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1. Scope Constant) and Dissipation Factor by Fluid Displacement

1.1 These test methods cover the determination of relative Procedure%_ . _
permittivity, dissipation factor, loss index, power factor, phase D 1711 Terminology Relating to Electrical Insulatfon
angle, and loss angle of specimens of solid electrical insulating D 5032 Practice for Maintaining Constant Relative Humid-
materials when the standards used are lumped impedances. The ity by Means of Aqueous Glycerin SO|Ut'(ﬁ1S_ o
frequency range that can be covered extends from less than 1E 104 Practice for Maintaining Constant Relative Humidity

Hz to several hundred megahertz. by Means of Aqueous Solutiohs o ,
E 197 Specifications for Enclosures and Servicing Units for
Note 1—In common usage, the word relative is frequently dropped. Tests Above and Below Room Temperatﬁre.

1.2 These test methods provide general information on a .
variety of electrodes, apparatus, and measurement techniqués. Terminology
The reader should also consult ASTM standards or other 3.1 Definitions:
documents directly applicable to the material to be te$fed. 3.1.1 capacitance, C n—that property of a system of
1.3 This standard does not purport to address all of theconductors and dielectrics which permits the storage of elec-
safety concerns, if any, associated with its use. It is thdrically separated charges when potential differences exist
responsibility of the user of this standard to establish appro-between the conductors.
priate safety and health practices and determine the applica- 3.1.1.1 Discussior—Capacitance is the ratio of a quantity,
bility of regulatory limitations prior to usefFor specific hazard g, of electricity to a potential differenc¥, A capacitance value
statements, see 7.2.6.1 and 10.2.1. is always positive. The units are farads when the charge is
expressed in coulombs and the potential in volts:

C=aqV 1)
3.1.2 dissipation factor, (D), (loss tangent), (ta&), n—the
ratio of the loss indexy") to the relative permittivity €')

which is equal to the tangent of its loss ang® 6r the
cotangent of its phase angle) (see Fig. 1 and Fig. 2).

2. Referenced Documents

2.1 ASTM Standards:

D 374 Test Methods for Thickness of Solid Electrical Insu-
lation®

D 618 Practice for Conditioning Plastics for Tesfing

D 1082 Test Method for Dissipation Factor and Permittivity
(Dielectric Constant) of Mich D = «"/x’' 2

D 1531 Test Method for Relative Permittivity (Dielectric  3.1.2.1 Discussiop— a:

D = tand = coth = X, /R, = GlwC, = 1/wC/R, 3)

where:

= equivalent ac conductance,
parallel reactance,

equivalent ac parallel resistance,

1 These test methods are under the jurisdiction of ASTM Committee D-9 on
Electrical and Electronic Insulating Materials and are the direct responsibility of G
Subcommittee D09.12 on Electrical Tests.

Current edition approved Feb. 10, 1998. Published March 1999. Originally Rp
published as D 150 — 22 T. Last previous edition D 150 — 95. C
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Materials, Measurement Techniques, R. Bartnikas, Editor, STP 926, ASTM, The reciprocal of the dissipation factor is the quality factor,

Philadelphia, 1987. Q, sometimes called the storage factor. The dissipation factor,
3R. Bartnikas, Chapter 1, “Dielectric Loss in Solids”, Engineering Dielectrics,

Vol IIA, Electrical Properties of Solid Insulating Materials: Molecular Structure and

Electrical Behavior, R. Bartnikas and R. M. Eichorn, Editors, STP 783, ASTM

Philadelphia, 1983. ¢ Annual Book of ASTM Standardgol 10.02.
4 Annual Book of ASTM Standardgol 10.01. 7 Annual Book of ASTM Standardgol 11.03.
5 Annual Book of ASTM Standardgol 08.01. 8 Discontinued, see 198@nnual Book of ASTM StandardBarts 40 and 41.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.



Ay b 150 - 98

ul

—

Cs
|
VwCp :
Y\\
\ 1 EN FIG. 4 Series Circuit
A
| _lve \ W
FIG. 1 Vector Diagram for Parallel Circuit k"= k'D
Rs [ = power losg/E? X f X volume X constant ()]
>‘I /‘P =1 When the power loss is in watts, the applied voltage is in
L volts per centimetre, the frequency is in hertz, the volume is the
/}/ cubic centimetres to which the voltage is applied, the constant
| has the value of 5.558 10 *3,
e { 3.1.4.2 Discussior—b—Loss index is the term agreed upon
wCs 1 internationally. In the U.S.Ax” was formerly called the loss
I factor.
L g4l 3.1.5 phase anglef, n—the angle whose cotangent is the
! dissipation factor, arccat”/k’ and is also the angular differ-
| S E_ o ence in the phase between the sinusoidal alternating voltage
FIG. 2 Vector Diagram for Series Circuit applied to a dielectric and the component of the resulting

current having the same frequency as the voltage.

D, of the capacitor is the same for both the series and parallel 3-1.5.1 Discussior-The relation of phase angle and loss
representations as follows: angle is shown in Fig. 1 and Fig. 2. Loss angle is sometimes

B B called the phase defect angle.

D = oRC, = LoRyGy “) 3.1.6 power factor, PF n—the ratio of the power in watts,

, . ) W, dissipated in a material to the product of the effective
The relat|on.sh|ps between series and parallel componentg,,soidal voltagey, and current], in volt-amperes.
are as follows: 3.1.6.1 Discussior—Power factor may be expressed as the

C,=CJ(1+D? (5)  cosine of the phase angte(or the sine of the loss anghy.

PF = WIVI = G/I'\/G” + (oC,)* = sind = cosf ®)

) ) _ _ _ When the dissipation factor is less than 0.1, the power factor
3.1.2.2 Discussior—b: Series RepresentatieAWhile the  differs from the dissipation factor by less than 0.5 %. Their

parallel representation of an insulating material having &xact relationship may be found from the following:
dielectric loss (Fig. 3) is usually the proper representation, it is

R/R,=(1+D?/D?=1+ (1D*) =1+ Q? (6)

always possible and occasionally desirable to represent a PF =D/\/1+ D ©)
capacitor at a single frequency by a capacitag,in series D = PFA/1 - (PF)2
with a resistanceR ¢ (Fig. 4 and Fig. 2). . L : . .

3.1.3 loss angle (phase defect angle}),(n—the angle ’3.1.7 relative permittivity (relatlvg dielectric constant) (SIC)
whose tangent is the dissipation factor or arat4r’ or whose (&), n—the _real part of t_he relative complex permittivity. It
cotangent is the phase angle. is also the ratio of the equivalent parallel capacitaig of a

3.1.3.1 Discussion—The relation of phase angle and loss given configuration of electrodes with a material as a dielectric
ang-le. is’ shown in Fig. 1 and Fig. 2. Loss angle is sometimel® the capacitance;,, of the same configuration of electrodes

called the phase defect angle. with ve}c.uum (or air for most practical purposes) as the
3.1.4 loss indexk” (¢,"), n—the magnitude of the imaginary dielectric:
part of the relative complex permittivity; it is the product of the k' =C/JC, (10)
relative permittivity and dissipation factor. 3.1.7.1 Discussior—a—In common usage the word “rela-
3.1.4.1 Discussior—a—It may be expressed as: tive” is frequently dropped.
3.1.7.2 Discussior—b—Experimentally, vacuum must be
WA replaced by the material at all points where it makes a
Ry= 4 significant change in capacitance. The equivalent circuit of the
dielectric is assumed to consist©f, a capacitance in parallel
— — with conductance. (See Fig. 3.)
3.1.7.3 Discussior—c—C , is taken to beC ,, the equivalent
[| % parallel capacitance as shown in Fig. 3.
3.1.7.4 Discussior—d—The series capacitance is larger
FIG. 3 Parallel Circuit than the parallel capacitance by less than 1 % for a dissipation
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factor of 0.1, and by less than 0.1 % for a dissipation factor otivity are sometimes used for grading stresses at the edge or

0.03. If a measuring circuit yields results in terms of seriesend of a conductor to minimize ac corona. Factors affecting

components, the parallel capacitance must be calculated fropermittivity are discussed in Appendix X3.

Eq 5 before the corrections and permittivity are calculated. 5 > Ac |oss—For both cases (as electrical insulation and as
3.1.7.5 Discussior—e—The permittivity of dry air at 23°C  c5n4itor dielectric) the ac loss generally should be small, both

and standard pressure at 101.3 kPa is 1.000536 {ts i, order to reduce the heating of the material and to minimize

divergence from unity,x’—}, s inversely proportional to its effect on the rest of the network. In high frequency
absolute temperature and_dlrectly _pr_o_portlonal to atmOSpher.'gpplications, a low value of loss index is particularly desirable,
pressure. The increase in permittivity when the space Rince for a given value of loss index, the dielectric loss
saturated with water vapor at 23°C is 0.000253), and varies . . oo : .

