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¢ CONDUCTOMETRIC METHODS FOR SOLI'TIONS

4 TNTRODUCTION

For many solutions, electrical conductance 1is a descriptive prop-

o erty that lends {tself readily and usefully to measurement. Simple
electrolyte solutions in polar solvents are particularly well adapted
to quantitative analysis hy conductometric techniques. The range of
applications extends from systems of small conductance and very low
lonic concentrations, e.g., AgCl in water at 25°C, to those of high
conductance and concentratfon, e.g., the fused salt mixture KC1-NaCl at
R00°C. Tn this section, the theory of conductance measurements on
solutions, as well as experimental setup, will be addressed.

CONDICTANCFE. RELATIONSHIPS

[£ W e

Conductance {s 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
Aimensions. For example, 1f a sample of regular shape is placed
hetween a palr of parallel electrodes, the resistance measured
increases linearly with sample length £ and decreases l1inearly with
cross-sectional area A. We remove the dependence on shape and slze by
deflininp the specific resistance p as the resistance of a unit volume
1 em’. 1In terms of p the measured resistance R of a sample {s plven hy
the expresslon R = p2/A. Since R is in ohms, p must have units 2 cm.
The reciprocal of p, the speclific conductance x, is the quantity of
K fnterest here. It is defined by the equation

f 3t e g

k = 1/p = 2/AR (1)

o~ X

ant has the units ﬂ‘lcm"]. For measurements on solutions the ratio 2/A

fs fixed hy the spacing and size of electrodes In the conductance cell.

-
s s a &

In deallng with Alssolved electrolytes, it is convenient to define
also an equivalent conductance as the conductance associated with one
faraday of charge. This 1s taken as the conductivity of a slab of
golution 1 em thick and of sufficient hreadth and length to hold the
volume of solution that contains one equivalent of electrolyte.
Fxperimentally, it might he measured by usling planar electrodes 1 cm
apart and of sufflcient surface area fust to contaln the required
volume of solution. The equivalent conductance A is related to
specific conductance hy the formal expression
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where C is the normality of the solution. Since hoth positive and
negative fons will ghare i{n carrying the current, we can rewrite
Fquation 2 in terms of the equivalent {onic conductances X" and X~

0
4 xF = 1000¢ (% .
C
A It should he noted that only at infinfte dilution are the fonic .

conductances known precisely.

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

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

v = yF (l‘)

A force zieﬁ acts upon each {on, where zy {s the charge on the lon
and e the electron charge. As a result of the force, an fon acceler-
ateg verv rapidly until {ts motion 1s just offset by the frictional
resistance of the solution. Mobility is a measure of 1its steady-state
motion. So rapidly 1s a limiting velocity attained by ions that In
, audio-freaquenc,; conductions measurements fons may be assumed to trave!
' at a constant velocity, even though the fileld is reversing a great
many times per second.

The limiting velocity or mohility of an 1lonic speclies is deter-
mined by the viscosity of the solvent, the solvated size of the {ion,
the concentration of the solution, and the potential gradient. 1t has
heen found that for ions whose radius is about 0.5 nm (5R) or greater,
Stoke's law descrihes approximately the relations hetween the force on
the {on F, bulk viscosity n, and mohility u. The statement of the law
is

u = (5)
6nnr

o~
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where r is the radius of the lton. Equation (5) is of limited valid-
{ty, hat does apply to spherical fons moving in a solvent whose mole-
cules are conslderably smaller than the {ons.
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Figure 1. Transport of Charge hy Migra-
tion. Flectrical double layers at elec-
trode surfaces are omitted. At t = 0,
there are equal numbers of positive and
negat{ve fons throughout the bulk solu-
t{ion. Tn time t, two cations and two
anions are discharged by electrolysis.
Tf the cations are assumed to have a
mobility twice that of the anions, both
cations are replaced at the cathode but

. only one anion Is replaced at the anode.

X Any {onic species not electrolyzed simply
E tends to accumulate at the electrodes.

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

5 molecules. They therefore share in the general thermal agitation and
p have at best a randomly directed type of progress. The 1nst1ntaneous
- velocity of any lon fn a liquid {s of the order of 10% cm ™ , but 1its
b mean free path 1s so short that {ts averapge velocity toward an elec-

trode 1s no more than 1072 to 1-=" ¢m s~ ! when the electrical field
strenpth 1s of the order of 1 V em™ L,
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The current through a unit cube of solution may now be expressed
in terms of mohilities. Assume for simplicity that a single electro-
lyte has completely dissociated. For the positive 1lons let N, bhe
their numher per cublc centimeter, uy bhe their mobility, and z; be
their charge. The related quantities for the nepative ions will be -
denoted by N_, u_, and z_. The total charge arriving at the negative
electrode per unlt area per second is then NjuyzieF. To convert to
cell current, we must include a charge arriving at the positive elec- .
trode and multiply by electrode area A. The equation obtained is

1 = (Njuyzy = N_u.z_)eFA 6)

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

k = (Nyupzy + N_u.z.)e M

Concentration Dependence. At very low concentration, tons bhehave
essentially independently. Any glven ion moves in a medium where
other ions are so distaat that they fail to influence 1its velocity or
physical behaviour. But from concentrations of the order of 107
upward lons approach each other sufficiently often that interionic
forces are {mportant. 1In additfon many kinds of fons bhegin to associ-
ate. UWhere such a pracess occurs, conductance decreases proportion—
ally. 1Tt is hevond the scope of this hook to treat ion asgoctiation
processes. Two Interionic effects are of sufficient {mportance even
where there 1s no association, however, to warrant a brief
description.

Definitions

Flectrophoretic Effect. In an electrolyte solution, any lon
{s surrounded hy a sheath of solvent molecules, each held with
reagonably stroag ton-~dipole forces. When an lon moves, 1its solvation
sheath tends to accompany it. 1In this connection remember there s a
continuing interchange between "hound” and "free” solvent in the
sheath. Since ions of opposite charge move toward different elec-
trodes, a piven fon experiences a drag as solvent "bound” to ilons of
opposite charge moves past. For example, any negative {ion moves
through solvent that 1is not stationary but {s actually flowing in the
opposite directlion since it loosely accompanies positive lons.

Relaxation Effect. Another important property of an electro-
lyte solutlon that affects ion migration arises from the tendency
tcward electroneutrality. Any ion may be regarded as surrounded by an
atmosphere of {ons whose net charge {s equal to {ts charge hut oppo-
site {n sign. For an 1ion that is univalent and positive, the

3
. }
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essentially spherical atmosphere will include both positive and nega-
tive {ons but will have an overall charpge of -1. The dimenslons of an
lonfc atmosphere can be shown to be Inversely proportional to the
Lonle strength of the solution. At high di{lutfon the radius of the
atmosphere is large; i{n concentrated solutions [t may be only a few
times the radius of the central fon.

When the {on moves, {t tends to leave 1its atmosphere and a
finite time will be required for the thermal and electrical forces to
reestahlish the randomly arranged atmosphere. F¥ach fon {s therefore
subjected to a translent restoring force exerted by its old atmosphere
as {t decays. The opposing force tending to return the central ion to
its original location is small at best and because of 1ts time-
dependent behavior is termed a relaxation effect. This force also
tends to diminish conductance.

