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MECHANICAL-ELECTRICAL STRESS STUDIES OF
PORCELAIN INSULATOR BODIES

I. INTRODUCTION

1. Object and Scope of Investigation.*-The investigation reported
in this bulletin pertains to a portion of the problem studied under a
research on porcelain insulators conducted by the Engineering Experi-
ment Station of the University of Illinois in coiperation with the
Utilities Research Commission of Chicago.

The object of the investigation was to determine the relation and
correlation between the electrical and mechanical properties of porce-
lain bodies furnished by manufacturers of high voltage insulators and
of similar bodies produced under laboratory conditions. The investi-
gation did not attempt an absolute quantitative study of the various
bodies, but rather a comparative study, determining general tendencies.

Since the problem differs materially from those studied in normal
dielectric investigations, it was necessary to develop an electrode
which would give results consistent with the present tentative stand-
ard for testing porcelain, and to use specimens with sections adaptable
to the electrical tests. The mechanical strength data obtained in this
investigation are relative, and not directly comparable with the values
per unit section obtained with the present accepted standard test
sections.

2. Acknowledgments.-This investigation is a part of the work of
the Engineering Experiment Station of the University of Illinois, of
which MELVIN L. ENGER, Dean of the College of Engineering, is Di-
rector, and of the Department of Ceramic Engineering, of which C.
W. PARMELEE, Professor of Ceramic Engineering, is the head. The
data were obtained and the manuscript prepared while MILO S.
KETCHUM was Dean of the College and Director of the Experiment
Station.

Acknowledgment is made to PROF. ELLERY B. PAINE for his co-
5peration in permitting the use of the high voltage laboratories of
the Electrical Engineering Department for testing of specimens, to
MESSRS. T. N. MCVAY and C. L. THOMPSON for their work in the
preparation of laboratory bodies, and to MR. A. J. MONACK for the

*This investigation was carried on from June, 1927 to August, 1931.
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supervision of the preparation of specimens and the microscopic in-
vestigation of the various porcelain bodies tested.

Acknowledgment is also made to the following manufacturers of
porcelain insulators: Jeffery-Dewitt Insulator Company, Lapp Insu-
lator Company, Incorporated, Locke Insulator Corporation, R. Thomas
& Sons Company, and Westinghouse Electric & Manufacturing Com-
pany, for their co6peration in furnishing test specimens of porcelain
bodies produced under normal conditions of manufacture.

This investigation was conducted in the Engineering Experiment
Station of the University of Illinois, in co6peration with the Utilities
Research Commission, Inc., of Chicago, representing the Public Service
Company of Northern Illinois, the Commonwealth Edison Company,
the Middlewest Utilities Company, the Midland United Company, and
the Chicago Rapid Transit Company. The Chairman of this Com-
mission was W. L. Abbott.

The Advisory Committee appointed by the Utilities Research
Commission consisted of the members of the engineering and research
staffs of the several utilities represented.

II. TEST SPECIMENS

3. Shape of Specimens.-The porcelain bodies were molded into
test specimens of two types, one for compression tests and the other
for tension tests. The compression specimens were bars % in. x 1% in.
in section and 3 in. in length, with the ends ground parallel after the
specimens were burned. The compression heads were placed against
these ground ends, and the load was applied in the direction of the
long axis. The tension specimens used were a modified form of the
type specified for molded material by the A.S.T.M. (C 77-32). Figure 1
shows the dimensions of the tension specimen. All test data presented
are for the special specimens used. The mechanical strength was lower
than that obtained from specimens complying with the present speci-
fications of the A.S.T.M., (D 116-30) but the standard forms would
not lend themselves easily to dielectric tests.

4. Bodies Tested.-Test specimens were obtained from the five
representative manufacturers previously mentioned, and one set
(No. 6) was prepared in the laboratories of the University of Illinois.
In order to facilitate the keeping of records each body has been given
a number, with the compression and tension tests indicated by letters.
These symbols will be used throughout the discussion and the follow-
ing table gives the system of notation:
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FIG. 1. DIMENSIONS OF TENSION TEST SPECIMEN

Body Compression Test Tension Test
1 G K
2 11 L
3 I M
4 J N
5 0 P
6 R S

The bodies obtained from the manufacturers, with the exception
of No. 5, were mixed, molded, and burned at the plant. The manufac-
turers carried the test specimens through the same process as the
actual insulators, and the compression and tension specimens were
taken from the same mix in order that any correlation between the
tests might be studied. In the case of Body No. 5 the procedure was
somewhat changed due to production complications. The body was
mixed at the factory and shipped to the University laboratory, where
it was molded and partially burned, so that it could be safely shipped
back to the factory, and there burned with a regular run of insulators.

5. Preparation of Laboratory Body (Body No. 6).-This body had
the following composition (proportions by weight):

H. and G, A-1 English China Clay .................... 30 per cent
Dorset English Ball Clay............... .............. 20 per cent
Ottawa Flint...................................... 20 per cent
Buckingham Feldspar............................... 30 per cent

It was mixed and burned at the University laboratory.
The mixture was placed in a blunger with water and reduced to a

homogeneous slip in about three hours. The slip was passed through
a lawn, 120 mesh to the linear inch, into an agitator which kept the
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fluid in motion while it was being fed to a filter press, in which the
surplus water was removed, leaving a plastic body.

In order to make the body as homogeneous as possible it was
necessary to remove the air bubbles by wedging. After the proper
period of wedging the tension and compression specimens were formed
by cutting a small slab of clay and forcing it into a brass mold of the
proper size and shape. The plastic specimen was removed with a
wooden template, shaped to fit the inside of the mold. The specimen
was then dried very slowly, otherwise it would have warped and been
of little value.

When the specimens were dry they were packed into fireclay sag-
gers and fired in an ordinary kiln to cone 11 to produce a typical
electrical porcelain.

III. APPARATUS

6. Electrical Testing Equipment.-Test and voltage regulating ap-
paratus used in the investigation were designed by the department and
built either in the department shops, in the University shops, or by
local firms. The high voltage transformer and auxiliary apparatus
was the standard equipment of the Electrical Engineering Department.

The high voltage equipment consisted of a 200 kv. 100 kv-a. test
transformer operated from a d-c.-a-c. motor-generator set. In order
to apply the high voltage at a uniform rate of 1 kv. per second it was
necessary to design a controlled resistance that would so operate on
the field excitation of the generator as to cause the terminal voltage
of the transformer to be linear. This equipment, having a set of limit
switches, made the operation of applying the voltage uniform and
automatic. All specimens were tested under the same operating
conditions.

7. Temperature Control.-In order that a change in room tempera-
ture should not affect the results, all transformer oil used in the test
and the specimens themselves were kept at a constant temperature,
35 deg. C., throughout the investigation. The thermostats were of the
bi-metal type wound in the form of a spiral. The specimens were
preheated in a control oven, and then placed in the testing machine,
where they were flooded with transformer oil. The temperature at no
time varied more than ± 2 deg. C.

To insure a uniform temperature of 35 ± 2 deg C. the oil in
which the specimen was submerged during a test was withdrawn from
the container attached to the testing machine into a movable storage
tank. The flow was controlled by gravity. When the storage tank was



STRESS STUDIES OF PORCELAIN INSULATOR BODIES 11

(a) Oil reservoir in place

(b) Oil reservoir removed

FIG. 2. COMPRESSION TESTING MACHINE
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(a) Oil container in place (b) Oil container removed

FIG. 3. TENSION TESTING MACHINE

lowered the oil flowed from the testing machine and when it was
raised the oil flowed to the testing machine.

The storage tank was equipped with a thermostat and heater to
permit of the oil being'kept at a constant temperature. The use of
the storage tank made possible the placing of the specimen between
the heads without the necessity of working in the test oil. In this way
the oil was not contaminated by the hands and error in the adjust-
ment of the sample was eliminated.

8. Testing Machines.-The compression testing machine was con-
structed of structural steel sections and a hydraulic jack was used for
applying the load. The specimens were placed between a fixed and a
movable head. In order that the two heads of the machine should re-
main parallel, regardless of slight differences in the grinding of the
specimens, the movable head contained a ball-and-socket joint, making
the head self-aligning. The ends of the specimens were padded with
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a thickness of blotting paper to distribute the pressure uniformly. The
load was indicated by reading of a pressure gage. To permit of the
pressure being kept constant when voltage was applied, a small rope
was attached to the pump handle and carried to the control platform
for the manipulation of the pump. The pump was grounded to insure
against excessive voltages being applied to the rope. Figure 2 shows
the details of the test machine with the oil reservoir in place, and
with it removed. The high voltage was applied through two hard rub-
ber bushings attached to the reservoir. This arrangement of electrodes
permitted the use of 150 kilovolts without flash-over.

The tension machine was also constructed of structural steel;
but, in contrast to the compression machine, which was bolted to-
gether, the frame of this machine was welded, making a more com-
pact and lighter construction. The load was applied by means of a
screw and a hand wheel and measured with an Olsen weighing plat-
form. For the heavier loads it was necessary to increase the leverage
of the hand-wheel by the addition of an extension arm. The specimens
in this case were padded with blotting paper at each point of contact
with the grips. As in the case of the compression machine, the speci-
mens were submerged in a reservoir of transformer oil during the test.
The storage tank and bushings being interchangeable were used for
both the compression and tension machines. Figure 3 shows the
details of the tension apparatus, with the oil container in place and
with it removed.

9. Records.-A complete record of each test was made on a re-
cording voltmeter. A sample record sheet is shown in Fig. 4. The
primary of the test transformer was equipped with a circuit breaker,
and the recording voltmeter was attached to the voltmeter winding on
the grounded side of the high tension winding. As the voltage was
applied to the test specimen the recording voltmeter needle would
swing across the scale until the specimen ruptured; the circuit breaker
would then open and the needle return to zero. In this manner the
break-down voltage was recorded without depending on the operator
for a meter reading.

On this same record sheet space was available for making a com-
plete record. The letter and the specimen number indicated the manu-
facturer and the type of the test specimen, and the only data necessary
to determine the load per square inch and the kilovolts per unit of
thickness were the physical dimensions of the specimen and the total
mechanical load. It will be noted that the record includes a test of the
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FIG. 4. SAMPLE RECORD OF TEST

oil in the container. The oil tests were made after testing the fortieth
and the fiftieth specimens, and all oil was discarded after testing the
sixtieth specimen. The transformer oil used was Transil Oil 10-C.

Physical measurements of specimens were made with a modified
Federal gage which enabled the operator to have both hands free for
adjusting specimens and recording readings.
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IV. SEALED-IN ELECTRODE FOR DIELECTRIC TESTS

10. Requirements.-In the testing of porcelain under mechanical
stress it is necessary to use an electrode that will permit freedom of
movement and that will not flash-over when placed in close proximity
to the test heads. The electrode developed for the tests is self-con-
tained, requires no outside equipment, can be made in large quantities,
is free to move in any direction with the specimen, and will permit
considerable deformation without becoming detached. In character-
istics and functioning it does not differ materially from the mercury
electrode.

Wood's Metal was substituted for mercury and a copper lead was
used for connecting the high voltage terminals. Sealing wax was used
for sealing the electrode tube on to the specimen. The specimen was
heated so that the sealing wax would not be chilled when coming in
contact with the porcelain. Other cements have been tried, but seal-
ing wax is the easiest to handle and can be removed most satisfac-
torily after the test.

11. Technique.-The specimens were cleaned with a stiff fiber brush
and washing powder or soap, and then were thoroughly washed in
clean water and dried. Before heating the specimens, previous to at-
taching the tubes, they were dipped in alcohol to remove any trace of
foreign material which would keep the sealing wax from making good
contact with the specimen.

Since the electrode was cast in a 23-mm. pyrex tube, it was neces-
sary to attach the tube to the specimen. The specimen was heated to
125 or 150 deg C. and the end of the tube was dipped into the melted
sealing wax to a depth of one-half to three-quarters of an inch, and
then removed. Next, the tube was rotated rapidly in a vertical position
so that the molten wax adhering to the end formed a bead. This bead
was pressed against the heated porcelain specimen so that the end of
the tube was centrally located with respect to the periphery of the
specimen. After the tube had been attached to the specimen the as-
semblage was inverted and a second tube attached exactly opposite to
the first. The assemblage was then turned with first one and then the
other electrode tube downwards to permit the surplus sealing wax to
come in contact with the specimen.