. . . ' : increases directly with frequency. In certain dielectric configu-
appr_oxmately linearly with temperature exp.ressed.m degreg ations such as gre used :?1 term%natin bushings and cabltgs for
Celsius, from 10 to 27°C. For partial saturation the increase i 9 9

proportional to the relative humidity test, an increased loss, usually obtained from increased con-
3.2 Other definitions may be found in TerminologyD1711.d”CtiVity' is sometimes introduced to control the voltage
gradient. In comparisons of materials having approximately the
4. Summary of Test Method same permittivity or in the use of any material under such

4.1 Capacitance and ac resistance measurements are mg@@dit_ions tha’F its permittivity remains .es_sent_ially constant, the
on a specimen. Relative permittivity is the specimen capaciduantity considered may also be dissipation factor, power
tance divided by a calculated value for the vacuum capacitand@ctor, phase angle, or loss angle. Factors affecting ac loss are
(for the same electrode configuration), and is significantlydiscussed in Appendix X3.
dependent on resolution of error sources. Dissipation factor, 5.3 Correlation—When adequate correlating data are avail-
generally independent of the specimen geometry, is alsable, dissipation factor or power factor may be used to indicate
calculated from the measured values. the characteristics of a material in other respects such as

4.2 This method provides (a) guidance for choices ofdielectric breakdown, moisture content, degree of cure, and
electrodes, apparatus, and measurement approaches; and dBjerioration from any cause. However, deterioration due to
directions on how to avoid or correct for capacitance errors. thermal aging may not affect dissipation factor unless the

4.2.1 General Measurement Considerations: material is subsequently exposed to moisture. While the initial

ginging anf: gtrax Capacitance gulardleq EleCft(;JdeS Conaci value of dissipation factor is important, the change in dissipa-
eometry of Specimens alculation of Vacuum Capacitance . . . P

Edge, Ground, and Gap Corrections tion factor with aging may be much more significant.

4.2.2 Electrode Systems - Contacting Electrodes 6. General Measurement Considerations

Electrode Materials Metal Foil o )

Conducting Paint Fired-On Silver 6.1 Fringing and Stray Capacitanee These test methods

fizfige&e"f;ta' E\,/;ZO,\Tetfj Metal are based upon measuring the specimen capacitance between

Water electrodes, and measuring or calculating the vacuum capaci-

tance (or air capacitance for most practical purposes) in the
same electrode system. For unguarded two-electrode measure-
ments, the determination of these two values required to
. . _compute the permittivityk,' is complicated by the presence of
4'2'4 Choice of Apparatus and Methods for I\/leasurmgundesired fringing and stray capacitances which get included in
Capacitance and A-C Loss : s .
the measurement readings. Fringing and stray capacitances are

4.2.3 Electrode Systems - Non-Contacting Electrodes

Fixed Electrodes Micrometer Electrodes
Fluid Displacement Methods

Frequency Direct and Substitution Methods . .
Two-Terminal Measurements Three-Terminal Measurements illustrated by FIgS‘ 5 and 6 for the 'Case of tWO U”gl,‘arded
Fluid Displacement Methods Accuracy considerations parallel plate electrodes between which the specimen is to be

. placed for measurement. In addition to the desired direct
5. Significance and Use interelectrode capacitance,,Ghe system as seen at terminals
5.1 Permittivity—Insulating materials are used in general in 5_g includes the following:
two distinct ways, 1) to support and insulate components of an
electrical network from each other and from ground, &2)dq
function as the dielectric of a capacitor. For the first use, it is

) ) T T
generally desirable to have the capacitance of the support as | R «|(-——1|-
small as possible, consistent with acceptable mechanical, : T Clg
chemical, and heat-resisting properties. A low value of permit- | CoF= | __ . ___ .
e . o . \ o o !
tivity is thus desirable. For the second use, it is desirable to o) e _ “Ce 1CLe
havela high value of permittivity, so that the capacitor may b_e ey ﬂI_ aNg — v 7 T
physically as small as possible. Intermediate values of permit- - o L |

P § | TT— 7~
| 1 L
o = F--—- -
° The boldface numbers in parentheses refer to the list of references appended to | 1
these test methods. FIG. 5 Stray Capacitance, Unguarded Electrodes
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exception of the ground capacitance of the grounded electrode
and its lead. If C, is placed within a chamber with walls at
guard potential, and the leads to the chamber are guarded, the
capacitance to ground no longer appears, and the capacitance
seen at a-aincludes G and G only. For a given electrode
arrangement, the edge capacitancg,dan be calculated with
reasonable accuracy when the dielectric is air. When a speci-
men is placed between the electrodes, the value of the edge

FIG. 6 Flux Lines Between Unguarded Electrodes

C. = fringing or edge capagitapcr?, o . hcapacitance can change - requiring the use of an edge capaci-
Co = clapf:cr[;mce to ground of the outside face of each ,nce correction using the information from Table 1. Empirical

_ electroae, . corrections have been derived for various conditions, and these
C_ = capacitance between connecting leads,

C., = capacitance of the leads to ground, and are given in Table 1 (for the case of thin electrodes such as
tz = capacitance between the leads and the electrodes. foil). In routine yvork, where bes? accuracy is not required it
Only the desired capacitance,,,ds independent of the May be convenient to use unshielded, two-electrode systems

outside environment, all the others being dependent to a degré&d make the approximate corrections. Since area (and hence
on the proximity of other objects. It is necessary to distinguishC,) increases of the square diameter while perimeter (and
between two possible measuring conditions to determine theence ¢) increases linearly with diameter, the percentage error
effects of the undesired capacitances. When one measuririg permittivity due to neglecting the edge correction decreases
electrode is grounded, as is often the case, all of the capaaith increasing specimen diameter. However, for exacting
tances described are in parallel with the desirgd wdth the  measurements it is necessary to use guarded electrodes.

TABLE 1 Calculations of Vacuum Capacitance and Edge Corrections (see 8.5)

Note 1—See Table 2 for Identification of Symbols used.

Direct Inter-Electrode Capacitance in Vacuum,

Type of Electrode

pF

Correction for Stray Field at an Edge, pF

Disk electrodes with guard-ring:

0-4»-«d| 5 1
D e

Disk electrodes without guard-ring:

Diameter of the electrodes = diameter of the specimen:

= Ee
oo s A
—-rpu—"

A
0.0088542 +

m
A=z + BgP

C.=0

where a << t, C, = (0.0087 — 0.00252 In t)P

Equal electrodes smaller than the specimen:

i

d. 2
C, = 0.0069541—}

C. = (0.0019 k,/ — 0.00252 In t + 0.0068)P

where: k,/ = an approximate value of the specimen permit-
tivity, and a << t.

Unequal electrodes:

C, = (0.0041 «,/— 0.00334 In  + 0.0122)P

r41' o "] where: k,/ = an approximate value of the specimen permit-
‘IZ,.L tivity, and a << t.
t
Cylindrical electrodes with guard-ring: _0.055632 (), + B g) C.=0
, = — 2
In =2
T fsz N
't ;
: 1 r
Cylindrical electrodes without guard-ring: _ 0.055632 P <L
v d t+d, " 10
t 2 L
T 4 |n31 C. = (0.0038 k,' — 0.00504 In t + 0.0136)P
dp 7d, P=m(d+ 1)
A - where k,/ = an approximate value of the specimen permit-
tivity.

| T

ASee Appendix X2 for corrections to guard gap.
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TABLE 2 Calculation of Permittivity and Dissipation Factor, Noncontacting Electrodes

Permittivity Dissipation Factor Identification of Symbols
Micrometer electrodes in air (with guard ring): AC = capacitance change when specimen is inserted (+ when
D, = D, + Mk, AD capacitance increases),
1 Cy = capacitance with specimen in place,
K = ~ACH, AD  =increase in dissipation factor when specimen is inserted,
1 T 1 D, = dissipation factor with specimen in place.
Dy = dissipation factor, fluid,
or, if &, is adjusted to a new value, t,’, such that iO = ga;?!‘;;ptlr?’szzggg?stT;;em(;'men mm
= av i i ,
AC=0 M =tlt—1,
Cy = k¢ C, capacitance with fluid alone,
o = t I = permittivity of a vacuum (0.0088542 pF/mm),
x t—(th—t) A = area of the electrodes, mm? (the smaller if the two are
unequal),
Plane electrodes—fluid displacement: Kf = Pe"zfgithigOC;; ﬂ;il?l)at test temperature (= 1.00066 for air
at 23° (
D, =D, + ADM ! . ! .
< x ¢ C, = vacuum capacitance of area considered (eA/ty, pF),
Ky = —— dy = OD of inner electrode,
1+ Dy d, = ID of specimen,
d. = OD of specimen, and
[ (C;+AO)1 + D) ] [ (C+ A0 + D) ] 4 =IDof ou?er electrode
. . 5 =
Ci+ MG~ (C;+ AC)1 + D] Ci+ MC— (Ci+ AC)1 + D] g =guard gap, mm
When the dissipation factor of the specimen is less than about 0.1, the following equations (é1~2~°' 3 i ?}:git:;r,cr:géizﬁcseketches)
can be used: v B A
B =1 - 23 (see Appendix X2.1.3)
, , (ed. note: ALSO eliminate the "*" after B (two places) and
Kr Kx
K, = ——F~——7F D, = D, + M—AD
* 1-— AC b * ¢ Kf the footnote reference to Appendix X2).
k/ C,+AC t Ce = edge capacitance
In = natural logarithm
CYLINDRICAL ELECTRODES (WITH GUARD RINGS)—FLUID DISPLACEMENT. Ky = SPTC'T?H p?rmltthlty (approximate value for Table 1
d calculations
Y < log 35 p = perimeter of measuring (low voltage) electrode, mm
o 7 D, = D, + ADK—X, WO'_ 1 | = length of measuring (low voltage) electrode, mm
AC log ds/d, ! log B% Note—C and D in these equations are the values for the cell and
~°C, log dyd, 1 may require calculations from the readings of the measuring
circuit (as when using parallel substitution). Refer to Note 3.
Two-fluid method—plane electrodes (with guard ring):
, , AC, G [(Dp + 1) kp' = Kq']
(D>2( + D/ = ky' + AC, C,-AG, C,
Note—In the equation for the two-fluid method, subscripts 1 and 2
D, = (D2 + 1)k, [50 A ( DCZ_%) + D_/Z,} refer to the first and second fluids, respectively.
x x b G Cp Kp Note—Values of C in the two-fluid equations are the equivalent
C. Co AC. — C.Co AC,T(D2 + 1) e A r series values.
e = LG Cp l, Dzl +’11 2l ( - QC C)CEDCZ “n Xp A,= effective area of guarded electrode with specimen in liquid,
[k (D )= kn'] C1GCACr = (d + B,)? /4 (See Appendix X2 for corrections to guard gap).

