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ABSTRACT

A d-c current interrupter method has been de-
veloped for oscilloscope studies of time-potential
changes at an electrode surface during short interrup-
tion intervals. A square pulse with a very short rise
time was used to interrupt the current flow in a cell.
The current was cut off or on in 0.15 microsecond.
The length of the interruption period and the pulse
amplitude could be varied. The repetition rate of the
interruption was adjusted so that the total interruption
time was in the order of one percent of the current flow
time,

This interrupter technique permitted correction
for the resistance error in closed-circuit potential
measurements. Polarization decay andbuild-up could
also be followed as the current was cut off and turned
on. The potential changes and double layer capacity
effects occurring at an electrode surface during inter-
ruption could be measured. An initial study of polari-
zation phenomena on the zinc anode-steel cathode sys-
tem in a synthetic sea water electrolyte was carried
out using this new interrupter method.

PROBLEM STATUS

This is an initial report; work on the problem is
being continued.

AUTHORIZATION

NRL Problem C05-10R
NR 405-100
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STUDIES OF TIME-POTENTIAL CHANGES ON AN ELECTRODE
SURFACE DURING CURRENT INTERRUPTION
PART I. ZINC-STEEL COUPLE IN SYNTHETIC SEA WATER

INTRODUCTION
Statement of the Problem

Several studies of the anodic behavior of zinc and aluminum-zinc alloys as protective
anodes have been made at the L:ab()t'e:ttc:ry.l’z'S’4 These investigations demonsirated that
high purity zinc was superior to other compositions studied for use in the cathodic pro-
tection of underwater steel structures on a ship.

In order to understand better the mechanism of this cathodic protection of steel by
pure zinc anodes, it was felt that a fundamental study should be made of the polarization
phenomena at anodic zinc and cathodic steel surfaces.

The study of polarization phenomena at an electrode surface requires the separation
and determination of the various factors involved. When the closed circuit potential of a
working electrode is measured, there is included in this measurement:

(1) the IR drop due to resistance between the reference electrode and the
double layer at the electrode surface;

(2) a polarization voltage due to the voltage drop across the adsorbed double
layer on the surface of the electrode; and

(3) a polarization voltage due to the voltage drop across the diffuse double
layer at the electrode surface.

Other factors may also affect the potential measured, but it is believed that the above three
are the primary ones.

In order to measure these polarization factors, an electronic d-c current interrupter
was devised. Corrosion cells consisting of pure zinc anodes and mild steel cathodes with
a synthetic sea water® electrolyte under constant current conditions were studied in this
investigation.

Known Facts Bearing on the Problem
Many studies have been made of the polarization factors outlined above, and several

techniques have been used for these investigations. This study involves the use of d-¢
transients. These d-c transients are produced by interrupting the flow of current in a cell
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and studying the potential decay at the electrode surface. When the flow of current is again
resumed, the build-up of potential can also be studied.

Two general methods used for the interruption of current flow are the commutator
and the electronic interrupter methods. The commutator method has been extensively
investigated by Newberry*“® and Ferguson.*'° An electronic interrupter method was de-
vised by Hickling,'' which allowed him to study potential decay during interruption of cur-
rent from a minimum period of 10~° second to a maximum period of 20 x 10~° second.
Hickling and Salt'?later extended this range to a period of 10~" second. By means of this
electronic interrupter, the potential during current interruption was measured to an ac-
curacy of 0.01 volt. The resistance error due to an IR drop between the reference elec-
trode and the electrode surface was eliminated by measuring the potential at a sequence
of increasing interruption intervals and then extrapolating back to zero time.

Frumkin'® criticized this extrapolation method for eliminating resistance error claim-
ing that polarization decay in the order of 0.1 to 0.2 volt during the first 5 x 10~* second
was possible. In order to satisfy this criticism, Salt'* decreased the interruption time to
the order of 2 x 10~° second. However, this decrease of interruption time required a cor-
rection for what Salt refers to as a residual voltage, which for the shortest time interval
was in the order of 0.75 volt.

In conjunction with a cathode-ray oscillograph, d-c transients can be used for the de-
termination of the resistance error and study of the capacity effects at the electrode-
solution interface. Bowden and Rideal used an oscillographic method to determine
electrode capacities of metallic surfaces and by comparing with that of mercurg claimed
that they were able to determine the ratio: true area/apparent area. Newberry" also used
an oscilloscope in conjunction with his studies of hydrogen overvoltage decay during in-
terruption of current.

