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Foreword

The Symposium on Progress in Electrochemical Corrosion Testing was
held 21-23 May 1979 in San Francisco, Calif. The symposium was sponsored
by ASTM Committee G-1 on Corrosion of Metals. Dr. Florian Mansfeld,
Rockwell International Science Center, served as symposium chairman; Dr.
Ugo Bertocci, National Bureau of Standards, served as vice-chairman. Drs.
Mansfeld and Bertocci also served as editors of this publication.
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Introduction

Electrochemical techniques are finding increased use not only in corrosion
research but in practical applications, especially in the chemical and
petroleum industries. This is due to a better understanding of the basic
mechanisms and kinetics of the electrochemical reactions that determine the
corrosion behavior of different material/electrolyte combinations, the
availability of improved electrochemical techniques for the study of corrosion
phenomena, and the demonstration by numerous investigators that such
techniques can be applied successfully for corrosion monitoring and control.

ASTM Subcommittee G01.11 on Electrochemical Measurements in Corro-
sion Control has a long history in the development of practices for the use of
electrochemical methods. An example is ASTM Recommended Practice for
Standard Reference Method for Making Potentiostatic and Potentiodynamic
Anodic Polarization Measurements (G5-78), which is used worldwide for
calibration of electrochemical instrumentation in laboratory work. More
recent documents produced by Subcommittee G01.11 include a practice for
conducting polarization-resistance measurements and a procedure for the
use of potentiodynamic polarization techniques in the evaluation of the
susceptibility to localized corrosion.

In order to review the state of the art and discuss new techniques, Sub-
committee GO1.11 organized the Symposium on Progress in Electrochemical
Corrosion Testing, which was held in San Francisco in May 1979. The
response to the call for papers was excellent with truly international par-
ticipation by speakers from the United States, Czechoslovakia, France, West
Germany, Japan, England, Sweden, and Canada. The participants in the
symposium were in many cases those who are responsible to a large extent for
the progress in electrochemical corrosion testing.

The topics discussed ranged from various aspects of localized corrosion
phenomena (such as pitting, crevice corrosion, corrosion fatigue, and stress
corrosion cracking) to the use of a-c impedance techniques and a number of
special areas usually not discussed in detail despite their practical im-
portance (such as atmospheric corrosion and the development of improved
equipment for electrochemical corrosion studies). The session on the
background and application of a-c impedance techniques has special im-
portance, since it allowed for the first time a thorough discussion of the
possibilities this approach brings to corrosion research and corrosion
monitoring.

It is hoped that this volume will serve a large segment of the corrosion com-
munity by providing background information to the newcomers in the field,
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2 ELECTROCHEMICAL CORROSION TESTING

giving detailed discussions of special topics to the more experienced corro-
sionists, and establishing a general survey of the state of the art in electro-
chemical corrosion testing. The organizers of this symposium were gratified
by the very active participation of the audience during the presentation of the
papers, and hope that this volume will encourage increased use of elec-

trochemical techniques in the continuing struggle to reduce the enormous
costs of corrosion.

Florian Mansfeld

Rockwell International Science Center, Thou-
sand Oaks, Calif. 91360; symposium chair-
man and co-editor

Ugo Bertocci

National Bureau of Standards, Washington,
D.C. 20234; symposium vice-chairman and
co-editor



H. S. Isaacs' and Brijesh Vyas®

Scanning Reference Electrode
Techniques in Localized Corrosion

REFERENCE: Isaacs, H. S. and Vyas, Brijesh, “Scanning Reference Electrode Tech-
niques in Localized Corrosion,” Electrochemical Corrosion Testing, ASTM STP 727,
Florian Mansfeld and Ugo Bertocci, Eds., American Society for Testing and Materials,
1981, pp. 3-33.

ABSTRACT: The principles, advantages, and implementations of scanning reference
electrode techniques are reviewed. The technique locates the position of localized cotto-
sion, and can be used to monitor the development of corrosion and changes in the corro-
sion rate under a wide range of conditions. Data related to pitting, intergranular corro-
sion, welds, and stress-corrosion cracking are presented.

KEY WORDS: stainless steel, welds, pitting, intergranular corrosion, stress corrosion
cracking

The definition of localized corrosion is usually restricted to specific types
of attack often related to the presence of chlorides. This definition may be
broadened to incorporate all other cases where corrosion at specific areas of
the metal surface takes place. General corrosion rates in most systems have
been measured, and design allowance can be made for the metal losses dur-
ing the expected life of the system. Problems arise when the corrosion be-
comes localized, and the penetration rate of the metal is orders of magnitude
greater than the predicted general corrosion; in many cases, localized corro-
sion is only identified after failure. Localized forms of corrosion, therefore,
take a far greater toll than the incorrect choice of materials that give unac-
ceptable general corrosion.

During localized corrosion [1,2]3 the electrochemical dissolution is well
separated from the cathodic reactions. This makes an ir situ study of the
anodic and cathodic reactions amenable to direct measurement in contrast
with general corrosion where the reactions can take place in close proximity.
The aim of this investigation is to separate clearly the anodic and cathodic

!Metallurgist and associate metallurgist, respectively, Brookhaven National Laboratory,
Upton, N.Y. 11973.

2Member, Technical Staff, Bell Laboratories, Murray Hill, N.J. 07974; formerly at Brook-
haven National Laboratory, Upton, N.Y. 11973,

3The italic numbers in brackets refer to the list of teferences appended to this paper.
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reactions without interfering with the processes taking place or altering them
to an extent whereby they no longer relate to conditions during exposure. In
situ measurements, such as mapping of potentials in solution or the physical
separation of anodic and cathodic areas and the measurement of the currents
flowing between them, have been successfully used to identify the processes
during corrosion.

Other methods, such as weight loss or penetration rates, have also been
used, but these require periodic removal of the metal from the corroding
environment. The periodic removal can alter the progress of corrosion or ini-
tiate changes in the processes involved. Thus the measurements do not neces-
sarily represent a single progression of the reaction, but possibly the inte-
grated effect of a repetitive process. During pitting, for example, the pits
may repassivate on removal from the corrosive environment and reinitiate on
subsequent exposure. In the case of stress-corrosion cracking, the uncor-
roded area may act as the cathode and, when cathodic polarization is limit-
ing, interaction between the growth rates of the various cracks would be ex-
pected. However, when the anodic process is slow or when the cathode is at
the crack wall, no interaction between the cracks would occur. The identifi-
cation of these effects would require a large number of samples because of
the required statistics, and even then it would be extremely difficult to ex-
tract the rate processes or the electrochemistry taking place.

In a large number of studies, sections of samples have been used to sepa-
rate the anodic and cathodic processes [3-6]. In an early work related to
the water-line corrosion [3], the corroding section of the sample was sepa-
rated from the partially immersed cathodic portion. The currents between
the shorted pieces gave rates that correlated well with the observed weight
losses. The behavior of welds has been studied using similar techniques [4].
The welds were sectioned or masked to give representative parts parallel with
the weld direction. Separate sections of plates have also been used to investi-
gate pitting corrosion [5]. Measurements were conducted on the relation and
variations of current between the different sections during pitting corrosion,
and demonstrate the existence of a marked dependence between pit size and
its stability.

Areas around a weld have been studied separately using a liquid drop
drawn across the sample. The potential variations and the polarization char-
acteristics as a function of the drop position were measured [7]. In another
study [8] an insulating coating over a weld area was perforated with a micro-
hardness indentor, and a liquid drop was placed over the perforation. The
potential and the polarization characteristics of the underlying deformed and
wetted metal were measured.

The flow of current from the anodic to the cathodic areas can be also de-
termined without sectioning samples. In an early work on water-line corro-
sion, Evans and Agar [9] calculated the current from the measured equipo-
tential lines associated with the flow of current during the corrosion of zinc.
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A scanning reference electrode technique (SRET) was used to measure the
potential variation in the solution. An agreement of within 10 percent was
obtained between the measured corrosion rates from weight loss and the cal-
culations from the equipotential surfaces.

Jaenicke and Bonhoeffer {10,11], Copson [I2], and Rozenfeld [13] have
measured the potential distribution around galvanic couples and calcu-
lated the corrosion rates and the surface current density distributions. Mea-
surements of potential distribution during corrosion of bismuth-cadmium
and zinc-aluminum alloys were also studied [//]. More recent measure-
ments of couples of iron and copper have been conducted by Hildebrand and
Schwenk [74].

Theory

Aqueous corrosion of metals is an electrochemical process involving anodic
oxidation of the metal and cathodic reduction of species from the solution.
During localized corrosion, the two processes usually take place at well-sepa-
rated areas. The flow of electrons within the metallic phase does not involve
significant ohmic potential differences because of the high conductivity of the
metal. The flow of current within the aqueous phase, carried by ions, is asso-
ciated with small potential changes between the anodic and cathodic areas.

Figure 1 shows a schematic of the flow of current in the electrolyte from a
localized anodic to the surrounding cathodic areas and equipotentials set up
around the localized electrode. By scanning a ‘‘passive’” reference probe with
a fine capillary tip parallel and in close proximity to the metal surface, the
potential distribution in the liquid can be measured. The potential changes
are most rapid over the localized electrode; a potential maximum or mini-
mum is observed over its center. In the SRET work presented here, the sign
convention adopted is opposite to that generally used in order to show anodic
areas as potential peaks and cathodic areas as minima. Thus the SRET is an
in situ technique used to locate the anodic and cathodic sites and study the
electrochemical processes during localized corrosion without altering the
processes taking place, changing the local environment over the corrosion
site, or influencing the rate of corrosion.

The distribution of potential and current can be theoretically determined
from the Laplace equation

V2E =0 (1)
and Ohm’s Law
i=—KVE )

where E, i, and K are the potential, current density, and solution conductiv-
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ELECTROLYTE

CATHODE ANODE CATHODE

ELECTROLYTE

CATHODE

F1G. 1 —Schematic drawing of a local corrosion cell showing (a) current paths in the electrolyte
flowing from the anode to the cathode, and (b) equipotential lines in the electroiyte.

ity, respectively. The boundary conditions for the solution of these equations
depends on the polarization characteristics of the anodic and cathodic areas.
If either area has a high polarization characteristic, low currents will flow in
solution; hence, there will be little potential variations between anode and
cathode. A greater variation of potential will occur with high currents. The
product of the polarization resistances (A V/Ai) and the electrolyte conduc-
tivity has the dimension of length

vV
L=k2Y 3)
Al

and has been used to determine the potential variations in corroding sys-
tems [15-19].

It should be emphasized that the SRET does not directly measure the po-
tential variations of the metal surface, but responds to current variations in
solution. These currents are more dependent on the polarization character-
istics of the metal surface than the surface potential. This can be demon-
strated by the following hypothetical examples.

Three Evans-type polarization curves are shown in Fig. 2a. In A, anodic
and cathodic partial polarization curves are given by the dashed lines repre-
senting the reactions on a passive metal surface (for example, iron in a chlo-
ride solution below its pitting potential). The full lines represent the net
polarization curves. In B, anodic polarization curves representing anodic
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behavior of a localized anodic cell (for example, a large pit) for two different
conditions are shown; one (I) has a greater polarization characteristic than
the other (I1). The third Evans-type diagram, C, could be for a noble metal
(for example, a platinum coating on iron). The cathodic curves in Fig. 2a, A
and C, could arise from oxygen reduction and, if equal in area, would show
the same currents when limiting concentration polarization is reached. These
three areas are considered to be present on a single metal surface separated
by an insulating coating as in Figs. 2b, 2d, and 2f, where the “iron” forms
the base of a shallow container holding a highly conducting chloride-con-
taining electrolyte. In Fig. 2b the solutions in contact with areas A, B, and C
‘are separated from each other and have the respective Evans-type diagrams
shown in Fig. 2a. Each area is at its open circuit potential; measurements of
the potential as a function of the position in the solution can be represented
by Fig. 2c. If these separations are removed, two conditions can arise de-
pending on the anodic behavior of area B. If the lower polarization is consid-
ered, the polarization of the three areas would be close to potential E; in Fig.

YV///// 7 %V////

Eg

fa) Polarization diagrams for each exposed area.
A —Passive surface supporting anodic and cathodic reactions.
B —Local “pitting” anode with either high (I) or low (II) polarization.
C —Metal-coated area supporting only a cathodic reaction.
(b) Areas exposed to separate solutions.
fc) Open-circuit potentials in solutions between ‘‘iron’ and the reference electrodes.
d) Equipotential lines in solution when area B has low polarization (II).
fe) Potential variations on scanning across the sample for case {d).
(f/ Equipotential lines in solution when area B has high polarization (I).
(g) Potential variations on scanning across the sample for case (f).

FIG. 2—Schematic variations of the potential in a solution above a partially coated ‘‘iron"’
surface.
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2a. The currents from the anodic area B would flow to both A and C; the
potentials developed in the solution are shown by equipotential lines in Fig.
2d . If the potential were measured at a fixed distance from the metal surface
above the coating using the SRET, the potential variations would be similar
to the curve shown in Fig. 2e. The magnitude of these potential variations
cover a range AFE, which is much smaller than the potential range shown in
Fig. 2c.

Under conditions where the anodic area B has the larger polarization (1),
the potential of the three areas would be close to E, in Fig. 2a. This potential
is equal to E4, the open circuit potential of area A ; under this condition no
currents will flow to or from A . The equipotential lines for this condition are
shown in Fig. 2f. The shape of the potential variations from the SRET is
shown in Fig. 2g. It should be noted that no potential variations are observed
when scanning above area A; the potential measurements would not be ca-
pable of distinguishing whether the probe is directly over the area 4 or the
coatings adjacent to it. A similar condition could be achieved if area A is
placed between B and C. If the coating were thin, it would once again not
distinguish between the presence of a coating or the passive metal surface
under the scanning reference electrode from the potential variations. This
analysis demonstrates clearly that the SRET only responds to potential varia-
tions in the solution, which are associated with the flow of current, and does
not relate directly to the potentials of the metal surfaces or the coating.

Experimental Technique

The potential fields generated in the electrolyte due to local corrosion sites
can be measured by scanning a microtip reference electrode over a horizon-
tally exposed surface facing up. The equipment built at Brookhaven National
Laboratory is shown schematically in Fig. 3 [20,21]. The microtip reference
electrode is held by a mechanical stage attached to low-friction, linear bear-
ings for smooth motion in the X- and Y-direction, and driven by two stepping
motors. The mechanical stage can be automatically programmed to scan both
in the X- and Y -directions parallel to the specimen surface. The length of the
X-direction can be varied up to 26 mm and, at each end of the X-scan, the
Y -direction can be shifted to a set value (from 30 to 200 um). An area of the
surface is thus scanned by a rectangular wave. The linear speed of the scan in
the X-direction can be varied from 0.1 to 300 mm/s.

Alternatively, potential fields on cylindrical samples can be obtained by
keeping the probe stationary while rotating the sample [22,23]. The microtip
reference electrode measures the potential variations along the circumference
of the sample as the potential field around the sample rotates with the sam-
ple. A schematic of such an instrument is shown in Fig. 4 [23]. A motor is
used to rotate a cylindrical metal specimen in the electrolyte so that the rota-
tional motion of the sample is synchronized to produce a signal that is pro-
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FIG. 3—Schematic of the scanning reference electrode technique for flat samples (Ref 21).
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FIG. 4—Schematic of the scanning reference electrode technique for a cylindrical rotating
sample (Ref 23).

portional to the angular position of the sample with respect to the probe. The
microtip reference electrode is made to scan in the vertical direction (parallel
to the cylindrical axis). If the signal of the sample rotation is fed to the X-di-
rection and the signal of the scan of the probe to the Y-direction, the surface
scan of the cylindrical specimen is obtained. The size of the area examined
on the specimen surface can be controlled by regulating the length over which
the microtip reference electrode moves along the axis of the sample and con-
trolling the time per revolution of the specimen.

The most important parameter in the measurement of the potential fields is
the distance between the microtip reference electrode and the specimen sur-
face; this must be held constant during a given experiment. This is achieved
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by attaching the specimen to a stage with three independent rotations when
flat specimens are studied. Mechanical vibrations are kept to a minimum by
attaching the mechanical stage to a cast-iron stand placed on a vibration-free
table. In the case of a rotating specimen, it is necessary that the motor, rotat-
ing shaft, and the specimen lie on the same axis so that there is no eccentricity
of the rotation. The whole apparatus should be made as rigid as possible [22].

The potential field in the electrolyte during localized corrosion is the differ-
ence in the potential measured by the microtip reference electrode and a ref-
erence electrode placed more than 10 mm away from the sample surface. The
two signals are fed into a differential electrometer and the resultant potential
amplified to the desired amount. The potential fields can be plotted on an
X-Y recorder by feeding the signal from the X -position of the motor to the
X -amplifier of the recorder the sum of the Y-position of the motor and the
amplified potential difference to the Y-amplifier of the recorder. Thus one
obtains a two-dimensional plot of the potential-field variations at a plane par-
allel to the sample surface. The signals can be also recorded on a storage os-
cilloscope and photographed. Alternatively, the amplified potential differ-
ence can modulate the intensity of the cathode-ray tube of an oscilloscope [20]
or plot the equipotential lines from an analyzer [23].

A third scanning technique {24] incorporates two adjacent reference elec-
trode probes to determine the currents flowing from the pits. Two scans are
required for each measurement. One scan, having two probes close together
displaced horizontally, gives the potential fields parallel to the specimen sur-
face. In the other scan, the probes are displaced vertically to determine the
field perpendicular to the surface. The vector sum of the fields indicates the
magnitude and direction of the current flow, and summation over the active
area is used to estimate the total currents from the anodic to the cathodic
areas. This technique integrates only the current flowing across the plane of
the potential measurement and does not include the currents flowing below
the probes. These latter currents can be a significant fraction of the total cur-
rent. Figure 5 shows the two fields normal and parallel to the surface over a
pit on stainless steel.

Calibration

In order to obtain a quantitative value of the local corrosion currents, it is
necessary to obtain a relation between the potential peak and the local cur-
rent. This may be obtained theoretically by Eqs 2 and 3 [15] or determined
experimentally. Owing to the lack of data relating the polarization character-
istics of the systems studied, this relation was determined using a model elec-
trochemical cell consisting of a localized anode in a large cathode.

A platinum sheet, 25 um thick, was sandwiched between two copper blocks
10 mm wide and 10 mm long. The platinum was electrically insulated from
the copper by two Mylar sheets 125 um thick. The platinum was made the
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FIG. S—Potential fields in solution over a pit in (a) the normal and (b) the horizontal direc-
tions in a 0.05 M FeNH ;(SO,), + I M NH ,Cl solution (Ref 24).

anode, and the copper the cathode. Platinum does not dissolve in the electro-
lyte and hence maintains its structural shape. The probe was scanned paral-
lel to the surface of this model cell, across the anode and the cathode, at vari-
ous sample-to-probe distances, d, in electrolytes of different conductance,

The peaks obtained for an applied anodic current of 1 A through the
platinum in 0.001 N sulfuric acid (H,SQO,) as a function of d are shown in
Fig. 6. If the probe is too far from the specimen surface, then either the sig-
nal is lost or the peaks are small and broad. As d decreases, the peak height
increases and the width of the peak decreases giving a clear location of the
local corrosion site. As anticipated, these results are consistent with the po-
tential field generated from a local region shown in Fig. 1. For a clear deter-
mination of the corrosion site, therefore, the probe should be held close to
the sample surface. The distance between the probe and metal surface, how-
ever, should not be less than the outer-tip diameter of the probe, or else it will
disturb the potential distribution in the electrolyte [25]. For kinetic studies, a
constant value of d must be maintained to obtain a meaningful relation be-
tween the peak height and the local current.

The effect of electrolyte conductivity on the peak height is shown in Fig. 7.
The peak heights, with d = 25 um and anodic currents varied over two or-
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FIG. 6—Potential peaks for various distances (d) between the microtip reference electrode and
the sample surface for an applied anodic current of 1 nA through a platinum anode in 103 N
H,50,.
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ders of magnitude, increased with decrease in electrolyte conductivity. Also,
for a given electrolyte conductivity, there is a linear relationship between the
peak height and the magnitude of the applied current. The peak heights thus
give a direct measure of the intensity of the corrosion currents originating
from the anodic sites.

Finally, the effect of the local area on the magnitude and shape of the peak
is shown in Fig. 8. The peak height over the local region increases with in-
crease in area due to the increase in the local current up to an area where the
anode becomes large (~ 0.5 mm) and cannot be treated as a local region. It is
observed that the maximum in the peak lies over the center of the local area.
The peak shape thus gives an indication of the area of the local region.

Sensitivity and Resolution

The sensitivity (the ability to unambiguously determine very small corro-
sion currents originating from localized regions) and the resolution (the abil-
ity to distinguish between two anodic sites close to each other) of the SRET
are governed mainly by the distance between the probe and specimen surface
and the conductivity of the solution, as discussed previously. In a given ex-
periment, however, the choice of the electrolyte may be limited by the type
of localized corrosion to be studied. Additionally, the distance d is limited to
the diameter of the probe tip. A decrease in the probe-tip diameter increases
the sensitivity and resolution of the technique. A very fine tip, however, has a
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very high impedance that increases the electrical noise and decreases the re-
sponse time. Therefore proper compromise should be made for the choice of
the probe-tip diameter.

The resolution of the SRET is dependent not only on the proximity of two
corroding sites, but the magnitude of the corrosion current from each site. A
schematic of the potential peaks obtained from two adjacent points for vari-
ous corrosion conditions is shown in Fig. 9. If the corrosion currents from the
two anodic sites are low, the potential peaks are small and broad. Hence,
these can be resolved only if d is small. If the potential field from the two cor-
roding sites is large, one does not obtain separate distinguished peaks, but
two small peaks on a large broad peak. If one of the sites corrodes much
faster than the other site, however, one observes only a change in the slope of
the larger potential peak at the point of the other corrosion site. Thus, in
each case, the location of the corrosion sites can be easily and accurately
identified, but a quantitative measure of the corrosion rate at each site be-
comes difficult.

Applications

Pitting Corrosion

Pitting corrosion is a highly localized form of corrosion attack of passive
metal surfaces and is generally directly related to the presence of chlorides or
bromides. The development of pitting is sensitive to almost all variables asso-
ciated with the interface between the metal and the electrolyte. These vari-
ables include the chloride concentration, the presence of other anions that
may act as pitting inhibitors, the composition of the metal, its surface prepa-
ration and history, and the electrochemical potential [24,26-31]. The poten-
tial has been shown to be decisive in the initiation and propagation of pitting.
If the potential is held below a critical value (usually termed the ‘‘pitting
potential’’) pits do not develop. If the potential rises to or above the critical
range, pitting initiates and can then continue to propagate below this po-
tential [29]. If the potential is decreased sufficiently, the pitting eventually
stops, and if held at low potentials, the pits lose the high chloride concentra-
tions and the metal surface within the pit passivates.

The pitting behavior of stainless steels was investigated by Rosenfeld and
Danilov [24] using the adjacent reference electrode technique. Their mea-
surements were carried out in a solution containing about 0.05 M ferric am-
monium sulfate [FeNH(SO,),] and 1.0 or 0.56 M ammonium chloride
(NH,CI1). They could detect pits 30 to 60 s after contact with the solution.
Initially, the rates of dissolution of all the pits were similar; with time, how-
ever, some of the pits stopped corroding or showed decreased rates. Micro-
scopic observation of the pits showed that they were covered by a film or
shielding layer resulting from the attack of the metal by chloride ions pene-
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FIG. 8—Potential variation on copper held at open-circuit potential in 0.1 N H,SO, produced
by the four circular markings of varying size. The inset shows the photomicrograph of the copper
sample.

trating the oxide film. Destroying the shielding layer led to passivation. The
authors considered the rupture of the shield assisted the diffusion of the
“passivator” into the pit. The process of passivation took a relatively long
time (on the order of tens of minutes) after disruption of the shield. The time
for deactivation of the pits increased with the size of the pits. The deactiva-
tion process was probably a result of a diffusion process, but it is not possible
to separate whether it was the result. of increased diffusion of the high-chlo-
ride concentration from the pit or the diffusion of bulk solutions into it, since
the time dependence of both processes are similar.

The currents from the pit were related to the square root of time. The
current densities therefore decreased and, assuming a hemispherical pit, the
surface area varied linearly with time. This result is in agreement with work
by other investigators [26,27].

The SRET has been used to study the pitting of Type 304 stainless steels in
a ferric chloride solution [20,30] composed of 0.4 M ferric chloride (FeCl3)
and adjusted to pH 0.9 [29]. The change in the number of active pits was
studied as a function of time and surface preparation. On exposing the steel
to the solution, the potential of the specimen increased rapidly above the
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FIG. 9—Schematic of potential peaks from two adjacent anodic sites showing the effect
anodic current from each site on the resolution of the SRET.

pitting potential with the generation of active pits. With time, the potential
of the specimen decreased as the active pits grew and the number decreased.
However, small potential increase was observed when pits passivated. The
active and repassivated pits were separated using the SRET. The active pits
were always covered by a film and contained a dark-green solution. Figure 10
shows a sequence of scans represented by potential surfaces for an electropol-
ished surface at the times shown. Each peak is associated with the currents
from active pits. On the first scan, initialed 1 min after exposure, fourteen
pits could be identified. The number of active pits decreased until only one
pit was active after 8 min. When the final pit was subjected to a jet of solu-
tion, it repassivated. The anodic currents polarizing the cathodic reaction
then ceased, the potential rose rapidly above the pitting potential, and the se-
quence of events observed on first contacting the specimen with the chloride
solution was repeated.