6.2 Guarded Electrodes-The fringing and stray capaci- Guorde
tance at the edge of the guarded electrode is practically
eliminated by the addition of a guard electrode as shown in Fig. Guord
7 and Fig. 8. If the test specimen and guard electrode extend Flectroce
beyond the guarded electrode by at least twice the thickness of
the specimen and the guard gap is very small, the field

-‘I

EAY ASSTTTTISCYCSTNY X%

Vel

eSSt T e et
| E—

GUARDED Elecirods.
GUARD ELECTRODE FIG. 8 Three-Terminal Cell for Solids
ELECTRODE \I/
GUARD
&/ GAP distribution in the guarded area will be identical with that
| existing when vacuum is the dielectric, and the ratio of these
U two direct capacitances is the permittivity. Furthermore, the
field between the active electrodes is defined and the vacuum
\j / capacitance can be calculated with the accuracy limited only by
0 the accuracy with which the dimensions are known. For these
UNGUARDED reasons the guarded electrode (three-terminal) method is to be
ELECTRODE used as the referee method unless otherwise agreed upon. Fig.
FIG. 7 Flux Lines Between Guarded Parallel Plate Electrodes 8 shows a schematic representation of a completely guarded
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and shielded electrode system. Although the guard is comwith that of the specimen. The first of these points favors thick
monly grounded, the arrangement shown permits groundingpecimens; the second suggests thin specimens of large area.
either measuring electrode or none of the electrodes to accorMicrometer electrode methods (6.3.2) can be used to eliminate
modate the particular three-terminal measuring system beintle effects of series resistance. A guarded specimen holder (Fig.
used. If the guard is connected to ground, or to a guard termin&) can be used to minimize extraneous capacitances.

on the measuring circuit, the measured capacitance is the direct6.4 Calculation of Vacuum Capacitanee The practical
capacitance between the two measuring electrodes. If, hovwghapes for which capacitance can be most accurately calculated
ever, one of the measuring electrodes is grounded, the capaéire flat parallel plates and coaxial cylinders, the equations for
tance to ground of the ungrounded electrode and leads is Which are given in Table 1. These equations are based on a
parallel with the desired direct capacitance. To eliminate thiginiform field between the measuring electrodes, with no
source of error, the ungrounded electrode should be surroundédnging at the edges. Capacitance calculated on this basis is
by a shield connected to guard as shown in Fig. 8. In additioffnown as the direct interelectrode capacitance.

to guarded methods, which are not always convenient or 6.5 Edge, Ground, and Gap Corrections The equations
practical and which are limited to frequencies less than a feWor calculating edge capacitance, given in Table 1, are empiri-
megahertz, techniques using special cells and procedures ha&@), based on published wo(#) (see 8.5). They are expressed
been devised that yield, with two-terminal measurementsin terms of picofarads per centimetre of perimeter and are thus
accuracies comparable to those obtained with guarded megldependent of the shapg of the electrodes. It is recognlzed.that
surements. Such methods described here include shielddgfy are dimensionally incorrect, but they are found to give

micrometer electrodes (7.3.2) and fluid displacement methodi€ltér approximations to the true edge capacitance than any
(7.3.3). other equations that have been proposed. Ground capacitance

. - .. cannot be calculated by any equations presently known. When
6.3 Geometry of Specim or determining the permit- measurements must be made that include capacitance to

t'\r/gé?;tﬁed'SCS'ﬁ?gﬁg;lagt%rci?;:nrgifr:'leézhk?:tusszzc'&?nseggg_round, it is recommended that the value be determined
P e P ’ 9 xperimentally for the particular setup used. The difference

Between the capacitance measured in the two-terminal arrange-
. : ) . ) ment and the capacitance calculated from the permittivity and
specimen, and particularly that of its thickness which shouldthe dimensions of the specimen is the ground capacitance plus

there_fore, be large enough to aIIovy its meas_urement with thﬁﬁe edge capacitance. The edge capacitance can be calculated
required accuracy. The chosen thickness will depend on th&

hod of duci h . d the likel -~ using one of the equations of Table 1. As long as the same
metho Ot producing the specimen an t e likely Varlatlonphysical arrangement of leads and electrodes is maintained, the
from point to point. For 1 % accuracy a thickness of 1.5 mm

L ; ~ground capacitance will remain constant, and the experimen-
(0.06 in.) is usually sufficient, although for greater accuracy 'tt?zly determined value can be used as a correction to subse-

may be desirable to use a thicker specimen. Another source gt oy measured values of capacitance. The effective area of

error, when foil or rigid electrodes are used, is in the unav0|d—a guarded electrode is greater than its actual area by approxi-

able gap between the elect_ro_d_es and the specimen. For tmﬁately half the area of the guard g&, 6, 18) Thus, the
specimens the error in permittivity can be as much as 25 %. fjiameter of a circular electrode, each dimension of a rectan-
similar error occurs in d|§S|pat|on factor, although when fo'lgular electrode, or the length of a cylindrical electrode is
electrodes are applied with a grease, the two errors may n@lcreased by the width of this gap. When the ratio of gap width,
have _the same magnitude. _For _the most accurate measureme&tsto specimen thickness, is appreciable, the increase in the
on thin specimens, the fluid displacement method should bgfective dimension of the guarded electrode is somewhat less

used (6.3.3). This method reduces or completely eliminates thg, 5y the gap width. Details of computation for this case are
need for electrodes on the specimen. The thickness must B en in Appendix X2.

determined by measurements distributed systematically over
the area of the specimen that is used in the electrical measurg: Electrode Systems®

ment and should be uniform withirtl % of the average 7.1 Contacting Electrodes-A specimen may be provided
thickness. If the whole area of the specimen will be covered byyiiy jts own electrodes, of one of the materials listed below.
the electrodes, and if the density of the material is known, thg,, two-terminal measurements the electrodes may extend
average thickness can be determined by weighing. The diamjiher to the edge of the specimen or may be smaller than the
eter chosen for the specimen should be such as to provideyecimen. In the latter case the two electrodes may be equal or
specimen capacitance that can be measured to the desirgdequal in size. If equal in size and smaller than the specimen,
accuracy. With well guarded and screened apparatus there negf edge of the specimen must extend beyond the electrodes by
be no difficulty in measuring specimens having capacitances of; |east twice the specimen thickness. The choice between these
10 pF to aresolution of 1 partin 1000. Athick specimen of lowthree sizes of electrodes will depend on convenience of
permittivity may necessitate a diameter of 100 mm or more tQappIication of the electrodes, and on the type of measurement

obtain the desired capacitance accuracy. In the measurementgiopted. The edge correction (see Table 1) is smallest for the
small values of dissipation factor, the essential points are that

no appreciable dissipation factor shall be contributed by the
series resistance of the.eleCtrOdes and that in the _measurmgloAdditional information on electrode systems can be found in Research Report
network no large capacitance shall be connected in parall&ir: D09-1037 available from ASTM Headquarters.

in permittivity is in the determination of the dimensions of the
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case of electrodes extending to the edge of the specimen ahéjher frequencies. It is essential that the solvent of the paint
largest for unequal electrodes. When the electrodes extend tioes not affect the specimen permanently.

the edge of the specimen, these edges must be sharp. Sucly.2.3 Fired-On Silver—Fired-on silver electrodes are suit-
electrodes must be used, if attached electrodes are used at alble only for glass and other ceramics that can withstand,
when a micrometer electrode system is employed. Whemithout change, a firing temperature of about 350°C. Its high
equal-size electrodes smaller than the specimen are used, itdgnductivity makes such an electrode material satisfactory for
difficult to center them unless the specimen is translucent or aHs€ on low-loss materials such as fused silica, even at the
aligning fixture is employed. For three-terminal measurementglighest frequencies, and its ability to conform to a rough
the width of the guard electrode shall be at least twice théurface makes it satisfactory for use with high-permittivity
thickness of the specimef6, 7). The gap width shall be as materials, such as the titanates. . _
small as practical (0.5 mm is possible). For measurement of 7-2.4 Sprayed Metat-A low-melting-point metal applied
dissipation factor at the higher frequencies, electrodes of thi¢/ith @ spray gun provides a spongy film for use as electrode
type may be unsatisfactory because of their series resistand@aterial which, because of its grainy structure, has roughly the

Micrometer electrodes should be used for the measurement$aMe electrical conductivity and the same moisture porosity as
7 2 Electrode Materials conducting paints. Suitable masks must be used to obtain sharp