The structure of the double layer at the surface of an electrode h ; been extensively
investigated. A recent review of the studies on this subject has been made by Grahame. '®
He defines the electrical double layer as possibly consisting of a layer of electrons, a
layer of adsorbed ions, and a diffuse layer consisting of an ionic atmosphere in which ions
of one sign are in excess of their normal concentration whereas those of the opposite sign
are in concentrations lower than in the body of the solution. He pictured this atmosphere
of abnormal concentration of ions to fall off rapidly as the distance from the surface in-
creased. There also may exist at the interface a thin layer of neutral molecules.

EXPERIMENTAL METHOD
Instrumentation

The test equipment (Figures 1 and 2) consists of an interrupter circuit and a viewing
circuit. The interrupter (Figure 3) produces a voltage pulse of variable amplitude and
duration which is applied to the diode, T1, in such a fashion as to interrupt the current
flowing in the circuit furnished by the battery, B1. The cell is connected in series with
the battery, B1, a current limiting resistor, R1, a current measuring meter and the in-
terrupter circuit. Two controls are furnished on the interrupter circuit. One control
allows variable amplitudes of pulse to be applied to the diode so that a pulse amplitude
just sufficient to interrupt the current may be chosen, and the other control allows the
length of pulse applied to the diode to be varied. Pulse amplitudes up to 5 volts and pulse
lengths from one to 120 microseconds are available. In order that the duty cycle of the
interruption applied to the current passing through the cell shall not be varied, the repetition
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GATHODE
FOLLOWER

CATHODE
FOLLOWER

Figure 1 - Test equipment

INTERRUPT?

GELL

BATTERY
UNITED CATHODE TEKTRONIX
INTERRUPTER CELL CINEPHONE
UELIFIER FOLLOWER 0SCILLOSCOPE

SYNCHRONIZING PULSE

Figure 2 - Block diagram of test circuit
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rate of the pulse is varied by the same control as the pulse length in such fashion as to
maintain the duty cycle constant at approximately one percent. The voltage pulse has a
rise time from 0 to 90 percent of maximum amplitude of 0.08 microsecond and a fall time
to 10 percent of maximum amplitude of 0.10 microsecond. No detectable overshoots are
present and the pulse top is maintained flat over the entire range of variation of pulse
lengths. A separate trigger pulse is also furnished by this circuit which serves to syn-
chronize the external viewing scope.

The single stage video amplifier which is included in this unit has not been used in
the experiments conducted here. The impedance offered by the cell to the flow of electric
current is very low, on the order of 25 ohms, and with current of less than one milliampere
this produces voltage drops of a few millivolts. To display the voltage pulse developed
across the cell on an oscilloscope, an over-all amplification as high as 10,000 is some-
times required. Also, to pass the frequency components contained in the rise of this pulse,
uniform gain response must be maintained up to four megacycles or better. In the test
set-up employed here, this gain was provided by two video amplifiers in tandem. The
first of these amplifiers is a high-gain amplifier built for the Naval Research Laboratory
by the United Cinephone Company. This amplifier has a nominal response of 4 megacycles
butat higher gain levels this response slopes off considerably at the high frequency end.
The input impedance of this amplifier is 2.2 megohms shunted by 40 micromicrofarads
which is sufficiently high to place a negligible load on the cell under measurement. The
second amplifier is internal to the Tektronix oscilloscope, Type 511 AD, and has a nomi-
nal bandwidth of approximately 8 megacycles. The lack of required bandwidth on the
United Cinephone amplifier shows up in two ways: (1) As a deterioration of the rise and
fall times of the pulse,and (2) as an oscillation on the leading edge of the pulse. This
effect becomes evident only when the waveform developed across the cell has a verysharp
rise time (Figure 15, 1 microsecond interruption at 2 hours) and thus is usually encoun-
tered measuring the potential with respect to the cathode where the capacity effects are
less pronounced.

The input impedance of the Tektronix oscilloscope is shunted by 40 micromicrofarads.
If this capacitance were shunted across the high impedance output of the Cinephone am-
plifier a serious limitation of over -all bandwidth would occur. To avoid this a cathode
follower impedance transformer (Figure 4) has been inserted between the output of the
Cinephone amplifier and the input of the Tektronix oscilloscope.

The interrupter described here has been designed for a specific set of tests and does
not indicate the range of pulse lengths and amplitudes possible. Should a requirement arise,
pulses either much shorter or longer or of much greater amplitude could be obtained.

It must be kept in mind, however, that

reductions in pulse lengths with corres- ' +is0v
ponding improvements in rise and fall
times place severe requirements upon
any amplifiers required.

INPUT

8,

QUTPUT

===

Analysis of the Time-Potential Trace L uFd

In the study of the cathode-ray os-
cilloscope traces obtained during cur-
rent interruption, it was helpful to con-
sider the time-potential changes at an
electrode surface in terms of an analo-
gous electrical circuit. This circuit Figure 4 - Cathode follower circuit
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Rp (Figure 5) consisted of a capacitor in paral-
WAV lel with a resistance and both of these in
Rg series with another resistance.

