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DIELECTRIC MEASUREMENT

Dielectric measurements are concerned with the characteriza-
tion of solid, liquid, and gaseous insulating materials over a
wide range of dc and ac conditions at different frequencies,
temperatures, field strengths, and pressures, under differing
environments. The frequency range covered extends down-
ward from the power frequency of 50 or 60 Hz through the
ultra low frequency range of 10�2 to 10�6 Hz to dc and upward
into the audio frequency (AF), radio frequency (RF) and mi-
crowave ranges and, finally, into the optical region for opti-
cally transparent dielectrics. It can be appreciated that a vari-
ety of specimen cells are required to suit the nature of the test
and to act as containment vessels or holders for the specimens
undergoing evaluation. The test methods and specimen con-
tainers used over the lower frequency spectrum differ sub-
stantially from those employed over the higher frequency
spectrum (300 MHz), because, at lower frequencies, the di-
electric specimen behaves as a lumped circuit element, as op-
posed to its distributed parameter behavior over the higher
frequency region, where the physical dimensions of the speci-
men become of the same order as the wavelength of the elec-
trical field. This delimiting difference necessarily requires
other test procedures to be utilized at high frequencies, and
constitutes perhaps the main reason for the bifurcation and
the unfortunate, but often attending, isolation of the two
fields of endeavor—even though the aim over the lower and
upper frequency regions is identical, namely, the character-
ization of dielectric materials.

Space does not permit a detailed description of all the di-
electric measurement procedures and, consequently, only a
cursory presentation is made. Nor is it possible, within the
given constraints, to delve into the various dielectric conduc-
tion and loss mechanisms in order to discuss the interpreta-
tive aspects of the measurement methods. Accordingly, the
presentation is necessarily confined to a concise description of
the most common methods of dielectric measurement em-
ployed currently. Wherever feasible, the methods given at-
tempt to comply with the general guidelines of those specified
in national and international standards, such as those by
ASTM (American Society for Testing and Materials) and IEC
(International Electrotechnical Commission), in order to put
methods forward that are universally accepted and have
withstood the test of time. The dielectric measurement meth-
ods presented here will deal principally with those of dc con-
ductivity, dielectric constant and loss as a function of fre-
quency, and voltage breakdown or dielectric strength.

DC CONDUCTIVITY MEASUREMENTS

Volume Resistivity, �v

Insulating materials employed on electrical equipment are
usually characterized by a high insulation resistance and
thus provide an isolating medium between adjacent compo-
nents that are maintained at different potentials. In certain
applications, such as for capacitor components, bushings, and
cables, they must exhibit extremely low leakage current. In
other applications, where partially conducting polymers are
of interest, the insulation resistance values are substantially
reduced. Insulation resistance measurements, which are gen-
erally carried out under dc conditions, yield not only data on
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the electrical conduction characteristics of a material, but
may also provide an indication of the uniformity or impurity
content of the insulating material. It is thus of considerable
practical interest to classify the various insulating materials
in terms of their dc insulation resistance, which can then be
related to their dc electrical conductivity. The dc conductiv-
ity, �dc, of an insulating or dielectric material, is a more fun-
damental property, as it bears a direct relationship to the con-
duction mechanisms taking place in the dielectric. It is
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defined as (1)
Figure 2. Schematic circuit diagram for a three-terminal measure-
ment of the volume insulation resistance.

σdc = J�dc

E
(1)

where J�dc is the dc leakage or conduction current density in electrode system with the dielectric specimen held between
A cm�2 and E is the direct electrical field in V cm�1; the units circular parallel-plane metallic electrodes. The electrodes are
of �dc are in S cm�1. If it is assumed that the dc conductivity usually made of stainless steel, with the low-potential
arises from a drift of singly charged carriers, e, in the field (guarded) electrode of diameter D1, having a diameter size
direction, having a charge concentration n per cm3 and a mo- less than the high-potential electrode, whose diameter D3 is
bility of � in cm2 V�1s�1, then Eq. (1) may be expressed as equal to that of the guard ring electrode. The separation be-

tween the latter and the low-potential guarded electrode isσdc = eµn (2)
equal to g, such that g � 2d, where d denotes the thickness
of the dielectric specimen. The gap g between the low-poten-The measured dc volume insulation resistance, Rv, is re-
tial and guard electrodes must be sufficiently large to preventlated to the dc volume resistivity of dielectric, �v, by
leakage over the surface of the dielectric from influencing the
volume resistivity measurement; this is particularly impor-ρv = A

d
Rv (3)

tant with high-input impedance electrometers. A value of
g � 2d is most expedient, since it permits the measurementwhere A is the area of the measuring electrodes in cm2 and d
of both volume and surface insulation resistance with andenotes the thickness of the dielectric specimen in cm; by
identical electrode configuration.definition, the dc conductivity is inversely related to the dc

The fringing of the flux lines essentially extends thevolume resistivity as,
guarded electrode edge into the gap region bounded by the

σdc = 1/ρv (4) measuring or low-potential electrode and the guard ring.
Hence the area, A, in Eq. (3) is not the geometrical area ofsuch that the units of volume resistivity are in � cm.
the low-potential electrode, but is approximately given (2) byThere are various specimen-holder electrode systems and

measurement techniques available for determining the vol-
ume insulation resistance, Rv, in terms of which the volume A = π(D1 + g)2

4
(5)

resistivity, �v, may be computed, employing Eq. (3) (2–4). For
illustrative purposes, only the most prevailant ones in use The determination of specimen thickness, d, in Eq. (3), does
will be considered. Figure 1 depicts a typical three-terminal not present itself as a trivial problem (5). Exact parallelism

between the two opposite sides of a solid dielectric specimen
is difficult to achieve, in practice. With polymers, it is common
to make several thickness measurements along the specimen
surface, either with a micrometer or a dial gage, and then
determine the average value of d. With most polymeric mate-
rials, the dielectric specimens will tend, in general, to conform
to the surface of the measuring electrodes. However, with
hard materials, the optically flat electrodes will generally not
be contiguous with every portion of the surface of the dielec-
tric. In such circumstances, the three-terminal electrodes
must be either paint or vapor deposited upon the rigid sur-
faces of the specimen. For this purpose, silver or aluminum
is frequently employed, though aluminum is less desirable,
because of its propensity to form nonconducting oxide films.
Alternatively, tin foil electrodes may be utilized, in conjunc-
tion with a minute thickness of silicone grease, applied to en-
sure their adhesion to the specimen’s surface. When liquid
dielectrics are evaluated, permanently mounted three-termi-
nal electrodes are employed, in conjunction with a cell con-
tainer into which the liquid specimen submerges the mea-����
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surement electrodes.
Figure 2 portrays a schematic three-terminal circuit dia-Figure 1. Three-terminal electrode system for the measurement of

volume resistivity (after ASTM D257) (3). gram for the measurement of the volume insulation resis-



296 DIELECTRIC MEASUREMENT

tance, Rv. Perhaps one of the most important considerations function of the applied voltage, V; it is temperature dependent
as well. Thus, the value of V and the temperature must bein the measurement of Rv is the time at which, following the

application of the electrical field, the actual measurement is specified; in general, the values of 100 and 500 V are most
commonly employed (2,3). Following one minute of voltage ap-made. When the voltage is suddenly applied across the speci-

men, the observed initial charging current is associated with plication, the value of Rv is then calculated from
the polarization of the dielectric; both the induced and perma-
nent dipoles in the dielectric become aligned in the direction
of the electrical field. Once this very rapid process is com-

Rv = V
I�

(6)

pleted, the current commences a monotonic decline with time,
as surplus free charge carriers are gradually swept out of the In the measurement of Rv an accuracy of 5% may be readily
dielectric by the electrical field. The nature of these charge obtained. However, as the volume resistivity, �v, is subse-
carriers and their mobility are directly associated with the quently obtained in terms of Eq. (3), the accuracy of the �v

structure of the dielectric material. If the dielectric has an value is somewhat degraded, as a result of errors inherent in
open structure, such as glass, the charge carriers may be ions; the measurement of the specimen thickness, d, and the esti-
similarly, in a dielectric liquid such as an oil, where electro- mation of the electrode area A [refer to Eq. (5)] when compen-
lytic contamination may be the source of the charge carriers, sation for the field fringing effects is made.
ions may be also responsible for the conduction current. In
polymers, where the latitude of ionic motion is greatly re- Surface Resistivity, �s
stricted, the conduction process is frequently governed by

Surface resistance, Rs, of solid insulating materials is, to aelectrons. Ideally, the Rv value should be measured when the
large extent, determined by the state of cleanliness or con-conduction or the so-called leakage current attains a constant
tamination of the surface of the dielectric under test. It is, asvalue, which is a function of the dielectric under test. For ex-
well, a strong function of surface moisture, particularly if theample, in a polymer, the value of constant current may be
moisture film contains electrolytic impurities either intrinsicachieved when all excess free electrons have been removed
to the liquid film itself or as a result of solid ionic contami-from the dielectric and the residual leakage current is en-
nants originally present on the solid dielectric surface. Sur-tirely determined by the trapping and detrapping rates of the
face resistance is thus a measure of the material’s propensityelectrons at the various traps (principally shallow traps).
to surface contamination and constitutes a useful indicator asThat is, the number of migrating electrons at any one time
concerns the surface tracking resistance of insulators whenapproaches a constant value when an equilibrium is attained
subjected to electrical fields. It is common practice to condi-between the time each electron resides trapped in a well and
tion the specimens prior to measurement in a dry atmo-the time it is free to migrate before it becomes again re-
sphere, before performing the actual measurement at 50%trapped. Since the complexity of the conduction process virtu-
relative humidity.ally ensures that different dielectrics are characterized by dif-

