
' AD-AlOE 416 HISTORICAL OVERVIEW ON RESISTIVITY NERSUREMENTSMU L/1
NIkYAL WEAPONS CENTER CHINA LAKE CA J COVINO OCT 96

NUC-TP-6767 S9I-AD-E990 710

WICLASSIFIED F/G 26/3 N

Eloomshhm

mL~h~hhE



1.08

idii

-07V

0 .0 0 ,



NWC TP 6767

CCD>

Historical Overview on
Resistivity Measurements

by
J. Covino .

Research Department

OCTOBER 1986

NAVAL WEAPONS CENTER
CHINA LAKE, CA 93555-6001

Approved for public release;
distribution is unlimited. D TE .W

ELECTE

SEP 1 0 1987I

879
%- . . k. .. . .



--- -- - -- % r. '-.M r~m '' A jFw7 .x F~M U*JI!%x PINx 1kw1

ITNCJASSIFTPI)

'i R1 I A'4 (AI ON OF T H-,S PAGE

REPORT DOCUMENTATION PAGE
la 0 ( ' ,I k1 .1 A' AWSF ( -V ON 1b RESTRC"VE MARKINGS

T~nr lass If I ed
.'1 tli l 11 ,~ A10N!~ Al ,TOJY 3 OSTRBuTON A1.AILA8,Ii *T OF REP '~

AI, Hi A Ah At I( ri VIJILtDJ I DfIL I Approved for public release; distribution
______________________________________ is unlimited.

I )-W,%\. ' AN A I N IF; 'US Nt IMPE FS) 5 1,0 or'RiN]i ORGANiZAI ION Q1 PO-RT %k Mjj R(

NWr' TIP 6767

(i%.foP- \TN( IGANIZATION 6D FiCE S' VBOL 7a %AVE OF VONITORING ORGANIZATION
Code 19c1 (if apchcable)

Naval Weapons CenterI______________________

f, ADDI)H' CI, Jt f jind ZIP Cod0) 7o ADDRESS (City, State, anid ZIP Code)

China 1.akf, CA 93555-6001

INANIf 0; t'N1 8niOlNf OPFCE SYMBOL 9 PROCUREMENT INSTRUMENT DENJTIF(AT-O%NIVU
310 1~' ; (it applicable)

Naval Air qystems Command I ______________________________

A~s~ ', ((,i Ptp. wnd 'IP Code) 10 SOURCE OF FuND'NG NUVSRlPN

PROGRAM PROJECT A KT

Waqh1npron, ').C. ELEMENT NO INO I'NO

I I C h,4. SirU IuIIy (ld5SlhCdr01))

itis'roRTCAI, f1'FPVT1.;. ON RPSI1',TIVITY MFASHjRFMFNTS

A1 Covi no
I '1' 1" ' RI P It IhTME (UINET 14 DATE 01 REPORT (Year, Month [)j~ 7 ' P'E

(7immirv Report lu qA5 -,) 'Apr 1q86' 1QR6, Octoher 40

A~~~~ YI HA11 ',1 I i I I, RMS (Continue on reverse if necessary and ident, h6 by blo k numb.

IAW.'' Al I I -Ntwe ori yve,,, it np(v)jry ind idoneity by bloud number)

ThIs reiY irt jIimmartzes the theoreti-cal and experimental methods employed in makinp
olectrfcal rosistivity measurement.- of materials. SpTecific attention has been paid to
(I1) tho thi,r-V of the olectrical reststivity measurements, (2) Instrumentation availahle for
-Otirh fin, itromeilt5, (3) electrode desilgn uiSed in resistivity meaqturements; for all types of
mirfifil -, ( ') Factor- -iFfecting resistivity measitremeots,, and (9) the bes methodi For
mo; i-n;ttv Propel liAnt electrical reski~tIvity.

F'). "N AM- F 'I I 2N 1ASF T T

51-#,hn r~~vn (Aq gin18 Co r 'e

DD FOR 147. A'J



N'R4C TP 6767

Conductometric Methods for Solutions .............. 3
Tntroduc-ton . . . . . . . . . . . . . . . . . . . . .
Conductance Relationships . ..............
Alternating-Current Measurements ..................... 7
Conductance Cells ........ ..................... 9
The rs. and AC Wheatstone Rridge .... .............. 11

The DC Wheatstone gridge ...... ................ 11
The AC Wheatstone Rridge ....... ................ 13

DC Reslqtance or Conductance of Tnsulating Materials ...... 17
Summarv of Methods ........ ..................... 17
rlectrode qvstems . . . . . . . . . . . . . . . . . . . I
Choice of Apparatus and Method ..... . .............. 26

Power Supply ........ ...................... 26
Nirect Measurements ..... . ........... . 9(

Comparison Methods ....... ................... . 26
Te;

5 
Specimens ........................ ..........

A Method of MeasurIng the Resistivitv on Lamellae of Arhitrarv
Shape . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pootors Affecting Tnsulation Resistance or Conductance

e;sirements .......... .. .............. . ......

Inherent Variation In Materials . .... ..... .... 2A
Tempera ture . . . . . . . . . . . . . . . . . . . . . . .. '()

Tem erature and IPumirtitv ...... .................. 3
Time of Flectriftcation ..... . ................. 31
Mnenittude of Voltave ........ .................... 31
Conto,,r of S;pecimen .................................... 3 2
Deftciencies in the Measurinp Circuit ..... ........... 3?
Residual Charge .................................. 34
Curding... . ....... .......................... is

Re-istivity Measurement on Propellant Sampleq .... ......... 37

Peferencueq... . ........ ........................... 40

? ""-'%''£ -:':%&': <-:<- -'.'.: ,' ., :.'-. :-v.., , f . _.. ,- - -. , ... .....- ..



NW.C TP 6767

rlitres :

1. Trnnsport of rharge hv Migration . ..........
. chematic Representation of an AC Condxictance Cell in

Terms of its Equivalent Circuit .......... n
1. Some Tvpeq of Condtlctance Cells ........... 10
4. ,'hoattone Rridge Circuit .............. 1?
9. Wheatstone Ardge Circuit in Two Versions ...... 14
6. Wapner Cround in an AC Rridge Circuit . ........ . 16
7. Rinding-Post Electrodes for 'lat, Solid Specimens . . q
R. Taper-Pin Flectrodes ......... ................. 10
1). Strip Electrodes for Tapes and Flat, Solid Specimens 20

10. Flat Specimen for Measuring Volume and Surface
-V Pesistances or Conductances ... ............ 21

11. Tubular Specimen for Measuring Volume and Surface
Peststances or Conductances ... ............ 22

1. Conducting-Paint Electrodes ....... ............. 23
13 a. Merctiry Electrodes for Flat, Solid Specimens ...... . 24
131h. Mercury Cell for Thin Sheet Material ..... ......... 25
14. Voltmeter-Ammeter Method 1usinp DC Amplification,

Amplifier and Indicating meter as null detector ?7
15. Voltmeter-Ammeter Method IUsin a Calvanometer .... 39
16. Voltmeter-Ammeter Method Using PC Ampllflcation.

Normal use of amplifier and indicatinp meter . .. 36
17. Comparison Method Isinp a ralvanometer .... ........ 16
IR. Comnarison Method U1sinp a Wheatstone RrIdge .. ..... 36
lq. Surface Pesistivity Electrical Diagram .... ........ 3
2(. Volume Resistivitv Plectrical Niagram ........ 1
21. Electrode Configurations and Parameters Needed for the

reometrlc Calculations for Surface and Volume
Pesistivity ....... .................... In

IV

P.0



NWC TP 6767

CONDUCTOETRIC METHODS FOR SOLITTIONS

I .INTROnMc'r ION

For many solutions, electrical conductance is a descriptive prop-

erty that lends itself readily and usefully to measurement. Simple

electrolyte solutions in polar solvents are particularly well adapted

to quantitative analysis by conductometric techniques. The range of

applications extends From systems of small conductance and very low

Ionic concentrations, e.g., AgCi In water at 250C, to those of high

cond,|ctance and concentration, e.g., the fused salt mixture KCI-NaCI at

OOC. In this section, the theory of conductance measurements on

solutions, as well as experimental setup, will he addressed.

CONDIICTANCF RELATIONSHIPS

Conductance is simply the reciprocal of resistance, a more funda-

mental property that is a measure of the opposition a substance offers

to charge movement. A measured resistance also depends on volume and

dimensions. For example, if a sample of regular shape is placed

hetween a pair of parallel electrodes, the resistance measured

Increases linearly with sample length t and decreases linearly with

cronn-sectional area A. We remove the dependence on shape and size by

defining the specific resistance p as the resistance of a unit volume

I ,m In terms of p the measured resistance R of a sample is given by

th,, expression R = pk/A. Since R is in ohms, p must have units Q cm.

The reciprocal of p, the specific conductance <, is the quantity of

Interest here. It is defined by the equation

= i/p = C/AR (I)

an.,id has the units .(r-cm - . For measurements on soluitions the ratio /A
I fixed by the spacing and size of electrodes in the conductance cell.