_‘I 3 i If the square pulse used to interrupt the

I | current flow is considered as the switch, S,

which cuts off the current,then, when S is
T opened the capacitor, C, will discharge through
the parallel resistor, R,. The equation for

& the change in voltage, EC, across the capac-
itor during discharge when RpC is much
greater than the rise time of the square pulse
is
e Ec = Ee~t/RpC,

<
w

where t is time and E is the voltage across

the capacitor at t equal to zero.
Figure 5 - Electrical analogy

afuictiverpotential tusge When the interruption of current is ended,

S is closed and current starts to flow. The
electrical condition at the electrode surface is more complex than during discharge. Here
the series resistance, Rg, comes into the circuit and the change in voltage across the ca-
pacitor during charging will take place as shown by the following equation

EC =E'__RLP)(1_E-(%(%5+I_{L‘D).

Rs + R

When the circuit (Figure 5) consists only of a resistance, the left hand side of the
cathode ray trace (Figure 9) shows the drop in voltage across the resistance as the cur-
rent is switched off, and the right hand side of the trace shows the increase in voltage as
the current is turned on. The time constant of a pure resistance is undoubtedly of a much
lower order than the time required for the switching off or on of the current. Therefore,
the time required for voltage change across a pure resistance will only depend on the
time necessary for the pulse to cut the current off and for the pulse to be cut off. This
switching off and on of current for the interrupter circuit used took place in a time inter-
val of 0.15 microsecond. .

The potential change across a circuit (Figure 5) in which C was a 0.102 microfarad
condenser, Rp a 20.8 ohm carbon resistor, Rs an 11.1 ohm carbon resistor, and the cur-
rent flow, i, was 2.93 milliamperes, was observed on the oscilloscope during current in-
terruptions of one microsecond and 50 microseconds. A study of the traces obtained
(Figures 6 and 7) shows that the total time required for essentially complete discharge of
the capacitor was about 6 microseconds. Therefore, the one-microsecond interruption
(Figure 6) does not allow full discharge of the capacitor. However, since time intervals
in the order of 0.02 microsecond can be determined, this short interruption time permits
an accurate and easy determination of the voltage drop due to the series resistance.

At the instant the interruption is applied, both the series resistance and the discharge
of the capacitor will contribute to the potential change observed in the trace. However,
since the series resistance’s time constant is of a much shorter order than the time con-
stant of the condenser discharging through the parallel resistor, the voltage change dur-
ing the first 0.15-microsecond interval will primarily consist of the change across the
series resistance. The amount of capacitor voltage change during this first 0.15-microsecond
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Figure 6 - Voltage change across circuit illustrated
during a one-microsecond interruption
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Figure 7 - Voltage change across circuit illustrated
during a 50-microsecond interruption
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interval can be determined by extrapolating back on the capacitor decay curve to the zero
time axis. This voltage can be subtracted from the total change at 0.15 microsecond to
give the voltage drop across the series resistance during current flow. The series re-
sistance is determined by dividing the voltage drop by the current, i.

The time-potential trace (Figure 7) is used to determine the parallel resistance and
the capacity values. The steady state voltage drop across the parallel resistor, iRp=E
is determined by subtracting from the maximum voltage drop during the 50-microsecond
interruption the voltage drop across the series resistor. The capacity is determined by
finding the voltage EC across the capacitor when t = RpC. When this condition is satis-
fied, EC will be equal to 0.368 times the voltage across the capacitor at zero time. The
time when this value of voltage is reached is found from the time-potential trace and the
capacity is determined by dividing this time by Rp.

In the experiment the values for the series resistance, parallel resistance, and ca-
pacity were determined from the traces (Figures 6 and 7) using the above method. The
value of the series resistance was found to be 11.1 ohms as compared with the actual value
of 11.1 ohms. The value of the parallel resistor was 20.0 ohms as compared to its true
value of 20.8 ohms. Finally, the value determined for the capacitor was 0.108 microfarads
as compared to its true value of 0.102 microfarads.

Zinc-Steel Couple in Synthetic Sea Water '

A study of polarization phenomena at pure zinc anodes and mild steel cathodes was
undertaken using the interrupter technique developed. Corrosion cells (Figure 8) used in
these experiments consisted of lucite cylinders 10 centimeters in length. The ends of the
cylinders were carefully machined to give smooth parallel surfaces. Ports were placed

in three positions so that a reference

LUCITE CYLINDER electrode could be placed in any posi-
tion and also the solution resistance
could be determined by measuring the
potential drop across a known length
STEEL CATHODE of the cell. These ports were also
used to allow a slow flow of synthetic
sea water through the cell.