It was suggested that the film over the active pits was the passive oxide film
originally on the metal surface that was undermined by the pitting process
[20]. This possible explanation was investigated by varying the surface prep-
aration of the stainless steel prior to pitting. The number of active pits was
again studied as a function of time; a semilogarithmic plot was used to deter-
mine the half-life of the pits (Fig. 11). The surface preparations studied were
electropolishing or abrasion and the effects of subsequent oxidation or ca-
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FIG. 10—Potential scans above an electropolished Type 304 stainless steel surface in 0.4 M
FeCl;. The periods after exposure to the electrolyte are shown (Ref 20).

thodic polarization. The results were highly dependent on surface treatment.
Air oxidation of electropolished surface at temperatures above 100°C for 24
h increased the half-lives of the pits. These changes are shown in Fig. 11,
which includes the variations in the number of active pits for surfaces oxi-
dized at 110, 165, and 240°C, and with cathodically polarized electropol-
ished surfaces. Table 1 shows the half-lives for these and other treatments.
The results were found to be consistent with the changes in the properties
of the original oxide layer over the pit before it was undermined by the pitting
process. The thicker the oxide, the greater was the protection afforded to the
growing pit and the longer the pits remained active. When the metal was
abraded, stresses in the oxide film led to short half-lives (<1 s). The half-life
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FIG. 11—Influence of surface treatment on the behavior of active pits with time for electro-
polished surfaces (Ref 28).

TABLE 1 —Variations of pit half-life with surface preparation.

Pit Half-Life,

Surface Treatment min“
Electropolished and cathodically polarized <1
As electropolished 22
Electropolished and oxidized at 110°C for 24 h 90
Electropolished and oxidized at 165°C for 24 h 150
Electropolished and oxidized at 240°C for 24 h 430
Electropolished and oxidized at 250°C for 2 h 480
Electropolished and oxidized at 300°C for 22 h 340
Electropolished and oxidized at 375°C for 2 h 270
Abraded with 600-grade SiC <1
Abraded and oxidized at 250°C for 8 h S

“Maximum variation of 20 percent.

of pits on abraded surfaces was low (~5 min) even after oxidation at 250°C
in comparison with similarly oxidized electropolished surfaces that gave a
half-life of 480 min. '

The pitting of stainless steels during the early development of the pits was
interpreted in terms of maintaining the presence of high chloride concentra-
tions within the pit and reducing the loss of chloride by diffusion into the
lower-concentration bulk solution. The presence of the oxide film over the
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pits hampers the diffusion of chloride that builds up as a result of ionic con-
duction. These two factors (the presence of the oxide film and the flow of
chloride into the pit) suggest that improved pitting resistance of alloys may
be accomplished either by reducing the rate of dissolution of the alloy in the
concentrated environment within the pit or changing the properties of the
passive oxide layer. The ideal passive oxide film for pitting resistance would
be thin, highly stressed, and easily disrupted when undermined by pitting.
These properties of the film contrast with those usually considered to give im-
proved corrosion resistance.

The additions of nitrate to the ferric chloride solution inhibits pitting cor-
rosion. The effect of nitrate was consistent with an influence on properties of
the oxide film on steels [20]. At a critical concentration of 0.075 M sodium
nitrate (NaNOQ3) in the ferric chloride solution, pitting was not inhibited, but
the pits that initiated did not propagate for more than a few minutes. It was
suggested that the nitrate weakened the film, which was easily disrupted
when undermined and led to repassivation.

Pitting of stainless steel was also studied in sodium chloride solutions un-
der potentiostatic conditions using the SRET. The peak heights over the pit-
ting areas were summed; the sum was found to be linearly related to the ap-
plied current. In ferric chloride solutions, the logarithm of the summed peak
heights was plotted against the corrosion potential of the specimen. The
slope of this plot was similar to that observed during cathodic polarization
of the steel in ferric chloride inhibited with 1 M NaNO; to prevent pitting.
The agreement between the slopes indicated that under open circuit condi-
tions the cathodic polarization characteristics could be determined from the
variation of the potential peaks, since they are a measure of the polarizing
current [20].

Gainer and Wallwork [23] used the rotating cylinders to study the effects
of surface abrasion and metallurgical features on the pitting corrosion of
mild steels in 10~5 N sodium chloride (NaCl). The potential variation caused
by difference in current flow was greatest for coarse abrasion on 280 grit
paper. A 600 grit and <1 u diamond-paste finishes gave similar results
with smaller potential fluctuations. The differences observed on the coarsely
abraded surface indicate a high density of active pits (~2.5 X 103/cm?2);
their activity was probably associated with the greater true cathodic area
available on the rougher surface. The number of active sites decreased with
time, and the intensity of corrosion of the remaining active sites increased.
The formation of pits around active sites were found to be related to presence
of inclusions and scratches.

Intergranular Corrosion

Intergranular corrosion (IC) is defined as the localized attack, in certain
corrosive media, at the grain boundaries of steels. This form of corrosion is
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particularly severe in sensitized stainless steels. In austenitic stainless steels,
sensitization is caused by (1) heat treating the alloy in the temperature range
of 500 to 850°C for a few hours and quenching; (2) cooling slowly through
the same temperature range, and (3) welding [32,33]. It is generally believed
that sensitization leads to the precipitation of chromium-rich carbides at the
grain boundaries and the depletion of chromium adjacent to the boundary
[34]. This depletion has been observed by scanning transmission electron
microscopy [35]. The depletion of chromium at the grain boundary leads to
IC of stainless steels in certain environments.

The SRET has been used to determine the accelerated corrosion of grain
boundary region in sensitized Type 304 stainless steel. Figure 124 is a poten-
tial scan during the IC of a large grain size (diameter ~3 mm), sensitized
(600°C for 24 h) Type 304 stainless steel in 2.5 N sulfuric acid (H,S0,) at
room temperature at a potential of —200 mV versus saturated calomel elec-

y w\ — 2 \—\_ﬂ

0.04mv

FIG. 12—Potential scan of the grain boundaries attacked on a large grain size, sensitized
Type 304 stainless steel held at —200 mV in 2.5 N H,50,. (a) area scan of the potential fields
measured by the SRET; (b) line drawing of the grain boundaries etched on metallographic ob-
servation of the sample (dark lines). Also drawn are the lines across the peaks in Fig. 12a (dotted
lines).
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trode (SCE). Figure 12b is a line drawing of the etched boundaries on met-
allographic observation after the test showing a clear relation between the
etched boundaries (dark lines) and the peak maximum in Fig. 12a (dotted
lines). The potential peaks in Fig. 12a were observed only in the case of sen-
sitized Type 304 stainless steel; solution-annealed (1100°C for 3 h) samples
exhibited no potential peaks and no grain boundary etching in this solution.

The dependence of intergranular corrosion on the electrochemical poten-
tial of Type 304 stainless steel in 2.5 N H,SO, can be determined by slowly
increasing the potential (0.3 V/h) of the sample in the anodic direction and
scanning the surface simultaneously. In the potential region where sensitized
Type 304 stainless steel is susceptible to IC, peaks are observed on scanning;
in the potential region, where the material does not undergo IC, no peaks are
observed. This is shown schematically in Fig. 13. The material is susceptible
to IC between —280 to +80 mV versus SCE and then again in the transpas-
sive region (>820 mV versus SCE). This result is consistent with the observa-
tion of IC of this steel in the Strauss test and the nitric acid test.*

In order to obtain a semiquantitative relation between the corrosion cur-
rent flowing and the resulting potential field in the electrolyte due to inter-
granular corrosion, experiments were run in 1 N H,S0, + 0.05 M potas-
sium thiocynate (KCNS) using the back-scan procedure [36,37]. The sample
is held at —500 mV in the electrolyte for 5 min, then instantaneously raised

T
.

1.0
CURRENT DENSITY (uA/cm?)

FIG. 13—Anodic polarization for the large grain size, sensitized Type 304 stainless steel in 2.5
N H,S80,. Also shown are potential zones over which the material is susceptible to intergranular
attack.

4See ASTM Recommended Practices for Detecting Susceptibility to Intergranular Attack in
Stainless Steels (A 262-79).
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to +200 mV. The sample is cathodic at —500 mV and passive at +200 mV
(versus SCE). The sample is held at +200 mV for 2 min, then decreased in
the reverse direction from +200 to —500 mV at a rate of 3 V/h. In the case
of solution-annealed samples, the surface was passive to —100 mV, when the
currents became cathodic. In the case of sensitized samples, however, large
anodic currents were observed, and the polarization curve showed an anodic
peak. The anodic peak is a result of the active dissolution of the sensitized
grain boundaries.

Figure 14 shows a polarization curve for Type 304 stainless steel sensitized
at 600°C for 40 h obtained by the back-scan technique. An active peak is
observed in the potential region —380 to —30 mV. In this region increased
grain-boundary dissolution takes place. This is observed as potential peaks
in Fig. 15. The peak height of one of the peaks is plotted against the applied
potential in Fig. 14. It is observed that the shape of the peak height versus
the current-density curve is similar to the potential versus the current-density
curve. This demonstrates that the active current flows from the grain bound-
aries of the sensitized stainless steel, and the peak height is proportional to
the total current. There is a direct correlation between the current and peak
height. In the case of solution-annealed samples, no anodic corrosion current
was observed nor were any potential peaks measured.

Grubitsch and Zirkl [38] have used the SRET to determine IC in precipita-
tion-hardened aluminum-copper alloys. On heat treatment at 150°C for 1 h,
CuAl, is precipitated at the grain boundaries of the alloy; this results in a
precipitate-free zone adjacent to it. The grain boundary region is preferen-
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FIG. 14—Polarization curve of coarse-grained, sensitized Type 304 stainless steel in 1 N

H,S0, + 0.05 M KCNS at room temperature, and the peak height from one of the grain
boundaries versus the applied potential.
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FIG. 15—Potential peaks obtained from different grain boundaries of sensitized Type 304
stainless steel during scanning in 1 N H,50, + 0.05 M KCNS at various applied potentials.
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tially attacked in a large number of chloride-containing acidic solutions.
However, when the alloy is solution treated (that is, no precipitation or the
copper-free zone is formed) at 500°C for 12 h, it is not susceptible to IC.

Welds

In welding it is assumed that corrosion behavior of the weld metal and
the parent metal is similar. This is not always the case, however, particularly
when austenitic stainless steels are considered. The weldment (that is, the
weld metal and the adjacent parent metal affected by the heat of the welding)
may be susceptible to varying degrees of preferential attack. The weld metal
may corrode more or less than the parent metal owing to differences in com-
position or metallurgical condition [33]. In addition, the heat-affected zone
adjacent to the weld may be preferentially attacked as a result of metallurgi-
cal changes caused by the heating cycles [32]. The factors that can influence
the type and degree of preferential attack depend on (/) composition and
structure of base and weld metal, (2) metallurgical changes in the parent
metal due to welding, (3) welding process and procedure, (4) size of material
welded, and (5) the type of the environment [39].

The SRET has been successfully used to identify the preferential attack of
Type 304 stainless steel weldments. The type of preferential attack observed
are (1) attack of the ferrite in the weld matrix, (2) fusion boundary corrosion,
and (3) intergranular corrosion of the sensitized material in the heat-affected
zone of the base metal. Figure 16 shows the potential peaks measured on
Type 304 stainless steel weldment, prepared by manually shielded arc gas
welding Type 308 weld metal in 2.5 N H,SO, at room temperature at various
potentials. The weldment was slowly polarized (0.3 V/h) in the anodic direc-
tion from —500 mV to +1 V versus SCE and, simultaneously, the microtip
reference electrode was scanned over the face of weldment. The potential
regions exhibiting the different types of preferential attacks are shown in
Fig. 17.

At more negative potentials, where the sample is cathodic, the weld ma-
terial exhibits larger cathodic current densities than the parent metal. At a
potential of —420 mV, however, where the overall current is cathodic, the
weld exhibits preferential anodic dissolution (Fig. 16). The preferential at-
tack of the weld extends into the anodic region, and the rate of attack in-
creases with increase in anodic current. The preferential attack of the weld
stops when the metal is passivated. In the transpassive region, however, the
weld again corrodes preferentially, and the rate of attack increases with in-
crease in the current.

The fusion boundary is preferentially attacked at potentials close to the
maximum in the anodic peak. The preferential corrosion of the fusion bound-
ary is shown as large peaks at the ends of the broad peak produced by cor-
rosion of the weld, as shown in Fig. 16 for applied potentials —330, —300



ISAACS AND VYAS ON TECHNIQUES IN LOCALIZED CORROSION 25

+190

—40
—180

- 250
= 300

-330

!

APPLIED
POTENTIAL
{mV)

0 2 4 6 8 12 (mm)
= prlellag 1 1 i 1 1 1 L ptogeiig

FIG. 16—Line scan across a Type 304 stainless steel weldment in 2.5 N H)SO, at room tem-
perature at various applied potentials showing preferential attack of (a) the weld metal, (b)
fusion boundary, and (c) heat-affected zone.
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regions over which the different types of preferential attack occur.

and —250 mV versus SCE. As the sample passivates and the total current of
the sample decreases, the corrosion of the fusion boundary decreases dras-
tically.

In Fig. 16, at an applied potential of —250 to —40 mV versus SCE, the
development of a peak in the base metal is observed. This peak is due to the
intergranular attack of the sensitized zone. The peak increases as the polar-
ization current decreases; that is, the metal is passivated. The single, large
peak is a result of the preferential corrosion of a large number of grain bound-
aries in the sensitized zone. The peak is observed from —310 to +100 mV,
beyond which the complete weldment is passivated. The position of this max-
imum changes with potential. This results from changes in position of the
most susceptible regions in the sensitized zone with potential.

Micrographs of the attacked regions were obtained in order to determine
the effect of the local microstructure on the various modes of preferential at-
tack (Fig. 18). The microstructure in the weld center consists of a network of
ferrite platelets in an austenitic matrix. In the active region, the increased
corrosion of the ferrite gives rise to the peak over the weld metal. It is known
that ferrite is more active than austenite at the lower potential [40,41]. The
corrosion of the ferrite gives rise to the anodic peak of the weld, although the
total current of the sample is cathodic. The waves on this peak are caused by
the presence of the root of the run in the weld. At the fusion boundary, the
ferrite is not in the form of fine platelets, but is present as large, separate
particles. This increased ferrite content at the boundary gives rise to the en-
hanced corrosion of the fusion boundary. No sigma phase was observed at
the fusion boundary. On each side of the weld, the parent material is in the
solution-annealed state, and no grain-boundary etching was observed. At a
distance of 2 to 3 mm from the weld fusion line, the grain boundaries are



ISAACS AND VYAS ON TECHNIQUES IN LOCALIZED CORROSION 27

etched. This increased corrosion from the sensitized grain boundaries gives
rise to the broad peak over this region.

Similar differences in the corrosion of the weld and the parent metal have
been observed for ferritic 17 percent chromium steels in chloride-containing
solutions [38]. It has been found that the type of preferential attack depends
on the impressed applied current and the electrolyte (for example, the chlo-
ride concentration, pH, and the presence of organic solvents). Hildebrand
and Schwenk [14] have measured the increased anodic activity in the heat-
affected zones of austenitic stainless steel welds, Using an SRET, they were
able to plot the potential field arising from corrosion of the sensitized region
in heat affected zones in 103 N alcoholic hydrochloric acid (HCI).

Sensitization in the heat-affected zone adjacent to the weld is probably the
most common cause of intergranular corrosion and intergranular stress-cot-
rosion cracking in stainless steels in service. In order to determine the suscep-
tibility of a given weldment to these forms of localized attack, it is necessary
1o develop a test that will give () the location of the sensitized zone, and (2) a
quantitative measure of the degree of sensitization. The SRET meets these
requirements and has been successfully used to give the location and degree
of sensitization of the weldments for various welding process variables. The
details of the test are given elsewhere [21]. In summary, the test consists of

A
FUSION
LINE

o 50.m g
s S H ;
WELD METAL SENSITIZED
ZONE

FIG. 18—Micrographs of Type 304 stainless steel weldment showing the attacked structure
in the weld metal, fusion line, nonsensitized parent metal, and the sensitized boundaries in the
heat-affected zone.
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scanning across the weldment while it is polarized by the back-scan tech-
nique (described earlier). A representative scan for Type 304 stainless steel
weldment over the heat-affected zone is shown in Fig. 19. The location and
width of potential peak gives an indication of the location and width of the
sensitized zone (as observed in the etched sample in Fig. 19); the peak height
is proportional to the degree of sensitization. This technique is more sensitive
than accepted chemical methods of evaluating stainless-steel welds for their
resistance to intergranular corrosion.

Stress-Corrosion Cracking

Stress-corrosion cracking (SCC) in metal systems is concerned with the nu-
cleation and propagation of cracks in stressed metals induced by the environ-
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FIG. 19—Potential field produced by intergranular corrosion of the heat-affected zone adja-
cent to Type 304 stainless steel weldment in 1 N H,SO, + 0.05 M KCNS. Also skown is the
micrograph of the etched boundaries and the polarization curve of the sample by the back-scan
technique (Ref 21).



ISAACS AND VYAS ON TECHNIQUES IN LOCALIZED CORROSION 29

ment. In order to understand the mechanism of cracking in any particular
metal-environment system, it is necessary to determine the electrochemical
reaction(s) that takes place at the crack tip. The SRET provides an ideal sys-
tem for studying this reaction; in this section an example is given of SCC of
Type 304 stainless steel in a chloride solution.

The electrochemical cell around the sample is shown in Fig. 20. A tensile
specimen with a 90 deg notch having a radius of about 125 um at the tip was
inserted through slits in a thin-walled fluorinated container. The specimen
was sealed to the container with silicon rubber. The sample was loaded hori-
zontally in a tensile machine to an initial stress of 8.5 ksi. The upper face of
the specimen with the V-notch was metallographically polished, and all but
part of this surface around the notch was coated with the silicon rubber. The

FIG. 20—Derail of the electrochemical cell and the loading system attached to the SRET for
stress-corrosion cracking studies.



30 ELECTROCHEMICAL CORROSION TESTING

electrolyte used was 20 molal lithium chloride (LiCl) controlled at 90°C using
an infrared lamp.

Following the initial exposure to the electrolyte, pitting was observed opti-
cally. The progress of large pits that remained active was monitored using the
SRET. After some time, the intensity of the pitting decreased and the poten-
tial of the specimen rose. When the pitting stopped, potential peaks were ob-
served at the root of the notch associated with the initial stages of cracking.
Figure 21 shows the potential peaks observed after the cracking had pro-
gressed into the metal. The propagation of the potential peaks was studied.
Figure 22 gives the magnitude of potential peaks along the length of the
crack at various times taken from figures similar to Fig. 21. The shape of

f 6.5 mm A

FIG. 21—Potential scan across a propagating stress-corrosion crack in Type 304 stainless
steel exposed to LiCl at 90°C at a stress of 8.5 ksi. The crack is shown in the micrograph.
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FIG. 22—Potential profiles along the stress-corrosion crack at various stages of the propaga-
tion in Type 304 stainless steel exposed to LiCl at 90°C at 8.5 ksi.

these nonsymmetrical plots indicates that, although the dissolution rate was
greatest at the crack tip, the entire crack remained active. These observa-
tions are consistent with most theories of stress-corrosion cracking; that is,
rapid dissolution takes place at the high-stress intensity at the crack tip
where fresh metal is continuously exposed to the corrosive environment [42].
However, the persistent anodic dissolution of the crack surfaces shown using
SRET, during cracking and after the specimens fail, is in conflict with mod-
els that suggest the crack surface must passivate to account for crack propa-
gation. The SRET suggests that the exposed metal remains active but with
decreased dissolution rates. The theory based on the rupture of passivating
oxide layers appears to be a simplification of the process. The detailed theory
would require taking into account rupture of a more complex corrosion prod-

uct or other processes, such as stress-stimulated dissolution at the crack tip,
to be consistent with these observations.
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Summary

The SRET has been shown to offer a technique for studying localized
forms of corrosion including pitting, intergranular corrosion, and stress-cor-
rosion cracking. These processes are associated with relatively rapid dissolu-
tion rates and observable potential variation in solution. The technique is
also useful in separating preferential dissolution or cathodic reactions under
controlled potentials where external currents flow.

Other electrochemical measurements (for example, polarization tech-
niques) can give detailed information about processes under study, but dif-
ficulties arise in the complete separation of the anodic and cathodic areas
and duplicating the conditions operative during corrosion. The SRET over-
comes these difficulties, offers an approach for in situ determination of the
corrosion processes, and allows for clarification of the factors involved, with-
out extraneous effects influencing the corrosion.
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ABSTRACT: Two passivating potentials, Ery and Er2, can be observed for iron in
chloride containing media. From the existence of these two passivating potentials the ex-
istence of two breakdown potentials follows: the first breakdown potential, £y, and the
second breakdown potential E>. In the regions immediately positive to these potentials,
the rate of localized corrosion (that is, the total current density and the number of pits)
rises exponentially with the potential. According to the solution composition, the current
density in the pits is potential independent or obeys the exponential dependence.

KEY WORDS: corrosion, localized corrosion, polarization, iron

The total current densityj, the number of pits z, and the current density in
the pits j; , are of importance in the localized corrosion kinetics. Until now
only a few attempts have been made to determine the current density in the
pits [/-4].2 The reason may lie in the widespread opinion that the dissolution
of metals in the pits is controlled by diffusion, and thus offers little informa-
tion about the metal dissolution mechanism. Furthermore, the kinetics of
localized corrosion are often very complicated [5], and it is difficult and in
some cases impossible to derive equations that would enable one to evaluate
the rate of metal dissolution in the pits.

In this paper the potential and time dependence of localized corrosion in
iron—especially of the dissolution rate in the pits—is given with the aim of
gaining some information concerning the localized corrosion mechanism.

Experimental Procedure

The localized corrosion of iron (99.999 percent) was measured by the
potentiostatic and potentiodynamic methods. Under potentiostatic condi-
tions the electrode was passivated for 10 min, then the potential was raised

!Czechoslovak Academy of Sciences, Institute of Physical Metallurgy, Brno, Czechoslovakia.
2The italic numbers in brackets refer to the list of references appended to this paper.
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above the breakdown potential, and the time dependence of current density
and of the number of pits was followed. From these data the corrosion cur-
rent density in the pits was calculated. The potentiodynamic polarization
curves were recorded at a fast scanning rate of dE/dt = 10 mVs~—1. All
chemicals used were of pro analysi purity. The temperature was controlled at
21°C. The potentials are quoted against the saturated calomel electrode
(SCE).

Results and Discussion

The potential dependence of localized corrosion of iron is illustrated by the
potentiodynamic polarization curve 1 (Fig. 1). On this curve there are these
characteristic potentials: the first passivating potential E,, the first break-
down potential E,;, the second passivating potential E,, and the second
breakdown potential E,,. There are Regions A and C where the localized
corrosion current rises, and Region B where it decreases with the potential,
The corrosion rate in Regions A, B, and C depends on the composition of
corrosion medium; therefore, usually only a part of this polarization curve is
recorded. In this paper we shall be interested in the potential dependence of
localized corrosion in Regions A and C.

The polarization curve involving Region A, for example, is obtained in the
solutions containing strongly adsorbed anions (chlorides) alone or together
with C10,4’, (Curve 2), OH’, NO;’, SO42~, etc. The analysis of the poten-
tial dependence of localized corrosion in Region A in the sodium chloride +
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FIG. 1—Potentiodynamic polarization curves of iron in solution containing ClO4~ and
ClO4~ + CI™-ions.
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sodium sulfate (NaCl + Na,SO,) and in the potassium chloride + potas-
sium hydroxide (KCl + KOH) solutions will now be given.

The time dependences of total current density, j, and number of pits, z, in
the KCl + NaSO, solution have been determined experimentally (Fig. 2).
They satisfy the equations

J=A 1
and

z =Kt 2)

where A; and K are constants, and ¢ is the time. At the potential £ = 0.035
V, the constant 4; = 1.5-10"*Am~2s~2and K = 10* m~2s !, The calcu-
lation of the pit radius, r, and of the current density in the pits, j;, may be
presented as follows [6]: The shape of a pit is hemispherical and for its
growth it holds that

t—¢
(2/3)xr = (Vyy/2F) S Ids @)
0
T T [
--12-10°am? Fe
X (t=1s) 05M Na,S0,+0005M KCl
75 F1510°F 0035V H{7510% 610°
] r z
Am m | m?
50 510° 410°
25 25103 210°

0 I
0 200 400 t, s 600

FIG. 2—Time dependence of the total current density j, the number of pits z, the current den-
sity in the pits jL, and the radius of the pit t, in a solution containing SO4#~ + Cl™-ions.
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where

Vy = molar volume of iron,
F = Faraday constant,
I = current from one pit,
(t — t;) = age of the pit, and
t; = time at which the pit was initiated.

