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ABSTRACT

This study investigates the differences, simulations, and

interrelationships between insulation resistance and dielectric strength

testing to determine if either can be eliminated to effect economy in
testing.
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SUMMARY

The object of thig study iz to determine the most economical
test method for insulation resistance and dielectric sirength testing.
it is common practice in some industries to test by elevating the
insulation reaistance DC testing voltage by some multiplying factor
which has been determined as equivalent {o the dielectric etrength AC
test; and thus eliminate the dielectric strength test altogether, resuiting
in economies generated by the savings in testing time, data reduction
and analysis, and test hardware. This analysis will-investigaté the
differences, similarities, and interrelationships between insulaticn
reafstance and dieleciric strength testing to determines if thexe fs an
overlap or equivalent duplication of testing that could be eliminated,
resulting in the sbove mentioned economies. Thiz study is also extended
{o {nclude the theoretical snalysis of the various typés of failures and
breakdowns that can occur in insulation resistance snd dielectric strength
teating., . This typs of knowledge is necessary before anyone car com-
petently el;ﬁablish specification test requirements and test methods.
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CONCLUSIONS

Aircraft equipment testing found dielectrie strength testing
of 28~volt equipment at 500 volis rms and 60 hertz not sufficient in
detecting flaws in insulation thicker than one mil, therefore thig test
will not offer more significant data than an insulation resistance test of
500 volts DC and it will not provide gquantitative leakage data.
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L _REASONS FCGR INSULATION RESISTANCE

AND DIELECTRIC STRENGTH TESTING

Purpose of Insulation Resistanes Testirg

The primary purpose of igsulation resiszance idirect current
testing is to defermize if the ivakage curresis i an insulator are low
enough to ensure safe and relisbic operation with a minimum of main-
tenance and repair, Iniation resistance regfing checks insulation
condition with respect o dryness and coniamination with dirt, oil, angd
chemicals. Low insuiatiox resistance can form unwznted paths for
current which can disrupt and causs failuze in *he component, serve as
false signals, or disaipate eieciricai signals, When leakage currents
are excessive, insulation deterioration is accelerated because of internal
heating or through electrolysis. Coid fiow of the insulation may cause
the insulation resistance to be lowsred 1o the poin: where large leakage
currents may be formed. Insulation resistance festing czn assure
sdequacy of insulation thickness, proper ciearance of parts, and lack of
mechanical defects which car cause electrica! breakdowr. Insulation
resisiance tests indicate not only the immediate condition, but can be used
to estimate the probable fufure iifc of the insulztion by observing the
value of the leskage current as the voiiage is increased. If the feakage
current rises linearly to the final value of the test voitage, the life
expectancy of the tested item can be expected 1o be goo6. U the leakage
current changes exponentizlly fo the final value of the test voltage, the
life expectancy of the item wiil probabiy b= shors.

Insulation resistance testing is affected by the temperature, ime
and rate of application, level of 2oplied voliage, moisiure, contour of the
specimen, environment, cortamination, aging, ard previous history of the
instlation, Insulation resistancs testisg is mainly used as a nondestructive
test made on high capacitive items, motors, gsnarators, cable russ,
components, assemblies, or compisied cquipmens to delermine whether the
insulation level is satisfactorily high to assure reiiabie operation. In-
sulation resistance testing can minimize the possibility of expensive gervice
failures, can show up cases of i~adequats dssign, o2nd can lead 10 @ more
efficient product,
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Purpose of Dielectric Strength Testing

The primary purpose of dielectric strength (alternating current)
= testing is to determine if the dielectric can operate safely ai.d reliably
- at its rated voltage and if it can withstaad high voltage surges and
g transients. Switching transients and high operating volfage have emphasized
the need for high quality dielectrics and dielectric strength tests to
prevent breakdown. Transients caused by _apacitive discharges are
infrequent because they must be charged above lire voltage. Transients
caused by inductive discharges are very common and usually occur in
motors, solenoids, relays, or with any intevrruption in any inductive
circuit, The maximuri instantaneous voltage will be equal to‘VL /o 1 volts

(IR

" kit

ity

P RR TR
tithbil et it

where L = inductance
C = capacitance
H = gurrent

[

A circuit with a 10 mh inductor, a 100 pf capacitor and a current of 100 ma
can have a transient of 1,000 volts. Dielectric strength testing can de-
termine which materials are extremely susceptible to corona damage,
carbon’zation, and puncture by high voltage surges. Insulation should with-
stand dielectric strength testing without rupture, in addition to preventing
exceseive current flow between two circuits. Solid electrical insulation
materials are generally nonhomogeneous and may contain dielectric defects
of various kinds. Weak spots within the material usually determine if

the test results will be good or bad.
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Dielectric strength testing is affected by temperature, pressure,
time, rate and level of application, moisture or humidity, frequency,
thicimess of specimen, electrode configuration, environment, contamination,
waveshape, aging and previous test history. Dielectric strength tests can
be conducted either with AC or DC, but AC is generally used to determine
if large capaci..ve currents are present in addition to leakage currents. As
a rule, dielectric strength tests are ussd for production testing of small
ciacitive items, for materials testing and anywhere go-no-go information
is desired. Defective equipment caught early can prevent extensive and
costly repairs and ensure reliability, quality, and safety.
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IL. COMPARISON OF ALTERNATING CURRENT TO DIRECT

CURRENT

Tha Dislectric Circuit

The following differences between insulation resistance and
dielectric strength testing were found to exist:

a. Dielectric strength tests are usually conducted with alternating
current and are mostly used for 9-no-go testing of small, low capacitance
equipment, for production testing, and materials tests.