According to the general electrostatic theory of electrolytes
developed by Fuoss and Onsager (Reference 1), we can represent conduc-
tance as a functloa of concentration C by the following equation

A

"

Ny - 5617 4+ Rclopc + JC (")

where Ag Is the equivalent conductance at infinite dilution, 3 is the
Msager coefficient of the 1limiting conductance law, E is a constant
(Both S and F are determined by the ahsolute temperature, dielectric
constant and viscosity of the solvent, valence type of the solute, and
universal constants. S also includes Aj.), and J is a factor depend-
ent on fon size. Appropriate modifications to Fquation 8 can he made
to cover assoclation of electrolytes. The equation has been shown to
hold penerally up to concentrattons of about 0.1 N (N = Normal).

ALTERNATINC-CHRRENT MEASUREMENTS

Recause conductance Involves the transfer of mass, both solution
and electrodes are altered durfing a measurement. TIf we impose a DO
vnltage across a conductance cell there result two {mmediate, undesir-
ahle effects. The celectrodes polarize slightly as (a) the solution
layer near the electrodes tends to become depleted in the speciles
helng oxtd{zed or reduced and (h) the electrode surfaces are altered
hy the products of electrol%sis. The effects are not serlous [f the
carrent {s kept small (<1077 A), bhut attention must customarily be
slven to them. Tf a larger current flows, a NC conductance measure-
ment may well he fnvalid.

When an AC voltape of audfo frequency s applied, the chanpes
degerihed are largely minlmized. Because of the frequent reversal of
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electrolysis, the fonic movement and electrolysis that take place
during one half of a cycle can be completely or nearly completely
destroyed durilng 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 glven applied voltage are key variables in arriving at an opti-
mum frequency. If solutions of extremely low conductivity («X107 )
are being studied or the current density is very low, even NC measure-
ments can be accurate. If the conductance 13 slightly larger, 60 Hz
line current may allow precise measurements. 1Usually, 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).

Note that larger conductance values are usually found at radio
frequencies (105 to 107 Hz). The change is a direct consequence of
the Increased importance of clircuit capacftances and {nductances. At
radio frequencles, the f{nterpretation must thus he broadened to
{nclude the bulk capacitance of the cell as well as the resistance of
the solution.

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 heen deposfited 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.

Flectrical Model. A desirable insight into the nature of a con-
ductance measurement is pained by considering an AC circuit that {s
electrically equivalent to a conductivity cell. Probably the sfmplest
representation 1s the clrcuilt pictured in bhold lines in Fig. 2. The
bulk of the solution hetween the electrodes hehaves like an ordinary
ohmic resistor and is designated R3. 1t {s this resistance that {s of
interest. But at each electrode-solution interface there is an fonic
double layer, which must also affect the current. The double layers
appear as capacltors of high capacity; without any loss of rigor,
these two capacitances may be lumped and lahelled Cj3. The mapnitude
of C3 depends strongly on the amount of platinfization of the electrode
surface, the extent to which the electrode 1s polarized, and the time
availahle for the buildup of the ionic layers. For very dilute solu-
tlons, that s, those whose concentration i3 of the order of 10~ or
smaller, this simple representation is qufte useful.

The representation can be made more exact and extend {t to more
concentrated medfa hy 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 reslstance Rg in parallel with the
fonic double-layer capacitance C3. The second may be represented as a
capacitance Cg In parallel with all the other components. Figure 2
shows theses modifications In light lines. Nefither Ry nor Cgq are

ma for factors iIn influencing clrcuit behavior, although they cannot be
ignored in very precise observations. Since Rg is usually of the
order of from 0.1 to 1 2, the measured cell resistance is nearly equal
to R3. Analopously, Cg ls usually no more than from 10 to 100 pF,
about 1000 to 10,000 times smaller than C3. In the next two sections
we use the equivalent circults In considering cell and bridge design.

i

Ry

i N
W
Cy

|
N
C

o

Figure 2. Schematic Representation of
an AC Conductance Cell in Terms of its
Fquivalent Circuit. The simplest
equivaient circuit is shown in bold
lines. R3 is the resistance of the
bulk solution, Cj3 represents the

double~-layer capacitance at the elec-
* trodes, Rg {s the faradaic resistance
across the electrode double layer, and
Cs represents the capacltances of the
cell electrodes, leads, etc.

CONDUCTANCE CRLLS

The wnsual envelopes for cells with electrodes are made of hard
7lass. Where ruppedness Is required, e.g., 1n many fleld and plant
applications, other inert, stahle dlelectrics such as hard rubber and
some of the plastics are also In common use. The electrodes are
mencrally square pleces of st{ff platinum foll aligned parallel to
each other. Tt 13 essential that the electrodes be rigidly supported
‘ at the desired spacing; by proper design thev may he self-supporting
1{ke those shown in Fig. 3. If required, the electrodes may he
platinized by brief electrolysis in a chloroplatinic acld solution
(Reference 13).
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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. Tf 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 hring them out of the electrode chamber in opposite
directions. Three different designs of conductance cells are {1llus-
trated in Fip. 3. Note that all obstructed spaces where mixing will
not occur readily have been eliminated In the cells of types (a) and

(b).

a) (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 1s a function not only of solution specific conduct-
ance x but also of the volume of conducting solution hetween the
electrodes. For a pair of parallel electrodes of area A and spacing
i, « may he ohtained by rewriting Equation 1 as

R = L (9)
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In practice we determine the ratio 2/A, termed the cell constant, for
each cell by measuring its resistance when filled with a conductance
standard. Solutions of potassium chloride of known concentration are
primarv standards, their conductances having heen accuratelv deter-
mined in cells of known electrode geometry.

For accurate conductance work over a range of concentration it is
destrable to use cells of different cell constant. In aqueous work
crll constants from ahout N.1 to 10 are needed. In nonaqueous media
other ranges are called for. The reason is that a bridge of conven-
tinonal design {5 capable of greatest accuracy if the cell resistance
falls in the range from 1 to 30 k7.

Example: A solutlon of specific conductance of 1075 bm~ ! has a

reslstance of 30,000 @ or helow if {ts cell constant is .1 or

smaller.

Thermostating. Control nf temperature i{s indispensable if relila-
hle conductance measnrcements are sought. The specific conductance of
electrolytes Increases the average about 2% per depree Celsius. To
reduce the error from this source to 1% therefore requires repulation
to *0.5°C; ton reduce the error to 0.01% requires regulation to
N.ONDS5°C, A constant-temperature bath filled with a light transformer
oil is often nsed to achleve the desired regulation. Water {is seldom
used as the flnid because of accompanying undesirabhle capacitance
effects between cell and ground.

THE NTOAND AC WHEATSTONE RR[NGF

Phe DQ_whpntstono Rridge

Thls well-known bridge is a simple network for determination of
unknown resistances or conductances. The precision inherent In the
desipn of rhe Wheatstone hridge derives from the fact that, 1{.e the
poteantiometer just discussed, 1t relles on a comparison procedure.
Thna, a measurement is a null determination. Tn this section the NC
oporation of the bridge will be taken up.

The bhaslec circult of a Wheatstone hridpe {s shown in Flg. 4. Tun
resistance arms, Ry + Ry and R, + Ry, are connected by a shunt BC in
which a mall detector M (of resistance Rg) is located. Measurements
are made by halancing, i.e., varying the resistance of at least one
arm, for example R,, until there {s no current in the shunt. Tn other
words, at balance the potentlal of points B and € must he nsmnal.
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To find the relative values of the bridge resistances at halance
i1s a stralpghtforward process. First, voltage V appears across hoth
arms R) + R3 and R, + R,. Second, points B and C can be equal poten-
tial only when the drop across R equals Ry, that is TR, = TR, and
TRy = I,R,. Substituting for I, in the first equation glves

T IRI = RZ(I 1R 3/Rl+) (10)
Cancelling T, and rearranging gives

This equation is the condition of balance.