The temperature of the specimen should be such as neither to chill
the wax nor to cause it to flow over the surface of the specimen. When
the tube is properly attached there will be little sealing wax inside the
tube, only a ring at the point of attachment. It does no harm to re-
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FIG. 5. SPECIMENS WITH SEALED-IN WOOD'S METAL ELECTRODES

move the surplus wax from within the tube with some sharp instrument
before it solidifies.

After the tubes had been attached the specimen was ready for the
pouring of the electrodes. The specimen was placed in a rack with
one of the tubes upwards and a small amount of Wood's Metal (melt-
ing point 60 deg. C.) in a molten state poured into the tube. When
the metal began to freeze a copper wire, flattened at the end and bent
at a 90 deg. angle, was forced into it. When the metal had solidified
the wire was held firmly and it was impossible to remove it without
considerable force. The specimen was then inverted in the rack, and
the other electrode poured. Only a small amount of metal was poured
into the electrode tube, for its coefficient of expansion is less than that
of glass, and a large mass of metal will crack the glass.
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TABLE 1

COMPARATIVE TESTS OF PORCELAIN SPECIMENS WITH DIFFERENT
TYPES OF SEALED-IN ELECTRODES

30 specimens in each group

Average Dielectric Strength, kv.....................
M edian..............................................
R ange..................... ..........................
M ean Deviation.....................................
Standard Deviation.................................
Probable Error of the Mean.......................
Per Cent Probable Error of the Mean.............

Type of Electrode

A

87.9
84.4
28.6

7.4
9.4
1.2
1.4

B C

86.6 84.2
85.6 83.5
22.1 17.4

6.3 3.7
7.5 4.8
1.0 0.6
1.2 0.7

A, mercury electrodes A.S.T.M. (D 116-28T)
B, Wood's Metal electrode not heated
C, Wood's Metal electrode-heated to 150 deg. C.

These electrodes can be attached to a large number of specimens
at one time; the investment is small, and the method lends itself to
production procedure. After assembly, the portion to be tested is
sealed against contamination, and the assemblage as a whole, when
properly prepared, will withstand rather severe handling.

Figure 5 shows the details of the assemblage, and the relative
positions of the various parts. When the electrodes are cast on plate
glass they show a surface as smooth as the glass itself, while those
removed from the porcelain show the normal irregularities.

The removal of the electrodes for the inspection of the puncture,
or for taking measurements, is very simple. The assemblage as a
whole is placed in a container filled with gasoline for two or three
hours, and at the end of this time the tubes may be readily removed
and the Wood's Metal electrode disengaged from the tube. All
remaining sealing wax may be removed from the tubes, electrodes,
and specimens with clean gasoline. When dry, the specimens are then
ready for further investigation. The tubes, after being washed with
hot water and washing powder, rinsed in clear hot water, and dried,
are available for other tests. The electrodes should likewise be cleaned
with hot water and washing powder. After drying, the Wood's Metal
may be removed from the copper wire by heat, and, with the exception
of the sealing wax, the salvage is complete.

A series of tests was made to compare the Wood's Metal electrodes
with the approved mercury sealed-in electrode. Table 1 presents the
comparison in a statistical form.
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TABLE 2
PERFORMANCE OF WOOD'S METAL SEALED-IN ELECTRODE

A statistical study of 27 groups of porcelain specimens

Mean Standard Mean
Range Deviation Deviation Deviation*

kv. kv. kv. kv.

Average Dielectric Strength......... 23.4 6.6 7.4 6.1
Median ............................ 22.0 5.7 6.1 6.0
Range .............................. 50.8 13.8 15.8 6.2
Mean Deviation..................... 7.6 2.3 2.5 1.4
Standard Deviation................. 11.2 3.4 3.8 3.1
Probable Error of the Mean....... 1.6 0.5 0.5 0.5

*This is for the 23 best samples.

12. Reliability of Electrodes.-

Test No. 1

This test was made to determine if there is any error introduced
by heating the specimen to the prescribed temperature for sealing and
to compare the mercury and the Wood's Metal electrodes. The samples
used were approximately one-half inch thick and were made of an
electrical porcelain body prepared in the laboratory.

Samples B and C (see Table 1) show lower averages than A, but
this is probably due to the fact that the Wood's Metal tends to form
sharper points than the mercury, and in sample C there were more
sharp edges due to the tapering of the sealing wax as it flowed over the
specimen. An inspection of the punctured specimen verifies this
opinion, and shows that the breakdown occurred at these sharp points.
The one undesirable feature of the sealed-in electrode is that over
85 per cent of the breakdowns occur at the periphery of the electrode.
Since the tests are for comparative purposes, this is not as objection-
able as it may seem, and the figures shown in the table indicate that
either type of electrode gives results within the desired limits for
testing porcelain.

It is clearly brought out that heating the specimen is not detri-
mental to the accuracy of the results but rather tends to make the
variation less. As this method was the most satisfactory for the work
in hand it was used throughout the investigation.

Test No. 2

To determine what may be expected when using the sealed-in
Wood's Metal electrode, an investigation was made on a series of
twenty-seven groups consisting of ten samples each. Table 2 gives a
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TABLE 3

EFFECTS OF ELECTRODE SHAPE ON SEALED-IN ELECTRODES

30 specimens in each group

Average Dielectric Strength, kv.....................
M edian................................................
Range............................ ....................
M ean Deviation....................................
Standard Deviation.................................
Probable Error of the Mean........................

Type of Electrode

A

84.3
83.9
17.3

4.8
5.4
0.7

B

79.7
80.1
11.2
2.3
3.3
0.4

A, Standard Electrode
B, Formed Electrode •1e inch radius
C, Sphere Electrode
The electrode B was a turned flat disc with rounded edges, the C electrode was a large

ball-bearing. Both B and C were sealed into the tube with sealing-wax.

summary showing the averages of the results of the twenty-seven
groups and the variation from the mean.

From Table 2 it will be seen that in a test of ten samples the
standard deviation of the average is 7.4 kv. This information should
be quite reliable, as the test was performed using samples from four
manufacturers and a laboratory body. The approximate thickness of
the specimens was one-half inch.

It may be well to note that in only four cases did the mean devia-
tion exceed ten per cent, and the range of the test values in these
cases was so large that they would be excluded as unreliable.

Test No. 3
It has been mentioned that 85 per cent of the specimens failed on

the periphery of the electrode. This is not a desirable condition, and
this last test was conducted to determine, if possible, a shape of elec-
trode that would be more satisfactory. To remove some of the varia-
tions caused by a heterogeneous material, such as porcelain, the tests
were performed on plate glass one-fourth inch thick. The results of
the tests are given in Table 3.

In the case of the electrode B only those samples were accepted
for which the puncture was other than at the edge of the electrode.
Inspection of the results indicates that the formed electrode is more
satisfactory than other types, but that the results obtained with the
formed electrode do not justify the labor involved.

13. Summary.-To summarize the information gained from these
experiments, it may be said that if the electrode is formed with sealing

C

75.3
75.2
14.2

3.6
4.2
0.5
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wax on the heated specimen, and is poured without attempting to
obtain any special form, the results as to probable error and the
normal distribution of the punctures of the specimens will be satis-
factory. In order to guarantee the proper distribution of the results,
enough specimens, at any one point of investigation, should be punc-
tured to assure the investigator that the probable error does not exceed
three per cent, which is approximately 2 to 2.5 kv. on the half-inch-
thick specimens tested. This practice assures a distribution as good
as would be obtained from the average investigation of ten specimens
taken at random.

The foregoing conclusion follows from the investigation of thirty-
nine samples of porcelain containing ten specimens each. On thirty-
nine samples of porcelain tested in the laboratory the average of the
probable error was 2.8 per cent, with a range of from 2.19 to 3.33 per
cent for any similar body. The establishment of the arbitrary value
of three per cent appeared to be justified.

All the tests made in the following report were carried out on
samples of such a size that the results fell within the probable error
limits of three per cent.

V. MECHANICAL-DIELECTRIC TESTS

14. Statement of Problem.-The main body of this bulletin deals
with the relation between dielectric failure of the specimen and me-
chanical loading. This may be considered from two viewpoints, (1) the
influence of the electrical failure on the strength of the material, and
(2) the influence of the loading on the electrical strength.

In order that the series of bodies may be compared on the same
basis, it is necessary to establish some definite limit of probable error,
for if the limits of error are not controlled the average will have no
significance in a comparative plot.

In experimental work, it is frequently assumed that the arithmetic
mean indicates the central tendency of any data. Another assump-
tion is that the distribution of the observations made upon any one
body is that of a normal frequency curve, and that no factors enter
into the observations that would tend to correlate the results. This
latter assumption is readily checked after a few observations.

The statistical treatment of the data is not a proof of accuracy,
it merely directs interpretation of the results so as to remove biased
decisions. The coefficients obtained for samples as small as those dealt
with in this experimental work, always less than thirty observations
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per point, are not to be accepted as absolute, but only as indicating
the presence of a relation and not the degree thereof.

The probable error in each case has been determined by applying
"Student's" corrections for small samples. Though other statistical
values have been indicated for reference and comparison, only the
standard deviation and the probable error have been considered for the
analysis of the data, these being used in the determination of the
variability of the results and the reliability of the mean.

The effect of the puncture on the strength of the specimens is
studied in the first portion of the investigation. In this part of the
investigation there is an attempt to answer the question "Does the
puncturing of the specimen cause a destruction of the material by
forming fissures, or is the temperature increased to such an extent
that the material is fused and not materially weakened?" A following
section will deal with a microscopic study of the puncture track.

15. Compression Specimens.-The initial tests were made on ten
specimens of each of the six bodies. Twenty specimens were chosen at
random from each shipment received, ten were loaded and punctured,
and ten others were loaded without puncturing. Ten specimens is the
least number that would give consistent results or means that com-
pared favorably with those obtained from the complete sample, of
twenty-seven groups of ten each, investigated for statistical criterion.

Table 4 gives a study of the compression specimens chosen for the
investigation, a sufficient number of pieces having been ruptured both
mechanically and electrically to insure the desired probable error. The
last column in the table gives the rank or the order of the specimens
when arranged in order of decreasing strength. Since this type of
specimen is not used in standard tests, the loading cannot be con-
sidered as representative for the porcelain, but may be used for com-
parison purposes as the conditions in each instance are the same.

16. Tension Specimens.-Table 5 deals with conditions similar to
the foregoing except that in this case the specimens are tension speci-
mens. The coefficients of variability indicate that there was not the
same deviation from the mean in the case of the tension specimens as
was found for the compression specimens. This coefficient was later
used in loading the tension specimens very close to the limiting
strength, without the loss of a great number by mechanical failure
when making dielectric tests.

Table 6 shows the portion of the strength left in the specimen after
it has been punctured. The compression specimens retain about 85
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TABLE 6

PERCENTAGE OF MECHANICAL STRENGTH REMAINING

AFTER PUNCTURE

Percentage of Percentage of
Body Compressive Strength Strength

Remaining Remaining

1 81 85
2 88 63
3 82 64
4 89 84
5 85 87
6 86 80

Average 85 77

This table gives the percentage of the original mechanical strength of
tension and compression specimens remaining after puncture.

The "Rank Correlation" of the percentages given in the table for com-
pression and tension specimens is -0.34 (by "Footrule" formula).

per cent of their strength, while the tension specimens retain only 77
per cent of their strength. A study of the rank correlation between the
tension and compression specimens indicates that there is a very slight
negative relationship, or that a conclusion drawn for compression
would probably be reversed in tension. This fact does not seem to
agree with the accepted principle of the breakdown of compression
specimens, which, in such a brittle material, should be a tension failure.
This disagreement may be due, in part, to the shape of the specimens,
as neither type conforms to the best shape for loading tests.