Surface resistance measurements may be carried out, ei-ferent times necessary for the leakage current to attain a
ther with two- or three-terminal electrode systems, thoughconstant value, it has been agreed ad arbitrium that all insu-
most often three-terminal electrodes are employed to elimi-lation resistance measurements should be made following a
nate stray leakage effects. The units of surface resistance areone-minute application of the electrical field.
ohms or ohms per square. The latter refers to the arrange-Since the volume resistivity, �v, of good insulating materi-
ment of the electrodes, the configuration of a square, on theals falls in the range of 1012 to 1018 � cm, the leakage cur-
surface of the specimen, as depicted in Fig. 3 (2).rent, I�, for such materials must be measured with a picoam-

It is evident from the electrode arrangement in Fig. 3 thatmeter, as indicated in Fig. 2. The guard circuit improves the
the surface resistance measurement also includes a contribu-accuracy of the measurement by reducing the influence of the
tion of the volume resistance. The magnitude of this contribu-leakage resistance. The effects of the coaxial cable resistance
tion diminishes as the surface conductivity becomes increas-connected across the dc power supply can be greatly de-
ingly greater than the volume conductivity. The procedurecreased by shunting the input of the coaxial cable to its
followed in measuring the surface resistance, Rs, is identicalshield, by means of an operational amplifier with unity gain;
to that of Rv. The surface resistance is given bythis feature is often incorporated in commercially available

electrometer/ohmmeter instruments (6).
The volume insulation resistance, Rv, in addition to being

contingent upon the time of the voltage application, is also a
Rs = V

Is�
(7)

Figure 3. Schematic circuit diagram for
the measurement of surface resistance
with a three terminal electrode arrange-
ment on the dielectric’s surface (2).
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and application suitability at either low or high frequencies
are assessed, are those of dielectric loss and dielectric con-
stant.

The capacitance, C, of a parallel plate capacitor containing
a dielectric material having a relative real permittivity, ��r ,
may be expressed as
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C = ε ′
rC0 (10)

Figure 4. Schematic circuit diagram of a three-terminal circular
where C0 is the capacitance in vacuo and is given byelectrode arrangement for the measurement of the surface insulation

resistance (3,6).

C0 = ε0 A
d

(11)

where Is� is the surface leakage current and V is the voltage where A is the area of the capacitor’s plates in cm2, d the
across the high-potential (H) and low-potential (L) electrodes. thickness of the dielectric, and �0 the permittivity in vacuo
In Fig. 3, G represents the guard electrodes, and g denotes equal to 8.854 � 10�14 F cm�1. By definition, ��r is equal to the
the separation between the guard (G) and low-potential (L) ratio ��/�0, where �� is the real value of the permittivity. Fre-
electrodes. The surface resistivity, �s, in ohms or ohms per quently, the relative real value of the permittivity, ��r , is sim-
square, is then determined from (2) ply referred to as the dielectric constant. The occurrence of

loss in dielectrics, which may be associated with the migra-
tion of free charge carriers, space charge polarization, or theρs = y

x
Rs (8)

orientation of permanent dipoles, is manifest externally by a
phase shift between the electric field (E) and the displace-where y denotes the length of the low-potential electrode (L)
ment (D) vectors (1); consequently, the permittivity, �, be-and x is the separation between the high- (H) and low- (L)
comes a complex quantity of the formpotential electrodes. The electrodes may be applied with sil-

ver paint; alternatively, silver or aluminum electrodes may be
ε = ε ′ − jε ′′ (12)deposited upon the surface under vacuum. Frequently, tin foil

electrodes are utilized with an extremely thin layer film of
where �
 denotes the imaginary value of the permittivity. Thesilicone jelly applied upon their underside, in order to provide
total current density vector, J, through the dielectric, com-adhesion upon the specimen’s surface.
posed of the leakage current density, J�, and capacitative orAnother approach is to employ the circular three-terminal
displacement current density, Jc, vectors, may be expressedelectrode system of Fig. 2, but with the connections changed
in terms of �� and �
 asas portrayed in Fig. 4. Note that with this arrangement, the

high potential is applied to the circular electrode (H) encom-
passing the center electrode, which acts as the low-potential

JJJ = JJJ� + JJJc

= (ωε ′′ + jωε ′)EEE
(13)

electrodes (L), while the upper electrode is connected to
ground. In contradistinction to Fig. 2 (for volume resistivity The phasor relationship between the current density vec-
measurements), the gap distance g � 2d; in analogy to Fig. 3, tors J�, Jc and J is delineated in Fig. 5(a) with its correspond-
g is equivalent to the electrode separation distance, x. With ing RC equivalent circuit in Fig. 5(b), in terms of which the
circular electrode symmetry, the surface resistivity becomes dissipation factor, tan �, of the dielectric specimen may be
(2,3) defined as

ρs = πD1

g
Rs (9) tan δ = JJJ�

JJJc
= III�

IIIc
(14)

where D1 is the diameter of the low-potential electrode (L).
The diameter of the upper grounded electrode (G) may be
equal to or greater than that of the encompassing circular
high-potential electrode (H).

PERMITTIVITY AND LOSS MEASUREMENTS
ON LUMPED CAPACITANCE SPECIMENS

Under alternating voltages, dielectric materials are employed
either as supports to insulate electrical components from each
other and ground, or as dielectrics in capacitors. Some appli-
cations require dielectrics of low loss and low dielectric con-
stant, while in others, high dielectric constant materials are
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desirable, to provide the highest possible capacitance for a
given physical size. Thus two of the most important electrical Figure 5. Current density phasor relationship in a dielectric (a) with

its corresponding equivalent parallel RC circuit (b).properties of dielectric materials, in terms of which their use
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where I� and Ic are the corresponding current vectors. From rive the individual current distributions at the discrete fre-
quencies. This procedure may be utilized irrespective ofEqs. (14) and (15), it follows that
whether the specimen is charged or discharged. The relative
real and imaginary permittivities, ��r and �
r , respectively, may
be expressed in terms of the resulting current as

tan δ = ε ′′

ε ′ (15)

Since the ac conductivity, �ac is by definition, equal to J�/E,
then, in terms of Eq. (13), ε ′

r(ω) = 1
C0V

∫ ∞

o
i(t) cos ωt dt + C∞

C0
(20)

σac = ωε ′′ (16) and

and
ε ′′

r (ω) = 1
C0V

∫ ∞

o
i(t) sinωt dt + G

ωC0
(21)

tan δ = σac

ωε ′ (17)

where V is the magnitude of the voltage step, C� represents
the lumped capacitance of the specimen at infinite frequencyThe ac conductivity, �ac, must be distinguished from its dc
and G is the dc conductance. Practical implications imposevalue, �dc, because it may include permanent dipole orienta-
the upper and lower integration limits on Eqs. (20) and (21);tion losses, as well as frequency-dependent space charge po-
the lower limit is fixed by the rise time of the electrometerlarization controlled carrier migration processes, which do not
employed (usually about 1s) and the upper limit by the small-arise under dc conditions. It is readily apparent from the
est value of current that the electrometer can measure (aboutequivalent circuit diagram, which represents the lossy part of
10�16 A) in the presence of extraneous noise. A numerical pro-a dielectric by an equivalent resistance, that
cedure is normally followed, to carry out these types of mea-
surements (9). For each frequency of measurement, the com-
puter performs a numerical integration between the two
integration limits to determine the values of ��r and �
r .

An automated precision time-domain reflectometer proce-

tan δ = III�

IIIc

= 1
ωRC

(18)

dure is available, which permits rapid measurements down
to 10�4 Hz with an accuracy of 0.1 percent and a resolutionwhere V is the applied voltage vector and I� is given by V/R
of 10�5 in the tan � value (10,11). Its schematic circuit dia-and Ic by j�CV. It must be borne in mind that the parallel
gram is depicted in Fig. 6.equivalent RC circuit representation in Fig. 5(b) is valid only

Positive and negative voltage steps are applied across theat one particular frequency, since both R and the capaci-
specimen and the reference capacitors, C and Cref, respec-tance, C, of the specimen are functions of frequency, as well
tively. The operational amplifier, in conjunction with the feed-as temperature and electrical field. It must be further empha-
back capacitor, Cf, constitute a charge detector, providing ansized that, whereas some dielectric measurement circuits
output, which is proportional to the net charge injectedview the dielectric specimen as a parallel equivalent circuit
[Qref � Q(t)/Cf] by the two opposite polarity voltage steps ofwith a large equivalent parallel insulation resistance R, oth-
amplitude �V and ��V, respectively. As the voltage acrossers consider the dielectric as a series RC circuit, where the
the specimen changes from 0 to �V, the charge, Q(t), flowingseries resistance, Rs � R. The tan � value for the series RC
through the specimen is determined fromcircuit representation becomes

C(t) = Q(t)/�V (22)tan δ = ωRsC (19)

where C(t) denotes a time-dependent capacitance. Hence theIt is apparent that one can derive the primary dielectric pa-
complex capacitance of the specimen C*(�), as a function oframeters of �ac, �
 and �� from the measured values of C and
frequency, may be expressed astan � by means of Eqs. (10), (15), and (17).