The current, I, at the time ¢, for a pit that initiated at the time ¢;, can be
found from

I=ct—t) 4)
where ¢, is a constant. The number of pits, z, at the time ¢;, is z = Kzt,.
For the time interval from ¢; to ¢; + dt the increment of the number of pits
is
dz = Kdt )
and the increment of the total current density is

dj = jdz = ¢,(t — t,)Kdt (6)

Integrating Eq 6 leads to
t
j = CIKS (t - t,-)dt = Cth2/2 (7)
0

From Eqs 7, 4, and 1 it follows that ¢; = 24/K and I = 2A,(t — ¢,)/K.
By substituting the equation for I in Eq 3, the pit radius, r, at ¢; — 0 can be
calculated as

r = CN(it/z) = CN (A,127K) (8)
where C; = 3V(3V,,/47F).

The current density, j;, for the active pit surface can be calculated from
the equation j; = I/P, where P is the pit surface

P=2xr 9)

On inserting the dimensions of the pit (Eq 8) into Eq 9, it can be determined
that

jL=313V(A1/Kt =313 (j/th) (10)
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where B, = 3V(16F2/97V,,2). It follows from Eq 10 that the current den-
sity in active pits decreases during the localized corrosion. The time depen-
dence of r and j; calculated from Eqs 8 and 10 is given in Fig. 2.

In the KCI + KOH solution the time dependence of the total current den-
sity j follows the equation

j=A,8 (11)

and the number of pits is given by Eq 2 as has been found by the analysis of
the experimental determined time dependencies of j and z presented in Fig.
3. In this case A, = 1.8:1075Am~2s3and K = 2.9-10 m~2s~1atE =
OV. By a similar way, as in the foregoing case, we obtain for the pit radius

r = C;3V(jt/z) = C3V(A,/K) ¢ (12)
where C; = 3v(3V,,/47F), and for the current density in the pits [6]
ji = BAV(A,/K) = BAN(/zt?) (13)

where B, = 3V(6F2/7Vy?). In contrast to the localized corrosion in the
KCl + Na,SO, solution, the pit radius rises linearly with time and the cur-
rent density in the pits remains constant. The calculated time dependencies
of r and j; are given in Fig. 3.

The potential dependencies of j, j;, and z are illustrated by the lines in

[
Fe )
| 04M KCL+0IM KOH .
500 F1010% gy ,, 010%1010°
. ?
J JL . r z
i
A3 Am?2 // R m m2
250 - 510% ./ {510°°]510°
./
O
0/
0 H__ﬁr( 1
0 120 260 t,s 360

FIG. 3—Time dependence of the total current density j, the number of pits z, the current den-
sity in the pits jL. and the radius of the pit 1, in a solution containing OH™ + Cl'-ions.



TOUSEK ON POTENTIAL DEPENDENCE OF CORROSION 39

Figs. 4 and 5. The potential dependencies for j and z were found experimen-
tally; the dependence for j; was calculated by means of Eqs 10 and 13.
For a constant time, temperature, and concentration it holds that

J =Jjpexp(2.303 AE/b) (14)
z =zpexp(2.303q AE) (15)
jL =jL.D exp (2303 AE/bo) (16)

where

Jp, Zp,Jjr.p = current density, the number of pits, and the current density
in the pits, respectively, at the breakdown potential £,
AE =FE — E,,, and
a, b, by = constants that are connected by the equation 1/b = a +
3/by [7].

If @ = 1/b, the current density j; is potential independent as observed in
Na,S0, + KCI (Fig. 4). If a < 1/b, the current density j; depends on the
potential, and the metal dissolution in the pits is of an electrochemical
character (Fig. 5, KCi + KOH). The value 0.45 V has been found for the
constant b,.

L L T
zf® [
20F 35 —J 7.0
log j jlog j. .{ ‘ log z
AmZ| Am? ] s m2
15F 30 -J 6.5
o
10} 25 Fe 160
0.5M Na,S0,+0,005M KCi
1

FIG. 4—Potential dependence of the total current density j, the current density in the pits j;,

0

1 1
0050 Esce,V 0100

and the number of pits z, in a solution containing SO 2~ + Cl ™ -ions.
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FIG. 5—Potential dependence of the total current density j, the current density in the pits jL.
and the number of pits z, in a solution containing OH™ + Cl™ -ions.

The localized corrosion in Region C takes place when polarizing iron, for
example, in the solutions containing ClO, -ions (Curve 3) (Fig. 1). The
alcoholic solution of NaClO, was used for the time and potential analysis
because in this medium the pits are distinct and have a hemispherical form,
whereas those in aqueous solutions are irregular and the calculation of j; is
impossible.

The time dependence of the total current density and of the number of pits
have been found to be (curves for j and z in Fig. 6)

J=Ajt 17)
z = const (18)

where A; = 0.16 Am~2-s~! and z = 7.9-10% m~2, For the pit radius and
the current density in the pits the following equations are valid [8]:

r = C(t/z) = CNA2z) (19)
where C; = 3v/(3V,,/87F); and
jL = B33V(A3/Zt = B33 (j/ztz) (20)

where B; = 3V(8F2/97V,,2). The current density in the pits decreases with
time during the corrosion process as observed in methyl alcohol + sodium
perchlorate (CH;0H + NaClQ,). The time dependences of the calculated
values of r and j; are also in Fig. 6.
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The potential dependences of j, z, and j; are given in Fig. 7. As in case A
they are expressed by Eqs 14 to'16, in which AE = E — E,,.

The complicated form of the polarization curves is connected with the
mechanism of localized corrosion in iron. Two main theories concerning the
localized corrosion mechanism are often discussed: (/) the potential in the
pits is so low that the metal dissolution in them takes place in the active
dissolution region [1,2,9-11], and (2) the metal dissolves at the potentials
that are high enough for an oxide to form [12, 13]. In our previous measure-
ments [7, 8, 4] some evidence for the second theory was given. Also, the value
of by = 0.45 V found in this paper for the metal dissolution in pits in an
alkaline KCI solution is substantially higher than that which corresponds to
the active metal dissolution. The decrease of current densityj; can be caused
by changes in the properties of the oxide-film in the pits during localized cor-
rosion. Also, the decrease of the dissolution rate at the second passivating
potential, Er, and the rise of the corrosion at the second breakdown poten-
tial, Ej,, are very probably caused by changes in the composition of this ox-
ide film.

Conclusions

The time and potential dependence of the localized corrosion of iron were
measured, and the equations for the evaluation of the current density in the

T ¥ T

- 1-10Am? ( t=1s)
100 {7510 % : +310°41510°
Fe
Y 0.2M NaClo, in CH,0H r z

0,64V 2

Am?| AmZ m m

210°410-10°

110° 4 510°

0 V/d ] L 1
b 100 200 t.s 300

FIG. 6—Time dependence of the total current density j, the number of pits z, the current den-
sity in the pits jL, and the radius of the pit t, in a solution containing ClQ4 ™ -ions.
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FIG. 7—Potential dependence of the total current density j, the current density in the pits jL,
and the number of pits z, in a solution containing ClO4™ -ions.

pits at different corrosive environments were derived. The results give some
evidence for the existence of an oxide film in the pits. It may be supposed
that a more detailed study of the potential dependence of the localized corro-
sion will give useful information about the localized corrosion mechanism.

References

[7] Engell, H. J. and Stolica, N. D., Zeitschrift fiir Physikalische Chemie (Neue Folge), Vol.
20, 1959, p. 113.
[2] Herbsleb, G. and Engell, H. ., Zeitschrift fiir Physikalische Chemie, Vol. 215, 1960, p.
167.
[3] Strehblow, H.-H. and Wenners, 1., Zeitschrift fiir Physikalische Chemie (Neue Folge), Vol.
98, 1975, p. 199.
[4] Strehblow, H.-H. and Ives, M. B., Corrosion Science, Vol. 16, 1976, p. 317.
[5] Szklarska-Smialowska, Z. and Janik-Czachor, M., British Corrosion Journal, Vol. 4, 1969,
p. 188.
[6) Tousek, J., Corrosion Science, Vol. 12, 1972, p. 1.
[71 Tousek, J., Corrosion Science, Vol. 18, 1978, p. 53.
[8] Tousek, 1., Corrosion Science, Vol. 14, 1974, p. 251.
[9] Herbsleb, G. and Engell, H.-J., Werkstoffe und Korrosion, Vol. 17, 1966, p. 365.
[10) Pourbaix, M., Corrosion, Vol. 26, 1970, p. 431.
[11] Pickering, H. W. and Frankenthal, R. P., Journal of the Electrochemical Society, Vol.
119, 1972, p. 1297.
[12] Hoar, T. P., Mears, D. C., and Rothwell, G. P., Corrosion Science, Vol. 5, 1965, p. 279.
[13] Hoar, T. P., Corrosion Science, Vol. 7, 1967, p. 341.
[14] Tousek, J., Corrosion, Vol. 33, 1977, p. 193.



T. S. Lee’

A Method for Quantifying the
Initiation and Propagation
Stages of Crevice Corrosion

REFERENCE: Lee, T. S., “A Method for Quantifying the Initiation and Propagation
Stages of Crevice Corrosion,” Electrochemical Corrosion Testing, ASTM STP 727,
Florian Mansfeld and Ugo Bertocci, Eds., American Society for Testing and Materials,
1981, pp. 43-68.

ABSTRACT: An electrochemical approach for investigating crevice-corrosion initiation
and propagation phenomena is discussed. The method varies from previous ones in that
it is applicable in natural environments and requires no artificial stimulation. Quan-
titative measurement of electrochemical parameters provides a basis for further under-
standing the nature of crevice corrosion.

The test technique allows measurement of time to initiation and rate of propagation of
crevices. This is achieved by electrically coupling a small test specimen (anode) through a
zero-impedance ammeter to a larger specimen (cathode). Both specimens are immersed
in an electrolyte and the anode is *“sandwiched” between two nonmetallic plates. This
creates a crevice. The current between the cathode and the anode is monitored as a func-
tion of time.

Data are reported for Types 304 and 316 stainless steel exposed in natural seawater.
Times to initiation and propagation rates as determined from current measurements are
compared with visual observations of times to initiation and gravimetrically determined
propagation rates.

The ability to determine a ‘“‘protection’’ potential to prevent crevice corrosion is re-
viewed, and the utility of the technique in evaluating the effects of alloy and environmen-
tal variables on crevice corrosion is discussed.

KEY WORDS: crevice corrosion, localized corrosion, stainless steel, seawater, protec-
tion potential, electrochemical techniques, temperature effects

Numerous localized-corrosion theories have been advanced [1-6],2 and a
variety of experimental techniques have been utilized to investigate crevice-
corrosion behavior of materials [6-13]. This atray of experimental tools and
interpretive methods has often led to conflicting conclusions on the localized-
corrosion behavior of a given material. In addition many investigations are

YMarine Corrosion Section Manager, LaQue Center for Corrosion Technology, Inc., Wrights-
ville Beach, N.C. 28480.
2The italic numbers in brackets refer to the list of references appended to this paper.
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conducted in laboratories under simulated environmental conditions and ex-
trapolated to the operating environment. In the case of a natural, complex
environment such as seawater, data generated in artificial environments can
sometimes be misleading [/4]. Given the number of factors that can in-
fluence crevice corrosion, it is not surprising that correlation of laboratory
and operating data often is not achieved. These factors are summarized in a
schematic representation of a crevice (Fig. 1) [15].

Recent advances in quantifying crevice-corrosion processes through

2
1) BULK SOLUTION COMPOSITION 6) ALLOY COMPOSITION
- C1~ content - major constituents
- Oy content - minor additions
- pH - impurities
2) BULK SOLUTION ENVIROIMENT 7) PASSIVE FILM CHARACTERISTICS
- temperature - passive current
- agitation - film stability
3) MASS TKANSPORT IN AND OUT OF CREVICE 8) CREVICE TYPE
- migration - metal/metal
-~ diffusion - metal/non-metal
- convection ~ metal/marine growth
4) CREVICE SOLUTION g9) CREVICE GECMETRY
- hydrolysis equilibria - gap
S) ELECTROCHEMICAL REACTIONS ~ depth
- metal dissolution 10) TOTAL GEOMETRY
- 02 reduction - exterior to interior

crevice area ratio

- Hy evolution
- number of crevices

FI1G. 1—Factors affecting crevice corrosion.
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mathematical modelling [15, /6] have assumed a four-stage mechanism [/7].
These stages include (1) deoxygenation of the environment within the crevice,
(2) increase in acidity and chloride content of solution in the crevice, (3)
breakdown of the passive film within the crevice, and (4) propagation.

The object of the present investigation was to develop quantitative data
that would accurately assess the crevice-corrosion susceptibility of stainless
steels in seawater. Development of an appropriate evaluation technique that
would allow a distinction between initiation and propagation stages was
deemed necessary. The concept of a galvanic couple consisting of a creviced
anode and a boldly exposed cathode with provisions for measurement of a
current between the two was chosen. Other investigations [18-22] have uti-
lized a similar concept with varying degrees of success. Many have required
artificial activation of the crevice specimen via polarization or solution
acidification to achieve initiation. This could be often attributed either to an
insufficient **driving force” (that is, cathodic surface area) or to the presence
of localized corrosion on the cathode specimen. The technique described in
this paper was utilized to provide naturally occurring initiation and propaga-
tion stages for measurement.

Experimental Procedure

Specimen Configuration

The test apparatus is schematically depicted in Fig. 2. Two specimens, im-
mersed in a common seawater container, were electrically coupled through a
zero-impedance ammeter (ZIAM). The ZIAM allowed for the measurement
of current between the specimens at magnitudes of less than 10~7 A. Current
measurements were recorded several times daily during the initial stages of
each test and with decreasing frequency as current stabilized. Electrical con-
nections at the specimens remained above the seawater level and were coated
with silicone for protection. The use of machined tabs or *flags’ on the
specimens provided the site for connections, but necessarily created an
air/water interface area on each specimen.

The larger of the specimens (250 by 300 mm) was boldly exposed and sup-
ported at two points with nonmetallic insulators. Efforts were made to
minimize contact area on this specimen to avoid potential crevice sites. A
smaller specimen (10 by 20 mm) was exposed between two acrylic plastic
blocks (Fig. 3). The acrylic blocks were tightly held against the metal
specimen surfaces to create an area of restricted seawater access. To avoid
conditions of inconsistent ‘“‘wetting” of the stainless-steel surfaces by
seawater beneath these acrylic blocks, specimens were immersed in seawater
prior to tightening the blocks. The crevice specimens or anodes were then im-
mediately exposed in seawater and coupled through the ZIAM to the bold
specimen that served as the cathode.
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FI1G. 2—Schematic of test loop utilized for remote crevice evaluations.

Physical Measurements

The crevice specimens were weighed (£ 1.0 mg) before and after exposure
to allow determination of weight loss and calculation of corrosion rate.
Depths of attack were measured with a needle-point micrometer (£0.01
mm). During the course of the experiments, visual observations of the crevice
specimens provided an assessment of the times at which crevice corrosion in-
itiated. This was evidenced by the presence of dark staining on the specimen
surface beneath the acrylic block. The corroded surface area was measured
after exposure and subsequently used in corrosion-rate calculations.

Corrosion-Rate Calculations

Current measurements provided an indication of the time to initiation and
the rate of propagation of active corrosion. The time to initiation was taken
as the point at which a rapid change in the magnitude of current occurred.
The magnitude of current after initiation provided the propagation rate. Cor-
rosion rates were calculated from these currents in accordance with
Faraday’s Law.
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Area Ratio Experiments

For the majority of the results reported, five crevice specimens were
coupled to a single bulk cathode specimen. The crevice specimens were
coupled through the ZIAM to allow measurement of current to each
specimen. A cathode (bulk) to anode (crevice) area ratio of 75:1 was
established with these conditions. One series of exposures was conducted,
with only one crevice specimen, creating a cathode:anode area ratio of 375:1.
A third area ratio of 50:1 was achieved with a modified crevice assembly con-
taining 15 crevices. In this case one surface (10 by 20 mm) of each crevice
specimen was ‘“‘creviced”” beneath an acrylic plastic block, while the remain-
ing surfaces and electrical connections were embedded in an epoxy resin. No
weight-loss determinations were made on these specimens.

Polarization Experiments

A series of potentiostatic and potentiodynamic experiments were con-
ducted to define the ability to inhibit crevice corrosion via potential control of
the specimens. These tests utilized an Aardvark Model MEC-1B and Poten-
tiodyne Analyzer potentiostat, respectively. Current for polarization was ap-
plied via a platinum auxiliary electrode and a silver/silver chloride reference
electrode (E = —0.240 Vgyg) was used for potential monitoring.

Potentiodynamic tests were conducted at several polarization rates ranging
from 1 to 100 V/h; current was recorded automatically. Specimens were
polarized from active potentials (—1.2 V) to noble potentials and then

FIG. 3—(a) Relative size of boldly exposed and crevice specimens; (b) Close-up of crevice
specimen showing stainless steel creviced between acrylic blocks. Protruding tab utilized for
electrical connections.
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polarized in the reverse direction. These tests were conducted in natural,
aerated seawater on stainless-steel electrodes in a typical electrochemical cor-
rosion test cell {23]. Electrodes were surface ground with 600 grit SiC paper,
and retained in a sample holder that exposed 1 ecm? surface area with an
O-ring gasket acting as a crevice site.

Potentiostatic tests were conducted on a complete remote crevice assembly
consisting of the boldly exposed cathode and 15 individual crevice specimens.
While polarized, the current from the cathode to the crevices was measured
as before. Separate specimen assemblies were utilized for each increment of
polarization. These tests were controlled to within =5 mV of the desired
potential (using the reference electrode in close proximity to the cathode
specimen), and measurements were performed with a high (>101! ) input
impedance electrometer.

Environment

All evaluations were conducted in refreshed, recirculated natural seawater
test loops. The test loops contained a seawater volume of 60 L with a refresh-
ment rate of 0.6 L/min. A nominal velocity of 0.1 m/s was maintained by the
use of a recirculating pump. Seawater temperature was controlled at the
desired levels of 10, 25, and 50°C (£2°C) with heating/cooling immersion
units. Typical seawater chemistry and nominal dissolved oxygen levels for
each seawater temperature are shown in Table 1.

Materials

Sheet material (3 mm thickness) of Types 304 and 316 stainless steel was
utilized for test specimens. Table 2 lists the chemical analysis of these
materials. The bold or cathode specimens were cleaned in nitric acid to
remove mill scale and received no surface grinding treatments, while the
crevice specimens were surface ground with 600 grit SiC paper. All
specimens were acetone degreased and pumice scrubbed prior to exposure.
After exposure, specimens were cleaned in cold 30 percent nitric acid to
remove corrosion products {as recommended in ASTM Recommended Prac-

TABLE 1—Nominal seawater chemistry.

HCO3™ S04, Dissolved Oxygen,
pH Cl—, g/L g/L g/L mg/L
8.0 18.8 0.15 2.5 8.0 at 10°C
. 6.0 at 25°C

4.0 at 50°C
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TABLE 2—Stainless steel alloy compositions.

Weight Percent

Ni Cr Mo Mn C Si S P Fe
T-304 8.4 19.0 0.14 1.41 0.051 0.66 0.013 0.034 balance
T-316 13.8 171 2.16 1.73 0.050 045 0.012 0.043 balance

tice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens
[G 1-72 (1979)]}.

Results and Discussion

While Kain [/4] has defined some factors influencing the reproducibility
of seawater crevice-corrosion data, Anderson [/I1] has proposed that the
phenomenon is statistical in nature. For this reason, a series of tests was con-
ducted with five crevice specimens coupled to each cathode specimen to pro-
vide a broad baseline from which further evaluations could be made.

The tests were conducted for 28 days to evaluate the crevice-corrosion
behavior of Types 304 and 316 stainless steel as a function of seawater
temperature. The resultant data are shown in Tables 3 and 4, and contain
physical measurements of weight loss, maximum attack depth, and corrasion
rates derived from current measurements.

Crevice Initiation

The current to each of the crevice specimens is shown as a function of ex-
posure time in Figs. 4 and 5. These graphs illustrate the magnitude of cur-
rent at each seawater temperature and the relative degree of reproducibility
between each of the five specimens in a given test. The time at which visual
detection of crevice corrosion was evident is depicted by arrows.

The data at 10 and 50°C indicate that the rapid current changes generally
observed at 25°C were not typical at these seawater temperatures. Most of
the specimens at 10 and 50°C displayed either a relatively constant current or
a gradually changing current over the test duration. Mathematical modelling
of crevice-corrosion initiation by Oldfield and Sutton [/5] indicates that the
rapid increase in current at 25°C would coincide with the attainment of a
crevice-solution chemistry sufficiently aggressive to cause the rapid
breakdown of passivity within the crevice (Stage III) and a concurrent in-
crease in corrosion rate. The modelled process does not presently define the
observed behavior at 10 and 50°C, but further research may clarify these
observations.
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FIG. 4—Current (logarithmic) to remote crevices as a function of time for Type 304 stainless
steel during a 28-day exposure in seawater at 10, 25, and 50°C. Arrows denote crevice initiation
as determined visually.

Assessment of the area of the individual crevice specimens that exhibited
corrosive attack after the 28-day exposure resulted in a calculation of the per-
cent of specimen area where crevice corrosion was initiated (Fig. 6). Two
facts are evident:

1. More extensive initiation of crevice corrosion occurred at 25°C than at
either 10 or S0°C. While this observation has been documented [14] for these
alloys with other types of artificial crevice devices in seawater, the causative
nature of the phenomenon has not been fully explained. Kain [14] has
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postulated several factors which may contribute, including changes in corro-
sion resistance of the cathodic areas and alterations in cathodic surface films.

It is likely that two mechanisms may be operative to explain a maximum
rate of crevice incidence at 25°C. Reduced reaction-rate kinetics may ac-
count for less attack at 10°C as compared to that observed at 25°C. Upon in-
creasing the temperature to S0°C, cathodic surface reactions seem a likely
causative agent for the reduced attack. An increase in the general corrosion
rate of the cathodic surface or the presence of a surface film acting as a diffu-

10°C 25°C spec
T v T L] T T T T T — ¥ T T B S | T

-4
~5

-6

-
-
-
Y

—
A

-4

: Wz 2:
|

N

w
w

log Current, amps

-4
" b e

-6 4

3
3
-

-4 bk i

-5 - T
. w’—’\ |
S S S
1 1 1 1 i | 1 (] 1 - .
25

Time, days

FIG. S—Current (logarithmic) to remote crevices as a function of time for Type 316 stainless
steel during a 28-day exposure in seawater at 10, 25, and 50°C. Arrows denote crevice initiation
as determined visually.
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sion barrier would serve to reduce the rate-controlling cathodic oxygen
reduction reactions. This would reduce the “‘driving force’’ necessary to sus-
tain crevice corrosion.

2. Type 304 exhibited somewhat more extensive initiation than did Type
316 at each temperature.

Figure 7 shows the typical appearance of two crevice specimens that ex-
hibit a varying degree of crevice initiation in the 28-day exposure duration.
While it may be argued that this type of variance denotes the statistical
nature of crevice corrosion [11], it seems more likely that it may represent a
variance in crevice geometry. This has been mathematically shown to affect
initiation times [15] and, experimentally, closer control of the use of a
nonmetallic multiple-crevice assembly has reduced the crevice-initiation
variability observed [14].

Crevice Propagation

Utilizing the corroded surface area of each crevice specimen, corrosion
rates were calculated using weight-loss data and average current measure-
ments over the entire 28-day exposure period. These data are shown in Figs.
8 and 9 for Types 304 and 316 stainless steel, respectively. These data in-
dicate, as do the initiation data, a maximum susceptibility to crevice corro-
sion at 25°C, and only a slight improvement in performance with Type 316
over Type 304.

Excellent agreement between the two methods of determining corrosion
rates was obtained. This indicates that the net current to the crevice
specimens was primarily anodic with minimal contributing cathodic current.
If the anodic metal dissolution reactions were sustained by cathodic
hydrogen evolution at noncorroding sites on the crevice specimen, then the
net current should indicate a lesser extent of corrosion than would be in-
dicated by weight-loss measurements. It would appear that the controlling
cathodic reactions, in this case, would then be oxygen reduction at the bold
cathode surface. This is not unexpected, given the large cathode-to-anode
area ratio and the ready availability of oxygen at the bold surfaces.

In addition to the corrosive attack sustained in the crevice area, varying
degrees of localized attack were evidenced at the air/water interface on the
tab portion of the crevice specimens. One of the more severe instances of this
attack is shown in Fig. 10. Since both weight-loss and current measurements
include a contribution from this attack, maximum depths of attack
measurements were obtained to quantify the severity of the attack relative to
that observed on the intentionally creviced areas. Figures 11 and 12 sum-
marize these measurements for both alloys as a function of seawater
temperature. It can be seen that minimal interface attack occurred at 10°C,
while an equal depth of attack was measured both within the crevice and at
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FIG. 6—Percent of crevice area exhibiting visible corrosive attack for Types 304 and 316
stainless steel after 28 days in seawater at 10, 25, and 50°C.

the interface in 25°C seawater. At S50°C, more penetration was evident at the
interface than at the crevice areas.