b. Insulation resistance tests are conducted with direct current
and are made-on-components, assemblies, or completed equipment items to
determine whether the insulation level is high enough to assure reliable
operation. They are generally-employed where quantitative, rather than
qualitative resilts, ‘are necessary or when large equipment or cable runs
having high-capacitance miist be tested,

c. ‘Because direct current voltage distribution is inversely pro-
portional to conductivity-and aiternating current voltage distribution is
determined by permittivity, thermal aad disruptive breakdown will usually
occur first with AC, while intrinsic breakdown will usualiy occur first with
DC for a given voltage and time,

The following similarities between insulation resistarce and dieleciric
strength testing were found to exist:

8. As-a dielectric material or com;:;onent is repetively tested,
a lower test voltage will give the saume results as did tae initial test voltage
‘due to deterioration caused by voltage fatigue.

b, Beczuse uielectric strength factors are not significant at low
frequencies if capacitance is low, a graph (based on capacitive power factor)
was generated-to-indicate when to use insulation resistance and/or dislectric
strength testing. By neglecting the leakage current or the-capacitive current
when it is 10 percent or less of the total current, the reiated test may be
omitted. .




The following interrelationships between insulation resistance
and dielectric strength testing were found tc axist:

a. In the early days of the e’¢-trical industry, DC high
potentials were unobtainable and with the dc¢velopment of transformers,
alternating current generators and motors, most insulation testing was
done with AC. Today, with great advances in the field of selenium and
silicon solid-state rectifiers, the DC test set is being used in areas where
AC once predominated.

b. There can be no general agreement on an AC rms to DC
conversion factor because materials will differ in leakage, and electrolytic
action. ‘

The quivalent circuit of a dielectric may be represented by a

capacitor, C, and resistance Ra and Rb in parallel as shown in Figure 1 (a)
when an AC current is used.

e

Ia Ra

Ib

o

Figure 1(a) AC Dielectric Circuit

Figure 1(b) DC Dielectric C rcuit

The capacitance represented by C is between the two metallic circuits, the
resistance Ra represents the absorption losses and Rb represents the leaka; =
paths through and over the insulation. Figure 1 (b) represents the equivaler::
circuit of a dielectric when DC is used and capacitive and absorption currer- 3
are small enough to be neglected.

10
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AC Components

When an alternating current is applied across the circuit, the total
current would consist of an out-of-phase capacitive current, Ia, and an in-ph: se
or leakage current, Ib. The AC test set must supply the vector sum of these
two currents. When the item under test is low in capacitance, the capacitve
current may be small-compared to the leakage current and may be neglected.
When the item under test ig-high in capacitance, the capacitive current may b
many times the leakage current,

This statement can be illustrated with the aid of the following example.
In Figure 1 (a) the impedance of the first branch, Za, can be 1epresented by
the following equation:

Za = Ra+ jwC ='\/ (Ra)2 + (1/WC)2 tan~! 1/wRac
where W = 27 times the frequency

C = capacitance of item under test

Ra = resistance due to absorption losses

The impedance of the second branch, Zb, can be represented by the
following equation: :

Zb =Rb .
where Rb = resistance due to leakage paths. —- -
The current, I, can be frund by dividing the voltage, V, by the total impedanc 2, Z,

If welet Ra = 107 ohmse
Rb = 10% ohms

w=27f=27% (60)

Currents and impedances can be calculated and are listed 1t Table 1, page 1%
for several values of capacitance with other parameters held censtant.

11
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A As shown in Figure 2 the magnitude of the capacitive curren:.
Ia, increages as capacitance increases. When the capacitance ig 10 ““f

the leakage current is over 25 times the capacitive current and the capaci ive
current may be neglected. As capacitance increases to 1081 the capaciti e
current is 10 times the leakage current and in most cascs *he leakage cur ent
can be neglected. The ITT Reference Data for Radio Enginerrs shows ths
capacitance pér foot for most single and double braided cables to be abou

30 pf (10~12) per foot, but some low capacitance cables can get below 10 r.-/ft.
Depending upon the distance between conducting paths and the length of the
path, the capacitance increases the magnitude of the capacitive current wiil
also increase.

DC Components

When a direct potential is applied across the circuit, the tot:l
current flow would be the sum of (1) capacitive current, (2) absorption current,
and (3) leakage current. The capacitive current decays at an exponential cate
according to the equation:

e = E  exp(-t/RC)
R
where " Ie = capacitive current -
E = applied voltage
R = {internal resistance
t = time after voltage application
C = capacitance of item under test

The absorption current is caused by polarization of electric charges whict
take place in an imperfect dielectric under the stress of an applied voltag: .
The absorption current also decays exponentially according to the equatior.

13
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I = AVet exp 1-B)
wooire Ia = absorptior cu: ren; -
A, B = constants dep: nding upon the material
V = Incremental hange 1n voltage
t = time after ch:nge 1n voitage

C = capacitance ¢ 1"em under tesr

T » leak. e current _depends on the .ofal~series resistance of the circunt .
ar i is gi* on by the equation

Rg
v.oiare: Ib = leakage curren’
E = applied voirage
Rg = total series res:stance ;

B: :auge -e first two components ¢ cay with time, the current measured |
ai’ v guf: ~ient time has elapsed for conditions to stabilize is the true leakage
c: rent.

