collection effort were as follows:

M

03]

(3)

4)

To obtuin data ~a relatively new components. Although collection of datz on recently
manufactured omponents was given priority, the general methodology used was to
accept data of parts manufactured since 1980. (The last time most of the models were

updated was 1977).

To collect as much data on all part types in as many environments and as many quality

levels as possible.
To insure the data is high quality from reputable data ~ources.

To coilect data from maintenance activities which repair and report data to the piece part

level.

This data collection effort consisted of four basic sources:

o)
(2
3
4

Data collected from the maintenance of military electronic equipment
Life test results

Published data available in the literature

Data collected as a result of a solicitation effort during this program

Collection of data from military equipments was the most important to the successful
completion of this effort. It is also, by far, the most tedious and time consuming. For these
p y g

reasons, it will be described in more detail.

Table 3.0-1 presents the milisary systems from which data was obtained in this effort, their

application environment, and the source of maintenance/reliability data used. The following

paragraphs provides a more detailed discussion on these data sources.
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TABLE 3.0-1:

DATA SOURCES
EQUIPMENT APPLICATION DATA SOURCE
GRC-171 Ground Mobile D056
ARN-118 Airbomne (Variety RIW, DO-56

of Aircraft)
ARC-164 Airbomne (Variety RIW, D0O-56

of Aircraft)
ALQ-172 B-52 Warranty Data

through MODAS

Flight Control F-16 DO0-56
Computer

GRC-171: This is a ground mobile, trailer mounted, communication system used in the Air
Force. This system provided IITRI with failure rate data on connectors, resistors, capacitors,
switches, relays and inductors. One reason this system was selected was to correlate failures in

ground communications equipment and airvormne communications equipment.

ARN-118: This is a tactical navigation unit used in a variety of aircraft. IITRI has collected
recent information on this equipment from F-4C/D/E/G, F-15A/B/C/D, and A-10 aircratt. This
system provided IITRI with information on connectors, resistors, capacitors, switches, relays and
inductors. Failu-es from the F-4s, F-15s, and A-10s are based on 1635 aircraft and 582,745
flying hours. These figures are based on a 12 month period from June 1989 to May 1990. IITRI
collected all of the DOS56 part replacement records pertaining to this equipment on those selected
aircraft. This system was chosen due to it's versatility in use with a variety of aircraft. In addition
to DOS56 data, the original RIW data was also used for this system.

ARC-164: This is an airborne communication unit used in a variety of aircraft. HITRI has
collected recent information on this equipment from F-4C/D/E/G, F-15A/B/C/D, and A-10 aircraft.
This system provided IITRI with information on connectors, resistors, capacitors, switches, relays
and inductors. Failures from the F-4s, F-15s, and A-10s are based on 1635 aircraft and 582,745
flying hours. A K factor was then applicd to these operating hours to account for on-hours while
the aircraft is not in flight. These figures are based on a 12 month peried from June 1989 to May

3-2
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1990. IITRI collected all of the DOS56 part replacement records pertaining to this equipment on
those selected aircraft. This system was chosen because of its use in a variety of aircraft and to
draw any correlations that can be made against ground communication equipments. In addition to
DO56 data, the original RTW data from the equipment manufacturer was also used for this system.

ALQ-172: This is an airbomne electronic countermeasures (ECM) pod used in the B-52 aircraft.
This system provided IITRI with information on connectors, resistors, capacitors, switches,
relays, inductors, and transformers. There were approximately 600 part failures from 80 installed
equipments with 60,288 operational hours. The failures are based on 2 years of warranty
information from ITT. This system was chosen because all of the data was reported to the USAF

through a verifiable warranty program from ITT.

Flight Control Computer: This is the main computer in the F-16. IITRI has collected recent
information on this equipment. This system provided IITRI with information on connectors,
resistors, capacitors, switches, relays, and inductors. Data collected is based on 400,048 flying
hours from 1089 aircraft. IITRI collected all of the DOS56 part replacement records pertaining to
this equipment on those selected aircraft. RIW data was also used for this system.

Reliability Improvement Warranty (RIW) programs typically yield very high quality piece
part data since it is generally taken by a single maintenance activity and accurately reported. Data
reported at the piece part level from maintenance systems such as DO56 and MODAS is generally
suspect, but for the systems for which these sources were used, IITRI confirmed that the data was
indeed accnrcte, complete, and could be used to obtain the appropriate data. This assurance was
obtained by contacting the maintenance activities to verify that all maintenance actions are recorded
and reported to MODAS faithfully.

Table 3.0-2 summarizes the procedures required to obtain piece part failure rate data from
military systems and Table 3.0-3 summarizes additiona! data sources used. The additional sources
are primarily from manufacturers life data, published data, or data solicited during this study as a

result of a survey.
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TABLE 3.0-2:
DATA SUMMARIZATION PROCEDURE

1

@

3

4

Identify System based on:

- Environments/Quality

- Age

- Component Types

- Availability of Quality Data

Build Parts List:

- Obtain IPB (Illustrated Parts Breakdown)

- Insure correct version of system consistent with
maintenance data

- Identify characteristics of components (part numbers,
FSN (Federal Stock Number) from microfiche, vendor
catalogs, etc.)

- Enter part characteristics into database

Obtain Failure Data:

- RIW, DOS56, warranty records

- Match failures to IPB

- Insure part replacements were component failures
- Add failure data to database

Obtain Operating Data
- Verify equipment inventory

- Equipment hours, part hours
- Application environment

TABLE 3.0-3:
ADDITIONAL DATA SOURCES USED

* Commercial Equipment Warranty Records
*  RAC Databases

* Navy 3M Motor Data

* Life Data from Manufacturers

* Loughborough University Database

* Martin Marietta

« CECOM

» _Published Documents/Svmposiums
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3.1 DATABASE

The database used to store and manipulate the reliability data obtained in this study has been
iinplemented in Informix 4GL running on a MIPS 2460 platform and consists of three records

types as follows:

DEVICE

l

STRESS

|

RESULT

The device record holds component characteristic data on the specific par., the stress record is
information regarding the test (stresses, environment, duration, etc.) and the result record is
information regarding the results of the test (number tested, number failed, failure mechanism,
time/cycles to failure, etc.). The stress and result records are common to all part types but the
device record is unique to a particular class of part. The specific parameters of the device record

for the part types being addressed are given in Appendix B.
3.2 DATABASE PROFILE

Table 3.2-1 presents a high level summary of the tota! part operating hours (including hours
from zero failure records) from field data and number of failures for each generic component type.
Interconnect assembly (PWB) data is not included in this table since that model is based on

temperature cycling laboratory data and not on field data.

The general approach taken in this effort was not to collect datz on specific part styles and
spec. numbers, but rather to collect as much data as possible from as many different sources as
possible in the hopes that data on the predominant device types and specs. are collected.
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TABLE 3.2-1:
SUMMARY OF DATA COLLECTED

Component Part Hours ( 109) Failures
Capacitors (Total) 154.04 1013
Paper 6.41 18
Plastic 17.0 79
Mica 16.9 199
Alr Variable 903 1
Al Electrolytic 247 256
Ta Electrolytic 48.5 232
Ceramic 38.3 228
Glass 1.33 0
Resistors (Total) 561 1208
Fixed 535.6 909
Network 1.306 15
Thermistor 1.856 15
Varistor : .69 v 11
Variable 21.5 258
Transformers (Total) 2.557 150
Audio .080 7
Flyback 595 4
Isolation .045 0
Power 975 133
Pulse 349 2
Switching .437 4
Torroidal .076 0
Inductors (Total) 38.8 64
Choke 16.7 12
Fixed 20.8 52
Variable 1.3 0
Motors (Total) 1032.45 4714
Electric (General) 502.6 1597
Sensor 21.2 2189
Servo 66.25 808
Stepper 4424 120




TABLE 3.2-1:
SUMMARY OF DATA COLLECTED (CONTD)

Component Part Hours (109) Failures
! Switches (Total) 13.96 27002
Centrifugal .0045 304
R Coaxial 018 16
' y‘ . DIP 1.98 1
RN Float .0032 22
st Flow 021 80
Humidity .00024 4
Inertial 137 9
- Keyboard 068 0
Microwave (Waveguide) 0513 69
’ Pressure 176 3134
. Push Button 6.98 22079
Reed 1.22 13
Rocker 447 31
Sensitive 347 440
Slide 1.37 36
Thermostatic 282 210
Rotury 856 554
Relays (Total) 92.2 11792
Electromechanical 44 .4 10261
Solid State 47.7 1408
Power .018 9
Thermal 0081 10
Time Delay .055 104
Connectors (Total) 106.1 254
Signal 76.1 8
Rectangular 2.35 139
Elastomeric .168 16
Edge Card .600 31
. Cylindrical 9.37 12
- RF 17.1 28
Hexagonal .0085 4
Ruack and Panel 146 8
Telephone 245 8

Table 3.2-2 summarizes the applicable specifications of parts for which data was collected.

Although there is some data on every specification listed, in some cases there is a limited amount




of data on parts of some specs. This is not a major obstacle to model development since the data
was pooled together with data from other parts of the same generic category. In the majority of

cases, this pooling yielded a sufficient amount of data on which to derive a model.
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TABLE 3.2-2:
PART SPECIFICATIONS
RESISTOR RELAY SWITCH
MIL-R-26 MIL-R-27745 MIL-S-1743
MIL-R-39007 MIL-R-28750 MIL-S-22885
MIL-R-39008 MIL-R-39016 MIL-S-24236
MIL-R-39009 MIL-R-5757 MIL-S-24263
MIL-R-39015 MIL-R-6106 MIL-S-24523
MIL-R-39017 MIL-R-83726 MIL-S-24524
MIL-R-55182 MS-24143 MIL-S$-24525
MIL-R-81349 MS-24166 MIL-S-3950
MIL-R-82401 MS-24168 MIL-S-55433
MIL-R-83401 MS-24192 MIL-S-83731
MIL-R-94 MS-24376 MIL-S-8805
| MIL-T-23648 MS-24568 MIL-S-8834
MS-25269 MS-16106
MS-25271 MS-21350
CAPACITOR MS-25323 MS-21352
MS-25327 MS-21354
MIL-C-11015 MS-27222 MS-24524
MIL-C-11693 MS-27400 MS-24525
MIL-C-39003 MS-27401 MS-24547
MIL-C-39006 MS-27418 MS-24655
MIL-C-39014 MS-27997 MS-24656
MIL-C-39018 MS-25068
MIL-C-5 MS-25098
MIL-C-62 ROTARY SWITCH MS-25100
MIL-C-81 MS-25201
MIL-C-83421 MIL-S-3786 MS-25253
MIL-C-83500 MS-25306
MS-25307
CIRCUIT BREAKER S25308
TRANSFORMER/ MS. 27716
INDUCTOR MIL-C-39019 277
MIL-C-55629 MS-27719
R MS-27753
MIL-C-39010 MS-24510 MS 57903
MIL-T-27 MS-25244 MS.2885
MIL-T-55631 MS.3505
-35058
MS-35059
MS-3508
MS-35258
MS-75038
MS-90311
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CONNECTOR

MIL-C-21097
MIL-C-21907
MIL-C-22857
MIL-C-23353
MIL-C-24308
MIL-C-26482
MIL-C-28748
MIL-C-3643
MIL-C-3767
MIL-C-38999
MIL-C-39012
MIL-C-39024
MIL-C-5015
MIL-C-55302
MIL-C-55339
MIL-C-81511
MIL-C-83723
MIL-C-83733
MS-14005
MS-14006
MS-14008
MS-17346
MS-18159
MS-18160
MS-18163
MS-18164
MS-18165
MS-18166
MS-18175
MS-18176
MS-18177
MS-18179
MS-18243
MS-18244
MS-18245
MS-20026
MS-24055
MS-24055
MS-24056
MS-24264
MS-27144
MS-27187
MS-27336
MS-27467

TABLE 3.2-2;
PART SPECIFICATION (CONTD)

CONNECTOR (CONTD)

SOCKET

MS-27468
MS-27473
MS-27474
MS-27477
MS-27488
MS-27497
MS-27499
MS-27656
MS-28748
MS-3100
MS-3101
MS-3102
MS-3103
MS-3106
MS-3108
MS-3110
MS-3112
MS-3114
MS-3116
MS-3118
MS-3120
MS-3122
MS-3124
MS-3126
MS-3137
MS-3404
MS-3476
MS-35173
MS-35184
MS-35307
MS-35368
MS-3776
MS-9012
MS-90335

39

MS-25328
MS-27400

CONNECTION

MIL-T-55155
MIL-T-81714
MS-17143
MS-25036
MS-27656
M3-35431
MS-55155
MS-77038
MS-77066
MS-77068
MS-77069
MS-77072
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4.0 MODEL DEVELOPMENT

This section of the report presents the derivation of the failure rate model of each component
type. The component types for which models were developed are:

Cupacitors

Resistors

Inductive Devices
Transformers

' Inductors

Switches
Standard Switches
Rotary Switches
Circuit Breakers

Thermal Switches

Retfays

Connectors
Connectors
Connections

Sockets

Interconnection Assemblies/

Printed Wiring Boards
Rotating Devices

For cach of the above component types, this section of the report contains: a discussion of
rehability issues, failure modes and mechanisms, areview and eritique of the current MIL-HDBK.
2171 maodel, ad the model derivation. The proposed MIL-HDBK 217 models are presented in

Seetion 5.0,




4.1 CAPACITORS

Capacitors are passive electronic components used in a variety of circuit applications
including DC blocking, AC coupling between circuits, energy storage, filtering, timing, and
bypassing. Although available in many different styles and materials, capacitors are made with
two conductors (electrodes) between which is an insulating dielectric. This dielectric can be mica,
paper, plastic, polystyrene, polycarbonate, ceramic, glass, vacuum, air, aluminum oxide and
tantalum oxide. Each of these diclectrics has its own unique reliability properties when exposed to

temperature, humidity, mechanical stresses and voltage.

Circuit designers will typically select a capacitor based on factors such as frequency range,
volumetric efficiency, series resistance, stability, noise, voltage capability, capacitance range and
cost. Since an ideal capacitor is purely reactive with zero equivalent series resistance, there is no
power dissipation and associated temperature rise. Since all capacitors may not exhibit this ideal
characteristic, there may be some temperature rise associated with operation. Reference 52 defines
the temperature vise (AT) associated with AC power dissipatior to be the following for aluminum

electrolytic capacitors;

I2R
AT = %A
where
I = Ripple Current (in amps)

R = Equivalent Series Resistance (ESR) in ohms
. < S . :
K = Thernmal Constant 0006 w/in= (for Al Electrolytics)

A = Surfuce area of the capacitor

The power dissipation for DC leakage is negligible. Additionally, in the nmuajority of cases the
temperature rise from the ESI s also negligible. Therefore the capacitor operating fenmperature can
he canstdered to be the ambient temperature. Inoaddition to temyperature, wie applicable stress
influencing reliability B3 applicd volt e refative to the voltiee capabitity of the capacitor,

The manutacturing process stronuly mflueeces the reliabality of capacitors. For exeple,
capacitors with Jdiclectios deposied on the clectrade, o the clearode deposited on the diclecuw

typically have greater stabitity characteristios, The internal cosncctons are abwasys reliabnhity

-~
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concerns with capacitors, particularly when exposed to high vibration environments or
environments with extreme temperature cycling. Capacitor hermeticity is also a concemn if it is to
be used in an uncontrolled environment, due to the possible absorption of moisture into the
dielectric. This can cause a change in capacitance, reduction of the voltage capability or a direct

short.

4.1.1

The following pages summarize the various capacitor types, their reliability characteristics,
potential failure modes/mechanisms, approximate probability of occurrence if available,
accelerating stresses, whether it is a wearout or defect mechanism, potential screening stresses, and

expected screening effectiveness.

While the percentages listed are based on ihe best available data, it is understood that these
values can and will vary greatly as a function of the manufacturing process and the actual use
environment. Therefore, this information is only vsed in this study to identify predominant failure

mechanisms that must be accounted for in the moder and their relative rate of occurrence.

Cupugitor, Variable
Applicable Specs.: MIL-C-81 (Ceramic)
MIL-C-92 (Air)
MIL-C-14409 (Glass)
Variations:
Diclectric: Ceramic
Air
Configuration: Rotating Piston

Non-Rotating Piston

Triummer
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Unique Characteristics:

e Many failures are of a mechanical nature due to the more complex mechanical

configuration relative to fixed capacitors.

TABLE 4.1-1:
VARIABLE CAPACITOR FAILURE MODES

Failure Accelerating Wearout Screening
Mech/Mode Stress(es) or Defect Screen Effectiveness
Open Temp. Cyc.ing Defect Temp. Cyc. Med-High
Vibration Vibration
Short Temp. Defect Burn-In High
Voltage

Capacitors, Aluminum Electrolvtic

Applicable Specs.: MIL-C-39018

Variations: Polarized

Non-Polarized
Unique Characteristics:

* Loss of Electrolyte through vaporization is a potential wearout failure mechanism,

Weight loss of the electrolyte has been shown to follow the following relationship

(Reference 52);

-B
W= AT
W o= Weight Loss
A = Magnitude Constant
B = Consunt
T = Temperature




L 4

Shorts can restlt due to dissolving of the electrolyte in a storage environment or
in a lightly stressed use environment (per MIL-STD-1131). Current processing
techniques have significantly reduced the probability of occurrence of this failure

mechanism.

TABLE 4.1-2:
AL ELECTROLYTIC FAILURE MODES

Failure Accelerating Wearout Screening

Mech/Mode | % Stress(es) or Defect Screen Effectiveness

Short 38 Temp. Defect BurnIn High
Voltage

Open 31 Vibration Defect - Vibration High
Temp. Cycling Temp. Cycling

Electrolyte 31 Temp. Cyc. Wearout None N/A

Loss/Seal Temp.

Capacitors, Tantalum Elecirolytic, Wet Slug

Applicable Specs.: MIL-C-39006
Yariations:
Case Material: Tantalum
Seal: Hermetic

Non Hermetic

Unique Characteristics:

*

Cannot tolerate reverse voltage, even for a brief time.

The silver cased version can result in silver migration if a low reverse voltage is

applied.

Temperature cycling can cause seai damage and electrolyte leakage.
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» Loss of Electrolyte is the predominant wearout mechanism.

TABLE 4.1-3:
TANTALUM WET SLUGF# %)JFE MODES

Failure Accelerating W Screening
Mech/Mode Stress(es) orl - 3. 20 Effectiveness

Electrolyte Temp. Cyc. (Seal) Wear. & N/A
Leakage Temperature

(Loss of
Capacitance)

Short Voltage Defect N 3 High
Temperature

Open Vibration Defect Temp. Cyc.| High
Temp. Cycling Vibration

Capacitors, Tantalum Electrolvtic, Solid, Fixed

Applicable Specs.: MIL-C-39003

Variations: None (Same basic configuration and

manufacturing techniques)

Unique Characteristics:

¢ Dielectric is not formed by rolling foil or monolithically depositing

oxide/conductors, but rather are formed by sintering tantalum pellets into peliets

of high porosity and surface area. The pellets are then anodized to form the

dielectric layer. Intuitively it appears as this fabrication technique will yield

electrolytes more prone tc defects. This effect will be inherent in the derived base

failure rate.

+ Solid tantalum capacitors have a unique current related failure mechanism that is

highly dependent on series resistance used in the circuit. This is due to intrinsic

faults in the oxide that continuousiy heal themselves upon application of curreat.

However, some faults are too large to heal themselves and can result in a thermal

P_“



l runaway condition if sufficient current limiting series resistance is not present.
Current processing techniques have significantly reduced the probability of
occurrence from this mechanism.

TABLE 4.1-4:
SOLID TANTALUM FAILURE MODES

S

Failure Accelerating Wearout Screening
Mech./Mode % Stress(es) or Defect Screen Effectiveness
- Open 36 » Vibration Both Temp. Cycling High
* Temp. Cycling Vibration
' Short 31 |+ Temp. Defect Bum In High
* Voltage '
* Low Impedance
Source
- High Leakage | 33 * Voltage Defect Bum In Low
Current * Current (Source Vibration
Impedance)

Capacitors, Tantalum Electrolytic, Foil, Fixed

Applicable Specs.: MIL-C-3965
MIL-C-39006
Variations:
Hermeticity: Hermctic

Non Hermetic
Polarization: Polarized
Non Polarized

Unique Characteristics:

*  Wearout mechanism possible (loss of Electrolyte)
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TABLE 4.1-5:
TANTALUM FAILURE MODES
Failure Accelerating Wearout Screening
Mech/Mode ) Stress(es) or Defect Screen Effectiveness
Loss of 17.5| <« Temp. Voltage Wearout None N/A
Electolyte * Time
Short 31 * Voltage Temp. Both Burn In High
Intermittent/ 36.51 < Temp. Cyc. Defect Temp. Cyc. High
Open
Leakage 15 » Temp. Voltage Defect Burn In High
Current
Capacitors, Mica and Glass, Fixed
Applicable Specs.: MIL-C-5
MIL-C-10950
MIL-C-23269
MIL-C-39001
Variations:
Dielectric: Glass
Mica
Form: Radial Lead
Button Style (Feed .hrougn and standoff styles)
Hermeticity: Hermetic (CB60 series)

Non Hermetic (CB11 series)
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TABLE 4.1-6:

MICA AND GLASS FAILURE MODES

7
Failure Occurrence Accelerating | Wearout Screening
Mode/Mech *) Stress(es) or Defect Screen | Effectiveness
Short (Predominant) * Temp. Defect Burn In High
(Dielectric 75-100 * Voltage
Breakdown, *» Moisture
Silver Migration)
Open 0-25 » Temp. Cyc. | Wearout None N/A
* Thermal
Shock
Change in 0-50 * Moisture Wearout None N/A
Capacitance * Temp.
{Moisture
Absorption)
*Estimates based on Qualitative information.
Capacitors, Ceramic, Fixed
Applicable Specs.: MIL-C-11015
MIL-C-39014
MIL-C-20
MIL-C-55681 (Chip)
Variations:
Dielectric: Barium titenate
Calcium titenate
Stroutium titenate
Lead niobate
Form: Tubular
Feed through
Disks

Monolithic Multi-layer
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TABLE 4.1-7:
CERAMIC FAILURE MODES
Failure %o Accelerating Wearout Screening
Mode/Mech Occurrence Stress{es) or Defect Screen Effectiveness
Short 49 * Voltage Defect Burn In Good
(Dielectric * Temp.
Breakdown)
Open 18 » Temp. Cyc. Defect X Ray High
(Connection Temp. Cyc.
Failure) .
Drift 4 * Temp. Both Bumn In High
Surface * Voltage
Contamination
Low Insulation 29 * Temp. Both Burn In High
Resistance * Voltage
Surf. Contam.
Capacitors, Paper and Plastic, Fixed
Applicable Specs.: MIL-C-39022
MIL-C-19978
MIL-C-27287
MIL-C-83421
MIL-C-55514
MIL-C-25
MIL-C-12889
MIL-C-11693
Variations:
Dielectric: Paper-Foil
Metallized Paper
Mpylar Foil
Metallized Mylar
Polystyrene
Teflon
Polycarbonate
Form: Usually Wound Foil
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TABLE 4.1-8:
PLASTIC AND PAPER FAILURE MODES

Failure Accelerating Wearout Screening
Mech/Mode | % Stress(es) or Defect Screen Effectiveness
Open 47 Temp. Cycling Defect Temp. Cyclingl Medium
Short 11 Temp., Voltage Both Burn-In High
Casp;’qc;imnce 42 Temp., Voltage Both Burn-In High

ift

4.1.2 Current MIL-HDBK-217E Capacitor Model Review

The following items summarize the findings after reviewing the current MIL-HDBK-217E
capacitor models. These items were then addressed more specifically in the model development
phase of this effort. It should also be noted that only those items determined to be feasible are
explicitly included in the models developed.

(1) The base failure rate expression is complex and statistically unjustified. It includes
provisions to make the predicted failure rate extremely high for stresses close to or over
the rated stress. It also makes the predicted failure rate v ry low at stresses “elow the
rated value. While it may be applicable for voltage stress, it does not follow the well
accepted Arrhenius relationship for temperature acceleration.

(2) The package type is only used in the case of tantalum capacitors. It may be desirable to
include package type directly in the failure rate mode! for other types of capacitors.

(3) The time dependent properties of capacitor failures are not addressed. If wearout
mechanisms are predominant for a particular capacitor type, then the data collected in
the early life of that part is not representative of the reliability in the later portion of the
parts life. An example of this is dielectric breakdown, which typically will exhibit a
decreasing failure rate in early life. On the other hand some electrolytic types will

predominantly fail in a wearout manner, especially if not under a sufficient voltage

Stress.




(4) Chip and surface mount capacitors, such as CDR (MIL-C-55681), CWR (MIL-C-
55365), CRL (MIL-(Z-83500) types are not adequately addressed.

(5) Some capacitor specifications have been canceled or classified as inactive for new
designs, such as MIL-C-14157, 18312, 11272, 3965, and 92.

(6) There are several base failure rate tables preseated for each capacitor type as a function
of rated temperature. Typically the differences in the predicted failure rate between

capacitors of different rated temperatures is insigrificant relative to prediction model

accuracy.

4.1.3 Capacitor Model Development

4.1.3.1  Hypothesized Capacitor Model

The hypothesized model for capacitors is:

}‘b“E“Q”TWV“VR”C TR+ Ag (V)

Base failure rate, function of capacitor type

Environment Factor

Quality Factor, function of screens and of the control the manufacturer has on
the manufacturing process (QPL status)

Temperature Factor, based on the Arrhenius Model

[® (3]

Activation energy

7
"

g
n

Device operating temperature




Ty

TyR

Voltage stress factor

()

"

where Vao = Applied maximum voltage
VR = Rated voltage
n = Function of dielectric material.

=  Rated voltage factor

The premise of including a rated voltage factor in the theoretical model is that the thicker
dielectrics of higher voitage capacitors are easier to make d=fcct free than the thinner
dielectrics of low-voltage capacitors. Since failures are usually precipitated at a defect site,
the probability of failure is proportional to the inverse of dielectric thickness,

Using a derivation methodology similar to that used to model the reliability of oxides in

integrated circuits, it can be shown that the defect density (D) is inversely proportional to the
square of the dielectric thickness (X) (Ref. 35):

From extreme value statistics (Ref. 35), it can be shown that the defect density is directly
proportional to the failure rate (A):

D e A

Since the rated voltage of a capacitor is directly proportional to its dielectric thickness (X o<
Vp):
R

lche-:-——oc————

1
X2 vg?
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Since only a percentage of all failures are precipitated by defects. the wbove relaiionship
must be scaled accordingly. A and B are constants dependent on the percentage of failures
that are defect related.

Whether or not the factor is important depends on the defect density for capacitors as a
function of dielectric thickness. It may be true that the dielectric thickness of capacitors are

large enough so that the premise of this model (D o< >—<15) is not valid. As with the other

factors, it will be validated or deleted upon statistical analysis of the data.

Capacitance factor

= A] + BIC
where A;, By = Constnts
C = Capacitance

The rationale for this factor is that physics dictates that the probability of failure due to a

defect is directly proportional to the diclectric area and hence capacitance. Proponionality
constants A and B will compensate for the percentage of failure modes susceptible to

dielectric defects.

Series resistance factor. applicable to solid tantalum electrolytic capacitors only.

Failure rate of certain types of electrolytics due to the wearout mechanism

of electrolyte loss.
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4.1.3.2 Summary of Capacitor Data Analysis

Initial analysis of the capacitor failure rate data consisted of analysis of variance and

correlations coefficient of the following variables:

Capacitor Dielectric Material
Fixed vs. Variable

Operating Environment

Package (Hermetic/Non Hermetic)
Operating vs. Nonoperating
Quality

Rated Volage

Capucitance

The correlation coefficients indicated that there were several highly correl~ted variables,
making it difficult to devise certain factors. The most significant of these was, as expected, the
correlation between quality and environment. To alleviate this, the Quality Factors in Table 4.1-9
from MIL-HDBK-217E were assumed 1o be correct. This relative ranking of quality factors is also
consistent with the MIL-SPEC requirements.

TABLE 4.1-9:
CAPACITOR QUALITY FACTOR

Quulity o)
D 001
C 01
S.B 03
R 1
P 3
M 1
L 3
Non ER 3

| Lower 10
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Although quality was ccrrelated to environment, to the extent poscible the initial regression
results suggested the above relative factors were consistent with the collected data. These factors

were then used in the regression so that valid environment faciors could be derived. It was also
determined that the above quality factors should be used for all capacitor types and not a function

of capacitor type.

Additionally, certain factors considered necessary for inclusion into the model could not be

quantified from the field darta collected due to lack of details available in the data. These factors
were voltage stress and temperature. As an alternative to field data analysis, these factors were

derived from life test data, published information, or current MIL-HDBK-217 factors.

To address the temperature factor, the literature was reviewed to determine the applicable

form for a temperature acceleration factor and to determine the apyicable constants in that factor.

The following lists information regarding the Arrhenius activation energies fourd in the literature.

Included are the capucitor type, equivalent Arrhenius activation energy, the model cited (Arrhenius

or other) and the refercnce from which the information was extracted.

Capacitor Type Activation Encrpy Model Reference
Tantalur 1.0 - 1.45 Arrhenius 1
Al Electrolytic .75 (Equivalent) L(l;b + i(~)2 ., 52

Aty
Paper 92 (Equivaleny) 7_(rl__-t‘j‘_) s 73
AT
Mululayver Ceramic 1.0-20 Arrhienius 71
Ceramic 1.3.14 Arthenius 72
| Multifaver Ceramic 1.0 Arrhenias 70
Multilaver Ceramic 1.33 Arrhenius 69
Mululayer Ceramic 90 Arrhenius 82
L1
1.9
1,149
Mulnlyver Ceramic 775 Artd s kY
Mulilaver Ceramic 1.3 Arrhenius 14
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From this information, it can be seen that the Arrhenius model is the most predominant model
used in the capacitor industry to model temperature acceleration rates. The activation energies cited
are much higher than the current values in MIL-HDBK-217E. This could possibly be due to the
fact that the values were derived primarily from accelerated life test results (temperature and/or

voltage acceleration) which may inherently accelerate the temperature related failure mechanisms
more than the other non-temperature related mechanisms that would be experienced in the field.
The conclusion of this analysis is that reliability is a strong function of temperature and that
temperature must be accounted for in the reliability model. Therefore, since the temperature
acceleration rates would be enormous if the activation encrgies derived from the high temperature
life tests were used, and since the current MIL-HDBK-217 acceleration rates are reasonable for
field use conditions, factors consistent with the current models will be kept.

Although the current models are not based on the Arrhenius relationship, an equivalent
activation encrgy was calculated and used in the temperature factor. The activation energy for each
capacitor type was first calculated using the current 217 models. To accomplish this, the
equivalent activation energy was derived by calculating the acceleration due to temperature between
0°C and the maximum rated operating temperature for each specific capacitor type. The general
assumption on which the temperature factor is based is that the activation energy is solely a

function of dielectric material. These activation energies are given in Table 4.1-10:

TABLE 4.1-10:
CAPACITOR ACTIVATION ENERGIES

Dielectric Material E,
Ceramic (CC/CCR) .34
Al Electrolytic (CE) 45
Plastic (CFR) .22
Paper/Plastic (Met) (CHD 22
Tan Elect. (C1/CLR) 19
Mica (CM/CMR) .37
Puaper (CP) .22
Paper/Plastic (CPV/CQ/CQR) 24
Glass ' 37
Variable VacuunyGas A5
Variable Air .25
Viuriable Ceramic 13
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The temperature acceleration factors were then calculated for each data record by using the
Arrhenius equation with the activation energies in Table 4.1-10 and the ambient temperatures in

Table 4.1-11. The default temperature in Table 4.1-11 were taken from MIL-HDBK-217E. The

failure rate was then compensated (dividea) by the temperature acceleration factor and the

regressions were run.

TABLE4.1-11:
OPERATING TEMPERATURES

Environment Tp CO Environment TA O
AIB 55 iy -
ALC s GM 55
ALE 55 MEA 45
Ar s Mgg 45
ARW 55 II:;L ¥
AUA o o) 35
AUB - NH 40
ALC 7 Ng 40
AUE 7 NsB 40
AuT 7 Ny 75
CL 40 Nuy :
GB 30 SF 30

UstL, 35

The initial regressions used both capacitance and rated voltage as variables. The
hypothesized model was that the faiiure rate should be proportional to capacitance and voltage in

the following relationship;

l(x/\#»BCV

where A and B are constants, Cis capacitanee and Vs rated voltage,
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Since the rated voltage and capacitance were highly correlated in the dataset used, the effects
of both could not simultaneously be quantified. Given this situation, the fact that physics dictates
that capacitance should be a more dominant reliability driver of capacitors, and the fact that
capacitance was a significant factor in the initial regression analysis, voltage was discarded as a
model variable and capacitance was analyzed separately. It should be noted however that while the
rated voltage was discarded as a variable, the voltage stress ratio (actual/rated) is considered
essential to the model and will be discussed further later in this section.

The capacitance factor was calculated in a separate regression and was significantly different
between electrolytic and nonelectrolytic capacitor types. These &, factors were determined to be:

Electrolytic: A« c23
Al others: Ao C09

where C = Capacitance in Microfarads

A separate regression was performed for Electrolytics and Nonelectrolytics due to the unique
physics of failure of each. Once the above relationships were establistea, the regression was
performed again by normalizing the failure rate to these relationships (i.e.. dividing the observed
failure rate by these factors). It is necessary to perform these regressions again since continuous
variables such as capacitance have a different model form relative to discrete variables and must be
analyzed separately.

As expected, environment was a significant variable. The factors derived for the
environments for which there existed data are summarized in Table 4.1-12. The environment

Gpc, although not defined in MIL-HDBK-217, is used here to denot. commercial quality
components operating in a ground benign environment. A, refers to the uninkabited portion of an

aircraft, although the specific type of aircraft was not known. All other environments are defined
in MIL-HDBK-217E.
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TABLE 4.1-12:
OBSERVED ENVIRONMENT FACTORS

Environment g

Ay 15
Gg 69
Al 3400

This data suggests that the current environment factor is not stringent enough. However,

after reviewing the models developed with an extreme value analysis, it was concluded that the

resultant failure rates were unrealistically high, indicating that the results were an aberration of the

statistical modeling process. It is-however clear that the current environment factor should be

increased to reflect the large observed dependence of environment on failure rate. This was

accomplisked by using the relative rankings of the MIL-HDBK-217E medels, calculating a
weighted average ¢l the factor (for Ao, Ay, and Ayy) and recalculating the factor based on this

ratio. Section 4.2.3.2 presents a2 more detailed description of a similar process that was used for

resistors. The modified factors are presented in the model summary section of this report.

Variable capacitors were analyzed relative to fixed capacitors ond the relative failure rate was

determined to be 8.03 times higher for variable. Therefore, the correction factor for capacitor type

is given in Table 4.1-13. This factor is not explicitly included in the model but rather is inherent in

the base failure rates. Although it may appeur to be intuitive to have a separate set of environment

factors for fixed and variable capacitors, there was not enough data on variable types to justify a

separate tactor. Therefore, the environment factor, while derived predominantly from fixed

capacitors, is also used for variable types.




TABLE 4.1-13:
FIXED VS. VARIABLE FACTOR

Type Multiplying Factor
Fixed 1
Variable 3

Although not explicitly presented in the model, analysis of operating vs. nonoperating data
yielded an average nonoperating factor of .009 over all capacitor types, indicating that capacitors
on the average have a 110 times lower failure rate in a nonoperating environmeat. However, the

mode! is normalized to the operating environment.

The dielectric type factor was the last factor to be quantified 27d was determined to be the

following:
A TABLE 4.1-14;
DIELECTRIC FACTOR
% of Hours
from Records
Dielectric Muliiplying Factor with Failures
Paper 1.00 11.6
Tantalum Electrolytic 0.184 68.8
(solid and wet)
Aluminum Electrolytic 0.538 7.01
Plastic 3.25 4.92
Mica 2.45 9.74
Ceramic 0.555 56.0
Air 0.0874 .330

The right :olumn of the above table presents percentage of hours associated with failure
records. per the discussion in Section 2.0. The base failure rate from the regression analysis was
determined to be .00637 F/100 and therefore multiplying chis by the above dielectric multiplying
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factors and the percent of hours corresponding to failure records yields the following base failure

rates:

TABLE 4.1-15.

BASE FAILURE RATE
Dielectric A, F/106
Paper .00074
Ta Elec. .0008:
Al Elec. 00024
Plastic .00102
Mica .00152
Ceramic 00198
Air .0000018

An important part type studied was chip capacitors, both tantalum und ceramic. A failure
rate for these could not be modeled with field data like the other capacitor styles since there were no
observed failures for these types. This indicates that they are either highly reliable, that there were
not enough hours observed, or both. There were, for ceramic chip capacitors, a total of 17.1 x
106 observed part hours in air inhabited cargo and attack environments. Using the application
environment factors derived from the data to multiply the observed part hours, it indicates that the
equivalent number of part hours was as high as 256 x 106 with ro failures. This indicates a failure
rate less than .0039 is appropriate. The available life test data for ceramic chip capacitors
(Reference 15) indicaied that an average failure rate, after accounting for voltage and temperature,
is approximately .0034 F/100. This agrees well with the worst case ~-alue of .0039 derived from
field data. Therefore, .0039 will be the base failure rate for ceramic chip capacitors.

The best available life data for Solid Tantalum chip capacitors is from Reference 18 and is

summarized in Table 4.1-16.




TABLE 4.1-16:
SOLID TANTALUM LIFE DATA

Chip Type | Temp.| Op Voltage | Part Hours | Failures

Solid Ta
(3.3 mF, 85°C 50 Volts 9,000 hrs 18
20V)

Although test conditions were at a highly accelerated voltage and temperature, calculating a

base failure rate after accounting for these variables yields a value of .00010. This value was
derived by dividing the observed failure rate of 2000 (18/.009 x 106) by the acceleration due to
voltage and temperature. The commonly accepted form for the voltage acceleration factor is:

where

LSLE i o e AL

7 o

s AR T

st W

V = operating voltage
VR =  rted volage
n =  constant

For tantalum capacitors, n = 17 and therefore the acceleration is;
17
S0 6
ry = (355) = 582x10
M (20/

The temperatare acceleraticn is;

INT: i1y
T T el 2103 (85 +273 " 798 = 34




_ 2000
(5.8 x 100)(3.4)

Ap

Therefore the base failure rate for tantalum chip capacitors is:

= .0001 F/106

TABLE 4.1-17:

To derive a voltage acceleration factor for capacitors, the relationship given above is used.

Table 4.1-17 summarizes the values of n reported in the literature for various capacitor types.

VALUES OF n FOR VARIOUS CAPACITOR TYPES

Capacitor Type

Reference

Tantalum

Solid Tantalum
Tantalum Chip

Mica

Multilayer Ceramic Chip

Multilayer Ceramic Chip

Polystyrene

Multilayer Ceramic Chip

Muttilayer Cerarnic Chip

Ceramic

e e

v

Paper/Paper Film

a2

25

Aluminum Electrolytics

s,

2

Coal

Solid Tantalums

17

23

18
10-12
2.7

2-4
2.04
3.1-3.6
4.5

5
17

1
83

8

6
14
37
68
70
71
72
73
52
75

ppeEs

i

et

TR AT g

Reference 76. These derating values are:

.6 for all fixed capacitors

To implement a voltage stress factor for capacitors, there must be a normalization factor on

which to base the equation. This factor is normalized to the Level II derating guidelines in

.5 for all variable capacitors




factor is:

and for variables, it is:

Ty

v
3VR

(5V&)

n

The proposed values of n are summarized in Table 4.1-18.

TABLE 4.1-18:

PROPOSED n VALUE

If the actual applied voltage was not known it was assumed they were derated in accordance
with the above criteria. Since the data was derived from the field, the vast majority of data records
did not have known voltages and therefore the derating criteria was assumed for most data.

At the Level II derating voltage, the voltage factor must equal 1. For fixed capacitors, this

Capacitor Type/Dielectric

Mica

Paper
Tantalum
Aluminum Electrolytic

Ceramic

Plastic/Polystyrene

4.5
17

10

Ty

A boundary condition necessary in this model is to not have the failure rate approach zcro as
the voltage approaches zero. Therefore, voltage acceleration factor must take the form:
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The base failure rate must be compensatzd accordingly by dividing by 2 since Ty = 2 at the

nominal voltage stress condition. Therefore, the base failure rates in the final models in Section
5.0 are half that of those in Table 4.1-15.

Tantalum electrolytic capacitors are known to exhibit a unique failure mechanism which is a
function of the available current. The model for tantalums must therefore include provisions for
this failure mechanism. Several references (Reference 4, 5) have suggested that the lowest circuit
impedance above which the failure rate does not worsen should be lower than the MIL-HDBK-
217E value of 3Q/V due to improved manufacturing processes relative to those of the time the
cuirent factor was derived. It has since been changed to 1Q/V. Moynihan has suggested that the
correction factor should be a function of circuit resistance (€/V) and temperature as illustrated in
Figure 4.1-1 from Reference 5. While this relationship suggests the use of a more modest function
of circuit resistance, and also suggests that its value is a function of temperature, there is no
quantitative data presented in Ref. 5 to define the value above which the failure rate does not
worsen. Therefore, since there is no data available to support changing the current value, the

factor will be left intact without change.

Many references on capacitor reliability report that wearout characteristics are prevalent under
highly accelerated stress conditions. Several also report that under these conditions, infant
mortality failures are observed which exhibit Weibull B's < 1 (Reference 8). Infant mortality
failures are generally indicative of defect related failure mechanisms which normally affect only a
small percentage of a part population. If wearout type mechanisms were prevalent for capacitors
used in fielded systems, the observed failure rate would be much higher than it is since wearout
mechanisms generally affect a large portion of the population. Normal use conditions are typically
much less severe (thus dramatically increasing wearout times) than the highly accelerated
conditions for which wearout mechanisms are observed. This, coupled with the fact that the
observed data for capacitors generally implies high levels of reliability and very small cumulative
percent failure, indicates that failures observed in the field are primarily random defect related and
not wearout. This also implies that a wearout term is not applicable for capacitors.
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FIGURE 4.1-1: EFFECT OF IMPEDANCE ON FAILURE RATE




4.2 RESISTORS

Resistors can be grouped into three primary types; composition, film ard wirewound.
Composition types, usually made from a carbon composition material, are widely used due to their
availability in a wide range of values and power ratings, along with their low cost. They consist of
a solid resistive element encased in a molded body with leads imbedded into the ends of the

resistive element.

Film resistors can be manufactured using thick or thin film technology. Thin film resistors
are usually mude by vacuum depositing a film on a ceramic substrate. Various film materials are
used including tin, rctal glaze (powdered glass, palladium and silver), cermet (precious metals and
a binder material), and carbon.

Wirewound resistors are made by winding a special alloy resistive wire around an insulating
core. Since the resistance can be tightly controlled by carefully controlling the length of wire used,
very high precision values can be obtained. They are also available in high power values. Bicause
they are made bty winding wire arcund a core, they are inherently inductive and thus their

properties deviate from a pure resistance at high frequencies.

Variable resistors are made from a resistive element which is contacted by u wiper arm
thereby varying the resistance between one end of the element and the wiper. They are made from
a variety of materials similar to those used in fixed resistors and are available in a wide range of
power ratings, ranging from small PC mountable trimmer potentiometers to high power

wirewound rheostats.

Resistors generally are highly reliable if properly designed and applied into a circuit. The
power is the variable that is derated during the part derating exercises, wnd also is the one that
heavily influences reliability. Some resistors are also very intolerant to over-voltage or over-
current conditions, even for brief periods of time. In fact some film resistors are highly susceptible
10 high amplitude, short duration pulses such as ESD and EMP, especially the high resistance, low
power type of resistor. Some other types such as carbon compositions, are not susceptible to these
conditions. Some resistor types also exhibit change in resistance when simultaneously exposed to
long periods of temperature and humidity, and of course this susc=ptibility is a strong function of
the packaging of the resis:or.
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For most resistor types, the predominant failure mode is change in resistance, although
shorts and opens also occur. Typically the resistance will change (and the resistor will eventually
fail) as a function of temperature, electrical stress and humidity. Fou the resistance to change, there
is generally a migration of the resistive material or a change in the physical composition of the

resistive element under the applied stressss.

Since the reliability of resistors is very high, life testing that has historically been performed
on electronic components is generally not applicable. Instead, tests used for resistors arc a
resistance value test and possibly a temperature humidity test.

Due to their wide spread use and inadequate failure rate models, special attention has been
given in this effort to resistor networks. After studying the reliability issues of these networks, the

following conclusions were drawn,

* Essentiaily the same materials have been used over the last 15 years, and resistor
networks are generally a mature technoiogy, although there are still considerable
variations in the quality of materials. SPC programs implemented by manufacturers

have proven to be very successful in assuring reliability and quality.

*  TCR (Temperature Cocfficient of Resistan ¢) is very important and can vary widely
depending on the mix in the resistance material {i.e., one mix is geod at the upper end of
the temperature range and another mix may be good at the lower rarge). This makes it
difficult to find a mix good for entirz range of temperatures, and illustrates the fact that
ther: can he large variations in the reliability properties as a function of manufacturer and

withii- a manafacturer,

* There is alarge difference in reliability between supplicrs of materials,

o The resistor ESD classitications in MIL-STD-1686 and DoD-HDBK-263 are ¢rroncous
becaune parts cannot generically be classified as Class 2 independent of resistance and
powet. '

o The major change in resistance occurs in the first 100 bours, and then levels off.

«Infntmortality fuilures e typically worhman<hip related,
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Low value resistors (i.e., <100K) are susceptible to current related failure mechanisms
and high (>100KQ) value resistors are susceptible to voltage (overstress conditions).

Primary fatlure mode is drift and if enough power is applied, open (almost never short).
Failures are accelerated by 2 combination of electrical stress and temperature.

There is typically more variability in axial leaded devices due to the fact that the screening
process for networks yields a high degree of repeatability.

There is a strong correlation in the value of resistance (in relation to the population) and
its reliability. Therefore, variability reduction (SPC) is key in the delivery of reliable

products.

4.2.1 Resistor Fujlure Modes and Mechanisms

This section summurizes, for euch generic resistor type, predominant failure mechanisms,

accelerating stresses, and approximate percentage of occurrence.




Applicable Specs.:

Variations:

MIL-R-39008 (RCR)

None

Unique Characteristics:

(1) Moisture intrusion can cause shifts in resistance values, especially if in an uncontrolled

storage condition or with £ 10% power applied.

TABLE 4.2-1:
COMPOSITION RESISTOR FAILURE MECHANISMS

Failure Mode Failure Mechanism Accelerating Factors Distribution (%)
Resistance (R) change | moisture intrusion moisture, temperature 45
R change, open non-uniform comp. voltage/current, temp. 13
material
R change contaminants voltage/current, temp. 15
Open lead defects moisture, temperature, 25

voltage/current




Resistor, Fixed Film

Applicable Specs.:

Variation:

MIL-R-55182
MIL-R-39017

Package Style
Hermmeticity

Unique Characteristics:

(1) Meual film resistors are unaffected by moisture.

TABLE 4.2-2:
FILM RESISTOR FAILURE MECHANISMS

Failure Mode

Failure Mechanism

Accelerating Factors

Distribution (%)

R change

R change
R change, open

Open

R change, open

moisture ingression

substrate defects
film imperfections

lead termination

film material dumage

moisture, temperature,
contamination

temp., voltage/current
temp., voltage/current

shock, vibration,
temp., voltage/current

temp., voltage/current

31

25
25
9.5

9.5
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Resistor, Wirewound

Applicable Specs.: MIL-R-39005

Variation: N/A (all basically similar)

Unique Cha-acteristics:

(1) Construction of wirewound resistors is that of a resistive wire wound on a (usuaily)
ceramic core. As such, an additional reliability concern is that of the insulation

separating the turns of the wire.

TABLE 4.2-3:
WIREWOUND RESISTOR FAILURE MECHANISMS

Failure Mode Failure Mechanism Accelerating Factors Distribution (%)
Open wire impertection voltage/current, temp. 32
R change, short wire insulation flaw voltage/current, temp. 20
R change, short corrosion temp., humidity 32
Open lead defects shock, vibration, 10
voliage/current
R change, short intrawinding insulation | temp., voltage/current 6
breakdown
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Resistor, Variable Non-wirewound

Applicable Specs.:

Variations:

T T R L

# 1 P AR A o

MIL-R-39035

Resistive Material

Unique Characteristics:

L4

L4

Cermet
Metal Film
Size, Power

e IR R S R T

+ Single Tum, Multi-tum

(1) Many failures are due to the mechanical elements of the resistor.

(2) Corrosion, oxidation, and wear of the contact are reliability concerns.

TABLE 4.2-4:
VARIABLE COMPOSITION RESISTOR FAILURE MECHANISMS

Failure Mode Failure Mechanism Accelerating Factors Distribution (%)
Open, R chunge corrosion temp., humidity 43
R change moisture intrusion moisture, temp. 28
wipar movement shock, vibration 8.5
Non-variable binding, jamming mechanical actuation, 6
corrosion
Open terminal defect voltage/current, temp. 5
Open burnout of resistive voltage/current, temp. 4.5
element
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Resistor, YVariable Wirewound

Applicable Specs.:

Variations:

MIL-R-39015

Resistive Material

» Cermet
» Metal Film
* efc.

Unique Characteristics:

(1) Mechanical assembly, including wiper arm, ¢re reliability concerns.

(2) Wear of the wire causes resistance increases.

TABLE 4.2-5:
VARIABLE WIREWOUND RESISTOR FAILURE MECHANISMS

Accelerating Factors

Non-variable

jJammring, stripping

mechanical actuations

Failure Mode Failure Mechanism Distribution (%)
R change, open contamination temp., contamination 25
Noise corrosion moisture, tmp. 9.5
R change, short insulation breakdown | moisture, temp., 15
voltage/current
Shor* contamination bridging | contamination, 6.5
moisture, temp.
R change, open wiper arm wear mechanical actuations 9.5
R change seal defects contamination, 9.5
moisture, temp.
17
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Resistor, Networks

Applicable Specs.: MIL-R-83401

Variations: » Number and configuration of elements
+ Element Material
« Package Enclosure

Unique Characteristics: (Listed previously)

Resistor, Thermistor

Applicable Specs.: MIL-T-23645
Variations: Configuration:  Bead
Disk
Washer
Probes
Rods
Unique Characteristics:
(1)  Prone to thermal runaway conditions (with negative temp. coefficient devices).
(2) Stability is a critical reliability concern.
TABLE 4.2-6:
THERMISTOR FAILURE MECHANISMS .
Failure Mode Failure Mechanism Accelerating Factors Distribution (%)
R changt moisture 1ntrusion moisture, temp. 32
Open body anomulies temp., voltage/current 30
Open lead termination defect | vibration, temp. 20
voltage/current
R change, open non-uniform resistance | temp., voltage 10.5
matenal
Other other -- 7.5
¢
3
¥
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4.2.2 Current MIL-HDBK-217E Resistor Model Review

The following items summarize the findings after review of the current MIL-HDBK-217E

resistor models.

