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Abstract

The object of this program is to develop a fundamental understanding of the
influence of applied potential on mechanisms for erosion-corrosion as applied to
copper and copper-based alloys. 'This work is intended to allow application of
laboratory experiments to predict the onset of erosion-corrosion failure under field
conditions and to guide development of workable strategies for prevention of erosion-
corrosion. This program is being transferred to the University of Florida; therefore,
this report provides a summary of the activities at the University of Virginia.

In the first year of the program, an electrochemical cell incorporating a scanning
ellipsometer was designed and built. The cell uses a submerged electrolytg et
impinging on an electrode. The laser spot size is around 25 x 76/u, and the
position of the electrode-jet assembly relative to the laser spot can be controlled by
stepping motor stages without altering the hydrodynamic environment. This)system •
will be used to map local film thickness under well controlled fluid flow exhibiting
high shear rates. The radial position at which the film thickness decreases can be
related to a critical value for hydrodynamic shear required to remove the film, and
the use of a well-characterized flow geometry allows separation of erosion-corrosion
effects from corrosion enhancement associated with mass transfer. Experiments
using this system will begin in the second year of the program. In support of
the erosion-corrosion studies, electrochemical experiments are being conducted to
identify the corrosion mechanisms and film composition associated with corrosion
of copper in neutral and basic saline solutions. These experiments will be extended
to model copper-aluminum alloys in the second year of the program.

Scientific Research Goals $

Erosion-corrosion is a pervasive and complex problem which is attributed to velocity-
enhanced mass transfer as well as to a mechanical removal of protective oxide films. The 0
objective of this contract, awarded January 20, 1987, is to identify specific modes of cor-
rosion enhancement associated with high-speed flow. This work is necessary to provide a
fundamental understanding of the mechanism for erosion-corrosion, and to allow application
of laboratory experiments to field conditions. This work is intended to guide development
of workable strategies for prevention of erosion-corrosion. -

This objective will be accomplished by developing a new experimental system to study
the erosion-corrosion of copper and model copper-based alloys in sodium chloride solutions.
The growth and removal of oxide films will be observed in-situ by automated scanning
ellipsometry. This apparatus will be used to study the electrochemistry of copper and
model copper-based alloys under conditions where erosion-corrosion is expected. These
materials were chosen because they are of industrial and national importance and because
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they are known to be susceptible to erosion-corrosion attack. Parametric studies will be
conducted to identify the mode of enhanced attack, the influence of fluid composition and
pH, and the influence of polarization. The ultimate goal of this work is the development S
of a mathematical model to predict the current requirements for the cathodic protection of
complex geometries subject to high-speed flow. In order to provide a comprehensive solution
to the problem. local microstructural and microchemical analyses will also be employed.
The techniques to be used include scanning and transmission electron microscopy, energy
dispersive X-ray analysis, and Auger spectroscopy.

Significant Results

The results of the first year include design and construction of an ellipsometer to mea-
sure local film thickness under high-speed impinging fluid, preliminary electrochemical ex- S
periments for copper in neutral and basic saline solutions, and development of an in-house
capability to formulate model copper-aluminum alloys. The experimental design used here
has been presented at Corrosion/88.* Two papers, supported in part by this contract, are
presented in Appendix A. The first papert covers development of a computer program used
to compensate for ohmic resistance and to identify the current distribution on a disk elec- •
trode. Use of this program will allow us to identify conditions where the current distribution
should be uniform, essential when using current distribution to characetrize the effects of
high-shear flow (see the discussion of Figure 4). The second papert provides guidelines for
the use of recessed electrodes to eliminate the complications associated with the nonuniform

0 current and potential distributions seen on flush-mounted disk electrodes. This may be
used to eliminate errors during electrochemical A. C. impedance spectroscopy of the copper
alloys.

• C. B. Diem and M. E. Orazeni, "A Scanning Ellipsometer to Evaluate the Influence of
Fluid Velocity on Corrosion," presented at the T-5A Workshop on Fluid Flow Enhanced
Corrosion, Corrosion/88, Saint Louis, Missouri, March 23, 1988.

t J. M. Esteban, M. Lowry, and M. E. Orazem, "Correction of Experimental Data for the
Ohmic Potential Drop Corresponding to a Secondary Current Distribution on a Disk Elec-
trode," (invited paper) presented at the ASTM Symposium on Ohmic Electrolyte Resistance
Measurement and Compensation, Baltimore, Maryland, May 19, 1988. Also submitted for
the ASTM Special Technical Publication on Ohmic Electrolyte Resistance Measurement
and Compensation.

t C. B. Diem, B. Newman, and M. E. Orazem, "The Influence of Small Machining Errors
on the Primary Current Distribution at a Recessed Electrode," Journal of the Electrochem-
ical Society, in press.
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Cell Design

Our primary goal for the first year was to design and construct the impinging 0
jet/ellipsometer apparatus. The cell has been designed and constructed. A schematic repre-
sentation of the cell is shown in Figure 1. This includes computer-interfaced stepping motor
stages for accurate positioning of the jet nozzle and metal electrode to be studied, polarizer
and analyzer components of the ellipsometer, and a plexiglas cell compartment supported
in a rigid 1/2 inch aluminum frame. The flow assembly is given as Figure 2. A magnetically
coupled centrifugal pump will be used to drive the flow, and the system is designed to allow
study of both aerated and deaerated conditions. The flow system has been tested, and the
ellipsometer has been installed and is being calibrated. This system will be controlled by
a HP 310 laboratory computer, and most of the software needed to run these experiments
has been written. The underlying concept and principles for the cell design are presented
in the following sections.

Concept

In the absence of impingement of particles or bubbles, hydrodynamic shear is the pri-
mary mechanism for transfer of momentum between the flowing electrolyte and the surface
(see references 1-3). A nonzero value for the wall shear stress results from the relative mo-
tion between the fluid and the solid. This force acts on the surface in the direction of flow,
and has been implicated in the removal of loosely adherent films. Copson 4 suggested that
shear stresses are likely to be too small to cause significant erosion-corrosion. Indeed, exper-
iments conducted in our laboratory indicate that if particles or small bubbles are present in
the flowing electrolyte, attack by impingement will overwhelm attack by shear mechanisms.
Efird5 has reported critical values of shear stress for the erosion-corrosion of copper and
some copper-based alloys in sea water. The temperature dependence of the critical velocity
was shown to correlate well with the temperature dependence of the surface shear stress.
Giralt and Trass6 have shown that removal of solid naphthalene and trans-cinnamic acid
by a submerged impinging jet of saturated solution is proportional to the wall shear stress
above a critical or threshold value. Steele and Geankoplis r have also reported removal of
material by an apparent shear erosion mechanism.

4 The concept of a critical shear stress may allow a more universal application of erosion- •
corrosion experiments. It is well known that values obtained for critical velocities in different
experimental systems do not agree. Since, in the absence of mass transfer or impingement
effects, the means of transfer of momentum from the fluid to the solid is the shear stress, the
extent of erosion-corrosion by shear would be expected to be the same for different geome-
tries only if the value of shear stress would be the same. This approach has been suggested
by Efird5 and by Silverman.' The use of this approach requires that experiments be con-
ducted for which the effects of mass transfer, impingement, and shear can be quantitatively
assessed.

5
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The Impinging Jet Electrode

The impinging jet system comprises a submerged electrolyte jet impinging at 900 onto S
a flat specimen. The flow pattern for this system has been studied extensively9- 6 and is
shown in Figure 3. Detailed mathematical analyses for this system have tended to con-
centrate on the stagnation and wall jet regions. The stagnation region is observed directly
beneath the jet. Within the stagnation region, the axial velocity is independent of radial
position. The flow in this region therefore resembles a rotating disk in that the surface is
uniformly accessible to mass transfer. Further from the center line, a boundary layer is

developed which is called the wall jet region.

