A Comparison of Permanent Electrical
Connections

By G. W. MILLS

(Manuseript received February 10, 1964)

A study has been completed which compares four types of permanent
electrical connections (soldered, solderless wrapped, percussive welded, and
resistance welded) under environmental conditions of vitration, shock, tem-
perature extremes, corrosion, humidily, and bending. Only good-qualily
conneclions were included in lhis study, and they represented the current
stale-of-the-art for each type. Under these conditions the connections showed
no significant degradation in their electrical eharacteristics as long as they
remained mechanically secure, Differences in the four types of connections
were therefore assessed tn relation {o their mechanical characteristies. Con-
sequently, one of the more important resulls of the study was the recognilion
of fatigue life as the most important mechanical connection characteristic
when comparing connections which meet the high standards of the Bell Sys-
lem for electrical stability. Using faligue life as a basts for comparison and
soldered connections as a reference standard, the major conclusions with
regard to general wiring (the connection of wires to terminals, such as sur-
Jaee and local cable wiring) are as follows for the conditions thal existed in
this study:

(a) monilored percussive welded connections are superior to soldered
conneclions;

(bY over-all, solderless wrapped connections are essentially equivalent
to soldered connections;

(e) reststance welded connections are significantly inferior lo soldered
connections.

Although differences were found among the types of connections, no evi-
dence was obtained that any of the connection types are not satisfactory as
presently used in normal Bell System applications.

I. INTRODUCTION

The Bell System uses many types of electrical connections. The best
connection for a specific application is chosen on the basis of the relative
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merits of the connections in the following general areas:

(1) adaptability of each connection for the application under consider-
ation,

(2) reliability or life required from the connections under the environ-
mental conditions in which the equipment must operate, and

(3) relative cost of each connection.

This study was concerned with obtaining information on the compara-
tive reliability or life of the four main types of permanent connections
(solderless wrapped, soldered, percussive welded, and resistance welded)
under various environmental conditions. The probability of the oceur-
rence of substandard connections was recognized as a factor in deter-
mining the reliability of a given type of connection. However, only good-
quality connections of each type were compared in this study, and all
present manufacturing standards were followed in making them.

All four types of connections are considered adequate for the applica-
tions in which they are presently used, and the results of this study should
not be construed as a recommendation to change to a different type of
connection in these applications.

The scope of the program is illustrated by Fig. 1. It shows general
wiring application (the connection of wires to terminals such as surface
and local cable wiring) and the environments considered.

Some of the environments chosen are more severe than those normally
encountered in a central office. This was necessary to produce a measura-
ble effect in a reasonable time and should not alter the results, because
this was a comparison study.

GENERAL WIRING APPLICATION

DESCRIPTION:
CONNECTION OF SUBASSEMBLIES
EXAMPLE:
LOCAL CABLE AND SURFACE
WIRING
CONNECTIONS COMPARED:
1. SOLDERED
2. SOLDERLESS WRAP
3. PERCUSSIVE WELD
4, RESISTANCE WELD

ENVIRONMENTS

1. VIBRATION

2. SHOCK

3. TEMPERATURE EXTREMES
4, CORROSICN

5. HUMIDITY

6. BENDING

Fig. 1 — Test program for permanent connection comparison.
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The end result from each of the environmental tests was the establish-
ment of an “order of merit” for the four types of connections in that
particular environment. Thus the connection which suffered the least
degradation in an environment would be placed at the top of the “order
of merit” list and the connection which showed the greatest degradation
would be on the bottom.

Early in the test program, it was observed that none of the test en-
vironments caused any electrical failures and that very few of the test
environments caused mechanical connection failures. Thus, it was con-
cluded that the establishment of an “order of merit”’ would have to be
obtained from some observed mechanical degradation in destructive
tests. Two types of tests always led to connection failure, i.e., breakage,
and these were the vibration and bending fatigue tests. The establish-
ment of an “order of merit” for these tests was very simple: the connec-
tions which lasted the longest were the best and those which failed first
were the poorest.

Since both of these tests are essentially fatigue tests, it was realized
that the fatigue life of a connection could be a better basis of comparison
than an ultimate-strength test, since all the test connections had met the
rigid Bell System standards for electrical stability. Further analysis, as
described in Section 3.1, led to the conclusion that fatigue life should be
used as the comparison basis throughout this study for the following
reasons:

(1) A comparison based on fatigue life offers an absolute comparison
scale for the types of connections studied.

(2) Electrically stable permanent connections can be characterized by
their fatigue life.

II. TEST PROCEDURES AND RESULTS

2.1 General

The quality and uniformity of each group of connections was deter-
mined by destructively testing approximately half the group and thus
establishing the strength distribution of the remaining half, or test con-
nections. The destructively tested or eontrol connections were generally
selected alternately by order of manufacture, from the whole group of
connections. The destructive strength control data are presented in the
Appendix along with a description of the destructive strength method
used for each type of connection,

Because of the statistical nature of the data collected in a program of
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this type it is necessary to present the data in the form of probability
distributions, as shown in Fig. 2. The ends of the bar represent the 10
per cent and 90 per cent points on the distribution and the projecting
line between represents the 50 per cent point.

2.2 Environmental Tests

Typical examples of the four types of connections compared in this
study are shown in Fig. 3. Since this study is basically a comparison of
the four types of connections, every effort was made to hold all of the
unknown parameters to an absolute minimum, and this was accomplished
to a great extent by subjecting all of the connections to the same en-
vironment at the same time. The connections were mounted on fixtures
to facilitate the handling and the mounting during exposure to the vari-
ous environments. These mountings were of two types, as shown in Fig.
4: (a) connections with insulation, consisting of 3-inch loops of wire con-
necting two terminals, the group thus containing forty connections, i.e.,
20 loops of wire; (b) connections without insulation, the wire having a
00° bend near the terminal and being fastened directly to a standoff
insulator. This last type was designed for the resistance change measure-
ments (AR) which were required for the temperature, corrosion and
humidity test environments.

This study consisted of the sixteen general wiring tests listed in Table
I. Most of these were of the comparison type, but a few were studies con-
cerned with only one type of connection. All of the vibration fatigue
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SOLDERED SOLDERLESS WRAP

"f

PERCUSSIVE WELD RESISTANCE WELD
Iig. 3 — Typicul examples of general wiring connections.

tests, with the exception of test 14, used the vibration configuration
shown in Fig. 5.