M

(2)

3)

C)

&)

(6)

Q)

®

®

The base failure rate equations are complex, not statistically justified, and include prcvisions
for the failure rate to increace dramatically for stresses close to the rated stress  dase failure

rates are very low for stresses well below the rated maximum.
Some of the base failure rate tables indicate indistinguishable diffeiences. For example, the
differences between MIL-R-22684 and MIL-R-39017, and betw,een MIL-R-55182 and MIL-
R-10509 indicate an approximate 2% difference in failure rate.

The format for the resistor network model is not consistent with the others.

The resistance range factor tor power wirewound resistors has a range of 1 to 1.6, which is

insignificant relative to the expected model vrecision.

There is no adequate means to calculate the failure rate of non-plated through hole technology
parts, such as surface mount and chip devices.

The complexity of the thermistor model is not consistent with the other models.

A primary failure mechanism of variable resistors is corrosion of the wiper contact which

results in an intermittent or open condition.

The range of the voltage factor for variable resistors is 1 to 1.2, which is insignificant relative

to the expected precision of the model.

The resistor network model indicates that there is a linear relationship between failure rate and
the number of resistive elements. This seems illogical because the resistor network failure
rate contribution of the package is not expected to be proportional to the nurnber of resistive

elements.




4.2.3 Resistor Model Development

4.2.3.1 Hypothesized Resistor Model
The following is the hypothesized model form for resistors:
Ap = ABTQTETTTPRTSTTO

Ap = Base failure rate, function of resistor type
Q = Quality Factor
g = Environment Factor
np = Temperature factor based on the Arrhenius relationship
npr = Rated Power Factor

ng = Electrical Stress Factor, function of current or power

TTO Tolerance Factor

4.2.3.2 = Summary of Resistor Data Analysis

Initial analysis of the resistor failure rate data indicated that there was a high correlation
between environment and quality, which was expected. Due to this correlation the initial
regression analysis with unmodified quality and environments yielded inconsistent and intuitively
incorrect results. For this reason, either a quality or environment factor had to be derived off-line
and the regression re-run with the new factor. It was determined that the factor for quality would
be derived since there are standard procedures for quantifying the reliability differences between
various quality levels of military part types. The vast majority of the data was either of commercial
quality level or of the standard MIL quality level M, between which the current MIL-HDBK-217
models indicate there is an approximately 10:1 difference in failure rates. This is the quality factor
therefore that will be used. The observed failure rates were modified in accordance with this

quality factor and the regression was re-run.
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The following environment factors in Table 4.2-7 were derived from the regression:

TABLE 4.2-7:
OBSERVED RESISTOR ENVIRONMENT FACTORS

- B Ay 25.0

Al 43.4
G 1.0

Although these are more generic environments than those currently in the handbook, it is the
most detailed level at which the regression analysis indicated statistically significant results. These
results indicated that, in general, the airbomne applications were more severe than current models.

An average of the current 217E environment factors for all resistors are given in Table 4.2-8.

' TABLE 4.2-8:
/‘ CURRENT ENVIRONMENT FACTORS
/ Gg I
G 2.0
: G 8.28
Ac 9.0
Ayc 15.3
AR 1.6
AUF 21.9
ARw 31.3
Ny 20.8
Ng 6.14
M, 431
M 18.7
L 868
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Average of the generic categories of current factors and factors derived in this effort are given
in Table 4.2-9.

TABLE 4.2-9:
217E/DERIVED ENVIRONMENT COMPARISON

Environment Current 217E Derived
Ay 18.6 25
Ar 14.8 43
Gg 1 1
These values indicate thut on average, the current models are 2.03 times optimistic {((25 + '
43)/(18.6 + 14.8)). Thus, adjusting the current models in accordance with these factors and 3
adjusting all other environment categories proportionally yields the factors in Table 4.2-10.

TABLE 4.2-10:
RESISTOR ENVIRONMENT FACTORS

Gp 1
G . 4
Gm 16
Al 18
Ayc 31

A 23
Ayl 43
ARw 63
Ny 42
Ng 12
M 87

MF 37
L 1728
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Also analyzed as a variable was whether the resistor was of a fixed or variable type. Variable

types are mechanically more complex and therefore typically exhibit higher failure rates than their

fixed counterparts. Additionally, they have a unique failure mechanism that fixed resistors do not;

corrosion and contamination of the contact. These mechanisms are temperature dependent and thus

should foliow the Arrhenius relationship with a specific activation energy. Initial regressions did

not account for temperature and indicated that variable resistors exhibited a 2.5 times higher failure

rate than fixed. Temperature was then accounted for by calculating an activation energy using the

current models and default temperatures for each environment, and using the Arrhenius

relationship to determine the temperature acceleration factor. This was accomplished only for

variable resistors. Since adequate data was not available describing the temperature dependence of

fixed resistors, it will not be a factor for fixed types. The activation energies used are listed in
Table 4.2-11.

TABLE 4.2-11:
RESISTOR ACTIVATION ENERGIES

ﬁComposition 31

Non-wire Wound
Film
Cermet or Carbon Film

Wire wound

.09
22
.09
.23

After modifying the observed failure rate for temperature, the regression was re-run and it

indicated that there was no statistical difference between fixed and variable. Therefore, since

temperature is only used as a factor for variable types, it is the only factor distinguishing fixed and

variable resistors.

Additional variables analyzed to determine their impact on reliability were: tolerance,

resistance and rated power. Tolerance was analyzed under the hypothesis that tighter tolerance

resistors would be more likely to fail due to drift mechanisms, but the regression showed it is not

an inc'icator of reliability.

Resistance value was analyzed and indicated the following relationship:

A o R-028 (R in ohms)

~u




Due to its relative insignificance, it will not be included in the model. Power was however a

significant variable and was determined to be:

Ao P39 (P = Rated Power in Watts)

The observed failure rate was then divided by this factor for each data record and the
regression was ve-run. The base failure rates in the right column of Table 4.2-12 were derived by
multiplying the base failure rate from the regression analysis by the percentage of hours from
failure records.

Another variable analyzed separately was the number of sections in resistor networks.
Inconsistent results and a low correlation to failure rate indicate that, based on the data, the numoer
of sections does not influence of resistor network reliability.

TABLE 4.2-12:
RESISTOR BASE FAILURE RATES

Resistor Type Regression A % Hours From A After Accounting
Failure Records for % Failure Hours

Carbon Comp. 041 4.26 0017
Thin Film .0025 28.8 .00072
Carbon Fiim .00044 264 .00013
Thick Film .00052 11.0 .000057
Resistor Network* .0019 99.9 0019
Nichrome .52 2.15 .0118
Varistor .0024 94.2 .0023
Thermistor .043 4.5 0019
Wire Wound .042 5.62 0024
Metal Film .042 8.8 0037

*The values for resistor networks were derived separately from the regression analysis using
the data in Table 4.2-13.
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TABLE 4.2-13:

o }"n ciale

Ap =

RESISTOR NETWORK DATA
Hours (106) | Failures g np "Q **Ap
33.6 2 *53 62 1 0018
1200 10 23 62 1 .00058
23,473 72 1 .62 10 00050
9.6 3 23 .58 1 023
Geometne Mean L0019

T

» .

* cverige of AUF and AUC g

vlaivd by dig following;

TT.E ﬂp TKQ

_ Failures/hours

Resistor networks were analycud separately since there were only a few datapoints available

» regiession analysis. Table 4.2-13 summarizes this

which resulted in anomalous results from the rey
analysis. The observed failure rate wa. F ided by the appropriate values of the environment,

yielded the resistor network base failure rate of 6019,

power rating, and quality factors. The geometric mean of these vilues were then taker which
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4.3 INDUCTIVE DEVICES

General classes of inductive devices are coils and transformers. Coils are reactive devices
made by winding an insulated wire around a ferrous or non-ferrous core. Use of a ferrous core
dramatically increases the inductance. Transformers are basically two coils wound on a common
iron core which closes the magnetic circuit and allows the conversion of voltage (up or down)

when an alternating current is applied to one of the coils.

Inductive devices are relatively simple and have proven to be reliable if used properly. The
failure modes/mechanisms that occur are insulation breakdown, open circuit, and a change in the
magnetic core characteristics (if applicable). The occurrence of open circuits is application
sensitive and can result from extreme current or mechanical damage. Changes in core
characteristics can result from exposure to extreme temperatures. However, the predominant
failure mede is insulation breakdown between windings for heavy wire windings and open circuit

for fine wire windings.

Inductive device design dictates the rate of insulation breakdown. This mechanism depends
on the type of insulation (type of material, thickness and puriiy) and is accelerated by temperature,

current and humidity.

Since ideal inductors are also a purely reactive device, they dissipate very little power under
operating conditions. However, since there is a resistance associated with the wire, there will be
some dissipation that must be accounted for when calculating its operating temperature. Therefore,
the hot spot temperature should be calculated and used in the failure rate equation, The
methodology for calculating this temperature will not be changed from the current 217E

methodology.
Tests used for inductors include (if applicable) current. winding-to-winding breakdown,
winding-to-core breakdown, and winding-to-case breakdown, all with or without accelerating

emperature and humidity.

431 Inductive Device Failure Modesaind Mok - isms

Tables 4.3-1 through $.3-3 summarize the predominant failure modes/mechanisms along

with their aceelerating stresses and approximate percentage of occurrence.




TABLE 4.3-1:

INDUCTOR FAILURE MODES AND MECHANISMS*

Failure Mode

Failure Mechanism

Accelerating Factors

short

open

insulation breakdown

broken winding wires

voltage, current storage,
ternp., humidity

shock

broken lead

shock, vibration

*Actual percentage of occurrence not available.

| TABLE 4.3-2:
TRANSFORMER FAILURE MECHANISMS

Failure Mode Failure Mechanism Accelerating Fuctors Distribution (%)
Open WIre OVCT-SIress voltage, current 25
Open faulty leads vibration, shock 5
Short corroded windings humidity, temp. 25
Short insulation breakdown | voltage, humidity, temp. 25
Short insulation deterioration | humidity, temp. 20

TABLE 4.3-3:
RF COIL FAILURE MECHANISM DISTRIBUTION
Failure Made Failure Mechanism Accelerating Factors Distribution (%)
Open WITC OVETr-SITess voltage, current 37
Oper faulty leads vibration, shock 17
Short insulation breakdown | voltage, humidity, temp, 14
Shont insulation -feteriorstion | humidity, temn, 32
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4.3.2 Current MIL-HDBK-217E Inductive Devices Model Review

The MIL-HDBK-217E inductive device models have been analyzed to determine areas of

deficiency and possible areas of improvement. The following summarizes these findings:

The base failure rate equation does not appear to be based on the Arrhenius relationship.

The construction type given in the models may have insufficient detail. Some inductive
devices have a more complex mechanical construction and thus are more susceptible to failure
when exposed to environments with high levels of shock and vibration.

Chip and surface mount inductors are not addressed.

There is a non-linear relationship between failure rate and temperature rating,

The weight vs. temp. rise needs to account for transformers less than one pound.

4.3.3  Inductive Device Model Development

4.3.3.1  Hypothesized Inductive Device Model

The hypothesized model for inductive devices is:

lp = lb"‘TKE“D”Q

Ap = Base failure rate function of device type, insulating material
nr = Temperature acceleration factor, per the Arrhenius relationship
g = Environment Factor

Ty = Dielectric Material Factor

rGy F Quality Factor

RERTS




4.3.3.2  Summary of Inductive Device Data Analysis

4.3.3.2.1 Transformers

An analysis of the transformer dataset was performed to determine if correlations between
variables existed or whether there were outlier datapoints. As expected, there was a high
correlation between quality and =nvironment. While an initial regression was performed that
indicated that quality was not a significant factor, it is probably due to the correlation between
variables. Therefore, the conclusion of this analysis should not be that quality is not an important
variable, but rather the data and analysis methodologies available cannot quantify its effect.

Since both quality and environment are important reliability factors and should be included in

the model, one must be derived off-line and used in subsequent regressions to quantify the other,
It was therefore chosen to derive the quality factor using the current MIL-HDBK-217E nQ values

as a baseline. The current MIL-HDBK-217E nQ factors range from 2.5 to 3.75 and since this

range is insignificant relative to the precision of the prediction model, an average of 3:1 will be

used for the ratio of commercial to military quality.

An equivalent activation energy in the Arthenius equation could not be derived since precise
temperatures for each observed failure rate was not known. The current MIL-HDBK-217E model
for transformers does not use an Arrhenius relationship, but rather the following equation:

THS + 273 G
Ay = Ae[ NT ]

This relationship was apparently structured to allow the failure rate to increase dramatically as
the maximum rated temperature (N) is exceeded. Calculating an equivalent activation energy

between 0°C and the rated temperature of the transformer yields an average value of .11 eV. This
was derived by calculating the base failure rate at 0°C and at the maximum rated temperature, and
calculating the activation energy necessary to derive the same ratio of failure rate between these two
temperature extremes when using the Arrhenius relationship. .11eV is a relatively low activation

encrgy, but typical of dielectric breakdown mechanisms.
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Therefore, the temperature acceleration factor was calculated using a .11 activation energy
(and normalized to 25°C, as are the current MIL-HDBK-217 models) and default temperatures for

each environment defined in Reference 64.

The observed failure rates were then adjusted for quality and temperature and the regression

was re-run to quantify, if possible, the effects of:

- Environment

- Transformer Type

- Frequency of Operation

- Secondary Voltage and Current

After several iterations of combining variables in attempts o yield statistically significant

results, the environment factors in Table 4.3-4 were derived.

TABLE 4.3-4:
OBSERVED ENVIRONMENT FACTORS

Env. g
Gpe 1
Ay 5.27
Apa 11.2

G and Gy, environments were observed not to be significantly differeat from Gg. These

environment factors are not significantly different from the existing MIL-HDBK-217E fuctors and

therefore the environment factor will remain unchanged.

The base failure rates in the right column of Table 4.3-5 were obtained by multiplying the
base failure rate O‘*b regression) by the % hours from failure records.
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TABLE 4.3-5:
TRANSFORMER BASE FAILURE RATES

% Hours from
Type Ap Regression Failure Records Ay
Switching .014 4.1 .00057
Flyback 160 3.4 0054
Audio .100 13.7 0137
Power 162 30.0 0486
RF 187 71.1 .133

Also analyzed were the effects of operating frequency and secondary voltage or current.
Although no discernable affects due to these variables could be identified while analyzed as a
continuous variable, operating frequency is partially accounted for in the base failure rate since
there are separate failure rates for power, audio, and RF types.

43.3.2.2 Inductors

An analysis very similar to transformers was performed for inductors. An equivalent
activation energy could not be derived from the field data due to uncertainty in the actual
iemperatures of operation. Therefore, an equivalent activation energy of .11 eV was chosen for
consistency with the transformer model. The base failure rate was then modified in accordance
with the temperature factor using this activation energy and the default temperatures for the
individual environments,

The initial analysis of the data indicated several correlations; between quality and
environment, inductor type and environment, and RF types and choke types.

Due to the correlation between quality and environment, the current quality factor ratio of
20:1 was chosen for commercial quality ard military quality M. The observed failure rates were

then normalized to this factor and the regression was re-run.




The observed environment factors are given in Table 4.3-6 as follows:

TABLE 4.3-6:
OBSERVED INDUCTOR ENVIRONMENT FACTORS

Gg ‘ !
Gp 55
Gm 23
A 175
A, 225

From this data, it appears as though the current environment are not severe enough.
However, since the results were more significant for transformers, and coils have similar reliability

characteristics, the environment factor for transformers will be used.

There also was not enough data to quantify the difference between fixed and variable types.
Therefore, the current 1:2 ratio will be kept. The data set was modified (divided by) for this factor

and the regression was re-run.

The base failure rates obtained from the regression analysis are given in Table 4.3-7:

TABLE 4.3-7: 37’«
INDUCTOR BASE FAILURE RATES ::
% Hours trom
Type Ap Regression | Failure Records Ab ;
¢
Choke .00025 11.4 000030
All others (including 0021 1.07 000025
fixed and variable,
low freg. and RF) ]




4.4 SWITCHES

Switches electrically transfer power or function from one circuit to another, resulting in the
completion of the circuit. The actuation is manually applied, differentiating them from relays. The
achievement of the transfer function is accomplished in two basic methods:

(1) Mechanical (contact mating)
(2) Electronic (solid state, inductive, no mechanical contacts)

Mechanical switches employ a method of mating contacts through a variety of actuations.

Some examples include:

+ Snap Action
* Wiping
» Cross Bar

Each type of contact style and actuation is configured in relation to their application. Lamp or
inductive loads require snap action configurations to reduce the contact degrading during arcing.
Dry circuit applications require the cross bar configuration to eliminate corrosion build up creating

a resistive connection.

Electronic circuit transfer devices do not employ contacts to perform its function but instead
transfer power through transistor like saturation of a semiconductor layer. Mainly utilized in low
power applications, their unique clean transfer and isolation properties make them populur in
microwave electronic circuits. With the exception of Solid State Relays, these electronic switches

are not addressed in this study.
The majority of switch failure modes and mechanisms relate to the contacts. Under ideal
conditions the resistance at the contact interface is zero but in reality resistance is present. Design

and application factors which influence contact failure are:

(I)  Contacting Materials - different materials exhibit varying degrees of resistance to oxidation.

An oxide film causes increased contact resistance and heat. Table 4.4-1 shows various

physical properties for different contuct materials.




TABLE 4.4-1:
CONTACT MATERIAL PROPERTIES IMPACT SWITCH RELIABILITY

Temp. Thermal
Melting Coclficientof | Conductivity
Contact Point | Resistivity Resistivity (cul-cm Oxidation Arcing
Material °C) uQ-cm) {ncr °C) scc-°C-cm2) Resistance Effects
Gold 1,063 242 0.0034 0.71 Exccllent Pits and transfer at
high current and
‘ voltage
Molybdenum| 2,625 5.7 0.0033 035 Good Pits and transfer at
, ; high current and
! ; voltage
\ Palladium 1,552 11, 0.0038 0.11 Fair Resists arc crusion
_ Platinum 1,773 10.60 0.0030 1.17 Very Good | Resists arc crosion
Silver 960 1.63 0.0038 1.01 Excellent Pits and transfers at
high current and
voltage
Tungsten 3410 5.52 0.0(45 0.48 Good Resists arc crosion

(2) Opegrating Environment - the presence of foreign particles in the environment and the

formation of surface film increases the contact resistunce and adversely affects the failure rate

of the contacts.

(3) Contact Pressure - the higher the contact pressure the greater the contact area due to the

R
-

yiclding of contact asperities (microscopic peaks and valleys). It also can degrade the contact

faster due to wear. .

The predominant accelerating stresses in manually actuated switches is temperature and load
during switching. Temperature is generated by the natural transfer of power, occurring during the
mating of contacts. The resulting effects of this increased temperature include contact material

fatigue, oxidation, and contact contamination. All of the above conditions result in increased

contact resistance, resulting in even higher temperature increases.
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Typical failure mechanisms associated with switches are contact pitting due to arcing on
break, contact material transfer, contact weldment on make (resulting from excessive resistance and
heat generation), and mechanical failures resulting from the construction or packaging of the
particular switch. Application factors affecting the failure rate of switches are:

« Switching voltage - for source voltages less than 14V, arcing typically does not cause
serious prcblems but for source voltage greater than 14V, arcing can occur causing
contact pitting.

< Actuation frequency - contacts wear when exposed tc more frequent actuations.

+ Altitude - the dielectric strength of air is less at higher altitudes causing arcing to occur for
longer durations.

Switches which are not currently covered in MIL-HDBK-217E but should be added are:

» Centrifugal switches

» Capacitive-touch switches

*  Membrane switches

»  Circuit breakers with hydraulic-magnetic trip mechanism
* Ground fault interrupters (part of circuit breakers)

+ Slide switches

A centrifugal switch is actuated by rotational velocity. The simplest type consists of a speed-
sensing unit that mounts directly on a rotaiing shaft, and a stationary contact switch assemnbly. The
basic control element is a conical-spring steel disc that has centrifugal weights fastened to the outer
edge of its circular buse.

A capacitive touch-switch consists of two conductive layers on opposite sides of an
insulating material such as glass or a printed-circuit board. The conductive layers create a
capacitance that decreases when a layer is touched. Interface circuitry converts the capacitance
change into a usable switching action.

Inductive switches, mainly used where hizh ¢_clic rates are required, are classified in the
electronic category but rely on magnetics for thei- .actionality. As the switch is actuated, an iron

core is slid through a coil creating a frequency change resulting in a signal transfer.
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Membrane switches are devices in which conductive leads on the underside of a flexible
membrane are pushed through a hole in a spacer to mike contact with conductive leads on a base.

Optional overlays are provided for user interface.

The hydraulic-magnetic construction circuit breaker consists of a solenoid with a dash pot
time-delay element (i.e., iron core). The dash pot time-delay tube contains a silicone fluid and a
returin core spring. Operation depends on changes in the magnetic flux. Changes in flux are
caused by changes in coil current, which in turn cause changes in the position of the iron core
within the coil. The speed at which the core moves is controlled by the damping effect of the

silicone liquid in the tube.

A ground-fault interrupter is composed of many elements including a differential current
transformer, op-amps, synchronous demodulator, resistors, capacitors and diodes. The ground-
fault interrupter removes power when it senses a current imbalunce (not just an overload) between
the hot and neutral conductors supplying operating power. A ground fault results when a current-
carrying part of a circuit accidentally contacts any grounded conducting material, whether the

resistance path to ground is high (e.g., human body) or low.

4.4.1 Switch Faiiure Modes and Mechanisms

The following tables summarize the failure modes of switches along with their approximate

relative rate of occurrence.

TABLE 4.4-2:
SWITCHES, GENERAL FAILURE MODES

Failure Mode %6 Occurrence
Ogen 15%
Shorted 8%
Intermittent 19%

Out of Spec. 14%

Other 18%

Unstable 10%

Dnift 9%

Leaking 7%
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TABLE 4.4-3:
FLOAT SWITCH FAILURE MODES
Failure Mode/Mecharinm & Occurrence |
Cracked/Fractured 8%
False Response 23%
Leaking 8%
No Operation 3%
Outof :\Jj‘..‘ aitent 15
Scizad 8%
Stk Closad 8%
Sk Oen i

REED SWIT(HES FALURE MODES
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TABLE 3.4-5:
TOGGLE SWITCHES FAILURE MODES

Failure Mode/Mechanism ¢ Occurrence ‘
Open 24%
Short 16%
Intermittent 25%
Mechanical 35%

As with the other part types, the data listed in the previous tables are based on the best
available data and will clearly be a function of device type, menufacturer, application, etc.
Therefore, the distributions given were only used to identify predominant failure modes and to test
the reasonableness of the hypothesized model.
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4.4.2 Review of MIL-HDBK-217E Switch Models

The MIL-HDBK-217E switch section was analyzed for completeness and adequacy. The

findings of this investigation are listed below, The items that were included as factors in the final

model were a function of data availubility and of the findings o this study. Thercfore, not all

factors discussed were included in the final model.

(H

h

Part types that should be addressed for addition are centrifugal switches, capacitive-touch
switches, membrar . switches, hydraulic-magnetic circuit breakers, ground fault interrupters

and slide switches.

Contact material should be considered for inclusion in the model because of their varying

resistance to failure.

AC versus DC application should be included in the model because arcing is more prevalent
in DC operation.

The difference in failure rate between thermal and thermal-magnetic circuit breakers should be

included.

The switch failure rate is currently proportional to actuation frequency whea cycling
frequency is greater than 1 cycle/hour and independent of cycling frequency when cycling
frequency is less than 1 cycle/hour. This approach to switch failure rate prediction is too
simplistic. If the failure rate is directly proportional to the cycling frequency, then all failure
mechanisms should relate to actuation cycles. In practice, there are mechanisms relating to

the switch package which are independent of cycling frequency.
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4.4.3 Switch Model Develapment

4.4.3.1 Hypothesized Switch Model

The model hypothesized for switches is the following:

P
o
!

leQTtET{C + lU
Ap = Base failure rates as a function of switch type and configuration

ng = Quality Factor

ng = Environment Factor, function of hermeticity
nc = Contact configuraion factor
Ay = Usage Factor, function of load, cycling rate, contact material, and whether the load

is applied during switching. This is a wearout failure mechanism modeled per
Section 2.3.

4.4.3.2 Switch Data Analysis

4.4.3.2.1 Standard Switches

Initial regression analysis of the data indicated that the environment factors derived for those
environments for which there existed data were consistent with the current MIL-HDBK-217
environment factors. The environment factor will therefore be kept unchanged. The regression
was run again with the current MIL-HDBK-217 environment factors and quality was specifically
analyzed. This regression analysis indicated that, based on the available data, that there was no
significant difference between quality levels. This is not intuitively correct and does not imply that
there is no difference in the failure rates, merely that the difference is smaller than that which can be
quantified based on the database and statistical techniques used. Typically, failure rate differences
of greater than 2:1 can be identified with the techniques used. Differences less than this are
difficult to identify given the inherent amount of noise in field failure rates. Therefore, since a
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difference of less than 2:1 cannot be distinguished from the data, and quality intuitively makes a

difference, a 2:1 ratio in military vs. lower qualities will be used.

The next variable analyzed was the switch current rating. Unfortunately, there was
insufficient da-u available to quantify the effects of contact current rating based on the data
available. The stress (both rated and actual) however will be addressed in the utilization factor to
be discussed in Section 4.4.4. There was also insufficient data to quantify the effect of contact

material.

The base failure rates of various types and styles of switches were derived after
compensating for the ahove described quality and environment factors. These base failure retes are
given in Table 4.4-6:

TABLE 4.4-6:
SWITCH BASE FAILURE RATES

% Hours from

Type Ap (Regression) | Failure Records Ab
Rocker .186 25.5 047
Slide .082 7.3 .0060
Push Button/Toggle 577 353 .204
Reed 101 1.88 .0019
DIP 118 .20 .00024
Pressure 5.75 99.27 5.53
Limit 8.58 $9.99 8.58
Centrifugal 6.82 100.0 6.82
Microwave {Waveguide) 3.52 98.8 3.48
Liquid Level 4.71 100 4.71

The column on the right is compensated for the zero failure hours observed.
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The last variable analyzed 'vas the number of active contacts. For example, the number of
active contacts in a DPDT switch is 4, a SPST is 1, and 2 3PST is 3. The relationship between
failure rate and number of contacts is:

e S U

3

n, = (# contacts)-33

stV

£

precy

4.4.3.2.2 Rotary Switches

eyl

There was insufficient data available to quantify tiwe effects of either quality or environment
for rotary switches. Due to similar failure mechanisms to standard switches, the quality and
environment factors previously described for switches will be used.

A regression was run normalized to these factors and the base failure rates in Table 4.4-7
were derived.

TABLE 4.4-7:
ROTARY SWITCH BASE FAILURE RATES

% Hours from
Type Ap (Regression) |  Failure Records Xp
Rotary Switch 1.13 19.5 22
Thumbwheel 3.59 | 99 36

Since there was insufficient data to derive a factor for number of active contacts specifically
for Rotary Switches, the factor derived for standard switches will be used.

4.4.3.2.3 Circuit Breakers

Although Circuit Breakers are considered in the general category of switches, they were
analyzed separately due to their inherently different construction characteristics. The data set was
first analyzed to determine if there were correlations within the data or outliers which would

prevent a valid derivation of model parameters. Several outliers were excluded, one of which

implied that a naval unsheltered environment was much more reliable than a ground fixed
environment.




Quality and environment were highly correlated, making it impossible to quantify the effects
of both. Therefore, the MIL-HDBK-217E environments were assurmed to be correct, the observed
failure rate was adjusted to compens:e for environment and the regression was re-run. This
analysis indicated an approximate 20:1 ratio in failure rate between commercial and military parts.
However, the significance of this factor was relatively low and therefore the available data does not
contradict the current 8.4:1 ratio in failure rates between commercial and military parts. Therefore,
the Quality and znvironment factors are given in Tables 4.4-8 and 4.4-9.

TABLE 4.4-8: TABLE 4.4-9:
CIRCUIT BREAKER CIRCUIT BREAKER
ENVIRONMENT FACTOR QUALITY FACTOR
Environment ng | Environment ng Quality nq
Cp FpoNy 27 MIL-SPEC 1.0
Gg 2 Ng 8 Lower 8.4
Gm 15 My 66
Aric 7 Mg 25
AUC 11 CL N/A
Alp 9 Sg .5
AUF 12
Apw 46

The contact configuration was also regressed against and the results were very consistent

with the current factor, which is equal to the number of contacts, as in Table 4.4-10. Therefore,

the contact configuration will be kept in:act,

TABLE 4.4-10:
CONTACT CONFIGURATION FACTOR

Configuration .
SPST 1
DPST 2
3PST 3 :
4PST 4 i
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It was also attempted to quantify the failure rate as a function of the rated current of the circuit
breaker. However, since it was highly correlated to number of contacts, its effect could not

explicitly be quantified and was therefore not included in the model.

The observed failure rate was then adjusted fer quality, environment, and contact
configuration, and the regression was re-run to quantify the base failure rates for each type of
circuit breaker. These base failure rates are given in Table 4.4-11:

TABLE 4.4-11:
CIKCUIT BREAKER BASE FAILURE RATES

Type Ap (F/109)
Magnetic .68
Power Switch 1.74
Thermal .68

4,43.2.4 Thermal Switches

Bimetallic thermal switches were analyzed separately. Applicable specs. for these are MIL-
S-12285 and MIL-S-24236. Since all data available for thermal switches was from a Gg

environment and from commercial device types, the model was normalized to these variables.

Since there was no data available on MIL-Spec. thermal switches, a quality factor could not
be derived from the data. Therefore, the ratio of 2:1 between commercial and military derived for
basic switches will also be used for thermal switches. Similarly, the current MIL-HDBK-217
environment factors will also be used. ‘

The proposed model for thermal switches is therefore:

lp = )betQTtE
There was a total of 193, 879, 400 operating hours with 12 observed failures in the datasef;

yielding a base failure rate of .0619. Since this failure rate is in reference to a commercial part,

dividing by 2 yields a base failure rate normalized to a military quality part.
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4.4.4  Swirch Utilization Factor (A())

Switch and relay contacts can exhibit wearout failure mechanisms when exposed to repeated
switching operations under electrical loud. This is primarily cue to the arcing and subsequent
carbon generation of the contact. The variables accelerating this degradation mechanism are contact
configuration and material, voltage, current, temperature, operating interval and inductance and
capacitance of the load being switched. Although all of these variables affsct wearout times for
switches and relays, the predominant variables, and those readily available to designers are current
voltage, inductance and capacitance. Therefore, these are the variables researched further for use

in the utilization factor.

References 4 and 74 present data and analysis of switching cycles to failure under various
operational conditions. The equations in Table 4.4-12 from Reference 4 relate the characteristic life
(in 106 cycles) to applied operating voltage and current for both AC resistive loads and DC loads.

TABLE 4.4-12:
CONTACT LIFE EXPECTANCY (1()6 ACTUATIONS)

Contact Current
Rating (Amps) AC Resistive Load DC Load
3 29.08 26.323
y-7511.14 v1.33 1.3 130 L/R
*(0-4)
5 _ 10345 123.187
v-75 114 v!1.33 (1.3 130 LR
*(>4-8)
10 21974 307.94
A5 114 (133003 130 L/R
VARR! v ['7e
*(>R)

*Range for which model is assumed valid.




An attempt was made to regress on the constant in these equations as a function of rated
current in an effort to derive a single equation representing the number of cycles to failure as a
function of rated current, applied voltage, and applied current. This aitempt was unsuccessful due

to the fact that the linear regression implied negative cycles to failure for low rated current relays.

Therefore, the approach taken was to assume the equations in the previous table are valid for the
ranges of current ratings. The equation for 3 amp rating was assumed valid for the range 0-4
amps, for the 5 amp rating, >4-8, and for the 10 amp rating, >8.

Table 4.4-13 summarizes data available from Reference 74 on dry reed contacts made of
cobalt hardened diffused gold, containing carbon with a top layer of ruthenium. Contained in this
table is the voltage, current, Weibull a parameter (characteristic life), Weibull B pararneter,
characteristic life predicted from Table 4.4-12 and the predicted/observed ratio. Several
conclusions were made from this data. Fit , the predicted mean cycles to failure are generally
pessimistic by an average failure of .41. Although not entirely accurate, it does err on the
conservative side which is desirable in this situation. Second, the beta values (needed for the
wearout failure rate term) observed range from 1.1 to 8.6, with a mean of 3.5. Again, a
conservative beta (lower value) is desirable since it will yield the worst case failure rates in the
early life of the component. Therefore, a beta value of 3 will be used in the model.

TABLE 4.4-13:
DRY REED CONTACT DATA
v I o4 o Predicted
: Predicted
v) w | ah | p (105) (5;;;;)
200 025 26 3.2 36 1.4
100 .050 165 1.1 28 17
50 100 82 6.3 21 .25
6.7 15 55 3.2 9.7 17
260 .05 45 8.6 16 .35
1G) 100 20 2.2 13 .65
50 .200 250 1.5 9.7 .039
28.6 .35 140 5.3 7.8 .056
20 500 7.5 1.4 6.7 .89
13.3 735 47 25 5.8 12
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As with the majority of electronic components, the failure rate of switch and relay contacts is
a strong function of quality, and of the manufacturing process. Reference 77 presents data
illustrating this dependence and indicates there are several orders of magnitude difference in the
times to failure between a good part and a marginal part. Since the models being developed herein
are generic models, they cannot explicitly account for specific manufacturing process variables.
The effects of marginal manufacturing processes are however partially accounted for in the quality
factor, assuming that the process controls and screens are effective in reducing defects related to
early and mid life failures. Given these limitations, the models developed herein are representative

of industry wide average failure rates.

Reference 77 also contains time to failure data on dry reed contacts. While enough data did
riot exist to validate the predicted failure rate, the available data does indicate that the predicted

mean-time-to-failure is in the right range.

Since the wearout failure is being separately accounted for, the constant failure rate portion of
the predicted failure rate must be decreased so that only non-wearout failure rates are included.
From the failure mode distributions, it is apparent that approximately 50% of observed failures can
be attributed to failure mechanisms that the wearout term is intended to model. The base failure
rates must be decreased by 50% to accommodate this. Therefore, the {inal proposed models in
Section 5 of this report contain base failure rates which are 50% of those contained in Table 4.4-6
derived from the re ression analysis. The value of 50% was derived from the data in Tuble 4.4-2
by assuming that "open”, "intermittent”, and "out of spec.” failure modes are wearout related. The
percentage of these sum to 48%, or approximately 50% of the total failurs rate. These failure
modes were identified . wearout related since the ultimaie mode of failure for switch contacts

subjected to wear is open, intermittently open or increased contact resistance (out of spec).
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4.5 RELAYS

The two main categories of relays are electromechanical relays and solid state relays (SSRs).
Electromechanical relays are magnetically-operated devices availatie in many different styles, each
having unique mechanical construction and electrical characteristics. Solid state relays control load
currents through solid state switches such as TRIACs, SCRs or power transistors. Unlike
electromechanical relays, solid-state relays have no moving parts and are often used in applications
where rapid on/off cycling would lead to wear out of conventional electromechanical relays.

The major failure modes/mechanisms for electromechanical relays consist of contacts
sticking, contact material transferring, contacts welding, high contact resistance, mechanical
failure, and coil opening or shorting. For some applications, contact sticking and high contact
pressure may be intermittent and difficult to diagnose. Coil failures are usually attributed to
excessive voltage, electrolysis or other chemical reactions or harsh environments. Excessive
temperature, especially if prolonged, may deteriorate the insulation, causing the coil to fail. Most
electromechanical relay failure modes are fairly easily detected by visual inspection.

Failure modes in SSRs are primarily associated with the TRIAC or SSR switching
characteristics. Most common fuilures take the form of SSR false turn-on with no turn-on signal.
For example, turn-on can occur if operating temperatures exceed the thyristor rating or transients
from the switched load or AC line momentarily exceed the thyristor breakover voltage. Other
failure modes/mechanisms include thermo-mechanical fatigue caused by cyclic temperature surges,
chemical reactions such as channeling and physical changes such as crystallization of materials.
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The physical design of an electromechanical relay can be described by the contact
combination or form and the construction type. The current-carrying parts of a relay that are used
for making and breaking the electrical circuits are available in various combinations of contact
forms. Single-throw contact forms have a pair of contacts open in one armature position and
closed in another. Double-throv contact combinations have three contacts, o which one is in
contact with the second but not with the third in one relay position, and in the reverse connection in
the other relay position. Double-make and double-break contact forms have two independent
contacts that are both connected to a third contact in one position on the relay. The choice of
contact material and the shape of contacts impact relay failure rate.  Contact reliability concerns for
relays are very similar to those of switches, and therefore the contact reliability discussion

presented previously wre applicable.

Relay failure rate is significantly influenced by application variables including; ambient
temperature, shock and vibration, contact material, shape of contacts, the amount of contact force
and the wiping or sliding of contacts. The selection of a relay for a particular application is based
on user requirements including:

« Class of application (e.g., military, commercial, industrial, machine tool control, etc.)

« Environmental requirements (e.g., high temperature, corrosion, shock, sand, etc.)

« Enclosure (e.g., open, sealed)

» Coil specification (e.g., resistance or impedance, voltage or current, emperature rise)

+ Contact specification (e.g., form, current, voltage, AC/DC, frequency, etc.)

+  Mechanical life expectancy

+  Electrical life expectancy

» Electrical characteristic specifications (e.g., contact resistance, insulation resistance

dielectric strength)

+  Operational specifications

A number of test methods have been stundardized to assure reliable performance of relays.

Several of the more important tests are listed in Table 4.5-1.
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TABLE 4.5-1:

TESTS PERFORMED TO ASSURE RELAY RELIABILITY

[ Test Type

Description/Purpose

Contact Resistance

Insu'ation Resistance Test

Diclectric Withstanding Voltage Test

Winding Registance Tes?

Winding Inductance Test

Winding Impedance Test

Contact Bounce Test

Contact Chatter Test

Functioning Time Test

Lecak Test for Hermetically Scaled Relays

Determines the resistance offered by clectrically contacting surfuces to a
flow of current. For practical reasons, leads and terminal resistances
within the unit or test may be included in the measurement. In many
applications, contact resistance is required to be low and stable to avoid
voltage drop across the contacts, which adversely affects the accuracy of
circuit conditicns, and to prevent overheating at high currents.

Mecasures the resistance between mutually insulated members of a relay.
Values of insulation resistance can be important in the design of high
impedance circuits. Low insulation resistance may permit excessive
leakage current that can affect isolation of independent circuits.
Excessive lcakage current can also be indicative of the presence of
corrosive impurities that can cause deterioration by clectrolysis or
heating.

Detects flaws in materials, design, or construction of the unit which
might result in failure to withstand the specificd test potential, Itis a
static test, conducted without contact switching and in the absence of
contact arcing.

Measuring the dircct current resistance of a relay coil winding.

Mcasuring the inductance of the coil winding. In relays, coil inductance
is a function of the numbcr of turns of wirc and the gecometry and
rcluctance of the magnetic circuit,

Mcasuring the impedance of relay windings designed for usc on
alternating current.

Mcasurement of the duration of the intermittent opening or closing of
contacts causcd by contact beunce.

Monitoring contact chatter when relays are subjected to vibration,
shock, and acceleration tests.

Mcasure the operate and release time of relays.

Determine the effectivencss of the scal of a hermetcally scaled relay,
which cither is evacuated or contains air or gas. A defect in any poraon
of the surface arca of a scal part can permit the entrance of damaging
contaminants that could reduce the effective life of the relay.
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4.5.1 Relay Faiture MoCes/Mechanismg

)

~

The failure modes and mechanisms for armature relays are summarized in Table 2.2-2

TABLE 4.5-2:
ARMATURE RELAY FAILURE MECHANISMS

Fatlure Mechanism Acccier;ninrz Factors Distribution (7%) -
contact contamination moisture, temp. 18 :
poor contact alignment actuations, vibration 8 ~ :
contact corrosion actuations, voltage, humidity 6.5 "
opened coil current, vibration 8.5

unstable coil humidity, voltage, temp. 15

contact welding current 7

spring fatigue actuations 9

contact corrosion humidity, temp. 19 '_> 3
binding, jamming actuations, contaminants 9 S

4.5.2 MIL-HDBK-217E Relay Modeis Review

Review of the current MIL-HDBK-217 relay models resulted in the following observations:

(1)  Model development activities for relays specifically addressed the impact of cyclic operation
and relay terminology. The existing relay cycling fuctor depends on relay quality and cycling R
rate. Examples of computed cycling factors per the current model are given in Table 4.5-3. : :
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TABLE 4.5-3:

EFFECTS OF RELAY QUALITY ON CYCLING FACTOR

Cycling Factor
Cycling Rate
(Cycies/Hour MIL-SPEC Lower Quality
| .1 1
1 N 1
10 1 1
100 10 10
1000 100 100
10000 1,000 10,000 ]

Several aspects of this factor seem illogical. Iniually, the difference between MIL-Spec. and
lower relays becomes smaller as the cycling rate increases (and is the same value for cycling
rates between 10 and 1,000 cycles/hr.). In practice, the opposite should be true. High
quality relays and contacts may be able to withstand repeated cycling better than the lower

quality parts.

(2) Specific characteristics of the relay (e.g., incorporate contact material, AC/DC operation,
frequency, shape, contact force, amount of wiping/sliding) should be investigated for
possible inclusion in the model.

4.5.3 Relay Model Development

4.5.3.1 Hypothesized Relay Model
The hypothesized relay model form is as follows:

Ap = ApmERQ + Ay

where:
Ap = base failure rate as a function of generic relay type
ng = Environment Factor
nQ = Quality Factor
Ay, = Usage failure rate factor, function of load type, cycling rate, current, and voltage
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4.5.3.2 Relay Data Analysis

Initial regression results of the relay data were relatively consistent with expectations. This
was undoubtedly due to the fact that there were a large percentage of records (98%) which had
observed failures, thus resulting in a relatively large dataset to analyze. There were therefore

relatively few iterations required to arrive at the tinal results.

The results of the environment analysis are summarized in Tables 4.5-4 and 4.5-5. Table
4.5-4 summarizes the currene MIL-HDBK-217 environment factors and 1able 4.5-5 summarizes

those obtained from the regression analysis.

TABLE 4.5-4: TABLE 4.5-5:
CURRENT 217E ENVIRONMENT REGRESSION ANALYSIS
FACTOR
Environment ng
Environment de)
A 28
Gg 1 ARW 100
Gp 2 Gy 7.4
GM 15 Gg 1.0
AIC 7 SF .098
AuC 11 Gg 12
Al 9 Ny .98
AyUE 12
ARw 46
Ny 27
Ng 8
My 66
Mg 25
CL NA
Sg 5
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Comparison of existing factors (combined if necessary for consistency with the

environment/combination of environments in Table 4.5-5) to observed environment factors is
given in Table 4.5-6. The column labeled "current” denotes the g value of MIL-HDBK-217E for

such environment for which a regression solution was obtained. The "observed” column presents
the regression solution, and the Column "Observed Normalized to Gg" presents the observed

factors normalized to a Cg environment. This was accomplished by dividing the observed factor
for each environment by the observed factor of .12 for Gg. In this manner the ny for G is one.
It is these factors that are the proposed g values for the new model. In cases where there is not
an observed environment factor fur a particular envirenment, the ratio of proposed to current Tg
values of similar environments were used to multiply the current values. For example, there was

not sufficient data identify an observed factor for each airborne environment. Therefore, all
airborne environments were combined for the analysis and a ng factor of 233 was obtained. The

current average factor is 9.7 and therefore the ratio is 233/9.7 = 24. Each current airborne ng was

therefore multiplied by 24 to obtain the proposed rg values. Other environmental factors were

derived similarly.

TABLE 4.5-6:
COMPARISON OF NEW/OLD ENVIRONMENT FACTORS

Observed
Normalized

Environment Current Observed to Gpg

A *9.7 28 233

ARw 46 100 833

Om 15 7.4 64

Gp 1 12 1

Gg 2 1.0 8.3

Sg 5 098 82

Ns 8 98 8.2

*Average of all air environments,

Therefore, modifying the current MIL-HDBK-217 for these environments normalized to a
Gpg environment yiclds the factors given in Table 4.5-7:
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TABLE 4.5-7:
PROPOSED RELAY ENVIRONMENT FACTOR

SR et S SRR v:

- uf\ GB i
i Gg 8.3
GMm 64
'3 Alc 168
’ AUC 264
;‘ AH: 216
‘wﬂ', Ayr - 288
; ARw 833
\ NU 27
Ng 8.2
My 1584
; **Mg 600
G N/A
Sp .82

*Obtained using the ratio of Gy
** Obtained using the ratio for all airborne environments

The environment factor for solid state relays is not expected to be as stringent as for
mechanical types and therefore the current MIL-HDBK-217E environment factor will be kept.

The quality factor obtained from the regression is given in Table 4.5-8. Although 1.9:1isa
relatively modest facter, it was significant from the regression analysis.

TABLE 4.5-8:
OBSERVED QUALITY FACTOR

Quality nQ
Military 1
Lower 1.9

The base failure rates obtained for different types of relays are (after accounting for zero

failure hours} give in Table 4.5-9.
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TABLE 4.5-9:

RELAY BASE FAILURE RATES

% Hours with
Type Ap (Regression)f Failure Records | Ay,
General Purpose .034 96.0 .033
Solid State .029 99.9 .029
Time Delay 17 87.2 .148
Reed 17 95.9 163

Additional factors analyzed were number of contacts and current rating of the contacts. There
was a very low statistical significance in the rated current factor and the regression illustrated a
negative relationship between failure rate and number of contacts. Due to these results, rated
current and number of contacts will not be included in the proposed model. Although originally
identified as potential model variables, the effects of contact shape and material could not be
obtained from the data.

The wearout failure mechanisms for relay centacts is essentially the same as for switches.
Therefore, the utilization factor for relays will be the same as that derived for switches. From the
Relay Failure Mode/Mechanism information, it is apparent that approximately 40% of observed
relay failures are due to wearout. Therefore, the base failure rates for relays in the final model in
Section 5 will be decreased 40% since this percentage will be accounted for in the Ay failure rate.
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4.6 CONNECTORS

The following is a listing of connectors commonly utilized in military systems and

considered in this section.
Connectors (including power and shielded):

* Rack and Panel

» Circular
*  Power
« Shielded
¢ Phone

PCB Connectors (designed specifically for printed circuit boards):

» Ribbon
+ Edge Board
+ Pin

IC Sockets (not connectors but included in 5.1.12 of MIL-HDBK-217E):

* Dual In Line Package (DIP)
* Pin Grid Array (PGA)

* Leadless Chip Carrier
Connections:
e Terminal

* Connector Panel
+  Wirewrap

«  Crimp
+ Clip

»  Solder
s Weld
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Connector failure modes include shorts, opeas, high resistance, and intermittent failure.
Based on data collection from military and commercial applications, short and intermittent failures
are the predominant modes of failure (with short contributing 50%, and intermittent contributing
40%). Failure accelerating stresses contributing to failure modes of opens and intermittents are
temperature cycling, vibration, and corrosion from exposure to humidity or contaminants.
Additionally, the mating cycling rate highly influences reliability. When the cycling rate is very
low, a cl=aning action takes place counteracting the formation of corrosion or oxide films without
causing excessive wear. Conversely, as the cycling rate increases, wearout failure mechanisms
become very significant.

There are two critical manufacturing aspects which must be maintained to produce a reliable
connector. For electrical and signal connectors, contact plating, contact form and physical
dimensions are critical variables. For optical connectors, physical dimensioning and alignment are
important design and manufacturing variables. For a reliable connector, there must be a consistent
connection between its male and female components. This consistent connection must be
maintained despite vibration and temperature cycling which can result in small amounts of
movement and corrosion. Without sufficient contact force and plating, corrosion can cause
increased resistance between contacts leading to failure.

There are a number of connector designs which can be used for a specific environmental
appiication. For example, if the application for a circular connector were in a high temperature
environment, the insert insulating material can be specified as vitreous glass or alumina ceramic
which will maintain it's mechanical integrity up to 250°C. However, as is the case with other
component types being modeled, it is assumed that the parts are operating below their maximum
ratings. If not, the models are invalid.

For vibration or corrosive environments, special platings or contact configurations can be
utilized along with sealing procedures to optimize reliability. An example of precautions taken in
the design of a connector is the positive locking ring on circular connectors which creates a positive
mating and seals the device to contamination and vibration.

The failure rate and failure mechanisms for edge-board PCB connectors are distinct from pin
and socket PCB connectors. For edge board connectors, the connector mates with the edge =1
PCB to provide electrical connection. For many applications, including airborne environments, the

use of edge board connectors is restricted because of their greater frequency of failure.
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Environmental contamination, vibratior, temperature cycling and altitude tests are often

performed on connectors. Plating procedures and the even dispersement of plating are other
concerns resulting in the qualifications of connectors. Only military connectors are typically
subjected to formal qualification tests, but commercial grade connectors are often subjected to
functional tests to determine design integrity.

The dominant application variables affecting the failure rate of connectors are vibration,
temperature cycling, mating and unmating cycles, and contamination. To a lesser extent,
application variables affecting connector failure rates are the loads passing through the connector.
If the loads are properly specified by gauge versus current carrying capacity, this factor is of
relatively small influence.

Connectors have been a leading cause of reliability problems for many avionic electronic
systems. Due to the space constraints in high performance aircraft equipment bays, is it often
necessary to remove/replace several electronic boxes during flight-line maintenance simply for the
failed box to become accessible. As a result, many equipments are being repeatedly removed and
connectors are being stressed by mating/unmating cycles.

4.6.1 Connector Failure Modes/Mechanisms

Table 4.6-1 summarizes failure modes/mechanisms, their accelerating stresses and percent
occurrence for connectors. This data is based on Reference 13 and is a summary of all connector
types for which data existed. It is a generic listing and will vary depending on connector type,

application, manufacturer, etc,
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TABLE 4.6-1:
CONNECTOR FAILURE MODES/MECHANISMS

| Failure Mode/Mechanism Accelerating Stress Y% Occurrence

Contact Resistance Temperature 9%
Contamination

Intermittent Vibration 22%
Wear

Mechanical Damage Vibration 24%
Wear

Open Temperature 36%
Contamination
Vibration
Wear

Short Contamination 9%
Abuse

Accelerating Stresses: Accelerating factors that degrade the reliability of electrical and fiber optic

connectors can be identified by temperature, environment, and mechanical stresses. Separately,
each causes specific degradation mechanisms a-d modes, but realistically they are interrelated to
induce combined acceleration of failure fuctors.

Temperature: Temperature cycling in some applications causes the expansion and contracticn of
the mated connectors. If the temperature cycling is prolonged, then there is a possibility of the
muated connectors to loosen and separate, causing intermittent anomalies and open failures. This
condition would be further accelerated in high-vibration applications such as aircraft or with
connectors that do not have screw-type mating or mated connector support such as D-sub or DIN

connectors.
Another type of temperature accelerating factor is high contact resistance. This is caused by

increased temperatures accelerating the diffusion of inner plating materials such as silver, tin and

palfadium-based metals to diffuse through the outer plating materials such as silver or gold.
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Environmental: Environmental stresses are usually confined to acidic or caustic environments.
These types of environmental stresses will accelerate corrosion in all non-gold plated connectors.
The combination of temperature with environmental acceleration factors will induce the acceleration
of contact corrosion. Initially, early degradation will develop a thin tilm on the outer plating layer
which will require higher current pct:ntial to penctrate through to the contact. Later stages will

induce corrosion on all non-gold plated connectors.