The velocity distribution in the stagnation region has both radial and axial components.
The velocity in the radial direction is given by"

V,. = ar-(7 (1)

and the velocity in the axial direction is given by

v, -2 -'p f(r?); (2)

where

f(r) = 0.65672 - 6r/7 + 3.6444 x 1037,6 + O(r/7),

and 77= V-7/ z. The parameter a in equations (1) and (2) is the hydrodynamic constant
with units of s - '. It plays a role in the impinging jet system similar to that of rotation
speed in a rotating disk system. The hydrodynamic constant is a function of jet velocity
and the distance between the nozzle and the electrode and can be determined through inde-
pendent electrochemical experiments. The fluid viscosity yu and density p are also measured
independently.

The axial velocity is independent of radial position. Thus, a mass-transfer-limited ,
current distribution across the electrode is uniform. The radial velocity is a function of -e
radial position; it has a value of zero at the center of the disk and has a maximum value at
the outer edge of the disk. Both the radial and axial velocities obey the no-slip boundary
condition and are zero at the wall. The only non-zero value of surface shear stress is Tr,,

given by
r,, = -1.312r(lip) /2 a3 /2 . (3)

The shear stress is a linear function of radial position. It has a value of zero at the center
of the disk and reaches a maximum value at the outer edge of the disk. The parameter a
is the hydrodynamic constant which is proportional to the average jet velocity. The flow in
the wall jet region is more complex and is described by Scholtz and Trass."
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Experimental Method

Two aspects of experimental method are discussed here. The primary pbjective of this •
work is the measurement of the persistency of oxide films under high-shear flow. A second
important aspect is the determination of the hydrodynamic constant a, which plays a role
for the impinging jet that is similar to that of the rotation speed of a rotating disk electrode.
The hydrodynamic constant, however, must be measured through independent experiments.

Measurement of Filn Persistency. The impinging-jet system provides a unique environment
for the electrochemical evaluation of film persistency. It can be used to distinguish clearly
among the various modes of erosion-corrosion. The approach taken to identify a shear mode
for removal of a film is illustrated in Figure 4. The shear stress on the electrode surface
for a given average jet velocity is a linear function of radial position. The critical shear
(7,) for removal of a protective film can, in principle, be obtained by measuring the profile 0
of an electrode subjected to a given jet velocity. For velocity v1 , the radial position at
which a sudden increase in corrosion rates is observed (rci) provides a value for the critical
shear. The rate of corrosion at larger values of radial position can be determined from
the electrode profiles, and these values provide the proportionality of erosion-corrosion rate
to shear stress. At the higher jet velocity (v2 ), the critical shear should be observed at a
smaller radial position (rc2). Thus, a single experiment can be used to scan a continuous
distribution of wall shear stress values and thereby obtain the critical value. Experiments
conducted at different velocities provide verification for the critical shear values.

Calculations similar to those presented by Newman17 can be used to determine whether
a nonuniform current distribution is expected from mass-transfer and potential distribution
considerations. A numerical method for determining the current distribution from experi-
mental current-potential data in the Tafel regime has been developed in this laboratory (see
Appendix A: Papers Supported by this Contract.18 - 20 Usually, if a surface is protected by
a film, the current distribution predicted by these calculations will be uniform. Therefore, if
the corrosion is mass-transfer controlled, the enhanced corrosion rates will be uniform and 77lr

not exhibit a critical radius. The use of profilometry provides information that is other-
wise submerged in a simple weight-loss measurement, and these measurements provide an
indirect proof of a shear mechanism for erosion-corrosion. This has been used here in the
study of the persistency of inhibitor films; 2 1 - 23 however, this work also showed the need
for a direct measure of film persistency. Direct proof may be obtained by the use of scan-
ning ellipsometry to measure local film thicknesses which should change in the presence of
erosion-corrosion.

The advantages of this technique are:

The fluid flow is well characterized. The hydrodynamic shear for the impinging-jet sys-
tem in the stagnation region is a linear function of radial position and can be measured
through a sensitive electrochemical technique. N
Mass transfer to the disk is uniform. This prevents establishment of differential oxy-
genation cells and aids in tie interpretation of experimental results. Fortunately, the

constraint on electrode size given by the need for uniform mass transfer does not signifi-
cantly reduce the maximum values of wall shear stress that can be reached as compared

10
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to the current practice. The wall shear stress reaches a maximum close to the radius
where the mass transfer is no longer uniform.

e The electrode is stationary. This allows use of in-situ determination of film thickness
by ellipsometry. Rotating disks and rotating concentric cylinders also provide well-
characterized fluid flow with uniform mass transfer; however they cannot be used for
in-situ ellipsometry which requires a stationary electrode.

Determination of Hydrodynamic Constant. Characterization of the resistance of an inhibitor
to removal by hydrodynamic forces requires knowledge of the hydrodynamic shear exerted
on the metal surface. The shear is related to a hydrodynamic constant which is a function
only of cell geometry and jet velocity. An experimental technique was developed" to obtain
the hydrodynamic constant which involved the use of a ring electrode substituted for the
copper disk in Figure 1. Under the assumptions of a large Schmidt number (valid for aqueous 0
electrolytes) and a high concentration of supporting electrolyte, the hydrodynamic constant
can be obtained from measurement of the mass-transfer-limited current on a ring electrode
through

a {/3- 
(4)0tt .850017rnrci,,or M rT)' a

where n is the number of electrons transferred in the reaction, si is the stoichiometric
coefficient for the reacting species i, F is Faraday's constant, I is the total current measured
on the ring, ci,c, is the bulk concentration of the mass-transfer-limiting species, and r, and
r2 are the inner and outer radii, respectively, of the ring electrode. Reduction of ferricyanide ,
on nickel in 1.OM NaOH provides an excellent system for these experiments because this
satisfies the assumptions given above and provides a broad limiting-current plateau which
allows easy measurement of I. The ferricyanide diffusivity, which enters through the Schmidt
number Sc, can be measured by means of rotating disk experiments. The solution density
and viscosity, the bulk ferricyanide concentration, and the ring dimensions can also be 0
measured independently. Results obtained with this system can be applied to corrosion in
brine solutions because the hydrodynamic constant obtained through equation (4) is not a
function of fluid properties.

For disk diameters of the same size as the nozzle diameter d (rid = 0.5), the measured
hydrodynamic constant was shown to be independent of radial position.2 1 This result is 0

independent of the distance between the nozzle and the electrode (h) in the range of h/d = 1
to h/d = 5. Different points of departure from stagnation region flow have been reported in
the literature. Coueret 25 reported that stagnation flow extended to r/d = 1.4 for turbulent
cicular jets; whereas Chin and Tsang16 reported that the critical radius should be revised
to r/d= 1.0. Both used electrochemical reduction of ferricyanide on disk electrodes rather•0
than ring electrodes as used here. The discrepancy between their results and those obtained
in our laboratory is probably due to physical differences between the two methods. A disk
electrode that is large enough to extend into the region where stagnation flow theory does
not apply still has a significant portion of the disk in the stagnation flow region. In contrast,
a ring electrode can be constructed to lie wholly inside or outside the stagnation region. The
ring electrode measurements are therefore more sensitive to changes in the flow pattern.

12



The ring electrode measurements were used to identify the appropriate dimensions for
the disk electrode that would ensure the existence of well-defined flow. A series of ring
electrode experiments were also used to obtain the hydrodynamic constant as a function
of jet velocity. The local shear stress can therefore be calculated as a function of radial
position from equation (3), with viscosity p and density p measured with a viscometer and
a hydrometer, respectively. This information, coupled with the technique illustrated in
Figure 4, allows determination of the shear stress at points of morphological changes on a
disk electrode.

