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ABSTRACT 
Sixty-cycle flashover tests were made on L.A. housings 

with three variations of both housing diameter and number 

of petticoats. In addition to fog tests with 0%, 3%, and 

10% salt solutions, standard dry and wet tests were made. 

Also tested were a 79 kv Ohio Brass L.A. housing and 

7785 pin type insulators. 
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sie 4 | CONCLUSION 

1. Under contaminated conditions the with stand 

| voltage increased and the leakage current decreased 

we with the number of petticoats. 

2, The.Ohio Brass housing and the 7785 insulator 

supports had significantly higher withstand values 

under salt spray contamination than the G.E. 

housings. This appears to be the result of both 

increased creepage length and different design. 

More detailed conclusions are given at the end of 

the report. 
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2, Sixty-cycle withstand and flashover tests as well as leakage 

current measurements were performed while the units were 

subjected to a fog spray Water solutions with 0%, 13% and 10% 

salt were used. | 
‘ i] 

B. Dry and Wet Flashover and Withstand Tests 

In order to get the same ground configurations for all the 

test series, the units were mounted on a stationary turn-table 

as shown in Fig. 33. In order not to influence the electric 

field across the units, a rod antenna was mounted on top of the 

units and the sixty-cycle voltage was applied to that rod. The 

500 kva, 350 kv test transformer in Area was used as the voltage 

supply. The transformer was fed by 4 500 kva, sixty-cycle in- 

duction generator. | | 

For each type of arrester housing, three different units were 

tested. For the Ohio Brass and the 7785 insulators, only one 

unit of each type was tested. | ie 

1. Dry Test 

Fach unit was subjected to five flashovers with rapid | 

rising voltage. The average values were calculated from 

these. 
| 

For the sixty second dry withstand test, the starting | 
point was a voltage of 90% of the average flashover value, — 

with increases in bf steps. 

The results of dry tests :are summarized in Table II. 

Reported are the average flashover and withstand voltages | 

and the highest and lowest flashover and withstand values. 

In all eases the withstand voltages were at least 90% of the 

average flashover values. | | 

In Fig. 1 the average withstand voltages for all the. 

tested units are plotted against the creepage length. This 

curve shows, as expected, that the dry withstand voltages 

are independent of the creepage length as well as of the 

housing diameter. The dry flashover voltage is-mainly a 

function of the are string length. 

The Ohie Brass unit had an average flashover voltage of 

29) kv-rms, but a one minute withstand voltage of only 261 kv- 

rms. The higher flashover voltage for this unit can be ex- 

pected, considering its are string length of 32 inches, compared 

with 29-1/2 inches for the 12K-066, 12 petticoat units. 

“whe withstand and flashover values for the 7785 unit are 
comparable with those obtained for the 3K, 1H and 2H units. 

No damage to the arrester housings or porcelain seals . 

could be observed due to this test series. 

Page 3. 
0 o> Wain Meat 

iin — NEMA standard rain test equipment was used for these 
~=CEStSe. — : 

; 

For each unit, five flashovers with rapid rising voltage 
were performed, and the average flashover value was computed. 

For the 10 sec. wet withstand tests, 80% of the average 
flashover value was chosen as the starting voltage and the 
voltage was increased in 5% steps. | 

ay eine peta test series are summarized in Table II. tea 

are the average flashover and withstand voltages and the highest and lowest 

flashover and withstand values. 
é a lowest 

Fig. 1 shows that the withstand voltage increases with the creepage 
length (or number of petticoats), whereas the diameter has no influence. 
For the Ohio Brass and the 7785 units, according to their creepage lengths 
the wet withstand voltages should be higher than those of the 3K, 1H and 2H 
units. Design may also be a factor. All the GE units have equally shaped 
petticoats whereas the petticoats for the Ohio Brass and the 7785 units are 
not of the same outside diameters and have undercut skirts. 

During the wet flashover, and mainly the 10 second wet withste 
on the 3K, 1H and 2H units, the cement seal started to i anit op Sel 
along the surface of the units. At the same time a typical sulphur smell 
was noted. With decreasing amount of petticoats (increasing leakage current) 
the burnt marks were larger and the melting of the cement more severe. 

This melting of the seal could decrease the flashove : e th 3k r voltage and in~ 
crease the spread of results. To evaluate this, a new series of wet flash 
over and withstand tests were performed with hipot wire wrapped around the 
top and the bottom seal of each unit and connected to the line metal. 

SS EY MUM 
: os -hi-pot wire 



59PT1S7 
Pag e ly ° 

The wire guards prevented the burning of the cement, but it also re~- 
duced the flashover voltage by 10 to 20%, without helping to reduce the 
spread of results. Since this test series was performed after the with- 
stand tests without the protecting hipet wire, the housing surface may have 
already been contaminated enough to cause inconsistencies. The results 
for the flashover and withstand voltages obtained for the wnits tested 
with and without hipot wire are given in Table III. 

The withstand voltages obtained for the case with hipot wire wrapped 
around the cement seals show more regularity than those without protected 
seal, In Fig. 2, the minimum required creepage length for a withstand 
voltage of 1 a is plotted against the diameter of the housings, measured 
over the petticoats. The values obtained with the protected seal show 
evidence that the creepage path has to be increased with diameter. This 
is not the case for those withstand values obtained with the unprotected 
cement seal, which do not seem to follow any trend as shown in Fig. 2. 

Later in the test, it was felt that this burning of the seal is a 
reality Which must be faced while the units are in service. Therefore, 
all future testing was done without hipot iether fo the cement seal. 

a. Leakage Current Durin Rain teste ~ Method of Test: 

All leakage current repens fox the rain tests were | 
performed with hipet wire wrapped around the gi i seal. 

Measurements were made with a vacuum tube voltmeter across 
a shunt connected in the — circuit. 

test witeonae: were used pai this fisioene 

1) The 50% 10 sec. wet Withstand voltage was epbiten to dns test 
piece and kept ‘constant until the leakage current flowing 
for that voltage became stable. Then, the applied voltage | Co 

was increased steadily and the leakage current was measured | 
at 5% intervals. | 

2) The applied voltage was kept constant for 20 sec. and the 
leakage current over the test piece was measured at certain 
time intervals. This procedure was repeated for several 

voltage steps. The values were plotted back to the voltage 
versus leakage current curve, with time as the parameter. 

The results obtained with these 2:methods. are: shown’ in in ‘Figures 
3~8 for 3K, 1H and 2H, 12 petticoat:wnits. Since there is 
good agreement, the shorter current versus voltage method was 
adopted for future rain test leakage current measurements. 

be Leaka e Current During Rain Test _~ Measurements: 

All the leakage current measurements were made on three units 
of each type of arrester housing and are reported as average values 
based on arithmetic means. The leakage current versus the applied 
voltage across the arrester housings is shown in Figures 9-11. 

 unexphainabletat presenta of 1: 

Fig re 15 ° 

Fog 3 

illustrate the setup. 
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According to these curves for the same housing diameter the 
leakage current decreased with increasing number of petticoats. 
Fig. 9 shows the leakage currents for the 3K-066 housings, where 
values up to 110 ma crest were measured. 

Fig. 10 shows the leakage currents for the 1H-065 units where © 
the highest recorded average value is only 85 ma crest. Thecthree- 
petticoat container, probably due to spread in results, has less 
leakage current than the six-petticoat units. The average leakage 
current flowing across a unit with no petticoats (with an applied 
voltage of 90 kv-rms) is approximately 70 ma crest. For a 12 
petticoat unit (with an applied voltage of 210 kv-rms), the value 
is only 50 ma crest. 

In Fig. 11, the average leakage current is plotted for 2H-064 
units, with a maximum leakage current of 70 ma crest. 

According to Figures 9-11, as well as Figures 12-14, the 
leakage current inereased with container diameter. The incon-~ 
sistencies shown in Fig. 12, where the measured leakage current 
for the 2H-064 unit was higher ¢ than for the AHGO65 units, 18: 

Sule ey 

The leakage eurresit versus the applied voltage for the 3K-12 
petticoat unit, the Ohio Brass and the 7785 units is plotted in 

Lithowsh the 7785 unit has the lowest leakage current, 
it also has the lowest flashover voltage. The 3K-066 uit was 
tested with hipot wire protecting the cement seal electrically. 
This was not the case with the Ohio Brass or the 7785 units. 
Furthermore, the leakage current values for the 3K unit are the 
average values measured on three units. Only one unit was tested 
for the Ohio Brass and the 7785 insulators. 

pray _ Test 

For the salt fog test, the units were sprayed with of, 10%. 
and 3% salt solutions in that order. To avoid widespread con- 
tamination, the test piece and the spray device were enclosed 
in a plastic tent. The voltage was brought into this tent with 
a 138 kv type U entrance bushing and the test piece was connected 
to the bushing with a spring loaded contact. Figures 3 and 35 

During all the tests, the turn~table was rotated at 11-1/2 RPM. 
The voltage source was ne same as that for the dry and wet flash- 
over tests. : 

le Secerat: Procedure: 

The spray was sroduaed by three jets, built according to 
the Venturi principle. For all the test pieces, the distance 
between the top jet and the top petticoat was fixed at 30 inches. 

The test pieces were sprayed for 4 minutes (at 10 cue. in. /mine) 
in such a way as to cover the total surface, including the parts 
under the petticoats. 
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On a kv/inch creepage length base, the 7785 unit has the 
lowest values, followed by the 1H-0 petticoat units. 

2) ‘Leakage Current Measurements 

spray 

direction / 
: bids ne 

During the 0% salt spray tests, severe melting of 
the cement seals on the housings was observed. For some 
units, the cement seal was burning with a blue flame © 
even after the voltage was shut off. Where no melting 
of the seal was observed, the measured leakage currents 
were low. However, as soon as the seal started to melt ~ 
and the dripping cement contaminated the housing surface, 

: the leakage current increased sharply. In these cases 

The leakage current was recorded every 15 seconds. After q the withstand voltage was found te be lower on the succeed~ 
flashover occurred, the same procedure was followed with de- ; ing test. 
creasing voltage levels until a withstand level was obtained. an 

Each unit was tested by making runs at increasing levels 
of voltage until a flashover occurred. The procedure was to 
apply a given voltage to the test piece, spray for 4 minutes, 
turn off the spray, but continue holding voltage for 2 to 4 
minutes depending on the magnitude of the leakage current. 

Detailed results for the fog spray tests on the three- 
-. The temperature inside the plastic tent was measured with petticoat 3K-066 lightning arrester housing are given in 
thermocouples during the 10% salt solution tests. An average Fig. 17. This is an example of the observations mentioned 
temperature increase of about 5°F was noted, although in one i above. The numbers at the end of each run indicate, re- 
special case, an increase of 11°F was measured right after » | , spectively, the applied voltage and the sequence. For 

flashover occurred, | a | each run, the spray was shut off after 240 sec. The voltage 
: | a mae. applied to the unit was 60, 80, 100, 120 and 140 kv. 

2. Test Results: | . | |e | During all of these runs, the leakage current was below 
et | | ' | 10 ma crest and no melting of the cement seal was observed. 

a. 0% Salt Spray Test: | _ Pa | _ However, at an applied voltage of 160 kv-rms, discharge 

7 | a _ streamers were observed originating from the top seal. 
Only two units of each type were tested during a At the same time, the leakage current was increasing and 

te this series, the results of which are summarized in i a a flashover took place after about 200 seconds. For the 
Table IV. Withstand and flashover values are re- | ioe | next runs, with applied voltages of\1,0 and 120 kv (voltages 
corded for tests with both increasing and decreasing ie | which the test piece withstood previously), the leakage 
voltage levels. | @ current increased sharply and led to flashovers. At an 
ae | . o | applied voltage of 100 kv, another withstand level was 

1) Withstand Test PIG |: | reached but the leakage current was higher than 100 ma 
2 ae | a crest. Similar observations were made on all the other 

The withstand voltages for the different units are | units except the Ohio Brass, the 7785, and some 12~-petti- 
plotted versus the creepage length in Fig. 16. For this oe | coat units where no melting or negligible melting of the 
graph and those following, the withstand values shown werép cement seal was observed. 

ebtained by increasing the voltage. | | ; 

| : | a _ The electrical strength lost after a flashover could 
Fig. 16 shows that, under fog spray conditions, | i | not be regained by letting the wnit dry and cool off. 

the maximum withstand voltages increase with increasing © “able As shown in Fig. 18, a 12-petticoat container (3K~066) 
Me creepage length (or number of petticoats). A comparison which originally flashed over at 200 kv-rms later required 

of these withstand values with those for the standard a reduction to 160 kv to get another withstand value. 
rain test indicate close agreement. — After the unit was completely dry and cool, 180 kv was 

applied to the test piece. This time, the leakage current 
increased rapidly and led to a flashover. | : The increase in withstand voltage for the Ohio 

Brass unit compared with the 3K units is proportional to 
the increase in creepage length between these units. ] 
On the other hand, the withstand voltage for the 7785 unl 
is very low, considering its creepage length. 

The test indicated that the reduction of withstand 

voltage on successive runs was influenced more by con- 

tamination of the housing through the melting seal than 
by the accumulation of too much water on the surface or 
by increased housing temperature. 3 : 
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be. 10% Salt Spray Test 

Y 

2) Leakage Current Measurements 

The influence of the housing diameter is shown 
in Fig. 19, a plot of the average leakage current versus 
time. For the 12~- and the 6-petticoat housings, the 
leakage current had the highest values for the 3K-066 
units. The difference in the leakage current between 
the 1H-065 and the 2H-064 units was very small and no 
conclusions can be drawn from the data. For the 3- _ 
petticoat units, the results for only one unit (instead 
of the average values) are reported for the 3K-~066 
and the 1H-065 unit. However, the average leakage 
current measured on two units is recorded for the 2H-064 
units. Since the leakage currents for all these units 
is not over 6 ma crest, no valid conclusions can be 
drawn. 

The leakage current beforevflashover occurs. is: reported 
in Table V. For the test series with 0% salt solution, | 
these values may be more the result of the melting 
cement seal than due to the fog contamination. 

Fig. 20 shows leakage current versus time for a 
complete run before a flashover occurred. Tested were: 
3K, 12 petticoat unit I (180 kv-rms), the 3K, 12-petti- 
coat unit II (200 kv), the 7785 unit (180 kv) and the 
Ohio Brass unit (240 kv). The leakage current for these 
units was low and within the limits of 5 and 7 ma crest. 
Only the 3K-066 unit I had a somewhat higher leakage 
current - in the order of 15 ma crest. Nevertheless, 
this value ean be considered low and in line with the 
results obtained for the Ohio Brass, the 7785 and the 3K~-066 
unit Il; 

7 q 

| 

The resultS for this test series are given in Table IV. 
and in Fig. 21 identified as number P0*. 

Withstand Test 

The withstand voltages drop to values between 17-1/2 
and 40 kv-rms and decrease with decreasing number of 
petticoats. Nothing can be predicted as far as influence 
of the housing diameters on the withstand voltages. 

The Ohio Brass unit has a withstand voltage of 50 kv, | 
the highest recorded, however this seems to be consistent 
with its greater creepage length. 

The measured leakage currents were extremely high and, 
because of difficulties in the measuring ecireuits, values 
could not always be recorded accurately. Therefore, no 
leakage current measurement results are reported for the 
10% salt spray test. 

Co 

. 

oh Salt Spray Test 
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As a result of the high leakage current measured 
during the 10% salt spray tests, additional tests were 
made with a 3% salt solution. One unit of each type 
was tested. 

Withstand Test 

The withstand and flashover voltages for this test 
series are summarized in Table IV. Fig. 16 shows the 

withstand voltages plotted against the creepage length 
for the different housings. Except for the 3K-066 housings, 
the creepage length had only a small influence on the 
withstand wl1tage. 

In Fig. 21, the withstand voltages for the 10% and 
3% salt solution are compared. There is only a slight 
Increase for the 3K~066 units. For the 6-petticoat 
configuration, the withstand voltage measured for the 
3% salt solution is even lower than for the 10% salt | 
solution. However, there is an increase of 30 to 150% 
in withstand voltage for the 1H-065 and the 2H-064 units. 

In Fig. 22, the minimum required creepage length to 
withstand 1 kv is plotted against the housing diameter. 
According to this (as well as the data in Fig. 21), the 
1H-065 (medium diameter) units have the highest withstand 
values. They need the lowest creepage length to withstand 
1 kv. The required creepage length is slightly higher | 
for the 2H-064 units and considerably higher for the 3K-~066 
units. This suggests an optimum value for the housing ~ 
diameter. 

_ The Ohio Brass wit, with 55 kv, has a withstand 
voltage higher than any GE housings and, considering 
both housing diameter and creepage length, this unit is 
superior to the GE units. In addition, the Ohio Brass 
housing has the same strength before and after flashover 
while the other units dropped in withstand voltage about 
15% after a flashover occurred. This drop probably is 
due to the melting of the seal, a process not observed in 
the Ohio Brass units. ) 

With 70 kv withstand voltage, the 7785 wit has the 
highest value of all the units tested. At the same time, 
the creepage length is only 66 inches ~ 10 inches less 
than the Ohio Brass and 7-1/2 inches more than the 3K~066, 
12-petticoat units. This indicates that the design of the 
petticoats has an importance influence on the flashover 
voltage. | | 

The significant design feature common to both the 
Ohio Brass and the 7785 insulators is that the petticoats 
are undercut. is : 
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_ started to increase. However, at the next voltage level 

Leaka e Current Measurements 

Leakage current up to 1000 ma crest were measured 
during this test series. | 

Fig. 23 shows the leakage current as a funetion of 
time for a 3-petticoat container (2H-064) during the 3% 
salt spray test. The behavior of the leakage current 
for this unit is typical and was about the same for all 
other units during this test series. At the beginning, 
the leakage current is less than 1 ma crest. After 300 
to 400 seconds of spray time, the leakage current in-~ 
creases rapidly, as shown by the curve for 45 kv-rms #2. 
In this case, a flashover did not occur as the spray was | 
shut off at 240 seconds, shortly after the leakage current 

of 50 kv (series 3), the leakage current started high and 
increased rapidly, with a flashover at 60 seconds. For 
the next series of 45 and 40 kv (4 and 5 series), the leak-9 
age current was high and flashovers took place. On the J] 
other hand, with an applied voltage of 35 kv, leakage 
current reached magnitudes of over 300 ma crest without 
flashover. It was observed that for the Ohio Brass unit 
the leakage current increased steadily with voltage and 
spray time rather than taking erratic jumps like the GE. J 

Figures 24 and 25 show the influence of housing 
diameter on the leakage current. Fig. 2) represents the 
12-petticoat units and Fig. 25 the 6-petticoat units. 
For the same applied voltage, leakage current increases 
with inereasing housing diameter. | 

Fig. 26 is a comparison of the leakage current for 
the 3K, 12-petticoat unit with an applied voltage of : 
35 kv, the Ohio Brass unit with an applied voltage of 35 K 
and the 7785 unit with an applied voltage of 40 kv. The 
results for the 3K units are questionable since the wit 
was subjected to salt spray tests before that run. Despit! 
washing and cleaning, some eotamination was probably left 
on its surface and may have caused the high amount of 
leakage current. | 

SOPT157 
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Leakage currents which occurred before flashover 
are given in Table V. From this, the outstanding per~ 

formance for the 7785 unit is apparent. With a flashover 

voltage of 80 kv-rms, the leakage current was only 17 ma 
erest before the first flashover occurred. 

On runs made after a flashover occurred, leakage 

currents were higher than those reported, reaching maximums 

up to 1000 ma crest. Thus far in the test, it had been 

assumed that a flashover is inevitable as soon as the 

leakage current reaches a magnitude of several hundred ma. 

A possible explanation for the extra-ordinary behavior 

observed during this test series may be that a fairly _ 

uniform coating of salt spray over the whole insulator 

surface was obtained. The physics of the flashover for 
this type of contamination may be such that a flow of 

leakage current dries and heats up the path along the 

housing to such a degree that a thermal flashover can 

be formed. If this is the case, it should be possible _ 

to have fairly high leakage currents flow before a flash- 

over occurs. 

The flashovers over housings with dry spots along the 
surface can start because of local high voltage gradients 

at the boundaries between the contaminated and the nearly 

clean parts of the surface. If high enough, each gradient 

can lead to a partial flashover which, in turn, could 

initiate a complete flashover. 

An important consideration during these tests was 

to prevent a drop of the testing voltage due to high pulses of 

leakage currents which may flow over the surface of the — 

insulator before a total flashover occurred. In Fig. 27, 

the internal voltage drop of the power supply used for the 

test is plotted as a function of the leakage current. The 

voltage reduction, while a leakage current of 500 ma crest 

is flowing, is more than 5 kv-rms. This cannot be neglected 

for applied voltages of 15 to 50 kv-rms. 

During each run, the leakage current fluctuates over 

a wide range, with many high spits. Because of the voltage 

source limitations, a sudden increase in leakage current 

may decrease the voltage across the test piece. Such a 

decrease will reduce the local voltage gradient at the 

boundary between contaminated and clean zones enough to 

prevent a flashover. Therefore, it is possible that the 

withstand values reported are too high. This is especially 
true for the Ohio Brass unit where, due to the shape of 
the petticoats a uniform coating is unlikely. It can also 
be true for the GE units (see Fig. 36). Measured withstand 

voltages are plotted versus resistivity. of the sprayed 

solution in Fig. 28 for the 3K~-066 units, Fig. 29 for the 

1H-065 mits, Fig. 30 for the 2H-064 units and in Fig. 31 
for the Ohio Brass and the 7785 units. The measured points 
for each unit are connected by straight lines, with the 

full knowledge that this is not the actual ease. The gap 
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in resistivity between the 3% and the 0% salt solution 
is too large to draw any reliable curves. | 

RECOMMENDATIONS AND IMPROVEMENTS FOR FUTURE SALT CONTAMINATION ‘TESTS 
A. A better control of the amount of contamination sprayed on the unit is 

required. To accomplish this the follewing measures are proposed, 

l. Reduce the rate of spraying. No water drops should build 
_ up along the petticoats at any time during the spray test. 

2e Wash unit with water after each run so that when a new De 
voltage level is applied the unit will be clean of salt. 

3. Test each unit with the same voltage sequence. Care has to 
be taken that the first applied voltage is low enough so that 
all the tested units of one group (same diameter and same 
number of petticoats) will withstand it. 

Be A "stiffer" voltage source must be used for the salt spray tests. This 
may be obtained by connecting a capacitor in parallel with the test | 
piece. This capacitor will act as a voltage stabilizer when the leakage 
current is fluctuating due to the large spits that occur. ' o 

E. 

C. A switch should be installed in the leakage current measurement circuit | 
to change the shunt resistors while voltage is applied to the test piece, | 

D. The vacuum tube voltmeter which was used to measure the leakage current — 
was not able to follew the fast pulses. A first improvement would be 
to substitute a recording milliammeter for the voltmeter, and:ebserve fF 
the fast fluctuations in both the current and the applied voltage with an) 
oscilloscope, To record the pulses in the leakage current, a counting | 
device can be used which could count pulses exceeding a determined leakage) 
current. : i 

Conclusions: 
Leora eee ee coe etree ee 

A..- Dey. Wahkstana 

1. No influence of the number of petticoats or the housing diameter | ; 
was observed during this test series. | | : | 

B. Rain Spray - Standard Test 4 

1. The wet flashover value increased with the number of petticoats ‘ 
but was not affected by the housing diameter. | . 

<e The leakage current decreased with the number of petticoats but | 
increased with the housing diameter. 3 

3- On several G.E. units, the insulator seal ignited and partially @ 
burned. The dripping of the melted seal along the insulator , a 
housing introduced an additional surface contamination which re- | 
duced dielectric strength. | = 

Fog Test: 

Fog Test: 

Jot 
Pa g fe 13 ° 

“0% Salt Solution 

‘1. The results for this test series agree, in general, with those 

of the rain test. 

2, The Ohio Brass has a significantly higher withstand voltage 
compared to the GE 3K-066, 12 petticoat unit. 

3, Burning of the insulator seal was noted in several GE units. 

10% Salt Solution 

1. The withstand value fell to ahowt 20% of the water fog values. 

2. The withstand voltage increased with the number of petticoats. 

3. The Ohio Brass unit had a 25% higher withstand voltage than the 
GE 3K-066, 12 petticoat unit. 

Fog Test: 3% Salt Solution 

1. The number of petticoats had only a minor influence on the 
flashover voltage, except for the unit with no petticoats. 

2, The medium diameter housings (11-5/8" 0.D. over petticoats) 
had the highest flashover values. 

3. The Ohio Brass unit withstand voltage was about 10% higher 
than that of the 3K-066 units. | 

Lh. After flashover, the Ohio Brass unit had the same strength. 

The GE units fell about 15%. 

5. The leakage current is increased with the housing diameter. 
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Figure kB | 

| Lightning Arrester housing mounted on turn table. 

Test setup for dry and wet NEMA Standard flashover 

i and withstand tests. : 

: No turn table movements. : 
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Figure 34 

Lightning Arrester housing mounted on turn table. 

Test piece and spray device enclosed in plastic tent. 

