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INTRODUCTION

Two basic elestrical methods are now used for measuring or
indicating the moisturs content of paper on the mashine. One method,
which is based upon the meazurement of the relative humidity of the
aly shove the paper wed, is employed to control the tempsrature of the
drier sections. This control depends upon the relationship of the
moisture in the paper t0 the relative hunidity of the surrounding air.
The weoond method (which {s the one of interest in this study) depends
upon the relationship between the moisture content and the electriocal
resistance of paper. This method is not generslly used to control the

drying process but is employed far recording the woisture content of

paper.

It iz desirsble to maintain low moisturs contents when paper
1s employed for eleetrical applications. To facilitate its use in this
field, numerons studiss have bsen carried out in the low meisture con-
tent range and theorias have daen set forth to explain the observed

phenomena.

The resistance of papsr at high mofsture contents 1s important
only on the paper machine. As a result, little work has besa carried
out in this ranpge. BRecause of the lack of data regarding the mechaonism
and related phenomens im the high moisture range, this study was under-

taken.
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The paper web entering the drier section of the machine may
contsin up %0 50 per cent water, and the resistance at this point would
primarily de the resistance of the water in the sheet. As the paper
wveb proceeds through the drier seetion, the resistance becomes more a
property of the paper itself. Therefore, thess investigations wers
carried out on specimens having & moisture content which might be ex-

pected at the dry end of the nachine.



HISTORICAL REVIRW

A logical approsch to a study of the elestrical resistance,
or conductance, of paper would involve a study of the phenomena with
particular reference to celluloss. This resistance is a logarithmic
function of the molsture content; however, it has baen reported in the
1iterature and it was found in this study that other varisbles common

in the mamufacture of paper affect the resistance offered by paper.

The exsct meghanism 6f condustion in paper and cellulosie
sateriale is not definitely known. Hecsuse of the very hyezroseoplo
nature of cellulose, its moisture content is dependent upon the temper-
ature and relative humidity of the surrounding atmosphers. In 1014,
Tvershed (1) made an extensive investigation of the effect of moisture
on the resistance of § pumber of insulating materials, one of vhich was
cotton. Trom his investigations he concluded that elesirical leskage
was almost entirely the result of moisture gondensed on the external
and internal surfaces. Kujiral and Akahari (2) determined quantitative
relationships dDetween imsulation resistance and relative humidity for

gotton, silk, and other fidrous insulating naterials. Veasurements of

‘the conduetance of individual cotton fibers as a function of relative

hunidity were made Dy Slater (3). His results indicated that, in the
range of 10-80 per cent relative humidity, the logaritim of the con-
ductance of the fibers is a linear function of the relative huntdity.
However, it was not shown in either case that the relstionship betwveen

resistange and relative humidity was chiefly an attributs nf the fidrous
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structure, such as that of aellulose in the case of cotion.

Murphy snd Valker () and Walker (5, 6) carried out consider-
2ble vork with cotton fiders, They found that, if the logarithm of the
moleturs gontent {the atmospherein which the samples vere cornditioned
covered a renge of 5 to 95 per gent) war plotted against the logarithm
of the resistance, streight lines wers obtained wvhose slopes wers inde~
pendent of the form of the sample and of the amount of ispurities eon-
tained in the textile, but wers characteristic of the kind of material
tested. The fact that the position of these lines was dependent upon
the smommt of impurities indieoated that the condustion my take place
through vater paths vhoss condustivity was dependent on the concentra~-
tion of the electrolytes. If these water paths are plcotured as forming
g repular space~pattern, the elements of vhich change in dimension with
the molsturs content in a way characteristic of the textile, the observed

relationship might readily be explained.

¥uyphy and Lowry (7) expsnded the theory proposed dy Murphy
and Valker (1) to apply to dislectric losxz and dielectris absorpiion
1n alternating current fields. They believed that the structure of a
dleleatric, fres ions, adsorbed ions, and neutral molecules may each
contribute to the loss and sdsorption and that the relative prominencs
of each of these componants should depend upsn the typs of dieleetrie,

the temperature, and other factors,

Sevorg and Stamm (§) made measurements upon pulps which had
been besten. Their data showed that the resistance was independent of

beating. These results would indicate that the so-ocalled hydration of
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papermaking pulp is not a true hydration but is probably a phenomenon
of fider-fider donding rather than fiber-water bdondinz. They sleo indi-
oate that conduotivity is associated with the submicro-structure of the
fibers, which would not be appreciably altersd by beating, rather than

with their mioro=-structurs.

Williems (3) suggested that, sinsce oconducting paths are present
in cellulosa, "sorbed” lons may condust electricity. These “"sorbed*
fons may be more or less tizhtly combined with the cellulose and, as
the voltage is inoreased, the gonductivity is increased bacause of the
desorption of more ions from the cellulose. Walker and Ouell (10) found
that scid washing of gotton inoreased the resistance up to 200-fold.
Lamberts and Sehulse (11) found that, by extracting condenser paper with
water nnd making conductivity measurements upon the extract, an insigzht
i{nto the electrical dehavior could be obtained. High contents of elec-

trolytioc materials wvere found in papers with poor dielectric properties.

These observations indiecats that the concentration of eleo-
trolyte will have an important bearing upon the conductivity of the test
specinen, ard indicate sgreement with the mechanism proposed by Murphy

and ¥Walker.

Whitehead (12) mtudted yower factor, conductivity, dielectric
constant, and dielectric loss as a funetion of paper density. e foumd
that the observed incrsases wers sreater than could be accounted for by
the increase in payer deneity alone. In his discussion, he sugreated
that the liberation into the insulating oil of ions absorbed on or con-

tained in the fiber structure of the paver might agcount for the inereased
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loss znd increased conductivity observed. Finch (13) pointed out that
ocertain paper ilmpurities ceused reduction in insulating resistance and
inoressed the corrosion of the copper wire. He found that chlorides,
hydroxides, sulfstes, and sulfides were the chief offenders. Becsuse
chlorides are particularly harmful, bdleached pulys are avoided. Rosin-
sized rapers and papers made on mechines with closed systems should not

bs used for electrieal applications.

There are two discrepancies which are not entirely irn agree-
ment +ith the theory proposed by Murphy and Walker (4=B). Shoryzin and
Shorygin (1) discussed the odservation that the electrical conductivity
of alr-dry paper was less than that of the water in i1t. The explanation
offered is that not all pores filled with water reach from one electrode
to the other, and that possibly part of the water is "bound.® McLean
end Xohman (15) found that, at low humigities where it is {mprobable
that the absorbed water can bo regarded as forming oconducting liouid
paths, the conductivity increases as the potential gradient and the tem~
perature incresse. The explanation was offered that ions which are
strongly bound to the cellulose structure move against restraining forces
when a potential is applied. It was obmerved that at low potential
gradients the lons finally attained a cordition of equilidrium, in vhich
case the leakage current reached a constant low walue and, vhen the
potential was removed, a current flowed in the opposite direction. At
high potential gradients the restraining forces may bresk down and =ome
of the iong become fres, thus causing an incresse in current which is
not reversible. Similar phenomens may he nhasrved om a crystal surface

containing adsort &d moisture. This behavior nay be characteristic of

surfaces containing adsnrbed moisture or ions.
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- Culver (16), in a report on the Brown ¥oist-O-~Graph, stated
that freeness, pH, speed, caliper, ambient humidity, and static would
cause no effeet upnn the resistance of paper. He found that tempera-
ture, size, filler, stook, and dys did cause the resistance to vary and.
in the actual use of the instrument, he reported that calidration was

necesasary for each typs of paper and each machine run.

In view of these observations, it would de difficult to state
definitely the exaat naturs of the masghanism of conduction of pPAREr.
In aversgs papers, which normally are fairly high in ash content, the
condnetivity would probadly bs largely ioniec. vhereas in highly purified,
dry papers the conductivity may be electronic. Vith this view in mind,
2 brief reviev of experimentsl procedures, methods of distinguishing
between electronic and ionie conduction, and the theory of lonic econ-

duetion, are pressnted.

A survey of the field of dlelestrice, without partionlar ref-
erence to celluloss, was mads by Manning and Bell (17). The guotations

in the following seetion are excerpts from this artiele.

"Substances are grouped roughly inte metallic condustors,
seniconductors, and insulators. At room temperature metallic conductors
usually have a conductivity of 103 ohn™l em.~1 or greater. If the room-
temperature conductivity of a substance iz lees than 10°1° onm™1 om."1,
1t is classed as an insulator. The substances in the intarmediste group
are cnlled semiconductors.” In view of this definition of conductors,
gomiaandiuators, and ingulators, ordinary vaper would be classed as a

senlgonducter; howsver, snecislly purified papers (e.r., condenser papers)
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would be classed as insulating papers.

*The mechanism of slectrical conduction iz zolids nay dbe
either slectronic or ionic, and various methods of distinguishing be-
tveen the two typss have heen developed. In metals the sonductivity
15, of course, electronic, and may de, at room temparature, as high as
106 ohn™! au.”l, There are also insulators and semigonductors which
owe thelr conductivity to electronie transfar. Begauss of thelr sym-
metrical structures, pure samplex of diamond and gulphur rust owe their
feable conductivity (1018 oha"l om.”l, or less) te electrons. In
heteropolar or lonic compounds thers iz the nossidility of ionie trenafer.
At ordinary temperature the conductivity of rocksalt is about 10’16
ohm~! om.”! and is due to ionic transfer., There are also semiconductors
whose conductivity is ionic. The hirhest conductivity which has deen
observed is that of the high teamperature form of Agl which has a con~

dustivity of sbout 2 ohs~! cm.~l.
EXPERIMENTAL 7.TH0DS

“Rarly investizations of the conductivity of insulators were
made by Jacoues and Pierre Curie (18) and published in 1Z88-1889, These
thoroush and capable workers established the basic method for conductivity
measurements in which the smmple, in the form of 2 plate or slab, is
placed betwaen two metal electrodes. One slectrode, which should be
rrovided with a cuard ring to eliminate surfsce conduction effacts, is
conneected throuch an arrangement of shunts and capacitances to ground.

The gurrent through the sample may be measured either by the drov across
a standard resistance or by the time required to charge a condenser of

known caracity to m given potentinl. The potential drop is usually



meagsured by an elsctrometer.

*The developaent of the high sensitivity D'Arsonval galvanome
eter provided a very direqt means of measuring the condnction enrrent
in an i{nsulator. The galvanometer, comdined with an Ayrton shunt to
provide proper damping and changes in sensitivity, is comnected between
the guarded electrode and ground. In this way currents as small as
10710 ampere can be messured accurately, but the method has the disad-

vantaczes of limited sensitivity and inherently slow response.

"The quadrant slectrometer as modified dy X, T. and A. K,
Compton (19) has e much higher sensitivity than the older form. Values

of 5000 mm. per volt are not unusuel,®

The tvo disadvantazes of using electrometears for making re-
uistance measurements are the slow response of the electrometer and the

nanual effort raguired to apply the balancing e.m.f. to the resistor.

*In the past decade, two special electrometer tubes have been
developed; the ©. . Type F. P. 54 (20-22), and the Western Xlectrie
Type D=96475 (23). In these the object is to reduce the grid cnrrent
to the lowest possible velue. The grid current in these tubes under
norwal operanting conditions is less than 10~15 awpers, compared with
about 10710 1n an ordinary radfo tube. Since currents of the same order
as the grid current can be messured, these special tubes extend the range
of measurements by a factor of 10’l beyont that of a high aensitivity

galvanoneter.

¥In the simplest eircuit for an electrometer tube, the change
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in plate osurrent is used to indicate a change ia grid voltsge, This
arrangemant suffers from instability, nonlinearity, and low amplifica-
tion. The most yprominent causes of Instability are drift of Iilament
and plate supply voltsges and changes in tube characteristics with time.

YA more satisfactory arrangement is a bdalanced eircuit employ-
ing only one tube and using a resistance network to compensate for changes
in battery voltage and tube characteristics. A good comparative disous-
sion of the various dalanced eirecuits has been given by Femlok (23). He
shows stablility characteristice for the Harth ocircuit, which is considered
mont zenerally useful of those hs investigated. As battery voltage is
veried, deflection of the galvanometer in the plate oirecuit decreases,
and resches a minimum at a particular dattisry voltage. When the cireuit
1s operated in the neighborhood of this minimum, first-order sffects of
battery voltage fluctuations and changes in filament emission sre elim-
inated. A very stable cirouit results vhose gero-point drift $e neg-
1igivle.”

Tatel, Monaton, and Luhr (24) developed an electron amplifier
using an ordinary tube. They used & pentagrid converter in vhich two
of the grids were used as the plate., With their cireouit the grid current
was of the order of 1010 ampere, thus msking possidle the measurements
of currents of that magnitude. The amplifier, naturally, could not be
used to measure currents of the same order as those measurable with the
Yestern Fleotric or Ceneral Tlectric electron amplifiers; hovever, it

wonld he quite satiefactory for menmurinz the resistance of most parers.

Instruments desirned to mensure the resistance of pepers have
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been reported and a few ars in use for indicating the moisture content
of paper. The Brown Molst-O-Uraph (16) and the Barber~Colman (25) in-
strusent may be used on the paper mschine; the Hart moisture meter (26)
and the Tag-Heppenztall moisture meter (27) have deen suzgzested for labd-
oratory testing. |
SETHONS OF DISTINGUISRIKG BETWARY
ELECTRONIC AND IONIC CONDUCTION

*One of the important questions to be settled defore the phe-
nomena of eleetrical conduction in 20l4id salts can be understood is
whether the eonduction ix dus to the motion of electrons, positive ions,
negative ions, or to tvo or more types simultaneously. Actuslly, it is
prodable thas there will be some contridution from all three types, dut
for a glven material at a particular temperature it is usually found
thet one type predominates.