Mechanical: Mechanical stress is confined tc three areas of stress: Cyclic mating/unmating, pin
insertion stresses, and vibration stress. Cyclic mating and unmating and vibrational stresses are
the more important areas to address. Failures caused by pin plating deficiencies are directly related
to connector mating/unmating. Gold-plated connectors are standard for military applications whil2

commercial applications may use less expensive silver or tin plated connectors.

Gold, by definition, is a soft noble metal. Prolonged mating/unmating cycles will erode the gold
outer plating off of the connector pins, causing the tin, nickel or palladium-based inner plating to
be exposed to the temperature and environmental accelerating stresses listed above. Another
mechanism created by constant mating cycies is the loss of tension in female pin receptacles. The
results of this mechanism is a loose mating connection and high probability of an open connector

fuilure or intermittent anomualies in a high vibration environment.

Acceleration of connector failures due to insertion stresses are mostly human induced. Many of the
insertion stresses are caused by pin misalignment which will usually lead to broken pins or
shorting them against other pins. This type of failure would be most prevalent in high pin count

connectors.

The fotlowing outline summarizes in more detail potential faiture modes and factors affecting

their prevalence.
Universal Connector Failure Modes:

- Deterioration of Insert Material
+  Total current passing through active contacts
« Contact resistance
+  Contact density/zcometry

+  Amount of conduction ceoling available
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Connector Failure Modes (Cont'd):

Moisture Intrusion
» Inadequate sealing of the internal structure

Pin/Receptacle Damage

* Use of probes

+ Connector Misalignment

+ Connector mismating

» Relative connector movement due to vibration

Vibration damage
* Absence of positive screw-type couplings
* Inadequate support of cables or wire bundles

Plating Specific Failure Modes:

Silver Plating
« High resistance/intermittent contact failure
»  Silver suifide build-up on contact surface
+  Wear-through of silver to contact base metal

+ Silver oxidation

Gold over silver plating

+ High resistance/intermittent contact failure

« Siiver diffusicn through gold over-plating (due to similar atomic lattice

structure) forming silver sulfide contaminants on contact surface

Rhodium plating
*  Hard open contact failure

» Rhodium's inherent poor corrosion resistance

»  Galvanic corrosion caused by Rhodium to gold connector mating

s Mating/Demating
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Plating Specific Failure Modes (Cont'd):

- Tin plating
» Contact surface melting

» Heat generation
+ Increased contact resistance
« Oxidaton

*  Creep
» Tin's inherent low-current capability
» Contact mating/relaxation

- Gold over (nickel or copper) plating
« High resistance or intermittent contact failures
¢ Connector wear-through to nickel under-plating
¢ Mating/demating of thin-gold plated
+ Relative connector movement due to vibration and/or thermal excursions

» Contact oxidation

» Oxidation of exposed nickel under-plating
» High temperature for extended time periods
« Diffusion of nickel and/or cobult additives in some gold connectors.
The additives then form oxides on gold surface.

4.6.2 MIL-HDBK-217E Connector Model Review

The current MIL-HDBK-217E failure rate model for connectors has been reviewed and the

following observations have been made:

(1) The connector factor for active contacts needs revising, The existing factor increases

somewhat gradually for pin counts up to 150 pins and then increases rapidly from 150 to 200
pins. As connector manufacturing and design becomes more advanced, the relationship
between nin count and failure rate is expected to have changed since the connector models

were last revised in the 1970s. Additionally, connectors are now available with greater than AR
200 pins. AR

(2)  The current cycling rate factor should be reviewed with respect to the cycling stresses to

which many connectors are being exposed.
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(3) Models need to be updated to incorporate newer techinologies in connector design. There
have been advances in connector housing material and contact form, including zero insertion

force connectors.
(4) Additional connectors which should be included in MIL-HDBK-217E are:

« Ribbon cable connectors
+ Fiber optic couplers and connectors

e Lead!css chip carriers

(5) The effects of connector mating and unmating should be reviewed.

(6) Fiber optic technology is increasing in popularity, especially where weight and reliability are
concerned. The Navy uses {iber optic technology on shipboard radar systems to effectively
reduce retrofit costs, save weight and space, and increase the performance capabilities of their

systems.

4.6.3  Connector Model Development

4.6.3.1  Hypothesized Connector Model

The hypothesized connector model for connectors is as follows:

}»p = leCTTEETtQthﬂpKK
A, = Base Failure Rate (function of connector type)
nr = Temperature Factor
ng =  Environment Factor
nQ = Quality Factor
nc =  Contact Plating Factor
p = Pin Count Factor (Complexity)
ng = MatingUnmating Frequency Factor
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4.6.3.2  Conncctor Model Development

4.6.3.2.1 Connectors

Initial analysis of the connector Jdataset revealed several limitations.  First, there was
insufficient data to quaatify several variables, including quality and insert material. Quality again

could not be quantified duc to the high correlation between quality and environment. Therefore,

the current quality factor of 2:1 between military and commiercial connectors were assumed to be .4
correct and the observed failure rates were adjusted (divided by) this factor and quality was not ‘
used in subsequent regression analysis. T

The next variables analyzed were environment, connector type and connector plating .
material.  Since the precise temperature of all observed failure rates was not known, the
temperature fuctor for each was caleulated using a E,; = .14 and the default temperatures of MIL- £
HDBK-217E. The value of .14 eV was derived from the current MIL-HDBK-217 temperature

factor and the observed failure rates were then normalized to this value,

After several iterations of combining various environment categories to obtain consistent and

intuitively logical results, the following envircnmental factors were obtained in Table 4 6-2:

TABLE 4.6-Z:
OBSERVED ENVIRONMENT FACTOR

Environment ng
Ground
Alrborne 5.53 :
Nsp ! 1
Although all the specific environment categories could noc be quantified from the available
data, the above factors are censistent with the current MIL-HDBK-217E factors for MIL-Spec.
connectors.  Theretore the conncctor environment factors should be kept intact without LS,
moditication. 2
A
& 3
The tactor for gold plited connectors were observed to be 1.27 times better than copper L

although it was statistically a relatively insignificant factor and will not be used in the maodel.
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The mating/unmating frequency factor was the next-variable analyzed. Since the failure rate
data indicates that the reliability of connectors in general is very high, wearout failures due to
mating/unmating are not prevalent in the data set. If they were prevalent, the observed failure rates
would be much higher due to the fact that wearout mechanisms are common cause, indicating they

would effect a large perceitage of the population.

Although a mating/unmating factor cannot be derived from the data, it is an important
reliability driver for connectors and should be accounted for in the model. However, since
wearout failures have not been observed to be prevalent, in contrast to switches, a separate additive
failure rate to model them is not warranted. It will however be included in the model as a
multiplicative factor, which implies the mating/unmating action can accelerate non-wearout, defe.t

related failure mechanisms. For these reasons, the current factor will be kept intact.

The base failure rates for various connector types were then derived from the regression
analysis by compensating the observed failure rates for the quality, temperature, environment, and -

mating/unmating frequency factors previously described.

The base failure rates for the various types of connectors are given in Table 4.6-3 (after
compensating for the percentage of hours associated with 0 failures).

TABLE 4.6-3:
CONNECTOR BASE FAILURE RATES
% Hours with
Type Ay (Regression) Failure Records Ay
Signal .000086 5.04 0000044
Rectangular .054 85.2 046
Elastomeric .074 9.5 0071
Edge Card 040 99.9 040
Cylindrical 048 .2.13 .0010
RF 0060 6.85 00041
Hexagonal 776 18.8 146
Rack and Panel 776 2.67 021
D-Subrainiature 776 85.2 .66
Telephone 103 7.35 0075
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Also analyzed in the regression was the number of pins. There was a statistically
insignificant relationship between number of pins and failure rate and when forced into the
equation, it indicated tnat failure rate was inversely proportional to pin count. Since this is not

intuitive, the factor for pin count was therefore discarded from the model.

4.6.3.2.2 Connections

To be consistent with MIL-HDBK-217E, connections are considered to be a single individual
electrical connection, separate from a connection within a connec:or assembly. Exaraples of
connections are wirewrap, crimp, weld, clip termination, and solder. The model form for

connectors is;
}\p = }‘b NQ TCE

where Ay is the base failure rate as a function of connection type. Since the predominant failure

modes are similar for connectors and connections, the environment factors for connectors will also
be used for connections. The initial regressions also indicated that there was not a significant
difference between military and commercial connections. This is not surprising since the

technology is essentially the sunz.

The oaly connection type cuality is considered important is crimp types. For these the

current factor will be kept. For all others quality is not a model variable.
Tuable 4.6-4 presents the results of this analysis and includes, for each connection type, the

217E X, the observed Ay and the proposed Ay,. Observed failure rates were corrected for

environment and then averaged to obtain the observed }"b'
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TABLE 4.6-4:
CONNECTION BASE FAILURE RATES

Connection Type 217E Ay, Observed A}, Proposed Ay,
Hand Solder w/o wrapping .0026 <.000011 .000Gi1
Hand Solder w/ wrappirg .00014 - 00014
Crimp 00026 - 00026
Weld | 00005 <.000015 000013
Solderless wirewrap .0000035 0000068 .0000068
Clip Termination .00012 -- .00012
Reflow Solder .000069 <.00012 .000069
Spring Contact -- .168 .168
Terminal -- .062 .062

*Zero failures observed, A calculated from assuming 1 failure.

The connection model will therefore be kept unchanged with the exception of the
modification of the base failure rates and addition of the terminal and contact spring categories. If
the new data for which there were zero failures (indicated with a "<" symbol) suggested the worst
case failure rate (calculated with assuming one failure) is lower than the current value, the new
worst case number was used. If the current number is less than the worst case assumed value, the

current number was kept. Only one failure rate, for solderless wire wrap, was increased.

4.6.3.2.3  Sockets

All data records available for which thers existed observed failures on sockets were from a
ground benign commercial environment. Therefore, the quality and environment factors could not
be derived from this dataset and therefore the connector factors will be used. The models will be
normalized to ground benign environment and commercial quality level. The socket failure rate

model is:
)\.p = leEETtQ

where Ay, is the hase failure rate as a function of socket type.
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Since there was insufficient data to quantify the environment factor specifically for sockets,

the environment factor previously described for connectors will be used.

The observed failure rates for the socket types (for which there existed failures) are given in
Table 4.6-5.

TABLE 4.6-5:
OBSERVED FAILURE RATES FOR SOCKETS

Socket Type Failure Rate

DIP .00064
Relay .037
Transistor 0051
Tube <.011
Chip Carrier <.0024
Pin Grid Array <.014

. SIP <.0030

Since all failure data was from the same environment and quality level, a regression analysis
was not necessary and the above failure rates were computed by summing the failures and hours

for all ground benign, commercial data.

The failure rates preceded by a "<" sign are of device types for which there was no observed
failures. For these, the upper limit of failure rate presented was calculated by dividing one failure

by the observed number of operating hours.

Although there was no observed failures for military sockets, there was a substantial number
of observed hours for Military DIP Sockets. Table 4.6-6 summarizes the DIP data.

TABLE 4.6-6:
DIP SOCKET DATA
Commercial Military
Failures/Hours 8/12441 x 109 0/5002 x 106
Failure Rate 00064 <.0002
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The number of total operating hours for the military data was calculated by adjusting for the
environment by multiplying each data records hours by ng. This indicates that there is at least a

.3:1 difference in military vs. commercial DIP sockets. Therefore, this ratio will be used for the

KQ.

While there was not enough failure data to quantify the failure rate of Chip Carriers, Pin Grid
Arrays, or SIP's, there was a significant number of observed hours associated with them.
Therefore, the upper limit values in Table 4.6-4 will be used. Additionally, there was insufficient

F?

data to quantify the effects of the number of active pins.

é Therefore a summary of the complete socket model is:
% lp = KbnEnQ
Ap = .00064 for DIP Sockets

= .0024 for Chip Carrier Sockets

= .014 for Pin Grid Array Sockets

= 0030 for SIP Sockets

= .037 for Relay Sockets
= 0051 for Transistor Sockets
= 011 for Tube Sockets
ng = Environment Fact: l.om Connectors

nQ = .3 Military

1 Commercial
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4.7 INTERCONNECTION ASSEMBLIES/PRINTED WIRING BOARDS

Interconnection assemblies are the medium which provides electrical connections to the
components which collectively form an electrical circuit. The circuit board can be various
combinations of multi-layer or double-sided, printed wiring or discrete wiring and components can
be mounted to the board using either Plated Through Hole (PTH) or Surface Mount Technology
(SMT). A Surface Mount Technology (SMT) interconnection assembly typically is comprised of a
circuit board and solder connections which both physically and electrically connect the components
to the board. PTH technology uses the solder joint for electrical connection only. There are
various methods for forming solder connecticns including wave solder, hand or vapor phase

soldering.

Most soldering operations for military systems utilize wave soldering. Wave soldering
systems for printed wiring assemblies generally produce more reliable connections due to less
variability in the process. These systems can apply the flux, dry and preheat the board, solder
components, and clean the complcted assembly. Some of the systems have special features where
the flux is applied by passing through a wave, by spraying, by rolling or by dipping. Several
systems employ oil mixed with the solder to aid in the eliminatio. of icicles and bridging between
conductbr paths. Vapor phase or IR soldering is typically used for the reliable soldering of Surface

Mount Boards.

4.7.1 Interconnection Assembly Failure Modes and Mechanisms

For interconnection assemblies using plated through hole (PTH) technology, fracture of the
PTH is the primary cause of failure. For these types of circuit boards, holes are drilled through the
pads of the inner layers of a multilayer printed circuit board. Drilling exposes o rim of'copper
around the entire circumference of the hole. The copper on the individual layers in the PTH is
connected by copper plating. Plated through holes are also used for interconrection on some types
of discrete wiring assemblies. The discrete wiring boards are plated in an electroless copper bath
where copper is deposited to form the component holes and make connections to the discrete

wires,

PTH barrel stresses are significantly higher in the central portion of the PTH when the
assembly is exposed to thermal cycling. Internal circuit planes which inhibit free expansion of the
PTH and additive loading on PTH lands have been considered to be the principal reasons for

higher centralized siresses. As the number of internal circuit planes increase on a printed wiring
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board, the stresses in the central plated through hole region become larger and more failures are

expected.

One advantage of surface mount technology is its ability to minimize board real estate. For
surface mount devices, the con.ponent is attached directly to the surface of the printed Whing
board. Even when surface mount technology is predominantly used, it is still necessary to use via
PTHs to provide electrical connection between circuit planes. Via holes are also subject to barrel
cracking but, the physics of failure are different due to the absence of an inserted lead. The
absence of this lead changes the mechanical strength and TCE of the via. Also the integrity of the
via is a strong function of the completeness which the hole is filled.

Manufacturing difficulties can accelerate the formation of PTH tarrel cracks. The formation
of barrel cracks is generally due either to imperfections in the PTH barrel wall which greatly
amplify the level of axial strains or very poor effective ductility of the copper plating. Poor drilling
or excessive acid etching during the hole wail cleaning process can lead to rough barrel walls. A
level but thin plating on the rough barrel wall may then lead to localized stress concentrations and
large plastic strains. Even if the PTH walls are smooth, variable electroplating processes may yield
copper of very low conductivity,

In addition to surface mount or plated through hole printed wiring boards, design options for
circuit boards include discrete wiring boards and flexible boards. These technologies are

sometimes used in specific instancss justified by particular design requirements.

Flexible circuit boards are not restricted by a rigid substratc and are commonly used in many
electronic systems. They are sometimes used in place of interconnect cabling to connect between
moving assemblies, or when a flexibie bourd is required for volume or enclosure shape reasons.
Since they are not rigid, their reliavility concerns differ from those of rigid boards. More
specifically of concemn is the integnty of the solder joints when the board is exposed to movement
or vibration. Additionally since the mechanical and thermal properties of the board substrate is
different than rigid board, their behavior under te:nperature cycling conditions is expected to be
different.

The most common form of discrete wiring boards are Multiwire boards (trademark name).
In this technology, small wires are imbeddzd in the laminate in lieu of printed wiring. For these
designs, it is possible to cross paths on a singie circuit plane due to the insulation on the wire.
Two distinct failure mode areas for Multiwire assemblies are the wire crossover points and where
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the PTH interfaces with the wire. The wire crossover potentially can be a source of failure. When
one wire crosses another, there is typically 0.0012 inch of polyimide insulation between them.
The typical breakdown voltage at a single crossover is 1,500 - 2,000 volts. The wire is ordinarily
tested by the manufacturer to determine its ability to maintain insulation integrity under extreme
conditions. Environmental testing at several testing laboratories has not shown degradation of the

insulation resistance between crossovers; however more detailed analyses are required. Although a
limited amount of test da‘a that is available has indicated that the connection of the wire end to the
copper plating in the PTH is reliable, there is another reliability concern in the use of multiwire
technology that relates to the drilling and etching operation. Specifically, the wires are prone to
overetching, causing the wire to withdraw thus exposing it for potential shorting to other circuit
elements or stressing it such that opens can occur. Therefore, quality control procedures are

critical in the fabrication of these boaxds.

The advent of surface mount technology has had a dramatic impact on the reliability of
interconnection assemblies. The printed circuit board design and manufacturing process of SMD
beards require much greater attention to produce reliable solder connections. To produce a reliable
surface mount solder connection, it is necessary to tailor the thermal coefficient of expansion
(TCE) of the printed circuit boards substrate to the TCE of the device in order to minimize thermal
fatigue in thz solder connection. The distinction between "tailoring” and "matching” TCEs is

important because of the localized heating of the electrical component when power is applied.

Solder Joint Fatigue: A prime reliability issue associated with SMT assemblies involves the solder
joint integrity between the surface-mounted component and the printed wiring board.

Thermal stress results when materials with differeat TCEs (Printed wiring board and chip carrier)
are joined and exposed to variations in temperature. When the materials respond to fluctuations,
each at their own rate, the bond which ties them together (the solder joint) restricts their
independent movement. The resulting damage to the solder joint is cumulative in nature; that is, as
the number of temperature fluctuations increases, the solder joint progressively weakens and the
probability of failure increases. A worst-case scenario for solder joint fatigue is power cycling
with large temperature fluctuations. The substantial changes in temperature coupled with materials
which have widely differing thermal coefficients of expansion produce an extreme fzligue

environment.

When such stress is applied to the assembly, both the substrate and the component deviate from
their original shape concurrent with their individual TCEs. The difference in TCE between.the
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substrate and device results in stress on the solder joint. Solder cracking problenis become
significantly worse as the number of solder joints increases with package size and the power
dissipation increases with die size and function. As a leadless chip carrier increases in size from 18§
to 64 pins, the allowable TCE difference between the substrate and the chip carrier must decrease
from the typical 7 ppm/degree C to 2 ppm/degree C in order to achieve the same solder joint cycles

to failure.

Printed wiring board substrate designs can be produced from a variety of materials.
Historically, epoxy glass boards have been the most popular for PTH technology. Other board
materials are necessary for SMD technology since the TCE of glass epoxy is too high to produce
reliable SMD boards surface mount technology. However, the use of the polyimide boards has
long been proposed as an alternative for epoxy glass for PTH boards as well. Each board material
has different TCE, drilling characteristics and other parameters which impact failure rate. A
surnmary of various substrate materials and their TCE characteristics ars given in Table 4.7-2 later

in this section.

Electrically, active and passive elements are designed and fabricated with similar technology,
reliability standards and manufacturing processes for both SMD applications and PTH
applications. Therefore, the failure mechanisms of the active elements are also similar. The
connections and packaging of these two device types, are however very different. Surface-mount
co:nponents (SMCs) are not afforded the inherent internal board heat sink that PTH devices are,
whose leads penetrate the board surface and thermally connect to internal metalization. SMCs
often rely on thermal vias to transport heat away from the chip. Hezt transfer by this mechanism
can be efficient if the vias are located where heat concentration occurs. The heat sinking propertics
of the mounting technique along with the thermal properties of the package are important factors
since the failure rate and rcliability are heavily dependent on device operating temperature.

The poor solderavility of printed wiring boards is estimated to cause 50% of the solder
defects and approximately 20% are caused by the component lead solderability problems. The
other 30% are possibly due to solder composition or processing methods but more likely due to the
application of operating stresses.
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Improper or defective solder joints may occur in response to a large variety of factors, including:

»  Mechanical Considerations
Solder joint fatigue
Solder joint formation anomalous effects

¢ Metallurgical Considerations
Solder composition
Wettability of inetallizations
Solder contamination

¢ Chemical Considerations
Oxide formation effects
Cleaning of flux residues

Solder Joint Formation Anomalous Effects: The formation of the solder joint is also an important

factor in the reliability of the assembly. The alignment, location, the degree of parallelism between
the package and the substrate as well as the amount and st.ape of the solder contained at each joint
location all have a dramatic effect on how the solder joint reacts to stress.

Solder Composition: The solder alloys themselves have fatigue properties which are inherently
characteristic of the alloy composition. Their behavior, therefore, is largely dependent upon how
that composition reacts to the thermal-mechanical stresses to which it is exposed. Solder alloy
selection is based on its strength characteristic and its metallurgical compatibility with the base
metal with which it will form a bond. Over 90% of the solder used in the electronics industry is of
a tin-lead composition. The tin-lead solders typically used in the soldering of surface mount
assemblies are considered to be soft solders due to their physical behavior under stress conditions.
Soft solders react to the mechanical tension by absorbing some of the stress; however, some
deformation occurs with each stress load. After repeated load applications, the solder becomes
permanently deformed which allows cracks to develop and propagate into failures.

Cases of insufficient solder amounts characteristically have cohesive solder failure as a
typical failure mode. Cohesive solder failure is a failure where the lead has pulled out of the svlder
with solder remaining on both the lead and the substrate. Insufficient solder placement is often the
cause of inadequately formed solder joints, whereby open connections and voids result. Excessive
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solder in a solder joint is responsible for solder bridges that develop between adjacent leads. This
solder bridging creates a conduction path between leads which should be isolated.

Increasing the clearance or stand-off heights between the component and the board allows the
strain which develops during cycling to be absorbed by the main body of the solder connection. A
small stand-off height limits the area through which the strain can be absorbed which results in

solder joint cracking.

Wettability of Metallizations: The formation of a good solder bond is based on a compromise in
that the surface materials must dissolve partially in the molten solder in order to provide good
wetting but not so much as to initiate intermetallic compound growth. The solder flux ideally acts
to provide the required wetting between the surfaces being attached in typical solder connection
processing. Poor solder joint formations can be the result of dewetting or inadequate surface
preparation. This condition, also referred to as cold soldering, indicates that a lack of proper
adhesion had occurred between solder surfaces. Cold solder connections often can be detected by

visual inspection.

Solder Contamination: Surface mount terminations are generally formed from or ceated with
precious metals such as gold, silver, platinum, palladium, etc. These terminations are readily
soluble in solder, and if left unprotected the terminations become contaminated when placed in
contact with solder. The intermetallic compound formations which result from the interaction
between the active solder components (tin) and the scluble metallization (precious metals) produce
weak solder joints at elevated temperatures. The process of intermetallic compound formation can
be controlled by proper heat treatment, choice of solder alloy or the use of an underlying film
(nickel) as a barrier to inhibit the dissolution of materials. The use of barrier materials has been
widely accepted as a means of providing an interfuce between the terminations and the solder,

thereby protecting each from contamination.

The intermetallic compound formations produced by the dissolution of the component lead
material into the solder 1s responsible for the contamination of the solder joint. Any precious netal
which dissolves into the joint becomes a problem which is aggravated as the concentration of the
metal increases. This is typically expressed as a solder joint which becomes consumed by the
process of diffusion between the precious netal and the tin in the solder. This consumption
process is initiated as the molten solder comes into contact with the surfaces to be joined but may

also continue throughout the life of the joint,

4-93




This contamination process is responsible for producing rough or gritty surfaces which
reduce the ductility of the solder joint. This loss in the plastic response behavior of typical solder
can be influenced by a relatively small amonnt of contamination. The contamination reduces the

yield point (i.e., the point on the stress-strain curve which separates eiastic and inelastic
deformation) and causes the solder connection to be sensitive to even smaller temperature

fluctuations which negatively impacts the life of the solder joint.

‘ This contanunation is also responsible for the formation of brittle solder joints which fail
characteristically at much lower temperatures than would ordinarily be expected. Additionally, the
dissolution of these metals decreases the melting point of the solder itself, which makes assembly

and rework difficult.

Oxide Formation Effects: Surface mounting relies on the component being supported during

solder reflow by the surface tension forces of the solder. Wnen molien solder is exposed to air it
quickly forms and oxide skin which can reduce the surface tension plays an important part in
successful soldering operations. Careful monitoring of the soldering process is required to ensure
the application of quality solder. Reduced exposure to oxidizing agents and othier contaminants is a

must in the formation of reiiable solder connections.

Cleaning of Flux Residues: The criticality of removing flux residues prior to performing the

soldering process is evidenced by the number cf voids fored in the solder. Trapped air and flux
forcefully escape from the solder, leaving behind harmful voids. Defects sach as voids in a solder
joint have a large effect on the fatigue resistance of a solder joint. Voiis become stress-

concentration sites which alter the typical stress patterns.

Substrate Reliabiiity: The primary failure mechanism plaguing substrate reliability have

traditionally been due to the plated through holes requirad 1o accommodate inserted package leads.
With the elimination of hole drilling for surface mount packaging and the size reduction in the holes
drilled for thermal/electrical vius, surface mounted substrates bave the potential for a corraspending

increase in reliability.
The problems of mating materials with unlike thermal coefficient properties have been

addressed at the board level. by manipulating substrate materials and constructions, the magnitude

of thz stress which develops in the solder joint has been substantially reduced.
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The operation of the component mounted generates heat in the component package at a

greater rate than the substrate during powered operation, and, therefore, the lag time of the
substrate heating causes stress to develop in the solder bond which connects the component to the

substrate.

A summary of the failure modes and mechanisms of Printed Circuit Boards, Multi-wire

Boards and Wire Wrap Boards that have been reported in the literature are as follows:

Printed Circuit Boards:

» Single sided
*  Open

»  Open Run
«  Delamination
« Lifted Pad
» Excessive acid etching during cleaning
» Thermal expansion of different materials
¢ Cracked solder joint
*  Cracked board

+ Short
+ Delamination
*  Thermal expansion of different materials

« Excessive solder

v Intermittent
+ Thermal expansion of different materials
»  Delamination
*  Cracked solder joint
»  Cracked bourd
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Printed Circuit Boards (Cont'd):
»  Muli-layer Boards including double sided
« Open
+ Plated through hole failure
« Thermal expansion of different material
* Poor drilling process
« _ Excessive acid ctching duri-g cleaning ‘:\
»  Openrun R
+  Delamination :
o Lifted pad , S
» Excessive acid etching during cleaning i

» Thermal expansions of different materials

* Cracked solder joint L
»  Cracked board -
. Sho.’t ::“ x .

e Delamination
» Thenmal expansion of different materials
« Excessive solder

« Intermittent

< Thermal expansion of different materials

* Delamination

»  Cracked solder jcint 5 ?
» Cracked board o

Multi-wire Boards

. ShOIT L
+ Shorted run @ crossover o
¢ Wire insulation & wire deformation
«  Vibration
+ Thermal cycling
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Uti-wire Boards (Cont'd)

*  Open
+ OpenRun

» Delamination
+ Lifted Pad
» Excessive acid etching during cleaning
» Thermal expansion of different materiuls
+ Cracked solder joint
¢ Vibration
» Thermal cycling
» Cracked board

» Intermittent
+ Thermal expansion of different materials
¢ Delamination
»  Cracked solder joint
+  Cracked board

Wire-wrap Interconnection Boards

+ Open
+  Delamination .
» Thermal expansion of different materials
»  Cracked board

+ Intermittent
+ Poor connection between wire & wire post
+ Insufficient tension of wire
» High vibration environment
»  Cracked board

« Shont

«  Wire insulation cold flow
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experience. There are several problems however in deriving a circuit board model in this i vanner.

First,

most maintenance activities will trace th

4.7.2 Interconnection Assembly/Printed Wiring Board MIL-HDBX-217E Model Review

The existing MIL-HDBK-217E model has been reviewed and the following deficiencies have

noted:

Board materials other than epoxy-glass (FR-4, G-10) need to be included.

Via holes used to provide interconnection between circuit planes need to be handled

differently than plated through holes.

Models must be made compatible with surface mount devices.

It must be clearly and definitively stated that the interconnection assembly model pertains to

the failure rates of both the printed wiring board and the solder connections.

Provisions for flexible circuit boards need to be included.

Weuarout failure mechanisms including solder fatigue from temperature cycling needs to be

addressed for both Surface Mount Devices and Plated through Holes.

The various lead configurations including leadless, Gull Wing and S-lead need to be

accounted for.

.

Temperature cycling effects from the various environments need to be defined and accounted

for.

473

Interconnection Assembly Model Development

Most of the models developed in this effort were derived primarily from field failure

it is almost impossible to collect meaningful field dat on circuit boards due to the fact that

e failure of 2 populated bourd to a specific component and

rarcly attribute the fuilure to the board itself or the solder connection. Secondly, the mode! being

developed herein is extremely sensitive to the temperature variations and cycling rates of a

particular application. Since this data is not available for any data collected in this erfort, the

resulting data is of limited value. For these reasons, and the fact that many researchers have been
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studying and modeling SMT and PTH, the model for circuit board developed herein was
developed from theoretical considerations and from laboratory test data. The single exception to
this is the fact that part of the existing MIL-HDBK-217 model is used to mode! defect related PTH

failures.

From the research conducted in this model development effort, it was concluded that the
primary failure mechanism of surface mount devices is a common cause wearout mechanism due to
solder joint fatigue. Plated through holes on the other hand exhibit both wearout from temperature
cycling of the PTH barrel and defect related early and mid life failures due to incomplete filling of
the hole and subsequent mechanical stresses. This is not to say that SMD assemblies are not prone

to failure from defects, only that the predominant failure mechanism is wearout related.

Additionally while there is data to support a defect related failure rate for PTH assemblies, the
ficld data necessary to accomplish this is not available for SMD assemblies. It will be shown later
in this section that the wearout term is based on the Weibull distribution whose purameters have
been empirically derived from test data. The shape parameter therefore will be representative of the

observed values and will include the effects of defects.
The hypothesized model is therefore:
lp = ll(ocl) +As(an) + KSNCIKQKCZKE

where X1(a;) = Average Life Cycle Failure Rate due to Surface Mounted wearout, function

ofal (characteristic life) and Design Life Cycle. ay is a function of:

- Substrate X-Y axis TCE
- Device TCE

- Lead configuration

- Device size

- Temperature change

l?(az) = Average Life Cycle Failure Rate due to PTH wearout, functions of ¢ty and Life

Cycle. a5 is a function of:

- Substrate Z axis TCE
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- PTH material

- Substrate thickness

- Temperature change

- Temperature cycling rate

A3 = Defectrelated PTH base failure rate

ey =  Complexity factor, function of number of PTH's

g = Quality factor

ncy =  Complexity factor, function of number of board layers
ng =  Environment factor

The premise of this model is that there are basically two types cf failures possible for PWB's:

(1) Common Cause - i.e., as a result of X-Y expansion mismotch resulting in fatigue (and hence

wearout).
(2) Special Cause - i.e., defects in plated through holes that result in early and mid-life failures.

Special Cause (defect related) failures tend to have f's (from the Weibull distribution) close
io 1 and therefore can be modeled with a constant failure rate. The probability of defect related
failure mechanisms occurring is strongly a function of the quality of the fabrication process.
Additionally, the screens for defect related failure mechanisms are typically very effective,
indicating that the field failure rate is a strong function of both quality of the fabrication process and

the screening to which the board is subjected.

Another premise of this model is that temperature cycling is the primary failure accelerating
stress. While shock and vibration can also accelerate some failure mechanisms, it typically is only
an issue in cases where the board is exposed to severe conditions of shock and vibration. These
conditions can occur if the bouard is not damped enough or rigid enough and the applied stresses
causes a resonance. While these are important reliability considerations, they are unpredictable due
to the fact that they are special cause design problems and not related to the inherent relinbility of
the board itself. For this reason, the only stress the wearout failure mechanisms are a funcdon of
is temperature cycling. The eavironmental effects are, however, accounted for in the environment

factor for defect related PTI failure rate.
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Based on the assumption that PTH and via cracks are a function of defects, the failure rate
contribution is treated in this model as exponential, corroborated by the conclusions in Reference
54. The solder joint fatigue contribution to the failure rate is a function of X-Y plane TCE
matching and is treated in the model as a wearout item. The factors for this portion of the model
are based on the Coffin-Manson model.

The methodology for performing the prediction is therefore:

(1) Identify the device on the board exhibiting the worst characteristic life. This will be a

function of m aterial (substrate and device) device dimensions, and solder height.

(2) Predict the characteristic life fer this component and translate to a failure rate per the

methodology in Section 2.3.

(3) Calculate Ay
(4) Calculate A3.

(5) Add failure rates to yield prediction of entire board.

The wearout failure raie is only calculated for the part exhibiting the lowest predicted number
of cycles to failure. This occurs for the largest device exhibiting the largest mismatch in TCE.
This was done simply for usubility and to expedite the performance of reliability predictions using
the model, and to avoid calculations which have little or no impact on the final predicted result.
Reference 62 confirms this by stating that there is little risk from small passive devices and the

predominant reliability risk comes from large ceramic chip carriers.
The via and PTH are separated since their reliability characteristics vary due to the fact that
the PTH typically has a component lead through it and the via does not (solder only). This results

in different thermal response characteristics.

Iannuyzelli (Reference 53) has shown that the manufacturing process can impact field
reliability. This is based on the fact that damage is cumulative and that the manufacturing process
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exposes the assembly to the highest level of stress that will ever be seen. He concludes that the
least to most damaging method is as follows:

- Wave Soldering
- SMT Repair
- Vapor Phase Soldering

Quantification of how these processes affect the field reliability of assemblies is not possible
and therefore they will not explicitly be accounted for in the model.

The characteristic life &y and 0 are based on the unmodified Coffin Manson model:

1
1{ Ay\°
N¢ = 5 ’2—'—.
Ef
where:
N¢ = Mean number of temperature cycles to failure
Ay = Cyclic strain range
E% =  Fatigue ductility coefficient
¢ = Fatigue ductility exponent

The fatigue ductility exponent, ¢, is a constant in the unmodified version of the Coffin
Manson model. Englemaier (Reference 62) has proposed a modified version of the Coffin-

Manson model in which ¢, instead of being a constant, takes the following form:

¢ =-442 - 0006Tg +.00174 In(1+f)

where:
Tg = Meancycle solder joint temperature
f = Cycling frequency
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After reviewing this model and consulting with various industry experts, it was concluded
that although the modified Coffin Manson model appears to be valid under some conditions, the
unmodified version appears to be more universally accepted and applicable to a wider range of
situations. For this reason, and to keep the models as simple as possible, the unmodified version

is used in these models.

Generally accepted values of 2e¢ and 1/c are .65 and -2.26, respectively. Using these

values, the mean number of cycles to failure can then be rewritten as:

ool (ﬂ)z% N £YY2.26
F=2\.65 T b(SMT) .65

Here, Nb(SMT) has been included i place of the constant % since, as will be discussed later, it

will be fit to empirical data.

The strain range, AY, is:

d
Ay=g [as<Tss -To)-acc(Tec - To)]

d = Distance from neutral point (center of package) to solder joint
h = Solder joint height

ag =  TCE of substrate (board)

acc =  TCE of chip (device)

T, =  Lower cycle extreme temp. (Pwr. off)

Tece = Upper device temperature (Pwr. on)

Tgg = Upper substrate temp.
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To use this model for failure rate predictions, values for TCE's (ag, acc) and temperatures
(Ty» Tees Tgs) must be derived as a function of operating environment. Ideally, the prediction

would be performed based on knowledge of the actual values of a given application. Since this is
rarely the case, however, default values must be available. The following discussion summarizes

the derivation of these default values.

Temperature

A simplified thermal model for a surface mount device is as follows:

T ambicnt
0 {case-amb.)
LCC CA
t - \ - T Lce (case)
0 Air (for thickness h)
Ts s (substratc)
FIGURE 4.7-1:
THERMAL MODEL

The thermal resistance between the junction and case (OJC) is much lower than the thermal
resistance of the case to ambient (i.e., 85 << 8 ), which is obvious by examining typical 850
and 6 values (874 << 8j). This indicates that the case temperature (Tce) will be higher than

the substrate temperature by an amount of temperature rise due to power dissipation. This
temperature rise can be calculated in two ways, as is curreatly done in MIL-HDBK-217 models:

TrisE=F 9)c
where:
p = Power dissipated by device.
ile = Thermal impedance between the junction and case.
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or:
Trisg = @DEG)
where:
S =  The electrical stress on the device divided by its maximum rated stress.
AT =  Temperature difference between zero stress and full rated stress.
Figure 4.7-2 illustrates the thermal profile for this situation as a function of time.
Unpowered Device Device Powered a1 | Device Powered at {5
(8,oP=0)
T TR
T Tec = e - . %
. A Tee T — //‘;’ TO
& cc. 'ss. Ta Ta ss Tgs
&
To LCC and Substrate To Tec-Ta=8sc P
j .
T : - i > T B
4 Time 1, Time 0 o Time
FIGURE 4.7-2: THERMAL PROFILE
t; = Time assembly is introduced into higher ambient temperature.

The worst case difference between the case and substrate temperature is 95 P

Tce-Tss=96)cP

Therefore, if Ty is the ambient temperature in the use environment, Ty is the ambient

temperature when the equipment is in the dormant state:

ft

TCC TA + BJCP

Tss = Ta
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The strain range can therefore be rewritten as:
d
Ay=% [as(TA -To) - acc(Tp +85cP - TO)]

Reference 55 has derived default values of AT as a function of application environinent. (In
the analysis herein AT =T, - T). The AT values in Reference 55 are being proposed with the
exception of the ground application environments. For these, AT is approximately 5°C for
temperature controlled volumes and 10°C for uncontrolled volumes. In any case however, the

temperature rise from a nearby heat source must be accounted for. For example the AT for an
underhood Gpy environment is much greater than other Gy environments where there is no heat

source. Table 4.7-1 summarizes the AT from Reference 55, the Ta, T0 and AT values determined

herein as a function of environment.

TABLE 4.7-1:
ENVIKONMENT AT VALUES
AT
Proposed MIL-HDBK-217E (Ref. #55
Environment Environment Recommended) Tp T, AT
Gg Gg. Gps 30 30 23 7
Gg Gp 55 40 14 26
Gy Gpm. Mp 55 35. 14 11
Alc A1c AR AT 30 55 14 31
Ayc AUC AUT AUR 55 71 14 57 -
A Aja- A[F 30 55 14 31 SR
AUF AU AUA 55 71 14 57 o
ARw ARw 30 55 14 31 o
Ny Ny. Nyu» Ni 55 75 14 61
Ng Ngs» Ng 50 40 14 26
M| Ugp, M. 50 55 14 31
Mg MER, Mrp 50 45 14 31 b
L CL 50 | 40 14 26
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Ty, obtair.zd from MIL-HDBK-217E, defines default ambient temperatures as a function of

application environment. These are worst case values and the actual ambient operating temperature
should be used to calculated AT if possible. Also temperature rise from a nearby heat source must

be accounted for.

T, is the ambient temperature when the equipment is not in operation. Ref. #65 has

determined that the average outdoor ambieat temperature in the continental U.S. is 14°C.
Therefore, 14°C will be used for Ty in uncontrolled outdoor environments. With the exception of

ground benign , all environments are considered in this category. Ground benign is a controlled
environment for which an ambient temperature is typically 23°C.

With the exception of Gg and Gg environments, the AT values arrived at agree very well
with the recommended AT values published in Reference 55, thus lending a degree of confidence

in the values.

The number of cycies to failure is therefore:

-2.26
d -
Nf = NpsMmT) (*—_65hlas(Tss-To) -acclTee - To) 1 x 10 6)
or:
d -2.26
Nf = Nysmm (——~_65h log (AT) - e (AT + TRysp) | % 10-6)
where:
g = Circuit board substrate TCE ;
AT = Environmental AT : z
occ = Device TCE |
Trisg = Temperature rise due to power dissipation

Although the above equation is specifically applicable to SMT solder joints, it will be

extendad to model PTH wearout failures.
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Table 4.7-2 summarizes the X-Y thermal expansion coefficient for various circuit board
substrate materials (extracted from References 56-63). Table 4.7-3 summarizes the TCE's of
package material, Table 4.7-4 summarizes the PTH/via material TCE's, and Table 4.7-5

summarizes the TCE values of the Z axis.

TABLE 4.7-2: X-Y TCE VALUES

Substrate Material TCE (Popé\i) Reference Average Vol .2
FR-4 Laminate 12-24 63 18
FR-4 MLB 16-24 63 20
FR-4 MLB w/C<pper Clad Invar 86-14 63 il.3
Ceramic MLB 6.0-8.3 63 7.15
Copper Clad Invar 6.4 57 5.1
5 56
3-6 62
Copper Clad Molybdenum 5 56 5
Carbon-Fiber/Epoxy Composite -.5-42 56 .75
Kevlar Fiber (-2)-(-8) 56 -3
Quartz Fiber .54 56 .54
Glass Fiber 4-5 56 4.5
Epoxy/Glass Laminate 14-18 58,60 15.17
13-18 62
12-16 56,57
Polyimid/Glass Laminate 12-16 62,58,60 13.25
11-14 56
Polyimid/Kevlar Laminate 4-8 57 5.5
3-7 56
Polyimid/Quartz Laminate 6-8 62,57 7.8
6-12 58,50
6-9 56

4-108

Lt




Substrate Material TCE C)fé\d) Reference Average Value
Epoxy/Kevlar Laminate 6-8 57 6.75
6-7 56
Aluminum (Ceramic) 6.5 57 6.5
Epoxy Aramid Fiber 6-8 62,60,58 7
Polyirrid Aramid Fiber 3-7 62 5.75
5-8 60,58
Epoxy-Quartz 6-12 60,58 9
Fiberglass Teflon Laminates 20 62,60,58 20
Porcelainized Copper Clad Invar 6-7 58 6.5
Fiberglass Ceramid Fiber 5-8 60 6.5
TABLE 4.7-3:
TCE'S OF PACKAGE MATERIALS
Substrate Material TCE (Eo%ﬂ) Reference Average Value
Plastic Chip Carriers 6-7 56 6.5
Ceramic Chip Carrier 5-7 56 5.6
TABLE 4.7-4:
PTH/VIA MATERIAL TCE VALUES

Material TCE (ppm/°C)

Solder 27

Copper 17
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TABLE 4.7-2:

X-Y TCE VALUES (CONTD)
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TABLE 4.7-5:

' Z AXIS TCE VALUES

Material TCE (ppm/°C)
. Epoxy Glass Laminate 175
Kevlar 20

Lead Configuration Factor

Reference 66 has performed a Finite £lement Evaluation of stresses induced in solder
connections of various styles lead configuration. Using these calculated stresses and the Coffin
Manson Model, a number of cycles to failure was estimated. These results from Reference 66 are

given in Table 4.7-6.

TABLE 4.7-6:

LEAD CONFIGURATION N¢ (REF. #66)

Lead Configuration

Nt

Geometric Mean

S Lead
Leadless
Gull Wing

11,500-60,000
120-260
400,000-2,000,000

26,000
175
895,000

The geometric mean of these ranges can be used in the model developed herein as a relative
figure of inerit between lead configurations. This factor is normalized to the leadless configuraticn

since the model developed herein is normualized to the leadiess configuration. Therefore, the lead

configuration modification factor is given in Table 4.7-7.
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TABLE 4.7-7:

LEAD CONFIGURATION FACTOR

Lead Configuration TLC
Leadless 1
S Lead 150
Gull Wing 5,000

The study producing these values (Reference 66) used an 8 mil solder joint height for the
leadless configuration. Since the model is normalized to the leadless configuration, predictions for
S Lead and Gull Wing Corfigurations should use h = 8 in the equations.

The PWB model yields a failure rate in failures per calendar time since the accelerating
stresses are power cycling related and not related to operational time. Therefore, the mean cycles
to failure predicted must be converted to mean hours to failure. This is done first by identifying the
number of temperature cycles per calendar hour for a given application. The conversion is

therefore:
a (Calendar Time, 106 hrs.) = N¢ x (Cycling Period)
where:
o is the characteristic life, in 100 hrs.
Ng is the picdicted mean cycles to failure
Cycling Period = Average calendar time per temperature cycle (in 106 hrs./cycles)

If the actual cycling period is not known, the default periods listed in Table 4.7-8 should be

used. These values are obtained from Reference 55.

4-111




TABLE 4.7-8: CYCLING RATE VALUES

Equipment Type Number of Cycles per 100 s
Consumer 4200
Computers 170,000
Telecommunications 4200
Commercial Aircraft 340,000
Industrial 21,000
Military Ground Applications 30,000
Military Aircraft 115,000

It would be desirable to define the absolute values of MTTF and [ based on empirical data
for a given process since there can be large degrees of variability as a function of the manufacturing
process. Theoretical models, such as the Coffin Manson model, although based on sound physics
of failure principals, do not necessarily offer an accurate absolute measure of the number of cycles
to failure. Additionally, they provide only MTTF information and do not estimate the variance or
Weibull shape parameter (B) in a given process. For situations in which the circuit board design is
robust enough to function reliably in a given application for long periods of time, the failure rate is
highly dependent on the value of B. Although the B is highly process dependent, and can indeed
vary significantly within a given process, a worst case value should be used unless it can be shown
through empirical data that another B value is appropriate for a given process. Using a
conservative B will also serve to account for some of the eurly life defect related failure

mechanisms.
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PTH Wearout Modeling

PTH wearout modeling is accomplished in essentially the same manner as surface mount

devices since the predominant failure mechanism is also mechanical fatigue due to TCE

mismatches. The differences is that instead of the fatigue occurring in the solder joint, the fatigue
occurs in the Z-axis between the board material and PTH material. Therefore, for this situation the

number of cycles to failure model becomes:

-2.26

Nf = (%E] [asz(AT) - az(AT + TR[SE)] I)

where:
X = Constant to be fitted to observed time to failure data.
T = The board thickness (in mils)

agy = The Z axis TCE of the substrate

oy = The TCE of the PTH material

Table 4.7-9 summarizes the data set for PTH wearout. Detailed cycles-to-failure data was
available for a variety of conditions. This data was plotted on Weibull paper to derive the
characteristic life and B. Contained in this table is the board thickness in mils, T, (-55°C), Ty
(125°C), AT, TCE of the board, TCE of the PTH material, observed MCTF (Mean Cycles to
Failure), the characteristic life (Weibull o), Weibull shape parameter (B), the strain gauge
(excluding d, h), and the calculated value of X. This value of X was derived such that the

observed MCTF is equal to the predicted. The geometric mean of these values of X is .0061.

Therefore the predicted PTH wearout number of cycles to failure is:

, 0061 .
NfepTH) = [ T g Z(AT) - ay(AT + Trysp)) |
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SMT Wearout Modelling

As stated previously, the MCTF for surface mounted devices is:

d - ]
NesMT) = Np(SMT) ([ml (ag(AT) - o (AT + TRISE)) l]x 10 6)

Np gMmT has been added as a replacement to the 1.32 constant to adjust the model in

accordance with the best data available. The 109 factor has also been included to account for units
used. Table 4.7-10 summarizes the data used and includes d (in mils), h (in mils), AT, TCE of the
substrate (ag), TCE of the ceramic package (xce), observed mean cycles to failure (MCTF),

D e R D e

Weibull characteristic life (o), Weibull shape parameter B, and the Np(sMT) calculated such that
the observed MCTF equals the predicted for each data point. '

The characteristic life differs from the mean cycles to failure primarily due to the fact that in
some cases there were large voriances in the data, and the best fit Weibull line often yields a
characteristic life which differs from the true MCTF.

As can be seen from this data that there is a large degree of variation between the predicted
MCTF and the observed. Part of this variation is a result of the uncertainty in the TCE of both the
substrate and device and part is due to the inherent variation in the observed MCTF. As can be
seen in Table 4.7-10, there are several values of Nb(SMT) that are significantly higher than the rest

of the population. Therefore, the model may be more sensitive to the input variables than is
indicated by the data. Since these outiier datapoints significantly increased the calculated Nb(SMT)

value, they were discarded from the dataset and the geometric mean was celculated. This resulted
in a Npsym) value of 3.5, which will be used in the model. This effor: also highlights the fact

that the model is extremely sensitive to the TCE values and suggests that. to obtain accurate results,
accurate data must be supplied.

The final wearout model for SMT wearout is thecefore:

. -2.26
2 .__._d e .
Nf(smT) = 3.5 [_65 P (o (AT) - oo (AT + Trigp) | x 10 6J

To use the wearout modeling methodology proposed in this study, » representative Weibull
shape parameter B must be derived. The histograms in Figures 4.7-3 and 4.7-4 summarize the

distribution of observed P's from the data presented previously for both PTH's and SMT's.
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The mean value of PTH B's is 3.3 and the mean value for SMT f's is 3.7. The fact that
there is such a wide variation in values for a single manufacturing process indicates the variability
inherent in this modeling process. However, conservative fB's of 3 for both cases will be used as

representative values.

Defect Related Failure Rates

The defect related failure rate term is modeled as a constant failure rate. Yor these failure
mechanisms, the screening effectiveness tends to be very high, indicating that a quality factor is
applicable. The model currently contained in MIL-HDBK-217E contains provisions for all
necessary model variables associated with early and mid life failures. It also indicates that there is
a linear relationship between failure rate and number of PTH's. Reference 67 presents data
indicating that the reject rate of both double sided and multilayer boards is directly proportional to
both the board area and the number of holes. This indicates that the number of defects are also
directly related to the number of holes. This observations lends an additional degree of confidence

in the current model to be used herein for modeling defects.

Since inadequate field data was collected during this study, the current model is used as a
baseline. The derivation methodology was to assume that a percentage of the current MIL-HDBK-
217 failure rate are actually failures accounted for by the wearout medeling discussed previously.
This percentage was derived by ~alculating a PTH wearout failure rate for a typical printed wiring
board used in a typical application. The parameters for this calculation is as follows:

Board Thickness = 100 mils
AT =30°C
ag = 14 (Glass Epoxy)
a = 17 (Copper)
Number of PTH's = 700
Life Cycle = 5 years*
MIL Spec. Quality
Ap Environment
8% Rework
4 Circuit Planes

All PTH's Wave Soldered
8;cP =10°C




(*5 years is used for the life cycle s.ice it is the approximate time period over which the original
data was collected in supn rt of the current MIL-HDBK-217 model).

The PTH wearout prediction is therefore:

-2.26
Ng = (‘-%%%1—; [14 (30) - 17 (30 + 10)] l)

Nf PTH = 11,676 cycles

The expected cycling rate in the use eavironment is 360 cycles per year. Equating the MCTF
to mean-time-to-failure yields:

11676 (cycles) = 32 year MTTF (calendar time)

cycles
360 year
A1 = .15 (usingthe table in Section 2.3 with B =3 and LC/(X=§5:2' =2
(rounded up))
s a5 15 6.
A = w " 3Zyeas = 33106 - .5 F/10° hrs.