The first footnote of Table [ requires some explanation. The vibration
fatigue life determinations in this study were spread over a considerable
number of months beeause of the long exposure times for some of the

3-INCH LOOP
~ OF INSULATED
WIRE

(a) (b)

Fig. 4 — Typical general wiring connections: (a) with insulation, (b) without
insulation.
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Tasre I — List oF GENERAL WIRING TESTS

Insulation Fatigue Method & »
-1 =]
Eez | %
P Test ]
Test Description Number . 5 < Eln o “EEQE: 53
E =2 | zTe 5%‘-5 Zaz | 93
= = 2 |Z85(528| & g5 5%
2| 5| & |E32| 538 B2 | &
= = > |4 = z =
Vibration test without insu- 1 X X 80 6
lation
Vibration test with insula- 2 X X 40 6
tion
Shock test, laboratory (fa- 3 X X 40 7
tigue life)
Shock test, laboratory (de- 4 X 40 8
structive test)
Shock test, railroad mnon- 5% X | X 20 9
cushioned
Shock test, railroad cush- 6* X X 20 9
ioned
Temperature test, central 7 X X 40 10
office eonditions
Temperature test, outside 8 X X 40 10
plant conditions
Three months corrosion test 9 X X 20 11
Six months corrosion test 10* X X 20 11
Humidity test 11 X X 40 12
Lightly loaded bending test | 12 X X 40 14
(30° angular displace-
ment)
Heavily loaded bending test | 13 X X 40 16
(45°  angular displace-
ment)
Configuration test 14 X | X 40 17
Ultimate strength as a fune- | 15 X X 1207 18
tion of fatigue life
Inferior weld test 16 X X 207 19

* Test conducted after recalibration of the vibration machine.
 Only percussive welded connections tested.

tests. Toward the end of the testing, the mounting springs on the table
of the vibration machine had to be replaced and the machine recali-
brated. This recalibration seems to have affected the fatigue life deter-
mination of some or all of the subsequent tests; however, it has not been
possible to determine the extent of this difference or even to prove that

70, A

SOLDERED (S) SOLDERLESS PERCUSSIVE RESISTANCE
WRAP (5w) WELO(P) WELD(R)

Fig. 5 — Standard vibration configuration.
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it does or does not exist. If a difference does exist, it would introduce an
error in the comparisons between the vibration fatigue life data of some
of the later tests and the control fatigue life data (test 1 or 2) but would
not affect the comparison among the four types of connections on a
particular test, since they all experienced the same vibration environ-
ment.

2.2.1 Vibration Tests

The vibration tests have been divided into two general classifications:
(a) those for wires without insulation and (b) those for wires with insula-
tion.

The results of these two tests are shown in Fig. 6, and they cover the
fatigue life of the four types of connections, with and without insulation.
The connections which were connected with a loop were grouped in
pairs. They were vibrated according to the schedule listed in Table 1T
and used the vibration configuration illustrated in Fig. 5. The actual
motion of the wires was a function of the mass of the loop as well as the
acceleration of the connection; therefore all loops were made as close to
the same size as possible.

In test 1 (without insulation) it was necessary to solder loops on the
connections, since these were set up for resistance change (AR) measure-
ments as shown in Fig. 4(b) and therefore had no loops. Care was taken
to control the size and weight of these loops so that they would closely
approximate the loops with insulation in test 2, shown in Fig. 4(a).

40
1. PERCUSSIVE WELD (P) 1. SOLDERED (8)
2.SOLDERED (8) 2. SOLDERLESS WRAP (5W)

35 3.SOLDERLESS WRAP (Sw) 3. PERCUSSIVE WELD (P)
4, RESISTANCE WELD (R) 4, RESISTANCE WELD (R)
30} 2-8

w £ N 2-sW

ER-LYS L |
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10 LA | -R 2-P 2R
B 1-P - 2-5W
s EEH £0) EEy
5L 1-SW E'E' 2-R
1-R
(a) (b)
0

Iig. 6 — Vibration fatigue life results. (a) Test number 1 (without insulation);
order of merit, based on vibration fatigue life. (b) Test number 2 (with insula-
tion); order of merit, based on vibration fatigue life.
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TaBLE IT — VIBRATION SCHEDULE

The vibration was sinusoidal in wave shape and its frequency varied from 5
eps to 500 eps and back to 5 cps in 2 minutes. The displacement, acceleration,
and running time schedules were as follows:

Displacement (Inches) Acceleration (G's) Running Time (Hours)
0.1 5 2
0.2 10 2
0.3 15 2
0.4 20 2
0.5 25 to destruction

" Note: The cross-ogfrequénuy:ﬁ approximately 30 eps: that is, 5 to 30
eps controlled displacement and 30 to 500 cps controlled acceleration.

Sinee the connections were grouped in pairs and the weakest connection
of the pair failed first, no usable fatigue data could be obtained from the
remaining connection and it was clipped off, leaving a stub which could
be destructively tested.

2.2.2 Shock Tests

The shock tests can be divided into two general classifications: (a)
laboratory shock and (b) railroad shock. Two laboratory shock tests
were conducted, one using the vibration fatigue life after the shock test
as a measure of the connection degradation, and the other using the
destructive strength as an indication of any degradation suffered by the
connections. These tests consisted of subjecting all four types of con-
nections to 90 high-level shocks. All of the shock test connections were
mounted on a fixture and experienced the same shocks at the same time.
Half sine wave shocks were used with a peak amplitude of 500 to 600
(s and a duration of 2 to 3 milliseconds. There were no connection
failures due to this shock environment. In the case of the fatigue life
part, test 3, the connections were then subjected to the vibration sched-
ule (Table II) and their fatigue life determined. The results of these
tests are presented in Fig. 7.

In the case of the destructive strength part, test 4, the connections
were destructively tested after the 90 shocks, each in accordance with
the method preseribed for it, as described in the Appendix. The results
of these tests are compared to a destructive strength control and are
shown in Fig. 8.

It should be noted that the order of merit for test 4 could not be based
on any absolute strength scale because of the differences in the destruc-
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Fig. 7 — Vibration fatigue life after laboratory shock tests. (a) Typical con-
nection orientation during shock tests. (b) Test number 3 (with insulation);
order of merit, based on vibration fatigue life.
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tive strength tests. It was therefore based on the percentage degradation
indicated by the difference between the mean of the control sample and
the mean of the sample which had been exposed to the shock.