Corrosion of Copper in Saline Solutions

The corrosion of a rotating copper disk is being studied in aerated and deaerated 0.5M
NaCl solutions as a function of applied potential, pH, and rotation rate. This work is
intended to provide a foundation for the study of the influence of large values of hydro-
dynamic shear. The electrochemical techniques include A.C. impedance spectroscopy and
potentiodynamic and potentiostatic experiments. The potentiostatic experiments reveal a
significant effect of rotation speed at potentials greater than 0.5 V(SCE). The may be as-
sociated with removal of a precipitated film which, at this potential, was loosely adherent.
Salt films and oxide layers were observed on the electrode surface, and these appeared either
as rings growing inward with increasing potential from the periphery of the disk or as circles
growing radially outward from the center. These observations can be explained in terms
of the potential and current distributions expected on a disk electrode below the limiting
current. 1" Rings growing inward observed during the corrosion of iron in sulfuric acid have 0
been shown to be caused by deposition of ferrous sulfate salts.2 6 The ring observed at low
potentials may be associated with deposition of CuC12 which is sparingly soluble. The cir-
cles observed are probably associated with formation of copper oxides (see reference 27).
This work, augmented with chemical and microscopic analyses of the corrosion products,
will continue throughout the next year both for copper and for model alloys.

Preparation of Copper-Aluminum Alloys

Aluminum bronzes are of two general types: the u or single-phase alloys, often referred
to as homogeneous alloys, and the a-0l, or two-phase alloys, known as duplex bronzes.
Under perfect equilibrium conditions 9.8 percent of Al is soluble in Cu before the # phase
appears, but, in practice, alloys containing in excess of 7.5 percent Al usually exhibit two
phases.2" Since the properties of the a-0 alloys differ from those of the single phase, the
duplex bronzes will not be prepared at this point. Also, under certain conditions of corrosion
the a-,3 aluminum bronzes are susceptible to dealuminization.2 s

The alloys were melted in an induction furnace located in the Department of Materials
Science at the University of Virginia. The induction coils of the furnace are concentrated
near the bottom of the crucible, thus causing a temperature gradient in the crucible. To
compensate for its higher melting point (1083°C as compared to 660'C for aluminum),
the copper is placed at the bottom of the crucible where it melts first. The aluminum is
placed on the copper where it receives less heat. The molten mixture is stirred by rocking

13
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the crucible for five minutes. A homogeneous composition and temperature distribution is
obtained when the color of the melt matches that of the crucible (white). Care must be
taken to avoid excessive temperatures which will cause loss of aluminum by vaporization.
Some loss of aluminum will occur even under optimal conditions. The melt is then poured
into a mold and slowly cooled. Impurities collect at the top of the mold, and this metal is
therefore be cut and discarded. The resulting ingot is rolled, homogenized at about 800°C,
cut turned, and annealed according to ASM standards.29 '3 Samples will be sent to outside
laboratories to provide confirmation of alloy composition through chemical analysis. The
samples prepared in this way will be machined to form electrodes for electrochemical and
in-situ ellipsometric studies.

Plans for Next Years Research

Our short-term plans for this work include:

" to conduct preliminary experiments with copper in saline solutions to study the growth
and removal of passive films under high-shear flow by the new ellipsometer system,

e to conduct electrochemical studies of rotating copper disk electrodes in aerated and
deaerated neutral and basic saline solutions to identify the conditions for passivation
in the absence of erosive effects, and

" to conduct parallel rotating disk studies of copper alloys in aerated and deaerated neu-
tral and basic saline solutions to identify the effect of alloy composition on passivation
in the absence of erosive effects. 5
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Correction of Experimental Data for the Ohmic Potential Drop V
Corresponding to a Secondary Current Distribution on a Disk Electrode*

J. Matthew Esteban, Marc Lowry, and Mark E. Orazem
Department of Chemical Engineering

University of Virginia
Charlottesville, Virginia 22901

June 9, 1988

Abstract

A numerical method is presented for adjusting experimental current-potential
curves for the Ohmic resistance corresponding to a secondary current distribution on
a (rotating) disk electrode. The nonuniform current and potential distributions on
the disk electrode cause the electrolyte resistance itself to be a function of measured S
current. The method described here is employed after experiments are conducted
and yields the Talel slope as well as adjusted values for current density and surface
overpotential that apply to the center of the disk. This facilitates comparison of
experimental data to mathematical models of the rotating disk electrode that, in
the secondary current regime, apply strictly only to the center of the electrode. The
Tafel slopes obtained agree to within 3 mV/decade with standard techniques for
Ohmic correction such as current interruption because, at the high current densities
where the Ohmic correction is most significant, the resistance correction approaches
the primary resistance obtained by current interruption. The Talel slope values for
the two methods differ most for solutions of low conductivity. The major advantages
of the Ohmic correction method described here are that the experimental condition
is never perturbed and that the method indicates the extent to which the current
distribution is nonuniform.

The reaction mechanisms governing an electrochemical systems are commonly identified

through comparison of experimentally determined Tafel slopes or apparent transfer coeffi-

cients to "theoretical values" obtained from simplifications of specific reaction mechanisms.
O

Analysis of experimental data must include treatment of the contribution to the measured

potential from the electric resistance of the electrolyte, a term that can be significant at

* presented at the ASTM Symposium on Ohmic Electrolyte Resistance Measurement and

Compensation, Baltimore, Maryland, May 17, 1988 and submitted for an ASTM Special
Technical Publication on Ohmic Electrolyte Resistance Measurement and Compensation.

, -¢ , , v~e '' t ' '€ ', , ,e ' : ,r r, ,



[0

large currents or in dilute solutions of low conductivity. A number of techniques are avail-

able for making this correction. The Ohmic contribution, for example, can be reduced but

not eliminated through close placement of reference electrodes to the working electrode. A

disadvantage of this approach is that exact placement of the reference electrode is critical,

and uncertainty in the electrode location can be a significant source of error. Another ap-

proach is to place the reference electrode sufficiently far from the working electrode that the

distance can be considered to approach infinity. This allows use of mathematical calculation

of the Ohmic contribution to the measured potential. Current interruption can also be used

to obtain the Ohmic contribution to the cell potential.

The object of this paper is to describe a numerical technique used by Lowry' .2 to correct

polarization data for the Ohmic resistance corresponding to a secondary current distribution

on a disk electrode. This procedure was suggested by Newman in his analysis of the current

and potential distribution on a rotating disk electrode. 3 ' The treatment presented here

has the advantages that it does not require perturbation of the electrochemical system and

that it takes into account the nonuniform current and potential distribution present on a

disk electrode in the Tafel regime. The analysis can therefore be used to determine the

extent to which the coupling of Ohmic and kinetic effects cause the current distribution on

the electrode to be nonuniform. This information could facilitate interpretation of spatial

variations of surface morphology or of electrode profiles after corrosion experiments. Use of

this technique is restricted to a disk electrode with a reference electrode located infinitely

far away and at currents below values where mass-transfer effects are seen. Accurate values

of solution conductivity and disk radius are also needed. The Tafel slopes are estimated

by an iterative procedure utilizing data within the Tafel region where the Ohmic resistance

typically cannot be neglected.

A brief discussion on the use of polarization measurements to measure corrosion rates

and Tafel slopes is presented. The method is illustrated through analysis of data taken by

2
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Lowry et al.,2 and the results are compared to those obtained from other Ohmic compen-

sation methods.

Theoretical Development

Analysis of experimental data is usually based on simplification of the general Butler-

Volmer kinetic expression. The discussion here follows the Butler-Volmer expression, a

summary of Newman's analysis of the secondary current distribution on a disk electrode,

and the numerical method developed for Ohmic compensation.

Identification of Tafel Parameters

The rate at which reversible electrochemical reactions proceed can be described by a 0

Butler-Volmer type equation:

i -- i {exp -a-,0 - exp(--F, -)}. (1)

The current density i is the sum of the anodic and cathodic contributions where i, is

the exchange current density, a. and a. are the apparent anodic and cathodic transfer

coefficients, respectively, and q. is the surface overpotential. The kinetic parameters io,

a., and a, can be determined from experimental data through use of Equation (1). The

exchange current density is a function of the electrolyte composition adjacent to the electrode

surface and is large for reactions that are fast or reversible.5 The oirfarp overpotential

provides the driving force for the reaction and is a measure of departure from the equilibrhim

potential . For reversible reactions, .,q is given by the Nernst equation.