The prediction using the current MIL-HDBK-217E model is:

}\.p = )«.bTIQﬂfE [nl TEC + ny (TCC + 13)]

(.000041)(1)(10) [700 (2 + 100 (2 + 13))]

1.19 E/10% hrs.

i1

Therefore, an average of 42% (1—%) of the current models failure rate is accounted for in the

PTH wearout failure rate. The current models base failure rate is therefore scaled in accordance
with this percentage and, with this exseption, is left largely intact. The primary assumption made
in this model is that the defect rates have not changed dramatically since the current model was
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developed.
newer boards of higher complexity can have higher defect rates. There was no evidence however
to refute the fact that, on the average, board defect rates have stayed relatively constant. A

While this may not be entirely true for conventional low complexity board types,

summary of the defect (PTH) model is as follows:

The fai

lure rate model for plated through hole (PTH) assemb!ies is:

Ap = ApmQrg ["1 e +np (ne + 13)] -DC  (failures/10® calendar hours/assembly)

where:
lp = Base failure rate in F/IO6 hrs., Table 4.7-11
nQ = Quality factor, Table 4.7-12
g =  Environment factor, Tavble 4.7-14
ny = Quantity of wave soldered functional PTH's
ny = Quantity of hand soldered PTH's
nc = Complexity factor, Table 4.7-13
DC = Dutycycle, % of calerdar time the circuit is operating. (necessary to convert to
failures per calendar time so it can be added to ApTyy, and AgyT)
TABLE 4.7-11: BASE FAILURE RATE )‘b
Technology Ay, (Failures/ 106 Hours)
Printed Wiring Assemblies .000017
Discrete Wiring w/Electroless Deposited PTH* .00011

*Applies to two or less levels of circuitry.

TABLE 4.7-12: QUALITY FACTOR mQ

mf‘"?”“"ﬂ“ﬁ"’-‘,".‘f?ﬂff"”"ff!"y ettt
B s :

Quality Grade nQ
Manufactured to MIL-SPEC. or comparable IPC Standards 1
Lower Quality 2
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TABLE 4.7-13:
COMPLEXITY FACTOR n¢

Number of Circuit Planes

bal
O

<

WOV bW

Discrete Wiring w/PTH

NUNAN~ OB NOOWLW

For greater than 16 circuit planes,

Tc
C

= 6563

= quantity of circuit planes
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TABLE 4.7-14:
ENVIRONMENTAL MODE FACTORS

Environment g

Gpg 1
Gg 2.0
Gm 7.0
Ng 13
Ny 5.0
Alc 5.0
A 8.0
Ayc 16
Ayr 28
Sp .5
Mg 10
M, 27
¢, 500

s siiins
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4.8 ROTATING DEVICES

Rotating devices are energy-converting devices used in a variety of applications. These
devices fall into the geaeral categories of motors and generators. Motors convert electrical energy
into mechanical torque, and generators convert mechanical torque energy into electrical energy.
For each design there are several variations which are used depending on the application. The list

below identifies types of generators and motors:

Motors: » Induction
¢ Direct current
» Single-phase
* Poly-phase

Generators: *  Single-phase
+ Poly-phase
» Extemnally excited
» Internally excited

The devices are generic categories of rotating devices. Within each category there are a
variety of ‘device stvles and types which have specific operating characteristics for a given
application. For example, the use of poly-phase motors has the widest general application of any
type of motor because of its characteristics of good speed regulation and high starting torque.
More importantly the simplicity of the poly-phase motor construction results in less maintenance

and higher reliability.

4.8.1 Rotating Device Failure Maodes and Mechanisms

The life limiting componerts affecting the failure rate of rotating devices are bearings,
windings and brushes. The primary failure accelerating stress acting on these components is
temperature. Sources of the damaging temperature are the environnient and the load requirements
of the driven device in the case of a motor, or the required electrical load in the cisc of a generator.
Temperature cycling stresses degrade the insulation material on the field windings and armature
windings resulting in the reduction of magnetic efficiency and increase of teinperature rise.
Temperature affects the viscosity of the lubrication necessary for long bearing life. As temperature

cycling occurs at an increasing rate the reliability of the bearings will decrease. Brush wear
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increases as a function of armature speed, temperature, and electrical power transfer which is the

most dominant of these stresses.

There are several manufacturing procedures which must be monitored to ensure an efficient
and reliable rotating device. Bearing alignment, and armature and field (or permanent magnet)
matching is critical to the efficiency because of the lines of flux being cut at precise distances
through the rotational area. Clearances between the armature and fields correlate to the efficiency
of the rotating device. The closer the tolerance, the more efficiently the flux lines are cut resulting
in the higher output levels. Misalignment of the bearings or non-parallelism of the armature and
fields can cause internal heat build-up amplified with additional load requirements and resulting in

acceleration of the degradation process.

Device variations for rotating devices are based on the load requirements. The design
variations which primarily affect reliability are complexity and size. Full horsepower vs. fractional
horsepower motors requice a completely different approach to design. Full horsepower motors,
designed for higher loads, tend to experience additional bearing loads and generate niore internal
heat. Complexity of the rotating devices directly affects reliability. Motors nezding assistance in
initial start-up (including capacitive start motors) are miore complex and have a higher failure rate.
DC or AC rotating devices with brushes have additional design compiexities which affect failure

rate.

Typical qualification tests performed on a sample of motors or generators are functional in
nature. Types of testing performed include torque generating, electrical power generation, speed
control and temperacure rise. These tests are effective methods in determining the quality of

manufacturing when collated into a comprehensive manitoring program.

If properly designed, rotating devices are selected for specific applications and should
provide reliable service. There are, however, application variables which do have a negative effect
on reliability. On-off cycling or cyclic loads create internal heat generation resulting in accelerated
degradation of starting components and windings. Environmental effects of contamination and
amhient temperature including temperature cycling also have a negative effect on reliability.

The primary failure mechanisms for all types of motors are a function of the electrical or
mechanical stresses that the windings and bearings experience. Windings experience degradation
of their insulation and hence their ability ro produce a sufficient magnetic ficld. The primary

accelerating factor for insulation degradation is temperature. More specifically, the temperature rise
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in the winding during motor operation. According tc Reference 80, "If two motors are running
with a 10°C differential in temperature, the hotter motor's service life expectancy is reduced by

one-half."

The class of insulation (A through F) designates the operating t:mperature limit the insulation
can op.rate at and still main:ain its integrity. Reference 80 indicates, "A motor operating within
Class B temperature limitations and having a Class F insulation system that has a higher
temperature rating is operating below its :cmp:rﬁture rating. The cooler motor's insulation will be
subject to a much lower degradation than that of the hotter runni 1g motor and wiil experience a
longer life." Therefore, the conclusion derived {rom information collested is that the primary
accelerating factor for windings in motors is ambient temperature and temperature rise. This is
entirely consistent with the current MIL-HDBK-217E modzi.

Bearing failure mechanisms, such as galling or branell hardening are caused by tie lack of
lubrication. Lubrication loss can be traced to two operating characteristics, load and speed. These
characteristics generate heat which incre1.. s the failure acceleration process. Load and speed
influence reliability, but are normally designed for a specific application. Temperature again is the
primary failure accelerating stress which results in the loss of the protective film on the bearing
surface. Most susceptible to this occurrence are motors with heavy loads requiring frequent starts
and stops. As stated by Lincoln manufacturing, "Bearings fail primarily because of heat.
Contamination from a minute particle of dust, dirt or even cigarette ash will cause the bearing to
run hot enough to melt the grease that will then run out ... grease that is moisture resistant and has
a operating range from -35° to 350°F ... and bearing sized for 40 to 50,000 hours of life is the

standard design criteria for most motors."

In summary, temperature, reducing the motor life by as much as 1/2 per 10°C rise, i< the

dominant accelerating factor for motors.

4.8.2 Current MIL-HDBK-217E Motor Madel Review

Shaker Research (Reference 79 had developed the current MIL-HDBK-217E model. In that
study the failure cata collected are predominantly comprised of life test results. It was znalyzed by
means of a Weibull cumulative distribution analysis of ach individual test population. The results
provided a linear regression best fit Weibull slope and characteristic life for each test group of
motors. Additional regression techniques are applied to determine the influence of parameters such

as temperature, speed, bearing lubricant, motor type, etc., on characteristic life.
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The current model considers bearing and winding to be the dominant factors in motor failure.
These failure mechanisms are predominantly accelerated by temperature. The data coilected during
this study indicates that there are three major failure modes, they are:

Bearings failures 80.85%
Electrical failures 16.55%
Mechanical failures 2.60%

It is apparent that bearing failures are the dominant failure mode. This finding also explains
why the Reference 79 model emphasizes the bearings and windings only for their model.
Although temperature is the primary failure accelerating stress, additional variables include:
bearing size, quality code and grease type. Among these variables the most dominant is grease.

Additional observations from review of the current MIL-HDBK-217 model ar. as follows:

(1) Full Horsepower (FLHP) rotating devices should be considered as an addition to the present
reliability model. Brushes, as an additional failure mechanism, should also be considered.

(2) When considering FLHP motors, a distinction must be made based on the loading

characteristics and power consumption affecting temperature life limiting characteristics.

(3)  Technology has changed in the form of newer materials, resulting in increased efficiency of
rotating devices. These changes should be accounted for in the models. These newer
materials include:

 Insulation materials with higher temperature ratings.
+ Higher magnetic density in permianent magnets.

«  Brush maierial advances resulting in less wear and irncreases in power delivery.

() A mgjor tlaw in the current 217 motor model s that it uses a hazard rate for the failure rate.
This is accurate if the total cumulative percent fail of a given population, for a given life
cycle, is relatively low. If it is not, then it is very inaccurate (and pessimistic) since the
hazard rate provides the instantaneous failure rate on the condition that the part has not yet

failed. This resweis in predicted failure rates approaching infinity where in reality it reaches
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4.8.3.1

A

an asympiotic value. Figure 4.8-1 illustrates this concept. The point the two curves begin to

depart are approximately at a time equal to one o.

Old Model

A proportional to t 2

Proposed Model (Asymptote

NI §
proportional to - )

Time

FIGURE 4.8-1:
FAILURE RATE FOR NEW AND EXISTING MOTOR MODEL

4.8.3 Rotating Device Model Development

Hypothesized Motor Model

Since both bearing and winding failures are normally wearout failures, they will be modeled

in accordance with the methodology outlined in Section 2.3. The hypothesized model is therefore:

1

ap

i

cB) . (*cw

+-

P twp

Cumulative average failure rate for bearings as a function of LG/t and
Weibull characteristic life predicted for bearings

Uppg TRy PR
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agp = Base characteristic life, function of generic motor type
ny = Temperature factor
nyp = Rated horse power
mR = Rotation rate factor
Acw = Cumulative average failure rate for windings as a function of LC/cx and 3
awp = Weibull characteristic life predicted for windings
= W]
T = Temperature factor
Ty = Load (mechanical) factor
T = [nsulation class factor

4.8.3.2  Motor Data Analysis

The collected motor data was analyzed in an attempt to quantify the motor life times and
failure rates as a function of the parameters outlined in the hypothesized model. Unfortunately. the
effects of actual mechanical load stress, rated horsepower, and rotation rate factor could not be
guantified due to the fact that these quantitics were not known for most of the observed data peints.
The bearing characteristic life () and failure rate is therefore a function of only generic motor type

and operating temperature.

The model developed in Reference 79 was based on thorough research and a good set of
data and therefore the temperature dependence of the model should be accurate. The approach
therefore was to use the current base failure rate as a function of temperature and scule the model

for cach generic type of motor for which data existed.
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The following items summarize the assumptions and methodologies used:
Ambient temperatures for each environment from Reference 64 were assumed.

The LC/a ratio was assumed to be <.1 for comimercial data (since it is from 1st year warranty
and the fact that the observed failuiz rates were low). In this case the LC is the time period
over which the data is collected.

The LC/a ratio was assumed to be >2 for military data since it is generally data from systems
that have been fielded for years and the fact that the observed failure rates are generally high.
This assumes the failure rate has reached its asymptotic value (see Section 2.3).

The calculations assume that 20% of the observed motor failures are due to windings and 80%

bearings.

The observed B3 values from Reference 79 are generally between 2 and 3. A value of 3 will be

used in this model.

Table 4.8-1 summarizes the data and analysis for motors. The a was calculated in the

following manner:

M
Aobs = —
A
(04 =
Aobs
Al = Cumulative average failure rate over time period from which data was taken

(from table in Section 2.3)
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The lobsﬂ‘ (217E) ratio was also calculated and is summarized in Table 4.8-1. The

geometric means of this ratio as a function of motor type and failure mode (bearings, windings) is

given in Table 4.8-2:

o (observed)

TABLE 4.8-2:
o (217E)

> T [T Type Bearing Windings
H Electric (General) 1.92 1.12
4 Servo .48 .29
“ Stepper 11.2 5.4
:

These values can therefore be used as multipliers to adjust the current 217E model ¢'s in

accordance with observed field data and as a function of motor type.

The next analysis conducted on motors was in an attempt to determine the relationship
between failure rate and horsepower rating. For this analysis, data was extracted from the same

generic environment (Ground), in an attempt to minimize uncontrolled variables. The data in

Figure 4.8-2 summarizes this data.

A
10 — L]
9 - ™
8...
. 1V
664
A (F/107)
5
4
Y
) -]
2 ™
1 ~ °
L] -~
/N N T D R A N A R I S R R R Rt
1 234567 89 10 11 1213 14 15 16 17 13 19 20

Ruated torse Power

FIGURE 4.8-2:
FAHURE RATES VS. HHORSE POWER RATING
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The arrows in this figure are indicative of datapoints with zero failures. For these, one
failure was assumed to establish an upper bound on the failure rate. This graph indicates that a
horse power rating cannct be derived from this dataset, and therefore will not be included in the

model.

The motor model therefore is as follows:

A A
7\=——1——+2

106) (F/106
. ro (x 108) (Fr108)

where:

A1 isafunction of Design Life Cycle (operating hours) and characteristic life for bearings and is

summarized in Table 4.8-3 (ag must be calculated first)

Ay s a function of Design Life Cycle and characteristic life for windings and is in Table 4.8-3

<

(ayy must be calculated first)

A,B are constants in Table 4.8-4

opg Base characteristic life of bearings in hours, in Table 4.8-5

oy Base characteristic life of windings in hours, in Table 4.8-5
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TABLE 4.8-3:
CUMULATIVE AVERAGE FAILURE RATE

LC/OtB, LC/(X\V 7\.1, 7&.2

0-.10 13
11-.20 15
21-.30 .23
31-.40 31
.41-.50 41
.51-.60 Sl
.61-70 .61
71-.80 .68
.81-.90 76
91-1.0 .82

>1.0 1.0

TABLE 4.8-4:

A,B CONSTANTS

Motor Type A B
Electrical (General) 1.92 1.12
Sensor .48 .29
Servo 2.4 1.7
Stepper 11.2 5.4
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tog = {10<2-534 T+7"3)+1/[10(OT+273)+300]}

TABLE 4.8-5:
BEARING & WINDING CHARACTERISTICS
LIFE, o & oy, vs. AMBIENT TEMPERATURE, T

T og* o ** T og* oy **

°C) (Hr.) (Hr) °C.) (Hr.) (Hr.) ;

-40 305 1.9(10)8 55 43800 2.3(10)

-35 312 60 34600 1.8 " ]

-30 330 474(10)7 65 27300 14 "

-25 372 47" 70 21700 11"

-20 463 31" 75 17300 8.8(10)%

-15 661 2.0 " 80 13900 7.0 "

-10 1080 14 " 85 11200 57"
-5 1920 9.2(10)% 90 9100 46"
0 3570 6.4 " 95 7430 3.8 " S
5 6750 45 " 100 6100 3.1 "
10 12600 32 " 105 5030 25 " L
15 22800 23 " 110 4715 21" -
20 38300 1.6 115 3470 1.8 "
25 59600 12 " 120 2910 15 "
30 78300 8.9(10) 125 2440 12 " 'y
35 85600 6.6 130 2060 1.0 "
40 80200 50 " 135 1750 8.9(10)3 S
45 68200 38 " 140 1490 75 "
50 55200 29 " L

2357 .

2357 .,
Te27s 182
*EC = 10
where T is ambient temperature in °C. 3 o 3

i
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5.0 MODEL SUMMARY AND SAMPLE CALCULATIONS

5.1 MODEL SUMMARY

This section of the report summarizes the complete rodels being proposed for inclusion

into MIL-HDBK-217.
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APACITOR

lp = leQTEEKTKCnVnSR

BASE FAILURE RATE - A,

Capacitor Type Applicable Specifications Ay (F/ 109)
Paper MIL-C-12889 .00037
MIL-C-25
MIL-C-18312
Plastic MIL-C-19978 .00051
MIL-C-39022 '
MIL-C-55514
Mica, Glass MIL-C-10950 .00076
MIL-C-39001
MIL-C-23269
Ceramic MIL-C-11015 .00099
MIL-C-39014
MIL-C-20
Ceramic Chip MIL-C-55681 00195
Al Electrolytic MIL-C-39118 .00012
Ta Electrolytic MIL-C-39006 .00040
(Solid and Wet) MIL-C-39003
Tantalum Chip MIL-C-55365 .00005
Variable, Air MiL.-C-92 .0000072
Variable, Ceramic MIL-C-81 .0079
Variable, Glass MIL-C-14409 .0060




TEMPERATURE (), CAPACITANCE (n(), VOLTAGE (nty), AND
SERIES RESISTANCE (ngg) FACTORS

Capacitor Type nT e Ty TSR
4.5
1, 1] .09 i) i
Paper exp[-ZSSO(TA+273) - 508 C G +1
6
- LIS Iy .09 (_S_) 1
Plastic ex;{-2550(TA+273) 208 C 5)* 1
- 10
. ) 1 A .09 (.S_) 1 1
Mica, Glass cxr{-4290(TA+273) - 298d C 5) *
1 17 09 S 3
. i pua . S 1
Ceramic ex;{ 940775 * 8 c _6) +1
1 17 09 S 3
Ceramic Chip exp[-394O(TA+273) - 2—9-§d C (E) +1 1
1 17 23 S >
Al Elcctrolytic ex;{-5215(TA+273) - 5@5“ C (—g) +1 1
1 17 23 S 17
Ta Electrolytic, cxp[-2200(:l7;5:§) - 2—9—§J C: (—6—) + 1 TSR
Solid
17
. 1 1 23 (_S,)
Ta Electrolytic, ex;{-22OO(TA+273) - 298] C 6 +1 1
(Non-Solid)
: 1 1 23 S 17
Tantalum Chip, cxl{-2200(TA+273) - Eg] C (—g) +1 TgR
(Solid)
1 1 09 S 3
fori H K R . S
Variable, Air cxp{ 2900(TA+273) 298] C (5) + 1 1
i 1 09 S !
Variable, Ceramic cx;{-3940(,r = §§§] c (3) ‘1 I
1 1 09 S 3
Variable, Class cxy{-4290(T +773) Eg] C (—5) +1 1
T 5 = ambicnt lemperature Cis the S= ‘—/\L TSR
R .

(in °C) capacitance V  =actual max. |applicahle
in pF voltage 1o solid
for variable VR = rated tantalum
tvpes, it is voltage capacitors
the upper only.
rance.

G - aga

B e AACAC Mt




CAPACITORS (CONT'D)

QUALITY FACTOR - Q

Quality

Q

ol R I RO )

Non ER
Lower

.001
.01
.03

10

ENVIRONMENT FACTCR - ng

Environment

570
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CAPACITORS (CONT'D)

Series Resistance Factor - TSR

Circuit Resistance, SR (ohms/volt) TSR
>0.8 | .66
>0.6 to 0.8 1.0
>0.4 10 0.6 1.3
>0.2t0 0.4 2.0
>0.1t00.2 2.7
0t 0.1 3.3

SR = Eff. Res. Between Cap. and Pwr. Supply
- Voltage Applied to Capacitor
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RESISTORS

lp = lannEnTnp

BASE FAILURE RATE - A;,, TEMPERATURE FACTOR -

Resistor Type Applicable Specifications | Ly, (F/ 109 hrs.) ey

Composition MIL-R-39008 0017 1

Film MIL-R-39017 .0037 1 -
MIL-R-55182
MIL-R-55432

Network MIL-F.-53401 .0019 i

Wirewound MIL-R-39005 .0024 1
MIL-R-39C07
MIL-R-39009

Thermistor MIL-R-23643 .0019 1

Varistor .0023 1

Variable Wirewound MIL-R-19 0024 exp[-2660(1—1%7§ : 5—;—8)}
MIL-R-22
MIL-R-12934

Variable Non-

Wirewound MIL-R-94 0037 exp[-2660<ﬁ-12—7§ : ié?’}

MIL-R-23285

T = Resistor operating
Temp = TA+ GJAP
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RESISTORS (CONTD)

QUALITY FACTOR - TQ

Quality o)
S .03
R .
P 3
M 1
Lower 10
ENVIRONMENT FACTOR - g
Environment hiee)
Gg 4.0
Gm 16
A 18
Alp 23
AUFE 43
ARw 63
Ny 42
Ng 12
M 87
I\’TF 37
CL 1728
Sg .5

POWER FACTOR - T

N

Rated Resistor Power ]

7
1l




i _-:::‘” 4 £ i ik “;:;1 s : j ke ‘:vi‘
TRANSFORMERS
Specification Description
MIL-T-27 Audio Power and High
Power Pulse
MIL-T-21038 Low Power Pulse
MIL-T-55631 IF, RF and Discriminator

).p = letQTCETtT

BASE FAILURE RATE - A,

Transformer Ay (F/IO6 hrs.)
Switching .00057
Flyback .0054
Audio 0137
Power 0486
RF 133
QUALITY FACTOR - TQ
Quality }LQ
MIL-Spec. 1
Lower 3
58
o




L)

TRANSFORMERS (CONTD)

ENVIRONMENT - i

J Environment hiee)

G 1.0
Gp 6.0
Gy 12
Ng 5.0
Ny 16
Alc 6.0
Ap 8.0
Ayc 7.0
AUE 9.0
ARw 24
St 50
M 13
ML 34
cL 610

Temperature Factor - p

1 1
T = exp{~1275(m—s—;2—7‘§ - 5@‘55')]

where THS = Hot Spot Temperature (in °C)
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IND R

Specification Description

MIL-C-15305 Fixed and Variable RF

MIL-C-39010

Molded RF, Est. Rel.

Kp = leCQKETET

BASE FAILURE RATE Ay

Inductor Type Ay F/ 100 hrs.

Inductor, General 000025
.000050

.000030

5
2 Variable Inductor

g Choke

QUALITY FACTOR - nQ

Quality KQ

MIL-Spec. I

Lower
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INDUCTORS (CONTD)
ENVIRONMENT - Tg
Environment g
Gp 1.0
Gg 6.0
Gm 12
Ng 5.0
Ny 16
A 6.0
AlE 8.0
Ayuc 7.0
AUF 9.0
ARw 24
Sg 50
Mg 13
M 34
CL 60
< 1 1
i = exp‘:-1273(m - j—g)]
Tyg = Hot Spot Temperature (°C)
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Hor Spot temperature can be estimated as follows:
THS = TA + 1.1 (AT)
g where:
» Tys =  Hot Spot Temperature (°C)
Ta = Inductive Device Ambient Operating Temperature (°C)
AT = Average Temperature Rise Above Ambient (°C)
DT can either be determined by the appropriate "Temperature Rise” Test Method paragraph in the

device base specification (e.g., paragraph 4.8.12 for MIL-T-27E), or by approximation using one
of the procedures described below.

AT Approximation
Information Known AT Approximation
1. MIL-C-39010 Slash Sheet Number
MIL-C-39010/1C-3C, 5C, 7C, 9A, 10A, i3, 14 AT = 15°C
MIL-C-39010/4C, 6C, 8A, 11, 12 3
AT =35°C
2. Power Loss
Case Ruadiating Surfice Area AT =135 WL/A
3. Power Loss AT=115W 1.)-6766
Transformer Weight S W/ve)
4. Input Power AT = 2.1 Wy/(wt,)-6766
Transformer Weight =2V
(Assumes 80% Efticiency)
WL = Power Loss (W)
A = Radiating Surface Area of Case (in2), See below for MIL-T-27 Case Areas
Wt = Transformer Weight (Ibs.)
Wi = Input Power (W)
NOTE: Methods are listed in preferred order (i.e., most to least accurate). MIL-C-39010 are
microminiature devices with surfuce areas less than 1in2. Equations 2-4 are applicable te devices “{
with surface areas from 3 in2 to 150 in2. Do not include the mounting surface when determining s
radiaing surface area. »
7 MIL-T-27 Case Radiating Areas (Exciudes Mounting Surtace) ; 3
Cuse Area (in7) Cuse Area (in?) Cuse Area (in2) .
AF <4 B 33 LB 52 3
AG 7 GA 43 LA PN
AH 11 HB 42 MB C98
Al : HA 53 MA 1s L
EB 21 B 58 ND 117
EA 23 JA 71 Ny 139 2
: FB 25 KB 72 O\ Hi6 £
2 FA 3 KA 8t o f
5-12 4'
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1
. @ SWITCHES
lj lp = J\thQTCETtC + KU
:fgq BASE FAILURE RATE - A,
Switch Type Applicable Specifications Ay F/100 hrs.
')‘ Rocker .023
3 Slide .003
Push Button/Toggle MIL-S-22885 102
MIL-S8-24317
MIL-S-3950
MIL-S-9419
MIL-S-13735
Reed MIL-5-55433 .001
DiP MIL.-S-83504 00012
Sensitive MIL-S-8805 .49
MIL-S5-25345
Pressure MIL-S-8932 2.8
MIL-S-12211
Limit MIL-§-8805/39,40 4.3
41, 42, 43, 48, 49, 65,
70, 72, 73, 74, 80, 85,
100, 104, 114
MS-25253
Centrifugal 34
Microwave (Waveguide) 1.7
Liquid Level 2.3
Rotary MIL-5-3786 1
Mil.-S-15743
MIL-S-21604
MIL-S8-22710
Thumbwheel MIHL-S-22710 18




SWITCHES (CONT'D)

QUALITY FACTOR - nQ

Quality }‘Q
MIL-Spec. 1
Lower 2

ENVIRONMENT - ng

Environment g
Gp 1.0
Gg 3.0
Gy 18
Ng 8.0
Ny 29
Arc 10
AlF
Auc
AUF 2._
ARw 46
Sg .50
Mg 25
M 67
CL 1200

5-14
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SWITCHES (CONT'D)

CONTACT CONFIGURATION FACTOR - ¢

re = (N9)33

NC = Number of Contacts

Ex:  SPST = 1
DPDT = 4
3PST = 3

Wearout failure rate due to switch utilization.

A

O

Cumulative average base failure rate over the life cycle (LC) time. (desired life

expectancy or preventative maintenance interval) as a function of

Life cycle time

Weibull characteristic life (in 106 actuations) as a function of load

Weibull characteristic life in (IO6 hours)

I
“ (5%)

Switching rate in actuations per 100 calendar hours (necessary to convert ¢ to a time
scale)

5-15




SWITCHES (CONT'D)

o, CONTACT LIFE EXPECTANCY (106 ACTUATIONS)

Contact Current
Rating (Amps) o, (AC Resistive Load) Oy (DC Load)
0-4 29.08 26.323
i v-7511.14 v1.3311.3 (130 L/R
54-8 103.45 123.187
v-7511.14 V1.3311.3e130 LR
>3 219.74 307.94
v.7511.14 v1.33 1.3 130 L/R

= Applied voltage in volts

Applied current in amps
Load inductance

Load resistance

5-16




SWITCHES (CONT'D)

AVERAGE CUMULATIVE BASE FAILURE RATE - 8

LC k]
e

0-.1 13
11-.20 15
21-.30 23
31-.40 31
41-.50 41
51-.60 Sl
61-.70 .61
71-.80 .68
81-.90 76

>9 1.0

IR g S e,
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CIRCUIT BREAKERS

APPLICABLE SPECIFICATIONS

MIL-C-55629
MIL-C-83383
MIL-C-39018
MS-24510
MS-25244

by = hyrQRpsc (FF108 hrs)

BASE FAILURE RATE - 34

Ty iy F1OO Birs
Magnete 34
Thermal 34
Power Switch 83

QUALITY FACTOR - "Q

Quality nQ

MIL-Spec. 1.6
Lower 8.4

5-18
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CIRCUIT BREAKERS (CONTD)

ENVIRONMENT - ng

Environment g
Gp 1.0
Gg 2.0
Ng 8.0
Ny 27
Ac 7.0
Ar 9.0
Ayo 11
Ayr 12
ARw 46
S .50
Mg 25
M 66
CL N/A

CONTACT CONFIGURATION FACTOR - r¢s

Configuration 1)

S SPST
e DPST
SR 3PST
4PST

P
cooo
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ERMAL SWITCHES

Specifications

MIL-3-12285
MIL-S-24236

Ap = 031 mqng (F/196 hrs.)

QUALITY FACTOR nQ
Quality mQ
Military 1
Lower 2

ENVIRONMENT - ng

Environment g
Gg 1.0
Gg 3.0
Gvm 18
Ng 8.0
Ny 29
AlC 10
Alp 18
AUC 13
Aur 22
Apw 46

| Se 50
Mg 25
v 67
CL 1200
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RELAYS. ELECTROMECHANICAL

Specifications

MIL-R-27745
MIL-R-39016
MIL-R-5757
MIL-R-6106
MIL-R-83726

A.p = leQT‘CE + lU

BASE FAILURE RATE - Ap

Relay Type Ap (F/10° hrs.)

General Purpose .020
(all types except
reed, time delay,
and solid state)

Reed 10
Time Delay .09
{
QUALITY FACTOR - mQ
Quality o)
MIL-Spee. 1
Lower 1.9
5-21
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RELAYS, ELECTROMECHANICAL (CONT'D)

ENVIRONMENT - ng

Environment 9z
Ggp 1
Gg 8.3
Gy ' 64
Aic 168
Ayc 264
A 216
Ay 288
Apw 833
Ny 27
Ng 8.2
M, 1584
Mg 600
CL N/A
S .82

Wearont failure rate due to relay utilization.

A

O

Cumulative average base failure rate over the life cycle time (desired lite expectancy or

preventative maintenance interval) as a function of o
Life cycle time
1
ca k)
a \SR
Weibull Characteristic life (in 106 actuatior.s) as a function of load
Weibull characteristic life

Switching rate in actuations per 100 hours, (necessary to convert ¢ to a time scale)
5-22
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RELAYS ELECTROMECHANICAL (CONTD)

o, - CONTACT LIFE EXPECTANCY (108 ACTUATIONS)

Contact Current
Rating (Amps) o, (AC Resistive Load) o, (DC Load)
0-4 29.08 26.323 .
V.751i.1 V1.33Il.3 6130 L/R
4.8 103.45 123,187
V‘7511'14 Vl.3311.3el30 LR
8 219.74 307.94
v.7511.l4 V1'3311'3613o L/R
5-23




RELAYS, ELECTROMECHANICAL (CONTD)

AVERAGECUMULKUVEBASEFAEURERATE-ll

IC "
Qe
0-.1 13
11-.20 15
.21-.30 .23
31-.40 .31
41-.50 41
.51-.60 51
.61-.70 .61
71-.80 .68
.81-.90 76
>.9 1.0




RELAYS, SOLID STATE

RELAYS, SOLID STATE

Specifications

MIL-R-28750

Ap = 029 mgmg (F/100 hrs)

QUALITY FACTOR - Q

Quality nQ
MIL-Spec. 1
Lower 1.9

ENVIRONMENT FACTOR - g

Environment g
Gg 1.0
Gg 3.0
Gm 12
Ng €.0
Ny 17
Aic 12
Alp 19
Ayr 32
ARW 23
Sg .40
Mg 12
M, 33
CL 590
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SPECIFICATIONS

CONNECTORS
MIL-C-21097 MIL-C-21907
MIL-C-22857 MIL-C-23353
MIL-C-24308 MIL-C-26432
MIL-C-28748 MIL-C-3643
MIL-C-3767 MIL-C-38999
MIL-C-39012 MIL-C-39024
MIL-C-5015 MIL-C-55302
MIL-C-81511 MIL-C-33723
MIL-C-83733

lp = ).bItQ?rEﬂ?TItK

BASE FAILURE RATE - A,

Type Ay, (F/108 hrs.)
Signal .0000044
Rectangular .046
Elastomeric .0071
Edge Card .040
Cylindrical .0010
KRF .00041
Hexagonal 146
Rack and Panel .021
D-Subminiature .66
Telephone .0075
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CONNECTORS (CONTD)

QUALITY FACTOR - Q

Quality 4]

MIL-Spec. 1
Lower 2

ENVIRONMENT FACTCR - rig

Environment TE
Gg 1.0
Gp 1.0
Gy 8.0
Ng 5.0
Ny 13
Al 3.0
Al 5.0
Ayc 8.0
Ayr 12
ARw 19
Sg 50
Mg 10
M 27
CL 490

TEMPERATURE FACTOR - i1

1 1
iT exr{‘1625(T—o‘+77—3‘ - ‘2—(5-8‘)]

3
]

Ambient temperature + AT (°C)




CONNECTORS (CONTD)

Insert Temperature Rise (AT °C) Determination

Amperes Contact Gauge
Per Contact 22 20 16 12
2 4 2 1 0
3 8 5 2 1
4 13 8 4 1
5 19 13 5 2
6 27 18 8 3
7 36 23 10 4
8 46 30 13 5
9 57 37 16 6
10 70 45 19 7
15 96 41 15
20 70 26
25 106 39
30 54
35 72
40 92
AT = 0989 (i)!-85 22 Gauge Contacts
AT = 0.640 (i)!-83 20 Gauge Contacts
AT = 0.274 (i)l-g5 16 Gauge Contacts
AT = 0.100 (i)!-85 12 Gauge Contacts
AT = Insert Temperature Rise
i = Amperes per Contact

RF Coaxial Connectors AT =5°C

RF Coaxial Connectors i
(High Power Applications) AT = 50°C

MATING/UNMATING FACTOR - g
Mating/Unmating Cycles®
(per 1000 hours) i

0to0 .05

>.05t0 5
>5105

>51t050
> 50

A adt ok
coouwo |R

*One cycle includes both connect
and disconnect.




ET! .
Specifications
MIL-8-83734
MS-25328
MS-27400
lp = }‘an"E (F/IO6 hrs.)
BASE FAILURE RATE - Ap
Socket Type [y, (F/100 hrs.)
DIP .00064
Chip Carrier 0024
Pin Grid Array .014
SI1p .0030
Relay .037
Transistor .6051
Tube - 0l1
QUALITY FACTOR - Q
Quality TQ
] MIL-Spec. 3
% Lower 1
§
5
k
3 5-29
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SOCKETS (CONTD)

ENVIRONMENT FACTOR - TR

Environment MIL-SPEC
Gg 1.0
Gg 1.0
Gm 8.0
Ng 5.0
Ny 13
Al 3.0
Alp 5.0
Auc 8.0
AUF 12
ARw 19
Sp 50
Mg 10
M 27
CL 490
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CONNECTIONS

DESCRIPTION

Conncctions Used on All Assemblics Except Those
Using Plated Through Holes (PTH) or Surface
Mounted Tecanology (SMTs)

APPLICATION NOTE: The failure rate model in this scction applics 10 conncctions used on all assemblies
except those using plated through holes or Surface Mounted Technology. Use the Interconnection Assembly Muo:de!
1o account jor conncctions 1o a circuit board using PTH or SMT., The failure rate of the structure which supports
the connections and parts, ¢.g., non-plated-through hole boards and termunal straps, is considered o be zero.
Solderless wrap conacctions are characterized by solid wire wrapped under tenzion around a post, whereas hand
soldering with wrapping does not depend on a tension induced connection,

)‘p = RanrzE n Failurcs/106 Hours

n = number of connections

Base Failure Rate - Ay Environment Factor - L3
Cornection Type Ap Environment e
(F/100 hrs) Gg 10
Hand Solder, w/o Wrapping 000011 Gg 20
Hund Solder, w/Wrapping 00014 G 70
Crimp .00026 M :
weld 000015 Ng 4.0
Solderless Wrup 0000063 N 1
Clip Termination 00012 U
Reflow Solder 000069 A 40
Spring Contact 168 Alp 6.0
Terminal .N62 .
AUC 0.0
Quality Factor - 0 Aur 80
[ Quality Grade o) Comments ARw 16
Crimp Types Sg S0
Automated 1.0 | Daily pull tests recommended. Mg 9.0
Manual ML 2
Upper 1.0 { Only MIL-SFEC or cquivalent CL 420

tools and terminals, puli test at
beginning and cnd of zach shift,
color coded wols and

lerminations.
Standard 2.0 | MIL-SPEC tools, pull test at
beginning of each shift.
Lower 20.0 | Anything less thon standard
criteria.
All Types 1.0 f
Except Crimp |
5-31 '




=

ASMT

ApTH]

ApTH2

ASMT

aSMT

where:

AT
TRISE

CR

i

il

INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH
HOLES AND/OR SURFACE MOUNT CONNECTIONS

Ap = ASMT * ApTHI + APTH2

Average failure rate over the expected equipment life cycle due to surface mount

device wearout. This failure raic may be calculated only for the Surface Mount

Device exhibiting the highest value of the strain range;
[1 (o5AT -acc (AT + TRgp) ) 1x 1076]

Average failure rate over the expected equipment life cycle due to plated through

hele wearout (F/IO6 hrs.)

Fuailure rate from PTH defacts (F/IO6 hrs.)

A
aSMT
-2.26
d . ) 3 Ko
[3.5[m | (CLSAT : acc(AT + TR]SE)) Ix 10 6] :,*C‘ﬁ'

Distance from center of device to the furthest solder joint

Soider joint height for leadless devices, use h=8 for compliant lead configurations
Circuit board substrate TCE

Environmenal AT

Temperature rise due to power dissipation = €~ P

Temperature cycling rate in cycles per 106 calendar hours




R ORI AN SO YN
INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH
HOLES AND/OR SURFACE MOUNT CONNECTIONS (CONTD)
A = Cumulative average base failure rate over the life cycle time (desired life
expectancy or preventative maintenance interval) as a function of . This value
is:

AVERAGE CUMULATIVE BASE FAILURE RATE - 44

LC A
sMmT
0-.1 13
11-.20 15
21-.30 .23
31-.40 31
41-.50 41
51-.60 51
61-.70 61
71-.80 68
81-.90 76
> 1.0

LC = Designlife cycle of the
cquipment in which the

circuit board is operating,

LEAD CONFIGURATION FACTOR - 7y o

Lead Configuration e
Leadless ] .
6
S teud 150
Gull Wing 5.000
5-33
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INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH
HOLES AND/OR SURFACE MOUNT CONNECTIONS (CONTD)

Ay
opTH

ApTH1 =

0051 721
OpTH = ["“»I‘-:“| (agz(AT) - a3 (AT + TRIgEY 'J [.C_E]

where:
T = The board thickness (in mils.)

as7 = The Z axis TCE of the substrate

ay = The TCE of the PTH muaterial

Al = Cumulative average base failure rate over the life cycle time (desired life

expectancy or preventative maintenance interval) as a function of o This value

is as follows:
AVERACE CUMULATI vE BASE FAILURE RATE - ll
I "
OpTH
0-.1 A3
11-.20 135
2130 23
31-.40 31
.41-.50 41
51460 S
61-70 61
71-.80 68
IR 70
> .9 1.0
5-34
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INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH
HOLES AND/OR SURFACE MOUNT CONNECTIONS (CONT'D)

The failure rate model for plated through holes {(PTH) assemblies is:

ApTI = lannE [“I ne +np(ne + 13)] +DC (failures/lO6 calendar hours/assembly)

where:

Ay = Base failure rute

lQ = Guality factor

g = Environment factor

ng = Quantity of wave soldered functional PTH's

ny, = Quantity of hand soldered PTH's

e = Complexity factor

DC = Duty cycle, % of calendar time the circuit is operating

BASE FAILUFE RATE Ay

Technology Ap (Failures/1 09 Hours)
Printed Wiring Assemblies 000017
Discrete Wiring w/Electroless Deposited PTH* 0011

*Applics to two or less levels of cirenitry.

QUALITY FACTOR Q

Quality Grade %0}
Manufactured to MIL-Spee. or comparable IPC Standards l
Lower Quality 2
5-35
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INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH

HOLES AND/OR SURFACE MOUNT CONNECTIONS (CONT'D)
COMPLEXITY FACTOR nc ENVIRONMENTAL MODE FACTORS
Number of Circuit Planes e Environment ng
<2 1 Gp 1

3 1.3 Gg 2
4 1.5 Gy 7
5 1.8
6 2.0 Ng 13
7 2.2 Ny 5
8 2.4
9 2.6 Aic >
10 2.7 AlF 8
11 2.9 Ayc 16
12 3.1 AUF 28
13 3.2
14 3.4 Sg -3
15 3.5 Mg 10
16 3.7 M 27

Discrete Wiring w/PTH L

1screte Winng w/PT | CL 500

For greater than 16 circuit planes,
ne = .65C63

C = quantity of circuit planes

AT e

Tharai ot
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INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH

HOLES AND/OR SURFACE MOUNT CONNECTIONS (CONT'D)

If actual values of ag, acc AT, or CR cannot be determined use the following:

AT VALUES

Env. AT

Gpg 7

Gg 26

Gm 11

Aic 31

Ayc 57

Alp 31

Ayr 57

ARw 31

Ny 61

Ng 26

ML 31

Mg 31

CL 26

ag VALUES

Substrate Material ag
FR-4 Laminate 18
FR-4 MLB 20
FR-4 MLLB w/Copper Clad Invar 11.3
Ceramic MLB 7.15
Copper Clad Invar 5.1
Copper Clad Molybdenum 5
Carbon-Fiber/Epoxy Composite 75
Kevlar Fiber -3 ’
Quarnz Fiber .54
Glass Fiber 4.5
Epoxy/Glass Laminate 15.17
Polyimid/Glass Laminate 13.25
Polyimid/Kevlar Laminate 5.5
Polyimid/Quanz Laminite 7.8
Epoxy/Kevlar Laminate 6.75
Aluminum (Ceramic) 6.5
Epoxy Aramid Fiber 7
Polyimid Aramid Fiber 5.75
Epoxy-Quartz 9
Fiberglass Tefloa Laminates 20
Porcelainized Copper Clad Invaw 6.5
ciberglass Ceramid Fiber 0.5
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INTERCONNECTION ASSEMBLIES WITH PLATED THROUGH
HOLES AND/OR SURFACE MOUNT CONNECTIONS (CONT'D)

TCE'S OF PACKAGE MATERIALS

Substrate Material O Average Value
Plastic 6.5
Ceramic 5.6

CR - CYCLING RATE VALUES

Equipment Type Number of Cycles per IO6 hrs.
Consumer 4200
Computers 170,000
Telecommunications 4200
Commercial Aircraft 340,000
Industrial 21,000
Military Ground Applications 30,000
Military Aircraft 115,000
5-38




ROTATING DEVICES, ELECTRIC MOTORS

Mo, D2 (:109) (158

Aag B ay 106 hrs.

= Design life cycle or preventative maintenance interval divided by the characteristic

life (ag). In the case where preventive maintenance is not performed, the design life

is the total operating time that the system in which the motor is operating has been
designed to last, times the duty cycle of the motor. For example if a motor is used
continuously in a military systcm with a life expectancy of 20 years without
preventive maintenance, the value of LC is 20 years. If the duty cycle of that motor is

.5, the LC value is 10 years.

If that same motor is replaced every S years a preventive maintenance schedule, LC =
5 years times its duty cycle. The characteristic life (ctg) must be calculated before 4

can be calculated. The value of A1 as a function of the LC/ap ratio is given in the

following table. If this ratio is not known use A{ = 1.

LC "
up

0-.10 13
11-20 15
21-.30 23
31-.40 31
41-.50 41
51-.60 51
61-.70 61
71-.80 68
81-.90 76
>1.6 1.0 |
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Design life cycle of the equipment in which the motor is operating (or preventative

maintenance interval) divided by the winding characteristic life (ow)

LC Ay
v

0-.10 13
.11-.20 15
21-.30 23
31-.40 31
41-.50 41
51-.60 51
.61-.70 61
71-.80 .68
.81-.90 76

>1.0 ) 1.0
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ROTATING DEVICES, ELECTRIC MOTORS (CONTD)

A,B = Function of Moter Type:

A,B CONSTANTS
Motor Type A B
Electrical (General) 1.92 1.12
Sensor .43 .29
Servo 2.4 1.7
Stepper 11.2 5.4

BEARING & WINDING CHARACTERISTICS
LIFE, ap & ayy, vs. AMBIENT TEMPERATURE, T

T CIB* a\v** T (IB* a\v*
L(°C.) (Hr.) (Hr.) ©°C.) (Hr.) (Hr.)
-40 305 1.9¢10)8 55 43800 2.3(10)3
.35 312 12 " 60 34600 18 "
-30 320 7.4(10,7 65 27300 1.4 "
.25 372 47 " 70 21700 11"
.20 463 3.1 " 75 17300 8.8(10)4
-15 661 2.0 80 13900 7.0 "
-10 1080 14 " 85 11200 57 "
-5 1920 9.2(10)0 90 9100 4.6 "
0 3570 6.4 " 95 7430 38 "
5 5750 45 " 100 6100 31"
10 12600 32" 105 5030 25"
15 22800 23" 110 4710 2.1 "
20 38800 1.6 " 115 3470 1.8 "
25 59600 12" 120 2910 1.5 "
30 78300 89(10)5 125 2440 12 "
35 85600 6.6 ' 130 2060 1.0 "
40 80200 50 " 135 1750 8.9(10)3
45 68200 38 " 140 1490 75"
50 55200 29 " |
3 2357 -1
; *ag = { 10(2.334 - 5559) 4 1/[1()( 0- T+773) + 300] } ?
3 2357
» Te273 7 183
| 3‘ where T is ambient temperature in °C. S,@
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5.2 SAMPLE CALCULATIONS

Capacitors
Conditions: - 100 microfarad solid tantalum electrolytic capacitor
- Ambient temp (T A)=35°C
- 100 volt rated. 50V applied
- Series resistance of .5 ohms/volt as applied in circuit
- Military quality M
- Ground Fixed Environment
Ap = ApTQRERTRCRY TSR
Ay = .0004 (7/105)
g =1
e = 10
Rr o= exp <2200 et - 2LV 2 107
T - k35 +273 2987~
e = (100)23 =288
[i()_) 17
10
Ty = 3 + 1 = 1.045
R‘SR = 1.3
lp = (0004)(1)(10)(1.27)(2.88)(1.045)(1.3) = 0198 F/100
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istor
Conditions: - Fixed resistor network (MIL-R-83401)
- Mil quality M
- Ground Benign Environment
- Power rating (per resistor) = .25W
)"P = leIQTtETE'l*Rp
Ap = .0019 (F/105)
RQ = ]
g = ]
T = ]
tp = (25039 = 58
lp = (0019)()(1)(1)(.58) = .0011 F/106
Transformers
Conditions: -  Audio transformer (MIL-T-27)
- Commercial quality
- Ajgenvironment
- ATrise = 15°C
- Tp=40°C
Ap = AprQuEnT
Ap = 0137 (F/106)
TEQ = 3
7tE = 8.0
1 1
T = exp [-]275(3_6:?‘?27—3 - z—gg)] =1.5
(Tys = Ta + LUAT) = 56.5)
Ap = (OI37)(3)(8.0)(1.5) = .49 F/195 hrs.
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Conditions:

Toggle switch, 5 amp rating
Mil. quality
- Ggenvironment
- DPDT configuration
- Design life (LC) for the equipment in which the switch is

operating = 1752 x 100 hrs. (20 years) (no preventive maintenance)
- ACrresistive load, 24 volts, 2 amps.

- Swilching rate (SR) = 100.000 per 108 calendar hours

;"P = )\bTIQTtEKC + lu
Ap = .102
nQ = 1
TCE = 3.0
e = (43=158
)\1
Ay = —
aC
_ 1
o - all)
@ = v-]7%3i‘1151 it 17053'24151 > = 433 x 105 actuations
SR = Switching rate = 100,000 a_clu6_'1'ﬂ13
100 hrs.
0 = o (S—lﬁ) = 4.33 (106 hrs.) (—11—) = 43.3 (106 hrs.)
LC _ 1752 (100 hrs))
o 4.33 (100 hrs.)

= .004

>
1l

.12 (from Tuble)

A
A 1 13

= S —— = 003 F/106
0. 43.2 (109 hrs.)

Ap = (102)(1)(3.0)(1.58) +.003 = 483 F/106

\
|
|
|
!
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Conditions: - Magnetic type
- Mil quality
- Ayc environment
- SPST configuration

;\.p = ;\annEnC

Ay = .34 F/100 s,
g = 1
g o= 11
e =1

Ap = (3(1X11)1) = 3.74 F106

Thermal Switches

Condivions: - Therma! switch (MIL.S-1 2285)
Mil. quality
- Sgenvironment

>
fl

031 (F/198 brs) gy

KQ=1
.’tE=.5

A = (031)(1).5) = .0155 F/100

R
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Relays

Conditions:

Ap

Q
g

1}

General purpose electromagnetic relay (2 amp. Rating)
Commercial quality
Gp environment

Equipment design life (LC) = 5 years = .0438 x 100 hrs.
AC resistive load, 120 Volts, 1.5 amps applied

Switching rate = 10 x 100 actuations per 100 hrs.
J\annE +Xy

.020 F/108
= 1.9
= 1

A

O

- ()

C () { X} 6
zv);)g :]101 4) = 12.7.?).0785(“' :) 1)4 = 364 x 100 sctuations

= 10 x 106 (actuutions/l()(’ hrs.)
o, (gﬁ) = 364 (106 nr.) (110) = 0364 (106 hr.)

