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FOREWORD

This report was prepared by Hughes Aircraft Company, Ground
Systems Group, Fullerton, California. The research team was headed
by R. E. Schafer and W. Yurkowsky. Other contributors were K. A.
Brock, Dr. H. Ellithorr and J. R. Shackleton. The study was perform-
ed for the Research and Technology Division of Rome Air Development
Center under Contract Number AF 30 (602) -3177. Mr. Donald'.Fulton
was the RADC Project Mariager.

The researchers wish o acknowledge the assistance and coopera-
tion of Mr. Fulton throughout the effort.

The study was mad possible by the submission of reliability re-
ports by many individuals within Hughes Aircraft Colipany and nu -
merous others in organizations throughout the United States and Great
Britain. The organizations which contributed failure rate data are
listed separately under Acknowledgements.
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Suggested Keywords: Electrical and Electronic Equipment,
Industrial and Laboratory Processes

ABSTRACT

This study-is directed toward gathering reliability data on several
presently used electronic circuit connection types. Laboratory and field
reliability reports were gathered from known producers and users of elec-
tronic equipment. A restriction was placed on the study that no data from
controlled tests were generated during the study period. The study was con-
ducted during the period from July through December of 1963.

In all, data for 350 billions of connection operating hours were collected
during the six month study. The data covered 6 types of connections: solder,
resistance welding, wire wrap, crimp, ultrasonic welding, and thermal
compression bonding. The-number of operating hours was small and no fail-
ures were noted in the reports obtained on the latter two types of connections.
The remainder of the study, therefore, was concentrated on the four con-
nection types on which sufficient data were available.

Failure rates and confidence intervals were calculated and compared for
each of theifour connection types. , These were based on the general types of
equipments from which the reliability reports were collected. Additional
calculations were based on the laboratory reliability test reports.

Mathematical analyses were performed on the data collected in an attempt
to measure the effects of environmental stresses on connection-failure rates.
The details* of these analyses and their results are fully described.

A merit index was developed so that designers may select optimum types
of connections for use in various applications. -The details of factor and sub-
factor selection and their quantification are described. Application weights
for several classes of Air Force ground equipnients are developed and pre-

sented. The use of the Merit Index- is demonstrated through the presentation
of four examples.
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SECTION 1 - INrTRODUCTION

The life characteristics of electronic equipments are highly dependent on
the-reliability of the type of connection used. For every electronic part in a
piece of equipment,. there are approximately five connections. And yet, a re-
view shows that most designers reliability handbooks contain failure rate data
on every conceivable part except electronic circuit connections. This is prob-
ably because few people have troubled themselves with compiling reliability
and environmental data on connections. In the caseof the type of connection,
there are many decision factors which the designer must consider in addition
tq the. reliability characteristics. The importance of these factors varies with
the end use of the equipment. Therefore, some systematic tool is needed by
the "designer to ensure that he considers all factors when selecting a connec-
tion -for use in a given equipment for a given-application.

This study, therefore, focuses attention on the problems of the designer
-in the selection of an optimum connection type by working toward the follow-
ing objectives:

" Obtain estimates of the failure rates of various connection techniques
through the' analysis of laboratory test reports and equipment operation
rejlorts.

* Determine the effects of environment on the failure rates of the connec-
tion types of interest. _

" Develop a.merit index for connections that-allows the quantification of V
the decision factors that the designer must consider when selecting a
connection for use in a given application

p,
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SUMMARY OF SECTION 2

The connection failure rate data contained in this report were obtained by
the following methodsr: a literature search, a letter survey, a search of un-
published data in the Hughes Aircraft Company files, and by personal con-
tacts. Sufficient data were gathered to calculate failure rates for solder, re-
sistance weld, crimp, and wire wrap -(see Table 2-1). The failure rates are
based on the data from equipment only. No laboratory test reports were
combined with field data. The data. are divided into groups based upon the
type of equipments or the type of laboratory tests in which the various types
of connections were used. Faildre rates are computed for these groups (see
Tables 2-4 to Z-6). The variation in the failure rates of the connection seems
to vary with the type of equipment in which it is used. These effects of
equipment type on connection failure rate are compared to typical reliability
handbook "K" factors in Table 2-7. The calculated failure rates raised
several interesting questions. When their magnitudes are compared to
typical handbook failure rates it appears that the connection failure rates
are higher than should be expected. When it is considered that many con-
nection repairs are so minor that the technician fails to report them, it
would appear that the calculated connection failure rates are lower than
should be expected. This is an example of the problems encountered when
analyzing the reliability data gathered during the study. The latter part of
the section outlines the assumptions and ground rules used in gathering and
in analyzing the data.
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SECTION Z-DATA COLLECTION AND ANALYSIS

Z. I D~ita Search

The search for data on connections consisted of four parts: a literature
starch, a letter survey, a search of company files, and a survey employing
personal contacts.

The literature search was conducted to obtain published data on connections.
The search was concerned with obtaining performance information for the
Merit Index, as well as failure rate information for the analysis. A bibliography
of 275 articles of interest was compiled from the following sources:

* The Engineering Index
* U.S. Government Research Reports
* NASA Index
* Pacific Aeronautical Library Index
* Jet Propulsion Laboratory Abstracts
* Hughes Aircraft Company Document Index
* Hughes Aircraft Company Report Index
o FARADA Files
e IDEP Files
o ECRC Report Index
o DDC Document Lists

The letter survey was conducted to obtain unpublished data and data con-
tained in the files and the internal reports of the companies contacted. The
results of -this survey were very disappointing of over 400 letters sent, less
than 3 percent of the recipients replied with useful reliability reports..

A thorough search was also made of the unpublished data in the Hughes
Aircraft Company files. This included the following sources:

a Field logs on equipment and systems..
7 o Laboratory test reports on equipment.

* Data from programs and experiments currently in.progress.

The program of personal contacts was by far the most effective data collec-
tion medium. Over 75 percent of the information gathered was obtained in
this manner. The reason for its success relative to other techniques is that
the personal. contact permitted a better explanation of/program objectives and
the nature of the data required.

Over 208 reliability reports on connections were obtained through the data
search. Approximately 25 percent of these reports are from Hughes Aircraft
Company files. Approximately 350 billion hours of connection operation were
gathered for the six connection types. The details of this data are contained
in Appendix L

All of the data contained in this report was gathered by the four data
search methods described. No data were generated by contro~led laboratory
testing, since this was beyond the scope of the study. The manner in which
the data were obtained created some difficulties. The study reveals that

3
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little documentation is being done on connection failure rates. In several
cases, many hours of operating,time were rendered useless when it was
revealed that all failures were reported in the logs except connections.
Frequent answer's to requests for information were that these data were not
available without further time consuming searching (which all sources were
unwilling to ao), or the data was considered proprietary.

Z. 2 Failure Rate Estimates

One of the ,primary objectives of the study was to determine the failure
rate,.of various types of connections. The following types of connections were
investigated: solder, resistance weld, wire wrap, crimp, ultrasonic weld,
thermal compression bond, conductive adhesive, gold foil, and gallium alloy.
No quantitative data were found on the last three types of connections.

For the other types of connections studied the failure rates were calcu-
lated 'by dividing the joint-hours of operation by the number of failures.
Where no failures were observed only a confidence interval could be calcu-
lated. Justification of this method of calculating failure rates is presented in
Appendix V.'

To perform an analysis on the data, the data we're grouped into two classi-
fications: data that came from laboratory tests on components, modules and
connections and data that came from reports on operating equipment. This
grouping appeared to be a reasonable first step in assembling the data for
analysis, since the desired failure rates are those rates which most closely
reflect the natural faiiure rate of connections. The desired rates, therefore,
are obtained from the latter classification. 'Laboratory tests by their very
nature seldom allow connections to fail ina -na;tralffashon. Failures in lab- .
oratory tests are generally induced: by acceleration techniques.. The relation-
ship between connection failures observed in operating equipment is presently
not known. The results of the analysis performed on the data from laboratory
tests is discussed below in terms of each specific type of connection.(

Table Z-1 presents the failure rates- by connection type. The data from
equipment reports indicates an extremely low failure rate for a wire wrap
connection and a relatively high failure rate for a crimp connection. No
quantitative information was received on conductive adhesive,. gold foil, and
gallium alloy types of connections. No equipment reports were received
which provided data on ultrasonic weld and thermal compression bond connec-
tion types.

An inspection test of the confidence intervals shown in Table 2-1 will suffice
to show any statistically significant differences between the failure rates of
the connection types. The test determines whether a confidence interval for
one failure rate is wholly contained within the confidence interval of another
failure rate. If the test turns out true, no statistically significant difference
exists. Conversely, if the intervals are mutually exclusive, a statistically
significant difference exists. No conclusions can be drawn where partial
overlap of confidence intervals is found. By inspection of Table Z-1 the
following statements can be made. No statistically significant difference
exists between the failure rates 'or solder and resistance welding. A
statistically significant difference does exist, however, between the failure
rates for wire wrap and each of the other three connection types. A statistic-
ally significant difference exists between the failure rates for solder and
crimp. No conclusion can be drawn by inspection of' the confidence intervals

Id 4
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for the failure rates of resistance welding and crimp. To~determine signifi-
cance for the latter case a special F test was developed. Table Z-Z presents
the results of the "F" test of significance at the 0. 1 level. The results show
no significant difference between the failure rates for resistance-welding
and crimp. It is assumed in both the determination of the confidence interval
and the development of the "F" test that the observed failure rates are con-
scant with time. It was beyond the scope of the study to validate this assump-
tion because of the character of the observed data. Details of the development
of the "F" test are contained in Appendix III.

The data contained in Table Z-1 is a summary of the data contained in
Tables 2-3 through Z-6. Each of the latter tables presents a breakdown
of the failure rates for a specific connection type: solder, resistance weld,
wire wrap, and crimp. Since no failures were contained in the 0.328x10 6

joint-hiours (connections times hours of operation) of laboratory test data
for ultrasonic weld and the 510x10 6 joint-hours of laboratory test data for
thermal compression bond, no point estimates of failure rates could be
calculated. The latter data is tabulated in Appendix I.

Table 2-3, presents the solder connection failure rates. The data is
categorized by the type of report from which the data was obtained. The
definitions for the first column, Type of Data, is contained in Appendix I.
It became apparent that there were additional -',ibclasses into which the
data from the various reports should be categorized. Large amounts of
data from equipment operation reports were collected that contained no
observed failures. Rather than eliminate the large number of joint-hours
this data represente,_the data was grouped according to the type of equip-
ment from which it was obtained. The sub-classification employed follows
a pattern of increasing vibration stress to be expected on each type of
equipment. The term, mobile, used in the definitions in Appendix I applies
to Hughes equipment designed for mobile use, but which has been operated,
so far, in stationary installations. The data obtained from all space-missile-
airbbrne equipment reports has been grouped together because of the paucity of
data in those areas. Reports on space equipment were received for one connec-
tion type only, resistance weld.

The data on solder connections contained on Table 2-3 indicates inany more
observed failures (927) than the data for any other type of connection. As a
result of the large number of failures, solder has a very narrow confidence
interval and a statistically good failure rate estimate.

It is also interesting to note that over half the observed failures were
received in reports on laboratory tests. This undoubtedly is a reflection on
the wide use of accelerated test techniques currently employed. No relation
was found between the laboratory derived failure rates and the failure rates
obtained from the equipment operation reports.