ZIRG ANODE p: PORT

CONSTANT CURRENT
SOURCE

This type of cell was usedbecause
it was compact and permitted connec-
tion with the interrupter circuit with
the shortest and straightest possible
leads. Consideration of compactness
is very important in this work since
otherwise undesirable capacity and
inductance effects may be introduced.
GASKET W 1 & The cylindrical type of cell also gives
' ; the optimum current distribution on
both the electrodes and in the electro-
lyte, and permits a determination of

solution resistance. Examination of
Wm;:;n?g“m the electrodes after a run readily re-

vealed that edge effects were essen-
St hkis tially eliminated by this cell.

INTERRUPTER
CIRGUIT CONNECTION

The choice of reference electrode
Fisure 8 - Cell used in polarization studies used in measuring the potential change
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GHANGE IN POTENTIAL (VOLTS)

TIME —»
(EACH INTERVAL = 0. MIGROSEGOND)

Figure 9 - Time-potential trace of voltage drop across cell due to
solution resistance. One-microsecond interruption. Zinc reference electrodes

0.032l

CHANGE IN POTENTIAL (VOLTS)

TIME —»
(EACH INTERVAL = 10 MICROSECONDS)

Figure 10 - Time-potential trace of voltage drop across cell due to
solution resistance. 50-microsecond interruption. Zinc reference electrodes

during interruption was found to be critical. It was essential in the study of d-c transients
at the electrode surfaces that the reference electrode remain constant during the inter-
ruption period and that it also have a very rapid response to voltage change. A saturated
calomel reference electrode was first tried and was found to show a capacity effect. The
reason for this is not fully understood and this phenomenon is to be further studied. How-
ever, it was found that a pure zinc or magnesium rod would make an ideal reference elec-
trode for this work,

In order to test the suitability of pure zinc as reference electrodes, two zinc rods
were inserted at the end port openings of a corrosion cell in the interrupter circuit. This
was done so that each zinc rod would be at opposite ends of the potential field across the
solution. These zinc rods were connected across the amplifier -oscilloscope circuit where
the time-potentia] traces which were due to the IR drop in the solution between the two
rods,were investigated. Traces for one- and 50-microsecond interruptions (Figures 9 and
10) show that the potential change during interruption was purely due to solution resistance
and that the zinc rods themselves showed no discernible capacity effect or time lag in
potential response.
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Two cells were used in this study, one had an internal diameter of 3.18 centimeters;
the other had an internal diameter of 6.35 centimeters. Both the zinc and steel electrodes
were machined to a smooth surface and polished down to 3/0 metallographic emery paper.
After cleaning the electrodes with water and ethyl alcohol, a gasket of polyethelene, one
mil in thickness, was placed on the edges of the lucite cylinder and the electrodes were
bolted into position (Figure 8).

In the small cell an apparent area of 7.94 sq cm of each electrode was exposed; for
the large cell this area was 31.67 sq cm. A slow continuous flow of synthetic sea water
which was saturated with air was passed through each cell during the run. In the small
cell the rate of flow was 5-10 ml/min; and in the large cell this rate wasfrom 10-15 ml/min.
It was believed that these rates of flow were sufficient to keep a continuous supply of
fresh solution in contact with the electrode surface.

During each run, clesed circuit potentials against a saturated calomel reference elec-
trode were continuously measured on a recording potentiometer. A continuous constant
current,maintained by using a high voltage battery source across a voltage regulator vac-
uum tube, was passed through each cell.

Runs were made by starting with the circuit open for a period of about two hours. At
this time the open circuit potentials of the zinc and steel were stable and close to -1.09
volts for the zinc and -0.75 volt for the steel electrodes. A predetermined constant d-c
current was then applied to the cell. When the polarization factors were to be measured,
the flow of sea water was stopped in the cell and it was disconnected from its current
source. It was immediately connected to the interrupter circuit. The current flow through
the interrupter circuit was maintained at the same value as the constant current source.
Closed circuit potentials of each electrode using a saturated calomel electrode were then
taken at each port opening. A pure zinc reference electrode consisting of a zinc rod long
enough to extend almost to the bottom of the cell was then placed in either the center port
opening or the opening farthest from"the electrode being investigated. This was done so
that the polarization measurements would average out over the entire zinc or steel sur-
face. Time-potential traces were then photographed for each electrode surface for both
a one-microsecond interruption and a 50- (or more) microsecond interruption depending
on the time required for the polari-
zation to decay to a steady value. :
The electrical connections across s oox ool i
the reference electrode and the