Electrode kinetic studies are performed by applying an external potential 0.,, '-2.

that
V

4%pp eq1. + I. + 4o + c. (2)
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These potentials are measured relative to a known potential of a reference electrode such

as the saturated calomel electrode (SCE). The concentration overpotential 17 is due to

changes in concentration and conductivity at the electrode surface relative to the bulk. This b

term can be neglected for currents sufficiently below the limiting current and will not be

treated in this work. The Ohmic potential drop 4Io is attributed to the solution resistance

40 and is a measure of the driving force necessary to pass current through the electrolyte. At

low current densities and close to the equilibrium potential, 0. is negligible; the contrary is

true at high currents. The objective of the Ohmic compensation techniques discussed here

0 is to identify the current-potential characteristics of a given system in the absence of this

term.

When the surface overpotential becomes large, either the anodic or cathodic current

dominates. Equation (1) reduces to an expression where the surface overpotential becomes U-

linear with respect to the logarithm of the current density. This is called the Tafel region,

and polarization within this regime is essentially activation controlled. In the anodic Tafel

region

2.303RT (i
*i= log = a. + b. log i, (3)

where

a,, = 2.303RT log i.,
cr4F

and the anodic Tafel slope (in units of V/decade) is given by

b. -2.303RT
a.F.CL

Analogous expressions for the cathodic Tafel region can be obtained.

Tafel extrapolations can also be applied to corrosion reactions through use of rT]A -

potential theory.6 The basis of the polarization techniques found in the literature ? - 6 for

4
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evaluating kinetic parameters is that the current density for a corroding system consisting

of individual reversible reactions can be approximated by

exp ( { .30(23 i7) ex(2.3 3 )})
where the surface overpotential is defined to be

s = - C r- (5)

and i0or, and o are the corrosion current and corrosion potential, respectively. The

corrosion potential has a value between the reversible potentials of the individual reaction

pairs. The principal assumption inherent in Equation (4) is that the major contributors to

the overall current are the metal dissolution reaction and the reduction of some electroactive

species. For this approximation to be valid, 'to,, must be sufflciently far from the two

reversible potentials.8

The techniques described in References [71 to [15] utilize current-potential data ..

pre-Tafel region. The measurements are performed at low currents and close to 0.... where

the Ohmic contribution to the potential in Equation (5) is negligible. The experimental data

are fitted into Equation (4) to yield values for i,,,, b , b,, and/or §,, . The methods

of Mansfeld and co-workers - 
1
2 for analyzing polarization data and Barnartt's three-point

method 13 '1 4 and its variation" do not require assumption of a linear polarization curve
0

near the corrosion potential.

The Secondary Current Distribution on a Disk Electrode

At large current densities, the contribution of the Ohmic potential drop to the applied

potential must be considered. The Ohmic resistance is a function of the distance between %

the reference and working electrodes, the conductivity of the solution, and the geometry

of the working electrode. Experimental errors in the measurement of Ohmic drop could
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be reduced by setting the reference electrode at "infinity" with respect to the working

electrode. The Ohmic resistance is insensitive to changes in the position of the reference

electrode when the latter is placed relatively far from the working electrode.3 This simplifies

the experimental apparatus, i.e., no Luggin capillary is necessary, and allows some leeway

on electrode placement.

A procedure for Ohmic potential drop correction was derived from Newman's analysis

of the current and potential distribution on a disk electrode.3 4, The current distribution can

be described as primary or secondary depending on the applied potential. The term D eq

can be neglected in Equation (2) when the applied potential is measured against a reference

electrode of the same kind as the working electrode. The concentration overpotential t,,

can also be neglected at high convection rates. Each of the remaining terms vary with radial

position in order to maintain -oPP constant over the entire disk.

A uniform potential in the solution adjacent to the electrode surface is obtained when

both q, and q. are negligible. In this regime, the reaction rate conetste ..r igh ar-. ' ,

current distribution is determined by the Ohmic drop through the solution. The prim:ry

current distribution on an equipotential surface is

= , O.5i4, 
(6)

and the primary resistance is given by

z(7)

where I represents the total current, x,. is the solution conductivity, and ro is the radius

of the disk electrode.- '

The secondary current distribution applies when the surface overpotential cannot be

neglected, and the current at a point on the electrode becomes a function of the potential of

6
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,0
the adjacent solution. The secondary current distribution under Tafel kinetics" is presented

in Figure 1 as a function of radial position with ,6 as the parameter where 6 is given by

6 = Fr0  (8)

and represents the dimensionless average current density. For solutions with supporting

electrolyte, z is defined to be equal to -n, the number of electrons transferred in the

reaction. The term 03z is the apparent cathodic or anodic transfer coefficient a,, or a,. The

current distribution is now determined by the requirement that the current at any location

satisfy both Ohm's law, relating current to a gradient in-potential at that location, and

the kinetic expression relating current to the local value of the surface potential. This is in

contrast to the primary case where the local value of current density need only satisfy Ohm's "

law. The potential in the solution for both primary and secondary distributions is governed

by Laplace's equation. As -/8 tends toward oo, the current distribution approaches the

primary distribution where the current density approaches infinity at the disk edge and is

equal to one-half the average current value at the center of the disk. As -flb approaches

zero, the current distribution becomes uniform. This means that kinetic limitations to the

electrode reaction cause the current distribution to become more uniform and cause the

potential adjacent to the electrode surface to deviate from a uniform value to overcome the

tendency of current to favor the edge of the electrode."

One consequence of the nonuniform secondary distribution for the potential of the

solution adjacent to the electrode is that subtraction of the Ohmic correction for a primary

distribution applies strictly only for a single radial position on the disk, and that the location

of this position is a function of the average current density. One can, however, reference the

Ohmic potential drop and the current density to values appropriate for the center of the

disk. This approach requires that the Ohmic resistance be a function of the average current

density. The primary Ohmic potential drop is therefore corrected by a factor given in Figure

7



WY~~ ' ._WMI

1.8
Curve _jZ * .

JRT
1 0.1015

1.6 2 0.2594

3 0.5370

1.4 4 1.1442
5 3.3024

6 7.5343
1.2 7 00

1.0.

0.8

0.6

0.4

0.2 -i, > > i (Tafel)

0 0.2 0.4 0.6 0.8 1.0 0

Figure 1: Secondary current distribution on a disk electrode

for Tafel kinetics (following reference 4). •

8j

0 61



2 as a function of the ratio of the current density at r = 0 to the average current density. .

This factor is equal to unity for the primary current distribution (where the potential of the

solution adjacent to the disk is uniform) and approaches 1.273 when the current distribution

becomes uniform.

If one could obtain the ratio i/i., I,=, from Figure 1, the applied potential could be

corrected for the Ohmic drop to obtain the surface overpotential at the center of the disk

electrode, i.e.,

1749 Ir=O 414PP - '% Ir=O' (9)

or

7. 1 r =O " GPP - 4r... [ 4 Ic r = 1 (10)

where I is the total current to the disk at an applied potential t., measured relative 0

to a reference electrode. The term in the bracket is the correction factor for the primary

resistance to the center of the disk electrode determined from Figure 2.

The Numerical Method for Ohmic Compensation

Data obtained from potentiostatic or potentiodynamic experiments may be corrected

for Ohmic potential drop at the center of the disk to acquire the surface overpotential and

current density at r = 0 using the procedure derived from Newman's treatment of the

disk electrode. Reliable estimates for the Ohmic contribution can be obtained since the

calculations are referenced to a radial position where the Ohmic potential drop and current

density are known.