A: -antag. : of the AC Test Set

£ 2rnating current is prima:ny used in the field of materials 1. sting
wi 're br-~kdown tests are made on samples of msulating materials and where
s: 'ples : re small enough for capac:*ive currents 10 be negiscted. ~A’l'vrfq:mng
v.rent = resses the dielectric in proportion to *he dielectric corstan’ of the:
m :erial. rather than i proportion :o the leakage resistance as 1s the case
w. h DC ¢ sting. I the diclectric ccnstant is to be st‘ressed or m=chantcal
vi- ration produced by alternatirg cirrent, an AC tes* set would be required.




Alternating current test sets are primarily go-no-go testers. As
the voltage 18 raised to a spec:fic level, the item under test may or may
not break down. Indication of pass or failure is usually given by a light.
The degree to which an itam passed or failed is not known. This test will
indicate only if the item 13 gocd or bad. An AC test set may be inconveniently
large when equipment or cables of high capacitance are being tested. The
capacitive current could mask abnormally high leakage currents when high
capacitance is : resent. in production testing, alternating current permits
the use of a sn.all high-resistance transformer which is safe and easy for
the operator to use, -~ -

Advantages of the DC Test Set

A direct current test set can give more than a good or bad indication.
It can indicate the degree to which an item passed or failed. Direct current
is used when information regzrding the comparative condition of the items
tested is needed. The AC tes: set requires a circuit breaker for go-no-go
failure indication, while with a DC unit, leakage current is measured and
may be compared with a limiting value.__Catastrophic_failure is indica.ed by
detection of avalanche breakdoswn. The acceptable value of ieakage current
is usually determined by comnarison testing. In a DC test set, the capacitance
will have little or no effect on the steady-state value of the leakage current,
but a considerable length of time may be needed for the current to decay to
the steady-state value. 'The charging currents can be kept within reasonable
limits by gradually raising th2 voitage so that the incremental voltage divided
by the geries resistance yielcs an initial current within the rating of the test
set. If the voltage is raised lowly enough, even a highly capacitive item may
be tested with a unit capsbie «f delivering only a few milliamps. Direct
current test sets are usually 1sed when the capacitive current of the item to be -
tested is so high that a very 1arge-AC- unit would be needed to perform the
same test. S : :

AC to DC Conversion Factor

When direct current is used in place of alternaling current, a con-
version factor is generally u:ed. Aercspace industry has been using values
between 1.8 and 2. 0. Many raanufacturers have been using the value of 1. 7.
The cable manufacturers hav> used 2. 3 and even higher numbers. In
the American Institute of Ele~trical Engineers (AIEE), Transactions Paper
No. 58-845, the value 1.414 :imes the 60 hz rms sine wave AC test voltage is

16



suggested. The value of 1. 7 has appeared the most, but it is not the
sccepiad standard. The réason that there is no universal factor is becsuse
the dielecttic-constant varies from matorial to material and alternating
current streszes a nonhomogeneous material in proportion to its dielectric
constant. Other factors including different mechanisms for breskdown,
transport of. charges, surfdce leskage effects, eléctrolytic action, ete.,
- which diifer from material tc fnaterial make it virtuaily impossibla to

eatablish s universal factor. The test.voliage 6 be used in any given

- sgitustion dependa on the.results of an experiments! approach, and the
j@g&t of tke test engineer in general sgreement with the R&D engineer
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HL THEORY OF BREAKDOWN

Thermal Breakdown

The thermal theory of breakdown is based on the assumption that
all solid dielectrics are heterogeneous, Becausge of this quality some
paris or areus have a lower resistance than other paris of un apparently
uniform material. When a current is passed through a8 sample, it wiil
not.be uniformly distributed. Paris lower in resistance will carry more
current and will be heated quicker than paris with lower currents. I
the adjacent electrodes or insulation can conduct the heat away as fast as
it is generated, the temperature remalos stable.and no fatiure will resuit
However, if the heat I2 not removed 25 rapidly as it is generaied in any
part of the dielectric, paris with higher currenis grow hotter, thersby
lowering the-resistance still further. As the voltage iz increased, the -
temperature rises until thermal instability occurs. Therefore, the die-
lectric will breaskdown at its weakest point.

Thermel Eifect on Insulation Resistance and Dielectric Strength

L Ie———

Electrical conductivity rises-with inerzasing temperature, therefore
the hottest part of the solid insulation {5 religved:of some of itg electrical
‘stress with DC where the:-voltage distribution is-iaversely proporticnal to
the comhetivity. TEis-relief is notinherenf:ii AC testing where the field
diatribution ig determined:by the permiittivity of the material which i usually
xndepaﬁm of temperature. Therefore, -an insulation resistance test con~
ducted under the:infltience of DC may tolerate high ambient temperature where
breakdmwn may occur on & dielectric strength test conducted under the
influence-of AC,

sitlibalts ik,

Iniringloerfonic Breskdown

¥ thermal instability does not cause breakdown of the dielectric, .
faflure may result-when the field intessity becomes suificiently high fo
accelérate electrons through the materisl. The critical field intensit is
imown 2# the:Intrinsic dieleciric sirength. ITouization will occur from either
collizion orchemical acticn under the influence of field voltage. As the
V&MB is.increzsed, ions-will dissipate energy snd produce other fons. By
increasing the vo!ﬁge & higher field intensity is formed,  ions are produced at
a fastar rate until instabiilty oceurs gm% insuletion faflure results.
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Intrinsic Effect on Insulation Resistance and Dielectric Strength

When direct current voltage is increased, electrons leaving the
cathode will move toward the anode with greater velocity and fewer of them
will return to the cathode. When gufficient energy is attained, collisions
between electrons can frae additional electrons from molecules in the process
known sy ionization, With direct current, acceleration of electrons will-be
coustant and ionization can occur at a maxircum rate. Alternsting current
may cause reversal in the field in less time than ionization can get started.
Therefore, an insulation resistance test using DC will probably cause inirinsic
breskdown before & dielectric strength test using AC for any given voltage.