Turn table rotated with 11-1/2 RPM during testing. 
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ALUMINUM COLD FLOW COMPENSATION IN BOLTED EIZCTRICAL CONNECTIONS 

G. Le Flynn T. L. Rundlett 

The advent of aluminum conductor in the electric utility field for use in trans- 
mission and distribution systems brought with it Sie sdvonte es, but also several prob- 
lems. The problem most acute to the electrical connector manufacturer is the dimen- 
sional change, called relaxation, that occurs in all connections involving aluminum 
conductor. Specifically, it is caused by the uncontrolled cold flowing of the aluminum 
conductor when under the influence of connector pressure. Although this dimensional 
coe tae ee ae ee to observe, it may be sufficient to cause the 

good electrical contact areas, thereby caus 
shorten the life of the connection. : : Seo 

It is the purpose of this paper to present the results of an investigation con- 
ducted to determine ways and means to satisfactorily obviate the relaxation deteriora- 
tion in bolted connections for aluminum conductors. As a result of the investigation 
a new design principle evolved which can provide users who prefer bolted aluminum aon— 
nectors a design which adjusts for relaxation and maintains satisfactory electrical 
convact for an indefinitely long service period. 

DISCUSSION 

For years the bolted aluminum cast connector was the 0 primary clamping component for 
making aluminum to aluminum or aluminum to copper connection. The bolts cacden these 
connectors were usually either steel or aluminum. 

At first, aluminum hardware was preferred because of its anti- 3 
and because it had the same coefficient of thermal expansion as peelings i eke 
This latter factor purported to permit uniform expansion and contraction of the con- 
nection when it was subjected to thermal ratchetting during operation. However, the 
cost savings to be realized led to increasing adoption of galvanized steel bolts in the 
more common connector types, particularly for distribution line applications. In- 
poeta lata performance at first seemed generally comparable to connectors with 

The use of steel bolts probably aggravated the effects of thermal ratchett 
Since the modulus of elasticity of the steel is about three times that of pala oy the 
steel bolt was stiffer. It did not elongate or creep under load as much, and, therefore 
exerted greater pressure throughout the connection. Further, since the coefficient of 
thermal expansion of steel is much less than that of aluminum, additional pressure on 
the conductor was produced when the connection was thermally cycled. 

The problem of relaxation in bolted aluminum distribution connections reached such 
a point several years ago that various Utility companies began looking for alternate 
connection methods. Some felt the answer was a compression connector, extruded from a 
ductile aluminum alloy. These connectors were very soft in comparison to their cast 
contemporaries. Being boltless, they were joined to conductors with special compression 
tools whose crimping dies deformed the connector material around the conductor. 

There is less of a problem with relaxation with compression connectors because of 
the inherent physical properties of the connector material. Today almost all Utility 
companies have at least considered the use of compression fittings for secondary distri- — 
bution use. Some companies use them exclusively while others have rejected them, still 
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preferring the advantages bolted connectors offer even with the relaxation problem. 

In an attempt to provide those who prefer bolted aluminum connectors a design 

that would adjust for relaxation, and, therefore, maintain a good electrical contact, a 

research program was undertaken to determine the magnitude and mode of the relaxation of 

a connection. The data obtained was then used in the design and development of a cast 

aluminum connector that compensates for such relaxation as occurs within the connection. 

RELAXATION INVESTIGATION AND RESULTS 

Three indicators of relaxation in aluminum connections had been determined from 

field information and from experimental work in the laboratory. These were: 

1. Torque loss from that originally applied. 

2, Load loss with time. Loss of the load imposed on the connection assembly by 

the bolt. This may be measured either with Dynamometer apparatus or by 

‘ " yelating measured torque to torque - tension curves. 

3. Connector burnouts caused by a dimensional looseness in the connection between 

the connector components and the conductor. , c 

It was felt that if the factors contributing to the above could be controlled by design, 

the relaxation problem would become non-existent. 

Numerous electrical heat cycling tests revealed for example connectors with 3/8 inch 

steel bolts and lockwashers, serving in aluminum conductor test loops, experienced an 

average torque loss of 110 inch pounds from an original torque of 2,0 inch pounds. The 

desired torque loss average was 0 inch pounds, i.e. a deviation from the original 

torque of 17 %. To attain this, the approach of incorporating a spring washer was 

selected. Torque data after heat cycling on connectors with commercially available 

dished disc (Belleville) spring washers revealed an average torque loss of about 60 inch 

pounds. Unique designs of dished disc washers to provide the desired compensation were 

computed and considered. Costs of special materials and special manufacturing tolerances 

dictated consideration of new concepts, one of which will be described in detail. 

Load loss versus time tests were conducted on all components making up a connection. 

A standard cast aluminum parallel groove connector was selected as the test specimen for 

relaxation evaluation. The connector had symmetrical grooves and a cable range from #8 

solid copper to 2/0 ACSR. It employed a 3/8 inch round head, square shank, galvanized 

steel bolt. Torque tests run on a particular specification bolt of this size revealed 

load level capabilities of about 2,000 pounds dry and 41,300 pounds lubricated. It was 

within this load range that this investigation was centered. 

The load loss of the connector components and the hardware was found to be insig- 

nificant. As was suspected, the conductor was the predominant source of the observed 

load loss. The load loss of several conductor sizes and the connector itself was 

measured (Figure 1). These tests were all conducted at ambient temperature. Readings 

were taken until the curve had definitely become asymptotic to the axis of abscissas. 

The load loss (Figure 1) is seen to vary with the conductor type as well as size. 

The greatest load loss in this set of data occurred on the 1/0 stranded all aluminum 

conductor. The load loss was approximately 300 pounds. This verified the findings of 

a similar unpublished investigation at Auburn University, Auburn, Alabama. 

The reason the 2/0 ACSR conductor suffered less load loss than the 1/0 stranded 

aluminum involves consideration of unit pressure. When the connector-conductor bearing 

area is less, as with smaller diameter conductors, the unit pressure corresponding to a 

given load is greater and, therefore, causes more deformation of the conductor strands. 
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As for solid conductor, absence of inter-strand deformation permits less conductor de- 
formation under load. Although tests have shown that connections with #2 stranded and 
#2 solid aluminum conductors experience about the same amount of load loss, the differ- 
ence in the diameters probably offsets the difference in geometries. 

A different rationale applies to load loss when produced by heat cycling beyond 
that produced at constant temperature (Figure 2). The rise in temperature resulting 
from test current produces expansion stresses in the conductor and connector. The 
relative dimensions, co-efficients of expansion and moduli of elasticity combine to 
determine the effect on load loss of plastic flow of the conductor. The net result 
(Figure 2) was shown to produce greater load loss in larger conductors in the particular 
connector used for these testg. These data (Figure 1 and Figure 2) confirmed the 
necessity of using both load-time and heat cycle observations to determine the magnitude 
of the relaxation effect to be overcome, as well as the effectiveness of the compensa- 
tion achieved. : | 

The relation between connector burnouts and connection relaxation was established 
by examination of failed connections. Evidence of dimensional instability in a bolted 
connection was first observed upon microscopic examination of connectors that had failed. 
In these examples, areas of severe pitting were observed. Also, lava-like deposits 
created by arcing from the conductor to the connector groove surface could be seen. 
From this it was reasoned that initially a good electrical contact existed along the 
intermetallic conductor-connector junction. Emough pressure had initially been exerted 
on the connector and conductor contact surfaces to physically breach the aluminum oxide 

barriers separating the two. As time passed and the aluminum conductor underwent cold 
flow, the contact pressure along the intermetallic face was not maintained. Enough 
physical separation between the conductor strands and the connector groove wall occurred 
to permit the build up of aluminum oxide layers, reducing the area of low-resistance 
metallic contact. This action increased the current density in the remaining contact 
area. Continuation of this process led ultimately to the failure mechanism observed. 

It was noticed that if after a few heat cycles a connection was re-torqued to the 
original value, the connection would proceed through the test without a marked build- 
up of either resistance or temperature while identical connectors not re-torqued in- 
creased in resistance and temperature, The re-torquing brought the conductor, which 
had already undergone cold flow one time, back into contact with the connector. The 
second time the bearing area between the two was greater due to the previous mating, and 
less additional cold flowing of the aluminum conductor took place, an insufficient amount 
to again cause a poor contact. ‘This retorquing observation reinforced the belief that a 
dimensional change taking place after initial torquing caused the instances of poor per- 
formance. 

Physical measurements of the connection after torquing also revealed a dimensional 
difference with time. Quantitative determination of the cold flow magnitude of a 
stranded or solid conductor was not practical. This had been previously attempted by 
a major research institute without conclusive results. Therefore, the dimensional 
variation of the entire connection system was analyzed. This information was considered 
sufficient to permit the development of a compensating mechanism that would permit a 
good electrical contact to be maintained. 

The most satisfying experimental results with respect to this dimensional study 
were produced by heat cycling of connections. These were torqued to the recommended 
value and were then subjected to thermal cycling. A torque loss was always experienced 
after heat cycling. The angular rotation of the nut necessary to regain the original 
torque was recorded. By knowing this angular displacement and the pitch of the bolt 
threads, the gross nut advancement could be calculated. It was found that for the 
connector type investigated and its cable range, an advancement range from 0.006 inches 

alt= | 
to 0.008 inches had to be compensated for. This conclusion was later proved valid by 
the successful tests of connector assemblies so compensated. 

RELAXATION COMPENSATING SYSTEM DESIGN 

The system selected to compensate for the relaxation in the connection was a flat 
spring washer. The design criteria adopted for this washer were: (a) remain elastic 
when deflected .018 inches, and (b) have no more than .002 inches permanent set after 
being repeatedly cycled through its full range of deflection. 3 
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A recessed circular fulcrum in the bottom connector component was provided for dish- 
ing the washer. Figure 5 shows a cross-sectional view of the washer-fulcrum combination. 
The washer is show in its unloaded and loaded states. As the nut is advanced, the washer 
will proceed to dish around the fulcrum until it seats against the tapered seat shown. 
The seat serves to prevent the washer's being overstressed as a result of overtorquing 
the bolt in the field. : 

A question to be answered was whether non-uniformity of bolts would add to the load 
variations to be compensated. Enough bolt samples were tested to readily demonstrate 
that this was not a major source of concern. Bolts purchased to the same specification 
were found to deviate very little in tensile load when tightened to recommended torque 
value. | 

With the load and deflection requirements determined by experiment, a theoretical 
stress analysis was conducted, to determine preliminary washer dimensions for washer- 
fulcrum combinations, and to estimate the ultimate stress at full load on the washer. 

Type 20 stainless steel was selected as the washer material. This is a heat 
treatable alloy with excellent anti-corrosion properties. With the proper heat treat, 
a yield strength of 215,000-225,000 psi can be obtained. The ultimate strength 
corresponding to this yield was about 265,000 psi. This strength was found sufficient 
for the intended application. | 

The final washer dimensions were determined empirically. The inner diameter of 
the washer was limited by the bolt size. Therefore, the washer's outer diameter and 
thickness were varied, along with the fulcrum diameter. A combination of the three was 
found which produced the desired relaxation compensating device. 

_ COMPUTATIONS AND TESTS 

The load=deflection characteristic of the final compensator washer design was 
measured. (Figure 3) Characteristic curves of designs for other connectors have 
similar shapes and slopes. The tapered seat angle is designed so that the washer seats 
fully at close to recommended initial torque load, or about 0.018 in deflection. 
Assuming the maximum dimensional change, (0.008 inches) the remaining washer deflection 
is about 0.010 inches which maintains the load previously determined necessary for 
satisfactory electrical contact. } | 

Load=loss data at ambient temperature was taken on the assembled connection with | compensating washer (Figure ),). The loss of load was comparable to the probable in- 
accuracy in field torquing and therefore insignificant. 

After the washer's and the fulcram’s dimensions had been finalized another 
theoretical stress analysis was made to again review the maximum stress in the washer. 
Timoshenko presents an approach to a flat circular plate loaded such as this 
application.1 : , 



Using the formulas 
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“max ® 335,000 psi 

Where: aA = The twisting couple per unit length of the vertical center- 
| line. 

*« Radius of the vertical centerline. 
« Washer thickness. 
@ Washer inner radius. 
= Washer outer radius. 2a wp 

This calculated value is higher by about 70,000 psi than the washer material's ultimate 
strength. The reason for this difference is complex. This case appears similar to the 
loading of a disc washer analyzed by Brickman. 2 He postulated that residual compres- 
sive stresses set up in the spring when it is formed cancel to a degree the high tensile 
stresses developed at the inner diameter when the washer is deflected. Also, as the 
inner diameter boundary reaches its stress yield point and goes beyond it, more load is 
assumed by the washer material outboard of the inner diameter. This stress adjusted 
continues until the load is fully accommodated. When the load is removed the washer 
returns to normal. — 

Torque tests were conducted on five spring washer connectors that were thermally 
cycled for ten cycles and then were re-torqued to the original value. (Table I). 

Four relaxation compensated connectors: were subjected to heat cycling test similar 
to that proposed as standard by a joint EEI-NEMA Committee. 3 The test was continued 
beyond the 500 cycles recommended as standard, and was discontinued at 892 cycles. 
There were no failures of the compensated connectors, although other non-compensated — 
connectors in the same loop failed. At the conclusion of the test the connector 
temperatures gave no evidence of electrical instability (Figure 6). PEGE 

CONCLUSIONS 

l. There is a primary causal relationship between maintenance of connector pres- 
sure and maintenance of electrical performance in a bolted connection on alumi- 
num conductor. 

2. The dominant factor in the loss of connector pressure is deformation of the 
aluminum conductor by (a) compaction under connector pressure and (b) plastic 
cold flow (relaxation) under connector pressure and thermal stresses. 

3. After initial deformation, sufficient contact pressure can be sustained by the 
conductor for maintenance of satisfactory electrical performance of the connec- 
tion. 

hh. The amount of permanent deformation necessary before the conductor can sustain 
sufficient contact pressure can be determined for any combination of conducto 
and connector. | 

5, A device to compensate for the necessary initial deformation and to maintain 
the necessary contact pressure has been designed and tested in the form of a 
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flat spring washer. 

The spring washer described provides compensation for differential thermal 

expansion as well as for initial conductor deformation. 

The design methods developed from this investigation can be extended to a wide 
range of combinations of conductors and connectors. 
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TABLE I 

TORQUE MAINTENANCE TEST - COMPENSATED CONNECTOR 

ORIGINAL TORQUE FINAL TORQUE 
SAMPIE NO. (Inch Pounds) (Inch Pounds) 

it 7 2,0 220 
2 20 180 
3 2h0 150 
in 2h0 220 

5 2h0 230 
Average 200 Inch Pounds 
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Page 1 CONTENTS OF REPORT References: 

CONTAMINATION TEST ON SIX TYPES OF 
DEVELOPMENTAL LIGHTNING ARRESTER 

HOUSINGS. PHASE II 

EL 4941, DB 990, pp. 1-100 
DB 996, pp. 1-72 NO, CHARTS | i 

Report: 59P7157 

NO, PAGES TEXT 12 

DRAWING NOS. 

INTRODUCTION: 

184HA587 
In the first phase of the investigation, reported in 59PT157, 184HA588 

it was found that under contaminated conditions the withstand 184HA589 
voltage increased and the leakage current decreased with the 184HA590 number of hoods. For the Phase 1 tests, the maximum number of 
hoods On G.E. L.A. housings was 12; therefore some Unit designs | PHOTO NOS. 
for the Phase 2 tests incorporated as many as 18 hoods. i) 

DISTRIBUTION 

Complete Reports _ 

William Stanley Library - (6). copies 
Technical Data Center, General Engi- 

neering Laboratory, Schenectady = 

Additional copies, where needed, can 
Library, Pittsfield. 

William Stanley Library - (6) copies 
Technical Data Center, General Engi- 

neering Laboratory, Schenectady = 

be obtained from the William Stanley 

It was also found that the Ohio Brass L.A. housing and the | 
7785 insulator supports had Significantly higher withstand values 
under salt fog contamination than the G.E. housings. This appeared 
to be the result of increased creepage length and different design. 
From the designs submitted for investigation some of the most 
promising hood configurations were selected and units were CcOn- 
structed for the Phase 2 tests. The creepage length for these units 
varied between 74 and 95 inches. oe 

OBJECT: 

basic requirements of a contamination proof porcelain based on 
Conclusions from 25 year weathering tests by the Central Electricity 
Board of England which were: | 

(2) copies of Class I, II and III (6) copies we eat: 
reports and (1) copy of Class IV 

The test had two objects: 
reports 

| ~ 
| A. The general object was to obtain data leading to a better : L. Wetherill/ 42 ~322 JW Albright 21-103 | understanding of insulator design, especially the effects JR Meador/ 1 copy 9720 PA Abetti 9-202 4 of contamination on arrester insulating housings. AF Rohlfs 9-203 JH Hagenguth 9~cOl | ee Ba : at HV Laboratory 9-102 RB Ames 43-508 =@ B. The immediate objective was to evaluate the six develop- WH Eason 43-553 JR Meador 9-204 | mental lightning arrester housings having different hood WJ Rudge 42-550 AF Rohilfs 9-203 | - configurations. : i, . SR Smith 9-304 VB Ross Canadian G.E. Ghelph | 420 

TI Carpenter 9-304 ME Scoville Hudson Falls | pesorIprion OF TEST. PIECE: GF Lincke 43-554 HC Stanley 16-200 Hh eee: EC Sakshaug 43-550 JA Van Lund 51-103 Eighteen developmental lightning arrester housings, having six HA Frey Baltimore TF Volkmer Rome different hood configurations, were tested. For each configuration, B. Kingsbury Baltimore TR Walters — 9-314 three units were constructed. Profiles of the various housings are JH Hagenguth 9-cOl L. Wetherill 42-322 Shown in Figure 1 and pertinent descriptive data are given in DL Johnston Sf -L0L FL Woods 43-302 Table I. GF Milne | 43-552 HV Laboratory 9-102 | | | FJ Turner 9-102 FJ Turner 9-102 The type F porcelains were especially dimensioned to meet the JP Benedict 9-102 
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lL. Creepage distance should be three times the porcelain 
height. 

oe Protected creepage distance should be 1/2 the total 
creepage distance. 

Wire shields were installed on both top and bottom of all the 
developmental units to prevent the cap cement from melting. 

In addition to the developmental housings, the OB arrester 
housing, 9LA3KO66 arrester housing and the two 7785 cap and pin 
insulators in series (tested in Phase 1 investigation and results 

reported in 59P%157) were tested with Phase 2 procedures. 

PROCEDURE: 

Initially all of the 18 developmental units were subjected to 
sixty-cycle withstand and flashover tests for both wet and dry 
cOnditions using AIEE Standard methods. The test results are 

given in Table II. All units except the spiraled hood type had 

substantially the same electrical characteristics. The withstand 

and flashover values for the spiral hood units were approximately 
15% higher than the average values for all the others. When the 
Spiral hood unit was inverted for testing the results:.were approxi- 
mately 5% higher than the average results for the others. 

In addition to the Standard AIEE tests, leakage current 
measurements were made on all 18 developmental housings during 
rain spray condition. The data obtained and given in Table III 
does not appear to have any relation to the ratio of protected 
creepage distance to total creepage distance nor to the creepage 
length. The data does appear to indicate that the design of the 
hoods to keep some areas dry beneath the hoods results in lower 
leakage currents just prior to flashover. Units "c" (14-15° 
undercut hoods), "D" (9 large and 9 small diameter hoods), "E" 
inverted (with spiraled hood undercut down) and "F" (corrugated 
15° undercut hoods) all had low leakage currents as compared to 
units A, B and E. 

Fog Tests 

For these tests the plastic sheet tent was used as described 
in 59PT157 and shown in Figures 34 and 35 of that report. An error 
in Figure 34 omits the plastic protective covering used to protect 
the bottom end of the entrance bushing. The covering was stretched 
from the bottom end of the bushing out to the outer diameter of 
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the wooden tent support. This plastic covering over the bushing 
can be, se@n in Figure 35. 

In brief, the test procedure was to mount the unit on the turn 
table with the top fog nozzle 30 inches from the top hood. The 
unit was rotated at 11-1/2 revolutions per minute, and with the 
fog nozzles on, voltage was applied starting at'150 kv. The rest 
of the procedure was as follows: 

a. Fog on for four minutes measuring leakage current every 
30 seconds. 

b. Fog off for four minutes measuring leakage current every 
30 seconds. 

c. Voltage off and evacuate tent for three minutes with 
vacuum cleaner. 

d. Raise voltage in 20 kv steps to flashover repeating a, 
b and ec at each level. 

In order to save time, for this test and those that followed, 
Only One Unit was tested from each of the six developmental housing 
groups. | ny 

In addition to the developmental housings, the same G.E. 
9LA3K066 and (2) 7785 cap and pin insulators tested in 1959 were 
included in this part of the investigation in an attempt to 
correlate the data obtained for the two Separate tests. All test 
results for the fog tests are given in Table IV. 7 

When comparing results in Table IV with data reported in 
D9PTI57 for fog tests it was found that the 9LA3KO66 unit showed 
approximately a 20 kv increase in flashover strength and the 7785 
insulators were approximately 10 kv low in flashover voltage. The 
values for this test are the result of only two tests and the 
difference in flashover voltages could be accounted for by the 
normal spread in results had there been several tests made. Also 
there was no evidence of the cement burning on the OLA3K066 during 
this test which may have resulted in higher flashover voltage for 
this unit. 

The other units appear to have approximately equal flashover 
Strengths except the E type unit with the Spiral hoods which, in 
the inverted position, had the highest withstand value under fog 
COndition. 
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Contamination Tests 3.8% Salt Solution Fog 

In preparing the salt solution for this part of the investi- 
gation,it was found that during Phase 1 tests,the percentage was 
calculated as 3% by volume rather than weight. During the present 
tests the same percent of salt by volume was used, but in order 
to convert the percentage to a weight basis, the salt was weighed 
and the calculated percentage on a weight basis was found to be 
3.8. : 

The test procedure was exactly the same as for the 0% fog 
except the starting voltage was 40 kv and the voltage was raised , 
in 5-kv increments. After flashover the 40 kv level was repeated 
for each unit In order to determine, from the leakage current: ; 
measurements, to what degree the unit was contaminated. These 
data are given in Table V. ; | 

After completion of the salt fog tests, the data was 
summarized and a meeting was held with persons involved in the 
investigation attending. From the test results obtained, four 
Unit types were selected for further evaluation with altered test 
procedures. The eighteen hood type B unit was eliminated from 
further testing because its characteristics showed no improvement 
over the other types selected and it probably would be more \ 
expensive to manufacture. 
housings in addition to the Ohio Brass housing, 9LA3KO66 housing 1 
and the 7785 cap and pin insulators. The test procedure for | 
these tests was as follows: . 

a. Apply 50 kv to unit 

b. With salt fog on four minutes, take leakage current 
measurements every 30 seconds. 

c, With salt fog off four minutes, take leakage current 
measurements every 30 seconds. | 

d. Repeat b and c above for a total of 10 cycles holding 
50 kv continuously. 

e. Let unit dry in place, remove and test next unit. 

f. After 24 hours drying period, apply 50 kv, spray with 
water fog continuously and measure leakage current every 
30 seconds until it levels off. 

g.- When leakage current levels off, raise voltage to flashover. 

These unit types were A, C, D and F 4 

| 6OPT14A5 

, Page 5_ 
The test voltages for the Ohio Brass unit was graded propor - 

tional to its creepage length in comparison with the developmental 
units tested. The creepage length was 10% greater than other 
units tested; therefore it was tested at 55 kv rather than 50 kv. 

For part "f" of the above procedure, the setup inside the 
tent was altered in order to apply an even coat of fog On the unit. 
The fog nozzles were directed away from the unit towards a fan On 
the floor which was adjusted so its direction of circulation was 
upwards towards the under surfaces of the housing hoods. 

All of the units used were previously contaminated and were 
washed prior to this test. Washing was done with cold tap water 
from a hose equipped with a pressure pozzle while scrubbing with a 
venetian blind brush having stiff bristles. Special attention was 
gSiven to washing the cap and hardware on the top of the units. 

The maximum leakage current measured during each of the 10 
contamination cycles at 50 kv are given graphically in Figures 2 
and 3. The maximum leakage current measurements during the water 
fog application after contamination are plotted versus time fog 
was On in Figures 4 and 5. 

During the fog cycling test only the C and F housings and the 
7785 cap and pin insulators withstood all 10 cycles without flash- 
over at 50 kv. The Ohio Brass unit withstood eight cycles at 55 kv 
before flashover. Also, as can be seen by the graphs in Figures 4 
and 5, the leakage current during water fog tests was lowest for 
the C and F units which appears to indicate that these two Units 
are of the best design for operation in contaminated areas. 

It 1s suggested that to further evaluate these two Units, 
these tests should be repeated at elevated voltages. 

These tests seem to indicate that the ability of the units 
to resist contamination depends upon the protected area Under the 
hoods. It appears that if the degree of undercut were increased 
and the top surface of the hood conform to this angle then each 
hood would protect the top surface of the One Underneath it. For 
example see sketch on Page 6. Of course the compatibility of such 
hoods with other requirements would need to be studied. 
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COPTLAS 
Page 8 

TABLE II 

Sixty-Gycle Wet and Dry Withstand and Flashover Tests on Six Developmental 
__vieehtning | Arrester Housing im 

Wet 10 Sec. Wet | RAD =| V.P. 
FO 4x Withstand 

0.990 
0,990 
0.990 

0.980 
0.99 
0.990 

0.99 
0. 986 
0.986 

inet deiiletiiel tai am Cee Ts eet ee ae he eee ‘ 

all 0.974 
223 0697 
AV od 77 

209 0.990 
181 0.960 | 0,22 

fae See 0. 960 0.22 
£95 

* Average of three flashovers 

ek Average of five flashovers 

60PT145 
Page 9 

TABLE III 

Sixty~Cycle Leakage Current Hea surements on Six Developmental 
Lightning Arrester Housings During Rain Spray Condition. 