*There are certain phenomens which ususlly sccompany electro-
lytiec conduction and which can usnally be iaken as evidence that a por-
tion, at lsast, of the current is carried by lons. OUne of these phe-
nomena is polarization. As was mentioned in the introdustion, when s
potential difference is applied to a substance like rocksalt, the current
does not stay constant, but decreasss with time. At ordinary tempers-
tures, the change continues for minutes or even hours and the steady~-
state current may he less than 1/1000 of that vhich flowed when the
potential difference was first spplied. Another phenmomenon which is
sonetines difficult to. investigate, but vhich is usually definite evi-
dencs for electrolytic conduction, is the mestual aprearance of material

at an electrode.
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"One of the best indisators that a portion of the condustivity
in slectronic is odtained from studies of the Hall effect. If a mapz-
netic f1eld is applied perpendiculer to an elestronic current, a poten-
tial difference appesrs perpsndicular to the plane of the magnetic
fie1d and the current. Tven for an elsctronic condustor the Hall effect
sometimes vanishes in a certein temperature range, (gg) but it is naver

found for = purely ionie conductor.

"However, the hast mathod of determianing what proportion of
the total charge is transferred by each type of oarrier is by studies
of the applicabllity of Faraday's law of electrolysis, which should,
of course, be valid for solid lonie condustors as well as for fused
salts and water solutlons. This method was developed by Tudandt (29)
end has besn applied by him and his ansociates to a large mumber of

substances.”
10KIC QOHDUCTIVITY

"At temperatures near the melting point the conduotivity of
sn lonic crystal 1s much less ambiguous than st lower temperatures.
The conductivity may vary somewhat from one sample to another, dut
usually by much less than an order of magnitude. At these temperatures

polerigation phenomena are negligible.

%At lowsr tewperatures the hehavior is much more complicated
than s the hish temperature region., The effest of small smounts of
impuritiss is much more marked and the conductivity depends upon the

pravious thermal history of the particular specimen.
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"The variation of eurrent in a dielectric with time was studied
by Hopkinsom (30, 31) and the Curies (1§) mors than fifty years ago.
It was later studted by Tank (32) »nd "Hohardeon, (33-35) and still
later by Jaffs (36, 31). Recently a mumber of Russian and Cerman iamves-

tizators have worked om the prodlem.

"The general phenomena are as follows: ¥hen a potential dif-
ferenge is applied to s dlelectric the current changes with time. It
has not besn possible to determine the current at very small time inter-
vals after application of voltage, but all results indicate that it
rises very rapidly toward ¢t = 0. At ordinary tempsraturss the steady-
state value of the current may be reached only after several hours or
even days and may be es low as 107 of that observed initially. If the
speeinen is short-circuited, it is found that a current, known as the
discharping current, flows in the reverse direction. If the steady state
has been resched before short-circuiting, the discharging current shows
sssentially the same variation with time as the charging current. At
room temperaturs, for a poor conductor like rocksalt, the ouantity of
slactrieity which flows in the reverss direction is almost as largze as
that vhich flowed in the positive direotion. If the steady state has
not been reached, the quantity which flows during discharge is »till
approximately equal to the quantity which flowed during charge, btut
the initial current for discharge is equal to the difference of the

initial and finsl currents during charge.”
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OUISOTIVAS

The specifie aim of this work was a study of the resistance
of paper at high moisture contents. This involved the development or
adeptation of equipaent for mesmsuring high alternating and direct cur-
rent resistances. It was proposed to study the extent to which Uhm's
law was obeyad and the influence of temperature, electrolyte content
of the sheet, and chemical treatment of the pulp on the specific resiat-

ance of paper.

Parther, correlation between certain chemical constituente
end tests such a¢ lignin, copper number, uronic asids, alpha-~oelluloss,

and ash with resistance was to be attempted.



EXPURIFONIAL APFATATUS AND PROCEDURES

In briaf outline, the resistance measurements were made on
conditioned specimens which were placed between the test electrodes in
a controlled relative humidity cabinet. The direct current resistances
were obtained by applying a known voltaze across the test specimen and
a stendard resistor and then indireetly measuring the ourrent through
the aircuit by determining the voltaze drop across the standard resistor
with a vacuum-tube volimeter. The alternating current resistances were
measured by s Wheatstone bridge whioh amployed a two-stage amplifier and

cathode ray tubs as a detector.

This section contains a detailed description of the apparatus

and the experimental techniques.
TR COFTROLLAD RALATIVE HUMINITY CABIS LY

Two cabinets were constructed. One (the control cabinet) was
used to condition the air which was circulated through the second aabi-
net (the testing cabinat), whare the samples wers conditioned and the
resistance measursments made. The double-walled boxes were 3 feet wide,
3 feet high, and 2 feet desp. The 1.5-ineh space between the 1/2-inech
plywond walls was filled with redwood dark fiber $o provide thermal
dnsulation. The front of each cabinat was provided with a doudble window,
1 x 2 feet; the air space betwesn the two pleces of plate glass fur-

nighed thermal insulation.
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The back adge of each cabinet was hinged to the floor of the
cabinat. The floor was fastened to the top of the ladoratory desk so
that the cabinet wae opened by tilting it about the hinges. A atrip
of ruddber tubing fastened to the botitom of the cabinet walle effected
the sesl azainst the floori this seal was insured by drawing the ocabdi-
net tightly ageinst the floor with stove bolts provided with wing nuts.
All jJoints wvere gaulked, and the inside of the cabinets was given two

coats of moisture~rosistant paint,

The testing esbinat wes provided with two arsholes (7 inches
in diameter), which were fitted with sleeves and gloves so that the
elootrodes and speeimens could be manipulated wvithout opening the cabdbi-
net, When not in use, the armholes were coversd with pleces of glass
which were ¢lamped against rubber-tuding gaskets cemented around the
holes.

A bimetallic thermeresulator controlled the temperaturs in
each cabinet. Throughout most of the work two 25-watt lamps in each
ecabinet provided the heat, At the higher temperatures it was necessary
to nas a 500-watt radiant heater; in this ease, the thermoregulator

operated a relay which contyolled the heater.

Cireulation of the air within each cabinet was effected by a
10=inch fan mounted on top of the ¢abinet. The motor was fastened
abave the cadinet =nd an extension shaft passed through the top to the
fan blades. A short lenzth of rubber tubing acted as a flexidle coupling
batwesn the motor and fan shafts. Two brass plates serewed to the top

of the cabinst, one inside =nd one outside, acted as bearings for the



extenslon shaft.

Two l=inch pipes provided with couplings connected the two
cabinets ond carried the air from the gontrol cabinet to the testing
cabinet and back again. A hand vaguus cleaner produced this ciroula-
tion of air bBetween the eadinets. The vacuum clesner motor was operated
at reduced voltage, and the rate of air flov was further reduced by
means of a 1/i~inch arifice in the inlet pipe to the testing cabinet,
This provided an adequate flow of sir and reduced the pressure differ-
entials so that there was not on excessive leskage of alr and moisture

from the testing cadbinet.

Trays of saturated salt solutions controlled the relative
humidity of the air in the control cabinet during most of the wvork.
At the higher tewperatures the relative hunidity was contrelled by in-
Jecting stean into the conditioning cabinet, An electrie hysrometer
(38), in conjunction with an alternating current Wheatstone bridge type
of recorder snd controlier, operated an electric janitor which opened
and closed the laver-operated steam valve. The steam passed from the
valve through s condensate trap to a T~tube, one leg of which was open

to the room, and then into the conditioning sabdinet.
A sketch of the testing cadinet is shown in Figure 1.
ELYOTRANES

Two types of electrodes wers used in the resistance measure-

nents; one pair consisted of stainless stesl and the other of mereury.
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One of the stainless steel slectrodes was a flat plate, which
vas used as the bottom electrede. The parer specimen was laid on this
plate snd the upper, diskeshsped electrode placed on it. The upper
electrodes were made by woldering sheet stainlesu steel to the ends of
1ron rods of sultadle diameter. These rods were then turned down to
the desired final diameter, the stzinless steel ends ware faced off,
snd ground on plate glass with 600-mesh carborundum. Xlectrodes havizg

diameters »f 1,50, 2.54, and 3.08 em. wera yreparsd in this manner.

During the experirents in which the electrode pressnre wes
varied, the weights of these electrodes wers changed by vlaeing addi-

tiona)l weights on them.

Yor the vork which required twe mercury electrodes, the bottom .
alectrode was a pool of mercury in a beaker. Two-centimeter lengthe of
glasw tuding (having san internal diameter of 1.5 om.) were cut, and one
end of esch tube was ground flat on plate glass using 200-mesh carborun-
dum. The parer specimens were sealed to the ground ends of these tubes
with a mixture of gum ropin and erude beeswax. The snecimen-covered
end of 2 tube was placed on the mercury in the beaker and 30 grans of
meroury were poured into the tubeg this merenry constitutad the upper

electrode.
170, RESISTALLR

A schematic dlagzrsm of the genersl arranrement for measuring
the d.c. resistence of psver is shown in Figure 2. The resistance is

measursd indireesly by applying a known source of potential (X) across



the raper sample and a standard resistance and applying s counter e.m.f.
betveen the standard resistor (3,) and ground, until the point 3 be-
tween ,_T_t.x (the resistsnce of the aver arecimen) and the standard re-

sistor (R,) is at pround potential, as indicated by the yolimeter.

The sounter potential (¥.) apylied by the potentiometer to
bring the point betwesn the two resistances to ground potential, is
equal to the voltage drop (¥,) across the stendard resistor. Thus, the
difference between ¥, and ¥ is ecual to the voltsge drop (V) scross
the unknown resistance. Using Ohm's law, the curresnt (1) through the
resistances ies calculated as I = L/gﬁ Knowing this current and the

voltage drop across the parer sample, the resistance of the paper sreci-

men is calculated as R = ¥V /I.
D.Ce VOLTHETHR

Oririnally, a vacuus=tube voltmeter employlng a F.F.~54 (as
placed on the market by General Klectris) was to be used for measure-
ment of the d.c. resistance; however, fallure of the tube and the im-
possibility of replacing the tube made conversion to another tube nec-
essary. Tatel, ¥oncton, and Luhr (21) have descridbed » voltmeter employ-
ing & pentagrid converter tube in a msnner similar to that nf the
F.7,~54, This tube (1-A=6) was used in the modified circuit (Figurs
3). The galvenometer was a Leeds and Forthrup instrument (type R)_

having a current sensitivity of 10-10 anpeare Ler mm.
pUNLATTEL FOR OCCAKINT L, RISISTAVCE  EATURICTEITS

Refore any measurements could be made, 1t wae neceamary to
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allow the voltmeter to warm up for n half an hour or more. In most
eases the instrument was operated contimwously, because little current

was drawn from the storage batteries used for the filament supply.

The experimental rrocedure was the following, refarence belng
mzde to Figure U:

1. The desired voltage was applied across the gample and the
standard resietor (Switch S3 in position 3; Sh in position 2, 3, or U
depending upon the voltagze desired).

2. The potentiometer was standardized againet a standard cell.

3. With the control grid grounded (S- in position 1), the
space grid potential was adjusted by chenging the variable resistances
in the apace grid ecircuit to the value where variation of the effective
supply voltage caused the galvanometer deflection %o pass throush a
ninimum. The plate mpp).} voltares was then adjusted to the point jus¢
to one side of the minimum. The side of the minimum was chosen so
that, when the instrument drifted, the drift was in the direction of
the miniwum, ,

4, With the eontrol grid still groundqd. (Sp 4n position 1),
the potential of the apmce grid was adjusted with the variable low re-
sistance in its cireuit until the gaolvanowetar showed no deflection.

5. The control grid was contaoted at the point betwecn the
standard resistor snd the unknown resistsnce (S, in position 33 5g
was thrown up), and the counter e.m.f. supplied by the type X poten-
tiometer was adjusted until the deflectisn of the galvanometer was

again zero, The standard resistor uged in the measurenant wvas of the
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sans order of magnitude as the unknown resistance and wvas selected by

the setting of 5y,

Becanse of the change in the resistance of the specimen with
time, the value of the counter o.m.f. was taken exactly 5 ninutes after
the potential had besn spplied to the svecinen.

6. Finally, the petential applied to the standard resistor
and enmple was messured by contacting the potentiometer across the

battery, closing §‘5’ and baleneing with the potentiometer.
CALIBRATION OF 1,0, STANIARD HRSISTORS

A precision lemegohm resistor was placed in the position nor-
mally oecupied by the unknown sample. The gbove-described procedure
was followed, and the values of the two standard resistors used was cal-
eulated from the formula

Ry = 106( Ve ),
A

whare B, equales the vesistance of the standard resistor, ¥, enuals the
counter e.m.f,, and ¥ equals the woltage applled across the standard
resistor and the precision resistor. The values found for the two

6

standard resistors were 1.06 x 10" and 0.228 x 109 ohms.