_Therailroad shock tests were of two types: (a) noncushioned, test 5, and
(b) cushioned, test 6. These tests consisted of sending the four types of
connections in a rigid plywood box from Columbus, Ohio, to New York
City by railway express for a total of ten round trips. The connections
from both tests, numbers 5 and 6, were shipped in the same container;
however, the noncushioned connections were fastened directly to the
plywood box, whereas the cushioned connections were supported by
rubberized hair in the center of the container. The fatigue life of the con-
nections was determined after the ten round trips by vibrating them ac-
cording to the vibration schedule (Table II). The results of both tests
are presented in Fig. 9. There was very little difference in degradation
observed for the two tests, and they resulted in identical orders of merit
hased on the vibration fatigue life.

The vibration fatigue life determination for these two tests was con-
ducted after recalibration of the vibration machine as discussed in Sec-
tion 2.2, and this could affect the comparison between these tests and the
control; however, it will not affect the comparison of each type of con-
nection within tests 5 and 6.

40
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Tig. 9 — Vibration fatigue life after railroad shock and vibration. (a) Test
number 5 (noncushioned); (b) test number 6 (cushioned). The order of merit,
based on vibration fatigue life, was the same for both tests.
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2.2.3 Temperature Tests

The connections were subjected to two types of temperature tests:
(a) central office conditions, test 7, and (b) outside plant conditions,
test 8.

The central office temperature test consisted of subjecting forty con-
nections of each type to a temperature of 105°C for a total of 154 days.
Once a week the connections were removed from the oven and allowed
to come to room temperature (20°C). Every two weeks the connections
were mechanically disturbed (plucked) and the change in resistance,
AR, was measured. After the 154 days, loops were carefully soldered to
the connections and they were subjected to vibration according to the
vibration schedule (Table IT) and their fatigue life determined. The re-
sults are presented in Fig. 10. All forty connections of each type sur-
vived the 154-day test without developing a change in resistance, AR,
of 0.001 ohm, which would have constituted an electrical failure. The
solderless wrap connections, however, did develop a considerably higher
number of AR’s, as shown in Table ITI.

The soldered, solderless wrap, and resistance welded connections
showed a small but significant loss in fatigue life due to test 7. The
percussive welded connections, however, showed a larger, more signifi-
cant loss in fatigue life due to the temperature test.

The outside plant temperature test, test 8, was very similar to the
central office condition temperature test. The differences were that test
8 ran for 168 days and that when the connections were removed from the

30
1. SOLDERED (S)
2. PERCUSSIVE WELD (P)
251 3. SOLDERLESS WRAP (SW) -
w 4. RESISTANCE WELD (S)
14
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w 1-s 1-5
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310 I-R - |
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51 i 7ﬁw 7-P E?'E?;}aa % esw e a@ﬂ

(a) (b)

Fig. 10 — Vibration fatigue life after temperature tests. (a) Test number 7
(central office conditions); (b) test number 8 (outside plant conditions). The order
of merit, based on vibration fatigue life, was the same for both tests.
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TarLE III — NumBERr oF AR VALues OBSERVED FOR
Eacn Tyre oF CONNECTION

Soldered Solderless Wrap Percussive Weld Resistance Weld
AR Values in
Milliohms |
co 0oP co OP co oP co oP
0.2 6 none 42 44 1 1 3 1
0.3 none none 8 9 none none none none
0.4 none none 1 2 none none none none
0.5 none none 4 1 none none none none
0.6 none none none 1 none none none none

Note: CO = central office conditions, OP = outside plant conditions.

oven at 105°C they were immediately placed in a cold box at —40°C
and allowed to stabilize at this temperature. After approximately an
hour at —40°C, they were removed and allowed to come to room tem-
perature (20°C). Resistance change data and vibration fatigue life in-
formation were obtained in the same manner as the central office tem-
perature test; the results are presented in Table III and Fig. 10. The
changes in resistance and fatigue life data for the outside plant condi-
tions were similar to the results obtained from the central office condi-
tions, except that the soldered and solderless wrapped connections sus-
tained less degradation. Both temperature tests yielded the same order
of merit.

2.2.4 Corrosion Tesls

The corrosion tests were of two types- (a) three months, test 9, and
(b) six months, test 10. These tests were identical in all respects with the
exception of the exposure time, as indicated in Iig. 11. They consisted of
exposing all four types of connections to the corrosive atmosphere of
New York City on the roof of the Bell Laboratories building at West
Street. Resistance change measurements were made on all of the con-
nections before and after exposure. All corrosion test connections sur-
vived the environment without developing the 0.001-ohm resistance
change which would have constituted an electrical failure.

The apparent increase in fatigue life of all the connections, except
for percussive welded connections, in the six months corrosion test is
unexplainable except for the recalibration of the vibration machine dis-
cussed in Section 2.2. This is the most probable cause of this incon-
sistency, since there is no reason to expect that exposure to a corrosive
atmosphere can improve the fatigue life of any type of connection.
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Fig. 11 — Vibration fatigue life and orders of merit after corrosion tests. (a)
Test number 9 (three months); (b) test number 10 (six months).

2.2.5 Humidity Test

The humidity test, test 11, consisted of subjecting all four types of
connections to controlled temperature and humidity conditions accord-
ing to the following schedule: they were exposed to 90 per cent relative
humidity and 85°F dry bulb temperature for six consecutive days, then
dried at 140°F for two days. This cycle was repeated eight times for a
total test time of 64 days. Resistance change measurements were made
before, during, and after the test with no electrical failures being ob-
served. The fatigue life of the connections was determined by carefully
soldering loops of wire to the connections and vibrating them according
to the vibration schedule (Table IT). The results are presented in Fig. 12.

25
1. SOLDERED (S)
w 20} 2. PERCUSSIVE WELD (P)
@ 1-P 3. SOLDERLESS WRAP (SW)
3 i-s Ly 4. RESISTANCE WELD (R)
< 15 F N
w
.c_) 1-SW
n 10} £ 1-R
x 1n-s E'Ba £y
2 n-sw 1-p  Emd
5|
11-R
o

Fig. 12 — Vibration fatigue life and order of merit after humidity test, test
number 11.
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2.2.6 Bending Tests

All four types of connections were subjected to two bending tests:
(a) the lightly loaded bending test, test 12, and (b) the heavily loaded
bending test, test 13.

Bending, in the lightly loaded bending test, took place in a horizontal
plane as shown in Fig. 13. The load on the connections came from the
tension in the wire and varied from approximately 0 to 4 grams. The wire
was moved 30° in one direction from its equilibrium position and then
returned, and then moved 30° in the other direction and returned to its
equilibrium position. This constituted one cycle. The number of such
cycles to failure for each connection was the fatigue data. Forty con-
nections of each type were tested and the results are presented in Fig. 14.