(Water Resistivity 16, 800 to 30,000 Ohms/cc. ) 

Max. 10 Seco. | Percent of Maximum 10 Second Withstand 
Wet WS, 20, 

kv-rms | ~ Leakage Current ma Crest 
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errer in applied voltages while measuring the leakege currents. 

*t There is no explanation for this data being high. 
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TABLE V a 
60PT145 
Page 11 SIXTY-CYCLE LEAKAGE CURRENT MEASUREMENTS AND FLASHOVER TESTS ON SIX DEVELOPMENTAL LIGHTNING ARRESTER HOUSINGS DURING 3.8% SALT FOG CONDITION , Salt Solution Resistivity = 18.5 - 23.7 ohms/cc ) ack eae ees | | Kilovolts RMS Applied —__ 

Flashover Li Level Date Max. Leakage Cur. | | 0 a e | i 60 6 Leak. Cur. Time at 40 KY 
oe Before FO | After Flashover = Group Unit on Lore f | Pinal on ore Finall on [off Final) te Lose itinal.Op n Off |Final |_o FO xx {KV | Fog On | Fos Off 

i 
; 

; j 

. . 
; 

} 
: 4 

, 

; . 4 
. 

$ 
i ; H : 

' 

nn RERRRRRERRnnineneneneeemememeenteneeeeee ae a A ee ELT ON BANS NER IT me penny FO OS rh ert Pe pees een ren OO 

* Leakage currents reported are the maximums recorded for the 4 minute periods during fog spray on and off and _ the final leakage current at the completion of the 4 minute fog off cycle. 

Hent._e.__inee fea Crestx | wlelal al A fot: in.-Sec.JRMS| MA Crest | Xe | | | | | | A he. ae ae 128 | 37 38, fe 9 | 2 mi 54 a | .85}2.8/2.2| 1.4 [4.91 n0.6110.6 A 635 [4-10 Io} wa | 2 | B i , | 34 | 47 . .62 ./l mechanical failure of test circuit ~ washed - unit and retested | ; B | > 6) 6d 61 i. 8 (2.0 te | an ~ ¥ - ~- - | -|- = Poses = B 266: | B15 50 | 424 | flashover | | | | | “hpparently the oo was not washed clean. Tested another unit of same type. Bee | | Z | 2 22 | 32 | 629) 57) 42) 35 |.78 | 78) 45 | 1.6/1.4 | .57 | 3.2/2.8) .78|141/283 283 |B 425 B35 ° (70) 495 | 42, C 2 32 | 33} 233) 48] 51] 51 |.67 | 66] .66 1.8/1.4 | .85 |1691155] 28 1352 354 | ee 15° 179 RRA | 565 D | 2. See ee 42 yee Se es ee ee Vey | see, .71°11:8 11.4) 98 “se 2 2. 8 it. 1D 566 9 4+25  |70 466 hyo BER E ; 78 | 198 57 5 = nee — - - - - | = - | - - | [vs e 495 oe, 45 566 >| flashove: ie | Pea | | | i : | | inverted 2 16 | 14 8.5 skipped Level |113 | 27 32 | ee i | 2. 2.8 he - : _ cy 170 i O~35 ‘60 Pee, 197  #® eae hot eee 3.2 L.1].2.1 | 85 | 57! 35. | 22 7am | 2.8 | 212) 212 85 283. 170 jane ee es 7a Pa 139 , GLABKO6G IT .60 | .65/ .65 1.6/1.8) 1.5 423 |280:;7 | - | - {| - | - - /- | = | -3KNo read- | Ihst 155 636 423 ae | : Clee ae ag Seer ees ees a - 7 | oy | ing a | 7785 | Cap. RB )1.9/ 1.9, 3.3)3.0) 2.7 32 | 34 [17 | 85 15.7 -|- | =o) ee. mo es ea ae 
Fine || | a Be | ; lators| | | | | | | | | : | | two in| ! | | | | | : | | | | a bertes| _ ! | : | 4 | | | | : : 

** For the first 4 minutes the fog spray was on. At time beyond 4 minutes the fog was off. 
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Finished Section, Pipes Lay in Required Depth After 
Continuous Depth Control During Laying Operation 

Conduits ‘Hydro-Jet’ Embedded 
for 750-Ft River Crossing 

High density polyethylene conduit 
for 69-kv cable is currently being 
jet-embedded 8-ft below the bottom 
surface of Beach Thorofare water- 
way at Atlantic City Electric Co. A 
novel “hydro-jet” method of em- 
bedding the conduit is being em- 
ployed for the job by the job-con- 
tractor, Harmstorf Corp, Larch- 

mont, NY. 
The project involves a distance 

of 750-ft at the point of waterway 
crossing. Four, 4-in. I.D. high 
density polyethylene conduits (0.45- 
in. wall thickness) have been jet- 
laid to date. Sixteen of them will 
eventually be installed in four 
separate cuts. 

In contrast to conventional meth- 
ods used in laying underwater con- 
ductor conduit or cable, the hydro- 
jet method does not require removal 

of soil with a dredge and its sub- 
sequent replacement, is not subject 
to “filling-in” (as in a dredged- 
trench) before the conduit or cable 
is laid: and, the method does not 
rely on the skill and _ physical 
stamina of divers. Furthermore, 
and of significance is the basic ad- 
vantage of being able to efficiently 
and economically embed conduit 
under the river bottom. 

The use of “buried” plastic con- 
duits to house the cable permits the 
use of more flexible, less expensive 
unarmored cable. Also, spare con- 
duits can be buried at the time of 
installation, so that additional cables 

can be pulled through the spare con- 
duits at a later date when service is 
expanded. Idle investment in spare 
conduits is low. Removal of cable 
for repair or replacement is simple. 

Cable embedding begins with the 
“hydro-jetter” equipment positioned 
just outside the “near-shore” sheet 
piling; with winch-control lines 
rigged from both the near and far 
shore; and, with the four-conduit 
lines threaded from its source coil 
around the outboard side of the tug 
and down through the injector hous- 
ing and conduit guide section. 

The essential part of equipment 
required for hydro-jetting is the in- 
jector. It includes a high-pressure 
water section and a conduit guide 
section. At the leading narrow edge 
of the injector, in the direction of 
travel, and at its bottom, water jets 
are provided. _ 

As the injection jets are pres- 
surized to about 170 psi, a narrow 
cut of controllable depth is made 
into the bottom of the body of water 
and the conduit is simultaneously 
laid along the bottom of the cut— 
the winch lines from the far shore 
move the “hydro-jetter” along its 
Jaying route. 

This bottom “trench” is produced 
primarily by the action of high- 
power water jets. The soil loosened 
by the jets, temporarily in suspen- 
sion in the surrounding water, set- 
tles rapidly and immediately starts 
to embed the conduit laid along the 

Direction of Laying 

| Ships Can Pass, Winch Line Can Be Slackened 

Pulley, 
Fastened 

to Dead Man 

—— 

fa Yijslle NN 

= 

= Sa ~ 

HYDRO-JETTER UNIT: 1-water-pressure 

hose; 2-injector; 3-plastic conduit to be 

embedded in river bottom; 4-winch 

line; 5-free-running conduit coils 
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il 
bottom of the cut. Hence, the con- 
duit is held securely in the place 
where it was laid. Knowing the 
depth of the water from measuring 
equipment on the tug the method 
permits precise control of the laying 
depth at all times from above the 
surface of the water. 

Present design of the injector per- 
mits operation in up to 80 ft of 
water, with a maximum embedding 
depth of 30 ft. Atlantic City’s job 
averaged a 28-ft depth, with a mini- 
mum embedding depth of 8 ft. 

Speed of injector travel for laying 
conduit varies from 180 to 300 ft/ 

hr, depending on soil conditions. 
An average rate of 200 ft/hr was 
achieved on the laying of the first 
four conduits at Atlantic City Elec. 

The high density polyethylene 
conduit embedded for this job was 
manufactured and supplied by the 
Triangle Conduit & Cable Co, Inc, 

New Brunswick, NJ. Hercules 
Power Co, Willminton, Del, sup- 
plied Triangle with their Hi-Fax 
raw-polyethylene compound. The 
approximate 5-in. O.D. conduit, | 
supplied in 750-ft lengths (11-ft, 4- 
in. I.D. 13-ft, 7-in. O.D. coils) was 
transported to the worksite on flat 
bed over-the-road trailers. 

While the job at Atlantic City in- 
volves a 4-in. I.D. conduit and a 
crossing-length of 750 ft the 
Harmstorf hydro-jet cable burying 
method has been used around the 

world for distances up to 16 miles, 
and for water and gas pipelines, as 
well as electric cable. 

To date about 260 miles of cable 
and about 100 miles of plastic con- 

duit and pipelines have been hydro- 
jet embedded. 

Rudolf Harmstorf G.M.B.H. of 
Hamburg, Germany, (founded in 
1865) is the parent company of the 
recently organized Harmstorf Corp. 

HARMSTORF CORPORATION 

FOUR 4-IN. 1.D. CONDUITS feed into the injector to be buried 8-ft under ‘‘bottom”’ 

PLASTIC CONDUIT, in 750-ft lengths, 

is shipped to work-site in 14-ft OD coils 

on over-the-road flat-bed-trailers 

Please direct inquiries to: 

7 Woodland Avenue 

Larchmont, New York 

Telephone: 914-834-6164 

TWX: 914-835-1874 

INJECTOR, 

water section, conduit guide section 

and jet nozzles, is depth-controlled 

including high-pressure 

CABLE CONSULTANTS CORPORATION 
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THE DEVELOPMENT OF POWER PACT OR } uD) OF INSUIATION IN THE rEID 

Be He Povey 

INTRODUCTION 

The Lodi | sianheee beak ee measurement of the power factor of insulating units of large ere Seen see has become, for a majority of such systems, an 
measurements on inert eae maintenance procedures.” Equipment for making test twenty-five years ion under field conditions has now been available for over 
this timee The ate ee Dare been developed and improved during Lerminen whee ae: purpose of the test, which was to identify deteriorated ; aint Tnuareece es ae could cause system outages, has been greatly | : ge of information obtained from te 3 | | b rom test results has b 
ses pba xk ae between them and equipment Eeruckiiers, — S there een influenced. So ft : techniques and in insulati } a nee ye eres in bees : Lon design over the vast mae a - described, with a brief review of earlier hott wer Menreee 28 ReRean 

SHIBIDING 

| Insulation tests in a 3 i 
aga Lat 2 power system substation must usually be. ine unm ee fields and with a permanent ground on saa texsinetiant pee: oe Stray currents induced in the measuring circuit by the 1e1ds, and leakage currents from the circuit to ground, made measurements 

Apart from the problem of shieldine. +1 | | 
: elding, the measurement Lai i factor and dielectric loss at power frequency requires conaidarabis Gone ees 

UD i sec ae of the voltmeter-ammeter-wattmeter method for insulation ntinued during several years of use in the field. The wattmeter in 

This 
or the 20 

The wattmeter current ree. 

e@ 

= 0 wn 

for direct connection into the circuit to avoid phase-shift problems that would be 
introduced by current transformerse | 

For some years the wattmeter potential circuit was supplied from the 
primary of the step-up transformer that supplied the test. voltage. This expedient, 
adopted as a concession to portability, required that the test results be corrected 
for losses in the transformer as well as for I¢R losses in the current coil. of the 
wattmetere Ihe magnitude of these intemal losses was small for the current of a 

Single terminal bushing, but when winding insulation was tested, even that of a 
small instrument transformer, the internal losses were often large compared with the 

loss to be measured. To remedy this situation, the compensating circuit shown in 
Figure 2 was devised, in which a portion of the current flowing through the watt- 
meter current coil is directed through the potential coil in a direction to reduce 
the wattmeter readinge The magnitude of the reduction depends on the square of the 

current and the design of the apportioning network. The network may therefore be ~ 
designed to reduce the wattmeter reading by I*R, where R is the equivalent 
resistance of the transformer plus the resistance of the wattmeter current coil. 
The compensating circuit worked well but was eventually abandoned when the wattmeter 
potential circuit was redesigned to be supplied directly from the secondary of the 
step-up transformer through a resistance multiplier of 500,000 ohmse 

COMPONENT SEPARATION METHOD 

The voltmeter-ammeter-wattmeter method, while still in use today, is : 
gradually being superseded by the component separation method. This method utilizes 
a. partially balanced network and combines to some extent the advantage of the © 
direct-reading wattmeter with the accuracy of bridge methodse? A circuit illustrat- 
ing the component separation method in simplified form is shown in Figure 3. The 
test specimen is represented by the parallel circuit Cx and Rx, while Co is a 
capacitor having no appreciable loss. Resistors Ry, and Rp are chosen such that Vy 
is smaller than V2 and both are insignificant fractions of the test voltage. In the 
test procedure a vacuum=-tube voltmeter (VIVM) is first used to measure Vi. The 
current through the test specimen may be calculated as V1/R1, or may be read 
directly by providing the VIVM with a scale calibrated in current for the selected 
value of Ri. The voltmeter is next connected to measure V3, and the slider on Rp 
is adjusted to include that portion of Vo which results in a minimum value for V36 
The minimum reading represents to a high degree of accuracy the voltage drop across 
Ry due to the resistive or in-phase component of the specimen current; the voltage 
drop across R] due to the capacitive or quadrature component of the speciman 

current is balanced out by a portion of the quadrature voltage drop across R2 due 
to the capacitive current of Co. If the VIVM has been provided with a current 
scale as explained above, the minimum reading as read on this scale is the 
resistive on in-phase component of the specimen current. The loss in the specimen 
is the product of the in-phase current and the test voltage. Here again calcula— 
tion can be avoided by providing the VIVM with a watts scale for a selected value 
of R] and a selected test voltage. ! 

The phasor diagram in Figure ) indicates how the minimum reading 
identifies the in-phase component. The minimum value of V3 occurs when V3 makes a 
right angle with Vo or is in phase with the test voltage, as shown. The dotted 
lines show the greater values of V3 if its angle with Vo is acute or obtusee 



a Te 

A modification has been made to the circuit of Figure 3 to obviate the 
difficulty of finding a capacitor for Co which will withstand test potentials up to 
10 KV, be small in size for portability, and yet have no significant loss. In the- 
Pee fosthon (Figure 5) the capacitor is replaced by a high-grade resistor R, and 
the resistor Ro is replaced by a variable mutual inductor M. The primary itnededacd 
of the inductor is insignificant compared with R, so that the current passing through 
the primary 1s substantially in phase with the test voltage and develops a quadrature 
voltage Vo across the secondary terminals of the inductor. In the test procedure 
for finding the minimum value of V2, the magnitude of Vo is varied by changing the 
coupling between the windings of t ; inductor. lhe modification has proven to be 
quite stable with time and offers an infinitely smooth adjustment. 

The ccmmenent separation metnod not only approaches the accuracy of 
bridge methods but also retains their flexibility in regard to ranges and test 
voltages. For example, one type of instrument using the component separation method 
has full scale current ranges from 1 milliampere to 10 amperes, while another is 
designed to measure at any test voltage from 2 kv to 50 kv. Other instruments are 
designed for 100 volt test work, and still others are made to read directly in sola 
eeCHON WA Uh a low range full scale deflection for 1% power factore 

INSULATION DiVELOPMENTS APFECTING MeASUREMENTS 

Improvements in insulation systems have taken place concurrently with 
improvements in test equipment, with one field of endeavor often influencing the 
other. The early tests on terminal bushings disclosed the unsatisfactory life of 
cork gaskets used to seal bushing caps against entrance of moisture. The cork 
gasket was soon supplemented or replaced by synthetic rubber, and later improve-~ 
ments led to sealing by a soldering technique. 

The use of rolled, resin-bonded paper for the main insulation of bushings 
has declined in this country during late years for high-voltage application. Unless 
great care is taken in the winding of the paper, voids are included in the insulation 
wien ionize under high electric stresses and lead to eventual failure. The trend 
has been to a more porous paper structure oil impregnated and immersed in oil. The 
oil fills in any voids which might have resulted from the winding process. ‘The use 
of varnishes in transformer assembly has been restricted, and the use of porous 
paper has been increasede Drying procedures used on paper and oil before impregna- 

tion have been improved, in the case of both bushings and transformers. Paper 

impregnated with dry oil has a very low power factor. ‘Its increasing use has 
reduced the magnitude of power factors usually encounvered in insulation testing 
from a range of 1% to 5% to a range of 0.3% to 2% for high voltage insulation. 

The growing use of oil as an integral part of Shee has prompted an 
intense study of the material. Development of reclamation methods, additives, — 
oxidation and moisture content tests for oil, while a wtcane consequence of 
insulation testing, is outside the scope of this paper. 

SP&CTAT, BUSHING TST THCHNIQUES 

Bushing design and test techniques have been combined to solve one 
important testing problem: the testing of a bushing which is an integral part of a 
transformer or circuit breakers? The first successful tests of this type were on 
transformer bushings of the draw-lead type. In small transformers the draw lead 

5 

an 

could be aadad entirely clear of the bushing, 
independently of the transformer winding. In larger transformers the draw lead 
could not be dropped, but in most cases could be disconnected and cleared from the bushing cap to withstand a potential difference of a few volts. A test technique 
was designed which allowed test potential to be applied to the bushing cap oe 
measuring purposes while an equivalent potential was applied to the draw lead from 
a guard circuite The high potential guard circuit gave the name "hot-guard! to 
this test techniquee The circuit requires either that the measuring instruments 
be at test potential or that an isolating current transformer be used. 
of meeting this requirement have been used and the former has been found more 
ACCULATE e 

and the bushing could then be tested 

The “hot-guard" test has now been replaced by the "ungrounded species 
test which followed the development of the potential device. The potential device 
requires a bushing with an electrode near ground potential, and a tap from the 
electrode accessible at the mounting flanges The main insulation of the bushing 
is located between the center conductor and the electrode. To make an ungrounded- 
specimen test on a bushing equipped with a potential device tap, the test circuit 
is so arranged that when test voltage is applied to the center conductor of the 
bushing, all currents from the conductor and connected parts (contact assemblies, 

transformer windings, etce) which flow to ground are not measurede The current 

which flows through the main insulation ‘of the bushing, however, is carried from 
the electrode at the tap by a separate test lead to the measuring circuit. 
Figure 6 shows a simplified cross section of a potential-device bushing in a 
transformer, and a test circuit for measuring the main insulation of the bushing 
by the ungrounded=-specimen method. The convenience of being able to separate the 
main insulation of a bushing from a complex insulation structure by means of the 
capacitance tap arrangement is so great that many bushings which are not designed 
for use with potential devices are nevertheless equipped with electrodes for test 
purposes only. It has been found possible to devise a measuring circuit which can 
easily be switched for testing either by the standard (grounded-specimen) or the 
ungrounded-specimen test methode 

poe 
a 

The important areas of progress relative to the field testing o.1 power 

system insulation during the last quarter century may be summarized as follows: 

An improvement in measuring equivment in respect to accuracy and 
flexibility, and in particular the development of the component separation method 
for field testing. 

A stimulus to the use of better processing methods as well as better 
insulation in power apparatus, resulting ina oe to insulations of lower power 
factorse 

The increasing availability of provisions in power apparatus to facilitate 
testing, and in particular the general availability of a test tap in high-voltage 
terminal bushingSe 

Both methods 
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Although the processes of plastic flow and fracture have 

been studied for several decades by a host of able men, progress 

has been slow towards interpreting them in terms of molecular 

structure until recent years. The reason for the slow progress 

is that both processes are fundamentally heterogeneous in nature. 

Because of this, it is not possible to describe them adequately _ 

: in terms of homogeneous quantities like stress, strain and strain- 

rate. In addition to these homogeneous parameters, it is | 

necessary to have a knowledge of the numbers, distributions and 

rates of motion of the heterogeneities that are involved. The 

pertinent heterogeneities are called dislocations and cracks, 

and this paper will be a review of the state of our knowledge 

about them. The discussion will be aimed at getting as close to 

molecular phenomena as possible. However, some parts of the sub- 
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ject cannot be discussed in molecular terms without indulging in 

undue speculation. These parts will be considered in more macro- 

Scopic terms. 

The idea that plastic flow and fracture are heterogeneous 

Processes is quite old; what is new is the discovery and develop- 

ment of experimental techniques for observing dislocations and 

Cracks, Early workers concluded that plastic flow and fracture 

could not be homogeneous processes for the following reasons: 

; 7 (a) they occur at stresses that are far too small (in the case 

; Of plastic flow of zinc, by a factor of 50,000 too small); 



oD 
he -3- 

(b) they are very sensitive to the microstructure of a material; | : 

ae : this name because the displacemen i aT 

and (c) the observed values of the yield stress and fracture eee P t across the glide plane 

| : | changes discontinuously at this lir ini int , 

stress have large amounts of random scatter. Many workers had a y ine from a unit amount to zero. 

Although the Griffith crack theory received early confirma- 

tion in the hands of Griffith himself, dislocation theory had a 

relatively long wait, and had to overcome much hostility before 

it was sufficiently well confirmed to be accepted. However, in 

more or less vague ideas about these matters, but the first 

really clear conceptions of the heterogeneous natures of the 

processes were formed by A. A. Griffiths (1920) for the case of 

fracture, and G. I. Taylor, E. Orowan, and M. Polanyi (1934) | | | | 

(2) the past Lew years several methods have been developed for making 

direct observations of dislocation lines. This has allowed for the case of plastic flow. 

Griffith's idea, now known as his crack theory, is that 
ae . sae measurements to be. made of their: r 

fracture does not occur in one step, but rather, in two steps. properties as well as providing 

| ree aie convincing evidence of their existence, 
First a crack grows to some critical size (now called the Griffith : 

size) and then it quickly grows further until complete fracture 

has occurred. Griffith showed how the critical crack size could PLASTIC FLOW 

be calculated ina — WAY » and then proceeded CO confi Wh ks +: 

mechanics, it is iipitea’ that crystalline macentate are eres 

Similarly, the idea of ‘taylor, Qrowan, and Polanyi, now 
considered because other types of materials do not usually ex- 

known as dislocation theory, was: that plastic flow occurs in 
hibit the abru t ieldin t 

two stages; small regions of plastic. shear appear and then grow pry Ss. 6 critical stress, and the strain- 

- rate insensitivit that normall characteriz 

through the crystals of a material. This process is illustrated | 4 4 ; vovags a beanie nd macroscopic mechanical behavior of crystals is a direct reflection 

of the way in which dislocations behave within them. Thus the 

special mechanical features of plastic flow are deeply rooted in 

by Figure 1. When a block of crystal is subjected to a shearing 
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stress, it undergoes elastic distortion until somewhere within 

it some sliding starts. The geometric arrangement of the crystal 
SS a eee 

the atomic mechanism of the process 

requires that the amount of gliding be a definite amount equal, to P ° 
A basic principle of plastic deformation in crystals is~ 

a translation distance of the crystal structure. This is necessary 

= Seceeeceicinieein Sakasi 

that the deformation changes the | : | 1 change shape of the rete 

in order that the crystal structure be restored after the gliding © P the crystal without 
destroying the crystallinit : : ) 

process is complete. ‘Thus, as in Figure 1, part of the material | 6 ee y of the material. Sometimes many im- 

Perfections are driven into a crystal by the process, but none - 

glides with respect to the rest by. one unit of the crystal thel : | | 

€iess the crystal preserves its crystalline character to as 

great an extent as possible. The experimental proof of this structure. This occurs uniformly over the cross-hatched portion 

of the glide plane but not over, the entire glide plane. The line 
; Principle has been obtained by — workers by means of x-ray 

which bounds the area over which. glide has occurred, separating it diffraction, 

from the un-glided area, is called a dislocation line. It has The: £ | : | ars : * 
er re a oe. ae ne fact that a crystal remains a crystal during plastic 
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deformation imposes severe limits on the number of ways that it 

is possible for a crystal to deform. Only two possibilities 

called translation-gliding and twin gliding exist, and only 

the first of these will be discussed in this paper. Translation- 

gliding occurs as shown in Figure te Layers of a crystal glide 

over one another by distinct amounts that are equal to, or mul- 

tiples of, the unit crystal structure. In this way the geometric 

pattern of the crystal always comes back into registry after a 

gliding motion has taken place. Gliding does not usually occur 

on every plane of the crystal, but only on a few planes that are 

widely separated from each other. Therefore, the deformation 

that results is highly heterogeneous. | 

The layers of a crystal do not glide over one another 

rigidly like two blocks of wood. Instead, the gliding starts 

at some small local region: perhaps at a corner as in Figure l. 

This makes the force that is needed. to cause the gliding much 

smaller than it would be for rigid gliding. When the glided 

region has grown until it spreads completely across the crystal, 

the shape of the crystal becomes permanently changed as shown at 

the bottom of the figure. Before this happens, when the gliding 

has only spread over part of the crystal, there exists a boundary 

line (dislocation line) between the part that has glided and the 

part that has not. It represents the place where the glide dis- 

placement changes discontinuously from one crystal spacing to 

zero. As glide proceeds the dislocation-line moves forward with 

the edge of the glided region; if the glide process reverses, 

then the dislocation-line retreats. | | 

Since glide occurs in jumps that are exactly equal to the 

size of the atomic pattern in a crystal, the part of the crystal 

that is above the glide plane and behind the dislocation-line in 

Figure 1 has been displaced forward by one pattern spacing. The 

displacement is constant over the glided area except where it 

made up of small displacements 6 

= Sa 

suddenly drops. to zero at the dislocation-line. Although the 

entire crystal has elastic, strains in it while glide proceeds, 

the normal crystal structure exists everywhere except in the 

immediate vicinity of the dislocation-line. 

A single dislocation passing across a one centimeter cube 

of crystal, would produce an offset of atomic size: b= 3x107°cm. 