K.C. RESISTAVCE

The ¥haatstone brideze methad of measuring ordinary resistances
1g ons of the moet common and convenlent procedures used at present, A

schematic sketch of such o bridge {s shown in Figure 5,
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WYFEATSTOLE BRIDGE

Mgure 5

when the cirecuit is completed by cloming the key &), o current

from s sourge of potential (E) divides at A3 pars of i¢ (I3) flows
through the eireuit ADE and the other part (Is) flows throuch AFE. If

By 1s the unknown resistance and the other three are known and adjustadle,
and are set s0 thet no current flows through the galvanometer when the
Key X, is clowed, the points D and T are at the same potential. Under
thess conditions, the potential drop from A to U 1s equal to that from

A to P, snd that from D to 1 is equal to that from P to B, Thersfors,

IpEy = IRy and

Ioho = IyBn
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Dividing the first equation by the second,
By /Ry = Ry/Rn,

ay

Be = MyRa/Ra.

Many “heatstone dridres, including the one used in this study,
4o not have three known variable resistances for measuring the unicnawn
vosistance, The bottom half of ihe bridgs (By snd Es) mey consiet of
a uniform slide wire resistance ani a eliding contaet, which 1s comnected
to the deteator. Uy chanping the position of this contact, the ratio of
3, to > oan be varied. The third reeistance, however, must be known
and, in cazes wvhere the range of resistancas %o Ya measured is large, =
numder of resistanoes of known values, depanding upon the range throush

vhich the ratlo of % %o 1, ean be voried, must be avallable.

The above discuesion aprliaes \}han d.¢, voltagas are used and
doms not represent a true pieturs of the actusl eiroumstances involved
iﬁ this work, i.s., m.0. operation. A mare acourate ricinre may dba
obteined 1f the electrode=paper system is considered a “leaky" condenser.
If the paper has an aprrecisble conductivity, such s condenser osn be
revrasentsd to » fivet spproximation by a perfect condenser Gy and a

parallel resistance Rp.

(@]

-

A
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A bridge capable of measuring the true resistance of the sample
{n the above system would be similar ¢o the one used in this study, with
one exgeption. Capacitances of the same order of magnitude as that of
the paper-electrode system would have to he connected across the refer-
ence rasistors. The dalancing of this bridse would involve not only
balancing the resistances dut alss an adjustment of the capmaitance
aoross the raference resistances to the point vhare the voltare and
the ourrent were in phase, Thizx dalance wonld he indicated by a2 mini-

mut siznal to the detsctor.

A.C. BRIDGE
Tigare 6

At balance, it may be seen by spplication of Xirchhoff's laws
that
L4 = 34
and »
Zolo = Ddy.
Beornse §3 = 4o wnd 43 = 4, L/is = Z3/Zy when the second equation

sbove 1s divided into the firsd.
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Actually, the imredences :{5_3 snd Z) are resistances snd may
be repressnted by _3_3 snd Ry, resnectively. The impedances %, 2nd Z,
cannot be represented guite as simply. They are each made uy of a
caracitance and a resistancs in parsllel, and may be ex;ressed by the

comrlex equations for the admittances

Y =17 = 1Ry + 32788 (1)
and '
Y, = 1/2, = 11, + 12128, (2)

where 1/R is the condnctance of the resistances and P7£C is the sue-

ceptance of the capncitances, Uividing “auation (2) by (1) gives
RolBp = Lol = Bzl

becsuse souslity of complex cuantities implies the eaunlity of both

real snd imaginary carts.

If the balancing capacitanes (Figure 6, Cp) is omitted and
the circult shown in Figure 7 is used, the true resistance of the speci-
men is not messured. In such a case, the value memsured ix the im-
pedsnce (zse above -aragraph)

Zy = Rpf 1+ (2728 %,)° )

This imredsnce will not differ mnterially from the resistance,
R.o a8 long av &, 48 small compered with the reactance, 1/24£C, of

the capscitance of the electrodes.

In thia study the halanceing caprncitance was omitted; thus,
an error was introduced into all a.c. maasurements. However, thls error
waer negligidble, mccording to the following celculation, Assume that

1t is vermis=ible to make s 10 ver cent error in measuring Z~-i.e.,
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that the measured impedance may be only 0.9 Rx. Using 1.50 om. as the
dismeter of the condenser, assuming s dielectrie constant of three fop
paper, snd using the ealiper of the thinnest sheet (0.0093 om.) as the

plate seraration, the capacitance for GO=-cyele ocurrent is

C = 0,0885 7(0.75)2(3) = 50.5 s« «fd.
0.0093 e

Sinca the allowable error is 10 per cent, 0.9 EP "= gl. Subhstituting

1a Zquation (3) and solving, X, = 3.39 x 107 ohmx and Z, = 3.83 x 107
ohme, This celenlation indicates that a capacitance correction ves

not necessary in this study, because all of the resistances measursd
were low in comparison with the caleulated maximum mesasurable impadance,

which would be within 10 ner cent nf the true resistance.

The bridge used in this study is schematically represented
in Figure 7. A two-satage amplifier {FPigure &) was used to detsct the
balance of the bridge. The output sf the second stage of the amplifier
operated an electron eys tube, which remained closed vhen there wae no
gignel o the input of the amplifier. Later the signal from the second
stage way carried $o an oscilloscope, which indicated the balance by a

ninimum amplitude in the wave form.

Beenuss high resistances wera to be measured by the dridge,
extreme inmulation precautions had to be undertaken., In order that the
measursment of the reaisinncon mirht he successfully carrisd out, all
leads on the uprer half of the bridge wera of the bus bhar type shislded
by groundsd copper pipe. The occesionnl supports necesssry tn vrevent
shorting of the wire and pipe were polystyrens disks. The leads on

the lower half of the bridge were made with highly insulated, shielded,
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microphone cable in which the shield was grousnded. Further vrecan-
tions against pickup from stray electrical fields were taken by cover-
ing rll vefsrence resistora, power supply lesds, and the General “adio
potentioneter rhecstat with grounded zatal shields. Because danger

of leakaze resistpnoes had to be eliminated, the awltch used in the
instrument for the reference resistances was of the sirple~gang,

sultiple-pole, Isnlantite typs.

The unknown resistance was roughly balanced, im the upper
part of the bridgze, by selecting & referernce resistance of the aame
order of magnitude. Theme reference resistors covered a range from
10h to 109 chms. The lower part of the dridge consisted of a General
Radio potentiometer rheostat (type 471). This potentiometsr hrd a
d42) equipped with a vernier and, by referemce t{c the ealibration
curve of the potentiometer or slide wire, the ratic of Ry to R, for
any d4ig) readinz could be obtained.

For most measurements, voliage was spplied to the bridge
through en isolating transformer. This transformer, in turn, was sup~
plied by an subotransformer (Variss) operated from the 110-volt supply.
When frequency stuiies vere made, the voltaze from the varisble fre-
quency motor-generator was supplied to the dridge through a voliage

divider,

The detector nsed with the bridee was 2 two-stage smplifier
employing AJ7 tubes. ‘ach stsre wes shiclded from the other, ani the
filament current was surplied by a b-volt storage battery to elinminate

the possibility of S0-eyele pickup. The amplifier opersted a 615
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slectron-ray tube or an oscilloscope. The entire amplifier, as well

as the plate supply batteries, was mounted in a metal chassis.
CALIBRATIOX OF A.C. BRIDGE SLIDEWIRE

In order to calibrate the General Radio type U7l potenti-
ometer rheostat used as the slide wire in the a.c. bdridge, another
Yheatstone bridge was set up employing two Leeds and Forthrup (0-999
ohms) standard resistance boxes im the upper arms of the dridge and
the potentiometer as the lowsr arm of the dridge. A Leeds and Northrwp
portsble galvanometer wae used for detecting the balance point, and
6 volts were employed for the power supply. By variation of the two
standard resistance boxes, it was possidble to obdtain the ratio of the
resistancs of one side of the potentiometer to the othar at various
settings of the dial. TFigure 9 shows the calidbration curve for the

slide wire, and Table I presents the data.

6 volts
:|l||]l;

R3 end Ry Leeds 2nd ilorthrup (0-999 ohms) standard resistance boxes
G-Leeds and liorthrup portable Galvanometer
R, and R, 1000-ohm, type U71 General Radio potentiometer rheostat
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TARLE 1

CALIBRATION OF GRNRRAL RADIO (TYFR® h71) POTENTIOMETER USED IK
ALANRIATIESR FIRRAIT DRINGHE

Vernier
Reanding

O%G

200
200
200

k2

0.2272
0.2125
0.3283
0.3841

LTy

0.
0.5133
0.5852
0.6739
0.7678
0.8729

0.9048
1.1302

1.2847
1.4680
1.673k

1.9061
2.2016
20_)6 6
3.0041
E 6580

1395



Pigure 9

Calibration of Geperal Radic (Type M71)
Potentiometer used in Altormating
Curvent Bridge

Vernier Reading
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CALIBRATION OF A.0. REFERINCE RUSISTALCHS OF BRIDOR

A known rasistance of snitadble value was placed in the posi-
tion normally oceupied by the unknown resistsnce (Figure U or 5). One
of the reference resistsnces was connected, and the bridge war balanced
by adjustment of the slide wirs, The slide wire ratfe determined from
previons calibration of the slide wire was divided into the value of
the known resistance to odtain the value of the reference resistance.
In cases of hirh values of the reference resistances, it was necessary
to place & correspondingly hizh resistance in the position af the um=
known resistsnce ond ealidbrate this resistance sgainst one of the lower
reference resistances. Then, the next higher reference resistance vas
calibrated against the resistaree in the unknown positfon. Table IX

prosents thexe calidration data.
PROCEDURE FOR MAKING A.C. MRASUREMEKTS

Thiz measursnent wvas gquite simple. Reference {s azain made
to Pigure 4. After the electrodas were placed in position, switeh _5_3
was plaged inm poxition 2, the slide wire was set in the middle of the
soale, snd the supply voltage was adjusted. The reference resistonce
which gave the minimum sigznal to the eye tubs or the ogollloscope was

solected, and the final adjustzment to a minimuam siznsl was made with

the alide wvire.

The resistance of the sample was then caloulated by noting
the slide wire ratio corresponiing to the vernier reading snd malti-

plying this value by the value of the reference resistance, The



TABLE I

CALIBRATION OF RUFURLNCE WESISTALCES IN ALTERNATING CURRWNT BRYNGH

Calidrating Reference

Switeh Resistance Yornier Resistance
1 9.220 x 103 51.6 0.953 9,680 x 103
2 1.500 x 102 35.0 1.570 1.020 x 103
3 1.000 % 10 5.6 0.885 1.130 x 100
1.500 x 107 37.0 1.500 1.070 x 107
5 1.500 x 107 90.8 0.320 4.690 x 107
6 1,263 x 108 55.0 o.nzsa 1.405 x 108
7 1.263 x 108 96.0 o. L,7% x 108
g 1.350 x 109 37.3 1.390 0,972 x 10°
9 1.350 x 109 42,0 1.223 1.102 x 109

|
Position ohms Rending By/Rs ohms
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voltage supply to the bridge vas controlled by the Variae. In cases

where the freguency was varied, the voltagze was controlled dy a voltage
divider and the frequency controlled by the speed of the motor driving
the variable fregquency generator. The speed of this motor wasx measurad
with 8 Strohotme and was eontrolled by wvariation of the position of the

drushes on ths commutator of the motor.
WIRING OF APFARATUS

The sotual wiring of the complete apparatus for d.c. and a.c.
neasurenents is shown in Figure 4, snd only the more importsnt points
will bde discussed in this section. The leads to both slectrodes were
introduced through the floor of the testing csdinet. The lead from
the slectrode to the stendard resistances in the case of the d.c.
measurerents and to the reference resistances in the csse of the 2.c.
measurenents was carried in a zrounded copper pipe. The supports
neeessary to prevent shorting of the wire inside the pipe were poly-
.ltyrono disks. The lead from §_e ta the grid of the d.c. wvolimeter was
the only other lead shielded in thie manner. The other shielded leadse
used in the apparatus were highly insulated, shislded, microphone
ceble. Tor further protection against leakege, switches 5y, 3o, aMd

Sy were insulated with Isolantite.

By use of a double-pole, double-throw knife switch (Sg), the
tyre X potentiometer could be used to supply the counter e.n.fy and
slso %o measure the aprlied voltage in the d.c, cirecuit. This poten-

tionater could not be used to memmure voltages greater than 1.6 volts,
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unless a greater supply voltage was supplied to it. To avoid this in-
sonvenienge, the voltsze divider arrangement shown in Tigure ! was
employed. A% voltagez greater ¥han 1.6 volis, only a known fraction
(0.231) of the rctusl voltmge was mensured.

PREPARATION OF STOCK

Daring the preliminary investigations and the consideration
of varisbles which mizht influence the resistance of parer, certain
precantions in making measurements bscams necessary. DBecause the
phenomenon of conduction =ay be electronic, lonie, or both, the rresensce
of electrolytes in the test ppecimens must be eliminated or the test
apscinens should be praparsd in such a manner that the slectrolyte
content is uniform and constant; otherwise, the effests of yariadle
slectrolyte content might mask the effects of chamges in the other
variables under study. Iaitially, efforts were made to eliminate the
alectrolytes frow the pulp hefore the preparation of test samples, by
the use of zeid extraction, by dislysis, and finslly by means of
electrodialysis, but they met with little success. On the basis of
the sxperimental work and reports in the literaturs (33, 40), it was
concluded that 1% would de 2ifficult to eliminate slectrolytes com-
pletely and, hence, it was decided to use test specimens which had a
uniform and eontrolled ash content. To schieve this aim, all pulp
was subjected to a prolonzed extraction with a definite volume and eon-
centration of calelum chloride solution, and the test sheeils were yre-

pared under identical conditfons each time.