The heavily loaded bending test consisted of determining the bending
fatigue life of all four types of connections by bending in a vertical plane
with 300 grams hanging on the connection, as shown in Fig. 15. At a
relatively slow rate the terminal was rotated 45° from its originally hori-
zontal position and then returned. This constituted one cycle. The
number of such eyeles required to cause failure of each connection was the
fatigue data. Forty connections of each type were tested for all connec-
tions except solderless wrap, of which 32 were tested; results are presented
in Fig. 16.

2.2.7 Additional Tests

There were three additional tests conducted in this study; (a) econ-
figuration test, test 14, (b) ultimate strength as a funection of bending
fatigue life for percussive welded connections, test 15, and (c) inferior
weld test, test 16.

The configuration test consisted of determining the vibration fatigue
life of the four types of connections, using a different configuration. The
90° bend used in the configuration shown in Fig. 5 was eliminated and the
wire was brought straight from the terminal as shown in Fig. 17(b). Vi-

SOLDERED (S) SOLDERLESS WRAP PERCUSSIVE WELD  RESISTANCE WELD
(sw) (P) (R)

Fig. 13 — Lightly loaded bending configurations.



PERMANENT ELECTRICAL CONNECTIONS 1081
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Fig. 14 — Lightly loaded bending fatigue life, test number 12 (with insulation);
order of merit, based on bending fatigue life.
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Fig. 15 — Heavily loaded bending configurations.
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. Fig. 16 — Heavily loaded bending fatigue life, test number 13 (with insula-
tion); order of merit, based on bending fatigue life.
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Fig. 17 — (a) Vibration fatigue life with configuration omitting 90° bend in the
lead-ofl wire, test number 14 (with insulation); order of merit, based on vibra-
tion fatigue life. (b) Vibration configuration omitting 90° bend.

bration still took place in a vertical plane and the vibration schedule
(Table 1I) was followed. The results of this test are also shown in Fig.
17(a). All four types of connections showed a deterioration in their fa-
tigue life when the 90° bend was omitted. This bend apparently partially
isolates the connections from external wire movements and therefore
improves their fatigue life.

The objective of test 15 was to determine the ultimate strength of
percussive welded connections as a function of the bending fatigue life.
The fatigue method selected was the lightly loaded bending type. A
total of 240 percussive welded connections were used in this test; they
were divided into two groups of 120 each. The first group was destruc-
tively tested immediately after manufacture to determine their strength,
and these data are included in the destructive strength control presented
in the Appendix. The remaining 120 connections were divided into eleven
groups: one group of 20 connections and 10 groups of 10 connections
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TasLE IV — ScHEDpULE For Trst 15

Number of lightly | 500 coo| 700l s0o| 900| 1000/ 1100 1200| 1300/ 1400
loaded bending ey- ‘ ‘
cles
Surviving connections 100 10 9 10 0 9 7 3 6 2
Average strength of | 11.1/ 11.1 11.1] 11.2( 10.8] 10.9{ 11.1] 10.7| 10.5| 10.7
surviving  connec-
tions in pounds ‘ ‘

each. The 20-connection group was fatigued to failure by the lightly
loaded bending method to establish the fatigue life of the connections.
The other ten groups were each fatigued to a predetermined number of
bending eyeles according to the schedule shown in Table IV. After the
connections in each group had been fatigued for the number of cycles
assigned to that group, the connections remaining were destructively
tested using the combined test.

The results of this test, presented in Fig. 18, indicate that at 100 per
cent of the average fatigue life the surviving connections show only an
approximate 5 per cent reduction in their ultimate strength. This indi-
cates that the mechanical quality of a percussive welded connection is
characterized better by its fatigue life than by its ultimate strength.

The objeet of the inferior weld test, test 16, was to determine the ulti-
mate strength and fatigue life of inferior percussive welds and to com-
pare these characteristies with those of good welds. The welds were made
inferior by using insufficient eapacitance in the welding power supply
during their manufacture. The results are presented in Fig, 19. The
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Fig. 18 — Ultimate strength as a function of bending fatigue life for percussive
welded connections, test number 15 (without insulation).



1084 THE BELL SYSTEM TECHNICAL JOURNAL, MAY 1964

15.0 3000
(a) (b)
Biast- CONTROL 2500
r4
3 E
: & 2000
0.0 L
z
= 3 CONTROL
w <
- w
S 7.5 E 1500
14
Q &
w 1
9 s.of 9 1000\
= [(§]
h 4
< 16-P-2
w
x 25 500}~
L 16-p-1
B
0 0

Tig. 19 — Inferior weld test, test number 16: (a) destructive strength — in-
ferior welds show 55 per cent of the strength of good welds, based on the means
of the distributions; (b) bending fatigue life (without insulation, lightly loaded
bending) — inferior welds show 17 per cent of the bending fatigue life of good
connections, based on the means of the distributions.

combined destructive test was used to determine the ultimate strength of
the connections, and the fatigue method selected was of the lightly loaded
bending type.

The welds used in this test showed only 55 per cent of the strength of
good connections, and the fatigue life of the inferior type welds showed
17 per cent of the fatigue life of good connections. These results indicate
that, for percussive welding, bending fatigue life is a much more sensitive
indicator of weld quality than the strength of the connection as measured
by the destructive combined test.

III. DISCUSSION

3.1 Importance of Fatigue

The measure of life expectancy chosen for this study was the fatigue
life of the eonnections. The effect of the various nondestructive environ-
ments was measured by determining the loss of fatigue life caused by
them. During testing, no significant electrical degradation was observed
on any of the test connections as long as they remained mechanically
secure. Comparison of the four types of connections was therefore made
on the basis of their mechanical characteristics. Fatigue life was found
to be the most important mechanical characteristic of permanent elec-



PERMANENT ELECTRICAL CONNECTIONS 1085

trical connections, as well as being one of the most sensitive indicators
of connection degradation.

Fatigue life was measured in both vibration and bending. The vibration
fatigue life was measured by the number of hours the connections sur-
vived a specified vibration schedule, and the hending fatigue life was
measured by the number of cycles to failure of the connections in the
lightly loaded and heavily loaded bending configurations. A comparison
based on fatigue life offers an absolute comparison scale for all types of
connections and facilitates the determination of an order of merit.