Figure 4. Wheatstone Bridge Circuit.
Source V energlzes the bridge. The null
detector 1s represented by Rg. Ratio arms
are Ry and Ry. Rj3 is an unknown resistance
inserted for measurement. Loop currents
for analysls of the clrcuit are also shown.

Design. Recause of 1ts wide use, the design of the Wheatstone
bridge deserves examination. 1TIn any application, values of three of
the hridge resistances must be known. (In Fig. 4, R 3 may be taken as
unknown.) A mich ereater ranpe of unknown resistance values can bhe
handled bv the hridee [f the ratio Ry/R, {s varied as well as R,. Tn
most semliprecision desiens, fixed ratifos of R /R, from perhaps 0.00}
to 100N.,0 may he selected hy a switch. Such hridges are versatile but

12
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:
seldom accurate to better than *17. A current-indicating device s .
ordinarily used as the null detector, often with some amplification. -
.
hat factors must be controlled to ensure hiph precision, relia-~ :»
bilftv, and sensitivity In a DC Wheatstone bridge? Precision resis-~ %
) tors (maximam accuracv about *.01%) should be used. Thev should be p
destpned for hiph stability and have small temperatnre coefficients. K
For best precisfon, Ry and R, should be i{dentical in value and con- -
struction so that they will drift 1in like fash{on with t{me and tem-~ :
perature and maintain their resistance ratio of unity. The null o
detector must have sufficfent sensitivity for the precision nf halance ;‘
required. e
An {mportant advantage of the Wheatstone bridge i{s that within i
recasonabhle limits {ts balance point is independent of both energizing Y
voltape and resistance In either the power hranch or the detector 4
branch. As a result, a possible major source of error, contact resis- ;
tance In switches and In connections to the unknown resistor can he ﬁv
alinimized by arrangine that such contacts bhe in series with the power )
circutt. Tn the detector branch the resistance should be whatever z
vialue will allow best sensitivity of detection. -3
Other methods of resistance comparison are possible (Reference 4) -1
and dlirect types of measurement employing a galvanometer and NC ':1
snurces are sometimes devised, particularly for resistances of high 4
value (another method was discussed at the end of the last section).
nfortunatelv, most other procedures require circuits either less
accuvate or Inherently more complicated.
The AC Wheatstone Rridge R
This hridgee i{s the bas{c instrument for determining conductance. :'
Tn "{p. Sa a schematic circait of the NC bhridge has been shown to per- -]
mit comparison with the common form of AC Wheatstaone hridge shown In ;
“fa. S5h. The condition of balance of the DC hridege {s that the poten- -
tial at points € and D must be equal, yielding the equation J
Ri-Rs (12) =
Ro Ry '
- Condnetance s then obhtained by taking the reciprocal of Ry Tt {s of 5
particalar {nterest that this condition also holds for bhalance of the R
AC hridpe to within #,1%. Some varlation {s to he expected since the
AT bridpe [s properly an {mpedance hridge. Sources of error i{n the AC )
hridee will bhe considered bhelow. -
bt
Ranpe of Measurement. The ranpe of resistance measurable mav he -
Adeduced from Fquation 17. If Ry = R, unknown resistance R ; can he ‘i'
13 "
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W
. measured hy the hridges shown in Fig. S when its value falls within
the range 0 < R3 { Ry. Since this span is short, ways to extend f{t
are Important. One method {s to vary the ratio Rl/Rz as well as R,,.
Rridges offering several set ratios of R]/Rz from 0.001 to 100 are
common. Range is traded off for accuracy in these bridges; they are
f accurate at hest to abhout *1%.
]
N
A
)
1l
i
- v
3
A (BN {t

Figure S. Wheatstone Bridge Circuit in Two Versions.
Tn each, Ry and R, are ratio arms and N is a Suitable
Nul! Netector. (a) Simple bhridge. (b) Alternating-
current conductance hridge. The C, ,~R, comhination
- provides adequate compensation for hoth resistance
and capacitance of the conductivity cell under
most conditions.

' Alternatively, range can he extended in conductance measurements

; hv the strategem of use of cells of different cell congtant. This
approach permits use of equal values for R, and R,, which {8 necessary

' to the construction of preclsion conductance hridges. 1If R, and R,

1 have equal values and have bheen carefully constructed of stable, low-~

D temperature-coefficient alloy, we can assume thei{r resi{stances will
change in like amount with time and temperature and keep the ratio
fnvarfant.

Sources of Error. Contact resistance In switches and in leads to A
the cell, a major potential source of error, can he minimized bhy
keeping every contact possible in series with the power supply (V) or
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detector. (ITn any event, there should be sufficient resistance {n the
power circult to ensure that hridepe resistors dissipate less than the
maximam allowahle power.)

We must now consfider certaln sources of error peculfar to the use
of AC. The resigtors 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 Fip. 2. Second, there is a con-
sfderable number of possible stray current paths in an AC hridge.
These are of two types. Anv part of the bridge has some capacitance
with regspect to ground and nffers a leakage path. Also, by virtue of
the Inductance of the reslstance colls, there exists the possibility
of fnductive pickup of stray AC currents from power lines or from the
oscillator that supplies the bridge power.

The contribution of error from these sources may bhe reduced con-
siderahly by proper resistance, shielding, and physical arrangement
(Reference 5). The resistors should be noninductively wound. The
bifilar winding, in which the length of wire required to obtain the
desired resistance 1s doubled back on {tself and then wound on the
form, {s widely used to minimize inductance. Tt is advantapeous to
have enough resfdual capacitance so that the capacitive reactance will
nearly cancel the Inductive reactance at the operating frequency. The
cell capacitance Cg can he compensated hy placing a variahle capacitor
C, In the bridge parallel with resistance R,, as shown in Fip. Sh.
Since the prohlem of eliminating stray leakape paths involves more
Aifficnltr consliderations, 1t 1s deferred until the end of this
section.

Power Sources. Some {ndustrfal and field conductivity instruments
operate on A0 Hz AC stepped down from a power line. Much better
accuracy is generally secured hv operation at audio frequencies {a the
raapge of from SNN to 4000 Hz, Tn this case, an electronic oscillator
{s usuallv emploved as a generator. The ontput of the oscillator
should tdeally he of a sinple frequency (a pure slne wave) and should
he vartable {n amplitude from zero to several volts. Tf the harmonic
content Is minimized, a more precise halance can be ohtained, for the
problem of phase shifre will he simplified (see below). A varlahle
voltage output allows Flexihility of operation.

Phase Relationships. For a true hridge balance, the AC waves must
be fn phase at polnts € and D (¥Fig. Sb). This condition requires
elther no phase change in elther arm or the same phase change in each.
OMly the latter fs a possible solution to the requirement. The capa-
clirance and {nductance of the resistors and cell can be minimized but
not eliminated.

If accuracfes of the order of 17 are satisfactorv we mav {gnore
the phase difference, providing the hridge resistors have been wound
15
e e e e e e .o
P N N N, T A N N B A N R .




NWC TP 6767

with reasonahle care. For most nonresearch measurements and conducto-
metric titrations, the phase difference can be neglected. On the
other hand, work {n which the precilsion must be 0.17 or better calls
for a careful examination of the phase dependence of the arms. Tt Is
customary to simplify the problem by using matched resistors for the
ratio arms R; and R, so that not only are the resfistances equal, hut
the phase bhehavior is identical. There remains the question of
whether the phase difference introduced by the cell fn arm 3 will he
equal to that caused by the parallel R, ,-C, combination. A thorouph
d{scussion {s beyond the scope of this hook, but a limiting case can
be consldered. 1In general, if the R, ,—C, combination Introduces a
phase shift of less than about 10 minutes of arc, R, can be taken as
equal tn the cell resistance R within 0.1%.