_ o edges. It conforms readily to a rough surface, such as cloth, but
7.2.1 Metal Foil—Lead or tin foil from 0.007510 0.025mm  goes not penetrate very small holes in a thin film and produce
thick applied with a minimum quantity of refined petrolatum, short circuits. Its adhesion to some surfaces is poor, especially
silicone grease, silicone 0", or other suitable low-loss adhesivafter exposure to h|gh hum|d|ty or water immersion. Advan-
is generally used as the electrode material. Aluminum foil hagages over conducting paint are freedom from effects of
also been used, but it is not recommended because of itslvents, and readiness for use immediately after application.
stiffness and the probability of high contact resistance due to 7.2.5 Evaporated Meta-Evaporated metal used as an elec-
the oxidized surface. Lead foil also may give trouble becaus&ode material may have inadequate conductivity because of its
of its stiffness. Such electrodes should be applied under extreme thinness, and must be backed with electroplated
smoothing pressure sufficient to eliminate all wrinkles and tocopper or sheet metal. Its adhesion is adequate, and by itself it
work excess adhesive toward the edge of the foil. One verys sufficiently porous to moisture. The necessity for using a
effective method is to use a narrow roller, and to roll outwardvacuum system in evaporating the metal is a disadvantage.
on the surface until no visible imprint can be made on the foil. 7.2.6 Liquid Metal—Mercury electrodes may be used by
With care the adhesive film can be reduced to 0.0025 mm. Afloating the specimen on a pool of mercury and using confining
this film is in series with the specimen, it will always cause therings with sharp edges for retaining the mercury for the
measured permittivity to be too low and probably the dissipaguarded and guard electrodes, as shown in Fig. 9. A more
tion factor to be too high. These errors usually becomeconvenient arrangement, when a considerable number of speci-
excessive for specimens of thickness less than 0.125 mm. THgens must be tested, is the test fixture shown in Fig. 4 of Test
error in dissipation factor is negligible for such thin specimengVethod D 1082. There is some health hazard present due to the
only when the dissipation factor of the film is nearly the sameloxicity of mercury vapor, especially at elevated temperatures,
as that of the specimen. When the electrode is to extend to tfd suitable precautions should be taken during use. In
edge, it should be made larger than the specimen and then dti¢asuring low-loss materials in the form of thin films such as
to the edge with a small, finely ground blade. A guarded andhica splittings, contamination of the mercury may introduce
guard electrode can be made from an electrode that covers tg@nsiderable error, and it may be necessary to use clean
entire surface, by cutting out a narrow strip (0.5 mm ismercury for each test. Wood's metal or other low-melting alloy

possible) by means of a compass equipped with a narroy®" be used in a similar manner with a somewhat reduced
cutting edge. health hazard.

. . . . - 7.2.6.1 Warning— Mercury metal-vapor poisoning has
. 7.2.2 C_onduqtlng Pgm{—Qertam types of hlgh—conduc_uvny long been recognized as a hazard in the industry. The exposure
silver paints, either air-drying or low-temperature-baking va-

- . . limits are set by government agencies and are usually based
rieties, are commercially available for use as electrode matqjIOOn recommendations made by the American Conference of

rial. They are sufficiently porous to permit diffusion of mois- &4yernmental Industrial Hygienist3. The concentration of
ture through them and thereby allow the test specimen Qe rcyry vapor over spills from broken thermometers, barom-

condition after application of the electrodes. This is particu—eters, and other instruments using mercury can easily exceed
larly useful in studying humidity effects. The paint has the

disadvantage of not being ready for use immediately after

application' It usua”y requires an Ovemight air'drying O 11 American Conference of Governmental Hygienists, Building D-7, 6500
low-temperature baking to remove all traces of solvent, whiclGlenway Ave., Cincinnati, OH 45211.

otherwise may increase both permittivity and dissipation fac-
tor. It also may not be easy to obtain sharply defined electrode
areas when the paint is brushed on, but this limitation usually
can be overcome by spraying the paint and employing either
clamp-on or pressure-sensitive masks. The conductivity of
silver paint electrodes may be low enough to give trouble at the FIG. 9 Guarded Specimen with Mercury Electrodes

Specimen

Mercury
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these exposure limits. Mercury, being a liquid with high surfaceconnecting leads and of the measuring capacitor at high
tension and quite heavy, will disperse into small droplets andrequencies. A built-in vernier capacitor is also provided for
seep into cracks and crevices in the floor. This increased arease in the susceptance variation method. It accomplishes this
of exposure adds significantly to the mercury vapor concentraby maintaining these inductances and resistances relatively
tion in the air. The use of a commercially available emergencyonstant, regardless of whether the test specimen is in or out of
spill kit is recommended whenever a spill occurs. Mercurythe circuit. The specimen, which is either the same size as, or
vapor concentration is easily monitored using commerciallysmaller than, the electrodes, is clamped between the electrodes.
available sniffers. Make spot checks periodically around op-Unless the surfaces of the specimen are lapped or ground very
erations where mercury is exposed to the atmosphere. Makigat, metal foil or its equivalent must be applied to the specimen
thorough checks after spills. before it is placed in the electrode system. If electrodes are
7.2.7 Rigid Metal—For smooth, thick, or slightly compress- applied, they also must be smooth and flat. Upon removal of
ible specimens, rigid electrodes under high pressure caghe specimen, the electrode system can be made to have the
sometimes be used, especially for routine work. Electrodes 18ame capacitance by moving the micrometer electrodes closer
mm in diameter, under a pressure of 18.0 MPa have been founggether. When the micrometer-electrode system is carefully
useful for measurements on plastic materials, even those @gjibrated for capacitance changes, its use eliminates the
thin as 0.025 mm. Electrodes 50 mm in diameter, undegorrections for edge capacitance, ground capacitance, and
pressure, have also been used successfully for thicker matetipnnection capacitance. In this respect it is advantageous to use
als. However, it is difficult to avoid an air film when using solid it gver the entire frequency range. A disadvantage is that the
electrodes, and the effect of such a film becomes greater as tgpacitance calibration is not as accurate as that of a conven-

permittivity of the material being tested increases and it§jona| multiplate variable capacitor, and also it is not direct
thickness decreases. The uncertainty in the determination ?Eading. At frequencies below 1 MHz, where the effect of
thickness also increases as the thickness decreases. The dimglias inductance and resistance in the leads is negligible, the

sions of a specimen may continue to change for as long as 24, nacjitance calibration of the micrometer electrodes can be
h after the application of pressure. __replaced by that of a standard capacitor, either in parallel with
_ 7.2.8 Water—Water can be used as one electrode for testing e micrometer-electrode system or in the adjacent capacitance
insulated wire and cable when the me_asurements are madefr?n of the bridge. The change in capacitance with the specimen
low frequency (up to 1000 Hz, approximately). Care must b and out is measured in terms of this capacitor. A source of

) n
taken to ensure that electrical leakage at the ends of thr‘?ﬂnor error in a micrometer-electrode system is that the edge

specimen 1S negllg!ble. capacitance of the electrodes, which is included in their
73 Non-Contactlng Electrod_es . calibration, is slightly changed by the presence of a dielectric
73.1 F|xed_ I_—ZIectrodes—Speumens 9f sufﬁuen';ly low sur- having the same diameter as the electrodes. This error can be
face conductivity can be measured without applied electrode ractically eliminated by making the diameter of the specimen
by insgrting them ‘!1 a prefgbricated electrode syste_m, in Whicless than that of the electrodes by twice its thickn(@3swWhen
et o ooy e s 1 el U S s et
’ may cause serious errors in dissipation factor measurements

: i
and should preferably include a guard electrode. For the sam low loss material. When the bridge used for measurement

R Q
accuracy, a more accurate determm.atlon .Of the. electrod. s a guard circuit, it is advantageous to use guarded microme-
spacing and the thickness of the specimen is Feq“”ed than {&r electrodes. The effects of fringing, etc., are almost com-

direct contact electrodes are used. However, if the electrode X y "

g ; e T pletely eliminated. When the electrodes and holder are well
system is filled with a liquid, these limitations may be removed ; Lo .
(see 7.3.3). made, no capacitance calibration is necessary as the capaci-

7.3.2 Micrometer Electrodes-The micrometer-electrode 121'CE can be calculated from the electrode spacing and the

system, as shown in Fig. 10, was develof@)o eliminate the diameter. The micrometer itself will require calibration, how-

errors caused by the series inductance and resistance of tH¥e" It IS not pracucab_le to use electrodes on the specimen
when using guarded micrometer electrodes unless the speci-

men is smaller in diameter than the guarded electrode.