Since the bulk of the data received was on solder connections, it is
expectend that failure rates for solder connections will appear in seven of
the eight sub-classifications. With respect to the data received from equip-
ment reports, it is mnteresting to note the order by failure rate shown in Table
Z-3. The order of increasing connection failure rate seems to coincide with
component and equipment failure rates.

i



TABLE 2-2 "F1 TESTS OF SIGNIFICANCE AT THE 0.1 LEVEL

Resistance

Wire Wrap Solder Welding Crimp

Wire Wrap

Solder Significant
difference

Resistance Significant no

Welding difference significant
difference

Crimp Significant Significant no
difference difference significant

difference . . -
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TABLE 2- 3  SOLDER CCIECTION FAIURE RATES

90 Confidence No. of Joint-

Failure Rate Interval Hrs8 Operation No. of

Type of Data ( /000 hrs) (%/lo00 hrs) lO Failures

1. Ground 0.00040 0.00035-0.00044 521.3 207

C omputers

2. General Ground 0.00057 0.00048-0.00067 179.5 102 4
Equipment

3. Shipboard 0.00085 0.00052-0.0013 16.4 14

Equipment

4. Ground Radar 0.001 0.00025-0.0034 1.4 2

5. Airborne 0.0034 0.00029-0.040 29.86 102

Equipment

EQUIE4T TOAL 0.00057 0.00053-0.00062 748.46 427

0. Laboratory Tests - No Data No Data No Data No Data

7. Laboratory Tests - 0.010 0.00053-0.031 0.0972 1

Connections

8. Laboratory Tests - 0.02T 0.025-0.029 18.39 499
Modules, Parts,
and Cards

LABORATORY TEST TOTAL 0.02T 0.025-0.029 18.49 500

8J



TABLE '2-4 RESISTANCE WELD CONNECTIO FAILURE RATES

90% Confidence No. of Joint -

Failure Rate Interval Hrs. 80peration No. of

Type of Data '(%/j1ooo irs) (%/1~00 lrs) x 10,- Failures

1. Ground No No No No

Coiputers Data Data Data Data

2. General Ground 0.00019 0.000033-0.0004 10.72 2

Equipment

3. Shipboard No No No No

Equipment Data Data Data Data

4. Ground Radar No No No No
Data Data Data Data

5. Airborne 0.0079 0.0035-0.014 0.756 6
EqAiment

U E TOTAL 0.00070 0.00035-.00 1.1.476 8

6. Laboratory Tests - 0.0018 0.00050-0.0038 .1.64- . 3 --

Vac=m Tubes 
.

T. Laboratory Tests - No No No No

Connections Data Data Data Data

8. Laboratory Tests - 0.038 0.023-0.056 0.372 " 14 .

Nodules, Parts, 
and Cards

LABORA0 TEST TOTAL o.oo84 0.0054-0.012, 2.012 1T

9



TABLE 2-5 WIRE WRAP CONNECTION FAILURE RATES

90% Confidence No. of Joint-

Failure Rate Interval Hrs. oDeration No. of

Type of Data (%/1000 hr6) (%1000 hours) x 1O8 - Failures

1. Ground Computers 0.00000037 0.000000017- 2704.55 1
0.0000011

2. General Ground No No No No

Equipment Data Data Data Data

3. Shipboard No No No No

Equipment Data Data Data Data

4. Ground Radar No No No No

Data Data Data Data

5. Airborne 0-0.0046 0.5 0
Equipment

EQU TOTAL. 0.00000037 0.000000020- 2705.05 1
0.0000011

6. Laboratory Tests - No Data No Data No Data No Data

Vacuum Tubes

7. Laboratory Tests - 0.45 0.33 - 0.59 0.o684 31
Connections

8. Laboratory Tests - No Data No Data No Data No Data

Modules, Parts,

and Cards

LABORATORY TEST TOTAL 0.45 0.33 - 0.59 0.0684 31

10



TABLZE 2-6 Cp~e cODNEC=0N FAILURE RATES

90 Confidence No. of Joint-
Failure Rate Interval Oato No. of

Teof Data (%IiOOo hra) (%11000 brs) x 108 Failure

1. 'Ground o.=06 0.00070-0.0028 3.T3 6
Comu~ters

IL2. General. Ground NO NO NO No
Equipment Data Data Data. Data

3. Shipboard NO No NO No
Equipment Data Data Data, Data

4. Ground Radar No NO No NO
Data, Data, Data Data

5. Airborne** *

Equipment

EaUIR40T TOM!L o.0016 0.00070-0.0028 3.73 6

6. Laboratory Teta- No No No NO
Vacuu Tubes Data -- DatA Data Data

T. laboratory Teats - -0-20 0.00012 0
coninections

a8. Laboratory Tests - No No NO NO
Modulese, Parts.. Data Data Data Data
and Cards

LABORATORY TETS TMIAL -0-20 0.00012 0

*0.00087%/1000 hour quoted with no quantitative back-up data. Additioual £ZnfOrm~tiofl

contained in Appendix.



Table 2-7 presents this information to show the graduation observed for the
increase in the failure rates of sclder connections between ground computer
reports and airborne reports when compared to the K-factor measure of
environmental stress.

The 53 reliability reports obtained on resistance welded connections were
combined into the equipment classes previously mentioned. Failure rates and
confidence intervals were calculated and these are shown in Table 2-4. Only
General Ground, Equipments and Airborne reliability reports were received on
field equipment application classes. Although only a small number of failures
were observed, the expected higher failure rate for Airborne Equipment is
observed. Forty-one of the fifty -three reports on resistance welding were
concerned with laboratory tests. Also, the overwhelming majority of these
were from only two sources. These particular laboratory tests were definitely
performed under severe environmental stresses. The indication is given that
the induced stresses resulted in a materially higher failure rate.

As in the case of welded connections, the greatest number of wire wrap
reliability reports obtained were based on laboratory tests. Thirty-one of
the 35 -reports were of this type. It can be noted from Table 2-5 that the
combined failure rate from these laboratory tests was 0. 4 5 0 /o/ 1 0 0 0 hours.
This failure rate is not indicative of the expected field performance. They
were performed under severe environmental conditions with fewer than the
specified number of wraps around the terminal. Perhaps the most important
failure rate calculated in the entire study is shown on Table 2-5. This rate
is for wire wrap connections on Ground Computers. The calculated failure
rate is 0. 000000370/o/1000 hours. It is interesting to note that this calcula-
tion is based on only one observed failure in a total of Z70 billion-joint-hour-s
of field operation. This is a tremendous'amount of operating time when com-
pared with the other reliability reports received. These hours were received
in only three reports. Two of the reports had nearly identical amounts of
joint-hours (approximately 135 billion joint-hours each). One of the two
reports contained one failure observation, while the other contained none. It
was at first suspected that perhaps duplicate -eports had beeii received since
the operating hours were so similar. However, subsequent investigation
indicated that these were in fact different sets of observations. It may be
said, therefore, that since only one failure has been observed on wire wrap
field data that knowledge regarding the true failure of this type of connec-
tion is scant. In spite of this, it would appear reasonable to suggest that
the failure rate of wire wrap is quite small.

Table 2-6 summarizes the data obtained and the failure rates calculated
for crimp connections. Eleven reliability reports were combined to obtain
the Ground Computers failure rate of 0 . 0 0 1 6 0 /o/ 1 0 0 0 hours. The maghitude
"of this failure rate however, seems doubtful. The reasons for this statement
are two-fold: First, it was noted that the reports represented qualification tests,
quality assurance acceptance tests, and operating bours during debugging.
Second, one reliability report gave their failure rate as 0. 000870/o/1000
hours without any quantitative back up information. It was not included with
the remainder of the data. The questionable report is referenced by a foot-
note in Table 2-6. It is interesting to note also that this failure was reported
for airborne equipments.

12



COMPARISON OF K FACTOR

and

OESERV SOLDER CMUIUEION FMAIL RATE VAXI 01O
TALE a-

*Normalized

Type of Equipment Failure Rate **K Factor

L
1. Ground Computers 1.0 1

2. General Ground 1.4 1
Equipment

3. Shipboard 2.1 1
Equiment

4. Ground Radar 3.5 1

5. Airborne 8.5 -... .6.5

Equipment

*failure rate of connection for equilnent type u normalized failure rate
failure rate of connection for ground cmputers

** See Designer's Reliability Handbook, Hughes Aircraft. Company
Section I, page 8
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In referring to Table 2-i to 2-6, it should be noted that some of the
reports provided only the number of connection failures and the number of
equipment hours of operation. To compute a failure rate, it was necessary
to estimate the number of joint-hours of operation. To estimate the number
of joint-hours it was necessary to estimate the number of joints or connections
within the given piece of equipment. This estimate was performed by multi-
plying the equipment parts count by a factor of five, this factor was obtained
from Hughes Aircraft Company manufacturing experience. The resultant
number of joints times the stated equipment operating hours provides a
reasonable estimate of joint-hours.

2.3 Discussion of the Results

It seems reasonable to investigate the relation, if any, that exists be-
tween standard part failure rates And the connections failure rates pre-
sented herein. For example, are connection failure rates high or low when
compared to part failure rates ? Are the connection failure rates reasonable ?

First consider the present state of the art. Table 2-8 presents data on
current equipment that has been in the field for a few years. The equipment
contains a mixture of analog and digital circuits and represents the results of
a reasonable reliable design effort. It employs standard parts, no medium
or high-reliability parts, and well designed circuits. Solder connections
are used for 900/o of the connections, while the balance of the connections are
crimp connections. It is reasonably maintainable and is used twenty-four
hours a day.

The column, Generic Part Failure Rate, wa;s obtained by dividing the
total estimated equipment failure rate by the total number of parts con-
sidered in the making of the estimate. The correlation between observed
and the estimated equipment MTBF is reasonably good.

Now note solder connections from Table 2-3, if the laboratory data and
the airborne data are excluded, a range of connection failure rates between
.00049//1000 hours and-. 000850/1000 hours is obtained. These failure
rates can be compared to the generic part failure rate by considering that an
average of five connections are required for each installed part. Multiplying
the connection failure rate by five produces what could be called a connections
per part failure rate on generic connection failure rate ranging from . 002 /
1000 hours to .0057/lI000 hours.

Thus, worst case connection failure rates are approximately one tenth
worst case part failure rates. In the field, therefore, for ten estimated equip-
ment malfunctions, one malfunction should result in a connection repair.
This appears to be an extremely high ratio. Regardless of the field report-
ing technique, any field maintenance personnel required to perform this
ratio of connection repairs can be expected to complain about what he would
consider a severe lack of quality control. We do not seem to receive this
type complaint. More important, for present digital equipment employing
higher reliability parts, this ratio can be expected to approach an unreasonable
one to one ratio. It would, therefore, appear that for ground equipment the
present connection failure rates are considerably higher than expected.

14

I I -



TABLE 2-8 CMMM (MOM) EQUMM REJLABLIM

Generic Part Estimated * Observed

Failure Rate NOF in Field B'

Parts Count (%/1oo0 hrs) Hours in Hours

7200 0.052 260 240

9200 0.0T 230 230

*These data have been correctdd for reporting inefficiency. It was assumed
that only 805 of all failures were reported.
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However, it also seems reasonable to expect, from the search and analysis
performed in this study that the failure rates are too low. It is generally
felt that reports tend to present an optimistic reflection of the facts. That
is, some failures are not included because they were attributed to other than
natural causes. Reports, then, can be considered to present lower bounds
on failure rates.

Thus, on the one hand, the connection failure rates are too high, while on
the other hand the connection failure rates appear to be low. This seeming
paradox can perhaps be explained by either of two arguments:

* The data does not present inherent connection failure rates that can be
justified for use in making equipment MTBF estimates or

0 Present estimating techniques must be adjusted to include relatively
high connection failure rates.

The first argument might be that the bulk of the data presents a quality
control defect rate. Except for the data from the Hughes files, it was not
possibleto separate the data obtained from what could be categorized as
quality acceptance report or qualification test reports, from those data
obtained from other equipment report. There is reason to believe, then, that
the high initial malfunction normally encountered during early test may have
biased the data.

The second argument might be that the normal part failure rates used in
estimating MTBF already include connection malfunctions as a normal mode
of part fai-lurei -or -that part failure rates are really lower than anticipated,
thus. allowing a relatively high connections failure rate while not destroying
the parity that exists between estimated and field equipment MTBF.

Either argument raises numerous questions concerning the results. This
analysis has served to form the basis for a much needed and more thorough
investigation,.

2.4 Discussion of the Data

The study was conducted solely by gathering and analyzing reliability re-
ports from a wide variety of sources. No controlled test data were generated
during the effort. This is pointed out not for the purpose of degrading the
results but to make the ground rules and the assumptions of the study clear.

In all, 208 reliability reports were received from both manufacturers
and users of electronic equipments from all parts of the United States and
from Great Britain.

The reports were gathered from publications and individual companies.
They were received in written form and they were recorded from telephone
and personal contact conversations. They were received in all degrees of
completeness. Some of the reports described every detail of the environmental
conditions in effect during the reporting period, some gave general information,
and a great many made no mention of operating conditions. Some of the reports
described the failure modes in detail, while others recorded only the total
number of failures. Some reports defined failure as an open or intermittent circuit,
while others included connection resistance as a failure. Some reports differentiated
between production methods for the same connection type as in the case of dip
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soldering and hand sridering. Most reports did not; therefore, all soldering
methods are combined. Some reports described-the materials being joined,
but most did not. Therefore, reports are combined by general connection
type.

The majority of reports covered operating periods during which no failures
occurred. Therefore, no point estimate could be made of failure rate for that
particular report. Many other reports contained such a small number of ob-
servations of failures that conclusive estimates of reliability characteristics
were not possible.