A1l samples were stirred contimmonsly for 2L hours with 100
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tires their walpht of O0.5-molar cslecium chloride. This suspension of
yulp in O0.5-molar calolum chloride constituted the stock used in sheet-

m&kin& .

In one series of expeviments the starting pulp (unblemched
western hemlock mulfite) was chlorinated, bdlesched, and treated with
osustic to prepars au alphs pulp. Samples were withheld at each stape
and ennverted into test specimens to determine the sffect of chemicsl

treatment upon the resiztance of paper.

The prosedures used in the chemicsl treatment of the pulp
vers as follows., FEight hundred grams of undbleached sulfite (permanza~
nate nusher of 11) at 3.5 per sent final consistency and 80° ¥. ware
treated with 72 grams of chlorine (dissolved in water) to practiesl
sxhaustion of the chlorine. The stook was then washed with cold water,

pressed, broken up, and stored.

Five mndred grams of this chlorinated stock at 5 per cent
consintency and 100° ¥, were treated with 1.5 per cent chlorine in the
form of bleach liauor to practical exhaustion of the chlorine. The
remlfing stook was tharoughly washed with water, pressed, broken up,

and stored.

The final chemical treatment aonsisted in the preparation of
an alpha-cellulose from s portion of the above bleached pulp. Institute

method 421 (X1) was used for the vreparation of the pulp.
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SHEWT MOLD USRD FOR THE PREPARATION OF THST SPROIMENS

The nrocedure for the preparation of sheets was basically
the aame as that specifisd im TAPFI Standard T 205 m=i0 (42). However,
since the dimensions znd constraetion of the sheet mold nsed were dif-
ferent from those of the British mold, certain deviations from the

accepted vrocedurs were netessary.

The sheet mold consisted of a slass cylinder M3/l inches
in diameter rreparsd by cutting both ends off m resgent bottle, =
Bchner funne)l into which the eylinder fistad, some rubber tubing, a
3eway stopoook, and a wooden box which supportsd the entire setup.
The ares of the sheet was 1%.2 square inches, and a 0.56-gram sheet
gorrasponded to the standard 1.7=-grsm sheet of the TAFFI Standard.
T™hes glass cylinder was ground flat on one end and was held against a
rubber gasket (made of 1ipht rudber tuding which wax cemsnted to the
Bichner funnel) by heavy rubber bands, thus securing a watertizht seel.

The required smount of stock was poured into the cylinder,
and distilled water was introduced through the stopeock to fill the
eylinder to within 1/2 inch of the top. During the siudy of the de-
rendence of resistance upon esliper, 0.5-moler eslcium chloride rather
than distilled water was used to £i11 the cylinder. The stock was
stirred in the manner specified, and tha water or caloimm chlorlde
solution was drained off. The sheat was formed on a 150-mesh wire,
which was held flat by spot soldering at its periphery to a heavier

backing wire.
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After the sheet was formed, the cylinder was removed and the
wire, which rested inside the rubher gasiet, was taken out and placed
on a blatter. Two more blotters were placed on the sheet, which was
couched from the wire im the manner specified by the TAFPI Standard.

The rressing of the shests was carried out in the ususl manner,

Sheet Mold
x Inside dismeter = 4-1/L inches
< Glass cylinder
- Outside diameter = 4=3/U4 inches

Bichner funnel

3-way stopcock
Distilled water inlet

Drain

Upon completion of the pressing, the paper sample remained
fixed to the chromium disk} however, becauss the shest was of a smaller
diameter than the disk it could not be dried in the usual mamner. To
ectorplish this, the disk and sample were placed on a board and a metal
ring having an inside dlameter of 3-1/4 inehes was placed on the paper.
The metal ring was held firmly againat the sample and disk by a thin
strip of wood which, in turn, was held to the board with carriage bolts
end wing muts. All samples were air dried and then conditioned in the

tenting cabinet for at least 2l hours before testing.
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BXPERIMZNTAL %ORK

The firat step in making resistance messurements of a heter-
ogeneons material (such as paper) is the construotion of an electrods
systen which will furaish results reproducibly and acourstely. It was
decided that it would be desiradle, first, to investizate the dependence
of the resistance upon the area of the electrodes im contact with the
test specimen; second, to make a study of the pressure of the slectrode;
and, finally, to study different types of electrodes. Upon the basis
of the above studies, the electrode system used for subsequent veasure-

nents would bYe salected.

In 211 tests using s stainless steel electrode system, the
bottom electrode was a shest of stainlese steol insulated from the
grounded shield by a flat piece of polystyreane, and the top slectrode
was 2 disk of tha metal of the desired diameter. The electrods ares
was variad in three steps by succe:sively using uprer elecirodes of
threes d4ifferent sreas. In the actual measurements, it was necessery
"to make certain that the yressure »f the various slectrodes was known

and controlled: otherwise, the resulis could not be compared.

Irregulsrities in the caliper of the test specimen might
csuse varistions in the results obtained, The following steps were
taken to eliminate this factor when measurements vere made with eleo-
trodes of difrferent areas, The suecinmens were first calipered. and

an arep nf each snecimen having constant thicimess was marked. During
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the resistance measurements, oare was taken to plsce the elsctrodes
within the designatasd area. Table JII shows the results of the resist-
ancs messurements on handsheets of unbleached sulfite pulp. In further
teets (Tebles IV and V), o machine-msde rag drawing raver of uniform
caliper was used. A third series of tests was carried ont with an
analyticsl grade of filter paper. This paper was not only uniform in
galiper but slse had a very lowv ash content, which would tend to mini~
mize variations that might be emused dy changes in ash content over
the surface of the sheet., These results (Table V) show the least de-

pendenae of the specific resistence upon the electrode ares.

A further variadle which,had to b considered, not only in
the above but in 211 measurements, was that resuliing from the mechani-
cul operation of placing the load upon the various electrodes. It was
found, during preliminsry tests, that variations in the measured re-
gistance resulted 1f the load was not placed on the elsotrode in such
2 manner that the center of gravity of the added welights was over the
gsenter of the elsctrods. Thersafter, cars was taken to load the eleo-

trodes symmetricslly.

To study the effect of electrode pressure, different loads
were placed on the top electrode so as to vary the pressure from 0.1
to 0.7 ke./sq. om. Tables III and ¥V present results for three differ-
snt slestrode aveas. "he datm in Tahles IV and VI are for an electrode
vith a diameter of 1.5 om. The samples wers unbleached sulfits, 100
per cent rag drawing paper, and Genuine <hatman filter paner Fo. yo,

The mast uniform resnlts wers found with the rag drawing paper
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TABLE IIX

VARTATION OF RVSISTA OB WITH SIRCURCDRS OF DIPFERTNT ARMAS AND

DIFFEREET LOADS FrR URIT ARKA

Sample, 1004 unbleached sulfite

Humidity at which samples were eonditioned, 85%
Calipsr of test samples, 0.0042 inch

Voltage applied scross a.c. bridgae, 110 volts
Temperature at which test was carried out, 30° C.

Dirset Current Resistanoce

Welght Yt./Unit YVoltage Y, B, Ry
Ares Applied
£ xg./em.?  volts  volts ohms ohms

Flestrode specifications!
Dinmater, 1.5 om.
Area, 1.765 sag. cm.

176 0.1 1.593 0.138  1.059x106 11.16x20°
52 0.2 1.59 0.109 1.059 1h.hg
58 0.3 1.593  0.107 1.059 15.40

705 0.l 1.592 0.218 1.059 6.66

ss2 0.5 1.50% 0.183 1.05% 8.17
1058 0.6 1.59% 0,300 1.059 4.59
1235 0.7 1.59%  0.260 1.059 5.97

®lectrode specifications!
Tismeter, 2.5U om.
M“a. 5007 ;z- cH. 6 . 6

507 0.1 1.59% 0.4 1.059x10°  2.97x10
1014 £.2 1.59%  0.612 1.059 1.70
1521 0.3 1.59%  0.604 1.059 1.73
2028 0.k 1.595 0.553 1.059 1.99
2515 0.5 1,598 0.627 1.0%9 1.63
3042 0.6 1.5  0.601 1.059 1.75
3549 0.7 1.595 0.610 1.059 1.70

Electrode specifiaations:
Diameter, 3.076 om.
Ar’ﬂ. 7.’4!“' L1 on.

Tuh 0.1 1.593  0.330 1.059::106 h.osxloa
1hgg 0.2 1.59% 0.2 1.059 5.82
2232 o.& 1.594%  0.M62 1.059 2.59
2976 0. 1.59%  0.185 1,059 6.3%
3720 0.5 1.59%  0.700 1.0%9 1.38
HITan 0.6 1.59%  0.683 1.059 1.4
5208 0.7 1.59%  0.652 1.059 1.52

Srecifie
Renistance
shms~-cn.

18.ugx10%
23.80
25.%0
10.85
13.50
7.&
9.8¢

1h.10x10%

£.07
8-2“'
8.5
7.74
8.31
.07

28.20x10°

40.50
18.00
44,20
9,42
9.82
10.60
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maaLR ITY (Cont.)

Alternating Current Resistsnce

Weight Wt./Unit Reference Vernier /3 R Specific
e Area Rosistance Heading Resiatance
kg.fom,2 ohme ohms ohms=-cm,

Electrode spegifications:
Maneter, 1.5 cn.
Ar‘g. 1.765 49, Ccnm,

176 0.1 1.13x0°  63.5  0.70 0.791x10°  13.08x107
58 °‘ﬁ 1.13 60.0 0.77 o0.&70 1%.37

705 0.4 1.13 82.% 0.1l  0.463 7.66

882 0.5 1.13 5 85.0 0.38  0.429 7.10
1058 0.6 1.02x10 12.0 2,82 0.288 4%.17
1235 0.7 1.02 19.5 2.2 0.199 3.29

Rlectrode speacificatiorna:
Dinltﬂ'; 2-5“ CR.
Areg, 5.07 nq. o=,

507 0.1 1.02x10° 32 1.5 1.62x10%  7.70x107
1014 0.2 1.02 51 6.97 0.990 4,70
1521 0.3 1.02 63 0.71 0.72% 3.4
2028 0.4 1.02 60 0.77 0.78% 3.72
2535 0.5 1.02 3 0.54 0.551 2.64
30L2 0.6 1.02 65 0.67 0.683 3.24
3549 0.7 1.02 70 0.58 0.591 2.81

¥lectrode specifications
Tiametar, 3-076 en.
Arep, 70"“" 2. OW. 7
7hk 0.1 1.02x107 23 2.02 2.06x10°  14.32x10
1488 0.2 1.02 30 1.67 1.704 11.87
2232 o.i 1.02 50 1,00  1.020 7.12
2976 0. 1.02 28 1.77 1.805 12.56

720 0.5 1.02 53 0.72 0.735 5.11

46k 0.6 1.02 69 0.50 0.612 4,26
5208 0.7 1.02 68 0.62 0.633 4.4



TAALE IV

WASISTALCE AS A FURCTION QF CHAKGIXG WEIGHT OF FLECTRODE
PER UNIT AREA

Sample, 100% rag draving paper
Humidity at which semples vere conditioned, &£57%
Caliper of test samples, 0.004T inch
Yoltage ayplied across a.c. dbridge, 110 volts
Temperature at vhich test was earried out, 30° C.
Electrode specificationss

Diameter, 1.5 cm.

Aren, 1.765 sq. em.

Direet Current Resistance

Weight %t./Unit Voltage Y, R, R, Specific
ry Area 2 Applied Resigtance
kg.[om. volts  wvolts ohms ohme ohmg~om.
176 0.1 1.593  0.092 1.059:106 1.771x1007 2.62x10°
352 0.2 1.593  0.101 1.059 1.573 2.3
uss 0.3 1,550 0.081 1.0%9 1.916 2.8
105 0. 1.550  0.113  1.059 1.340 1.984%
882 0.5 1.550 0.1 1.059 1.180 1.748
1058 0.6 1.550 0.1 1.059 1.158 1.715
1235 0.7 1.550  0.165 1.059 0.888 1.312
Alternating Current Resistance
Welght Wt./Unit Refersnce Yernier R,/R, R Speeifie
Ares Resistance Reading Resistance
Be kg./ on.? ohns ohns 6 ohma~cn.
7
176 . 1.a3x10° 580 0.90 1.018x10 15.08x10
3;2 g.é 1.13 59.5 o.'és 0.781 iég
ii5g 0. 1.13 66.0 0.65 0.735 o
705 0. 1.13 91.0 0.32 0.362 ';u
£82 0.5 1.02x105 7.0 340 0.347 321
1058 0‘6 1.02 12-5 2.28 0.2816# .
1235 0.7 1'02 18.5 2031 0023 3’50
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TABLE ¥

VARIATION OF RESISTANCE VITH SLEOTRODES OF DIPFURRFT ARTAS

Sample, 1007 reg drawing paper

Humidity at which samples vere conditioned, 775

Caliper of taxt samples, 0.463 inch

Voltage applied across a.c. bridge, 110 volts

teilzht of electrode per unit ares, 0.6 kg./sq. em.
Temperature at which tests vere carried out, 30° C.