Whether this attack occurred as a result of a differential aeration cell
created by condensate, a crevice area created by suspended particulate mat-
ter in the seawater, or a variation in test temperature at the interface (am-
bient air temperature was ~20°C) is presently a matter of conjecture.
Previous research [/4] indicates that the phenomenon does not represent an
inherent susceptibility to pitting in S0°C seawater. Kain has shown that
edge-pitting sensitivity was reduced when conducting crevice evaluations in
seawater at 50°C as compared to 25°C exposures. Based on Kain’s results, it
would appear likely that the attack at the interface represents behavior under
environmental conditions more closely simulating those at 25°C.

The interface attack on specimens exposed in 25°C seawater could be a
result of edge-pitting sensitivity or, more likely, represents the typical
crevice-corrosion performance apparent at that temperature (assuming
possible crevice sites as discussed previously).

Further refinement of the exposure method of the crevice specimens



56 ELECTROCHEMICAL CORROSION TESTING

FI1G. 7—Typical crevice specimens depicting nature of corrosive attack beneath acrylic
blocks.

should eliminate this complicating factor of interface corrosion. If ap-
propriately protected electrical connections are immersed in seawater to
eliminate an air/water interface, a crevice site will exist at the sealant. If this
can be minimized, however, it may be preferred to the present situation.

While the methods of data analysis discussed thus far represent a
cumulative behavior over the entire test duration, an analysis of current at
any time represents the measure of the propagation at that time. Figure 13
shows corrosion rates calculated from the average current during the final
five days of the seawater exposures. These were determined using the
nominal corroded surface area of the crevice specimens. It should be noted
that, based on visual observations, the relative area of corroded surface did
not change appreciably during the final five days of test. The calculated cor-
rosion rates can only represent an approximate value, however, since a deter-
mination of the exact area of a roughened corroded surface is not easily
made.

These data represent the relative rate of propagation of localized corrosion
occurring at the end of the test duration. A comparison with the data in Figs.
8 and 9 shows this rate of propagation at 10 and S0°C to be greater than the
average rate for the 28-day period. At 10°C the rates represent propagation
within the crevice area, while at S0°C the data include a contribution from
the previously discussed interface attack. Assuming this contribution would
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FI1G. 8—Corrosion rates for remote crevices of Type 304 stainless steel in seawater for 28 days
at 10, 25, and 50°C.

be eliminated with experimental modification, a somewhat lower propaga-
tion rate at S0°C would be expected. In contrast to the behavior at 10 and
S0°C, the propagation rates at 25°C for both alloys are less than the average
for the entire duration.

When comparing the data for all three temperatures and reviewing the
trends of the current-time curves in Figs. 4 and 5, it is evident that at 10 and
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FI1G. 9—Corrosion rates for remote crevices of Type 316 stainless steel in seawater for 28 days
at 10, 25, and 50°C.

50°C a continued increase in the rate of propagation may occur beyond the
28-day duration of the present exposures. At 25°C, however, the rate of
propagation appears to have peaked between days 5 and 10. At the end of the
test duration, the rate of propagation has generally declined to a lower stable
level or is continuing to decline. This trend may either reflect the limiting
propagation nature of these alloys under the given environmental conditions
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FIG. 10—Typical attack at air/water interface on tab for electrical connection to crevice
specimen.

or may be a limitation imposed by geometrical factors of the crevice
assemblies [I/5]. Further research, utilizing other alloys and crevice
geometries, will be required to determine the causative factors for this phe-
nomenon.

Effect of Area Ratio

To determine the influence of bold-to-crevice area ratio on the extent of
crevice attack, a series of exposures with a varying number of crevice
specimens was conducted. These tests involved Type 304 stainless steel in
seawater at 25°C; the resultant data are tabulated in Table 5. The current
measurements were recorded at 10 days, since the prior results indicated a
maximum after approximately this duration. Figure 14 summarizes the
range of measurements, average current, and the total current for each of the
three area ratios. The total current represents the sum of current measure-
ments to each individual crevice, while the average represents the mean of
those values. With only one crevice utilized for the 375:1 area ratio tests,
these two values are equivalent.

In the present tests, corrosion potentials of the assemblies were monitored
with respect to a reference electrode in close proximity to the boldly exposed
specimens. No correlations were obtained between these measurements and
either current measurements or visual observations. Some specimens ex-
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FIG. 11—Maximum depth of attack for Type 304 stainless steel after 28 days in seawater at
10, 25, and 50°C.

hibited potentials in the range of —0.2 — —0.1 Vg5, While others re-
mained relatively noble at 0 — +0.05 V5, a,ci- Other assemblies exhibited
random shifts of potential between these nominal values. The presence of
crevice corrosion was not always concurrent with an observed active poten-
tial.

The current data demonstrate the fact that crevice corrosion of stainless
steel in seawater is under cathodic control; that is, the capacity for oxygen
reduction to occur at the cathode dictates the extent of crevice corrosion at
anodic sites. It also demonstrates the need to carefully select the area ratios
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for crevice test specimens to assure that either correlation with service condi-
tions is achieved or, in the case of screening evaluations, a maximum degree
of susceptibility is measured.

Effect of Polarization

As previously discussed, a variety of electrochemical approaches are uti-
lized to quantify the susceptibility of materials to localized corrosion. Among
these are potentiodynamic and potentiostatic polarization tests. Figure 15
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FIG. 12—Maximum depth of attack for Type 316 stainless steel after 28 days in seawater at
10, 25, and 50°C.
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FIG. 13—Propagation corrosion rates for remote crevices in seawater at 10, 25, and 50°C.
Rates are calculated from average current during the final five days of a 28-day exposure. Also
depicted are average corrosion rates for the 28-day period from Figs. 9 and 10.

shows a series of potentiodynamic polarization curves for Type 304 stainless
steel in seawater at 25°C. The curves were generated utilizing a range of
polarization scan rates (1, 50, and 100 V/h) and, as expected, yielded a
range of zero-current potentials, passivation current densities, and pitting
potentials.? Of interest, however, is the relative reproducibility of the zero-

3See ASTM Recommended Practice for Conventions Applicable to Electrochemical Measure-
ments in Corrosion Testing (G 3-74).
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TABLE S5—Effect of cathode/anode area ratio on crevice corrosion of Type 304
stainless steel in seawater at 25°C.

Cathode/  Crevice Current
Anode Speci- Magnitude at Total Current, Mean Current,
Area Ratio men No. 10 Days, A A A
50:1 1 10 X 107¢
2 4.0 X 1074
3 5.0 X 1074
4 3.0 x 1074
5 44 x 1074
6 4.4 x 1074
7 5.6 X 1074
8 <10~¢
9 2.0 X 1074
10 <10°°
11 4.8 X 10~
12 1.6 X 1074
13 5.0 X 1074 .
14 <10~¢
15 10.2 X 1074 6.0 X 1073 4.0 X 1074
75:1 1 3.0 x 1073 . .
2 3.5 %1073
3 5.4 x 1073
4 4.4 x 1073
5 4.0 x 1073 2.0 X 1072 4.1 x 1073
375:1 1 4.5 X 1072 4.5 X 1072 4.5 X 1072

current potential on the reverse polarization scan at approximately —0.2
V ag/agar- This has been defined by others [24] as the “protection’ potential
and is therefore designated as E . By definition, a specimen potential more
active than this will result in cessation of localized corrosion, and a specimen
potential more noble than this will result in propagation of previously ac-
tivated localized corrosion.

To determine the applicability of this potential in defining the crevice-
corrosion behavior of Type 304 stainless steel in seawater, a limited series of
potentiostatic tests was conducted at 25°C on assemblies consisting of the
bold cathode coupled to 15 individual crevice specimens. The data are sum-
marized in Table 6; included are the average current to the crevice specimens
during the final five days of exposure and the calculated corrosion rate based
on the measurements. At potentials equal to and more active than —0.2 V,
no corrosion of the crevice specimens was evident. However, at a potential of
—0.1 V (more noble than the measured *‘protection’’ potential), a slight in-
crease in average corrosion rate was measured and visual evidence of corro-
sion of the crevice specimens was observed. While the magnitude of propaga-
tion was slight compared to the earlier freely corroding specimens, it does in-
dicate the ability for crevice corrosion to initiate at controlled potentials more
noble than the ‘‘protection’” potential, but more active than typically
measured pitting potentials (Fig. 15).
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FIG. 14—Effect of cathode-to-anode area ratio on current to remote crevices of Type 304
stainless steel at 25°C after 10 days’ exposure.

Figure 16 demonstrates an additional use of this specimen assembly in
characterizing crevice-corrosion behavior. The graphs depict the potential
and current for a remote crevice assembly with 15 crevices that was polarized
at E = —0.2 V(£S5 mV) for 30 days, followed by a 5-day period under freely
corroding conditions, and finally for 5 days again polarized to E = —0.2 V.
As previously indicated, no corrosion was evident during polarization. Upon
disconnection of the potentiostat, however, an immediate increase in current
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FIG. 1S—Potentiodynamic polarization curves for Type 304 stainless steel in seawater at
25°C. Polarization scan rates of 1, 50, and 100 V/h were utilized.

TABLE 6—Effect of controlled potential on crevice corrosion of Type 304 stainless steel
in seawater at 25°C.

Controlied Exposure
Potential, V Duration, Average Corrosion Visual Evidence
versus Ag/AgCl days Current,” A Rate,? ym/year of Corrosion

—0.400 30 3.7 x 1077 0.5 no
—0.300 3t 6.5 X 1077 0.9 no
—0.250 33 1.8 X 107 2.5 no
—0.200 30 2.6 X 10~ 3.7 no
-0.100 21 9.8 X 107 13.9 yes©

9 Average of 15 crevices during final S days of exposure.
5Based on average current.
“Based on staining and etched surface.

to the crevice specimens was measured along with a shift in potential to more
noble values. Visual evidence of corrosion was apparent within one hour, and
the extent of the corrosion increased over the five days while freely corroding
conditions existed.

Considering this observation in the context of the various stages of crevice
corrosion, it is obvious that Stage III (the onset of crevice corrosion via the
breakdown of the passive film) occurred very rapidly. This implies that ox-
ygen depletion (Stage I) and an increase in acidity and chloride content
within the crevice (Stage II) had occurred to some extent while the specimen
was polarized. At this level of polarization, an anodic current exists at a very
low level (<1 uA/cm?). Over the 30-day period of polarization, the degree of
corrosion which this current represents apparently was sufficient to result in
oxygen depletion and a partial acidification of the crevice environment.
Upon allowing the specimen to freely corrode, the time to achieve the
acidification that resulted in the breakdown of the passive film was brief.

When the specimen was repolarized to E = —0.2 V there was an im-
mediate return to a current magnitude comparable to that prior to crevice ac-
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FIG. 16—Typical current (logarithmic) and potential values versus time for Type 304 stainless
steel in seawater at 25°C. Specimen was polarized at —0.2 V (Ag/AgCl) between days 0 and 30
and between days 35 and 40. Specimen was freely corroding between days 30 and 35.

tivation. While the current appeared to be somewhat less stable in this latter
state of polarization, it nonetheless indicates an arrest of the crevice corro-
sion.

Further experimentation will delineate the effects of elapsed time during
both the initial polarization period and the freely corroding period. This
might be expected to influence the time to achieve initiation and the ability to
deactivate propagating crevices, respectively.
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Conclusions

1. A test technique has been described that allows assessment of the
crevice-corrosion resistance of stainless steels in seawater. This technique
provides a quantitative measure of the initiation times and propagation
rates.

2. Excellent correlation exists between corrosion rates determined from
conventional weight loss and current measurements between creviced anodes
and a bold cathode.

3. Crevice corrosion of Types 304 and 316 stainiess steel is shown to be at a
maximum at 25°C, with less attack observed at 10 and 50°C.

4. The test technique allows for determining the effect of external
polarization on crevice-corrosion initiation and propagation. For Type 304
stainless steel in seawater at 25°C, the significance of a conventionally
measured ‘‘protection’’ potential has been identified as related to the crevice-
corrosion initiation and deactivation processes.
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ABSTRACT: Recent studies have clearly shown the effect of mechanical depassivation
on the behavior of stainless steels subject to stress corrosion. When these steels are
cyclically deformed, the passive film can be locally perturbed by cyclic modifications of
the topography of the underlying metal. Under these conditions the sensitivity of a
stainless steel to fatigue in a corrosive medium depends, to a large extent, on the respec-
tive kinetics of mechanical depassivation and electrochemical repassivation.

From a study conducted on different stainless steels, a method is proposed for
evaluating the sensitivity of stainless steels to corrosion fatigue. Low-cycle fatigue tests
under strain control have been carried out in a chloride solution. Evaluation of transient
electrochemical parameters recorded during the tests enables us to give a coherent ex-
planation of the behavior of these materials during long-life fatigue tests and of the
fatigue crack growth rates. The experimental apparatus and methods used to interpret
the mechanical and electrochemical results are discussed.

KEY WORDS: corrosion fatigue, strain rate, crack growth rate, cyclic depassivation, ex-
perimental technique

Stainless steels in corrosive solutions are protected by a thin passive layer
through which the diffusion of ions is markedly reduced [1,2].2 This protec-
tive layer can be represented as a dynamic equilibrium state that results from
a permanent competition between passivation and depassivation phenom-
ena. These phenomena can be accelerated by various chemical effects (in-
troduction of halogen ions in the passive layer and pollution of the solution
by corrosion products) or by mechanical effects (plastic deformation of the
metal and superficial abrasion).

The simultaneous action of mechanical and chemical effects that depas-
sivate the metal is encountered in stress-corrosion and corrosion-fatigue

1Engineer, Department of Mechanics, Creusot-Loire, Centre de Recherches, Firminy,

France.
2The italic numbers in brackets refer to the list of references appended to this paper.
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phenomena. In both cases the damage mechanisms, during the initiation
and propagation stages, can be related to localized corrosion phenomena
[3.4]. In order to interpret the materials behavior during these two stages,
and to evaluate, in a global manner, their sensitivity to stress corrosion,
Parkins et al [5] have used for several years a constant strain-rate tension
test. In this context, Rollins et al [6, 7] have studied, in the case of corrosion
fatigue, the cyclic mechanical perturbations of the metal-solution interface
by means of high-strain fatigue tests in corrosive media.

Using an experimental approach close to that of Rollins et al, we have
developed a test method for evaluating corrosion-fatigue sensitivity. In this
paper we describe the experimental techniques and the behavior of two
stainless steels, and we discuss, from the results obtained, the application of
the method to other passive materials.

Presentation of the Study

Corrosion-fatigue phenomena are generally studied either by rupture tests
on smooth specimens in the high-cycle region or by crack propagation tests
on precracked specimens. The first type of test gives better control of the
electrochemical characteristics during the test. However, this test does not
allow a detailed interpretation of the fatigue behavior because it englobes
both the initiation and propagation stages. The second type of test gives the
fatigue crack growth rate as a function of the stress-intensity factor range AK
(related to the defect size and the applied stress). The results obtained can be
quantified in mechanical terms, but not in electrochemical terms, because of
the confinement of the solution at the crack tip [5§-10]. The results obtained
with both these tests are essentially phenomenological. In addition, the
classification obtained with one type of test can differ from that obtained
with the other type, and can also depend upon the metal-electrolyte system.

This problem can be illustrated by the results obtained on an AISI 316
austenitic stainless steel and a ferritic steel containing 26Cr-1Mo [11].

Figures 1 to 4 show the rotating-bending S-N (stress versus number of
cycles to failure) curves and the fatigue crack growth rate curves obtained on
the two materials in air and in a 3 percent sodium chloride (NaCl) solution. It
is observed that the corrosive solution has a weak effect on the crack growth
rate and a large effect on the endurance characteristics of the AISI 316 steel;
an opposite behavior is observed for the 26Cr-1Mo steel.

In a first analysis, these results can be explained by the competition be-
tween the phenomena of depassivation and dissolution, which occur dif-
ferently in the two types of tests. We shall subsequently examine the validity
of this hypothesis.

Since corrosion-fatigue failures are initiated by a process of localized
cyclic-mechanical depassivation, we have attempted to simulate this process
on a macroscopic scale. We have therefore carried out high-strain fatigue
tests on the preceding materials in corrosive media. This experimental ap-
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proach is summarized in Fig. 5. The tests have been conducted on smooth
specimens under imposed total strain in order to study the cyclic breakdown
of the passive film. The evolution of the electrochemical characteristics of the
metal-solution interface was recorded during the tests.

Two types of experiments have been carried out: (/) low-cycle fatigue tests
to rupture in order to determine the correlation between total strain and
fatigue life, and (2) cyclic-mechanical depassivation (CMD) tests to assess
the damage mechanism of the passive layer and to try to quantify the sen-
sitivity to corrosion fatigue.

Test Conditions

Experimental Apparatus

The tests were carried out under alternating strain on a servo-hydraulic
machine. Figure 6 shows the overall apparatus used for the tests in the cor-
rosive medium.

The specimen gage length was immersed in a plexiglass cell and was par-
tially coated by a layer of silicone grease. A cylindrical area of 1 cm? was left
directly in contact with the corrosive solution. This solution was constantly
refreshed by a regular circulation between the cell and a large capacity
reservoir. The recirculated 3 percent NaCl solution was not deaerated, and
its pH fluctuated only slightly about the initial value.

The corrosion potential of the specimen was measured with reference to a
saturated calomel electrode (SCE), with a capillary probe placed between the
reference electrode and the metal-solution system at a constant distance of 1
mm from the specimen.

The electrochemical potentials were measured with a high-impedance elec-
tronic voltmeter. A potentiostat was used to impose a constant potential dif-
ference between the specimen (SPEC) and the reference electrode (REF). In
these conditions, an electrochemical current was measured in the counter-
electrode circuit (CE) by the potential drop at the terminals of a calibrated
resistance (R = 1000 Q). The response time of the potentiostat was suffi-
ciently short (5 ps) to correctly control the potential. We could then consider
that the variations of the current I(¢) accurately reflect the behavior of the
metal-solution interface. The cyclic strains were imposed with a protected ax-
ial extensometer, using quartz knife-edges directly attached to the specimen.
The time variations of the mechanical parameters [load P(¢) or strain e (¢)]
and electrochemical parameters I(¢) were displayed simultaneously on a two-
track recorder.

Experimental Procedures

The specimens were carefully degreased in acetone before testing. After
mounting in the cell, they were left in contact with the corrosive solution for
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FIG. 1—Rotating-bending fatigue results of the AISI 316 steel.

about 30 min in order to allow the free corrosion potential to stablize. The
potential was then imposed for 10 min before applying the strain.
Low-Cycle Fatigue Tests—During the tests the strain was applied with a
triangular waveform at a constant strain rate ¢, usually ¢, = 4.1073/s.
Some tests were also carried out with ¢, = 4-1074/s and 4 X 10~2/s. For
given experimental conditions, tests conducted at different strain ranges to
failure give an endurance curve of strain (A ¢,/2)-life (N,) (Figs. 7 and 8).
The type of mechanical and electrochemical behavior observed during a
test is presented in Fig. 9. The change in the strain range shows the usual
cyclic strain-hardening behavior (Fig. 9a). Initially, the metal hardens at
each cycle, and the plastic strain amplitude in the imposed total strain
decreases. The stress then reaches a “plateau”’, during which the plastic
strain amplitude remains constant. Eventually the development of macro-
scopic cracks leads to a rapid drop in A ¢/2 and, finally, specimen failure
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after a number of cycles (N,). The behavior shown in Fig. 9a demonstrates
cyclic variations of the electrochemical activity of the metal-solution inter-
face.

The perturbations of the metal-solution interface are demonstrated by the
variations of the overall anodic current density, J, which changes in phase
with the applied strain (Fig. 95). During the first part of a cycle in tension, J
increases (essentially during the plastic deformation) up to a value J7 cor-
responding to the maximum strain. Similarly, at the maximum compressive
strain a small peak (J.) can be detected, but this peak is substantially smaller
than the peak observed in tension (J7). During the elastic strain, the current
density decreases rapidly and becomes virtually null in compression (/).

These observations can be explained by the successive cyclic ruptures of
the passive film due to the emergence of reversible slip bands at the surface of
the deformed metal [6, 7], and the initiation and propagation of cracks at the
end of the test.

The damaging role of the corrosive medium probably intervenes during
crack initiation by a cumulative process of cyclic transient phases of metal
dissolution [/2]. This environmental effect may be quantified by measuring
the quantity of electricity, Ay, generated per cycle, that is, the area under the
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FIG. 2—Rotating-bending fatigue results of the 26Cr-1Mo steel.
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curve J (t) per cycle. Faraday's law may then be used to relate this parameter
to the mass of metal dissolved during a cycle.

Cyclic-Mechanical Depassivation Tests—The electrochemical measure-
ments made with a triangular waveform do not allow us to quantify precisely
the electrochemical effects of the tensile and compressive parts of the cycle,
and do not separate the depassivation and repassivation phases. We have
therefore carried out tests with a symmetrical trapezoidal waveform (Fig. 10).

The strain-rates were varied from 4-107> to 4.107!/s; the hold time in
tension and in compression was 10 s. This time is considered to be much
greater than the time necessary for the metal to repassivate. The tests were
carried out for 30 cycles.

The low-cycle fatigue tests to failure, performed with a triangular
waveform, have shown (Fig. 9) that (1) both the transient dissolutions and
the stress levels stabilize simultaneously in about 20 cycles, and (2) the
parameter AQr can be used to quantify the environmental effect.

In the cyclic-mechanical depassivation tests we have measured the quan-
tity AQr at the 20th cycle (AQy_5) in order to evaluate the stability of the
passive layer.
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ROTATING - BENDING TEST:
Influence of the corrosive
solution on the fatigue
crack initiation stage.
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HIGH-STRAIN FATIGUE TEST:
Imposed tofal strain {€})

FATIGUE CRACK PROPAGATION TEST.
Influence of the corrosive solution
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FIG. 5—Experimental approach used to study the mechanisms of corrosion-fatigue of
stainless steels.
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FIG. 7—Low-cycle fatigue curves of the AISI 316 steel—effect of the environment.

Figure 10 illustrates the type of mechanical and electrochemical behavior
observed.

Results

Low-Cycle Fatigue Tests

Figures 7 and 8 show that the corrosive solution leads to relatively small
reductions of fatigue life that are almost identical on the two materials.

For the austenitic steel, the sensitivity to the environment seems to be in-
dependent of the strain-rate (4 X 107%/s < ¢, < 4 X 10~2/s) (Fig. 7).

For the two materials, the fatigue life tends to decrease slightly at low-
strain ranges. We can therefore propose the following interpretation: (1) in
high-strain ranges, mechanical damage is predominant, and (2) in low-strain
ranges, the accumulated loss of metal at the emerging reversible slip bands
accelerates the crack initiation process.

For the ferritic steel, tests carried out with a cathodic potential lead to a
decrease in fatigue life (Fig. 8). This behavior may be the consequence of a
phenomenon of hydrogen embrittiement, the origin of which would be the
preferential adsorption of cathodic hydrogen atoms at the slip bands [13,14].

Cyclic-Mechanical Depassivation Tests

Figure 11 illustrates the variation of the quantity of electricity AQr—_»
{measured at the 20th cycle) as a function of the strain rate ¢,.
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FIG. 8—Low-cycle fatigue curves of the 26Cr-1Mo steel—effect of the environment.

For all metal-solution couples examined: () the transient dissolutions fall
to zero for ¢, = 4-1073/s, and (2) the transient dissolutions are maximum
for a given value (¢, of ¢,). In the experimental conditions used, this value of
€,m seems to be independent of the pH of the corrosive solution.

For the austenitic steel: €m =2-107%s
For the ferritic steel: ém =2:1073/s

At high strain rates, the transient dissolutions decrease and seem to reach an
asymptotic value, independent of the strain rate. The transient electrochemi-
cal activity is more pronounced for the austenitic steel than for the ferritic
steel. This difference is particularly marked at low strain rates in an acid
solution.

The respective positions of the AQ, — ¢ curves demonstrate a better
mechanical stability of the passive film of the ferritic steel. For a given metal-
solution system the transient quantity of electricity (AQ7) depends mainly
upon two parameters related to the strain-rate (¢,): () the rate of develop-
ment of slip bands; this rate has to be sufficient to give rise to dissolution (¢,
> €;), and (2) the slip band geometry. When the strain rate increases, the
slip bands become narrower and more numerous [/5]; the area of depassi-
vated metal decreases, thus leading to a general decrease of the amount of
dissolved metal [3].

€m is then the strain rate for which the conjunction of these two
parameters leads to a maximum transient dissolution.
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Evaluation of the Sensitivity of Stainless Steels to Corrosion Fatigue

Interpretation of the Behavior Observed in Rotating-Bending (High-Cycle)
and Crack-Propagation Tests on the Basis of the Results of the High-Strain
{Low-Cycle) Tests

During the high-cycle fatigue tests on smooth specimens, the mechanical
degradations of the passive layer are similar to those which occur during low-
cycle fatigue. In the high-cycle tests, however, though the plastic deforma-
tion per cycle is very much smaller, the process of accumulation of transient
dissolutions is much more important. This process results in a localized at-
tack of the metal that can lead to a significant reduction of the fatigue life.