The difficulties just discussed were treated in several ways in order to use
as much of the dzata as seemed feasible without introducing undue biases.
The, spectra of expected environmental operating ranges were divided into
intervals that define high, medium and low stresses. On many occasions,
broad assumptions had to be made to determine a reports' proper classifica-
tion. With regard to manufacturing processes and materials, all these data.
were combined by connection type and by equipment application.

With these explanations as guidelines, the results of this effort are pre-
sented as a part of the contribution to the state of the art of reliability. If
more accurate reliability estimates are required, they can be obtained from
controlled tests.
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SUMMARY OF SECTION 3

Section 3 describes the results of the study concerning the effects of
environmental stresses on the failure rates of connections. The environ-
mental stress levels thought to be important were chosen and divided into
levels of severity. The data were assigned a severity level (high, medium
or low). The environmental effects were determined by a multiple linear
regression analysis. The data were grouped in three ways for this analysis:
by individual reliability reports where failures were reported for each con-

Lnection type, by the type of equipment or laboratory tests for each connection
type, and, by various different combinations of environment for each con-
nection type. The data were analyzed on a computer using a standard
regression analysis program. The only environmental stress that showed a
measurable effect was mechanical stress on weld connections. The reason
that other effects were not measurable is probably related to the accuracy of
the environments in the reliability reports received. The relationship
between mechanical stress and weld failure may be useful as a tool for
accelerated testing.

18



"SECTION 3 - ENVIRONMENTAL EFFECTS ANALYSIS

The second stated objective of this study was the determination of the
effects of environmental stresses.on the failure rates of electronic circuit con-
nections. In general, it can be said that this objective could not be achieved
with the types and amounts of data collected. One effect did display statistical
significance. As mechanical stress increased, failure rate also increased for
welded connections.

3.1 The Data

Prior to beginning the search for data, the researchers compiled a list of
environmental stresses that judgment suggested were the ones most likely to
affect connection failure rates. These are listed in Appendix I. Stress severity
classifications are also shown. These intervals are designated as low, medium
and high. They were constructed based on typical ranges encountered in var-
ious military specifications, designers' reliability handbooks, and other tech-
nical publications, as well as on engineering judgment.

As a reliability report was found in a publication, or received by mail or
personal: contact, the researchers attempted to obtain the specific levels of
stress under which the equipment was operated. In most instances, this part
of the information was incomplete. When the information was incomplete, the
decision regarding environmental stress conditions for that particular relia-
bility report was made arbitrarily, based on the fragmentary information in
the report. The nature of these decision4 can best be illustrated by an example.
If a reliability report was received describing operating h1ours and number of'
failures on a mobile radar, operating in Tucson, Arizona in June and contained - ....
no other information regarding environment, the researchers arbitrarily
assigned the following environmental stresses to this. piece of data:

Stress Numerical
Environment - Level Rating -- -.

Corrosive Agent low 1
Temperature Cycling medium 2
Humidity low 1
Shock medium 2
Vibration medium 2
Mechanical Stress low 1

For purposes of mathematical analysis, low stresses were assigned a numerical
value of 1, medium stresses Z, and high stresses 3.

Then with the failure rate as the dependent variable and with the environ-
mental effects as the independent variables, multiple linear regressions were.
performed on the data. The outcome of these analyses was to identify the
environmental effects which contributed to variation in the failure rate of a
given connection type.
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To exploit every possible way of measuring the effects of environment on
failure rate, the data were grouped and analyzed three different ways. Another
consideration for the groupings was to attempt to utilize most of the reliability
reports. This was done under the assumption that an increased volume of data
for analysis would result in a better estimate of the effect being studied.

The ways in which the data were combined for analysis and the reasons for
each method are as follows:

a. The individual reliability reports, where failures were reported, were
grouped together by connection type. This meant disregarding the re-
ports where no failures occurred. Of course, the disadvantage is that
these data represent a valid level of reliability and yet they were un-
useable, since it was not possible to calculate a point estimate of the
failure rate for use in the regression analysis. Table 3-1 summarizes
the number of reports that were used in the analyses where the data
were grouped by connection type. Therefore, four regression analyses
were performed with the number of observations indicated in Table
5-1 in each (i.e., solder 56, weld 12, wire wrap 4, crimp 4).

Table 3-1. Number of Reliability Reports Collected in Data Search

Reports Containing
Connection Type Reports Collected One or More Failures

Solder 101 56
Weld 53 12
Wire Wrap 35 4
Crimp 13 4

b. A second way of grouping the data for analysis was by application. In
this case, all pieces of data were organized by families related-to equip-
ment type or test type. For example, the 101 pieces of failure rate data
on solder were classified as follows:

General Ground Equipment 12
Ground Radars 3
Ground Computers 18
Airborne Equipment 17
Shipboard Equipment 4
Laboratory Tests

(Modules, Parts) 43
Laboratory Test

(Connections) 4
Total 101

The hours and failures for each of these seven classifications were
summed to obtain failure rates by application class. These seven
failure rates were then considered the dependent variables and were
compared with the average environmental effects in a multiple linear
regression analysis. Welding was the only other connection type where
sufficient data warranted this type of grouping. The groups used were
General Ground Equipment, Airborne, Shipboard, and Laboratory Tests.
Therefore, this analysis contained only four observations for com-
putational purposes.
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This related equipment grouping of the reports enabled the use of all
the hours that had been obtained. It combined the reports containing
no observed failures with those where failures were observed. The
disadvantage was that In combining the reports some of the significant
effects may have been obscured, However, the classes used for group-
ing are ones that judgment suggests are reasonable.

c. The third method of grouping the data for analysis was by selecting the
number of environments to be evaluated and then grouping the pieces
of data by the different combinations of environment that could occur.
To clarify'this manner of grouping, consider an example: Suppose we
want to evaluate the effects of temperature cycling, humidity and vi-
bration on solder connection failure rate. Assume we have classified
the severity of each environment into high, medium, and low. Then
there are 27 possible combinations of these' three.environmental ef-
fects at their three levels. For instaiuce, low vibration - low humidity -
low temperature represents a different overall effect than low vibra-
tion - low humidity - high temperature. Grouping the 101 pieces of
solder data into these 27 possible combinations of three environments
gave 12 observations based on the quantity and type of data available.
The pieces of data which fell into each of the 1Z cells were combined

-to form 12 failure rates for use as dependent variables in the multiple
regression analysis as shown in Table 3-2.

Table 3-2 Solder Failure Rates by Environment

Vibration

Temperature Low(1) Medium(Z) High(3--

Low (1) .00032- .00044 .00091
0 Med. (2) .11 .. 032 4. 17 -
1 High (3) .00055 No Data .15

d Low (1) No Data No Data No Data
W Med. (2) - No Data .011 No Data

High (3) No Data .0016 No Data

Low :(l) No Data 0050 No Data
Med. (2) .00056 No Data No Data
High (3) No Data No Data 'No Data

The advantage of this form of data combination is that nearly all of the
reports that were collected were used in the analysis. The disadvantage
appears to be that this method fragments the data to the point that cer-
tain of the estimates are based on only a small namber of failures and
therefore may not be good enough estimates to submit to this type of
analysis.

Other than solder, no type of connection had sufficiently varied data
to enable an analysis when grouping data in this manner.
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3.2 Analyses

Only enough data were available to perform the following seven analyses:

a. Solder vs. temperature, humidity and vibration using 56 point estimates.
b. Weld vs. temperature, vibration and mechanical stress using 12 point

estimates.
c. Wire wrap vs. temperature and humidity using 4 point estimates.
d. Crimp vs. temperature and vibration using 5 point estimates.
e. Solder vs. temperature, humidity and vibration using 7 applications.
f. Weld vs. temperature and mechanical stress using 4 applications.
g. Solder vs. vibration, temperature and humidity using 1Z environmental

combinations.,

The raw data for these analyses are listed in Appendix IV.

These data were analyzed on an IBM 7094 computer using a standard
program for the solution of multiple linear regression problems.

The output of the program for each of the problems was as follows:

a. Correlation matrix - made up-of the correlation coefficients of each
independent variable with all other independent variables.

b. Column correlation vectors - the correlation coefficient between the
dependent variable and each independent variable.

c. Regression coefficients - the slope of each of the variables.
d. Multiple regression coefficient - the net effect of the independent

variables on the dependent variable.
e. F-ratio - the. method of testing fbr the significance of the multiple

regression coefficient.
f. t-tests - the method of testing for the significance of the independent

variables.

3.3 Results

Of the seven multiple linear regression analyses performed, only one of
them showed an environmental treatment with a significant effect on, the
failure rate of a connection technique. This was the case of we:d vs. tempe-
rature and mechanical stress. A further analysis indicates that unly mecha-
nical stress had a significant effect. The computer output and its interpreta-
tion is as follows:

a. Correlation matrix:

Temperature Mechanical Stress

Temperature 1. -. 49

The correlation matrix shows the relationship between the independent
variables. In this case the coefficient of correlation between temperature
and mechanical stress is -. 49. This is -not significant statistically for
the number of observations. Therefore, it must be assumed that the
effects of the two variables are not related to one another.
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b. Column correlation:

Temperature Mechanical Stress

Failure Rate -. 32 .98

From the above, it can be seen that for the data analyzed the coefficient
of correlation is -98 between failure rate and mechanical stress. On the other
hand, the relationship between failure rate and temperature is -. 3Z, which
is not significant. The measure of statistical significance used is the test
of the hypothesis that the correlation coefficient equals zero (i. e., no rela-
tionship exists between failure rate and mechanical stress). For four ob-
servations (i. e., two degrees of freedom), the probability that the correlation
coefficient exceeds .95 if no relation exists is only .05. Since it is actually
.98 it can be inferred that correlation does exist.

c. The regression coefficients are as follows:

b = -. 057, bT a .004, bM - .052

Therefore, the multiple regression equation is -

Y = -. 057 + .004T + .052M.

d.. The multiple regression coefficient was .998. This means that nearly'
all of the variation in failure rate in the data is explained by the net
-effect of temperature and mechanical stress if the coefficient is found -

to be statistically significant. - - ---- - "- - -

e. The F-test is used to determine if the multiple regression coefficient
is statistically significant. The F ratio for this problem is calculated
bythe formula:

where

n = number of observations
p x number of independent variables

R?, multiple correlation coefficient

For this case the F Ratio is 343. 8. From the F tables of the .05.level, for
2 and 1 degrees of freedom, the F ratio must exceed 200 to be significant.
Since it does, we may assume that a large portion of the. variation in failure
rate is due to the net effect of both temperature and mechanical stress.

f. t-tests - In order to determine if the independent variables have an
individual effect on failure rate, it is necessary to perform t-tests.
This tests the hypothesis that the regression coefficients are equal
to 0. If the hypothesis is rejected (tT > t.0 5 ), then there is signifi-
cance. In this case, -
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tTI 4.89 1
t=4 .85 (t. 05 , I d.f.) = 12.706

Therefore, mechanical stress has a significant effect and temperature is not
different from 0.

A brief summary of the results of each of the multiple regression problems
is shown in appendix IV.

3.4 Evaluation of Results

The results of the over-all analysis of the effects of environment on failure
rate, are inconclusive. Only one environmental treatment, mechanical stress
on welded connections showed a measurable effect. The analysis indicated that
failure rate increases as mechanical stress increases. Engineering judgment,
however, suggests that vibration, temperature, humidity and other environments
also have detrimental effects on the failure rate of various connection types.
The reason that these effects were not measurable here, probably is related to
the quantity and accuracy of the data which were collected. The data were col-
lectcd from many different sources throughout the United States and the world.
They were from manufacturers and users. They were from different production
processes, and different uses were made of the equipment from which data was
taken. The reports were from sources who had different failure definitions and

different failure reporting systems. These are not shortcomings, however, if
all of these differences are known-and -are .enumerated accurately. However, in
the majority of cases, the environmental treatments were not explicitly spelled
out. Consequently, it was necessary to construct intervals of environmental
treatments. Even with this approach, the researchers still had the problem of
deciding the magnitude of the severity of the environmental stresses. In most
cases, the specification of the category to be used became the arbitrary decision
of the researcher instead of having'been clearly defined by the reporter or user
of the equipment.

The data were thoroughly analyzed by grouping and rearranging them in many
different ways. In the "final analysis, it must be said that the answers which come
out of an analysis can be only as good as the data which go into it. If more accur-
ate measures of the environmental effects are required, they will have to be
measured from more accurate equipment or laboratory data.