Since the height. of the block is one centimeter, this represents 

a shear. strain of only 3x107° . Thus if large amounts of plastic 

strain are to be’ obtained, the motions of a large number of dis- 

locations. will be involved. The total macroscopic plastic strain 

is given by the sum of all the small strains due to individual 

dislocations. Figure 2 is helpful in seeing how this is done. 

The figure shows some, edge dislocations that have moved various 

distances through a unit cube of crystal. The total displacement 

of the top of the cube with respect to the bottom is A. This is 

i due to the individual dislocation 

motions. When a dislocation moves completely across the crystal it 

causes a displacement b, but before it starts the displacement is 

zero. Since b is very small compared with L or h, | 

the displacement, FE for positions of the dislocation, Xs that are 

intermediate between x, = O and x, = L will be proportional to the 

fractional distance, x,/L, that the dislocation has moved. — 

. Therefore: | 

B, = i b 
L 

summing up the small displacements: 

A = 26, = 2 : x 
pie Coan F 1 = 

where N is the total number of dislocations that have moved. Thus 
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the macroscopic shear strain, y, is given by: 

N 

é b 2s Xs 

1 
Ate 

Replacing the sum by the average, Xx, times the number, and re- 

membering that h and L are unity, we have: : 

where N is called the dislocation density and equals the number 

of moving dislocation lines that cut through a unit cross-section, 

Often, it is more useful to consider the strain-rate rather 

than the total strain. It can be,seen from the above equation 

that this is given by:. 

ke . 
where Vis the average dislocation velocity. 

a little’ ‘reflection will convince the reader that cha same 

expressions hold for a ‘dislocation line that moves perpendicular 

to the plane of Figure. ‘2. Hence;° ‘for a complete loop of disloca- 

tion line the macroscopic strain is proportional to the area” 

swept out by the moving loop. evtide | : 

We can now see what information is required to describe 

plastic flow in terms of dislocations. We must know the crystal 

structure in order to have a knowledge of the displacement dis- 

tance, b; we must know how many mobile dislocations are present 

so as to have a value for N; and we must know how fast the dis- 

locations are moving on the average, ve The quantities N and v 

will generally depend on stress, time, and temperature so these 

variations must also be known in order to have a complete descrip- J 

tion, The three basic parameters will be discussed in detail in 

eT sections and then their application to macro-scopic 

(A) The Crystallography of Dislocation Motion 

(1) Burgers vector The direction in which a crystal pre- 

fers to glide is selected by a very simple rule. Of all the 

possible translation directions in a crystal, the one that is 

preferred to accomplish a deformation is the shortest one. An 

example of the application of this. law to a real crystal is the 

case of iron shown in Figure 3. In iron, the direction of | 

easiest translation-gliding is the direction that passes through 

two atoms along the diagonal of the cube. This is the shortest 

translation-distance that will restore the original pattern of 

the crystal after a unit of glide has taken place. The rationale 

of this law is simply that a crystal would rather make small 

jumps than large ones because less straining of the crystal re-. 

sults from small ones. In other words, the energy of a dislo- 

cation increases with increasing size of the unit of translation. 

This will be considered in more detail shortly. 

The vector that describes the direction of translation- 

gliding and its magnitude is called the Burgers vector after 

J. M. Burgers who made important contributions to our under- 

standing of the geometry of dislocation ieeee ) The Burgers” 

vector, b, is usually the shortest translation vector of the 

unit cell of the crystal structure; it is about 3A. long for 

Many crystals. In a continuous body, more general dislocation 

lines can exist with displacement vectors that vary continuously 

from one point to another, but this discussion is BESET Levee. to 

the case of dislocations in crystals. 

(2) Line direction In addition to its Burgers vector, a 

dislocation line has a direction (its line tangent). In general, 

this direction makes an angle somewhere between 0 and 90° with 

the Burgers vector, However, ‘the two ‘extreme cases, O and 90°, 
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calculate its energy. Outside the core ; . 

have been given special names because they represent quite dis- ee “2 Fegean, OF Sletat are in 

es P Figure the strains are small enough t . 

tinct and characteristic distortions of the crystal structure. elite Otel gh to be treated by elasticity 

theory. This region is called the elastic field of a dislocation 
When a dislocation line lies parallel to its Burgers vector, 

; : ; ; line. It usually contains most of the t | a 

it is called a screw dislocation. When it lies perpendicular | J : e total energy. | 

to its Burgers vector it is called an edge dislocation. 
| For a screw dislocation, th 3 | k > fi 

The reasons for the names "screw" and "edge" may be seen | td et cage of the elastic field can 
: be calculated quite simply as follows. Consider the cross-hatched 

in Figure 4. Around the screw orientation of a dislocation 
| ell in Figure 5. Lt isplac : . | , 

line the planes of atoms are warped so as to form a helical or hae ou : Since the displacement of the two ends of the 

screw-like ramp. Looking along the dislocation line, if the geet} is b ae eit oc aon ae tk is 2rr, the elastic shear strain 

helix advances one plane when a clockwise circuit is made ie pT = Bi Sek. ce Bear strains in other directions and 

around it, it is said to be right-handed; if the reverse is Nias cae Mt lata Sa tS DOM tn bad al of shear modulus, G, the 

true, it is left-handed. fee ftrain enerey per unit volume is Gy so the energy 

7 At the edge orientation of a dislocation-line, an extra ‘ea meee nets ts: tee PAE ; a 

half-plane of atoms is present. In effect this half-plane was | | an wl _Gb* (dry 

initially on the outside surface but has been pushed into the | | 4r rx | 

center of the crystal. Most of the distortion in the crystal Integrating from the core radius, “ro, to the external padiue of 

is near the edge of the extra half-plane; hence the name. If — the body, R, we have: | 

the extra half-plane is above the glide plane, an edge disloca- : q | | : Cb | | | 

tion is said to be positive; if the half-plane is below the | a. | Boe ee In R/r,, 2 (2) 

elie plane an edge dislocation ts negative: For an edge dislocation the result is quite similar, but the 

| =. aes analysis is more difficult, so we simply state the result: 

(3) Line energy It was mentioned previously that dislo- : : % 

cations with short Byrgers vectors are preferred in crystals A, za oy In R/e (3) 

: (1-7) Oo 

because they have low energies. Now we shall consider the 

factors that determine the energies of dislocation lines. The ere foo? Posseon B TelTo. . TMGRe Ole meee ope URLt Leugen 

| of dislocation line, and since, for many crystals, ¢~ 5x10" 'd/eu”, 
ws ts) | es . 

b= 3x10 “en, ri™ 5x10 iy. and R@ 1 cm, their magnitudes are 

about 2x107* ergs/cem or 6x10714 

edge and screw orientations will be considered separately. 

Furthermore, it is conventional to divide the line energy into 

two parts for convenience in calculation. At the very center ergs/atom length. 

The core energies of dislocation lines are not so easily 
of a dislocation the positions of the atoms are so severely 

Calculated. The calculation requires a detailed knowledge of 
strained that elasticity theory does not apply. This region ; 

| ‘nteratomic forces which is not available for most crystals. A 
is called the core and atomic cohesion theory must be used to 
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favorable case is that of ionic crystals where a very good, and 

yet simple theoretical model is available. Ionic crystals can 

be considered to consist of hard, rather rigid spheres which 

carry positive and negative charges. The spheres of opposite 

charge are attracted to one another by electrostatic forces, and 

the minimum distance between them is determined by their size. 

This simple model of an ionic crystal is quite successful in pre- 

dicting the cohesive energies and elastic constants of several 

crystals and it has been applied by Huntington, Dickey and 

(4) 

case of NaCl crystals and they conclude that for a screw disloca- 
-12 

to dislocation cores. These authors considered the 

tion the core energy is ~ 0.24x10 ergs/atom length, and for 

an edge dislocation it is ~ 0.62x107+7 ergs/atom length. Thus 

the core energy is only 5-10% of the total energy for a single 

dislocation in a crystal of 1 cm. radius. In a crystal of suf- 

ficiently small size the core energy becomes comparable with the 

energy of the elastic field, but this requires a crystal size of 

only several atomic diameters. | 

Equations (2) and (3) show that the elastic energy (and 

hence substantially the total energy) of a dislocation line is 

proportional to the square of the Burgers vector. This accounts 

for the preference of crystals towards glide in the shortest 

possible translation direction. In this way they can employ 

dislocations of lowest energy per unit length. 

(4) Glide planes The elastic strain field of a dislocation 

line does not vary significantly as the dislocation moves from one 

position to another in a crystal. The core energy does vary with 

position, but, since it is a small fraction of the total energy, 

its variation causes only a smal] variation of the total energy. 

This is the reason why dislocations are so extremely mobile in 

most crystals. Variations in the core energy cause a small, but 

Figure 6. 

Atk. 

finite, resistance to the motion which is very sensitive to the 

structure of the core. Since the core structure depends on the 

plane of an edge dislocation, this means that the force that is 

needed to move an edge dislocation through a crystal is very 

sensitive to the glide'plane of the dislocation. Hence, in most 

halal there are preferred planes for glide. 

In some ‘erystals a particular crystallographic plane is 

strongly preferred for glide (for example in zinc), and in others 

there is very little preference (for example in silver chloride). 

Experimental data illustrating the. preference of glide on (0001) 

basal planes over {1070} prismatic planes in zine are given in 

For both glide: planes, the close-packed direction, 

<1120> is the glide direction, SO only the change of the glide 

plane causes*the effect in the figure. It is not surprising 

that zinc prefers to glide on the basal planes because these are 

‘the most widely separated planes in its structure so the chemical 

bonds perpendicular to them are the weakest ones: The bonds per- 

pendicular to the prismatic planes are the. SC FORGSES - ones in zinc, 

so it is difficult for glide to occur on them. 

From the case of zinc one might think that the most widely 

spaced planes in a crystal would always be the glide planes. | 

Martius and Chalmers ‘?? have pointed out that this is true for 

most metals, but it is not true in general. A notable exception 

is rock salt (NaCl). 

though the {100} planes in its structure are more widely spaced. 

It prefers: to glide on {110} planes even 

On the other hand, some. compounds with the same crystal structure 

as rock salt prefer to glide on the expected {100} planes; galena 

(PbS) is one of these as indicated in Figure 7. Thus the plane 

Of a crystal on which dislocations prefer to glide is sometimes 

determined by rather subtle details of the atomic structure and 

binding. 
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(5) Motions of screw vs. edge dislocations An important 

distinction between the behaviors of edge and screw dislocations J] 

is that screw dislocations can glide on any plane, whereas edge | 

dislocations cannot (Figure 8). An edge dislocation cannot move 

upwards or downwards from its initial glide plane because such 

movements would require the extra half-plane of atoms that is 

associated with it (Figure 4) to get longer or shorter. Since 

the half-plane contains a definite number of atoms, addition of 

atoms to it or subtraction from it would be required in order 

to change its length. This can and does happen at high tempera- 

tures when diffusion is rapid in a crystal, but it occurs to a 

negligible extent at low temperatures. | | 

In contrast to the edge type of dislocation, the. ‘screw-type 

is cylindrically symmetese about its axis. Therefore, all di- 

rections around a screw dislocation look ‘essentially the same, 

so it is not. restricted to gliding on a single plane. This gives 

screw dislocations comparative freedom of motion and has an 

important bearing on the | overall plastic behavior of crystals. 

Of course, in crystals that are highly anisotropic, screw dislo-. 

cations will prefer to move on the more weakly bonded planes, 

but they can move to other planes if circumstances favor it: 

(B) Kinetics of Dislocation Motion 

From the point of view of plastic flow, the outstanding 

property of a dislocation is its mobility. Crystals, such as 

copper and zinc, in which dislocations are very mobile are 

easily deformed, whereas crystals like silicon and aluminum 

oxide are difficult to deform because large stresses are re- 

quired to move the dislocations in them. In other words, the 

yield stress of a crystalline material depends intimately on the 
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mobility of: dislocations in : | 

Dislocations tend to be very mobile for the reason that is 

illustrated schematically in Figure 9. When no dislocation is. 

present, as in Figure 9a, it is necessary to stretch and then 

break all ofthe bonds across the glide plane AB in ocdee to 

translate the top half of the crystal over the bottom half. The 

resistive stress of the stretched bonds increases elastically at 

first (following Hooke's law), passes through a maximum, and then 

drops to zero when the top half of the crystal has been trans- | 

lated by one-half of the erystal spacing, b/2. Then the stress 

becomes attractive until it drops to zero when translation is 

complete. This variation of stress can be approximated by a 

sine function: 

= v, sin 2Tx 

where T is the maximum stress occurring when the displacement 

is x = b/4. 
(G = shear modulus) and Y < art (=) , 

a very large stress, especially when it is compared with the 

For small x, the elastic strain is y = < = %/G 

Hence, ee G/27r. This is 

measured yield stresses of crystals which may be 1000 times smaller. 

In contrast to the case above, when a dislocation is present, 

resistive and attractive forces act at the same time and approxi- 

mately cancel each other. Figure 9b shows an edge dietecadion 

that is in a symmetric position in a crystal so that the resistive 

forces on the left side of it are balanced by attractive forces 

On the right. If it moves halfway to the next position it takes 

On another symmetric configuration (Figure 13c) and once more all 

the forces are balanced. Thus a dislocation almost always has a 

System of balanced forces acting on it, and only a small biasing 

Stress needs to be applied in order to cause a dislocation to 

move forward or backward. 

The forces on a dislocation are not precisely balanced in 
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every position that it can have, but detailed calculations are 

necessary to estimate the small unbalanced forces. The calcu- 

lation is carried out by determining the potential energy of a 

‘dislocation as a function of position in its direction of motion. 

Then the derivative of the potential energy with respect to the 

distance gives the force that is necessary to make the dislocation 

move. The simplest of this type of calculation, called the. . 

(6) Peierls-Nabarro theory, gives the result: 

1,2 anr(2) e276) — 

where w = width of the dislocation; defined as the distance along 

the glide plane where the displacements are greater than 50%. 

The dislocation width is estimated to be a few times b so Us is | 

very sensitive to the value of w and is always much smaller than 

T_ the stress for simultaneous gliding of the whole crystal. 

(1) The driving force ‘Shear stress supplies the force 

that tends to make dislocations glide independently of other 

components of the applied egkdage 12 This has been discussed 

(7) 

perimental law known as Schmid's Law of the Critical-resolved- 

(8) 

plastic flow begins in erystals when the shear stress on the 

theoretically by Nabarro, and it is demonstrated by the bas 

shear-stress, Two types of experiments have shown that 

glide planes reaches a critical value that is independent of the 

other stress components. One test has been to measure the yield 

stresses of identical crystals with and without superposed hydro- 

static pressures. It has been found by Haasen and Laveou"’” thas 

pressures up to about 5000 atmospheres have very little effect’ on — 

the yield stresses of Al, Cu, and Ni although such pressures do 

affect strain-hardening. | : 7 | a 

The critical shear-stress criterion has also been tested by 

performing tensile tests on crystals that had various orientations 
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with respect to the tension axis. The important shear stress is 

the one on the preferred crystallographic glide-plane that acts 

in the preferred crystallographic glide-direction. This is 

readily calculated if the orientation of the crystal with respect 

to the axis of tension is known. I£ the angle between the glide 

plane and tension axis is a, and the angle between the glide di- 

rection and the tension axis is 8, then the shear stress on the 

glide plane in the glide direction caused by a tensile stress, o, 

is given by T = o sin a cos 8. Therefore, if plastic flow starts 

when T reaches a critical value equal to T* the tensile stress 

at which flow begins should be o* = V*/sin a cos 68. Measurements 

(10) (11) 

are compared with this relation in Figure 10. The data follow 

of cadmium by Andrade and Roscoe and of zinc by Jillson 

the relation wery well, meaning that normal stresses have little 

or no effect on plastic flow in ceyatals, The normal stresses on 

| : | 

The Ae o ghaat strecs exerts on a Sitiianien line 

can be obtained by considering an isolated dislocation in a unit 

cube of crystals’? Let a shearing force F act on the crystal. 

Now let the dislocation line move a distance dx. Work is done on 

the dislocation in the amount fdx, where £ is the force on the 

dislocation. At the same time, when the dislocation moves by dx 

it causes an external displacement bdx as was shown in the fore- 

going section. Thus the work done by the dislocation is Fbdx. 

Equating the two amounts of work and remembering that F is a 

Shear stress, YT, because it dets..on a unit area, we have: 

f =b ads igs Oe BD 
This force is the same for both edge and screw dislocations and 

acts in a direction normal to a dislocation line. Since it is a 

force per unit length, it is analogous to the pressure on a 
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second. An important feature of their behavior is that a cer- 
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membrane although it is one-dimensional in character. 

-(2) Observations of Moving Dislocations Several techniques 

have been developed in recent years for observing dislocations in 

crystals. They include x-ray microscopy, transmission electron 

microscopy, decoration with precipitates, ‘and etch-pitting. The 

last, method has been used to make. ‘quantitative measurements of 

dislocation motions by. Johnston and Gitman; and by Stein and 

tow, 13) Isolated individual dislocations have been put into LiF 

(12) crystals by special methods. These dislocations can then be 

etched to locate their initial positions. ‘Next they can be moved 

by shear stresses of known magnitudes that last for known lengths 

of time. Afterwards, their final. positions can be revealed by 

further etching treatments (Figure 11): From the distances be- 

tween the initial and final positions of the dislocation lines 

and the time durations of the applied stresses, average velocities 

for the dislocation motions are obtained. By applying stress pulses 

that varied in length from ea. to 10°? 

from 0.2 to 20.0 kg/mm”, Johnston and Gilman 

seconds, and in magnitude 

(12) 

tion motions over a very wide range ‘of velocities from about 10 

atom distances per second to more than sie atom distances per 

observed disloca- 

second, Results of their measurements of velocities as a function 

of stress are shown in Figure 12. | 

Figure 12 demonstrates the high mobilities of dislocations. 

They move at velocities at least as high as 5x10" em/sec., but 

probably do not move faster than the velocity of sound, because 

they are elastic disturbances similar to elastic waves. They 

can also move very slowly; as little as a few atom distances per 

tain critical stress is required to put them in motion. Once 

the critical stress is exceeded the velocity increases very 

rapidly with small stress increases. The data also show that 

edge dislocations move about 50 times faster than screw dislo- 

cations over most of the velocity range, but the two velocities 

are not independent because the dislocations have the form of 

half-loops. Thus each edge dislocation is connected to a screw 

dislocation and the edge component of a loop can move only a 

Limited amount faster than the screw component. Otherwise the 

radius of curvature near the edge component would become so 

small that a large back stress would act on it, tending to re- 

tard its motion. | : 

A quite significant feature of the data of Figure: 12 is the 

quasi-viscous nature of the dislocation motion. The velocities 

that are shown in the figure are steady- ~state ones so all of the 

work that is done on the dislocations as they move is ; being dis- 

sipated during the motion. This work is the force per distance 

moved or tb” per atomic distance moved per atom length of dislo- 

cation line. Since ‘dislocation motion is SO strongly damped by 

a crystal, it may be said that a crystal possesses a plastic — | 

resistance to dislocation motion. — ‘This plastic resistance appears 

to be finite in perfectly pure crystals, but it is extremely sen- 

Sitive to impurities, temperature, radiation damage, ‘strain- 

hardening, etc. It has been discussed - in some detail “py flan, (14) 

Figure 13 shows the effects of temperature and radiation 

damage on dislocation velocities in LiF crystals. The primary 

effect of decreasing the temperature or introducing radiation 

damage is to shift the dislocation velocity vs. stress curves to 

higher stresses. The slopes of the curves change very little. 

Strain-hardening (Figure 14) has a similar effect. (15) In all 

these cases it may be seen that the effect of a treatment that 

Changes the "hardness" of a crystal is to increase the stress _ 
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that is needed to make dislocations move at a certain velocity. 

This: is not only true for lithium fluoride crystals but has also 
(13) 

location velocities at various temperatures in silicon steel 

been observed by Stein and Low in steel. Their data for dis- 

(Fe + 3% Si) is given in Figure 15. Just as in LiF the primary 

effect of decreasing the temperature is to shift the velocity 

vs. stress curve to higher stresses. 

(3) Relation of dislocation velocities to yield stresses 

The dislocation velocity data strongly suggest that the macro- 

scopic yield stress of a crystal is simply the stress at which 

dislocations begin to move at some moderate velocity. This is 

further substantiated by the fact that one can correlate yield 

stresses with stresses needed to obtain moderate dislocation 

velocities. Such a correlation is shown in Figure 15, where the 

stress to move dislocations in LiF and Fe-Si at a velocity of 

6% cm/sec. is plotted against the macroscopic yield stresses 

of the crystals under the same test conditions. A good linear 

correlation is observed: 

We have seen above that many factors determine how much 

stress is needed to make dislocations move at a certain speed 

in a particular crystal. This tends to make plastic behavior 

unpredictable in terms of the underlying atomic structure of 

crystals. However, some correlations between atomic binding 

and dislocation behavior can be found and more will no doubt 

emerge as more experimental data on dislocation motions are 

obtained. An example is the role of the elastic modulus or 

bond stiffness. Equation (4) predicts that the stress needed 

to move a dislocation through a crystal should be proportional 

to the elastic modulus of the crystal. For most crystals this 

proportionality is obscured by the effects of impurities and 

temperature, but data for face-centered-cubic metals indicate 
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that it exists. The f.c.c. metals .are a particularly favorable 

case because they are mostly noble metals and hence can be pre- 

pared in quite pure form. Furthermore, low temperature data are 

available for both their elastic moduli and their yield stresses 

(or hardnesses). Koster ‘1° ) has measured many of the elastic 

moduli, and various authors have measured low temperature hard- 

(17) 
nesses; especially Druyvesteyn. 

yield stresses of pure f.c.c.. metals correlate with their elastic 

moduli.. Both sets of data are for -200°C in order to minimize 

the effect of temperature (data for 0°K are not available). 

(C) Dislocation Nucleation and Multiplication 

When a crystal undergoes a moderately large amount of plastic 

flow the number of dislocations that must move inside the crystal 

is quite large. For example, consider a one centimeter cube of 

erystal. Then the maximum average distance for dislocation motion 

is one centimeter. According to Equation (1), if the crystal is 

2 107*/3x10"° ~ 3x10° 
Usually the average. 

strained one per cent, at least vy/b¥ = dislo- 

cations must pass completely through it. 

distance that a dislocation moves is far smaller than one centi- 

meter, so still larger numbers of dislocations are needed. . The 

question thus arises: how do so many dislocations get into a 

crystal? 

There are several means by which dislocations can enter 

Crystals: 

(a) introduction during crystal growth 

(b) nucleation by applied stresses 

(c) regenerative multiplication during their motion. 

Dislocations are almost always put into crystals when they are 

8rown (possible exceptions are crystal whiskers, and recently, 

Figure 17 shows how well the | 
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silicon and germanium crystals). If these dislocations move 

when a stress is placed on the crystal they cause plastic flow. 

However, many of them may not move readily because they do not 

lie parallel to glide planes; or do not have the right Burgers 

vectors for glide; or have impurity particles precipitated along 
18) 

them. For these reasons Gilman and Johnston 

"grown-in" dislocations usually do not lead directly to large | 

amounts of plastic flow, although they may help indirectly in a 

way that will be discussed shortly. Furthermore, erystals that 

have only 10° dis1/cm* in them after growth can readily be 
strained in excess of 10%. Their supply of grown-in -dislocations 

would be exhausted long before such large strains were reached. , 

Since the initial dislocation contents of crystals are inadequate 

to account for large plastic strains, other sources of disloca- 

tions must be considered. 

(1) Nucleation - TE sufficient ‘shear stress is applied to a 

crystal it may cause spontaneous nucleation of dislocations | 

within the crystal. Such nucleation is said to be homogeneous 

if it occurs in a region of the crystal that is essentially © 

perfect, When the region:where the. nucleation occurs: | 

contains a defect or some foreign material, the process is said 

to be heterogeneous nucleation. 

a Homogeneous nucleation of dislocations occurs only under 

extreme conditions because it requires a very large ret 

This stress may be estimated by a method due to Frank‘?) 

follows. Imagine that two parallel screw dislocations are 

nucleated in a crystal by an applied stress, T, and begin to 

move apart. The force on each of them is Tb and if they move 

a distance, $, apart they do an amount of work equal to TbS per 

observed that | 

a 

unit length. As was shown in a previous section, the energy of 

each dislocation is: H, = + Gb* In S/x where S is now the 
| Ar 

limit of integration because the strain due to each dislocation 

is cancelled by the other one at distances large compared with S. 

Thus the total energy of the process is: 

Gb2 
Ln des el te - TS 

This energy is zero for S = 0, rises to a maximum at a certain | 

value of S = S* and then drops to zero and becomes negative: At 

the energy maximum: 

so the value of S* is: 

S*¥ sx Gb_ 

eee ol 1 

and, letting r & b, the energy maximum, H.*,.ds: 

2. 
" a G 

H tg ¢ ln iat 1) 

For spontaneous nucleation to occur this energy must be reduced 

to zero by the applied stress; so the term in parentheses must 

equal zero. This. requires a stress, Ty, which is given by: 

Thus the stress for homogeneous nucleation is not much smaller 

than the stress for gliding without dislocations. 