In this case the highest values of AQ7 are recorded for the austenitic steel.
These values express a poorer mechanical stability of the passive layer, and
thus explain the effect of the environment on the rotating-bending tests
results.

During the crack-growth tests, the mechanical depassivation is localized at
the crack tip. The solution, which is confined at the crack tip, is deaerated
and acidified [8, 9], particularly at the low frequencies for which the duration
of the tests are very long and the pumping effect negligible [10].

The results of the cyclic-mechanical depassivation tests conducted in acid
solution (pH = 2) may be used for a rough estimate of the transient dissolu-
tions at the crack tip.
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From the values of AQr obtained on the austenitic steel, the crack growth
should be sensitive to salt water. The results of crack growth tests (Fig. 3),
however, are inconsistent with this prediction. To explain this discrepancy,
one should note that the notion of accumulated metallic dissolutions cannot
be applied to the cracking process, since during crack propagation the
depassivated sites follow the plastic zone in the region of the advancing crack
tip. In this case the electrochemical contribution to propagation can be con-
sidered negligible.

Moreover, the lowest frequency used during the crack-growth tests was 0.5
Hz, which corresponds to a relatively low value of AQr (Fig. 11). At a lower
frequency (for example, 5-10~3 Hz; see Fig. 11) the transient dissolutions
are more intense, and it is then probable that for very low frequencies the en-
vironment would increase the crack-growth rate.

The low-cycle fatigue tests carried out under an imposed cathodic poten-
tial have shown a sensitivity of the ferritic steel to hydrogen embrittlement.
During crack propagation, the transient dissolutions at the crack tip are ac-
companied by the evolution of cathodic hydrogen. These hydrogen atoms,
cyclically adsorbed on the depassivated metal, would diffuse in the deformed
zones and thereby favor crack propagation by cleavage [16,17]. We must
recognize that in this case the measurement of AQr did not provide much
valuable information.

The Possibility of Evaluating Corrosion-Fatigue Sensitivity by High-Strain
Fatigue Tests in Corrosive Media

The previous results and analyses allow us to examine the possibility of a

more general use of high-strain fatigue tests in corrosive media.
- It would appear that in a given solution the low-cycle fatigue tests do not
accurately reflect the influence of accumulated metallic dissolutions on crack
initiation process in high-cycle fatigue tests. On the other hand, the
measurements of AQr during the cyclic-mechanical depassivation tests can
classify the materials with regard to the cyclic-mechanical stability of their
passive layers. This parameter characterizes each alloy as a function of the
local behavior of the metal-solution interface. We can, in fact, consider that
the measurement of AQ7 takes into account local parameters such as the
thickness of the passive layer, the geometry of the reversible slip steps, the
reactivity of the atoms at the surface of the bare metal, etc.

From the point of view of the environmental influence on fatigue crack
growth, the experimental approach must necessarily be different.

From the results obtained on the ferritic steel in salt water, it seems that
hydrogen embrittlement is chiefly responsible for a higher crack growth. In
this case the values of AQr are not representative of the environmental ef-
fects and the cyclic-mechanical depassivation tests are unjustified. The lines



82 ELECTROCHEMICAL CORROSION TESTING

in high-strain fatigue, however, seem sensitive to the effect of an imposed
cathodic potential (Fig. 8).

Low-cycle fatigue tests under cathodic conditions would enable one to
classify the materials with respect to their hydrogen sensitivity. A possible ad-
vantage of this type of test is to simulate, in a simple way, the cyclic introduc-
tion of hydrogen as it occurs at the crack tip. This last application of high-
strain fatigue in corrosive media should be confirmed on other metal-solution
systems at room temperature. In particular, it would be convenient to study
the behavior of instable austenitic stainless steels and martensitic stainless
steels. Several authors suggest, in fact, that hydrogen embrittlement is
responsible for the stress-corrosion and corrosion-fatigue phenomena ob-
served in martensitic structures [18,19].

Conclusions

We have presented a strain-control technique for assessing the corrosion-
fatigue sensitivity of stainless steels. Two types of tests have been carried out:
(1) low-cycle fatigue tests to failure, and (2) cyclic-mechanical depassivation
(CMD) tests. On the basis of the results obtained, we have attempted to in-
terpret the rotating-bending and crack-propagation results of an austenitic
and a ferritic steel in a chloride solution.

The electrochemical measurements performed during the CMD tests
enabled us to quantify the tendency to depassivation and dissolution of these
steels by specifying the quantity of electricity, AQ, generated per cycle.

For the rotating-bending results, measurements of AQr can be used to
correctly interpret the observed behavior.

For the crack-propagation results, the measurement of AQ7 on the ferritic
steel does not take into account the environmental effect associated with
hydrogen embrittlement.

The validity of the experimental approach used in this study should be
verified on other metal-electrolyte systems.
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ABSTRACT: Constant extension rate experiments have been performed on Type 304
stainless steel round tension-test specimens in 35 percent magnesium chloride at 120°C
as a function of electrode potential and extension rate. When potentiostatic measurement
was applied, an extension rate of 4.4 X 1075 s™! was found to be acceptable as an
accelerated test. These tests are compared with constant load measurements by variation
of the electrode potential. Both methods indicate that stress-corrosion cracking decreases
by lowering electrode potential and disappears below —380 mV (saturated calomel
electrode). Current density-time plots made during constant straining and fractographic
observations show different types of crack formation. The number of cracks increases
with increasing potential, and the crack depth decreases with accelerated straining.
Transgranular stress-corrosion cracking is observed accompanied by pitting. The selec-
tive corrosion in the early stage of cracking was revealed by scanning electron microscope
(SEM) micrographs and SEM analysis. Iron and nickel are dissolved and a chromium-
rich phase is formed along the crack walls. Although the first attack appears to be inter-
crystalline, the fracture shows only transgranular features.

KEY WORDS: stress corrosion cracking, slow straining, austenitic stainless steels,
fracture properties, electrochemistry, crack initiation, magnesium chloride

Conventionally, time-to-failure tests such as static constant loading and U-
bend techniques are used to reveal stress-corrosion cracking (SCC) suscepti-
bility. The application of constant strain-rate testing technique in stress-
corrosion cracking was investigated for different systems by Parkins et al

nstitut filr Werkstoffwissenschaften, Lehrstuhl Korrosion und Oberflichentechnik,
Universitit Erlangen-Niirnberg, West Germany.
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{1,212 and others {3-7). The relationship between stress-elongation behavior
of tension tests in air and in aqueous solutions allows us to describe SCC
susceptibility by mechanical properties. However, locally different strain
conditions caused by crack formation, crack propagation, and crack branch-
ing show that constant extension is not equivalent to constant straining of
specimens. Consequently, some authors propose slow straining or slow strain
rate, which indicates that SCC is only found by slow tensile tests.

SCC susceptibility is a function of extension rate; its influence on metallic
materials is schematically depicted in Fig. 1, which shows that the corrosive
environment may be without any influence (curve 1). The shape of curve 2 is
assumed for the classical types of sttess corrosion occurring even during static
constant loading (a deterioration of mechanical properties by pitting or gen-
eral corrosion could also take place). The nonclassical type of SCC shown in
curve 3 with its highest sensitivity at intermediate strain rates points up the
disappearance of SCC below a certain lower critical strain rate.

The aim of this paper is to compare constant extension-rate tests with the
work of our own and other measurements with respect to static constant
loading and potentiostatic measurements in a chloride environment. A scan-
ning electron microscope (SEM) was employed to reveal SCC susceptibility
and the early stage of crack formation and crack propagation.

Experimental Information

The slow strain-rate assembly is shown in Fig. 2. The electrochemical cell
consisted of a glass tube enclosed with machined poly tetrafluoroethylene
(PTFE) plates. The PTFE-covered ends of the pull rods guaranteed that only
the stressed working electrode was in contact with the solution. The potential
was controlled by a potentiostat and using a Pt counter electrode and a satu-

1: No enviremental
influence

2: classical SCC ( general
corrosion is Qiso possibie)

3: non-classical SCC

= SCC — Susceptibility

FIG. 1—SCC susceptibility as a function of strain rate (schematical).

2The italic numbers in brackets refer to the list of references appended to this paper.
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rated calomel reference electrode (SCE). This testing assembly was installed
in a load frame, the pull rod of which was connected to a gear exchange
mechanism for crosshead speeds ranging from 10~7 to 10~2 mm/s. During
tension tests, stress was measured continuously by a load cell, and elongation
was obtained by multiplying the test period with the crosshead speed.

The test solution used in all tests was 35 percent magnesium chloride
(MgCl,) with a pH of 3.5 at room temperature. Since MgCl, disassociates
and becomes more acidic with temperature, however, a pH of 1.5 [8] at
120°C is assumed.

Specimens

Specimens were machined from commercial 18Cr-9Ni stainless-steel mate-
rial rounds (their chemical composition is listed in Table 1). The gage length
and cross section of the specimens were 30 mm and 4 mm, respectively. Prior
to use they were solution annealed at 1050°C for 20 min in a vacuum and
subsequently water quenched.

Procedure

The unstressed round tension specimens were held at constant potential
during heat-up. In about an hour 120°C was reached, and after 30 min at
this temperature the current density became stationary. Tension tests were
then initiated at various strain rates and with cathodic and anodic polariza-
tion. All specimens were pulled to failure, and their fracture surfaces were
examined subsequently by SEM. In addition, photomicrographs were ob-
_ tained to reveal the SCC susceptibility.

Results and Discussion

Polarization Behavior

Although the well-known polarization curve of Type 304 stainless steel [8]
in MgCl, (Fig. 3) does not directly show a passive region, previous workers
found that the true active-passive behavior of stainless steels in MgCl, is
simply suppressed by the hydrogen reduction kinetics at elevated tempera-
tures. Well-known studies [9] distinguish three regions: cathodic protection,
stress-corrosion cracking, and the latter accompanied by pitting when speci-
mens were anodically polarized.

SCC Susceptibility as a Function of Extension Rate

The dynamic testing method (slow straining) is an accelerated test in com-
parison with static constant loading (which takes a particularly long time to
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TABLE 1—Properties of specimens.

Chemical Properties, weight percent

C Si Mn P S Cr Ni

0.041 0.60 1.19 0.026 0.015 18.89 11.23

Mechanical Properties, N/mm?

25°C 100°C 120°C 200°C
Yield strength 180 155 140 125
Ultimate tensile strength 570 520 500 460
Percent ¢ 77 65 55 45

show evidence of failure). Figure 4 shows the important dependence of the
mechanical properties on strain rate. In this case, SCC susceptibility is repre-
sented by the strength properties that decrease with lowered applied extension
rate and reach an almost constant value for crosshead speeds below 10~7s 1,
It is obvious that the decrease of mechanical properties at —370 mV is ob-
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served only when slow straining is applied because surface cracks in the upper
part of the curve show little effect on tensile strength. At this point the ques-
tion arises whether an acceptable extension-rate test in the whole SCC region
exists that would qualify as an accelerated test. As will be shown later (Fig. 8),
metallographic observations are necessary to define an acceptable crosshead
speed for SCC measurements. It is found that dynamic tension tests below
1075 s71 are almost similar to static constant load tests whereas in the rising
part of the curves straining becomes faster than crack propagation. This
causes notch-like transgranular penetrations instead of those typical trans-
granular and branched fissures.

Stress-elongation curves (Fig. 5) show the dependence of physical prop-
erties on extension rate. As the crack propagation rate is proposed to stay
constant [10] the lowering of crosshead speed severely decreases strain to
failure as well as ultimate tensile strength. Sometimes not even the yield
strength is reached and the typical characteristics of austenitic stainless steels
(for example, toughness) are completely lost.

Effect of Electrode Potential

Knowledge of all these limiting quantities now allows us to compare con-
stant extension-rate tests with constant load tests (Fig. 6). The negative gra-
dient of the time-to-failure curves and the decrease of ultimate tensile strength
by means of strain-rate tests are almost similar, which indicates a lower crit-
ical potential below which stress-corrosion cracking is prevented [9,11-13].
It is noteworthy that corrosion stops exactly at this well-defined potential
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FIG. 5—Stress elongation curves in 35 percent MgCl, at 120°C and various strain rates;
U(SCE) = —350mV.



90 ELECTROCHEMICAL CORROSION TESTING

— - 0’
o 0, =200 N/mm?
a €60 sec’

Time to Failure (h)

Stress ( N/mm?2)

N . o d g
450 400 -350 -300 250
Potential mVv {v SCE )
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even when specimens are pulled to failure. Cathodic protection reveals duc-
tile fracture comparable to tension tests in air.

The current density-time plot recorded during straining shows the effect of
the potential on the stability of a passivating surface film (Fig. 7). At —350
mV (SCE) activation starts with straining. This corresponds to constant load
tests with a supposed limiting stress below yield strength [9,11]. The activa-
tion peak at —360 mV occurs near yield strength whereas at —370 mV
current density does not increase before reaching ultimate tensile strength.
These examples correspond to static constant loading which detects SCC only
in the range of plastic strain [13].

SCC mechanisms, such as the slip dissolution model, must fail if we regard
only the elastic range, since dislocation movement and active slip cannot take
place. Two different and independent crack nucleation mechanisms are
instead proposed. In the region of Hooke’s law, the development of crystal-
lographic pits and the later coalescence initiate crack formation. In the case
of plastic straining, the slip dissolution model is relevant because a network
of corroded slip plains covers the surfaces of the specimen, which leads
finally to transgranular cracks. Evidently, in most of the experiments pitting
is masked by severe dissolution of countless slip plains.

Fractographic observations of specimens tested by slow straining at —350
mV confirm this assumption (Fig. 8). Very low straining caused a maximum
strength far below general yield. The specimens show brittle fracture mode
with initial cracks forming in enlarged pits. In the following transition re-
gion, active slip steps are finally predominant until the strain rate becomes
too fast and ductile fracture with slightly corroded slip plains is observed.
Mechanical properties are almost equal to those found in air.

The disasterous influence of chloride in a narrow range of potential on
SCC of stainless steels has been known for a long time, but until now only a
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few papers have reported detailed facts of SCC initiation. The role of chloride
ions in SCC under anodic polarization is described by Jones [15]. In addition,
SEM studies of stressed and cathodically polarized specimens are compared
with unstressed specimens held in the pitting region in the present experi-
ments.

It becomes apparent from micrographs that pitting is the result of a type of
localized corrosion cell developed under the surface film (Fig. 9). The cor-
roded regions were found by SEM analysis to be highly enriched in chromium
and almost depleted of iron and nickel. The chromium-rich phase left on the
cell floor is chromium based and most likely chromium oxide. Most prob-
ably, stressed specimens under anodic polarization fail by cracks running
down one of the oxide cracks in the chromium-enriched phase.

SCC initiation under cathodic polarization may be described by the same
phenomena because SEM studies show the same type of localized and selec-
tive corrosion (Fig. 10). It is supposed that the chloride ions penetrate the
original oxide layer and produce “filiform” corrosion cells [15]. Corrosion
products expand and burst the solid phase. SCC starts within this phase by
the coalescing of some oxide cracks with the same orientation. It is not clear
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~ "
// \J\\
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FIG. 7—Effect of applied potential on o-¢- and i-t- behavior.
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FIG. 9—X-ray scanning pictures showing element distributions in a corrosion pit: (a) iron;
(b) nickel; (c) chromium.
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FIG. 10—X-ray scanning pictures showing element distributions of a crack nucleus: (a) iron;
(b) nickel; (¢) chromium.
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whether chromium-enrichment is confined only to crack nucleation or
whether it is also part of the crack propagation.

Conclusions

1. Potential-controlled extension-rate experiments demonstrate that SCC
susceptibility is a function of strain rate. Slow straining below 1075 s~!
reveals typical transgranular SCC. Nevertheless, it is fast enough to be ac-
ceptable as an accelerated test. The severe decrease of elongation to fracture
and the reduction in area and tensile strength show the disasterous influence
of SCC on mechanical properties.

2. Accelerated tests at 3.4-1076 s—1 indicate that the sensitivity to SCC as
determined by means of dynamic testing decreases with fowered electrode
potential. In spite of the severe testing method, the limiting potential of SCC
is found at —380 mV to be in agreement with constant load conditions.

3. Cracking is preceded by localized and selective corrosion. The corroded
regions were found to be depleted of iron and nickel and highly enriched in
chromium. The chromium-rich phase is most likely chromium oxide. Stressed
specimens most probably fail because of cracks initiated within this phase.
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ABSTRACT: The electrochemical and corrosion behavior of Types 304 and 316 stainless
steels and Carpenter 20 Cb-3 alloy in 99 percent sulfuric acid solutions have been in-
vestigated at temperatures up to 127°C. The open-circuit potentials (OCP) have been
monitored against immersion time. Oscillations of the OCP at high temperature were
observed in some cases, Correlation between OCP-time behavior and corrosion resistance
has been established. Metallurgical studies have been carried out for alloys after each
test. Changes in the corrosion behavior on the alloy sutfaces as a function of temperature
and solution concentration were observed.

The corrosion rate of each alloy/medium system has been determined by the conven-
tional weight-loss measurement. Comparison of the corrosion resistance among three
alloys has also been made. Corrosion rate was found to increase with increasing
temperature, stirring rate, and iron content in the solution.

KEY WORDS: corrosion, electrochemistry, anodic polarization, stainless steels

Sulfuric acid (H,SO,) is the most widely used inorganic acid for industrial
use. Consequently, sulfuric acid corrosion is the most frequently encountered
corrosion in chemical processing. In high concentrations (above about 85
percent) it becomes strongly oxidizing and is best handled by materials resis-
tant to oxidizing conditions.

Control of corrosion and improvement of acid purity are important to the
chemical industry. In view of the technical importance of sulfuric acid, its
corrosive properties are of considerable interest [7-5].2 Many elec-
trochemical measurements have been reported for stainless steel alloys in
dilute sulfuric acid (less than 10 percent by weight) [6-7]. These studies have

!Staff metallurgist, Corporate Development Center, Allied Chemical Corporation, Mor-

ristown, N.J. 07960.
The italic numbers in brackets refer to the list of references appended to this paper.
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been essentially concerned with the anodic reaction involving iron and water
at various hydrogen ion concentrations. Sulfuric acid acted as the solute in
the water-solvent systems. In concentrated sulfuric acid, however, the
cathodic reactions are different. In the absence of iron in the acid, the
cathodic process may be the reduction of SO42~ into S, SO;, HS~, etc. With
the addition of iron, the main process is the reduction of ferric (Fe3*) ion to
the ferrous (Fe2") state. Although it has been reported that steel can be
passivated in 67 percent sulfuric acid and in oleum [1, 8], very few reports [9]
have been released discussing the electrochemical characteristics of stainless
steel alloys in very concentrated solutions of sulfuric acid.

The electrochemical behavior of most metals falls into three categories (see
Fig. 1). As was discussed elsewhere [10], Case 3 behavior is the most
desirable, since the corrosion occurs in the passive state and usually at a low
rate. A significantly higher corrosion rate is possible when the metal exhibits
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FIG. 1—Theoretical Case 1, 2, and 3 behavior. Curves (A) are potential-versus-current
diagrams. Curves (B) are anodic potential-versus-applied current diagrams.
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Case 1 behavior. A specimen exhibiting Case 2 behavior may also exhibit
either Case 1 or Case 3 behavior, depending on many factors, such as immer-
sion condition, surface condition, etc. When poor duplication is observed in
conventional corrosion tests, Case 2 behavior is often responsible.

The main object of the present study is to investigate the anodic polariza-
tion behavior of Type 304, Type 316, and Carpenter 20 Cb-3 stainless steels
in 99 percent H,SO, solution. Corrosion rates were determined by the con-
ventional weight-loss measurement per ASTM Recommended Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens [G 1-72
(1979)]. The effect of iron content in the solution and the effect of
temperature on the corrosion behavior were also studied.

Experimental Procedure

The test electrodes were prepared from commercial-grade Type 304, Type
316, and Carpenter 20 Cb-3 alloys in the ‘‘as-received” condition (mill an-
nealed). The chemical compositions of the test alloys are given in Table 1.
The specimens were machined to a shape per ASTM G 1. Just prior to im-
mersion, the specimens were abraded with 120 grit SiC paper, rinsed in
water, degreased with acetone, and dried. Industrial grade 99 percent
sulfuric acid solutions containing 9 ppm iron were used to simulate industrial
process liquids. For the solutions with higher iron concentration, iron was
added as ferric sulfate. A white product, which was found to be a mixture of
ferrous and ferric compounds [11], was always observed to precipitate in the
solutions. Therefore the iron content of the solutions referred to in this text
represents only the dissolved iron concentration (as analyzed spec-
trophometrically using 1,10-phenanthroline according to the procedures of
Harvey et al [12]. The test solutions were purged with a stream of pre-
purified nitrogen for 1 h. A Princeton Applied Research (PAR) Model 173
potentiostat in combination with a universal programmer (PAR-175) and
X-Y recorder were used to record potential-current density curves. Poten-
tiodynamic polarization curves were determined at 6 mV/min.

Open-circuit potential (OCP)/time curves were recorded in separate tests
for various temperature/concentration combinations. The specimen was im-
mersed in the electrolyte, and its OCP was monitored as a function of time.

TABLE 1—Chemical composition of alloys studied.

Composition, %

Material Ni Cr Fe Mo Cu C
304 SS 8.9 18.3 68.6 0.2 0.3 0.05
316 SS 10.1 15.9 71.1 3.4 0.4 0.05

Carpenter 20 Cb-3 33.3 20.8 43.1 2.5 3.4 0.06
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The polarization measurement was not initiated until the corrosion potential
exhibited a stable constant value. Corrosion rates were also determined by
conventional weight-loss tests per ASTM G 1. The surface of the specimens
was examined after the corrosion test using optical microscopy to determine
its corrosion morphology.

Results and Discussion

Effect of Temperature

Anodic Polarization Behavior—The potentiodynamic anodic polarization
curves for three alloys in 99 percent sulfuric acid with 9 ppm iron at 30°C are
given in Fig. 2. A complete passive range was obtained for all materials in
this acid solution at this temperature. The electrochemical characteristic ap-
pears to be different from that in 93 percent H,SO, solution. For example,
an anodic current maximum, which was not observed in 93 percent H,SO,
[13], was present between +650 mV and +1.0 V for all three alloys. Similar
observations have been noted by Fisher and Brady [11] for ASTM Tentative
Specification for Low and Intermediate Tensile Strength Carbon-Steel Plates
of Flange and Firebox Qualities (A 285-57T) Grade C steel in 100 percent
H,S0, containing 33 ppm iron; they attributed these observations to the ox-
idation of Fe2* to Fe3*. In addition, the transpassivity range is not evident
even upon reaching a potential of 1.5 V. Attempts to produce transpassivity
by using polarization potentials up to 4 V produced no increase in polariza-

T T T T

99% H,S0O,

30°C .
= —— Type 304 SS
o ~—=Type 316 SS i
s ST Alloy 20 Cb-3
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= _
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2

~ ot 1
103 104 108

Current Density, i (uA/cm?)

FIG. 2—Polarization curves in 99 percent H,S0, at 30°C.
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tion current nor any visible evolution of oxygen. It should be noted that, in
more dilute H,SO4 solutions, oxygen evolution is generally observed in the
potential range between +800 mV and +1.0 V saturated calomel electrode
(SCE). Simultaneously with oxygen evolution, applied current will increase
very rapidly with increasing positive potential. The absence of transpassivity
of the specimens in this acid solution indicates that no intermediate species,
such as water, is present on the anodic surface. The reason is that the in-
termediate species would readily decompose to form molecular oxygen at
high noble potentials. Therefore, above the potential where the maximum
current density peak exists, corrosion current densities remained on the
order of 10 xA/cm? and were independent of potential.

With an increase in the temperature from 30 to 74°C, it was found that the
polarization behavior changed significantly, as is shown in Fig. 3. An ap-
parent passive-to-active transition was observed for Type 304 alloy at ~
—100 mV, and a significant increase of the corrosion rate was expected ac-
cordingly, as will be discussed later. The location of this transition correlates
well with the OCP-time studies discussed in the next section. It should be
noted that this apparent passive-to-active transition could be also due to
precipitation of ferrous sulfate (FeSO,) or ferrous bisulfate [Fe(HSO,),] or
both [1]. The reason for this is two-fold. Firstly, the currents in the passive
region are relatively high. Secondly, the potential appears to be too noble to
represent active behavior; consequently, the peak can not represent an
active-passive transition. The curves also suggest that Type 316 and
Carpenter 20 alloys remain in their passive corrosion states at 74°C.

T T T 1
99% H,S0,
14F 74°C ﬂ
s — Type 304 SS
S ——-Type 316 SS
10+ .
A Alloy 20 Cb-3
>
(W)
g osf P 4
2 e
s S
02F TR .
L R S~ [
1 10 102 108 10 10

Current Density, i (uA/cm?)