The one significant effect that was observed (i. e., failure rate of welded
connections vs. mechanical stress), bears further investigation. It must be
recognized that this result came from a comparatively small number of ob-
servations. Therefore, its validity is open to question. While it is recognized
that normally mechanical stresses are not applied to connections, the fact
that this environmental treatment seems to cause the deterioration of reliabil-
ity could be a useful relationship. If subsequent study were to substantiate
that mechanical stress reduces connection life in some regular pattern, this
might represent a tool for accelerating the reliability testing needed to evaluate
the reliability of connection types.
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SUMMARY OF SECTION 4

The merit index developed here is intended as guide to the designer in
the choice of a connection type for a given application. The index presents
the most important factors and sub-factors to be considered in choosing a
connection type and assigns quantitative values to them. The connection
types *considered here re solder, weld, crimp and wire wrap. The factors
considered are as follows: reliability, design, manufacturing and maintain-
ability. These factors are divided into sub-factors which are then quantified
and assigned point ratings. In actual practice, the factors will be given dif-
ferent emphasis, depending on the use of the equipment. These are reflected
in the merit index by application weights. The uses considered here are
as follows: laboratory versus field, prime versus support and stationary
versus mobile applications.

Typical Air Force ground equipments are defined in terms of applica-
tion classes. The laboratory vs field application measures the accessability
vs remoteness of an installation. Similarly prime vs support applications
reflects high availability requirements vs non-critical availability require-
ments, and stationary vs mobile measures the permanence of an installation.
Examples demonstrating the use of the ifierit Index on four types of equip-
ment are tabulated in Tables 7-1 through 7-4. The discriminatory power, of
the Merit Index.is illustrated when it is shown that wire wrap connections
are preferred from the standpoint of reliability, design, manufacturing,
and maintainability for use on Laboratory - Prime - Stationary and Laboratory -

Support - Stationary equipments. Solder connections are rated highest for
Field - Prime - Stationary and Field Pri.-ne-- -Mobile applications.
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SECTION 4 MERIT INDEX

4. 1 Definition of the Problem.

The merit index developed as a part of this study program is presented as a
tool for the use of the designer. It is meant to guide him to the consideration of
the most important factors which affect his choice of the type of connection
for a given application. The goal of the merit index is to minimize the subjec-
tivity of the designer's decisions by describing the attributes of each factor in
quantitative terms.

There were two divergent forces operating on the developers of this tool: the
merit index must be simple and -it must have good discriminatory power. With
regard to simplicity, only the most important factors can be included in the
index. With regard to discriminatory power, there are well over 50 sub-factors
that can affect the designer's decision to use one connection type over another.
However, to list each of these factors and go through the arithmetic of using a
merit index this complex would be an uneconomical process. It is recognized
that several of the factors weigh more heavily in the decision making process
than others. Therefore, the ones that are of minor importance, if considered,
would certainly increase the accuracy of the decision, but would increase the
complexity of the process. The factors selected for prepaiing this Merit Index
are as follows: Reliability, Design, Manufacturing, and Maintainability. The
Merit Index presented here is an attempt to balance ease of use and discrimina-
tory power. Cost has in all cases been excluded from the merit index. This is
not to say that it does not affect the designer's final decisions, but simply that
it should Ceonsidered independently of the factors of interest presented. It is
most difficult, of course, to remove cost considerations because they tend to
enter even if only in the most subtle manner. Further refinements of the present
form of the merit index will likely be required to more completely fulfill this goal.

A fully developed merit index might be applicable to all presently used types
of connections. It might also be sensitive to the evaluation of microelectronics
and integrated circuitry characteristics. In its actual present state of develop-
ment, the merit index is most useful for the four types of connection considered
in this study; namely, solder, wire wrap, resistance weld, and crimped con-
nections. Further refinements would increase its discriminatory power for these
connection types as well as for the new and developing varieties.

The remainder of this section is devoted to a detailed explanation of how the
merit index was developed and how it should be used. Paragraph 4. Z describes
the formula and the mathematics needed to compare the merits of several con-
nection techniques. Following this is the definition of the factors and sub-factors
which are included in the merit index together with a justification for the selection
of each. The sub-factors are then quantified and the quantification criteria are
explained together with statements which have been developed to describe the
degree to which a type of connection possesses a giver. characteristic. The
factors are next weighted to adjust their relative importance in different Air
Force ground equipment applications. The final part of the section presents
examples illustrating the use of the merit index for several applications of
Air Force ground equipment.
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4. Z Approach to the Problem

When the designer uses a merit index, he assigns numerical values to factors
and sub-factors; adjusts the relative weights of these depending on the end use
of the equipment; and sums, the adjusted frictor weights, over all factors, and
sub-factors. This gives a dimensionlesE, index number that represents the de-
sirability of using a given connection teehnique for a given application.

The above operations can be represented mathematically by the following
equation:

n
M=E a i fi

i=l

where M = merit index number of a given connection technique for a given

application

a = application weight determined by the end use of the equipment -

f = factor weight determined by quantifying factors and sub-factors;
which affect designer's decision when selecting an optimal con-
nection type. -

n = number of factors in the merit index

If Msolder is greater than Mweld for a given application, the user of the-merit.
index would be led to the selection of solder as the connection technique to be used
from the standpoint of the factors considered; namely, reliability, design, manu-
facture, and maintainability.

4..3 Factors and Sub-Factors

" The general terminology required to understand the functions and uses of a .
merit index is defined inthe following paragraphs. The following definitions
explain the terms used throughout the Merit Index Section of this report:

9 Factor -A factor is a broad classification of considerations that the
designer uses in evaluating the merit of a given type of connection in
relation to its design objectives. In the merit index the factors included
are reliability, design, manufacturing. and, maintainability.

e Sub-Factor - A sub-factor is defined as a specific attribute of a connection
technique with which the designer evaluates its merits against its design
objectives. Each sub-factor is related to one of the previously mentioned
factors. The list of possible sub-factors which could be considered is very
large. The sub-factors selected for use in this merit index are those thought
to be most influential for giving it adequate discriminatory power without
making itoverly complex. The sub-factor associated with the factor relia-
bility is joint life. The design sub-factors are connection density and com-
patibility. The factor manufacturing has 'the sub-factors preparation,
producibility, process. control, and inspectability. Maintainability has as
sub-factors repair time, repair skills, and repair tools.
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Each factor and sub-factor selected for inclusion in the merit index and
the basis for its selection is explained in the following paragraphs.

4. 3. 1 Reliability - Most electronic systems in use today are quite complex.
They employ thousands of electronic parts. These parts are formed together into
a working package by means of connections. Therefore, the joint life of the type
of connection employed has a direct bearing on the reliability characteristics
of the equipment or system utilizing it.

In earlier phases of this study program, failure rate information was
gathered from all possible sources on four common connection techniques:
solder, resistance welding, wire wrap, and crimp. These data were analyzed
and used in the constrtiction of the guidelines which constitute the Joint Life
sub-factor of this merit index.

4. 3. 2 Design - The Design factor is an extremely important one for consid-
eration. It has many varied facets. The sub-factors selected for the merit
index are mainly those concerned with packaging. The differences in the various
connections' performance characteristics, such as current carrying capacity
and connection resistance are assumed to be of the magnitude which would not
cause a radical difference in the final merit index value. Hence, these are
omitted in the interest of ease of use.

The following two sub-factors selected for evaluating the design factor are
connection density and compatibility:

o Connection Density - Size is becoming an increasingly important criteria
in the design of electronic equipment. This is witnessed by the great
volume of work in progress on micro-miniaturization. Therefore the
designer is constantly faced with selecting a connection type that will
afford him as high a density per unit volume as is feasible as long as
other factors do not suffer. It is fitting, therefore, to closely examine
the attributes of connection techniques with eegard to size or density.

o Compatibility - The present trends of the design of electronics equipments
suggests that the type of connection that is the most versatile is more in
demand. The principles of modularization require an emphasis in a given
direction. Compatibility for use with replaceable modules such as circuit
boards is considered a major decision factor because it allows the merit
index to -give weight to the versatility of techniques that can be universally
,applied. Other considerations are compatibility with components, and
different wire sizes.

4. 3. 3 Manufacturing - The design considerations with relation to manufacturing
are extremely complex. The sub-factors selected of necessity are broad in
scope. They are consolidations of logical sub-factors. The manufacturing sub-
factors utilized in the merit index are as follows:

o Preparation - This factor recognizes that certain connection types are
rendered useful only after a considerable amount of special preparatory
operations. As an example, solder requires a specially cleaned and
treated surface while wire wrap and crimping require no special prepar-
atory operations other than normal freedom from contamination.
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0 Producibility - This factor considers the production processes and
recognizes the advantages and disadvantages of automation, tooling
requirements, and the skill required by the operator who makes the
connection. Producibility gives greater worth to a connection technique
that can be automated and mass produced because, in general, this
results in a more uniform product. Tooling is an item that the designer
wants to avoid from certain standpoints. It has the disadvantages of
requiring adjustment, calibration, and repair. Hence, the requirement
for tooling in the use of a connection type is generally counted a dis-
advantage. Skill requirements affect producibility because when a
process is automated, the operator has less control over factors that
affect quality, reliability, scrap, rework, manufacturing time, and
scheduling can vary widely. Therefore, the connection techniques which
gives the operator the smallest opportunity to alter these characteristics
are given preferential treatment.

* Process Control - Each of the various connection types under considera-
tion is subject to numerous process variables. Some of the decisions to
be made are as follows: (1) Welding requires the periodic adjustment of
pressures and the changing or dressing of the electrodes. (2) Solder
requires the correct amount of the correct type of uncontaminated solders
and fluxes. This must be coupled with workmanship practices that can
vary widely from operator to operator and from the work of the same -
operator from day to day. (3) Crimping process controls must be applied
to the type of crimping tool, its rate of wear, and the operators' crimp-
ing technique. (4) Wire wrap process controls must be applied to tool
Wear,-wire size, and wire physical characteristics. -

* Inspectability - This factor evaluates the problem of whether or not a
connection, once made, can be successfully inspected. The problems
considered here are whether or not special' inspection tools or techniques'
are required. It further points to the advisability of sometimes selecting_
a connection type that has other disadvantages in favor of one that can be
inspected reliably.

4.3.4 Maintainability -The ability to repair and maintain a connection in use
is a major area of interest when designing for optimum application. The follow-
ing sub-factors are the most important to be considered in this category: -

" Repair Time - The parameter of interest here is the amount of time
required to repair a faulty connection when it has failed. -

" Skill Required- - The consideration of whether or not a repair can be
made by the average field technician is important. If a person with
special skill is required, the connection type is less desirable.

" Tools and Materials Required .- In most operational situations, the
quantity and variety of toors required should be minimized.. Those types
of connections which require, complex or special tools are less desirable.
Supply problems in the field are always severe and any way in which
they can be reduced should be reviewed by-,the designer.
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4. 4 Sub-factor Quantification

Simply naming and defining the factors and sub-factors to be considered
,by the designer in the use of the merit index is not sufficient. Therefore, a
quantification technique must be developed for each sub-factor.

The approach used here is to consider the relative merit of each type of
connection for each factor and sub-factor. In other words, the four connec-
tion types considered in this study are ranked from best to worst for each
sub-factor. The quantification process then takes place as follows. If a sub-
factor is already in numerical form, then the spectrum of possible values is
divided into logical divisions and a point rating is assigned to each of the divi-
sions. If a sub-factor is not in quantitative form, the logical descriptive
statements must be developed which accurately describe the characteristics
of various levels of merit. Point ratings are then assigned to each of these
descriptive statements to create a gradation between the merit of the connec-
tion types in questioh. To equally weigh each factor, the total of the maximum
point ratings for each group of sub-factors within a factor must total 100. For
example, reliability has only one sub-factor, joint life. The maximum point
rating assigned for joint life is 100. Design has two siub-factors. The maxi-
mum point rating assigned for each of them. is 50 points.