In dealing with dissolved electrolytes, it is convenient to define

a1n an equivalent conductance as the conductance associated with one

faraday of charge. This is taken as the conductivity of a slab of

* solution I cm thick and of sufficient breadth and length to hold the

volume of solution that contains one equivalent of electrolyte.

.xperimentallv, it might he measured by mustng planar electrodes I cm

apart and of sufficient surface area Just to contain the required

vol me of solution. The equivalent conductance A is related to

speciflc conductance by the formal expression

-_ I(2)
C

.'

p'
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where C is the normality of the solution. Since both positive and

negative Ions will share in carrying the current, we can rewrite
Equation 2 in terms of the equivalent ionic conductances X and X

)- + += lnO0_ (3)

It should he noted that only at infinite dilution are the ionic
conductances known precisely.

How should we relate conductances to the discussion of mass-
transport processes? Conductance is the experimental measure of the
transport process called migration. When we apply a potential differ-
ence acrosr a pair of electrodes, ions first move to set up electrical
double layers at the electrode surface. If the potential is suffi-
ciently large, the oxidation or reduction of electroactive species
also begins. As ions are removed by reaction, additional ions move
toward the electrodes. Figure 1 shows in simplistic terms the
mechanism by which conductance occurs.

Mobility. By definition, the mobility u of an ion is its velocity
v under an electric field strength E of 1 V cm- 1 (E is identical to
the electrical gradient in the solution where V volts are applied to
plates C centimeters apart). The defining equation Is

v = uF (4)

A force zieF acts upon each ion, where zi is the charge on the ton
and e the electron charge. As a result of the force, an ion acceler-
ates very rapidly until its motion is just offset by the frictional
resistance of the solution. Mobility is a measure of its steady-state
motion. go raidly is a limiting velocity attained hy ions that In
audlo-frenuenc, conductions measurements ions may be assumed to travel
at a constant velocity, even though the field is reversing a great
many times per second.

The limiting velocity or mobility of An ionic species is deter-
mined by the viscosity of the solvent, the solvated size of the ion,
the concentration of the solution, and the potential gradient. It has
been found that for ions whose radius is about 0.5 nm (5A) or greater,
Stoke's law describes approximately the relations between the force on
the Ion F, hulk viscosity n, and mobility u. The statement of the law
I-

Fu = -(5)
611r

% '." % %'.L'..'..J % %"• " " •- %-. • ,4

' = = •" • , " &%*,%A ", .% •.& .o.% " A%%



NWC TP 6767

where r Is the radius of the ion. Equation (5) is of limited valid-
ity, ht does apply to spherical ions moving in a solvent whose mole-
,-uleq are considerahly smaller than the ions.

ANODE CATHODE

7 6 4 3 2 1

II

"II
1 1 3 4 5 6 7

t

INITIAL DISTRIBUTION

It 0I

6 5 4 3

3 4 57 "

DISTRIBUTION AT TIME t

Figure 1. Transport of Charge by Migra-

tion. Electrical double layers at elec-
trode surfaces are omitted. At t - 0,
there are equal numbers of positive and
negative ions throughout the bulk solu-
tion. Tn time t, two cations and two

anions are discharged by electrolysis.
Tf the cations are assumed to have a
mobtlitv twice that of the anions, both
cations are replaced at the cathode hut
only one anion is replaced at the anode.
Any ionic species not electrolyzed simply
tends to accumulate at the electrodes.

Remember that most ions are of the same general size as solvent

molecvtIes. They therefore share in the general thermal agitation and
hive ut best a randomly directed type of progress. The instantaneous
velocity of any ion In a liquid is of the order of i0 cm s-, hut its
mein free path is so short that its average velocity toward an elec-
trode Is no more than 10- 3 to 1-- cm s- I when the electrical field
%trength is of the order of I V cm-1

" 
.

1b.

0%
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The current through a unit cube of solution may now be expressed
in terms of mohilittes. Assume for simplicity that a single electro-
lyte has completely dissociated. For the positive ions let N+ be
their number per cubic centimeter, u+ he their mobility, and z+ be
their charge. The related quantities for the negative ions will he
denoted by N-, u-, and z-. The total charge arriving at the negative
electrode per unit area per second is then N+u+z+eE. To convert to
cell current, we must include a charge arriving at the positive elec-

w trode and multiply by electrode area A. The equation obtained is

i = (N+ti+z+ = N-u-z_)eEA (6)

Ry use of Ohm's law and Equation 1, we can formulate the specific
conductance from Equation 6. We obtain

K = (N+u+z+ + N_u_z_)e (7)

Concentration Dependence. At very low concentration, tons behave

essentially independently. Any given ion moves in a medium where
other ions are so distant that they fail to influence its velocity or
physical behaviour. But from concentrations of the order of 10-'N
upward ions approach each other sufficiently often that interionic
forces are important. Tn addition many kinds of tons begin to associ-
ate. Mlere stich a process occurs, conductance decreases proportion-
ally. It I. beyond the scope of this book to treat ion association
processes. Two interionic effects are of sufficient importance even
where there Is no association, however, to warrant a brief
description.

Definitions
d

Flectrophoretic Effect. In an electrolyte solution, any Ion
Is surrounded by a sheath of solvent molecules, each held with

reasonably strong Ion-dipole forces. When an ion moves, Its solvatlon
sheath tends to accompany it. In this connection remember there Is a
continuing interchange between "bound" and "free" solvent in the
sheath. Since ions of opposite charge move toward different elec-
trodes, a given ion experiences a drag as solvent "bound" to ions of
opposite charge moves past. For example, any negative ton moves
through solvent that is not stationary but is actually flowing in the
opposite direction since it loosely accompanies positive ions.

Relaxation Effect. Another important property of an electro-
lyte sollution that affects ion migration arises from the tendency
tcward electroneutrality. Any ion may be regarded as surrounded by an
atmosphere of ions whose net charge is equal to its charge but oppo-
qite in sign. Por an ion that is univalent and positive, the

6
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essentially spherical atmosphere will include both positive and nega-
tive tons but will have an overall charge of -1. The dimensions of an
Ionic atmosphere can be shown to be inversely proportional to the
ionlc strength of the solution. At high dilution the radius of the
atmosphere is large; in concentrated solutions it may be only a few
times the radius of the central ion.

When the ion moves, it tends to leave its atmosphere and a
Finite time will be required for the thermal and electrical forces to
reestablish the randomly arranged atmosphere. Each ion is therefore
suhected to a transient restoring force exerted hy its old atmosphere
as it decays. The opposing force tending to return the central ion to
its original location is small at best and because of its time-
dependent behavior is termed a relaxation effect. This force also
tends to diminish conductance.

According to the peneral electrostatic theory of electrolytes
developed by Puoss and Onsager (Reference I), we can represent conduc-
tin e, as a futnction of concentration C by the following equation

A = An - -C 1 / 2 + EClogC + JC (R)

whore A0 is the equivalent conductance at infinite dilution, 3 is the
Onsager coefficient of the limiting conductance law, E is a constant
(Both S and F are determined by the absolute temperature, dielectric
constant and viscosity of the solvent, valence type of the solute, and
universal constants. 9 also includes A0.), and J is a factor depend-
ent on ion size. Appropriate modifications to Equation R can be made
to cover association of electrolytes. The equation has been shown to
hold generally ip to concentrations of about 0.1 N (N = Normal).

AI.rERNA'rTING-CPRHNT MFAS1REMENTS

Reatise conductance involves the transfer of mass, both solution
ind electrodes are altered during a measurement. If we impose a DC
vnltap across a conductance cell there result two immediate, undesIr-
hIle eFFects. The electrodes polarize slightly as (a) the solation
layer near the electrodes tends to become depleted in the species
heinR oxidized or reduced and (b) the electrode surfaces are altered
hv the products oF electrolzsls. The effects are not serious If the
c'irrent Is kept small (<0 -  A), but attention must cs,;tomarilv he

vlv?) to them. Tf a larger current Flows, a TV condutctance measure-
mnt may well he Invalid.

When an AC voltage of tudlo fre(uiency Is applied, the ciirgvs
descrihed ire largely mitirnIzed. Be-ause of the frequent rever;.I of

7
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electrolysis, the ionic movement and electrolysis that take place
during one half of a cycle can he completely or nearly completely
destroyed during the second half of each cycle. Concentrations are
maintained essentially constant even though a current exists. The
conductance of the solution and the current density at the electrode
for a given applied voltage are key variables in arriving at an opti-
mum frequency. If solutions of extremely low conductivity (K<1I

- 7)
are being studied or the current density is very low, even Dr measure-
ments can be accurate. If the conductance is slightly larger, 60 liz p

line current may allow precise measurements. Usually, however, a fre-
quency of about 100 Hz is preferable. Where great precision is
required, we find the conductance at several frequencies in the audio
range and extrapolate to infinite frequency (Reference 2). 4

Note that larger conductance values are usually found at radio
frequencies (10 5 to 10 7 z). The change is a direct consequence of P
the increased importance of circuit capacitances and inductances. At
radio frequencies, the interpretation must thus he broadened to
include the bulk capacitance of the cell as well as the resistance of
the sol tion.