Values for i/i, J,., from Figure 1 were plotted as a function of 1/65 to yield

Figure 3. This plot shows that as I 1/0b1 -- 10 the current distribution becomes nearly

uniform. Since
I_ .. R T x..( 1),,

/36 n Fr. i., ' (

9
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an expression for 6 can be related to the Tafel slope obtained from Newman's expression

relating the current density to the surface overpotential. Therefore,
S

2.303R Tb .ssP (12)

or
2.303 R T (13)

bnF

With

.1 (14)
wr2'0

Equation (13) becomes
1 bI, ~ r ro15

J'6 2.303 (

The iterative procedure to obtain rj. Irf o requires an initial guess for the Tafel slope and

calculation of the parameter 1/19b from Equation (15) for each pair of current-potential

data. The corresponding value of i/io, 1,=o is subsequently obtained from a discretized

version of Figure 3. The correction factor for the primary resistance at *!: =.t:r 3f th-"

electrode is estimated from a curve-fit of Figure 2, and the surface overpotential at r = u

is calculated from Equation (10). A new value for the Tafel slope is determined from linear

regression of the adjusted data plotted as v. ,= versus log(i I o) where

to LI I r1 (16)

This procedure is repeated until the error criterion for the Tafel slope is achieved. A

flowchart describing the algorithm is presented as Figure 4. The computer program prepared

for this method is documented in Reference [1].

A unique feature of this method is that the current distribution existing on a disk

surface can be inferred from the corrected polarization data. The value of i/i.,, Ir-o at

12
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1Start, .. .. Input potential-current data

Estimate the Tafel slope (mV/dec.), b,

Calculate the current density at the center
of the electrode for each data point, i 1,=0

Calculate the correction factor to the primary
resistance for each data point, 1f- I,=o

Calculate the surface overpotential on the electrode at r = 0,

2g='app 4t.Koc I rO

Set b,= b.2 J Plot r I,=o verse log i I=o, and determine theTafel slope, b.,

Print data, iav iapp, i=o, and 77,

Plot 77, vs. 109 i,=o :

Figure 4: The flowchart describing the Ohmic drop correction algorithm.
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a given potential can be compared with Figure 1. As this ratio approaches 1.0, a nearly

uniform current distribution exists at the disk surface. Nonuniformities at the edge become

discernable for i/ i0. J,=o < 0.95.

Experimental Results

The use of this Ohmic correction program is illustrated here in the analysis of current-

potential data acquired potentiostatically for the dissolution of iron in deaerated acidic

chloride solutions.' 2 These data are presented in Figures 5, 6, and 7 for chloride concentra-

tions of 0.1 M, 1.0 M, and 4.5 M, respectively, in aqueous solutions with pH adjusted with

HCL. The data points correspond to potentiostatic data obtained for individually polished

electrodes held at the applied potential for between 15 to 45 minutes. These data are also

shown as corrected by the iterative technique developed here. The Ohmic correction proce-

dure yielded a Tafel slope value of 39 mV/decade for the 0.1 M Cl- system, while the higher

concentrations of 1.0 M and 4.5 M Cl- gave values of 58 and 60 mV/decade, respectively.

These are consistent with reported results (see, for example, references 1 and 2).

The correction of data for the Ohmic resistance by Newman's method was compared to

that which would have been obtained by the current-interrupt technique. The Ohmic drop

measured by the current-interrupt technique corresponds to the primary resistance of the

system being studied.16 This is a consequence of the small time constant for the interruption

which does not allow time for discharge of the nonuniformly charged double layer assoc"o.zQ

with a non-primary current distribution. Therefore, to estimate the correction for .

interrupter technique, the primary resistance was subtracted from the applied pot- -...'.

to give the surface overpotential, and the measured current was divided by the electrode

surface area to get the average current density. The results of this correction to the data

are also shown in Figures 5 through 7. The Tafel values based on the current-interrupt

method differ by only 3 mV/decade for the 0.1 M CI- solution and the agreement improves

14
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as the CI- concentration increases. The difference is greater at lower conductivities because

the Ohmic solution resistance is larger under these conditions."8 ', 7 Close agreement is seen

because the Ohmic correction factor approaches one at the high current densities where

Ohmic resistance is most significant. The variation of the calculated correction factor as

a function of -0.,P - o is presented in Figure 8 for the three cases considered. The

approach to a primary resistance at large overpotentials (or currents) is most apparent for

the more dilute solutions where the Ohmic correction is most important. At lower current

densities the small total current makes the Ohmic portion of the applied potential negligible,

hence the surface overpotential is determined largely by the applied potential. 0

This correction procedure requires accurate values for the solution conductivity and

electrode diameter. At the lower conductivities, such as those observed for the 0.1 M C1-

solution, the magnitude of the Tafel slope was found to have a strong dependence on the value

of the conductivity. A variation of 0.0005 0- 1 cm- 1 (4 percent) in r.. caused a variation

in the calculated Tafel slope of as much as 20 mV/decade. At higher concentrations, small

changes in the conductivity had little influence on the Tafel slope. The conductivities used

in the calculations presented here were obtained in independent experiments.

The "tangent method" described by Asakura and Nobels was also employed. The

polarization data were fitted to a Tafel equation in which the surface overpotential was

modified by an Ohmic term corresponding to a constant solution resistance. The anodic

Tafel slopes obtained (40, 56 and 59 mV/decade for the 0.1 M, 1.0 M, and 4.5 M CI-

systems, respectively) were comparable to those obtained through the iterative calculations.

Conclusions

The numerical technique for correcting polarization data for the Ohmic resistance cor-

responding to a secondary current distribution on a disk electrode provides a useful tool

for analysis of experimental data. The analysis is conducted after data are taken and does

18
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not require interruption of an experimental condition. This technique will be most useful

when it is desireable to account for the nonuniform nature of the current and potential

distribution at a disk electrode surface. The referencing of corrected current-potential data

to the center of the disk is convenient for comparison to the results of one-dimensional

models of rotating disks, and the results of the correction procedure provide information

on the current distribution and the extent of nonuniformity across the disk electrode. This

information cannot be obtained from other Ohmic potential compensation procedures. As

can be done with other Ohmic correction techniques, the results of the correction can be

used to obtain 4o and -,.,. through Tafel extrapolation of anodic and cathodic regions.

The values obtained for Tafel slopes and corrosion current densities and potentials are in

close agreement with other Ohmic correction techniques such as current-interruption.

0The time required for calculation on a microcomputer is not excessive. Iterative t.

ment of 3000 data pairs with a program written in interpretive BASIC 1.12 :. =.n HP-.n.

computer requires about 3 minutes, and treatment of 25 data pairs requires only a
0

seconds. The time required will be further reduced when the algorithm is rewritten in com-

piled Pascal. The use of this technique is restricted to the Tafel regime for cases where the 'C

rotation speed does not influence the measured current at a given applied potential and
0

where the reference electrode is located far from the disk electrode. Accurate values are

also needed for solution conductivity and electrode diameter.
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Notation S

a constant in Tafel line equation defined in Equation (3)
b Tafel slope, V/decade
F Faraday's constant, 96,487 C/equiv
I total current, A
i current density, A/m
icorr exchange current density of a freely corroding system, A/m
io exchange current density, A/m
n number of electrons transferred in reaction
R gas constant, 8.314 J/K-mole
r radial position, m
r. radius of a disk-electrode, m
SCE Saturated Calomel Electrode
T temperature, K
a apparent transfer coefficient, dimensionless

apparent anodic or cathodic transfer coefficient (see also Equation (12))

6 parameter defined in Equation (8)
?7C concentration overpotential, V
r7. surface overpotential, V
PC, conductivity, mho/m

Ohmic potential drop, V

potential, V

Subscripts
a anodic
app applied
avg average
c cathodic
corr corrosion •
00 bulk condition far from the electrode surface
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Abstract

The influence of small machining errors on the primary current distribution and
resistance for a recessed electrode is explored though the use of conformal mapping
coupled with numerical integration of the resulting integral equations. The influence
of the depth to which the electrode is recessed and the angle between the electrode
and the insulating wall is calculated for the current distribution on the electrode,
the average current density that would be measured in an experimental cell, and
the correction that would be made to compensate for cell resistance. The results
show that the accuracy attainable in a modem machine shop is sufficient to justify
neglecting the nonuniformity due to machining errors.