Irr? . 7.3.3 Fluid Displacement MethodsWhen the immersion
3 e Micrometer Screw medium is a liquid, and no guard is used, the parallel-plate
3 3 | —setons system preferably shall be constructed so that the insulated
s 3 L Yy p y
E o Grounaes high potential plate is supported between, parallel to, and
- w Soeci equidistant from two parallel low-potential or grounded plates,
/ pecimen N ) i 3
o the latter being the opposite inside walls of the test cell
designed to hold the liquid. This construction makes the

electrode system essentially self-shielding, but normally re-
quires duplicate test specimens. Provision must be made for
High Electrode precise temperature measurement of the liq@id10) Cells

Vernier
Capacitor:

_ should be constructed of brass and gold plated. The high-
rian Electroce Grounded Terminls potential electrode shall be removable for cleaning. The faces
FIG. 10 Micrometer-Electroder System must be as nearly optically flat and plane parallel as possible.
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A suitable liquid cell for measurements up to 1 MHz is shown 8.2 Direct and Substitution Methods In any direct

in Fig. 4 of Test Method D 1531. Changes in the dimensions ofnethod, the values of capacitance and ac loss are in terms of all
this cell may be made to provide for testing sheet specimens ahe circuit elements used in the method, and are therefore
various thicknesses or sizes, but, such changes should neiibject to all their errors. Much greater accuracy can be

reduce the capacitance of the cell filled with the standard liquidbtained by a substitution method in which readings are taken
to less than 100 pF. For measurements at frequencies from 1 ygith the unknown capacitor both connected and disconnected.
about 50 MHz, the cell dimensions must be greatly reducedrhe errors in those circuit elements that are unchanged are in

and the leads must be as short and direct as possible. Th@neral eliminated; however, a connection error remains (Note
capacitance of the cell with liquid shall not exceed 30 or 40 pFy),

for measurements at 50 MHz. Experience has shown that &g 5 0. and Three-Terminal MeasurementEhe choice
capacitance of 10 pF can be used up to 100 MHz without IOSBetween three-terminal and two-terminal measurements is

of accuracy. Guarde(_j parallel-plate electrodes have the adva enerally one between accuracy and convenience. The use of a
tage that single specimens can be measured with full accura

) o R, tard electrode on the dielectric specimen nearly eliminates
Also a prior knowledge of the permittivity of the liquid is not the effect of edae and around capacitance. as exolained in 6.2
required as it can be measured direciyd). If the cell is - ot edy 9 ' capacit: ' P N

Lﬁhe provision of a guard terminal eliminates some of the errors

constructed with a micrometer electrode, specimens havin troduced by the circuit el ts. On the other hand. th ¢
widely different thicknesses can be measured with high accu-, roguced by the circuit eements. n the otherhand, the extra
ircuit elements and shielding usually required to provide the

racy since the electrodes can be adjusted to a spacing on . . ! .
slightly greater than the thickness of the specimen. If th ua_rd terminal add considerably t_o the size of the measuring
permittivity of the fluid approximates that of the specimen, theduiPment, and the number of adjustments required to obtain
effect of errors in determination of specimen thicknesses arf€ final result may be increased many times. Guard circuits for
minimized. The use of a nearly matching liquid and a micromeJesistive-ratio-arm capacitance bridges are rarely used at fre-
ter cell permits high accuracy in measuring even very thin filmduencies above 1 MHz. Inductive-ratio-arm bridges provide a

7.3.3.1 All necessity for determining specimen thickne:s§uard terminal without requiring ex_tra pircuits or adju_stment_s.
and electrode spacing is eliminated if successive measuremerit@rallel-T networks and resonant circuits are not provided with
are made in two fluids of known permittivigi2, 13, 18) This ~ 9uard circuits. In the deflection method a guard can be
method is not restricted to any frequency range; however, it ifrovided merely by exira shielding. The use of a two-terminal
best to limit use of liquid immersion methods to frequencies forMicrometer-electrode system provides many of the advantages
which the dissipation factor of the liquid is less than 0.010f three-terminal measurements by nearly eliminating the
(preferably less than 0.0001 for low-loss specimens). effect of edge and ground capacitances but may increase the

7.3.3.2 When using the two-fluid method it is important thatnumber of observations or balancing adjustments. Its use also

both measurements be made on the same area of the Specm%iminates the errors caused by series inductance and resistance

as the thickness may not be the same at all points. To ensulathe connepting leads at the higher frequencies. It can be used
that the same area is tested both times and to facilitate tHver the entire frequency range to several hundred megahertz.
handling of thin films, specimen holders are convenient. The/Vhen & guard is used, the possibility exists that the measured
holder can be a U-shaped piece that will slide into grooves iflissipation factor may be less than the true value. This is
the electrode cell. It is also necessary to control the temperatuf@used by resistance in the guard circuit at points between the
to at least 0.1°C. The cell may be provided with cooling coilsguard point of the measuring circuit and the guard electrode.

for this purposg13). This may arise from high contact resistance, lead resistance, or
from high resistance in the guard electrode itself. In extreme
8. Choice of Apparatus and Methods for Measuring cases the dissipation factor may appear to be negative. This
Capacitance and AC Loss condition is most likely to exist when the dissipation factor

81F R Methods f . it without the guard is higher than normal due to surface leakage.
-+ Frequency kange-viethods Tor meas“””g capacitance Any point capacitively coupled to the measuring electrodes and
and ac loss can be divided into three groups: null methods, = . .
resistively coupled to the guard point can be a source of

d?fﬁculty. The common guard resistance produces an equiva-

method for any particular case will depend primarily on the : S ;
operating frequency. The resistive- or inductive-ratio-arm ca!ent negative dissipation factor proportional@C; Ry, where

pacitance bridge in its various forms can be used over thgh and Cl.are guard-to-electrode capacitances &gds the
frequency range from less than 1 Hz to a few megahertz. Fgpuard I’eS.IStaI’.IC@A). o

frequencies below 1 Hz, special methods and instruments are 8.4 Fluid Displacement MethoesThe fluid displacement
required. Parallel-T networks are used at the higher frequenciégethod may be employed using either three-terminal or
from 500 kHz to 30 MHz, since they partake of some of theself-shielded, two-terminal cells. With the three-terminal cell
characteristics of resonant circuits. Resonance methods afliee permittivity of the fluids used may be determined directly.
used over a frequency range from 50 kHz to several hundredihe self-shielded, two-terminal cell provides many of the
megahertz. The deflection method, using commercial indicatadvantages of the three-terminal cell by nearly eliminating the
ing meters, is employed only at power-line frequencies from 2%ffects of edge and ground capacitance, and it may be used
to 60 Hz, where the higher voltages required can easily b&ith measuring circuits having no provision for a guard. If it is
obtained. equipped with an integral micrometer electrode, the effects on
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the capacitance of series inductance in the connective leads at10.1.1 General—Cut or mold the test specimens to a
the higher frequencies may be eliminated. suitable shape and thickness determined by the material
8.5 Accuracy—The methods outlined in 8.1 contemplate anspecification being followed or by the accuracy of measure-
accuracy in the determination of permittivity0f1 % and of  ment required, the test method, and the frequency at which the
dissipation factor of+ (5 % + 0.0005). These accuracies de-measurements are to be made. Measure the thickness in
pend upon at least three factors: the accuracy of the observaecordance with the standard method required by the material
tions for capacitance and dissipation factor, the accuracy of theeing tested. If there is no standard for a particular material,
corrections to these quantities caused by the electrode arrang@en measure thickness in accordance with Test Methods
ment used, and the accuracy of the calculation of the direqt 374. The actual points of measurement shall be uniformly
interelectrode vacuum capacitance. Under favorable conditiongistributed over the area to be covered by the measuring
and at the lower frequencies, capacitance can be measured Witfectrodes. Apply suitable measuring electrodes to the speci-
an accuracy of- (0.1 % + 0.02 pF) and dissipation factor with mens (Section 7) (unless the fluid displacement method will be
an accuracy oft (2 % + 0.00005). At the higher frequencies yseq), the choice as to size and number depending mainly on
these limits may increase for capacitance-t(0.5 % + 0.1 pF)  \yhether three-terminal or two-terminal measurements are to be
and for dissipation factor to (2 % + 0.0002). Measurements aqe and, if the latter, whether or not a micrometer-electrode
of dielectric specimens provided with a guard electrode ar ystem will be used (7.3). The material chosen for the

;S#bjde_ctotn_lytto t?e f”gr In capacitance ind |ntr_;_ehcalculat|ono ecimen electrodes will depend both on convenience of
e direct interelectrode vacuum capacitance. The error causefl [ ation and on whether or not the specimen must be

bly ttoodwidglla gap "between ttthe guar(ﬁd t?]nd the ?uar nditioned at high temperature and high relative humidity
electrodes will generally amountlo several tentns percent, anggection 7). Obtain the dimensions of the electrodes (of the

the correction can be calculated to a few percent. The error D aller if they are unequal) preferably by a traveling micro-

measuring the thickness of the specimen can amount to a few . )
. scope, or by measuring with a steel scale graduated to 0.25 mm
tenths percent for an average thickness of 2 mm, on thé

assumption that it can be measured 4®.005 mm. The and a microscope of sufficient power to allow the scale to be
diameter of a circular specimen can bé measuréd to aﬁaad to the nearest 0.05 mm. Measure the diameter of a circular

accuracy of+0.1 %, but enters as the square. Combining thesgleCtmde‘ or the dimensions of a rectangular electrode, at
errors, the direct interelectrode vacuum capacitance can b¢Veral points to obtain an average.