Homogeneous nucleation should be aided somewhat by thermal 

vibrations but this does not cause an appreciable reduction in Ty 

at ordinary temperatures. Therefore, it must be concluded that 

very high stresses are required to cause homogeneous dislocation 

nucleation. This means that other processes will occur in all 
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but the most perfect crystals before large enough stresses to 

cause homogeneous nucleation can be applied to them. Experi- 

mental verification of this has been provided by testing crystal 

"whiskers" and by locally stressing dislocation free regions of 

large crystals. | Gyuiai ‘2 ) has observed NaCl whiskers that were 

stressed to 165,000 psi without plastic flow, and Brenner 

applied stresses as high as 1.9x10° psi to iron whiskers without 

getting plastic flow. These stresses are ~ G/1l and ~ G/15 

respectively. Gilman ‘2? found that stresses at least as high 

as ~ G/85 could be applied locally to LiF ectystals by means of 

a spherical indenter without causing homogeneous dislocation 

nucleation. 

Because of the large stresses that are required to cause Lt, 

homogeneous dislocation nucleation is rarely observed in ordinary 

crystals, but heterogeneous dislocation nucleation is a common 

occurrence. It is caused by the concentrated stresses found 

near such heterogeneities as cracks, precipitates, and other 
(23) 

it is probably responsible for initiation of the majority of 

defects in crystals. In present day engineering materials, 

the dislocations that cause plastic flow. 

(2) Regeneration - Once they are present in a crystal, dis- 

locations can increase their numbers through regenerative multi- 

plication. This can occur via at least two modes. One is called 

a Frank-Read source, 
cross-giide. 

A Frank~-Read source is illustrated in Figure 18. It con- 

and the other will be called multiple 

sists of a segment of dislocation line AB (Figure 18-1) that 

is held at both ends by nodes in a dislocation network or other 

means. The segment AB lies on the glide plane and has a proper 

Lage. 

purgers vector’ for glide, whereas the segments BC, BD, AE and : 

AF lie on other planes .and may not have suitable Burgers 

vectors for glide. The plane of the paper represents the glide 

plane. When a shear stress is applied, the segment AB bows out 

as at Figure 18- 2 because of the. force Yb, acting on it. Since 

the energy of a dislocation line is proportional to its. length, 

the line acts like an elastic string and resists the applied 

. force. The tension in the dislocation line is in static equi- 

librium with the applied force until the stress reaches a value 
GB 

YT, FRO Pas where L is the length of the segment AB. Further ex- 

pansion of the loop occurs freely because the applied force 

dominates the tension of the dislocation line. At the critical 

stage the radius of the dislocation half- -loop equals L/2 as in 

Figure 18-3. Continued expansion of the dislocation loop. causes 

it to move backward, as well as forward,.-s0 that it reaches the 

configuration of Figure 18-5.. Then the | dislocations at. point G 

annihilate each other, leaving the original segment AB surrounded 

by a new loop as at. Figure 18- 6. Finally, the process starts = 

over again as at Figure 18-7. : | 

.. Since the ‘segment: AB of a Frank-Read source is regenerated 

each time a new loop is formed, the source can form an indefinite 

number of dislocation loops, provided that the nodes ‘remain 

fixed in place, and the local stress on the source exceeds the’ 

critical value, Tape MOC LT | 

The existence of: Frank-Read sources has.been verified in 

experiments by I pash‘ 3) on silicon crystals. In these crystals 

dislocations can be observed by precipitating copper along them 

and looking at the precipitates with a microscope that is 

adapted to operate with infrared light (silicon is opaque to 
Visible light but transparent to infrared). Dislocation sources 

Of classic beauty have been found (Figure 19). 
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The second mode of tegenerative multiplication, called 

multiple cross-glide, was first discussed by Koehler, and 

(26) 

operation of a Frank-Read source, but it does not require a 

Orowan. It operates in a manner that is similar to the 

dislocation segment that is anchored at its two ends. It does 

require glide on more than one plane, however, so only screw 

dislocations can multiply in this way. In order to start the 

process, .a screw dislocation, such as the one moving from right 

to left in Figure 20- Le must. cross-glide onto another plane as 

in Figure 20-2. This forms segments AB and CD which cannot 

move in the direction of motion of the original dislocation. 
AB: and CD lie perpendicular to b- and therefore. are edge dislo- 

cations. They can glide parallel to b but not perpendicular to 

it. On the other hand, the screw dislocation segment s OA, BC and 

DP can glide perpendicular to b in any direction. 

With AB and CD to anchor its ‘ends,. segment BC can ‘aparate’ 

like a Frank-Read source if it is long enough (see Figures 20 3, 

45. 5,°6).° Also OP. can | become a. single dislocation again as” in 

Figure 20-3 and 4. Finally, the Loop. generated by ségment BC | 

can cross-glide as at EFGH in Figure 20-6 and thereby start the 

whole process over again. “At the same time, the segment AD left 

behind by OP can operate as a Frank-Read source in the oppeniye 

direction because it has opposite handedness to segment BC. | 

Segment BC has returned to its starting position and‘is— ready 

to expand to form another loop. 

It may be seen that multiple cross-glide not only causes 

an increase in the number of dislocations on the original glide 

plane, but also causes glide to spread to other nearby planes. 

In fact, this is one of its distinguishing features; the lack of 

a need for an anchored dislocation segment is another feature. 

Both of these features have been studied in detail in LiF crystals | 
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(27) by Johnston and Gilman. One type of observation is illus- 

trated here by Figure 21. The top photograph in the figure 

shows some isolated dislocation half-loops that were deliberately 

put into the surface of the crystal. Each half-loop is revealed 

by a pair of etch-pits which locate its two ends. The middle 

photograph shows what happened when a stress was applied to the 

erystal that was slightly greater than the yield stress. The 

shadow of a surface step may now be seen to be running through — 

each pair of pits. . These steps are due to local plastic shear. 

The bottom photograph is the same field after the crystal had 

been etched and it shows that the plastically sheared regions 

contain hundreds of dislocation lines. Thus ,. from original | 

unanchored half-loops of dislocations, hundreds of dislocations 

have formed and then moved to cause large plastic strains, Since — 

the ends of the loops were not tied in place initially they 

could not have acted as simple Frank -Read sources. Also, it is 

clear that the newly formed dislocations are mostly not on the 

same plane as the initial half-loops, and as time went on the. 

bands of pits became makeing Because of these and 

other facts Johnston and Gilman have concluded that multiple | 

_cross-glide is the most important mode of dislocation regeneration 

(28) in LiF crystals. Guard and Low have made a similar conclusion 

regarding Fe-Si crystals. 

(3) 
Strained crystals - Now that we have discussed the various ways 

‘The density and distribution of dislocations in 

by which dislocations find their way into crystals, it is im- 

portant to consider how the dislocation structure of a crystal 

changes as the plastic flow process takes place. 

pene, Aflac of dislocations in a "strained Beiheeior = 
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hand,. and from the multiple cross-glide process on the other, 

are quite different. A Frank-Read source forms a set of con- 

centric and coplanar loops. Hence, its operation should result 

in atomically sharp glide lines on the surface because gliding 

occurs on only single planes. In the case.:of multiple cross-glide, 

if profuse cross-glide occurs, the process can result in only 

one dislocation loop being formed each time a critical amount 

of cross-glide takes place. Then there are no concentric 

dislocation loops.and. therefore only monatomic glide lines are 

produced that will be clustered together into broad, diffuse 

bands on the surface. However, the multiple cross-glide process 

can produce concentric sets of loops if critical amounts of cross- 

glide occur only infrequently, and many loops form at each place 

that critical cross-glide occurs. In this latter case, the sur- 

face structure will be almost indistinguishable from the structure 

that would result from the operation of a collection of Frank-Read @ 

sources. | | 

It should be clear from the above remarks that a whole 

spectrum of behaviors, and resulting dislocation distributions, 

exists for strained crystals. The behavior cannot be predicted 

in advance at present, so each crystal must be investigated 

separately. There is not space here for a thorough discussion 

of all the possibilities so only the case of LiF will be con- 

sidered. This will not seriously restrict the generality of the 

discussion because the behavior of other ionic crystals is quite 

similar to that of LiF if one takes into consideration the stress | 

level at which flow occurs. That is, ionic crystals that are 

softer than average LiF behave more like the softest LiF crystals 

than the hardest ones; whereas, a crystal like MgO that is harder 

than the average LiF resembles the hardest LiF. crystals more than 

the softest ones. Also, the behavior that will be discussed is 

nF = 

not restricted to‘ionic crystals because at least one type of 

metal (Fe-Si) behaves in a similar fashion. 

It is convenient to consider the formation of glide bands 

as though it occurs in two stages. First, a dislocation loop 

that has somehow been nucleated, cross-glides as it moves through 

a crystal and multiplies whenever the amount of cross-glide is 

sufficient. This continues to happen until the dislocation passes 

completely through the crystal, and leaves behind it numerous dis- 

location loops near the initial glide plane of the first disloca- 

tion. Then the second stage begins. The loops left behind by the 

- £irst dislocation grow and cross-glide and thereby multiply. Soon... 

appreciable numbers of the new loops begin to collide with each 

other and they either annihilate one another, or they become 

stalemated; Thus the loops near the initial glide plane become 

immobilized so that further motion of them is slow. Further © 

away from the initial glide plane the dislocations remain free 

to move and multiply. After a while, a narrow band of disloca- 

tions is present which proceeds to widen, The motion of dislo- 

cations within the band is relatively slow, but along its edges 

dislocations can move and multiply freely. 

During the first stage of glide band formation the rate of 

multiplication is proportional to the number of dislocations that 

are moving. That is, the rate of increase of the number of dis- 

locations, dN/dt, is proportional to the number of dislocations 

that are already present, N: 

where o is the multiplication coefficient. Hence after a time, 

C, the number of dislocations becomes: 

N = N.e* | (7) 
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or, in words, the number. of dislocations increase exponentially 

(12) 

| At the beginning of the second stage of glide band forma- 

tion, the probability that two dislocations will collide with 

in time. This has been verified experimentally 

each other is proportional to the square of the number that is. 

present. Therefore, the rate of change becomes: 

dN 
Set aN - BN” 

_where B is the rate of attrition. At some value of N the rate 

of change becomes zero; namely when N = a/6. At this stage 

the density of dislocations within the band stops changing, 

but it is observed that the band grows wider in proportion to 

the. strain{!?) Thus the overall dislocation sensi ly in the 

crystal must increase in proportion to the strain. Finally the 

widening glide bands encroach upon ‘each other, and ‘the crystal 

has a uniform density of dislocations in it. The rate at which 

the bands widen depends upon the stress level so the strain at 

which the crystal becomes covered also depends on the stress 

level. For most LiF crystals this "saturation" strain is 1- 2 

per cent 612) | | 

When a crystal is eect eat covered with glide bands SO 

that it is "saturated" with dislocations, the stress that is 

required to maintain plastic flow in it at the same rate begins 

to rise because of strain-hardening. The stress increases in | 

proportion to the strain, and the saturation densities of glide 

bands increase in proportion to the stress, so the overall 

dislocation density of the crystal increases in proportion to 

the strain. 

The net result of the above somewhat complex behavior is 

summarized in Figure 22 by plotting the average dislocation densitY” 

 *A grand average that includes local areas of zero dislocation 

density. | 

‘the behavior is also similar, with the glide bands being broader, 
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in a LiF crystal as a function of the strain. Over the range 

os to 107+ the data may be approximated by 

the linear equation N(disl/cm*) = 10° « where € is the compressive 

of strains from 10 

strain. 

The dislocation multiplication rate, a, depends very sensi- 

tively on the applied stress. ‘4 2) This plus other factors acts to 

make the glide bands in a deformed crystal more densely populated 

with dislocations if the band forms at a high stress level than 

at a low stress level. Therefore the dislocation density is not 

a function of a single variable like strain, stress, or time; 

and the future behavior of a crystal depends on its past history. 

It is believed that this is the reason why plastic flow generally 

does not obey a mechanical equation of state. 

The behavior of MgO crystals that has been observed: by 

Stokes, Johnston, and Li (29) is. quite similar to what has been 

described here for LiF crystals. In the MgO case the glide bands 

are more narrow than in LiF, but this appears to result simply 

from the fact that the stress level is higher. In NaCl, again 

and the stress level lower. In Fe-Si the deformation geometry is 

different from the onic crystals, but the overall behavior’. is 

(27) 
Similar. 

(D) Dislocations and Macro-flow 

In the three previous sections the three quantities that 

determine the macroscopic strain-rate of a crystal in terms of 

dislocations have been discussed, namely, the Burgers vector, 

the average dislocation velocity, and the number of dislocations 

in the crystal. We shall now apply our knowledge of these 

(30) 
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quantities to discuss macroscopic plastic flow in terms of 

dislocations. The most common means that is used to describe 

the macroscopic behavior is the stress-strain curve which 

typically has the form shown in Figure 23. The curves for dif- 

ferent substances all have the same general form, but the 

various stress levels and slopes take on values that depend on 

(1) an 

initial elastic portion whose slope is the elastic modulus; 

the substance, Each curve has three main features: 

(2) a sharp change of slope at a stress level called the yield 

stress; and (3) an extended plastic region of relatively slowly 

increasing stress whose slope is the. Bisstte moguls or strain- 

hardening coefficient. , | 

These features are more or less characteristic of the 

chemical structure of the crystal that is being tested and rela- 

An ad- 

ditional feature of stress-strain curves is their shape near the 

tively independent of its initial dislocation content. 

yield stress, but this feature is very sensitive to the initial 

dislocation content of a crystal and hence is not an intrinsic 

property of crystals, | | 

Since the stress that a crystal will support depends on > 

time as well as the strain in the crystal, stress-strain curves 

cannot be discussed independently of the dynamic conditions under 

which they are made. In other words, the characteristics of the 

machine that is used in making a stress-strain curve ‘are impor- 

tant in interpreting the curve. ‘One of the best ways of testing 

crystals under controlled conditions is to use a machine that 

pushes or pulls one end of a specimen rigidly with the other end 

connected to a stiff spring. The deflection of the spring is 

then a measure of the applied load, or stress. During plastic 

flow the applied stress does not change rapidly with increasing 

strain (Figure 23) so the spring of the machine will have a 
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nearly fixed deflection, and an almost constant strain-rate 

in the specimen can be obtained by moving the other end of the 

specimen at a constant speed. The strain-rate in the specimen 

-is then simply the speed of the machine's motion divided by the 

length of the specimen. This technique was used by Johnston and 

(12) 

and macroscopic plastic flow. 

Gilman to check the connection between dislocation movements 

In terms of dislocation motions, the. ‘macroscopic strain-rate 

of a crystal is given by Equation (1). Using a LiF crystal for 

which v had been measured as a function of stress, Johnston and 

Gilman calculated 7 from Equation (1) for conditions when the 

applied strain-rate, stress, and dislocation density were known. 

The calculated value of ¥ was equal to the directly measured | 

value at the same stress within experimental error. Therefore, 

a distinct connection between dislocation theory and macroscépic 

plasticity was established. 

(1) Yield stress -The yield stresses of crystals are deter- 

mined primarily by the stress required to move dislocations in 

them; that is, by the plastic limit of Figure 12. This was demon- 

strated above by showing that the macroscopic yield stresses of 

crystals are linearly proportional to the stresses required to 

cause sensible motions of fresh dislocations in the same erystals. 

Thus, yield stresses are not ordinarily determined by: (a) the 

Stress to pull dislocations away from impurity atmospheres; 

(b) the stress to push dislocations through a forest of other 

dislocations; (c) the stress to operate Frank-Read sources. _ 

Rather they are determined by the frictional resistance of a 

Crystal to dislocation motion. | 

Since v is very sensitive to the applied shear stress 

(Figure 12), and the plastic strain-rate is proportional to v > 
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serge | sit tad is nd parts of the _ | | ‘) an added complication that raises the right-hand parts of = Hi) 

(Equation 1), the strain-rate is very sensitive to the applied 
stress-strain curves. Hence it tends to eliminate small maxima 

stress, and the yield stress should be very insensitive to the (18 like the one in curve B. 
applied strain-rate. This has been experimentally verified. ) 

t Confirmation of the above picture of the plastic instability oa i) 

is provided by the fact that the shapes of stress-strain curves | 

of LiF crystals can be controlled by variations in surface prepa- 

18) a No predic- 

| (2) Plastic instability durin -yieldin 

curve may have. various shapes. at the beginning of the yielding 
process. Some typical ones are shown schematically by curves | tions can be made for crystals in general because ‘the esaba 48 

A, B and C in Figure 24, where strain-hardening is assumed to 
_ the curves depend on: (a) the initial number of mobile disloca- 

” mite ens. syiss x ree Mb SREe, cna: the dnittal, | Bins: (b) tthe dislocation velocity VS. stress function; (c) the 

Mai slocation multiplication rate as a function of stress; and (d) the 

strain-hardening coefficient. These (use ee are not yet known for 

A stress-strain | 

ration in accordance with the. above discussion. 

number of dislocations that is present is large as in curve c 

below the stress-strain curves. ‘Therefore at a stress slightly 

higher than the stress at which dislocation motion starts, Tye a erystals other than particular specimens of LiF. . oon q 
the product pv in Equation (1) is sufficient to deform the crystal } | @3 | | i) 
at the applied strain-rate. A schematic curve showing the relation | (3) Strain-hardening We have already seen in Figure 14 that | i 
between dislocation velocity and stress is drawn at the right in straining a crystal slows down dislocation motion in it at a i 
Figure 24. Next, consider curve A, the case when the initial given value of stress. Conversely, to obtain a given dislocation | | 
number of mobile dislocations is. zero at the stress T.. At somal 

velocity more stress is needed in a strained crystal than in an 
5 : ; 

unstrained one. Gilman and jideankoas? ) have shown that this. in- 

rae lies darbeadigated that had topked it in place. It then multiplies iT crease in stress is just equal to the difference in flow stress | 

| 
Ma higher stress, T, a dislocation either nucleates or pulls away 

rapidly because of the high stress as shown in curve a of the 
figure. Therefore, although the curve A initially rises above 

the stress, T_, it soon begins to fall when the product pv at 

between a strained and unstrained crystal. They have also shown 

that strain-hardening is a linear function of dislocation density 

in LiF. The hardening coefficient is about 4 dynes/dislocation. 

the high stress level becomes larger than what is needed to de- | | en ar cening has not been studied in metals as yet in terms 
form the specimen at the applied strain-rate. Curve B is an .- | ; It is not clear at present whether _ i 
intermediate case in which a few dislocations are initially | 

- . strain-hardening is caused primarily by dislocation interactions 
“present. “These initial dislocations multiply in number and move or by "debris" that is left on glide pienge in the wakes of 
increasingly faster as the stress rises until pv is adequate 1 ) moving dislocations. 
to give the applied strain-rate. Then the stress drops to T ; | 
it cannot drop lower because all dislocation motion would then 

Stop. 

Strain hardening is not considered in Figure 24, but it is 
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sae (1) Nucleation in Perfect Crystals - Since the nucleation 

FRACTURE of a crack in a perfect crystal consists essentially of tearing 

the atoms apart, the first step in calculating the required 

Ample evidence has been assembled in recent years to show stress is to decide upon a suitable expression of the interatomic lil 

that crystals that have no defects in them are extremely strong. 

| 

possible a very simple and approximate interatomic potential 4 

In order to break them one must tear their atomic bonds apart by 
| 

\) 

will be used here. The main justification for this is that the 1) | 

forces. In order to be able to discuss as many crystals as 

brute force. However, if a crack is present in a crystal, it 

acts like a lever of very high mechanical advantage. It allows 

atomic bonds to be broken at its tip even though quite small 

forces are applied to the crystal at large distances from the 
Consider two planes of a crystal that are spaced a distance 

tip. Thus fracture occurs far more easily in cracked bodies | | 
‘el 

_ d, apart in the absence of applied stresses. The potential | | 

| results that are obtained in this way agree reasonably well with © a 

much more sophisticated calculations. The approximation used | i) 

(31) |) 
here is quite similar to the one used long ago by Frenkel. 

than in sound ones, just as plastic flow occurs far more easily 

energy of these planes as a function of their separation dis- _ | i 

in crystals that contain dislocations than in crystals with 

none, Cracks allow gradual fracture to occur much as disloca- | tance is shown in Figure 25 together with the resulting varia- & 

tions allow gradual plastic flow. One difference, of course, tion of the stress between the planes. For y = d, the stress — A a | 

is that only one crack is needed for fracture in contrast to the — between the planes is zero, and as y becomes greater than d, | 

| it increases to a maximum value, o,, and then decreases. For 4 

millions of dislocations that are needed for plastic flow. @g 
values of y less than d, the stress becomes compressive. The 

Fracture begins when a stable crack appears in a crystal, . 
i 

but it does not end until the crack has propagated al of the , stress vs. distance curve is actually bell-shaped, but it can 4 

way through the crystal. Therefore, the problem divides naturally | a approximated by one-half of a sine curve as shown in the — 1 

into two parts: (1) the nucleation of cracks, and (2) crack : figure. This curve has a maximum value, o,, and its half-wave a 

length is a. The value of a is the "range" of the interatomic | | | 

propagation. These two parts will be considered in turn in | 

the following ai scuspica. : forces and it seems reasonable to take it to be equal to the | .) 

interatomic distance in the crystal. The solid line in the 

| | 

| 

i | 
; 

-_ ‘ 

i 

| narod (A) Nucleation of Cracks bs EPR 8 PE ee “ogi ; voce ll figure represents the stress if all the distances in the crystal i 

| 
. 

‘a 

: | 
are changed uniformly. When two blocks of intact crystal are | 1 

se | 
x 

re in the case of dislocation nucleation we consider ene | parated across one plane, however, the attractive stress will i 

drop to zero much more steeply after the maximum has been | Hl 

types of crack nucleation. The first is homogeneous nucleation 
reached than the solid line. Hence the sine curve will i 

which means nucleation in an essentially perfect crystal. Second, ff 

heterogeneous nucleation refers to cracks that form at inclusions 

or other defects in crystals, or that is a result of plastic flow, | 

or chemical reactions. 
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approximate the behavior. According to Hooke's law, for 

small strains, the stress between the planes is: 

g = Ee = E(y/d,) 

where E = Young's modulus, and ¢« = strain. 

| But, according to Figure 25, the stress is also given by: 

fi diner Tih Sire S 
0 - 7, = a i 

~ he for y<<1- 

Equating the stress values. and solving for a. 

: ae Ea. | : 

Om 7d ; ce | —  () 

| . Ea ory, 

The surface energy, 7, can readily be obtained from this since 

it is equal to the work that is required to make the surfaces: 

os 4 oe 

v-  oay 
one 

where the fact 1/2 accounts for the fact that two surfaces are. 

created. The result of inserting. ‘the Moe ot o(y) and inte- 

grating is: Bey | a 

| E a - . 
pe sae ee a | (9) 

On the above basis, the theoretical cohesive strength of 

(32) nade a detailed calculation a crystal is about E/5. Zwicky 
. (33) 

that yielded E/22 for rocksalt; and a calculation by deBoer 

yields E/17, as well as an estimate of E/11. 

discussed above: as small as -E/100, 000, 

These calculations © 

“37s 

are based on tensile ae tarttire +0 tse could occur by 

yielding followed by shearing off. A calculation due to 

Backenzie' +) of the theoretical shear strength of a crystal 

yields the value: G/30. 

tensile stress and E,if it is remembered that the tensile 

This can be expressed in terms of 

stress equals twice the shear stress in a rod and that G~3/8E. 

The shear strength criterion is then equivalent to ~E/40. 

The strengths of various materials. that have been ‘gepernes 

in the literature are listed in Table IL, together with the 

elastic moduli of the materials and. the modulus/strength ratios. 

Strengths that approach the theoretical values have been | ob- 

tained in a variety of substances, and exceptionally high 

_ strength has been obtained for silica fibers. This indicates 

that the atomic theory of strength is essentially correct al- 

though it will require refinement as additional experimental _ 

strength-values become available. Also, it may be seen that 

strengths as high as 5% of the elastic modulus can certainly 

| be attained in: crystals, and perhaps as. high as. 10%. 

Ordinary materials break at far smaller stresses ‘than those. 

fractures are caused by surface defects in the crystals, but 

others occur even when the surfaces are carefully prepared. 

These latter fractures. can often ‘by attributed to plastic flow 

that precedes fracture and creates very high stresses in 

localized regions causing cracks to form. When both plastic 

flow and surface defects are eliminated from crystals (as in 

“whiskers") the very high stresses discussed above are required 

Co make them fracture. 

(2) Role of surfaces in crack nucleation - Crystals whose 

Surfaces have been carefully polished by chemical or mechanical 

Many of these low stress 
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tion is that of water vapor with Al,0, or S10, crystals. Charles © 

6238 -. 

means are ‘often very strong initially, and then degenerate with 

time. One of the best, known cases is that of rocksalt for 

which the phenomenon is known as. the Joffe effect. 635) Rocksalt 

‘erystals that are immersed in under-saturated water have quite 

high fracture stresses. However, if they are dried and then 

aged in room atmosphere they soon .become quite brittle. Also, 

freshly cleaved crystals are often quite strong, but upon aging 

‘they lose their strength. In the past, some authors have 

thought that these effects arise because crystal surfaces were 

inherently. unstable so they would tend to acquire microscopic 

cracks spontaneously,, but this is not supported by theory, and 

recent experiments have clarified the true nature of the Joffe 

effect. | 3 ake . 
A fact that should he recognized at the outset is that not — 

all crystals exhibit surface effects. . For example. pash‘?°) has 

shown that polished silicon retains its high strength indefinitely: 

in a room atmosphere. Also, Gorum, Parker and Pask ‘>? showed | 

that the strength of freshly cleaved LiF crystals does not de- | 

crease with age, and the present author's experience agrees with 

this. Thus the Joffe effect is not a universal one’, but depends 

somehow on the particular reaction of NaCl with a room atmosphere. 