17. Dielectric Strength.-In order to compare the dielectric break-
down voltage with the results of the mechanical tests, specimens were
tested to determine their dielectric strength at no load. In order that
the subsequent results might be consistent as to arrangement and
electrostatic field the specimens were tested in the loading machines
surrounded by the grips or heads just as they would be located when
load was applied. Table 7 gives the results of the tests. In this in-
stance, as in all other determinations of the dielectric strength, the
probable error has been held within three per cent or less. The mean
is accepted as the most probable central or representative value. An
inspection of the table shows differences of dielectric strength in the
same body for the compression and tension test pieces. In addition to
the fact that the tests deal with a rather unreliable material, there is a
second factor which might be responsible for the differences, the elec-
trostatic field distribution. However, the rank is practically the same
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TABLE 8

PERCENTAGE OF TENSION SPECIMENS THAT
FAILED MECHANICALLY DURING

DIELECTRIC TESTS

Percentage that Failed at Load of

Body

800 lb. 1070 lb. 1330 lb. 1600 lb.
per sq. in. per sq. in. per sq. in. per sq. in.

1 3 5 14 14
2 4
3 7 5 6 8
4 8
5 3 4
6 3 8 10

The number of mechanical failures is cumulative, the failures
at a lower load being added to the failures of the next higher
load. This percentage, therefore, represents the total failures at all
loads up to and including the specific load.

in each instance, there being one reversal of position, and in this case
it will be noted that there is a similar reversal in the probable error.

During the test to determine the effect of tension on the dielectric
strength of the material, it was noted that some of the specimens
failed mechanically at the same time as they were punctured, and it
was also noted that this failure occurred at light loads in some speci-
mens, while in others this type of failure did not occur until close
to the ultimate load. As the liability to mechanical failure at the
period of dielectric breakdown is an interesting property of the body,
the observed data are tabulated in Table 8. It was possible to carry
only three specimens up to 1600 pounds per square inch. Table 9 in-
dicates that this property is independent of the ultimate mechanical
load that may be applied to the specimen. It is unfortunate that a
study could not be made of this property in the compression specimens,
but up to the present time there has not been devised an electrode or
a cement for the sealed-in electrode that will withstand the same
percentage of the ultimate load in compression that the sealing wax
electrodes were able to withstand in the case of the tension specimens.

18. Summary.-Table 9 gives a summary of the ranking of each
of the various bodies under the different tests. It affords an easy
means of determining the correlation of the properties of the bodies.

In general, it may be said that the bodies hold about the same
ranking, from high to low, for all the properties studied. The agree-
ment in dielectric strength for the test pieces of the two different
shapes (E and F) shows a coefficient of 0.97, which would be con-
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TABLE 9
SUMMARY OF RANK AND CORRELATIONS FOR VARIOUS BODIES TESTED

Rank*

Body -----------------------------

A B C D E F G

1 2 4 2 2 3 3 6
2 1 1 1 3 1 1 3
3 4 2 5 4 4 4 4
4 5 3 4 1 2 2 1
5 6 5 6 5 6 5 2
6 3 6 3 6 5 6 5

Correlationst (by "Footrule" formula)

Groups Coefficient of Coefficient of
Groups Correlation Groups Correlation

A and C 0.97 A and E 0.71
B and D 0.51 B and F 0.88
E and F 0.97 B and G -0.05
A and B 0.24 F and G 0.24

*A-Rank of unpunctured compression specimens (last column, Table 4) for compressive
strength.

B-Rank of unpunctured tension specimens (last column, Table 5) for tensile strength.
C-Rank of punctured compression specimens (last column, Table 4) for compressive

strength.
D-Rank of punctured tension specimens (last column, Table 5) for tensile strength.
E-Rank of compression specimens (last column, Table 7) for dielectric strength at zero

mechanical load.
F-Rank of tension specimens (last column, Table 7) for dielectric strength at zero mechan-

ical load.
G-Rank of specimens which failed under mechanical load at time of puncture (Table 8);

a loading of 1330 lb. per sq. in. was taken for this table as only one-half of the specimens
would withstand a higher mechanical stress.

tThe correlations were determined by using the "Rank Method," and the results indicate
the existence of correlation, and not the closeness of relationship.

sidered a perfect agreement; this is as it should be, for the bodies,
except for shape, received the same treatment in their manufacture.
The comparison of the punctured and the unpunctured compression
specimens (A and C) shows an equal degree of relationship, indicating
that the electrical damage to the specimen is uniform and that the
same degree of weakening might be expected in any specimen. In the
case of the punctured and unpunctured tension specimens (B and D)
there is a positive relationship, but the indication of a uniform weak-
ening in all the specimens is only just present, without being very
marked; and it may be accepted that there is an equal chance that
the specimen will not be weakened by some fixed percentage, but is
very likely to change its ranking in any series of comparative tests.

How the compressive and tensile strengths of the bodies com-
pare (A and B) is shown by a correlation of only 0.24, indicating a
relationship which cannot be considered marked. This may be due
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to the difference in the dispersion of the test data under the two in-
vestigations, or to the asymmetric state of the probable errors in each
observation. If, as seems to be indicated by the nature of the break-
down of the various bodies, the compression specimens fail ultimately
in tension there should be a far better agreement. Another series of
specimens gave approximately the same results.

A comparison of the dielectric strength of the specimen with its
mechanical strength yields for compression and tension specimens
(A and E, B and F) correlations of 0.72 and 0.88 respectively, indi-
cating more than merely a relationship. This leads to the natural
conclusion that the better the material mechanically, the greater the
dielectric strength of the body; this property is markedly brought out
in later studies of the material under both mechanical and electrical
stress.

In order to determine whether the breaking of the specimens under
load at the time of puncture was related to either the dielectric or the
mechanical properties of the material, column G was studied in con-
junction with columns B and F, and the coefficients of correlation de-
termined. In the case of B and G the correlation value was - 0.05, a
very unreliable indication that the stronger tension specimen would
be more likely to fail at the time of puncture than the weaker
specimen. The case of F and G gives a ratio 0.24, which also indicates
a very uncertain relationship. The failure of the tension specimens at
the time of puncture cannot be accounted for by either the particular
dielectric or mechanical properties.

Much of the detail material has not been included in the discussion,
but has been embodied, in the tables, and an attempt has been made to
furnish enough explanatory matter at the bottom of the tables to make
them complete in themselves.

VI. DIELECTRIC-TENSION TESTS

19. Problem.-The previous section dealt with the effect of punc-
ture on the mechanical strength of the specimen and the interrelation
of the properties of the specimens with no-load dielectric strength.

Another approach to the general problem is the investigation of
the effect that loading of the specimen may have on the dielectric
strength of the body. The first loading considered will be that of ten-
sion, with the voltage applied at right angles to the mechanical stress.
This type of loading proved the most satisfactory from the standpoint
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TABLE 11

STUDY OF MEAN AND STANDARD DEVIATION AND RANGE OF DIELECTRIC

STRENGTH OF TENSION SPECIMENS

(Complete Series)

Body Mean
kv.

Median
kv.

Mean
Deviation

kv.

Standard
Deviation

kv.

Range
kv.

Coefficient
of

Variability
per cent

Mean Deviation

K 10.1 11.5 3.4 3.8 12 38
L 10.3 9.8 1.5 2.2 7 21
M 6.5 7.8 2.0 2.1 6 33
N 10.4 11.4 2.0 2.2 6 21
P 8.5 8.7 1.9 2.5 8 30
S 4.9 4.9 1.0 1.2 4 25

Standard Deviation

K 12.2 13.4 4.4 4.8 14 40
L 12.6 11.4 2.4 3.1 9 24
M 8.5 9.2 2.3 2.7 9 32
N 13.0 14.2 2.8 3.0 8 24
P 9.3 9.3 2.2 2.3 6 24
S 6.6 6.5 1.3 1.7 6 26

Range

K 40.1 41.4 15.3 17.3 50 42
L 39.3 33.5 9.8 10.5 26 27
M 29.3 28.3 7.2 8.8 29 30
N 43.0 41.2 9.9 11.2 28 26
P 34.4 31.8 7.6 9.6 28 28
S 23.8 23.3 4.9 6.3 20 26

of observing the resultant phenomenon, for it is possible to load the
specimen to the point of rupture without the electrodes being detached
by the deformation of the specimen. In fact, it not infrequently hap-
pened that at the time of the electrical rupture the specimen ruptured
simultaneously in tension.

20. Test Data.-As in the previous part of the investigation, the
data have been tabulated in complete form which permits independent
study. Table 10 gives a summary of the test made on the six bodies
used in this investigation. The probable error of the mean is within
three per cent or less. The data in the case of the tension specimens
are not widely dispersed, as may be determined from the coefficient of
variability. From the standpoint of reliability of the mean the con-
ditions of the test would be considered satisfactory, and all specimens
may be considered equally reliable for a comparative study.
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TABLE 12

STUDY OF MEAN AND STANDARD DEVIATION AND RANGE OF DIELECTRIC

STRENGTH OF TENSION SPECIMENS UNDER VARIOUS LOADS

Mean
kv.

Mean
Median Deviation

kv. kv.

Standard
Deviation

kv.

Range
kv.

Coefficient
of

Variability
per cent

Mean Deviation

0 11.0 10.7 3.3 3.4 8.7 31
270 8.6 9.0 2.5 2.9 7.6 34
540 5.4 5.5 1.3 1.6 4.8 30
800 7.7 8.7 2.0 2.1 5.7 28

1070 8.8 8.7 2.5 2.9 8 5 33
1330 8.4 8.8 2.8 3.5 11.0 39
1600 10.6 11.8 1.9 2.0 4.5 19

Standard Deviation

0 13.4 13.4 4.5 4.7 12.2 35
270 11.0 10.9 3.3 4.0 10.0 37
540 6.8 7.3 1.6 1.9 5.4 28
800 9.5 10.3 2.1 2.4 6.2 25

1070 10.2 10.2 2.4 2.9 8.6 28
1330 10.6 11.2 3.7 4.3 13.2 40
1600 12.3 13.4 2.0 2.2 5.0 18

Range

0 45.9 45.4 12.1 13.9 40 30
270 36.7 ' 33.3 11.3 12.8 32 35
540 25.1 27.5 5.3 5.8 15 23
800 30.9 31.7 6.7 7.4 21 24

1070 35.7 30.7 11.9 13.1 32 37
1330 36.5 36.4 14.3 15.2 41 42
1600 36.8 40.7 5.7 6.0 13 16

21. Analysis of Data.-To study the data and establish the reli-
ability of the results, the three most determining statistical factors,
mean deviation, standard deviation, and range, for the complete series,
have been tabulated in Table 11.

Of these three factors special attention should be given to the
standard deviation, and the average of this quantity for the bodies
at the various loadings. This average does not have a very large
range, and indicates that comparisons of these bodies should be under
equally-weighted test conditions. The standard deviation for the
group of bodies tested shows a very narrow range, as does also the
average of the mean deviation.

The fluctuation of results, at the various loads, may be studied
by referring to Table 12. The standard deviations at the extreme
loadings are higher than at the middle ranges of loading. This indi-
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FIG. 6. RELATION BETWEEN DIELECTRIC STRENGTH AND APPLIED TENSILE LOAD

cates that there is more variation at the extremes of loading. This may
have a physical explanation in the fact that at no load such fissures
and faults as may exist are free and tend to assume their normal area,
while as the load is applied they are distorted and their dimensions
so changed as to reduce the areas. These areas again increase, as the
load is increased, by the forming of destructive cracks and openings in
the bodies.

The resultant smoothed averages obtained are plotted in a graphi-
cal form in Fig. 6. The characteristics are plotted against percentage
of ultimate strength taken from the ratio of the actual load to the
rupture load, as determined from the mechanical tests made previously
on the specimens. Figure 6 also includes a small diagram giving the
mechanical strength of the bodies, and shows the load and the dielectric
strength of the various specimens taken from Table 10, a smoothing
formula* having been applied. The resultant curve more nearly repre-
sents the definite law. The smoothing process need be applied only
once to give very satisfactory results.

22. Inference.-A study of the curves fails to establish any definite
law of performance of the material when tested under tension loading.
Three of the bodies show first a decrease in the dielectric strength and
then an increase, while the other three bodies show an opposite effect

2A + B
*Let A, B, C, D, be the terms for points on the curve, smoothed values A' -- , B' =

A +B +C. 3 '
etc.
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or a variation dissimilar to that shown by the outstanding charac-
teristic curves. Body No. 6 shows the least variation with the appli-
cation of load; this body was manufactured under ideal laboratory
conditions. Each body seems to follow a law of its own, which may be
governed by the characteristic mix and burning of the body.