a + = —
anode or cathode which were used i
= . : * ol 1
to obtain the time ]_)Ot.EI_'ltlal curves - i = - = _
were made to the amplifier-oscillo- Ret B
scope circuit (Figure 11). { 13 A
STEEL Zn STEEL Zn
After the time-potential traces
were photographed for each elec-
trode surface, the closed circuit
potentials at each port opening were INTERRUPTER INTERRUPTER
then retaken with a saturated calo- SIROUTE ElsutiE
mel electrode. The cell was then
disconnected from the interrupter
» a s {o) CIRCUIT FOR MEASURING (b} CIRGUIT FOR MEASURING
circuit and connected to its source POLARIZATION OF ANODE POLARIZATION OF GATHODE

of steady current. The oscilloscope

was then calibrated for each ampli- Figure 11 - Circuit arrangements used toobtain time-
fier setting used in the previous potential traces during interruption of current
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measurements by taking the potential drop across a known carbon resistor in the inter-
rupter circuit at known current values.

The duration of each run was from one to two weeks. Interrupter measurements were
made at regular intervals during the run. There was no temperature control of the syn-
thetic sea water electrolyte and it ranged from 24 degrees to 33 degrees C. Theapparent
current densities used were 0.1, 0.2 and 0.5 ma/sq cm for the small electrodes and 0.01,
0.05 and 0.1 ma/sq cm for the large electrodes.

At the end of each run the.electrodes were examined. The steel cathodes in all cases
had a uniform ecalciferous coating over the entire surface. A small amount of zinc metal
precipitated at the bottom of the steel surface and was most noticeable for the higher cur-
rent densities. There was no rust evident on the steel surfaces and after cleaning off the
coating the steel was in practically the same condition as when new. The zinc electrodes
were well pitted and the formation of a white coating was observed on all specimens. The
zinc electrodes that were in the cells with the higher current densities were fairly evenly
corroded; however, the anodes which were run at the lowest current densities showed
large areas with no evident corrosion. There were relatively deep pits on these electrodes.

DATA AND EXPERIMENTAL RESULTS
Analysis of Time-Potential Traces

Time-potential traces showing potential change on the surface of an electrode during
interruption were analyzed in the same way as for the circuit (Figure 5) previously de-
scribed. This electrical analogy was assumed to hold for the potential changes taking
place at the electrode surfaces during interruption. The series resistance was assumed
to be the total resistance from the reference electrode to the double layer. This would
include solution resistance plus resistance effects near the electrode surface due to con-
centration and other factors. The capacity effect was assumed to be due to one part of the
double layer and the parallel resistance due to the resistance across that part of the double
layer.

In order to show how the equations previously given for change in voltage across a
capacity during discharge and charge fit the traces photographed, several typical ones
are analyzed. The values determined for capacity, series and parallel resistance were
substituted in the equations. The voltage across the capacity, EC was then determined
from these equations for various intervals of time. Original traces (Figures 12-14) of
two typical time-potential curves for zinc anodes and one of a steel cathode were obtained.
The time-potential points which were calculated from the discharge and charge equations
were applied to the traces.

Elecirode Potentials and Polarization of Zinc Anodes

The data obtained for the zinc anodes are shown in Table 1. The values for series
resistance are primarily due to solution resistance. The reference elecirode was not at
all times the same distance from the zinc electrode, since in certain cases it was desir-
able to change this. Solution resistance was also determined by taking the potential change
at various port openings in the cell. There was a definite indication that the series resis-
tance was in general greater than could be accounted for by solution resistance measure-
ments. This was probably due largely to the decrease in effective solution area at the double
layer.
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Figure 12 - Time-potential trace for zinc anode during current in-
terruption. Small cell, apparent current density of 0.2 ma/sq cm
after 237 hours
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Eigure 13 - Time-potential trace for zinc anode during current in-
terruption. Large cell,apparent current density of 0.05 ma/sq cm
after 169 hours

Figure 14 - Time-potential
trace for steel cathode
during current interruption
Small cell, apparent cur-
rent density of 0.5 ma/sq
cm after 237 hours
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As can be seen in Table 1, the parallel resistance for each particular run generally
increased with time. This is believed to be due to the decrease in area of the adsorbed
double layer because of film build-up at the electrode surface.

The time constant, t = RpC, generally decreased with time and as the apparent cur-
rent density increased. Also the time constant for the large electrodes was of a higher
order, even for the same apparent current density.

The capacity polarization for each run markedly increased with time due to the in-
crease in parallel resistance. Increased current density also usually increased the ca-
pacity polarization.