determined to an accuracy &f0.5 %. Specimens with contact ~ 10.1.2 Micrometer Electrodes-The area of the specimen
electrodes, measured with micrometer electrodes, have rfday be equal to or less than the area of the electrodes, but no
corrections other than that for direct interelectrode capacitanc@art of the specimen shall extend beyond the electrode edges.
provided they are sufficiently smaller in diameter than theThe edges of the specimens shall be smooth and perpendicular
micrometer electrodes. When two-terminal specimens are me#e the plane of the sheet and shall also be sharply defined so
sured in any other manner, the calculation of edge capacitandbat the dimensions in the plane of the sheet may be determined
and determination of ground capacitance will involve consid-to the nearest 0.025 mm. The thickness may have any value
erable error, since each may be from 2 to 40 % of the specimeinom 0.025 mm or less to about 6 mm or greater, depending
capacitance. With the present knowledge of these capacitancemon the maximum usable plate spacing of the parallel-plate
there may be a 10 % error in calculating the edge capacitanagectrode system. The specimens shall be as flat and uniform in
and a 25 % error in evaluating the ground capacitance. Henakickness as possible, and free of voids, inclusions of foreign
the total error involved may be from several tenths to 10 % oimatter, wrinkles, and other defects. It has been found that very
more. However, when neither electrode is grounded, theéhin specimens may be tested more conveniently and accu-
ground capacitance error is minimized (6.1). With micrometefately by using a composite of several or a large number of

electrodes, it is possible to measure dissipation factor of theghicknesses. The average thickness of each specimen shall be
order of 0.03 to within=0.0003 and dissipation factor of the determined as nearly as possible to withi®.0025 mm. In

order of 0.0002 to within=0.00005 of the true values. The certain cases, notably for thin films and the like but usually
range of dissipation factor is normally 0.0001 to 0.1 but may b&xc|uding porous materials, it may be preferable to determine
extended above 0.1. Between 10 and 20 MHz it is possible tg,e average thickness by calculation from the known or
detect a dissipation factor of 0.00002. Permittivity from 2 to 5easured density of the material, the area of the specimen face,
may be determined tcc2 %. The accuracy is limited by the onq the mass of the specimen (or specimens, when tested in

accuracy of the measurements required in the calculation Qf,inje thicknesses of the sheet), obtained by accurate weigh-
direct interelectrode vacuum capacitance and by errors in thiﬁg on an analytical balance

micrometer-electrode system. L . . .
y 10.1.3 Fluid Displacement-When the immersion medium

is a liquid, the specimen may be larger than the electrodes if the
] o . . permittivity of the standard liquid is within about 1 % of that of
9.1 See materials specifications for instructions on samg,e specimen (see Test Method D 1531). Also, duplicate

9. Sampling

pling. specimens will normally be required for a cell of the type
described in 7.3.3, although it is possible to test a single
10. Procedure specimen at a time in such cells. In any case, the thickness of
10.1 Preparation of Specimens the specimen preferably should not be less than about 80 % of

10
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the electrode spacing, this being particularly true when the 10.2.2 Fixed Electrodes-Adjust the plate spacing accu-
dissipation factor of the material being tested is less than abouately to a value suitable for the specimen to be tested. For
0.001. low-loss materials in particular, the plate spacing and specimen
10.1.4 Cleaning—Since it has been found that in the case ofthickness should be such that the specimen will occupy not less
certain materials when tested without electrodes the results atban about 80 % of the electrode gap. For tests in air, plate
affected erratically by the presence of conducting contaminantspacings less than about 0.1 mm are not recommended. When
on the surfaces of the specimens, clean the test specimens byh& electrode spacing is not adjustable to a suitable value,
suitable solvent or other means (as prescribed in the materiapecimens of the proper thickness must be prepared. Measure
specification) and allow to dry thoroughly before t€id). This ~ the capacitance and dissipation factor of the cell, and then
is particularly important when tests are to be made in air at lowcarefully insert and center the specimen between the electrodes
frequencies (60 to 10000 Hz), but is less important forof the micrometer electrodes or test cell. Repeat the measure-
measurements at radio frequencies. Cleaning of specimens witients. For maximum accuracy determik@ andAD directly,
also reduce the tendency to contaminate the immersion mé-possible with the measuring equipment used. Record the test
dium in the case of tests performed using a liquid mediumtemperature.
Refer to the ASTM standard or other document specifying this 10.2.3 Micrometer Electrodes-Micrometer electrodes are
test for cleaning methods appropriate to the material beingommonly used with the electrodes making contact with the
tested. After cleaning, handle the specimens only with tweezerspecimen or its attached electrodes. To make a measurement
and store in individual envelopes to preclude further contamifirst clamp the specimen between the micrometer electrodes,
nation before testing. and balance or tune the network used for measurement. Then
10.2 Measurement-Place the test specimen with its at- remove the specimen, and reset the electrodes to restore the
tached electrodes in a suitable measuring cell, and measure itstal capacitance in the circuit or bridge arm to its original
capacitance and a-c loss by a method having the requireghlue by moving the micrometer electrodes closer together.
sensitivity and accuracy. For routine work when the highest 10.2.4 Fluid Displacement MethodsWhen a single liquid
accuracy is not required, or when neither terminal of theis used, fill the cell and measure the capacitance and dissipation
specimen is grounded, it is not necessary to place the solithctor. Carefully insert the specimen (or specimens if the
specimen in a test cell. two-specimen cell is used) and center it. Repeat the measure-
10.2.1 Warning— Lethal voltages are a potential hazard ments. For maximum accuracy determik@ andAD directly,
during the performance of this test. It is essential that the tesif possible with the measuring equipment used. Record the test
apparatus, and all associated equipment electrically connectecemperature to the nearest 0.01°C. Remove specimens
to it, be properly designed and installed for safe operation.promptly from the liquid to prevent swelling, and refill the cell
Solidly ground all electrically conductive parts which it is to the proper level before proceeding to test additional speci-
possible for a person to contact during the test. Provide meanmens. Equations for calculation of results are given in Table 2.
for use at the completion of any test to ground any parts whiclTest Method D 1531 describes in detail the application of this
were at high voltage during the test or have the potential formethod to the measurement of polyethylene. When a guarded
acquiring an induced charge during the test or retaining acell of ruggedized construction, with provision for precise
charge even after disconnection of the voltage source. Thotemperature control, such as recommended in Method B of Test
oughly instruct all operators as to the correct procedures forMethod D 1531 is available, greater accuracy can be obtained
performing tests safely. When making high voltage testsyy measuring the specimen in two fluids. This method also
particularly in compressed gas or in oil, it is possible for the eliminates the need to know the specimen dimensions. The
energy released at breakdown to be sufficient to result in fireprocedure is the same as before except for the use of two fluids
explosion, or rupture of the test chamber. Design test equiphaving different permittivitie12, 13, 18) It is convenient to
ment, test chambers, and test specimens so as to minimize thse air as the first fluid since this avoids the necessity for
possibility of such occurrences and to eliminate the possibilitycleaning the specimen between measurements. The use of a
of personal injury. If the potential for fire exists, have fire guarded cell permits the determination of the permittivity of
suppression equipment available. the liquid or liquids used (3.2). When either the one- or

Note 2—The method used to connect the specimen to the measurirﬁq/o_ﬂwd .m.thOd IS usgd, .greateSt accuracy is possible when
circuit is very important, especially for two-terminal measurements. ThdN€ Permittivity of one liquid most nearly matches that of the

connection method by critical spacing, formerly recommended in TesSPecImen.
Methods D 150 for parallel substitution measurements can cause a
negative error of 0.5 pF. A similar error occurs when two-terminal
specimens are measured in a cell used as a guard. Since no method
eliminating this error is presently known, when an error of this magnitud
must be avoided, an alternative method must be used, that is, micrometer 10 3 Calculation of Permittivity Dissipation Factor and
electrodes, fluid immersion cell, or three-terminal specimen with guardecli_OSS Index-The measuring circuits used will give, for the
leads. specimen being measured at a given frequency, a value of

Note 3—Detailed instructions for making the measurements needed t - .
obtain capacitance and dissipation factor and for making any necessal pacitance and of a-c loss expresse@adissipation factor,

corrections due to the measuring circuit are given in the instruction book: r series or parallel resistance. Whgn the permittivity is to be
supplied with commercial equipment. The following paragraphs arecalculated from the observed capacitance values, these values
intended to furnish the additional instruction required. must be converted to parallel capacitance, if not so expressed,

Note 4—When the two-fluid method is used, the dissipation factor can
obtained from either set of readings (most accurately from the set with
ethe higherk;).

11
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TABLE 3 Calculation of Capacitance—Micrometer Electrodes

Parallel Capacitance Definitions of Symbols
C,=C-C+C, C' = calibration capacitance of the micrometer electrodes at the spacing to which the electrodes are reset,
C,,= vacuum capacitance for the area between the micrometer electrodes, which was occupied by the specimen, calculated
using Table 1,

C, = calibration capacitance of the micrometer electrodes at the spacing r, and
r =thickness of specimen and attached electrodes.

The true thickness and area of the specimen must be used in calculating the permittivity. This double calculation of the vacuum capacitance can be avoided with
only small error (0.2 to 0.5 % due to fringing at the electrode edge), when the specimen has the same diameter as the electrodes, by using the following procedure
and equation:

C,=C'-C,+Cy, C, = calibration capacitance of the micrometer electrodes at the spacing ¢,
C,,= vacuum capacitance of the specimen area, and
t =thickness of specimen

by the use of Eq 5. The equations given in Table 3 can be used 11.1.2 Shape and dimensions of the test specimen,
in calculating the capacitance of the specimen when microme- 11.1.3 Type and dimensions of the electrodes and measuring
ter electrodes are used. The equations given in Table 2 for theell,
different electrode systems can be used in calculating permit- 11.1.4 Conditioning of the specimen, and test conditions,
tivity and dissipation factor. When the parallel substitution 11.1.5 Method of measurement and measurement circuit,
method is used, the dissipation factor readings must be 11.1.6 Applied voltage, effective voltage gradient, and fre-
multiplied by the ratio of the total circuit capacitance to thequency, and
capacitance of the specimen or c&)l.and series or parallel 11.1.7 Values of parallel capacitance, dissipation factor or
resistance also require calculation from the observed valuepower factor, permittivity, loss index, and estimated accuracy.
Permittivity is:

ky = CJC, 11) 12. Precision and Bias

Expressions for the vacuum capacitance (6.4) for flat parallel 12-1 Precisior—It is not practicable to make a statement
plates and coaxial cylinders are given in Table 1. When the a-gP0ut the precision of any one test method set forth herein

loss is expressed as series resistance or parallel resistanceSBIc€ Precision is influenced by the material being tested and

conductance, the dissipation factor may be calculated using t{f€ choice of apparatus used for the measurement. Users of
relations given in Eq 3 and 4 (See 3.1.2.1). Loss index is ththese test methods for specific materials are encouraged to seek

product of dissipation factor and permittivity (See 3.4). statements of precision in standards applicable to specific