Measurements at Low Frequencies (10�6 to 10 Hz)

In studies related to the identification of charge carriers and

C∗(ω) = C ′(ω) − jC ′′(ω)

=
∫ ∞

o
C(t)′ exp[− jωt] dt

(23)

space charge effects, it is desirable to carry out measurements
in the frequency range between 10�6 and 10 Hz. For measure-

where C(t)� is the time derivative of C(t). The relative realments below 10�1 Hz, it is common practice to apply a rapid
and imaginary permittivities, �� and �
, are then deduced fromrise time voltage step pulse across the specimen and subse-

quently observe the form of the charging or decay current.
The arrangement for this measurement is very similar to that C ′(ω) �

∫ ∞

o
C(t) cos ωt dt + C(0) + Cref (24)

of the volume resistivity measurement in Fig. 2, with the ex-
ception that a switch is employed in conjunction with the dc

andpower supply to abruptly apply a voltage step across the spec-
imen (7,8). Since the total charging current comprises all the
frequency components contained within the voltage excitation
step, Fourier transformation procedures can be utilized to de-

C ′′(ω) �
∫ ∞

o
C(t) sinωt dt (25)
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Figure 6. Schematic circuit diagram of time-domain system for measurements down to 10�4

Hz (10).

where C�(�) and C
(�) are the real and imaginary capaci- The highly regulated frequency generator used in conjunc-
tion with the Thompson–Harris bridge must provide exact in-tances corresponding to ��rC0 and ��
rC0, respectively; C(0) is

the initial capacitance and the integration is carried out for phase and quadrature voltage outputs of V and jV, respec-
tively. Operational amplifiers delineated in Fig. 7 provide theall times following the application of the voltage step at t �

0. The minimum and the maximum feasible measurement necessary voltage, phase, and impedance relationships. The
capacitive current of the specimen is balanced by the injectiontimes tmax and tmin determine the minimum and maximum

measurement frequencies �min/2� and �max/2�, respectively. of an out-of-phase voltage, ��V, across a variable capacitor,
Cc; injection of a quadrature voltage of �jV across CR compen-The entire measurement is completed in less than one cycle

at �min/2�. sates for the conduction or leakage current in the specimen
conductance, Gx. Balance of the bridge is achieved by manipu-A most useful instrument, which is frequently employed

in the range from 10�2 to 102 Hz and occasionally up to lating the capacitors CC and CR and observing the null point,
in terms of the Lissajous figures displayed on the long-persis-104 Hz, is the Thompson–Harris bridge (12,13). A two-ter-

minal specimen cell is utilized in conjunction with the tence oscilloscope. At balance, the conductance of the speci-
men, Gx, is given bybridge, so that a correction must be made to take into

account fringing effects at the electrode edges. The sche-
matic circuit diagram of the bridge, portrayed in Fig. 7, Gx = ωαCR (26)
incorporates a specimen biasing feature (14), which is in-

and the capacitance of the specimen, Cx, iscluded to permit the determination of the depth of charge
traps in the dielectric bulk and adjacent to the measuring

Cx = βCc (27)electrodes.
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Figure 7. Thompson–Harris low-frequency bridge with specimen bias control feature (14).
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from which the dissipation factor of the dielectric, tan �, is intrinsically low loss standard capacitor, Cs. Note that the
Schering bridge views the specimen as an equivalent seriesobtained as
RxCx device, so that the variable arm composed of the parallel
combination of R1 and C1 must be capable of compensating for
the losses in the small series resistance Rx of the specimen.
The null detector, which is normally an amplifier, is tuned to
the frequency of the measurement, f � �/2�. Balance is first

tan δ = Gx

ωCx

= αCR

βCc

(28)

obtained by an adjustment of the capacitors C1 and Cs, with
the specimen disconnected. Then with the specimen placed inNote that � and � are dimensionless quantities, representing
parallel with the standard capacitor, Cs, the bridge is rebal-the fraction of the voltage, Vs injected across CR and Cc, re-
anced. The specimen capacitance, Cx, is thus determined fromspectively.

Not indicated in Fig. 7 is a zero offset feature, which is
Cx = C ′

s − C ′′
s (29)utilized in routine measurements to compensate for the dc

coupling circuitry, in order to prevent erratic shifts in the Lis-
and the dissipation factor fromsajous figures while balancing is being carried out. The accu-

racy of the bridge is 0.1% with resolution ordinarily better
than 0.1%.

Frequency response analyzer methods may also be em-
tanδx = ωR1C ′

s(C
′′
1 − C ′

1)

(C ′
s − C ′′

s )
(30)

ployed for low-frequency measurements. These computerized
where C�1, C�s , and C
1, C
s denote the values of the variabletechniques perform adequately well within the range of 10�4

capacitors C1 and Cs at balance with the specimen discon-to 104 Hz (15).
nected and reconnected, respectively. The substitution tech-
nique eliminates the errors introduced by the coupling effectsPower and Intermediate Frequency Methods (10 Hz–1 MHz)
of the various stray capacitances, but it does not circumvent

A considerable portion of the electrical insulating materials errors arising from connecting lead influences.
manufactured for use in electrical apparatus and cables are The procedures for the correction of lead and stray capaci-
evaluated within the frequency range from 50 Hz to 1 MHz, tance effects have been standardized and are explicitly enu-
employing primarily bridge type circuits. A further substan- merated in ASTM D150 (16). It is the inductance, Ls, and the
tial portion of tests at high voltages are carried out at fixed resistance, Rs, of the leads, which contribute to the apparent
power frequencies of 50, 60, and 400 Hz. The bridge circuits increase of the capacitance, �C, and the dissipation factor,
designed for power frequency applications, where measure- � tan �, in accordance with the relations (16)
ments are normally made as a function of voltage, differ sig-
nificantly from those involving measurements as a function of �C = ω2LsC 2 (31)
frequency at low voltage. Since most of these tests are per-
formed by means of either Schering or transformer ratio arm and
bridges, the discussion here will be essentially confined to
these types of bridges. � tan δ = ωRsC (32)

A common low-voltage Schering bridge arrangement,
which employs the parallel substitution technique recom- where C is the true capacitance of the specimen; it is to be
mended in ASTM D150 (16), is depicted in Fig. 8 for the case emphasized that, as the skin effect increases with frequency,
where measurements are carried with a two-terminal speci- the lead resistance Rs increases significantly with the square
men cell. root of the frequency, f � �/2�. A standard practice for as-

The capacitance C3 is selected such that its negligibly sessing the effect of the leads, is to perform a measurement
small dielectric losses are approximately equal to those of the on a miniature sized capacitor, with the latter being first di-

rectly connected to the bridge terminals and then inserted
across the far end of the leads. The difference between the
two readings permits the calculations of �C and � tan �.

The appearance of an edge capacitance, Ce, and a ground
capacitance, Cg, will lead to an increase in the measured ap-
parent capacitance

Ca = C + Ce + Cg (33)

and an apparent dissipation factor

tan δa = C tan δ

Ca
(34)

The relative real and imaginary permittivity, ��r and �
r , will

R1 R2

C1

Cs

Cx

Rx

C3

D

then be given by

Figure 8. Low-voltage Schering bridge, employing the parallel sub-
stitution technique in accordance with ASTM D150 (16). ε ′

r = C/C0 = [Ca − (Ce + Cg )]/C0 (35)
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electric, a concentric coaxial electrode cell (18) may be em-
ployed. Frequently, the specimen undergoing test may be a
high-voltage power cable or stator bar, whose high-voltage
terminated ends must also incorporate a guard circuit (19).
The standard capacitor, Cs, which must be partial discharge
free up to the maximum measurement voltage, is normally a
100 pF compressed gas-filled unit with negligible dielectric
loss. Note that the low-voltage arms are enveloped in
grounded shields; the shield, screening the low-potential elec-
trodes of the specimen and standard capacitor, including the
detector that normally comprises an amplifier tuned to the
power frequency, eliminates the stray capacitances to ground
and between the components themselves. Thus, any capaci-
tance current, which may develop between the detector and
the high-voltage portion of the bridge, flows directly to ground

�

��
�

�

�
��

R3

R5

R4

C5

C4

Cs

SW

Specimen ��

�

R,C

D

Standard
capacitor,

via the auxiliary bridge arm of R5 and C5. Since the latter are
interposed between the shield and the bridge ground, theirFigure 9. Classical power frequency circuit of high-voltage Schering
manipulation balances the guard or shield circuit. The switchbridge with Wagner’s earth (2).
SW, shown in Fig. 9, permits the necessary independent
balancing steps for the bridge guard circuit and the bridge
itself. At balance, the capacitance of the specimen (2) is givenand
by

ε ′′
r = Ca tan δa/C0 (36)

For the normal type of specimen dimensions, where the paral-
C = CsR4

R3
(38)

lel-plane cylindrical electrodes are smaller than the diameter
and for equal self-inductances inherent with the resistive ele-of the specimen, the capacitance in vacuo, C0, with edge effect
ments R3 and R4, the dissipation factor reduces tocorrection, may be expressed empirically in pF as (16)

tan δ = ωR4C4 (39)
C0 = 0.006954

D2

d
(37)

Since high-voltage Schering bridges are normally designed
to operate at one fixed power frequency, the dials of R3 andwhere d is the thickness of the specimen and D the diameter
C4 are calibrated to read directly the capacitance and tan �of the electrodes in mm. Exact formulas for the edge correc-
values of the specimen, respectively. It is to be emphasizedtion may be found in (17); the use of the exact formulas does
that, under high voltage conditions, should the specimen un-not result in a significant difference for the correction. As
der test undergo partial discharge, then the indicated tan �with all dielectric measurements, the accuracy attainable is
value will reflect the power losses due to partial discharges,contingent not only upon the accuracy of the observed capaci-
in addition to the dielectric losses occurring in the solid, liq-tance and tan � values, but also on the stray and edge effects
uid, or solid-liquid insulating system of the specimen (20).of the electrodes employed, as well as the calculated interelec-