The measurement degrees for each merit index sub-factor are given as follows:

e Joint Life - The point ratings for the merit index were generated by con-
sidering the failure rates which were calculated during the data gathering
phase of the study. The failure rate estimate for wire wrap was
0.00000037% per 1000 hours. Solder joints were estimated at 0.00057%
per 1000 hours. Resistance welds were not statistically different from
solder. The intervals were constructed to differentiate between the dif-
ferences obtained for each connection type. They were selected also in
a manner that tried to prevent borderline cases. The numerical point
ratings assigned to each interval were based on engineering judgment.
The point ratings for joint life are listed as follows:

Category Point Ratings

Failure rate from: 0 - 0.000001%/1000 hrs 100

0.000001 - 0.001%/1000 hrs 60

0.001 - 0.01%/1000 hrs 30

0.01 - o7%/1000 hrs 0

Connection Density - Connection density can be neatly categorized in terms
of connections per square inch per 1/4 inch of depth. This criterion pre-
supposes a panel on which point-to-point wiring is carried out, although
the definition can easily be extended to include other forms of three dimen-
sional wiring. Welding can be done on a center,'to center spacing of
0.100 inches. Four leads can be soldered to a post 1/4 inch high. Soldering
can be done on 0.200 inch centers with 2 leads attached to a 1/4 inch high
post. Crimping is capable of the same density as solder. Wire wrap can
be used on 0.Z00 inch centers with one lead per 1/4 inch post. The point
ratings assigned reflect the fact that connection types are seldom utilized
to their maximum density. They are listed as follows:
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Category Point Ratings

Over 100 connections/square inch 50

30-99 connections/square inch 30

10-29 connections/ square inch 10

less than 10 connections/square inch 0

0 Compatibility - Compatibility is rated based on four situations. These are
connection compatibility with circuit boards, components, point to point
wiring, and different wire sizes and types. Solder joints are useful without
restriction in all four cases; hence, they are given the highest rating.
Welding is compatible with poit-to-point wiring and with components.
Weldable laminar wiring harnesses do exist, but they are relatively unde-
veloped and are presumed to be less desirable than solderable etched
circuit boards. At present, welding of stranded wire is not a practical
method. Since this eliminates half of the possible wire types that might
be used, a lower total point rating is assigned to welding than to solder.
Crimping is useful for point-to-point wiring and different wire sizes.
Although there is a group of switches that normally use screw lugs with
crimped on terminals, they are such a special case that little weight is
assigned to this connection technique with regard to compatibility with com-
ponents. Wire wrap connections are the least compatible type, since the
whole system has been developed around a particular geometric concept.
While it is true that special tools have been developed for a number of wire
wrap sizes, the switching of tools is not compatible with the basic concept
of wire wrap assembly. Wire wrap connections, therefore, are described
in terms of the fourth statement in'the following listing:

Category Point Ratings

Compatible with circuit boards,
components, all wire sizes and 50
types, and point-to-point wiring --

Compatible with components, and
point-to-point wiring; partially corn- 25
patible with circuit boards and
different wire sizes and types

Compatible with point-to-point
wiring and different wire sizes 20
and types, incompatible with
components and circuit boards

Compatible with point-to-point
wiring, incompatible with circuit 10
boards, components and different 1
wire sizes and types

* Preparation - This sub-factor encompasses all forms of lead dressing and
preparation including cleaning, cutting, sizing and shaping. Welding
requires no special lead preparation if the lead materials are of a weldable
nature. Several laboratory tests have been performed which'indicate that
special chemical and mechanical cleaning processes have no effect on the
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quality 6f welded- circuits if materials and components have been given
normal storage and handling. Soldering, on the other hand, requires a
significant amount of lead preparation. This is not always recognized,
since it is normal for the components to be manufactured with leads pre-
plated. Neither wire wrap nor crimping require any special treatments
before use. The assignment of point ratings is based on engineering
judgment and experience. The assignments are as follows:

Category Point Ratings

Requires no special preparation 25
before making connection

Requires special cleaning and prep- 15
aration before making connection

a Producibility - With very little adjustment, the producibility sub-factor
could be fragmented into several other parts. However, the present
definition is an attempt to create a broad category that still has sufficient
sensitivity.

Two kinds of automatized production are to be considered. The first is bulk
processing which is typified by the various forms of dip and flow soldering de-
vices. When the production efficiency is based on these processes, soldering
is rated high. The second is the equipment for mechanized random wiring. The
most efficient of these is the wire wrap process. A number of machines are in
use today which can make this type of conntc-fi6n: Crimped connections are
rated slightly below wire wrap even though an experimental machine has been
constructed and seems satisfactory. Although to date there is no equipment for
welding which is comparable to that available for the other connection types, the
potentialities for mechanizing are so great that welding was not completely ignored
in the assignment of point ratings. With regard to tooling, welding requires the
greatest amount.

The consideration of skill requirements is concerned with the relative ease
of making a good joint. Stated another way, it is concerned with how much con-
trol the operator has over the things that could go wrong. Soldering rates low
in this respect because of the problems of flux control and removal, the possi-
bility of cold joints and rosin joints, and because of the problem of voids and
entrap' ents. Wire wrap is rated high because the available hand tools reduce
the chance of a poorly made joint. The only error possible with a power wire-
wraptool is bending the post and unless this is excessive, it will cause no harm.
Crimped joints are almost as easily made as wire-wrap joints. The fact that
they are frequently used in conjunction with tapered pins increases the problems,
since these can be easily damaged. There is also the possibility of over or
under-crimping. In the consideration of skill requirements, welding rates just
above soldering. Although the machine can produce consistently good connec-
tions, skill is required to correctly align and adjust the process variables.
The point assignments are as follows:
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Category Point Ratings

Can be automated, requires special
tooling, and low skill level 25

Can be automated, required special
tooling and equipment, moderate
skill level 20

Can be partially automated, requires
special tooling, requires moderate
skill level 15

Cannot be automatedi requires special
tooling, moderate skill 10

Cannot be automated, requires no
tooling, high skill 10

* Process Controls - Process control includes all variables that must be
monitored during the manufacturing operation in order to maintain the
quality of the connection. Due to the diversity of the processes being
compared, a simple quantification is most difficult. For example, in
the soldering process, variables requiring control are solder bath tern-
perature, contamination level, time of exposure, flux activity and
application, and flux removal. These vary depending on the details of
the specific process.

Wire wrap process control consists of monitoring bit wear, wire size,
temper, and finish, as well as the control of terminal size, temper, and finish. -..

With crimped connections, the wear of the crimping tool, the force and
motion of the crimper and wire stripper, and the dimensions, temper, and
finish of the crimp on lug and the wire must be monitored.

In the welding process, the wire, post size,. and alloy must be controlled..
Further factors of interest are the energy-force schedule, the placement of
the weld, stripping of the wire, and the condition of the weld electrodes.

Many of the items, that are considered, are controlled through purchase
specifications, but the possibility remains that they will vary enough to cause
difficulty. Therefore, the highest point ratings developed above are assigned
to the connection techniques requiring the fewest number of process controls.
The assignments of point ratings are as follows:

Category Point Ratings

Infrequent tool or machine adjustments
required, moderate rate of tool wear, Z5
no additional materials required

Infrequent tool or machine adjustments
required, slow rate of tool wear, no Z0
additional materials required

Frequent tool or machine adjustments
required, high rate of tool wear, no 15
additional materials required

No machine or tool adjustments required,
no tool wear, additional materials needing 10
strict materials controls required
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Category Point Ratings

Infrequent tool or machine adjustments
required, low rate of tool wear,
additional materials needing strict

materials controls required

9 Inspectability - This is a difficult factor to grade. If the assembly is
properly designed and the processes properly established, inspection
for joint quality is required only for soldering and welding. In the
other cases, the yield is so high that the likelihood of an inspector
finding a poor joint, even if it is there, is small. In the latter instance,
inspectability degenerates to a determination of whether or not the joint
was made, and whether or not the process is performing properly. In
a mechanized operation, only the latter becomes important.

By restricting the considerations to manual operations, it is possible to
establish the following relationships:

a. Wire-wrap and crimping get the top rating because they do not require
detailed inspection

b. Welding gets a lower rating because it is necessary to inspect for weld
placement and because inspection to see that a weld has actually been
made is more difficult, due to the relatively small size of the weld.

c. Soldering gets a very low rating because there are so many possible
defects that can be produced and because many of the defects are
concealed.

The point rating assignments are as follows:

Category Point Ratings

Easy to recognize defective connection 25

Moderately easy to recognize defective
connection 15

Very difficult to recognize defective
connection 5

e Repair Time Required - The extension of manufacturing fabrication times
to field repair based on user environments was used to quantify the repair
time required. The data assume that the person making the joint is of
average skill and has the proper tools at hand. The average time esti-
mate for a crimp or wire wrap repair is 45-55 seconds. For solder, it
is 15-30 seconds and welding is 1-3 minutes. Although it is recognized
that welds cannot be repaired by welding, the assumption here is that
the welded connection can be soldered. The solder repair of a weld re-
quires extra time for cleaning and fluxing. However, it is not disqualified
when considering maintenance. The point ratings assigned to each of the
repair time intervals were based on engineering judgment. They are
listed as follows:
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Category Point Ratings

Repair requires from 0 - 30 33.3
seconds

Repair requires from> 30 - 60
seconds 20

Repair requires from> 1 - 3 minutes 10

Repair requires > 3 minutes 0

* Repair Skill Required - When considering all possible situations, the
skill required for repairing connections varies considerably. The
categories and their corresponding point ratings are designed ro reflect
the skill required. Since soldering requires a skilled person and it has
been assumed that welded connections can be repaired by soldering,
solder and welded connections are assumed to require the same skill for
repair. Wire wrap and crimping connections require a semi-skilled
person to perform repairs. The categories and their respective point
ratings are as follows:

Category Point Ratings

Unskilled person required 33.3

Semi-skilled person required z0 -

Skilled person required - 10: - -

Specialist required 1

* Maintenance Tools Required - The complexity of the tools required.to-
repair a connection in the field varies considerably. Solder joints
require only the most common tools. Crimping and wire wrap require
special tools. Welds which have failed are assumed to be repaired by
soldering. The point assignments are as follows:

Category . Point Ratings

None required 33.3

Standard types required Z0 -

Special types required 10
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4.5 Application Weights

In paragraph 4.4, the most important factors and sub-factors that should
be included in the merit index were selected and defined. Each sub-factor
was described in several degrees of importance and point ratings were
assigned to each level. Consequently, any connection that a designer wants
to evaluate should be categorized according to the statements and point
ratings which were developed.

The factors and sub-factors which have been discussed are tabulated below
by connection type:

Solder Weld Wire Wrap Crimp
Point Point Point Point

Rating Rating Rating Rating

Reliability

Joint Life 60 60 100 30

Design

Density 30 50 10 30
Compatibility 50 25 10 Z0

Manufacturing

Preparation 15 25 Z5 25
Producibility Z5 10 20 15
Process Control 10 15 25 Z0
Inspectability 5 15 25 25

Maintenance

Repair Time 33.3 10 Z0 20
Repair Skill 10 10 20 20
Repair Tools 20 20 10 10
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In actual practice, the factors are given different amounts of emphasis,
depending on the-use of the equipment. Application weights are devised in
the following paragraphs which will adjust the relative weights assigned to
each factor and thereby convert the merit index into a usable tool. The types
of applications considered are based on the end uses of various families of
Air Force ground equipments. The three application differences described
below suffice to establish the category of end use.

The initial differentiation is between laboratory and field equipments.
Laboratory equipffients are defined as those used in as ideal an environment
as is possible. They are installed for use at a permanent base or installation.
They perform their functions under mild environmental stress conditions.
Since they operate at an accessible installation, equipments of this type receive
expert maintenance and have the benefit of more sophisticated installation and
operational procedures. On the other hand, a field installation is one in which
the installation is looked upon as remote. Therefore, the designer would be
more concerned with a differing set of criteria which would reflect the vari-
ations in severity of those two applications.

A second phase of application differences is that of prime versus support
use. If a piece of ground equipment is for prime use, it must be ready to
perform its duties immediately, quickly and successfully. If it is perform-
ing a support function it does not require such strict considerations with
regard to availability for use. Hence, the end use of the equipment would
guide the designer in the relative weights which he applied to the design
factors.

A third set of comparative applidation considerations, is whether the equip-
ment will be stationary or mobile. Mobile equipments are defined as those
which are moved frequently from one location to another. Stationary equip-
ments are installed permanently. The design features in mobile equipments
will have to-be stressed because of consideration for-small size and light
weight...

The following table shows the application weights that have been developed
for various classes of Air Force ground equipment:

Lab, Prime, Lab, Support, Field Prime, Field Prime,,
Stationary Stationary Stationary Mobile

Reliability 10 10 10 15

Design 25 20 30 50,

Manufacturing 50 65 40 Z5

Maintainability 15 - 5 20 10

Total 100 100 100 100

Typical Equipment SAC E-q. BASE BMEWS Mauler,
Examples Commanded Payroll Radar MMRBM

Computer Computer
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In the overall evaluation, the design and manufacturing factors will make up
between 70 and 85%6 of the application points. This is understandable because of
the importance of those two factors. At the other end of the spectrum, reli-
ability and maintainability are assigned between 15 and 30% of the total applica-
tion weighting.