Some of the specific reactions of crystals with the atmos- 

phere have been determined in recent experiments. In the case 

of NaCl, Class, Machlin and Macca 8) have found that the sur - 

face of NaCl reacts with oxygen (especially ozone) in the atmos- 

phere to form NaC10,. This compound probably forms a brittle 

surface film (as well as local stresses) that causes surface 

eracking. Another specific reaction that promotes crack forma- 

has shown that water vapor promotes static fatigue of these crysta 

The fact that the fracture strengths of crystals do not change 

rapidly if the seeder contained in a vacuum is further . 

evidence of the i dai ce of chemical reactions in nucleating 

at least as. far back as Taylor 

40 

cracks at surfaces. : 

‘The detailed mechanism by which chemical reactions cause 

erack formation remains obscure. There is no reason to believe 

that uniform chemical reaction with a surface should make it 

significantly easier for cracks to form there... Thus it seems 

that, in order for a reaction to cause cracking, the reaction 

products must either form a brittle surface film, or must » 

somehow penetrate. into a crystal and exert a wedging action that 

eventually produces.cracks. Some support for the former of these 
(40 

two mechanisms. has. already been mentioned, and Nielson ) has 

reported experiments that support the second one. 

. (3) Plastic flow as a crack former One of the most im-- | 

portant means by which cracks form in solids is. localized 

plastic. flow.. The process depends on the fact that plastic 

flow is heterogeneous, occurring in local regions of a material 

while the remainder of the material is either elastic or con-. 

tains a different amount of plastic strain. At the boundaries 

of these localized regions, high concentrations of stress are 

formed and sometimes the concentrated stress becomes equal to 

the cohesive strength of the material, thereby causing cracking. 

The conception of this mechanism of crack formation originated 

(41) (42) 
and Zener, 

and Starr. “It was also 

discussed by Stepanavan (44) 

Stroh ‘*>) has treated it in considerable: detail. 

and in recent times 

There are at least three essentially different modes by 

which plastic flow can lead to fracture: (a) shear disks, 

(b) ‘plastic strain interfaces, (c) crossed glide bands. 

These are illustrated schematically in Figure 26. There are 

Many variations of these modes, of course, but. most possibilities 

Can be reduced to one or another of them. 
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A shear disk is a thin lamellar region in which plastic 

flow has occurred. The shear direction is parallel to the 

plane of the disk, and the largest dimension of the disk is 

large compared with the thickness. The most extreme possi- 

bility is for the disk to lie on a single glide plane. Then 

its thickness is just one crystal lattice spacing. However, 

a shear disk may also consist of a set of planes on which glide. 

occurs, or it may be a twin lamella. In‘ all these cases, what 

happens is that the strain energy that is in the material be- 

cause of the applied stress, [, is relaxed near the shear disk 

in a region of area 4ncL; where 2L is the length of the disk 

(we consider the two-dimensional case here). This strain energy 

becomes concentrated near the ends of the shear disk in regions 

of radius, 2c, where c is the radius of curvature of the edge 

of the disk. . For a thin disk, 2c is approximately the thickness. 

If we consider unit maar Nd of material. the strain energy that 

is relaxed will be (Aver /2G and, if 7” is the nemrentxared 

‘stress, the concentrated strain energy will be (29re: ay 27196. 

These energies must equal each other, so: 

at tle' 

This concentrated shear stress is accompanied by high tensile 

stresses which tend to form cracks as shown in Figure 26. 

If the shear disk consists of a single glide plane then 

the problem can be treated in terms of dislocations. The dis- 

locations will be distributed as in Figure 27 and cottre11 4? 

has shown that the concentrated shear stress that is needed to 

hold the first dislocation in place is =n? if there are n 

dislocations in the array. In terms of ne the length of the 

glide plane, the concentrated stress isy =TyL/y for large BM — 

some smaller value. 

wh Lo 

here x is the distance along the glide plane in front of the 

leading dislocation. This was. shown by Eshelby, Frank and | 

Nabarro, ‘*7) | ; | ro 

Large tensile stresses can also be developed at an inter- 

face where the plastic strain in a body suddenly changes to 

(48) The situation is shown at (b)-in 

Figure 26 where the shear strain across the interface AB 

changes by the shear angle, 6. If the shearing occurred on 

glide planes lying parallel to AB, then no incompatible strains 

would develop and hence no tensile stresses. However, if the 

shearing must occur along glide planes such as CD, then the 

height of the body, h,.after shearing will be different than 

the height, h 3? before shearing. The height difference bh. - wy 

produces a tensile strain in the sheared portion of about: 

(h, - h)/h. ? and a tensile stress of ~ E(1 - - h/h, ). Since 

h = h, cos 6, the tensile stress is ~E(L - cos 0), and quite 

small. shear angles can produce very high tensile stresses. 

Another way in which plastic flow can produce. high con- 

centrations of stress is shown at (ec) in Figure 26. It is 

common for two rather sharp glide bands to cross in a crystal, 

and this relaxes the elastic stresses in a large volume of 

material. Suppose that, as in Figure 26c, two glide bands 

cross at the center of a body that has a width, D, and unit 

thickness (D might also describe a small region in a much | 

larger body). The relation betwéen stress and strain within 

the bands can be described by a plastic modulus, P, while the 

Material outside them is described by E, the elastic modulus. 

P will generally be quite small compared with E. Since the 

Yegions F and G are surrounded by material of low modulus they 

Cannot carry much of the load, F = oD, so almost all of it will 

be carried at the glide band intersection which has the width, 
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d. Thus the concentrated stress, o*, at the intersection 

will be: o* = o(D/d). If the glide bands are narrow, this 

concentrated stress can reach very high values. 

Most current experimental work on crack nucleation is 

discussed in terms of dislocation pile-ups like those in 

However, pile-ups sufficiently large to cause 

On the other hand, the 
Figure 2/7. 

fracture have never been observed. 

more. macroscopic ‘gituations shown in Figure 26 have often. 

been observed. Therefore, although dislocation pile-ups 

produce more intense stress concentrations than the other 

mechanisms, it seems prudent at the present time to attempt 

to explain crack nucleation events in terms, of the mechanisms 

of Figure 26, rather than in terms of individual ‘dislocation 

pile-ups.. If and when experiments reveal large isolated pile- 

ups, they can be discussed more realistically as a mechanism 

for crack nucleation. In what follows, . the general evidence 

that plastic flow causes crack nucleation will be presented 

and then the evidence. for the specific mechanisms. 

It was established by Lows » that the fracture stress of 

polycrystalline iron is equal to ‘the yield stress for a wide — 

range of grain sizes. Figure 28 shows the data. The yield — 

stresses: were megauced in. compression, while the fracture 

stresses were measured in tension. 

tween fracturing and yielding indicates that a small amount — 

of plastic flow is declare to cause fracture at a low 

average stress level. | | HM 

zinc crystals normally fracture at low stresses, but if 

plastic flow is suppressed in them, very high stresses are t@* 

50) zinc crystals have 
quired for fracture as shown by Gilman. 

sed in them 
only one glide plane so plastic flow can be suppres 

‘The close correlation be- — 

in Figure 26c. 

kink boundary than to the right. 

| parallel to the boundary and thence fracture. 

also cause cracking as Bell and Cahn have discusse 

necessarily mean that it will propagate. 

4.3 

by orienting the glide planes normal - to the ‘tension axis. 

‘Then there. is no shear stress on the glide planes and hence 

no driving force for plastic flow. Figure 29 shows how the 

fracture stress increases precipitously as the orientation 

peste approaches perpendicularity. | | 

- Several authors, including: Stepanov, ‘"*) stokes, 

Peinston, and 1, OY). and Parker ‘>2) have observed that small 

This cracks often form at the intersections of glide bands. 

not only confirms that there is a connection between plastic 

flow and fracture, but also provides evidence of the mechanism 

An example of this ‘type of observation is shown 

in Figure 30a. 

A case in. which the mechanism of Figure 26b has operated 

is shown: in Figure 30b. The photograph shows a zinc crystal 

that was plastically deformed at a low temperature (-196° C) 

such that more plastic straining occurred at the left of the 

The shear strain 

discontinuities that form at the intersection of two twins can 

d. (53) 

(B) Propagation of Cracks 

The fact that a crack nucleates in a body does not. 

In polycrystalline 

1ron, we has found that fine-grained specimens form 

micro-cracks within the grains as soon as they plastically © 

yield, but these micro-cracks do ‘not propagate until the ~ 

applied stress increases considerably.: Even in mono-crystals, 

cracks can nucleate without propagating as many authors, for 

example, Stokes, et it,5 OY? have shown. In these cases the 

This produced tensile stresses 
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cracks have nucleated in regions. of intense stress concentra- 

tion and then expanded into material that had only the average — 

stress on it, or they have collided with. crystal boundaries 

that they could not penetrate. | = | 

In order for a crack to ‘propagate it is apparent that the 

stress at its tip must exceed the cohesive. strength of. the ma- 

terial. This. is. the fundamental criterion for crack propaga- 

tion. It is not a very useful criterion, however,. because no 

one has yet devised a method for measuring. the stress at the 

very tip of a crack. 

commonly used which states how much force must’ be applied to 

‘Therefore, an equivalent criterion is 

a body that contains a crack in order to make the crack 

This is known as the Griffith crack-propagation 
(1) 

eriterion and it is obtained by forming an energy balance. 

propagate. 

The. Griffith criterion depends, of course, on the shape of 

the body and how the crack is disposed in it. A few simple 

cases are shown schematically in Figure 31, and they will be 

considered in turn. | | 

ation - In Figure (1) Griffith condition for crack Da 

3la, a narrow plate is shown that is held rigidly along its 

yro 

top and bottom edges. Initially the plate contains a stress o 

and its height is L,. 

Each time the crack advances’a distance 

A crack moves from left to right 

through the plate. 

Ax, two things happen. First, some new surface is created _ 

on either side of the crack, and if the plate thickness is t, 

this new surface area is 2tAx. Second, the stress drops to 

zero behind the crack in a volume that is approximately equal 

to L,tAx. The energy of the plate is. increased by the first : 
1 | 

change by an amount, 2ytAx, where vy is the surface energy per 

unit area; and it is decreased by the second change. The 

initial strain energy density is . 

oh 5.< 

5*/2E,.where Eis Young's a 

Modulus, so the second change is approximately equal to 
2 | | 

~ op L thx. We see then that the total energy change is: 

AU = 2ytAx - OE 5 ae 

If Ly is very small, the pene term in the above ex- 

pression is negligible SO the energy change is positive for 

an increase, Ax, in the length of the crack. Therefore, if 

the other quantities are held constant, and iy is made small, 

we do not expect the erack to get larger. On the other hand, 

if a is increased to such a value that the second term 

dominates and AU becomes negative, we expect the crack to grow | 

because this will. cause an overall decrease in the energy of 

the system, The situation is critical at the transition be- 

tween small and large Ly, when . AU/Ax =O. ‘The eritical stress | 

can be obtained from this condition. | It is: 

2.0 fi, (20) 
This Griffith condition is equivalent to the condition that 

the local stress reach the cohesive strength because y is a | 

measure of the cohesive strength. It can be defined as the 

work per unit area that is required to separate a body at a 

surface, and this depends on the cohesive attraction between 

the surfaces. 
(55) 

This point has been discussed further by 

Orowan. <i | 

A practical situation that corresponds to the Loading 

condition of Figure 30a is the case of glue ina joint between 

two rigid pieces of material. This is one of ‘the reasons why 

it is desirable to make glue layers as thin as possible. The 

thinner the glue, the larger the stress. needed for crack 
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growth, according to equation (10).. 

For a moving crack, equation (10) does not provide a 

complete description of the behavior because it neglects the 

kinetic energy possessed by a moving erack. This was first 

pointed out by Mott.- The kinetic energy is associated 

with the sideward motion that occurs in the material on either 

side of the erack when the crack advances. The sideward dis- 

| L\ roxi- 
placements in the elementary volumes L, tas i a a app! 

| 5 | 

mately by “1 “1 where € is the initial elastic strain, equal 

to o/E. if the crack has: a velocity, Vo» the time for it to. 

advance a distance Ly /2 is L ,/2V,, , tice the sideward velocities © 

oretot sé . LE g-is- eke Wiles ay the masses that are moved are 

| 
ae 

approxifiately en) tee s so the kinetic energy is 1/2mV 

g£ ie 4 *L tax. Since the risa of sound, V 5° is qual to 

2\ E 

[g/g 3 the kinetic i livia paaiiceiels (-) oe 

This is a ial Pagid so ma pasar’ becomes: 

| | - L, tAx 
AU = 2ytAx - 2E Ly tAx = +(H) \( <2 Vv. 

For steady motion AU/Ax = 0 and the crack velocity is: 

(11) 

From this equation we can see that large Ly or large stress 

leads to fast crack motion that approaches sound velocity as 

an upper limit. 

The case that was ‘treated by Griffith himself 
is shown 

at (Bb) in Figure 31. 

exists in an infinite sheet of solid that is subjected to a 

crack of length, ies 

In this. case a small crack of length, 2lo! 

a 

uniform tensile stress, o. If the crack extends a small 

amount, .surface area is created, and elastic strain energy 

is relaxed just as in the previous case. The condition for 

propagation o£ the crack that Griffith derived is: 
| 

co = “ oa gh 

which is analogous to equation (10) above. 

The final case that will be considered here is shown at 

(c) in Figure 31. Here a solid body is being split by a 

“The forces, F, applied to the ends of 

the two cantilevered bars produce bending moments, FL, at 

the tip of the crack. The elastic energy associated with 

the bending of each beam is U = a Oe 3/6EI, where I = the moment 

of inertia of the cross-section = 303/12. The surface energy 

Fof one side of the crack is S = yL.w. The work, W, that is 

done by the applied force on each beam is Fo, where os is the 

beam deflection at the point of application of the force, and 

.* 2U/F so W = 2U. In order for the crack to advance a dis-. 

_ tance dL. the work that is done on the body must provide what - 

ever surface energy is required and the additional elastic 

energy that each beam acquires when the crack moves forward. 

Thus the Griffith condition for crack motion is: 

di _ dW ds _ 
dL dL dL 

ee S = 3U 

The bending moment that is needed to satisfy this condition is: 

Bs elo yt oom [2EIwy | eee 
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It is independent of the crack length so this type of configura. | through a semi-ductile plate, it might be the thickness of the 
tion is especially useful in studying the propagation of cracks, | plate. | : | AS | 

Equations 10, 12 and 13 emphasize a very important prin-~- | . It should also be noted that tt Ie hot the relative dimen- 
ciple: namely, that fracture depends not only on. the material | gions of a structure that dre’ important: it is an absolute di- - 

properties of a body, but also on the dimensions of the body. 7 © mension. This is: the reason for speaking of a "size effect. 

In other words, there is a "size effect" associated with fracture, | Of course, in a large structure the crack’ 8. own length may we 

wee, OF eee appears because ene Griffith energy balance always important at first, and only after the erack has grown will a 

requires the specification of a length; otherwise the dimensions length of the structure become important. Nonetheless, because 
in the crack propagation conditions (equations 10, 12 and 13) of the size effect, large structures are more susceptible to. 

cannot be balanced. It is not always clear what length in a 
meee tephic fracture than small ones. 

system is the important one, but the length is always related 

to the size of the region in which the crack relieves the 
- A erack (2) | Crack propagation in elastic bodies 

passes through a completely elastic solid by rupturing its stresses. This can, of course, vary quite a bit from one situa- 

‘tion to another. In Figure 3la the important length is the 

height of the plate because this defines the volume in which 

the crack relaxes the stress: On the other hand, in the case 

of a crack in an infinite plate (Figure 31b) it is the crack 

length that is the important dimension because the region in 

atomic bonds successively. - Therefore, if the atoms of the 

body are arrayed geometrically (a crystal) or randomly (a 

glass) all that the crack does is to create two new surfaces. 

If the crack moves slowly (reversibly), the energy that must 

be supplied to it is the surface energy. If it moves more 

which the stresses are relieved is a pillbox-shaped volume of 

approximate diameter Los In the third case (Figure 3lc) the 

rapidly, kinetic energy is also required. ‘Finally, if the 

crack moves through a crystal that is not perfect, but con- 
thickness t, is most important because it defines the size Ph : | 2 | . 

, UC, Pp tains crystal defects (especially screw dislocations), addi- 

of the region in which the stresses are concentrated. : | | 
& § | SS tional energy will be needed to make it move. These. three 

In engineerir uctu the important length not : i ; 
| In engineering structures, the’ importa pth is. mi Cases will now be: discussed in more detail. 

always obvious. In the case of the bursting of a pipe it is 

clear that the pipe circumference is most important because | 
(a) Low speed elastic cracks Griffith himself was 

first to show that the energy needed to propagate a crack in a crack in the pipe wall relieves stresses in the whole circum- — 

ference. However, in more complex structures like ships, an elastic solid is the. surface energy. He put small cracks in 

large rotors, etc., the important length may be somewhat. : 7 

obscure. Further confusion can result if plastic deformation 

precedes cracking. Then a length of the plastic zone may be 

the most important dimension. For example, it might be the 

radius of the notch in a notched bar, or for a crack running 
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thin walled glass bulbs and tubes and then put gas under 

pressure into them and measured the bursting pressure. This 

experimental arrangement is a close approximation to the ideal 

case of Figure 3lb, so the bursting pressure should be related 

to the crack length by equation (12). Figure 32 shows that 

Further. 
| 1 a 
more, the slope of the line in Figure 32 equals (2Ey/1) / SO 

indeed the theoretical form of the equation is obeyed. 

a value of the surface energy can be calculated (Griffith 

The resulting value is 510 ergs/cm?, | measured E independently). 

This may be compared with the 550 ergs/cm* that Griffith measured 

in a different way by determining the surface tension of his 

glass at. high temperatures, and then extrapolating to room 

temperature.. The agreement between the two values seems re- 

markably good considering the many difficulties involved, and 

may be.taken as evidence that. the theory is essentially correct. 

(37) and : ‘Shand *?" 

have. done. ‘experiments similar to his. They. scratched glass 

Since the time of Griffith,, Berdennikov 

- plates - and, then measured the stress required . to. break them. 

Their results are generally consistent with:those of Griffith, 

but Berdennikov found that the fracture surface energy of glass 

depends on the environment. It varies from about 1200 ergs/cm 

for. a soda-lime glass tested in vacuum, to about 290 ergs / cm 

for the same glass, immersed in.water. Thus, the intermediate 

value that Griffith measured may have been influenced by at- 

mospheric water vapor. 

An experiment that is maT related to that.of Griffith 

(59) 

configuration of Figure 3lc to measure the surface energy that 

was first performed by Obreimov who used the. experimental — 

is required to split mica. He was not able to measure the 

true surface energy of mica, because freshly cleaved mica sur- 

faces are not electrically neutral; there are residual patches 
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of charged ions on them. - However, Obreimov was able to show 

that the method is capable of yielding reproducible results, 

and that the cleavage surface energy is sensitive to the en- 

vironment. Furthermore, the values of surface energy that 

he obtained are. approximately what is to be expected from 

atomic theory. , | | 

-It may be concluded from these measurements of crack 

propagation in elastic bodies that. there is a sound experi- 

mental basis for the idea that, in order for a crack to. 

‘propagate, the stress at its tip must be sufficient to break 

the bonds between atoms. In a crystal, in contrast to glass, 

the atomic bonds have different strengths in various directions, 

and a crack.will normally seek out the plane of the crystal 

across which the. atomic binding is weakest. 

Among the many planes of a erystal, the one: that is the — 

first preference for crack propagation is called the primary 

cleavage plane. In some crystals cracks will propagate along 

secondary or tertiary cleavage planes if the applied normal 

stress on the primary plane is small, but the preference for 

the primary plane is usually strong. In many cases, the 

primary cleavage plane can.be predicted in a simple way from 

(60) The work 

needed to separate the crystal across various planes can be 

the elastic constants and the atomic radii. 

estimated by calculating the pertinent Young's modulus per- 

pendicular to the planes and substituting these into 

equation (9).together with the appropriate atomic radii. Some 

results of this procedure are given.in Table II as well as the 

primary cleavage planes of the crystals, The method fails for 

crystals that are only slightly anisotropic, but it illustrates 

the principles that seem to be involved. 
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(b) High speed elastic cracks It might be thought 

that a crack could travel at an arbitrary speed because the. 

speed with which an atomic bond can be broken is limited only 

by the rate at which forces can be applied to it. However, the 

stresses that act at the tip of a crack must be transmitted 

elastically to the crack tip through solid material. The rate 

at which this can occur is limited by: the velocity of elastic 

waves in the solid’°°) and the shape of the body. The shape 

factors can be eliminated by considering a erack in an infinite 

plate. Then the limiting velocity is the Rayleigh surface-wave 

velocity... stron’? 

and ee es) has Rrexed: it rigorously. Stroh's argument is 

that .if the. limiting velocity is determined by. inertial effects 

and not by the time that it takes ‘to break atomic bonds, then | 

the forces. exerted bs ‘the atomic” bonds are negligible across a 

crack that is moving at the terminal speed. Therefore, each 

half of the crack may be thought. ‘of as an elastic: disturbance 

that is. moving along a stress- -free surface. The velocity. with 

which such a disturbance moves is the Rayleigh - surface-wave 

velocity. | | | 

~ For crystals, only one measurement of terminal crack | 

velocities has been made, but several measured values are 

available for polycrystalline or glassy materials. Gilman, . 

Knudsen, arid walsh '°>? measured crack velocities in LiF crystals 

by evaporating thin metallic stripes onto the crystals. and then 

observing electrically the rate at which the stripes were. broken 

by moving cracks. They found that the fastest cracks they could 

produce traveled at 2x10? cm/sec along {100} planes. A theory 

of surface-wave ch aang in cubic crystals. has been worked 

out by Stoneley. This theory, together with the measured 

values of the elastic constants for LiF crystals, yields a 

has given a simple argument to support this, ~ 

i. 

velocity of 2.95x10° cm/sec for surface waves on the {100} faces 

of LiF crystals. Comparison with the value above indicates 

reasonable agreement between theory and experiment. - 

Data for terminal crack velocities in a variety of types — 

of. materials are presented in Figure 33 as a function of the best 

estimate that can be made of the Rayleigh wave velocity. for each 

material.. ‘There is a generally good correlation between the two 

velocities, but the experimental crack velocities tend to be. 

somewhat smaller than the wave velocities. Sources of the data 

i are. given in reference (65). 

(ec) Effect oe crystal tf erfections 

through a crystal it often encounters erystal defects along its 

path. Some of these defects, such as lattice. vacancies. and im- 

purity atoms, seem to have little effect on the ease of crack 

motion; but screw dislocations have a large effect. This results 

from the fact that a screw. dislocation converts the erystallo- | 

graphic planes that lie normal to. it into a helical ramp centered 

on the dislocation line» (Figure 4, ond 34). - Therefore, a crack 

that ‘runs parallel to these planes does not lie ona single plane 

after it has intersected the dislocation line. The two parts of 

the crack lie on planes separated by the magnitude of the Bit Bets: 

vector of the screw dislocation, ‘and they usually. rejoin by” 

forming a step between the two levels as shown in Figure 34. 

Direct experimental evidence for this interaction between cracks 

and.screw dislocations to form. cleavage steps has: been. 

Mcented by Gilman, ©°° He correlated etchpit and ‘leavage 

Step patterns on the surfaces of cleaved LiF crystals. The screw 

dislocations may be present in a variety of forms: | 

(a) Twist- -type sub -boundaries 

As a crack passes _ 



254= 

(b) Glide bands introduced by prior plastic deformation 

(c). The dislocation loops that are nucleated just ahead 

of a moving crack. | 

Cleavage steps can influence the ease of crack. propagation 

because they increase the area of a cleavage surface and thereby 

make its energy greater than the energy of a smooth surface. 

Also, considerable tearing may. accompany the production of the 

steps and this absorbs energy. If a step forms by cleavage 

perpendicular to the. plane of. the main crack, the energy absorp- 

tion is simply proportional to the step height and is generally 

rather small. If, however, step formation involves . plastic 

tearing or shearing, then the energy absorption is proportional 

ue he. square of the step peight (67). and. considerable energy — 

may be absorbed for steps that are greater than ~ 100A in height. 

The increases in cleavage surface energy that accompany step 

formation may cause cracks to move more slowly than they normally 

would under the same driving corce, (3) They may also cause them — 

to stop temporarily at regions of high screw dislocation density 

as Melankholin and rege ‘°8) have ‘observed. 

- Although isolated point defects (vacancies, impurities, 

etc.) appear to have little direct effect on crack propagation, 

it is evident that if they become aggregated they can have large 

effects. Mono-layers of them parallel to cleavage planes can 

be disastrous if the bonds between the point defects and the 

crystal are weaker than the normal crystal bonds. The effective ~ 

surface energy at such a region is lowered so crack propagation 

through the region is facilitated. Examples of this effect are- 

potassium sulfate which cannot be cleaved when it is pure, but) / 

cleaves readily if it contains internally adsorped dye molecules» 
f 

the effect of hydrogen on cleavage in vanadium; the effect 9 

oxygen on cleavage in tantalum; ‘’) and the effect of radiation 
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damage on LiF crystals which causes mono- layers of lithium to 

form along the cube planes thereby making the crystals very | 

iad 72). 

(3) Effects of plasticity Many complications are intro-. 

duced when the material in which a crack moves is plastic as 

well. as elastic. Perhaps the most important effect is that the 

shape of the: crack tip becomes changed by plastic deformation. 

It bécomes blunted, ‘and usually it also becomes jagged because | 

plastic deformation puts screw dislocations or twins in its 

path, ‘These. cause local deflections of the plane of cracking. 