Present high-voltage fixed power frequency Scheringtrode vacuum capacitance, C0. In general, the permittivity is
bridges employ a driven or active guard technique for balanc-determinable to within � 1% and the tan � value to within �
ing of the guard circuit in lieu of the classical Wagner’s earth(5% � 0.0005) (16)
method. In this approach, the guard circuit and the detector,The circuit of a power frequency high-voltage Schering
D, are maintained automatically, at the same potential, bybridge, portrayed in Fig. 9, represents essentially an inverse
means of a unit gain operational amplifier, whereby only aarrangement of its sibling low-voltage bridge equivalent. The
single balance step is required for the bridge. This feature,lower bridge arms of R4, C4, and R3 constitute the balancing
together with other improvements in the Schering bridge, iselements, while the upper arms of the series representation
well exemplified in the Tettex precision Schering bridge,of the specimen, R, C, together with the standard capacitor,
which has been designed for use on thin dielectric specimensCs, which have a high impedance in comparison with the
up to 2 kV; its circuit is depicted in Fig. 10.lower resistive arms, assume the major portion of the voltage

The bridge is limited in voltage, since now the lower armsdrop. This arrangement provides the bridge with an inherent
are capacitive in nature, in order to attain a higher sensitivitysafety feature, since the lower arms where balance manipula-
as the stray capacitances are thus greatly reduced. The capac-tion of the bridge is carried out, remain at low potential. Fig-
itance of the specimen, C, is obtained by an adjustment of C4ure 9, which represents the classical Schering bridge circuit,
to yielddelineates also the guard circuit’s balancing elements R5 and

C5, arranged in accordance with the so-called Wagner’s earth
method. The guard circuit, which is implemented in order to
eliminate the stray capacitance to ground, necessarily entails

C = CsC3

C4
(40)

the use of a three-terminal measurement procedure. The solid
dielectric slab specimen is placed in a three-terminal cell of and the value of tan � at the null is obtained by adjustment

of R3; the already low dielectric loss standard capacitor, Cs, isthe type depicted in Fig. 1, or if the specimen is a liquid di-
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Equating the real and imaginary terms yields the capacitance
of the specimen

Cx = N1

N2
[α1C1 + α2C2 + · · · + αnCn] (43)

and the conductance

Gx = N1

N2
[β1G1 + β2G2 + · · · + βnGn] (44)

The dissipation factor of the specimen as a function of fre-
quency is obtained as

��
Operational

amplifier

Specimen
R,C

Standard
capacitor

Guard

Bridge
R3

G3

C4

C3

Cs

+1
D

tan δ = Gx

ωCx

= [β1G1 + β2G2 + · · · + βnGn]
ω[α1C1 + α2C2 + · · ·αnCn]

(45)

Figure 10. Schematic diagram of precision Tettex Schering bridge
for measurements at power frequency (21). Note that the transformer ratio arm bridge views the dielec-

tric specimen as an RC parallel equivalent circuit.
A computer-controlled automatic transformer ratio arm

has been developed for measurements at power frequenciesartificially reduced to zero, such that the tan � value of the
under high-voltage conditions (24). The bridge circuit is delin-specimen becomes
eated schematically in Fig. 12, in which the coarse and fine
balances are obtained by variation of the current comparator
windings N1, N2 and N3, N4, respectively. The currents in N3

tan δ = ωR3C3 + G3

ωC3
(41)

and N4 are controlled by the multiplying analog-to-digital con-
verters (ADCs), � and �, respectively, and are proportional to

In the measurements carried out with Schering bridges, the current in the standard high-voltage capacitor, Cs. The
the capacitance and tan � values of the dielectric specimens ampere turns equation for the balance condition at an applied
are obtained in terms of the resistance and capacitance ele- voltage V across the specimen when the current, I, is equal to
ments of the bridge. Hence, the precision and accuracy of the zero in the winding of the null detector, N1, is given by
measurements are determined by the accuracy of these resis-
tances and capacitances themselves. Precise dielectric mea- V (Gx + jωCx)N1 = jωCsV (N2 + αRG1N4 − jβRG2N3) (46)
surements may also be performed by means of an inductively
coupled voltage divider, utilizing a transformer arrangement, Equating the real and imaginary terms leads to the approxi-
thereby circumventing some of the accuracy and stability con- mate expressions for the parallel, equivalent capacitance, Cx,
straints associated with resistive and capacitive elements and dissipation factor, tan � of the dielectric (18,24):
(2,22). Perhaps one of the finest precision/accuracy commer-
cially available transformer ratio arm bridges for variable fre-
quency measurements in the range from 10 Hz to 100 kHz, is Cx = (N2 + α)Cs

N1
(47)

that of Gen Rad, under the designation Type 1621 trans-
former ratio arm bridge. Its schematic circuit diagram is de- and
lineated in Fig. 11. A twelve-digit readout of the specimen
capacitance Cx with a 10-ppm accuracy is provided within the
range of 10�7 pF to 10 �F. A basic accuracy of 0.1% is attain-
able for conductance, Gx, measurements within the range of

tan δ = βRG2

1 + α

N2

(48)

10�10 to 103 �S—that is, a tan � value of 10�7 at 1 kHz may
be determined with a four-figure resolution. The automation of the power frequency transformer ratio arm

The capacitances CA and CB shunting the transformer bridge results in a reduction of the accuracy of the tan � mea-
winding and the specimen, respectively, do not introduce any surement from �1 � 10�7 to � 1 � 10�5.
error into the measurement, since the former produces only a

Radio Frequency Methods (1–200 MHz)reduction of the voltage across the specimen, while the latter
causes only a decrease in the sensitivity of the detector, D. In Bridge techniques become unsuitable for measurements at
balancing the bridge, the multiple tapped transformer princi- frequencies beyond 1 MHz, because of the onset of inductance
ple is utilized in the course of the resistive and capacitive effects and, as a consequence, within the radio frequency re-
decade adjustments. Accordingly, the balance equation at the gion of 1 MHz to 200 MHz, resonance rise (Q meter) or sus-
null of the bridge is given by ceptance variation methods must be employed (2,18). Within

these frequencies, three-terminal techniques become inappli-
cable and measurements must be carried out using two-termi-
nal specimen holders.

N2(Gx + jωCx) = N1[(β1G1 + β2G2 + · · · + βnGn)

+ jω(α1C1 + α2C2 + · · · + αnCn)]
(42)
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Figure 11. Basic circuit of Gen Rad Type
1621 precision transformer ratio arm
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Figure 12. Automated power frequency transformer ratio arm bridge with computer control for
measurements at high voltages (24).
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Figure 13. Q-meter circuit.

Shielded coil

Specimen

Cx

L V

A

R

I

Cx Gx

The basic Q-meter circuit is shown in Fig. 13, in which the � 0.00005 pF), for the respective capacitance and tan � values
of solid dielectric specimens may be achieved (16). For solidcapacitance and tan � values of the specimen are determined

in terms of a variable standard capacitor, Cs and the quality specimens, an excellent precision reproducibility of �0.05%
and �5 � 10�5 for Cx and tan �, respectively, may be obtainedfactor, Q, of the circuit. The coil, L, denotes a range of

shielded fixed-inductance coils that are employed to establish by means of liquid displacement type specimen holders (25).
A fluid displacement cell for use at 1 MHz, consisting of aresonance of the circuit with the specimen (Gx, Cx) inserted

and removed. By definition, the Q value of the circuit is equal fixed-plate, two-terminal, self-shielding capacitor, in which
the edge and ground effects are taken into account, is de-to the ratio of the peak voltage, Vo, across the oscillator to

that across the inductance, VL, such that picted in Fig. 14.
The cell is most frequently employed for measurements

at 1 MHz on polyethylene, though cell designs for frequen-
cies up to 100 MHz are available. The fluid which is used
in conjunction with polyethylene specimens is silicone with
a kinematic viscosity of 1.0 cSt (1 � 10�6 m2/s) at 23�C,

Vo

VL
=

(
1 + ω2L2

R2

)1/2

= (1 + Q)

� Q

(49)

whose dielectric constant matches that of polyethylene, and
whose tan � value between 100 kHz and 1 MHz is negligi-

for Q � 1. The voltmeter (V) of the Q-meter is calibrated to bly small (about 5 � 10�5). The separation between the
read the Q values directly, since Q is given by V/IR. Repre- fixed measuring electrodes of the cell design in Fig. 14 is
senting the values of C�s , Q� and Cs, Q as those obtained with 1.52 � 0.05 mm, thereby restricting the specimen thickness
the specimen disconnected and connected, respectively, yields to 1.27 mm, in order to allow for the formation of a finite
the capacitance Cx and tan � values of the specimen as liquid film thickness on both sides of the solid dielectric

Cx = C ′
s − Cs (50)

and

tan δ = 1
Qx

(51)

where

Qx = [(C ′
s − Cs)/C ′

s][Q
′Q/(Q′ − Q)] (52)

When the measurements are carried out at high frequen-
cies, a stiff short copper connecting wire should be employed
between the specimen and the high-potential terminal of the
Q-meter, so that when disconnected, its same geometrical po-
sition, and configuration, a short distance removed from the
high-potential terminal, may be maintained, to ensure negli-

Central plate
terminal

Center plate
(ground)

Outer plate
(ground)Outer plate

Teflon
insulator

Overflow

Thermometer
(ASTM 23°C)

gible change in the stray effects of the two positions of the
connecting wire. With parallel-plane micrometer electrode Figure 14. Fluid displacement cell with a fixed electrode separation

equal to 1.52 � 0.05 mm after ASTM Test Standard D1531 (25).specimen holders, accuracies of �(0.1% � 0.02 pF) and �(2%
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specimen adjacent to the central (high-potential) and outer of the cell containing the silicone fluid only, and C� is the ca-
pacitance of the silicone fluid determined from the relation(ground potential) plate electrodes or terminals. Two identi-

cal sizes (68.3 � 100 mm) of polyethylene sheet or slab
specimens are employed, and measurements are made on C� = (C ′