A further aid in the elimination of surface polarization effects
is the use of platinized platinum electrodes (Reference 2). These are
electrodes on which finely divided platinum has been deposited in a
thin, adherent layer by electrolysis. As a result of the greatly
increased surface area, the reunion of liberated hydrogen and oxygen
appears to he catalyzed. The polarization from this source is thus
minimized. The large surface area also eliminates concentration
polarization. e

Electrical Model. A desirable insight into the nature of a con-
ductance measurement is gained by considering an AC circuit that is
electrically eqtuivalent to a conductivity cell. Probably the simplest
representation is the circuit pictured in bold lines in Fig. 2. The

bulk of the solution between the electrodes behaves like an ordinary .4
ohmic resistor and is designated R 3. It is this resistance that Is of
Interest. Rut at each electrode-solution interface there is an Ionic
double layer, which must also affect the current. The double layers
appear as capacitors of high capacity; without any loss of rigor,
these two capacitances may be lumped and labelled C 3. The magnitude
of C 3 depends strongly on the amount of platinization of the electrode
surface, the extent to which the electrode is polarized, and the time
available for the buildup of the ionic layers. For very dilute solu-
tions, that Is, those whose concentration is of the order of 10-"M or
smaller, this simple representation is quite useful.

The representation can be made more exact and extend it to more
concentrpted media by including (a) the electrolysis at the metal-
solution Interfaces, and (b) the cell and lead capacitances. The
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first appears as an additional resistance R5 in parallel with the

ionic double-layer capacitance C 3. The second may be represented as a
capacitance C5 in parallel with all the other components. Figure 2
qhows theses modifications in light lines. Neither R 5 nor C 5 are

major factors in influencing circuit behavior, although they cannot be

ignored In very precise observations. Since R 5 is usually of the
order of from 0.1 to 1 Q, the measured cell resistance is nearly equal

to R3 . Analogously, C 5 is usually no more than from 10 to 100 pF,
ahot 1000 to 10,000 times smaller than C3. In the next two sections
we use the equivalent circuits in considering cell and bridge design.

3R -

C5

Figure 2. Schematic Representation of
an AC Conductance Cell in Terms of its
Equivalent Circuit. The simplest
equivalent circuit is shown in hold
lines. R3 is the resistance of the

bulk solution, C 3 represents the
double-layer capacitance at the elec-
trodes, R 5 is the faradaic resistance
across the electrode double layer, and
CS represents the capacitances of the

cell electrodes, leads, etc.

CO)NM',TANCF CF.,q

The usual envelopes for cells with electrodes are made of hard
glass. Where ruggpedness Is required, e.g., In many field and plant
,ioplcatfons, other inert, stable dielectrics such as hard rubber and
sne of the plastics irP also In common use. The electrodes are
,enerallv squiare pieces of stiff platinum foil aligned parallel to

each other. It Is essential that the electrodes he rigidly supported

at the dogired spacing; by proper design they may be self-supporting
like thoqe shown in Fig. 3. If required, the electrodes may he
platfnized by brief electrolysis in a chloroplattnic acid solution
(Peference 3).

' *" " " . . . " " " " " . . . " " ' " " " " " ' " . . . . . . . . .' ' . -'.,9
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Leads. Special attention is always given to the arrangement of
the leads to the electrodes, except where an accuracy of from 2 to 5%
Is adequate. If leads are bare and are brought out close together
through the solution, stray electrolytic and capacitive current will
pass between them. Accordingly, it is good practice to use insulated
lead wires and bring them out of the electrode chamber in opposite
directions. Three different designs of conductance cells are Illus-
trated in rig. 3. Note that all obstructed spaces where mixing will
not occur readily have been eliminated In the cells of types (a) and
(b).

Hg

H0 -

IMP[ LI It

(b)

(c)

Figure 3. Some Types of Conductance Cells. (a) Jones and Bollinger
precision cell, (b) Titration cell, and (c) Dip-type cell.

Cell Constant. The resistance of a solution between the elec-
trodes of a cell is a function not only of solution specific conduct-

ance < but also of the volume of conducting solution between the
electrodes. For a pair of parallel electrodes of area A and spacing

t, may be obtained by rewriting Equation 1 as

R -- (9)
AK

In
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In prat-rice we determine the ratio /A, termed the cell constant, for

each cell by measuring its resistance when filled with a conductance

staindard. Solutions of potassium chloride of known concentration are

primirv standards, their conductances having been accuratelY doter-

mined in cells of known electrode geometry.

For accurate conductance work over a range of concentration it is

desirable to use cells of different cell constant. In aqueous work

'oll constnnt-s from about 0.1 to 10 are needed. In nonaqueous media

other ranges are called for. The reason is that a hridge of conven-

tional design I!- capable of greatest accuracy if the cell resistance

fal Is In the range from I to 3fn kQ.

Fxample: A solution of specific conductance of l0-5 - Icm has a

resistance of 30,000 Q or below if its cell constant is 0.3 or %

smal Ier. 
%

Thermostatnm. Control () temperature is Indispensable If relia-
hle conductance meastrements are sought. The specific conductance of

elpctrolVte-s Increases the average about ?7 per depree Celsius. To

roduce the error from this source to 1% therefore requires regulation

to +0.5°C; to reduce the error to 0.01% requires regulation to
40.(oi)9C. A constant-temperature bath filled with a light transformer

ofl Is often used to achieve the desired regulation. Water Is seldom

tlnced as the flid because of accompapying undesirable capacitance

effects between cell and ground.
.5

Til. F7 AND AC V4BEA'f'STrN, Rpr DCr

f'h, PC .heatstone Bridge

ThlfY woll- known hridge Is :a simple network for doterminIt ion of

,inn'nown resistances or condoctances. The precision Inherent In the

dosIgn of the Wheatstone bridge derives from the fact that, 1it, the

potont iomter jlust discussed, It rel les on a comparison proceduire.
Thpis, a mt,;surement Is a null determination. Tn this section the DC

,>p,,ratlon of the bridge will he taken up.

The haelr circuit of a Wheatstone hrldpe is shown In Fig. 4. Two

re,; istanee arms, R 1 + R3 and R) + R4, art, connected by a s;hunt BC in
whlc!1 a nil ,,tector M (of resistance P 5 ) Is located. Measurements

-r,, m d;o hv h;ilancinP, I.e., varyin, tle resistance of at least -.ne

.arm, for ex.-mple R1,, Rint-Il th ere Is no current In the shunt. Tn other
;it- h)al ance the potential of polnts B and C must he -nmnal.

104 Ii!
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To find the relative value- of the bridge resistances at balance
is a straiphtforward process. First, voltage V appears across both
arms R, + R3 and R 2 + R 4. Second, points B and C can he equal poten-
tial only when the drop across R I equals R 4 , that is I IR 1 = I2 2 and
TIR 3 = 1 2R,. Substituting for 12 in the first equation gives

SIi R I = R 2 (I 1 R 3 /R 4) (10)

Cancelling 1, and rearranging gives

RIR 2 = R 3 /R 4  (11)

This equation is the condition of balance.

5_ R5

R3 R,

Figure 4. Wheatstone Bridge Circuit.
Source V energizes the bridge. The null
detector is represented by R 5" Ratio arms
are R, and R 2. R 3 is an unknown resistance
inserted for measurement. Loop currents
for analysis of the circuit are also shown.

Design. Because of its wide use, the design of the Wheatstone
briAge deserves examination. In any application, values of three of
the bridge resistances must he known. (In Fig. 4, R 3 may be taken as
,nl'nown.) N r mch oreater range of unknown resistance values can he

handled hv the hridm- if the ratio RI/R 2 is varied as well as R 4 . In
most semntI recllon des ins, fixed ratios of R I/R 2 from perhaps 0.0)1
to o0o.0 may he selected hy a switch. Such bridges are versatile hut

12

; , .'i " ' . 4 " =, '4.- ! - - " " -'- -' - '. . . " . , . , .' -' -. - . '.-, . '. . ,, .'', . : ".: - ..-: ,1 .a . . .
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seldom accurate to better than ±1%. A current-indicating device Is
ordinarily used as tile null detector, often with some amplification.

'tWhat factors rmust he controlled to ensure high precision, relia-
hilitv, and sensitivity in aj DC Wheatstone hridge? Precision resis-
tort, (maximuim aeccuracy ahout +').01-/) shouldJ he ilsed. Thev shoold he

desi1gnvd for high stability and have small temperatitre coefficients.
Foer bes.t precision, RI Ind R.2 Should he identical in value and con-
qtriirtion so that they will drift in like fashion with time and tern-
peraiture and maintain their resistanre ratio of unity. The null I
detector most have suiFficiont sensitivityt for the precision of hilance'
requi red.*

An Important advantage of the Oheatstone bridge is that within%
reasonahle limit-, its halince point is independent of both enerpmizing
voltage and resistance In either the power branch or the detectorN
branch. As a result, a possible major source of error, contact rest,;-
tance In swit-ches and in connections to the unknown resistor can he

nini~edby arrionginp that such contacts he In series with the power
circit. Tn the- detector branch the resistance should he whatever
v:Ouei will allow best sensitivitv of detection.