0438 (106)
0364 (10%)

= 1.2
= 1.0 (from table)

)

e e e X T
o 0364 (100)

CO20)(1.93(1) + 27.5 = 27.54 17100
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Relay, Solid Siate

Conditions: - Solid state relay (MIL-R-28750)
- Mil spec.
- AUF env.
Ap = 029 mgmg F/109
KQ = ]
RE = 32
Ap = (029)(1)32) = .93 F/106
nnector

Conditions: - Edge card connector
- Ggenvironment
- Mil quality
- 20 gauge contacts carrying .050 amperes per contact
- 2mating/unmating Cycles per 1000 hrs.
- Ambicat temperature = 35°C

)'p = lannEnTnK

Ay = 040 (F106)
TQ = 1
np = 1
T - -1625 .._,_.,...],_“W . ‘1“

r = CXP[ ’“('ro 773" 29x)]

! L
= Cxp[-l()?.S(i'S'“;_“j’:ij - 2'):‘”] = 1.19
(To= Ta +AT = 35°C +.64(.05)1-85 - 35°C)

g = 1.5

2 = (OAND(LISHLS) = 0714 F/100
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Sockets
Conditions: - 144 pin grid array socket
- Socket commercial quality
- Gpenvironment
lp = lbﬁQnE
Ay = .014F/100
nQ = 1
g = 1
Ap = (014911 = 014 F/10
Connections
Conditions: - A solderless wire wrap circuit board consists of 350 connections
- AIlF environment
)‘p = 350 ApnoRE
by = .0000068 F/108
TL’Q = ]
g = 6.0
Ap = (350)(.0000068)(1)(6.0) = 0143 F/106

Interconnect Assemblics

Conditions:

Epoxy-glass printed wiring assembly

Four circuit planes

S00 wave soldered PTHs

No hand soldered PTHs

Manufactured to MIL-spec. quality

Ajp environment

ICs are plastic encapsulated leadless <hip carriers (1.CC) for which the
largest package is 740 mils between the center and corner pin
The solder joint height for the LCC devices is 5 mils,

The power dissipation for the largest LCC package is § watts and
8;0 =20

The design life (LC) is 20 years (1752 x l()6 hrs.)
Board thickness is SO mils,
The duty cycle of the circuit is .04 (36 hours/month)

The cycling rate is 115,000 cycles per 100 hours

AsaT 4 ApHTI AT
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Asmr
Since all surface mounted devices are plastic encapsulated, the one exhibiting the largest
value of strain gauge is the largest package, with d = 740 mils. Therefore the calculation of ASMT
will be based on this device.
The predicted characteristic life of this LCC dzvice is;
. 226 n
d LC
OSMT = [35(‘6'5—h| ((ISAT - CLCC(AT+TRISE) ] X106))] TR
d = 740 mils.
h = 5 mils.
ag = 1517
AT = 31°C (default for Algenv.)
Oce = 6.5
TRISE = OJCP =20(.5) = 10°C
T = I (leadless)
CR = 115,000 (cycles/109 hr)
-2.26
740 « . -6 1
OSMT = 3.5[~—--:—,~S—-l(15.l7(31) - 6.5(31+10)) | x10 ]
(63X3) 115,000(—S5—)
10° hrs.
= 0314 x 10(’ hrs. (calendur time)
LC  _ _ (1752hrs)
aspmt 0314 (100) hrs.
= 5.58
A= 1 (from table)
A !
AsvT = © = e = 318 F/100
OSAT 0314




ApTHI
-2.26
.0061 1
OpTH = [““‘T I {asz AT - 0, (AT + TRisg)) l] TR
T = 50 Mils.
agz = 20 (TCE of Epoxy - Glass Z axis)
ay = 17 (TCE of Copper PTH) .
(all other factors as calculated for }‘SMT)
-2.26
0061 , 26
ApTH = [_56—‘](20 (31) - 17 (31 + 10)) I:l '—n-g
= 33x 100 hrs.
LC _ (1752 (106) 53
| ®pTH 33 (109)
A = .51 (from table)
M (S1)
A = = = = 1.55 F/106
PHTI opTH .33 (106 hr.)
ApTH2
ApTH2 = MyrQrE[nime + natne + 13)] BC
Ay = 000025
HQ = 1
I‘(E = 8.0
nl = 500
e = L5
nz = 0
DC = .04
Apri2 = 000017 (1)(8)(500(1.6) + 0 (1.6+13)] .04

0043 F/10 hrs.

Therefore, the total interconnect assembly failure rate is;

]

Ap ASMT * ApTHI + 2pTin
31.8 + 1.55 + .0043 = 33.35 17100
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Rotating Devices

Conditioas: -

Electric motor, 1 HP
Ambient temperature = 40°C
Design life (LC) = 10 years (87,600 hrs.)

MM
Aog Bawy

1.92 (:rom table)

80,200 {from table)

LC _ 87600 _
ag 80,200

Therefore, .y = 1.6 (from table)

A
AClB
B =
Clw =

1

—— ' .6
1.92 (80,200) © 6.5x 109 F/hr.

6.5 F/106 hrs.

1.12 (from table)

5x10° (from table)

O _ g7 600/5x105 = 175
oy
Therefore, A9 = .15 (from table)
A
Z . D o 3x106.F
Boyy 1.12 (5x10°) ar.
= 3 FNod
A A .
Ap = om b 6543 = 68 (F/106 hrs)
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6.0 MODEL COMPARISON

This section compares a sampling of the models developed in this effort to the existing MIL-
HDBK-217E, Notice 1, models. Table 6.0-1 summarizes this comparison and presents the
predicted failure rates for each and the ratio under both benign conditions and severe conditions.

Benign conditions used in these calculations are:

Environment = Gg

Stress = .5
Quality = MIL-Spec.
Tp =25°C

The severe conditions are:

Environment = AUF

Stress = 9
Quality = MIL-Spec.
Tp =70°C
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TABLE 6.0-1:
MODEL COMPARISON
Benign Conditions Severc Condidons Assumption
New *217E Now/217E|  New 217E New/217E
Model Model Ratio Model Model Ratio 5
Capacitors
Paper .0011 .0114 .10 .59 153 .039 ApF
Plastic .0020 .0093 21 15 7.8 019 AuF o
Mica 0011 0042 27 11.0 3.19 345 100pF
Ceramnic .0008 .0080 10 .018 045 43 100pF
Ai Elec. .00029 037 .008 46 30.8 .015 10uF
Ta Elec. 000031 0017 .018 1.76 011 160 10uF
Resistors
Film 0037 0014 2.6 .16 048 33
Network 0019 0066 29 .082 039 2.1 Ng=10
Transformers
Audio 013 .0072 1.8 21 22 95
Power 048 .019 2.7 .76 .60 13
Pulse/Switching  .00057 .0036 .16 .009 d12 .09
Inductors .00025 .00044 .57 .0022 .018 12
Switches : (Resistive
Toggle .iC2 .0004s 226 2.2 .0098 224 Load)
Relays .016 009 1.8 4.8 .608 7.9
Magnetic Circuit .34 .02 17 4.1 .24 17
Breakers
: Connector .001 .016 .06 024 34 .07 20 Pin
DIP Socket 00019 0014 13 0023 018 13 16 Pin
*Prediction performed to MIL-HDBK-217E, Norice 1.
62




6.1

MODEL COMPARISON OBSERVATIONS

From this analysis, several conclusions can be drawn relative to the cuirent MIL-HDBK-

217E models:
(1) Failure rates for capacitors are generally lower.
(2) Tantalum capacitor failure rates exhibit a very high dependency on applied voltage,
making their predicted failure rate lower at low voltages and higher at higher voltages.
(3) Resistors are relatively consistent with current models.
(4) Inductors and transformers are generally consistent.
(5)  Switches and relay failure rates in general are very much higher and have a much higher

dependence on environment.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The objective of this effort was to develop or modify the MIL-HDBX-217 failure rate
models for Capacitors, Resistors, Inductive Devices, Switches, Relays, Connectors,
Interconnection Assemblies/Printed Wiring Boards, and Rotating Devices. This was accomplished
with the statistical analysis of field failure rate data or from laboratory test results. A new
iethodology was also developed to predict failure rates of items exhibiting wearout characteristics.

More specifically the objectives of these models are that:
(1) They be reflective of state-of-the-art manufacturing technologies.
(2) They be based on data available to design engineers during equipment design phases.
(3) They are inclusive of all part types used in military systems.
(4) They be as accurate as possible and be based on sound physics of failure principals.
(5) Their complexity be consistent with their precision and accuracy.

The failure rats models developed in this effort and summarized in Section 5.0 of this report

meet all objectives listed ubove.

It was also apparent after developing these models that the failure rates predicted with them in
some cases differed significantly from existing MIL-HDBK-217E moc :ls being either higher or
lower. Additionally, new part types not included in MIL-HDBK-217E are included in the

proposed models. Examples of these include:

»  Ceramic Chip Capacitors
» Tantalum Chip Capacitors
» Pressure Switches

»  Limit Switches

»  Float Switches

+  Centrifugal Switches

¢ Humidity Switches

¢ Waveguide Switches

+  Various Connector Styles

7-1




» Various Socket Types
+ Surface Mcunt Technology
» Full Horse Power Motors

It is recommended that efforts be continued to collect and analyze reliability data to
continuously update models in MIL-HDBXK-217. All data collected under government spousored
programs should be submitted to central repositories such as the Reliability Analysis Center.

It is also recommended that methodologies be developed to derive models without the
statistical analysis of field failure rate data. Such methodologies could be based on physics of
failure information, screening results, life test results, etc. Such models could then be modified as
necessary once field data becomes available. Implementaticn of this approach would result in
models representing state-of-the-art component types in a more timely manner than relying solely

on field experience data.
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Rel.abrlity Modelirg of Critical Components

Part Type Dietectric voltage
OType Env Tot, fail Total Duration Total Poo.
Cagac1tor, Loknown Unknown unik
FLD  AlC ¢ 112800.04 188
L] fFLO AlF 1 0.0H 2
FLO  GF -] 258277240.0H 1]
Capacitor, Umknown At Electrolytic Unk
FLD  GF 0 12808120.04 516
FLO  GF 1 21854228.04 0
Cacacitor, Unknown Al Foil, Solid Unk
FLO G 10 800000000.CH 0
Capacitor, Unknown Al Foil, wWet Unk
o G ¢ 5000000.04 [
Capacitor, Unknown Al Sintered, Salid Unk
Ftdo G 0 16000.08 0
Capacitor, Unknown Ceramic Unk
FLD  AlF 8 0.0 280
FLD  GF 2 71522928.04 0
Capacitor, Urknown Ceramic 50.,00d
FLD  Alf 18 0.0H 161
Capacitor, Unknown Ceramic 100,039
FLO ALF 12 0.0K 184
Capacitor, Usnknown Ceramic 200, 00d
FLD  ALF 0 0.0% 38
Capacitor, Unknown Ceramic (Disc) Unk
FLd G 3 3G00C0C00. Ox v
Capacitor, Urkncwn Ceramfc (Multilayer)Unk
fFLO 6 24 1000000G0CO. 0N [+]
Capacitor, Unknown Ceramic Class 11 Unk
LAB  N/R 134 14512000, Cn 4128
Capacitor, Unknown Glass Unk
o G 9 4GQ00, 08 0
Capacitor, Unknown Mica (Metsllised) Unk
FLY ¢ t 200000000, 0% 0
Capacitor, Unknown Paper (Metallised) Unk
FLO 6 0 40400.04 0
Capacitor, Unkrown Paper Plastic 30.0Cd
FLD  AlF 1 0.04 32
Capacitor, Urknown Paper Plastic Foil Unk
ftd G 0 3000.0% [}
Capaciter, Unknown Paper Plagtic Maral Unk
Ly G 0 T7CO000. 0N 9
Capacitor, Unkmown Polycsrhcnate Foll Urk
Lo 6 4 200COC0C, ON 0
Capacitar, Unknown Polycarbonste Metal Urk
Lo G 0 2000060080, ON 4]
Capacitor, Unknown Polyester Metsl!ice Urk
FLO i 4 20CCOC00N0. 0N 0
Capacrtor, Jnknown Polystyrerse foil Unk
Lo G 10 IN000C000. 0 0
Capacitor, Urkrown Preset Urk
452 0 8405000, 0% [+]
Ta flectrotytic Urk

Capacitor, Urkmnown

11T Rasearch Institute ¢ Reeches Technical Campus * Rta, 268 * Rome, NY 134402069 ¢ 315/334-2359 ¢ FAX 315,/334-1371
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Refiability Modeling of Critical Components

Appendix A

Part Typs Dielectric Voltage

Qual DType Env Tot. fail Total Duration Tota! Pop. Rec.

M FLD  AIF 0 0.0K 2 1
Capazitor, Unknown Ta Electrolytic 20.00d

L] FLD  AlF 35 0.0M 94 4
Capacitor, Unknown Ta Electrolytic 35.00d

] FLD AlF 2 0.0H 33 4
Capacitor, Unknown Ta glectrolytic $0.000

] FLD  GF 4} 16010150.04 645 1
Capacitor, Unknown Ta Electrolytic 50.00d

M FLD  AIF 43 0.0% 125 10
Capacitor, Unknown Ta Electrolytic 75.00d

L} FLD  AIF 0 0.0 1 1
Capacitor, Unknown Ta Foil, Wet Urik

L] FLO G 5 7000000.08 0 1
Capacitor, Unknown Ta Sintered, Solid Unk

[ ] FLO G H 3000000000. 04 0 1
Capacitor, Unknown Ta Sintered, Ye* Unk

] FLD 6 [ 40000000.0H 0 1
Capacitor, Unknown Ta Solid Eletitic LUnk

" FLD  AIC Q 789600, 0K 1314 3
Capacitor, Unknown Tuner/Timmer Unk

M FtD G 10 200000000, 04 0 1
Capacitor, Fixed Unknown nk

] FLD  AlA 0 1239972.0% 2664 4

L FLD  AlC 0 676300.04 1128 4

u NOP  ALF 0 $1901000.0% 2008 1

u NOP  GF 4 104843000, OH 7386 3
Capacitor, Fixed Unknown 9.00v

c FLDO  GSC 12 3742221400.0H 2878632 86
Capacitor, Fixed Unknown 25.00v

c FLU  GBC 8 1005347200.08 773344 26
Capacitor, Fixed Unkrown 30.00v

4 FLO  GBC 0 23056800.0M4 17738 9
Capacitor, Fixea Unknown 50.000

] FLD  AlA 0 2066620, 04 4440 1

] FLD  AlC 0 1128000.08 1830 1
Capacitor, Fixed Unknown 50.00v

c FLO  G8C 140 145875121600, 0% reotecee 344
Capacitor, Fixed Unknown 63.00v

c fFLD  GBC 0 $114800. 0¥ 39346 1
Capacitor, Fixed Unknown 75.00v

c FLD  CBC 4 421200.0M 324 1
Capacitor, Fixed Unknown 100.00v

c FLD  GBC 128 1287213387400.08 PP016452 347
Capacitor, fixed Unk.wwn 200.00C

L] FLO A 4 3054134.04 1244 ]

L] FLD  AUA 0 20668200 828 1

“ FLD  AUF 0 117032.04 930 1
Capacitor, Fixed Unkno.m 200,0Cv

C FLO e8C 32 13382605600.04 10294312 151
Capacitor, Fixed Unknown 250.00y

c FLD  Gan 4 $20728000.00 400540 15
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Reliability Modeling of Critical Components Appendix A 4
Part Type Dielectric Voltage

Qual DType Env Tot. Fail Total Duration Total Pep. No. Rec.
Coracitor, Fixed Unknown 300.00v
¢ FLD  GBC 0 3642800.04 2956 5
Capacitor, Fixed Unknown 400.00v 4
¢ FLO  GBC v 346585200.01 266604 4 I
Capacitor, Fixed Unknown $00.00v ‘:
C PO GAC 12 462453160008 3557332 135 5
Capacitor, Fixed Unknown 600.00v
¢ FLO  cac 0 43719520¢.0n 336304 5 i
Capacitor, Fixed Unknown 1000.00v ﬁ
c FLD  GBC 4 5230981600.04 4023832 St 1
Capacitor, Fixed Unknown 1600.00v “
C KD GAC 0 3918720004 30144 1
Capacitor, Fixed Unknoun 2000,00v ﬂ
[ FLD  GBC 0 28407600.04 21352 3 i
Capacitor, Fixed Unknown 2500.00v 3
¢ FLO  GAC 0 3120008 2% 1 s
Capacitor, Fixed Unknown 3000.00v :f
c FLD  GBC 0 171267200.04 131744 10 {'.
Capscitor, Fixed Unknown 4000.00v H
¢ FLO  GBC 0 12656300, 04 9736 4 g
Capacitor, Fixed Unknown $000.00v 4
¢ FLD  G8C 4 1511640¢. 0H 11428 3 f
Capacitor, Fixed Unknown 6000. 00v o
c FLD  GBC 0 6945120008 $3424 3 %
Capacitor, Fixed Unkrown 7500.00v {z
¢ FLD  GBC 0 88400000.0K 48000 1 o
Capacitor, Fixed Unknown 8000.00v
c FLD  GSBC 0 4555200.0K 3504 1
Capscitor, Fixed Unknown 250000.0C
c FLD  GAC 0 89650000, 04 68500 2
Capacitor, fixed Al Electrolytic 0.00v
c FLD CBC 0 21548800.0H 16576 2
Capacitor, Fixed Al Electrotytic 2.50v
c FLD  GBC 4 5990400, Ox 4508 2
Capaciter, Fixed Al Electrolytic 3.00v
c FLD  GBC 0 29224000, 0N 22480 5
Capacitor, Fixed At Electroly*tic $.00v
c FLO  CsC 0 43508400, 0K 33468 7
Capacitor, Fixed Al Electrolytie 6.30v
c LD  G8C 0 4635102000, 08 488540 12
Capacitor, Fixed Al Electrolytic 7.50v
c FLD  G8C 0 &47304400.,0M 34328 9
Capacitor, Fixed Al Electrolytic 10.00v
c FLD  GecC 0 610547500, 0H 459652 31
Capacitor, Fixed Al Electrolytic 12.00v
C FLO  GBC 3 314511400, 08 241932 20
Capacitor, Fized Al Electrolytic 15.00v
c FLO  G3C 8 244082800, 01 187785 50
Capecitor, fixed Il Electrolytic 14.00v
c FLD  GAC 8 1808523200, 01 1391178 b6
Capscitor, Fixed Al Electrolytie 20.00v
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Reliability Modeling of Critical Components Appendix A
Part Type Dielectric Vol tage
Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
c FLD  GBC 8 209679600, 04 161292 38
Capacitor, Fixed Al Electrolytic 25.00v
c FLD  GBC 24 6356428000.CH 4889560 17
Capacitor, Fixed Al Electrolytic 28.00v
c FLO  GBC 4 19791200.0H 15224 2
Capacitor, Fixed Al Electrolytic 30.000
M FLD  GF 1 &404060.0H 258 1
Capacitor, Fixed Al Electrolytic 30.00v
[4 FLD  GBC 20 276784800.04 208296 40
Capacitor, Fixed Al Electrolytic 35.00v
c FLO  GBC 8 1257074000.08 966980 58
Capacitor, Fixed Al Electrolytic 40.000
L] FLD AU 0 916240804 21738 1
] FLDO  AUA 0 206662.0H4 2664 1
] FLD  AUF 0 117032.08 2790 1
Capacitor, Fixed Al Electrolytic 40.,00v
. z FLD  GBC 20 887312400.04 632548 79
Capacitor, Fixed Al Electrolytic 45.00v
4 FLD  GBC 4 48406800, 0H 37236 4
Capacitor, Fixed Al Electrotytic 50.000
M FLD  GF [ 25616240.04 1032 3
Capacitor, Fixed Al Electrolytic 50.00v
[+ FLD  G8C 12 7329795200.0K 5433304 144
Capacitor, Fixed Al Electrolytic 55.00v
C FtD  GBC 0 270400, 0K 208 1
Capacitor, Fixed Al Electroly*ic 460.00v
c FLD  GSC 4 147534400.04 113488 7
Capacitor, Fixed Al Electrolytic 43.00v
c FLD  GBC 0 299686400, 04 230528 29
Capacitor, Fixed Al Electrolytic 65.00v
c FLD  GBC 0 65546000, 0% 50420 4
Capacitor, Fixed Al Electrolytic 75.00v
c FLD  GBC 4 212019600, 04 163092 38
Capacitor, Fixed Al Electrolytic 80.00v
c FLD  GBC 0 4984800, 0K 3238 4
Capacitor, Fixed Al Electrolytic 85.00v
) c FLD  G8C ] 81208400.0H 62448 4
Capacitor, Fixad Al Electrolytic 100.00v
c FLD  G8C 4 284341200.04 218724 18
Capacitor, Fixed Al Electrolytic 129.00v
c FLO GBC [ 10400.04 8 1
Capacitor, Fixed Al Electrolytic 125.00v
c FLD  GBC 0 8756800, 04 6736 3
Capacitor, Fixed Al Electrolytic 140.00v
c FLD  GBC 0 1414400.94 1088 1
Capacitor, Fixed Al Electrolytic 150.00v
[ FLD  G8C 3 462971600, 04 356132 25
Capacitor, Fixed Al Elmctralytie 160.00v
c FLO  GBC 1] 399724000, 04 307420 2
Capacitor, Fixed Al Electrolytic 290.00v
c FLD  G8C 76 354429600, Cx 272792 34
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Reliability Modeling of Critical Coumponents Appendix A
Part Type Dielectric Voltage

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Capaciter, Fixed Al Electrolytic 225.00v

c FLO  GBC [ 925600.04 712 1
Capacitor, Fixed Al Electrolytic 250.000

M FLD  GF 3 3202030.04 129 1
Capacitor, Fixed Al Electrolytic 250.00v

c FLO  GBC 4 256058400, 0H 194968 32
Capacitor, Fixed Al Electrolytic 255.00v

c FLD  GBC 0 167757200 .04 129044 2
Cepacitor, Fixed Al Electrolytic 300.00v

c FLD G8C 12 88925200, 04 638404 9
Capacitor, Fixed Al Electrolytic 350.00v

c FLD GBC 0 415994800, 04 319996 S
Capacitor, Fixed Al Electrolytic 400.00v

C FLD GBC 0 439212300.04 337856 S
Capacitor, Fixed Al Electrolysic 450.00v

c FLD  G8C 0 19151600.04 14732 11
Capacitor, Fixed Al Electrolytic 475.00v

[+ fLO  GBC 0 1466400, OH 1128 2
Capacitor, Fixed Carbon 5.00v

c FLD  GBC 0 44995600.04 34612 3
Capacitor, Fixed Ceramic Unk

c NOP  GF 4 17045374000, 0H 824051 29

M FLD  AIA 0 17566270, 0H 37740 7

L] FLD  AIC [1} 18950400.01 31584 12

] NOP  AIF 4 2074602000.0K 8032 7

] NOP  GF 9 5400497000.0H 147706 40

U NOP  AIF 10 3703389000.04 177206 7

U NOP  GF 0 967460000, 0K 874 2
Capacitor, Fixed Ceramic 50.000

[] FLD  AIA 0 25626088, 0H 55056 23

] FLD  AIC 2 18612000.04 32712 31

] FLD AU 16 302359464 .01 T17354 23

M FLD  AUA 1 4753225.08 87912 23

] FLD  AUF 2 2691734.04 92070 23

L] FLD  GF 4 209733000.08 9066 12
Capuzitor, fixed Ceramiz 50.00d

L] FLD  GF 0 19212180, 04 ke 1
Cape:itor, Fixed Ceromic 75.000

] FLD AU 0 13743612.08 32607 4

FLD  AUA 0 82454804 3996 4

o FLD  AUF 4 468128, 0% 4185 4

] FLD  GF 0 3202030.0# 129 1
Capacitor, Fixed Ceramic 100.0C0

L] FLD  AIA 0 26452736 .04 56832 24

] FLD  AlC 2 22334400.04 37154 25

L] FLb AU 25 375658728.04 391258 30

N FLO  AUA 1 6199860, 04 109224 30

L] FLD  AUF 11 3510960, 04 114390 30

M FLD  GF 0 192121800.0% 7740 5
Capacitor, Fixed Ceramic 200. 007

] FLD  AIA 3 57452038.04 123432 17

11T Research Institute * Beaches Technical Corpus * Fie. 248 * Rome, NY 13440-2069 * 315/334-2359 * FAX 315/336-1371

A-6

SR O Ly 1o 2 R N

A




Reliability Moceling of Critical Components

Appendix A

Part Type Dielectric Voltage
Qual DYype Env Tot, Fail Total Duration Total Pop. No. Rec.
] FLD  AIC 3 48052800.0# 80088 19
] FLO AU 3 189356432, 0K 449252 13
L] FLD  AUA 0 2686606.08 55056 13
L] FLD  AUF 0 1521416.04 57660 13
M FLO  GF 3 140889320 .08 5712 [
Capacitor, Fixed Ceramic 300.000
M FLD AU 0 6108272.0H 14492 2
] FLD  AUA 0 413324.0H 1776 2
] FLD  AUF 234064 . 0H 1840 2
Capacitor, Fixed Ceramic 500.000
M FLD  AIA 0 20466620.08 4440 [
] FLD  AIC 5} 1579200.04 2445 7
M FLO AU 2 22906020.08 54345 35
L] FLD  AUA 0 61993504 6660 3
L] FLD  AUF 1 351096.0K 6975 3
] FLO  GF é 124879170.0K 5031 5
Capacitor, Fixed Ceramic 600.000
] FLD  AIA 0 206662 .0M (733 1
M FLD  AIC [4} 112800.0H 128 1
Capacitor, Fixed Electrolytic Unk
c NOP  GF 9 14599409000, 04 744373 59
L] NCP  GF 18 3755797000.01 57283 54
u NOP  AIF 2 1012060000, 0H 39152 2
Capacitor, Fixed Electrolytic 6.000
L] FLD AU 5 21378952.0M 50722 5
] FLD  AUA 2 1033310.0H 6218 5
M VLD AUF 2 585160, 04 6510 S
Capacitor, Fixed Electrolytic 10.000
N FLD AIA 0 1653296.04 3552 3
M FLD  AIC s} 902400.0H 1504 3
] FLD AU 1 47339108.00 112313 4
L] FLD  AUA 0 826648.04 13764 4
] FLD  AUF 0 468128.0M 14415 4
Capacitor, Fixed Electrolytic 15.000
] FLD  AIA 0 619986, 08 1332 1
“ FLD  AIC o} 358400.04 564 1
M FLD AU é 33595496, 04 75704 6
] FLD  AUA 0 1239972.0M4 9763 é
M FLD  AUF 0 702192.0H 10230 -3
Capacivtor, Fixed Eiectrolytic 20.000
M FLD  AIA 0 1239972.08 2654 3
M FLO  AIC 0 676800, 0K 1128 3
M FLO AU 23 105367692.04 249987 8
] FLD  AUA J 1653296.00 30634 3
M FLO  AUF 0 936256.04 32085 8
M FLD  GF 0 16010150.04 645 1
Cagacitor, Fixed Electrolytic 25.000
M FLD AU 6 1527068. 0K 3623 1
M FLD  AUA 0 208662 .0 (Y23 1
“ FLD  AUF 0 117032.04 485 1
Capacitor, Fixed Electroiytic 30.000
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Reliability Modeling of Critical Compcnents

Appendix A

Part Type Die.ectric veltage
Qual OType Env Tot. Fail Total Duratiorn Total Pop. No. Rec.
] FLD AU 1 12216544.0H 28984 2
] FLD  AUA 0 413324.04 3552 2
] FLD  AUF 0 234064 ,0H 3720 2
M FLD  GF 0 3202030.04 129 1
Capacitor, Fixed Electrolytic 33.500
M FLD  GF 0 3202030.04 129 1
Capacitor, Fixed Electrolytic 35.000
L] FLD  AIA 0 619986 .04 1332 1
M FLD  AIC [t} 338400.0K 564 1
M FLD AU 0 27487224 .0H 65214 4
M FLD  AUA "} 826448.0H 7992 4
] FLD  AUF 0 468128,0H 2170 4
Capacitor, Fixed Electrolytic 40.000
N FLD AU 0 3054134.0H 7246 2
M FLDO  AUA [4] 413324 .04 838 2
M FLO  AUF 0 234064 .04 930 2
Capacitor, Fixed Electrolytic $0.000
] FLD  AlIA 0 619984.0H 1332 2
M FLD  AIC 0 338400.04 584 2
M FLO Ay 8 8704287600 206511 11
M FLD  AUA 7 2273282.0H 25308 1
M FLD  AUF 12 1287352.0K 26505 1
] FLD  GF 17 6404060.04 258 2
Capacitor, Fixed Electrolytic 60,000
L] FLD AU 17 10689476.04 25361 3
L] FLO  AUA 13 619986 . 0H 3108 3
® FLD  AUF 17 351096.0H 3255 3
Capacitor, Fixed Electrolytic 75.000
L] FLD  AlIA 0 413326 .08 838 1
M FLD  AlIC 0 225600.04 376 t
L] FLO AU 3 27487224 .04 65214 5
L] FLD  AUA 4 1033310.04 7992 5
L] FLD  AUF o} 585160.0H 8370 5
Capacitor, Fixed Elecerolytic 100.000
] FLD  AlA 0 519988 OH 1332 1
] FLD AlC 0 333400.0H 564 1
] FLO AU 17 7635340, 08 18313 4
M FLD  ALA 2 826648 .04 2220 4
] FLD  AUF H] 468128.04 2325 4
Capacitor, Fixed Electrolytic 15C. 0CO
] FLD AU 0 15270468, 04 3623 1
] FLD  AUA 0 206662 .04 133 1
M FLD  AUF 0 117032.0H 445 1
Capacitor, Fixed Glass Unk
[+ NCP  GF 0 367235000.04 5903 4
o NOP  GF 112891C000. OH 81282 36
u NGP  AIF [H 25950000. 04 1004 1
Capacitor, fixed Glass 50.0C0
M FLD  AlA 0 619986, 04 1332 1
M FLD AlIC 1] 338400.04 584 1
Capacitor, Fixed Glass 200.000
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Reliability Modeling of Critical Components Appendix A
Part Type Dielectric Voltage

Qual OType Env Tot. Fail Total Duration Total Pop. No. Rec.

L] FLD  AIA 1} 1653296.04 3552 1

L] FLO  AIC 0 902400.0H 1504 1
Capacitor, Fixed Glass 300.00v

[+ FLD GBC 0 78327400.0K 60252 3
Capacitor, Fixed Glass $00.000

M FLD  AIA s} 4959888.0H 10656 1

L] FLD  AlC 0 2932800.0H 48838 12
Capacitor, Fixed Glass 500.00v

c FLD  GBC 0 5200.0H 4 1
Capacitor, Fixed Mica Unk

c KOP  GF 2 3632712000.0% 254544 29

L] NOP  GF 0 906554000.0H 38456 17
Capacitor, Fixed Mica 0.00v

c FLD  GBC 0 30737200.0K 23644 5
Capacitor, Fixed Mica 50.000

L] FLO AU 148 64136856.0H 152166 19

] FLO  AUA 4 3926578, 04 18648 19

] FLD  AUF [ 2223608.04 19530 19

] FLD  GF 0 38424360.0H 1548 8
Capacitor, Fixed Mica 100.000

] FLO AU 7 13743612.04 32607 4

L] FLD  AUA [} 82664800 3996 4

] FLO  AUF 0 468128.08 4185 4

L FLO  GF 2 9606090 GH 387 2
Capacitor, Fixed Mica 100.00v

c FLD  GBC 0 2094060800, 0H 1610816 71
Capacitor, Fixed Mica 250.000

] FL0 AU 0 9162408.08 21738 1

M FLO AUA 0 204662 .04 2654 1

] FLD  AUF 0 117032.04 2790 1

] FLO  GF 0 3202030.0# 129 1
Capacitor, Fixed Mica 250.00v

c FLO  6BC 0 17680000, 01 13400 5
Capscitor, Fixed Mica 300.000

" FLO AU 4 13743612.04 32637 5

L] FLD  AUA 1 1033310.0# 3996 5

" FLD  AUF 2 585160.0H 4185 5

] FLD  GF 0 9608090, 08 387 2
Capacitor, Fixed Mica 300.C0v

[+ FLD  GBC 20 8487221400, 04 6528632 200
Capacitor, Fixed Mica 330.00v

[4 FLD  GBC 0 3978000.0H 3060 1
Capacitor, Fixed Mica 500.000

M FLD  AlIA 1) 20666204 444 1

" FLD  AIC 1 112800.0H 183 1

L] FLD  GF 0 89656840.04 3612 20
Capacitor, Fixed Mica . 500.00v

c FLD  GBC 4 1384614400,04 1065088 103
Capacitor, Fixed Paper 600.000 '

M FLD  GF -] 640408004 258 1
Capacitor, Fixed Paper Foil 400.00v
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Reliability Modeling of Critical Companents Appendix A
Part Type Dielectric Volteye
Qual OType Env Tot, Fail Total Duration Totsl Pop. No. Rec.
c FLD  G8C 1} 4102800.0H 3156 1
Capacitor, Fixed Paper Metal 0.00v
: [ FLD GBC o] 2921042%00.04 2246956 15
Capacitor, Fixed Paper Metal 240.00v
c FLD GBC 2 587600.0H 452 1
Capacitor, Fixed Paper Plastic Unk
c NOP  GF 4 12812464000.04 90284 23
L] NOP  GF 9 2256014000.0H 120612 14
Capacitor, Fixed Paper Polyest, Metal200.00v
c FLD  GBC 0 3369600, 04 2592 1
Capacitor, Fixed Paper Polyest. Metals00.00v
c FLD  GBC 0 1450800.0H 1116 1
Capacitor, Fixed Paper Polyester Foil400.00v
[+ FLD  GBC 0 1445600.04 1112 1
Capacitor, Fixed Paper Polyester Foil1000.00v
c FLD GBS 0 904800.0H 496 1
Capacitor, Fixed Plastic 50.00C
M FLO AU 6 27487224 . 0H 65214 12
] FLD  AUA 0 2479944 .0H 79952 12
] FLD  AUF 0 1404384, 0H 8370 12
Capacitor, Fixed pPlastic 85.000
] FLD AU 0 1527068. 04 3823 1
[ FLD  AUA 0 206642.08 444 1
] FLD  AUF 0 117032.0H 485 1
M FLD GF 0 3202030.04 129 1
Capacitor, Fixed Plastic 100.000
L] FLD AU 21 7635340.0H 18115 4
] FLD  AUA [} 825648.0M 2220 4
L] FLD  AUF 0 468128.0H 2325 4
Capacitor, Fixed plastic 150.000
L] FLO AU 0 3054134.0H 7246 2
] FLD  AUA 1] 41332400 838 2
M FLD AUF o] 234064 .04 930 2
" FLD  GF 0 9606099, 0K 387 1
Capacitor, Fixed plastic 400,000
M FLD AU 1 3054134.0H 7246
L] FLOD AUA 1 206562 .08 883
L] FLD  AUF 0 117032.04 930 1
Capacitor, Fixed Plestic 5C0.00C
M FLD AU 0 3054134.0M 7248 1
FLD  AUA 0 206662, 0H 858 1
" FLD  AUF F4 117032.0H 930 1
Capacitar, Fixed Polycarborate fFoil S50.00v
c FLD  GBC 0 98800, 0H 76 2
Capacitor, Fixed Polycarbonate Foil 63.00v
c FLD  GBC 0 18995600, 04 14612 4
Copacitor, Fixed Polycarbonate Foil 100.00v
c FLO  GBC 0 16749200, 0H 12884 2
Capacitor, Fixed Polycarborate Foil 4C80.00v
c FLD  GBC 0 1710800.0H 1316 1
Capacitor, Fixed Polycarbonate Metal Unk
[iT Research Institute * Beeches Technical Campus * Rte. 26N * Rome, NY 13440-2069 * 315/336-2359 * FAX 319/334-1373
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Appendix A

Part Type Dielectric Voltage

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec,

N LAB  N/R 0 560000.0H 230 1%
Capacitor, Fixed Polycarbonate Mecal 40.00v

c FLD  GBC 8 296233600 0H 227872 15
Capacitor, Fixed Polycarbonate Metal 50.00v

c FLD  GBC 4} 1236773200.04 951364 7
Capacitor, Fixed Polycarhonste Metal «7,00v

c FLD  G8C 0 72529600.0H 55792 18
Capacitor, Fixed Polycarbonate Metal 75.00v

C FLO  G8C 1] 3775200.08 2904 2
Capacitor, Fixed Polycarbonate Mets! 1C0.00v

c FLD GBC 0 496017430.04 381552 28
Capacitor, Fixed Polycarbonate Mutal 140,00v

c FLD GBC 0 278558300, 0H 234276 13
Capacitor, Fixed polycarbonate Metal 200.00v

c FLO  GBC 4 415318800.08 319476 35
Capacitor, Fixed Polycarbonate Metal 250.00v

c FLD  GBC 0 563378400.04 433348 24
Cupacitor, Fixed Polycarbonate Metal 40C.00v

c FLD GBC 0 91327400.0H 70252 8
Capacitor, Fixed Polycarbonate Metal 630.00v

c FLO  GBC 0 76757200.0K 59044 2
Capacitor, Fixed Polyesther foil 30.90v

c FLO GBC 1} 4154800.00 3196 2
Capacitor, Fixed Polyesther Foil 50.00v

c FLD  GBC 0 230952800.0K 177656 18
Capacitor, Fixed Polyesther Foil £0.00v

c FLO  GBC [1} 599575600.0H 461212 1
Capacitor, Fixed Polyesther Foil 100.00v

c LD GBC 0 216590400, 04 164608 9
Capacitor, Fixed Polyesther foil 150.00v

c FLO GB8C ) 815400,04 428 1
Capacitor, Fixed Polyesther Foil 200.00v

c FLD  GBC 16 4565210C00.0H4 3511700 58
Capacitor, Fixed Polyesther Foil 250.00v

c FLDO  GBC 0 5761600,0H 4432 1
Capacitor, Fixed Polyesther Foil 400.00v

[ FLO GBC 0 75114000.0H 57780 11
Capacitor, Fixed polyesther Foil 600.00v

c FLD GBC 0 48141600.0H 37032 9
Capacitor, Fixed Polyesther Foil 800.00v

c FLO  GBC 4] 306800.04 234 1
Capacitor, Fixed Polyesther Matal 0.00v

c FLD  GBC 8 58988800, 0H 43378 1"
Capacitor, Fixed Polyesther Metal 35.00v

c FLD GBC 0 4004000.0K 3080 1
Capacitor, fixed pPolyesther ¥etal 50.00v

[ FLD  G8C 4 4117453600.04 3167272 26
Capacitor, Fixed Polyesther Metal &63.00v

c FLD  GBC 0 1243803400.08 56772 15
Capacitor, Fixed Polyesther Me:al 100.Cdv

c FLD GBC 0 694574400, 04 534288 23
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Reliability Nodeling of Critical Ccomponents

Part Type
Qual

Dielectric

DType Lnv Tot. Fail

Capacitor, Fized

[+
Capacitor, Fixed

c
Capacitor, Fixed

c
Capacitor, Fixed

4
Capacitor, Fixed

[+
Capacitor, Fixed

<
Capacitor, Fixed

c
Capacitor, Fixed

c
Capacitor, Fixed

c
Capacitor, Fixed

c
Capacitor, Fixed

[+
Capacitor, Fired

L]

M

M
Capacitor, Fixed

L]

]
Capacitor, Fixed

c
lapacitor, Fixed

c
Capacitor, Fixed

[
Cacacitor, fFixed

c
Capaciter, Fixed
Capacitor, Fixed

<
Capacitor, Fixed

¢
Capacitor, Fixed

c
Cacacitor, Fixed

c
Capacitor, Fixed

[

Capacitor, Fixed

FLD

FLD

FLD

FLO

FLD

FLD

FLO

rip

FLO

FLD

FLD

FLO

FLD

FLD

FLD

FLD

FLO

FLD

FLD

FLD

FLD

FLD

Polyisther Hetal

¢sc .. - 0
«““polyesther Metal
GBC o]
Polyesther Metal
[4:19 0
Polyesther Metal
GBC 0
Polyesther Metal
GBC 0
Polyesther Metal
GBC 0
Polyesther Ketal
[:1o 4
Polyesther Metal
GBC 0
Polyesther Metal
GBC 0
Polyesther Metal
G8C 0
Polvesther Metal
G8C 1]
Polypropelens
AU 0
AUA 0
AUF Y
pPolyoropeiene
AY ]
AUA 0
AUF 0
Polypropelene foil
[:199 0
Polypropelene Foil
GBC 0
Polypropeleme foil
GBC 0
Polypronelane Foil
:] 0
Polyprupelene Foil
G8C o]
Polypropelene Foil
GbC 0
Polypropelens foil
GBC o]
Polypropelene Foil
GBC 0
Polypropelene Foil
GBC 1}
Polypropelene Foil
[:34 1]

Polypropelene Foil

vol*aige
rotal Ouration

150.C0v
306800.CH
160.C0v
2298400, 04
200.C0v
154996400, 04
250, Cov
158839200.04
400,00v
763224800, 0
600.00v
104246000, 04
630,00v
172780400, 04
4000.00v
255580000.0H
6009,00v
87037600, 04
8000.00v
42593200.0H
15000, 00v
130000.0M
400.000
3054134, 04
2066452, 0H
117032.04
600.1%0
1527048, 04
20666204
117032.08
50.00v
41198800, 01
63.00v
L087200,0H
100.00v
349015800.0K
150.GC0v
2735200.04
160.C0v
104797500, 0K
200.00v
44200000, 04
250.00v
39905800, 08
400.00v
82841200.0H
500.00v
109406800, 0K
600.,00v
14294800.0%
630.00v

Total Pop,

%0

1768

119228

122184

387096

8020

132908

196600

64952

32754

100

72468

930

35623

hd

445

47075

3144

268476

2104

82152

34000

306568

63724

8416

10996

-
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Relrability Moceting of Critical Tomporents

Part Type Dielectric Vol tage

Gual OType Env Tot, Fail Total Duration Totai Pop. ro. Rec.

c fFLC  G8C 0 410612800.0M 315856 7
Capacitor, Fixed Polypropelene Foil 8G0.0Cv

c FLO  GBC o] 38818000.0M 29860 1
Capacitor, Fixed Polypropelene Foit 10CO.00v

c FLO  GBC o] 648755200, 04 497504 5
Capacitor, Fixed Polypropelene Foil 1500.00v

c L0 €3¢ 0 91052000.04 70040 3
Capacitor, Fixed Polypropelene Foil 1600.00v

¢ FLD  G3cC 0 306800.CH 238 1
Capacitor, Fixed Polypropelene Foit 2000.00v

c FLO  GBC 0 1040000.0H 800 1
Capacitor, Fixed Polypropelere Matsl 0,00v

c FLO  CBC o] 124800.0% 6 1
Capazitor, Fixed Polypropelens Metal 50.C0v

c FLD GBC J 33493500.08 26072 2
Capacitor, Fixed Polypropelene Metsl 1C0,.00v

c FLO G8C 0 30185480008 232196 19
Capacitor, Fixed Polypropelene Netsl 160.00v

4 LD  GBC 0 $397C800.0M 41514 M
Capa.iter, Fixed Polypropmlene Metal 200, 00v

[+ FLO G8C 0 78481200.08 60524 13
Capacitor, fixed Polypropelene Metal 250,00y

c LD GBC 0 7030400, 0% 5408 2
Capacitor, Fixed Polypropelsre Metal 400.COv

< f£.0 GBC 0 5631764400.04 354288 )
Capacitor, fixed Polypropelene datal 200.00v

c FLO  63C 0 9360004 rn 1
Capacitor, Fixed Polyprogwlens Metsl 1500,00v

¢ FLD  GAC ¢ 51833400, 00 ML Ted 1
Capacitor, Fixed Polypropelene Metal 2000,00v

c FLO  GBC Q 17120£00.0M 13176 1
Capacitor, Fixed Polystyrens Foil 50.00v

[ FLO  GecC Q 17908400, 0M 13776 3
Capacitor, Fized Polystyrene foil &Y. C0v

c FL®  BC 8 1134 79400 0K 872 45
Capaciter, Fixed Polystyrene Foil 100.00v

[+ F1.9  LBC a 85644800 . CN 0454 $
Capacitor, Fixed Polystyrene foil 160.00v

¢ Lo cae a 691600, 04 $32 1
Capacitor, Fixed Polystyrene Foll 200.%0v

c fLD GBC 0 13120800.04 1014 M
Capacitor, fixed Patystyrare Foll 630, 00v

c LD GRC 0 1648401 . 0% 1208 1
Capacitor, fixad Polystyrere Metal 100, G0v

c fLD  CBC 0 2089340008 16072 2
Capacitor, fixed Parcelgin 0.00v

c fLO [4:14 o] 3100400, 0% 2392 ]
cacacitor, Fined Porcelain 50.C0v

o [28 (o 0 39346400.CK 3028 2
Capacitor, fined Parcelain 359.00v

c (28] Gac 0 LOURBN0 OH 3776 2

A-12
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Zelrabrlrty Modeling of Critical Comgoments

Appendix A

Part Tyoe Dielectric Voltage

Qusl Ufype Env  Tot, Fail Total Duration Tetal Fop. No. Rec.
Capaciter, Fixed Porcelain $00.00v

[+ FLD  G8C 0 130254800.08 100196 16
Capacitor, Fixed Ta Electrolytic 2.C0v

c FLO  GBC 0 41600.04 32 1
Cipacitor, Fixed Ta Slectrolytic 3.00v

c FLO  GBC 9 16525600.04 12712 1
Copacitor, Fixnd Ta Electrolytic 4.00v

[« FLO  G8C 0 65733200.04 50564 1
Capacitor, Fixed Ta Eleciroiytic 6.00v

c FLO  GBC o] 1356908800, 05 1043774 13
Capacitor, fixed Ta Electrolytic $.30v

¢ FLD  GEC 0 1544400.0H 1183 1
Capacitor, fixed Ta Electrolytic 8.C0v

c FLO 688 9 38968300, 08 29976 &
Capacitor, Fixed Ta Electrolytic 10.000

L] FLD  GF (4] 12/08120.0m 516 4
Copacitor, fixed Ta Electrolytic 10.COv

] c FLD  GBC 8 6293879600, 0K 4845292 [3]
-3 Capacitor, fixed Ta Electrolytic 13.00v

[ LD GBC 9 14300000, 08 11000 1
Capacitor, Firnd Ta £lectralytic 15.200

" FLo  Gf o] 12868120.0n $18 2
Capacitor, Fixed Ta Electrolytic 15.20v

c FLO  GBC 16 1964865600, 00 3034812 18
Cavacitar, Fived Ta Electrotytic 16.00v

[ Fi.)  Gac 0 P1260030. 04 70200 4
Capacitar, Fized Ta Eltectrolytic 20.000

L] LD GF Q 35222335.0u 1419 b
Cacacitor, Fined Ta Electralytic 20.00v

c FLO  GBC 68 12327842850 0K 9482956 39
Capacitor, fismd Ta Electrotytic 25.00v

c FLD - GHC 24 257 TCAG0 04 000518 22
Caovacrr =, Fixed Ta Electrotytic 30.00v

c (29 B4 1o 3 1781465800 M 117038 10
Chapacor, fixed Ta Electralytic 35.000

L] FLo (44 1 384246340.04 1548 4
Capm ttor, Fised Ta tlectrolyric 3%5.00v

[ FLD  GBC 52 1545279485004 12040734 73
Capwcrtor, Fixemd Ts flectrotytic &0. 20

] FLO  Gf 2 S1232480.0m 2054 4
Trearctor, Fixed Te Electeolytic 53,004

» Lo ALF ] 0.0K 32 1
Typartor, Fixed Ta Electratytic 53.00w

A LA %+ B i 1o 48 2eIIIrNGN 0N 19100 20
Capacitae, fived Ta Electralyvtic 0. D0y

4 FLD  G8C 13 TR0, 0 $4424 2
Tapserar, Framd Ya Electrolytye b W otV

o LD “ac 4] VIRAYY&DN) M 138072 '
Tanar i tar, furad Ta flectralytie 150 Wy

C o GRS N 11972800 1y °2 e} 3
Sepanatue, Friaed Ta Solid Elgetres 10,070
[P . - . . . ke e st i PN . - . A P e e e et e 4 am o At et o e ek e e - . iz
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Reliability Moceling of Critical Comporents Appendix A
part Type Dielectric veltage
Qual Diype Env Tot. Fail Total Duration Total Pop. No. Rec.
L] FLD  GF o) 12808120.0H 518 2
Capaciter, Fixed Ta Sotid Etetitic 15,000
] FLD  AIC 0 225600.0H 376 i
Capacitor, Fixed Ta Solid Eletitic 35,000
M FLD  AlC 1 1128000.0n 1880 1
Capacitor, fixed Ta Solid Etetltic 50,000
] FLD  AlA 0 204442, 01 444 1
" FLD  AIC 0 112800.0M 188 1
Capacitor, Fixed Tefion 100.00v
c FLO  GBC 0 2943200.04 2264 4
Capacitor, Fixed Unknown (Mis) 50.00v
4 FLD  GBC [} 90324000. 08 49420 2
Capacitor, Fixed Unknown (Mis) 100.00v
c FLDO  GBC 0 7618000.04 5840 2
Capacitor, Fised Unknowns (Mis) 150.C0v
[+ FLD €8¢ 0 6900400.04 5308 2
Capacitor, Fixed unknovn (T{ Diox)  500.00v
c FLO  G8C ¢ 120728200.0M 92874 12
. R Capacitor, Variable Unknown Unk
b o o ¢ *OP  GF 2 144185000, 0M 6155
i ‘ " LD DOR 1 49470000, 0N 0 4
" N®  GF 0 84000000, 0% 0 1
K Capacitor, Variable Urknown $0.00v
¢ FLO  G8C Q 25188200, 0 19378 1
Capacitor, Variable Unknown 63.00v
[ FLD  GSC 4] 509501200.04 3191924 10
Capacitor, Varisble Unkncwn 100,000
L] LD AlA 0 1239972.0% 2664 1
L] FLD  AIC 0 1128000, 0% 1880 2
Capscitor, Varietle Unknown 160.00v
c FLO  G8C 4 1294 17800.0u 99552 b
Capacitor, Variable Unknown 1460, 00v
< FLO  G8C 9 23521160C.0H 180932 [
Capacitor, Yariable Unknown 200,00v
c fLD  G8cC 0 693659200, OX 533584 M
Capacitor, Variable Unknown 250.000
L] FLO  AlA b] 1239972.0M 2664 1
: L] FLO  AlC 0 1128000, 0K 1880 2
- Capacitor, Varishle Unknown 250.00v
S ¢ FLB  G8C s 101925260.¢4 TBAO4 8
% ’ Capacitor, Variable Unkrown 350.00v
b . [ fLD GCC 16 695255400, 08 $34812 13
Capacitor, Variable Unknown 400.00v
4 FLD [d:1vd 1] 2574000.CH 1980 1
Capacitnr, Varisbhie Unknown $00,00v
c FLO  ¢8BC 0 3408000, 0OH 2420 2
Cagacitor, Varisble Unknown 750.00v
c LD 63C 0 119C800 . 0K 914 1
cagecirar, Varieble Air 0.00v
c FLO G8C 0 88400, 01 68 1
Caparitor, ‘inriagla Alr $0.00v
(17 Respars lrgtivute ® Sasches Tochnical Carpus ® Rte. 268 * Rome, NY 13440-20485 * 315/335-2359 @ FaxX 315/336: 137
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Reliability Modeling of Critical Components

Appendix A

Part Type Dielectric Yoltage

Qual DOType Env Tot. Fail Total Duraticn Total Pop. No. Rec.

c FLD  GBC 0 43305400, 04 33312 1
Capacitor, Variable Air 175.00v

c FLD  G8C 0 64162280u.0H 493556 é
Capacitor, Variable Air 250.000

M FLO AU [+] 1527068.0H 3623 1

] FLO  AUA 0 206662 .04 444 1

] FLD  AUF n 117032.04 485 1

M FLO  GF 1 3202030.0M 129 1
Capacitor, Variable Air 250.00v

c FLO  GBC 0 126906000, OH 97620 5
Capacitor, Variable Air 350.00v

c FLO  GBC o 84284800, 04 648356 10
Capacitor, variable Air 500.00v

c FLD  GBC 0 1227250.0% 944 1
Capacitor, Variable Ceramic 100.000

M FLO  AIA o] 20466620, 04 4440 1

L} FLO  AlC 0 1128000.0# 1880 1

L] FLO AU 28 18324816, 0K 43478 4

] FLDO  AUA 42 8264648, 04 5328 4

L] FLD  AUF 20 468128.0M 5589 4
Capacitor, Varisble Ceramic 200.000

L FLD AU 0 3054136.08 7246 1

L] FLD AUA 0 206662 .04 BLs 1

L] FLD AUF 0 117032.0M 930 1

L] FLD  GF 0 12808120.0% 516 1
Capacitor, Variuble Ceramic 250.9%0

] FLD  AlA 0 206662, 0H &i4 1

] FLD  AlC 0 112800.08 188 1

] FLO AU [4 1527064, 04 3623 1

L] FLD  AUA 9 206662 .04 $44 1

L] FLD  AUF 0 117032.08 465 1
Capacitor, Variabtle Cermmic 350.000

L] FLD AU 2 76353400 1811% 3

L] FLD  AUA 1 §19984 0 2220 3

] FLO  AUF 2 3510906, 08 2328 3

" LD GF 0 28818270.04 1161 3
Capacitor, Variuble Glass 250.00v

c FLD  GoC 0 13280800, 0K 10218 ]
Capacitor, Variable Glass 750.00v

¢ FLO  GBC 0 81342800. 01 82576 4
Capacitor, Variable Hice 17%.00v

c FLD  GBC 0 20872000, 08 16060 4
Capscitor, Veriable Oclycarberate Foil 100.00v

c FLO  ¢ac 0 18085400, CH 13912 1
Capacitor, Varisble Polypropelene Metsl 1060.00v

c FLO  GBC 0 53775400.04 45212 2
Capacitor, Variable Polyprooelene Matal 150.00v

o FLD  GBC 0 337480004 2596 1
Capacitor, Variabte Teflon 200.G0v

¢ FLD  GBC 0 87600004 520 1
Capacitor, Variable Urknown (Fep) 100.00v

[17 Research Institute * Beeches Tachnical Campus * Rte. 26N * Rome, NY 1344G-2069 * 314/334-2359 * FaX 315/334-1371
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Reliability Modeling of Critical Components

Appendix A

Part Type Dielectric Voltage

Qual OType Env Tot. Fail Total Duration Total Pop. No. Rec.

c FLO  G8C [ 17482400, 0M 13448 1
Capacitor, variable Unknown (fep) 300.00v

[ FLD  GBC 0 56648800, 0¥ 43576 1
Capacitor, Variable Unknown (Fep) 600.00v

C FLD  GBZ 0 107983200.0H o 83064 2
Cagacitor, Variable Unknown (Fep) 1000.00v ’

c FLO  GBC 4} 1029600, 0H 792 1
Capacitor, variable Unknown(Polyimid-F1)50.00v

c FLD  GBC 0 4908800, 04 3776 1
Capazitor, Variable Unknown(Polyphe-Fl) 600.00v

c FLD  GBC 0 18448000, 04 143460 1

A-17
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Compenents

Rated Current

Part Type Contact Config.