The closed circuit potentials shown in Table 1 are the measured values against a
saturated calomel electrode corrected for the IR drop due to series resistance, They,
therefore, represent the polarization due to the adsorbed double layer plus the diffuse
double layer plus any other possible polarization effects. The polarization due to what is
believed to be the adsorbed double layer is the value EC which is called the capacity po-
larization. The other polarization effects have been lumped together and called the resid-
ual polarization. This is obtained by taking the open circuit equilibrium value of potential
for zinc, which is -1.09 volts in synthetic sea water and subtracting the closed circuit
potential value plus the capacity polarization value. It is probable that this residual po-
larization is primarily due to concentration polarization effects. As can be seen from the
table, this residual polarization for each run increases rapidly at first and after a few
days levels off to a fairly constant vaiue.

Time-potential traces (Figures 15-17) of zinc anodes for three typical runs were made
for five periods during a run. The one-microsecond traces were used to determine the
series resistance values. As indicated on the traces, the capacity decay during the one-
microsecond interruption was negligible for the first day or two, after which it became
significant. The longer 50- or 70-microsecond interruptions shown on the traces, indi-
cate a marked change in the capacity and the parallel resistance effects with time. These
longer traces, of course, were used to determine the capacity and the parallel resistance.

The accuracy of the determination of polarization factors varied widely depending on
the particular trace. For traces with a relatively long time constant and high capacity
polarization, the accuracy of the capacity determination was probably in the order of 10
percent. For traces with very short time constants and small capacity polarization, the
accuracy was undoubtedly much less. The accuracy for determination of the voltage drop
due to series and parallel resistance was estimated to be in the order of one millivoltfor
most cases.

Electrode Potentials and Polarization of Steel Cathodes

The time-potential traces for the steel cathodes were handled in the same manner as
those for the zinc anodes. The capacity effects for steel cathodes under the experimental
conditions used were not as marked as they were in the case of the zinc anodes and in
many cases the capacity could not be determined with any degree of accuracy. The series
resistance, however, could be determined in all cases and the closed circuit potential de-
termination corrected for it. The parallel resistance was determined for all runs when
it had a measurable effect during the maximum interruption time available.

Table 2 summarizes the measurements made for the steel cathodes. Here the series
resistance as in the case of the zinc anodes, is also primarily due to solutionresistance.
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Figure 15 - Time-potential traces of interruptions for 31.67 sq cm zinc anode at
apparent current density of 0.1 ma/sq cm
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Figure 16 - Time-potential traces of interruptions for 7.94 sq cm zinc anode at
apparent current density of 0.1 ma/sq cm
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Figure 17 - Time-potential traces of interruptions for 7.94 sq cm zinc anode at
apparent current density of 0.5 ma/sq cm taken at intervals indicated
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There was in several cases a marked increase in series resistance with time which was
attributed primarily to a decrease in the effective area on the cathode surface because of
film formation.

The parallel resistance and capacity polarization values were both of a lower order
than for the zinc anedes and did not seem to vary as greatly with time.

The closed circuit potentials here are also corrected for series resistance and they
represent the potential at the double layer. The residual polarization effects have been
obtained by taking the open circuit equilibrium value of potential for steel in synthetic
sea water of -0.75 volt and subtracting the closed circuit potential value minus the capac-
ity pelarization value. It is probable that residual polarization is mainly due to concen-
tration polarization effects. As can be seen from Table 2, the residual polarization effects
for the steel cathodes have been much higher and apparently more sensitive to current
density than for the zinc anodes.

Time-potential traces of steel cathodes for a single run were made (Figure 18). The
one-microsecond traces for the entire run indicated that there was an inappreciable amount
of polarization decay during this interval and that this potential change was due to series
resistance. The fifty-microsecond interruptions after the first day showed capacity effects
which could be measured.

Since the changes eccurring during interruption at the cathode surfaces were less pro-
nounced than for the anede surfaces the accuracy in most cases of the measurements is
less satisfactory.

DISCUSSION AND CONCLUSIONS
General Theory

When the current flowing through a cell is cut off, a series of phenomena takes place
which tends to make the measured potential more electronegative at the anode and more
electropositive at the cathode surfaces. Each of these events will add to the total potential
change at each electrode at the instant the current is decreased. However, the amount of
potential change contributed by each of these at any particular time will depend on its in-
dividual rate of change. The total change in voltage, therefore, at any time will be the
sum of the potential changes for each event at that time.

At current cut-off there are believed to be three factors of major importance in caus-
ing potential changeoccurring at theelectrode surface (Figure 19). Each of these can be
considered a capacity in parallel with a resistance. Hence, an appropriate “time constant”
can be attached to every one of these factors. This time constant is the product of the re-
sistance and the capacity values.