Disruptive or Electric Discharge Breakdown

Electrical breakdown is caused by physical- rupture-of the'dielectric
resulting in the destruction of molecular and other bonds: This rupture is.
caused by electrical charges which are produced by high iocal fields, H:solid
materials are tested, the discharges usually occur in-ihe:surrotjigéiﬁgzr}ie?jiqm
which increases the test area and produces failure at-or-beyond:thaz:electrode
edges. Discharges usually occur in-internal voids ox bubbles:that-are-presént
or may develop. They are caused by local erosion or.chemical decomposition.
This process usually continues until a complete failure path is-formed between
electrodes.

Discharge Sffect on Insulation Resistance and Dielectric Strength

A dischaige across a void is similar to discharging a capacitor.
After discharge, the voltage drop across the void itself is"lowered-and the
discharge may stop. Depeunding on the time constant of-the material, further
discharges may take place with DC. When alternating-current is.uged, the
internal discharges can occur during each half cycle. Alternating current will
subject the insulation to a vibratiag mechanical for:e.which resulis from the
alternating field and this effect cannot be obtained with steady direct current.
Therefore, an AC test will protiably cause disruptive breakdown before a DC
test.
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IV. 'THE IMPORTANCE OF 60 HERTZ DIELECTRIC

STRENGTH TESTING

In a report titled "High~Poteniial Testing of Aircraft Equipment
Electrical Insulation", failure anhalysis of 28-volt equipment showed that
500-volt rms, 60-hz, tests were rot detecting-insulation flaws which sub~-
sequently caused-service failires. The.purpose of the §30-volt, test was
to detect flaws in the:insulation. ‘In operation, inductive:circuit interruption
transients-are very 1tkely to: discharge through these flaws.or.pincture
marginally thin insulation-and cause-insulation failure by tracking, -Circuit
transient voltagen discharged across voids in the material-were not being.
detected by this test.

An:investigation was-made to detérmine the reagon for insulation
faflure. The investigation-indicated four factors-caused insulation’ ‘breakdown.
They-ars:

a Voltage gradients-in:the gap-areacaused by the chenge
{n-dielectric-congtant from-air-to material..

‘b, Limited dissipation-of-heat cauged by Ioss of-convection.
cooling.

Co Contamingﬁon of the:air gap-area-with products-of the
discharge.

4. Alrgap.pressure changes-caused by-confiniag the-dis-
;;»hgifg‘éj_’ggiﬁ:éﬁi@l%holes.

‘Under highly contxolled: condiﬁons. tests-were made on materials1, 5, 8, 75
-and"9-mils:thick, Results showed-500 volis rms, 60-hz, tests-would not detect
a'flaw. reliably in- insulat!on :thicker than-one'mil. One thousand:volts.rms
would:probably be necdéd: ‘to.detect a-flaw in '3'mil insulation, The:investigation
also-showed that the- larger :the diameter.of the hole the lower the breakdown

voltage,
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Governmental Dielectric Withgtanding Voltage Tests

The purpose of tbe Dielectric Withstunding Voltage Test in
MII~8TD~202D, Methed 301, is "{o deteriaine whether insulating materials
and spacings in the component part are adeguate"., In goveinmental tésis,
Dielectric Withstanding Voltage Tests are usually conducted st 500 volts rmns,
80 hz, and according fo the previous report on dielectric strength testing of
aircraft equipment, only a one mil flaw can be detected reliably at 500 volts
rms and §0 hz. To detect a 3 mil flaw, 1,000 volts rmse at 60 hz would be
needed. The aircraft equipment report and various other scurces indicate
thers is iiitle advantage o eguipment testing using 500 volts rms AC when
500 volts DC testing is preferred. "Failure analysis of 28-volt eguipment
repeatedly demonstrated that 560-volt, 89~cycla AC tests were not detecting
insulation flaws which subsequently caused service fsilures. ¢ Other gources
can aupport the airoraft equipment report's findings. American Soclety for
Teating and Materials (ASTM) maintains that "dizleciric sivength is not
significantly influenced by frequency variations in the range 6f commercial
power frequencies (50-60 he). ' ""The effects of capacitance are discernable
at 60 hz, "2 It is a known fact that an AC current can cause field reversai
in less time than avalanche breakdown can get started.

) Higtory of High Potential Testing

The importance of sound electrical insuletion has been recognized
from the early days of electricity. The need for improved testing and
insulation was emphasized by damage caused by flashover, lightening, transieats,
and problems caused by continued use.