A given connection is better than another if, under identical environ-
mental conditions, its life is longer. The life of a connection has ended
when for any reason it fails to provide an adequate path for electrical
current. In general, a connection may fail in two ways, electrically or
mechanically. An electrical failure occurs when the connection develops
an electrical characteristic such as a large constant or variable resistance
which is incompatible with the equipment in which it is used. This type
of failure is generally important only for pressure type connections;
with properly designed and applied connections of this type it poses no
serious threat to long life.

A mechanical connection failure occurs when the conducting path is
physically broken. Most of the failures that are found in normal use fall
into this group, and these are very small in number. Mechanical failures
can be further divided into two groups, excessive force failures and fatigue
failures. An excessive force failure is defined as a failure due to the appli-
cation of a destructive force greater than that which a new, average, good
connection can withstand. The probability of such a failure for good
connections is directly related to the care with which the connections
are handled and is generally very low.

A fatigue failure is defined as any mechanical failure in which the re-
duetion in fatigue life was the primary cause of failure. If a connection
is repeatedly stressed to a value below its breaking point, by definition
it is being fatigued, and its time of ultimate failure will have been signifi-
cantly influenced by its fatigue history. Thus most mechanical connec-
tion failures are due to fatigue, and since most connection failures are
mechanical, it is apparent that most of the connections which fail in
service do so hecause of fatigue.

The basic measure of quality of a permanent connection is its life.
Any adverse environment to which the connection is subjected usually
results in a reduction in either its electrical or mechanical life. There is
no environment present in a typical central office which will cause a
significant reduction in the electrical life of connections of the types and
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qualities considered in this study so long as the connection remains
mechanically secure. Two of the most severe environments in a central
office are the small-amplitude vibrations due to equipment operation and
the occasional bending of the connection during testing and wiring
changes. These are both of a fatigue nature, and if the connection pre-
maturely fails, it will probably be due to fatigue. Other environments
such as temperature, corrosion, and humidity will in general not cause
connection failure but will reduce the fatigue life, as shown in this study,
and thus hasten the failure of connections. It follows, therefore, that
most connection failures in service will be fatigue failures and that the
basic measure of mechanical quality of a permanent connection is its
fatigue life.

The results of this test program offer a number of arguments support-
ing the hypothesis that fatigue life is the most important mechanical
characteristic of a good connection. These will be presented in the form
of statements and then the supporting data and reasoning will be dis-
cussed.

(1) The ultimate mechanical strength of a connection is a poor meas-
ure of the fatigue life remaining in the connection.

Test 15 (Fig. 18) illustrates the above statement for percussive welds.
In this test, connections were fatigued a predetermined number of eycles
by the lightly loaded bending method and then the surviving connections
were destructively tested. The results show that, at 100 per cent of the
average fatigue life, the average strength of the surviving connections
was approximately 95 per cent. In other words, when almost all of the
fatigue life of the connection was expended, it showed only a 5 per cent
loss in strength. The surviving connections were actually in bad shape,
but a destructive strength test would have indicated hardly any degra-
dation.

A second statement, closely associated with the first, is as follows:

(2) Loss in the ultimate mechanical strength of a connection is gener-
ally coincident with an even greater loss in its fatigue life.

Test 15 supports this statement. Further support is provided by the
inferior weld test, Fig. 19. Inferior percussive welds were manufactured
on purpose by using insufficient capacitance in the welding power sup-
ply, and the destructive strength and bending fatigue life distributions
determined for these inferior welds. The results show that the destruc-
tive strength average dropped to 55 per cent of the good weld value and
the bending fatigue average dropped to 17 per cent of the good weld
value. Thus the fatigue life is approximately three times as sensitive an
indication of inferior welds as destructive strength tests.
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3.2 General

The most important factor affecting the fatigue life of a permanent
connection is the manner in which the wire is brought from the terminal
or its configuration. The configuration test, test 14, showed that when the
90° bend in the standard configuration was omitted, the fatigue life of all
four types of connections was drastically reduced. The configuration
used in test 14 may or may not have been the worst possible fatigue life
configuration for the connections, but there can be no doubt that it is
possible for the configuration to alter the fatigue life by approximately
a factor of two. The results of the configuration test lead to the conclu-
sion that the 90° bend in the standard configuration apparently partially
isolates the connection from external wire movements and therefore
improves the fatigue life of conncetions,

In general, the results of the shock tests indicate that all of the con-
nections suffered some mechanical degradation from this environment.

The laboratory shock test (fatigue life) and both railroad shock tests
show that in general it is the high fatigue life connections, i.e., those on
the high end of the distribution, which are most affected by the shock
environment.

Laboratory shock tests 3 and 4 afford one of the few opportunities for
a direct comparison of the fatigue life and destructive strength test
methods of measuring the degradation of the connections. The connec-
tions of both tests were exposed to the same shock environment and the
degradation due to this environment was measured in two ways, (1)
vibration fatigue life (Fig. 7) and (2) a destructive test (Fig. 8). Table
V summarizes the results of these two tests and presents the degradation
as a percentage of the control value.

Inspection of Table V indicates that for all four types of conneetions
fatigue life is the more sensitive indicator for the measurement of shock
degradation. This table thus further substantiates the statement that the

TarLe V—SHock DEGRADATION As MEASURED BY FATIGUE LIFE
AND DestrUcTIVE TESTS (PERCENTAGE DEGRADATION DUE

Resistance weld

TO SHOCK)

Connection Type ‘ Fatigue Life Destructive Test
Soldered | 237, 159,
Solderless wrap 247, 10%
Percussive weld i 230, 1%

229, 8%
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mechanical strength of a connection is a poor measure of the fatigue life
remaining in the connection.

The results of the central office and outside plant temperature tests,
7 and 8 respectively, showed, in general, a small but significant loss in
fatigue life for all types of connections except for percussive welded
connections. The degradation experienced by percussive welded connec-
tions from both temperature tests was greater than that of the other
three types and amounted to approximately 30 per cent of the control
fatigue life. Even this significant loss, however, did not prevent percus-
sive welded connections from placing second in the order of merit.

3.2.1 Composite Vibration Fatigue Life

The vibration fatigue life data from all of the tests without insulation
have been added together to form a composite or summary for each type
connection. This summary is presented in Fig. 20 and Table VI; the
table contains a list of the tests and the number of connections of each
type which were included. The order of merit based on the vibration
fatigue life for the connections without insulation is as follows:

1. percussive weld
2. soldered

3. solderless wrap
4. resistance weld.