Other methodq of resistance compasrison are possible (Reference 4)
a nd direct types, of meastirement employing a galvanometer and Dr
s;oirces are sometimes devised, particularly for resistances of high
valuie (another method was discussed at the end of the last section).
Int'rttinatelv, most other procedures require circuit,; either less
accriate or Inherently more complicated.

The AC Wheatstone Rridge

This bridge Is the basic instrument for determining conductance.
in 'pig. S5a a schematic circutit of the PC bridge has been shown to per-
mit comparison with the common form of AC Uheatstone bridge shown In

5 h. The condition of balAnce of the Dr bridge Is that the poten-
tial at points r and I) must he eqiial, yielding the equiation

R? R

Conli,aiceo I., then obtal ned by, taking the rec iprocal of R I. It is; of
part I cular intere-st that this condi tion alsn holds for hal ancoe of the
AC hrifi'e to within Y).r7. S)ome variation is to 'be expected since the
V7, bridge Is properly an impedance bridge. "Sources of error In thle AC
hrlIdge( wil11 be cons ide red tit-low.

Range of Measurement . The range( of res I stance, measurable mayv be
'IeIu.. frm ~huat in ' .i f R R 2' t-nown resistance R. can b)e

,Ie~icf- fr m r~iati n 2

P J . . ~ h. % .. .. . .. . . . . .. . . . .
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mensured hy the bridges shown in Fig. 5 when itq value falls within
the range 0 < R 3 < R 4. Since this span is short, ways to extend it
are Important. one method is to vary the ratio R1 /R2 as well as R,,.
Rridges offering several set ratios of RI/R 2 from 0.001 to 100 are
common. Range is traded off for accuracy in these bridges; they are
accurate at best to about ±1%.

C C

R, R, R2

V

tigure 5. Wheatstone Iridge Circuit in Two Versions.
R, each, R1 and R2 are ratio arms and N is a Rutable

Nul! fletector. (a) Simple bridge. (b) Alternating-

current conductance hridge. The C4 -R4 combination
provides adequate compensation for both resistance
and capacitance of the conductivity cell under

most conditions.

Alternativelv, range can be extended in conductance measurements
hv t'~e strategem of use of cells of different cell constant. This
approach permits use of equal values for R 1 and I 2' which is necessary
ta the construction of precision conductance bridges. If R 1 and R2

have equal values and have been carefully constructed of stable, low-
temperature-coefficient alloy, we can assume their resistances will

change In like amount with time and temperature and keep the ratio

! nvar |ant.

Sources of Error. Contact resistance in switches and in leads to

the cell, a major potential source of error, can he minimized by
, keeping every contact possihle in series with the power supply (V) or

144
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detector. (In any event, there should he suffficient resistance in the

power circuit to ensure that hrtdce resistors dissipate less than the
maximum allowable power.)

We must now consider certain sources of error peculiar to the use
of AC. The resistors that comprise the bridge arms possess distri-

huted Inductance and capacitance, and we must regard the cell itself

as equivalent to a model like that in Pip. 2. Second, there Is a con-

siderahle number of possible stray current paths in an AC bridge.

These are of two types. Any part of the hridgpe has some capacitance

with respoct to ground and offers a leakage path. Also, by virtue of
the Inductance of the resistance coils, there exists the possibility

of Inductive pickup of stray AC currents from power lines or from the

oscillator that supplies the bridge power.

The contributon of error from these sources may he reduced con-

siderahly by proper resistance, shielding, and physical arrangement

(Reference 9). The resistors should be noninductively wound. Thp
hifilar winding, in which the length of wire required to obtain tle
desired resistance is douhleo back on itself and then wound on the
form, Is widely used to minimize inductance. It is advantageous to

have enough residual capacitance so that the capacitive reactance will

nearly cancel the inductive reactance at the operating frequency. The
cell capacitance C9 can he compensated hy placing a variable capacitor

C4 in the bridge parallel with resistance R4, as shown In Pip. 5h.

Since the problem of eliminating stray leakage paths Involves more

difficult considerations, it Is deferred until the end of this

sv- ion.

Power Sources. Some Industrial and field conductivity instruments

operate on 60 !1z AC stepped down from a power line. Much hetter
lrior.acy is generally seculred by operation at audio frequencies in the

range of From 500 to 4000 1 z. In this case, an electronic oRcillator

is u1utallv emploved as a generator. The output of the oscillator
shoulid Ideally he of a single frequency (a pure sine wave) and should
h, variable In amplitu1de from zero to several volts. Tf the harmonic

,',tent Is minimized, a more precise balance can he obtained, for the

problem of phase shifts will he simplified (see below). A variable
volt ,ge ouItput allow-; Flexibility of operation.

Phase Relationships. For a true bridpe balance, the AC waves Must

be in phase at points C and 1) (i')h. 9). This condition reqnires

oI the r no phi- e chan o |I i t her arm or the same phase change in each .
only the littir is a posi|lesolu oton to the requirement. The capq-
ritaince an Indctance of the resistors and cel] can be minlimzed hut

nlot eli mi 11,ted

If accra,'iles of tl,, order of 1*/ are satisfactory we nav ivnore
hfre ph.,' diFference, provilinp, the bridge res istors have been wound

1I
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with reasonable care. For most nonresearch measurements and condticto-
metric titrations, the phase difference can be neglected. On the
other hand, work in which the precision must he 0.17 or better calls
for a careful examination of the phase dependence of the arms. It Is
customary to simplify the problem by using matched resistors for the
ratio arms R, and R 2 so that not only are the resistances equal, hut
the phase behavior is, identical. There remains the question of
whether the phase difference introduced by the cell In arm 3 will he
equal to that caused by the parallel R4--C 4 combination. A thoroph
diqcusgion Is beyond the scope of this book, hut a limiting case ran
he considered. In general, if the R 4-C 4 combination Introduces a
phase shift of less than about 10 minutes of arc, R4 can be taken as
equal to the cell resistance R 3 within 0.1%.

Wagner Ground. Finally, the elimination of stray paths for alter-

nating currents must be treated briefly. The problem is solved by
(a) electrostatically shielding the resistance arms by enclosing them
in electrically grounded metal covers and (b) incorporating a Wagner
ground in the circuit. Ry use of the Wagner device, points C and n of
the bridge are brought to ground potential during balancing. This
"grounding" operation allows the detector arm to be at ground poten-
tial at balance and virtually eliminates stray pickup at a spot where
it would cause the greatest error.

Figure 6 gives a schematic of the Wagner ground. The impedances
7 5 and Z6 are suitable combinations of variable re istors and capaci-
tors. The balancing of the bridge now has some additional steps. A
normal balance is first obtained with the Wagner ground out of the
circuit. Then the switch S is thrown to the other position. The cir-
cuit is rebalanced using the variable elements in the Wagner ground.
Next the switch is returned to the "bridge position," and the bridge
circuit is rebalanced. Although a measurement requires more time as a
result of the additional steps, the presence of the device greatly
refines the precision of a conductance observation.

16
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WAGNER I GROUND

Figure 6. Wagner Ground 
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an indirect measure of moisture content, depree of cure, mechanical
continultv, and deterioration of virious tvpes. The usefulness of
these indirect measurements is dependent on the degree of correlation
estahlIhed bv supporting theoretical or exnerimental InvestieatIons.
. decrease of surface resistance may result in either an incre;ise of
the dielectric hreakdown voltage because the electric field Intensitv
Is reduced, or a decrease of the dielectric breakdown voltage heciuso
the amount of stress they are under Is increased.

All the dielectric resistances of conductances depend on the lenvh
of time of olectriFication and on the value of applied voltage (in
addition to the usual environment variahles). These must he known to
make the measured value of resistance or conductance meaningful.

Surface resistance or conductance cannot he measured accurately.
They can only be approximated. This is due to the Fact that the meas-
ured value Is largely a property of the contamination that happens tr)
he on the sonecimen at the time. Ilowever, the permittivitv of the
specimens Influences the deposition of contaminants and its surface
characteristics affect the conductance of the contaminants. Surface
resistivitv or conductivity can be considered to he related to materlil
properties when contamination is involved hut Is not a materf;il

property in the usual sense.

PFCTRO IW SYSTFM S

The electrodes for Insulating materials should he of a material
that is readily applied, allows intimate contact with the specimen stir-
Face, and introduces no appreciable error because of electrode resist-
ance or co.,tamination of the specimen (Reference 6). The electrode
m.trtal should he corrosion-resistant under the conditions of test.