Most early testing was Jdone with DC potentials of up to-560 volts.
Higher DC potentials were not feasible. Later, with the devalopment of
transformers, AC generators and motors much insulation of testing turned to
AC. As the years passed and the-electrical industry expanded, rotating .
machinery, transformers-gnd cables became larger. AC test eguipment
became larger anil more costly to keep pace with the insulsation to be tested.
The phase-to-phase or phase-to~-ground capacitance of gome cables bacame 20
large that the capacitive current was as high ag 2-3 amperes.
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It was not untfl the 19530's that the invention of ths Kenstron
reciifier tube led to the development of direct currant high voltage supplies,
Baosuse of new designs available with the Kenetron tubs, DC voltage supplies
wers & groat improvement when compared to size, weight, and cost of the
AT units. But still, AC test seis predominsted in the 1820's snd 1840's
bécause of its longer history and the conniderable dats that had baen
accumulated corrslating test resuita. Most testing waa done with AC also
bscause of the iack of genersal familisrily with the newer, more sophisti-
cated DC test equipment, and the svailebility of AC equipment, rather then
bacause the AC tast por 22 is bstter.

As time progressed, tremendous advances in the electronic industiry,
increasing use of high voltuges, and the increasing complexity of eguipment,
the demand for more sophisticated, more gensitive, and safér tast eguipment
inoressed; The high reactznce transformer made sisll portadle unity for AC
testing faet, convenient to uge, and safe to opérate. I wis not until the 1840's
thigt the advent of the high vacuum reéctifiers reduced the size, weight, and
cost of the DC set that DC testing-became gopular. Today, with the great
-advances in the field of seletiium. and silicon golid-stats rectifiers, ths DC
test sbt is high in quality and reasonsbly priced.

Insgiteoftheeaﬁyhﬁéméstestsetshad DC test unlts ate
being Used in-graas Where AC prédominstéd. DC test séte are praferred o
test itame of high capacitance or when quantitative rather than qualitative
messtréments must bs made,
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V. FACTORS AFFECTING INSULATION RESISTANCE AND
DIELECTRIC.STRENGTH TESTING

Ths temperatize of the test specimden and its r.rrounding medium
infiuence ths dielsotTic strength, but for-most materials amall variations of
-atEhient temperaturs-may-have-a-negligible-effect. Dielectric strength will
deorease withinoreasing tomperatuve, but the extent fo which this is true
Gepends upon the matorial teatéd, Raifsing the température rodices the
mamber of molecules:par-anit volumes causing ths electrons to travel farther
and farther. b&%’é&; collisions with molecules of the gas, thereby permitting
them to pick e saffioient. eaergy to caiige ionizstion with every collision,
lowering the breskudown voltage.

ka algo sifected by temperature as dielectric
£ e "'daﬁmﬁﬁém@&etweoﬂnsuim the
m&mm -and the-coadition-of the-insulation surféces. Experimental
mammwwmm«ﬁﬁbemmwaﬁmﬁmm
dach specific:fs mpersture inoremest. Most insulators have maltipliers of
40:.poreent to- percent for each10°C- incresse’in tempersture, withthe
maltipiier for e2oh kind 484 confition of insulation remaining apdroximately
constant over the operating ‘reage

Eressure

Ingeneral, as gmsurs is increased, the diclectrio sirength of the -

,‘Misiﬁﬁ%ﬁa ‘I‘ﬁiais&s&aih&m&hatgs;r&ssurezsmm )

molecules:in the gas are pecked cloder together with the distance hetwees

wﬁisi&éﬁé%i%sanﬁ&tpermﬁtﬁ% them @gieknpsuﬁieia‘*t ensrgy-to

cazge fenisstion: with svézy ooilisien, ‘thereby inoreasing the breakdown

ve;tge. ‘However, thle rule 15 not-applicablesto all pressures. Asthe gas

preseurs s E%erﬁé colligions become 1éss freguent, thus pormitting the

elestrons o plck up aaﬁiei&t &cergy to cause {onizstion and lower the brask

down voltsges  As the gas pressureig lowersd: stili-further, thers is a point
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wheurs thare are so few molecules that the elecirons have s vezy gond chance
of resching the ansds without many coliisions, The chance of bretzdown
becomes less and sdditions! voltage ia neaded o czuss breskdown 25 shown
in Figure 3. It can be restated that as pressure decrezses, ths breakdown
voltage decresses {0 g minimum st 2 eritics! pregsurs snd then . incresacs
until the valus of brezkdown in & porfect vacuum is reached. Zeocauss of
pooror ionizzton efficlency &t very low pressures & long gup may bresk down
at 2 lowsr voltage than = shorier gap.

The dislsctric strength of air &t normasl stmospheric {emperature
snd pressure is 22, 800 volte {rms) per inch, broésEdown can ooour at 841
volts at-the eriticsl presgure. Breskdown voltege decréssés by syproxzimaisly
15.percent for sery 20 perosmt devresse in pressure. The decrssssin
breskdown voltage of air with an incresse in altitude makes the testing of
siriome or missileborme équipment of greater imPortance bacsuse spacings
which were more than sdestiate st normal-atmoszheric pressure may bscome
inedshudats at High gltitudes,

Tits_snd:Rate of Apslied Voltsge
Dielectric Stranzih

Test reauits are influenced by the dme-and rate of voltage spplication

In most csses, the bregkdown vollsge will tend to incrgase with inoreasing rate
of voltege spplication, This results from the fact iHiat both thermsl breskdewn
mechsnism snd the discharge mechanism are time-dependent, althoughin
some cases the discharge mechanism viay causs rapid failurs by prodicing
critically hish logal ficld intensities. Also, the siower the apglication of
voltage, the mors likely failure will ccour at 3 lower voltese: Generally,
voltage iz inorsased slowly from zero ta,&e:?@ﬁiﬁééigiué, unless breakdown
occurs first, or the voltage is rai2ed in discrste steps.  To Le mesningful; o
s:s* tsmént congernine diclerttic strength about & particila? naterial should

spaoify or imply-the tme of voltege 2pplication }z:..,t prior to bréakdown, Studies
iﬁéieaie brea¥ioen voltage will {end to décreass ifthe 15 duration of the test is
extendad, Bresiiswn by tonizstion (s not instsnidncbus, thersfore a dafiniie
interval of time iz reguirsd for braskdown {0 ocour. Beostse of thisfret, It
iz very possibls for g sharp, Eiah voltaze pulss oot &0 have shough Hims {0 causs
breatdown while = smsller stilae of lotzer durstion could.
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insuistion Resisisnce