Qual DType Env Tot. fail Total Duraticen Total Pop. No. Rec.
Circuit Breaker, Unknown Unknown unk

4 FLO A 0 84000.04 3 1

c FLO  GF 9 792000.0H 3% 3

c FLD  HEL 2 70000.0H4 0 1

M FLD A 379 121252883 .04 Sé4 38

M FLD Al 0 17200,04 2 1

] FLDO  GF 63 108930290.04 1264 3

M FLD GHM 33 8165210.0H 1949 20

" FLC  GMW 30 401250C0.0H 0 2

] FLD  NBS 48 1634000, 04 [4} 2

M FLD NS ] 3737488.0H 55 2

M FLD  NSB 0 31884400.0H 858 20

L] FLD  SF 4 8937C30.0H 1216 2

V] FLD A 0 0.0H 0 1

u FLD  ARW o] 0.04 2] 1

U FLD M 0 0.0H 0 1

V] FLD W 0 0.08 0 1

V] FLD L] 0 0.04 [} 1

U FLD SF 0 0.0H 0 1
Circuit Breaker, Unknown Unknown 3.00a

L] LD A 2 22650.04 1 9
Circuit Breasker, Unkrown 3p 20.00e

c FLD  GBC 0 728000.94 560 1
Circuit Breaker, Unknown 3pST 10.03a

] FLD S8 1 569400 .08 13 1
Circuft Breaker, Unknown 3pST 100.00a

M FLD  GM ] 1989.00 &4 1
Circuit Breaker, Unknuwn oP 2.50a

[+ FLO  GBC 0 5652600.04 4348 1
Circuit Breaker, Unknown oP 7.504

c FLD  GBC 1} 11996400, 04 D228 1
Circuit Breaker, Unkmown op 10.00s

C FLD GBC 0 691600, 04 532 3
Circuit Bresker, Unknown op 14.00a

c FLD  68C [+} 49920C. 0% 334 1
Circuit Breaker, Unknowrn oP 12.50e

[ FLD  GEC o] 1263800.0% 972 1
Circuit Bresker, Unknown opP 15.00a

c FLD  GBC 0 1851200.0K 1424 3
Circuit 8reaker, Unkncwn 0P 20.00a

[ FLD  G8C 0 14580800, 08 11216 [
Circuit 8reaker, Unknown 0P 25.00a

[ FLD  GBC 0 3801200, 08 2924 1
Circuit Breaker, Unknown op 30.00~

c FLD  GBC 0 359200, 0K 284 2
Circuit Braaker, Unknown $P 1.208

c FLD G8C 4] 1882400.04 1448 1
Circuit Bresker, Unknown sP 3.00a

c FLO GBC 0 2163200.04 1664 1
Circuit Breaker, Uniknown sP 6.9Ca

c FLO  GBC o] 3492000, CH 2840 1

11T Research Institute
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Reliability Modeling of Critical Components Appendix A
Part Type Contact Config. Rated Current

Qual OType Env Tot. Fail Total Duration Total Pop. No. Rec.
Circuit Breaker, Unknown sP 7.50a

o FLO  GBC 0 5881200.0# 4524 1
Circuit Breaker, Unknown SP 20.00a

c FLD  GBC 1} 1341600, 0K 1032 1
Circuit Breakar, Unknown sP 25.00a

c FLD  GBT 0 14383200.04 11064 1
Circuit Bresker, Unknown SPST 5.00a

L] FLD  NSB 1 1€78200.0H 39 1
Circuit 8reaker, Unknown SPST 10.00a

M FLD  NSB 2 3416200, 08 78 1
Circuvit Bresker, 3-Pole Unkrown Unk

u FLD G 0 0.04 1] 1

v FLD GM 0 0.04 0 1

u FLD  NSB 0 0.0H 0 1

u FLD  SF 0 0.08 0 1
Circuit Brenker, Current Trip Unknown Unk

u FLD  GF 5 1215091.00 265 3

] FLD  GM 21 2937495.00 1816 4

U FLD NS 12 2298769.0d 834 3

u FLD MU 4 © 799870.0H 285 2
Circuit 8reaker, Current/Voltage Tripginknown Unk

1] FLO  GF 11 1107781.0H e3¢ 2

u FLD NS 15 250000.04 125 1

u FLO M5B 1. 38000.CH 236 4
Circuit Breaker, Magratic Unknown Unk

n FLD GF 0 114048.0H4 4 4

M FLD GM 0 349000. 04 21 1

“ FLD  NC 1] 21141808 53 1

M FLD NS 0 632616.0H 155 3

U FLO  GF 190 £69571000.04 6617 5
Circuit Breaker, Magretic Unknown 0.20a

L] FLO  GF 4 313632.0H 11 4
Circuit Brearer, Magnetic 3psT Unk

o FLO GF 1 10707000.0H [} 1

] FLD GM o] 2/ 80030, 04 14 1

M FLD MBS 1 131000.0K b 1
Circuit Breaker, Magnetic 3psT 5.00a

L] FLD GF 0 28512.0% 1 1

] FLO Gu 1) 246060, 0K 14 1
Circuit Breaker, Magretic 3psT 20.00a

] FLO GF 0 28512.0: 1 1
Circuit Breaker, Magnetic IrsST 35.00a

L] FLO oM o} 246000, 08 14 1
Circuit Bresker, Magnetic IrsT 50.00z

] FLD oM 0 123000.0# 4 1
Circuit 8reaker, Magretic Ipst 43,00a

" FLD GM 0 1230090.04 7 1
Circuit Bresker, Magretic 0PST Unk

L] FLDO  GF 0 28512.04 1 1

] FLD oM o} 123000. 0K 7 1
Circuit Breaker, Magretic pPST 0.20a

117 Research [nstituts * Beachas Technical Campus * Rte. 268 ¥ Reme, NY 13440-2069 * 315/336-2359 * FAX 315/336-1371
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Reliability Modeling of Critical Components Appendix &
; Part Type Contact Cunfig. Rated Current
Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
i
- M FLD  GF 0 114048.0H 4 I3
u.i" e Circuit Breaker, Magnetic DPST 5.00a
: " FLD M 0 3490000.04 210 1
3 ‘ Circuit Breaker, Magnetic ppPSY 10.00a
] FLD GM 0 123000.0K 7 1
s Circuit Breaker, Magretic SPST 0.20s
TR M FLO GF 0 142560. O s 2
’ Circuit Breaker, Magnetic SPST 1.00a
R M FLD oM 0 123000.04 7 1
\ | Circuit Breaker, Magnetic SPST 2.00a
L " FLD  GF 0 355902.04 0 1
2 ] FLD oM 0 244000.04 14 1
: Circuit Breaker, Magnetic sPST 3.00a
E M FLO M 0 123000. 0K 7 1
g Circuit Bresker, Magretic $PST 4.00a
M FLD M 0 246000 0N 14
b Circuit Breaker, Magnetic $PST 5.00s
" FLD a4 0 123000.0¥ 7
Circuit Breaker, Magnetic SPST 8.00a
M FID GM 0 123000.0K 7
Circuit Brasker, Magretic SPST 10.00a
] FLD  GF 0 355902.08 0
L] FLD GM 0 123000.0H 7
Circuit Breaker, Magnetic SPST 20.00a
N FLd GF 0 355902.04 0
L] FLO G 0 123000.0u 7
Circuit Bresker, Magratic S$PST 33.00a
u FLD GF 0 711804, 04 0
Circuit Bresker, Magnetic SPST 50.00a
" FLD  GF 0 1067706 .0H 0
Circuit Breaker, Molded Case Ip5T 15.0Ca
Ll FLD  GF 4 6341952, 98 1322
Circuit Breaker, Molded Case 3psy 70.00a
" FLD  GF 0 1477520.0M 80
Circuit Breaker, Molded Case 3psT 125.00a
- L] FLD  GF -] 4944480.08 .280
Circuit Rreaker, Molded Casze oFST 15.00a
] " FLB  GF 8 6392880.0H 1010
Circuit Breaker, Molded Case SPST 15.008
! ] FLD  GF 1 7029216.0H 1172
' Circuit Breaker, Power Switch Unknown Unk
u RO GF 70 43219000, 0K 3828
"'f Circuit Breaker, Power Switch 3psT 200.0us
SRS ] FLO GF ] 2083568.CH 216
{ Circuit 8reeker, Thermal Unkncsn Unk
S U D GF 3 5944000.0H 675
}‘5“ . Circuit Breaker, Thermal SPST 7.508
6o M FLD oM 0 26116.00 69
L ‘€ Circuit Breaker, Thermal SPST 15.00a
£ W FLD oA 0 52232.04 133
R Circuit Breaker, Thermal sPsT 20.00a
11T Research Institute * Beeches Technical Carpus * Rts. 26N * Rome, WY 13440-2069 ¢ 315/336-2359 * FAX 315/336-1371
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Apperdix A

Part Type Contact Config. Rated Current
Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
M FLD GM 0 256116.0H &9 1
Circuit 3reaker, Under Voltage Unknown unk
M FLD  GF 8 4278000.CH 350 2
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Reliability itodeling of Critical Components

Part Type
Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Conrector, Unknown, ,
M FLD A 162 2480955.0H 430 74
] FLO  AlA 1] 1653296.0H 3552 S
] FLD  AlT 0 902400.0H 1504 5
M LD Gf 12 6404060.0H 258 2
M FLD GM 0 2503749.04 9 1
M FLO  NH 8 9265.04 0 1
1} FLD A 0 0.0K 0 1
u FLD  ARW 0 0.0H 0 1
u FID G 0 0.08 0 1
v fLL  GF 0 0.0H [1] 1
] e N 0 0.0H 0 1
u FLD NSB 0 0.CH 0 1
u FLD  SF 0 0.04 0 1
Connector, Electrical, ,
c FLO A 0 1023595000, 04 9 4
c FLD Al [1} 233000.04 g 15
[ FIC  AUT 0 2368000.04 0 5
c FLD GBC 0 213870200,04 164516 23
c FLO  GF 0 1651338, 04 384 1
c FLD GHM o] 7000.0¥ 0 1
c FLO  GM4 0 3330000.04 1 1
L FLO A 32 603853, 0K 40 17
N FLD Al 0 328000.04 0 5
M FLD  AlA 1} 1653296, 01 3552 3
] FLD  AIF 0 65574875 .04 840826 923
M FLD  AIT 0 2170042 .04 7510 6
] FLO AU 1 4581204004 1084690 25
L] FLO A& 2 $166550.04 13320 25
M FLC  AUF 1 2925800.08 13950 25
[ FLD  0R ’ 11624755000, 04 135083 13
L] FLD G ] 420006000, 04 0 4
] FLO  GF 1 5109130350.04 23484 81
L} FLD GM 3 39701283 .0 77550 294
" FLO .1 0 1350200.04 0 1
] FLD  wP o 325992000 64492 38
L] FLD  NBS ) 240973400.04 0 63
L] FLD NS 0 79339190.04 19552 52
L FLO  NSB 2 2842055378, 08 65413 305
“ FLD  SF 0 40433000.04 o] 2
" LAB  N/R ) 40000.0K 20 1
Connactor, Etestrical, AC,
[ FLD  68C o) 834764400, 04 642128 32
Conmactor, Elsctrical, aup,
c FLD GBC 0 23840C0.0H 1820 1
Connector, Electrical, Adapier,
; ¢ RO GEC 40 84204120754 87724 63
Comnector, Electrical, Amphenol,
3 C  f0 GsC 0 275500.04 212 1
[ Connector, Electrical, Anode,
Py ¢t FD 68C 0 141323000 16874 2
: I1T Research Institute ¥ Seeches Technical Canpus * Rte, 26N * Rome, NY 13440-2089 * 315/3345-23%9 * Fax 315/336- 1371
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Reliability Modeling of Critical Components Appendix A
Part Type
Quat DOType Env Tot. Fail Yotal Duration Total Pop. No. Rec.
Connector, Electrical, Assambly,
c FLD  GBC 4 1237600.08 952 3
M FLO AU Q 4581204 .0H 10869 1 \
] FLD  AUA 0 2084642.0H4 1332 1 |
M FLD  AUF 0 117032.08 1395 1
Connector, Electrical, Battery, \
c FLD  GBC 0 18033600.0H 13872 1
Connector, Electrical, Battery, Clip }
c FLD  GBC o] 10899200.04 8384 1 .
Connector, Elentrical, Circular,
c FLD  GBC 0 260925600.0H 200712 34
[ LD A 0 0.0K 0 1 .
v FLD 6 0 0.0M 0 1 %
U FLD N 5} 0.0H 0 1
Cornector, Electrical, Circular, Audio 5
c fLD  GBC 0 67350400.08 51808 22
Connector, Electrical, Circular, XPT
c FLO  GBC 0 790400. 04 603 2 P
Connector, Electrical, Circular, Special
c FLD  GBC o 7472400.0H 5748 5
Connector, E.ectrical, Coaxial, ’ -,
[+ FLD A 0 49531000.0K 0 1 :
c FLD  GF 0 48700000.0H 0 5
€ PO HEL 0 106000. 0¥ 0 1 :
[4 FLD  SF 0 11026500.0H 1} [ -
] FLO A 1] 27562000.08 0 1
L] FLD  AlA 0 2064662.04 444 1 !
M RO AIF 0 $01800.08 17316 1 v
L FLO  AlT 0 112800.0H 188 1
M RO AU 1 65276630, 0 36220 10 '
] FLO  AUA 1 1653296.04 4440 8 f
M FLD  AUF 10 936258.08 4450 8
M FLD  GF 1} 173242554 .04 1735 33
] FLO oM 0 67625.0M 176 2
] FLD NS 0 57608942.04 570 7
L] FLD  S¥ 0 32233500.04 394 [}
U FLD A 0 0.04 0 1
u FLD  ARW 0 0.0K 0 1
U FLD G 0 0.0H 0 1
u FLD  GF 0 66506000, CH 0 1
1] FLD M 0 0.0H 1] 1
u FLDO  NSB 0 0.0 1] 1
u FLD  SF 0 0.04 0 1
Connector, Electrical, Coaxial, Rack and Panel
] FLD  GF 0 4684288.04 24 1
Conrector, Electrical, Coaxial, Termination
c FLD  GBC 4 545610000, 0H 419700 27
Connector, Electrical, Connector Pins,
M FLY  AIT 0 10130000, CH 9370 1
] FLD DOR 0 2798310000, 0¥ 7200 1
L] FLD GF 0 1514246000.04 0 1
11T Research Imstitute * Beeches Technical Carpus * Rte. 24N * Rome, NY 13440-2049 * 315/336-2359 * FAX 315/336-1371
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Reliability Modeling of Critical Components Appendix A
pPart Type
Qual DType Env Tot. fail Total Duration Total Pcp. No. Rec.
M FLD  3F 0 2208936000.0# 7200 2
Connector, Electrical, Coniact,
c FLO  GBC 0 25150372000, 04 19346440 214
Connector, Electrical, Cover,
c L0 GBC 0 174044000.0H 133880 23
Connector, Electricat, Cylindrical, :
¢ FLD  SF 0 5851977000. ON 92340 8 g
] FLO A 0 1520254100, 0K 2598 [ ;é
N FLO Al 0 310000. 04 [ 30 ]
MoOFD AU 0 1115507000, OH 0 6 %
M FLD  AUF 0 1188000 O 0 8 2
M FD DR 0 69253400.0H 4080 2 9
L] FLO G 12 200000000, 04 0 1 K
M FLO  GF 0 388489304 .04 8571 33 I
M FLD oM 0 682784 . 0H 1456 15
] FLO  NBS 0 926700.0H 0 79 &
L] FLD NS 0 8300.0C 0 1 ?
M FLO NS 0 197485569 .04 5967 81 v
L] FLD  SF s} 25482000.08 840 3 £
Cornector, Electrical, OIN, 3
c FLD GBC 0 2704000.0H 2080 1 §
Cornector, Electrical, DIP Adapter, £
c FLD  GBC 0 4£373500.0H 15672 8 4
Connector, Electrical, Edge Card, '
M FLD  AIA 0 206662.0 444 1 W
u FLD AT 0 112800, 0H 188 1 ¥
] FLD G 1 £00000000.0# 0 1
Connector, Electrical, Elastomeric, 4
c FLD G8C 16 168594400.0H 129688 18 iy
Connector, Electrical, Flat Cable, !
r fLO M 0 15714000, 0N 0 1
M FLD NS 0 44000.0K 0 2 =
Connector, Elactrical, Flex Cable, X‘
C  FLO GBC 0 6895200, 0H 5304 4 i /
Connector, Electrical, Hexagonal, ! i
c FLD  GBC 4 8554000.04 6580 7 !
Cemnector, Electrical, High voltage, f
¢ FLb  GBC 0 390600, 0H 300 2 i
Connector, Elecirical, Jomes Type, ;)
c FLD G3C [¢] 15600.0H 12 2 H
Connector, Electrical, Kit, 3 Subassemblies 3
c FLD  GBC [V 7904000, 0K 6040 1
Conrmector, Electrical, Metric CIS, !
C  FLO Gac 0 3676400, 0K 2828 1
Connector, Electrical, Micro,
[ FLo GBC 0 $921600.04 7632 3
Connector, Electrical, Micro, fibbon K
¢ FLD  G8C 0 1190800, 0K 916 1 %
Cornector, Electrical, PC, g:
C FLD GBC 0 10940800, 04 8414 4 g;a
Connector, Electrical, PC, Edge ,g;r/
11T Research Institute * Beeches Technical Campus * Rte. 26M * Roma, NY 13440-2049 * 315/324-2359 * fAx 315/335-1371 ‘
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Reliability Modeling of Critical Components Appendix A
Part Type

Qual DType Env Tot, Fail ’ Total Ourazion Total Pop. No, Rec.

[+ FLD  6BC 20 6838826800.04 5260636 227
Connectsr, Electrical, PW8,

] FLD Al 0 5840000.0H 0 2

M FLD  AIA 0 3099930, 0K 6660 8

M FLD  AfF 3 39627209.04 39524 58

M FLD  AlT 4] 1352400, 0K 2820 8

M FLD COR 0 14140410,00 833 1

M FLD  GF 0 8269388.0H 104 12

] FLD GM 0 21031000.0H 0 1

M FLD N8BS 0 32000.CH 0 2

M FLO NS 0 176678246.0H 1919 2

L] FLD  SF n 20796500.04 342 2
Connector, Electrical, Phona,

[ FLD  GBC 0 6467238800,0H 513376 &
Connector, Electrical, Phono, Jack

c FLD  GBC [ 783234000.0% 60180 2
Connector, Electrical, Piercing,

c FLD  G8C 0 129714000.04 99780 2
Connector, Electrical, Pin,

u FLO G 0 0.0H o] )

u FLD  GF 0 0.04 0 1
Connector, Electrical, Power,

c FLD  GBC 0 332800.00 256 4

L] FLD  AlF 0 626250.08 12025 )

] FLD GF ) &772100.08 0 2
Connector, Electrical, Power Lock,

c FLD  GBC 0 1965600.0H 1512 2
Connector, Electricsl, Pressure Type,

[+ FLO  GBC Q 8668400.0H4 65458 [
Connector, Electrical, RF,

[+ FLD  GBC 28 15067218400.0H 11590168 264

M FLD  GF 1) 434534099 .00 14849 1
Connector, Electrical, RF, BNC

c FLD  GBC 20 2119332800.04 1630256 61
Connector, Electrical, RF, BNC/THC Clamp

[+ FLD  GBC 0 736885800, 04 465836 2
Connector, Electrical, RF, Body

c FLD  GBC 0 1641645200.08 126804 25
Cornector, Electricsl, RF, Contact

c FLO  G&C 20 1784156409.04 1372428 : 24
Connector, Electrical, RF, Contect Assembly

c FLO  GBC 4 10218200, 04 7850 1
Connector, Electrical, RF, Mounting Coller

4 FLD  GBC 0 1820000.04 1400 1
Connector, Electrical, RF, Retainer

c FLD 68 v} 2111200.04 1624 1
Conmector, Electrical, Rf, Subminiature

[+ FL3  GBC 0 100355200, 04 77204 4
Connector, Electrical, RF, Termination-Cpen

[ FLD  GBC 0 33-800Q.0H 296 2

Connector, Electrical, Rack and Panel,

11T Research Institute * feeches Technical Cimpus * Rte, 244 * Rome, MY 13440-2086 * 315,336-2359 # FAX 315/336-1371
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Reliabitlity Moddeling of Critical Comporents
Part Type
Qual OType Env Tot. fail Total Duration Total fop. No, Rec.
L] FLO Al 0 1707000,04 0 20
M FLD  AIA M 1448634, JH 3108 6
M FLD  AlF 0 1242320.04 e 2
] FLO  AlT 1 789600.08 1316 [}
L] FLO AU 0 71343204 .04 10869 3
M FLD  AUA 0 413324.0M 1332 2
M FLD  AUF 0 234064 .0H 1395 2
3 FLD  GF 2 67721358.04 530 18
L] FLD GN 0 765665.0R 0 7
M FLD  NBS 0 310000.0H 0 1
i ] FLO  SF 0 829000.0H 0 1
‘ Connector, Electrical, Receptacle,
c FLD  GBC 0 114192000.0H 87840 8
Connector, Electrical, Receptacle, Blue Ribbon
) c fLO GBC 0 17222400.,0M 13248 8
! Connector, Flectrical, Roceptacte, D-Microminiature
S c FLO  ©BC 0 665600.0% 512 3
:‘ Connector, Slectrical, Receptacle, D-Subminiature
; c FLD  GBC - 3 2225995200 0K 1712304 173
Connecior, Electrical, Receptacle, Microribbon ;,[-
¢ FO  caC 0 922937400, 0H 709952 76 ‘5.'
Conpector, Electrical, Rectangular,
c FLD A 0 68699000, 04 0 2
[+ FLD  GEC 0 134224400, 04 104728 27
c FLO GF [ 140018000.04 [1] 1
L] FLD  AlIA 0 206662 .04 444 1
] FLD  AIT 0 112800,04 188 1
M FLD G 139 2000000000, 0K 0 1
M FLD  sF 0 1450400.0# d 2
u FLD 0 0.0¢ b} 1
u FLD 1} 0.0H 0 1
Connector, Electrical, Round,
c FLD GBC [¢] 175800.04 134 1
Connector, Electrical, Signal,
c FLD GBC 8 72148185200.0% 55498504 150
Connector, Electrical, Signal, ONISC .
c FLD  GBC 0 3943964000, 08 3033820 90
Connector, Electrical, Special Purpose,
c FLD GBC 4 119532400,0H 91948 9
Connector, Electrical, Telephone,
. c FLD  GBC 8 242216000, 0H 188320 29
L] FLD  GF o] 1954562, 0H 509 2
% N FLD P [4] 1093540.CH 18226 7
’ M FLD NS Q 460340.0M 10 1
Connector, Elaztrical, “est Adapter,
c FLO GBC 1] 1523400.0H 1ir2 1
Cernector, Electrical, Test Point,
L] FLD  AIF [ 7715400.0H 148148 1
L] LD GF 0 4515304772.CH 301931 é
" LD NS 0 BALLB6163, 08 18449 1
Cornector, Electrical, utitly,
[17 Research Institute * Beechas Tecnrical Campus * Rte. JON * Rome, NY 13440-2069 * 313/330-2359 * fAX 3:3/334-137
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Retiabilisy Modaling of Critical Components Apperndix A
Part Tyce
Qual OType Env Tot. Fail Total Ouration Tseal Pep. N3, Rec.
c FLO  GaC 0 1755579600, 04 1504292 191
Corneztar, Electrizal, Winch JF,
[4 FLD  GBC 0 4414800.0H 3294 3
Cornector, Etectrical, Zaro Insertion Force,
c FLO  GBC 0 207634600.04 15972 1
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Raliability Modeling of Critical Compcnents Appar dix A
Part Type

Gual OType Env Tot. fail Total Duration Total Pop. No. Rec.
Connection, Assamoly,

] FLD  AIF 0 0.0H 1 1
Connection, Connertrr Post,

c FLD Al 53 270000, 04 n 1

c FLD  G8C 8 355333834600, 0H 27333372 1894

Connection, Contact, Spring
c fLd  GBC 4 23805400, 04 18312 1

Connection, Solder,

L} FLD A 0 5995553000.04 0 1
L] FLD  AIF 0 628755004 121693 2
M FLO  OOR 0 34900000CC0. 0% 0 1
M LD GF ¢} 162329440060, 0H 0 2
L} FLD NS 0 1640522000.04 0 1
u FLD 0 0.04 0 2
U FLD 2] 0.04 0 2
u FLD GF 0 0.04 0 2
u FLo W 7] 0.04 0 2
Cunnection, Solcer, Hond Lap '
o] FLO  oeR 0 52594180000, 04 0
] FLO  SF 0 3961GCOLOGO. OH ]
Connection, Solder, Reflow
" FLO  GF 0 8835115000.CH 0 1
Cornection, Solder, Wave
o] FLD NS [ 578352391468, 0H 935482 ]
Conrection, Terminsl,
[ FLD A 0 2800C. 0K ’ 1.
" FLO A 158 31943000, 04 0 1
L] FLO  AlF 0 275699516.CH 612404 165
] Lo ALY 0 2535284, 0% 16107 2
[ ] e Al 0 3054134.04 7248 1
L] FLD  AUA 9 206462 . 0K 823 1
L] FLD  AUF /] 147332.0% 930 1
L] FLD oM 1] 26729458, 8808 37
" FLO P [+ 2%923460.C4 4204 2
H FLD  KS ] TILLERS OH 189 27
M FLD  MSB 0 F5089300.30H 2121 2
lrrcection, Terminal, Barrier 8leck
c Lo Geg 20 73184800004 562940 98
Conrection, {ermiral, Blecy
[4 Ft3  GBC 0 68411200, 0N 52624 11
Conmact.cn, Termiral, Board
C Lo G8C [} SALB0N ., D (37 2
L] FLh Yy 0 §3743812.08 3L607 9
] fFLo ALA o] 1559018, 04 3906 7
L] FLD  AUF 2} 1053238.¢ 4185 9
U FLo A 9 .01 o} Y
u 2SI VA { 4 TI2TP4 . OH 1254 !
v )LD CF 9 2340444 M 2063 3
u fIz oM 17 7RRL728. 24 “371 4
u FLD NS 4 2Ia82584 T 80714 s
u FLD  HSH s $SMR0D . 0Y @54 3
“IIY Er'.('mc'h Irstiture * Beechas Toohnizal (arpns 2 Qva, JEN % dorw, RY 134.0-2769 @ 31578340359 ¢ Fax 300536 1I0
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; Reliability Modeling of Critical Components Appendix A
|
: part Type
Qual DType Env Tot, fail Total Duration Total Pop. No. Rec,
u FLD NV ) 99560.0m 92 1
Connection, Terminal, Crimp
c FLD  GBC 0 4249949600, (R 3269192 140
Cornection, Terminal, Feed Through
L] FLD  AIA 0 1033310.04 2220 1
L] FLD  AlF 1} 596095%.0H 45725 31
M FLO  AIT g 564000.0H 940 1
L} FLD AU 4} 256547424 .00 608664 9
] FLD  AUA 0 18595801 74592 9
] FLO  AUF 0 105228804 78120 9
2] FLO oM 0 5967.0M 192 2
Zonnection, Terminsl, Lug
L] FLO  AIF 0 4751870.01 84427 74
L] FLO  AlT 1] 1267642.08 1911 1
] FLD AU 0 85515808.04 202828 9
] LD AUA 0 1859958.04 26854 9
N FLD  AUF 0 1053284,0H 26040 9
] FLO oM 0 3815890.04 122816 67
M FLD L 1] 504720.CH 8412 4
] FLO NS 4 1683068, 04 416
u FLD  GBC 4 4108213200,08 3is60164 a1
Connection, Terminal, Metal Sleeve
+ c FLO  G8C 4} 1453181600.00 1117832 40
Cornection, Terminal, Screw
c FLD  G&C 1} 1658800. 04 1276 3
Connection, Terminal, Stand-off
M FLO AU 0 85515808.04 202838 4
L] FLD  AUA 1} 826448.CH 25884 4
) L] FLD  AUF 0 468128.08 26040 4
Conne~tion, Terminal, 3trip
[+ FLO  cBC 0 44TA57600.0M 344352 27
[ Comnection, Termiral, Stud
c FtD  G8C 4 5765010000, 04 4437700 69
L FLD  AlA 0 83198448, 04 14452 4
L} FLO  AlF +] 15458410.0H 160732 &7
] FLD  AlT 0 3722400.04 6204 4
L] FLD AU 0 171031616.04 4ns778 5
L] FLD  ALA 0 1033310, 04 49728 5
" FLO  AUF 0 582160.0u4 52080 S
“ FLD G U} 118272608 38316 30
] FLD »p 0 3364800, 01 54080 7
Corraction, Terminal, Tub
¢ FLY  68¢C G 48113400, 0M 35472 5
Comnection, Termiral, Test Point
! . c FLO 687 9 39829C8800 .01 3043776 4
Cormection, U~ld Juint, )
[4 Fto  GF 0 490400000, 0% 0 i
" FLO A 0 157343000, 04 0 1
] FLD  GF 0 £5257910C00,0H 0 2
M FLD  ox 4 529200000, 04 21148 1
Y FLD A 0 0.0M ] 2
117 Assearch instisute * Beeches Techmical Campus ¢ Rte, 24N * Rome, NY 134402069 % 315/336-2359 * Fax 315/336-1371
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Reliability Modeling of Critical Components Appendix A
Part Type

Qual DOType Env Tot. Ffail Total Durastion Total pPop. No. Rec.

U FLD G 0 0.0H 0 2
Connection, Wire, loke

c FLD  GBC 0 41510800, 0H 47315 H
Cornection, dire Wrap,

L] FLD A 0 100000000.0H 0 1

M FLO  GF 0 556809888000, 04 128 3

u FLD A 0 0.0d 0 2

u FLD G 0 0.04 [ 2
Cornection, Wire Wrap, Solder

M FLD  GF 0 2054430000, 0H 0 3
Connecticn, Wire Wrap, Solderless

M FLO  AUT 0 456105C00.0H 1] 2

M FLD N33 4 32500000000, 04 0 1

~arvee
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Ra2liability Modeling of Critical Components Apperdix A
Pr t Type WP

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Eicstrical Motor, Unknown, . unk

c FLO AU 681 4530000.0H 1} 4

c FLO  GBC 104 294268000, 0H 226360 13

c FLD  GF 154 102788971.04 53535 1

M FLD Al 16 3313422.08 0 1

L] FLD  AIC 31 1267642 .0H 546 1

M FLD  ARW 21 110000.04 0 1

L] FLh AU 104 555000.0H 0 1

] FLD  GF 13 680000.0C 0 1

L] FLD  GF 258 49242263 .04 1418 10

M FLD NH 89 40140.0H 0 1

MFLD NS 41 4014870.0H 8 7

¥ FLO  NSB 22 701006.0H 0 2

M FLD  SF 2 2295000.0H 0 2
El=ctrical Motor, Unknown, ’ 0,02008p

c FLD GBC 0 260000.CH 200 1
Electrical Motor, Unknown, 0.0340KP

c FLO  GBC 0 130000. 04 100 1
Electrical Motor, Unknown, 0.0670Kp

c FLO  GBC 0 130000.04 100 1
Electrical Motor, Unknown, 0.7500HP

c FLD  G8C 0 130000. 04 100 1
Electrical Motor, Unknown, 2.00004P

] FLD  GF 8 26793440.0H &48 5
Electrical Motor, Unknown, 3.00004P

M FLD Gf 3 4172000.04 0 2

L] NOP  DOR 1 2004000, 0H 2 1
Etlectrical Motor, Unknown, 4.0000#P

V] FLD A 0 0.0M 0 4

u FLO  ARW 0 0.04 2

U FLO @ 0 0.0¥ 0 16

u FLD GB 0 38634.0% 72 2

7] FLDO  GF é 3180000.08 180 4

u FLO GM 4 144962, 04 56 10

U FLO N 0 0.0M 0 2

v FLD NS 10 3443660.04 238 [}

v FLD NSB Q 0.0M 0 4

U FLD W [ 49020.04 14 2

t FLD SF o 0.08 0 2
Electrical Motor, Unknown, 5.0000KP

] FLD  GF 5 1889560.0M 270 2
Electrical Motor, Unknown, 7.50004p

M FLD  GF 1 9900C. OM 0 1
Electrical Motor, Unkrown, 10.0000KP

L] FLD  GF 8 883000.04 0 2
Electrical Motor, Unknown, 20.0000%P

L] L0 GF 1 827000.04 0 1
Electrical Hotor, Brush, Unk

c fFLD  GBC 0 3785000.08 2912 3

u FLD  AUT 0 48924 .0H 114 1

1} D GF 1 500000.C# 80 1

11T Ragsearch [nstitute * Besrhes Technical Campus * Rte. 26N * Rome, NY 13440-2069 * 315/336-2359 ¢ FAX 315/336-1371
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Reliability Modeling of Critical Components

Appendix A

Part Type HP
Qual DType Env Tot., Fail Total Ouration Total Pop. No. Rec.
u FLD GM 4 67675204 444 4
u FLD NS 0 52400.GH 48 1
Electrizal Motor, Brushless, €.0010KP
c FLD  GBC 0 889200.0H 684 1
Electrical Motor, Brushless, 0.05604P
c FLO  GBC 0 130000.0H 160 1
Electrical Motc>, Commutator, Unk .
c FLD  GAC 9 1892800.0H 1456 3
Electrical Mator, Hydraulic, Unk
u FLD A 0 0.0# 0 2
1] FLD  ARW 0 0.0H 0 2
u FLD  AUT 12 195696.0K 464 2
v fLO G 0 0.0H 0 2
u FLO  GF 2 18000.0H 120 2
U FLD N 0 0.0 0 2
Electrical Motor, Irduction, Unk
M fFLD  GF [+] 62000.04 0 1
v FLD G ] 0.0K8 0 2
uU FLD NGB 0 0.0H 0 2
Electrical Motor, Instrumentaticn, Unk
U FLD GF 0 0.0H ] 2
Electrical Motor, Permanent Magenr, Unk
c FLD  GBC 44 167518230, 0H 128860 5
M FLD  GF 0 218000.04 g 1
Electrical Motor, Permanent Magent, 0.0200HP
c FLD  GBC 0 3764800.0H 2895 i
Electrical Motor, Rotary Solencid, unk
] FLO DOR 0 385000, 0K 2 1
L] FLD  SF 0 26975000.08 5 1
Electrica: ¥otor, Sensor, Unk
c FLo At 191 2140000, 04 0 2
c FLD AU 44 870000, 04 0 1
c FLD  GF 2 33000.08 0 1
[ FLD A 794 4232000, 08 0 4
] FLD  ARY 38 496000.04 0 5
L] FLD AU 1106 1900000, 0H 950 3
L] FLD  DOR 10 18340000, 04 0 1
] FLD  GF 47 11915220.0¢# T4 10
] FLD  SF H 159000, 0K ] 2
Electrics! Motor, Servo, unk
c FLC A 3 348000, 08 0 1
L] FLD A % 810C0.0% [+] 1
L] FLD GF ] 46000.0H4 0 1
M FLD oM 2 2524000.04 0 1
M FLD NS 0 2357427 .04 0 f
] FLD S8 702 56104000.0H 0 2
U FLD A 0 0.04 0 2
u FLD  AlF 8 274319,04 1462 2
U FLD  ARW 52 4260268 . 0K 3988 2
u FLD  AUT 6 291392.08 928 2
U FLC G 0 0.0H 0 2
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Reliability Modeling of Critical Components

Appendix A

Part Type HP

Qual DType Eny Tot, Fail Total Duration Total Pop. No. Rec,

u FLD  GF 28 1999508. 04 280 4

u FLD oM 10 315196.04 390 10

U FLO  NSB 0.0H 1] 2

u FLO WU 0 49020.04 14 2
Electrical Mctor, Shaded-P, Unk

c FLD  GBC 4 640640004 4928 2
Electrical Motor, Shaded-p, 0.00074P

c FLD  GBC 0 284000, 0H 220 1
Electrical Motor, Shaded-p, 0.0010kP

c FLO  GBC [4 1347400, 0K 1052 1
Electrical Motor, Stepper, Unk

c FLD  GBC 48 269230000.01 207100 10

c FLD GF 2 1451388, 0K 32 1

u FLD  AUF 30 3756444 00 0 2

u FLD oM 4 300376.0H 156 4
Electrical Motor, Stepper, 0.8000HP

c FtD  6BC 0 530400.0K 408 ?
Electrical Motor, Stepper, Permanent Magnet Unk

c FLD GBC 36 167174800.0H 128596 5
Electrical Motor, Synchroroys, Unk

] FLO  AIC 1 1267642, 04 546 1
Electrical Motor, Tachometer, Unk

c FLO0  GBC 4 1934400, 08 1483 1
Electricsl Motor, Torque, Unk

] FLD  AlC 0 126764204 273 1

L] FLD  AIF 4 155252, 0 3524 [

] FLO  DpOR 0 415800074 0 1

L] FLO o 0 219000.0M 0 1

y FLO G o 0.0H 0 2

u LD GF 0 0.08 0 2

u FLD  Ns3 o] 0.04 0 2
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Appendix A

Part Type Operating Freq.

Qual OType Env Tot. Fail Total Ouration Total Pop. No. Rec.
Irductor, Unknown Unknown

o FLC GBC 4 51958400.0H 39968 16

[+ NOP  GF 14 883400000, 04 n 5

M FLO  AIA 0 10333100.0K 22200 35

M FLD  ALT 1 5640000.0H 9400 35

M FLO AU 0 6108272.0K 14492 2

M FLD AUA c 413324 ,0H4 1776 2

] FLD  AUF 0 234064 .04 1840 2

M NOP  AIF 0 103801000.0# 4016 3

M NOP  GF 0 408621000.0H 33120 2

U NOP  AIF 5 531978000.0K 20582 12

u NOP  GB 1 659490000.04 75284 1

u NOP  GM 2] 604606000.0H 41420 8

v NOP  N/R 0 145529473000, 0H 1251800 11
Inductor, Unknown RF

M FLD  AIA 0 88846466, 0K 19092 11

] FLD  AlIT 0 6373200, 08 11458 15
Inductor, 3dobbin tUnknown

c FLD  GBC 0 1483024400.0H 1140788 1468
Irductor, Chokns Unkrown

t FLD  GBC 1} 31808400, 04 24488 9
[nductour, Choke RF

s FLD  GBC 12 1667551600G.0H 12827320 231
inducror, Core Unknown

c FLD  GBC 12 3639852400.08 2832348 12
Inductor, Fixed Unknown

c FLD  GBC 8 4169835600.04 3207412 298

M FLD AU H 109948896 .01 260856 29

] FLD  AUA 1 5993198.0H 31968 2%

M FLO  AUF 0 3393928.0K 33480 29

] FLD  GF S 224146210,04 $03 5
Inductor, Fixed 1-40xhz

c FLD  GBC 0 109<0000.CY 8400 1
Inductor, Fixed 1.25h2

M FLD AU 0 3054135.04 7246 1

L FLD  AUA 0 204662, 0H 888 1

] FLD  AUF 0 117032.04 930 1
Inductor, Fixed 10Xhz

c FLD  G8C 0 83977200.0H 6BAL4 g
Inductor, Fixed 110Uhz-25Khz

] FLD AU n 1527043.0H 3623 1

M FLD  AUA 0 2064462 . 0K 444 1

] FLC  AUF 1 117032.CH 465 1
Inductor, Fixed 120-1300h2

[+ LD 7BC 0 937835600, 08 721412 1
Inductor, Fixed 15.75 Xhz

] FLD Ay 0 1527048.0H 1823 i

H LD AUA 9 2044662, 04 444 ;

o FLD  AUF 0 117032.04 445 1
Inductor, Fixed 1Xhz

c FLD  GBC 0 40294800, 08 30994 2

A-34
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Reliability Modeling of Critical Components Apperciix A
Part Type Operating Freq.

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Inductor, Fixed 20khz

c FLD  G8C 0 6952400.04 5348 S
Inductor, Fixed 24Mhz

] FLD AU 3 12216544.00 28984 .

M - FLD AUA 0 206662.0H 3552 H

r FLD  AUF 0 117032.04 3720 1
Inductor, Fixed 350Khz

c FLD  GBC [t} ) 2974400.0H 2288 1
Inductor, Fixed 4hz

L] FID AU 2 3054136.00 7244 1

] FLD  AUA 1 206662.0H 538 1

M FLD  AUF 0 117032.0H 930 1
Inductor, Fixed 80Ch2

[ FLD GBC 0 187200.CK 144 1
Inductor, Fixed RF

[4 FLD  GBC 26 13800732400.CH 10615548 161

M FLD  GF 0 224485260.01 5418 14

L] NOP  AIF ¢ 51901000. 04 2008 1

M NOP  GF b 409312000, 0H 9609 8

M NOP  GM 2 ©55308000.04 58905 3

u NOP  GN 0 1196000.04 .13 4
Inductor, Variable Unknown

c FLD GBC 4} 1272731200.04 979024 76
Inductor, Yariable RF

c FLO  GBC 1} 2808000, 0H 2160 1
Inductor, Yoke Unknown X

c FLD GBC 0 1487200.08 1144 1
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Reliability Modeling of Critical Components Appandix A

Part Type Rated Current Contact Config.
Cual DOType Env Tot. Fail Total Durstion Total Fop. No. Rec,
Relay, Unknown Unk Lnknown
M FLO A 327 1493484 .04 184 48
M FLD  AIF 3 970240.0K 11165 15
M FLD  CF 13 59191512.CH 3720 1
u FLO A 0 0.08 0 ]
U FLD  ARW 0 0.08 0 1
u LD G 0 0.0# 0 1
u FLD GF 0 0.04 ] 1
U FLD N o 0.0H /] 1
u FLD  NSB 0 0.0H ] 2
U FLD SF ] 0.0H [ 1
Relay, Unknown unk DPOT
L] FLD  AIF 21 0.0H 20 1
kRelay, Unkrown 0.01a 1A
4 FLD GBC 0 13811260.04 10824 1
Relay, Unkrown 0.01s ic
c FLD  GBC 0 BOALET.08 620 1
Relay, Unknown 0.20a 2C
c FLD  GBC 0 10472860.0H 8056 1
Relay, Unkncwn 0.25a 4c
c FLDO  GBC 0 88400. 04 68 1
Relay, Unknown 0.30a 1c
c FLO  GBC 0 1837663, 04 1452 2
Relay, Unknown 0.508 o
c FLD  G3C 0 1646320C.00 12684 1
Relay, Unkncwn 0.50a ac
4 FLD  G8C &8 383542400.0H 295048 1
Relay, Unknown 1.00s 1c
c FLD  GBC [ 95876400,04 76228 9
Relay, Unknown 1.00a 2c
c FLD  GRC 36 351885400, 04 270528 16
Relay, Unknown 1.0Ca pPoT
L] FLD  AIF 1 C.0H ¢ 1
Ralay, Urknown 2.00a 1c
: [ FLD  GBC 0 136011200.04 104624 -]
Relay, Unkncam 2.004 2c
: ! ¢ FLO  GBC 4 122241609, CK 94032 15
Relay, Unknown 2.00a 3A
c FLD  G2C 0 75296000, 0K 57920 1
1 Relay, Unkrown 2.00a 4C
} c FLb  GSC 0 £0439600.0H 46492 4
3 ! Retay, Unknosn 2.69 6
R ¢ FLD  G8C 5 670800, 08 518 2
b Relay, Unknown 2.508 1c
c FLD  G3C 0 124800.08 96 1
Re! ay, Unknown 3.00a 1A
‘ ¢ FLD  GBC 0 4409600, 0H 1392 1
E Retay, Unkrown 3.00a 28

c fLD  G8C 0 135200.04 104 1

Relay, Unkrown 3.008 2C
(4 fID G8C 0 371020C0.0H 28540 3
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Reliability Modeling of Critical Compenents Appendix A
Part Type Rated Current Contact Config,

Qusl Slype Env Tot. Fail Total Duration Total Pop. No. Rec.
Relay, Urknown 3.00s 4C

c FLD  GBC 0 $29200.04 684 1
fclay, Unknown 4.00a 1AB

c FLD  GBC 4} 4908800.08 3776 1
Relay, Unknown 4.00a 248

c FLD GBC 8 171912000.0# 132240 3
Relay, Unknown 4.00s 38

c FLO  GBC 0 ) 41314000, 04 31780 1
Relay, Unknown 4.00a 4A

4 FLD  GBC 4 228129200.0H 175484 5
Relay, Unknown 5.00a 1A

[+ FLD  G8C 0 2735200.0H 2104 1
Relay, Unknown 5.00a 2A

c FLD G8C 4 3344400.0H 2588 1
Relay, Unknown 5.00a 2¢

c FLD  GBC 12 72975800.0H 56136 10
Relay, Unknown 5.00s 4C

c FLD G8c 0 7534800.08 5796 2
Relay, Unknown 5.00a 6A .

o FLD  GBC 28 4567630.08 5052 1
Relay, Unkncwn 7.00a 1c

c FLD  G3C 0 93400.0H 72 1
Relay, Unknown 7.0Ca 2C

c FLO 68C 0 140400.0H 108 1
Relay, Unknown 7.00s 3¢

[+ FLO GBC 0 520000, 04 400 1
Relay, Unknown 7.50a8 ¢

c FLO G8C 4] 6900400.0# 53086 1
Retay, Unknown 7.50a 4C

c FLD GBC 8 15709200.04 12084 1
Relay, Unknown 8.00a 1c

c FLD  GBC 0 1159600.0H 892 1
Relay, Unknown 8.00a 2A

c FLO  G8C 1} 270400.08 208 1
Relay, Unknown 10.00s 1A

c FLO  GBC 0 17518800.0H 13476 3
Relay, Urknown 10.00a 1

c FLD  G8C 0 32349200.04 24884 3
Relay, Unknown 10.00a 2¢

c FLD GBC 0 78000, 04 60 2
Relay, Unkrown 10.0Ca 3A

c FLD  GBC 0 1138800.0H 876 1
Relay, Unkacwn 10.00a c

c FLD GBC 0 19739600.0H 1492 2
Relay, Unkrown 10.00a 4C

c FLC G332 n 4160000 32 1
Relay, Urknown 12.00a 2C

c FLD  GBC 0 26832C0.0H 2064 1
Relay, Unknown 13.00a 1c

c FLD ¢G8C 0 187200.0H 144 1
Relay, Unkrown 15.00a 2c
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Reliability Modeling of Critical Components Appendix A
Part Type Rated Current Contact Config,

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.

c FLD  G8C 0 239200, 04 184 1
Relay, Unknown 16.00a 1A

c FLD  GBC 0 5839600.04 4492 2
Relay, Unknown 16.00a 1c

c FLO  G8C ¢ 894400.0N 688 2
Reluy, Unknown 20.0Ca 1A

c fFLD  GBC 0 5200.04 4 1
Relay, Unknown 25.00a 2C

c FLD  GBC [t} 67600.0H 52 1
Relay, Unknown 30.00a 1A

[+ FLD  GBC 0 46800.0K 36 1
Relay, Unknown 30.00a 2A

c FLD GBC 0 176800.0K 136 2
Relay, Unknown 30.008 2C
) c FLD  GBC 4 15048800.0H 11576 2
Relay, Unknown 40.00a 3A

c FLD  GBC 4} 15600.0K 12 1
Retay, Unknown 40.00a 4A

[+ FLD  GBC 0 10400.0H 8 1
Relay, Unknown 50.00a 3A

c FLD  G8C 0 13G000.0H 100 1
Relay, Urknown 860.00a 2A

c FLD  GBC 0 182000.04 140 1
Refay, Unknown 60.C0e 3A

c FLD  GBC 0 629200.0H 484 1
Relay, tUnknown 125.00m oPeT

] FLD  AlF 0 0.08 12 1
Relay, Unknown 200.00a 1A

c FLO  G8C 0 728000.0H 569 1
Relay, Unknown 250.00e oPDY

] LD AIF 1} 0.04 1 1
Relay, Unknown 500, 00m proT

] FLD  AIF 0 0.04 b] 1
Relay, Coaxial Unk Unknown

N FLD GF 0 233520.08 14 1
Ralay, Coit 8.00m Unknown

c FLO  G3C Q 494000.08 380 1
Relay, Contactors Urk Unkrosn

c FLD  GF 9 4370000, 04 106 3

N FLD A 50 5262000.0H 0 1

L] FLD  GF 7 6912000.04 1 1

] FLD G é 85594C.0H 0 2

L] FLD NS 0 46000. 04 1} 1

U FLD A 0 0.0H 0 1

u FLD G 0 0.08 0 1

u FLD A 0 0.0H 0 1
Relay, Electromechanical Unik Unknown

c FLD  AIT 7 17850000. 04 26 [

c FLD  DCR 0 2500000, 04 &7 1

c FLD GBS 0 1580800, 0K 1216 2

c FLD  GF 130 27010200000.0¢C 0 3
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Reliability Moceling of Critical Components

Appendix A

Part Type Rated Current Contact Config.
Gual DTlype Env Tot. Fail Totsl Ouration Total Pep. No. Rec.
c FLD  GF 792 499829958, 04 165073 53
c FLD GM 0 26116.04 49 1
[ FLD NS 15 13974000.CH 0 1
M FLD  ALF 32 583228.08 8474 23
] FLD AT 8 $5657642,0M 1382 3
] FLD DOR 20 810038000, 04 0 9
L] FLO GF 3 33149000,0C 0 2
M FLD  GF 67 481635600.04 3001 18
L] FLD GM 0 S47076.CH 5376 25
M FLD  GMv 1 814000.0H 0 1
M FLD  HEL 157 2531000,0K 1] 2
M FLD MNP 0 84120.04 1402 1
L] FLO MBS 1 29500000.0C 15 1
L] FLD KBS 8224 11231986000, 0O 0 1
L] FLO NS 225 ~15829897.0M 1094 18
L] FLD  NS8 1 $3799300.0K 1436 17
M FLD  SF 2 112100000.CC [1] 2
] FLD  SF 1 132651000.00 o978 11
u FLO g .08 0 1
U FLID G 0 0.0H 0 3
u FLD  GF 0 0.04 0 2
U FLD oM 0 0.0% 0 1
u FLD N 0 0.0H 0 2
u FLD  Ns8 0 0.0H ¢] 2
u fFLD  SF 0 0.04 0 1
Relay, Electromechanical Unk 2A 1B
c FLD  G8C 0 62400.0H 48 1
Relay, Electromechanicsl unk 3r0T
[+ FLO  GF 2 30910000.08 0 2
Retay, Electromechanical Unk 4PDT
M FLO Al 1 23400000. 04 42 1
L] FLO  AIT ] 12000.0H Q 2
M FLO GF 0 1040C.0K 0 1
M FLD N8BS 0 89000.04 0 4
] FLD NS [1 996156.0H 2 1
Relay, Electromechanical Unk 4PST
[« FLD  GF 2 5109000. 04 0 1
Relay, Electromechanical Unk 6PDT
L] FLD  GF 0 3774UC0.0H 0 2
Relay, Electromechanical unk npoT
c FLD  GF 180966030, 08 0 2
M FLD  AIF 8 347832.04 4097 H
] FLD Al 21 3920C00C0.NH 0 1
M FLO GM 3 406000.0M 100 4
" FLD G 0 0.0 0 1
L] FLD  N3S 0 134000.0H 0 5
] FLD NS 1 34845466 .0H ? 1
L} FLD  SF 0 182G00.0H4 1 H
Relay, Electromechanical Unk SPST
¢ FLD  Gf 118 3670C000.CH 0 3
c FLD GM 1 4742000.04 25 1
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Appendix A

Aelfability Modeling of Critical Components

Contact Config.