FIG. 3—Polarization curves in 99 percent H,S0 4 at 74°C.
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However, an increase in the passive current density was observed for both
alloys.

Further increasing the temperature to 127°C resulted in an apparent
active-passive transition for all three alloys (see Fig. 4). In addition, compar-
ing the polarization curves of Type 304 alloy in Figs. 3 and 4, one finds that
increasing the temperature shifts the anodic dissolution curves to a more no-
ble direction. A significant increase in the i,,, was also observed for Type
304 alloy. Table 2 lists the iy, data for the three alloys at the three
temperatures.

Open-Circuit Behavior—The open-circuit potential (OCP) of each alloy
has been monitored as a function of immersion time. The value of OCP of
Type 316 lies in a steady noble region at 30°C, but indicates an active-to-
noble oscillation at 74°C (Fig. 5). It is believed that the change on this OCP
behavior is due to the changes of its corrosion status. The relatively noble
OCP and the low corrosion rate (which will be discussed later) strongly sug-
gest that Type 316 alloy shows Case 3 behavior at 30°C. Increasing the
temperature shifts the anodic reaction curves to a higher current density
region, and may result in a multiple intersection with cathodic reaction
curves, that is, Case 2 condition.

Increasing temperature greatly increased the number of fluctuations per
unit time. However, a stable active shift of OCP may be obtained eventually
in this case. At 127°C, for example, a stable OCP was obtained for Type 316
after 7 h of OCP fluctuation. Comparison of the OCP-time curves and the
anodic polarization results indicates that the extremities of these potential
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FIG. 4—Polarization curves in 99 percent H,SO, at 127°C.
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TABLE 2—Maximum current densities and corrosion behavior for Type 304,
Type 316, and Carpenter 20 Cb-3 alloys in concentrated sulfuric acid solutions.

99 % H,S04 99 % H,SO4 99 % H,SO4
+9ppmFe  + 23ppmFe + 53 ppm Fe
— {maxs i max s
Alloy Temperature, °C  pA/cm? wA/cm? uwA/cm?
Type 304 30 pb P P
74 85 84 91
127 950 910 900
Type 316 30 P P P
74 P 21 18
127 850 860 880
Carpenter 20 Cb-3 30 P P P
74 P P P
127 700 850 1000

btmax = Maximum current density, u A/cm?.
P = Passive state.

Ecorr vS. Time
99% H,S0O, 74°C

+2]
S 0
g, N 304 S5
| Y il
e “J !JHH il 'Ml\“.ﬂ}m,u”\‘fll \.mss
é +2 j ‘\f f\} )/Y\(\ﬂ%M\‘,\[\\w\\f\mf\ﬁ 20 Cb-3
0_?;‘1”"’![_ | L H .
0 12 24

Immersion Time, h

FIG. S—Open-circuit potential of the three alloys in 99 percent H,SO, at 74°C.

fluctuations lie at potentials near the active-passive transition and within the
passive region, respectively. A similar behavior has been reported by Morris
et al [10] on Type 316 and Alloy 825 in sulfuric acid. It was suggested that
this unstable behavior is due to the existence of multiple intersections be-
tween the anodic and cathodic polarization curves (Fig. 1, Case 2). In addi-
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tion to the fundamental behavior, large critical current density and high cor-
rosion current in the active state tend to contribute to unstable conditions. In
cathodic reductions the existence of several sulfur-bearing compounds com-
plicated the situation. This complexity results from the difficulty in deter-
mining which reaction is rate controlling at any given time.

Stirring the solution resulted in an increase in oscillation frequency that
depended directly on stirring velocity. This phenomenon can be explained as
follows. The concentration of cathodic reaction product, which is high at the
electrode surface, will be decreased. On the other hand, the concentration of
Fe3* ions, which would be the lowest at the electrode’s surface, will then be
increased upon stirring. Since the Fe3* reduction reaction should provide
higher cathodic reduction current, it would then follow that the intersections
between anodic and cathodic polarization curves should shift to the higher
current density region upon increasing iron concentration. Corrosion current
would be increased at the new location of the intersections, which would
begin to approach the value of the critical current density. This will con-
tribute more to the instability of the corroding system, and hence the fre-
quency of the oscillations should increase.

An apparent passive-to-active transition of the OCP was also observed for
Type 304 alloy. However, no OCP-time fluctuation was observed in this alloy
at 74°C. Instead, a stable and relatively active OCP was obtained. It is
believed that the fluctuation may occur at lower temperatures in this case.
The absence of the OCP oscillation is believed due to the fact that Type 304
alloy has a much greater i,,, than either Type 316 or Carpenter 20 Cb-3
alloy. Thus Type 304 alloy is much more likely to corrode actively than either
Type 316 or Carpenter 20 Cb-3. The large i, makes it more difficult for
oscillation to occur, since higher diffusion limited cathodic currents are re-
quired to clear the anodic “‘nose’”. OCP-time fluctuations were observed for
Carpenter 20 Cb-3 alloys at both 74 and 127°C.

Corrosion Rate. The corrosion rates of the alloy/medium systems were
determined by conventional weight-loss measurement; the results are il-
lustrated in Table 3. These results show that the corrosion rate increased
significantly with increasing temperature. All three alloys exhibit negligibly
low corrosion rates at room temperature. As temperature increased to 74°C,
Type 316 and Carpenter 20 Cb-3 alloys show better corrosion resistance than
Type 304 alloy. Referring to the OCP-time behavior, it was obvious that the
apparent passive-to-active shift of the OCP of Type 304 alloy at 74°C results
in a much higher corrosion rate compared with that of the Type 316 and 20
Cb-3 alloys, for which the OCP fluctuates at this temperature. It is in-
teresting to note, however, that a much more rapid increase in corrosion rate
was obtained for Type 316 and 20 Cb-3 alloys at even higher temperatures
(for example, 127°C) compared with that of Type 304 alloy. This may be ow-
ing to the fact that corrosion product surface scales form faster and thicker
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TABLE 3—Corrosion rates” of Type 304, Type 316, and
Carpenter 20 Cb-3 in 99 percent H,SO,.

Corrosion Rate, mpy

99 % H,S0, 99 % H,S0, 99 % H,S0,
+ 9 ppm Fe +23 ppm Fe + 53 ppm Fe
Temperature,
Alloy °C Stagnant Stirring Stagnant Stagnant
Type 304 30 ~0 0.01 0.08 0.08
74 4.5 3.1 2.0 1.9
127 12.1 23.5 14.7 16.5
Type 316 30 ~0 0.01 ~0 ~0
74 0.5 0.8 0.9 1.1
127 13.1 16.0 12.8 12.8
Carpenter 30 ~0 0.006 ~0 ~0
20 Cb-3 74 1.1 2.6 1.1 1.2
127 13.7 23.0 6.7 7.1

“Corrosion rates were determined by conventional weight-loss measurements.

layers on Type 304 (due to higher dissolution rates), and that these thicker
scales impede the subsequent dissolution of Type 304 compared with Type
316 and Alloy 20 Cb-3.

Effect of Iron Additions

Anodic Polarization Behavior— The effect of iron contaminants in the acid
on the anodic polarization of the three alloys in 99 percent H,SO, at 30°C
has also been studied. In general, the shape of the polarization curves and
the corrosion potential behavior were not appreciably changed by the addi-
tion of iron. However, the anodic polarization curve was found to shift to a
slightly higher current density region with increasing iron content. The ef-
fects of iron additions were also studied at higher temperatures. It was found
that the addition of iron shifted the potential where maximum current den-
sity occurred toward more noble values. The OCP was also shifted to a more
noble region; however, the maximum current densities were not significantly
affected.

It is believed that the dissolution process in this alloy/medium system is
under concentration polarization. The theoretical anodic/cathodic reaction
curves with iron addition are illustrated in Fig. 6. In general, increasing the
iron concentration will shift the limiting diffusion current of the cathodic
reaction curves to a higher current region. Therefore the anodic polarization
curves tend to shift toward higher current densities with increasing iron con-
centration. Furthermore, at lower temperatures (for example, 30°C) the cor-
rosion behavior exhibits Case 3 condition. The intersection of the anodic and
cathodic reaction curves (that is, the OCP) will not be affected significantly
by increasing iron concentration (see Fig. 6a). By increasing the temperature
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FIG. 6—Effect of temperature and iron concentration on the potential-versus-current
diagrams.

to 74 and 127°C, however, the corrosion behavior of the alloy/medium
system may shift to Case 2 or even Case 1 condition, as was described
previously. If this occurs, the intersection of the anodic and cathodic reaction
curves will tend to shift to a more noble region with increasing iron concen-
tration (see Figs. 6a and 6b). The results described previously are consistent
with this hypothesis.

In summary, the addition of iron may slightly decrease the corrosion
resistance of the alloys. This observation has been also confirmed by the cor-
rosion rate determination and will be discussed later.

Open-Circuit Potential Behavior—No noticeable difference was observed
on the OCP-time curves with increasing iron content at 30 and 74°C for the
three alloys. Nevertheless, it is noteworthy that at 127°C the time required
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for Type 316 alloy to shift its OCP from the “fluctuation’ situation into a
stable and relatively active region decreases with increasing iron content. For
example, the OCP of Type 316 alloy fluctuates about 7 h before reaching its
stable corrosion potential in 99 percent H,SO, solution with 9 ppm iron.
With increasing iron content of the solution, much less fluctuation was
observed before reaching this stable active corrosion potential, namely, 3 h
and less than 1 h for the solutions with 23 and 53 ppm iron, respectively. A
comparison of the cycling at 127°C by 20 Cb-3 alloy in 99 percent H,SO4
solution with different iron content further shows that the frequency of the
OCP of 20 Cb-3 alloy increases with increasing iron content.

Corrosion Rate—The corrosion rates of three alloys in 99 percent H,SO,
with various iron contents are shown in Table 3. It was found that the corro-
sion rate increased slightly with increasing iron content in the solution, which
is consistent with the results reported earlier. This effect can be attributed to
an increase in cathodic current, as was described previously. In the absence
of iron in the solution, the main cathodic reactions are the reduction of
SO~ to S, SO,, HS—, H,S, etc. With the addition of iron to the solution,
the cathodic process is the sum of the sulfur reaction and the reduction of fer-
ric ion (Fe31) to ferrous ion (Fe2*). When a sufficient amount of dissolved
iron is present in the acid solution, the cathodic polarization rate becomes in-
dependent of further increase in iron concentration. However, by comparing
the results for the solution with different amounts of iron additions, it ap-
pears that the iron effect in 99 percent H,SO, is not as significant as that
observed in 93 percent H,SO, [13]. The most plausible explanation for this
result is that the solution being used was industrial grade reagent, which con-
tained approximately 9 ppm iron before the additions were made.

Effect of Stirring

As was mentioned earlier, the dissolution process in this alloy/medium
system is believed to be under concentration polarization. In this study the
effect of stirring was carried out to verify this hypothesis, and the results are
illustrated in Table 3. It was found that in 99 percent H,SOQ, the open-circuit
dissolution rate of all three alloys increases slightly when stirring the solu-
tion. To interpret this result, it should be noted that an important cathodic
reaction in the alloy/medium system is primarily the reduction of ferric ions,
that is,

Fe3* + e — Fe?*

Depletion of trivalent iron from both the solutions at the electrode surface
during extended polarization results in a concentration polarization effect at
the cathode. Thus, in the presence of iron, the dissolution rate would be af-
fected by the transport of ferric ion to the metal surface. Stirring the solution
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speeds up the transport of the ferric ion during the dissolution process, and
therefore increases the dissolution rate.

Metallurgical Studies

The specimen surface after 48-h immersion was examined using optical
microscopy. It was found that all three alloys exhibited general corrosion in
99 percent H,SO,4 at 30°C. However, with an increase of the temperature
from 30 to 74°C, Type 316 and Carpenter 20 alloys reveal intergranular at-
tack in addition to general corrosion, while Type 304 alloy still exhibits
uniform corrosion (Fig. 7a). Figures 7b and 7c show the presence of in-
tergranular corrosion on the surface of Type 316 and Carpenter 20 alloys. In-
tergranular attack at approximately the same temperature has also been
reported for both Type 316 alloy [9, 13] and Carpenter 20 alloy [/3] in 93 per-
cent H,SO,. The cause of this intergranular attack is not understood. A
possible explanation is that the rate of repassivation of grain boundries may
be slower than that of the grain interior. In addition, an active-passive
oscillation of the corrosion potential of these alloys results in a repeated film
dissolution-repassivation process and subsequently causes intergranular at-
tack [74]. Further increasing the temperature to 127°C results in pitting cor-
rosion for all three alloys. Much more severe corrosion is evident at this
temperature. The pitting damage is believed to be caused by the existence of
insoluble, thick porous corrosion product scales on the test electrode surfaces
which act as crevices. During extended artificial polarization periods,
dissolution is forced to occur preferentially through the pores in these scales,
which results in nonuniform damage on the electrode.

Summary
From the results obtained earlier, one may conclude the following:

1. A shift of OCP with increase in temperature from a stable passive
region to an active-passive oscillation and finally to a stable and relatively ac-
tive region indicates that a transition of the corrosion status from Case 3 to
Case 2 condition occurs. Apparent active-to-passive current peaks were
observed for the alloy exhibiting stable active OCP. However, because of the
high passive current densities and abnormally noble OCP (if considering
Case 1 condition) obtained in the anodic polarization curves, it is not clear
whether these anodic current peaks represent true critical current density or
occur because of precipitation of FeSO, or Fe(HSO,4), or both.

2. In general, corrosion rates increase with increasing temperature and
iron content in the acid solution and with stirring the acid solution. The
order of decreasing corrosion resistance can be arranged as Type 304, Type
316, and Carpenter 20 at low temperatures. However, at high temperatures
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100um

FIG. 7—Corrosion morphology after explored to 99 percent H,SO4 at 74°C.

(for example, 127°C) all three alloys exhibited unacceptable corrosion
resistance.

3. The three alloys exhibit general corrosion at room temperature. Upon
increasing the temperature to 74°C, Type 316 and Carpenter 20 Cb-3 alloys
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reveal intergranular attack in addition to general corrosion, while Type 304
alloy exhibits only general corrosion morphology. Further increasing the
temperature to 127°C results in pitting corrosion for all three alloys. In addi-
tion to the occurrence of localized corrosion damage, these specimens also
exhibited high corrosion rates.
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Electrochemical techniques are now widely used for monitoring the rates
of corrosion processes in ionically conducting media. The principal use of
these electrochemical techniques is for estimating the polarization resistance,
R,, in order to calculate the corrosion current using the Stern-Geary rela-
tionship

fcore = BaB:/2.303 R, (B, + Bc) oY)

where 8, and 8. are the Tafel coefficients for the anodic and cathodic partial
reactions, respectively [/, 2].3 The weight loss of the corroding specimen may
then be estimated from [3]

AW =MQ,,, /nF )
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where

t

Qecorr = j icoredt = [8,8./2.303(8, + 8.)] Y (1/R,)dt 3)
0

0

and M and 7 are the composition-averaged molecular weight and change in
oxidation number, respectively. ;

The success of the electrochemical methods for monitoring corrosion rate
depends critically on our ability to measure the polarization resistance at all
times of exposure and on our knowledge of values for the Tafel coefficients
[3]. In principle, the Tafel coefficients can be estimated from the same data
that are used to obtain the polarization resistance, provided the excitation is
sufficiently large that nonlinear effects are apparent in the current-voltage
response [2]. In practice, this technique appears to work well for ‘“‘clean
systems”’ exhibiting relatively low polarization resistances, but it often gives
spurious results for more complex systems.

In this paper we examine the reliable determination of the polarization
resistance, We focus our attention in particular on the methods used to
measure the interfacial impedance of a corroding interface, and discuss how
the polarization resistance can be extracted from this quantity.

Polarization Impedance and Resistance

If the impedance of a corroding interface can be represented by an ensem-
ble of linear components, then the response to any arbitrary electrical excita-
tion can be described by the generalized Ohm’s law [4]

E@®) = Z(p)-1(t) 4

I(t) = Y(p)-E(®) )

where Z(p) and Y(p) are the impedance and admittance functions, respec-
tively, and p is the impedance operator defined asp = d/dt and 1/p = { dt.
The impedance function Z( p) [or admittance function Y(p)] is so chosen
that the operation of Z(p) on the current or Y(p) on the voltage yields the
observed voltage and current, respectively. For example, the voltage drops
across resistive, capacitive, and inductive elements in response to an applied
current, I(¢), are given by

E@t) = RI®), Z(p) =R (resistive) 6)

E@)=@1/0 Eldt, Z(p) = 1/pC (capacitive) )
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E(t) = L(dl/dt), Z(p) = Lp (inductive) ®

Furthermore, the total voltage drop across a series combination of com-
ponents is given by

E(t) = LE() 9

whereas the total current through a parallel network is

I = LI, (10)

Accordingly, the impedance and admittance functions for series and parallel
combinations of components, respectively, are given by

Z(p) = L Z(p) (11)
Y(p) =L [1/Z(p)] = L Y(p) (12)

Heaviside in Ref 4 showed that upon transformation of Egs 4 and $

E(s) = Z(s)-I(s) (13)
I(s) = Y(s)-E(s) (14)
with
LW = fs) = j f()estdt (15)
0

the impedance, Z(s), and admittance, Y(s), functions have the same analyti-
cal forms as Z(p) and Y(p), respectively, with the impedance operator, p,
replaced by the Laplace variable s. This convenient property permits the
straight-forward derivation of an expression for the Laplace transform of the
response to any arbitrary excitation in terms of the variable s. Inverse trans-
formation therefore yields the response in the time domain.

If we assume that the excitation is sufficiently small [typically <5 mV for
E(t), <5 pA for I(2)], the electrical properties of a metal-solution interface
can be represented by a linear electrical equivalent circuit. The simplest cir-
cuit of general interest is shown in Fig. 1a, and consists of a paralle] RC com-
bination in series with a resistance R,. R, is frequently associated with the
“solution” resistance; in reality it contains all purely resistive components



MACDONALD AND MCKUBRE ON IMPEDANCE TECHNIQUES 113

Cc
i
T
—AMAN— — {a)
RS
—AAMANA—
Rp
Ci G,
—i— I
1
—\/\/\'\N\/\/—‘ — (b)
R,
L—rmwaan—] b AMAA—
Rq R2

FIG. 1—Simple equivalent circuits for a corroding interface.

(solution, electrical leads, films, etc.), and those impedance elements that
mimic pure resistances under the conditions of the measurement. This point
is best illustrated by considering the equivalent circuit shown in Fig. 15. The
impedance of this network is given by Eq 16

Z(jw) = R, + Ry/(1 + w2R,2C?) + R, /(1 + w?R2C}2)
— jwlR,2Cy/(1 + w2R2C,2) + R2C(1 + w?R2C,2)]  (16)

where w is the frequency of the sinusoidal excitation. If the highest frequency
chosen for the measurement of Z(jw) is such that R, <« 1/wC,, and if
1/R,C, > 1/R,C,, then Eq 16 reduces to

Z(jw) =R, + R, + R;/(1 + w?R2C?)
—ijIRlz/(l + O)2R12012) (17)

which is, of course, the impedance expression for an equivalent circuit con-
sisting of resistors R, and R’ in series with a parallel RC combination.
Clearly, within the frequency range considered, the R,C, combination,
which gives rise to a relaxation at high frequencies, appears purely resistive
in character.

The d-c resistance (that is, polarization resistance) of an interface is ob-
tained from the low-frequency limit of the impedance Z(jw). Thus, with
reference to Fig. 15 and Eq 16, it is clear thatas w — 0

Z(jw)—=R,+ R, + R, (18)

Subtraction of the solution resistance, R, therefore, yields a quantity that



114 ELECTROCHEMICAL CORROSION TESTING

for corroding systems is termed the *‘polarization’ resistance. In practice it is
frequently not possible to sample a system at zero frequency. Accordingly,
the extraction.of the polarization resistance from the measured impedance
requires extrapolation of the observed value for Z(jw) to w = 0. Such an ex-
trapolation relies upon a knowledge of the functional form of Z(jw); for ex-
ample, the equivalent circuit shown in Fig. 15 gives rise to a complex-plane
plot of the form shown in Fig. 2. Clearly, if the lowest frequency employed is
w,, and if two and only two relaxations are present in the system, extrapola-
tion to the real-axis intercept of R, + R, + R, at w = 0 is relatively straight-
forward. If the lowest frequency employed is w,, however, extrapolation to
zero frequency yields a resistance R, + R,, which is considerably lower than
the true d-c resistance R; + R, + R;. In this case the low-frequency relaxa-
tion is not detected, and the R, C, network makes a negligible contribution to
the observed impedance.

Although the aforementioned equivalent circuits are in general unrealisti-
cally simple (see the following section), they serve to illustrate a very impor-
tant requirement for impedance measurements; namely, a sufficiently wide
frequency range must be investigated to ensure detection of all relaxation
phenomena that are present at the interface. This requirement also applies to
other relaxation techniques including linear polarization, potential step, cur-
rent step, etc. In the latter two cases this requirement is defined in terms of
time by time-to-frequency transformation (an operation illustrated later in
this paper).

The frequency range normally required for impedance studies in corrosion
science is 0.1 mHz to 10 kHz. The lower limit is determined by relaxations in-
volving mass transfer and very large interfacial resistances and capacitances,
particularly those associated with film growth and psuedo-capacitive electro-
chemical adsorption phenomena. The upper limit is sufficiently high that the
impedance of most systems of interest is dominated by the solution resistance
R

s

DECREASING FREQUENCY

R R, + Ry Ri+Ro+R,
R

FI1G. 2—Schematic complex-plane diagram for the equivalent circuit shown in Fig. 1b.
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Equivalent Circuits

An extensive discussion of the concept of equivalent circuits in corrosion
science and electrochemistry is beyond the scope of this paper. It is useful,
however, to briefly review the topic, since it provides the link between the
electrical observable (impedance) and the chemical/electrochemical pro-
cesses responsible for the behavior of the system.

The first step in the elucidation of an electrochemical (corrosion)
mechanism from a measured frequency dispersion of an impedance is
generally to postulate an electrical circuit that has the same impedance spec-
trum as the system under investigation. All circuit representations, even
those from which prediction of measurable results is possible, only fulfill the
role of an equivalent circuit, and are not descriptions of the physical
mechanisms involved. For any electrical circuit it is possible to describe the
impedance as a function of frequency and thus determine circuits having
equivalent electrical properties, but it is not possible to uniquely define the
combination of electrical circuit elements that constitutes the circuit under
test. The situation is further complicated by the fact that charge carriers may
be ions or electrons or both. Ions may carry a positive or negative charge and
may be multivalent, and ionic transport is influenced by chemical as well as
electric field gradients. Furthermore, electrochemical charge-transfer pro-
cesses are generally non-ohmic in character, since the current varies ex-
ponentially with the applied overvoltage and the capacitance of the double
layer (for example) is a function of voltage. Equivalent circuits are therefore
valid only under those conditions where the responses can be linearized.

Consider a simple charge-transfer reaction that exhibits Butler-Volmer
kinetics:

i = iplexp (n/8,) — exp (n/B,)] 19)
where i/, is the exchange current for the reaction, and 8, and S, are the Tafel

constants for the anodic and cathodic processes, respectively. Expansion of
Eq 19 as a series in overpotential (5) yields

i=iy { )?111"[1/6,," - 1/(—Bc)"]/n!} (20)

Linearization is achieved only when the second and subsequent terms are
negligible compared with the first. This condition can be mathematically ex-
pressed as

Nmax = 0.1 Baﬁc/(ﬁa + B8.) (21)

Using typical values for 3, and 3, (for example, 0.06 V and 0.12 V, respec-
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tively) indicates that the maximum perturbation should be no greater than
0.004 V.

The simple equivalent circuits shown in Fig. 1 are not particularly realistic
for most charge-transfer processes, since they do not recognize the existence
of mass-transfer processes. A more appropriate equivalent circuit is shown in
Fig. 3, in which W represents the Warburg impedance#*

Z, = [RT/nF(i; — i)][tanh (Vju)/Vjul (22)

where i; is the limiting current for pure diffusion, 7 is the steady-state current
at overpotential n, and u is defined as

u = wb¥/D (23)

The parameters w, 6, and D are the sinusoidal excitation frequency, hydro-
dynamic diffusion-layer thickness, and diffusion coefficient, respectively.
The d-c diffusion-layer thickness is a function of the hydrodynamic proper-
ties of the system; for example, in the case of a rotating disk under laminar
flow conditions

6 = 1.61v1/6pD1/3Q-12 (24)

where v is the kinematic viscosity of the medium, and © is the rotational
velocity of the disk. For sufficiently high values of frequency, w, or low values
of the rotational velocity 2,

Z,(jw) = (RTDY2/nF5i;)/(jw)\/? (25)

which is the well-known Warburg impedance for semi-infinite diffusion. This
particular function is valid for a-c diffusion-layers much smaller in dimen-
sion than the d-c diffusion layer, and describes the linear region on the high-
frequency side of the second semicircle. At still higher frequencies the War-

FIG. 3—Equivalent circuit for metal-solution interface recognizing mass transfer control at
w — 0.