1 − C1) (58)
the specimens inserted in the silicone fluid and then on the

where C�1 is equal to the capacitance reading following thesilicone fluid itself with the specimens removed.
connection of the leads to the circuit terminals before the con-The real value of the permittivity or dielectric constant of
nection of the ungrounded lead to the cell terminal. The valuethe polyethylene specimen, ��, is obtained from the relation
of the dissipation factor, tan �c, obtained with the polyethyl-
ene specimens immersed in the cell, is determined from

(ε ′ − ε ′
�) = �C

C0

(
d0

d

)
(53)

tan δc = CT (Q0 − Q2)/(ε ′
�C0 + �Q)Q0Q2 (59)

where ��� is the real value of the permittivity of the silicone where Q2 is the quality factor with the two solid specimens
fluid at the measurement temperature, d0 denotes the elec- inserted in the cell.
trode separation, d represents the average thickness of the The susceptance variation method originally propounded
two specimens, and C0 is the capacitance in vacuo of the dou- by Hartshorn and Ward (26) with subsequent refinements
ble-plated capacitor within the fluid displacement cell, given (27,28) is perhaps the most common method utilized for per-
by mittivity and loss measurements over the frequency region

extending from 100 kHz to 200 MHz. The technique is based
on the half-power point measurements of voltage across anC0 = 2

[
ε0A
d0

]
(54)

LC resonant circuit, with the solid or liquid specimen inserted
and removed from the test cell. A modified susceptance varia-

where �0 is the permittivity of free space, A is the area of the tion circuit and a cross-sectional profile view of the associated
center capacitor plate or electrode; the value of �C is obtained micrometer adjustable holder for solid specimens are depicted
from in Figs. 15 and 16, respectively. For liquids, the specimen

holder is similar to that depicted in Fig. 16, except that two
�C = (C2 − C1) (55) parallel concave electrodes are employed to permit contain-

ment of the liquid specimen.
where C2 is the measured capacitance with the two solid di- The micrometer adjustable electrode system depicted in
electric specimens immersed in the silicone fluid and C1 the Fig. 16 portrays a solid dielectric specimen between plane-
corresponding value with the two specimens removed. parallel electrodes. In the measurement procedure, reso-

The dissipation factor, tan �, of the two polyethylene speci- nance is first established with the specimen inserted be-
mens is defined by tween the electrodes and the maximum value of the volt-

age, e1, of the ac to dc converter is recorded. Thereafter,
the specimen is removed and the separation of the elec-tan δ = tan δ� + (tan δc − tan δ�)[d0/d] (56)
trodes is reduced until resonance is reestablished; this reso-

where tan �� is the dissipation factor of the silicone fluid itself nance point is characterized by a larger output voltage, eo,
and is given by of the ac to dc converter. The capacitance of this air gap

spacing is numerically equal to the capacitance of the speci-
men, Cx, and is obtained directly from the calibrated read-tan δ� = CT (Qc − Q1)/C�Q0Q1 (57)
ing of the main micrometer setting. Manipulation of the
main micrometer head, in conjunction with the small ver-where CT represents the total capacitance of the tuned Q-me-

ter resonant circuit prior to the connection of the specimen nier or incremental capacitor, yields the half-power points
of the resonance curve; the resulting width of the resonancecell, Q0 denotes the quality factor of the circuit at resonance

prior to the connection of the ungrounded lead to the cell ter- curve is equivalent to a capacitance change, designated as
�C0. It is the square law detection feature of the instru-minal, and Q1 is the quality factor of the measuring circuit at

resonance following the connection of the lead to the terminal ment that relates the �C0 value directly to the recorded

Figure 15. Schematic circuit diagram of
modified Hartshorn and Ward susceptanceCoupling coils

�

Recorder
ac–dc

converter

Adjustable
electrodes and

specimen Incremental
capacitor

Potentiometer

variation circuit (27).
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it uses the same specimen cell arrangement, with the ex-
ception that the inner walls are silver plated, and the oscil-
lator signal is admitted into the cell cavity via a coupling
loop with a detector loop situated on the opposite wall of
the concentric coaxial cell cavity (29). The reentrant cavity
is calibrated as a wavemeter, with the main micro-
meter adjustable specimen capacitor acting as the prime
frequency control device and the vernier capacitor as an
incremental control device (refer to Fig. 16). As in the case
of the Hartshorn and Ward technique, the dielectric param-
eters are determined in terms of the width of the resonance
curve with the specimen inserted between the measurement
electrodes and then removed.

Coaxial Line-Waveguide Methods (500 MHz to 50 GHz)

��

Micrometer screw

Bellows

Grounded electrode

Solid specimen

High-potential
electrode

High-potential electrode

Grounded terminal

Vernier (incremental)
capacitor

Figure 16. Micrometer adjustable electrode for use in conjunction Waveguide or transmission line methods are based on the
with the susceptance variation circuit (26). shorted coaxial line technique developed by Roberts and von

Hippel (30). Although for low loss dielectric solids and liquids,
the technique yields optimum performances for microwave

change of reading in the incremental capacitor. Hence the frequencies up to 50 GHz; the method has been used up to 95
dissipation factor of the specimen (27) is given by GHz (31).The confinement of the electrical field within the

hollow waveguide’s circular or rectangular geometry elimi-
nates stray capacitance and inductance effects. A standingtan δ = [(eo/e1)1/2 − 1]

�C0

2Cx
(60)

wave pattern results within the waveguide, from a reflection
of the incident wave at the short-circuit termination adjacent

The real value of the permittivity, ��r , is normally obtained in to where the solid specimen is inserted as depicted in Fig. 17.
terms of the thickness of the specimen, ds, and the quantity, When liquid specimens are tested, the waveguide is mounted
�d in a vertical position (18). Figure 17 indicates the position of

the electrical nodes (position of the interference minima),
with the width of the nodes, �x, as indicated at the 3-dBε ′

r = ds

ds − �d
(61)

points. In terms of �x, the voltage standing wave ratio, abbre-
viated as VSWR, or r, may be expressed as

where �d represents the decrease in separation of the main
electrodes in air required to restore the same capacitance as r = λgs/π�x (62)
that obtained with the specimen placed between the elec-
trodes. An accuracy of 1% is achievable on permittivity where 	gs is the wavelength of the slotted coaxial line; it is
measurements and tan � may be determined to within along the slot that a traveling probe is displaced to determine
�1.0 � 10�6. the VSWR. Since the value of �x changes when the specimen

is removed from the waveguide, the VSWR, r, also changes
accordingly.PERMITTIVITY AND LOSS MEASUREMENTS

Perhaps one of the most common shorted coaxial transmis-ON DISTRIBUTED PARAMETER SPECIMENS
sion line arrangements in use is that described in ASTM
D2520 (32), which is suitable for temperature-controlled mea-Dielectric specimens behave as distributed parameter sys-
surements up to 1650�C, when utilized in conjunction with atems when the wavelength of the electromagnetic field be-
platinum alloy with 20% rhodium as the material for thecomes comparable to or is less than the physical dimensions
specimen holder; its schematic diagram is delineated in Fig.of the specimen. The transition from lumped to distributed
18. A micrometer head in the slotted waveguide section is ca-parameter behavior occurs generally within the frequency
pable of measuring node width distances to within �0.0025range from 300 MHz to 600 MHz. The high-frequency dielec-
mm. The traveling probe has an adjustable depth control andtric measurements represent a vast area of endeavor, which
the detector is of the square law type that constitutes a re-involves the use of resonant cavities of cylindrical and rectan-

gular shapes, waveguides, or transmission lines, including
quasi-optical procedures, as well as optical methods requiring
the use of spectrometers and interferometers. Since it would
not be feasible within the space constrains to cover, even in a
cursory manner, all test method variations over the millime-
ter and submillimeter wavelengths, the test procedures fol-
lowed over this range of frequencies will be illustrated by a
number of widely used and representative test methods.

Reentrant Cavity Method (300 to 600 MHz)

Traveling
detector

VSWR
meter

Specimen

Short

E2

x0 dsx2
x2

x2

λg

2

3 dB level

∆

The reentrant cavity measurement technique constitutes, in Figure 17. Standing voltage wave pattern in a shorted coaxial wave-
guide containing a solid dielectric specimen (2).essence, an extension of the Hartshorn and Ward method;



DIELECTRIC MEASUREMENT 307

Figure 18. Schematic diagram of shorted rectangular wave-
guide with a temperature controlled test specimen section
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(after ASTM D2520) (32).

quirement for the VSMR meter. The setting of the isolator is where N represents the smallest integer for which � is posi-
tive, x2 is the position of the traveling detector with the speci-fixed at 30 dB, and the square wave modulator provides a

constant frequency of 1 kHz; the isolator or attenuation pad men inserted, as indicated in Fig. 17, and x1 is the equivalent
distance with the specimen removed.prevents frequency pulling between the generator and the re-

mainder of the circuit. The lateral dimensions of the solid Equating the impedances Zin and Zmeas yields
specimen are selected to be 0.05 � 0.025 mm less than those
of the transmission line. The rectangular waveguide is oper-
ated in the fundamental TE10 mode, which is analogous to the

tanhλ2ds

γ2
= λgh(1 − jr tanϕ)

2π j(r − j tan ϕ)
(68)