Key words: Cell Design, Potential

Introduction

Experimental systems for studying electrochemical reactions are often chosen such that
the current distribution is uniform over the electrode surface. This simplifies comparison S
of experimental data to tractable mathematical models. The rotating disk, for example,
is frequently used because the current distribution is uniform when the current is lim-
ited by transport of reacting species to the electrode. The current distribution below the
mass-transfer-limited current, however, is not necessarily uniform, and the primary current
distribution yields an infinite current density at the periphery of the disk.1 Several systems
can be chosen for which both the mass-transfer-limited and the primary current distribu-
tion are uniform. Concentric rotating cylinders are used for this application as are disk
electrodes recessed in an insulating medium like epoxy or teflon.

• Journal of the Electrochemical Society, in press.
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The object of this work was to identify the effect of small machining errors on the
uniformity of the current distribution on a recessed electrode. The specific topics addressed
were: -

" The effect of small deviations from a right angle between the insulating wall and the
recessed electrode. The primary current density at the periphery of the electrode will
be infinite for any interior angle greater than 7r/2, and will be equal to zero for any
angle less than 7r/2. Since these changes in current density at the electrode edge take
place for even small deviations from a right angle, our objective was to determine the
extent to which unintentional deviations of the interior angle from 7r/2 could influence
characteristics important to electrochemical experiments.

" The effect of the depth to which the electrode is recessed. This question has relevance
to the fabrication of recessed electrodes (i.e., how recessed should the electrode be to
ensure a uniform distribution?).

A planar geometry was chosen for this study. The results presented here for the effect of the
angle between the electrode and insulator and the electrode depth on current distribution
apply approximately to a disk geometry because the curvature of the disk can be neglected
in a region very close to the electrode periphery. The correction to quantities depending -
on integration over the electrode surface, such as the primary resistance and the average
current densities, would be different for the two geometries.

Background

Primary current and potential distributions apply to systems for which the surface
overpotential can be neglected and the phase adjacent to the electrode has a uniform po-
tential. The primary distribution calculations presented here provide a guide based on a
"worst-case" analysis because kinetic limitations, if present, would tend to make the current
distribution be more uniform.' The primary distribution would be approached for large elec-
trodes, large values of exchange current density or average current density, or for solutions of
low conductivity (see, e.g., reference (1)). Calculation of the primary current and potential
distributions involves solution of Laplace's equation, V2 I = 0, which is not trivial, even for
simple geometries. The method of images,' separation of variables, and superposition4 5

have been used to solve Laplace's equation for a number of systems. A review of analytic B
solutions has been presented by Fleck.'

The Schwarz-Christoffel transformation, a type of conformal mapping, provides a pow-
erful tool for the solution of Laplace's equation in systems with planar boundaries. Ref-
erences (7-11) provide introductions to conformal mapping and to the Schwarz-Christoffel
transformation. The application of the Schwarz-Christoffel transformation to obtain the S
primary resistance of a number of electrochemical cell geometries is given in references (12-
14). This method was used by Moulton" to derive the current and potential distribution
for two electrodes placed arbitrarily on the boundaries of a rectangle. Moulton's solution
provides an asymptotic solution for the problem treated here in the limit that the depth
to which the electrode is recessed approaches zero. Application of the Schwarz-Christoffel
transformation is generally limited, however, by the difficulty of generating solutions to the
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resulting integrals. Analytic solutions allow calculation of the primary current and potential
distributions throughout the cell, but are possible for a limited number of system geome-
tries. Numerical evaluation of these integrals allows calculation of both the primary current ,
distribution along the electrodes and the cell resistance. This approach has been applied to
the primary current distribution and resistance of cells with slotted electrodes,'" and to the
electrical resistance of compact tension specimens used in studies of fracture mechanics.'

Theoretical Development

The two-dimensional recessed electrode is shown schematically in Figure 1 where the
heavy solid lines represent electrodes and the thin lines represent insulating surfaces. In
treating its electrical characteristics, an insulating surface can replace the centerline which
bisects this cell along a line perpendicular to the electrodes. Thus, the recessed electrode
treated in this work is presented in Figure 2a where letters A through E represent the
coordinates of corners in terms of the complex coordinate system

z = Zr +jz,, (1)

and 0 is the origin in this coordinate system. The Schwarz-Christoffel transformation
maps a polygon in the z (complex) plane onto the t (complex) plane (see Figure 2b). The
perimeter of the polygon is mapped onto the real axis, with the interior mapped onto the
upper half-plane. The transformation to t-coordinates is given by

Z t ie )/ dt, (2)
z= (-t),2 (a - t)'/ 2 (b - t) /2 (c - t)1/ 2 (d .- t) d,(

where 0 and a through e represent the mapping of positions 0 and A through E onto the
real t-axis. The Schwarz-Christoffel transformation can be applied a second time to map
the t-coordinate positions onto the x-plane shown in Figure 2c. Thus,

= t jdt (3)
J= (a-t),/ 2 (b-t)1/2(c-t)1/2(d-t)1/2 (3

The solution to Laplace's equation for the rectangle in the X-coordinate system (Figure
2c) is easily shown to be

X4, ()

Xi,.ma

where Xt.ma is the distance between the two electrodes in Figure 2c, obtained by integrating
equation (3) between the limits of c to d. The current density at the electrode in the X-
coordinate system is uniform and is proportional to the derivative of potential with respect
to the imaginary component of X, i.e.,

ax cd X,.. (5)

3
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Figure 1. Schematic representation of the cell geometry.
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The derivative in equation (5) is related to the derivative of potential with respect to the
imaginary component of t by S

d= I'(6)
9Xi 'al t ddxiL

or

jg(tir) (7atLd ax, d 7where1

g(4) (t - a)I/2(t - b)1/ 2 (t - c),/ 2 (d - t)1/ 2  
(8)

Equation (3) was used to obtain an expression for at,laX, in terms of g(t,). The current
density normal to the electrode in the original z-coordinate system is proportional to the
derivative of potential with respect to the real component of z. Through use of equation
(2), this derivative can be related by the chain rule to a-/at, and ao/axi. Thus,

at,) oc al (9)

f/(tr) ax, cd
g(t,) V (1 )

f(t,) xia

w h e r e 
( € -t ) 0 1

f(t,) t1/2(t - a)I/2(t - b)1/ 2 (t - c)/2(d - t)I/1" (12)

Equations (8), (11), and (12) allow determination of the current density for the electrode
ed and the electrical resistance for the cell. The current density is given by

ied ab _ g(t,) KV -(13)

-, f ( t ) x , m 'a
and the average current density is obtained by integrating over the electrode area, i.e.,(14

fDw d

-f Wr,. " dziavg D z (14)

ft,) , zv

f, V dz(15)

fD dz

The dimensionless primary resistance of the cell is given by
W'×R j X.... (16)

fD -flt)dz'
fit,)

6



but, since dz/dt = jf(t,) along cd,

WcR Xir a, (17)
fdg(t,)dt

Similarly,
i _ g(t,.) D-C

i.au f(t4) fd g(t, )dt(

The method presented above follows closely the development presented in references 16 and
17.