Part Type Rated Current

Qual DType Env Tot. Fail Total Duration Total Pop, Na3. Rec.

L] FLO  GF 0 41600.0M 0 1
Relay, Electromechanical 0.10a oPoT

A FLDO  NS8B 1 13096000, 0H 2% 1
Relay, Electromechanical 0.75a opPOT

L FLD  Ns8 1 2847000, 0K 65 1
Relay, Electromechanical 1.00a 1A

[4 FLO  GBC 52 474016400, 0H4 364628 7
Relay, Electromechanizsl 1.00a 1A pRry

4 FLD  c8C 0 572000, 0¥ 440 2
Relay, Electromechanical 1.00a 18

4 LD  G8C 0 130000.0% 100 1
Relay, Electromechanical 1.00a 1c

[ FLO  G8C 0 7077200.04 5444 2
Relay, Electromechanical 1.00a 2A

c FLD  GBC 0 31938400.0% 24568 3
Relay, Electromechanical 1.008 LPOTY

] FLD AT 16 294000000, 04 528 1
Relay, Electromechsnical 1.00a ePpT

L] FLD  Ns8 1 2835000.0n &5 1
Relay, Electromechanical 1.C0a proT

n FLO AU 0 30541248, 0M 7248 1

L] FLD  AUA 0 204562, OW 833 1

M FLD  Auf 0 117032. 08 930 N

L] FLO  GF 0 741312.0H 26 3
Relsy, Electromechanica!l 2.00a Uaknown

M FLD oM 1 1989 .08 64 1
Relay, Elect-omechanical 2,008 1A

[+ FLD  GBC 0 13410800, 04 10316 H
Relay, Electromechanical 2.00a 1c

c FLD  G68¢C [¢] 1861600, 0K 1632 1
Relay, Electromechanical 2.00e 10

c FLD  GBC [1} 83206.0K 23 1
Relay, Electromechenical 2.00a 2A

[ FLD  GBC 0 25584000, 04 19680 1
Relsy, Electromechanical 2.00a 3a

c FLD  G8C 0 18345600. 04 14112 H
Relay, Electromeshanical 2.00a irst

L} FLd GM 1 596704 192 1
Relay, Electromechsnicsl 2.0Ca bPOT

L} FLD  AIT b $BOOUOCT ., OH 175 1

M FLD Gf 1 825348.014 29 2

M FLD XS [1} 15938496, 04 3 1

L] FLD  NS3 1 2277500, 08 52 1
Relay, Electremechanical 3.000 1A

c FLD  G8¢ 2 104000, 04 80 1
Relay, Electromechsnical X,0Cm 24

c FLD  G8C 4 36129600.04 27792 1
Relay, Electremechanical 5.0%a Urknewn

L] FLD  Mt3 2 45352C0.04 104 1
"elay, Electromechanical 5.0%a 20

c FLD G3¢C 4 685LL0.04 512 1
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Reliability Meodeling of Criticat Components

Part Type Rate! Current Contact Config.

Cual DOType Env Tot. Fsil Total Duration Total Poo. Ko, Rac.
Relay, Electromechanical S.G0a L1

" FLD N5 2 493073, CH 1 1

L] FLD N33 4 2277600, 04 52 1
Relay, Electromechanical 5.00a 6POT

] FLD  GF 0 57024.04 2 1
Relay, Electromechanical 4.00s 0PoT

L] FLD oM 0 156496.04 414 1
Relay, Electromechsnicat 10.00s 4207

N FLD NS 3 1226308.9% 4 2

] fLD  NSB 9 376372200.0u 8593 3
Re.ay, Electromechanical 10.004 cPot

" LY F 0 8553¢0.0% 3 1
Reiny, Electromeckeni g’ 10,.0Cs SPSY

2 Fuly o G 0 26114.0H 69 1
felay, Electrommehanicsl . 0m 1A

[ LY LA b} 312C0.04 26 1
Relay, Electrore-~a~i-s 10.%90m 2A

¢ FO s 8 5876000, 04 4320 1
Relay, Electromechanical 25.60a Irer

] FLD  GF 0 13463574, 08 3 2

L] FLD WSS i 760280, 0n% 159 1
Reley, Electromechanicsi 25,000 1

4 FLO 8¢ 2 22016800, 6K 16614 ]
Relay, Electromechanical 50.00e IrsT

M FLO  GF 4 136875.04 48 1
Relay, Electrommcharnical $9.00a sPs-

] FLD G 0 W16, 08 69 1
Relay, Elect-omechanical 75.00m it

4 (A%< B 14 0 $c4&800,001 [1ia%} 1
Retay, flectromechanical 100.00m 1A

[+ FLD  GBC o] P526430.04 7328 2
felay, Electronechanicsl 160, 00m 1A DRY

4 FLO  ¢sC 0 494000, 08 pt] 1
Relay, Elect nmachani-al 200 . 00m A

[ Lo GaC 0 ASHO00.CH 569 1
kelay, Electromechanical 250.0Cm 1A

c FLD  GBC 0 31831200.0u 24824 ‘
Palay, Electromechanical 250.C0m 18

C LD CRC Q 1329400, M ™R 1
delay, Electramechamical 250.00m 1¢

¢ LD 68C 12 211203200, 08 182455 t
Uiy, Electromachanicat 250.C0n 24

c FL.9  GBC L} 30001 380G. 0% 231472 5
Relay, Etectromechanicai 250,00 23

c FLO BT 0 87400, 0N 32 3
Relay, Electromechanical 250, 0l 2¢

c Lo 19 4 254814600, 04 1012 3
2ctar, Elactromechanicnl 259.00m 3A

c FLD GRS 3 TAGLO0. O 128 1
Petay, Electramerhantenl 320,00 14 rey

o FLY GBS 9 5200 4 1

i1 “raearcs instrtute
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Accendis A

Reliability Mcdelirg of Critical Components

Part Tvpe Rated Current Contact Config.
Guat DOType Env Tot. Fail Yotal Duration Total Pop. No. Rec.
Relay, Electromechanical 350.00m 1c
[+ FLD  GBC 3 11533400.04 8872 1
Relay, Electromechanical $09.00s 1A
[+ FLD  GBC 0 239200C.CH 1840 1
Relay, Electromechanical 500.00m 1A
[+ FLO  GBC 112 11315612800 ¢4 8778 37
Re'lay, clectromechanical 500.00m 13
c FLD  GBC [+] 10873400.04 83568 4
Relay, Electromechunical 500.0Cm 1c
c FLD  GBC 0 8559200.0¥ 6584 3
Relay, Etectromechanical 5035.G0m r2)
c FLO  G8C [ 45750000 .0% 35200 S
Ratay, Eiectromechanical 300.00m 2C
c FLD  GBE 0 34668400 . CH 26648 1
Relay, Electromecharical 5%0.00ms SPOT
L FLO  GF 0 31200.0M 0 1
M FLD  w3S 0 230090.04 0 2
Relay, Electromechsnical T0.00m GA
o FLo G8C ¢ £1600.04 32 1
Relay, Electronic Unk Unkonown
¢ FLD  G8C 0 23722400.04 18248 H
c fL0 GF 1 210C00. 0% 12 3
1 FLD A 5 69358.0K 10 2
] FLD GF 4} 724CC0. CH 0 1
Qelay, Electronic Unk $PST
c FLD GF 702 2384208C00C.CH 0 3
[« FLD  N8S 0 38000, 0% 0 1
[ FLD  GF 7 24091000.08 0 2
L] FLD  N8S 0 249000. 0% [} 2
Relay, Eiectronic 3.00e Unknown
c FLo  CBC [¢] 421200.0M 324 1
Aeley, Evectronic 10.00s Unk nown
[+ LD GBC 0 154400, 04 128 1
relny, Elstronic 10.00a SPSY
[ FLD  GF 693 238272000C0.04 0 1
Pelav, Flectronic 50, GOm SPSY
' " FLD GF b 10707000, 08 [} 1
3 L] FLD MBS ¢} 1116C0.04 Q N
3 Ralay, Power Unk Unknown
g c FLD  GF 4 255570804 648 2
SR K PO NS 3 15093770, 6K 174 3
Anlay, Fowsr unk 3pst
L} L0  GF 0 29512.0M 1 1
pelay, Powse Unk LPOT
" Lo GF 0 28512.08 1 1
Re'ay, P wer 0.0% Ur¥newe
c FLO  GF 2 8234410, OR 54 1
Aelay, Relyirner Urk Unkraown
< FLD GBC 4] 051640, 0K a08a 4
2nlay, Soleniad Urk Unirown
[ FLD ALY 13 721200.04 0 !
hx r”r_;f:;-ar:h”lnqriru:e * Beuchen Tochnical Cosps,a * Rta, 24N ¢ Lo, NV OYIALO-2067 ¢ 31573942159 ¢ o 315/334-1371
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Reliability Modeling of Critical Components Appendix A
Part Type Rated Current Centact Config.
Qual DType Env Tot. Fail Total Duratiocn Total Pop. No. Rec.
c FLD  GF 67 16220000.08 1234 11
[4 FLD GM o] 26116 0K 69 1
] FLD A 817 9422650.08 14 13
L] FLD DCR 0 30570C0.0H 87 1
] FLD oM [ 5242940.08 25 2
M FLD  HEL 3 30900.04 o] 1
M FLD N8BS 6 234000, 04 0 1
L] fLD  SF 1 1399000. 04 0 2
Relay, Strap Unk Unknown
c FLD  G8C 0 50533400.04 38372 1
Retay, T0-5 (Crystal Can) Unk Unknown
[+ FLO  GF 17 132005000.0C 9 H
[ LD GF o 79178000.0M o] 3
M FLO oor 0 4346700004 0 1
" FLD  GF 8 45001000, 04 1242 2
u FLD 6 0 0.08 0 1
U FLO  GF [} 0.08 0 1
Relay, 10-5 (Crystal Can) Unk POt
c FLD  GF ] 462480000, 0C 0 3
L] FLD AT 30 4050000.0C 81 2
L] FLD  OOR 0 193000. 04 13 1
L] FLD NS 1] 996156, 08 2 1
L] FLD  SF 4] 182000.08 S 1
Selay, Thermal Unk Unk nown
L] FLD Al 1 390C0,0H 0 1
L] FLO DR 0 458000.0% 0 1
] fLO  GF 5 382000.04 ] ]
» LD GM 0 198908 -3 1
] LD NS 2 2480000, 0% 0 1
[¥] FLO A Q 0.04 0 t
u FLO G g 0.04 0 1
] FLO  GF [} 0.08 0 1
7] [ 18- 2 | 0 0.04 [*} 1
Relay, Thermat Unk SPST
[+ FLD GF 2 396000, 08 9 1
Relay, Time Delay Unk Unknown
< Ll GF 9 5829044 .04 384 7
L] FLD AT 23 B8ALOG0, 0N o] 1
] FLD  AMF [’} 449000, 04 o 1
] LD GF 11 7019090, 0K 0 4
] FLD oM o] 198904 &4 1
" LD e 2 471000.0M o] 1
] FLD MBS 3 4456000, 08 0 1
» FLD  MS 55 34779223.0M 7 5
u 13 A 0 0,04 0 !
v FLD G 0 0.0% [+} |
u fLo 2 0 0.0% 0 1
y FLD L) Q 0.34 1] 1
U LD NS3 0 0.uK o 1
Relay, Time Jel oy unk oroT
L FLO  AuT 0 482400, 0H 0 3
11T 2essarch institute * Greches Techrical Campus * Rta, 248 ¢ %ome, NY 13440-2049 @ 315/334-2339 * fax 315733613
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Reliability Modeling cf Critical Components

Appendix A

Part Type Rated Current Contact Config.

Quat OType Env Tot. Fail Total Duration Total Pop. No. Rec.

M FLO GM ¢ 24,6000,08 14 1
Relay, Yime Delay Unk SPOT

M FLD  AUT 1 321600.00 0 1
Retay, Time Delay Unk SPST

] FLD- NBS 0 500000.04 0 1

111 Aesearch Institute * Seaches Technical Camous ® Rte, 24d * Rome, NY 13440-2069 = 315/334-2339 * Fax 31573341371
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Reliability Modeling of Critical fomponrents

Appendix A

Part Type Ra..d Pwr
Qual OType Env Tot. Fail Total Duration Total Pop. No. Rec.
Resistor, Unknown, Unk
] FLD  AIA 0 1446634 .00 3108 3
M FLD  AIT 0 789600.0H 1316 3
L] FLD 6 85 34850002500, 0K 0 7
L] LAB  N/R 7 42587000.08 0 5
L] FLD  GF 1 32781342.0H 0 1
L] FLO  GF 4 2768533333.04 0 2
Resistor, fixed, Unk
. FLD  AIF 0 0.04 8 1
L] FLD  AlA o] 2893248, 04 8216 7
] FLD AT 0 1579200.04 2632 7 '
] FLD GF 0 6404060 .04 253 1
Resistor, Fixed, 0.050w
. FLD  AlA o] 619985, 0H 1332 2
FLD ALY 0 338400.0H4 S64 2
Resister, Fixed, 0. 100w
. FLD  AIA 0 2686606 . 08 5772 "
. FLD  AlF 47 0.04 2438 188
. FLD  AlT 1 1804800, 04 3008 14
. FLD  AIA 0 619986. 0K 1332 3
. FLD  AIF 0 0.0% 38 1
. FLD  AIT 0 451200.0H 752 4
1 FLD  AIF 0 0.0H 4 3
] FLO AU 1 250439152.04 $e4172 59
M FLD  ALA 0 12193058.08 72814 59
] FLD  AUF 0 6504388 .08 76250 59
] FLO  GF 0 12167714001 49C2 24
Resistor, Fixed, 0.125w
. FLD  AlA 1 27072722 .08 58164 36
. FLD 41T 0 14776800, 04 24428 36
FLD  GF 0 67242630.,04 2709 "
. FLD  AlA 9 1033310.0k 2220 4
. FLO  AIf 2 0.0H 346 18
. FLD  AIT 9 564000, 04 940 4
. FLO  AlA 0 516655.0M 11100 13
. FLD  AIT 0 3835200.0H 6392 17
] FLD  AfA 1} $513254.CH 7548 é
13 LD ALY 0 1917600.0H 3196 [}
] FLD AU 32 1058258124 . 0K 2510739 14
L] FLD  AUA S 40505752.08 307852 196
L] FLD  AUF 0 22938272.04 322245 194
L] FLD  GF F 10259304 12.04 417946 133
Resistor, Fixed, 0.250w
FLD  AIA 0 85971392.0H 184704 90
FLD  AIF 18 0.08 137y X
FLO  AIT 3 81343200.04 102550 11
. FLD GF 26 1194357190.04 47251 58
M FLD AU 7 1259831100.04 2988975 77
L] FLD  AUA 6 15912974, 0H 366300 7
L] FLD  AUF 3 9011444 .CX 383425 7
Resistor, Fixsd, 0.500w

11T Research Institute * 3eeches Tachnical Camous * Rte. 26K * Rome, NY 13440-2069 * 315/334-2359 * FAX 315/336-1371
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Reliability Madalirg of Critical Componments Appendix A
Part Type ’ Rated Pwr
Qual OType Env Tot. Ffail Total Duration Total Pop. No. Rec.
. FLD AlA 0 413324 .04 8§38 2
. FLD  AlF 0 0.04 10 3
FLO  AIT 0 225600.0# 376 2
. FLD  GF 3 22414210.04 903 4
] LD AU 0 74826332.0d 177527 17
L] FLD  AUA 0 3513254 .0H 21754 17
L] FLO  AUF 2 1989544 0N 22785 . 17
Resistor, Fixed, 1.030uw
. FLO  AlA 0 20468462 .0 128 1
FLD  AIF 2 0.04 [ 2
FLD  AIT 0 112800.04 188 1
FLO  GF 0 960609001 387 3
FLD  AIA 0 1239972.0K 2664 4.
. FLD  AlT 0 476800.0M 1128 4.
1 FLD  AlA 0 619986 .04 1332 3
1 FLD ALF 30 0.0% S4 5
1 LD ALIT [+} 33841C.0H Sé&h 3
1 FLD  GF 3 S604090 . 0K a7 3
M FLDO AU | 73299264 .04 173904 16
] FLD  AUA 0 3304592.04 21312 16
] FLD  AUF 0 187251204 22320 14
] FLD  Gf 2 6404060, 0K 258 1
Resistor, Fixed, 1.259w
] FLD  GF 1 64040460, CH 258 1
Resistor, Fixed, 2.000w
1 FLD AlA Q 20648274 444 1
1 FLO AIT 0 112300.0H 188 1
L] FLO AU 0 1527068.0K 3823 1
L] FLD AUA 0 204482 .04 4i4 1
" FLD  AUF 1] 117032.0¢ 485 Y
Resistor, Fixed, 2.500w
] FLD AU 1 1527048 . OH %23 v
M FLD  AUA 0 206662 . 0K (1Y b
L] FLD  AUF 1} 117032.04 465 1
] FLD  GF 4 28818270.0H 1161 g
Resistor, Fixed, 3.000w
] FLO AU 0 7A772196.04 170281 18
] FLO  AUA 1 3719914.0H 20868 18
L) FLD  AUF g 2106576.04 21855 1C
“ FLD  GF 0 9604090 . 0H a7 2
Resistor, Fixed, 6.500w
M FLD AU 21 15270680.04 35230 3
M FLD AUA 2 619984.04 4440 3
M FLD  AUF 0 35109601 4450 3
] FLD  GF 0 22461421004 03 4
Resistor, Fixed, Multiple Unk
C FLD G8C 4 34070400.08 26208 19
Resistor, Fixed, Singte Unk
c FLDO  G8C 8 4828508800, 0H 5252776 13
Resistor, Fixed, Single 0.050w
c FLO  CaC 140 38954047600, 04 29964852 264
[1T Research {nstitute * Geeches Tecknical Campus * Rta, 24N * Rome, NY 1340-2049 * 315/336-2339 * FaX 315/336-1371
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Reliability Modeling of

Critical Components

Part Type Rated Pwr

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Resistor, Fixed, Single 0.062w

c FLD  GBC 8 152880004 1176 1
Resistor, fi.ed, Single 0.063uw

c FLD  GBC 0 82336800.0k 63336 1
Resistor, Fixed, Single 0.075w

c FLO  GBC 0 15022801.04 11556 S
Resistor, Fixed, Zingle 0.100w

c FLO  GBC 4 2781277200.08 2139444 238
Resistor, Fixed, Single 0.1254

c FLD  G8C 276 334440371200.04 bbbt 211
Resistor, Fixed, Single 0.15Cw

c FLD  GBC 3 4083560004 31412 8
Resistor, Fixed, Single 0.200w

C FLD  G8C 0 10182936400, 0H 7833028 138
Resistor, Fixed, Single 0.225w

c FLD  GBC 0 38334400, 04 29488 3
Resistor, Fixed, Single 0.250w

[+ FIO GBC 104 109414791200, 08 84185224 704
Resistor, Fixed, Singte 0.300w

c FLD  6BC 0 139495200, 08 107304 18
Resistor, Fixed, Single 0.333w

[ FLD  GBC 0 396754800.0M 305156 10
Resistor, Fixed, Single 0.350w )

[ FLD 68C G 29972800.04 230546 4
Resistor, Fixed, Single 0.375w

[4 FLD  GBC 0 19531200.0#4 15024 3
Resistor, Fixed, Single 0.400w

4 FLD  GBC 0 25490400, 04 19408 2
Resistor, Fixed, Single 0.500w

c FLD GBC 76 14314591200.08 11011224 S84
Resistor, Fixed, Single 0.600w

c FLD  GBC o] 135200.C4 104 2
Resistor, Fixed, Single 0.660w

c FLD  GBC 0 1398%00.04 1078 1
Resistor, Fixed, Single 0.6<7w

c FLD  GBC 0 322490.08 248 1
Resistor, Fixed, Single 0.750w

c FLD  G8C 0 52928000. 04 40760 11
Resistor, Fixed, Single 1.000w

c FLD  GBC 8 2245063600, 0 1726972 175
Resistor, fixed, Sirgle 1.500w

c FLD  GBC 0 390009. 0K 300 1
Resistor, Fixed, Sirgle 1.800w

c FLD GBC il 3807800.0M 27736 1
Resistor, f..ed, Single 2.000w

o FLD  G8C 58 §733278800.04 L4k2676 163
Resistor, Fixed, Singlae 2.750w

[+ FLD  GBC 5} 17082000, 04 13140 3
Resistor, Fixed, Single 2.500w

c FLD  G8C 0 B45CC00.0H 6500 3
Res stor, Fixed, Jingle 3.000w

{17 Research Institute * Boosches Technical Campus * Rte. 26N * Roama, NY 13440-2069 * 315/336-2359 = FAX 315/336-137
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Reliability Modeling of Critical Components Appendix A
Part Type Rated Pwr
Qual DType Env Tot. Fail Total Duration Tota! Pop. No. Rec.
4 FLD  G8C 24 2131750400.0H 1539808 135
Resistor, Fixed, Single 3.250m
4 FLD 63C 0 4102800.08 3156 1
Resistor, Fixed, Single 4.000w
c FLD  GBC 0 23441600.04 13032 ]
Resistor, Fixed, Single 5.000w
c FLO  GLC 8 935719200.04 719734 9%
Resistor, Fixed, Single 6.000w
c fLO  GBC 0 12573600.04 9672 1
Resistor, Fixed, Single 7.000w
c FLO  68C 0 170794000.04 131380 19
Resistor, Fixed, Single 7.500w
c FLD GBI 0 10339600. 04 7992 8
Resistor, Fixed, Single 8.000w
c FLD  GBC 0 67340000, 04 51800 3
Resistor, Fixed, Single 9.000w
c FLO  GBC 0 8741200.04 6724 3
Resistor, Fixed, Single 10.000w
c FLD  G3C 0 377977600.08 290752 53
Resistor, Fixed, Single 12.060w
4 fFLD  GBC 0 94.54400.04 2888 16
Resistor, Fixed, Single 15.0C0w
c FLD  GBC 0 $844800.04 4495 2
Resistor, Fixed, Single 17.000w
c FLD  GBC 0 3754400, 4 28238 1
Resistor, Fixed, Single 20.000w
c FLD  GBC 16 79224400, 0N Lovee 12
Resistor, Fixed, Single 25.000w
4 FLD  GBC 4 42270800. 04 32516 15
Resistor, Fixed, Sirgle «0.C00w
< FLD GBC ¢ 2370 353, 0k 182346 14
Resistor, Fixed, Single 50,000w
c FLO  GBC 0 12053600, 0H 922 8
Resistor, Fixed, Single 55,000w
C FLD  GBC 0 452400.04 343 2
Resistor, Fixed, Single 75.000w
c FLD GBC Q 3942400000 30480 []
i Resistor, Fixed, Simgle 100. 000w
: ¢ FLD  GBC 0 1040004 8 1
. Resistor, Network, Unk
{ B " FLD  AIF 3 0.04 148 11
(I ] FLD AU 2 33595494 .04 79754 10 B
EEN M FLD AU 0 206642008 9758 10
M FL0 AT 9 1170320, 0H 10230 10
R » LD G 10 1290060000 CH 9 1
v S0 G8C 72 23473262820, 08 18054356 434 i
A Resistor, Network, §.250u b
Lo » FLO  AIf 1 0.0H 2 5 i
Resistor, Network, 0,500 -"
L M OFLD AU 0 458120408 10869 1
SR M FLD AUA 0 206662.04 1332 1
HIT Research institute * Besches Technical Campus * Ria. 28N * Rome, NY 13440-2069 * 315/336-2359 * FAX 315/336-137%
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Reliabiiity Modeling of Critical Compcnents Appendix A
Part Type Rated Pwr
Qual OType Env Tot. Fail Total Duration Total Pep. No. Rec,
L] FLO  AUF 7} 117032.08 1395 1
FLD  GF 3 9606090, 0 387 2
Resistor, Network, 0.750w
L] FLO AU 0 4581204 .0K 10849 3
M FLD  AUA 0 61998%.0H 1332 3
] FLD  AUF 0 351096.04 1395 3
Resistor, Network, 1.000w
[] FLD  ALF 39 0.0N 396 39
M FLD AU 0 29014292.04 63837 1"
] FLD  AUA ¢ 2273282.0H 8434 A2
L] FLD  AUF [4 1287352.0H 8335 11
Resistor, Networx, 1.250mw
] FLD AU Y] 16797748.0H 39853 1
M FLD  AUA 0 20644200 4884 1
L] FLD  AUF 0 117032.08 5115 1
Resistor, Network, 1.600w
] FLD  AlF [+} 0.0H 1 1
Resistor, Network, 125.000w
] FLD  AIF 1 0.01 2 1
Resistor, Thermistor, unk
c FLD  G8C [+} 656514400, 08 505088 20
L] FLD AlA 0 66139%4.0H4 146208 9
] FLO  AIT 0 3409600.CH 6016 9
" FtD G 0 6006000 . 0K 0 2
Resistor, Thermistor, 0.225w
c FLO  GBC 0 2293200.0H 1764 1
Resistor, Thermistor, 0.250uw
L] FLO AU 2 305413804 7266 2
] FLD  AUA 2 413324.08 388 2
] FLD  AUF 2 234064, OH 93C z
Resistor, Thermistor, 0.500w
L] FLO  GF 0 12808120.04 516 2
Resisror, Thermistor, 1.000w
] FLD AU 0 3054134, 04 7248 2
] FLD  AUA 0 413324.0d zas 2
M FLD  AUF 1 234084 . OH 930 2
Resistor, Thermistor, Beed Unk
c FLD  GBC 0 72420400, 04 55708 13
Resistor, Thermistor, Disc Unk
c FLD  GBC 4 621327200, 04 AT7944 54
Resi_tor, Thermistor, PIC Unk
c FLD  GBC [} 224021200.0H 172324 7
Resistor, Thermistor, Probe Unk
[ fFLD  G8C 0 15277600.04 1752 3
Resistor, Thermistor, Rod Unk
[ FLD  GBC 0 143852800, 04 110656 3
Resistor, Thermistor, Tub Unk
c FLD  GBC 4 73158800.04 56276 9
Resistor, Thermistor, WFR Unk
c FLD  GBC 0 1047280C.0H 8056 3
fesistor, Variable, Unk
1iT Research Institute * Seeches Technical Carpus * Rte. 26N * Rome, NY 13440-2089 * 315/336-2359 * FAX 315/336-1371
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Reliability Moditing of Critical Components Appendix A
Part Type kated Pwr
Qual ODType Env Tot, Fail Total Ouration Total Pop. Na. Rec.
c FLD  63C 8 1616037200.0H 12431464 20
M FLO  AlA 2 1033310.0H 2220 3
L] FLD  AIT 1 5464000, 0H 940 3
] FLD 6 32 442280000.04 0 6
Resistor, Variable, 0,250w
L] FLD  AlA 1" 206662 . 0H 444 1
] FLD  AIT 1 112802.04 188 1
L] FLD  GF 3 3202030.04 129 1
Resistor, Variable, 0.500w
L] FLD  AlA 0 619986 ,0R 1332 2
L] FLO  AIT 1 338400.04 S&4 2
L] FLD AU 0 3054135.0H 728 2
L] FLO  AUA 0 41332404 888 2
M FLD  AUF 0 234064 .01 930 2
] FLD  GF 9 3202030.04 129 1
Resistor, Variable, 0.750w
M FLD GF 1 25616260, 0H 1032 4 |
Resistar, Variable, 1.00Cw :
c FLD  GBC 0 60954400.04 45823 1 ;
] FLD AU 34 119111304 .0M 282594 14 |
M FLD AUA 2 2893268.0H 34432 1% i
] FLD  AUF 1 1638448, 0H 38270 14
] FLD  GF ] 3202030.04 129 1 !
Resistor, Variable, Single unk
[+ FLD  GBC ] 127307960C. 0 979292 355
Resistor, Variable, Trimmer Unk
c fLD  GBC 8 17969016000, 0H 13822320 320
Resistor, Varisble, Trimmer 10.000w
c FL  GBC 0 7316400, 01 5428 1
Resistor, Yaristor, Unk
[ FLD GBC 4 92554800, 04 71186 S
FLO 6 7 600000000, 0K Q 1

IIT Research Institute * Beeches Technical Campus * Rte. 24W * Rome, NY 13440-2069 * 315/336-2359 * FAX 315/336-1371
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Reliability Mcceling of Critical Components

Part Type Contact Config. Rated Current
Qual DType Env Tot, Fail Total Duration Total Pop. No. Rec,
Rotary Switch, Urknown Unknotm Unk
c FLD  AIT 15 114000.0H 0 2
[ PLD  GBC 4 257426000.,0H 193020 130
c FLO  GF 1 109000, 04 0 1
c FLD GM 0 52232.04 138 2
] FLD A 61 14749000.04 [} 3
L] FLD Al 4 90000.0H 0 1
M FLD  AIA 4 419986, 04 1332 1
M FLD  AlF 0 3050541.0H 14810 32
M FLD  AIY 1 6066042.0H 84S 3
] FLD AU [ 3054136.0H 7246 1
M FLD AUA 0 2054662 .01 888 1
] FLD  AUF 0 117032.0M 930 1
] FLD  GF 50 68822093, 04 646 10
H FLD GM 0 11934.04 384 5
L] FLD oM 0 98000, 0K 0 -]
] FLD  GRF 0 1700000.0¢C 0 2
L] FLD  HEL [] 97000.04 0 3
] FLD  MP 1 126180.0H 2103 3
M FLD  N8S 7 24838239.04 0 17
M FLO NS 84 57344938, 0H 57 4
L} FLD  NS8 1 48121560, 0M 1053 20
] FLD SF 1 2391000.04 0 1
1) rLD A 0 .0H 0 1
u FLD  ARW [¢] G.0H 0 1
u FLD G 0 0,04 0 1
U FLO  GF 1 4610800, 01 0 2
u FLO N 0 0.04 0 1
U FLD  NS8 0 0.0M 0 1
u FLD SF 0 0.08 0 1
Rotary Switch, Unknown Unknown 0.20a
L] FLD Al 0 17200C, 04 2 1
Rotary Switch, Unknown Unknown 0.25a
4 FLD  Gsv 0 6760000, O 2 2
Rotary Switch, Unkncwn Unknown 2.00»
L] FLD  NSB 1 1708100.0H 39 1
Rotary Switch, Unkmown Unknown 50.00m
L] FLD AU 2 1527068, 0H 3623 1
] FLD  AUA 3 206662 .0H 444 1
] FLD  AUF 9 117032.04 485 1
Rotary Switch, Unknown Unknown 200.00m
L] FLO AU ¢} 3054136.04 7246 1
M FLD  AUA 0 20666204 833 1
] FLD  AUF 0 117032.04 930 1
Rotary Switch, Unknown Unknown 750.00m
» FLD AlA 0 I WI.0H 444 1
M FLO  AlT o} 1128C0.08 123 1
Rotary Switch, Unknown Unk
c FLD GBC ¢ 6260000.04 4300 12
Rotary Switch, Unknown 4PLT NS Unk
c FLD G3C 0 88400.04 68 1
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Reliability Mod«ling of Criticat Components Appendix A
Part Type Contact Config. Rated Current

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Rotary Switch, Unknown 4POT NS Unk

[+ FLO  GBC 0 676000, 04 520 1
Rotary Switch, Unknown DP1371,PS unk

[+ FLD  GBC 0 4186000, 04 3220 1
Rotary Switch, Unknown oP3r 500.00m

M FLD  AIA [¢] 1239972.CH 2664 1

L] FLD  AlT 0 67£800.08 1128 1
Rotary Switch, Unknown DP4T unk

c FLO  G8C 0 1352000.0K 1040 2
Rotary Switch, Unknown P4t 250.00m

M FLO  AlA 0 206662 .04 444 1

] FLD AT 0 112800.0% 188 1
Rotary Switch, Unknown OP4LT NS Unk

[+ FLD  G8C 0 2631200.04 2024 1 ’
Rotary Switch, Unknown oP8T Unk

C FLD  GBC 0 691600.0H 532 1
Rotary Switch, Unknown DPST,NS Unk

C FLD  GBC 0 5200.04 A 1
Rotary Switch, Unknown sp Unk

c FLD  Gac 0 1:6052000.04 120040 9
Rotary Switch, Unknown SP10T,NS Unk

[ FLD  CBC 0 10311600.04 7932 3
Rotary Switch, Unknown $P127 150.00m

3 FLD AlA 0 206462 .00 444 1

L] FLO AT 0 112800.0K 188 1
Rotary Switch, Unknown S$P16T,Ps unk

c FLD  GBC 9 8262800.0H 6356 1
Rotary Switch, Unknown SP3T NS unk

< FLD  GBC 0 2631200.0H 2024 1
Rotary Switch, Unknown SPeY 500.00m

L] FLD  AlA 0 206562 .04 444 1

L] FLD AT 0 1128C0.0H 188 1
Rotary Switch, Unknown SP5Y Unk

L] FLD GF 2 5404060.04 258 2
Rotary Switch, Unknown SPTY,PS Unk

[+ FLO  G8C 0 2048800, 04 1574 2
Rotary Switch, Unknown SPBT NS Unk ‘

c FLD  @8BC 0 5252400.0H 40438 2
Rotary Switch, Unknown $P9T, S8 Unk

[ FLD 6ac 0 14092C0.04 1084 1
Rotary Switch, Unknown S$POY 250.00m

L] FLD  AlA 0 206462 . OH b4 1

L] FLD  AIT 0 112800.04 188 1
Rotary Switch, Lever Unkrown Uni

[+ FLD  G8C 0 20919600, 08 16092 24
Rotary Switch, Lever LP3IT NG Unk

c FLD  G3C 0 16120N. 08 124 1
Rotary Switzh, Levar LP4LT Unk

C "ac b] &B6400.CH 528 1
Rotary Switch, Lever [P Vink

c FLD G3C B} Tonenn Ay 392 1
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Part Type Contact Config. Rated Current
Cual OType Env Tot. fail Total Duration Total Pop. No. Rec,
Qctary Switch, Lever Lent ek
[ ) G8¢ ¢ 13520000 1040 1
F:tar Swrteh Shoreld RN 12y
< |23 I 04 [+ .S el } 2] 1
I2tasy Sw 2™, Stem'mg R e
L] LIS ] 2 $UNCTC . e 0 1
L LER-H 1 b F g S M 4 <] 1
- LG ) 2 T 3 1
< [T 3 ] : 1w - 1
$:0270 Ge N, ThaCuter e BV e
T £.3 A 3 CETIT e H 3
z $3 T M PSR ol 438 14
. LIS S R ] . Tl 38 3
- L o : ITT T W b4 11
3 .2 It  § S-S Te S8 3 3
. [P . IR ™ bad 1
Tae3"y Sw' t=", " ptus e e R Y la
b4 .2 ] *2 T e 2 1
2:28%y Su e, Tmmbarter A < Me
< .3 of * A S AL N J £34 9
Ti2a7y SwrtIN, Thawwrer: B S 3. e
< $S = 2 ¥leallS? pra 1
- (39 oF < TV e & 1
L] D . 2 SATLITC Tw 308 8
» .2 s 2 3 % W ] )] 2
Rotary Switsh, Thumbwireel R
[ [4%- B - 1o c 23537804 . On 18116 4
Rotary Switch, Thumbe eet 134 vk
c FLD  GBC g L747600 . 0m 3452 3
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Reliability Modeling of Critical Compoterts Appendix A
Part Type

Quat DType Env Tot. Fail Total Duration Total Pop. No. Rec,
Socket, Urknown,

c FLO  GBC 0 13202800.04 10156 ]

] FLD  AlF 0 16069404 . 0K 147158 56

N FLO  GF 0 1954568, GN 509 2

L] FLD NSB 0 384343800, 0K 3rrs e
Socket, adapler,

c FLO  GBC [ 199992000.CH 153340 5
Socket, Coax,

[ FLD  GBC 0 50585600, 0K 38912 1
Sockot, Crystat,

c FLD  G8C 0 3926800.04 3016 2
Socket, Crystal, WC-25/U

[ FLO  GBC 0 39296400, 04 30228 3
Socket, Cryztal, MC-6/U

c FLO GBS 0 50819600, OH 39092 4
Socxet, OIP,

c FLD [:] 8 10631020400. 01 8177708 147

c FLD  GF 0 18219346000, 0K 483152 2

M FLD  GF 0 322577218304 0 12

L] FLO NS 0 200500000, 0H 40744 1
Socket, Display,

[+ FLD  GBC 0 578154800,0H8 444736 17
Socket, Grourd,

c FLD  GBC 0 165105200, 04 127004 1
Socket, Hi-cansity,

c LD GRC J 27752400.04 21348 1
Socket, IC,

[ FLO GBRC 0 39150800.00 30116 4
Socket, IC, Chip Carrier

c fLD  GBC 0 41812160008 321432 5
Socket, 1C, PGA

c FLO  GBC 0 74001200.04 56924 18
Socket, Lam,

L] FLD  GF 0 124942090.08 7859 1

] FLD NS 0 76218231.04 1£56 1
Socket, recpepticle,

c FLD  GBC [ 127714000.04 97732 4
Socket, Relsy,

c FLO GSC 4 8458400, CH 75748 15

c FLO oM 0 5§2232.04 133 1

] FLD  AIF 2 118444 .01 s07 1

L] FLD kS 0 6343310.CH 138 H
Socket, SIP,

c FLD  GBC 8} 336044800, 01 258456 19
Socket, Sprirg,

c FLD  G5C 0 2683230.0K 2064 1
3ocket, Strip,

c FLD GBT 2 182133800.CH 144719 é
Socket, Stripg, DIP

c FLD  GBC 0 354046800, 04 27236 3
Soccket, Strip, SIP
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Reliability Mcdeling of Critical Components

Appendix A

Part Type

Qual DOType Env Tot. Fait Totsl Durerinn Total Pop. No. Rec.

[+ FLD  GBC 563602000.0H 433540 22
Socket, Strip, Square

c FLD  G3C 2849600, 0H 2192 1
Socket, Substrait,

c FLD  ¢BC 795600.04 612 1
Socket, Test,

c FLO  GEC 3822000, 0H 2940 1
Socket, Transistor,

c FLD  GBC 395553400, 0H 304272 H
Socket, Tramsistor, 70-18

c FLD  6BC 12386400.0H 9523 2
Socket, Transistor, 70-3

[+ FLD GBC 299722800.04 230556 15
Socket, Trensistor, T0-5

c FLD  G8C 64038000.0H 49240 4
Socket, Transistor, T0-66

[ FLD  GBC 18735600.04 14412 4
Socxat, Tube,

c FLD  GBC 4538480004 35296 7

L] FLO GF 1921280, 0K 128 1
Socket, Tube, CRT

c FLD  GBC 34117200.0H4 26244 3
Sccket, Tube, Circular

c FLD  GBC 6947200, 04 5344 2
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Reliability Medeling of Critical Components

Rated Current

Part Type
Qual DType Env Tot. Fail Total Duration Total Pop. w0. Rec..
Switch, Unknown, Unk
c FLD Al 2 3952000.0H [/] 1
c FLD AIT 1081 10075000.04 0 2
[ FLD GF 1 3000000.0C o 1
[ FLD GF 0 8778400, 04 0 3
M FLO A 356 2155461.0H 142 &b
H FLD  AlA 2 206662 .0K 444 1
] FLD  AlF 0 136752.04 609 3
M FLD  AIT 1 112800.0H 188 1
L] FLD AU 0 1527068.0H 3623 1
M FLD  AUA 0 206662.00 hid 1
M FLD  AUF [ 117032.0H 465 1
] FLD  DOR 0 44949000, 04 1601 5
] fLD  GF 2 646000,0C 20 2
] fLD  GF 21 10830821.04 109 4
M FLO GM 112 300%1835.04 7407 41
M FLD  HEL 348 3528000.0H4 0 2
M FLD  NBS 2 3952000, 01 0 1
M FLD NH 13 8028.01 [+] 1
] FLD NS 0 1199757408 13 7
" FLO  SF 4 7880000, 0 L] 2
v FLD G ) 900000, 0H 0 1
Switch, Unknown, 5.000a
L] FLD  GF 0 142560.00 S 2
] FLO NS 0 498078.0M 1 1
Switch, Unknown, 10.000a
L] fFLD  GF 0 31230.04 ] 2
L] FLD NS 0 996156.0H 2 2
Switch, Actuator, uUnk
€ FLO  GBC 0 10545600.08 8112 1
Switch, Array, Unk
c fLD G8C 0 109200.0R8 8 1
Switch, Centrufugal, Unk
» FLD  AlITY 2 65000. 0% 0 1
] FLD AU 237 6710G0.0H 0 1
M FLO GF k) 1659620, 04 0 1
M FLD  HEL 59 439000, 04 0 2
u LD A o 0.08 0 1
] FLD  ARW "] 0.08 g 1
V) FLD G 0 0.0M 0 1
Switch, Cantrufugel, 120.C000a
L] FLD N/R 3 1658880, 0K 1C8 1
Switch, Coaxial, unk
[+ FLD  GF 2 44645000, 0C 0 2
] FLD  GF 4 14030383, 04 113 3
M FLD oM 0 9945. 04 320 2
u FLO G 4] 0.0H 0 1
Swi*ch, Coaxisl, Eioctromechasical Unk
U] FLD NS 10 277800.0H 13 1
Switch, Contxct, Urk
[4 FLD  ¢acC 0 333257600, 04 256352 3
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Reliability Modeling of Critical Components Appendix A
Part Type Rated Current

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Switch, Control, Unk

c FLD  GBC s} . 10192C0.0N 784 1
Switch, Cover, Rooker Assembly Unk )

c FLD  GBC 0 62400.0# 48 1
Switch, Crank, Unk

[4 FLD GBC 0 202800.CH 154 1
Switch, DIP, unk

c FLD GBC 0 15620800, 04 12016 1

c FLO  GF 1 4229019, 0H 2784 1
Switch, DIP, 100.000a

M FLO  GF 0 114048.0K & 2
Switch, DIP, Rocker 0.030a

c FLD G8¢ 0 25053400, 04 19272 1
Switch, DIP, Rocker 0.050ae

c fLD  GBC 0 894587200, 04 688144 28
Switch, DIP, Rocker 0.060a

c FLD  GBC [+} 22914200.04 17424 2
Switch, DIP, Rocker U.100a

c FLD  GBC 0 132813200.0H 102164 12
Switch, 0DIP, Rocker 0.1258

c FLD  GBC 0 301600, 0% 232 1
Switch, DIP, Rocker 0.250a

c fFLO  G8C 0 5200,0H 4 1
Switeh, 01P, Rocker ’ 5.000a

4 FLD  GBC 0 114400, 0H 83 1
Switch, DIP, Rotary 0.100a

c FLD GBC 0 $902000,04 4540 1
Switch, DIP, Slide 0.050a

c F.) GBC ¢} 14606500, 00 11236 7
Switch, DIP, Slide 0.100a

[+ FLD  G3¢C 0 8434539200.04 648184 38
Switch, DIP, 5lide 0.250a

[+ FLD  GBC 0 3172000.04 2440 ]
Switch, 0IP, Surfacs Mount 0.100a

c FLD  GBC 0 $&2000. 0N 760 1
Switch, DIP, Toggle 0,050a

c FLO  G8C 0 1383200.04 1064 2
Switch, Gisplay, Unk

c FLO  G8C 0 1783400, 0% 1372 1
Switch, End Plate, Unk

c fLD  GBC 0 447200.04 344 2
Switch, Float, Uni

c FLD AU 0 $0000.08 0 1

c FLO H/R ib 2784000.04 189 1

L] FLD AU 2 one. C4 0 1

] FLD  GF 2 334000,0C [1} 1

L] FLD o] 2 21000.08 0 1

X FLD  MEL 2 43000.08 0 1
Switrh, Flost, Ligquid Level Ind, Unk

U FLD A Q 0.04 0 1

u FLD ARW 0 0.04 o] 1
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Reliability Modeling of Critical Components

Part Type Rated Current

Qual DType Env Tot. fFail Total Duration Total Pop. . Rec.

u FLD GM 1] 0.0H 0 1
Switch, Flow, unk

L] Flo A 1 34479.0H 1 1

L] FLD  GF 1 342144 .08 12 1

M FLD GM 1] 3978.08 128 2

M FLD NS 4] 498078.0H 1 1

L] FLd  NSB 0 3985800. 0% 91 2
Switch, Flow, 0.500a

L] FLD GF 10 2737152.04 96 1
Switch, Flow, Liquid Unk

L] FLD NH 24 30252.08 2 2

U FLD oM 4 535968.0H 3260 2

u FLO NS 7 1386117.0M 3438 3

u FLO N 2 20960.0H 20 1
Switch, Flow, Padkdle Tyoe Unk

" FLD  GF 56 11612160.0K 740 3
Switch, Foor, Unk

[+ FLO GBC 0 434800, 04 338 1

] FLD A 13 25492.0M 1 1
Switch, Frame, Unk

c FLD  GBC 0 561600.04 432 1
Switch, Humidity, Unk

L} FLD  GF 3 238444 . 0N 54 1
Switeh, Impect, Unk

c FLD GBC 0 24637600, 08 18952 1
Switch, Inertiasl, Unk

(] FLO  DOR 9 13710000G, OM 649 1

u FLD  GF 0 0.0% 0 1
Switch, Intertock, Unk

M FLD GF 3 15497000, 0K 0 1

V] FLO G é 9500, 04 190 1
Switeh, Interiock, 10.000a

] FLO Gf 2 758419208 266 1

] FLD NS 1 1494234 . OH 3 1
Switcn, Xeyboard, Unk

[+ FLD  GBC 0 68577600.0W 52752 3

] FLD G 0 13882, 04 0 1
Switch, Xeylock, unk

[+ FLD  GBC 0 150800, 0K 116 1
Switch, Keylock, 109.000e

[4 FLO  Gac 1] 338000.0H 260 1
Switch, Xeyswiteh, Unik

c FLDO  GBC 4] 171600, 08 132 1
Switch, Lever, Unk

c FLD  GBC 1} 3328C0. 0K 256 1
Switeh, Limit, Unk

N FLD A 296 11982000.04 1] 1

] FLD AU 42 96000, OM 0 2

] FLO  GF 5 711000.3¢C 21 3

L] FLD  GF 3 5265574 .04 305 S

2] FLD GM 0 5967.04 192 1
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Reliability Modeling of Critical Comgcrents Appendix A
Part Type Rated Current
Qual DOType Env Tot. Fail Total Duration Total Pop. No. Rec.
M FLO  GMW 1 21000, 0H 0 1
u FLD A 0 0.04 0 1
u FLD GM 0 0.0# [ 1
Switch, Link, unk
c FLD GBC ¢} 405600.0H 312 1
Suitch,l Liquid Level, Unk
M FLD  GF 2 4624224.0H 54 1
Switch, Microwave, unk
c FLD  GBC 56 50398400.0H 38768 11
Switch, Overcurrent, Alarm uUnk
] FLD  GF 2 3504000.0¥ 200 1
Switch, Pressure, Unk
c FLD AT 433 10956000, 08 0 4
c LD oM 0 52232.04 138 2
M FLD A 561 1179084, 0K 81 33
L] FLD  Alf 25 760000.0H 5120 1
] FLD AU é 763000,0C [} 1
] FLO AU 1383 21801000.04 0 4
L] FLO OOR 96 57450000.0M 220 3
L] FLD 68 1 26000.0¢C H 2
L] FLD GF 24 38589000, 0% 0 S
] FLD oM 0 5967.01 192 3
] FLD GMY 183 26390000, 0H 4 H
M FLD  HEL 348 1047000, 0% 0 5
] FLD MBS 4 613000.08 0 1
L] FlD NS 18 798000.08 0 1
] FLD  NSB 9 569400.04 13 1
u FLD A 0 0.0M 0 1
u FLD  ARW 0 0.0n 0 1
u FLO 3 0 0.0H 0 1
U FLD  GF 1] 0.0H 0 1
u FLD M 0 0.0H 0 1
1] LD N 0 0.0 0 1
U FLD MSB 0 0.0M 0 1
Switch, Pressure, Air Flow urnk
u FLD  GF 9 2155190, 04 256 5
u FLD oM 9 810421.04 415 H
uU FLO ML 0 164.04 1} 1
u FLO NS 38 4202120.04 496 4
u FLD WU 1 40000.0H 20 1
Switch, Pressure, Diaphragm Unk
L] FLO  GF 19 SO18112.0H 324 H
Switch, Pressure, fuel unk
] FLD A é 42000,0M 1} 1
Switch, Pressure, Kydraulic Unk
] FID A 333 2776000.0¥ 0 3
L} FLD  HEL 70 778000, 0H 0 1
¥} FLD A 0 0.0 e 1
u FLD  ARM 0 0.0M 0 1
Switch, Pressure, Refrigerator Unk
" b GF 2 320.04 182 1
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Reliability Modeling of Critical Components