Another factor which becomes important is time. ‘Plastic. flow 

requires time to occur, so the amount that can take place at a 

_erack tip depends on how fast the crack is moving. Finally,. 

because it puts defects into a crystal, plastic flow may reduce 

the cohesive strength of a crystal, and thereby weaken the ma- 

terial just in front of a crack, An extreme case of this occurs 

during the propagation of fatigue cracks. 

If plastic flow occurs, it can be expected to occur in 

front of a moving crack, rather than behind it, because the. 

concentrated stresses at a crack tip become negligible very 

quickly behind the point at which the atomic bonds are broken. (73) 

The concentrated stresses in front of a crack tip can cause | 

plastic flow not only by moving existing dislocations that 

happen to lie near the plane of the crack, but also through 

the motion of dislocations that are created at the crack tip 

itself. (74) Dislocation creation occurs at crack tips in a 
(66). variety of crystals. Twinning may also occur just in front 

of a moving es and this has been discussed by Bilby and 

Bullough. (75) 
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(a) Crack shape. changes The various features of 

. Spaveriake: that. make eracks jagged have. recen
tly been reviewed | 

by Low’! 76) So they will be considered only briefly here. The 

main defects which deflect cracks are screw dislocations and 

twins; The screw dislocations may be present initially in 

twist-type grain boundaries and in glide bands, or they may be 

created just ahead of the crack, and then cut through, Twins 

are sometimes weak along the plane of twinning, so if a twin > 

forms ahead of a crack, the crack may be deflected from the 

primary cleavage plane to the twin Rene as Berry’! 7) has shown 

in the case. of iron. Both, Gilman ° 0) and rriede1‘/* ) have con- 

cluded that these various roughening effects in themselves have 

only a small effect on. the energy required to propagate a crack, 

However, the. appearance of | fracture surfaces. that have been 

roughened | by. the above mechanisms are valuable. diagnostic Coola 

They give an indication of the initial structure of the material 

that has been cracked; of the type of deformation that preceded 

a crack; and some measure of the amount of deformation that 

occurred... ar | 

_ The major effect of plastic deformation on crack propagation 

is that it. blunts the profile of a crack. orowan ‘>> ) has pointed 

out that this reduces the stress concentration factor at the 

crack tip which greatly increases the amount, of applied stress 

that is needed. to make the concentrated stress exceed the co- 

| hesive strength of the material. bE a it is assumed that the ma- 

terial is ideally plastic, then a quantitative estimate can be 

made of the magnitude of this effect along lines suggested by 

Gilman and Frieder. ‘7®) The thing that is to be estimated 

is the effective fracture-surface energy in the presence of 

plastic flow in terms of the yield stress and the ideal cleavage 

surface energy. 

oy fie 

Consider Figure 35. On’the left is shown a crack of length 

2L and thickness 2h. The latter depends on the mR NES stress 

and. for plane stress, is given by (73) 

mee dots | ? 
he(z)b ee eM 

In order for the crack to RECREATE, hg Cateent yaad Shean 

o. - “at its Sica must exceed the cohesive Strength, o., of the 
Cc 

material. The stress concentration factor is " 2L/e' where Cc 

is the radius of curvature at the tip of the crack (1), so the 

concentrated stress is: 

O, = 201 L/c 

If Lis eliminated from this equation by using equation (12) 

a fracture eriterion is obtained in terms of c: 
aha | , | | a2 jaa 

(at fracture) - te i 

Inv other words che ratio ia the fracture Sureaee energy, Y, to 

the radius of curvature is constant for a given material. For 

elastic behavior, Y is the intrinsic surface energy, V5? and c 

is approximately an atomic radius, a. For plastic sehaviae, v 

will be increased to an effective value, 1p? by the plastic work 

that will accompany erack propagation. The. cohesive strength 

cand. elastic modulus. are. unaffected Py, plasticity SO. 

(15) 

Now an estimate will be made of the maximum value of y_ that 

can be expected; The greatest value that the applied stress 

= take. is. Gy because this will cause general yielding. This 

Stress is. sufficient to cause an elastic crack to open up to a 
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thickness, h = (o,/E)L. As may be seen at the right in Figure 

35, plastic relaxation of the concentrated stresses could then 

increase the radius of curvature at the crack tip to c = h as 

a maximum. The maximum value that L could have without having — 

a high probability that the crack will convert to the elastic 

wode of crack propagation is given by the Griffith condition; 

L = 2B, /TYO% SO: es 

eee | 
c=h “3 L = 28 

) | : : oo E 4 2 me # 

But, according to equation (9), 7,7 ne making c ~ 2Ea/r I 

Substituting into equation (15) above: 

Vp =e TS: (ey Ys = Vs , ee ce oy S °y 

where o. is the cohesive strength of the crystal. This equation 

shows that if the ratio of the cohesive strength to the yield 

stress is large, very large values of the effective fracture- 

surface energy can be obtained. Conversely, if the yield 

stress of a material approaches its cohesive strength, ¥, will 

equal Y, 80° only the intrinsic surface energy will provide re- 

sistance to crack propagation. It must be kept in mind, of 

course, that equation (16) is an upper limit; there are several 

factors that might make ua smaller than the value it indicates. 

However, the equation is in approximate agreement with the ex- 

perimental results _ Low $24) who obtained a value of + equal 

to 100,000 eras/cu* for steel with y. ~ 1000 ergs/cm* and 

Salta 100. 
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(b) Rate effects In a previous section it was 

shown that dislocations move through crystals in a viscous 

manner with a speed that depends on the magnitude of the applied 

stress (see Figure 12 especially). Therefore, the rate at which 

plastic flow can occur at a given level of stress is limited. 

Near the tip of a fast moving crack there may be insufficient 

time for plastic relaxation to occur even though the local stresses 

exceed the static yield stress. Then the dynamic yield stress 

must be used in equation (16) and this will reduce the value of % 

and hence the resistance to crack motion. 

The differences between dynamic and static yield stresses 

of crystals depends strongly on the type of crystal. ) For pure 

metals the difference is generally small so that many metal 

erystals are very resistant to crack propagation and insensitive 

to the rate of loading. For alloyed metal crystals, ionic 

_erystals, and especially for covalent crystals the difference — 

between the dynamic and static yield stress increases rapidly 

with increasing rate of loading. In extreme cases like germanium 

or silicon crystals, the dynamic yield stress equals or exceeds 

the cohesive strength at low temperatures so the only resistance 

to crack motion that is presented is that oF their | intrinsic 

surface energy. 

(c) Reduction of cohesive strength associated with 

plastic flow - Although the plastic flow that occurs near a 

crack tip tends to provide resistance to crack motion, it also 

introduces defects into the material which may reduce its co- 

hesive strength. It is fortunate that this latter effect is 

usually relatively small, but there is growing experimental 

evidence that it can have a dominating effect in certain types 
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of crystals. 

Some defects that are introduced by plastic flow are va-_ 

cancies, twin interfaces, and dislocations. Isolated vancancies 

probably have little effect on strength, but when they become 

aggregated into voids after cyclic straining, or large monotonic 

strains, they can cause weakening of crystals. 

appear to be weak in some crystals, especially those with di- 

This happens because atomic neighbors 

Twin interfaces 

rected chemical bonds. 

across a twin interface are arranged in such a way that bonds 

between them cannot be made at normal bond angles. Hence the 

bonds are weaker than normal. Dislocations cause weakening 

because the cohesion across their glide planes is isos than - 

across a perfect plane in a crystal. “ 

The decreased cohesion across ‘the glide plane of an edge | 

dislocation can be strikingly demonstrated with the aid of the 

bubble model of a erystal. If a bubble raft is stressed in | 

tension perpendicular to the glide plane of an edge dislocation 

a ih readily opens up. along, the glide plane’ as shown 
F, 

in it, 
‘. 

in Figure 36. 

The plide planes of dislocations are weak for two reasons. C, 

One is that at least the equivalent of one atomic bond is missing 1. 

at the center of an edge dislocation. A second is that, since 

the atoms of the crystal are sheared from their normal positions | 

at the center of the dislocation, they do not fit together with q 

their normal interplanar spacing in the direction penpendicular 

Therefore, a dilatation is produced in the 

The amount of the dilatation depends — 

on the crystal structure, and it acts ‘like a small ies —s 

to split the crystal open along the glide wilana, 

energy associated with a dilatational displacement, y; 

which is typically equal to the energy of one atomic bond. 

to the glide plane. 

perpendicular direction. — 
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TABLE I 

Highest Stren ths Attained by veroue Forms of Solids 

qe Of = Maximum 

_Observed Strang th. 
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LiF crystal. 
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Fig. 18 Multiplication of dislocations via a Frank-Read 

source... 

Fig. 20 Multiplication of dislocations via multiple ereee ede. 

Fig. 19 A Frank-Read source seen in plastically deformed 

silicon. Copper precipitates reveal the dislocation lines. 
_ &§ 
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(Courtesy of W.C. Dash). 400X | q | 
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Fig. 21 Dislocation multiplication in a Lif erve tal 

(after Gilman and Johnston): (a) dislocation half- 

loops at the surface; (b) same area aller erystal 

had been bent; glide steps pass through five Orne 

pairs of pits; (c) same area after light etch; 

showing many pits at each glide step. 
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SOME ENGINEERING APPLICATIONS OF THE 

ELECTROLYTIC FIELD-ANALYZER 

by 

H. Ke Farr chao We Ny Wileon 
Vember ALEE rae Member AIRE 

Int roduction 

Many of the problems encountered by the electrical engineer require for their so- 
lution the determination of votential fields. He iay wish to know the electrical 
stresses on the insulation in an apparatus, the a-c resistance of a group of conductors 
or the hot spot temperature on a transformer core. The mathematical solution to such 
problems is usually very arduous if not impossible. Direct measurements on conducting 
models, however, often provide answers quite rapidly and conveniently to even rather 

- complex problems. ; 7 

The electrolytic field-analyzer or electrolytic tank is a device for measuring by 
analogy the physical quantities representing conditions in materials subjected to 
electric, magnetic, thermal or other fields. Voltage and current are applied and 

measured around models consisting of conductors and insulators immersed in an electro- 

lyte. The principle is an old one familiar to many engineers. Special circuits and 
model techniques have, however, permitted its extension to problems for which this in- 
strument is not usually considered appropriate. 7 ete ie ois. 

It has been found possible, for example, to represent the flow of heat in a ma- 
terial whose conductivity changes with direction, by distorting the shape of the model. 
A tank of special shape has been devised for the study of the magnetic field around 
circular coils. (The tank used for axially symmetric electric fields is of different 
shape.) Under certain conditions the distribution of high frequency currents in con- 

ductors can be determined by setting up similar conductors in an electrolyte. A 
technique has also been worked out for the more difficult, low frequency condition, 
when it is necessary to connect capacitors in series with small electrodes to obtain the 

| correct current distribution. A guarded bridge circuit has been used to determine the 
| direct capacitance between any two conductors of a group by measurement of the re- 
| - gistance between electrodes of a model. These techniques have been applied by the 

authors during the past few years, in two industrial laboratories connected with the. 
design of electrical apparatus. The field plots and other data used to illustrate the 
discussion were obtained in the course of this work. | 

Table I summarizes the more important fields that may be studied by means of the 

electrolytic field-analyzer. The present paper is concerned mainly with field types 
one through four. All of these fields are governed by similar laws; but field number 

three, the flow of an electric current in a conducting mediun, is that of the electro= 

lytic field-analyzer itself. It is chosen to represent other fields because it is the 
Simplest to control and measure. : | 

ze Bee ee : SS fe 
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Practical considerations may impose limitations on the types of problems that can 
be solved by this method. Some symmetry may be required for electrostatic fields in 
composite dielectrics or for magnetic fields due to electric currents. Though usually 

applied to static fields, the instrument may handle certain dynamic problems if lumped 
impedance elements are connected externally to the modele 

Certain quantitative relations are needed to convert the data supplied by the 
field-analyzer into quantities which characterize the "initial" field. (It is con- 
venient to refer to the field of interest as the initial field and to its analogue in 
the field-analyzer as the model.) These relations are derived in the appendix, which 
discusses the model scale factors and which is intended to supply the necessary theo- 
retical justification for the model techniques presented heree > , < 

General Construction and Operation of the Electrolytic Field~Analyzer 

Although the general principles have been discussed by others, 1. 2, 3 they will 
‘be outlined briefly. The basic equipment, sketched in Fig. 1, comprises: (1) the 
electrolytic tank and model, (2) the external electric circuit, (3) a pantograph. The 
probe and bridge circuit measures the voltage at any point of the model with respect 
to some one fixed electrode. This voltage is conveniently expressed as @ percentage 
of the total applied to the model. With the bridge arms set at any desired ratio the 
corresponding equipotential line may be traced with the pantograph, by moving the 
probe from point to point where a balance is shown on the null indicator. Although 
some workers’ 9» © have constructed servo devices for automatic plotting, the labor 
of manual plotting with a pantograph may be much less than that of constructing a 
complicated model. 

Figure 2 shows the field analyzer equipment arranged with a vertical plotting 
board. By substituting different tanks for different problems, one may use either a 
deep tank, or a shallow tank with a bottom that may be flat, sloping, or of hyperbolic 
contoure | 

An alternating voltage of about 1000 cycles per second is supplied to the modele 
At lower frequencies errors may be caused by electrolytic films at the electrodes, 
whereas stray capacitances become troublesome at high frequencies. Because of its 
phase indication and rapid response a cathode ray oscilloscope makes a good null. 
indicator. aa | oo 

It is possible to use tap water (resistivity about 10,000 ohm cm) as the electro~ 
lyte. The electrodes, preferably copper, should be clean and the water renewed each 
day. - | is Z 

If it is desired to measure the resistance between two electrodes of the model, a 
third calibrated variable resistor may be connected in series with the electrodes so 
as to form a Wheatstone bridge. When the model requires a number of electrodes carrying 
specified currents, the electrodes may be connected to the generator circuit through 
individually variable series resistors. Also, one or more additional voltage dividers 
may be connected across the generator to maintain various electrodes at specified 
voltages. | | 

Models for Plotting Equipotential Lines in Electrostatic Fields 

The electrolytic field-analyzer is especially well suited to the study of electric | 
fields. In this connection it may be used to help in the design of insulation for high 
voltage equipment, / to predict stresses on dielectric materials under test or to 
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ge Ont For peas plots the model is constructed so that: 

ave e same shape and position as those in the initial st 

ee ee in the model has a conductivity which is everywhere Jaca chtdagh 
 pegeodabeeag ry ere besa medium. Because of the practical difficulty of e 

ain wi erent conductivities, the application of th lyti : . e electrol 
pein apt tara problems involving several dielectrics is usually restricted % etic 

) ant symmetry to permit the use of a cross sectional model in a shallow tank. 

Symmetry Considerations 

Geometries of two special types which le j | 7 ad to important si ifi j j 
oe ee those of "translational" and rotate Bate 
ee ae dhe Lack by a group of long, straight, parallel conductors like a three- 
ence 2 system of bus bars. Rotational symmetry is that of a figure of revo- 

e a high voltage bushing or a coaxial cable. For translational symmetry one 
uses a flat, shallow tank which represents a cross section of the initial structure. 

ee ae oe aise a wedge shaped segment of the initial 

- 1 up in a tank with a sloping bottom. T is of 
the "shore line" where the top and bottom surfaces of the Se et. aS eta 

If additional planes of symmet . ry are present, other porti 
eliminated and the model enlarged to permit greater eee: oo 

| Composite Dielectrics 

In the shallow tanks used for translational or rotational syinet er: it ie possible 
_to separate by special walls the liquids which represent various dielectrics. Fine, 
closely spaced, verti ing 
ndlating uaetperig cal, conducting, hair-pin paths carry the current over thin in- 

The results of this technique are illustrated in Fig. 3, an eau ae sential. plot of 
the field around a glass bushing used on large capacitors. Askarel, glass and air were 
represented by electrolytes of different conductivities in a sloping tank. 

With models of translational symmetry the conducting medium m i 
by the "conductance per square". This is the specific ee ec ccite 
multiplied by the depth, and is similar to the surface conductivity of a material. It 
is the conductance measured between two plane vertical electrodes extending eves a 
phages tay with vertical insulating sides and of width equal to the separation of 
ties et a may be determined by measuring the conductance between 
re ee, cylinders placed in the tank and multiplying by an appropriate 

For translational symmetry, it is sufficient that the conductance 
everywhere proportional to the dielectric constant. It is, therefore, a a 

represent different dielectrics by variations in the depth of a single electrolyte with 
a constant specific conductivity. Even a dielectric whose permittivity changes 
gradually and continuously from point to point may be represented in this way. ‘here 
it changes abruptly, however, a line of vertical conducting pins should be placed along 
the edge of the step. Otherwise the step will distort the current pattern and cause a 

spurious voltage drop. When this technique is used in the sloping tank, the angle of 
sloze is everywhere proportional to the dielectric constant; the change in depth at a 
boundary of the dielectric is the same as in a flat tank. | 

ace | -h= 

Capacitance Determination 

The capacitance between two electrodes of the initial structure may be determined 

from a measurement of the resistance between corresponding electrodes of the model. For 

translational symmetry, the capacitance between two parallel conductors, per unit length 

of one of the conductors, is € /oOR where R is the resistance of the model, @ is the 

conductance per square of the electrolyte and € is the permittivity (inductive capacity) 

of the initial medium. This relation is developed in the appendix. If R and o are in 

ohms and mhos and € is in rationalized MKS units, the resulting capacitance is ex- 

pressed in farads per meter of conductor length. 

If there are more than two conductors, the direct capacitance between any two (also 

called "partial" capacitance) may be determined from an electrolytic model using a 

guarded resistance bridge. This circuit is show in Fig. 4,connected so as to determine 

the capacitance between electrodes A and B. Electrode G in this diagram represents all 

the other conductors in the problem. The resistance Rap is the partial resistance be- 

tween electrodes A and B. With the null detector connected to B one adjusts R, so as to 

bring B and G to the same potential. The null detector is then switched over to the 

voltage divider (R, and R ) which is also adjusted for a null reading. Then Rap * 

RyR3/Ro and the soxmaepunting capacitance is € /o Rape 

Electrostatic Flux Plotting 

By the methods already described, one plots equipotential lines of a model which 

correspond to equipotential lines of the initial electrostatic problem. For problems 

of translational symmetry, it is possible to construct a model whose equipotential lines 

correspond to flux lines of the initial problem. In such a model, insulators are used 

to represent conductors of the {nitial problem and the conductance per square of the 

electrolyte is made inversely proportional to the dielectric constant. Electrodes of | 

the model are constructed to follow certain flux lines of the initial field. This is 

known as the conjugate or orthogonal method. | | 

Figure 5 is a plot? made from electrolytic models showing both equipotential lines 

and flux lines about a gas inclusion in porcelain near the porcelain surface. Because 

this problem was set up in the flat tank, the gas inclusion was represented as a cylin- 

der. This approximates an actual inclusion which would be roughly sphericale 

Magnetic Fields at High Frequencies 

The most convenient method for plotting magnetic fields produced by electric cur- 

rents is that which represents the initial magnetic flux lines as potential lines of .. 

the model: that is, the orthogonal representation! . The most tractable fields are 

those of translational symmetry at frequencies high enough so that currents flow only 

on the conductor surfaces (skin effect) but not so high that displaceme nt currents are 

significant. For such fields, each conductor in the initial problem is accurately 

represented by a solid conductor of the same cross sectional shape in the model. thes 

current supplied by the external circuit to each conductor in the model is adjusted so 

as to be proportional to the total current flowing along the corresponding conductor of 

the initial problem. The distribution of current density over each conductor surface is 

then found to be the same in the model as in the initial structure. (The direction of 

this current is, of course, normal to the conductor surface in the model but along the 

surface in the initial problem.) Magnetic fields due to short pulse or transient cur- 

rents may also be represented in this way. At any frequency it is correct to choose — 

sely proportional to 

tic materials of very the conductance @ of the electrolyte 30 as to be everywhere inver 

the magnetic permeability ss of the initial structure. Ferromagne 

high permeability may often be represented as insulators. 
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If two long, parallel conductors are connected together at one end, the self in- ductance of the loop per unit length of one conductor is | le a Ris the resist 
imi 

measured between corresponding conductors of the model. lar expressions may be o tained for the mutual inductance or the leakage inductance among several conductors, 

Figure 6 shows the magnetic flux distribution in a portion of the winding of a pulse transformer, plotted by the orthogonal method. Conductor (1) was in the low voltage winding and all others were in the high voltage winding. The same model: with different connections was used to measure leakage inductance, interwinding capacitance and electric field intensities, ? | | 

Quantitative Relations Between Model and Prototype 

Table II exhibits the correspondence between pairs of quantities which charac- terize electrostatic or magnetic fields of translational Symmetry and their electro- lytic models. Similar relations hold for fields of rotational symmetry and, in the case of electrostatics, for fields without Symmetry. Their derivation is sketched in 
the appendix. The expressions already given for capacitance and inductance follow from entries 3 and & of the table, — 

| 

Flux Fields of Rotational Symmetry 

1t is possible to represent magnetic fields of rotational symaetry by the ortho- In regions where the permeability is constant, the depth of the tank 

everywhere essentially horizontal. 
of interest is not too close to the deep part of the tank near the axis where the depth changes rapidly. A conducting surface is placed near the axis to replace the portion of the tank where the depth would otherwise become infinite and may be used as the re- turn circuit for the currents supplied to the conductors representing the winding. 

A tank of the same shape may be used for flux plotting in electrostatic fields of rotational symmetry. | 

Magnetic Fields at Low Frequencies: 

| At frequencies below those at which skin effect predominates, the currents in the initial problem are distributed over the cross section of each conductor, It may then be necessary to use special methods to insure that the currents introduced into the model from the external circuit are correctly distributed and have the proper phase at each pointe ae 
coer | 

At very low frequencies the currents are distributed over the cross section of an initial conductor uniformly and in phase. In the model the corresponding conductor, which would be solid in a high frequency problem, is now broken up into an array of uniformly spaced vertical pins or small electrodes distributed over the area representing the cross section of the initial conductor. Equal current is supplied to each small electrode from an individual, variable, series resistor which is adjusted by trial and errore An alternative is the use of fixed series resistors of very high resistance, The number of electrodes which should be used to represent a given conductor (that is, the extent to which the subdivision should be carried) will depend on the size of the initial conductor and on the accuracy required. Karasevt uses a block of resistance material which makes contact with the surface of the electrolyte. @ | 

| apportioned to that particular electrode. 

The change in depth must be sufficiently gradual so that current flow is. 

@ At intermediate frequencies the conductor is subdivided in the same way. Instead of a resistor, however, one connects in series with each small electrode a Capacitance equal to fs be o / fm tT where T is the d-c resistance per unit length of the conductor or portion of a conductor in the initial problem corresponding to the area of the model 

| 
: 

| The frequencies f; and f,, are those of the initial problem and model respectively. The drop in the Capacitor corresponds to the - resistive drop in the initial problem and the drop in the electrolyte to the inductive _ voltage drop. In principle, the representation may be made exact provided a suffi- ciently large number of very small electrodes are used. 

Figure 7 illustrates a model of this kind which was used in a problem of bus bar design. As the initial structure was symmetrical about two perpendicular planes, the model comprised only one quadrant of the cross section. One Symmetry plane divided two ' -groups of buses carrying opposing currents. In the model this plane was replaced by a conducting wall. The other Symmetry plane, which bisected each bus bar, was replaced by an insulating wall. In this way, one half of the bus bars were eliminated completely and, of the remaining four bars, one half of each was included in the model. | electrodes occupied an area corresponding to one half of the cross section of a bus bar | each electrode represented one quarter of a complete bus bar. An external resistor was also connected in series with each electrode to represent approximately the internal inductive effects for that portion of the conductor: that is, the drop that should occur in the electrolyte replaced by the conductor, Current from one generator terminal _ flows through the capacitors and resistors to the various electrodes, then through the | electrolyte to the conducting wall of the tank, and back to the generator. 7 

A measurement of the voltage at 

| 

| No equipotential plot is necessary for this test. 
© electrode allows a determination of the I*R loss in the corresponding portion of | t@@bus bar. a The total power loss for each bar is shown in Table III, for a power fre- | quency of f; = 60 cycles per second. 