Wagner Ground. Finally, the elimination of stray paths for alter-
nating currents must be treated briefly. The problem is solved hy
(a) electrostatically shielding the resistance arms by enclosing them
in electrically grounded metal covers and (b) incorporating a Wagner
ground in the circuit. By use of the Wagner device, points C and D of
the bridge are brought to ground potential Auring balancing. This
"grounding” operation allows the detector arm to bhe at ground poten-
tial at balance and virtually eliminates stray pickup at a spot where
ft would cause the greatest error.

Figure 6 gives a schematic of the Wagner ground. The impedances
7 and Z¢ are suitable comhinations of variabhle re .[stors and capaci-
tors. The bhalancing of the bridge now has some additional steps. A
normal halance 18 first obtained with the Wagner ground out of the
clrcuit. Then the switch S is thrown to the other position. The cir-
cuit is rehalanced using the variable elements in the Wagner ground.
Next the suitch 1s returned to the "hridge position,” and the bridge
circuit i{s rebalanced. Although a measurement requires more time as a
result of the additional steps, the presence of the device greatly
refines the preci{sfon of a conductance observation.

16
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A

Figure 6. Wagner Ground in
an AC Bridge Clrcuit. Tt
consists of impedances 7
and 7 ¢ and the switch S.

NC RESTSTANCE OR CONDUCTANCF OF TNSULATING MATERTALS

In this section direct-current measurements for the determination
of DC {nsulatlon restistance, volume resistance, volume resistivity,
snurface resistance, and surface resistivity or correspondineg conduct-
ances and conductivities of insulating materials are addressed.

SUMMARY OF METHONS

The resistance or conductance of a material specimen or of a cana-
citor {s determined from a measurement of current or of valtage drop
under specifled condition-. By using the appropriate electrode svs-
tems, surface and volume resistance or conductance may he measured
aenarately. The resistivity or conductivity can then be calculated
when the required specimen and electrode dimensions are known. Tt
should he noted that surface resistance changes rapidly with humidity,
while volume resistance changes slowly.

Resistivity or conductivity mav be used to predict, indirectly,
the low-frequaency dielectric breakdown and dissipation factor praper-
tiea of some materials. Resistivity or conductivity is ~ften used as

17
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an I{ndirect measnre of mofsture content, degree of cure, mechanical
continuitv, and deterioration of various types. The usefulness of
these indirect measurements {s dependent on the depree of correlation
estahlished hv supporting theoretical or experimental {investipations.
A decrease of surface resistance may result {n either an fncreiase of
the dielectric hreakdown voltapge because the electric field fntensitv
I's reduced, or a decrease of the dielectric bhreakdown voltage bhecause
the amount of stress thev are under i{s increased.

A1l the dielectric resistances of conductances depend on the length
of time of electrification and on the value of applied voltape (in
addition tn the usual environment variabhles). These must he known to
make the meiasured value of resistance or conductance meaningful.

Surface resistance or conductance cannot he measured accurately.
They can only he approximated. This is due to the fact that the meas-
ured value {s largelv a property of the contamination that happens to
be on the specimen at the time. MHowever, the permittivity of the
specimens influences the deposition of contaminants and fts surface
characteristics affect the conductance of the contaminants. Surface
resistivitv or conductivity can he considered to be related to material
properties when contamination is involved but is not a material
property in the usual sense.

FLECTRODE SYSTEMS

The electrodes for insulating materials should be of a materfal
that {s readily appiied, allows intimate contact with the specimen sur-
face, and introduces no appreclahle error because of electrode reslst-
ance or co~tamination of the specimen (Reference 6). The electrode
material should bhe corrosion-resistant under the conditions of test.

Rinding~Post and Taper-Pin Flectrodes, Flpures 7 and 8, provide a
means of applving voltage to rigid insulating materfals to permit an
evaluation of thelr reststive or conductive properties. Resistance or
conductance values obtained are highly {nfluenced by the individual
contact hetween each pin and the dielectric material, the surface
roupghness of the pins, and the smoothness of the hole in the dielectric
material. Reproducibility of results on different specimens s d{ffi-
cult to ohtain.

Metal Bars in the arranpement of Flg. 9 were primarily devised to
evaluate the insulation reslistance or conductance of flexihle tapes and
thin, snlid specimens as a fairly simple and convenient means of elec-
trical analitv control. This arrangement 1{s somewhat more satisfactory
for ohtaining approximate values of surface resistance or conductance
when the width of the {nsulatfng mater{al {s mich preater than fts
thickness.
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D 25mm 25mm

METAL SUPPORT 1}
AND GUARD ;

~
i
{1

2 SPECIMEN Dy
METHYL - i
METHOCRYLATE

@ >a|

SIDE VIEW

e B A v

BRASS, COPPER. OR
STAINLESS STEEL
1] ELECTRODES

4 &

T METHYL
: METHOCRYLATE

N/

END VIEW .

Figure 9. Strip Flectrodes for Tapes B
and Flat, Solld Specimens. .

Silver Paint, Figures 19, 11, and 12, is availahle commercially .
with a high conductivity, either air-drying or low-temperature-haking
varieties, which are sufficiently porous to permit diffusion of mois-
ture through them and therebhy allow the test specimen to he conditioned M
after the application of the electrodes. This is a particularly useful .
feature in studying resistance-humidity effects, as well as change with N
temperature. However, hefore conductive paint is used as an electrode -
matertal, it should be established that the solvent In the paint does .
not attach the material so as to change {ts electrical properties. )

Sprayed Mctal, Flgures 10, 11, and 12, may be used 1{f satisfactory
adhesion to the test specimen can be obtained. Thin sprayed electrodes
may have certain advantages in that they are ready for use as soon as
applied. They may be sufficiently porous to allow the specimen tn bhe
conditioned, but this should be verified. Narrow strips of masking
tape or clamp-on masks mist be used to produce a gap hetween the . K
pguarded and the puard electrodes. The tape shall be such as not to
contaminate the gap surface.
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Fvaporated Metal may he used under the same conditions given above.

Metal Foil, Figure 10, may be applied to specimen surfaces as
electrodes. The nsual thickness of metal fo{l used for resistance of
conductance studies of dielectrics ranges from & to 80 m. Lead or tln
foil is in most common use, and {s usually attached to the test speci-
men hv a ninimum quant{ty of petrolatum, sili{cone prease, oll, or other
suitahle material, as an adhesive.
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ELECTRODE NO. 2

' -.a_-——( l<._— £LECTRODE NO 1\
1 <

N\

ELECTRODE NO. 3 /

VOLUME RESISTIVITY g - 2t SURFACE RESISTIVITY

Figure 10. Flat Specimen for Measuring Volume
and Surface Resistances or Conductances.

Colleidal Craphite, Fig. 10, dispersed in water or other sultahble
vehicle, may be brushed on nonporous, sheet {nsulating materials to
form an alr-drying electrode. Masking tapes or clamp=-on masks mav be
nsed. This electrode material (s recommended only if all of the
followinpg condit{ons are met:
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1. The material to he tested must accept a graphite coating that
will not flake bhefore testing,

?. The materf{al being tested must not ahsorb water readilv, and

3. Conditioninz must be in a dry atmosphere (Procedure B, Methods
D A18), and measurements made in this same atmosphere.

)
Ny

/[{
ELECTRODE NO 2 —

ELFCTRODE NO 3
\\

L4

ELECTRODE NG, 3—

j 1
]

k |

e ) T u———
Dy 1Dy - D2i2 L 4t g < 21 VOLUME RESISTIVITY g - 2t SURFACE RESISTIVITY

ELECTRODE NO 2

T L e i d

vrvsrstosss AAIIIINIINI I IS A
s
7

Flgure 11. Tubular Specimen for Measuring Volume
and Surface Resistances or Conductances.