The whole case may be summed up by saying that there seems to
be no fixed law governing the effect of the mechanical loading in
tension upon the dielectric strength of the various bodies. Each body
shows different characteristics of dielectric strength at different load-
ings, showing that the electrical strength of the body is modified by
the loading. This influence is slight, and does not deviate very far
from ten per cent as a maximum in the more extreme cases. The
uniformity of the laboratory body indicates that control of the manu-
facture of the body might to some extent eliminate variation.

When attempting to analyze failure from a mechanical viewpoint,
rather than from an electrical one, it would appear that continued in-
crease of dielectric strength with loading, until very near the rupture
point, or at least until the deformation becomes serious, represents the
more probable condition. The material is undoubtedly laminated to a
greater or less degree, depending on the body, but, since these lamina-
tions are in all directions, it is impossible to use failure along such
laminations as a reliable basis of explanation for a change in dielectric
strength over no-load condition. This leaves only fissures and flaws
as a possible source of this change.

These types of imperfections in the material are in the nature of
small voids, which in the case of a fairly homogeneous material are
microscopic in size, while in the poorly-manufactured body they may
consist of actual visible openings. When the material deforms under
mechanical loading it is natural that it will follow the path of least
resistance, therefore, moving into the voids in the body, with the
result that the material for a time will elongate the voids, thereby in-
creasing the electrical resistance, and causing an increase in the die-
lectric strength. However, if the loading is continued, the material
begins to fail and the voids, due to the excessive stress, become points
of local failure, thereby decreasing the resistance and allowing a flow
of current through the material. The foregoing reasoning is based on
the assumption that the controlling factor in the breakdown is the
structure of the body, not the dielectric characteristics of an absolutely
homogeneous body.

If acceptance is made of the general conception that the failure
under compression, in the case of brittle materials, is in the nature of
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a tension failure the foregoing consideration of the effects of flaws
and fissures will satisfactorily apply to both the tension and the com-
pression tests. However, when a study is made of the data presented
in Table 9, it will be seen that, though there is some correlation be-
tween the compression and tension of porcelain, it is far from satis-
factory, and cannot be classed as more than possible. It might be
expected that the characteristics of the two tests made, considering
dielectric strength, would not be the same.

That the tension bodies did not correspond needs some considera-
tion if the reduction of the electric resistance is affected by the per-
centage of flaws and fissures. When a study is made of Fig. 6, bodies
1, 2, and 5 represent one type of characteristic, while bodies 3, 4, and
6 represent another. The dielectric strength of the first group of
samples shows a marked tendency to first decrease with load and then
increase as the load is increased, never falling off even when approach-
ing closely to the mechanical rupture point. This group represents
bodies from the complete range considered, the high group, the middle
group, and the low group, and the behavior does not agree with the
explanation given in the foregoing as the most desirable.

To form a definite and final conclusion on the number of bodies
studied would no doubt lead to erroneous results, for it will be shown
in the following discussion that the porcelain plays only a small part
in the dielectric strength, but that the flaws and imperfections are the
determining factors, the porcelain acting only as a supporting medium
for a group of voids. Therefore there will be as many results as there
are combinations and arrangements of internal structure.

VII. DIELECTRIC-COMPRESSION TESTS

23. Plate Glass Tests.-In connection with the study of the bodies
under compression it was possible to make a preliminary study with
plate glass. In the case of the tension specimens it was impossible to
obtain plate glass samples that would permit of a similar study. The
tests on the plate glass specimens gave some valuable information,
which to some degree indicated the type of results that were being
obtained in the test of the porcelain.

A large sheet of plate glass was cut into specimens measuring
% in. x 1% in. in section and 3 in. in length, with the two ends ground
parallel. These specimens were only 4 in. thick, the thickness of the
porcelain specimens being, as already noted, % in., but, since the die-
lectric strength of glass is higher than that of porcelain, the puncture
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TABLE 13

SUMMARY OF DATA OBTAINED IN DIELECTRIC- -COMPRESSION TESTS (SMOOTHED)

Body

No. 1

No. 2

No. 3

No. 4

The percentage
specimen.

Dielectric
Strength

kv.

88
94
98
97
96
93
90

97
98
98
98
96
94
92

86
92
96
93
87
82

93
93
91
89
86
78

Percentage
Ultimate
Strength

0.0
4.8
9.8

14.7
19.7
24.6
29.4

0.0
4.5
9.2

13.7
18.3
22.8
27.3

0.0
5.5

11.3
16.8
22.6
28.1

0.0
5.7

11.7
17.3
23.4
29.1

Body

No. 5

No. 6

Plate Glass

Dielectric
Strength

kv.

75
79
79
77
73
70

79
79
76
73
69
63

71
85
72
63
58
56

Percentage
Ultimate
Strength

0.0
6.0

12.2
18.2
24.5
30.4

0.0
5.5

11.2
16.6
22.3
27.8

0.0
12.0
24.6
36.6
49.2
61.1

ultimate strength is the percentage of the load that would rupture the

voltages were about equal in magnitude to those for the porcelain.
These specimens were assembled with sealed-in electrodes and punc-
tured under the test conditions established for the porcelain.

With the temperature constant and the voltage applied at a rate
of one kilovolt per second, in a direction at right angles to the loading,
the specimens were placed under several different mechanical loads and
punctured. A summary of the data obtained is shown in Table 13 and
the resulting curve is shown in Fig. 7. The dielectric strength at first
increased to a maximum as the load was applied, and then decreased as
the load was increased. There is no question as to the reliability of
the results, for there is no difficulty in seeing the puncture and the
condition of the glass before puncture. The specimens were free from
any flaws, and in each breakdown there was a puncture present in the
glass. The nature of these punctures and the characteristics of the
punctures under various loads will be discussed in the next section.

In the investigation of the glass it was possible to load the speci-
men to sixty per cent of its ultimate strength without detaching the
electrode. The presence of a loose electrode is easily detected, for the
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FIG. 7. RELATION BETWEEN DIELECTRIC STRENGTH AND APPLIED COMPRESSIVE LOAD

material will not puncture but will flashover. While it was possible to
carry the plate glass up to a relatively high load, it was impossible to
carry the compression tests of porcelain above thirty per cent of the

ultimate load. The deformation and the character of the surface in
the case of the porcelain caused the electrode to become loose at rela-
tively light loads. It would be very desirable to obtain an electrode
cement that would be elastic and at the same time have a high dielectric
strength so that the compression specimens could be loaded mechani-
cally, as in the case of the tension specimens, to a point where they
would fail under mechanical stress at the time of the puncture.

24. Porcelain Bodies.-Table 13 shows the results obtained when
testing the bodies under different loads. The probable error in each
case has been held within three per cent, and the resultant curve
smoothed.

An analysis of the porcelain test data shows that compressive load-
ing first tends to increase dielectric strength up to a maximum of about
ten per cent, and then the dielectric strength falls off to a value of
about five per cent less than for no load, at the extreme loading pos-
sible with the present dielectric cements. The maximum dielectric
strength occurs at between ten and fifteen per cent of the ultimate
load.

25. Inference.-If it is accepted that the cracks and flaws play the
more important part in affecting the dielectric strength of the ma-
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terial, it will be easy to explain the phenomena represented by the
curves by assuming that, as the load is applied, the fissures are closed,
and the flaws are made more dense. When the body begins to deform
under the loading, however, the fissures open and the material cracks,
thereby reducing the dielectric strength. Referring to the previous
discussion on the tension loading tests, the foregoing explanation of
the effect of mechanical loading will be found to be more satisfactory
in this case.

A reliable material, such as plate glass, which is under the obser-
vation of the experimenter both before and after puncture, obeys
the general law. The plate glass is a very homogeneous material and
not one full of visible flaws, but one with microscopic voids. There is
also an agreement between the tension and compression tests, that cor-
responds well with the theory that all brittle material fails in tension
even when the nature of the loading is such as to produce compres-
sion stresses.

Even though there is some deviation in the case of the compres-
sion specimens the whole series of tests points very directly to the
probable correlation between flaws and dielectric strength. The next
section, which will deal with the nature of the punctures, will even
more clearly substantiate this conception, for the nature of the punc-
ture is directly traceable to weaknesses in the mechanical structure of
the material.

It is obvious that the characteristics of the product of any manu-
facturer cannot be determined with certainty by the selection for test
of only one run from each manufacturer, but such a selection will aid
in obtaining generalized information as to the characteristics of manu-
factured bodies.

VIII. NATURE OF PUNCTURE AND BODY

26. Plate Glass.-As in the case of the tests dealing with the effect
of compressive stress on dielectric strength, it was thought advisable
first to study the nature of the puncture in glass specimens. A punc-
ture in glass gives a visible track that may be subjected to minute
study without disturbing the surrounding unpunctured material, and
the transparency of the material also makes the selection of flawless
pieces possible.

Figure 8 shows a series of punctures made in glass specimens under
various loadings in compression. It will be noted that, as the load
was increased, the testing machine heads being applied to the ends
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(a) Specimens set parallel to lens of camera

(b) Specimens set at an angle of 45 deg. to lens of camera

FIG. 8. PUNCTURE TRACKS IN PLATE GLASS SPECIMENS
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of the specimens and the puncture being at right angles to the direction
of loading, the puncture track was more and more confined to one
plane. At zero load the track takes a spiral shape, and is surrounded
throughout its length with fissures that project out into the glass.
When the loading has been increased to twenty per cent of the ulti-
mate strength of the glass the only fissures are in the direction of the
loading, and the track lies very nearly in one plane, but as yet there
is some bending of the track in the plane, and the path has conside'r-
able width. Increasing the load to forty per cent of the ultimate
strength causes the fissures in the direction of the heads to increase,
but the main puncture track is now very straight, and shows no
tendency to project beyond the plane. The splitting of the specimen
might be expected as all the movement in the direction of the load-
ing is restrained while the sides are free, but this does not explain why
the puncture should confine itself to this plane. The question may be
asked as to whether or not the loading produced the fissure through
which the current flowed. All specimens tested were subjected to loads
equal to sixty per cent of the ultimate strength and examined before
the electrodes were sealed on. At the higher loadings, forty percent of
the ultimate strength and more, it was not unusual to have the speci-
men split through the entire length at the time of the puncture. To
observe if the fissure formed before the puncture took place, the volt-
age on several specimens was increased one kilovolt at a time and then
cut off and the specimen examined. In no instance was a fissure ap-
parent, but in two instances the specimen was found to be partially
punctured, showing some penetration without failure.

The lower view of Fig. 8 was taken with the specimen set at an
angle of 45 deg. to the'lens of the camera in order to set the puncture
tracks in relief and it will be observed that the punctures of larger
diameter are at zero load and at a load equal to twenty per cent of
the ultimate strength, and the thread-like puncture at forty per cent
of the ultimate load. These specimens were selected as representative
of the group tested.

27. Porcelain.-It would be desirable to follow the same procedure
for the porcelain specimens, but as the material was opaque the pune-
ture tract was not directly visible, and, therefore, much must be left
to the imagination. The x-ray was used in an attempt to study the
track, but as the path was closed with fused glass and not enough of
the metal carried into it to show on the plate, it was impossible to
obtain the trace of the path without destroying the specimen.
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A B C D

FIG. 9. PUNCTURE TRACKS IN PORCELAIN SPECIMENS
The two outer columns, A and D, are tension specimens and the two

inner columns, B and C, are compression specimens

There are available two methods of procedure, one, breaking the
specimen along the track and noting the course traveled by the current,
and the other, taking sections through the puncture, and examining
the specimen by means of a microscope. Both methods were resorted
to in an attempt to determine the normal path of least resistance.

Figure 9 shows a group of selected specimens that give the charac-
teristic type of puncture observed when the specimens are broken open
at the track.