TEM mode of a cylindrical waveguide, in which the electrical
field is radial and the magnetic field concentric with the coax- Equating the real and imaginary terms yields the relative
ial geometry. The cut-off wavelength, 	c, in the TE10 mode is real value of the permittivity, ��r , of the specimen as
equal to 2a—that is, twice the width a of the rectangular
guide. Thus, the wavelength with an empty holder at the re- ε ′

r = [(β2/2π)2 + λ−2
c ]/λ−2

0 (69)
quired test temperature is given by

and, for low-loss specimens (34), the dissipation factor simpli-
fies toλ−2

gh = λ−2
0 − λ−2

c

= λ−2
0 − (2a)−2

(63)

where 	0 is the wavelength of the radiation in free space and
tan δ = �x(1 − λ2

0/ε
′
rλ

2
c )(1 + tan2 ϕ)

ds{[1 + tan2 β2ds] − [(tanβ2ds)/β2ds)}
(70)

is equal to c/f , where c is the velocity in free space and f is
the frequency. where the width of the node, �x, that would be measured at

With the specimen of thickness ds inserted adjacent to the the face of the specimen is given by
short in the waveguide, the impedance of the line at the speci-
men–air interface (33) is given by �x = �x2 − �x1 (71)

Zin = ( jωµ0/γ2) tanh(γ2ds) (64) The principal factors affecting the accuracy of the mea-
surements are associated with the assumption that losses at

where �0 is the permeability of the nonmagnetic dielectric the walls of the waveguide are negligible and that the finite
material, which is identical to that in free space. Assuming air-gap between the solid specimen and the walls of the wave-
negligible losses in the walls of the waveguide, the propaga- guide does not influence appreciably the results; evidently,
tion constant of the coaxial waveguide, �2, containing the the latter error does not arise with liquid specimens (18).
specimen is given by However, accuracies of �1% for ��r and �200 radians for the

loss angle � are achievable.
γ2 = 2π(λ−2

c − ε ′
rλ

−2
0 )1/2 (65)

Resonant Cavity Methods (about 500 MHz to 60 GHz)The load impedance at a phase distance � from the ob-
served electrical node for the value of the VSWR, r, given by A resonating cavity may be viewed as a transmission line,
Eq. (62) (34) is which is shorted at both ends that are separated by an arbi-

trary multiple of one-half the operating wavelength. The in-
sertion of a dielectric specimen into the cavity alters theZmeas = fµ0λg[(1 − jr tanϕ)/(r − j tan ϕ)] (66)

wavelength and, as a consequence, the change in the quality
where 	g is the wavelength of the guide and is equal to factor, Q, of the cavity with the specimen inserted and re-
2�/�2; here �2 is the phase coefficient of the waveguide with moved can be used to derive the dielectric parameters of the
the specimen inserted; � is the corrected phase distance, de- specimen. Since resonant cavities have intrinsically high val-
fined by ues of Q, they constitute an effective means for measuring

low-loss dielectric materials. The specimens may have differ-
ent geometrical configurations such as spheres, sheets, disks,ϕ = 2π[(N/2) − (ds/λgh) ± (x2 − x1)λgs] (67)
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rods, and so forth, and may fill the cross-section of the beam,
if necessary. The required specimen size becomes smaller as
the cavity size diminishes with frequency, thereby also neces-
sitating a redesign of the cavity with each octave increase in
frequency. For frequencies above 60 MHz, the reduced cavity
sizes, irrespective of their shape, rapidly approach a practical
limit. Although open resonant cavities or interferometers may
exceed substantially the frequency of 60 MHz (35), their ap-
plicability is confined to specimens having dielectric constants
in excess of 5.

A coaxial waveguide shorted at one end becomes a reso-
nant cavity when shorted at both ends. It may be resonated
either by varying the frequency of the externally applied field
or by varying the radial or axial dimensions of the cavity it-

Generator Isolator AttenuatorDirectional
coupler

Matching
device

Matching
device

Resonant
cavity

Frequency
meter

Sweep
frequency
generator Oscilloscope

self. A very widely used rectangular microwave cavity design
Figure 20. Microwave closed resonant cavity measurement system,

for operation in the transverse electric field, TE1ON mode, is using a sweep frequency generator technique (after IEC Publ. 377-2)
depicted in Fig. 19. Note that, in the mode designation code, (36).
the first subscript denotes the number of half-waves across
the shorted waveguide, the second subscript refers to the
number of half-waves from top to bottom of the waveguide, matic test circuit of Fig. 20, in accordance with an IEC
and the third subscript represents the odd number of half- method (36). The latter method may be computerized, in or-
waves along the waveguide. The closed cavity arrangement in der to minimize errors, by recording simultaneously dual out-
Fig. 19 is identical to that given in the test method described puts from the signal generator and the cavity.
in ASTM D2520 (32). It is of paramount importance that the The measurements are carried out with the empty cavity
diameter of the iris holes in the transmitting and detecting and then with the specimen inserted. The quality factor, Q0,
ends be small to achieve high Q values. The particular design of the empty cavity is given by
of the shown resonant cavity is intended for use with solid
rod-shaped specimens, which are held suspended between the
top and bottom holes that are drilled into the waveguide (re-

Q0 = f0

� f0
(73)

fer to Fig. 19). The resonant frequency of the specimen is de-
fined by where the half-power bandwidth of the empty resonant cavity

is
f0 = 15[(1/w)2 + (N/d)2]1/2 (72)

� f0 = f02 − f01 (74)
where d is the physical length of the closed cavity and w its

and f 01 and f 02 are the lower and upper frequency half-powerwidth (both in cm), N denotes the odd number of half-waves
(3 dB) points; the 3 dB points are established by means of aalong the cavity, and the resonant frequency is in GHz. It is
variable precision attenuator. When the specimen is insertedpalpably evident, from Eq. (72), that higher test frequencies
into the cavity, the quality factor, Qs, becomesrequire closed cavities with increasingly reduced physical di-

mensions.
The measurements may be carried out either by means of

the traditional VSWR meter utilizing a point-by-point ap-
Qs = fs

� fs
(75)

proach or, for more rapidly obtainable results, a frequency
where f s is the new resonant frequency of the closed cavitysweep generator may be employed, as portrayed in the sche-
containing the specimen and the half power bandwidth is

� fs = fs2 − fs1 (76)

where f s2 and f s1 are respectively, the upper and lower 3 dB
point frequencies. The value of the relative real permittivity,
��r , and the dissipation factor, tan �, may now be determined
from

ε ′
r =

[(
V0( f0 − fs )

2Vs fs

)
+ 1

]
(77)

and

Shorting plate

Solid rod
dielectric
specimen

Electric
field vector

w

h

d

Iris hole
(dia. = h/2.2)

Figure 19. Closed rectangular resonant cavity for tests on solid rod-
shaped dielectric specimens (after ASTM D2520) (32).

tan δ =

[
V0

4Vs

(
1

Qs
− 1

Q0

)]
[{

V0( f0 − fs )

2Vs fs

}
+ 1

] (78)
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where Vs and V0 are respectively, the volumes of the specimen
and the empty cavity. Note that the measured quantities are
not contingent upon the dimensions of the closed cavity. An
accuracy to within 0.5% for the permittivity and approxi-
mately 5% for the dissipation factor are attainable. The speci-
men size and location within the cavity plays an important
role; these two parameters influence the magnitude of the dif-
ference between Qs and Q0 upon which the precision and accu-
racy depend. A high Q value for the cavity is thus important,
since the 3 dB point frequencies become more clearly defined.

Quasi-Optical and Optical Methods (30 GHz to 3000 GHz)

Dielectric measurements at microwave frequencies in excess
�

�
�
�

�
�
�

�
�

Mirror Mirror

Dielectric

l

l∆

θ

ds

of 60 GHz become increasingly more arduous, as a result of
Figure 21. Quasi-optical confocal resonator arrangement (39).the unduly small size of resonant cavity required. The diffi-

culty is circumvented by employing for the microwave fre-
quency range the same methods as those that are utilized in
light wave optics; such procedures are commonly referred to where ds is the thickness of the dielectric specimen, �0 is the
as quasi-optical or free space techniques. In analogy to an phase factor in free space and is equal to 2�/	o, and the angle
optical spectrometer, the collimator in a quasi-optical micro- � is defined by
wave type instrument consists of a parabolic reflector con-
nected to a microwave generator, with the plane wave source
directed toward the dielectric specimen (37). The latter is in
sheet form and is mounted upon an object table, as in the
case of an optical spectrometer. Another parabolic reflector

ϕ = tan−1


 sin 2n′β0ds(

n′ + 1
n′ − 1

)
− cos 2n′β0ds


 (80)

(substituting an optical telescope), connected to a detector, re-
ceives the signal which is either reflected from or transmitted

For tan � measurements, the length of the empty quasi-through the sheet specimen. Thus, the resulting attenuation
optical confocal resonator must be adjusted to an odd numberin the path between the transmitting and receiving parabolic
of half wavelengths at the resonant frequency for which thereflectors constitutes a measure of the dielectric loss in the
Q value is to be determined. The specimen must then be in-intervening dielectric sheet (38).
serted at a position vertical to the axis of the resonator—thatQuasi-optical techniques also include the use of optical
is, with � � 0, the Q value is maximized as the escape of thecavity resonators, which are suitable for measurements
power from the resonator is minimized. With the resonantwithin the millimeter and submillimeter wavelengths of the
frequency restored as each mirror is moved inward a distance,electromagnetic spectrum. This differs from the usual closed
��/2, the quality factor, Qs, with the specimen inserted is thencavity microwave resonator, in that the length of the resona-
determined. The expression for the dissipation factor (39) fol-tor corresponds to a length number of wavelengths, while the
lows asspecimen (in sheet form) assumes only a small fraction of the

overall length (2). There are three types of quasi-optical reso-
nators, namely, the classical Fabry-Pérot interferometer, the
confocal resonator, and the semiconfocal resonator. The confo-
cal resonator has the advantage that the electrical field is
more confined to the axis of the resonator, resulting in Q val-
ues generally higher than 105 and lower diffraction losses.
The Q of a semiconfocal resonator is approximately equal to
half that of the confocal resonator.