Binding-Post and Taper-Pin Flectrodes, Ipiureq 7 ind 8, provide a
means of applvInR voltage to rigid insulating materials to permit an
evaltation of their resistive or conductive properties. Resistance or
conductance values obtained are hihlv Influenced by the Individual
contact between each pin and the dielectric material, the surface
roughness of the pins, and the smoothness of the hole in the dielectric
material. Reproduchility of results on different specimens is diffi-
culr to nhtain.

etal Bars in the arrangement of Pig. q were primarily devised to

evaluate the insulation resistance or conductance of flexible tape- and
thin, soli, specimens as a fairly simple and convenient means of elec-
trical qualltv control. This arrangement Is somewhat more satisfactorv
for ohral ninp ipproxImate values of surface resistance or conductance
4hen tie widtlh of tle Insulating matrial i mitch gremter thin Its
thick ness.

le 11
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1 4nin

32mn,

Fipure 7. Rinding-Post Electrodes
for Fla~t, g5011d S.pectmenS.
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25mnm 25mm

METAL SUPPORT SPECIMEN

AND GUARD METHYL

METHOCRYLATE

SIDE VIEW

BRASS. COPPER. OR 8

STAINLESS STEEL
ELECTRODES

46a
METHYL

<METHOCRYATE

END VIEW

Figure 9. Strip Electrodes for Tapes

and Flat, Solid Specimens.

Silver Paint, Figures 10, Il, and 12, is availahle commercially
with a high conductivity, either air-drying or low-temperature-baking
virieties, which are sufficiently porous to permit Iffusfon of mois-

ture through them and thereby allow the test specimen to he conditioned
aFter the application of the electrodes. This is a particularly useful
feature in studying resistance-humidity effects, as well as change with

temperature. Mowever, before conductive paint is used as an electrode
material, it should he established that the solvent in the paint does
not attach the material so as to change its electrical properties.

Sprayed Metal, Figures 10, 11, and 12, may be used if satisfactory
adhesion to the test specimen can he obtained. Thin sprayed electrodes
may have certain advantages in that they are ready for use as soon as

applied. They may he sufficiently porous to allow the specimen to he

conditioned, bt this should he verified. Narrow strips of masking
tane or clamp-on masks must he used to produce a gap between the
guarded and the guard electrodes. The tape shall be such as not to

contaminate the gap surface.

Evaporated Metal may be usea under the same conditions given above.

Metal Foil, Figure V), may be applied to specimen surfaces as

electrodes. The us ual thickness of metal foil used for resistance of

conductancp studles of dielectrics ranges From 6 to A0 Ln. Lead or tin
foil Iq In most common tse, and Is usually attached to the test speci-

men hv a -lninImum quantity of petrolatum, silicone grease, oil, or other -'

sui ta)le -iaterlal, ,s an adhesive.

% %,
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ELECTRODE NO 2

VOLUMf HEStIVITY q -21 SURVACL RESISTIVITY

Figure in. Flat Specimen for Measuring Volume

and Surface Resistances or fonductances.

Colloidal raphtte, Fig. 10, dispersed In water or other sutitahle

vehilej, may -he brtshed on nonporous, sheet insulating materials to

form an air-drying electrode. Mq.sking tapes or clamp-on Mnasks may be

Wqpd- This electrodep material tsrecommende(d only If 4ll of the

followidng conditionS -ir(- met:

%~
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I. The material to he tested must accept a graphite coating that

will nor flake before testing,

2. The material being tested must not absorb water readilv, and

3. ronditioning must he In a dry atmosphere (Procedure 1, Methods
I) 618), and measurements made in this same atmosphere.

D2

ELECTRODE NO 2

.1 L

E tFC TRO D C N O I . .

ELECRODE NO 2

Do  .D, 1 2 L 4t q 2t VOLUME RESISTIVITY q.1 21 SURFACE RISISTIVIP

Figure II. Tubular Specimen for Measuring Volume

and Surface Resistances or Conductances.

Mercury or other liquid metal electrodes give satisfactory resultr.
"ercury is not recommended for continuous use or at elevated tempera-
tures due to toxic effects. The metal forming the upper electrodes
mhould he confined by stainless steel rings, each of which should have
Its lower rim rediced to a sharp edge by beveling on the side away from
the liquid metal. Figure 13 shows two electrode arrangements.

Flat Metal Plates, Fig. 10, (preferably guarded) may be used for
testing flexihle and compressible materials, both at room temperature
Ind at elpvated temperatures. They may he circular or rectangular (for
tapes). To enstire intimate contact with the specimen, considerable

22
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pressure is usually required. Pressuires of 140 to 700 kPa have been

found satisfactory (see material specifications).

-
25rm

10 0 5mM MIN

25rm

MIN

__ __ __ __ __ _ I
I') .......M IN' 100 1 1mmin AN

A Plate Specimen

10 0 b rma,

D2

B3 Tube or Rod Specimen
-S
%'

Figure 12. Conducting-Paint Electrodes.

Conducting Rubber, has been used as electrode material, as in PiP.
10, and has the advantage that it can quickly and easily he apiplled and
removed from the specimen. As the electrodes are applied only durinp
the time of measurement, they do not Interfere with the conditioning of ."
the specimen. The conductive-ruhher material must he hacked by proper

plates and he soft enough so that effective contact with the specimen

is obtained when a reasonahle pressure is applied.

'4ater Is widely employed as one electrode In testing Instilation on

wi ris and cables. Both ends of the specimen most he out of the water
an-1 of such length that leakage alonn the Instilation is neplti|i le. -.
Curd rinps may he necre.s ry at each end. It may he desirable to add I
qmn.II amount of sodium chloride to the water to ensure high conductlv-
It 1. M ',suIrements may he performed at temperatures uip to about a 0C.

23
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THIN WALL RINGS

SPECIMEN

DETAIL

ELECTRODE1 NO 2 ELECTRODE NO. 1
ELECTRODE NO 3

SPECIMEN

NOTE CAUTION SEE 6.18

Figure Ila. Mercury Electrodes for Flat,
Solid Specimens.

24
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I -- I i ] 3m,,

CELL MAIERIAL POLYSTYRENE

I TEE FL-UOROCARBON, OR

0 i POLYMETHYYL METHACRYL ATE

25mm'22mm 22mn 25m DRILL FOR 6 32

FLAT -HEAD SCREWS

SPECIMENI mm DRILI VENT

DFILL

o63 
5oni

\\ /

0 0

NO{ CAUTION SEE 6 1,8

Ftptire 13h. Merculry Cell for Thin Sheet Material.
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CTIUMCF OF APPARATUS AND METHOD

Power Supply

A source of very steady direct voltage is required. Batteries or

other stable direct voltage supplies may he used.

Direct Measurements

The current through a specimen at a fixed voltage may he measured

using any equipment that has the required sensitivity and accuracy
(±10% is usually adequate). Current-measuring devices available

include electrometers, DC amplifiers with indicating meters, and

galvanometers. When the measuring device scale is calibrated to read
ohms directly no calculations are required.

Comparison Methods

A Wheatstone-bridge circuit may be used to compare the resistance
of the specimen with that of a standard resistor. This was discussed

earlier (pp. 11-17).

Direct Measurements:

Galvanometer-Voltmeter. The maximum percentage error in the meas-
urement of resistance by the galvanometer-voltmeter method is the sum
of the percentage errors of galvanometer indication, galvanometer

readability, and voltmeter indication. As an example, a galvanometer

having a sensitivity of 500 pA/scale division will be deflected 25
divisions with 500 V applied to a resistance of 40 CQ (conductance of
25 pS). TF the deflection can be read to the nearest 0.5 division, and
the calibraLtot, error (including Ayrton Shunt error) is 42% of the
observed value, the resultant galvanometer error will not exceed 4%.
If the voltmeter has an error of 12% of full scale, this resistance can
he measured with a maximum error of 16% when the voltmeter reads full
scale, and +107 when it reads one-third full scale. The desirahility
of readings near full scale is readily apparent.

Voltmeter-Ammeter. The maximum percentage error in the computed

value is the sum of the percentage errors in the voltages, Vz and Vs,

and the resistance, R.. The errors in V. and R. are generally
r1eendent more on the characteristics of the apparatus used than on the

particuular method. The most significant factors that determine the
errors in Vs are Indicator errors, amplifier zero drift, and amplifier
gain stabhilitv. With modern, well-designed amplifiers or electro-

meters, gain stability is usually not a matter of concern. With

existing techniques, the zero drift of direct voltage amplifiers or
electrometers cannot he eliminated but it can he made slow enough to he

relatIvel.' Insignificant for these measurements. The zero drift is

26
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virtually nonexistent for carefully designed converter-type amplifiers.
Consequently, the null method of Fig. 14 is theoretically less subject
to error than those methods employing an indicating instrument, pro-
vided, however, that the potentiometer voltage is accurately known. The
error in R. is to some extent dependent on the amplifier sensitivity.
For measurement of a given current, the higher the amplifier sensitiv-
itv, the greater likelihood that lower valued, highly precise wire-wound
standard resistors can he usod. Such amplifiers can he obtained.
Standard resistances of 100 MQ known to t27, are available. If 1P-mV
input to the amplifier or electrometer gives full-scale deflection with
an ,rror not greater than 21 of full scale, with 500 V applied, a
resistnce of 50no TQ can be measured with a maximum error of 67 when
the voltmeter reads full scale, and 10% when it reads 1/3 scale.