10.4 Corrections—The leads used to connect the specimerMaterials (see Section 8 also). _

to the measuring circuit have both inductance and resistance 12-2 Bias—No statement about the bias of any one or all of
which, at high frequencies, increase the measured capacitant¥Se test methods can be made.

and dissipation factor. When extra capacitances have bee
included in the measurements, such as edge capacitance, Keywords

ground capacitance, which may occur in two-terminal mea- 13.1 ac loss; capacitance: parallel, series, fringing, stray;
surements, the observed parallel capacitance will be increasé@nductance; contacting electrodes; dielectric; dielectric con-
and the observed dissipation factor will be decreased. Correstant; dissipation factor; electrical insulating material; elec-

tions for these effects are given in Appendix X1 and Table 1trode; fluid displacement; frequency; fringing capacitance;
guarded electrode; Hz; loss angle; loss factor; loss tangent;

11. Report non-contacting electrodes; permittivity; phase angle; phase
11.1 Report the following information: defect angle; power factor; Q; quality factor; reactance: paral-
11.1.1 Description of the material tested, that is, the namdgl, series; relative permittivity; resistance: parallel, series; tan

grade, color, manufacturer, and other pertinent data, (delta); thickness

12
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APPENDIXES
(Nonmandatory Information)

X1. CORRECTIONS FOR SERIES INDUCTANCE AND RESISTANCE AND STRAY CAPACITANCES

X1.1 The increase in capacitance due to the inductance dhe observed dissipation factor will be decreased. Designating
the leads and of dissipation factor due to the resistance of thithese observed quantities by the subscnipt,the corrected

leads is calculated as follows: values are calculated as follows:
AC = 0L G (X1.1) C,=Cp—(Ce+Cy (X1.2)
AD = RwC, D = C,D,/C,
=C,D./[C,— (C.+C
Where m m/[ 'm ( e g)]
C, = true capacitance of the capacitor being measured,

X1.3 The expression for dissipation factor assumes that the

Ly = series inductance of the leads, - g .
R, = series resistance of the leads, and extra capacitances are free from loss. This is essentially true for
® = 2m times the frequency, Hz. ground capacitance except at low frequencies, and also for

edge capacitance when the electrodes extend to the edge of the

Note Xl'lTL fa”th '?ar;l be Cﬁ'““'ateftj for tze t:ef‘r?st?;ed' from shecimen, since nearly all of the flux lines are in air. The
measurements of a physically smafl capactior, mage both a e.measu”?)‘grmittivity and loss index are calculated as follows:
equipment terminals and at the far end of the le&ls the capacitance

measured at the terminald\C is the difference between the two k' =CJC,= [C,— (C.+ CylC, (X1.3)
capacitance readings, aRdis calculated from the measured valuesXof K" = C,D,/C
and D. m v

X1.2 While it is desirable to have these leads as short as X1.4 When one or both of the electrodes are smaller than
possible, it is difficult to reduce their inductance and resistancéhe specimen, the edge capacitance has two components. The
below 0.1 pH and 0.09) at 1 MHz. The high-frequency capacitance associated with the flux lines that pass through the
resistance increases with the square root of the frequencgurrounding dielectric has a dissipation factor which, for
Hence these corrections become increasingly important abovsotropic materials, is the same as that of the body of the
1 MHz. When extra capacitances have been included in thdielectric. There is no loss in the capacitance associated with
measurements, such as edge capacita@e,and ground the flux lines through the air. Since it is not practicable to
capacitanceC,, which may occur in two-terminal measure- separate the capacitances, the usual practice is to consider the
ments, the observed parallel capacitance will be increased amdeasured dissipation factor to be the true dissipation factor.

X2. EFFECTIVE AREA OF GUARDED ELECTRODE

X2.1 Aguarded electrode has a gap between the measurinibe guarded measuring electrode’)/the permittivity of the
electrode and the guard electrode. That gap has definitmedium between the high-voltage and low-voltage electrodes;
dimensions which define a gap area. and «’y, the permittivity of the medium in the gap. The

X2.1.1 The effective area of a guarded electrode is greate®ffective factors are:
than its actual area. In most guarded electrode systems, theX2.1.4.1 Ratio g/t
increase is approximately 50 % of the guard-gap area. X2.1.4.2 The ratio a/g
X2.1.2 To obtain the effective area of an electrode system X2.1.4.3 The ratia<'/k’y
using a guarded electrode, increase each of the following

; . ) ) . X2.2 Exact equations for calculatin@/g for certain ratios
dimensions by the width of the air gap, and use these increased” ;" , : )
dimensions in the formula for the area: Of /g’ andafg (16) are shown in Eq X2.1-X2.3:

a. the dia_meter_of a circular measuring elegtrode, X2.3 The fraction of the guard gap to be added to the
b. each dimension of a rectangular measuring electrode, gyerall electrode dimension before calculating the effective
c. the length of a cylindrical measuring electrode. electrode area iB = 1 — 2/g. Taking into accountk) and €)

X2.1.3 For those cases in which the ratio of the gap widthgpove(16), B may be calculated from the empirical equation in
g, to the electrode separation, t, (approximately the thickness i x2 4.
the specimen) is appreciable, the increase in the dimension ofjs 4 function of the rati@/g. Whena/g = 0 (thin electrodes),
the guarded electrode is less than the gap width by a quantitx = 1. whena/g is one or greater than one (thick electrodes),
identified as the guard-gap correction. The guard-gap corregx approaches the limit 0.8106 (exactlynd). Intermediate

tion symbol is: 3. o values ofA can be read from Fig. X2.1.
X2.1.4 The guard-gap correction is affected by g, the

guard-gap width; t, the electrode separation distance which X2.4 The ratio of InB from Eq X2.2 to InB Eq X2.1 is very
approximates the thickness of the specimen; a, the thickness néarly 1.23 foig/t = 10. Therefore, the necessity for evaluating

13



A0 D 150 — 98
“afl

A
0.8+ 0,86 0.88 0,90 0,92 0,94 0,96

e T T T T T

0.98 0.99 0,996

B R e e

0,001

FIG. X2.1 A versus a/g

Eq X2.2 can be eliminated by writing Eq X2.4 as shown in Eqgap this maximum error would give a 0.0025-mm error in
X2.5. electrode diameter or electrode dimension. For a 25-mm

electrode this would be an error of 0.02 % in area.
X2.5 Values ofB calculated from Eq X2.5 will differ from 1S Wou o

the exact values by a maximum of 0.01. For a 0.25-mm guard

23 2 g 2t g\2
e ;tan—l (Z‘) - 'rr_gln |:l + <2_[> ] (X2.1)
kK = Kg', alg » «©

28 2t (\/p— 17

T NP (X2.2)
wg Inp p-1
77 o
where:
k' =xg,alg - 0
25 4t g
7 = =g In cosh<w> (X2.3)
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where:
k' >> ', alg any value
K
B = antin | InBx'>>k,) | € F (lﬂB(K’ >k, -1 |k, X2.4
: (==K | A e kys 8lg - 0) Xg (x2.4)
K
B = antiln { nB'>>k,) | < © <InB(l|<’ > ) —1 |k (X2.5)
97 1.23 X AINB (<" £ ky, &g ~) 9

X3. FACTORS AFFECTING PERMITTIVITY AND LOSS CHARACTERISTICS

X3.1 Frequency will produce a dissipation factor that varies inversely with

X3.1.1 Insulating materials are used over the entire electrolféduency, and that becomes infinite at zero frequency (dotted
magnetic spectrum, from direct current to radar frequencies dfn€ in Fig. X3.1).
at least 3x 10'°Hz. There are only a very few materials, such
as polystyrene, polyethylene, and fused silica, whose permi i )
tivity and loss index are even approximately constant over this X3-2:1 The major electrical effect of temperature on an
frequency range. It is necessary either to measure permittivit{iSulating material is to increase the relaxation frequencies of
and loss index at the frequency at which the material will pdts polarizations. They increase exp(_)nentlally_wnh temperature
used or to measure them at several frequencies suitably maceﬁrates such that a tenfold increase in relaxation _frequency may
if the material is to be used over a frequency range. be produced by temperature increments ranging from 6 to

X3.1.2 The changes in permittivity and loss index with 50°C. The temperature coefficient of permittivity at the lower
frequency are produced by the dielectric polarizations whicHreauencies would always be positive except for the fact that
exist in the material. The two most important are dipoleth® témperature coefficients of permittivity resulting from
polarization due to polar molecules and interfacial polarizatiofn@ny atomic and electronic polarizations are negative. The
caused by inhomogeneities in the material. Permittivity and€mPerature coefficient will then be negative at high frequen-
loss index vary with frequency in the manner shown in Fig.CieS; become zero at some mtermedl'ate frquency and positive
X3.1 (17). Starting at the highest frequency where the permit2S t_he _relaxatlon frequency of the dipole or interfacial polar-
tivity is determined by an atomic or electronic polarization, Zation is approached. _ _ L
each succeeding polarization, dipole or interfacial, adds its X3-2.2 The temperature coefficient of loss index and dissi-
contribution to permittivity with the result that the permittivity Pation factor may be either positive or negative, depending on
has its maximum value at zero frequency. Each polarizatioﬁhe relq'glon of the measuring to the relaxation frequency. It will
furnishes a maximum of both loss index and dissipation factor®® Positive for frequencies higher than the relaxation frequency
The frequency at which loss index is a maximum is called thé?nd negative for lower frequencies. Since the relaxation
relaxation frequency for that polarization. It is also the fre-reéquency of interfacial polarization is usually below 1 Hz, the
quency at which the permittivity is increasing at the greatesferresponding temperature coefficient of loss index and dissi-
rate and at which half its change for that polarization had’@tion factor will be positive at all usual measuring frequen-
occurred. A knowledge of the effects of these polarizations willCi€S- Slnc_e the d_c conductance of a dlelec_trlc usually increases
frequently help to determine the frequencies at which measuréXponentially with decrease of the reciprocal of absolute
ments should be made. temperature, the values of loss index and dissipation factor

X3.1.3 Any dc conductance in the dielectric caused by fregrising therefrom will increase in a similar manner and will
ions or electrons, while having no direct effect on permittivity, Produce a larger positive temperature coefficient.