A similar summary for the connections with insulation is presented
in Fig. 21 and Table VIIL. It should be noted that the data scatter, as
indicated by the length of the bar in the soldered and solderless wrap
distributions, has increased, compared to the distribution without in-
sulation, whereas the scatter of percussive and resistance welded data

25
1. PERCUSSIVE WELD (P)
2.SO0LDERED (S)

20}~ 3.SOLDERLESS WRAP (SW)

4,RESISTANCE WELD (R)

wn
I

HOURS TO FAILURE
o
T
-

(&
I
)

0

Fig. 20 — General wiring vibration fatigue life summary (without insulation);
order of merit, based on vibration fatigue life.
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TasLe VI — VisraTioNn TeEsT DaTA SUMMARY (WITHOUT INSULATION)

Number of Data Points From Each Test
Test Description Test Number - -
Soldered 50‘1#:1555 Pe{%f:ﬁwe Re‘sxrs:l:ance

Vibration 1 40 40 37 40
Temperature

central oflice 7 20 20 20 20

outside plant 8 20 20 20 20
Corrosion

3 months 9 10 10 10 10

6 months 10 10 10 10 10
Humidity 11 20 20 20 20
Totals 120 120 117 120

30

|. SOLDERLESS WRAP (SW)
2.SOLDERED (S)
3.PERCUSSIVE WELD (P)
4. RESISTANCE WELD (R)

251

20
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]
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Fig. 21 — General wiring fatigue life summary (with insulation); order of
merit, based on vibration fatigue life.

Tasre VII — VisraTion Test Dara Summary (wrrH INSULATION)

Number of Data Points From Each Test
Test Description Test Number
Soldered | Sqeless | Perussive | Regstanee
Vibration 2 20 20 20 20
Configuration 14 20 20 20 20
Shock
Laboratory 3 14 20 18 20
Railroad
Noncushioned 5 10 10 10 10
Cushioned i 10 10 10 10
Totals 74 80 78 80
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has remained about the same. This is probably due to the insulation
effect on the soldered and solderless wrapped connections. These con-
nections were manufactured with the insulation in close proximity to
the terminal, which is the normal wiring procedure; however, the exact
location of the insulation was not accurately controlled and this resulted
in a somewhat random insulation effect.

The order of merit based on the vibration fatigue life of the connections
with the insulation is as follows:

1. solderless wrap
2. soldered

3. percussive weld
4, resistance weld.

It is the opinion of the author that the “without insulation” data is
more important than the “with insulation” data, because the presence
of insulation close to the connection cannot be depended uponin the case
of soldered and solderless wrap connections. The worst case, without in-
sulation, is therefore the most important. Inspection of the bar graphs in
Fig. 20 and 21 shows that there is very little difference in the low end of
the soldered and solderless wrap distributions, which indicates that the
low fatigue life conneetions in the “with insulation” distribution were
essentially without insulation. Since it is the low fatigue life connections
which are most vulnerable to early failure, it follows that the most mean-
ingful comparison should be based on the “without insulation” data.

If the presence of insulation could be assured, as in the case of the
modified solderless wrap which has one turn of insulated wire as part of
the connection, the fatigue life would undoubtedly be consistently higher
and the “with insulation” data would be more meaningful.

The above two summaries were obtained by adding the fatigue life
data of the tests involved to form a composite distribution. This pro-
cedure weights the final distribution according to the number of connec-
tions in each type of test, and this is certainly not the only way to treat
the data. However, all four types of connections were treated equally,
and so a comparison between them is meaningful.

3.2.2 Orders of Merit

An order of merit based on vibrational fatigue life statistical distribu-
tions was obtained from all environmental tests which compared the
four types of connections and which used vibrational fatigue as a meas-
ure of degradation. It is also possible to obtain an order of merit for these
tests from the number of stub connections of each type which survived
the complete vibrational fatigue life determination. When one connec-
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tion of a pair failed during the vibration test, the loop was clipped off,
leaving the remaining good connection with a wire stub long enough to be
destructively tested. Then the vibration test was continued until all
pairs of connections had at least one failure. This additional vibration
caused some of the stubs from the surviving eonneetions to fail, Since all
four types of connections initially had the same number of test connee-
tions, an order of merit can be obtained from the number of surviving
stub connections by assigning the first position to the connection type
which had the highest number of surviving stubs, second place to the
type having the next highest number, and so forth. This procedure has
meaning because all stub connections remained on the vibration machine
until the end of the vibration period. Table VIII compares the orders of
merit obtained from the number of stubs remaining with those obtained
by consideration of the fatigue life distribution of the four types of con-
nections.

In ecombining the orders of merit in Table VIII, it seems reasonable to
assume that the soldered and percussive welded connections are of ap-
proximately equal merit and should share the number 1 position in an
over-all vibrational order of merit as follows:

[soldered

' I percussive weld
3. solderless wrap
4. resistance weld.

It seems desirable to establish an over-all order of merit, shown in
Table IX, for the four types of connection considered in the general
wiring portion of this study. It is possible to do this because approxi-
mately equal numbers of all four types of connections were subjected to
the various environments at the same time and under identical condi-
tions. It should be remembered, however, that the best connection in the

TapLe VIII — Orper oF MEeRrr CoMPARISON

Order of Merit

Based on Number of Surviving

Stubs Based on Fatigue Life

First | Second | Third | Fourth | First | Second | Third | Fourth

Percussive weld (P) 6 2 3 0 2 6 3 0
Soldered (8) 4 [ 1 0 8 2 1 0
Solderless wrap (SW) 1 | 3 7 0 1 3 7 0
Resistance weld (R) 0 | 0 0 11 0 0 0 11

Numbers represent the number of firsts, seconds, thirds, and fourths for
each rating method.
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TasLeE IX — OveEr-ALL OrpER oF MERIT

Order of Merit
Description &';‘E‘;%;fs
First Second Third Fourth
Vibrational fatigue 1600 S&P — SW R
LightlIy loaded bending fatigue 160 P SW 5 R
Heavi ir loaded bending fatigue 152 SW P S R
Over-all order of merit based on 1912* P S SW R
fatigue

Legc{and: S, soldered; SW, solderless wrap; P, percussive welded; R, resistance
welded.
* Sum of above three groups of connections.

over-all order of merit was not necessarily the best under every environ-
mental test, but was best only in an average sense.