Mezsursmeant of insulation resistance is complicnisd by the ime
of elecirification. Time of electrification means that a3 5 potentis! difference
is applicd to & speSifnen, ths currant thivough if generally decresses
ssympiotiosily {oward a limiting value which shay be less then  parcent of
the current cbaerved st the end of the first minuta. The decrsase of Jurrent
is attributed to dislectric absorption, changing capecitancs, and the sweep of
mobile fons to the electrode. The conventions! arbitrary Hims of electrification
has been spacified as one minute.

Aehiisd Vol

Dislestric atrength tests which are nondeatructivs are called "proof
. TheF are:made to detoot design deficiéncles, flaws, damsgein

mmze, o sa" szgn.ﬁcaat vsﬂaﬁen in dielectric asr&&, Tiae ievei of
voitege:aisnl
breskiosn: s‘m& a@ the. s&acitg h::eaﬁsﬁn for tha insu}stmg wall mic@as&
By ssacing breadown voltage'is meant i equivalent voltage st which:air
specings will breskdown. Ditlectric testing should be gréator than thé gas
spacing braskdown level ond lower than the diclectric breskdown volisge

I mdny cases both volume and surface resistsnce or confuctance
of the specimen may bs voltage sensitive. In such a case the game vollagse
gradient muast be used if resulis are lo be consistent. A-tolerance of 5 paroent
is generally given belween applied and apecifisd vollsgs. Insulston resistincs
tests sve geddrally perfornied af 508 volts DC with special fest a0ts.  Gsaerslly,
insuilstion resisisnce will decresse with an Ineresse of spriied voltage. The
veriation in zecistance is ususily dus to melsiure or voids in the insulation wail:
A sugden chunge ip resistance can be & foresaming of an impendiny faifura
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Dielestric Strensth

The relative humidity can greatly influence dieieciric strength.
Whan molature is sbsorbed by or on the surface of the material tezted the
dieleciric losz and surfuce conductivity is incressed, The extent {o which
dislectric oz and surfsce conduetvity are incressed iz dependent upon
the neture 2. the material being {ested. However, some materials that
stsorb Hitle or no moishifs may be affected because of the greatly increased
chemicsl affests of discharge in the Sresence of moigture. Moisture lowers
dislsctric sirength bacause wator's dielectric properiics are dominated by 2
polarization consisting of the orientation of the molecules by the action of
the applied ficld, the miolzcule having two hydrogen atoms with their +1 charges
uvnsymmstricaily disposed with respect to the oxygen ztom with its -2 charge,
therehy giving it a2 psrmanent sleciric moment. This polarization accounts
for the very high giclectrie constant of water at ordinary temperatures {e_ = 80).

The éf:’écta of relative humidity can be Hmited by standard conditioning pro-

When moigturs is-gbsorbed into the pores of the insulaton, the
reslstance bacomes lower whilethe power {sgior iz incressed. Volums re-
sisﬁi'ii}' is very sensitive to temperature changes, while surface raistezzca

111 chsoge repldly With changes in humidity, The change iz slwsys exponentish
If réghee humidity iz chéhged from 25 pevcent {6 80 parcent, resisfance can
be chatigad Oy = facior of one million. When &n insulsting surface gata wet, o
thin §itm of water may be formed making the gurface highly conductive.

Frepiency

it has been ghown in Ssotion IT that dielscirie strength is not
seversly sffected 8t power freguetioliss {50-60 hs). A1 hisher frefusncies the
converse mey be true, Capacitsnce msy incresse msking the insulator
reiztivaly food conducior where it can give or ground out slectrical signals.
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Thickness

The dieleciric strength of electrical insulsting materisl iz dependent
on specimen thickness. The disleciric strength for most materials varies
inversely as a fractional power of {he specimen thickness. For some materizls
the diclentric strength varies ss the reciprocal of the sguare root of ths
thiclmeass, As g result, dielectric sirength of an insulating material iz squel
to the breskdown voltage divided by the thickness and is usually expressed in
volts per mil.

Electrode Configuration

Dielgctric Strength

In genersl, breéakdown voliage tends fo dscrease with incraasing
elsctrode area and this affect iz more proncunced ou fhinner specimens: Resulis
aro also affscted by eloecirode material ginds the thermal and discharge moshaniams
may be influenced by the thermal conductivity and work function of the slectrods
materisl, The air breskdown voltage increfises as spacing between the eisctrodes
ingrenses, but as spacing approzches zero distence the curve differs becauss of
Paschen's Law. Aftler the oritics! gap:spacing is reached the breskdowm voilage
of sir variss inversely proporticnsl to the elecirode spacing. According to
Paschen’s Law, the minimum volfage réguired fo bréakdown air at auy separation
1z egual to 335 volts DC or AC pegk. This is 3 significent point {o bs considered
in insuiation deaign and testing. For lower voliages, any ssparstion behween two
wires io adeguate as long 23 it iz clsan and dry.