Numerical Method

The solution for this problem required finding the t-coordinates of the system corre-
sponding to the positions A through E in the original (z) coordinate system. Five integral
equations were obtained by setting the lengths of the five sides in z-coordinates equal to
thcir transform from t-coordinates. The lengths were obtained from Figure 2a. The sixth
side transforms to infinity and was not used. The equations solved were:

M = - /( (e - dt, (19)
I- t1/2(a- t)'/ 2 (b - t)1/ 2 (c - t),/ 2 (d - t , (19)

-h=-(e -t ft dt, (20)

t12(t-a)/ ( - t)/( )/ ( "I
(e - Ol dt, (21)

2 t/(t - a)/2(t - b)'/2(c -t)1/2 (d - t)/aff

h I d (e--01W)tlI22h-u= t1/ 2 (t - a)/2 (t - b)/ 2 (t - c),/ 2 (d - t)/ t, (22)

and

m 1+tan2 (7r/2 - ,) =(e -ab t (dt. (23)
V = fdet/(- )2t - b)'' 2 (t - C)'1 2 (t - 01

The solution to these integral equations was iterative:

1. a, b, c, d,and e were guessed.

2. The integrals were calculated numerically, and a vector di (x) was calculated, where (j,
is the five element vector composed of the closure error of the five equations above and
Y is the vector of guesses for a, b, c, d, and e. .-.

3. Convergence was obtained by a method similar to the Newton-Raphson method. A
matrix of partial derivatives

Bk adi (24)
7ik
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I0

were calculated using a forward-difference formula, and a correction vector was calcu-
lated as

Gi=Bi kA5. (25)6

The convergence condition for this set of equations was (§(x = 0 (or Ai = 0). Conver-
gence was very sensitive to the initial guesses for a through e, and a predictor-corrector
method (see References (17) and (18)) was used to reduce computer time.

Several additional tricks were necessary to complete this solution. It is impossible, of
course, to integrate directly on a section where the integrand is singular. This problem was
solved by making a variable substitution and by restricting the number of singularities for
each integral to one by dividing each interval in half. For example, an integral of the form

d dt

f(t)(t - c)I/G(d - t)1l '

was split into two terms that each contain only one singularity, i.e.,

/(+d)/2 dt d dt

f(t)(t - c)11/ (d - t)1/ + j+)/ f(t)(t - c)11- (d -t)'/l

The variable substitution
U = (t - c)'- "

/ a (26)

or
t = c + u1/ ( - ' / a- (27)

was used to obtain a nonsingular expression for the first integral, i.e.,

1 f(,1+)/2 du
1 - 1/a. f (t)(d -t)/"

The expression for t in equation (27) is substituted before integrating by Simpson's rule.
The number of divisions of the integration interval was doubled until successive calculations
of an integral agreed to at least six significant figures. The convergence criterion used for
step 3 was that successive calculations of a through e agree within five significant figures.

Results and Discussion

The primary current distribution and resistance are determined by the angle /3/r and
by the geometric ratios h/k, n/h, and m/n. The effect of the cell geometry outside the
recessed electrode, i.e., the rectangle formed by allowiag the depth m to be equal to zero,
was treated by Moulton." Therefore, the values for h/(t - m) and n/h were held fixed
at 1.622 and 0.2, respectively. The parameters chosen for study here were those directly
associated with the recessed electrode: the angle fl and the aspect ratio m/n. The questions
of primary interest to the experimentalist would be how deep the recessed electrode should
be to have a uniform primary current distribution, and how much effect an unintentional
deviation from a right angle between the electrode and insulating wall would have on the
current distribution, the average current density, and the resistance of the cell.

8
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Current Distribution for an Isolated Electrode

The qualitative behavior of the primary current distribution for plane electrodes is
based on the solution of Laplace's equation for an isolated plane electrode intersected by
an insulator at an angle/3 (see Figure 3). The behavior of the current density in the region
close to the intersection of the two planes is given by

i (X)Oc( , (28)

where n - x is the distance from the intersection point. For r = /2 the current density
approaches a finite value at x = n. For /3 > ir/2 the current density is zero at x = n, while
for /3 < 7r/2 the current density is infinite at x = n. This limiting case shows that even
small changes in the angle /3 about 7r/2 can lead to large changes in the current density very
close to the insulating wall. Equation (28) also provides an asymptotic limit whereby the
numerical results can be compared.

Current Distribution for a Recessed Electrode

The effect of aspect ratio rn/n on the current distribution is presented in Figure 4.
The limit as m/n approaches zero is given by Moulton and shows an infinite current at the
electrode periphery. The current distribution becomes uniform as m/n becomes large. The
current density at the central portion of the recessed electrode (x = 0) provides an indication
of the uniformity of the current distribution and is presented in Figure 5 as a function of
m/n. An aspect ratio of m/n = 2 is sufficient to cause the primary distribution to be
uniform. The calculations do not treat the effect of mass-transfer and kinetic limitations to
electrochemical reactions. Kinetic limitations would tend to make the (secondary) current
distribution more uniform at aspect ratios less than 2.1

While these calculations were for a planar geometry, the results presented here apply
approximately to a disk geometry because the curvature of the disk can be neglected in a
region very close to the electrode periphery. Quantities that depend upon integration over
the electrode surface would, of course, be different for the two geometries. For example,
the current density at the center of a non-recessed electrode (see m/n = 0 in Figure 5) is
equal to 0.68 when normalized by the averagc current density obtained by integration of the
corresponding current distribution over a planar surface. When this current distribution is
averaged over a circular surface with n replaced by the disk radius, the normalized current
density is equal to 0.5 which is the value expected for a disk electrode. Figure 5 can be used
to estimate the depth to which an electrode should be recessed to provide a uniform current"S
distribution for both planar or disk geometries because, for either case, the current at the
center of the electrode approaches the average current density for large values of "I/n. The
value of the normalized current at the center of the electrode would be different for the two
geometries when rn/n becomes small.

The current distribution that results from changing the angle /3/r is also a function
of the depth m/n. The effect of small changes in angle is presented in Figures 6 and 7 for

9
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the current distribution on deep and shallow electrodes, respectively. The variation in /3
studied here corresponds to ±1.8 degrees from a right angle. The current density is uniform
for /3/7r = 0.5. The current at the periphery is equal to zero for /3/ir > 0.5 and tends to
infinity according to equation (28) for //r < 0.5. The current density at the center of the
electrode is presented in Figure 8 as a function of 6/7r for both the deep and the shallow
electrodes. The ratio of the current density at x = 0 to the average current density is equal
to one for a deep electrode with an angle of r/2 (3/?r = 0.5). For a shallow electrode, this
ratio tends toward one only for values of /3/r greater than 0.5. This result is seen because
the nonuniformity associated with a small aspect ratio rn/n can be canceled in part by the
nonuniformity associated with //7r > 0.5.

Average Current Density for a Recessed Electrode

As seen in the preceding section, the geometry of the recessed electrode has a significant
impact on the current distribution. An interior angle greater than 7r/2 (3/7r < 0.5) causes
the current distribution to be infinite at the periphery of the electrode and causes the average
current density to be larger than it would be for a perfect right angle. The percent error in
the average current density relative to /3/7r = 0.5, defined to be

= .63/70 - iaijg(0/7r = 0.5)
/0i, (8/7r = 0.5) x 100%, (29)

is presented in Figure 9 as a function of 3/7r with rn/n as a parameter. This error is a
function of the depth to which the electrode is recessed because, for a fixed value of /3/7r,
the displacement of electrolyte is larger for a deeper electrode. For an electrode sufficiently 'N

deep that the current distribution for a perfect right angle between electrode and insulator
may be regarded to be uniform, the average current density measured would be 4 percent
higher for a 1.8 degree deviation from a right angle (corresponding to //r = 0.49) than it
would be for the ideal right-angle geometry.

Primary Resistance for a Recessed Electrode

The major interest to the experimentalist of the effect of the recessed electrode geometry
on the primary resistance, presented below, would, be in estimating a priori the cell resis-
tance. It is not used here as a criterion for specification of tolerances because independent
measurement of this resistance can be made by current interruption.