The specimens broke rather easily at the puncture by merely
holding them in the hand and striking them with a round rod. The
tension specimens, being longer than the compression specimens, broke
more readily. The two outer columns are the tension specimens and
the two inner columns are the compression specimens. There seems to
be no marked difference between the punctures of the two types of
test specimens. Another feature to be noted is that, though the fused
glass did not show well under the x-ray, the contamination of the
fused material was sufficient to cause a discoloration which permits
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TABLE 14
DIELECTRIC STRENGTH OF PUNCTURE TRACK

SPECIMENS SHOWN IN FIG. 9

Dielectric Strength (in kv.) of Specimens in Columns

Body-
A B C D

1 92.4 95.5 81.6 79.1
2 82.2 105.2 79.9 106.8
3 93.5 102.5 99.0 93.0
4 88.9 99.4 112.7 100.8
5 87.4 105.2 111.9 84.4
6 68.9 97.1 97.9 74.8

The puncture tracks have been classified according to the
following system:

I. Straight puncture path
II. Slightly curved puncture path

III. Definitely curved puncture path
IV. Scattered puncture path
The average breakdown voltage corresponding to the fore-

going classification was
I. 102.8 kv.

II. 95.8 kv.
III. 88.0 kv.
IV. 67.0 kv.
The correlation coefficient between the track and the break-

down voltage is 0.68.

the eye to follow the track, and by using plates and paper giving maxi-
mum contrast it is possible to obtain satisfactory photographs.

The outstanding feature is the relation between the nature of the
puncture track and the breakdown voltage. A direct path signifies a
high electric stress before specimen failure, while both more and longer
paths occurred at low breakdown voltages. When the paths are of a
multiple nature, as shown by the specimen designated as A6, there is
the least electrical strength. This occurs very consistently, as in no
instance was a path of this type found with any but the lowest break-
down voltages.

If the specimens are observed very closely it will be seen that the
puncture track frequently centers around some type of flaw in the
material. In the straight punctures this is not true, for in all these
cases the material in the puncture region seemed to be the same as
the rest of the specimen except in the puncture itself. The flaws show
up much more clearly in the actual specimen than in the photographs.
Specimen B1 shows a flaw in the very center of the piece, but this does
not necessarily cause the lowest breakdown voltage; several pieces of
this type gave good results as compared with solid bodies. It may
be noted that this type of flaw appeared only in the compression
specimens.

Table 14 lists the breakdown voltages of the various specimens in
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the order of the arrangement in Fig. 9. Dividing the specimens into
four groups with characteristic punctures as follows: straight, slightly
curved, pronouncedly curved, and scattered, it is possible to arrive at
a correlation between the puncture track and the breakdown voltage
of the specimen. In the study of the correlation the two specimens 1B
and 5C were thrown out, these having been included in the group
shown in Fig. 9 only to show a flaw and a forked type of puncture.
The flaw type did not occur often enough to justify a special classi-
fication, and the forked type should be classified in the group charac-
terized as having the major part of the path outside of the fork, in
this case in the straight classification. The correlation for the group
shown in Fig. 9 is 0.68 and positive, with the straight punctures
having high breakdown voltages and the scattered punctures having
low breakdown voltages. When the correlation was determined for a
large group of specimens the coefficient was 0.76.

28. Microscopic Study.-Turning to the microscopic investigation
of the punctures, Figs. 10, 11, 12, and 13 show representative studies
of the various types of possible puncture sections. The four views of
Fig. 10 show actual sections, magnified to eighty diameters, of speci-
mens that typify the general classes of punctures. The punctures may
be classified into three general types, those that are scattered, covering
a large area and indicating no very definite path, those that are con-
centrated, and in general have a path of circular cross-section which
may vary in diameter from the size of quartz grains to twenty mils,
and a mid-classification which may be from two to eight times as
long as it is wide, with a very definite opening.

Figure 10(a) shows a section taken along the puncture path in
which the composition of the path may be studied. The path is con-
gested with fused glass, which is the by-product of the intense heat
generated by the passing of the current at the time of breakdown. This
formation of a glass matrix in the puncture track accounts for the fact
that it is impossible to draw a lead solution into the hole by means
of a vacuum in order that an x-ray of the path might be taken. The
figure shows how the path is completely filled with glass after the
puncture. Others show small formations of glass surrounding the punc-
ture hole. Figure 10(d) is a view taken through the glass formation in
the track; the glass appeared to be discolored to a reddish brown, which
no doubt was due to the metal carried into the track from the elec-
trodes at breakdown.

In the eight specimens given on Figs. 11 and 12, there have been
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arranged the types of punctures that occurred under the various load-
ings in tension and compression. It will be observed that one type of
puncture does not confine itself to one type of loading, as it is possible
to find the punctures of the various classes distributed among all the
loadings. Diagrams are given of some of the punctures selected at
random. Since any class of puncture may be found under load with
any type of loading, the natural inference is that the character of
the puncture is not influenced by the load.

Figure 13 shows two types of punctures selected at random from
specimens of high dielectric strength and two from specimens of low
dielectric strength. As these have been arranged it will be seen
that the different types of punctures are found with both the high- and
the low-dielectric-strength specimens, and as in the previous case
there cannot be shown the least relationship between the type of punc-
ture and the breakdown voltage as indicated from the sections. The
coefficient of correlation of the round puncture to the high breakdown
voltage as calculated from the specimens sectioned is 0.05, indicating
a lack of any relationship between the type of the puncture and the
breakdown voltage.

These studies of puncture track under the microscope are naturally
somewhat incomplete, as the number of specimens is necessarily
limited, since it is expensive to obtain the sections. The deductions
drawn have been obtained from 42 sectioned samples. Any statistical
study of relationship must be very uncertain unless guided by experi-
ence in the study of the specimens. There is also to be considered the
fact that the same puncture track may show a variety of sections,
depending on the point at which the section is taken. It is possible to
take only one section of a single puncture, for the remainder of the
material must be ground away. The conclusion that there appears to
be no definite relationship between the puncture and the breakdown
voltage, as revealed by a study of sections, is verified both by a sta-
tistical study and by actual examination of the sections. The samples
selected for the illustrations were random selections from the sections
available so that the nature of the distribution might be clearly re-
corded.

The miscroscopic investigation has been extended to a study of the
nature of the porcelain body* in an effort to find some reason for the
differences in the breakdown voltages of the material. Table 15 is a
study of the structure of the material in conjunction with the average

*The sections were made in the Department of Ceramic Engineering and the studies sum-
marized in Table 15 were made by Mr. A. J. Monack. The column giving dielectric strengths
was taken from previous studies of the bodies.
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(a) Longitudinal section of puncture path (b ) Section of scattered puncturic path

(c) Puncture path reduced to one path (d) Puncture path concentrated to hole of
circular cross-section

FIG. 10. MICROSCOPIC STUDY OF PUNCTURE PATHS
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(a) Zero loading (b) Loading of 540 lb. per sq. in.

(c) Loading of 1070 lb. per sq. in. (d) Loading of 1200 lb. per sq. in.

FIG. 11. VARIATION OF NATURE OF PUNCTURE WITH LOADING-TENSILE LOADS
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(e) Zero loading (f) Loading of 4300 lb. I)pr sq. in.

~it~'R

(g) Loading of 8600 11). per sq. in. (h) Loading of 12 800 lb). per sq. in.

FI(. 12. VARIATION OF NATURE OF PUNCTURE WITH LOADING-COMPRESSIVE LOADS

^.:
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(a) 102.5 kv. per J/2 inch (b) 117 kv. per 1/2 inch

(c) 78 kv. per 1/2 inch (d) 74 kv. per 1/2 inch

FIG. 13. VARIATION OF NATURE OF PUNCTURE WITH BREAKDOWN VOLTAGE
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breakdown voltage for the body being studied. This table, when care-
fully scrutinized, does not show any relationship between the structure
and the breakdown voltage. There is not a single item that would ac-
count for the difference in breakdown voltage between No. 2 and No. 6,
the highest and lowest. The porous nature of No. 2 would lead to the
initial assumption that the material was very poor, but this does not
prove to be true. The reason is that this porous structure is only rela-
tive and not of major importance. It is not possible to determine the
difference in per cent porosity between the two bodies by normal test
methods. If the porosity was of the nature present in under- and
over-burned bodies, a few openings would approximately cover the
field of the microscope. The conditions shown by Table 15 may indi-
cate that after the pores have been reduced to a certain size porosity
is not the determining factor in the dielectric strength of a body as
compared with the other factors, doubtless including flaws and manu-
facturing imperfections.

IX. SUMMARY

29. Summary of Conclusions.-The results of the investigation of
porcelain bodies may be summed up in the following items:

(1) A solid sealed-in electrode is satisfactory for dielectric tests,
and compares favorably with the mercury electrode recommended by
the A.S.T.M. The sealed-in electrode gives consistent results, and can
be rapidly prepared and assembled in large quantities.

(2) A study of the dielectric strength of the porcelain from the
mean value alone is of limited value, for it does not give a true inter-
pretation of the quality of the material. A study of this mean value
must be accompanied by a study of the variability of the material to
have any definite meaning.

(3) A punctured porcelain body retains approximately eighty-five
per cent of its original strength when subjected to compression. loading.

(4) A punctured porcelain body retains approximately seventy-
five per cent of its original strength when subjected to tension loading.

(5) The micro-structure of the body does not indicate its die-
lectric strength, for neither mullite development nor the solution, size,
or distribution of the quartz crystals is correlated with the breakdown
voltage.

(6) In the study of the series of bodies used in this investigation
there was found a definite tendency for the bodies to have the same
rank number whether the test was for compression, tension or dielectric
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strength. This indicates that superior quality in one property will
probably be accompanied by superiority in the others.

(7) There is a marked relationship between the mechanical and
the electrical strength of the bodies. The correlation between compres-
sive and dielectric strength is 0.71, while that between tensile and
dielectric strength is 0.88.

(8) When the bodies are subjected to electrical stress while they
are under a tension load there is some change in the breakdown volt-
age. The results obtained do not indicate that there is a specific law
governing these conditions for each specimen seems to follow its own
characteristic behavior. In general, it may be stated that the major
portion of the specimens pass through a reversal of behavior as the
mechanical load is applied. These dielectric-tension tests cover a
range large enough and include a sufficient number of specimens to
make the results reliable.

(9) The size of the sample used in the determination of the die-
lectric strength of the porcelain body must be large in order that the
results may be reliable, necessitating between twenty and thirty
specimens when relying on averages.

(10) When the bodies are subjected to electrical stress while they
are under a compression load there is a marked and definite law of
performance. The breakdown voltage, from zero load to the maximum
load studied, steadily increases until about fifteen per cent of the
ultimate load strength is reached, when there is a reversal, and the
breakdown voltage falls off. The number of specimens studied up to
the last loading considered was sufficient to give reliable results, but it
was impossible to carry the investigation above thirty per cent of the
ultimate strength, as the electrodes were loosened by the distortion
of the body due to the stress.

(11) A study of the tests through the zero load point does not
show any definite or continuous correlation between the tension and
compression strengths.

(12) A macroscopic study of the puncture track definitely indi-
cates the electrical strength of the material. Straight puncture paths
indicate high dielectric strength, while the curved and scattered punc-
tures indicate correspondingly lower dielectric strength.

(13) A microscopic study of the puncture track gives no indication
of the electrical strength of the material, as any type of puncture
may occur with any type of body as represented by the products of the
various manufacturers. The specimens that gave both high and low
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breakdown voltages for any one body showed similar types of punc-
tures when studied in sections.

(14) The section of the puncture track does not indicate the
character or the amount of the mechanical load that was applied to
the specimen. Any load, either in tension or compression, may give
the same type of characteristic puncture section.

(15) The lowered dielectric strength of the porcelain body under
load is not a characteristic of any one particular body, but is similar
for the various manufactured and laboratory bodies. There is no
marked agreement between the degree of weakening in the bodies
subjected to tension and compression, respectively, i.e., those bodies
which weaken most under compression do not weaken most under
tension. The correlation for this tendency is - 0.34, which shows that
the tendency is present without being very marked. The fact that the
test specimens are not of approved standard shapes may influence the
correlation of results.

(16) The microscopic porosity of the material does not indicate
the dielectric strength of the material when properly burned. Burning
to excessively low and high cones gives very porous bodies with low
dielectric strength but in the region of normal burning the porosity
curve and the dielectric curve are both flat. The association of porous
bodies with high dielectric strength is merely relative in the micro-
scopic investigations. Those bodies which show pores under the mi-
croscope would fail to indicate any porosity under the normal ap-
proved tests.