Contour of Specimen

The measured value of the insulation resistance of 3 spssimen resulls
from both its volume and surface resistances. Becauss of the different pro-
periies in differant materisia, there is no sssurgnee thet, H{ materisi A hssa
higher inasulation resintedce than meterisl B, it will aiso have 2 higher resistance
then B in the sppiication for which it iz intended. Tae contour of the spscimen
can change the insulation resisisnce significandly.
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Environment

The environmeut can affect the heat transfer rate, external
discharges, snd ficld uniformity, thereby influencing test results. Results
{rom one medium will diffsr when compared {o those obtained from a
different medium. Most of todoy’s equipment {8 subject to a2 wide range
of environmental conditions and exceeding high relisbility reguirements.

Most equipment uged in aircraft or missiles may be subjected to temperatures
renging from ~70° F t5 seversl hundred degrees Fahrenheit under normat
operating conditions. Vebicular vibration due te movement over roads or
accsleration in ths air may cause considerable stress on equisment Handling
subjects equipment {0 varicus degrees of wear and tear.

Contamination
Dielectric Strengih

Coatamination of the surface of the insulation with airbome
chemicals, duat, moisturs, etc,, can severely reduce the dielectric strength
of a materisl. When impurities are present the amount and nature of the
impority, the materisi, size, shape aand apacing of elecirodes will all have s
considersbie affect upon the finsl dieleciric sirength. Other centaminants
such a3 gresse and ofl picked up during handling of the material may lowser
the diclectric strength.

Insulstion Resistance

The resistance of clean, dry insulation will tend to increase for
hours when mesasured at a fixed voltage. On contaminated insulation, the
steady velue of resistanc: will be reached quicker and ususily at & much
iowsr level. Dirt or dust on an insulating surface will increase the tendency
for the formation of moisture films, A vary thin meisture film may have such
2 high conductvity as o reduce the Insulstion resistance by s factor of several
thousand {0 ona.
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Waveshape

Dielectric strength is influenced by the waveshape of the applied
voltage. The peak value "¢ g sine wave should be 1,414 times the rms
voltage. Undersized or overloaded input circuits and excessive leakage :
current {low resistance) can cauge waveshape digtortion. Most digtortion
consists _f flattened, sharp, or jagged peaks higher than those found in
undigte~ed wuveshapes. The maximun stress on ¢ material being tested
is due to tho rms value when heating is most significant or peak valus of the
voltage when highest voltage stress is most gignificant, The acaleof a
voltmeter is usually calibrated in terms of rms, but yields the true rms
value only if the output is a good sinusoidal wave. If the waveshape is irregular,
the peak reading obtained may not be 1, 414 times the true rms voltage.

Aging

Aging is defined as any slow deterioration that has not been
satisfactorily explained. Miners! insulating materials like mica and quariz
are slightly affected by aging, but most dielectrics are organic compounds
and ars liable to undergo changes. Aging consists of an oxidation of the
material, reaction with the water molecules that penetrate its structure, the
liberation of free ions, the breaking up of long chain molecules into shorter
ones, the linking up of chain into a three-dimensionul network or the hreaking
up of crystalline aggregates. Aging is accelerated by electrical uss, chemical
corrosgion in the atmoaphere, temperature changes, and exposure to light or
ionized air. Aging is liable tc be »ncompanied by critical changes in dielectric
properties which may lead to trout.e where suifable insulation cnce existed.

Previous Test History

Dielectric Strength

Every application of voltage to a diclectric material deteriorates the
insulation and lowers the dielectric strength. Deterioration can change the
electrical parameters and physical characterigtice. It is generally accepted
that if a piece of material can safely withstand s given voltage for one minute,
it can withstend 80 percent of that voltage for hours. A one-minute testata
given voltage is crusidered eguivalent to a five-sacond test at 120 percent of that
voltage. 1 Agu .electric m «erial is confinually retested, a lower teat voltage
can give the seme reaults as aid the initial teat voltage.




Insulation Resgistance

Ag with dielectric atrength, each application of voltage to an
insulator deteriorates the ivsulation and lowers the insulation resistance.
An example of previous test history affect on insulation resistance wouid
be aging. The longer & piece of electrical equipment is used, the more
lisble to breskdown it becomes.
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GLOSEARY

Dielestric

A nonconducting sub. 1¢s or material through which, however,
induction, msagnstic lines of force, or elecirostatic lines of force may pass.
A diclsctric is & medium in which it is pogsibis to produce and maintain
an efestric field with Hitile or no supply of energy from outside sources.
The snergy required to produce the slectric fleld is recoverable, in whole
or in-part, when the field is removed. In general, sil ingulating materials
are dielactirica.

Dislactric Abgorption

A phenomenan that oceurs in imperfect diclectrics, whereby positive
and negative charges are ssparated and then accumulated at certain regions
within the volume of the dislectric. This phenomenon ususally manifests
itself s s gradually decreasing current after the application of 2 fixed DC
voltage.

Diglactric Polarization

The dipole moment per unit volume in g dieleciric. It is & vector in the
direction of the electric field and related to it by the following relationship:

P=D-g,E= (X¢, B)= (£~¢;) E
where P = Dislectric Polarization

D = Electric Dispiscement
€ = Psrmittivity of the Dielectric

£,~ Permittivity of Free Space

Xe = Sugceptibility = (¢/¢, ~ 1)
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Dielectric Strength

The dielectiric strength of 3 material is the potentisl gradient st which
electrical fallure or breskzdown oocurs. To cbiain the trus diglestric
atrength, the sotusl mexinium gradient must be considered, orthstest
pless and siectrodes must be designed =o that uniform gradisat is ohitined,
The values chieinad for the dlelectric strength in practios! tests will vsuaily
depand on the thickness of the material ond on the mathod snd sonditions of
fest.