Floetrode 1
Electrode diameter, cm. 1.5
Zlectrode ares, sq. cm. 1.765
Tirect current resistance
¥, volts 1.593
L' volis 0-0'514
Ry, olms 1.059x105
By, ohus 3.,0Lx107

Speeific resistance, ohms-em. L.57x109

Alternating currant resistance

Reference resistsnce, chms 1.02x107
Yernier reading 92.0
Ri/Ro 0.31
Ry, ohms 0.316x107

Specific resistancs, ohma~cm, 4.75x108

2 3
2.54 3,076
5.07 Tk
1.593 1.59%
0.114 0.100

1.059x10%  1.059x10°
1.39x107  1.58x107
6.00x109  10.0x10°

1.13x10% 1.13x100
7.2 72.4%

0.57 0.55

0.6ux108  0.622x10°

2.78x108  3.90x108
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TABLE ¥ (Cont.)

Sample, Cenulne Yhatmen filter paper ¥o. 12
Humidity st which samplss were condltioned, 524

Calizer af test samples, 0,006 inch

Yoliege aprlied ecrosr r.c. bridee, 110 volie

vaight of slectrode 1er unit erea, 0.N15% kg./sg. om.
Tenperature at which tests were carried out, 30 C.

Blectrode
Electrode diameter, om,
Xlestrode ares, sa. om,

Direet current resistance
Y, volts

.!‘l volis

3’! ohms

Ry, ohms

Speeific resistance, ohme=-cm.

Aternating current resistance
Refersnce resistnnce, ohms

Yornier reading

R /%

Ry, ohms

Speeific resistance, ohmsecm.

h.T19

0. 11k

0. 225:102
2.236x)
9.6&:1021

%,69x107
L. 0
1.16%
577107
2.35x10%

4,80
0.616
0.228x109
1.158x107
g.28x10"

4, 69x107
58.0

.81

3.80x107

2.40x10%
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(Table IV); these are plotted im Figure 10.

Feom the data of Tebles III, IV, and V, 4t s apparent that
the rosistmce decreases with increaeing load. This suggested that the
gontact resistance between the paper specimen and the electrodes was
an important factor in the resistance measurements and also that the
surfsce character of the spesimen and the type of electrods would have
en influence upon resistance. To study thase effects and also to
aschiave the third aim stated in the first naragraph of this section,
the meroury electrodes previously described wers ured for making re-
sistance measurements. It was thouzht that such electrndes would fora
a more intimate contmet with the surfrce of the teast specimen and that
the results ohteined would be more independent of the surface character
of the sheet, Tesistancs messurements were msde on the same specimens
with stainlens steel electrodes of the same dimmeter and pressure, as
well as with greater pressures. The results of these tests are given

in Table VI.

Yhile making measurements with the mercury electrodes, an
unexpected diffisulty arose which was not sncountered when the stain-
less stesl slectrodes were used. It waes found that a potential dif-
ferance existed betwecn the electroder after the aprlied o.n.f.'hnd
haen removed. In normal operation, the uprer electrode was positive
with respect to the lower. This residusl potential difference had
the sane polafity. Such a potential difference could poesidly have
been formed whan the coprer leads were introduced into the mercury

pools. However, when the leads vere reversed, the potential was not
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of the same msgnitude bHut was in the same direction. It slso waried
from srecinen to specimen, If this yotential difference were dus to
the lends, the residual e.m.”. would de of opposite polarity and of
the same magnitude when the leads were reversed and would be gonstant
from specimen to specimen. Thuw, the leads wers not the source of the
residual e.n.f. Another possible source of this potential difference
gould have been the mercurye-paper-mercury system. Some type of re-
action may have taken place betwesn the mercury and the constituenis
of the parer. It was unlikely that the effect was due to polarixation
phenomena, for two rensons. In all measurements, the voltape acrosw
the specimen was less thsn 1.5 wolts. It is not very probable that
such a small voltage could cause the effect observed. Also, this small
potential difference remained constant after the applied voltage had
been removed, which would not be characteristic of a2 polarizgation poten=
tial. In the light of theee observations, it aprears e though the

potential were due to some resction between the mercury and paper,

Upon pompletion of the sbove work, the selection of an elac~
trode system for subsecuent measurements was in order. From the point
of visw of seleoting an electrode which wonld furnish a more intimate
contact with the paper and rednce the contact resistance the mercury
electrodes wonld he most desirsble. Fowever, primarily because of the
arratic residual e.m.f. and, segondarily, because of the difficulty of
keeping the slsctrode in a rerpendiculsr position om rocount of the
buoyant effeet of the mercury on the glpss cylinder supporting the tost

specimen, the nercury system was not used.
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A stainless steel elsctrode system was employed for several
ressong. Since the electrodes were to be exposed to atmospheres of
hirh relative humidities, it was necessary to use some material which
wonld be resistant to corrosion. Further, the metal could be readily
machined snd polished. The diameter selected for the electrode was
1.5 om., because the anvils of the inatruments used for cslipering
prper have that diameter and such s diameter would cover enough of the
ares of the test srecimen to pive 2 faly aprroximation of the ealiper
of the sample and yet not cover enourh of thes ares to include wany of

the irregularitiss in the sheet.

It can de sean in Tables IXI, IV, and VI that the most con-
sistent =nd reprodusible results wvere found when the load on the elee-
trode per unit area was high. In Tebles III and IV, the greatest
changes in resistance with pressure occurred at the lowest loads per
unit area, vheress at the higher loads the resistance tended to aprroach
a lower limiting value. On the basis of this observation and the faot
that the losd per unit area on the anvil of caliper testers was in the
rangs of the higher loads, 1t was decided to use s load of 0.6 kg./sq.

cm. for the following tests.

while making the electrode arsa and load studies, the samples
salected for testing war§ very uniforn in onliper. It was considered
desirahle, upon completion of the above studies, to carry out an inves-
tigation of tha effect of caliper upon the resistence of the payer
wample, If the results showed that the specific resistance was inde-

pendent of the enliper, they wonld indieate that peper behaved like a
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homogeneous dielectriec.

To carry out these tests, samples of warying ealiper were
prepared from 100 per cent unbleached sulfite. In making up the test
samples, 1t was found necessary to use an agueous solution of the same
caloium chloride molarity as that employed for extraction of the mulp,
becsuse each shast of @ d4fferent celiper required a different volume
of the stock suepension; consequently, if distillad water were used
for fil1ing the oylinder of the sheet mold, as was the ususl case, the
d1lution would be changed for emch sheet and a varying ash content
would result. Ny employing an acueous solution of the same molarity
ag that nsed for extraction thers could be no dilution in the eylinder;
thue, the sheets would have a uniform electrolvte content. The data

are shown in Table VI.

The resistance of conductors increases with increasing tam-
yerature wherers the resistance of insulators ordinarily decreases
with an increae {n temperature. In order to check the validity of this
statenent with regard to paper, a 100 per cent rag paper and a 100 per
cent unbleached sulfite papsr were atnudied. However, snother compli-
cating factor was introduced when parer was tested. As the tempera-
ture was increased, in spite of the fact that the relative humidity
of the conditioning atmosphere wez maintained constant, the moleture
content of the parer (as shown in Table VII) decreased with increasing
tesperature and, consecuently, obscured the effect of temperature upon
the resictance of the test spneimen. Thus, in internreting the re-

sults obtained, the effect of moisture content must dbe connidered,
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TABLE ¥I

VARIATION OF RESISTANCE WITH CALIPER OR SHRKT
AXD TYPK OF RLECTRODE

Humidity at wvhich samples vere tested, 85:
Temperature at which tests wers carried out, 30° C.
Yoltage spplied across dridgs, 110 volts
Sample, 100% unbleached sulfite
Electrode specifications:

Dianeter, 1.5 cm.

Ares, 1.765 uq. om.

Direct Currsat Resistance

Caliper  Voltage 4 } k
Aprlied
inch volts volts ohms ohms

Mereury Flectrodes
Zleetrode veight, 30 g.
Pressure of elactrods per uait area, 0.017 kz.[eq. om.

Series ) 6
0.0132  0.9751  0.8830  1.059m0°  1.102x107
0,0118 1.1718 0.7063 1.059 6.97
0.0082 1.0148 0.6T1 1.059 5,11
0.0076 1.0376 0.7142 1.059 4,79
0.0048 0.9790 0.2081 1.059 2.23
0.0043 0.9760 0.7896 1,089 2.50
Seriass 2

0.0130  0.9323%  0.9146  1.059x105  2.0uxioM
0.0105 0.8963 0.737% 1.059 8.70
0.0081 0.9318 0.8852 1.059 5.57
0.0076 0.8685 0.8054 1.059 5.66
0.0054 0.8967 0.8730 1.0%9 2.87
0.00uk 0.869), 0.8460 1.059 3.01

Stainless Steel Electrodes
Tlectrode weight, 30 g.
Sressure of electrode per unit ares, 0.017 kg./sq. om.

Series 1 6 5
0.0142 1.5583 1.03uk 1.059x10°  5.35x10
0.0118 1.5728 1.0287 1.059 5.59
0.0109 1.5540 0.9997 1.059 5.86
0.0080 1.5297 0.83%0 1.059 £.5
0.0056 1.5350 0.9376 1.059 6.75

0.00l1  1.55%  1.1139 1.N59 4,17

Speeifia

Registance

ohma=cm,

0.580x107
%.09
.59
.38

b

1.09x10°
5.5
4,78
5.17

03

2.62x107
3.29
3.73
3
7:06



Caliper
inech

0.0123
0.0110
0.0095
0.0069
0.0055
0,00t

Yoltage
Applied
volts

1.5%06
1.57?8
1.554%
1.5622
1.5002
1.5u58

Stainless Steal Llectrodes
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TABLE VI (Cont.)

% Ry

volts ohns
Series 2 6

0.7323  1.0%9x10
1.0616 1.059
1.0957 1.0%9
0.9740 1.059
1.0340 1,059

Fisectrode weight, 105G p.
Presaure of electrode per unit area, 0.6 kg.[/sq. on.
Series 1

0.0142
0.0118
0.0109
0.0082
0.005

0,004

0.0123
0.0110

0.0095
0.0069

0.0055
0.004%

Caliper

inch

Tlectrode weizht, 30 g,

By
ohus

10.66x107
5.11

1,559  1.3589 1.059x0”  1.528x100
1.5u62 1.3545  1.059 1.129
1.5816 1.3886  1.059 1471
1.553k 1048 1,059 1.119
1.5683 1284 1,059 1.039
Seprles 2 6
1.53h2 1.3043  1.055x10 1.062x107
1.5340 1.2856  1.059 2.02
1.53L45 1.5886 1.059 1.12
1.594 1.b4g0 1,059 1.07
1.53 1.3748 1,089 1.232
1.5566 1.3714%  1.059 1.43
Alternating Curremt “esistance
Refersnos Vernier /B Ry
Resistance Reading
nhas ohms

Hercury Electrodes

Fressurs »f sleetrnda -er unit ares, 0.017 kg.[/sq. om.

0.0132
0.0118
0.0082
0.0076
0.0048
0.0043

9680
9hB0
a680
a680
a680
9680

Seri
98
100
102
102
107
1l

es 1

Q.25
0.23
0.22
0.22
c.18
0.15

2420
2230
21

2160
1740
1150

Specific
Resistance
ohmawom.

6.02x107
3,22
64
.6k
7.23
£.29

0.7ugx107
0.842
0.936
1.120
1.478
1.761

0.601x107
1.27%
0.821
1.080
1.56
2.26

Specifie
Resistrnce
ohug-on.,

1,271x10°
1311
1.251
1.977
2,52
2,35



Caliper
inch

0.0130
0.0105
0.0081
0.0076
0.0054
0.00uL

Refurence
Resistance

ohms

56%0
9680
9680
9680
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TARLE VI (Conk.)

B/2

Yarnier
Peading

Series 2
102
103
105
113
120
125

0.22
0.21
0.20
c.13
0.10
0.08

Stainless Steel Electrodes
Eleetrode wgight' 30 e

Pressure of eleatrode per unit ares, 0.017 kg./[sq. em.

0.01h2
0.0118
0.0108
0.0080
0.0056
0.0041

0.0123
0.0110

0.009%
©0.0069

.00

0.0112
0.0118
0.0109
0.0080

0 oot

0.0123
0.0110
0.0095
0.0069
0.0055
0.00LY

9680
9680
9680
9680

Series )
11.5%
10.5

}DO
B.0Q
8.5
?51.0

Serine 2
86.5
50.0

7-0
3.5
k3.0
27.0

Seriss 1
93
101.5
105.5
123.0
118.0
120.0

Series 2
120
117
117
116
120
118

2.84
2.94
3.98
3,26
3.20
3..90

0.37
1,00
1.39
1.18
1.20
1.51

Stainless Steal Flectroden
Electrodes waight, 1059 ¢,
Fressure of electrode yper unit arsa, 0.6 kg.[sq.

0.29
0.22
0.30
0.13
0.11
0.08

0.10
0.11
N.11
0.12
0.10
0.1

Ry Speeifie
Reasistance
ohme ohmg~cm,
2160 1.155x10°
2060 1.366
1940 1.667
1260 1.152
960 1.248
157 1.223
2.7500% 1.343x107
2.8 1.657
3.85 2.8
oSk
1.8 3.12
0.357x10° 2.02x10°
0.9h8 6.11
1.3h5 9.87
1.140 1111
1.161  1k.70
1.750  27.60
.
2810 1.373x107
2060 1.211
1940 1.228
1260 1.082
1060 1.316
715 1.:12
968 05472107
1065 0.673
1065 0.782
1160 1.170
968 1.223
1065 1.683
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TABLE VII

RFFACT OF TP BAURE UPON THY RuSISTANCE NF PACHR

Humidity at which samples were tested, 67/
Vnltagze apvlied eercsse dridge, 110 volis
Tressure of elesctrode per unit area, 0.6 kg.[sq. om.
“leatrode snecifications '
Dismeter, 1.5 onm.
irea, 1.T65 sg. em.