4Equation 22 is a simplified form of a more general expression given by Sluyters-Rehbach and
Sluyters [5].
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burg impedance is negligible, and the equivalant circuit reduces to that
shown in Fig. 1a. In this case the complex-plane diagram assumes the form
of a semicircle centered on the real axis, and which contains kinetic informa-
tion on the interfacial reaction. At the limit of low frequencies, however, the
complex plane intersects the real axis at a value containing the diffusional
resistance R, (Fig. 4). This is the only quantity that can be determined using
the traditional steady-state methods for systems under mass-transfer control;
clearly, the frequency dispersion of the impedance permits a great deal of ad-
ditional kinetic information to be obtained.

It is frequently observed that the semicircles displayed in the complex
plane are centered below the real axis (see, for example, the data plotted in
Fig. 20 for the corrosion of 90:10 copper:nickel (Cu:Ni) alloy in flowing ox-
ygenated seawater [6]). Although this behavior is frequently attributed to a
distribution in relaxation times, this terminology is strictly incorrect, since
the transients no longer are exponential in character. A more satisfactory
electrical model for the interface is a transmission line that is generally
associated with the presence of porous films on the surface or excessive sur-
face roughness. The reader is referred to the excellent review by de Levie [7]
for a discussion of this topic.

Irrespective of the exact form of the equivalent circuit, diffusional pro-
cesses (if important) generally begin to dominate the interfacial impedance at
frequencies below 1 Hz for most systems. Accordingly, a detailed analysis of
the interface in this regime requires experimental methods for accurately
measuring impedance at frequencies as low as 1 mHz.

Instrumental Methods

We have previously stated that the electrical response of a system to any
small signal excitation can be expressed in terms of an operational im-
pedance in the frequency domain. When describing the instrumental

DECREASING w

Ry R, + R+ Ry
R

FIG. 4—Schematic complex-plane diagram for a system subject to mass transfer control.
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methods, however, it is convenient to divide techniques according to the type
of excitation function employed, particularly with respect to the independent
variable. Thus frequency-domain measurements are carried out using a
small-amplitude sinusoidal excitation with frequency as the independent
variable. On the other hand, the perturbation and response may be recorded
in the time domain with time as the independent variable, and the im-
pedance as a function of frequency can then be extracted by time-to-fre-
quency transformation techniques.

Frequency-Domain Measurements—Small-Amplitude
Sinusoidal Perturbation

This group can be further subdivided into bridge or null techniques where
impedance parameters are measured by the fixed mathematical relation be-
tween the unknown resistance and reactance, the setting of variable resistive
and reactive standards at a condition of balance, and methods involving the
direct measurement of magnitude and phase relationships between the cur-
rent through, and voltage drop across, the unknown element.

Audio-Frequency Bridges

In the past, impedance measurements using reactively substituted Wheat-
sone bridges at audio frequencies have been the easiest to accomplish. Conse-
quently, a great deal of emphasis has been historically placed on electro-
chemical processes having characteristic impedance spectra in the range of
20 to 20 000 Hz—namely, double-layer capacitive and moderately fast reac-
tion kinetic effects at plane parallel electrodes.

As the mathematics and methodology of such measurements are well
understood [8, 9], we will restrict our discussion to the limitations imposed by
the use of this type of bridge, since these will influence the point at which an
experimentalist will select a more complex measuring device.

High-Frequency Limitations— The upper operating limit is primarily im-
posed by reactivity and nonlinearity of available resistive standards (chiefly
inductive effects) and by the effects of stray capacitive shunts. By employing
a Wagner earth [9,10] the latter effect can be often reduced sufficiently to
allow sensible measurements at frequencies up to 105> Hz. However, the im-
portance of Wagner earthing varies greatly depending on the magnitude of
the impedances being measured [8]. In general, elimination of stray
capacitance is most important at high frequencies when measuring small
capacitances or large resistances (that is, for small-area electrodes).

Low-Frequency Limitations—The null detection system traditionally
employed with an audio-frequency bridge consists of an amplifier, filter, and
a-c voltmeter. This combination imposes three limitations at low frequencies:
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1. Null detection employing a magnitude voltmeter or oscilloscope is most
sensitive when the resistive and reactive components of the unknown im-
pedance are of the same magnitude, since the total bridge out of balance
signal contains terms proportional to each. For an impedance bridge used to
measure the electrical properties of electrochemical cells this imposes a limit
on accuracy at low frequencies, since the reactive terms, which are primarily
capacitive, dominate the cell impedance with decreasing frequency. Increas-
ing the gain in order to observe more precisely the resistive component results
in saturation of the detection system with the reactive out-of-balance signal.
An admittance bridge similarly suffers low-frequency insensitivity to the
reactive component.

2. A significant source of noise at the detector may result from harmonic
distortion originating in the oscillator or caused by nonlinearity in the system
under test or in subsequent amplifiers. In such cases the signal at balance
consists mainly of second harmonic. At high frequencies this signal can be ef-
fectively removed by the use of suitably sharp low-pass or band-pass filters,
but at low frequencies analog filters of band-width less than 10 Hz are less
easy to construct and control.

3. The second major source of noise at low frequencies is mains pickup.
This may be on the order of hundreds of millivolts superimposed on the test
signal unless major efforts are made at shielding and ground-loop suppres-
sion. Usually, unless an adequate notch filter is also used, the experimen-
talist must be satisfied with reduced precision at frequencies below about 100
Hz.

These three effects can be reduced to a large extent by using a phase-
sensitive detector (PSD) to measure separately the real and imaginary com-
ponents of the bridge out-of-balance signal. By separate amplification of the
in-phase and quadrature components, differential sensitivities in excess of
100:1 can be accomplished.

In normal operation a PSD is completely insensitive to the second har-
monic, but most commercial instruments have the additional facility of being
able to select a reference signal at twice the fundamental frequency. By this
means the extent of second harmonic distortion, which often reflects not an
error signal (that is, noise) but an expected response of the system under test,
can be measured.

In addition, and unlike traditional band-pass filters, a PSD has a band-
pass characteristic with band width decreasing with decreasing frequency,
and can frequently be used within +5 Hz of 60 db of mains pickup.

By employing phase-sensitive null detection the practical low-frequency
limit becomes a function of the particular form of bridge chosen. For the
most commonly used Wein form [8], however, this limit is imposed by the
selection of suitably large adjustable capacitance standards at frequencies
below about 20 Hz.
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Limitations of Imposed Potential— A considerable limitation on the use of
this form of bridge is that it necessitates the use of a two-terminal cell. While
it is often possible to construct a cell in which the working electrode im-
pedance greatly exceeds that of the counter electrode, potentiostated condi-
tions cannot be adequately established with this type of bridge.

Closely associated with this is the fact that in normal usage, the cell cur-
rent and voltage are not explicit functions of the measured out-of-balance
voltage, and vary with the settings of the resistive and reactive standards.

Transformer Ratio Arm Bridges

The operation of a transformer ratio arm bridge is shown schematically in
Fig. 5. Briefly, voltages 180 deg out of phase are fed from the secondary
winding of the input ‘‘voltage’ transformer to the cell or unknown im-
pedance, and to resistance and capacitance standards. The *‘arms” of the
bridge consist of a series of ratio taps of the primary windings of an output
“current’’ transformer. The standard and unknown impedances are con-
nected to the output transformer in such a way that a detector null is
achieved when the sum of the flux induced by the unknown and standard
currents in the output transformer is zero. In this condition

independent of V;;,, where r,, r,, and r; are ratios (usually decade) selected
separately.
Several advantages accrue from the use of this type of bridge:

1. Error resulting from the impurity of standard variables can be virtually
eliminated. Because ratios are selectable over a wide range (usually 1000:1),
standards can be small. Also, with decade-spaced transformer ratios, stan-
dards need be variable only over a range of about 11:1. Consequently, stan-
dards can be employed that closely approximate to ideality (for example, the
use of air-gap capacitors), and one standard can be used to measure a wide
impedance range.

2. By the use of precision transformers as ratio arms, highly accurate ratio
values can be obtained that are extremely frequency independent well into
the megahertz range.

3. A suitable range of impedance measurement can be selected for the in-
phase and quadrature components of the unknown impedance by separately
selecting r, and r;.

4. Impedances may be measured in all four quadrants by selecting
positive or negative ratios. Of particular importance is the use of pure
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FIG. 5—Transformer ratio arm bridge with d-c potentiostatic control.

capacitive standards to measure unknowns with a positive (inductive) reac-
tance.

We will discuss the limitations on the use of transformer ratio arm bridges
under the same headings used under Audio-Frequency Bridges.

-High-Frequency Limitations—In normal use for electrochemical cells the
effective upper operating limit is imposed by effects external to the bridge.
These have been described in detail by Armstrong et al [8] and consist
primarily of transmission-line effects in connecting cables, the effect of
residual series inductance in leads and cells, and normally undesired im-
pedance dispersion effects of solid electrodes. In the latter group, edge ef-
fects [11] and transmission-line effects due to surface roughness [12,13]
become dominant with increasing frequency.

Low-Frequency Limitations—The use of input and output transformers
results in cell current and voltage, and detector signals, that are dependent
on frequency. This effect becomes apparent only at low frequencies, and im-
poses a practical lower limit on the order of 100 to 200 Hz with commercial
bridges [14].

Limitations of Potential Control—1It is not possible to apply the a-c poten-
tial via a reference electrode only to the interface of interest, and the
measured impedance necessarily includes series terms associated with elec-
trolyte resistance and counter-electrode impedance.

Direct-current potentials can be applied to the interface of interest by us-
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ing a circuit of the form shown within the dashed lines in Fig. 5. However,
direct current must be excluded from the bridge windings by the use of
blocking capacitors C; and C,. The impedance of these two will be included
in the measured “‘cell” impedance.

Berberian-Cole Bridge

An active null admittance measuring instrument that incorporates many
of the advantages of the transformer ratio arm technique while obviating
many of the disadvantages of passive bridges has been reported by Berberian
and Cole [15]. Fig. 6 shows a form of this bridge modified to measure im-
pedance and to remove some of the limitations of the earlier instrument [16].

The basic operation is as follows. The external variable decade standards
are Ry and C. R’ and R " are internal and fixed. With reference to Fig. 6:

At all times

L +i+45=0 (26)
At balance
V,=0
and
iy =AV,/R, (Vy, =1Z) 27)
i=AV,4(jwC) (Vy=1Z) (28)
iy=BVyg/R" (Vg =—IR") (29)

where Z is the impedance between the working electrode and the reference
electrode, and I is the current flowing through the cell. Therefore, for the
condition of balance at the summing point

BIR'/R" = AIZ/R, + AIZ(jwC) (30)

Removing I and solving for the unknown impedance yields

7 BR'R, <1 1

. — jwR 1
AR" + O)ZRIZCZ)(I Jw IC) (3 )

There are many advantages to this system:

1. Measurements can be made on two-, three-, or four-terminal cells,
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which allow the isolation of the impedance component of interest from the
total cell impedance. This is not possible with a passive bridge, and it is fre-
quently unfeasible to construct a cell for which the impedance of interest is
much greater than all series terms. This is particularly true when measuring
the impedance of an electrode of large area or in a highly resistive electrolyte,
or when the impedance of interest is that of a highly conductive electrolyte.

2. Measurements can be effectively made down to 0 Hz. The bridge shown
in Fig. 6 is direct coupled; thus the low-frequency limits are those of the null
detection system and the patience of the experimentalist.

3. Measurements can be made in the presence of a d-c bias under poten-
tiostatic control without the use of blocking capacitors.

4. Impedances can be measured over an extremely wide range from below
103 Q to greater than 10° Q.

S. Error resulting from the impurity of standards can be virtually
eliminated.

6. A suitable range of impedance measurements can be selected for each
component.

7. Impedances may be measured in all four quadrants with resistance and
capacitance standards.

Because the gains of Amplifiers A and B perform the same function as the
ratios in a transformer ratio arm bridge, the aforementioned advantages S, 6,
and 7 apply for the same reasons as advantages 1, 3, and 4 under
Transformer Ratio Arm Bridges.

The modified Berberian-Cole bridge has several limitations:

High-Frequency Limitations—Inaccuracies at high frequencies can occur

CELL
POTE NTIOS%W \\.—u-
N N

AC. +D.C
INPUT

AMPLIFIER A
GAIN = A

AMPLIFIER B
GAIN =B

=

To Detector

FIG. 6—Modified Berberian-Cole bridge shown as a three-terminal interfacial impedance
measuring system with potentiostatic control of the working electrode.
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due to errors in the gain functions A and B with decreasing amplifier open-
loop gain. Fig. 7 shows schematically a practical bridge of this type. Gain er-
rors in the voltage followers are negligible and, since Amplifiers A and B are
identical devices and their gains appear as a ratio in Eq 31, inaccuracies in
this term are partially compensated for. Nevertheless, the upper operating
frequency limit for the bridge shown in Fig. 7 is about 10 kHz, depending
somewhat on the magnitude of the unknown impedance.

Low-Frequency Limitations—As stated previously, the low-frequency
operating limit is imposed by the detection system. At frequencies down to
0.5 Hz, a two-component PSD performs an ideal null detection function [16).
At frequencies below 10—3 Hz, a low-pass filter and oscilloscope or picoam-
meter can be used [15].

Direct Measurement

An essential element of electrode kinetics is the characteristic dependence
of electrode reaction rates on the electrode potential. Thus, for many elec-
trode studies, the use of potentiostatic control is the most convenient method
of obtaining relevant kinetic and mechanistic parameters. A general limita-
tion of passive bridge methods is their inflexibility with regard to potential
control; in many cases, the experimentalist must forego the advantages of
simplicity and sensitivity associated with these in order to control the alter-
nating or direct current potentiostatically at a single interface.

The operational impedance can be expressed in the frequency domain by
the vectorial form of Ohm’s law

Z(jw) = V(jw)/i(jw) (32)

where the bars denote vector quantities. Thus, if cell current and voltage are
measured with regard to the magnitude and phase relations, the impedance
can be directly determined from Eq 32. Figure 8 shows in simplified form a
circuit that allows the direct measurement of impedance under potentiostatic
control.

It is necessary at the outset to separate phase shifts associated with Z from
those attributable to the potentiostat control loop. Commercial potentiostats
are normally optimized for fast step response, and their potentiostating func-
tion becomes substantially in error for sinusoidal inputs with increasing fre-
quency as the amplifier open-loop gain approaches the ratio Z;:Z. The up-
per frequency limit for which V; can be considered equal to V4 is a function
of the cell impedance as well as the electrical parameters of the potentiostat.
These parameters have been analyzed by Pilla et al [17] and Macdonald [18].
For electrochemical cells this frequency limit may occur as low as 200 Hz.

If accurate impedance measurements are to be made over a wide frequency
range, it is imperative that measurements are made of the cell current (V)
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FIG. 7—Schematic diagram of a working (modified) Berberian-Cole bridge shown as a four-
terminal impedance measuring system.

and cell voltage (V,), preferably simultaneously and with identical measur-
ing instruments, in order to eliminate systematic instrumental error.

Two-Channel Oscilloscope Measurement—By recording V| and V, on a
twin-beam oscilloscope, the magnitude of the impedance can be calculated
for the ratio of the two peak-to-peak voltages, and the phase angle observed
directly. By using storage techniques, impedance can be measured from ef-
fectively O to greater than 10% Hz.

The primary limitation of this technique is precision. Oscilloscope linearity
is seldom better than 1 percent, and it is difficult to measure phase angles
with a precision of better than 2 deg. Measurements can be usually ac-
complished with an uncertainty for R and X(Z = R — jX) of +3 percent.

Lissajous Figures—Elimination of ¢ between expressions for I and V of the
form (see Analytical Transformation)

I = Isin (wt) (33)
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FIG. 8—Direct measurement of an interfacial impedance under a-c and d-c potentiostatic
control.

V= Vysin (ot + ¢) (34)

leads to an equation of the form of an ellipse. When I and V are plotted or-
thogonally using an oscilloscope or X-Y recorder, this ellipse is traced out
and the components of the impedance can be calculated from its dimensions
(see Fig. 9)

|Z| = AE/AI (35)

sin ¢ = AI'/AI = off/Al- AE (36)
R=|Z|cos¢ (37

—X =|Z|sin¢ (38)

where R and X are the real and imaginary components of the impedance.

Limitations of oscilloscopic recording are essentially those of precision
described in Two-Channel Oscilloscope Measurement. For X-Y recording, a
precision of better than 1 percent of | Z | can be obtained at frequencies below
1 Hz.

Phase-Sensitive Detection—The real and imaginary components of a
voltage can be directly measured with respect to a reference signal using a
phase-sensitive detector. Because of the requirements for linearity
(Equivalent Circuits) small input signals must be used to measure electro-
chemical impedances, and noise problems often make it unpractical to use
either V] or V, as a reference signal. Accordingly, V; and V, must be alter-
nately measured in terms of a coherent reference signal of arbitrary phase,
and the impedance determined from the complex quotient
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ViR (V' +jV{")
V, (V' +,V;"

Z= (39)
where primed and double-primed variables refer to in-phase and quadrature
voltages, respectively.

With commercial instruments employing analog-output filtering, im-
pedance can be measured with 0.1 percent precision in both components at
frequencies between 0.5 and 100 kHz [19]. At frequencies from below 103
to 104 Hz, a recently developed phase-sensitive detection system can be used
that employs synchronous digital demodulation over an integral number of
cycles with the same order of precision [20].

The advantages of phase-sensitive detection over other direct measurement
techniques at low frequencies are generally those described in Audio-
Frequency Bridges.

Time-Domain Methods

According to Eq 3 the impedance of a system may be determined from
time-domain perturbation and response data as

Z(s) = E(s)/1(s) (40)

where E(s) and I(s) are the Laplace transforms of potential and current, and
s is the Laplace variable. The variable s is a complex quantity

s=0+jw (41)

CURRENT
B
B

POTENTIAL

FIG. 9—Lissajous figure for the evaluation of impedance.
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where o is the real part having units of reciprocal time, and w is the fre-
quency. The Laplace transform of a real-valued function f(¢) is

fls) = j:e-we-fw'ﬂt)dt (42)
= flo) + f(jw) (43)
where
flo) = j: e~of(t)dt (44)
fljw) = }: e F(t)dt (45)

Equation 44 is frequently referred to as the ‘‘real-axis transformation” (see
Pilla [21]) and is operationally identical with Macdonald’s ‘‘analysis in
Laplace space’ [/8] for systems that involve diffusion. On the other hand, Eq
45 is commonly termed the “imaginary-axis transformation” and the reader
will recognize the form as being identical to that for the single-sided Fourier
transformation. Although both transformations have been employed in fun-
damental electrochemical studies, few applications in corrosion science have
been reported.

A good illustration of the analytical simplifications afforded by real-axis
transformation is the case of a quasi-reversible reaction at a plane electrode
under potentiostatic control [18]

.
O+ne_;c‘;”-R (46)

b
Solution of Ficks' second law for this case yields the current transient as
i = nFA(k;Co? — k;, Cr?) exp(Q?t) erfc (Qt12) (47)
where
Q = k;/Do'? + k;/Dg'2 (48)

The direct manipulation of Eq 47 for the evaluation of the rate constants k;
and k, is extremely difficult unless certain simplifying assumptions are
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made. The real-axis Laplace transform of Eq 47, however, is much less com-
plicated algebraically

l/i(o)ollz = [Q/nFA(kaOb - kbCRb)] + [l/nFA(kaOb - kbCRb)]Ullz
(49)

where i(0) is numerically evaluated using Eq 44. Thus a plot of the left-hand
side against o172 for different bulk concentrations of O and R permits com-
plete evaluation of the rate constants. Although the aforementioned analysis
is not couched strictly in terms of impedance functions, it nevertheless il-
lustrates the usefulness of transformation techniques in electrochemistry and
corrosion science.

The transformation method just outlined may be employed in two ways.
An equivalent circuit for the interface may be assumed, and an analytical ex-
pression then generated for the expected response. The response function,
which is obtained in the time domain, may be used to estimate values for the
components of the impedance. Alternatively, numerical transformation of
the perturbation and response functions may be performed for different
values of ¢ and w, and the impedance function evaluated over a wide fre-
quency range. This second technique has been extensively developed by Pilla
{21} and others [22].

Analytical Transformation

As an illustration of this method, consider the simple equivalent circuit
shown in Fig. 10 and assume that the time-dependent perturbation is given
as

E(t) =E,, sin wt (50)
Transformation therefore yields
E(s) = w/(s2 + w?) (51)
The impedance function for the assumed equivalent circuit is
Z(s)=R + 1/sC (52)

Application of Eq 40 therefore yields the transform of the current as

I(s) = E,,ws/R(s + 1/RC)(s? + w?) (53)
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Rs Cs

FIG. 10—Series RC equivalent circuit used to illustrate analytical transformation (see
Analytical Transformation).

Inverse transformation is relatively straightforward to yield
I(t) = [E,,«C/(1 + w?R2C?)][cos wt + wCR sin wt — e /RC]  (54)
That is,
I(t) = [E,,wC/(1 + w?R2C?)][sin (wt + ¢) — e~ t/RC] (55)
where
tang = 1/wCR (56)

Equation 55 shows that the observed current consists of two components: a
sinusoidal component shifted by a phase angle ¢ relative to the perturbation,
and a transient whose magnitude decreases exponentially with time. Im-
pedance measurements are usually made under steady-state (or pseudo-
steady-state) conditions so that the current reduces to

I(t), = [E,,wC/(1 + w2R2C?)][sin (wt + ¢)] (57)

This example is important for two reasons. Firstly, it illustrates the essen-
tial features of the analytical transformation technique. Secondly, it forms
the mathematical basis for the direct measurement of impedance by analysis
of Lissajous figures generated by the simultaneous orthogonal recording of
the perturbation and response functions. This method is discussed in detail
in Direct Measurement—Lissajous Figures.

Elsewhere in this paper we have emphasized the fact that any time-
dependent signal can be used to determine the impedance of a system, pro-
vided transformation of both the perturbation and response into Laplace
space can be accomplished. Similarly, in principle, the components of a
given equivalent circuit can be evaluated from the response, provided an
analytical expression in real time can be obtained. An example of this type of
analysis for small-amplitude cyclic voltammetry (SACV) has been discussed
by Macdonald [23]. In his analysis, the equivalent circuit shown in Fig. 1a
was assumed and the equations were solved for a small-amplitude triangular
perturbation (Fig. 11). This case is particularly important in corrosion
science, since it corresponds to one form of the “linear polarization” tech-
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nique used for the in situ measurement of polarization resistance and hence
corrosion rate (see Eqs 1 to 3).

The response functions obtained for the forward and reverse sweeps are
given as

U@’ = (E,/aN{t’ — e~ /5(R,C — b/a)[2(e~ /b + eoN'b)/
(1 + e2NMb) — ¢=2a/b] + (R,C — b/a)} (58)
Ir@" = (E,/aN{\ — t" + e~ ""5(R,C — b/a)[2(e~2Mb + ear/b)/

(1 + eaVb) — g=CntaMb] — (R,C — b/a)} (59)
where ¢ ' and ¢" are the times from the start of the forward and reverse
sweeps, respectively, and \ is the time of reversal of the voltage scan. The
parameters a and b are defined as

a=R;+R, (60)

b=R,R,C (61)

Again, the response consists of a periodic component and a transient. Under
steady-state conditions (n — o) the response functions reduce to

IJ(t'") = (v/a){t' — (R,C — b/a)[(2e“®Em—v1/v5/[1 + eeEm/vb]) — 1]}
(62)

Iy(") = (Wa)E,/v — t" + (R,C — b/a)[(2eEn=v"Wb/[1 + eaEn/%]) — 1]}
(63)

POTENTIAL

0 A 2A 3r 4x
TIME

FIG. 11—Excitation function used for small-amplitude cyclic voltammetry (SACV).
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Typical current-voltage curves computed using Eqs 62 and 63 are plotted in
Fig. 12.

The small-amplitude cyclic voltammograms plotted in Fig. 12 are
characterized by three useful quantities

AI=I1J(@t'=N/2) — I ("= \/2) (64)
1/R,,p, = (OIS /8E), -, (65)
/R, =[I/(t' =N — I7(t" = NV/E,, (66)

each of which are depicted graphically in Fig. 12. The hysteresis current, Al,
is related to the components of the equivalent circuit by

Al = 2R,2C[1 — 239Em/2v6/(1 + eEm/*b)lv/(R; + R,)? (67)

T T T T
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02k
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] 1 i 1 1
0 10 20 0 10 20
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FIG. 12—Small-amplitude cyclic voltammagrams for the electrical equivalent circuit shown
in Fig. la as a function of voltage sweep-rate. Rs = 109Q, Rp = 10009Q, C = 1000 uF, Ep, = 20
mV.
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and the apparent and diagonal conductances are given by

/R, = 1/(R, + R,) + 2R,/R(R, + R,)(1 + esEn/*)  (68)

app
1/R; = 1/(R; + R,) + [2Rp2C(eaEm/vb ~ 1/E,(R, + R,)(e%Em/vb + 1)]v
(69)

Clearly, all three quantities are dependent on the voltage sweep-rate (v) as ex-
pected, because the polarization resistance is shunted by the capacitor C.
Calculated values for 1/R,,,, 1/R,;, and Al as a function of voltage sweep-
rate for assumed values for R, R, and C are shown in Figs. 13 and 14. At
both very low and very high sweep rates the two resistances approach R, +
R, and R,, respectively. T~hese limits are identical to the limiting low and
high frequency values for Z(jw) as determined in the frequency domain. At
intermediate voltage sweep-rates, however, the two conductances are neither
equal to one another nor do they correspond to any simple algebraic com-
bination of R, and R, alone.