To follow through the reasoning used in determining the application weights
consider, as an example, a piece of field - prime - mobile equipment. In prime
equipment the mission requires a high probability of success for any given
mission, therefore high availability is essential. But since this equipment is to
be mobile, weight considerations limit the amount of maintenance equipments
and the replacement part inventory. The remoteness of field equipment also
presents a logistics problem with respect to obtaining replacement parts and
the services of specialized maintenance personnel. For these reasons high
availability is achieved by emphasizing high reliability. Maintainability is also
considered but it is subordinate to reliability. Reliability is assigned an appli-
cation weight of 15 and maintainability 10. The requirement for mobile equip-
ments to be light weight makes design factors such as packaging density
important. Mobile equipments are also subjected to more severe environmental
conditions such as vibration and shock when being moved. Therefore the design
factor is stressed to allow the equipment to be compact and rugged. Design is
assigned an application weight of 50 for field - prime - mobile equipments.
Because of the importance of the other factors manufacturing is weighted less.
It is assigned an application weight of 25.

4. 6 Examples of Merit Index Use

The usefulness of the merit index may be evaluated by considering several
examples. For this purpose, the four connection types studied in this program
are evaluated for application in four classes of Air Force ground equipment.

4. 6. 1 Laboratory-Prime-Stationary Applications - An example of a laboratory-
prime-stationary equipment is a command computer for use in an installation
such as SAC Headquarters. This is a permanent installation where sufficient
repair facilities and space are available. Immediate repairs are not necessary
because an adequate amount of redundancy exists in the circuitry and in equip-
ment quantities. Consequently, maintainability is given an application weight
of 15. Reliability is weighted at 10 because the environments experienced are
not severe and because the redundancy exists in the equipments. The design
factor is rated at Z5 because the equipment is probably fairly complex and be-
cause the redundant circuitry suggests that packaging problems are important.
On the other hand, the laboratory type installation does not make the 'problem
acute, since an installationof this importance would have ample space and the
equipment need not be miniaturized. The manufacturing factor is assigned the
application weight of 50 for laboratory-prime-stationary equipment use. Since
the equipment is complex, many thousands of connections are used. Therefore,
a connection technique that minimizes the manufacturing problems should be
selected.

Each of the four connection techniques are given point ratings from the
ten subfactor tables. For example, the failure rate of a wire wrap connec-
tion is given as 0. 00000037%/1000 hours based on the reliability reports shown
during the study. Comparing this estimate to the subfactors, it can be seen
that wire wrap fits into the failure rate interval of 0 -0. 00000 1%/1000 hours
which is evaluated at 100 points. The joint life of 100 is multiplied by the
reliability application weight which for a laboratory-prime-stationary type
of equipment is 10. The product of these two is 1000. In a like manner, each
subfactor is given the appropriate number of points for its merit attributes and
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multiplied by its respective application factor weight. The operation'is con-
tinued for as many connection types as the designer cares to compare. The
summations of the products of the sub-factors and factors point ratings re-
suits in a grand total merit index number for each connection technique. The
details of these calculations are shown in Table 4-1. The merit index number
for wire wrap connections is 7000 points out of a possible 10, 000. Therefore,
when compared to 6550 points for crimp, 6325 for resistance welding, and
6300 for soldering, the wire wrap type of connection is adjudged the most de-
sirable for the application under consideration.

4. 6. 2 Laboratory-Support-Stationary Applications - An, example of a
Laboratory-support-stationary equipment is a computer that performs
accounting operations such as payroll and other administrative calculations.
For this application, the environment is mild and reliability is rated at 10.
Maintainability is not critical, since a failure of the equipment is not critical
in the sense of tactical considerations. Therefore, it is assigned a 5 applica-
tion weight. An equipment of this type is standard. in nature and design con-
siderations are minimized. The heavy emphasis is placed on the manufactur-
ing factor which is assigned at 65. Usually, an equipment of this type is pro-
duced in relatively large quantities. Therefore, the importance of connection
types that display good manufacturing features is stressed by this weighting
procedure. . - -

Table 4-2 gives the detailed merit index calculations for the four connec-
tion techniques considered in this study. Wire wrap at 7825 has the highest
merit index number for this application. It is followed by crimp at 7075,
welding at 6525, and solder at 6 092.--Wire..wrap.is concluded to be the con-
nection technique with the most merit for use in laboratory-support- - -.

staionary abplications. -

4.6.3 Field-Prime-Stationary Applications -A typical equipment that could
be classified as field-prime-stationary is a BMEWS radar. Due to the tacti- "
cal nature of this installation, mininum downtime is .considered of prime im- _-
portance and maintainability is given an application weight of 20. If a failure,-,-
occurs, the repair must be made as quickly as possible. In the field, the ...

variety of repair skills and tools needed must be minimized. During tactical
operations, a connection must have the advantage of both quick and easy re-
pair. Reliability considerations are important because of the tactical aspect
of the functions being performed and because of the rugged environmental
stresses encountered. Design factors are rated at 30, since field equipment
must be compact and adaptable to any of several methods of operational con-
figurations. Manufacturing factors are rated at 40, since tactical problems
dictate the selection of a connection. technique that can be produced efficiently
in great quantities with a minimum amount of process controls.

Table 4-3 summarizes the calculations used in- arriving at a Merit Index
number for Solder, Resistance Weld, Wire Wrap and Crimp. For the par-
ticular application solder is rated at 6466, Wire Wrap 6400, Crimp 6200 and
Weld 6250. The range of merit for an application such as a BMEWS radar is
very narrow. A closer analysis of the sub-factor totals points out how the
application weights give emphasis where it is logically required. For example,
solder is the most maintainable technique and this is desirable for a field instal-
lation. The Merit Index rated solder highest for this factor with 1266 points.
For manufacturing, wire wrap weighed most heavily because it results in less
difficulty in the production of a complex equipment. Wire wrap is rated lowest
for the design factor due to its poor compatibility and packaging characteristics.
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4. 6. 4 Field-Prime-Mobile Applications - An equipment for the -field-prime
mobile application is a mobile Air Defense System. Equipments in such a
system must operate in the most severe environments. They must be compact
because of space and weight limitations. The design factors are rated high at
50 because an equipment employed for these purposes must withstand shock,
vibration, inclement weather, extreme temperatures and still be ready when
it.is needed.

Table 4-4 shows the details of the Merit Index calculations for a field-
tactical-mobile equipment. If a designer selects the most desirable connec-
tion technique from the standpoint of reliability, design, manufacturing, and
maintainability using this table, he will choose solder with its rating of 6908.
Welding is rated at 6675, crimp at 5575 and wire wrap at 5375.

4. 7 Discrimination

To illustrate the details of the discriminatory power of the Merit Index,
the sub-factor compatibility must be considered. From paragraph 4. 4,
solder is most compatible with circuit boards, components, all wire sizes
and point-to-point wiring. Connections techniques having these attributes are
assigned a point rating of 50. On the other hand, wire wrap is most compat-
ible for point-to-point wiring, but incompatible with circuit boards, compon-
ents, and different wire sizes and types. Therefore, it is rated at 10 points.
When the two connection techniques are multiplied by the application factor of
50, solder is rated at Z500 points, while wire wrap is only 500 points. These
arithmetic procedures are carried out for all factors and sub-factors. After

-- points-are assigned for each factor and sub-factor and multiplications per-
formed, the resulting products are summed for each connection type. The - -

result of the summation is the Merit Index number for the connection technique. - -

The final judgment with regard to the discriminatory power of the Merit
Index lies with the comparison of the Merit Index numbers. In the field-
l rime-mobile application solder joints are preferred over wire wrap by. -

well over 15%. This preference is based on considerations for reliability,
design, manufacturing, and maintainability factors. Judgment and experience -
suggest that this magnitude of difference is reasonable. The addition of other
factors to the Merit Index. might result in a more accurate set of numbers,. but.
the accuracy would come at the sacrifice of simplicity and ease of6. A

further refinement of some of the quantifications and application factors would
result in greater accuracy.

4. 8 Validation

The Merit Index as presented in this report is an initial attempt at the solu-
tion of an extremely complex set of problems. Its objective is to quantify the
worth of factors that up until now have been considered subjectively. How well
the researchers have succeeded in attaining their stited objectives will be meas-
ured in terms. of the utility of this tool to the people charged with making deci-
sions for selection of connections.
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It is suggested- that the best method for validating the Merit Index is to
submit it for consideration to all persons who have a knowledge and interest
in the subject of connection techniques. Doubtless many improvements and
refinements can be added to the work begun here.
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SUMMAY OF SECTION 5

The degree of attainment of each of the-three program objectives is dis-
cussed. Failure rates calculated from the reliability reports gathered during
the data search are presented for four connection types; namely, solder, re-
sistance welding, wire wrap and crimp. Also, failure rates, based on equip-
ment classes and applications, are presented. These are shown in Table 2-1.
The results of a mathematical analysis which evaluates the effects of various
environments on connection failure rates is summarized. The results were
inconclusive due, probably, to the quantity and accuracy of the data available.
A Merit Index for the use of the designer is proposed to enable him to evaluate
the desirability of various connection techniques for Air Force ground equip-
ments from the standpoint of reliability, design, manufacturing, and main-
tainabihlty factors. The use of the Merit Index is demonstrated in Table Z-2.
Merit Index numbers are summarized for solder, resistance welding, wire
wrap, and crimp connections as applied to several different equipments and
applications.
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SECTION 5 - CONCLUSIONS

This section summarizes the conclusions of the study in terms of each
of the three stated objectives.

5. 1 Failure Rate Estimates

5. 1. 1 Failure Rates by Type of Connection - Sufficient data were available
to compute failure rates for the four types of connections given in Table 5-1.
The connection failure rates ,are totaled separately, by connection type, accord-
ing to whether the data was contained in equipment reports or laboratory reports.

Significance tests at the 0.10 level were run on the connection failure rates
listed-by connection type. The results of these tests show thatno statistically
significant differences exist between the resistance-welded connection failure
rate and the solder connection failure rate, nor between the resistance-
welded connection failure rate and the crimp connection failure rate.

5.1. 2 Failure Rates by Application - The data obtained was divided into the
eight clases which are shown with their associated failure rates in Table 5-1.
Classes 1 to 5 represent data obtained from the operation of the general types
of electronic equipment shown. They are presented in order of their failure
rates from lowest to highest. Ground computers have the lowest failure rate
and airborne equipments have the highest failure rate. This order is consistent
with the failure rate environmental modification factors contained in most-....
reliability handbooks. Classes 6 to 8 are data obtained from special laboratory-.--- -
test results and cannot be compared with actual use conditions.

Failure rates calculated from laboratory tests are much higher than those
computed from actual equipment operation. This is understandable, since most
laboratory test seek to reduce test time by inducing failures through the speci-
fication of severe environmental stresses or by worst case testing. Additionally,
some hybrid and experimental connections were also tested in the laboratory.
T=-data on vacuum tubes are based upon laboratory life tests.

It is interesting to note that both ihe -lowest and highest failure rate was
obtained for the same connection type: wire wrap. T--Lh_-7 hhest failure rate,
0.45/ 1000 hours resulted from laboratory tests to determine process limita-
tions. The lowest, 0.40000037%o/1000 hours resulted from data on a ground
computer exhibiting only one failure in over 270 billion connection operating
hours.

5. 1.3 Discussion -- The objectives of the failure rate estimates have been
achieved to the extent that data has been collected and analyzed for six types
of connections. From Table 5-1 it is also clear that many gaps in the data
still exist.

Perhaps most important in the results is the value of the connection failure
rates themselves. The failure rates appear too high according to present
reliability-estimating data and too low according to analysis of data published
in reports on equipment operation. A solution to this paradox could involve an
investigation into the fundamentals of current reliability-'estimating techniques
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TABLE 5-1 FAIIJRE RATES BY TYPE OF DATA

Resistance
Type of Data Solder Welding Wire Wran Crim

1. Reports on o.00010 no data 0.00000037 0.0016
Ground
Computers

2. Reports on 0.00057 0.00019 no data no data
General Ground
Equipments

3- Reports on 0.00085 no data no data no data
Shipboard
Equipments

4. Reportn on 0.0014 no data no data no data
Ground Radars

5. Reports on Air- 0.0034 0.0079 *no failures
borne Equipoents

EUIPMENT TOTAL 0.00057 0.00070 0.00000037 0.0016

6. Laboratory tests No data 0.0018 No data No data
on Vacuum tubes

7. Laboratory tests 0.010 No data 0.45 no failures
on Connections

8. Laboratory tests 0.027 0.038 no data no data
on Modules, Cards
and Parts

LABORATORY TEST TOTAL 0.027 0.0070 0.45 no point estimate

#The irborne report data on wire wrap is combined with computers report data on wire
vrap to obtain the equipment total failure rate for wire wrap.