Tl

y MEt vECTROMETERI
---- __ R, ORD C

Ftgure 14. Voltmeter-Ammeter Method

Using DC Amplification. Amplifier
and Indicating meter as null detector.

Comparison - Galvanometer. The maximum percentage error in the com-
potod resistance or conductance is given by the sum of the percentage

rrrs in Rs, the galvanometer deflections or amplifier readings,
and the assuimption that the current sensitivities are independent of the
deflections. The latter assuimption is correct to well within 2 over
the useful range (above 1/10 full-scale deflection) of a good, modern
g alvanometer (probably 1/3 scale deflection for a PC current implifter
having a sensitivity of 10 nA for full-scale deflection, 500 V anplied
to a resi,stance of S To will produce a 17 deflection. At this voltage,
with the above noted standard resistor, and with F = 1, d would he-

ahot half of full-scale deflection, with a readability error not more
than *17. If d5 Is anproimately 1/4 of ftil-scale deflection, the
readahiltty error woul 1 not exceed 4 / , and a resistanc, of the order of
70 " f' coild he measured with a maximum error of 5-1 /2 °".

Voltage Rate-of-Change. The accuracy of the measuremnt is directlv
proportlonal to the accrtray of the measurement of applied volt;ge and

Iin,, rite o f change of the electrometer reading. The length of time

27
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that the electrometer switch is open and the scale used shouild he such
that the time can be measured accurately and a full-scale reading.

obtained. U1nder thiese conditions, the accuracy will he comparahle with
that of the other method-, of measuring, current.

Comparison Bridge. When the detector has adequate sensitivity, the
maximum percentage error in the computer resistance is the suim of the
nercentage errors in the arms, A, 'R, and N. With a detector sensitiv-
Ity of I mV/scale division, 500 V applied to the bridge, and RN = 1 (','
k:iown to within t27/ and with the bridge balanced to one detector-scale
division, a resistance of 100 TO can he measured with a maximum error
of t~6'.

Tr'7qT SP~rTMENS

6t

A variety of electrode configurations have been designed in order
to measure electrical properties for different sample configura1tions.
Th ese electrode configurations can he obtained from ASTMD257
(Reference 7).

A METHOD OF MEASURING THE RESISTIVITY
ON LAMELLAE OF ARBITRARY SHAPE

L. J1. Van der Pauw (Reference 8) developed a method of measuring
the resistivity on a thin section of material of arbitrary shape.
Dhetailed accounts of this method and theoretical proof of how the
method works can he found In References 8 and 9. In summary, the
method is based upon a theorem which holds for a flat sample of arhi-
trary shape if the contacts are sufficiently small and located at the
circumference of the sample. Furthermore, the sample imust be singly
connected, I.e., it should not have Isolated holes, pores, eloctrical
discontinuities, or he heterogeneous in composition.

0

FACTORS APFECTTINC INSITLATION RFSTSTANCF OR CONnilrTANCE MFAS11RFMF.NT 2

In this section factors affectinp electricnl meastirements of
1-isulatlnp, maiterials will he summarized.

T 11FRFKNT VAPTATTOn TN MATFRIALS

Reraxise of the variahility of the resistance of A given specimen
iner ;ianl1ar test conittions and4 the nonuiniformitv of the same mat(.-
ridl from specimen to specimen, determinations are usually not reprodil-

1heto lonqer thian In/ anti often ;ire even inor' widely divergent (a

5,

5,

S.
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range of valuies of 10 to I may he obtained under apparfently idieti,-aI
cood it!on' ).

TE MP RAT! 1R F

The resistance of electrical instilating materials is known to
change with temperature, and the variation often can be represented hv
a function of the form

R = Bem/T (3

whe-re R resistance ((or resistivity of an finsulating material or
sys tern,

B =proportionality conStant,
mn actIvation constant, and
T absolte temperatutre in kelvin (K).

ThI'q (oitatlon Is t s;implified form of the Arrlieniuis equai~tion relating,
the activation energy of a chemical reaction to the absolute tempera-
rutre; and the Roltzmann principle, a general law dealtig with the
suttIstical dfstrihition of energy among large numhers of minuite parti-
des- suibject to thermal agitation. The activation constant, mn, has a
valuep that Is characteristic of a particular energy absorption process.
cheverjI Suich processes may exist within the material, each with a dif-
ferent effective temperature range, so that several values of m would
he neededl to fuilly characterize the material. These values of m can he
determIned experimentally by plotting the natural logarithm of rests-
tance against the reciprocal of the absoIlute temperatuire. The desired
v.iluieS of m are obtaifned from Suich a plot 1wy measuring the s o p es of
the str,-ig hr-lfne Sections of the plot. This derives from Fquta t Ion
14, for It follows that hv taking the natuiral logarithm of hoth Sides-

Q n R = n R + in l /t l.

The change In resistance (or resistivity) correspondfig to ;I chiangpe in
nhsoltite temperatuire From T, to T,> hased on Rquation 17, anr4 expresser4

in logarithmic Form, Is

QT1 (R 21P 1) = m in _ _ , (15)
T? T I TIT 2

These equa t I ons -iro val I ~Ia over a temperatuire r.ing e onlyv if the material
(loo-s not undergo a transition within this temperature range. Pxt rapn-
la-titons a- seldom Safe Since trans Itions are seldom oivi oiie or pre-
,IIc labi". AS a corol 1 iry, devi at ton of a plot of the lotv-r I thin of
a;io st I /T f rom a st rai ht I Ine Is; evidence thiat a t rans'i t ion Is
orctirri ng. Vitrtl-nror(, In inaklIn ': compari Sons be)tween initeri ils, It i'i
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essential that measurements he made over the entire range of interest
for all materials.

It should he noted that: (1) The resistance of an electrical ins,-
litinR material may he affected by the time of temperature exposure.
Therefore, equivalent temperature conditioning periods are essentially
for comparative measurements. (2) If the insulating material -hows
signs of deterioration after conditioning at elevated temperature,
condition neriods are essential for comparative measurements.

TFMPPRATTYRF AVr) H[TITIPTv

The Insulation resistance of solid dielectric materials decroases
both with the temperature and with Increasing humidity. Volume resis-
tance is particularly sensitive to temperature changes, while surface
resistance changes widely and very rapidly with humidity changes. In
both c.ses the change is exponential. For some materials a change from
25 to 1O*°C may change insulation resistance or conductance by a factor
of 100,000, often due to the combined effects of temperature and mols-
ture content change; the effect of temperature change alone is ustal1v
,nch smaller. A change from 25 to got relative humidity may change
Insulation resistance or conductance by as much as a factor of
l,000,flq or more. Insulation resistance or conductance is a function
of both the volume and surface resistance or conductance of the spedi-
men, and surface resistance changes almost instantaneously with chanpe
of relative humidity. It is, therefore, absolutely essential to maln-
tain both temperature and relative humidity within close limits durlnp
the conditioning period and to make the insulation resistance or
conductance measurements in the specified conditioning environment.
Another point not to be overlooked is that at relative humidities ;hov,
10/, surface condensation may result from inadvertent fluctuations In"
humidity or temperature produced by the conditioning system. This
problem can be avoided by the use of equivalent absolute humidity at a
slightly higher temperature, as equilibrium moisture content remains
nearly the same for a small temperature change. In determining the
effect of humidity on volume resistance or conductance, extended
periods of conditioning are required, since the absorption of water
into the body of the dielectric is a relatively slow process. Some
specimens require months to come to equilibrium. When such long
Periods of conditioning are prohibitive, use of thinner qpecimens or
comparative measurements near equilibrium may he reasonable alterna-
tives, but th p details must he incloded in the test report.