Percussive welded connections were assigned first place because they
shared first place with the soldered in the most important group of
tests, vibrational fatigue (1600 test connections), and were also first
in the lightly loaded bending tests. Soldered connections were assigned
second place on the basis of their sharing first place in the vibrational
fatigue tests. Resistance welded connections were assigned last place
for obvious reasons, leaving third place for solderless wrapped connec-
tions.

Tt should be remembered that the soldered and solderless wrapped con-
nections used in this study were of the same quality as those in wide-
scale use in the telephone plant today. These connections have given
and continue to give satisfactory service in the central office environ-
ment.

On the other hand, the percussive welded connections used in this
study were of higher quality than those which have been used in special
applications. This higher quality results from the use of the monitoring
technique described in Ref. 1. These monitoring criteria are strongly
recommended for all applications of percussive welding to assure the
high quality of which the process is capable.

3.2.3 Summary

Table X, connection suitability as a function of environment (based
on fatigue life), attempts to present the results of the general wiring
portion of this study in a manner which would aid in the selection of a
connection for a given environment. A rating number, based on the
fatigue life of the connections, is assigned to each type of connection for
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TABLE X — CONNECTION SUITABILITY AS A F'uNcTioN oF ENVIRONMENT
(BasEp oN Faricue Lire)

{ } Without Insulation With Insulation
est | Fatiue |
Test Description 1&‘“ l-a}lgue.\ Sol- - . s0l- . .
v No. | Method Sl (1:;:! an Resis: Sol (:ifrl 1;52 Resis-
| dere v ’ 2 ve
: N Wrap | Wela | Weld | “7C w8 | Wela | Weld
Vibration test 1&2 | VIB 7 5 8 4 10 8 8 4
Shock test labora- 3 VIB 8 7 6 3
tory
Shocek test railroad 5 | VIB 9 7 6 3
noncushioned
Shock test railroad 6 | VIB 9 7 7 3
cushioned
Temperature test 7 VIB 6 4 6 3
central office con-
ditions
Temperature test 8 | VIB | 7 5 6 3
outside plant con- \
ditions 1
Three months cor- | 11 | VIB | 7 5 8 4
rosion w
Six months corrosion| 12 | VIB 7 5 8 4
Humidity tests 13 | VIB | 7 5 7 3
Configuration test 14 VIB | 4 6 4 2
Composite — | VIB ‘ 7 5 8 4 7 7 6 3
Lightly loaded | 12 | LLB | 30 5|10 2
bending test
Heavily loaded | 13 | HLB 8 | 10 8 5
bending test

* Fatigl;é nletl;(;:)_\-"_llf—_.\_ribrat-ion; LLB — ligh/t-ly loaded bending; HLB —
heavily loaded bending.

cach test condueted. The table is divided into three general areas defined
by the double lines. The top area is concerned with the vibration fatigue
life both with and without insulation, the middle area is concerned with
the lightly loaded bending fatigue method, and the last area at the hot-
tom is concerned with the heavily loaded bending fatigue method. The
rating numbers within any of the three areas are consistent among
themselves, However, comparison of rating numbers from different
areas has no meaning.

The rating system used is as follows: the number 10 was assigned to
the highest value of fatigue life in a given area. The other rating numbers
in the same area were generally assigned according to the percentage of
fatigue life they had, compared to the highest value. Some adjustment of
the rating numbers has been made to take into consideration the orders
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of merit. In general, the rating numbers are closely associated with the
fatigue life of the connections involved and offer a reasonably good index
as to how well a connection will perform in a given environment.

Table X should be particularly valuable in selecting a connection for
a given environment. The value of Table X is derived from the fact
that, within a given fatigue area, valid cross comparisons can be made.
Thus it is possible to get an idea of the degradation caused by shock on
a percussive welded connection as compared to that caused by tempera-
ture or humidity or some other environment totally different from shock
on, say, a soldered or solderless wrapped connection. These cross com-
parisons are possible because the common parameter chosen to measure
degradation was fatigue life.

The “composite” listed under test description in the vibration fatigue
area of Table X was obtained from the results of the vibration fatigue
life summaries of Section 3.2.1.

The effect of insulation on the wire in the vieinity of a connection is
apparent from the vibration portion of Table X. The percussive and re-
sistance welded connections are relatively unaffected by the presence or
absence of insulation. This result was expected, since the manufacture
of these connections requires the insulation to be removed from the
area near the welds. The soldered and solderless wrapped connections
show a significant increase in their fatigue life when insulation is close
to the connection.

Since improved vibration fatigue life is obtained when a soldered or
solderless wrapped connection has insulation close to the terminal, it
seems reasonable to inquire about the possibility of manufacturing
these connections with the insulation always close to the terminal in
order to take advantage of the increased fatigue life. It seems unlikely
that this could be done for the soldered connections, because of the ad-
verse effect of the heat on the wire insulation. In the case of the solderless
wrapped connection, however, modified wrapping bits are available
which place a turn of insulated wire around the terminal. The average
vibration fatigue life of these modified wraps would undoubtedly be
greater than either the “with” or “without” insulation connections
tested in this program. It is the opinion of the author that the modified
solderless wrapped connections could show enough improvement in
their fatigue life to take over first place in the order of merit as opposed
to third place without the modified wrap. In summary, it ean be stated
that a significant improvement in vibration fatigue life could be obtained
on solderless wrapped connections by using a modified wrap.

It should be pointed out, however, that the need for this increased
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fatigue life in normal Bell System field applieations appears unnecessary
in view of the fact that billions of solderless wrapped connections are in
use in the telephone plant today and have given excellent service since
their introduction ten years ago.

1V. CONCLUSIONS

4.1 General

The following three conclusions apply to all four types of electrical
connections covered in this study. These connections were made with
one size and type of terminal (0.025 by 0.062 inch nickel-silver) and
with one type of wire (24-gauge solid copper); consequently, the con-
clusions may not hold for all types and sizes of terminals and wire.

(1) Assuming adequate electrical stability, a permanent electrical con-
nection can be characterized by its fatigue life. Thus, if the fatigue life
of a connection is well defined for various fatigue methods and the effect
of adverse environments is determined on these fatigue lives, the me-
chanical quality of the connection has been established.

(2) A bend in the wire in the vieinity of the connection partially iso-
lates it from external wire movements and significantly improves its
fatigue life.

(3) The ultimate mechanical strength of a connection is a poor meas-
ure of the fatigue life of a connection.