Mercury or other liquid metal electrodes give satisgfactory results.
Mercury {s not recommended for continuous use or at elevated tempera-
tures due to toxic effects. The metal forming the upper electrodes
should be confined by stainless steel rings, each of which should have
{ts lower rim reduced to a sharp edge by beveling on the side away from
the l{quid metal. Figure 13 shows two electrode arranpements.

Flat Metal Plates, Tig. 10, (preferahly puarded) may be used for
testing flexihle and compressihle materials, hoth at room temperature
ind at elevated temperatures. They may be clrcular or rectangular (for
tapes). Tn ensure intimate contact with the specimen, considerable

22
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pressure ls usually required. Pressures of 140 to 700 kPa have been
found satisfactory (see material specifications).

- T ]

25mm

10 « 0 H5mm MIN
9 11 ' ;]
L — 1 1 3]

T ;

25mm

MIN
. | L

5 25mm MIN 100 + I1mm ‘25mn 7N‘

A Plate Specunen

10 - 0.5mm

e GI==k

Dy

25mm MINl |25mm MIN

B Tube or Rod Specimen

Figure 12. Conductinpg~Paint Flectrodes.

Conducting Rubber, has heen used as electrode material, as in Fig.
10, and has the advantage that 1t can quickly and easilv he applied and
removed from the specimen. As the electrodes are applied only during
the time of measurement, they do not interfere with the conditioning of
the specimen. The conductive-ruhber materfal must he backed by proper
plates and be soft enough so that effective contact with the specimen
ls ohtained when a reasonahle pressure {s applied.

Yater Is widely emploved as one electrode In testing insnlation on
wires and cables. Both ends of the specimen must he out of the water
and of such lenpth that leakapge along the Insulation 1s neplicihle.
Cuard rinps may bhe necessary at each end. Tt may be desirable to add »
amall amount of gsodium chloride to the water to ensure hipgh conductiv-
ftv. Measurements mav he performed at temperatures up to ahout 100°C,
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THIN WALL RINGS

SPECIMEN

DETAIL
ELECTRODE NO. 1
ELECTRODE NO 3

ELECTRODE NO. 2

1

H_m—”{—v SPECIMEN

Lll

pISISY

SRR e

NOTE. CAUTION SEE 6.1.8

Figure 13a. Mercury Electrodes for Flat,
Solid Specimens.
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Z5mim

)
3

3“\1”

it

i; CELL MATERIAL POLYSTYRENE

TFE FLUOROCARBON. OR
POLYMETHYYL METHACRYLATE
3mm

\’"_':_::'—:T
OO

[

Z

22mn.  |25m

25mm| 22mm

DRILL FOR 6 32
FLAT - HEAD SCREWS

SPECIMEN

FILL\

3mm DRILL VENT

f
!

63 5Smm

‘ 45mm \ \ 25mm \

NOT{- CAUTION SEE 6 1.8

Tipure 13b.

Mercury Cell for Thin Sheet Material.
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CHOICE OF APPARATUS AND METHOD
Power Supply

A source of very steady direct voltage 1is required. Batterles or
other stahle direct voltage supplies may he used.

NDirect Measurements

The current through a specimen at a fixed voltage may he measured
using any equipment that has the required sensitivity and accuracy
(#107 {s usually adequate). Current-measuring devices available
include electrometers, DC amplifiers with indicating meters, and
galvanometers. When the measuring device scale is callbrated 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
readnbility, and voltmeter indication. As an example, a galvanometer
having a sensitivity of 500 pA/scale division will he deflected 25
divisfons with 500 V applied to a resistance of 40 GQ (conductance of
25 pS). If the deflection can be read to the nearest 0.5 division, and
the calihracion error (including Ayrton Shunt error) is 2% of the
observed value, the resultant galvanometer error will not exceed *%%.
If the voltmeter has an error of #27 of full scale, this resistance can
he measured with a maximum error of % when the. voltmeter reads full
scale, and *1N% when it reads one-third full scale. The desfrability
of readings near full scale is readily apparent.

Voltmeter—-Ammeter. The maximum percentage error Iin the computed
value 1s the sum of the percentage errors in the voltages, V, and Vg,
and the resistance, R;. The errors in V, and R; are generally
dependent more on the characteristics of the apparatus used than on the
particular method. The most signiffcant factors that determine the
errors In V, are Indicator errors, amplifier zero drift, and amplifier
pafn stabilitv. With modern, well-designed amplifiers or electro-
meters, gain stahility is usually not a matter of concern. With
existing techniques, the zero drift of direct voltape amplifiers or
electrometers cannot bhe eliminated but it can be made slow enough to he
relativelv insignificant for these measurements. The zero drift is
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virtually nonexistent for carefully designed converter-tvpe amplifiers.
Consequently, the null method of Fig. 14 i{s theoretically less subject
to error than those methods employing an indicating {nstrument, pro-
vided, however, that the potentiometer voltage {s accurately known. The
error in Ry {s to some extent dependent on the amplifier sensitivity.
For measurement of a given current, the higher the amplifier sensitiv-
fty, the greater likelihood that lower valued, highly precise wire-wound
standard resistors can be used. Such amplifiers can be ohtained.
Standard resistances of 100 CQ known to *2%, are avatlahle. 1If 10-mV
input to the amplifier or electrometer pglves full-scale deflection with
an error not greater than 2% of full scale, with 500 V applied, a
resfistance of 5000 TQ can be measured with a maximum error of 67 when
the voltmeter reads full scale, and 10% when it reads 1/3 scale.

I
N,

| -

VOITMETER

ELECTROMETER
S ORD C
AMPLIFIER

LG

it~
,<

Figure 14. Voltmeter—Ammeter Method
llsing DC Amplification. Amplifier
and indicating meter as null detector.

Comparison - Galvanometer. The maximum percentage error in the com-
puted resistance or conductance is given by the sum of the percentage
errors in Ry, the galvanometer deflections or amplifier readings,
and the assumption that the current sensitivities are independent of the
deflections. The latter assumption {3 corvect to well within +2% over
the useful range (above 1/10 full-scale deflection) of a good, modern
palvanometer (probably 1/3 scalte deflection for a N current amplifier
having a sensitivity of 10 nA for full-scale deflection, 500 V anplied
to a res{stance of 5 TO will produce a 1% deflection. At this voltage,
with the above noted standard resistor, and with Fg = 106, ds would he
about half of full-scale deflection, with a readabilitv error not more
than 17, 1f dg 1s approvimately 1/4 of full-scale deflection, the
readabll{ty error would not exceed *47, and a res{stance of the ordec of
200 07 could be measured with a maximum error of #5-1/27.

Voltage Rate—of-Change. The accuracy of the measuremont

ts directlv
proportional to the accuracy of the measurement

of applied vnltage and
tiine rate of chanpe of the electrometer reading. The lenpgth of time
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NWC TP 6767
that the electrometer switch is open and the scale used should be such ;
that the time can be measured accurately and a full-scale reading .
obtained. lnder these conditions, the accuracy will he comparable with :

that of the other methods of measurlng current.