(17) A study of the dielectric strength of the available porcelain
is the study of the chance of the presence of flaws. The breakdown,
in the major portion of the instances, is through some defect in the
material which is apparent when the body is opened at the puncture
track. That this flaw or defect is not produced by the current passing
through the section, or by the intense heat at that time, may be con-
cluded as a result of a study of the puncture track in glass, which pro-
duced a rather limited effect at no load, and a very thread-like punc-
ture when the specimen was loaded. At the present state of develop-
ment of a homogeneous porcelain it may be stated that the dielectric
test is merely a check on the manufacturing processes, and not the
electric strength of the material. A comparatively perfect porcelain
should give many times the dielectric strength of the products at
present available.
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APPENDIX A

STATISTICAL METHODS

1. Presentation of Data.-The presentation of data by means of
statistical methods in preference to the normal method of central
tendency, called the average, has been made use of in this investiga-
tion on porcelain bodies. The principles underlying the details will be
outlined in this section and, in order to eliminate confusion, the fac-
tors which have been generally recognized in a number of scientific
fields. will be presented without the mathematical discussions asso-
ciated with them in the normal treatment of statistics.

The discussion of these methods will be confined to comparatively
small samples of less than thirty specimens. The small sample is, of
course, the more doubtful field from which to generalize, but a con-
siderable amount of work has been directed to this field in recent years.
It stands to reason that statistical methods must be used with judg-
ment by the engineer. With a limited number of observations, con-
siderable knowledge is necessary concerning the small sample.

The first important question is the presentation of the data in a
form permitting rapid generalization and comparison. Figure 14 shows
five different methods of graphic presentation of data obtained in
making the dielectric test on a porcelain body.

(a) The Histogram, or Column Diagram

Here the interval is represented by means of a straight line erected
on the midpoints of the class intervals. The areas of the rectangles
are assumed to represent the measures, and it is also assumed that
the measures are distributed uniformly in the interval. This method
of graphical record is not suitable for a small number of specimens,
as it is necessary to group the data taken into class groups, and there-
fore the unusual or extreme values tend to hold a predominating place
in the picture. The one factor to which it does give prominence is the
mode, or the most common value. Since the normal dielectric test
deals with thirty specimens or less the histogram must be essentially
a crude device in this case.

(b) The Frequency Polygon

Here the mid-values of the intervals are joined by straight lines,
and the area under the polygon represents the total number of
measures. This form of presentation holds its place in the statistical
field due to its approximation to the normal law of error. This method
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FiG. 14. GRAPHIC PRESENTATION OF DATA

applied in the case of the small sample gives distorted
and is useful only in indicating the mode value.

conceptions,

(c) Ogee or Ogive

The two foregoing methods are quite frequently the only ones used,
and have been given for this particular reason so as to compare them
with the three following, which in themselves give a more accurate in-
terpretation of data. The ogee or ogive is a cumulative curve obtained
by plotting the mid-points of groups or the individual observations,
arranged in ascending order of magnitude. Referring to c, Fig. 14, in
which observation 1 is 61.2 kv. and observation 2 is 61.5 kv., cumula-
tive plotting will place the first value opposite 1 and the second value
opposite 2, and so on until the 95.4 kv. of the last specimen is plotted
opposite 20. The diagram at once shows what number of specimens
are below or above any point of breakdown. If the ordinates are
marked in per cent the same information may be determined directly
in per cent. The information plotted is for the sample tested, and
therefore only for the limited number presented. Each group of twenty
specimens will have an independent curve more or less like the first.
In order to determine the condition for the complete "universe" the
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FIG. 15. DATA FOR DIELECTRIC STRENGTH OF PORCELAIN PLOTTED
ON ARITHMETIC PROBABILITY PAPER

normal curve may be drawn through the mean and the data read with
the same co6rdinates.

(d) Arithmetic Probability Plotting

When the data are plotted on probability paper the normal law
can be readily presented by means of a straight line. The method
lends itself well to small samples, and facilitates the approximation
of the normal case. This type of paper bears a relation to cross-section
paper similar to that the logarithmic papers bear, making possible
the plotting of a curve of higher degree as a straight line.

This paper is adaptable to plotting both group or individual ob-
servations. In the case of the small sample the observations are plot-
ted as individual points, more or less irregular in their arrangement,
which may be replaced by a straight line. Figure 15 shows such a
plotting of data for two porcelains tested for dielectric strength. The
data for each of the samples consist of twenty observations of punc-
tured specimens. The sample A is from the data as given on
Fig. 14(d).
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TABLE 16

DATA FOR DIELECTRIC STRENGTH OF PORCELAIN
CURVE A, FIG. 16

..... Dielectric Strength

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

kv.

61.2
61.5
62.5
66.5
68.7
69.0
69.1
70.6
73.7
74.7
77.0
77.5
77.5
79.4
79.7
82.9
83.0
84.5
88.4
95.4

Probability
per cent

2.5
7.5

12.5
17.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
87.5
92.5
97.5

The data must first be prepared for plotting on probability paper.
Table 16 shows the prepared data for curve A. The first column is
merely the number of the group or observation as listed. It will be
noted that the dielectric strengths are listed in order of increasing
magnitude; either increasing or decreasing magnitude may be used
with the same result. The table as arranged will cause the origin to
fall toward the lower left hand side of the co6rdinate paper. The last
column headed "Probability" gives the percentage of the total obser-
vations presented by each item in a cumulative sense. The percentage
for any item may be found by the following expression:

2n- 1
Percentage = --

2N

where n is the observation number and N is the total number of ob-
servations. Though this causes the two end terms to be slightly in
error, it proves a satisfactory method for plotting data and the terms
need not be considered in drawing the straight line representing the
universe, of which the data are a random sample.

Table 17 gives the percentage probability (last column Table 16)
for samples from four to thirty, which would cover most porcelain
experiments.

The following is the type of information which may be read di-
rectly from Fig. 15, A:



STRESS STUDIES OF PORCELAIN INSULATOR BODIES

(a) The median, the mean and the mode all fall at 75.2 kv.
since the straight line represents a normal distribution. This value
is influenced by the most likely position of the straight line.

(b) One in 10 specimens will fall below 59 kv., and one in ten
will be above 87.5 kv. By extending the straight line it is possible
to predict the number per 100 or per 10 000 that will fall within
definite limits.

(c) Thirty per cent of the specimens will fall below 70 kv.; that
is, approximately one out of three.

(d) Fifty per cent of the specimens will fall between 68 and
83 kv.

(e) Ninety per cent of the specimens will fall between 59 and
87.5 kv.

This additional information is obtained from the same data as are
used to determine the mean value.

Probability paper is one of the most satisfactory means of plotting
data in a form that will limit the drawing of ridiculous conclusions
from a central tendency. This does not, however, rank with the use of
specific information that is always available to the experimenter on
any problem studied.

The slope of the lines A and B indicates the variability of the two
samples. The conclusion is that B is a more variable body than A,
and when the data are subjected to the usual mathematical analysis
A has a coefficient of 0.12 and B a coefficient of 0.15, not a marked
difference, but the difference in slope can be recognized.

It is also possible to draw the line to a percentage base where
some value such as the mean or median is considered the base, and
the other values are expressed as a percentage of this base.

(e) Logarithmic Probability Paper

This type of paper is used where the data have considerable skew.
In the testing of the dielectric strength of porcelain the data give a
close enough approximation to a straight line on arithmetic paper.

Of the preceding five methods (c) and (d) are the most useful,
but it is well to keep in mind method (e) for use where special diffi-
culty is encountered.

2. Statistical Terms and Their Meaning.-Each statistical term has
a mission of its own in making clear the data obtained and in corre-
lating the specific data with what may be expected if all the material
of the same class were investigated under the same conditions. It is
true that when data have been analyzed by statistical methods there
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FIG. 16. STATISTICAL TEEMS ILLUSTRATED

is less tendency to be unduly enthusiastic about drawing definite con-
clusions. Figure 16, by means of graphical interpretation, attempts
to set forth the more common forms of descriptive terms used.

The Mode, which has been already mentioned, is the most com-
monly occurring value. In the case of the small sample it has no
definite value, for, when creating class intervals, the value is merely
an approximation. The mode is considered satisfactory when the
"random sample" is large enough; this occurs when an added equal
number of observations does not appreciably change the average.

I I I I I I I I I I



ILLINOIS ENGINEERING EXPERIMENT STATION

A more satisfactory way of obtaining the mode is by means of the
following formula:

Mode = Mean - 3 (Mean - Median)

which, for the theoretical mode gives 77.3 as compared with 75 de-
termined from the grouping of the data.

The Median is the point in the distribution on each side of which
half of the observations fall. Where there are an odd number of ob-
servations the median is the middle one, and where there are an even
number, the average of the middle two terms is sufficiently accurate.

The Average or Mean has from the earliest times been considered
as the most likely value for any set of observations. It is obtained
from the summation of the observations divided by the number of
observations, and is expressed by

Zn
M = --

N

where M is the mean, n are the individual observations, and N the
total number of observations.

The three, mean, mode, and median, measure central tendency,
and indicate the value around which the measures group. In the case
of normal distribution they are the same in value and the replacement
of the observed data by a fitted normal curve removes their difference.
The differences in their value, in observed data, are used as a measure
of the distortion or asymmetry of the distribution. The expression
for skewness is

3 (Mean - Median)
Skewness =

SD
where SD is the standard deviation.

Once the central tendency of the data is determined it is essential
to know how the values lie with respect to this central tendency.
There are several measures of variability which picture the spread of
the observations.

The Range is the crudest form of measure for dispersion. It is the
difference between the largest and smallest observation, and is sub-
ject to marked fluctuation. The range is indicated on Fig. 16.

The Quartile measures locate the middle half of the measures, but
this must not be confused with the probable error which covers fifty
per cent of the observations.

The Mean Deviation may be taken about either the mean or the
median; for theoretical developments the median is used. The lower
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part of Fig. 16 is a graph of the deviations of the data from the
median. The average of these deviations, neglecting the sign, gives the
mean deviation. This may be expressed by

2d
MD=--

N

where MD is the mean deviation, Vd is the sum of the individual
deviations, and N is the total number of observations.

The Standard Deviation is the measure of deviation least affected
by sampling, and gives a numerical value to the dispersion of the
measures in the distribution. It also has an important mathematical
significance and is an important statistical measure. It is the root
mean square value of the deviations about the mean and is expressed
by the equation

S/d2
SD --

N

where SD is the standard deviation, Yd 2 is the sum of the squares of
the individual deviations, and N is the total number of observations.

The Coefficient of Variation is a value independent of the units on
the scale, and is the ratio of the measure of absolute variability to the
average from which the deviations were taken; it is expressed by

SD
C = -- X 100

M

where C is the coefficient of variation, SD the standard deviation, and
M the mean.

Probable Error is another important factor in the variability
measure. Fifty per cent of the measures will fall between plus and
minus the probable error. But, as compared with the previous vari-
ability measures, this one is based on the assumption that the ob-
served data are replaced by the distribution of the "universe" of
which the observed data are a "random sample."

Since for the normal law there is a definite relationship between
all the foregoing units, there is a fixed relation between the two im-
portant statistical units, which is

PE = 0.6745 SD

where PE is the probable error and SD is the standard deviation.
Therefore those measures marked PE and SD in Fig. 16 are for the
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TABLE 18

FACTORS FOR PROBABLE ERROR

Size of
Sample

4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

Factor for
Probable Error

of Mean

0.4434
0.3720

0.3267
0.2935
0.2708
0.2523
0.2368

0.2233
0.2115
0.2077
0.1931
0.1864

0.1804
0.1750
0.1700
0.1655
0.1613

0.1573
0.1537
0.1503
0.1471
0.1440

0.1411
0.1384
0.1358
0.1333
0.1309

Factor for
Observation

Rejection

The coefficients in column two were computed from "Students" probability tables given
in "Biometrika" Vol. 6, 1908, p. 1 and Vol. 11, 1917, p. 416. The coefficients in column three
were calculated from a criterion of Chauvenet discussed by Meriman on page 106 in his
"Method of Least Squares."

normal distribution having the same standard deviation as the ob-
served data. The percentages opposite the lines show that portion of
the observations that would fall in the classification shown.