**0.00087%/1000 hour quoted with no quantitative back-up data. Additional information

contained in Appendix.
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by parts consideration. The analysis and the resulting paradox form the
basis for a much needed and more thorough investigagion. Failure rates
are discussed in more detail in paragraph 2. 5.

5. 2 Conclusions from the Analysis of Environmental Effects

The reliability reports gathered during the study were analyzed in an at-
tempt to find the relationships that exist between connection failure rates and
the various environments under which they operate. In general, it was not
possible to measure environmental effects using these types and quantities of
reliability reports' because the reports were very incomplete regarding the
exact environmental conditions under which the equipments operated. Despite
the shortcomings of the data, environmental stress intervals were developed
and all the reports were arbitrarily placed into the categories that suited
them best. Mathematical analyses in the form of multiple linear regressions
were performed on several different groupings of data in an attempt to meas-
ure the effects of temperature cycling, corrosive agents, humidity, shock,
vibration, and mechanical stress. Only minor success was obtained in the
search for significant environmental stresses. The overall conclusion is that
tfie data gathered were either not accurate enough to measure environmental
effects on the failure rate of connections, or the variations noted were due to
factors not considered. Judgment and experience-suggest the former conclu- -

sion. A secondary conclusion was that sufficient quantities of data generated
under all possible combinations of environment and equipment application
were not found. However, in the light of the results of the analyses performed,
where data was sufficient, it can be assumed -that a greater quantity of data
would not have materially altered the outcome of the study._

-- The one factor which displayed astatistically significant effect in the
multiple linear regression analyses was mechanical stress on resistance-
welded connections. As mechanical stress increased failure rate increased.
This conclusion, however was based on a small quantity of information and
further verification is probably in order. .. . .. -

5-3 Merit Index

The merit index which has been developed is a tool for the designer's
use in selecting the most desirable connection type from the standpoint of
reliability, design, manufacturing, and maintainability factors. Each of the
above four factors are divided into sub-factors which'are defined in terms
that describe a connection's characteristics. The sub-factors are quantified
by assigning numerical values to the levels of merit defined for each con-
nection. The reliability factor contains only one sub-factor: joint life. The
design factor is sub-divided into connection density and compatibility 'sub-
factors. The manufactiiring factor contains preparation, producibiity, proc-
ess control and inspectability sub-factors. The maintainability factor is
made up of repair time, repair skills, and repair too?.s sub-factors.

The end use of an equipment dictates the emphasis which a designer
will give to the factors selected for use in the Merit Index. Therefore,
Application factors have been developed which vary the relative weights
assigned to each factor based on laboratory versus field use, support versus
prime use, and stationary versus mobile use.
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The factors and sub-factors included in the merit index are not an exhaus-
tive list. They represent the researcher's opinions of those which exert the
greatest effect on the desirability of using a given connection. It is felt that
the factors selected give the greatest, amount of discriminatory power without
making the tool unwieldy by the inclusion of an excessive number of factors.
The added accuracy gained by the inclusion of more factors and sub-factors
would likely not offset the increased complexity introduced into the use of the
merit index.

The application of the Merit Index to the major classes of Air Force
ground equipment results in the following table of Merit Index numbers by
connection type.

Table 5-2. Merit Index Numbers by Application and by Connection Type

Applications

Laboratory Laboratory Field Field
Connection Prime Support Prime Prime

Type Stationary Stationary Stationary Mobile

Solder 6299.5 6091.5 (6466) (6908)
Resistance Weld 6325 6525 6250 6675
Wire Wrap (7000) (7825) 6400 5375
Crimp 6550 7075 6200 5575
Typical Application SAC Hdqrs. Base BMEWS Mauler,

Command Payroll -- - - MMRBM
Equipments Computer Computer Radar

The Merit Indexes in Table 5-2 indicate that solder joints are preferable
for Field-Prime -Mobile equipments and for Field-Prime -Stationary equip-
ments, and that wire-wrap connections are preferable for Laboratory-
Prime -Stationary and Laboratory -Support -Stationary applications. It must
be stressed, however, that these index numbers refer to the designer's
evaluation based on the reliability, design, manufacturing, and maintainability
factors only.

The Merit Index, as developed during this study, is constructed for the
evaluation of all connection types. However, the details of its construction
were based mainly on the characteristics of solder, resistance welding, wire-
wrap, and crimped connections. It is expected that further refinements can
increase the scope and discriminatory power of this tool without seriously
impairing its use through increased complexity.
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SUMMARY OF SECTION 6

The study has produced interesting results and raised questions which
remain unanswered. Further data on connection failure rates should be
gathered from sources who maintain good reliability records. Additional
.effort should be applied to obtaining failure rate data on ultrasonic weld,
thermal compression bond, gallium alloy and gold-foil connection types.
Controlled tests should be conducted to measure the effects of environmental
stresses on connection failure rates. Additional effort- should be applied to
the refinement of the Merit Index. The Merit Index should be validated by
actual use by a select group of personnel working in the field of electronic
packaging.
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SECTION 6 - RECOMMENDATIONS

Each phase of the study, produced several interesting results. Likewise,
the investigations raised questions which still remain unanswered. This
section of the report :presents. recommendations which should result in a
significant refinement of the findings of the study.

6. 1 Data with Greater Accuracy

As a result of the study just completed, it is apparent that good reliability
records on connections can be found. Also, it was apparent that there were

reasons to question the magnitude of the failure rates calculated from such a
wide variety of data sources. To improve the estimates of failure rates on
the four types of connections investigated, more data is required from sources
with good record keeping systems. The data gathered from sources which have
better record keeping systems should cover a spectrum of ground equipments
and applications. For example, failure rate data by connection types from the
equipment classes listed below might serve to measure typical differences of
interest:

Connection Operating No. of Types of

Equipment Class Type Quantity 'Hours Failures Failures

Laboratory Radar
Stationary Field Radar •
Mobile Field Radar

A complete record of environmental operating conditions should accompany
each such report. With the correct sources selected, information could be
collected concerning manufacturing processes, and quality assurance results.
Completed failure analyses should be performed as a result of each equipment
failure to ascertain whether the malfunction was due to a part or to a connection.
If the records were sufficiently accurate, failure times could be recorded and
hence failure distributions could be estimated. Similar data should be gathered
in a planned manner from several sources covering several equipment types
and applications.

6. 2 Data on Additional Connection Types

In the ,early stages of the search, progress was very slow. However, as
experience was gained, greater quantities and varieties of information were
found. Consequently, greater skill was used in the latter stages of the study.
This skill helped to determine what information to gather and which were more
productive sources.

In the final stages of the study, data were stili being received. Several
reports are even now enroute. Therefore, it is apparent that valuable
reliability information on the connection types of interest is available and
can be found and analyzed.

In addition to solder, resistance welding, wire wrap, and crimped con-
nections, a few reliability reports were received on other connection types.
However, the data was not in large enough quantity to result in a meaningful
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analyses.- Therefore, it is recommended that further effort be directed toward
collecting reliability reports on ultrasonic welding, thermal compression bond-
ing, gallium alloy, and gold foil connection types. Failure rate estimates of
these types added to those calculated in this study should result in a more com-
plete spectrum of the reliability characteristics of the major connection types
now available.

6. 3 Controlled Tests

The second objective of the study program was to measure the effects of
various environmental stresses on connection failure rates. In general, the
reliability reports that were obtained were not complete enough in their
descriptions of environmental operating conditions to enable the desired
relationships to be established; Had it been possible to measure the effects
of environmental stresses much would have been gained. However it
appears that the environmental effects can best be measured under controlled
conditions.

Therefore, it is recommended that the effects of environmental stresses
on connection failure rates be studied through a series of controlled tests.
The most efficient way of evaluating several environmental effects in the
same series of tests is to perform a factorial experiment. A typical example
of such an experiment is shown below:

__ Vibration

--- -r- VZ V3

~TZ

ET3

In the 'example symbolized above, each cell would be filled with a failure
rate generated in a controlled test performed under the combined environments
of temperature and vibration. Each environment level should be judiciously
selected over the entire range of expected operating conditions. The results
of such a series of experiments would be the effect of temperature on failure
rate, the effect of vibration on failure rate, the effect of vibration and tempera-
ture interaction, and an estimate of the unexplained variation. One of the com-
bined environments placed on the test in the factorial experiment would be with
both temperature and vibration at relatively mild stress levels. Therefore, a
test of this nature might be of relatively long duration.

Since the failure rates which have been calculated for the various connec-.
tion types are small, a rather large number of operating hours and obser-
vations of failures would be required to obtain good estimates of the effects
of environmental stresses on connections. The accumulation of a sufficient
number of connection operating hours in a reasonable calendar time can be
accomplished by using large sample sizes in each of the cells of the factorial
experiment. An example of a type of controlled test that could be run would
be testing of solder connections on circuit boards. Each board could
accomodate from 150 to Z00 solder joints and a sufficient number could be
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tested in each combined environment to observe several failures during a
period of one calendar year. The total number of environments and stress
levels to be included in the test would be subjects for study in order that
the ones included in the study program were those most likely to affect the
reliability of connections.

6. 4 Merit Index Refinement

The Merit Index developed during this study appears to be a reasonable
step toward simplifying an extremely complex decision making process. The
factors included in the Merit Index are not the only ones to be considered.
For example, cost is one that is extremely important and one that presents
many difficulties. It cannot be omitted from a designer's decision when
specifying a type of connection. Additional study is required to incorporate
the cost factor into the index.

The quantification of sub-factors completed in this report applies mainly
to solder, resistance weld, wire wrap, and crimp connections. The point
ratings and the connection attributes developed ideally should be applicable
to most connection types. Actually, they were heavily influenced by the four
types mentioned.

The recommendation, therefore, is that additional effort be applied to
refine the Merit Index, to expand its versatility to other connection types,
and to increase its discriminatory power by the inclusion of additional factors.

6. 5 Merit Index Validation

The final test of the utility of a tool is whether or not it actually performs
the job for which it was designed. The Merit Index presently stands as a tool
that has been developed, but untried. Validation is still required. It is recom-

-,mended that it be tested by presenting the index to a select group of design
engineers and to a select group of service personnel for theii trial use. Their
opinions and comments, properly classified and analyzed, will provide partial
validation of the accuracy and acceptance of the Merit Index as a tool.
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APPENDIX I

FAILURE RATE DATA

This appendix contains three tabular listings. The first, Table I-1,
enumerates the environments that, in the researchers' opinions, are the
ones most likely to affect connection failure rate. The high,. medium, and
low stress intervals were developed from the study of various military
specifications, designers reliability handbooks, and other technical publi-
cations, as well as on the judgement and experience of the researchers.
Table 1-2 gives a brief description of the types of equipment and the types
of laboratory tests for which data was available. Table 1-3 is a summary
of the data collected during this study. The data are grouped in connection
types and sub-grouped by the type of equipment and laboratory test in which
the connection is used. Sub-totals are given for each type of equipment and
laboratory test. Grand totals are given for each type of connection. The
symbols H (high), M (medium), and L (low) are used to describe each re-
liability report received during the data search phase of the study. -

TABLE I-1 Environmental Stress Levels

Low (L) Medium (M) High (H)
Corrosive No Corrosive Mild Corrosive Severe Corrosive
Agent Agent Present Agent Present Agent Present -

Temperature .
-Cycle 0 -2 2 - 5 above 5
(°C/Minue)

Humidity 0 -50 50 - 80 80 -100 -

Shock 0 -5 5 -40 above 40
(g's)

Vibration
.(CPS) 0 - 10 1 0 - 100 above 100
(g's) 0-2 2 -5 above 5

Static
Mechanical 0 - 1 1-4 above 4
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TABLE 1-2 Types of Equipment

Equipment Classes Description

1. Ground Computers stationary and mobile computers with
controlled or uncontrolled environments

Z. General Ground Equipment all other stationary and mobile ground
equipment with controlled or uncon-
trolled environinents

3. Shipboard all equipment mounted on board
submarine or surface vessels

4. Ground Radars stationary and mobile radars with
controlled or uncontrolled environments

5. Airborne all equipment mounted in aircraft,
missiles and satellites

6. Laboratory tests on connections contained in Vacuum
Vacuui Tubes Tubes

7. Laboratory Tests special tests configurations which
on connections contain only connections

8. Laboratory test on production items with connections
modules, cards, parts between components
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APPENDDC II

CALCULATION OF CONFIDENCE IN4TERVALS*

A confidence interval at some level 1 - a gives, the interval in which the
failure rate will be contained with probability 1 -.