Part Type Rated Current

Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Switch, Programming, Unk

c FLD  GBC 0 260900, 0K 200 1
Switch, Push Button, Unk

[+ FLD Al 1 9921000.0H 0 3

[+ FLD  GBC 28 517155400, 0H 397812 120

c FLD GF 21096 775190305.0H 403444 2

] FLD A 101 3524000.08 0 2

] FLD  AIF 0 593157.04 2289 S

M FLD DOR 0 603000, 0H [} 1

L] FLO GF 3 487407.0¢ 108 1

L] FLD GF 8 53928031. 04 1070 [

] FLO M 215 26520564 . 0H 1507 4

L] FLD  GMwW 0 34705.08 0 1

L] FLD  HEL 0 1284000.0H 0 1

L] FLO  NBS 169 917470C0.0H 0 é

] FLD NS 57 1508064612, 0% 5744 14

L] FLO  NSB 0 13094200.0N 299 10

u FLD A 0 0.04 0 1

1] Fte ARW 0 0.08 0 1

U FLO G )] 0.0M [} 1

u FLD GF 4] 0.0¢ 0 1

U FLD N 0 0.08 0 1

] FLD NSB 0 0.04 0 1
Switch, Push Button, 0.010e

[+ FLD  GBC 0 1388940800, O 1068416 4
Switch, Push Button, 0.020a

c FLD  GBC 0 59893400.CH 46072 10
Switch, Push Button, 0.040s

c FLD  GBC 1} 12901200.08 9924 3
Switch, Push Button, 0.0452

) c FLO  GBC 0 6318000. 0¥ L850 1

Switech, Push Button, 0.050a

c FLD  GBC 1] 930434600. 01 71572 4
Switch, Push Buttonm, 2.1C%

c FLO  G8C 52 724856400.00 557428 8
Switch, Push Button, 0.125a

c FLO  GBC 8 1416017200, 0K 1069244 7
Switch, Push Button, 0.150a

c FLD 63C G 9578400, 0N 7363 1
Switch, Push Button, 0.250a

c FLD  GBC 28 515996000. 0K 394520 18
Switch, Push Button, 0.4508

< FLD  G8C 0 40222006.04 3avad 10
Switch, Push Button, 0.500a

c FLD  G8C 0 43643800, 0H4 33578 14
Switch, Push Futton, 1.000a

c FLD  GBC 8 39696800, 0K 30536 22
Switch, Push Button, 1.500e

c FLU  GBC 0 1347600, 01 1052 1
Switch, Push Button, 2.000e

L] FLO AU 52 1527068, 0% 3623 1
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Reliability Modeling of Critical Componrents

Apperdix A

Part Type Rated Current

Qual OType Env Tot. Fail Total Duration Total Pop. No. Rec,

M FLD  AUA 0 206662 .04 444 1

] FLO  AUF 0 117032.04 465 1
Switch, Push Button, 2.500a

c FLD  GBC 0 398855600.0H 308812 1
Switch, Push Button, 3.000a

L] FLO  NSB 4 5£370500.04 1287 2
Switch, Push Button, 4.000a

c FLD  G8C 36 316742600.08 243648 22

L] FLDO  GMW 0 7000.04 0 1
Switch, Push Button, 5.0008

c FLO G8C 3% 88342800.0H 67956 12

M FLD Al 1 438600.0H 51 1

] FLD  AIA 5 413324.08 838 2

M FLD  AIT 0 225600, 0K 376 2

] FLD  GF 0 150951204 51 18

L] FLD NS 1) 29000.0H 0 1
Switch, Push Button, 6.000a8

c FLD  GBC 0 67787200.0H 52144 7
Switch, Push Button, 7.000a

[ FLD  GBC 3} 1726400.0H0 1328 1
Switeh, Push Button, 10.000a

c fFLD  GBC 0 135200.0K 104 2

M FLD  GF 0 57024 .04 2 2
Switch, Push Button, 10.100s

C FLD  GsC [V} 18234400, 04 14028 2
Switch, Push Button, 10.500a

c FLD  GBC 0 134462800, 04 10356 5
Switch, Push Button, Asserbly Urk

c FLC  G8C 0 2958800, 0H 2276 3
Switch, Push Button, Iliuminated Unk

] FLD  GF 0 10400,0H 4} 1

] FLD  NS8 0 1708200. 04 39 1
Switch, Push Button, Iltuminated 2.000s

c FLD  GF [} 1898450, 04 188 1

] FLD  NS3 2 1708200, 04 39 2
Switch, Push Button, Pendant-Hoist (Xey) Unk

L] FlLD A 83 $04014.0H 27 14
Switch, Push Button, Pendant-Holist (Key) 3.000a

c FLD  GF [ 25894560, 04 6313 1
Switch, Push Button, Sengitive Unk

M FLD NS 0 5832333.04 1540 4
Switch, Push Button, Sensitive 1.000a

L] FLD AU 1 1527068, 04 3623 1

L] FLD  AUA 0 206662 .04 444 1

] FLD  AUF 0 117032.0M 485 1
Switch, Push Button, Sensitive 2.0C0a

] FLD AU 149 1527048, 04 3623 1

] FLD AUS 10 2066482, 0H bi4 1

. " FLD  AUF 6 117032.0K 465 1

Switch, Push Button, Sensitivae 5.00Cs

c FLD oM 0 26116.0M 80 1
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Reliability Modeling of Critical Components

Rated Current

Part Type

Quat OType Env Tot. Fail Total Duration Totsl Pop. fo. Rec.
Switch, Push Button, Switch Extender Unk

[ FLD  GBC 0 1019200.04 784 1
Switch, Pushwheel, Unk

[ FLO JBC 1} 223400,08 172 1
Switch, Reed, Unk

[ FLO GF 0 1200000000, 0C [+} 1

c FLD GM 2 16252000.0H 0 1

c LD  N/R n 6827000. 0K 424 1

L] FLO DOR 0 964000,0H 65 1

] FLD  SF 0 908000.0H 25 1
Switch, Rocker, Unk

1] FLD  GF 19 1804200, 0H 8521 2
Switch, Rocker, 0.020s

c FLD GBC 0 9573200.0H 7364 H
Switch, Rocker, 0.030s

c FLO  GAaC 3 22032400.0H 16948 1
Switch, Rocker, 0.100a

c FLD  GBC 0 20155260, 0H 15504 3
Switch, Rocker, 0.250a

c FLO  GBC 4 90578800.04 69676 1
Switch, Rocker, 2.000a

c FLO  GBC 0 2152800.0M 1656 1
Switch, Kocker, 3.000a

[ FLD  GBC 0 51563200.08 39644 5
Switch, Rocker, 4.000a

c FLD  GBC 0 133889600.04 102992 3
Switeh, Rocker, 5.000a

[ FLD G8C 0 7202000.04 5540 6
Switch, Rocker, 6.000s

[« FLD  GBC 0 1102400, 04 848 2
Switch, Rocker, 10.000a

c FLD  GBC 0 84198400, 04 84768 5
Switch, Rocker, 12.000a

c FLD  GBC Q 374400.04 288 1
Switch, Rocker, 16.000a

c FLO  GBC 4} 17399200.04 13384 8
Switch, Rocker, Actuator Unk

c FLD G8C o] 5673200, 0H “364 2
Switch, Section, Unk

c FLD GBC 0 14617200.04 11244 10
Switch, Sensitive (micro), Unk

c FLD oM r] 26116.08 49 1

] FLD A 202 12707079.04 10 ]

L] FLD AlF Q 304952.0M4 1188 2

L] FLD AIT 13 1267642.04 1092 1

L] FLD  AMF 2 8000.0# 0 1

M FLD  DOR 0 2237C00.0% 3 3

L] FLD  GF 16 32353320.0K 1503 4

L] FLL  HEL 46 1G100C0. OH 0 2

" FLD  NBS 51 46202060.04 0 2

L] FLD NS 3 7043449 .04 164 4
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Re(iatility Modeling of Critical Comporents

Appendix A

Part Type Rated Current

Qual DOType Env Tot. Fail Total Duretion Total Pop, No, Rec,

M FLO  NSB 0 27331600,00 424 4

u Filo A 0 0.00 9 1

u FLO  ARW 0 0.04 0 1

u FLD G 0 0.0H <] 1

u LD  GF ] 0.04 (] 1

U FLD ML 0 0.0m 4] 1

u FLO  uS8 [¢} 0.0H (] 1
Switch, Sensitive tmicroy, 0.100a

4 FLD  GBC 120 38781600.01 29632 é
Switch, Sensitive (micre), 0.500a

c FLD  GBC 1] 6890000, 0M 5300 2
Switch, Sengitive (micro), 1.000a

c FLD 8¢ 0 129880400, 0K 99908 3
Switch, Sensitive (micro), 3.000a

c FLD  GBC 0 1019200.04 734 1
Switch, Sensitive (micro), 4.000a

c FLD  c8C [3 15917200.0K 12244 2
Switch, Sensitive (micro), 5.000a

[4 FLO  GBC 0 11965200, 04 9204 5
Switch, Sensitive (micro), 7.00Ca

[ FLD  GBC 0 1097200.08 844 2
Switch, Sensitive (micro), 10.000a

[ FLD  NSB 1 10819000. 0K 247 1
Suitch, Sensitive (micro), 10.100e

[+ FLD  ¢BC 0 312000.0K 240 1
Switch, Sensitive (micro), 15.000s

[ FLO  GBC 0 187200.04 144 2
Switch, shield, unk

c FLD  G8¢ 0 12731400, 0K 9832 3
Switch, Slide, Unk

c FLL  NBS 16 74050000.04 o] 1

L FLO A 9 28100.04 1 1
Switch, Slide, ' C.020a

c FLD  65¢C 0 6862960904 52792 8
Switch, Slide, 0.03Ca

[4 FLO  ca¢ ¢} 1955200.¢04 1504 1
Switch, Stide, 0.100a

c FLD  GBC 0 993200. 0N 764 2
Switch, Slige, 0.300a

c FLD  G6BC 0 25604800, OH 19694 é
Suitch, Slice, 0.500e

c FLD  GBC 8 460236400, 04 354023 42
Switch, Slide, 1.000a

c FLD  GBC 0 1645286008 12656 9
Switch, Slide, , 1.500a

C FLD  GRC 0 158802800, CH 122156 14
Switch, Stide, 2.0C0a

[ FLD  g8C 4 28457200.01 22044 5
Switch, Slice, 3.000a

c FLD ¢3¢ v} 5532800.08 4256 4
Switch, Slide, 5.000s
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Reliability Modeling of Critical Comporents Appendix A
Part Type Rated Current
Quat DType Env Tot. Fail Total Duration Total Pop. No, Rec.
c FLD GBC 8 $31939200.04 409184 19
Switch, Slide, 6.0000
[+ FLD  GBC 0 920400.04 708 2
Switch, Slide, 12.000a
[ FLO  G8C 0 135200.0H 104 1
Switch, Snap Disc, Unk
[+ FLO GBC 0 97676800.08 75136 2
Switch, Spacer, Unk
c FLO  G8C 1} 179727600.04 138252 2
Switch, Thermostatie, Unk
c FLD  AIT 17 3374000.00 [1} 2
c FLD  GF 0 344000.04 0 ]
c FLO N8BS 0 4137000.04 0 2
] FLD A 5 6017104 2 2
] FLO At 0 4000, 04 0 1
] FLD  AIF 0 38813.0H . & 3
] FLO AU 8 2285000.04 0 1
] FLO  DOR 0 5382000.0H 123 4
] FLD GF 1 9259380. 0K 344 5
L] FLD  GM 9 13822225.0M 114 2
] FLD  GWW 0 1043000, OH [/] 1
M FLD  HEL 9 218000.0H 4} 2
] FLD  NBS 7 2233000.08 0 2
] FLO NS 29 53445760.08 1305 18
] FLD  NS8 0 28470000.0H 650 10
v FLD A 0 0.0H 0 1
U FLD  ARW 0 0.08 0 1
v FLO  AUT 3 264620.04 500 1
u FLlD G 4} 0.0# [+] 1
1] FLO  GF 14 1455496046, 0K 30583 S
u FLO oM 33 3655909. 04 1849 3
i FLD N 0 0.08 V] 1
u FLD NS 13 3135144 .00 3
u FLD  Ns8 19 345600. 04 3212 ]
u FLD W 3 200190.08 98 3
Switch, Thermostatic, 4,000a
c FLD GF 0 28000.04 0 3
Switch, Thermostatic, Simetal Unk
] FLD  GF ] 2488320.0M 162 2
Switch, Thermostatic, Fire Detector Unk
f] LD A 19 1064000.0H 2 1
Switch, Thermostatic, Remote Bulb Unk
" FLD A 4 25492.0H ' 1 1
L] FLO  GF 4 1658880. O 108 1
Switch, Time, Unk )
c FLO  GBC 0 1019200, 04 784 1
Switch, Toggle, Unk
[ FLD A 0 345000, 0M 13 1
c FLD  G8C 0 10400.0H 3 2
[ FLO  GF 0 25000.04 30 1
c FLO GM 1 26115.0% 69 1
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Reliability Modeling of Critical Companents

Apperdin A

Part Type Ratad Current
CQual DType Env Tot. Fail Totsl Duration Tacal Pop. No, Rec,
N FLD A 34 4573910.0A [*} 1
N FLD A 265 31353C13.0H4 7 27
N FLD  AlF 69 1911430.CH 22990 26
L] FLD  AIY 1 1267464208 5468 1
M FLO pOR 0 101G900.08 0 1
] FLD  GF 135 410367414.08 11957 14
] FLO oM 23 1317960. 04 68 3
L] FLD  GMW 1 355000.0HW [+} ]
M FLO  HEL 8 4300G0,0M 0 1
] FLD P 0 42040.0H 701 1
L] FLD  NAB 0 569400.04 13 1
] FLD  NBS 18 442723C00.0H 0 13
L FLO NS 60 110706010.0n 4445 43
] FLD NSB 0 37011200.0H 845 13
M FLD  SF 0 5480000.0H 0 1
u FLD A 0 0.08 0 1
V] FLD ARW 0 0.04 1] 1
U FLD G 1] 0.0M 0 1
U FLD  GF 1} 0.04 0 1
u FLOD GM 0 0.04 0 1
u FLO N 0 0.0H 0 1
Switeh, Toggle, 0.020s
[+ fL0 GBC [ 85472400, 0H &5748 26
Switch, Tosgle, 0.400s
c FLD  68C 0 8845200.08 6804 1
Switch, Toggle, 0.500s
[4 FLO  G8C 0 22984000, 04 17680 H
Switch, Toggle, 2.000a
c FLO  GBC 0 103469600, 04 79592 25
Sw'teh, Toggle, 3.000a
c FLD  GBC 4 25844900, 08 1580 5
Switch, Toggle, 4.000a
] FLD Al -] 197800.0M 3 5
] FLD  AIF 16 592220.0M 2535 2
Switch, Yoggle, 5.000~
c FLD  GBC 1} 61594000.08 47380 8
M FLD Al 0 4000.04 ¢ 1
N FLD  ALF 1 235888.0H 1014 1
L] FLD  GF [} 3341832.04 111 2
M FLD G 0 257000.0K 5} 3
L] FLD N8BS 0 453000.08 0 S
Switch, Toggle, 6.000a
c FLD  GBC 0 1649200.04 1284 2
Switch, Toggle, 7.500a
c FLD  GBC 0 5200.04 4 1
switch, Toggle, 10.000a
c FLO GBS G 175396C0. 08 13492 é
c FLD oM o 26116.04 &9 1
N FLD ¥ 0 104464 . OH 278 3
M FLD NS 0 498073.04 1 )]
Switch, Toggle, 18.0008
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Ret1ability Modeling of Critical Components

Rated Current

part Type

Qual OType Env Tot, Fail Total Duration Total Pop. No, "a

M FLO oM 0 26116.08 &9 ‘
Switch, Toggle, 20.000a

] FLD  GF 1} 102643200 34 1

] FLO GM 0 76148.0M 207 2

] FLO NS 0 2490390.04 S 1
Switch, Togjle, 25.000a

(] FLD oM 0 ' 120000. 0K < 1
Switech, Teggle, 28.000a

L] FLO  GF Q 884283, 0K rdY
Switeh, Toggle, 30.000a

c FLO  GBC 0 1320800.0M 1016 N
Switch, Toggle, Alsrm Unk

[ ] FLO  AIF 0 T7626.04 1762 é
Switch, Toggle, Alarm $.000a

] FLO GF n 6404060, 08 258 1
Switch, Toggle, Alarm 20.000a

] FLD GF 3 6404060, 04 28 1
Switeh, Toggle, Sensitive Unk

L] FLO AlF 0 38813.0K 831 3

[ FLO  GF 1 180982000.0H 0 2

L] FLO MP 0 84720,0M 1402 1

L] FLD NS 2 9239000,04 0 2
Switch, Toggle, Sensitive 7.000a

L] FLO  ATA 0 41232404 3838 1

L] FLD  AIT 0 225600.04 376 1
Switch, Voltage, Unk

[ FLD  GBC o] 10192C0.0H 784 1
Switch, Wave Guide, Unk

L] FLD GF 1 580000, 0C 0 1

] FLO GF 4 112351200 1 2

v FLD GF 2 500000.0H 20 1

U FLO oM 3 59481.0# 25 2

u FLD NS 3 46200.08 34 2
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Reliability Modeling of Critical Components

Appendix A

Part Type Rated Temp. Rated Current

Qual DType Env Tot. Fail Total puration Total Pop. No. Rec.
Thermal Switch, Unknown Unknown Unk

L] FLD A 14 84300.04 3 3
Thermal Switch, Unknown 75.00¢C 13.30e

c FL0  GBC 0 26000.0H 20 1
Thermal Switch, Fixed Unknown urk

L] FLO A 8 67415.04 2 2
Tharmal Switch, Fixed Unknown 12.00a

[+ FLO  GBC 0 5616C0.04 432 1
Thermal Switch, Fixed 6.60C 15.00a

c FLD  GBC [4 22989200.0H 17484 1
Thermal Switch, Fixeu 4.40C 15.00s

c FLD  GBC 0 2298400.08 1768 1
Thermal Switch, Fixed 40.00C 1.00s

c FLD  ©BC [ 650000.0H 500 1
Thermal Switcn, Fixed 45.00C 1.00s

c FLD  GBC 0 5023200.0H 3864 1
Thermal Switch, Fixed 50.00C 8.00a

c FLD  GBC [t} 18400.0H 8 1
Thermal Switch, Fixed 50.00C 25.00a

4 FLD  GBC 4 62400.0H 2.1 1
Thermal Switch, Fixed §5.00C 1.00a

c FLD  GBC 0 14085800, 0H 1834 1
Thermal Switch, Fixed $5.00C 5.00a

c FLD  G8C 0 15600.04 12 1
Thermal Switch, fixed 70.00C 1.00a

c fLO  GBC 0 £81200.04 524 1
Thermal Switch, Fixed 71.00¢ 2.50a

c FLD  GBC 0 1981200.08 1524 1
Thermal Switch, Fixed 71.00C 12.90a

c FLD  GBC 0 9245500.0H 7112 1
Thermal Switch, Fixed 73.00¢ 2.00a

c FLD  GBC 0 83200.08 &4 1
Thermat Switch, Fixed 75.00C 1.00a

c FLD  GBC 0 27352C0.04 2104 1
Thermsl Switch, Fixed 75.00¢C 5.00a

c FLD  GBC 1) 1132800.08 876 1
Thermal Switch, Fixed 75.00¢C $.00a

c FLD  GBC 0 3894800.08 2996 1
Thermal Switch, Fixed 75.00C 15.00a

c FLD  Gec 0 73528C0.0¥4 5656 2
Thermal Switch, Fixed 80.00C Unk

c FLD  GBC 0 2633400.0H4 1872 1
Thermal Switch, Fixad 80.00c 10.C0s

c FLD  GBT 0 2045600, 04 1592 1
Thermal Switch, Fixed 85.00¢C 1.00a

c FLD  68C 4 852800.04 658 1
Thermal Switch, Fixed 85.C2¢C 4.002

c LD G3C 0 5200.0H 4 1
Thermal Switch, Fixad 85.00C 15.00s

[ FtD  G8C 4 804000. 0t 620 1
Thermat Switch, Fixed 85.03¢C 3.00a
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Reliability Modeling of Critical Components

Part Type Rated Temp. Rated Current

Quat DType Env Tot. Fail Total Durstion Total Pop. No. Rec.

c FLD GeC 0 6640400, 04 5108 1
Thermal Switch, Fixed 89.00C 15.00a

c FLD GBC 0 9822800.04 7556 2
Thermal Switch, Fixed 90.00C Unk
] c FLD  GBC 0 747760004 $752 1
Thermal Switch, Fixed 90.00C 1.00a

c FLD G8C 0 520000.0H 400 1
Thermal Switch, Fixed 90.00C 3.00a

c FLD G3C 0 8470800.0M 6516 1
Thermal Switch, Fixed 90.00C 6.00a

4 FLD GBC 0 447200.0H4 344 1
Thermal Switch, Fixed 90.00C 8.00s

c FLD  GBC 0 1596400, 04 1228 1
Thermal Switch, Fixed 90,00C 10.00a

c FLD GBC b 124800.0H 9% 1
Thermal Switch, Fixed 92.00C 10.00s

[ FLO  GBC 0 3554800.0H 2736 2
Thermal Switch, Fixed 93.00C 0.75e

[ FLD GBC 0 3564000.00 280 1
Thermal Switch, Fixed 93.00C 2.508

c FLD  GBC 0 62400.08 48 1
Thermal Switch, Fixed 100.00C 2.50s

c FLD GBC 0 8268000, 00 6360 1
Thermal Switch, Fixed 100.00C 5.00e

[+ FLO  GBC 0 514800.08 396 1
Thermal Switch, Fixed 100.00¢C 8.00s

4 FLD  G8C 0 1903200. 0N 1464 1
Thermal Switch, Fixed 100.00¢C 10.00a

c FLD GBC 4 22614800, 04 17396 2
Thermal Switch, Fixed 104.00C 8.00a

[+ FLO GBC 0 5808400.08 4448 1
Thermal Switch, Fixed 105.00C 15.00a

c FLD  GBC 0 3239600.0H 2492 1
Thermal Switsh, Fixed 106,00C 15.00a

c FLD  G8C 4 8741200.0H 6724 1
Thermal Switch, Fixed 110.00C 6.0Ca

c FLD  GBC b} 5876000, 04 4320 1
Thermal Switch, Fixed 110.00C 13.30s

c FLD  G8C 0 10134800.04 7756 1
Thermal Switch, Fixed 110.00C 15.00s

c FLD GBC 0 10400.08 ] 1
Thermal Suitch, Fixed 120.00C 4,00

c FLD  GBC 0 6718400, 0H 5168 i
Thermal Switch, Fiaed 120.00¢C 8.0Ca

[ FLD  G8C 0 1991600. 0% 1532 1
Thermal Switch, Fixed 140.00C 6.304

c FLD  G8C 0 62400.04 L.} 1
Thermal Switen, Fixed 371.06¢ 25.008

[ FLD  GBC 0 62400, CH [%.} 1
Thermal Switch, variable Unknown Unk

c FLD  G8C 0 93800, 08 n 1
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Reliability Mocdeling of Critical Comporents Appendix A
Part Type Rated Tenp. Rated Current
Qual DType Env Tot. Fail Total Duration Total Pop. No. Rec.
Thermal Switch, Variaole Unknown 25.00a
c FLO  GBC 0 478400.0% 368 1
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Appendix A

Reliability Modeling of Critical Components

Part Type Sec. Current
Qual DType Env Tot. Fail Total Duration Total Pop, No. Rec,
Transformer, Unknown, Unk
FLD GF 5 7842522.0H 447 6
[ FLD  AIF 0 0.0H a8 7
c FLD GBC 8 872840800,04 671416 104
4 NOP  GF 16 357000CC0. OH 1] 4
" FLO  ALF 2 550769504 52442 120
] FLD  AIT 11 1267642, 0N 819 1
] FLD AU 8 18324816.01 43476 1
L] FLD  AUA 0 2273282.0H 5328 1
L] FLO  AUF [4 1287352.08 5580 1
L] FLD GF 0 760320,08 198 2
] FLO oM 0 22414210.00 903 ]
] FLD NP 0 2018880.08 33648 36
L] FLD NS 0 316799604 787 14
L] FLD NSB 3 48896700, 04 1703 - 37
] NOP  GF 12 3619035000, 0K 12249 17
] NOP  GM 0 2041756000, 08 12852 3
v NOP  GF 0 16000000, 04 0 1
V] NOP M 0 131804000.04 9129 25
Transformer, Unknown, 400.00m
L] FLID GM 0 3202030.08 129 1
Transformer, Audio, Unic
c FLD  GBC [/] 39119600.08 30092 11
L] F'.D  AIA 0 2479944 .0 5328 7
] FLD  AIT 1} 1353600. 04 2256 7
L] FLD Ay 4 1527048, 04 3423 1
L] FLD  AUA 0 205662, 08 7] 1
] FLD  AuF 0 117032.0% 465 1
L] FLD oM 3 PLO4090., 0N 387 2
1] NOP  GM 0 2552100C. 08 1748 1
Transformer, Oriver, Unk
] FL.D  NS$ 0 1265232.0M 310 -]
Transformar, Flyback, Unk
c FLD  GBC 4 S95795200.04 458304 11
Transformer, Inverter, Unk
c FLO  Gac 0 5678400,08 4348 3
Trensformer, Inverter, Radar Unk
L] FLD G 1 198908 &4 1
Transformer, Isolation, Uk
c FLD  GBC 0 45723600, 08 35172 9
Transformer, Motor, Urk
Lo GF 0 647000, 0% o é
Transformer, Power, Unk
[+ FLD  G8C 9% 890099600, O 684692 264
c NOP  GF 2 14000060, 0H 0 2
] FLD AU 28 4581204 .08 10849 3
L} FLD  AUA 2 $19984 CH 1332 3
] FLD  AUF [+} 351096.08 1395 3
] FLD  GF 3 IOT3498,0H 0 1
M FLD M 2 64040460, 04 258 2
L} FLD NS 0 143187008 354 i
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Appendix A

Part Type Sec. Current

Qual DType Env Tot. Fail Total Duration Total Fop. No. Rec.

] NOP  GF 0 17424000.0H 1431 5

M NOP  GM 0 17015000.0¢ 1071 1

u NOP  GM 0 15246000.04 1068 21
Transformer, Power, 4.00a

] FLD oM 1} 3202030.04 129 1
Transformer, Power, 28.30m

[ FLD  AlF 0 0.0d 1 1
Transformer, Power, 33.,10m

c FLD  AIF 0 0.0 3 3
Transformer, Power, 400.00m

c FLD  AlF 0 0.0H 8 2
Transformer, Power, Phase Unk

L] FLD NS [} 525978.0H 11 2
Transformer, Power, Radar Unk

L FLD 1 1v89.04 &4 1
Transformar, Pulse, Unk

c FLD  G8C 0 30656080, 0N 235818 23

M FLO  AIA 0 206862 .08 444 1

L] FLD  AIT 0 11280G.08 188 1

L] FLD AU 0 1527048, 08 34623 1

L] FLD  AUA [} 206562, 08 {44 1

[ ] FLD  AUF [ 117032.08 L85 1

] FLD GF 2 39734560, 08 '} 1

] FLD NS 0 1245252.04 310 3
Transformer, Pulse, Radar Unk

L] FLD oM 7 © 1989.04 4 1
Transformer, Racer, Unk

J FLD  AlF 8 698634 . 0N 15858 45

L] FLO oM 0 109395. 08 3520 33
Transformer, Radar, Filament Unk

] FLD oM 1 1939.0h 64 1
Transformer, Radio, Unk

] FLD  AIF 0 310504.08 7043 21

] LD  GF 0 5103240.0K 1329 2
Transformer, Switching, Unk

c FLD GBC 4 437902400, 04 338848 8
Transformer, Toridal, Unk

c FLD  GBC 0 42343400.04 32572 7
Transformar, Torida!, Pulse Unk

c FLD  GBC 0 33904000.08 26080 1
Transicrmer, Trifilar, unk

[+ FLD  GacC 0 48540C3. 30 3580 1

M %O o o] 17015000.0M 1971 1
Transformer, Variable, Unk

[ FLD  GBC o] 5200.0# 4 1

] FLD  GF 0 0.0H 0 1

v FLD  Ns8 o} 0.0 0 1
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APPENDIX B:
PART PARAMETERS
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Part number
Spec. number
Style designation
Manufacturer
Type
+ Fixed
¢ Variable
* Potentiometers
- Single-tumn
- Multi-tumn
+ Trimmer
+ Rheostat
Network
Chip
+ Thermistor
+ Varistor
Material
+ Carbon composition
» Film
e Metl
+ Carbon
e Cermet
+« Wirewound
Part description
Resistance value
Package Type
+ Axial lead
« SIP
« DIP
+ Surface mount
Package hermeticity
Rated Power (in watts)
Tolerance
Rated temperature

*

Quality level (failure rate level)

IST
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Part number
spec. number
Style designation
Manufacturer
Type
» Fixed
* Variable
Dielectric material
* Paper
* Mica
* Electrolytic
*  Aluminum
¢ Tantalum
+ Solid
* Non-solid
¢ Ceramic
¢ Glass
* Plastic
* Polystyrene
» Polypropelene
* Polyester
* Polycarbonate
Package type
Package material
« Hermetic
» Non-hermetic
Polarization
» Polarized
» Non-polurized
Tolerance
Temperature range
Capacitance valus
Voltage rating
Quality level
Series resistance




TRANSFORMERS

+ Power
» Audio
» Isolation
+ Auto
e Pulse
»  Part number
*  Spec. number
» Style number
« Manufacturer
»  Core material
« lIron
» Nickel
¢ Cobalt
» Insulation material
»  Operating frequency range
*  Voluge rating
« Current rating
» Impedince
* Primaty
* Secondary
* Tumns ratio
* Number of windings
e Case type
¢ Quality Jevel

R
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INDUCTORS

Type

* Fixed

* Variable

Part number

Spec. number

Style designation
Manufacturer

Core material

* Iron

+ Nickel

» Cobalt

Insulation material
Operating frequency range
Voltage rating
Current rating
Number of windings

Case type
Quality level
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ROTATING DEVICES

. + Type
- + Full Horse Power
* Fractiona! horse power
*  Part number
» Specification number
» Style designation
*  Manufacturer
* Function
* Asyncronous
+ Syncronous
¢  Description
+ Single phase
« Multi-phase
 Induction
+ Capacitor
* Shunt
» Series
» Compound
» Rated output
* Motors (in hp)
+ Generators (in Kva)
¢ Brushes
» Brushless
» Commutator
» Slipring
* Bearing type
* Roller
« Ball
* Bushing
» Lubrcation
* Sealed
* Grease
+ Gl
*  Winding material
* Rated temperature
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RELAYS
* Type
*» Electromechanical
» Contact type
* Armmature
* Reed
* Mercury wetted
* Contact material
» Electronic (solid state)
*  Part number
* Specification number
* Style designation
*  Manufacturer
* Voltage rating (contact)
* Current rating (contact)
* Mounting type
* Terminal type
* solder lug
¢ pin
+ stud
* Enclosure
* Hermetic
* Non-hermetic
* Temperature rating
* Configuration
+ SPST
» DPST
s 3PST
¢ etc.
¢ Quality level
£
P
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SWITCHES

ype
» Mechanical
« Toggle
¢ Push button
» Sensitive
+ Rotary
¢ Thumwheel
« Circuit breakers
» Magnetic
» Thermal
» Ground fault
» Huvdraulic
« Trip free
+ Centnifugal
+ Capacitive touch
» Membrane
+ Slide
+ Solid state
Part number
Specification number
Style designation
Manufacturer
Contact confizuration
+ SPST
- DPDT
+ #PST
e glc.
Contact material
Voltage rating
Current rating
Enclosure type
Temperature rating
Quality level
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Electrical
Coaxial
Twinaxial
"IN
D-subminiature
IC sockets
Rack and panel
Surface mounted
High voltage
« Edge card
+ PWB

* One piece

* Two piece
 Zoro insertion force
+ Mass termination
» Phone
» Multi pin circular
+ Press fit
* RF
+ Rectangular
Fiber optic
e Tube
« Straight sleeve
+ Double eccentric
+ Tapered sleeve
+ Multi rod
» Couplers
Part number
Specification number
Style designation
Manufacturer
Package
¢ Sealed
« Non-sealed
Shield
+ Shielded
» Non-shielded
Contact material
Insert matenial
Number of active pins
Current rating per pin
Quality level
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INTERCONNECT ASSEMBLIES/PWB's

*+ Type
+ Printed wiring assembly w/PTH's
¢ Multiwire board
* Flexible circuit board
 Discrete wiring board w/PTH
¢ Printed wiring board w/surface mount
Part number
Spec. number
Style designation
Manufacturer
. Interconnect type
Wave soldered
+ Hand soldered
* Reilow soldered
» Laser soldered
* Vapor phase soldered
» Wire wrapped
* Wrapped and soldered
» Discrete wiring assembly with electroless PTH's
+ Weld
Crimp
. Complexxty
» Number of circuit planes
» Number of plated through holes
« Cross sectional area of circuit trace
+ Distance between traces
+  Substrate material
. Flﬂxxble board
Teflon
* Polymide
» Polyester
* Polyvinyl
+ Polypropelene
* Polyethelens
« Ceramic
« Laminant
+ Glass cloth teflon
« 7
* Glass mat polyester-resin
* Rigid board
« Epoxy glass
* Polymide-glass
+ Teflon-glass
+ Epoxy-keviar
* Polymide-kevlar
* Epoxy quartz
+ Polymide-quartz
» Thermoplastics
+ Alumina
» Copper-invar-copper
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INTERCONNECT ASSEMBLIES/PWB's (CONT'D)

* Bonding adhesives
* Vinyl
* Modified epoxy
* Conductor
» Copper

* Aluminum
+ Steel

* Tin

e Silver

¢ Quality
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MONTE CARLO SIMULATIONS
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APPENDIX D
REGRESSION RESULTS




This appendix presents the multiple regression results on which the reliability models
developed in this study have been based. Using the regression analysis described in Secticn 2, the
constants summarized in this appendix have formed the basis for both base failure rates and
multiplicative model parameters. The results presented here are the results of the final regression
runs, and as such may not include all factors present in the final model. The reason for this, as
described in_the mode! development Section (4), some model parameters needed to be derived

“independently from the final regression analysis. Examples of these parameters are quality and
environment. Typically, these parameters were quantified with initial repression results 2long with
_aity other information available. When the final parameters were derived, the regressions were re-
Tun by compensating (dividing) the observed failure rate for these “given" values. Other
parameters analyzed in this manner were typically continuous variables, such as switch current
rating. The reason for this is that the entire dataset typically will not have values for those variables
and with these "unknown" values, the regression yields erroneous results. A more efficient
method to analyze the effect of such variables is to subset the database with those data points for
which the parameter is known, then compensate the failure rate for the derived vawe and re-run the
regressions. The final regression results, therefore, will be inclusive of the discrete variables
which comprise the final model (see the discussions in Section 4 for the relevant initial

parameters).

Since the logarithmic transformation was taken to yield a multiplicative model, the inverse In
must be taken for the values listed in the regression results. Also listed in this appendix are various

statistics relevant to the regression analysis.

The variables listed under "variables not in the equation” are those determined by the analysis
o be not significantly different than the variables to which the models are normalized. The

normalizing variables are listed on the cover page corresponding to each part type.
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Switches

Normalized to;

CoAx Switch
Gg Environmeni

Military Quality
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VARIABLES IN THE EQUATION

Variable B SE B 95% Confidence|Interval B Beta
C21 (waveguide) 1.18181 .89392 -.58124 2.94485 08774
C6 (humidity) 278268 1.89416 -.95310 6.51846 .09330
C15 (reed) -1.64047 1.34507 -4.29332 1.01237 -.07760
C11 (microwave) 1.91128 95913 01962 3.80293 12723
C4 (float) 2.23130 .86143 53233 3.93028 .16565
C5 (flow) 79146 .81247 -.81095 2.39388 06421
C9 (limit) 2.12044 73403 67274 3.56813 .18533
C13 (pressure) 1.83702 37513 1.09716 2.57688 32101
C18 (slide) -1.86082 .86143 -3.55980 -.16185 | -.13815
Q2 (unknown) .88786 46685 -.03289 1.80861 .12960
Cl1 (switch, NOC) .60978 .48839 -.35345 1.57301 .08094
(Constant) -13,77828 | .17499 -14.12340 -13.43315
VARIABLES IN THE EQUATION
Variable Tolerance T Sig T
C21 91247 1.322 1877
C6 99630 1.469 .1434
Ci15 99271 -1.220 2241
Cl1 98586 1.993 .0477
C4 98258 2.590 .0103
C5 92508 974 3312
C9 97634 2.889 .0043
C13 .93521 4.897 .0000
C18 .98258 -2.160 .0320
Q2 .86544 1.902 0587
Cl 95618 1.249 2133
{Constant) -78.737 0000
VARIABLES NOT IN THE EQUATION
Variabie Beta In [ Partial [ Tolerance| Min Tolerance| T Sig T
C3(DipP) -.05003 -.05655] .99623 863508 -.787 4323
C7 (inertal) - 02921 -.033021 .99623 86508 -.459 6468
C8 (interlock) -9.355E-03 | -.01049| .97931 85925 -.146 8843
C10 (liquid lev.) 05118 05786] .99623 .86508 .805 4217
Q! (commercial) -.02787 -.02776] 77312 77312 -.386 7001
C12 (alarm) -.02022 -.02286] .99623 .86508 -.318 511
C16 (rocker) -.01243 -.01392] .97804 85513 -.193 8469
C17 (sensitive) .05536 060901 .94361 .85980 .848 3977
(19 (thermostat) 01112 .01140] .82024 75997 158 8743
C20 (togg'e) -.01499 -.01596] .88335 .85309 -.222 8248
D-4
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VARIABLES NOT IN THE EQUATION

Variable Beta In Partial | Tolerance] Min Tolerance T Sig T
Cl .08094 08928 95618 863544 1.249 2133
C3 -.05253 -.05917 99726 86553 -.826 4100
C7 -.03173 -.03575 99726 .86553 -.498 .6189
C8 -.01432 -01601 98316 85949 -.223 .8237
C10 .04858 .05472 99726 .86553 763 4462
Ql -.02831 -.02808 77314 77314 -.391 .6960
Ci2 -.02276 -.02564 99726 .§6553 ~357 7213
Cl6 -.01665 -.01861 98083 .85536 -.259 7958
C17 .04420 .04883 95909 .86069 .681 .4968
C19 -1.690E-03 | -.00174 83796 76066 -.024 0806
C20 -.02994 -.03231 91538 .85474 -.450 .6530
Multiple R 46944
R Square .22037 R Square Change 00626
Adjusted R Square .17616 F Change 1.55891
Standard Error 1.88606 Significant F Change 2133

F = 498510  Significant F = .0000
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Inductors
Normalized to;

Fixed Inductor
GB Environment

Military/Commercial Quality of 20:1
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VARIABLES IN THE EQUATION g -
Variable B SE B [935% Confidence[Interval B Beta

E4 (Ay) 541444 93505 3.4499% 7.37890 76098
E3 (Ap 5.16250 1.58231 1.83818 8.48681 .41009
El (Gp) 4.01205 1.58231 .6873 7.33636 .31870
TT1 (nonop) -3.03306 1.38116 -5.93476 -13136 -.32558
T1 (choke) -2.09691 1.29195 -4.81120 61739 -.19952
E2 (Gm) 3.13001 | 2.34186 -1.79006 8.05008 .17959
(Constant) -19.95780 .69058 -21.40865 -18.50695

Multiple R .88273

R Square 77921 R Square Change 02191

Adjusted R Square 70561 F Change 1.78636

Standard Error 1.89122 Significant F Change .1980

F = 10.58762 Significant F = .0000
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Transformers

Normalized to;

GB Environment '

Commercial Quality
Non-RF Transformers
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VARIABLES IN THE EQUATION
Variable B SE B 95% Confidence| Interval B Beta
T2 (flybuck) 2.39812 1.37526 -.55152 5.34775 27529
T1 (audio) 1.94490 .94426 -.08035 3.97014 36686
T5 (power) 2.42700 .69738 93126 3.92274 .65339
RF1 (RF) 2.56656 1.61891 -.90565 6.03877 .29463
E4 (Ay) 1.66182 .85412 -.17008 3.49372 35176
ES (Aya) 2.41511 1.35547 -.49209 5.32231 27724
(Constant) -18.05855 S1680 -19.17340 -16.94369
VARIABLES IN THE EQUATION
Variable Tolerance T Sig T
T2 .90000 1.744 1031
Tl 70707 2.060 .0385
T5 63636 3.480 0037
RF1 .64948 1.585 1352
E4 68627 1.946 0721
E5 92647 1.782 .0965
(Constant) -34.741 .0000

VARIABLES NOT IN THE EQUATION

Variable Beta In Partial | Tolerance| Min Tolerance T Sig T
T7 (switching) | -.09060 -.15123 .87500 57273 -.552 5906
TT1 (nonop) 13091 .19972 73088 .53505 .735 4755
E8 (GF) .14310 .20640 .65333 .53455 761 4605
E10 (Gm) .05003 .06098 46667 35897 .220 .8291
Multiple R .82823
R Square .68596 R Square Change 07121
Adjusted R Square 55137 F Change 3.17463
Standard Error 1.27324 Signif F Change 0965
F = 5.09677 Signif F = .0057
D-9
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Resistors
Nommalized to;
Military/Commercial Quality of 10:1

Carbon Composition
Ground Environment
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VARIABLES IN THE EQUATION

Variable B SE B 95% Confidence|Interval B Beta
E2 (Ay) 3.22433 38810 2.45936 3.98930 41646
El (AD 3.77398 71393 2.36678 5.18119 23119
M4 (thin film) -2.80321 36593 -3.52448 -2.08193 -.36983
M2 (carbon film) { -4.55193 .70504 -5.94161 -3.16225 -.27885
M5 (thick film) -4.37189 70504 -5.76157 -2.98220 -.43710
D6 (network) 1.40905 .94983 -.46312 3.28122 11644
D1 (NOO) -2.54579 .80304 -4.12864 -.96295 -.13817
MS (film) -1.33480 .56948 -2.45729 -21231 -.10726
M3 (nichrome) 2.53446 42628 -.27681 5.34574 07436
M1 (unknown) 1.07049 .50971 06582 2.07515 12276
D5 (varistor) -2.83596 49492 -5.78252 11061 -.08320
{Constant) - -16.99768 .24061 -17.47185 -16.52335

VARIABLES IN THE EQUATION

Variable Tolerance T Sie T

E2 68299 8.308 .0000

El .89725 5.286 .0000

M4 73635 -7.660 .0000

M2 .92001 -6.456 .0000

M5 .34540 -6.201 .0000

D6 27859 1.483 .1394

Dl .90350 -3.170 .0017

M8 .81952 -2.344 .0200

M3 98018 1.777 0770

M1 .50228 2.100 .0369

D5 .89223 -1.897 .0592

(Constant) -70.645 .0000

VARIABLES NOT IN THE EQUATION
Variahle Beta In | Partial |[Tolerance|dlin Tolerance T Sig T
D2 (vanable) 02223 02935 64322 22712 430 L6679
D4 (thermistor) .02338 -.03052 62876 .24631 -.447 .6556
M6 (non-wire) 01173 -.01805 87452 27681 -.264 7919
M7 (wire wound){ .04579 06198 67615 27359 908 .3647
M9 (metal film) 01638 02611 93693 27781 .382 .7028
M10 (metal) .03640 05520 .84881 27758 .809 4195
MI11 (metal) 03114 -.04971 94006 27777 -.728 4674
D-11
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VARIABLES NOT IN THE EQUATION

Variable | Beta In Partial | Tolerance| Min Tolerance T Sig T
D2 .03464 .045376 .65457 23574 677 5025
D4 -4.255E-05 | -.00006 66361 25832 -.001 9993
D5 -.08320 -.12831 .89223 .27859 -1.897 .0592
M6 -.01061 -.01620 .87468 .28308 -.238 8124
M7 04874 .06547 .67682 .27945 .962 3371
M9 .01569 .02480 93699 28426 .364 7164
MI10 .03327 .05008 .84992 28416 .735 4630
M11 -.03134 -.0496] .94006 .28419 -.728 4672
Multiple R .79436
R Square .63101 R Square Change 00618
Adjusted R Square 61213 F Change 3.59886
Standard Error 1.98815 Signifi~ \nt F Change 0592

F = 33.42487  SignificantF = 0.0

D-12

T L T B T B e S S Y R Y L S TR T TR A TR IR R




Capacitors

Normalized to;

Fixed Paper Capacitor

Ceramic Package
Gp Environment

Operating Environment
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VARIABLES IN THE EQUATION

B

Variable SE B 93% Confidence| Interval B] Beta

D9 (ta elec.) -1.694587 35541 -2.39621 -.99354 | -.19337
D7 (plastic) 1.18050 50714 17975 2.18125 .10396
D6 (mica) .89810 .50994 -.10817 1.90438 .10749
D4 (electrolytic) -.62003 .54582 -1.69709 45793 | -.08549
D3 (ceramic) -.58884 56212 -1.69807 52040 | -.08119
E6 (Ayr) 6.27433 .54189 5.20502 7.34364 67734
ES (Ayp) 5.31034 .56029 420472 6.41596 53730
E2 (Aic) 7.34207 1.04160 5.28668 9.39747 46586
P4 (metal package) -1.46382 91764 -3.27461 34698 | -.07076
F1 (variable) 2.08365 .56702 96475 3.20256 15677
E4 (Ay) 2.75466 48584 1.79595 3.71337 41869
E8 (Gp) 4.24595 .60044 3.06109 5.43080 47600
TT1 (nonop.) -4.71904 77249 -6.24341 -3.19467 | -.35504
E3 (A[p) 8.13377 1.45071 5.27108 10.99647 27947
P5 (plastic package)| -1.57215 92108 -3.38973 24544 | -.12372
D1 (air) -2.43752 1.62391 -5.64199 76694 | -.05937
E7 (G) -1.21026 1.08532 -3.35192 93140 | -.04158
(Constant) -18.87137 22402 -19.31344 -18.42931

Multiple R

R Square
Adjusted R Square
Standard Error

F = 40.75764

89146
79470
77520
1.28686

Significant F = 0.0

R Square Change
F Change

Significant F Change

1

.00143
243549
2663




Connectors

Normalized to;

COAX

Military Quality
Ground Environment
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VARIABLES IN THE EQUATION
Variable B
C15 (telephone) -2.03
C13 (signal) -9.10
C12 (rectangular) -2.66
C6 (elastometeric) -2.35
C5 (edge card) -2.96
C4 (cylindrical) -2.80
C9 (RF) -4.87
C8 (PC edge) -4.64
C1 (NOC) -.95
E1l (airborne) 1.71
{Constant) -14.00

VARIABLES NOT IN THE EQUATION

Variable Tolerance
C3 (elect. assy) .08
C7 (hexagonal) .06
C10 (rack & panel) .08
C11 (D-subminiature){ -.03
E2 (Ngg) -.03
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Relays

Normalized to;

Reed Relay
GF Environment

Military Quality
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VARIABLES IN THE EQUATION
Variable B SE B 95% ConfidencelInterval B Beta
El (airborne) 3.32291 33980 2.65275 3.99307 .55481
E6 (Arw) 4.60798 .99443 2.64677 6.56919 22847
E5 (Gm) 2.00302 61817 .78386 3.22219 .16187
C2 (gen. purpose) -1.64898 37848 -2.39542 -.90255 -.23260
E9 (Sp) -2.32449 99137 -4.27967 -.36930 -.11525
Ell (Gge) -2.14630 .55913 -3.24901 -1.04358 -.27242
C4 (latching) -1.64931 .63982 -2.91118 -.38745 -.13329
C3 (armature) -1.05752 48636 -2.01671 -.09833 -. 11508
C5 (electronic) -1.83392 .90343 -3.61368 -.05216 -.10141
Q1 (commercial) .63537 42793 -.20860 1.47934 .10359
C9 (TO-5) -1.55760 99549 -3.52091 .40570 -.07723
C12 (non latching) -2.73642 | 1.92936 -6.54152 1.06868 -.06833
E12 (dormant) -1.865363 1.40239 -4,62943 90217 -.06565
C11 (power) -1.13389 | 1.00028 -3.10665 .83888 -.05622
(Constant) -13.40188 28374 -13.96147 -12.84229
VARIABLES IN THE EQUATION
Variable Tolerance T Sig T
El 70887 9.779 .0000
E6 .93860 4.634 .0000
E5 91429 3.240 .0014
Cc2 .80059 -4.357 .00090
E9 94439 -2.345 .0200
Ell .45304 -3.839 .0002
C4 .85346 -2.578 0107
C3 81463 -2.174 .0309
Cs 91419 -2.030 .0437
Ql 46878 1.485 1392
9 93660 -1.565 1193
Ci12 .98305 -1.418 1577
El2 93480 -1.329 .1854
Cll 92764 -1.134 2584
{Constant) -47.233 0000
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VARIABLES NOT IN THE EQUATION

Variable | Beta In Partial | Tolerance| Min Tolerance T Sig T
Cl .03465 04119 | .63292 43283 576 .5655
Cé -.03100 -.04324 | .87134 46850 -.604 .5463

C7
C8
Ci0

-.03708
.01013
.04818

-.05349
.01395
.06682

93171
.849138
.86133

46585
45576
.45990

-.748
.195
935

.4554
.8458
3509

R e T N A R N A S N R IR

Cll -.05622 -.08091 .92764 .45304 -1.134 2584
E7 -.02827 -.03158 55914 42614 -.441 .6595
EI0 -.03131 -.04457 | .90768 47039 -.623 .5340
El4 -2.797E-03 | -.00405 | .94048 47134 -.057 .9549
Multiple R 74502
R Square .55506 R Square Change .00293
Adjusted R Square 52311 F Change 1.28497
Standard Error 1.90839 Significant F Change .2584
F = 1737548 Significant F = .0000
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