3. Reliability of Results.-The reliability of the results is of con-
siderable importance and is indicated by the probable error in the
representative values for the data. These factors of reliability are all
based on the presumption of normal error, and therefore on the normal
curve.

For the normal curve there have been developed coefficients for
reliability, but these assume a symmetrical distribution. "Student"
has definitely shown that in the case of small samples there is a skew
that precludes this assumption. Table 18 gives, in the second column,
the factor by which the standard deviation must be multiplied to give
the probable error of the mean, and the third column gives the factor

Factor for
Standard
Deviation

1.414
1.291

1.225
1.183
1.155
1.134
1.118

1.106
1.095
1.087
1.080
1.074

1.069
1.065
1.061
1.057
1.054

1.051
1.049
1.047
1.044
1.043

1.041
1.039
1.038
1.036
1.035
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Mu///0p/e of ProAb'bl Error, "

FIG. 17. CHANCE THAT TRUE VALUE LIES BETWEEN
-± A PROBABLE ERROR

that the ratio of the largest deviation to the probable error must not
exceed.

The probability is calculated from

2N- 1
P=--

2N

where N is the size of the sample, and the factor is determined from
any probability table where the percentage of area under the proba-
bility curve is expressed in units as a ratio of the deviation to the
probable error.
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TABLE 19

EXAMPLE OF STATISTICAL SOLUTION

Number of
Observations

N

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

Dielectric
Strength

kv.

61.2
61.5
62.5
66.5
68.7

69.0
69.1
70.6
73.7
74.7

77.0
77.5
77.5
79.4
79.7

82.9
83.0
84.5
88.4
95.4

1502.80

Deviation
from Mean

d

-13.94
-13.64
-12.64
- 8.64
- 6.44

- 6.14
- 6.04
- 4.54
- 1.44
- 0.44

+ 1.86
+ 2.36
+ 2.36
- 4.26

+ 4.56

+ 7.76
+ 7.86
+ 9 36
+-13.26
+20.26

147.80

M edian=the average of 10 and 11........................................ 75.85 kv. (76)
M ean= column 2 divided by 20........................................... 75.14 kv. (75)
M ode= 75.14- 3(75.14- 75.85)........................ ............. ..... 77.27 kv. (77)
Range= 95.4- 61.2.................................. .. ....... ........... . 34.2 kv. (34)
Mean Deviation, MD=column 3 divided by 20.......................... 7.40 kv.
Standard Deviation, SD=square root of column 4 divided by 20....... 8.95 kv.

Corrected by Factor Table 17................ 9.44 kv.
Probable Error, PE=0.6745X9.44......................................... 6.37 kv.

50 per cent of the observations will lie between 68.8 kv. and
81.5 kv. (compare with results by graphical method Figure
16)

3 SD = 3X 9.44.... .......................... ... . ...................... 28.32 kv.
99.73 per cent of the observations will lie between 46.8 kv.
and 103.5 kv.

C=9.44/75.14............................................................ 0.13
Skewness ................................................ ................... - 0.24

Permissible Deviation Factor for N = 20, Table 17, is 3.32
Maximum Deviation in observations=:20.26 kv.
Probable Error of the observations=6.37 kv.
20.26 divided by 6.37 = 3.18 kv.

therefore all observations are satisfactory.
Probable Error of the Mean, PEM, from Table 17=0.1613X8.95=1.44
50 per cent of the averages for samples of 20 will fall between 73.7 kv. and 76.6 kv., which is

an accuracy as great at that of the testing.

In order that there may be a satisfactory degree of reliability con-
servative practice demands that the coefficient under consideration
shall be four or five times the probable error of that coefficient. This
means that the chance of the true value lying between plus and
minus the computed probable error is 1 to 142 or 1 to 1310. Figure 17

Square of
Deviation from

Mean
d

2

194.3236
186.0496
159.7696
74.6496
41.4736

37.6996
36.4816
20.6116
2.0736
0.1936

3.4596
5.5696
5.5696

18.1476
20.7936

60.2176
61.7796
87.6096

175.8276
410.4676

1602.77
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gives a graph for the determining of chance when the multiple of the
probable error has been determined.

The fourth column gives the factor by which the standard deviation
should be multiplied for determining the standard deviation for a
small sample. This correction should not be used at the same time as
the correction factor in column two. These factors have been calcu-
lated after the work of Pearson, "Biometrika" Vol. X, 1915, page 522,
using the following expression:

SD - -2 SDo

where N is the size of the sample, SD is the true standard devia-
tion, and SD o is the standard deviation obtained from the observed
data. This value of SD should be used in finding the limits within
which 50, 68.27, 95.54 and 99.73 per cent of the observations fall.

4. Examples.-In order that the statistical terms may be clearly
set forth, Table 19 presents a complete problem, using the case shown
in Figs. 14 and 15.

It is not desirable to place emphasis on the decimal, as the whole
numbers are sufficiently accurate for the samples used and the pos-
sible accuracy of testing.

Table 20 gives data for the determination of rank correlation for
a sample which was investigated both for strength in tension and
dielectric strength. The number 1 indicates superior strength above
all others, 2 second in rank, and so on up to sixth.

This information is then arranged in tabular form and the differ-
ence in rank determined by subtracting one rank from the other, as
follows:

Rank for Rank for
S. Difference

Strength in Dielectric
Body Tension Strength Pos. Neg.

A 3 3 0 0
B 1 1 0 0
C 2 4 0 2
D 4 2 2 0
E 5 5 0 0
F 6 6 0 0

Sum 2
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TABLE 20

DATA FOR DETERMINATION OF RANK CORRELATION

Rank for Rank for
Body Strength in Dielectric

Tension Strength

A 3 3
B 1 1
C 2 4
D 4 2
E 5 5
F 6 6

Only the sum of the positive differences will be used in the determina-
tion of the correlation coefficient. The following is the expression for
determination of the coefficient:

r 2 cos 6 Pos. diff. 1

r3 2 1

r = 2 cos (1.0472) -- - 1
36-l1

r = 0.87

This indicates a direct relationship, and is probably very satisfactory.
When the correlation is 1 the relationship is perfect, while zero de-
notes no relationship whatsoever. The rank correlation is more satis-
factory for small samples than the moment method, but it should not
be used where the sample exceeds thirty specimens.
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APPENDIX B

BIBLIOGRAPHY

The following bibliographies contain general information on the
subject of dielectrics. According to the order in which they are listed
will be found the literature covering the general field of dielectrics
from the earliest investigation to the present day.

AUTHOR

Rayner, E. H.

Simon, Donal M.

Retzow, U.

* * * * *

The following references
porcelain:

AUTHOR

Peek, F. W.

Weimer, G. 0.

Weimer, G. 0. and
Dunn, C. T.

Somerville, Albert A.

TITLE

Bibliography of Dielectrics

Jour. I.E.E. (England), Vol. 49, p. 53.

Bibliography of Dielectrics

Trans. A.I.E.E., Vol. 41, p. 601.

Die Eigenschaften elektrotechnischer Iso-
liermaterialen in graphischen Darstel-
lungen, p. 130.

Julius Springer, Berlin

Bibliographies at end of papers of Techni-
cal Session A.I.E.E., Summer Convention,
June 20-24.

deal with the dielectric properties of

TITLE

Electrical Characteristics of Solid Insula-
tion

Gen. Elec. Rev., Vol. 18, p. 1050.

The Effect of Temperature on the Elec-
tric Strength of Porcelain

Elec. Rev. and West. Elec'n, Vol. 57, p.
1179

The Effect of Temperature on the Die-
lectric Strength of Porcelain

Trans. Am. Cer. Soc., Vol. 14, p. 280.

Temperature Coefficient of Electrical Re-
sistance

Phys. Rev., Vol. 31, p. 261

No.

1

2

3

4

YEAR

1912

1922

1927

1927

1915

1910

1912

1910



ILLINOIS ENGINEERING EXPERIMENT STATION

No. YEAR

1915

1908

1923

1922

1918

1908

1909

1918

1925

1915

1923

1924

AUTHOR

Curtis, Harvey L.

Haworth, H. F.

Demuth, Walter

Schwaiger, Von A.

Allen, R. G.

Rasch, Ewald
Hinrichsen, F. W.

Pirani, Marcello Von
Siemens, Weiner Von

Brace, P. H.

Schwaiger, Von A.

Creighton, E. E. F.

Holladay, L. L.

Schoenborn, H.

TITLE

Table of Surface and Volume Resistance
of Insulating Material

Gen. Elec. Rev., Vol. 18, p. 996.

Electric Qualities of Porcelain, with Spe-
cific Reference to Dielectric Losses.

Proc. Roy. Soc., London, Vol. 81A, p. 221.

Die Materialpriifung der Isolierstoffe der
Elektrotechnik, p. 154

Julius Springer, Berlin.

Die Uberschlagfestigkeit des Porzellans

Elektrotech. Zeit. Vol. 43, p. 875.

The Electrical Resistance of Porcelain at
Different Temperatures

Proc. Roy. Dublin Soc., Vol. 15, p. 289.

Uber eine Beziehung Zwischen elektris-
cher Leitfihigkeit und Temperatur

Zeit. fur Elektrochemie, Vol. 19, p. 41.

Uber die Leitfiihigkeit einiger Isolatoren
bei Hohen Temperaturen

Zeit. fuir Elektrochemie, Vol. 15, p. 969.

The Electrical Resistance of Porcelain
and Magnesia at High Temperature

Trans. Am. Chem. Soc., Vol. 33, p. 205

Elektrische Festigkeitslehre, p. 37

Julius Springer, Berlin.

Electrical Porcelain

Trans. A.I.E.E., Vol. 34, Part I, p. 465.

Resistance of Vitreous Material

Jour. Frank. Inst., Feb., p. 229.

The Resistivity of Twelve Glasses is an
Exponential Function of the Reciprocal
of the Absolute Temperature

Zeit. fiir Phys., Vol. 22, p. 305.



STRESS STUDIES OF PORCELAIN INSULATOR BODIES

The following references deal with the use of statistics in the treat-
ment of averages and observations:

No. YEAR

1925

1906

1917

1924

1907

1904

1931

1919

1914

1911

1915

1881

1926

1928

1926

1926

1908

AUTHOR

Thurstone, L. L.

Wright and Hayford

Rugg, H. 0.

Rietz, H. L.,
Editor-in-Chief

Boeley, A. L.

Davenport, C. B.

Brunt, D.

Yule, G. U.

Pearson, K.

Pearson, K.

Pearson, K.

Forsyth, C. H.

Shewhart, W. A.

Shewhart, W. A.
Winters, F. W.

Church, A. E. R.

Student

TITLE

Fundmental of Statistics

Adjustment of Observations

Statistical Methods Applied to Education

Handbook of Mathematical Statistics

Elements of Statistics

Statistical Methods

Combination of Observations, Cambridge
University Press

An Introduction to the Theory of Statis-
tics

On an Extension of the Method of Cor-
relation by Grades or Ranks

Biometrika, Vol. 10.

On the Correction to be Made in a Cor-
relation Ratio

Biometrika, Vol. 8.

On the Distribution of Standard Devia-
tion of Small Samples

Biometrika, Vol. 10.

Mathematical Analysis of Statistics

Correction of Data for Errors, Bell Sys-
tem Technical Journal Vol. V, p. 308.

Small Samples-New Experimental
Results

Jour. Am. Statist. Assn. Vol. 33, p. 144-
153.

On the Means and Squared Standard
Deviations of Small Samples from any
Population

Biometrika, Vol. 18, p. 320.

Statistics in Administration

(Editorial) Nature, Vol. 117, p. 37.

Errors of Sampling with Small Numbers

Biometrika, Vol. 6, p. 1.
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AUTHORNo.

18

19

20

21

22

TITLEYEAR

1917

1923

1916

1914

1930

Student

Whipple, Geo. C.

Whipple, Geo. C.

Hazen, Allen

Hazen, Allen

Expanded Tables for Sampling with Small
Numbers

Biometrika, Vol. 11, p. 416.

Vital Statistics, p. 451.

John Wiley & Son, New York.

The Elements of Chance in Sanitation

Jour. Frank. Inst., Vol. 182, pp. 37 and
205.

Storage to be Provided in Impounding
Reservoirs

Trans. A.S.C.E., Vol. 77, pp. 1539.