_ nonuniform. 
The current distribution is evidently very 

| 

| : : Resistive Current Flow 

| For problems involving the flow of electric current through a medium obeying Ohmte law, the correspondence with the electrolytic model is not by an analogy but is direct. Regions in the initial problem which differ in conductivity are represented by electro- lytes of proportional conductivity. | 

Figure 8, for example, shows the potential field throughout one of a pair of con- tacts in a circuit breaker. Each contact consists of an arc-resistant alloy plate brazed to a copper backing. This plot was made to show the effect of an incomplete braze. The alloy and the copper backing were represented in the model by electrolytes of different conductivities. | ts 

Steady State Conductive Heat Flow in an 
Anisotropic Medium with Distributed Sources 

The field analyzer is also well suited to the solution of problems in the conduc tive, steady~state flow of heat. Voltage in the model corresponds to temperature T and current density to heat flow h in watts/inch. | 

Figure 9 is a temperature plot representing conditions in a transformer core. BY » taking advantage of the translational Symmetry and of the two planes of mirror symmetry in the core, the model may be set up in a flat shallow tank covering an area corres- 
| Po ang to one quarter of the core cross section. The model presents several unusual 
‘pr « Corresponding to the fact that heat is generated uniformly throughout the 

| 
} 

| 

| 
i 

: core, current is introduced into the model through an array of vertical pins, uniformly 

i 
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spaced. One terminal of the generator is connected to these pins through series re- 

sistors which apportion equal currents to each pin. The heat conductivity (which 

corresponds to the electrical conductivity of the electrolyte) is higher along the 

laminations than across them. This situation is accurately represented by "stretching" 

the model in the direction perpendicular to the laminations by an amount equal to the 

square root of the ratio of the heat conductivities in the two directions. In the oil 

around the outside of the core, there is an abrupt temperature drop from the metal sur- 

face temperature to the constant temperature of the main body of oil. To represent 

this condition, small electrodes are placed along the two sides of the tank corres 

ponding to the metal-oil boundary. Each of these electrodes is connected through a 

series resistor to the. other terminal of the generator. The voltage at this terminal 

represents the temperature of the ambient oil and the drop in the resistors, the temper- 

ature drop at the metal surface. These resistors are adjusted by trial and error in 

accordance with known laws of heat convection in oil. Thus, current flows from one 

generator terminal through resistors to pins distributed throughout the tank, through 

the electrolyte to the electrodes along the tank wall, then through other resistors to 

the other generator terminal. | | | 

| | | | Conclusions 

| The electrolytic field-analyzer can supply answers to 4 surprising range of prob- 

lems. It may be used not only to map fields, but to provide numerical values of such 

quantities as inductance, capacitance and a-c resistance. Although the accuracy may be 

poor for unfavorable geometries, it can be made quite satisfactory in many practical 

problems by observing certain precautions. A careful study of the theory of fields and 

models Will often allow the application of the instrument to be extended to unusual 

problems: by using special models or external circuits. Experience with the electrolytic 

field-analyzer leads to an intuitive grasp of the analogies between fields of different 

types, which is very helpful in visualizing particular problems even when the instru- 

ment is not directly employed. The cost of assembling the basic equipment is low enough 

to be offset by the successful solution of even one or two important problems. | 

Appendix: Mathematical Theory 

The following analysis is made in terms of the rationalized MKS system of electro- 

magnetic units. 
Ele ctrostatic Fields 

The potential @ in an electrostatic field is determined by the equation 

yvevp a ay 
where m is the charge density and € is the permittivity. Ina linear electrolyte, the 

voltage V satisfies the equation ; | | 

= | VeyVV = =P (2) 

where y is the conductivity and P is the density of the current which is introduced 

into the electrolyte from an external circuit, measured per unit volume of the electro- 

lyte. It is clear that V and d will be everywhere the same if the source densities P 

and m and medium constants Y and € are respectively equal at all points. Equation 

2) Involves four quantities P,.V, Y and length, the last entering through the vector 

eit V. Three of these quantities can be scaled up or down at will; the remaining 

quantity will then bear a fixed ratio to its analogue in equation (1). Suppose scale 

factors a, b and k, are chosen for length, potential and medium properties. Then 

Vin = aV; | (3) 

d = vv (A) 

e= kor | 25) 

e 

}) 

-8= 

The subscripts i and m refer respectively to the initial field and to the model. Com- 
bining equations (1) through (5) results in the relation 

| Poe Se | (6) 

for the source density scale factor. 

Seale factors for other quantities are readily found from those already known 
Thus for the field gradients EF and F of the initial and model field, _ : 

B= -Va gd = -BVw = 2 fF. (7) a a ~ 7 | 
Also 3 

b : b : 
D=eR=—YF = J (8) 

a FER a ~ ; 7 

where D is the initial electrostatic displacement and J is the eupcent density per unit 
area in the model. The total charge on a conductor of the initial problem is 

Q - ff dA, = Kaba [fa dA, = k bal | = (9) 

where I is the total current supplied from the external circuit to a conductor of the 
model. The integrals are taken over the conductor surface areas A; and A, which are in 

the ratio a“. The capacitance between two electrodes is_ nag : cae 

C°- = Q = ka At = oe fe) $ 08 = e (10) 

where R is the resistance measured between electrodes of the model. When symmetry » 
allows the elimination of certain portions of the initial structure, quantities like 
Q or C in the above equations apply only to the portion of the initial structure which 
is actually included in the model. | : , 

In the flat tank the current flows parallel to the surface of the electrolyte. 
If h is the depth of the electrolyte, one can define a current density 

xe hy (12) 

amperes per unit length of the electrolyte surface. Then V-i = p where p is the 
current introduced from the external circuit per unit area of the electrolyte surface. 

It follows that | | : - 

V.o VV = =p 2 ee). 

where | ee | ; 

o= hy EAD) 

is the conductance per square of the electrolyte. If a new scale factor k = Ko/h is | 

used for translational symmetry, then 3 a7. 

€= ko. | (14) 

The scale factors a and b remain the same. The relations in Table II for electrostatic 

quantities are derived by using equations (6) through (11) or by modifying their 
derivation and by the use of the relationi =o F. | | 



| Here Vv depends only on x and y and V operates only in these coordinates. Comparison 

0s | 

Magnetic Fields of Translational Symnetry 

The magnetic fields considered here are those due to electric currents, not in=- 
cluding displacement currents. It will be assumed that the materials are linear. 
The flux density B and the'field intensity H are then related by B = #tH where 
depends on’ position but not on H. If Bis derived fran a vector potential 4 then, 

Vx 7-V x A = y (15) 
where y is the current density. For translational symmetry, derivatives with respect 
to 2 are zero, y is parallel to the z-axis and equation (15) reduceg to A, = Ay = 0 
and A, = where | | | 

1 
V-=—-Vw. = -u. zy 

of equations (12) and (16) shows that this field may be represented in a flat tank if 

aT 2 sid e (17) 

Then, since w= bv, (18) 

u = Kb», (19) 
an 

Since B = Vx 4, it follows that By = 3 /oy, By a = be / dx, and B, = O. 
That is, Vw and 2 are at right angles but are equal in magnitude. Hence, magnetic 
flux lines coincide with equipotential lines of WY and V. The value of W at any point 
is equal to the total flux crossing a surface which is parallel to the z axis, is of 
unit length in the z direction, and intersects the x~y plane along any curve which ex~ 
tends from the point where is measured to the reference point where has the value 
zero. For an a-c magnetic field of angular frequency W the voltage per unit length 
induced along a path parallel to the z-axis is— | 

B= joy 
measured with respect to a reference conductor for which W = 
Item four in Table II follows from the fact that B =IVWl 

Os (iere, j = v-ly 
and VW = (b/a)F. The 

other relations in that table are found by methods similar to those used for the elec- 
trostatic Case. 

At high frequencies, of course, in the space adjacent to the conductor, gis 
parallel to the conductor surface. This surface is, therefore, an equipotential sur- 
face for v and for V. It is then correct to represent conductors in the initial 
problem by conductors in the model. At low frequencies this is not necessarily true. 

Electrostatic Flux Plotting 

In simply-connected charge-free regions, J can be derived from a vector potential. 
Then for translational symmetry, 

1 
Vi>Vyp Bee, (21) 

where now represents the electrostatic flux function. The above restriction re- 
quires chat the model be constructed so that the electrolyte does not completely en- 
close any region representing a conductor of the initial structure. as 

(16) 

(20) 

~10= 

2s € ane Magnetic Fields of Rotational Symmetry 

Ss 

« 

_ voltage rather than to the current. 

In magnetic fields of rotational symuetry equation (15) may be expanded in cy= 
lindrical coordinates. The current & has components in only the § direction and 9 

derivatives of the A components are zero. This leads to A, = A, = O and 

3 qT -- OtrAG) ) 1 OPA, ds: is 
oe lpr de | * Sl ge er | te Sand 

where r is the distance from the axis. This time let 

(23) 

Then equation (22) reduces to - 

Oe ae on) vay = -u (24) 

where V7 operates in the variables r and z as though they were the rectangular } 
coordinates x and ye | | 

_ Comparison of equations (12) and (24) shows that the field is accurately repre- 
sented in a shallow tank provided the current densities are represented in the same 

manner as for translational symmetry and the conductivity per square of the electro~ 
_ dlyte varies as | | | | 

@ ie 
L 

seein (25) 
Kp : 

where k, is a constant. From equation (13) it is seen that the depth varies as 

h eta. ce aay * Qe Wee 
ky yer 

If a uniform electrolyte is used to represent a region of constant permeability p 
then h must be made proportional to 1/r and the tank cross section will be a hyperbola. 

From the foregoing analysis, relations similar to those in Table II may be ob= 
tained for rotational symmetry. | | 

Low Frequency Magnetic Fields 

_ At low frequencies one may not know the current density u. Equation (16) must, 
then, be replaced by one which relates the magnetic flux function ,) to the applied 

Only translational symmetry will be considered. 
The géneral equation for the electric gradient Ein the initial magnetic field, e 

| VXE = -jJwVXA, (27) 
is expanded in rectangular components. This leads to three differential equations 
that are satisfied by , : 

: E,-a@ + jww = 0. (28) 
' 
Y 
Q 
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lere @ is a potential such that ¢ = zVa_ where g comprises the x and y canponents 

of &E. All quantities in this equation are independent of z. Over the cross section 
of a conductor the potential @ is equal to a constant value @, which represents the 
applied voltage per unit length in the z direction. The induced voltage is, as was 

already pointed out, = jwW. Finally, E, inside a conductor is the resistive 
ee per unit length. If p is the resistivity of the conductor, equation (16) leads 
O 

: 

BT PMs = pV Wy, ae 
| The combination of equations (20), (28), and (29) results in , 

Po yive = c Bay 
B+ J Wi V m VB a, (30) 

inside a conductor. Outside a conductor this reduces to 

se i | 
Vii VB 0. (31) 

In order to represent equations (30) and (31) by an electrolytic model B will be 
associated with the voltage V of the model. (On account of equation (20) this is | 

similar to the procedure adopted for high frequencies when y was associated with V)e 

The region of the model which is to represent a conductor is broken up into a number 

_ of small areas into each of which current is introduced through a separate series 

_ capacitor Ch from a common source of voltage V,. These capacitances are chosen so that 

Cy, = Cy A, where A, is the area apportioned to the corresponding electrode and c, is 

a constant. Then | 7 | 

fe) 
Jeo Mn 

which, when combined with equation (12), becomes 
ay | | | 

VA Se ee eal | (33) 

This is satisfied by V in the region of current sources. In the remainder of the 

model 3 | 

In order for equations (30) and (33) to be equivalent, the model conductivity must 
satisfy equation (17) and the capacities and frequencies must satisfy the relation, 

ke, Wn ic rage® 3 LS (35) 

The last equation is equivalent to 
WO. Lo : i eo a te (36) 
Ont / - 

where fT is the d-c resistance per unit length of the conductor or section of a con= 

ductor in the initial device which corresponds to cin the model. 

equations, 

ele 

he relations given in Table II for magnetic quantities remain unchanged. In the 

case of item eight, however, Ris to be interpreted as the equivalent series resistance 

of the model measured at the generator terminals so as to include the series capaci~ 

tances with the model. The resultant & will then be the equivalent series inductance — 

per unit length. If © 4g the effective series capacitance of the model, the a=-c re- 

sistance of the corresponding conductor in the initial device is ux / (kw C) per meter. 

Heat Flow in an Anisotropic Medium . 

If the coordinate axes are chosen to coincide with the principal axes of the ma- 

terial, the heat flow h in watts/inch2 and the temperature T are related by the 

or ys (37) Q 
hy, = BS ay gt hy = OS a wage “8S 

tiviti If heat is 
where and g_ are the heat conductivities along the x, y and Z axeSe ‘i 

being ex’ erkted at a rate of w watts/inch? throughout the material, then Veh $7 Mees 

Hence, if the conductivity is the same at all points (medium homogeneous put anisotropic), 

Be yg OS 8 4 pg OLD oe. (38) 

oa or ae eg | 

Suppose the model to be scaled so that 

a ee - ,/% — - {8 (39) 
i= an 9 y Ym» om . 

x z i z m i Z | 

where Bo is a constant. Then, in terms of the model coordinates, equation (38) becomes 

simply | 

g, Viq = =—We : : (40) 

j form. ‘The voltage 
For a uniform electrolyte ( Y= conste) equation (2) has this same fo1 

distribution in the model, therefore, represents the temperature distribution provided 

that currents P are introduced into the model proportional to the rate of heat 

generation. | 

This principle may, of course, be applied to other fields such as electric or 

magnetic fields involving anisotropy in the permittivity or the permeability. 
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FIELDS WHICH KAY BE STUDIED BY : 6 @ REFERENCES | | few ctae MEANS OF THE ELECTROLYTIC FIELD-ANALYZER 

| 1. Electromagnetic Fields, Theory and Application, Vol. J Mapping Of Fields, 
Ernst Weber, John Wiley & Sons, New York, 1950. 

| 
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| 

3 
FIELD TYPE — POUVENTIAL. ag) REC ey EXAMPLES. 

2. Methods of Plotting Electrostatic Fields, P. &, Green, Jr., Engineering Rea ea Wages caer EN ASS PHS 5, tee ee fc School Bulletin, North Carolina State College, Raleigh, North Carolina, Bulletin 
| | No. 45, June, 1949, 35-42. 

| | | le. Electrostatic Voltage Electrostatic Electrical stresses | | | | | | : flux | about a bushing or 3- Electron Optics and the Electron Microscope, New York, John Wiley and Sons, 
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TABLE II 

ANALOGOUS QUANTITIES FOR 
FIMIDS OF TRANSLATIONAL SYMMETRY 

Magnetic Field 
Orthogonal 

Representation 

Flectrostatic Field 

Direct Representation 

Length and coordi- _ 
nates of position 

unit 
2 Voltage Voltage Ww ae 

3 Permittivity : € o9 Conductance L/p Reciprocal 

| per square of the 

| permeability 

4, Field Intensity % F Field intensity Flux density 

) | ield 
| i D i Current density H Field 

deren 
per unit length intensity 

6 Charge (or flux) q I Total current Total current 

per unit length , 

; e : - 
a 

| j p Density of cur- u Curren 

: prancieer eed rent sources density per 

per unit area unit area 

8 Reciprocal of ca- i/e Resistance f eso 

pacitance per 
: 

unit length 
lengt 

9 | %quipotential Equipotential Flux lines 

lines lines 

. i i er : ale factor times the 
magnetic or electrostatic quantity is equal to the scal : 

ee ae quantity for the model when expressed in Ba aig sc sama oes 

and i are in the same direction as — and PD but at right angles ee He 

scale factors a, b and k are independent and may be chosen arbitrarily. 

TABLE III 

CURRENT DISTRIBUTION DETERMINED BY THE 
a 

An OTN 

FIELD ANALYZER FOR TH: BUS SYSTEM OF FIG. 7 

Percent of Total IR 

Bar Noe Loss in Bach Bar : 

1 9-6 : 

2 10.2 | + 

3 38.2 

L, 48.0 

= 5 

¢ 

GENERATOR t 

90% 

7, 
Pa Zs 

PLOTTING BOARD : 
~. 100% 

Figure 1. lHlements of the Electrolytic 
Field-Analyzer. The model consists of 
tank, electrolyte and the electrodes A Jo field-analyzer. 
and B. ae 

indicated as a percentage 
applied voltage. 

Figure 2. Equipment for field analysis 

XZ YE 

2 cs ET eee | aN a anes 
\ 40% -\ : 

: 50% : , . : 

PL-3280C 

Figure 3. Potential field of a glass 
_ bushing obtained with the electrolytic 

The contours are equi- 
potential lines with the voltage of each 

of the total 



WALL 

ELECTROLYTE 

CONDUCTENG 

LIN LOND LA ONE MAA PCE ALTA 

LINES 

i ELECTRODES 
< } 

3 

© ; ! 
za 7 : 

a » i 

° < : | 
<q 4 : 
x > 
uw w" . 
za z , . : ; 
Ww. — : 

od ; ' 

', ‘ ‘ : : 
EQUIPOTENTIAL 5 

4 

| AIR ‘Te 

distribution of current flowing under the 
influence of resistance and magnetic 
induction. | 

PORCELAIN 

| | : : 

Figure 7. Model of a system of parallel 
| e | | bus bars for the determination of the 

es ae : 

Figure 4 Guarded bridge circuit used Figure 5. The electrostatic field 
with an electrolytic model for the de- about a gas inclusion in porcelain near 
termination of the partial capacitance oil. Different models were used for the 
between electrodes A and B. . twotypes of lines. 
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Figure 8. Voltage field produced by 
current flowing in a circuit—breaker 
contact assembly. The contours are equi- 
potentials taken at intervals of one or 
five percent of the total voltage applied 
to the model. The complete asgembly in- 
cludes two identical contacts of which only 
one is shown, and which make contact along 
the 100% equipotential Jine. The in- 
sulating barrier in the model represents an 
incomplete braze. Values of indicate 

resistivity. Electrodes in the model were 
along the O and 100% equipotentials. 

Figure 6. Magnetic flux lines in a 
portion of a pulse transformer winding. 
An uncircled number denotes flux link- 
age with respect to conductor number one. 
As very little flux penetrates a con- 
ductor under pulse conditions, this num- 
ber is constant for each conductor. 
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Among the many  glectrical tests used to evaluate the quality 

¢ electrical insulating materials, dielectric strength is probably 

the ‘oldest and still most commonly used. It would be hard to find 

a oroducer or user of any quantity of insulating materials who is — 

not equipped with some sort of dielectric strength testing equipment 

in either laboratory or factory. 7 

: 4 Unfortunately, there are many variables which affect the results 

obtained in dielectric strength tests and unless the test methods 

are standardized, results obtained on various equipments are not 

% a...’ Among the variables to be considered is the rate at 

_ which the test voltage is inereasede | 

oe “Until recently only two dielectric strength test methods 
were specified by the American Society for Testing Materials. 

The first, called the Short-Time Test, requires the voltage to 
be increased at the rate of 500 to 1000 volts per second in the 
ease of solid insulations and 3000 volts per second in the case 
of liquid insulations. The second method, called the Step-by= 
_ Step Test, requires the voltage to be increased in steps with © 
a pee ESP to be held for a ‘specified ‘bear of time. 

a “While the variation in the specified rates of rise is not. | 
oa large, difficulties were often encountered in meeting the speci- 
@ fications to the required twenty five percent accuracy. 

- In 198, Ae Se. To M. proposed a third test method designated © 
_ as the Slow Rate of Rise. This method, designed to replace the — 
pe rather laborious Step-by-Step test, calls for rates of rise in the 
order of 13, 25 and 50 volts per second. These additional rates 
a : ‘Breatly complicate the problem of voltage controle 

a Prior to 1948, the usual method of speed control had been 
to adjust the armature and field voltage supplied to a direct | 
ss current motor. This required a direct current supply, in addition 
to the alternating current supply required for testing, which was 

Often difficult to obtain. With the advent of the new specifications 
this method was no longer satisfactory since the apo range required 
f° Was: ‘too great for bee type of hi rho a a | 

In reviewing wetinas of sUis tains the necessary speed control 
a the General Electric Thymotrol system stood out as having many 
i advantages for this application. Accordingly, a controi system 
i for dielectric strength testing was designed around the Thymotrole 

The prototype of this ey even has been in daily use with an excellent 
service Feen dx, 3 : 
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poi 
The heart of the Adjustable Rate of Rise Control System is 

the General Electric Thymotrol. This electronic motor drive is 
particularly ees for this viilaaricclts apes the following 
reasons 3 

1. The 5 avite soetates from the alternating current linese 

2e ‘The moter operates at a pre-set speed regardless of 

lead as long as the rating is not exceededs 

3. The armature current is automatically limited to a 
safe value. This allows abrupt changes in speed, 
load a direction without damage to the motors 

hee Speed is controlled by a single small potentiometer’. 

Small Thymotrol drives may be obtained with speed ranges of 

twenty or fifty to one. In some special cases either of these 

ranges may be sufficient for dielectric strength sets, but in. 
most instances speed ratios of at least two hundred.and fifty 
to one are necessary. To secure this extended range some means 
of mechanical speed changing is necessary. Since it is desireable 

to shift speed ranges quickly and automatically, manually operated 

enraged such as gearshifts are not satisfactory. 

The niethod adopted in the ‘oe dat equipment is te use two 
motors, each driving one of the input shafts of a differential 
gear unit through a speed reducer (Fige 1). The ratio of one 
‘speed reducer is made greater than the other by a factor equal _ 
to, or less than, the speed range of the Thymotrol drive. The © 
motors are equipped with magnetic brakes to lock the section 
of the drive not in use. The cage of the differential is belted — 
to the shaft of the voltage regulator. The overall speed range 
obtainable with this system is as great as Ease hundred 

tO ONnee 

“While it is more expensive, the induction voltage regulator 
was chosen as the voltage controller in preference to the variable 
ratio autotransformer because of its reliability and smooth, step= 

less output. The surges occuring each time a test sample fails | 
result in pitting of the winding beneath the brush of an autotrans= 
former. Eventually this pitting causes poor contact and erratic 
voltage output. Since there are no sliding contacts ati induction — 

voltage Chena these surges do no damages 

par: BAM 



GENERAL ELECTRIC COMPANY 
TECHNICAL INFORMATION SERIES — 

— DFS2GLLL7 

The anitater is equipped vai th Limit auvbaaai: to stop the drive 
when the maximum or ndndrum voltage points are reached 

ieee The motor drive and regulator are built as a unit (Figs 2) 

and since there are no gears to shift or other manual operations | 

to perform, this portion of the ses aan seo may be pegsiaed og acl in any 

convenient location. 

The operating deutreis meters and the electronic portion 

of the drive are contained in a floor mounting cabinet (Fig.3). 

In the case of equipment having a rating greater than S KeVole 

wae 4 the contactors in the main power circuit and the overload relays | 

ave - mounted externally. | 

Above the operating controls are the voltmeters which ine 

ab a 4 dicate the test voltage, voltmeter selector switch and the pilot 

lamps which show the position of the meee ee and indicate 

- other operating conditions. : 

me A desk is provided on the front of the soairel cabinet for 

the use of the operator in recording test results. Directly 

| i | above the desk are the main operating controls. These consist 

of the speed control potentiometer, switches for speed range, 

transformer selection, marmal or automatic rundowm, a master 

 ¢ontrol switch and pushbuttons for starting and atopy ine the 
= test voltage and controlling the motor drives 

| Below the desk are switches for turning the co ntrol power 

on and off and selecting the proper overload relay. Also located 

below the desk are several sets of binding posts for use in 

 gonnecting recording voltmeters to the voltmeter coils of the 
ir anal transformers when the set is operating unattendede 

In addition to the variable rate of rise, several other 

features have been incorporated in the control circuits which 

simplify the work of the operator and speed up the op eration of 

the equipment > — 

As Gent ianed i Geusis. the. taynetrel drive permits quick 
reversal of the motor without damage. Taking advantage of this — 
feature, the drive is arranged so that when the sample fails the 

- overload relays instantaneously renove the test voltage and at 
the same time automatically reverse the drive and return the 

> 
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- pegulator to the zero voltage position at maximum speed. When 
the slow speed section of the drive is being used, the relaying 
system shifts over to the high speed drive automatically on the 
return. If it is desired to have the drive stop at the point 

switch on the operating panel. 

Power is supplied to the primary of the testing transformer 
and: to the driving motors through contactors operated by a 
series of pushbuttons. The contactors are equipped with holding 

contacts and the pushbuttons may be released after any operation 
‘has been started. The operation will continue until a stop 

button is depressed or the operation is halted by one of the 
elements in the set such as an overload relay or limit switch. 

Jog buttons are provided for use when the voltage must be "inched" 
up or down to some particular value. The use of the job buttons 

disconnects the holding contacts on the raise and lower contactors 
and the operation of the drive ceases as soon as the button is — 
—s— releasede | | 

The motor drive operates at the preset speed in the forward © 
or raise direction and when jogging in either direction. When 

the "lower® button is depressed, the drive operates at maximum 
+ speedo”. 

_ The individual pushbuttons are provided for use when step 
by step or voltage endurance tests are being made. A master 

_ operating switch is provided for Short Time and Slow Ratew-of= 
Rise tests. This switch parallels the operation of several push 

buttons. Turning the switch momentarily to the "start" position 
}  ~— Gloses the power supply contactors and at the same time starts the 

_  4Pive in the "raise" direction at the preset speede Turning the 
Master switch to "clear" opens the power supply contactors and 
reverses the drive to "lower" at the maximum speedo 

A time meter is included in the set so that the life of test 
samples may be measured when the set is left running unattended 
while voltage endurance tests are being rune — 

SAFETY 

The equipment is arranged to meet general safety requirements. 
Power is supplied to the high voltage testing transformers through 
two contactors, the main poles of which are connected in series. 
Should either contactor jam in the closed position the other will 

. ‘ 
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 snterupt the circuit. Secondary contacts of each contactor are 

connected in parallel and the power to operate the warning lights 

fed through the parallel circuit. In the case a contactor should 
sam closed the warning lights will then remain lighted. Provision 

«ig made for connection of an external safety gate circuit which 

—swill interupt the power to the operating coils of the contactors 

in the transformer primary should the gates of the testing enclosure 
be opened. — 

Fhe motor drive is arranged so that it will not operate in 
the “raise” direction umless the power supply contactors are closede 

fea, The drive will operate in the "lower" direction regardless of the 

position of the power supply contactors. | | 7 
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#- MOTOR DRIVE UNIT OF ADJUSTABLE RATE OF RISE CONTROL SYSTEM PIG. 2 
FOR DIELECTRIC STRENGTH TESTING 
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FIG. 3 = CONTROL CABINET OF ADJUSTABLE RATE OF RISE CONTROL SYSTEM 

| FOR DIELECTRIC STRENGTH TESTING 
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