CL  = one-sided lower confidence limit

u 
o 

n

1 - = upper confidence limit

= lower confidence limit

X 2 = Chi-square

r = Number of failures

A A Tm = Estimated MTBF m = -

m = True MTBF

T = Number of joint -hours of operation
Two sided confidence interval

AA <r m < < 2r-A

x Zr) (I -;z

Confidence interval - no failure observed
C T

CL = ;--

*Igor Bazovsky, Reliability: Theory and Practice, Prentice Hall, Inc.,
Englewood Cliffs, New Je rsey, 1961, p. Z35 - 238.



APPENDIX Ur

TESTS OF THE EQUALITY OF 2 M-TBF

In this study it was often necessary to test hypotheses concerning connec-
tion MTBF's. For example it was desired to test:

H 0 :rmw = mS Where mW is the true MTBF of

versus welded connections and m S is the
true MTBF of soldered& joints.

H l:mW 7-

The method used was the F-test developed below.

It is known that:

A
ZRW m is ta

U W  = w is distributed-a s X2with ZRW degrees of freedom,

and
A

"U - m, iS similarly distrxte, d.... .

Here RS and Rt are the numbers of observed failures and m and m W are
the sample MTBF. Now, since UW and U are distributed as X2 , then under
the hypothesis mW = mS the ratio

/ A
Uw/ ZRw  m / M imW

R 2R = AUS/ZRS ,A
S/m S/ I s  MS

is distributed as F(ZRW, 2Rs) and a significance test can be made using the

ratio R and the F tables with the appropriate
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APPENDIX IV MULTIPLE REGRESSION DATA AND RESULTS

The raw data used in the 7 linear multiple regression analjses are pre-
sented,on the following pages. All required calculations were performed on
an IBM 7094 computer; the results are presented under their respective
heading for each problem.

Problem 1 -Solder Joints Using Point Estimates

Measured Observations:

Failure Rate
(76/ 1000 hrs.) Temperature Humidity Vibration

1 .00115 2. 2. 2.
2 .08710 1. I. 2.
3 .06650 2. 1. 1.
4 .00787 3. z. a.
5 .00109 3. 2. 2.
6 .00184 3. 2. 2.
7 .00300 3. 2. 2.
8 .00049 3. 2o a.
9 .00980 3. 2. 2.
10 .00011 1. 1. -

11 .00132 2. 2. 2.
12 .00671 1. 1. 3.
13 23.70000 2. 1. 1.
14 11. 60000 2. 1. 3.
15 3. 19000 2. 1. 3.
16 2.46000 2. 1" 1. 1.
17 3.21000 2. 1. 1
18 4.01000 2. 1. 1.
19 .03360 2. 1. 2.
20 16.40000 2. 1. 1.
21 .98000 1. 1. 3.
22 .62300 2. 1. 3.
23 3.20000 2. 1. 3.
24 .40900 2. 1. 1.
25 .60600 2. 1. 1.
26 .64t,00 2. 1. 1.
27 1.42000 2. . 1.
28 4.20000 2. . 1.
29 2. 29000 2. . 1.
30 .25200 2. 1. 2.
31 .00427 2. 1. 1.
32 .00831 2. 1. 2.
33 .00197 2. 2. 2.
34 .00411 2. 2. 2.
35 .00011 1. 1. 3.
36 .00006 1. 1. 1.
37 .00113 1. 1. 1.
38 .00022 1. 1. 1.
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Failure Rate
(0/1000 hrs.) Temperature Humidity Vibration

39 .00308 1. 1. 1.

40 .00060 2. 3. 1.

41 .00078 1. 1. 1.

42 .01370 2. 1. 1.

43 .00687 1. 1. 1.

44 .00278 1. 1. 1.

45 .17200 Z. 1. 3.

46 .02080 1. 1. 3.

47 .00228 2. 1. 2.

48 .00506 1. 1. 1.

49 .00495 1. 3. Z.

50 .02210 2. 1. 1.

51 .00412 1. 1. 1.

52 .21000 1. 1. 3.

53 .07800 2. 2. 2.

54 .04740 3. 1. 1.

55 .14800 3. 1. 3.

56 .02000 3. 3. 3.

Correlation Matrix:

Temperature Humidity Vibration

Temperature 1 .40 .13

Humidity 1 .18

Vibration 1

Column Correlation Vector:

Temperature Humidity Vibration

Failure Rate .07 -. 19 -. 10

Regression Equation:

Y 3Z. 4+ 1.1 - 1.8H- .40V

Multiple Regression Coefficient:

R . 07

Test:

F Ratio w 1.2; F 05 3.15 . No Significance

.05
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Problem 2 - Resistance Welding Using Point Estimates

Measured Observations:

Failure Rate Temperature Vibration Mechanical
(%/ 1000 HRS) Stress

1 .01220 2. 1. 1.
2 . OOZZZ 2. 1. 1.
3 .00Z86 2. 1. 1.
4 .Z8300 1. 1. 2.
5 . 27400 1. 1. z.
6 .8Z200 1. 1. z.
7 .43700 1. 1. z.
8 . 5Z400 1. 1. 3.
9 . 27900 1. 1. 3.

10 . Z3600 1. 1. 3.
11 . 11700 1. 1. 3.
12 .00880 3. 3. 1.

Correlation Matrix:

Mechanical
Temperature Vibration Stress

Temperature 1 .75 -. 80
Vibration -1 -. 36
Mechanical Stress 1

Column Correlation Vector:

Failure Rate -. 66 -. 30 .48

Regression Equation:
Y = 1.09-.61T+.31V- .17M

Multiple Correlation Coefficient:

R Z = . 59

F Test:

F -Ratio 3.8 F. 05 =4.07
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Problem 3 -Wire Wrap From Point Estimates

Measured-Obs ervations:

Failure Rate Temperature Humidity

1 .000o0o07 1 1

2 15. ZOOoOOo 2 3

3 z.6100000 z 3

4 .5220000 2 3

This problem failed to work on the computer because of singularity. By

singularity, it is meant that the independent variables (temperature and

humidity) were highly correlated. Therefore, a simple one factor regression

was performed between failure rate and humidity. No significant relationship

was found to exist between these two effects.
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Problem 4 - Crimped Connections From Point Estimates

Measured Observation:

Failure Rate
(%/1000 hrs) Temperature Vibration

1 .001-18 1 z
Z .00568 Z Z
3 .00Z41 1 1
4 .00087 3 3
5 .01110 z Z

Correlation Matrix:

Temperature Vibration

Temperature 1 .84

Column Correlation Vector-

Temperature Vibration

Failure Rate . 11 -. 13

Regression Equation:

Y = 0.0066 + .0038T+.0046V

-- Multiple Correlation Coefficient:

RZ = .17

F - Test:

F Ratio .Z1 F 0 5 =19
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Problem 5 -Solder by Environment

Measured Observation:

Failure Rate
(01610 00 HRS) Vibration Temperature 'Humidity

1 . 00032 1. .1
2.11l356 1 . 2. 1.

3 .00056- 1. 2. 3.
4 .00055 1. 3, 1.
5 .00044 2. 1 . 1.
6 .00495 2. 1. 3.
7 .00316 2. 2. 1.
8 .01067 2. 2. 2.
9 .00158 2. 3. 2

10 .00091 3. 1.1
11 4. 17188 3. 2. 1
12 . 14765 3. 3. 1

Correlation Matrix:

Vibration Temperature Humidiy

Vibration .1 -. 012 -. 2
Temperature 1 -. 07
Humidity1

Column Correlation Vector:

Vibratiori Temperature Humidih

Failure Rate . 43, -049 -. 21

Regression Equation

Y -69 +.62V +.069T-.18H

Multi~1e Correlation Coefficient:

R 2 21

F Test:

F - Ratio = 70 FOS 4.07



.. .. .... ... .... -...
u-- 

'--.... 
... ...... ..........---- 

---- -.-

Problem 6-Resistand> Welding by Application

Measured Observations:

Failure Rate Mechanical

(%/1000 HRS) Temperature Stress

1 .03771 1.0157 1.7328

2 .00019 1.0153 1.0000

3 .00794 2.9026 1.0000

4 .00183 1.76Z0 1.0000

Correlation Matrix:

Mechanical
Temperature Stress

Temperature -. 49

Column Correlation Vector:

Mechanical

Temperature Stress

Failure Rate -. 3Z .98

- -- Regression Equation:

Y -. 057 + .0042T + .OSZM

Multiple Correlation Coefficient

R= .9985

F 'Test:

F Ratio = 343.8 F0 5 
= ZOO . Significant

t Tests:
t . 4.89

tm = 24.83 t.0 5 = 12.706

Therefore Mechanical Stress is significant and temperature is not.
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Problem 7-Solder by Application

Measured Observations:

Failure Rates
(1/1000 ERSI Temperature Humidit, Vibration

1 .02713 1.1628 1.0000 2.0704
2 .01029 Z.0041 1.0000 L.0000
3 .000?Z? 1.1672 1.1679 1. 1669
4 .00040, I.ZZ30 r.Z230 I.ZZ30
5 .0014Z 1.0497 1.0212 1.0540
6 .00360 Z.2743 1.5806 Z.Z677
7 .001Z7 1.9982 2.9469 1.0653

Correlation Matrix:

Temperature Humidity Vibration

Temperature 1 .52 .21
Humidity 1 -. 11
Vibration I

Column Correlation Vector:

Temperature Humidity Vibration

Failure Rate -. 12 -. 34 .51

Regression Equation:

Y = .00089 - .0024T - .0029H + .0095V

Multiple Correlation Coefficient:

RZ = .35

F Test:

F -Ratio =.53 F. 0 5 =9.28
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APPENDIX V ESTIMATION OF FAILURE RATES, SAMPLE SIZES

The estimation of Failure Rates (i. e., the reciprocal of -MTBF) for the

various sources involved the observation of a random variable: the length of

time a connection lived, sayt. When there are N a I failures the true
1 This is the "sample"

failure rate is estimated by taking: Total hours lived T
n

failure rate which is used to estimate the true failure rate, and this is called

a maximum likelihood estimator. It has a number of desirable properties,

some of which will be mentioned but not defined. It is efficient, consistent,

unbiased, and has minimum variance.

Now it often happens that in running a test or observing the operation of

equipment, no failures occur before the test must be terminated. In this

case the random variable t, (i. e., length of life) has not even been observed!

In this case, speaking statistically, there is no valid point estimate available.

A confidence interval estimate is available and the methods of computing it

are well known.

Now, because of the fact that the failure rate cannot be a point estimate

when N=0 (N=the number of failures) it often appears that data is being lost.

One often hears the argument that if the device lasts x hours and the test is

terminated before failure, surely something has been learned. This is

absolutely correct. What has been learned is that there is a minimum value

on tru'e MTBF (i. e.: a lower confidence limit). None the less a point

estimate (that has desirable properties) is not available. This should not be

taken to mean that a point estimate cannot be had at all. For example, the

number r = 3. 1416 could be selected for an estimate and it would have variance

0 and would not even require a test. Unfortunately it also has properties

which are very undesirable too. In any case this sort of thing has occurred in

the connections study. A certain amount of data was obtained where no failures

were observed. In reliability practice it has been often proposed that when

this occurs. (i. e., N=0) it should be assumed that N=l and proceed as before.

This procedure has the advantage of providing a point estimate for the failure

rate which can be used for other computational purposes.

This procedure was not followed in this study even though a good deal of

data Was lost to the regression analysis because no failures were observed.

The reasons why one failure was not assumed when none occurred are as

follows: First:

The problem of the regression analysis was not just a matter of .quantity of

data but rather of quality of data. The assumption of one failure where none

occurred would have increased the unexplained variation.

Secondly, and very important, the r egression analysis required point

estimates of failure rate which were unbiased so that the time functional
relationships could be estimated. If, ini case of no failures, N=l had been used

any results obtained from the regression analysis would have been very

difficult to interpret in mathematical terms. The estimation of failure rate

using N= is biased when 0 failures were observed:
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