The first of these factors is the IR drop due to the series resistance, Rg, between the
reference electrode and the double layer at the electrode surface. The time constant for
this event will be very short since the capacity attached to this resistance will be very
small. As shown earlier in this paper the decay in potential due to this seriesresistance
will take place within the time required for current cut-off, which for the experimental
conditions used was in the order of 0.15 x 10~ °® seconds. '

The second factor, the voltage discharge, E3, of the capacity due to the adsorbed
double layer through its parallel resistance, Ra, undoubtedly will have a larger time con-
stant than the series resistance; however, there may be some discharge during the cut-off
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parent current density of 0.5 sq cm taken at intervals indicated
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The third factor encountered in

polarization measurements is the volt- T
agedrop, E4,across the diffuse double i
layer. This is considered primarily
a concentration effect, and it is evident
that its time constant will also be larger
than that of the series resistance.
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There may be considerable over- !

lapping between the three factors. This v S
may consist of a diffuse double layer Figure 19 - Electrical analogy of thedouble layer
discharge with a time constant of the at an electrode surface
same order as the cut-off time and the
adsorbed layer discharge. Or it may
consist of an adsorbed double layer discharge which overlaps the diffuse double layer
discharge time, both being considerably larger than the cut-off time. In interrupter
studies of polarization phenomena, it is important, if possible, to arrange the experimen-
tal conditions so that the time constants of each of these three factors be as widely sepa-
rated as possible.

Stern'’ proposed the structure of the double layer outlined above. He combined the
Helmholtz™® simple fixed adsorbed layer with the Gouy*® diffuse layer. ¥ there is a total
charge, g, on the electrode surface, then the corresponding charge in the electrolyte is
made up of the adsorbed layer having a charge, -qa, and the charge on the diffuse layer,
qd- Both qa and qq may have charges of the same or opposite sign but the condition

qT = qa + qd.‘l
is necessary when the system as a whole is electrically neutral.

Gatty and Spooner?® from a study of the electrocapillary curve stated that close to
the potential of the electrocapillary maximum the double layer is largely of the diffuse
type. However, farther away from the potential of the electrocapillary maximum the
capacity seemed constant over a considerable range of potential suggesting to them that
the double layer is predominantly of the Helmholtz or adsorbed layer type.

Grahame'®*! assumes that the adsorbed double layer only contains such ions as may
be specifically adsorbed on the metal surface. Since at the cathode specific cation adsorb-
tion can be considered negligible, each ion in the double layer will confer its own charac-
teristic value of capacity on the adsorbed layer, the actual value being an average depending
on the relative amounts of the several ions in the neighborhood of the adsorbed layer.
Further, except near the electrocapillary maximum for very dilute solutions, the capacity
of the adsorbed layer will be much smaller than the capacity of the diffuse layer.

Changes in concentration at the electrode surface result in concentration polarization
phenomena. These concentration changes cause such occurrencesas film formation, hydro-
gen liberation at the cathode, and liberation of oxygen at the anode. In addition to the diffuse
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layer formed by concentration changes, the formation of dielectric films may result in an
effective decrease in the area of the bare metal. Capacity effects due to this dielectric
film being interposed between the surface and the double layer will be present. Actually
the capacity and resistance effects on the electrode surface must be looked upon as a com-
plex network of parallel and series combinations. The dieléctric constants and their
thicknesses at different areas of the surface may vary greatly. Also the current density
at various areas will probably vary from essentially zero to a relatively high value de~
pending on the shunting resistances. The potential and capacity measurements made by
the interrupter technique developed here represents an over-all average effect. In addi-
tion to the above complications, capacity and resistance values are not necessarily con-
stant during interruption as is assumed in the analysis of the time-potential traces. However,
there is an indication that for the short period of time required for these measurements
the change in these values is not appreciable.

Zinc Anodes

The experimental results obtained for the zinc anodes indicated that for these runs
the time constant for the capacity potential discharge was appreciably greater than the
cut-off time. This permitted a good separation from potential drop due to series resist-
ance. Since the total voltage drop due to polarization was notaccounted for by the voltage
drops across the capacity decay for the maximum interruption time available, it was evi-
dent that this polarization decay did not represent the total discharge of the double layer.
Instead, it is believed that the adsorbed and the diffuse double layers had widely different
time constants. The capacity discharge observed was for the section of the double layer
having a time constant which allowed complete discharge during the interruption time used.
The time constant of the remaining part of the double layer was of a much higher order
and its discharge during this time was negligible.