Dreect Current Resistance

Temmerature Yoltage ¥ R Specifie
Applied - = A Jeaistance
o ¢, volts volts ohms ohme ohma=cn.
Sample, 100- rag Arawing paper
Caliper of samples, 0.00473 inch
30 1.551  0.5967 0.22719x10%  1.660x10°  2.75x10%0
iy 1.549 1.1846 0.22719 0.703 1.162
50 1.557 1.0155 0.2279 1.203 1.91
60 1,554 0.8959 0.2279 1.673 2.77
Snmple, 100/ unbleached sulfite
Caliper of samples, 0.0042 inch
0 '
30 1551 1.1613 0,2279x10°  T.84x107  1.263x10°0
Lo 1.557 1.2827 0.2279 L.87 0.805
50 1.557 1.1954 0.2279 6.91 1.12
60 1.554 11097 0.2779 2.33 0.386
Ssmple, 100% unbleached aulfite
Caliper of sarmmlses, 0.0042 inch
gg 1.551 1.3227 0.2279::109 3.93::108 0.650:1010
1.559 1.3493 0.2279 3.53 0.584
50 1.556 1.1310 0.2279 8.55 1.413%
&0 1.554 1.4065 0.2279 2.39 0.395



-HP=

PANLE VIT {Cont.)

Alternating Current Resistance

Teuperature Reforence Yernier Specifie
i : \
o esistance  Reading  Fj/R> Ry Resiatance
c. ohne ohms ohmg-cm.

Samnle, 100: rez drawing paver
Caliper of samples, 0.0MU73 inch

® 1,07x107 32.0 1.5 1.70m07  2.81x10°
1.07 us.0 1.3 1.21 2.00

50 1.07 59,5 0.7%  0.835 1.38

60 1.0T 64,0 0.69  0.738 1.22

Semple, 1005 unbleached sulfite
Caliper of semples, 0.0042 inch

30 1.07x107 NE.5 1,06 1.1126107  1.81x10°
Lo 1.07 67.0 0.6t  0.685 1.133
50 1.07 ¢ £3.0 0.7.  0.760 1.258
60 1.13x10 19.0 2.28  0.258 0127
Semple, 1007 unbleachad sulfite
Caliper of samplex, 0,00L2 inch
30 1.07x107 58.0 0.81  0.866x107  1.:32510°
o 1.07 76.0 0.50  0.535 0.2€5
50 1.07 T0.0 0.58 0.621 1.028
] 1.07 85.5 0.38  0.h07 0.674
Moisture gontent of samples
Temperature Hoisture
o c. ‘.';.‘}
30 10.85
L0 10.98
50 8.10
60 8.93
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If paper follows Ohm's law, variations in the aprlied voltage
in slternating current resistance measurements should have no effeet
upon the wmeasured resistance of the test specimen. An autotraneformer,
orerated from the 60~cycle line voltage, furnished the desired voltage
to the bridge. The voltape studies wera carried out by adjusting the
voltage to differsnt values and then measuring the resistance of the
gample. The results for two specirens are given in Table VIII and are
plotted in Pigure 11. It was found that peper does not follow Chm's

1aw and that the resistance decrsasss with increasinz voliaxes.

The study of the «ffeoct of nltarnniing current fregquency upon
the repsured rasistsance vas carried out using a slightly different
voltage supply to the bridge. A variadble speed motor was comnected
to a varisble fregquency generstor; thus, by varying the speed of the
motor, the fraguency of the gurrent gonerated counld be controelled.

“he Prequency of the eurrent produced was calculated dy using the formula

£ = /30, |

whera £ squals the frequancy of the current and g equals the speed of
the motor in revolutions per mimute. The lowest frequency at which
the gensrator could be operated and still maintain a constant 10-volt
output was 15 cyeles per second. The terminals of the gensrator were
shunted by a voltage divider which maintained a 10-volt suprly te the
bridre at the various frequencies. "he dats obtained are piven in

Tahle IX snd are plotted in Pigure 172,

Tiectrolytes are always rresent in paper and may or may not

have s profound effect upon the resistance of the test specimen. To
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TARLE VIIT

EPF-OT OF VARTABLE 60=073LE VOLTACH
UPLY 7AW RYSISTAVCH OF PAPR

Humidity at which samples were tested, 77"
Temperatura at which samples were tested, 30° O,
Sample, 1007 unblesched sulfite
Prensure of elsctrode per unit area, 0.6 ke./sq. cne
Tlectrode srecificatlions

Maneter, 1.5 on.

Aren, 1.765 sq. em.
faliper of sheet, 0.0010L inch
Reference Registance, 1.13x107 ohms

tample I

Voltage  Vernler  %/% Ry Svecific

Applied “ending Fenintance

volts ohas ohms=-cm,

10 20.5 2,18 2462100 3.46x108
20 20.5 2.18 2.46 3.6
gg 21.5 2,12 2.0 3.37
22.0 2.08 2,35 3.30
50 2.5 2.06 2.33 3.08
60 22.5 2.06 2.33 3.28
10 22.% 2.06 2.3 3.28
20 23.%5 2.00 2.2 3.18
Q0 23.5 2.00 2.26 3.18
100 2?-5 2.00 2.26 3.18
110 2i,5 1.94 2.19 3.09
130 2.2 1. 2.21 3.11

Direot Current Resistance of Sample

Voltege Y, R ): ™ Speecifie
h.jp}]l fed ' Rasistance

Yolts volts ohns ohmg ohms~-cn,

1593 0.129  1.050x0° 1.20m07  17.05m0"
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TABLE YIIT (Zont.)

Sample 1I
Voltege  Vernier R,/
Applied Rending Rl L R
volin ohms

10 25.1 1.88 2.12:106

20 27.1 1.B1 2.05

gg 271.5 1.79 2.02

28.7 1.76 ° 1.99

50 2.8 1.73 1.96

60 29,9 1.68  1.90

70 30.0 1.67 1.89

80 3.0 1.63 1.84%

90 3.7 1,60 1.5
100 3.8 1.59 1.80
110 31.7 1.60 1.8
120 32.2 1.58 1.79
130 32.5 1.57 1.78

Direst Current Resistance of Sample
Yoltage Y 2, R
Applied

volts volts ohms ohms
6

1.595  0.116  1.059x10°  1.35x107

Speeific
Hesistance
Oh‘.-cm.

3.01x10°
2.9
2.87
2.83
2,78
A
2.62
2.55
2.5
2.57
2.5%
2.53

Specific
Resistance
ohme~cr.

19.20x10%
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TAHLE IX
BFPLET OF VARIABLY FRECUENCIES UPOE THE RMSISTANCE OF FAPER

Humidity at which samples were tested, 775
Temperature at vhich wamples were tasted, 30° ¢,
Semple, 100: unbleached sulfite
Pressure of slectrode per unit ares, 0.5 kg./sq. om.
Rlectrode speaifications

Diameter, 1.5 em.

Ares, 1.765 sq. em.
Caliper of sheet, 0.0049 inch
Yoltage applied to dridge, 10 volts

Freguency Teference Yernier B /R R Speeifie

Zesigtance Tanding ' = Tasistanoe
eyeles/eec. ohms nhns ohms-cm,
15 1.13:106 20.0 2.20 2.&9:106 3.51;:108
30 1.13 21.5 2.12  2.u0 3.4
s 1.13 19.0 2.28 2.58 3.67
60 1.13 22.0 2.08  2.35 3.3
) 1.13 24,0 1.9T 2.23 3.17
90 1.13 2k 1.9 2.19 3.11
105 1.13 26.4 1.86  2.10 2.99
120 1.13 28.2 1.76 1.9% 2,83

Dirsct Current Resistance of Sample.

Voltage Y R Specific
Applied - - e Resistance
volts volts ohns ohns ohms~-cn.

6

1.595 0.116 1.059x10 1.35%107 19.20x10°
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study this {mportant variable, shecte 5f differsnt ash contents were
nrepared from unbleached sulfite. The stock was suhjected to the usual
extraction with 0.5-molar calclum chloride, filtsrad, washed with two
portions (100 times the weight of the dry stock) of distilled water,
and treated for 24 hours withont stirring in esleium chloride solutions
of varying wolarities (1.0, 0.1, 0.05, 0.01, 0.005, and 0.001). The
obiect nf the first extraction var to remove ions other than ealcium,
The second treatment controlled the final ash content af the sheet.
After the second treatment of tha pulp, the test specimena wers 1re-
parsd, dried, conditioned, and tested in the usual menner. The data
rragented in Mable X snd plotted in Fipure 13 indicate that the ash
content has a very marzad efect upon the resistance of the sample.
Thare is a certain electrolyte content sbove which further increases
cause s lover rate of decrease in the resistence. felow this critical

resion, the resistance 1ncrousa§ vory markedly.

1t secmed desivable to ascertain whether pulps of diffsrent
derrees of purity == e.g,, unbleached, chlorinated, dleached, and alpha
pulps =~ would show the same resistance when the ash content and
moisture content were held constant. %5Such a «tudy was carried out by
starting with sn untleached sulfite pulp snd prepmring sawpies typleal
of the various stares of purifieation. Test sheets wers made and the
vresietanges meagured. The data in Table %I fndicate that resistance

1s rourhly indevendent of the degree of purity of the pulp.
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TABLE X

EFFECT OF SALT COXCAXTRATION WPCK THY RESISTANCE OF PAPRR

Tumidity at which samples were tested, 85% o
Temperature at which samples wers tested, 30" C.
Sample, 100 unbleached sulfite
Pregsure of electrode per unit ares, 0.5 kg./sq. om.
¥lectrode specifications

Diameter, 1.5 cn,

Area, 1,765 #q. cm.
Caliper of samples, 0.003%5 inch

Yoltage applied to bdridege, 110 volts

Ash

{
i

1.636
0.674
0.608
0.554
0.558
0.519

1.745
0.717
0.639
0.601
0.589
0.577

P2

16.25
16.115
14.80
15.70
15.18
15.08

17.78
16.86
13,74
.13
15.32
15.42

Mointure YVoltarze

Content Content Applied

volts

1.5561
1.5556
1.5585
1.5593
1.5%563
1.5638

1.5721
L2
1:5h66
1.5570
1.5611

LA

volia
Saries

0.9595
0.hn93
0.2693
0.1477
0.1348
1.3813

“aries

0.9517
0.5019
0.2821
0.1008
1.3638
1.3212

Mrect Current Zesistance

Za

ohme

1.059x108  0.658x10°

1.059
1.059
1.0%9
1.059

2.

5.
10.
11.

R

-
ohns

98
o7
13
18

0.728x10° 32,50

1.059x10% 0.69x10°

1.059
1.059
1.059

2.
L,

9 13.

0.228x10" 32.

0.228

.

19
18
g8

fo

Specifie
Resistance
shng=-om,

)
0.1308x10"
0.592
1.008
2.015
2.22

6.46

o
0.1374x10
0.435
0.950

2.16
6.2

8.23



Ash
Content

2

1.636
0.674
0.608
0.554
0.558
0.519

¥olsture Refarence

Content

i

16.25
15.u8
14,80
15.70
15.18
15.08

17.78
16.86
13.74
15.13
15.32
15.h2

TABLE X {Cont.)

Alternating Current Resistange

Rasistance Teading
ohrs

Series 1
9680 g 110
1.13=10 99.0
1.1% 88.0
1,13 70.0
1.13 70.0
1,13 51.5

Series 2
9680 59.0

1.02xxog 31.5

 1.13x10 82.0
1.13 575
1.13 61,0
1.13 54.0

Yernier R, /%

0.2h

0.74

R Syecifie
Hegistance
ohms ohus-om,

0.0464x10%  0.0922x107

2.1 5.39
3.96 7.8%6
6.56 13.01
6.56 13.01
8.36 16.61

0.0765x10° 0.152x107

1.6k 3.26
1.63 9,20
9.27 18.1)
8¢h8 16‘86
10.17 20.20
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TABLE XI

RLACTRICAL RWSISTAHCE AS A FUNCTION OF DEGR=E OF PURITY

Humidity at whiech sasples were teated, 857
Temperature at which samples wers tssted, 30° ¢,
Tressure of eleatrode per unit area, 0.6 kg./sq. om.
Electrode specifioations

Dianeter, 1.5 om.

Ares, 1.765 sg. om.
Voltage aprlied to hridze, 110 volts

Direet Ourrent Fesistance

Type of Caliper Voltage ¥, R, R
Pulp Applied

inch volts wolts ohns ohms
Unbl.  0.0052  1.5U57 o.sal)ia 1.050x10  0.927x106
Chlor. 0.0042 1.5683 0.8144 1,059 0.980
Bl. 0.0042 1,5265 0.6862 1.059 1.297

Alphe  0.008% 1.5522 0.551% 1.059 1.920

Alternating Current Resistange

¢ of Caliper THeference Vernier R,/ R
T?ﬁap Resistance Reading Rl L =
inch ohms ohme
Unbl.  0.0042  1.02x10°  37.5  1.37 1.398x10°
Shler. 0.0042 1,02 41,0 1.25 1.275
Bl. o.0082  1.02 .0 1.2 1.215
Alpha  0.008% 1,02 43.0 1,19 1.210

tpecifie
Heglistance
ohme=cm.