Flood Flows

John Wiley & Son, New York



RECENT PUBLICATIONS OF
THE ENGINEERING EXPERIMENT STATIONt

Circular No. 21. Tests of Welds, by Wilbur M. Wilson. 1931. Twenty cents.
Bulletin No. 228. The Corrosion of Power Plant Equipment by Flue Gases, by

Henry Fraser Johnstone. 1931. Sixty-five cents.
Bulletin No. 229. The Effect of Thermal Shock on Clay Bodies, by William R.

Morgan. 1931. Twenty cents.
Bulletin No. 230. Humidification for Residences, by Alonzo P. Kratz. 1931.

Twenty cents.
Bulletin No. 231. Accidents from Hand and Mechanical Loading in Some Illinois

Coal Mines, by Alfred C. Callen and Cloyde M. Smith. 1931. Twenty-five cents.
Bulletin No. 232. Run-Off Investigations in Central Illinois, by George W.

Pickels. 1931. Seventy cents.
Bulletin No. 233. An Investigation of the Properties of Feldspars, by Cullen W.

Parmelee and Thomas N. McVay. 1931. Thirty cents.
Bulletin No. 234. Movement of Piers during the Construction of Multiple-Span

Reinforced Concrete Arch Bridges, by Wilbur M. Wilson. 1931. Twenty cents.
Reprint No. 1. Steam Condensation an Inverse Index of Heating Effect, by

Alonzo P. Kratz and Maurice K. Fahnestock. 1931. Ten cents.
Bulletin No. 235. An Investigation of the Suitability of Soy Bean Oil for Core

Oil, by Carl H. Casberg and Carl E. Schubert. 1931. Fifteen cents.
Bulletin No. 236. The Electrolytic Reduction of Ketones, by Sherlock Swann,

Jr. 1931. Ten cents.
Bulletin No. 237. Tests of Plain and Reinforced Concrete Made with Haydite

Aggregates, by Frank E. Richart and Vernon P. Jensen. 1931. Forty-five cents.
Bulletin No. 238. The Catalytic Partial Oxidation of Ethyl Alcohol, by Donald

B. Keyes and Robert D. Snow. 1931. Twenty cents.
Bulletin No. 239. Tests of Joints in Wide Plates, by Wilbur M. Wilson, James

Mather, and Charles 0. Harris. 1931. Forty cents.
Bulletin No. 240. The Flow of Air through Circular Orifices in Thin Plates, by

Joseph A. Polson and Joseph G. Lowther. 1932. Twenty-five cents.
Bulletin No. 241. Strength of Light I Beams, by Milo S. Ketchum and Jasper

0. Draffin. 1932. Twenty-five cents.
Bulletin No. 242. Bearing Value of Pivots for Scales, by Wilbur M. Wilson,

Roy L. Moore, and Frank P. Thomas. 1932. Thirty cents.
Bulletin No. 243. The Creep of Lead and Lead Alloys Used for Cable Sheathing,

by Herbert F. Moore and Norville J. Alleman. 1932. Fifteen cents.
Bulletin No. 244. A Study of Stresses in Car Axles under Service Conditions,

by Herbert F. Moore, Nereus H. Roy, and Bernard B. Betty. 1932. Forty cents.
Bulletin No. 245. Determination of Stress Concentration in Screw Threads by

the Photo-Elastic Method, by Stanley G. Hall. 1932. Ten cents.
Bulletin No. 246. Investigation of Warm-Air Furnaces and Heating Systems,

Part V, by Arthur C. Willard, Alonzo P. Kratz, and Seichi Konzo. 1932. Eighty cents.
Bulletin No. 247. An Experimental Investigation of the Friction of Screw

Threads, by Clarence W. Ham and David G. Ryan. 1932. Thirty-five cents.
Bulletin No. 248. A Study of a Group of Typical Spinels, by Cullen W. Parmelee,

Alfred E. Badger, and George A. Ballam. 1932. Thirty cents.
Bulletin No. 249. The Effects on Mine Ventilation of Shaft-Bottom Vanes and

Improvements in Air Courses, by Cloyde M. Smith. 1932. Twenty-five cents.
Bulletin No. 250. A Test of the Durability of Signal-Relay Contacts, by Everett

E. King. 1932. Ten cents.
Bulletin No. 251. Strength and Stability of Concrete Masonry Walls, by Frank

E. Richart, Robert B. B. Moorman, and Paul M. Woodworth. 1932. Twenty cents.
Bulletin No. 252. The Catalytic Partial Oxidation of Ethyl Alcohol in the Vapor

Phase. The Use of a Liquid Salt Bath for Temperature Control, by Donald B. Keyes
and William Lawrence Faith. 1932. Ten cents.

tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, Ill.



ILLINOIS ENGINEERING EXPERIMENT STATION

Bulletin No. 253. Treatment of Water for Ice Manufacture, Part II, by Dana
Burks, Jr. 1933. Forty-five cents.

Bulletin No. 254. The Production of Manufactured Ice at Low Brine Temper-
atures, by Dana Burks, Jr. 1933. Seventy cents.

Bulletin No. 255. The Strength of Thin Cylindrical Shells as Columns, by
Wilbur M. Wilson and Nathan M. Newmark. 1933. Fift cents.

Bulletin No. 256. A htudy of the Locomotive Front End, Incl din; Tests of a
Front-End Model, by Everett G. Young. 1933. One dollar.

Bulletin No. 257. The Friction of Railway Brake Shoes, Its Variation with
Speed, Shoe Pressure and Wheel Material, by Edward C. Schmidt and Herman J.
Shrader. 1933. One dollar.

Bulletin No. 258. The Possible Production of Low Ash and Sulphur Coal in
Illinois as Shown by Float-and-Sink Tests, by D. R. Mitchell. 1933. Fifty cents.

Bulletin No. 259. Oscillations Due to Ionization in Dielectrics and Methods of
Their Detection and Measurement, by J. Tykocinski Tykociner, Hugh A. Brown,
and Ellery Burton Paine. 1933. Sixty-five cents.

Bulletin No. 260. Investigation of Cable Ionization Characteristics with Dis-
charge Detection Bridge, by Hugh A. Brown, J. Tykocinski Tykociner, and Ellery B.
Paine. 1933. Fifty cents.

Bulletin No. 261. The Cause and Prevention of Calcium Sulphate Scale in
Steam Boilers, by Frederick G. Straub. 1933. Eighty-five cents.

Bulletin No. 262. Flame Temperatures in an Internal Combustion Engine
Measure by Spectral Line Reversal, by Albert E. Hershey and Robert F. Paton.
1933. Fifty-five cents.

Reprint No. 2. Progress in the Removal of Sulphur Compounds from Waste
Gases, by Henry Fraser Johnstone. 1933. Twenty cents.

Bulletin No. 263. The Bearing Value of Rollers, by Wilbur M. Wilson. 1934.
Forty cents.

Circular No. 22. Condensation of Moisture in Flues, by William R. Morgan.
1934. Thirty cents.

Bulletin No. 264. The Strength of Screw Threads under Repeated Tension, by
Herbert F. Moore and Proctor E. Henwood. 1934. Twenty-five cents.

Bulletin No. 265. Application of Model Tests to the Determination of Losses
Resulting from the Transmission of Air Around a Mine Shaft-Bottom Bend, by
Cloyde M. Smith. 1934. Thirty cents.

Circular No. 23. Repeated-Stress (Fatigue) Testing Machines Used in the Ma-
terials Testing Laboratory of the University of Illinois, by Herbert F. Moore and
Glen N. Krouse. 1934. Forty cents.

Bulletin No. 266. Investigation of Warm-Air Furnaces and Heating Systems,
Part VI, by Alonzo P. Kratz and Seichi Konzo. 1934. One dollar.

Bulletin No. 267. An Investigation of Reinforced Concrete Columns, by Frank
E. Richart and Rex L. Brown. 1934. One dollar.

Bulletin No. 268. The Mechanical Aeration of Sewage by Sheffield Paddles and
by an Aspirator, by Harold E. Babbitt. 1934. Seventy cents.

*Bulletin No. 269. Laboratory Tests of Three-Span Reinforced Concrete Arch
Ribs on Slender Piers, by Wilbur M. Wilson and Ralph W. Kluge. 1934. One dollar.

*Bulletin No. 270. Laboratory Tests of Three-Span Reinforced Concrete Arch
Bridges with Decks on Slender Piers, by Wilbur M. Wilson and Ralph W. Kluge.
1934. One dollar.

*Bulletin No. 271. Determination of Mean Specific Heats at High Temperatures
of Some Commercial Glasses, by Cullen W. Parmelee and Alfred E. Badger. 1934.
Thirty cents.

*Bulletin No. 272. The Creep and Fracture of Lead and Lead Alloys, by Herbert
F. Moore, Bernard B. Betty, and Curtis W. Dollins. 1934. Fifty cents.

*Bulletin No. 273. Mechanical-Electrical Stress Studies of Porcelain Insulator
Bodies, by Cullen W. Parmelee and John 0. Kraehenbuehl. 1935. Seventy-five
cents.

*A limited number of copies of bulletins starred are available for free distribution.



UNIVERSITY OF ILLINOIS

Colleges and Schools at Urbana
COLLEGE OF LIBERAL ARTS AND SCIENCES.-General curriculum with majors in the hu-

manities and sciences; specialized curricula in chemistry and chemical engineering;
general courses preparatory to the study of law and journalism; pre-professional
training in medicine, dentistry, and pharmacy.

COLLEGE OF COMMERCE AND BUSINESS ADMINISTRATION.-Curricula in general business,
trade and civic secretarial service, banking and finance, insurance, accountancy,
transportation, commercial teaching, foreign commerce, industrial administration,
public utilities, and commerce and law.

COLLEGE OF ENGINEERING.-Curricula in agricultural engineering, ceramics, ceramic en-
gineering, chemical engineering, civil engineering, electrical engineering, engineer-
ing physics, general engineering, mechanical engineering, metallurgical engineering,
mining engineering, and railway engineering.

COLLEGE OF AGRICULTURE.-Curricula in agriculture, floriculture, general home econom-
ics, and nutrition and dietetics,

COLLEGE OF EDUCATION.-Curricula in education, agricultural education, home econom-
ics education, and industrial education. The University High School is the practice
school of the College of Education.

COLLEGE OF FINE AND APPLIED ARTs.-Curricula in architecture, landscape architecture,
music, and painting.

COLLEGE OF LAw.-Professional curriculum in law.
SCHOOL OF JOURNALISM.-General and special curricula in journalism.
SCHOOL OF PHYSICAL EDUCATION.-Curricula in physical education for men and for.

women.

LIBRARY SCHOOL.-Curriculum in library science.
GRADUATE ScHOOL.-Advanced study and research.

University Extension Division.-For a list of correspondence courses conducted
by members of the faculties of the colleges and schools at Urbana and
equivalent to courses offered to resident students, address the Director of
the Division of University Extension, 112 University Hall, Urbana, Illinois.

Colleges in Chicago
COLLEGE OF MEDICINE.-Professional curriculum in medicine.
COLLEGE OF DENTISTRY.-Professional curriculum in dentistry.
COLLEGE OF PHARMACY.-Professional curriculum in pharmacy.

University Experiment Stations, and Research and
Service Bureaus at Urbana

AGRICULTURAL EXPERIMENT STATION BUREAU OF COMMUNITY PLANNING

AGRICULTURAL EXTENSION SERVICE BUREAU OF EDUCATIONAL RESEARCH

ENGINEERING EXPERIMENT STATION BUREAU OF INSTITUTIONAL RESEARCH

BUREAU OF BUSINESS RESEARCH

State Scientific Surveys and Other Divisions at Urbana
STATE GEOLOGICAL SURVEY STATE DIAGNOSTIC LABORATORY

STATE NATURAL HISTORY SURVEY (Animal Pathology)

STATE WATER SURVEY U. S. GEOLOGICAL SURVEY, WATER

STATE HISTORICAL SURVEY RESOURCES BRANCH

STATE DIVISION OF PLANT INDUSTRY U. S. WEATHER BUREAU STATION

For general catalog of the University, special circulars, and other information, address

THE REGISTRAR, UNIvERsrTY OF ILLINOIS,

URBANA, ILLINOIS