4.2 Specific

(1) Using fatigue life as a basis of comparison and soldered connections
as a reference standard, it is concluded that:

(a) monitored percussive welded connections are, in general, superior
to soldered connections for the conditions which existed during this
study,

(b) over-all, solderless wrapped connections are essentially equivalent
to soldered connections, for the conditions which existed during this
study, and

(c) resistance welded connections are significantly inferior to soldered
connections for the conditions which existed during this study.

These conclusions represent over-all averages for all of the conditions
tested. In some specific environments they may be interchanged or re-
versed. See Table X for details.

(2) Table X gives a good estimate of the comparative fatigue life which
can be expected from the four types of connections under the various
environmental test conditions.
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(3) All four types of connections show loss in fatigue life and destruc-
tive strength due to repeated high level shocks.

(4) The shock and vibration experienced by all four types of connec-
tions when shipped by railroad express can result in loss of fatigue life.

(5) In general, all four types of connections show some loss in fatigue
life due to the temperature tests environment. Percussive welded con-
nections show the most significant loss.

(6) A significant improvement in the fatigue life of solderless wrapped
connections can be expected through use of a modified wrap which
places one turn of insulation around the terminal.
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APPENDIX

Connection Manufacture and Quality Conlrol

This appendix deseribes the destructive strength testing methods used
for each type of connection. It also presents the data resulting from these
tests in the form of statistical distributions.

A1 General Waring

All of the connections were made using one type of terminal and wire

from two spools.
The terminal was of the solderless wrapped type shown in Fig. 22. It

[
0.0625"

Fig. 22 — General wiring terminal; material is nickel-silver.
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was made of nickel silver 0.025 inch thick and 7 inch wide in the area
of the connection. The soldered and solderless wrapped connections were
made to this terminal in the conventional manner and the percussive
and resistance welded connections were made on the f5 inch wide side.
The wire used in all general wiring connections was standard switch-
hoard wire, 24-gauge, solid, tinned copper wire with polyvinyl chloride
insulation. Toward the end of the test sequence, the first spool of wire
was exhausted and it was necessary to use another spool. The elongations
of the two wires, measured over a 10-inch length, were as follows:
1. first spool 16 to 19 per cent elongation
2. second spool 15 to 18 per cent elongation.

A.1.1 Soldered

The soldered econnections were manufactured in accordance with the
present standards. They were actually of the wrapped and soldered type,
since more uniformity could be obtained by wrapping three to three and
one-half turns on the terminal with a wrapping tool and then soldering.

In the case of the soldered connections, there was no generally accepted
method for determining the strength of a connection, so a testing pro-
cedure was devised. The testing procedure consisted of mounting the
test terminal in a universal joint type of arrangement as shown in Fig.
23 and measuring the peak force required to pull the wire completely
off the terminal.

This procedure for determining the strength of soldered connections
was evaluated by using it to measure the strength of the extreme condi-
tions of soldered connections: (1) a good connection and (2) an extremely
poor soldered connection made by wrapping 3 to 33 turns around the
terminal and applying no solder to the connection. Twenty-five connec-
tions of each type were tested, and the results are shown in Table XI.

A total of 1040 soldered connections was manufactured for this test
program under conditions which assured high quality and uniformity.
Half of these were used in determining their vulnerability to various
environmental conditions, as deseribed in the main body of the report,

TaBLe XI — STRENGTH OF SOLDERED CONNECTIONS

Force Reading in Pounds

Type Connection

Maximum l Minimum Mean
Good connection 7.5 4.8 5.76
Poor connection 3.5 2.6 3.04
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Fig. 23 — Destructive tests.

and the other half were destructively tested according to the procedure
outlined above. The results of these destructive tests are presented in
Fig. 24.

A.1.2 Solderless Wrap

The solderless wrapped connections were manufactured according to
present standards, using qualified wrapping bits and wire of the proper
elongation. The operator and wrapping bit effect on connection quality
was minimized by having half the connections made by each of two oper-
ators, who in turn made half of their connections with one qualified bit
and half with another. A total of 1040 connections was manufactured,
half of which were destructively tested immediately after manufacture
in order to determine the quality of the remaining connections, which
were used in the comparison tests. The destructive tests were of two
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Tig. 24 — Soldered connection destructive strength distribution, general wir-
ing; 590 data points,

types: (1) a standard strip-off test, shown in Fig. 23, which measures the
maximum foree required to strip the conneetion from its terminal and
(2) a standard unwrap test, which requires that the wire shall be eapable
of being unwrapped completely from the terminal without breaking.

The distribution of strip-off values for the 260 connections destrue-
tively tested in this manner is shown in Fig. 25.

A.1.3 Percussive Welded

All of the general wiring percussive welds, with the exception of the
inferior weld test, were made using the monitoring criteria developed by
J. C. Coyne and reported in Ref. 1. These eriteria resulted in welds of
high quality, and a quantitative measure of this quality was obtained by
destructively testing alternate welds (by order of manufacture). The
destructive test used was the combined test, illustrated in Fig. 23, which
consists of bending the vertical weld 90° to a horizontal position and de-
termining the peak force necessary to break the connection. A total of
1540 welds (not eounting the inferior weld test connections) was manu-
factured for this test program, and the destructive test data are pre
sented in Fig. 26.
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Fig. 25 — Solderless wrapped connection destructive strength distribution,
general wiring; 260 data points.
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Fig. 26 — Percussive welded connection destructive strength distribution,
general wiring; 940 data points.
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A.1.4 Resistance Welded

Although resistance welding has been used for electrical connections
for a number of years, no generally accepted quality requirements or
standard method of measuring the weld strength could be found. The
resistance welds used in this test program were the best which could be
produced after a reasonable amount of experimentation with the process.
The destructive strength test chosen was similar to that used for percus-
sive welds — that is, the horizontal wire was bent 90° to a vertical posi-
tion and the peak force necessary to break the connection was deter-
mined. This procedure is illustrated in Fig. 23. Some consideration was
given to a test which consisted of pulling the wire horizontally along its
original manufactured direction. This type of test yielded very little in-
formation about the weld, however, because the conneections almost al-
ways broke in the wire, well away from the weld area. The destructive
test chosen always broke at the weld and thus gave a much better indi-
cation of the weld strength.

The weld quality was evaluated by destructively testing alternate
connections, by order of manufacture, and thus assuring the quality of
the remaining connections for the environmental testing program. A total
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Fig. 27 — Resistance welded connection destructive strength distribution,
general wiring; 520 data points.
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of 1040 resistance welds was manufactured for this test program, and the
destructive test data are presented in Fig. 27.
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