1.53x010°
1.6L4

2.15
1.590

Sreeifie
Resistance
ohna=em,

2.32x107
2'11
2,11
1,003
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NISCUSSION OF RasMITS

T™is study was intended to improve our knovledze of the
effect of some varisbles upon the electrical resistance of paper. In
particulsr, it was hoped to gain a better ins$ght into the mechanism

of condnetion gt high moisture contents.

The order »f the following dismoussion will be that used in
the gection entitled ¥ixperimental work," becsuse in esch series of ox-
periments one varisble vas studied wvhile the other varisbles were held

constant,

Selection of an electrode system was necemsary to facilitste
this study. Its selection depsnded not only upon the mnst sultable
material available but also upon its physicsl eonstruction, such as
ares of contsct with apecimen and prassure of the electrode per unit
arns of contact. 7o sccomplish this aim, resistance as a function of
the area, the welght per unit erem, and the type of electrode ware in-

vertizated.

Data rresented in Tables IIT and ¥ were obtained by uaing
fiat stainless steel elsctrodes of three arcas. Those rresented 4n
Table TIT deseribe the effect of different prasaurss as well ae d3 -
ferent aressi thug, in reading thie table comparison of results for
one elestrnde with those for another should be wace only at identi-

cal pressures,



The results in these two tadles are erratic, decause of the
nareyr variables which are diffieult to control, Such parer variables
as surface charscter, ash contend, mnd cnlipar are verticulsrly d1£fi-
enlt to maintain identical from specimen %o erecimen when handeheets
are tested. Also, the symmatry of loeding of the electrodes has an
srvreciable affect upon the measnred resistsnce. 7o eliminate these
d4fficultine as far as possible, a machine-made paper and a filter

naper (Table ¥) were sleo tested.

By consideration of theme data in their entirety, it 1z ob-
gerved that the srecific resistrnce iz dependent upon the electrode
aram, oxcact in the csse of very uniform papers. In Table TII, it is
apperent that the results for the slectrode nf 2.54~ocm. dlaneter sre
Jower than those for the ather electrodes. This may be a result of
differences in the samples tested, hecauss different handshsets were
used with the varions electrodes. It may also de noted that the re-
sulte are less erratic at the higher losde per unit area and the values
for the different electrodes approrch esch other mare closely at the
hicher sressures., This latter effect is obvionely s resuli of more
intimate contact of the slectrode with the entire surface of the test
specimen, oliminating surface varistions to a greeter extent. At the
jower loads, irrezularities in the sheet surface would esuse poor
contact resultinz in higher resimtances. At the higher loads, many
such protrusions are reduced and a more intimate contsct is nbtained.
This eondition would be conducive to resnlts mre characteristic of

the parer srecimen.



The date presented in Table ¥V wers odtained by measuring the
resistances of two commercisl papers. I& was hoped that such revers,
dacause of their uniformity, vould eliminate the variations resulting
from irregularities in propertles across the specimens., The rasulis
for the rar drawing paver were not consistent, probably because this
peper was hard sized and there was a slight cockle in the sheet; thus,
jrregularities in the surface would not dbe as readtly readuced by heavy
loads upon the electrode. Such factors could canse the erratic results
ebssrved. In the caee of the filter pever, the caliper was constant,
the sheat was #oft, and there was no cockle. Tests carried out with
elantrodes of different dimmeters on filter reper showed the snecific
resistance to be independent of tha electrode area in spite of the

fact that the load per unit ares wae comparatively small.

Data on resistence as a function of eleotrode pressure are
rresented in Tables III, IV, and V. ‘iecauee of the unsteady nature
of the results for hendshests (Table 11I), measursments were alwo
carried out on a 100 per eent rag draving paper (Teble IV), The machine-
made paper would be sxnected to vield more ponsistent results for two
ressone. It would be more uniform in ealirer pnd ash, and the slecs~

trode was not moved during the study.

Observation of the dats in these tadles shows that the
weasured resistance decreases with increasing Yoad., The dats ziven in
mable IV and plotted in Figure 10 indicates that the alternating~current
rowiatanca tends to apyproach a lower 1imiting value., This seme trend

12 borne out in Table III with the three diflerent electrodes for hoth



alternating and direct current resistrnos neasurements.

Such results may be due to o compression of the test speci-
nen, a degrease of the contact resistance because of s more intimate
sontact with the surface of the test specimen at the higher loads, or

e combination of the two factors.

The ealiper of the sammle under the range of yrassurss used
for thase studles wes messured with s Federal caliper tester. This
neasurement ravesled that the comprassion was very slight and, conse-

ouently, conld no% explain the observed decrease in resistance,

TABLA XII

QOHrT23510K OF ST © ITH IRCRUASIVG FRASSURR
ON ANVIL OF CALIVUR MHSTER

Caliper Pressure
inch k&o/'ﬂ_J one.
0.00453 0.1
0.00453 0.2
0.00L53 o.?
0.00h52 0.1
0.00L52 0.5
0.00L52 0.6
0.00450 0.7

The remaining possidbility is a reduction of the contact re-
sistance, This poweibility is quite reasonable when the nature of
raper ig considered, Tibers or groups of fibers protruding from the
surfase of the test specinen could readily surmort the electrode at
the lower pressures. At higher pressures, the fiders and fider groups
would be forced back toward the murface of the specimen, vermitting

mors of the samrle to come into contact with the elsctrode, and wonld
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bs refleacted in the messurements by a decreass in resistance.

Ta facllitate further the study of contact resistance, as
well as the s?fect of a different type of electrode uron the resistance,
marcury sleatrodes were used for a series of samples of different cal-
irera. The dats may be found in Table VI. As previously pointed out,
an slectrochemical notential existed when the direct current resistance
was neasured, vhich nade the data of guestionabdle value. This potential
vas aprarently a result of some type of ressction between the nercury
and the slectrolyte constituents of the peper. However, comparison of
the alternating current resistances obtained with the mercury elsctrodes
and thoss obtained with the flat plate electrodes of identiocal rressure
and ares resdily show that the resistence measured with mercury slec-
trodes i{s mors than ten times lower than the corresponding values ob-
tained with the plate electrodes. This observation further indicates
the importance of contact resistance when measuring the resimtance of
raper, This result was not nnexpected. It was originally hoped that,
by use of mergury electrodes, the variations arlsing from irregularities
in the surfags of the samples would bde eliminzted: hovever, the electro-

chemical potentizl nade the uss of these elesctrodes impractical.

¥eraury, because if is a llquid, would £111 the larser volds
in the surfaae of the sheat: hovever, because the surface tension of
naperesir {s lear than that nf hoth mercury-paper interfacial tension
snd mercury~alyr surface tension, the neroury does not wet the paper
and 111 not £111 the small voide, It is seen that the alternsting

current resietances measured by mercury electrodes at s rressure of



o

0.017 kz./eq. om. are of the same masgnitude as those measored with

plate elsctrodes at s pressure of 0.6 kz./sq. cm. This aubsiantiates
the fact thet the mercury does not entirsly £i1l the surface interstices.
he resistanges measured with the mereury electrodes would be lower

than those oﬁta&ne& with ths steinless steel system at higher rreasures,
1f the mercury entirely filled the surface voids, because the stainless

stesl ecannot meke complets contact,

If paper were homogzeneous and contact resistances were neg-
1igibly small compared with the resistance of the papar, the stecifie
resistance would be independent of the ealiper of the specimen, Cbser~
vation of the data in Tables III, IV, and YI show the contact rasistance
to be an important factor in the measured resistance, particularly when
10w pressures are nprlled to the electrodes, These results indlcate
that the specific resistance crnnot be indevendent of the caliper of

the test srecimens.

If the resistance of the parer is considered to he made up
of equal contact rasistances (r) on either side of the sample and the
resistarce of the parer itself (1), the mpecific resistance as measured

(@) may be exrressed as

e P = Mo s B (v
%: whare A 1= the arop of the electrnde
1'5 znt £ 45 the ealiper of the specimen.
fr Salving “auation (V) for r,

IITITTTI T electrode



-850~

in which RA/Z would bs the true suepific resistance (4) of the paner
and would remain constant if parer behaved like a homogeneous dielectric.
If this is 2n accurate picture, it ¢sn be seen that the measured spe-

cific resistance is not independent of the ealirer.

A11 of the spacimens tested were vrapared under identical
conditions, varying only the ealireri thus, it would be reasonatle to
aasume that the contsct resistance from sample to sample would be con=-

stant. Then, far two sarplies, adding ap.ropriate subscripte,

£ = (/200 = RATE) = (417005 F /%) M
or
£ = (/2004 =0) = (Zf28)054 = ). (8)

Solving !or/o.
P = G - LI -2 <

Substituting values obtainad from Tsble IV (Series 1, direot
current resistance, 0.6 ke./ug. cm. ~regsure on slectroder) in “ouation
(9) and solving for the true speeific rasistance (o), the following re-

sults ara nhtnined!

% 2o % i A %

ineh inch ohme-cm, ohme=cn, 14, om. ohmge=cm,
0.01%2 0.0118 0.7143:107 0.8h2x107 1.765 9.83:105
0.0109 0.0080 0.936 1.120 1.765 %.28
0.0056 0.00b1 1.478 1.751 1.76% 6.69

These sanple calenlstione and similar ealenlations on the
remsinder of the dsta show that sither the aseumption that the eontact

regigtance remaine constant from one mosaurement to the next is not
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w2114 or that the true specific resistance does not remaln constant for

papers of different caliper but identical in other respeots,

1f the contact resistarce remains constant, the inerease in
specific resistance observed vith decreasing caliper would be due to
an inorease in the true syecific resistance of the paper. Such an in-
crease in the true specific resistance might be the result of a preater
digcontinuity in the conduetins paths through the sheet as the thick-

ness (or caliper) decresses.

It may be shown that the contsot resistance forms rart of
the maasured resistance even vhen the yressure on the electrodes is
high or vhen mercury electrodes are employed. Using the above dats
trken from Table IV and substituting in “quation (8), it iz found that
the contact resistance iz apyroximately one-fifth of the actusl meas-

ured resistance.

Contact resistance (2r) = 3.74 x 1()}4 ohms

Hessurad resistance (Bx) = 1.528 x 105 ohus

Because temperature variations are always rresent on a paper
machine, 1ts effect upon the resistance was atudied. It is a well-
known fact that the resistance of conductore increases with increasing
temperature, whereas that of {nsulating materials decreases under the

ssne conditions.

WYhen the temperaturs of the cnnditioning atmosphers is changad,

the moisturs content of the test samples nlso changes in splte of the
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faet that the relative humidity is maintained constant. The interrre-
tption of the data vresented in Table YII can he carried cut only if
the results are interpolated to the game molsture content and then com-

pared.

Agearding to Murphy and Valker (4), 1f the logarithm of the
resistance is plotted azainst the logarithm of the percentsge mnoisture
content of the sypegimen, a straizht line will be obimined whose slops
s independent of the impurities and is darendent only upon the nate-
rinl in guestion. Their work deslt primarily with cotton and other
textiles; hovever, sinece ootton and paper are both cellulosic in nature,
1t may be exrected thet the slope of the line would be the same for
paper. Tor this reason a tenpefatnre gtudy might yield o family of
parallel lines at different positions relative to the srdinates for

the various temreratures,

Tsine the game slope given by *urphy and Velker (1) snd
plotting the date in Table VII for temperature studies, the curves in
Figare 14 are obtained for the alternating current resistance of sn
unbleached sulfite sample. Internolating all resistances to a 10 rer
cent molsture contend, it is aprarent that'that resistance decreases
with incressing temveraturas. The interrolated data from Fipura 1b

are given in Table XIII.

Tt is found thet, over m restricted temperature range (43
45}, conductivity cen be excressed by a formlas of the van't Toff

(47) form for dlelmetricst
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TABLE XIIX

SPROIFI0 RFSISTAKCR KXTRAFOLATRD TC 10 PRR CENT
MOISTIRE COFTENT FOR THMPERATIRE STUDIRS

Direct Current Rasistance

Specific Resistance. ohms~on.
Temperature 1007 Hag 1007 Unbleached Sulfite

g, Dreswing Series 1 Series 2
zg 5.00x1010 2.29x101° 1.20x10t0
‘ 1-27 1051 1.10
50 0.4% 0.26 0.22
£0 1.20 0.17 0.17

Alternsting Curvent Resistance

% 4.90x10°  3.16x10° 2,69x10°
3055 2'(3 1'66

50 0.36 0.30 0.28

80 0.58 0.20 0.22
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P = Aexp (-B/T),
vhere W ig the conductivity, T is sbsolute temverature, snd A and B
are constsnts. B i® usually the same for different specimens of the
gane material, but A may vary from sample to sample. This formula
predicts a very rapid variation with temperature at low temperatures.
Such a trend was observed to follow when varer was tested. The neasursd

resistance was hizhest at the lowest temperatures.