X3.3 Voltage

Polarizations X3.3.1 All dielectric polarizations except interfacial are
interfacial Sipole nearly independent of the existing potential gradient until such
avalue is reached that ionization occurs in voids in the material
or on its surface, or that breakdown occurs. In interfacial
polarization the number of free ions may increase with voltage
and change both the magnitude of the polarization and its
relaxation frequency. The dc conductance is similarly affected.

2_(3.2 Temperature

Permittivity

Loss Index

X3.4 Humidity
— T —— X3.4.1 The major electrical effect of humidity on an insu-
6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 lating material is to increase greatly the magnitude of its
Log Frequency, Hz interfacial polarization, thus increasing both its permittivity
FIG. X3.1 Typical Polarizations (17) and loss index and also its dc conductance. These effects of
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humidity are caused by absorption of water into the volume ofilm formed on the surface will be thicker and more conduct-
the material and by the formation of an ionized water film oning, and water will penetrate more easily into the volume of the
its surface. The latter forms in a matter of minutes, while thematerial.

former may require days and sometimes months to atta|9<3.7 Deterioration

equilibrium, particularly for thick and relatively impervious , »
materials(15). X3.7.; Undgr operatln_g conditions 'of voltgge anq tempera-
ture, an insulating material may deteriorate in electric strength

because of the absorption of moisture, physical changes of its
surface, chemical changes in its composition, and the effects of

X3.5.1 The effect of water immersion on an insulating jonization both on its surface and on the surfaces of internal
material approximates that of exposure to 100 % relative/oids. In general, both its permittivity and its dissipation factor
humidity. Water is absorbed into the volume of the materialwill be increased, and these increases will be greater the lower
usually at a greater rate than occurs under a relative humiditthe measuring frequency. With a proper understanding of the
of 100 %. However, the total amount of water absorbed whewffects outlined in X3.1-X3.6, the observed changes in any
equilibrium is finally established is essentially the same undeelectrical property, particularly dissipation factor, can be made
the two conditions. If there are water-soluble substances in the measure of deterioration and hence of decrease in dielectric
material, they will leach out much faster under water immer-strength.
sion than under 100 % relative humidity without condensation o

; S o o X3.8 Conditioning

If the water used for immersion is not pure, its impurities may . - ) )
be carried into the material. When the material is removed from %3:8-1 The electrical characteristics of many insulating
the water for measurement, the water film formed on its surfacg'aterials are so dependent on temperature, humidity, and water

will be thicker and more conducting than that produced by dmmersion, as indicated in the paragraphs above, that it is
100 % relative humidity without condensation, and will require USually necessary to specify the past history of a specimen and
some time to attain equilibrium its test conditions regarding these factors. Unless measure-

ments are to be made at room temperature (20 to 30°C) and
; unspecified relative humidity, the specimen should be condi-
X3.6 Weathering tioned in accordance with Practice D 618. The procedure
X3.6.1 Weathering, being a natural phenomenon, includeghosen should be that which most nearly matches operating
the effects of varying temperature and humidity, of falling rain,conditions. When data are required covering a wide range of
severe winds, impurities in the atmosphere, and the ultravioleemperature and relative humidity, it will be necessary to use
light and heat of the sun. Under such conditions the surface dhtermediate values and possibly to condition to equilibrium.
an insulating material may be permanently changed, physically X3.8.2 Methods of maintaining specified relative humidities
by roughening and cracking, and chemically by the loss of there described in Practices D 5032 and E 104.
more soluble components and by the reactions of the salts, X3.8.3 Specifications for conditioning units are given in
acids, and other impurities deposited on the surface. Any wate3pecifications E 197.

X3.5 Water Immersion

X4. CIRCUIT DIAGRAMS OF TYPICAL MEASURING CIRCUITS

X4.1 The simplified circuits and equations presented inshould be consulted for the exact diagram, equations, and
Figs. X4.1-X4.9 are for general information only. The instruc-method of measurement to be used.
tion book accompanying a particular piece of equip-ment

Method of Balance
Vary C; and R, with S; in position M to obtain minimum de-

Equations flection in Detector D. Repeat with S; in position G by varying
C,= (RJ/R,)Cq Crand R, Repeat the above until the detector shows no
D,= oRCy change in balance by switching S; to M or G.

Note 1—This type of bridge is especially useful for high-voltage measurements at power frequencies as almost all of the applied voltage appears across
the standard capacitdG,, and the specimerg,. The balancing circuits and detector are very nearly at ground potential.
FIG. X4.1 High-Voltage Schering Bridge

16
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ull
Equations Method of Balance
C,= (RR,)Cq Set ratio of R, to R, (range) and vary C, and C, to ob-
Dy= oCR; tain balance.

FIG. X4.2 Low-Voltage Schering Bridge, Direct Method

Equations Method of Balance

C,=ACq Vary C, and C, without and with the specimen connected,

AC,=CJ - Cy to obtain balance. Symbols used for the initial balance, with
= (CJ/IACHAC,0R; the ungrounded lead to the unknown disconnected, are

AC,=C, - Cy primed.

FIG. X4.3 Low-Voltage Schering Bridge, Parallel Substitution Method

Equations
E C,= (LJL,)Cq Method of Balance
G, = (L/L,)Gq Set ratio of L, to L, (range) and adjust C; and G, to obtain
D= (GJwCy) balance.

FIG. X4.4 Inductive-Ratio-Arm (Transformer) Circuit

il
-ﬂ
;

9
!
|
!
[
1
I
|
|

] ’ Equations
‘1’ | C,= C/ -Cs=AC, Method of Balance
T Gy = (Rsw?C,C,IC)(C,— Cy) Balance without and rebalance with unknown con-
= AG, nected, using C; and C,. Symbols used for the
Dy,= G/wC,=AG/AC, initial balance are primed.

FIG. X4.5 Parallel-T Network, Parallel Substitution Method

17
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Ry

Method of Balance

Equations Adjust to resonance, without and with the specimen, not-
C,= AC ing /, maximum V and C,. With a standard /, V on the
AC,= C4 —Co, VTVM can be calibrated in terms of Q, since Q = V/IR.
Q= (AC/Cs)(Q.Q.,/AQ) Subscripts 1 and 2 denote first and second balance re-
AQ= Q- Q. spectively.

FIG. X4.6 Resonant-Rise (Q-Meter) Method

Method of Balance

Equations Adjust C; so maximum resonance V' is just
C.,= AC, under full scale. Note exact V' and capaci-
AC,= C/ -C, tance C,/. Adjust C, so that V(=0.707 V')
(Ch-Cyp) is first on one side of the resonance V' and
D,= [(C,-C ,)2CJ-(V - V)V then on the other. Record C,, and C,,. Re-
or peat last process with C, connected, noting
D, = [(C,, - Cy) - (C .- C )2C, C, and C,,, C,and V.

FIG. X4.7 Susceptance-Variation Method

18
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> " o ™
| Equations
T Cy = (loV) X \/1~ (cos 0 Method
‘ Cos 0, = W/\VI Using proper scale multiplier, read indications with unknown

D, = cos 6/ 1 — (cos 0)? connected.

1l
AN
a

Note 1—This method is for use at power frequencies. Instrument corrections should be applied and an unusually sensitive wattmeter is required due
to small losses. Errors from stray fields should be eliminated by shielding. Accuracy depends on combined instrument errors and is best at full scale.
FIG. X4.8 Voltmeter-Wattmeter-Ammeter Method

Rx Equations Method of Balance
Cy=Cy Adjust C, and C, to obtain null.

x 7 G,

G

Dx = Fl

Assumption: The amplitudes of V;, V, and V; are
equal.

)

L

Note 1—This circuit requires a source providing at least two outputs, one in quadrature phase relationship with the others. A third phase, 180 deg from
the reference, if not available directly from the source, can be achieved by means of an inverting, unity-gain operation amplifier. This cifauit is use
from frequencies as low as 0.001 Hz (with proper detector) to as high as 10 kHz (with appropriate corrections for phase errors). Accuracy to within 0.1 %
of C, is easily attained using a fully shielded (three-terminal) system. Shield is not shown.

FIG. X4.9 Ultra-Low-Frequency Bridge Using Multiphase Source.
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This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
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