In
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14r;-;trements; of a (Ii Iec t r H- at, r 1a 1 1re nonr fsindameInt,1l lv differ-
enrt from that of a conrrfcr except tha-t in addition,1i parameter, tfime
o)f oleetri fIcation (and in au're caqes thfu volt iae iradfent) ik
I nvol ved . The r-'l at ionsht Ip hetween the appl Ied voltage and the cuirrent

I - I nvolIved In both cFes or dieltectric materjis, the stindardl
reqfistance placed In serieo with the unknown resistance must hiave a

relattively low value, so That essentiallyv full voltage will be applied
.11-r'ss the tinknown rstnc.W1,eri a potential difference is; applied

to t inocimpn, i-he Irrent through It generally decroases iasymptotic-

,1l1%v t-Wrd a l imit r V.:1 vlre hihmay be less than ().01 of the cujrrent

obse*rved at the oni f I mrin . -his dec rease of ti r renit witih rime isz

ifi to dielectric ibsorptlon (interfacial polarization, voluime charge,
--tc.) and the sweep of mob-ile ion,; to the electrodes. In general, thle

relat ion of current and time in.- of the form (t) = Atrn, after the

Initial charge is compl eted and tint-i1 the truie leakage cuirrent become,
i significaint fictor. To this; relaion A is a constant, numerically

the cuirre-nt at or-dr time, andt ia isuallv, bui- not always, has; a valueo

between () ind I . 1)eponding, upon theo characterf1st ics of the spedi len

mnitor iii, the i-i me reoriiired tor the cutrrent to d~ec rease to witihi n Iy nf

this mintium value inay be from a few second; to many houtrs. Thusq, in

ordeor to ensuire thiat menj-aarement, on0 a given mterial wjil 1 e compara-
ble, It is necessary to ,nterifv i-he time of electrification. The con-

ve'rtlonal airbitrary timeof OFlectrification has 'been 1 min. rr somo

maeralmisleading concluio~lns may be drawn from the te-4t resultsr
obt a i ned at rih s irbIt r.airv t I me. A resistance-iime or ocondiir ance-t ime

cuirve shoulil be, obtained tinier the conditiions of test for a given matk?

nilas bais, for selection of a si~table time oF eloctrtficatlon,
which must, be ;pertfied in the test method for tire martria, o sutch

"Iurves;ho '101Id be usced for c-ompa rativye purposes. nccas tona IIv, a mate-

rl,?l wil b e Fouind for which the current increases with time. In i-his
,,'ei t-her Hie trime cuirves; rii st be used or a special stirdv i ri-ak en,

in t .irbltriry e~in made :i15 to the time of eloctrii ~it ton.

~1~ N TItt () F (11ri A('F

flotli voluime ind uirfici, resit; ince or coridti-t fic-' of a spec lfmien :q.ay

he vIi rI ollf, r I ii. Tn that f c -a, I t is ree ; i r' 11 1t I iv 1;M

vo o'~r:ri .1 et Ie I-a I "r'mitrmeni-s on ;i-i lir ';ii-'' i re t oe

-pr 011. dlo vh (I I~ votag I hi he w t i t lian 1' 1 ot

i. peri ,,I vol tI e Vf TiJ- Iqisaeprt- renri r eurt fromn thlit ,.Ive -
I 1 rt.r ;o r )n, r4t'if-Ii ti ases -oim re ui ia d i thnv

w imii 1 I rg.' 11 pI rId -i q- fi 1,, c -i c. Ia 1 i ro q ii r --

VI r.
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,r- used eit hIer to study the voltage-resistance or vol tapO-Condurtrinct
riractor IqtIcs of materials (to make tests at or ne-ir the operatins,

It. t've vri ients), or to Increase the sensitivity of measurement.

Opecime-i resistance or conductance of some materials may, depenf,,,
ono the mo!sture content, he affected by the polarity of the appl led

voltae. This effect, caused by electrolysis or Ionic mintration, -r
both, particularly in the presence of nonuniform fields, may he par-
ticularlv noticeable In Insulation configurations such as those found
in cables where the test-voltage gradient is greater at the inner con-
dqctor that at the outer surface. Where electrolysis or ionic mijra-
tion does oxit In specimens, the electrical resistance will he lower
when the smaller test electrode is made negative with respect to the
liri'er. In such cases, the polarity of the applied voltage shall he
soecifted accordinq to the requirements of the specimen undhr test.

Thp reasured value of the insulation resistance or conductance of a
,neclmen results from the composite effect of its volume and surface
rp.;estance or conductances. Since the relative values of the compo-
onts vary from material to material, comparison of different

materials, hv the use of the electrode systems Pigs. 7, q, and 9, Is
venerallv Inconclusive. There is no assurance that, if material A has,
a hie0er Insulation resistance than material 11 as measured by the use
or one of these electrode systems, it will also have a hi.her
rpqtiranco than B In the application for which it is intended.

It is nossible to devise specimen and electrode configurations
suitable fir the separate evaluation of the volume resistance or con-
(Iictance jr,., tt e approximate surface resistance or conductance of the

;ane specimen. Tn general, this requires at least three electrodes so
-irranged that on( may select electrode pairs for which the rt-istanc-,
or conductance measured is primarily that of either a volume current
oath or a surface current oath, not both.

fWF[C[EINc[S tN THE MFASI[RING CIRCU T

rhe insulation resistance of many solid dielectric specimens Is
extremely high at standard laboratory conditions, approaching or
exceedlnp the maximum mea.srahle limits given In Table 1. llnless
extreme care Is taken with the insulation of the measuring circuit, the
valuevs obt.ilned arc more a measure of apparatus limitations than of the
r-irerial Itself. Thus errors In the measurement of the specimen may-
,irise From undue slunting of the specimen, reference resistors, or the
r,rrent-*,is,,rinp- device, by leakage resistances or conductances of
,inlnown, .)I posslyhv variable, manitude.

3?!
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De t rct I hi

a t )Of)V

Vol t ieter-ammer

rompa ?I ;onnIn

(pa I vanomoter)

\'nIltmtetr-ammet or In0P

( DC amp I I fI ra t i-)n,

elect rometrr) I0 ()I

1017
n17

Compoi r I o on (Wheti - fl ;

s! one hr )e '
Vo n Ir Ige raItef-of -chang"e -jno flflMF
4e 'hmmotor (tyvpIcal) 11

F I ort roIv t I r, cont Actr, or therMa I el e rtromo t Ive forceR (emf,,) iav
exI t In the measiurinp cirit tself; or spurious emFs, may be cauise-I
I,' leaikage From external soutr-es;. Thermal emfg are normallv insignifi-
x-.nt except In tho low resis tAnce circuilt of a galvanometer ;inr shtint.
11hen thermal e-mf - are present , random dri ft - I n the Pga.l vannmetor zero
occ i ir . q Iow d r Ift q dtieP t o a Ir vcuir r entsq may he t routblheIome . r Ilec t rro-
1v Icr emf's are usuiallIy assgocifated wi th moist specimen., and di ssimi lar
metaii , hit ('Mfg of ?fl ml, or more can he obtai ned in the guiArl circuilt5
or ;f hi gh-res I stance detecrtor when pieces of the game me-tal aro in con-
ra1-t with Mois;t specimens. If a voltage Is appliled between the Ptuard

ini' the 0111 rded ci ec rodes; a pol arizat ion emf may remali i fter the
volt ipe 1is removed. Truet contrtct enfq can he detected only with an
eorct rume'toer and are not a soil roe of error. The ter- "s purl ou sei
-;omo I me., app I i ed to el ect rol vt Icr enf s . To ensutre the ab~ence of

;ptriltii; 0Mfs, of whatever origin, the deflect ion of the detect'-s
lev ccniruldhe observed before the appl icat ion of vol tage to t'lic

spectmen ind atfter the vrol titpe has been removed. ITf the two 1efIer--
Inons are the same, or near lv the same, a enorrec t Ion canl be n-ide to the

'i'a;iedrest st;ance or condinc tance, provided the correction Is, s-111
If the deflect ionsi diffe-r widelyv, or approachi the deflke-t ion of the
me iirem'ot , It will he nere ss;ary to find anil ci min o t thlesore f
the spu~tr Iotis enf . Ca pac I t anoe chang es I n the r oerct f op -.hfi l

-. hls an caus-e s;eriouis dif itiul tifes.

there appreclable spec irmen capactance Is Involvedi, both th regu-

lotifon and transient -;tabi Iitv of the a1npl led vol tipe stoi11he 01r
t hat rcs I strance or ondiz tr inco mnoo i rem en0t g ra hl e mai Je t) Tc)s- r I be If

% N
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v--ira'J. hr-tine trainstots, a-; well a- long,-time dirift- in the
.1cclt, vn 1 t' ii ppe, nav r-ins spuIr!t ous ca pac It Ive cba rpte a nd dI I ;rlhi rie

irrer-;w c-i ;I ontitcanti v aff-ct the accutracy of mea;siremont.
T,) t ho - '', c ir re ntseItur Inp me thods pa rt I cuIa r Iv , rTi ca n heI 1

fr Iii, -) b m ) Th - e cuirrent in the measuring inst rument duie to -i
riniint Is 20= C dVl rt . The ampliude aind rate of

>Ito r *'iain lcndn uipon the following Factors:

* The rip I taiicre of thle spec Imen.

rjhe~r Itg It (Ide of tlie cuirrenti be Ing moasired(I

3. 71ie -;ienitude and duration of the incoming voltage transient,
qA nts ri of chiano

4. Thie a hi ttv of tli* t ahiIt I np, c trcuiIt utsed to provi de i con-
,,,Aul1-,tv 4ttli fn.,omi og transienits of va oiis chAr.,crIstIcs;.

5. Theo tIme-cons;tant of the complete tes;t circuit as compared to
tl~o nerto~l and damping of the current-measuring Instrument.