It would not be surprising to find that paper fails to follow
Ohm's law in mn slternating current f{ield, because such deviations
have been observed (Lg, 49) with many dielectrics. The expression for
Ohm's lav is

e

:}_&;n

fd

where £ 1s the woltaze applied, I s the ecurrent through the specimen,
snd 2 is the impedance. It has already heen pointed out that the bdridge
used measures the imredsnce of the sewple. If the ldealized clreuit

(a pexistor and eapscitor in yarellel) is considered, the impedance,

ps previonsly indicated, is

g:g?/ﬁ+(zfcn)2,

where Ry, 1s the trie resistance of the nample, £ is the frequency of
the spplied voltage, and C is the capacitance nf the electrode systenm,
1%t can be seen that the aprlled vnltmge does not enter inmto the equa=-
tion for impedsnce; however, the dats yresented in Table YIII show
definitely that the impedance, or resistance, of the sample decrerases
with incrsasing yoltsge. If Ohm's law were followed, the {wmpadance

would remain constsnt when the voltage is the only yarisbla changed.
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Sinee this is not the oase, Ohm's law iz not obeyed.

Molean and Xohmen (15) o;u-rvad this aane effect. They offered
the explsnation thet ions which are strongly bound to the cellulose
atructure move szainst restralsing forces when a potentinl is aprlied,

At low potentisl zradients, lone finally atiain an equilidrium positions
{n this case, the leaksge current reaches a constant low value and,
when the potential is removed, a current flovs in the opnoaite direc-
tion. At high potential graiients, the restraining forces mey hreak
down snd some of the fons decome free, thms causing en increase in cur-

rent which is not reversible.

Data for frequency studles ara presented in Table I{ and
plotted in Tigure 12, TFrom thecs date, 1t can be observed that the
resistance deoreases with incressing frequenciesy however, since the
iapedsnce »nd not the true resietance is maasured, the observed effect
may be due to the susceptance of the electrodes. R, for the ideslized

cirouit is

R, = 2//1 - (2reez)®.

The cépacitnnca (C) of the slestrode system is

S = 0.08857r k%,
whers ¢ is the radius ol the electrode, k 1s the dielectric constant
of paper (assumed to he 3), and 3 is the czliper of the sample or plate
separation of the slectrodes. The suseeptance nf the electrode system
would be graptest at the highest frequencies usged. Thusz, when the
values found in %able I¥ for the frequency of 120 c.p.8. are substi-

tated in the above equation, the following values are obtsined:
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2 b 37;7 ﬁﬂd.
and

R = 2.00x100 ohms,
2

whereass
2 = 1,99x10° onms,

vhich is not sienificantly different from the {mpedance messured. The
suscentance of the electrodes st tha lower frequencies would be less,
and the messured impedance would etill more clomely aprroximate the
true resistance of the sample. Yencs, the measured impedances are
essentinlly equsl to the true resiatances. 1%t may be cencluded that
the resistance of paper increases, in the range studied, with decreas-

{ng frequencies of the zprlied voltage.

Hurphy and Lovry (1) suzrested that, upon expansion of the
theory rroposed by lMurphy and Walker (L) to include alternating eur-
yents, the structure of a dielectric, free ions, adsorbed lons, and
nentral molacules may each contribute to the total dlelsctrie adsorption
snd dielectric loas, The relative rrominence of each of thess components
should depend on the type of dlelectric, the temperaturs, and other

factors,

It is sugzested in present theories of electrolytee in solu-
tion that each Son is surrounded by an lonic atmosphere of central
symnatyy resulting from the sombined effect 0of Coulomd forcas betwasn
the charged fone and the thermal aritation. “hen an external potentisl
is nprlied, the electrical foree averacomes the ordinary frictional re-

sigtance to the motion of the ions mnd they move toward the slecirode
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of opposite charge. When the ione move from the center of their fields,
n force (knnﬁn as the relaxation force) resists the movement. If the
frequensy of the impressed s.x.f. is increased to a point vhere the
period of oecillation of the fon becomes comparadle with the time of
relaxation, the dlssymmetry in the ionic atmosphere will decrease, the
offect of the elestrionl force nf relaxation will diminish, snd the
eguivalent conductance will imcreass. At the moisture contents axist-
ing when the papers were tested, this phenomenon and the forces bind-

ing the ions to the celluloss may sprly.

If such is the case, the relaxation forces will be greater
at frasnencies below the eritical reriod of oreillation., A4s the fre-
quencies decresse, the relaxation forces wounld {nereaee and the resist-
ance would inerease. "his rheromenon may explain the observed increnss

in resisterce with decreasing fr-ruency.-

studies carried out upon the resistance as a function of the
ash, or alectrolyte, content in paper yielded information repardiing
possible mechanisms for electrical conduction., "he data are presented
in Tahle X and are plotted in Fizura 13, This figure indicates that
resistance decreases nt s lower rate when the ash content is above e
eritical rezion. As the ash content decreases below thin eriticsl

repion, the resistance increawes verv ravidly.

A machanism whieh mizht be used to exriain the observed ra-
enlts may he hased upon the existence of two tyyes of conduction. In
renges of high electrolyte content, the conduction night be almost

entirely due to ions; however, ss the alectrolyte cortent aprroaches
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lower volues, there may be insufficient ions to conduct the current
and a transition to fonie conduction by the watsr adsorbed may teke
place. Cellulose is very hyeroscopic, end the water adsorhod is
tenaeiously held. This water could only enter into conduction with
difficulty. Thus, the transition from electrolytic conduction to the
tonic conduction of water would bBe indicated by the dreak in the curves

shown in Figure 13.

Another explanation can be offared for this range of ash
contents if the conduction is arain constdered a result of two factors,
At high ash contents, the conductivity is limited dy the conduction of
the pure ash; at low ash contents, tha conducting paths are no lonzer
continuous pathe through electrolyte, dut dbroken paths through elec-
trolyte {nterrupted by strongly adsorbed water. As the ash content is
decreased from high values, & criticel value ig reached; thia ig indi-
catsd by a sharp change ia the curve, where the conducting paths are
no lonzer continmous and further decreases in the ash content result

in a sharp inerecss in the resistance.

The souation for the onrves shown in Fipure 13 has the
sprroxivate form (@' - £3(C - b) = g, where o' s the specific re-
sistance, § 1s the concentration of the electrolyte, and &, b, and ¢
are constants. The constants in the equation ean be evaluated in
terms nf the latter explanation: a would be the resistance of the
pure electrelyte at the mofeture content it has in the sheet, B would
be the aeh content balow which the resistance would theoretically o

to infinity, and ¢ would be s proportionality constant. It is obvieus,
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hovever, that even nt xero ash content the resistance has a finite
velue, obviating the above interpretation of the data unless, at the
hizher resistances, the phenomenon of ionic conductivity of the water
plays a more important role. If such were the case, thers would be a
gradual shift of the curve toward zers ash content vith a rapid in-

crepse in the resistance at the same time,

In view of these ohasryations, a possible mechanism of con-
duction at high moiature contents may be poetulated. At very low ash
contents, the eonduction may be due largely to the fonic conduction
of the water. In the intermediate range of ash contents, ths conducting
electrolyte paths are hroken by the higher resistant adsorbed water,
vheress, at higher ash contents, the conductivity may be due largely
to the lonilec conductivity of electrolytes in the paper and is finally
1imited, as the ash content incresses, by ths conductivity of the ash

{teslf.

Murphy and #alker (1) pointed out that the logarithm of the
resistance ix a linear function of the logarithm of the moisture con-
tent. The slope of this line is dependent only upon the type of mate-
#ig]l in ouestion, and ita relative position to the ordinates is pov-
erned by the ash impurities present in the material. This latter ob-
gervation apreared to follow when unbleached, chlorinated, bleached,
and alpha pulps prepared from the swame original stock were tested.

It was found that all nf thess eriecimens had apnroximately the same
realatance, indicating that organie impurities present 4n paper had

13ttle influence. Since the orsanic materinls in parer are noncnne
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duetors, the trand odserved is understandable.
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CONCLUSIOYS

Investization of the resistance of paver as a function of
alectrnde ares reveanled that the specific resistance was not indepen-
dent of the elactrode ares axcept in the case of a very uniform paper.
Yarintlions in caliper, surface charsoter, and ash content, within the

tewt specimens, cauned the observed rasults.

In the 1izht of studies carried out with different slectrode
pressures upon samples of different calipers, it was observed that the
contact resistance formed an sprreciable part of the measured rasist-
ance, particularly when the prassure of the electrodes was low. A
higher pressures, the resistence nf the samples decreassd and apyroached
lowsr 1imiting valuss. This was urobably due to a eorresponding de=
crsase in contact reslntanca.. The compression of the sheel was vary

small and sould not explain the decrsase observed.

Because the contact resistrnce (1) makes up a portion of ‘the
measured resistance, the specific resistance 90') calculated is not
the true svecific resistance of the gample hut i.

P = Aer v R
where A is the sres of the elsctrodes, X is the true registence of the
TERET, andfﬁ?!s the enliver of the yaver. Applicetion of a modified
form of this equstion to the studies carried out on marers of 4iffer=
ent calipers shovad that the specific reaistance increased with de-

cressing caliper. A preater discortinuity in the condueting vaths at
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the lower calipers could cause the results observed.

A series of tests using s mercury electrode system further
indionted that contact resistances did form an aprrecisble part of the
resistence of papsr. Although the mercury made a mors complets con-
tect with the sample than the flat plate electrode at equal pressures,
by sprlying a comparatively high pressure tos the flat plate electrodes,

results of the same magnitude as those for mercury were obtained.

If higher pressures were used with flat plate electrodes,
the vrotrusions in the specimens would be reduced, resulting in & com-
pression in the area of such protrusions. This, in turn, may be re-
sponsihle for the lower resistences nhaerved because of increased con~
duetion in the comprressed ares. However, it may be pointed out that
work hy Sebors snd Stamm (8) showed that beating pulp did not alter
the resietance. Such beaten pnlps would have a higher density, and

the above explanstion may not bs walld.

It im mlsc possidle, when the flat plate slsctrodes vere
nsed with higher preasures, that the contact resistance was reduced.
If this vere the case, the marcury elsctrodes could not have made
complete cortact with the speciven. Also, this would indicate that,
it sufficient pressnre wera sprlied, the flat plate electrode would

have the advantsres of the mercury electrode and not 1te disadvantages.

A serles of exreriments carried out on aamples at different
temperatures but at the same relative hunidity showed that temperature

veriations had a merked influsnce upon the resistance of the saarles.
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The resistance decreased 15 times ss the temperature was increased

through s renpe of 30% C.

It was found that peper fsiled to obey Chm's law, Incresses
in the altern-ting current voltage mcross the sample resulted in g
decrease of the impesdsnce of the sample. It wae sugrested by Yelean
and Xohman (15) that, as voltage is increased, more lons vhich are

hound to the cellulose were displaced, resulting in a lower resistance.

It wae found that the resistance increased with decreasing
frequencies, 3ecanse, at lower frequencies, the relaxation forces
eonnter to the movement of ifons may be greater, this incresse wonld

result from s greater resistance to the movement of conducting lons,

When samples of high electrolyte contents, but identicel in
other respscts, were tested, it was observed that the resistance
sppeared to be less derendent upon the ash content than at lower ash
contents, As the electrolyte concentration degreased, a critical
region was resched below vhich the resistance rose markedly. It is
sugrested that at very low azsh conteants the conduction may be csused
larsely by the ionic eardnctivity of alectrolytes and water, vhereas

at high ssh contents the conduction may be rroduced largely by lons.

Tasts on unbleached, chlorinated, bleached, and rlphs mlp
nrepared from unblesched sulfite wers undertnken, It was observed
that resistsnces of the samples were not aorracisbly difrorent; Thie
1s in line with the theory of conduction advanced by rarrhy and Valker

(). The differences in the pulys are dne vrimarily to orpanic materials
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whieh are nonconductors and would not influence the resistance of the

PANEY,



SUMMARY

Instruments vere constructed for measuring beth the alternat-
ing and the direct current resiastence of paper. Fracautions wers taken

to avold leakage currents and plokup from stray electric fields.

Techniques wers developed, in the preparation of the tost speci-

mens, to control the individusl variables independently of each other.

All specimens were conditioned for 24 houro bafore testing in

specially constructed cabinets of controlled humidity and temmerature.

The samples included handsheets, one commersial paver, and

an snslytical grade of filter rmer,

A stainless steel slectrode system was finelly adopted for

teating, after it was found that a meroury system proved impractical.

The data obtained indicate that the specific resistance is
derendent upon the area of the slectrode, chept in cases whers the

paper is very uniform.

The pesisiance was obaerved to decrease with increase in

elsctrode pressure, arproaching s limlting value at higher loads.

Studies upon papers of differant calipers showed that the
contact resistance formed & portion of the measured resistance, and

also indicated that the true specific resistance of the specinem did



ot remain constant but inorcased with decreasing caliper.

Temperaturs stndies showed that the resistance decrensed with

incrsaging temmeratures.

Tailure of paver to follow Chm's law wes observed when the
aprlied alternating current voltage wes varied. Resistance of psper

decrenses with incressing sprlied voltage.

Yariation in frequency showed that the resistance of raper

fncrenssd with decressing frequencies.

Studies of the resistancs of paper at various ash contents
§ndteated that the conduction at low ash contents is due primarily te
water. In the intermediate range, the ponduction is due to both water
and electrolyte. The rasistance at high electrolyte content i finslly

1imited by the conductivity of the elsctrolyte~fiber system.

Orgenie impurities commonly present in paper do not spnre=

ciably alter the measured resistance.
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