Eleotrst

An slectret iz & dielectric body poszessing separate glectric poles
of cppealts sign and of o permenent or semigermanent natures Hisan
electrical enslog of 3 permanent magmset.

Impsrisct Didlestrio

A dislectric in whick o part of the snerpy reguivad to esfeblishan
slectiric ficld 'n the disleciric iz sot refurnied & the cleciric syalem when the
field {s removed. The energy wirish is pod refurnsd iz converied:into hest
in the diclestric. (AIEE)

A mstarisl of guch low conductivity tbutl the Sow of Lurrsst throush
under epecific conditions cxa usually, but st aleays, be negiected.

Iosulstor Sirenatt

Ths loading in pounds st which the insulator fails to perform it functien
clther slectriesily or mechenlesily, voltage and mechanical stress helng
spiied simultanesusiy. (AIEE)
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Permittivity

The parwittvity (¢) of an isotropic medium, for which the directions
of the slectric displacement and the electric field intensity are the same at
any point in the medium, is the magnitude of the slectric displacement density
{D} at that point divided by the electric ficld intensity there. The permittivity
¢f 2 matarisl is the value of the constant ¢ appearing in the denominator of
the Coulomb force eguation which expresses the force between two charges
immerssd or imbedded {n the material. The permittivity is the relative
permitilvity muitiplied by the permittivity of free space,

€ = Keg,
where: € = pormittivity
Ke = relstive permittivity (gielectric constant)
¢ = permittivify of free space.
Power Fasior, Sectric

In leoteio power systams, the coslne of ths dlelectric phase angie
or gine of the didectric logs angie,
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FORMULAS_

X, = Ywc=z2wtc

Zpc = BpotiXg- ‘\;j( B + &X°

i

where: Xpo Cepacitive Resstance

L

Zic Impedanes to Alternstic Current

Bpe = Resistancs to Direct Current
Lst By~ =100 MEGOHMS

c =1epf=10"1
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APPENDIX

The dislectric constant of a raterial i the ratio of the eapacitance,
Cx, of g given cusfigursiion of ectrades with 5 material 25 the dielectric,
to the cepacitensa, Cv, dieleciric: Ke = Cx/Cv.  When sbsorption losses
sre negiosotsd, e dlclectric material can be repragsnted by the following
schemstic:

=V [@;wc}

Figure 4

Oielectric Phase Angle, §, s the angular difference befwes the sinvsoidal
altsrneting potentiel differencs applisd {o 2 dislootric znd the componaent of
tae reauiting altornsting currest having the same pericd as the potential |
dgifferencs

IHciectric Loz Anzls, §, iz the difference betweeu 90 degrees and the
digdastric phase zagls.  The y-component, wCV, ig affectad by frequency ond
espesitence, while ths x-comaponent is affected by conductance. If the
censcitencs is low () or frequency is low (50~60 hg}, the y-component may
bs smalisr e s s-componant.  H capscitance or frequency Is bigh the
opposite is trus 2ad Is shown in Figure 5
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Tabls 2 conizine tha resuliy of capgeitive reaciznce, Xc . lmpedance
to slternating current, Z,., and the ratlo Xo/Z g with the DC resistarce squal
to 108 megohras and capaciience ogusal to 19 of for 10, 60, 100, 1,000 and
2,060 he and 100 pfdor §, 19, 60, 100 and 1,000 hz. The greph i igurs
ghows how ch‘zgg vavies with freguenty and cepacitance. The coordinate is
varfeble X{;/ Zyg ool the abgoigsa {athe varisbls frequency. Cutoff values
for inaulation resisiance end dielectric strength wers raads at the poluts Xo/2,0
scust is 10 percent anid 80 peresnt.  This valus may be increaged or decreased,
it 10 parcent change was ussd g8 an enginesring epproximation. In the grea
below 10 paresnt:dislestric strength would yrobably be the only test Above
$¢ percent insulstion resisténcs would probably by the only test. The shaded
arsas show where both insulation reaistance and dielectric strength might be
sppited.

At the point xc/zécsv.a

Xo=0.5 530“5‘5“\!%’3, Feomy?

:;ﬁz =1/4 {q’ggc)g + (X c}s}

2 \
3Xg" = Byl

Fpo = ﬁgc

gtates the currend through the cspaciior is '\} 8§ tmes the Issksge resiatancs
curzent.

In conclusion, the graph in Figure 8 ghows thal when the leskage current
iz 10 times the capacitive current only insulation resistence testing would
probhably be used end if the canscitive current is 10 timas the Ieakage current
ouly dielectsin sirengih testing would probably be used. Al other Hmes both
test might be applied.
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TABLE HO. 2

ey X 2 /2

10 1.59 X 107 1.6 X 10° 0.99
60 2.65 X 10° 2.85 x 10° 93
00 1.59 X 10° 1.89 X 108 .84
1000 1.59 X 107 1.03 X 10° .15
2000 8 x 106 10% 08
5% 3.2 X 168 3.35 X 168 96
10% 1.59 x 168 1.89 x 10° .84
éox 2.65 X 107 1.03 X 108 .26
100% 1.59 X 107 1.01 X 10° 16
1 1.59 x 108 108 .2

% = 100 pr = 107°
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