Comparison Bridge. When the detector has adequate sensitivity, the :
maximum percentage error in the computer resistance 13 the sum of the ~
percentage errors In the arms, A, B, and N. With a detector sensitiv- :
fty of 1 mV/scale division, 500 V applied to the bridge, and Ry =1 GO :
known to within +27 and with the bridge balanced to one detector-scale s
division, a resistance of 100 TQ can be measured with a maximum error )
of +67. K

o
[9
.
THST SPFCIMENS h
.

A variety of electrode configurations have been designed in order
to measure electrical properties for different sample conflgurations. :
These electrode configurati{ons can bhe obtained from ASTMD257 N
(Reference 7). "~

-

.

A METHOD OF MEASURING THE RESISTIVITY >
ON LAMELLAE OF ARBITRARY SHAPE 5

L. J. Van der Pauw (Reference 8) developed a method of measuring g
the resistivity on a thin section of material of arbitrary shape. .{
Netailed accounts of this method and theoretical proof of how the N
method works can be found 1In References 8 and 9. 1In summary, the N
method is based upon a theorem which holds for a flat sample of arhl- K
trary shape {f the contacts are sufficiently small and located at the R\
clircumference of the sample. Furthermore, the sample must he sinply N
connected, i{.e., it should not have isolated holes, pores, electrical G
discontinuities, or be heterogeneous in composition. t'

@
FACTORS AFFECTING INSULATINN RFESTISTANCF OR CONDUCTANCE MFASURFMENTS . -

In this section Factors affecting electrical measurements of ';

{asulating materials will he summarized. . 3,
L]

TMHERFNT VARTATTON IN MATFRIALS -
.

Because of the varfahility of the resistance of a gliven speclimen ;
nnder gimflar test condit{ons and the nonuniformity of the same mate- .
rial from specimen to specimen, determinations are usually not reprodu- :
~{hle tn rlaser than 107 and often are even more widely diverpent (a )

L
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range of values of 10 to 1 mav he ohtained under apparently identiral
conditions).

TEMPERATIIRE

The reslstance of electrical insulating materials {s known to
change with temperature, and the varfation often can be represcnted by
a function of the form

R = Rem/T (13)
where R = resistance (or resistlvity of an insalating material or
system,
R = proportionality constant,
m = activation constant, and

T = absolute temperature in kelvin (K).

This ecauatinon Is a simplified form of the Arrhien{ius equation relating
the activation enerpgy of a chemf{cal reactf{on to the absolute tempera-
ture; and the Roltzmann principle, a general law dealting with the
statlstical distribation of energv among large numbers of minnte parti-
cles subject to thermal agitation. The activatfon constant, m, has a
value that {s characteristic of a particular energy ahsorption process.
Several such processes mav exlst within the material, each with a dif-
ferent effectlve temperature range, so that several values of m would
he needed to fully characterize the material. These values of m can he
determined exper{mentally by plotting the natural logarithm of resis-
tance apainst the reciprocal of the ahsolute temperature. The desired
values of m are ohtained from such a plot by measuring the slopes of
the straleghr-line sections of the plot. This derives from Fquation

14, for tr follows that by taking the natural logarithm of hoth sides:

n R = o7 B + m 1/t (14

The chanpe [n resfstance (or resistivity) corresponding to a change in
absolute temperature from Ty, tn T,, hased on Fquation 17, and expressed
fn logarfthmic form, Is

1 \
Qn (R)/R]) = m f_.— I_..\ = m (_A..T__:
T, T T T,

‘.

(1™

These equations are valld over a temperature ranpe onlv {f the material
does not underpo a transition within this temperature range. Fxtrapo-
tatfons are seldom safe since transitions are seldom ohvious or pre-
Alctable, As a corollarv, deviatlon of a plot of the loearithm of
apainst 1/T from a stratght line {s evidence that a transftinn s
ocenrring.  Furthermore, (n making comparfsons between mater{ale, {t {s

79




] .. LI . . - -
PG R PP L

NWC TP 6767

essenti{al that measurements he made over the entire range of interest
for all materfals.

1t should be noted that: (1) The reststance of an electrical finsu-
lating material may he affected by the time of temperature exposure.
Therefore, equlvalent temperature conditioning periods are essentially
for comparat{ve measurements. (2) If the insulating material shows
signs of deterioration after conditioning at elevated temperature,
condition neriods are essent{al for comparative measurements.

TEMPFRATIIRE. AND HIMIDITY

The Insulation resistance of sonlid dielectric materials decreases
hoth with the temperature and with Increasing humidity. Volume resis-
tance {s particularly sensltive to temperature changes, while surface
resistance chanpes widely and very raptdly with humidity chanpes. 1In
hoth cases the change Is exponential. For some materials a change from
25 to 1N0°C may change {nsulation resistance or conductance hy a factor
of 100,000 often due to the combined effects of temperature and mois-
ture content change; the effect of temperature change alone {s usuallv
=ich smaller. A change from 25 to 90% relative humidity may change
{nsulation resistance or conductance by as much as a factor of
1,000,009 or more. Tnsulation resistance or conductance Is a function
of hoth the volume and surface resistance or conductance of the speci-
men, and surface resistance changes almost {nstantaneously with change
of relative humidity. It {s, therefore, ahsolutely essentfal to main-
taln hoth temperature and relative humidity within close limits during
the conditioning period and to make the insulation resistance or
conductance measurements In the specified conditioning environment.
Another point not to bhe overlooked is that at relattve humidities above:
90%, 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
slightlv higher temperature, as equilibrium molisture content remains
nearly the same for a small temperature change. In determining the
effect of humidity on volume resistance or conductance, extended
nerifods of conditioning are required, since the absorption of water
{nto the bhody of the dielectric is a relatively slow process. Some
especimens require months to come to equilibrium. When such long
neriods of condi{tionfng are prohibitive, use of thinner specimens or
comparative measurements near equilibrium mav be reasonahle alterna-
tives, hut the detalls mist he Included {n the test report.
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TIME OF ELFCTRIFTCATION

Measurements of a dielectric ~aterial are nor fundamentally differ—
ent from that of a conducror except that an additional parameter, time
of alectrificatton (and In some cases the voltare pradfent) s
Involved. The relationship between the applied voltage and the current
fs Involved In hoth cases. For dielectric materiils, the standard
resistance placed in serfes with the unknown resistance must have a
relatively low value, so rhat essentfally full voltage will bhe applied
aeross the unknown resistance. When a potential difference {s applied
to a specimen, the current through {t generally decreases asymptotic-
Ally toward a limitterp value which mav he less than .01 of the current
ohserved at the ond af 1 min. This decrease of current with time {5
dae to dlelectric absorption (interfactal polarization, volume charge,
etr.) and the sweep of mohile {ons to the electrodes. 1In general, the
relation of current and time {5 of the form 2(t) = At™™ after the
inftial charge {s completed and unti{l the true leakapge current hecomes
a slgnificant factar. In thls relation A Is a constant, numerically
the carrent at unirc time, and m nsuallv, but not alwavs, has a value
hetween O and L. Nepending upon the characteristics of the specimen
material, the time required tor the current to decrease to within 17 of
thfs m{ni{mum value mav he from a few seconds tn manv hours. Thusg, In
order to ensure that measarements on a plven material will he compara-
hle, it 1s necessarv to apecifv the time of electrification. The con-
veat Ional arhitrary time of olectrification has heen 1 min. For some
matertals, misleading conclusfons may he drawn from the test reasults
ohtalned at this arbltrarv time. A resistance-time or conductance-time
curve shoald be obtalned under the conditions of test for a glven mate-
rial as a basis for selectfon of a suftable time of electrification,
which must bhe specified {n the test method for the material, or such
curves should he used for comparative purposes. Occasionally, a mate-
rial will be found for which the current Increases with time. Tn this
case ofther the time curves mast he used or a specfal studv undertaken,
and arbitrary decistons made as to the time of electrificattion.