The primary resistance of the cell can be expressed in terms of the dimensionless group
Wr.R, where W is the cell width in the dimension coming out of the plane of Figure 2a. In
the limit that the aspect ratio m/n approaches zero, the primary resistance approaches that
of a rectangle of length h and width k and with electrodes of width h and n. The solution
for this problem has been presented by MoultonS in terms of tabulated elliptic functions"
as

as K(1 -m m) (30)
K (mA)

13

49



1 .10

1 .05

01.00

0.95

0.90 I
0.0 0.2 0.4 0,6 0.8 1.0

nS

Figure 6. Current distribution with the angle jl/7r as a parameter for a deep electrode
(aspect ratio rn/n = 2.52).

j4



1 .10

0.49

1 .05

0.5

0.95

0.90
0.0 0.2 0.4 0.6 0.8 1.0

Figure 7. Current distribution with the angle 13/7r as a parameter for a shallow
electrode (aspect ratio rn/n = 1.0).

15



1 .020

1 .010

I? 1.000
'C

0

S0.990

0. 9801.

0.970 0
0.490 0.495 0.500 0.505 0.510

1/I

Figure 8. The current density at the center of the recessed electrode as a function of0
0/7r with the aspect ratio rn/n as a parameter.

16



WOW RV

5.0

3.0

1 .0

-1 .01.

-3.02.

-5.0
0.490 0.495 0.500 0.505 0.510

VS

I LIVFigure 9. The percent error in the average current density relative to 0J/7r =0.5 as a
function of 0~/7r with rn/n as a parameter.

17



where K(mx) is the complete elliptic integral of the first kind with parameter m.%. The
parameter inx is obtained from the geometry of the rectangle by

sn (z2 in) - sn2 (zi 1m) (31)
Ssn 2 (Z, Im) - sn)2 (Z, in)

where m is the parameter defined by K(1 - m)/K(m) = k/h, z is the location of point
B, z 2 is the location of point A, and z3 is the location of point D. Equation (16.23.1) in
reference (19) was used to calculate values for the elliptic function "sn".

The resistance can be approximated by the sum of the resistance associated with the
rectangle k-h and the rectangle rfn. Thus,

Wr.R = W.R, + m/n + A1 , (32)

where A, is the correction that accounts for the constriction of current lines in the mouth of
the recessed portion of the cell. The correction A, is presented in Figure 10 as a function of
the aspect ratio rn/n. The correction is eqtal to zero for m = 0 and approaches a constant
value of 0.0367 as m/n becomes large. A,, however, becomes a smaller fraction of the total
dimensionless resistance WicR at large values of rn/n because the resistance is proportional
to M/n. The presentation of A, (as opposed to a presentation of the percent error in
neglecting this term in equation (32)) allows a more general application of these results
because Moulton's solution Wr.R, accounts for the influence of the counterelectrode size
and placement and for the size of the cell outside the recessed portion, and the term m/n
accounts for the depth and width of the recessed electrode. The percent error is a function
of geometric factors that are independent of the geometry of the recessed electrode. For
the geometry treated here, WicR, is equal to 1.195. The error in neglecting A, for a deep
electrode (with rn/n greater than 2.5) is less than one percent.

The angle 3/7r also has an effect on the primary resistance, even for very small deviations
from 0.5, and the magnitude of A, is a function of the electrode depth. The effect of angle
on A, is shown in Figure 11 with the aspect ratio rn/n as a parameter. For m/n greater
than one, all curves in Figure 11 yield a value of 0.0367 for A, at /3/r = 0.5. A, reaches a
value of 0.15 for a deep electrode (m/n = 2.5) with 3/7r = 0.51. The percent error caused
by neglecting this term can, however, be reduced by a slight modification of equation (32),
as shown below.

In calculating A1 (equation (32)), the primary resistance associated with the exterior
part of the cell was calculated using an electrode width of n - m tan(3 - ir/2), and the
resistance associated with the recessed electrode was given by m/n. The influence of the
parameter 3/7r could be reduced by replacing m/n in equation (32) with the arithmetic
average of the resistance for a rectangle with electrode width n (i.e., m/n) and the resistance
for a rectangle with electrode width n - mtan(3 - 7r/2) (i.e., m/(n - mtan(3 -7r/2))).
Thus,

mn 2n -rn tan(/3 - r/2)
WxR =RWRn + m+ A2 (33)

n 2(n - m tan(# -7r/2))

18



The correction to equation (33) A2 is presented in Figure 12 as a function of f/7r with m/n
as a parameter. For P/r = 0.5, A2 is equal to A, and is equal to 0.0367 for m/n greater
than one. For a deep electrode, the error in assuming that A2 is equal to 0.0367 is about 0.2 5
percent, and the error in neglecting A2 altogether in equation (33) is less than two percent.
In contrast, the error in neglecting A, in equation (32) for /3/ir = 0.51 (see Figure 11) is
almost five percent.

Conclusions

The conformal mapping technique is ideally suited to determine the influence of small
changes in the angle between the electrode and insulator on the primary current distribution
for recessed electrodes. It is difficult to use finite-element or finite-difference techniques to
obtain accurate values for current density near singular regions, such as seen at the electrode
edge for f0/7r < 0.5. These numerical methods work well and, indeed, are necessary in the
more common cases where kinetic limitations eliminate the singularities.

The results presented here show that the primary resistance does not undergo discon-
tinuous behavior as the angle in the pit changes and that it can be approximated to be the
sum of Moulton's solution for the influence of the geometry of the main portion of the cell
and a term which treats the influence of the depth of the recessed portion of the cell. For a
deep electrode, this expression is accurate to within one percent.

The approach to a uniform current distribution with increasing depth and variations
in average current density with angle were used as criteria to identify specifications for
a recessed electrode. The results presented here show that a recessed electrode with an
aspect ratio of about 2.5 (calculated for the electrode half-width) is sufficiently deep to give
a uniform current distribution. The average current is the quantity that would usually be
obtained in an experiment by dividing the measured total current by the electrode area. For
an electrode of this depth, a deviation of the angle between the electrode and the insulating
wall by 0.5 degrees from a right angle (1/ir - 0.51 = 0.0028) causes the average current
to deviate from the value expected for a perfect right angle by about 1.2 percent. These
results suggest that specification of the angle between recessed electrode and insulating wall
to within ±0.5 degrees (a level of precision that can be routinely achieved in our machine
shop) is sufficient to avoid significant errors in the measured current. The results presented
here provide a guide based on a "worst-case" analysis because kinetic limitations, if present,
would tend to make the current distribution be more uniform.
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Notation

Roman Characters

a location of a corner in the t-coordinate system (see Figure 2b)

A location of a corner in the original z-coordinate system (see Figure 2a)

b location of a corner in the t-coordinate system (see Figure 2b)

B location of a corner in the original z-coordinate system (see Figure 2a)
c location of a corner in the t-coordinate system (see Figure 2b)

C location of a corner in the original z-coordinate system (see Figure 2a)

d location of a corner in the t-coordinate system (see Figure 2b)

D location of a corner in the original z-coordinate system (see Figure 2a)

e location of a corner in the t-coordinate system (see Figure 2b)

E location of a corner in the original z-coordinate system (see Figure 2a)

h the width of the counterelectrode (see Figure 2a) 0

i current density, mA/cm2

j the imaginary number, V/,Pj

t the distance between working and counterelectrode (see Figure 2a)

m the depth of the recess for the working electrode (see Figure 2a)
n the half-width of the working electrode (see Figure 2a)

R half-cell resistance, ohms

t coordinate system for the intermediate half plane (see Figure 2b)
u h- n (see Figure 2a)

V cell potential, V

W cell thickness, cm (see Figure 2a)

z original coordinate system (see Figure 2a)
Greek Characters

,6 exterior angle between the recessed electrode and the insulating wall (see Figure
2a)

A, error term in equation (32)

A 2  error term in equation (33)
e percent error in average current density relative to 0/7r = 0.5, defined in equation

(29)

r. conductivity, mho/cm

-t electrical potential, V

X coordinate system for the rectangular geometry for which Laplace's equation can
be easily solved (see Figure 2c)
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Subscripts

avg average

i imaginary component

r real component
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