~''o'sof ranpe of a viirrent-measuri og instruriment may Int roditrce :
cuirrentr frinI ont . '!hen Rm< T) and Cm < Cst the equlation of

I = (v )!R,) :l /- - S !R smi(

whe r. aip IplI vol tapt,
ap parent resistance of thie specimen
effec t Ivo Input res Is-tance of the measu r ing, instrumet

C, ricrItrancp of the s pec I.men at 100)(0 11z
i,- capnac it ance of the measiir ing Ins t rumen t

I tii t.,r P mi s swi tched in tn the c ircitt

r- 'r ithin r ror du ie to thIs; t rans Ient,

~' "t/1 I?

eroi t , r, v-p1 )vi TIg foedback are usul IlIv f ree of t h is souirce( of
ri-s rh' i etua I npuit res Is-tance Isq di vided , of fecrt ve I v, by theo

III it 1) t1ethc , uual v at levasct by I00

*wia cot nted ouit that the current coot I nties for a long time .i tier
v incl I -it I )n of a potent I~fl ifference to the elect rodes. Con -

-re ,nrreit will conitinute for a lonp. time af tor the elect ro(des if

rh r,e' r I men ire- connec ted together . Tt oni I d be establ ished
t 'Iit tf 'IF -4t suep- Imen Is compl etely d Ischarged he fore AtrtemptIng. t he

3/4
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f;) I '-t te~o irrmeoti, i rour t esum enti il t mlir m,- .f voh-(.rot-

r' vctr se jotmI he., Thet me e of ii s h r until r ma1 iI op a mea i s eteo be
rh,e 1r 'a r y 1our oi mn r any rpFron rhr t tine. lid Ip.-k q,

I rd 1 01 t 4 it,I iii 0o I ii t,; 5 q I , I all rr t icat i n i at d pa ths
C- ti r roT (t i't ors witIc -IiItorc, r. all ;~rrav cuirrents that. mi iht otherwi -e

,,, ei rrors. Thie gtia rd id~ ;aire connected together, const ittit og
tth o iirij systeln ami fomS ' with the measiirfi g terminals;, a three-
ternlnal networl(. 14hen -mittahlle connecttons are madep, stray cuirrents
f rom ojrio tiq oxtorral vol tacose, irp shutnted away from thle mieasm1inp,.

41rctIlt by t he Roanrml s vs t#'sn

Proper iso -f hle ygua r' ;vs te for the met hnrls to 'jn lvi, pcur ren't
mitrement is I I1 ~I ti ;rated Iii Figs. 14-17, 1 rIC lUSiVye , where the gia r1l
.1! em Is s;hown conner ted to) the junct ion of thie vol tag,( soiirce- and

c,uirreoo-it-meas iir ri I n~tns t rime nt o r ; tan d ard re s I s tor . Tn Fl '. IS fir the
'fli~t s oe-bl gemethodl, the guard system I- shown conner ted to the

jimict ton of the two lower-valuied-reststance arms. Tn all case%, to he
eftect vi y, ptuard np most he complete, and mutst Include anv controls
op-'rated hy the ohqervi-r In making thie measurement . The gutard system I
)-ei. -r. i I I v mia!I ri It ned a t a potenrt lal close to that of the gulardied tormi -

iii11, bilt finsulate from i t. This is becauise, imonf, other th logs, the
re:st(oi f mtomv tosulat to imterials t-, vol tape-.epenidet. ()therwI.,o,

1uu* I I re- t re ieor omidtcto nes of a three-to run Ina i et wo)rk are
I iepodotof the elect rode potetlals. It Is nsial to gr.onod the gitir

'~\:taInid le eone s ide o)F the volt age ,otirro and current -meoa sirli ip
i.Yo This p1 aces bothi terminals of the spe i men above F;raui ' one -

r me -, one tern Ino 1 of the .spermi no I s pe-rmanently, roklnded . The -

urrut -netsrl g dvice 1ls;ual 1 I- then or-,onertoed to this termn il,
reouiring thait the volt age --;oiirce be well insilarel From 'oid

'r. I Vn I. t i.t r ,r - i t,

"'0 1)1 1 I; TI C .'1 I v t 1)07.' L r
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AM PL I F II( H

1-imir gur I7. Coteo-moparo Mtod singD mpit

flrrrin Nurrent mesuemnt amaye result from athe mfactatth

current-meisurlnn ~ deic is M hne by tT reitac orcnuRac
betee tu~gurdd erinl ndth gar sstm.Ths esstnc

~wauurng evi e.ipusoe hr7d. techrisniuesthe Uigi n esrn
tu~i~t~uis rebroga tavo nertesm .et lbtas~n~

tireitr piirn n th devie is shunted btee the reitncred ermdialande

rl- gulard systeom. Thfi resistance should he at least 1000 does- that
!)F the rofu'rrie res I stot

'igir 1. Comparlson MIethodl
Using a !hpatstone rd.
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Rrgpg TTtTy MFA$!'RFI1 FNT !Th, PR0PFII.AT SAP1Jr

Aftor detalled oval,'itIon of the theury! and experimental proce-
dtre For electrical resistivity measurement tlt, constant vol tage,
direct-current method (Reference 7) was need for propellants. This
mthod gives the resistance a .i function of volrtage and information
;ibeiit tho ohmic or nonohmic hehavtor o f conduction. The resistance of

.1 sample is determined from the measurement of the DC current which
wa, cavsed by a known vi)ltage gradient across the sample.

The Ileal way to measure the resistance of most rmatertailq is to
apply a known potential to th' sample and measure the resulting
rirrent with an electrometer picoammeter. This permits the sample to
h,, mea,,red with different applied potentials to determine any

,flenendence of the resistance on voltage.

When masuring extremely rild samples such as glass, epoxy, and
ceramics, an interface hetween the stainless steel electrodes o' the
fixttire and the simpl, surface Is reqkilred. Tlifs enhances; theo surface

'ontact between the two. Conduct ice rubber iov be tred for such an
applicatlon. Care must he taken since the electrode irea becomes the
ar-a of thf, contact medium. The guarding plavs an imnortant rule when
,UotsgtrIng resistance. it minimizes errors due to surface resistivity
while making volume resistivity measurements, and vice versa. Since
low currents are Involved, electrostatic interference can be
,;ivnificant. This problem is avoided by proper sample shielding.

The determfnation of surface and volume resistivltles consists of
mouorn g stirfice and volume resistances followed by calcnilat tons of
the- corresponding ressttivitles with the use of known sample arid
el,'t rode dimensions. The volume resistivitv (or) is defined as the
rt 1o of potential gradlent parallel to the current In the material to
the current dens!ty In units of ohm-cm (Ref-rences - and 10). The
sirti-.' rei;stivity (n5 ) is defined a1s the ratio of potent!li
,ridlont parallel to the current along a sur t ace to the current nor
init width of the surface In tn!ts of ohms (References 7 "and In).

Fitre 1) shows (lectrode configuration to mea.ure surface %

re; stance. The measurement Is performed by applying a set volt ige on
tiie ;trface of the sample and obtaining a current realing. The
following equatlon Is used to calculate the surface resistivitv:

v voltage (volts)
I current readinr , (amperes)
V" a gom,'.ilcal factor arlsinip from elctrulh, vrrtri

(%n ." , q .. . . ."

(tint 1 e°c
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The goeomet rc factor i ,n effective perimeter of the guarded ,l ec-

t rode (ifvided hv the pap hetween the (,uarded electrode and the gt..rd.

UFJGUARDI D[f I k: HO

UNGUGUARDED ELECTRODE'(.WFR LJA D D LECTODE GJJA13D RING

Fipure l1. Surface Resistivity Electrical Diagram.

Flgure 20 showq electrode configuration to measure volume

reqistaneo The measurement is performed by applying a set volt-gpe
througl tho sample and obtaining a current roadln after a set time
Interval of one minute. The following equation Is ,use(i to calrulate
")lume resitivty.tv:

,A = vV*(VlI)

v = voltage (volts)

T = current reading (amperes)
V .A geometric factor arising from electrode geometry (cm)

he eometrlc Factor is an effective area of measuring electrodes
divided by the ,qample thickness.

In order to calculate the geometric factors, Ks and Kv,
specdFic electrode dimenlions and sample thickness are needed. Pi .ur,
?1 illustrates the electrode geometry used at NWr. To calculate th'
surface geometrtc factor, Ks, the following equation is used:

pl,= aTT / R

where P the effective perimeter of the guarded electrode for

the part lilar arrangement used (cm)

, g - ap (,-m)

., : ,a ., ~ . ', ',. -a € ; - : "- -' ,w • ,-' " . " • -l -' . . . .
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To calculate the volume geometric factor, Kv, the following equatton
Is used"

K = Alt (19)
v

A = [r(DI + g) 21/ 4  (20)

where A = the effective area of the measuring electrode for the
particular arrangement used (cm 2)

t = the average thickness of the sample

UNGUARDED ELECTRODE

SAMPLE

HIGH
VOLTAGE HI HI
POWER GUARDED ELECTRODE
SUPPLY GUARD RING

LO LO
ELECTROMETER

Pigure 20. Volume Resistivity Electrical Diagram.

ELECTRODE

Figure 21. Electrode Con-
figurations and Parameters
Needed for the Geometric
Calculations for Surface

and Volume Resistivity.

39
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