MACNTTUDE OF VO TACE

Bath volume and surface reslstiance or conduct yice af 4 specfmen mav
hee voltave-sensit{ve. Tn that case, 1t 1s necessarv that the same
voltaee pradfent bhe g 1A measurements on simflar speciaeas are to he
comparabhle.  Alao, the applied volrtapge shoa!d he withia ar least 5% of
thee specttied voltape. Thi- fs a4 gseparate reaqafrement from that s{ven
tn 1 later section, which df sensses voaltave revalation and <s:abllev

where appreciahle spectmen canacitance 1s fnvalveed,

“ammonty o spectfied togr valrapes ta he el e s the complete
‘;ln‘("'nvﬂ Are l“(); -’,(""; "(V‘, I”””! v”"’””a :;l\'\ﬂ' 1!’)’()(\(7‘ and '[’\"1()0 v, af
these, the moat frogaent D gged gre 100 a0 590 V0 The bioher volrapes
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re used elther to study the voltage-resistance or voltase—-conductance
characteristics of materials (to make tests at or near the operatiny
voltape eradients), or to increase the sens{tivity of measurement.

Specimen resf{stance or conductance of some materials mav, dependi{ne
upnn the moifsture content, be affected hy the polarity of the applied
voltage. This effect, caused by electrolvsis or {fonic mipgration, or
hoth, particularly i{n the presence of nonuniform fields, may he par-
ticularly noticeable in insulation configurations such as those found
in cables where the tegt-voltage gradient (s greater at the finner con-
ductor that at the outer surface. Where electrolysis or 1onic mipgra-
tion does exit In specimens, the electrical resistance will be lower
when the smaller test electrode 1s made negative with respect to the
larger. TIn such cases, the polarity of the applied voltape shall he
sneciflied according to the requirements of the specimen under test.

TANTOR NP SPECIMEN

The measured value of the i{nsulatfon resi{stance or conductance of a
snecimen results from the composite effect of its volume and surface
resf{stance or conductances. Since the relative values of the compo-
nents varv from materfal to material, comparison of different
mater{als, hv the use of the electrode systems Figs. 7, 8, and 9, is
generally inconclusive. There 1s no assurance that, {f material A has
a hieher fnsulation resistance than material B as measured hy the use
nf one of these electrode systems, it will also have a higher
resi{-tance than B in the application for which it is Intended.

Tt {s possible to devise specimen and electrode configurattions
suitahble for the separate evaluation of the volume resistance or con-
ductance an~ the approximate surface resistance or conductance of the
sane specimen. Tn general, this requires at least three electrodes so
arranged that one may select electrode palrs for which the resistance
or conductance measured i{s primarily that of efther a volume current
nath or a surface current path, not both.

NHFICTENCIES IN THFE MFASURING CIRCUIT

The I{nsulation res{stance of many solld dielectric specimens Is
extremely high at standard lahoratory conditions, approaching or
exceedling the maximum measurabhle limits glven In Table 1. I1inless
extreme care (s taken with the (nsulation of the measuring circult, the
values obtained are more a measure of apparatus limitations than of the
miterfal {tcelf, Thus errors In the measurement of the specimen mav
arfse from undue shunting of the specimen, reference resistors, or the
cuarrent-measuring device, by leakage resistances or conductances of
untnnwn, nd possihly variable, mapgnitude.
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Tahle 1. Apparatus and Coniftions fFar llse.

] Max{mem T
Mot had Ohms
Netoctahle
at S0On v
b e — e ———————— —
Voltmneter~ammeter 1nt?
(ealvanometor)
Comparison 101?
(palvanometer) )
Voltmeter—amme! er 1015
(DC amplification,
electrometer) 10 S
10 17
1017
Comparison (Wheat - 1n1s
stone hridye)
Volrage rate-of -chanpe =100 MD.F
Mepohmmeter {tvplcal) h’lH

Flectrolvtic, contact, nt thermal electromotive forces (emfs) mav
exist In the measuring circuit {tself; or spurfous emfs mav bhe caused
hy leakape from external sources. Thermal emfs are normallyv inslgnifi-
cant except In the low resistance circuit of a eralvanometer and shunt.
Then thermal emfs are present, random dArifts In the galvannmeter zero
acenr. Slow Arifts due to alr currents mav be troubhlesome. Flectrn-
1vtiec emfs are usually assoclated with mofst specimens and diss{milar
metals, bat emfs of 20 mV or more can he ohtained in the puard circuit
of A hiph-resistance detector when pleces of the same metal are {n con-
tact with malst specimens. T1f a voltage {s applied hetween the puaard
and the puarded electrodes a polarization emf mav remain after the
voltage s removed. Trae coantact emfs can bhe detected onlv with an
eloctrometer and are not A source of error. The term “spurious enf" is
sometimes applied to electrolvtic emfs. To ensure the ahusence of
spurfous emfs of whatever arlpgin, the deflection of the detect iy
device should be ohserved before the applicatinn of voltapge to the
specimen and after the vnltace has bheen removed. Tf the two deflec--
tfons are the same, or nearly the same, a correctlon can bhe made to the
reaasnred reststance or conductance, provided the correction s small.
Tf the deflecttions differ widelv, or approach the deflection of the
megsurement, it will be necessary to find and eliminats the sonrce of
the sparfous emf. Capacitance chanpes In the connectfng chiolded
cables can canse serions diftlenlties,

Uhere appreclable specimen capacitance {s Involved, bath the repa-
Tatfon and transfent stabilitv of the applied voltaeve should be sueh
that resistance or condactance measurements can he made ton nrosecrihed

11
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1ccuracy.,  Short-tine transients, as well as lonpg-time drifts fn the
annlie? voltaee, mav cause spurlous capacitive charpe and discharpe
carrents whicbh can sipnificantly affact the aceuracy of measurement.
Tn the rarce of carrent-measuring methods partlcularly, this can he 1
serions nrahlem,  The current {n the measuring instrument dae tn a
waltape rransfent e 75 = C.dV/dt.  The amplitude and rate of
aalnter cvenrsions {enend apon the following factors:

1. The ecapacitance of the specimen.

? The mapnitude of the current hefng measured.

3. The magnitude and duration of the Incoming voltape transient,
and its rate of change.

4. The ability of the stabilizing clrcuit used to provide a con-
stant vnlraee with Incoming transients of various characteristics.

9. The time-constant of the complete test circuit as compared tn
the period and damping of the current-measuring instrument.

Thanves of ranee of a current-measuring {nstrument may Introduce a
carrent transiont. ‘hhen Ry < g and Cp < Cg, the equation of
thls transfient i<

-1/rR_C
I = (V,/R) (1 - e sm] (16)
where Vy = applied voltage
®. apparent resistance of the speclmen
P = offective Input resistance of the measuring Instrument
Ceq = *aracitance of the specimen at 1000 Hgz
T = Tunut capacitance of the measurinag fnstrument
4 = time ifter RO 1s switched {nto the circuft
Yar oot more than 57 orror due to this transfent,
R e > t/3 (17)

Yieroammeters emplaving feedback are usunally free of this source of
crror aw the actual Input resf{stance s divided, eoffectivelyv, hv the
moant of Toedhack ) usually at least hy 100N,

DEGTNA] CHARCE

T was nointed out that the current contlinues for a long time after
the apnli-ation of a3 potential difference to the electrodes. Con-
worsely, cuarrent will continae for a lonp time after the electrodes of
v charve ! specimen are connected tongether. Tt should be estahl{ished

that the rest snecimen {s completely discharped hefore attempting the
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first measarement, A4 repeat measarement, a measarenent of volume resist-
ance following a measurement of sarface resistance, r 1 measaresment with
reversed volrage,.  The time of discharpe before making a measarement
shoubd he gt least four times anv previous charelng time.  The specimen
clectrodes shoald he connected tovether until the measurement {s to he
nade ta preveat any befYdap of charge from the sarroandines.