For illustrative purposes, the measurement procedure fol-
lowed with a quasi-optical confocal resonator (39), delineated

tan δ =
β0� − β(�� + ds)

[
1 + sinβ0(�� + ds)

β0(�� + ds)

]

Qsη2(ε ′
r)

2βsds

[
1 + sinβsds

βsds

]

+ 1
Qs

−




Q0λ0/2π�

η2(ε ′
r)

2βsds

[
1 + sinβsds

βsds

]



(81)

in Fig. 21, will be described, which has been successfully used
where �s is the phase constant in the dielectric medium andat frequencies up to 343 GHz. As with any resonant cavity,
is equal to 2�/	s; the value of � isthe resonant frequency of the quasi-optical cavity is perturbed

by the insertion of the specimen. The specimen is intention-
ally mounted at an angle, �, to the vertical axis of the cavity,
in order to eliminate standing wave phenomena. The angle η =

{
[(n′)2 + ωt2β0x1]/(n′)2

1 + ωt2β0x1

}
(82)

permits the waves reflected from the air–dielectric interface
to escape from the resonator. The resonance is restored by where x1 denotes the distance from the reflector to the dielec-
reducing the distance � between the two mirrors by an tric sheet.
amount equal to ��. The real value of the index of refraction, In the frequency range from 300 GHz to 3000 GHz
n�, of the specimen (39) is then given by (wavelengths of 1 mm to 100 �m), true optical measure-

ment techniques are employed. As this wavelength range
overlaps the infrared region, infrared sources and detectors
are utilized. If a broadband radiation source is employed,
the component measurement frequencies, appearing at the

n′ = (ε ′
r)

1/2

=
(

1 + ��

ds
− ϕ

β0ds

) (79)
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Figure 22. Dielectric absorption measure-
ment system at optical frequencies with a
laser radiation source (40).
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output of an interferometer, are selected by means of a The dissipation factor, which is equal to the ratio �
r /��r , is then
computer in terms of their Fourier components. Broadband
radiation sources require more sensitive detectors; it is for
this reason that laser sources, though monochromatic, ap-

tan δ = 8π fn′cap

(4π fn′)2 − (cap)2
(86)

pear to be more popular.
Figure 22 depicts an arrangement for the measurement The foregoing approach is based on transmission tech-

of dielectric absorption at optical frequencies, utilizing a niques, but laser source reflection arrangements are also
laser source (40). The attenuation of the transmitted signal available. It should be observed that there are a number of
is obtained by comparing the amplitude of the signal trans- variations in the types of interferometers available for dielec-
mitted through the specimen, V, with a monitored incident tric measurements, including the classical Michelson interfer-
signal, Vm. The method entails the use of different specimen ometer, which, in conjunction with a broadband radiation
thicknesses, ds, which requires adjustment of the polarizing source, is suitable for measurements up to 3000 GHz. Laser
attenuator, in order to maintain a constant transmission refraction measurements, based on the Mach–Zehnder ap-
loss. proach, may also be employed to derive dielectric data. A com-

The dissipation factor is related to the absorption coeffi- parison of the various optical measurement techniques at a
cient, ap, which is obtained from the relation (40) large number of laboratories indicates that, whereas the real

value of the index of refraction, n�, may be determined to an
accuracy of 1 percent, the errors in the measurement of the�nA = apds + constant (83)
absorption coefficient, ap, may be as high as 37% (41).

the units of ap are in nepers per cm; A is the reading of the
attenuator, which is equal to (cos �)4; here � is the central

VOLTAGE BREAKDOWN STRENGTH MEASUREMENTSpolarizer angle of the attenuator. From the nature of Eq. (83),
it is apparent that the absorption coefficient ap can be ob-

Voltage breakdown strength measurements are carried out ontained directly from a linear plot of lnA versus the specimen
insulating materials to determine whether these materials canthickness ds. The imaginary part of the index of refraction is
withstand certain operating stresses without failure. Sinceequal to cap/4�f , where f is the frequency. Hence, the relative
voltage failure is frequently initiated at fault sites within solidreal value of the permittivity is given by
insulating materials, the dielectric strength serves as an indi-
cator of the homogeneity of the material. In liquid dielectrics,
low dielectric strength values may be associated with moistureε ′

r = (n′)2 −
(

cap

4π f

)2

(84)
content, electrolytic contamination, and a high particle con-
tent. With gases for which the dielectric strength is a definite

and the relative imaginary value of the permittivity is function of the composition of the gas (pure or mixture), dielec-
tric strength data may be used to detect contamination from
other gases, as well as determine the breakdown characteris-
tics of intentionally combined gas mixtures.

ε ′′
r = cn′ap

4π f
(85)
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tainable for that material and thus is used to ascertain the
nature of the mechanism responsible for the breakdown, it is,
per se, of little consequence in practice. In fact, the intrinsic
breakdown strength is usually one to several orders of magni-
tude higher than the electrical breakdown stress obtained
with regular parallel-plane electrodes, or with the various
electrical insulation configurations existing in different elec-
trical apparatus. For this reason, the type of electrodes used
in standard routine breakdown tests on materials are rela-
tively simple to use, and are designed to provide reproducible

��� Specimen with
recessed section

Spherical electrode

HV

Grounded cylindrical
electrode

Evaporated
metallic electrodes

results primarily for comparison purposes.Figure 23. Spherical HV electrode with recessed solid specimen (42).

Electrode Systems for Routine Breakdown
Tests on Solid SpecimensThe dielectric strength of insulating materials is very

much contingent upon the geometry of the test electrodes uti- Present practice in assessing the breakdown strength and the
lized. Sharp accentuated electrode edges lead to electrical quality of solid, liquid, and gaseous dielectric materials for
field concentrations at the edges, which cause initiation of use in electrical apparatus and cables involves the use of a
voltage breakdown of the material at voltages substantially number of electrode systems, in accordance with national and
below those that can be achieved under more uniform electri- international standards. For solid materials, the most com-
cal field conditions. Thus voltage breakdown data are inextri- monly employed electrode system is the one-inch or 25 mm
cably associated with the specific geometry of the test elec- two-cylindrical electrode equal-diameter system portrayed in
trodes employed. Fig. 24 (44). The edges of the electrodes are rounded to a ra-

The true value of the breakdown strength or, more specifi- dius of 3.2 mm, to minimize stress enhancement. In all dielec-
cally, the intrinsic breakdown strength of the dielectric is ob- tric strength tests, the thickness of the specimen must be
tained when the applied electrical field is perfectly uniform. A specified, because the voltage stress, at which breakdown oc-
uniform field can be achieved by means of Rogowski–Rengier curs, increases with a reduction of the specimen’s thickness.
profile electrodes; however, the application of such recessed- That is, although very thin solid dielectric films may break
type electrodes to solid specimens requires the embedding of down at low voltages, the corresponding breakdown stresses
the electrodes into the solid dielectric by means of a suitable are appreciably higher than those for thick films of the same
molding process when plastic dielectrics specimens are tested. material, even though the latter may undergo breakdown at
Several relatively simple recessed electrode systems have much higher applied voltages.
been developed, which do not entirely produce a uniform field, It is evident that equal-diameter electrodes systems must
but which improve the electrical field configuration apprecia- be concentric. This requirement may be circumvented by the
bly, thereby permitting the attainment of dielectric strengths use of two electrodes with different diameters, in accordance
approaching the intrinsic value. One such simplified arrange- with IEC Publication 243, as depicted in Fig. 25 (45). Note
ment is depicted in Fig. 23 (42). that the IEC (International Electrotechnical Commission)

The recess in the rigid solid dielectric may be machined to standard specifies dielectric specimen thicknesses equal to or
form a highly stressed region in the specimen, with the elec- less than 3.0 � 0.2 mm. If tapes of reduced width are tested,
trodes vapor deposited upon the dielectric to preclude any air then rod electrodes of the geometry delineated in Fig. 26 are
gaps between the electrodes on the specimen. Alternatively, utilized. When breakdown tests are carried out on thin inor-
with nonporous solid dielectrics, conducting silver paint may ganic films with application to electron devices, miniature
be applied. Should spark-over occur at the edges prior to di- counter electrodes are vapor deposited onto the surface of the
electric breakdown, the entire electrode assembly may be im- specimen. For the evaluation of embedding compounds or
mersed in a mineral or silicone oil bath, provided the solid
specimen is a nonporous material. The conductivity, �m, and
dielectric constant, ��m, of the immersing medium must be se-
lected, such that, under dc test voltages (43)

σmEm > σsEs (87)

where E is the electrical field and the subscripts m and s re-
fer, respectively, to the oil medium and the solid specimen.
Under alternating test voltages,

ε ′
mEm > ε ′

sEs (88)

If the liquid is partially conducting, then

ε ′
mEm sec δm > ε ′

sEs sec δs (89)

��
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��
��

25 mm

25 mm

25 mm

H.V.
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stainless steel

electrode

Dielectric
specimen

3.2 mm

where � is the loss angle.
Although the intrinsic strength of a dielectric material pro- Figure 24. Equal-diameter electrode system for dielectric strength

measurement on sheet materials (after ASTM D149) (44).vides information on the maximum breakdown strength at-
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�
�

���

Brass or
stainless steel

electrode

Dielectric
specimen

H.V.
25 mm

15 mm

75 + 1  mm–

25 + 1  mm–

3 + 0.2  mm–
3 mm

3 mm

Brass disk electrodes

Plastic 
container

Gap 
adjustmentOil

25 mm

25 mm

3 mm≤

2.50 ± .01 mmFigure 25. Unequal-diameter electrode system for dielectric
strength measurements on sheet materials (after IEC Publication Figure 27. Parallel-plane square-edged electrode system for dielec-
243) (45). tric strength measurements on mineral oils (after ASTM D877) (46).