It appears to be probable that the polarization decay observed at the zinc anodes is
due to the discharge of the adsorbed double layer rather than that of the diffuse double
layer. The capacity effect at the adsorbed double layer is due to a layer of adsorbed anions
plus the concentration effects of neighboring ions in the diffuse layer. The adsorbedanions
would react with the zinc ions going into solution, thus not allowing the capacity effect due
to this specific adsorption of anions to build up to a high value. The formation of films
due to the precipitation of the reaction products of zinc and the anions in the sea water
would also tend to reduce the value of the adsorbed layer capacity because of the effective
increase in dielectric thickness. The diffuse layer, however, will consist of a high con-
centration of positive zinc and other ions which should result in a high capacity value for
this layer.

In the electrical analogy for the anode surface (Figure 19) the value of CaRa is coa-
sidered to be appreciably less than CdR4. There is virtually complete discharge of the
adsorbed layer within the maximum interruption time available with the several possible
exceptions which are shown in Table 1. For apparent current density values of 0.10 ma/cm?®
and below there was no measurable potential change in practically all runs until after the
first day. The runs at higher current densities all showed relatively high capacities after
the first several hours which dropped considerably the next day. The diffuse double layer
discharge, however, apparently had a much larger time constant and its contribution to
the potential change during interruption was negligible.

It was hoped that the capacity values found by this method could be used to determine
the relative true current densities. The data, however, showed that there was no simpie
direct linear relationship between true area and capacity. The reason for this isbelieved
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to be mainly due to the fact that the capacitors formed by the adsorbed layer on the elec-
trode surface are not flat plate condensors, because the contour of the surface is veryir-
regular. The relative contour of the surface is also apparently not the same at different
current densities or at different times during a run. There was, however, a fair relation-
ship between area and capacity found for the large electrodes which were run at the lower
current densities and the small electrodes run at the higher current densities, each taken
as an individual group (Figure 20). The relative current density was calculated by assum-
ing a direct linear relationship between area and capacity. The capacity value used as a
base was the initial value found for the run at the highest apparent current density of 0.5
ma/sq cm. This was 14.8 microfarads and this value was divided by the apparent area of
the electrode to give the relative area.

Steel Cathodes

The separation of the IR drop due to series resistance from the capacity voltage drop
for the steel cathodes was easily accomplished since there were essentially no capacity
voltage changes during the one-microsecond interruptions. The voltage change due to the
capacity discharge was generally much smaller than for the zinc anodes and in many cases
no potential change could be detected even at the maximum interruption time.

Table 2 shows that the measured capacity polarization was usually much less than one
percent of the total polarization. Hence, the major polarization change did not take place
since it apparently had a considerably higher time constant than 100 microseconds. It was
not apparent in the case of steel cathodes whether the capacity effect observed consisted
of the adsorbed or diffuse layer discharge.

Potential changes representing capacity discharge at the early part of the runs, es-
pecially at the lowest current densities used were negligible in most cases. This was
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apparently due to the large surface of steel exposed which resulted in high capacities and
low shunting resistances for both parts of the double layer. As the calciferous coating
was formed a large part of the original area of the electrode surface was effectively re-
duced. This resulted in a reduction of the capacity of the part of the double layer dis-
charged plus an increase in the parallel resistance across it. The increase in the parallel
resistance would give a larger IR drop across this part of the double layer which, together
with a possible decrease in the time constant, would result in a measurable decay within
the interruption time used.

The use of capacity measurements for the determination of relative true area was not
satisfactory. In addition to the reasons given for zinc anodes there was also the fact that
the accuracy in determining these values was not very high. This was because of the very
low potential changes and difficulty in accurately determining the time constants.

SUMMARY AND RECOMMENDATIONS

An electronic d-c current interrupter method has been developed which should be
helpful in fundamental studies of electrode phenomena. The useful range of this interrupter
can be extended and varied for the investigation of particular problems.

This electronic interrupter technique has been used to carry out a fundamental study
of the zinc-steel couple in a synthetic sea water electrolyte. Series resistance effects in
the measurement of closed circuit potentials have been eliminated. This method also per-
mitted the placing of the reference electrode at a distance from the electrode being observed,
thus eliminating local area effects and measuring the average potential on the electrode
surface. This further resulted in more stable and, therefore, more accurate potential
measurements.

The measurement of capacity effects due to the double layer and the polarization
phenomena associated with these effects were carried out for the zinc and steel electrodes.
This information should help to lead to a basic understanding of the electrochemical prop-
erties of these metals. '

These investigations are preliminary; further studies of this type are necessary to
give a more complete understanding of electrode processes.

The zinc-steel couple in a synthetic sea water electrolyte is a very complex system.
Investigations of this couple in sea water should be supplemented by studies of more ele-
mentary systems. For example, the study of mercury as an electrode in simple salt,
acid, and alkali electrolytes should be helpful in associating the measurements obtained
by the interrupter method with the basic electrocapillary and double layer theories.
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