CUARDTNG

Gearding denends on Iaterposing, in all erftical (nsulated paths,
cooir b conductors which interce ot a]l stray currents that might otherwise
canse errors. The puard conductors are connected together, constituting
the mard svstem and forminy, with the measuring termlnals, a three-
terminal network.  When suitahle connections are made, strav currents
from spurious external voltapes are shunted away from the measuring
cireatt by the puard svstem.

Proper nse onf the puard svstem for the methods {nvolving current
measurement s {l1lustrated {n Flgs. 14-17, inclusively, where the gnar?
2vitem Ia shown connected to the junction of the voaltage source and
carreat-measuring {nstrument or standard reslistor. In Fio. 18 for the
Yheatstone—hridge method, the guard system {s shown connected to the
junctlon of the two lower-valued-resistance arms. TIn all cases, to bhe
offective, puarding must be complete, and must include anv controls
operated hy the ohserver In making the measurement. The gpuard svstem (5
veaerallv mafntained at a4 potential close to that of the guarded termi-
nal, buat Insulated from {t. This {s because, amonp other thinaes, the
resistance of many {nsulat {ap mater{als {s voltage-dependent. Ntherwlse,
the drect reststance or conductances of a three-terminal anctwork Aare
rdependent of the electrode potentials. Tt s usual to gronnd the puard
svatem and henece one side of the voltage source and current-measuring
deestere. This places hoth terminals of the specimen ahove »round.  Some-
times, one terminal of the specimen {s permanently crounded. The
carrent ~measinring device asually is then eonanected to this terminal,
requiring that the voltage source be well fnsnlated from uround,
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Tieure 1A, Voltmeter-Ammeter Method llsing NC Amplifi-
catfion. MNormal use of amplifler and Indicating meter.

o  EE—
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| S

OPTIONAL v
l“_Jr._
| GALVANOMETIR
| ORD C
AMPLIFIER
Lo 4

Figure 17. Comparison Method Using
a Galvanometer.

Frrors In curreant measurements may result from the fact that the
current-measuring device is shunted by the resistance or conductance
hetween the saarded terminal and the guard system. This resistance
should he at least 10 to 100 times the fnput reststance of the currenr
Aeasuring device.  Tn some bridge technlques, the puard and measuring
terminals are bhrocght to nearly the same potentials, but a standard
resistor in the hridpe is shunted between the unguarded termlinal and
the guard system. This reslstance should bhe at least 1000 times that
af the reference resistor.

]
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Fleoure 18, Comparison “Method
I"'sing a Wheatstone Rridpe.
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RESTSTIVITY MEASUREMENT ON PROPELLAMT SAMPLFS

After detalled evaluation of the thecrv and experimental proce-
dures for electrical resistivitv measurement the ronstant voltage,
direct~current method (Reference 7) was unsed for propellants. This
method plves the resistance as a function of voltage and information
Ahout the ohmic or nonohmic hehavior of conduction. The resistance of
A sample {s determined from the measurement nf the DC current which
N wis caused by a known vnltage gradlent across the sample.

RARRADE Y

The {deal way to measure the resistance of most materials {s to
apply a known potential to th> sample and measure the resulting
enrrent with an electrometer plcoammeter. This permits the sample to
he measured with different applied potentials to determine anv
denendency of the resistance on veoltage.

When measuring extremely ripid samples such as glass, epoxy, and
ceramics, an interface between the stainless steel electrodes of the
fixtaure and the sample surface [s required. This enhances the surface
contact between the two. Conductive rubber nmav he used for such an
application. Care must be taken since the electrode 1rea bhecomes the
area of the contact medium. The guarding plavs an {mnortant role when
measuring resistance. Tt minimizes errvors due to surface resistivity
while making volume resistivity measurements, and vice versa., Since
low currents are involved, electrostatic interference can he
sfenfficant. This prohlem is avolded hy proper sample shielding.

The determination of surface and volume reslstiviti{es consists of
measuring surfiace and volume reslistances followed hy calenlations of
the corresponding resistivitles with the use »f known sample and
slectrode dimensions. The volume resistivitv (ny) is defined as the
ratto of potentlal gradlent parallel to the current {n the matertal to
the current denslty In anlts of ohm=cm (References 7 and 10).  The
surface resistivity (ng) {s defined as the ratlo of potential
aradient parallel to the current along a surface to the current ner
it width of the surface {n units of ohms (References 7 and 10).

S o

Fiaure 19 shows clectrode configuration to measure surface
resistance.  The measurement {s performed by applylng a set valtaige on
the surface of the sample and chtalning a current reading. The
followlng equation {s used to calculate the surface resistivity:

A»'II.

"

- Vg * (V/T)
v = voltape (volts)

T = current readine (amperes)

Ko = a geome ~ical factor arfsing from electrade peamotry

(unitleas)

17
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The peometric factor is an effective perimeter of the puarded elec-
trode dAivided by the gap between the quarded electrode and the guard.

UNGUARDED FLECTRODE

SAMPLE s
= ‘ ]
HIGH ‘
VOLTAGE HI | I
POWER GUA 7 T
DL JUARDED ELECTRODE GUARD RING
10 L0

ELECTROME TEH

Fipure 19. Surface Resistlvity Flectrical Diapgranm.

Figure 20 shows electrode confliguration to measure volume
resistance. The measurement 1s performed by applying a set voltape
through the sample and ohtaining a current reading after a set time
interval of one minute. The followlng equation Is used to caleulate
volume resistivity:

oy = Vy*(V/T)

v = voltage (volts)

T = current reading (amperes)

v, * A peometric factor arising from electrode peometry (cm)

™he geometric Factor {s an effective area of measurinpg electrodes
divided by the sample thickness.

In order to calculate the geometric factors, Kg and Ky,
specific electrode dimenstions and sample thickness are needed. Figure
21 {llustrates the electrode pgeometry used at NWC. Ton calculate the
surface geomotric factor, Kg, the following equation Is used:

X 4= P/ly = (D J/g (18)
where P = the effective perimeter of the guarded electrode for

the particular arrangement used (cm)
v - opap {(em)
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To calculate the volume geometric factor, X,, the following equatlon i
1s used:
K = A/t (19)
. v
A = [n(Dy + g)21/4 (20)
' where A = the effectlive area of the measuring electrode for the
particular arrangement used (cm )
K t = the average thickness of the sample
]
/ UNGUARDED ELECTRODE
[ 1
SAMPLE
[ ]
HIGH :]
VOLTAGE Hi Hi
POWER GUARDED ELECTRODE I
SUPPLY GUARD RING
Lo o LO
—_
ELECTROMETER
Flgure 29. Volume Resistivity Electrical Diagram.
ELECTRODE
a i E
Figure 21. Flectrode Con-
figurations and Parameters
Needed for the Geometric
t Calculations for Surface
. and Volume Resistivity.
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