greases, the standard procedure of ASTM D149 requires enhancement occurs at the edges of the electrodes and that,
hemispherical electrodes, having an equivalent diameter of therefore, breakdown is likely to occur there. For lower viscos-
12.7 mm (44). ity dielectric liquids (�19 cSt or mm2/s at 40�C), test elec-

The foregoing described electrode systems for solid dielec- trodes, with the geometrical contour depicted in Fig. 28, have
tric specimens are suitable for tests under ac power fre- been found to be particularly effective in detecting decreases
quency, dc, and impulse conditions. The electrode systems, for in the breakdown strength as a result of cellulose fiber con-
routine determination of the dielectric strength of liquids, dif- tamination and absorbed moisture (47). These electrodes are
fer from those described for solids. Routine acceptance tests normally referred to as the VDE (Verband Deutscher Electro-
on oils of petroleum origin for electrical apparatus and cables techniker) type electrodes. Measurements of dielectric
are carried out with an oil cup containing parallel-plane pol- strength are performed with electrode separations of either 1
ished brass electrodes, with an interelectrode spacing of 2.5 or 2 mm, with a gentle downward oil flow at the electrodes
� 0.01 mm. The electrodes have a diameter of 25 mm and a created by means of a rotating impeller located beneath the
thickness of 3 mm; they are square at the edges and are sepa- electrodes in the test cell.
rated from the inner wall of the oil test cup by a distance of Since oil-filled and impregnated electrical power equip-
not less than 13 mm. The oil test cup assembly is shown in ment is subjected to lightning and switching impulses, it is
Fig. 27 (46). The electrodes within the cell must be cleaned important to assess the quality of the oil in terms of its im-
with a dry hydrocarbon solvent following each breakdown pulse breakdown strength. Under nonuniform electrical field
test; particular care must be taken to remove any carboniza- conditions, the dielectric strength of the oil is contingent upon
tion deposits on the electrodes, and the electrodes must be the polarity of the impulse in contradistinction to negligible
repolished should any pitting of the surface manifest. Prior to differences observed under uniform fields. For this reason,
admitting the liquid specimen into a cleaned test cell, the lat- nonuniform field electrode systems are frequently utilized for
ter must be rinsed by the same liquid to remove any residues impulse tests. The electrodes may typically consist of either
of the cleaning compound. two 12.7 mm diameter brass or steel spheres or, for highly

It is palpably evident from the geometrical configuration of nonuniform fields, one such sphere and a steel needle point
the square-edge electrodes in Fig. 27, that electrical stress with a 0.06 mm radius of curvature at the needle tip (48).

4 mm
radius

Brass spherically
capped electrodes

25 mm
radius

13 mm

36 mm diameter

��
��

��
��

Brass or stainless
steel cylindrical rods

0.8 mm
radius

Dielectric tape
specimen

Figure 28. VDE electrode system for dielectric breakdown strengthFigure 26. Cylindrical rod electrodes for dielectric strength mea-
measurements on low-viscosity liquids (47).surements on thin narrow plastic tape or other narrow specimens

(after ASTM D149) (44).
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The breakdown strength of gases is normally determined Reapplication of the direct voltage results in successively
lower breakdown voltages, which confirm that a dc break-under quasi-uniform ac field conditions. Typical electrodes

utilized for this purpose consist of a sphere-to-plane geome- down has already occurred. Also, the additional damage and
burning produced within the breakdown channel renders ittry, wherein the electrical field is uniform directly underneath

the sphere adjacent to the plane, becoming increasingly less more visible.
Impulse tests on solid dielectric specimens are performeduniform as the separation between the sphere and the plane

increases. With a sphere-to-plane geometry, electrical break- by increasing the peak voltage of the impulse gradually, from
an initial peak value of 0.7 times the anticipated breakdowndown tends to always occur in the uniform field region—that

is, at the point where the separation between the sphere and voltage (45,50). The lightning impulse is simulated with an
impulse waveform having a time to peak of 1.2 �s and a decaythe plane is least. The high-potential sphere electrode may be

of steel with a diameter of 0.75 inches or 19.1 mm, and the time of 50 �s to 50% of its initial peak value. Impulse break-
down is indicated by a voltage collapse at any point of theground potential electrode may be a cylindrical brass plane

with a 1.5 inch or 38.1 mm diameter (49). The tests are per- impulse waveform (2); the peak voltage value of this impulse
wave is considered as the impulse breakdown voltage. Loca-formed at 25�C at a standard pressure of 760 torr.
tion of the actual breakdown channel caused by an impulse
may require, as in the dc case, several reapplications of theVoltage Breakdown Test Conditions and Procedures
voltage pulse, to cause additional carbonization within the

The presence of lethal voltages in breakdown voltage tests breakdown channel.
necessitates strict adherence to high-voltage safety practices. In the measurement of dielectric strength of liquid speci-
Since the breakdown voltage may be a function of the ambient mens at ac power frequencies using the parallel-plane square-
temperature, pressure, and humidity, depending upon where edge electrodes, a fixed voltage rise of 3 kV/s is generally
solid, liquid, or gas specimens are tested, these parameters specified (46). To avoid pitting of the test electrode surfaces,
should be recorded at the time of the test; solid insulating the short-circuit current at breakdown in the specimen is not
materials should be conditioned prior to the breakdown test, permitted to exceed 10 mA/kV. For tests with the same elec-
so that they may reach thermal and moisture equilibrium trode system under direct voltages, the same rate of voltage
with the environment. For more lossy solid and liquid speci- rise should be adequate. When the VDE-type electrodes are
mens, the application of intense alternating electrical fields employed for low-viscosity liquids at power frequency, a much
may result in cumulative heat generation due to dielectric lower rate of voltage rise of 0.5 kV/s is preferred. Impulse
losses, thereby leading to a thermal instability induced break- breakdown tests performed on dielectric liquids are often car-
down. Solid specimens may contain gas cavity inclusions, ried out with both the simulated lightning impulse of the 1.2
within which intense recurring partial discharges at elevated by 50 �s form and a switching surge impulse form with a 100
alternating fields may cause rapid deterioration of the adja- �s rise time to peak and a decay time  1000 �s. The impulse
cent solid insulation, thus leading to conspicuously lower breakdown tests are carried out either at positive or negative
breakdown strengths. Both thermal and discharge mecha- polarities; often the measurements may be performed at both
nism associated breakdowns account for the lower observed polarities. The measurement sequence at either polarity is be-
ac breakdown strengths, as opposed to those measured under gun at a voltage substantially below the expected impulse
dc and impulse conditions. Where the breakdown strength is voltage breakdown level. Normally, three impulse waves are
controlled by the thermal and partial discharge mechanism, applied at each selected impulse voltage test level; it is an
the breakdown process is a strong function for the time of accepted practice to traverse at least three test levels prior to
voltage application. Accordingly, the rate of voltage rise in breakdown, with a fixed minimum time interval between each
any voltage breakdown test is an important parameter. voltage level test. ASTM D3300 recommends a time interval

For solid dielectrics, the rate of ac sinusoidal voltage rise of 30 s. The peak impulse voltage at breakdown is measured
is fixed usually at 500 V/s, though more rapid or slower rise oscillographically across a calibrated resistive voltage divider.
rates may also be used. Breakdown or rupture of the dielec- Whenever needle electrodes are employed, the geometry of
tric is indicated by an audible voltage collapse across the the needle tip is altered, due to the energy released by the
specimen, as well as a visual burn at the tip of the break- breakdown spark; this necessitates a change of the needle
down. In order to minimize stress-induced aging effects in the electrodes after each breakdown event.
insulation undergoing the voltage breakdown test, ASTM Routine voltage breakdown strength measurements on in-
D149 stipulates that the duration of a short-time breakdown sulating gases are normally performed under ac power fre-
must not exceed 20 s. In the past, a voltage step test was quencies, using a standard rate of voltage rise of 500 V/s (49).
employed, whereby the voltage was raised in steps; at each The breakdown strength of gases is a function of gap spacing
step it was maintained for a preset time, prior to the next- and gas pressure; since the value of the latter varies with
step increment in voltage, until the ensuence of dielectric the ambient temperature, both the pressure and temperature
breakdown event—that is, an abrupt voltage collapse across must be recorded for breakdown results obtained with a fixed
the specimen. The use of the step procedure was required in gap setting.
the absence of voltage sources with automatically regulated It should be emphasized that, when the breakdown volt-
rate of voltage-rise controls. ages are determined for solid, liquid, and gas specimens, the

In dc dielectric breakdown strength determinations on di- gap length or specimen thickness must be stated in each case.
electric material specimens, a single rate of voltage rise of Even when the value of the voltage breakdown strength is
500 V/s is employed (50). Under direct voltages, the initial provided in the units of voltage per unit specimen thickness,
breakdown event produces a minute channel in the volume the specimen thickness must still be specified, because the

breakdown strength is a function of the specimen thickness.of the solid dielectric, whose trace is not readily discernible.
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15. J. Pugh, 4th Int. Conf. Dielectr. Mater. Meas. Appl., IEE Conf.Also, the dispersion in the voltage breakdown data requires
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17. H. J. Wintle and S. Kurylowicz, Edge corrections for strip andtest results.
disc capacitors, IEEE Trans. Instrum. Meas., IM-34: 41–47, 1985.
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ity, permittivity, and dielectric loss, and dielectric strength 20. R. Bartnikas and E. J. McMahon (eds.), Engineering Dielectrics,
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