Values for Al plotted in Fig. 14 show that the hysteresis current passes
through a maximum as a function of voltage sweep-rate. The derivative at
limiting low sweep-rates

(dAI/dv),_o = 2R,2C/(R,, + R,)? (70)

can be used to estimate the capacitance C, provided values for R, and R, are
available from the conductance versus sweep-rate correlations (Eqs 68 and
69).

The impedance analysis of small-amplitude cyclic voltammetry given

T I
/R,

1071

103 (R, + Ry)

| ! L
0 2 4 [
v (V/s)

FIG. 13— Variation of 1/Rapp and 1/Rq with voltage sweep-rate for SACV. Note the two
limits given by 1/Rs and 1/{Rs + Rp). Rs = 10Q, R, = 10009, C = 1000 uF, En, = 0.020 V.

~ bl ol lH\HIn'/I
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FI1G. 14—Dependence of the hysteresis current (Al) on voltage sweep-rate (v) for SACV. The
arrows indicate the appropriate sweep-rate axes. Rs = 10Q, Ry = 1000 Q, C = 1000 uF, E,, =
0.020 V.

previously has a number of very important implications for the linear
polarization method of estimating polarization resistance. Firstly, reliable
values for R, can only be obtained at sufficiently low sweep-rates that the sec-
ond terms in Eqgs 68 and 69 are small compared with the first. Experimen-
tally, this condition can be recognized as that which yields no apparent
hysteresis (Al = 0) in the current-voltage response. For many systems,
hysteresis is still apparent éven at the lowest sweep-rate that is practical to
employ. A good example of such a system is corroding 90:10 Cu:Ni alloy in
flowing seawater [23], voltammograms for which are plotted in Fig. 15. Data
for 1/R,,, and 1/R , versus sweep-rate for this system are plotted in Fig. 16.
Only at the lowest sweep-rate employed is the measured resistance close to
the d-c value of v = 0. A second problem with the linear-polarization tech-
nique is that the measured resistance at v = 0 depends upon both R, and the
solution resistance (R,) between the reference electrode probe and the cor-
roding surface. Clearly, for very low conducting media such as “‘pure” water,
the measured polarization resistance could be greatly in error.

The analysis for SACV has been extended to other equivalent circuits. For
example, many corroding systems (such as iron in inhibited sulfuric acid
[24]) exhibit psuedo-inductive behavior at low frequencies; a behavior that
can be explained by the equivalent circuit shown in Fig. 17. Analytical
transformation [25] of the appropriate impedance expressions yields voltam-
mograms of the type plotted in Fig. 18 for various values of the inductance L.
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FIG. 15—Small-amplitude cyclic voltammograms for 90:10 Cu:Ni alloy in glowing seawater.
Flow velocity = 1.62 m/s. [O3] = 0.045 mg/L, specimen area = 11.05 cm*, temperature =
26°C, exposure time = 50 h.

Also plotted in this figure are complex-plane impedance diagrams for the
equivalent circuit with the appropriate values for the parameters C, L, p, and
R,. For the case where C < L/p2, the contribution from the inductance
dominates the reactive component of the impedance at low frequencies, as
shown by the fourth-quadrant semicircle in the complex plane. At higher fre-
quencies the imaginary component of the impedance changes sign, and the
system exhibits normal, noninductive behavior. This change in behavior is
reflected in the SACV response of the circuit as a reversal in the direction of
rotation of the current-voltage response from counterclockwise for low-
voltage sweep-rates to clockwise for high sweep-rates. To our knowledge no
systems that exhibit psuedo-inductance have been analyzed using the SACV
technique. However, the appropriate equations for the analysis have been
derived [25]. They are

I/Rapp(t =0)= (I/Rt + l/p) - 2/p(1 —+ e—p)\/L) (71)
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FIG. 16—Plots of Eqs 68 and 69 for 90:10 Cu: Ni alloy in flowing seawater. Experimental con-
ditions are as listed in Fig. 15.

I/Rapp(t =A)= (I/Rg + l/p) — 26—9)\/1-/‘)(1 + e—p)\/L) (72)

1/R, = (1/R, + 1/p) + (2/E,,) X {C — E/p* + 2Le~"ML/p2(1 + e—ML) }y
(73)

AI = {2(C — L/p?) + 4Le~#M2L/p2(1 + =MLY}y (74)

These parameters are depicted graphically in the top left-hand diagram of
Fig. 18. These equations show clearly that the overall SACV response of the
system depends critically on the relative values for C and L/p2. If C < L/p?,
for example, the AI may be negative owing to the counterclockwise rotation
of the Lissajous figure (as indicated earlier in this discussion). From the cor-
rosion scientist’s point of view, probably the feature of greatest significance is
that refiable estimates for R, and p can be obtained only at sweep-rates where
hysteresis is effectively nonexistent. This conclusion parallels that drawn
earlier for the more common resistive-capacitive system.

Numerical Transformation

The analytical transformation technique described previously suffers from
the major disadvantage of requiring an a priori assumption of an equivalent
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—

FIG. 17—Equivalent circuit for systems that exhibit pseudo-inductance.
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FIG. 18—Current-voltage curves for the SACV response and complex impedance plane

diagrams for the equivalent circuit shown inFig. 17. C = 107°F, p = 109, Ry = 50 Q, Ep, =
0.020 V. Upper three curves: L = 10~! H: middle three curves: L = 1073 H; lower three
curves: L = 1073 H. The numbers next to the data points in the complex-plane diagrams refer
to frequencies in rad/s. Z' and Z" have units of ohms.

circuit for the system in order to carry out the analysis. Indeed, it is well
recognized in fundamental electrochemical studies that the power of the im-
pedance technique lies in the fact that the frequency dispersion of Z(jw) per-
mits the equivalent circuit to be determined in addition to the evaluation of
the purely resistive components from the high- and low-frequency limits. In
other words, the frequency dispersion of Z(jw) not only permits the series
resistances to be evaluated, but it also allows mechanistic information to be
obtained.

The basis of numerical transformation is to evaluate Eqs 44 and 45 directly
from the perturbation and response versus time functions using numerical
integration techniques. This method is extremely versatile since, in principle,
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any functional forms for E(t) and I(t) may be handled, provided the integrals
converge. Furthermore, the analysis is conveniently carried out in both the
“real” and “imaginary” frames as noted earlier. In this paper we will restrict
ourselves to a discussion of numerical ‘‘imaginary-axis transformation’’; the
reader is referred to the extensive work by Pilla {21] for a description of

numerical ‘‘real-axis transformation’’.

Because the impedance Z(jw) is a complex number, it is convenient to first

expand the integrals using the identity

e /ot = cos wt — j sin wt
Accordingly,
E(jw) = rE(t) coswt — j r E(t) sin wt dt
0 0
and
I[(w) = r I(¢) cos wt — j r I(2) sin wt dt
0 0

The impedance
Z(jo) = EJw)/ K jw)
therefore becomes
Z(Jw) = Z'(w) — jZ"()
with the real and imaginary parts given as
Z'(w) =

|

E(t) sin wt dt
0

I(t) cos wt dt +

)

E(2) cos wt dt

S S

(75)

(76)

77

(78)

(79)

I(t) sin wt dt
0

0
oo 2 oo 2
H I(t) cos wt dt] + U I(t) sin wt dt]

0 0

(80)
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Z"((.l)) —

j E(t) sin wt dt j I(t) cos wt dt — j E(t) cos wt dt j I(t) sin wt dt
0 0 0 0

) 2 )
H I(t) cos wt dt] + H I(t) sin wt dt]2

0 0

(81)

Two problems must be considered in the numerical evaluation of these
functions. Firstly, the integrals must converge or at least must be made to
converge. Secondly, it is necessary to assume some analytical relationship
between neighboring points in order to perform the integration. Since a tran-
sient is expected to tend towards some constant value at very long times, the
easiest way of ensuring convergence for the numerical integral is to write f(¢)
as

f@)=f@) — f(t = ) + f(t = ) (82)
= fia(t) + f(t = o) (83)

Because f(¢t = o) is a constant, Laplace transformation of Eq 83 yields

flw) = j Foar(t)e7etdt + f(t = o0)/jw (84)
0

where £(t) is identified as E(¢) or I(z) or both, as the case requires. For exam-
ple, for a potential step (AE) of infinitely fast rise-time

E(jw) = AE/jw (85)

Because of mathematical simplicity, relaxation analyses are frequently made
using ‘‘ideal’’ step functions. It is important to note however, that numerical
evaluation of the transformation integral may be performed even though the
perturbation is not ‘‘ideal’ over the time of interest. This is a very important
advantage of numerical transformation over analytical transformation, since
it is generally not possible to perform the latter over the period of instability
of the control device. Thus the very short time, and hence high-frequency do-
main, is accessible using numerical transformation, whereas it is generally
not in the case of analytical transformation.

The second problem of choosing a suitable analytical function to describe
the variation of f(¢) between neighboring points has been considered in depth
by Pilla [2]] and Sierra-Alcazar [22]. The appropriate functions for the real
and imaginary components of f(jw)f(t) = E(t), Eq 76 or I(t), Eq 77 for
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linear, quadratic, and exponential functions are summarized in Table 1.
These expressions are derived [22] by discretizing the integral contained in
Eq 84.

No extensive comparative study of the approximate functions listed in
Table 1 for the numerical evaluation of the impedance from time-domain
data appears to have been reported. The forms of these functions deserve
comment, however, if for no other reason than to indicate the conditions
under which they can be expected to be valid. Thus, both the quadratic and
exponential functions reduce to the linear approximation for sufficiently
closely spaced data points. Experimental conditions may be chosen so that
the linear approximation is satisfactory; these conditions may be inconve-
niently restrictive, however, particularly for rapidly changing functions of
time. It is well known that equivalent circuits of the type shown in Fig. la
give rise to exponential-type transients on imposition of step perturbations.
Accordingly, the exponential approximation is expected to provide a
reasonably precise representation of the variation of f(¢) between neighboring
points, particularly over the range frequency where the impedance is
characterized by a single relaxation. In the case of multiple relaxations, the
situation is more complex, but nevertheless the exponential approximation
intuitively appears superior to the linear form. The quadratic approximation
clearly attempts to recognize the generally expected nonlinear behavior of
f(z), but its form does not appear to have any sound theoretical basis.

Alogrithms based on the approximations summarized in Table 1 are
available in the literature [21,22]. As noted earlier, numerical transforma-
tion of both the perturbation and response functions can be performed from
times much shorter than that required to establish control by an external
control device. The technique is thus capable of yielding impedance data at
very high frequencies (>100 MHz). Also, the lowest accessible frequency is
determined by the time of data aquisition, and hence ultimately by the
stability of the system. For every stable system, reliable impedance data at
frequencies down to 0.1 mHz can be obtained. An additional feature of this
technique is that the impedance versus frequency data are computed from a
single transient that requires considerably smaller acquisition time than the
more traditional point-by-point techniques.

Correlation Techniques

In recent years the advent of hard-wired real-time Fourier transform units
and low-cost high-powered digital computers have allowed hitherto unat-
tainable methods of impedance measurement to be accomplished. A par-
ticularly powerful example that has come into recent prominence employs
correlation techniques to determine a system transfer function.

Transfer-Function Analysis—General—The transfer function is the
mathematical description of the relationship between any two signals. In the
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special case where the signals of interest are the input (current excitation)
and output (voltage response) of a linear electrical system, then the transfer
function is equivalent to the system impedance.

Mathematically,

_ V(jw) _ FV(t)

Hw) = o) — FIo = Z(jw) (compare Eqs 13 and 14)  (86)
H(w) = 2] 87)

Gr(w)

where

H(w) = transfer function (w indicates that this is a frequency domain
parameter),
F = a Fourier transform,
V and I = system voltage and current, respectively,
G,.(w) = average cross-power spectrum of input and output, and
G, (w) = average power spectrum of input.

Up to this point we have described methods in which impedance is mea-
sured in terms of a transfer function of the form given by Eq 86. For
frequency-domain methods, the transfer function is determined as the ratio
of frequency-domain voltage and current, and for time-domain methods as
the ratio of the Fourier or Laplace transforms of the time-dependent
variables. We will now briefly describe methods by which the transfer func-
tion can be determined from the power spectra of the excitation and response
using Eq 87.

Transfer-Function Analysis Employing White-Noise Excitation—By in-
voking the equivalence of Eqs 86 and 87, and noting that the power spectrum
of a noise current is the Fourier transform of its correlation function [26],
H(w) can be obtained in a manner that offers a number of advantages. In the
most general method, low-amplitude Gaussian white noise is superimposed
on the input, and the transfer function is determined from the average power
spectra calculated using correlation techniques [27].

This method has several advantages:

1. Itis an averaging method and thus affords the same type of insensitivity
to asynchronous system noise as phase-sensitive detection.

2. H(w) is determined for all frequencies simultaneously and in the time
required for the lowest frequency alone by conventional methods. Thus, im-
pedance can be measured to relatively low frequencies in time-varying
systems, and impedance parameters can be measured as a function of time
in, for example, a rapidly corroding environment. ‘
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3. Correlation analysis can be performed on internally generated noise in
the complete absence of an external excitation function. Because the ionic
events that produce this noise are not synchronized to an external trigger, the
correlation function in this case contains no phase information, but may be
considered as analogous to the magnitude of the impedance. This technique
(potentially an extremely powerful one) allows equilibrium and steady-state
conditions to be approached very closely.

4. The coherence function provides an internal check on the validity of the
measurement.

Methods that determine impedance as the ratio of the imposed input to the
observed output do so without regard to the degree of causality between the
two signals. For example, in a system exposed to mains noise or containing
electrolyte pumped in an oscillatory or peristaltic fashion, a component of
the output signal power results from frequencies characteristic of the en-
vironment or system, but not of the input. Another frequent cause of error in
a measured electrochemical impedance is due to nonlinearity of the inter-
facial reaction impedance at large perturbations. Excitation at frequency wg
thus results in harmonic distortion and a component of output power at fre-
quencies 2wy, 3wy, etc. that may invalidate the “‘impedance’” measured at
these frequencies.

The coherence function, C(w), can be calculated to determine the validity
of a transfer-function measurement, if the extent of extraneous input and
nonlinearity is not known.

G ()2
Clw) = _Gnle (88)

Gr(@) Gyy()

where bars denote average quantities, and G, is the auto power spectrum of
the output signal y(¢) [27]. Coherence function values range between 0.and 1.
A coherence value of 1 means there is complete coherence between input and
output, which indicates there is only one input and the system is linear.
The primary limitation of this method of impedance measurement is cost.

Discussion

Performance Characteristics

Although in principle many of the techniques described previously are
capable of yielding impedance data over a wide range of frequency, in prac-
tice some techniques are found to be more applicable than others over the
frequency range of interest in corrosion science (0.1 mHz to 10 kHz). The
limitations of any given technique generally fall into two classes: (/) signal-
to-noise ratio and (2) system stability. The first limitation is a direct result of
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the necessity for using small-amplitude excitations; thus pickup from nearby
electrical circuits and “‘intrinsic” system noise generally impose a lower limit
of 0.1 to 1 mV on the size of the exciting impulse. The solution to this prob-
lem is frequently instrumental; the use of shielded cables and the careful
elimination of ‘‘ground-loops” can often improve the signal-to-noise ratio
substantially. Also, signal averaging and lock-in amplification techniques
have been used to further improve the precision of impedance data.

The second limitation is far more insidious, since it is generally indepen-
dent of the measuring technique employed. Many corroding systems require
considerable time to achieve a ‘‘steady state’’; defined here as a state in which
the electrical parameters for the system are invariant with time. From a prac-
tical viewpoint, sufficient stability may be claimed if the spontaneous corro-
sion potential does not change by more than 10 percent of the magnitude of
the excitation voltage over the time of acquisition of the impedance data.
This condition should be regarded as a rough guide only, since it also
depends on the technique used and on the properties of the system. The cur-
rent for a system corroding in the “passive’ state, for example, is relatively
insensitive to changes in potential, so that the impedance is generally less
time-dependent than for a system undergoing a spontaneous transition from
an active to a passive state.

A third, and frequently the most insurmountable barrier, is cost. In princi-
ple, impedance measurements can be made using very simple equipment
capable of measuring the relative amplitudes and phase differences between
the excitation and response functions. The trend in recent years, however,
has been towards more sophisticated techniques that require more complex
equipment both for excitation and detection. Impedance measuring equip-
ment can now range in cost from less than $1000 to over $30 000; it is impor-
tant to note that frequently no direct relationship exists between cost and the
quality of the results or the frequency range that is accessible.

Although a direct comparison of the various methods for measuring inter-
facial impedance is difficult, it is nevertheless useful to list some of the
characteristics of each technique on a comparative basis. Such a listing for
many of the more familiar techniques is given in Table 2. As we have stated
frequently in this review, the most important and demanding characteristic
of corrosion studies is the ability to sample low-frequency relaxations. This
characteristic demands both a minimum in acquisition time and a maximum
in signal-to-noise ratio. The time-domain techniques (particularly those in-
volving a step-function excitation) and the correlation methods cleai'ly have
advantages in this regard, since a single experiment is capable of yielding im-
pedance data for a very wide range of frequencies. For example, an ideal
potential step excitation imposed for 1000 s is capable of yielding reasonably
precise impedance data at all frequencies down to 1 mHz. Unfortunately,
signal averaging cannot be accomplished using the single-impulse methods,
so that the precision of the experiment is limited by signal-to-noise
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characteristics. Repetitive impulse techniques overcome this limitation, pro-
vided the system is sufficiently stable. On the other hand, while signal
averaging is possible using many of the point-by-point (frequency-by-fre-
quency) methods, excessively long data acquisition times are involved, and
ultimately the validity of the technique is limited by system stability.

Comparison of Techniques

Few in-depth studies have been made of the various techniques that are
available for measuring interfacial impedance, particularly for spontane-
ously corroding systems. The lack of such a comparison is surprising, since
traditionally impedance measurements are frequently found to be ‘“tech-
nique dependent’’; that is, small but nevertheless significant differences are
commonly found in the impedance parameters measured using different

Fiow Rate = 1.62 m/s I al
Temperature = 26C 26.3 mg/l O, 14
Sample Area = 11.05 cm?
— 12
— 10
—8
A {(27.3)
o s
14 /O d.
6.6 I
12 A (o] mg/ 02 P
£ 10 o 4o &
'S ﬂ’ 'S
¥ 8 o/g/ —14
s 8 o 0.85 mg/l O, ~12 2
i 10
2r s
oo /% 5
Q,
8 4
1
5 o 0045 mg/l Oy 4,
- 12
4 | £ ____o —o
a’c 10
2 e x I J
o 300 350
0 e )| | t — hours
0 100 200
t — hours

FIG. 19—Polarization resistance (Rp) as a function of time and oxygen concentration for
90:10 Cu:Ni alloy in flowing seawater.



MACDONALD AND MCKUBRE ON IMPEDANCE TECHNIQUES 147

methods on supposedly identical systems. These differences almost always
arise from uncompensated resistances and stray capacitances in external cir-
cuits, and from unexpected phase-shifts due to active elements in control
devices (for example, potentiostats). The elimination of these extraneous ef-
fects is frequently a major problem in accurate impedance work.

One of the most important uses of impedance techniques in corrosion
science is the estimation of the polarization resistance of the interface as a
function of exposure time. An example of such measurements is shown in
Fig. 19 [6]. The low-frequency (infinite time) impedance (=R, — R,) for
90:10 Cu:Ni alloy in flowing oxygenated seawater was measured by using the
Lissajous figures methods in the frequency domain over the range 1500 Hz to
S mHz, and by employing the SACV and potential step techniques in the
time domain. All three techniques yield polarization resistances that gener-
ally agree within the level of precision of the experiments. It is important to
note that the scatter in the experimental data does not reflect the precision of
the impedance measuring techniques alone; intrinsic fluctuations in the cor-
rosion rate as a function of time are most likely the principal contributors to
the uncertainty that is apparent in the data.

A typical frequency-dispersion plot of the impedance for the corrosion of
90:10 Cu:Ni in flowing oxygenated seawater is shown in Fig. 20. These data
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FIG. 20—Complex impedance plane plot for 90:10 Cu:Ni alloy in flowing seawater. (The
number next to each point designates frequency in hertz.)
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show that even at the lowest frequency employed (5 mHz) the impedance still
contains a significant reactive component. Extrapolation of Z(jw) to R, +
R, (Point Y, Fig. 20) is made on the basis that the low-frequency data may be
represented satisfactorily by a semicircle centered below the real axis.

The frequency dispersion data shown in Fig. 20 demonstrate that at least
two relaxations are observed in the electrical properties of the interface. The
high-frequency semicircle was found to be centered on or near the real axis
and to be invariant with time. On the other hand, the low-frequency semicir-
cle is centered well below the real axis (Point X, Fig. 20), and the zero-
frequency intercept is found to extend to higher resistance values with time.
The fact that the center of this semicircle lies below the real axis
demonstrates that a simple equivalent circuit of the type shown in Fig. la is
incapable of representing the electrical properties of the interface. Instead,
the data indicate that a transmission-line model for the low-frequency
behavior would be more appropriate [7].
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ABSTRACT: The general features of the a-c impedance at a metal-electrolyte interface
as a function of frequency are depicted, and recently developed measurement techniques
are described. It is established that at low and very low frequencies, down to the
millihertz domain, relaxation phenomena are found in those cases where the assumptions
used in Stern’s derivation are not met. Under such conditions polarization resistance
techniques can hardly be used owing to experimental and theoretical reasons. Charge
transfer resistance, when used instead of polarization resistance in a Stern’s type equa-
tion, is proved to overcome these difficuities on the basis of a theoretical derivation.
Correlation between charge transfer resistance and corrosion rate is illustrated by prac-
tical examples of pure iron and anodized aluminum alloys.
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pedance, frequency response, transfer function analyzer, Faradaic impedance, charge
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The use of a-c techniques for studying metal-electrolyte interfaces at which
corrosion takes place can be traced to the end of the past century. For a long
time, however, these studies were carried out only at acoustic frequencies.
About 15 years ago, they started developing in two quite different directions.
On the one hand, the subacoustic frequencies, down to very low frequencies
in the millihertz range, became accessible to electrode impedance measure-
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ments [1].2 When applied to various interfaces such as iron, nickel, chro-
mium, and titanium in acidic media, very low frequency impedance mea-
surements allow relaxation phenomena to be analyzed. The latter are mainly
concerned with the elementary processes involved in corrosion reactions (ac-
tive dissolution, passivation, inhibition, cathodic reactions, mass transfer,
etc.) [2,3]. On the other hand, the estimation of corrosion rate based on
polarization resistance measurements has been used more and more exten-
sively [4]. In order to achieve more accurate and reproducible values of the
polarization resistance, several authors apply periodic voltage or current
waves to the specimen. Under such conditions, in most cases, the response of
the metal-electrolyte system is far more complicated than that expected for
the single equivalent circuit: polarization resistance—double layer capaci-
tance in parallel.

Nowadays, the study of corrosion mechanisms and the estimation of the
corrosion rate by means of electrochemical techniques tend to be increasingly
connected to each other. The present paper encompasses both approaches of
corrosion using a-c techniques. The usefulness of impedance techniques will
be emphasized in those cases where kinetic effects not considered in the
Stern’s derivation are proved to take part in the corrosion process. Applica-
tions of a-c techniques to corrosion-rate estimation are illustrated by a
number of examples dealing with inhibited and noninhibited iron corrosion
and with the protection against corrosion by organic and inorganic coatings.

A-C Impedance: Definition, Experimental, and Theoretical Aspects

Definition

The impedance can be defined for any physicochemical system that is
characterized by a steady-state current-voltage relationship. Hence for most
of the electrode-electrolyte interfaces (Fig. 1a), V denotes the voltage actually
measured between the working electrode and an arbitrary reference elec-
trode, including the ohmic drop. At every point P(/,,V,), a small amplitude
sine wave perturbation A V(¢) can be superimposed to the voltage [or AI(z) to
the current]. Provided the amplitude of AV or AJ remains small enough to
fulfill the so-called linearization, both AV and AI obey a sinusoidal time-
dependence. At any frequency f, the amplitude ratio |AV|/|AI| = |Z|, and
the phase shift ¢ between AV(¢) and AI(¢) is as defined in Fig. 1b. |Z| and ¢
represent the modulus and the argument of the complex impedance Z(f)
respectively.

AV |A V|e2nir

Z(f)———|Z| ¢‘W Wherej=\/—:_1_ (@9)]

2The italic numbers in brackets refer to the list of references appended to this paper.
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or in terms of its real part Re, and imaginary part, Im,
Z(f) = Re(f) +jIm (f) 2

Except in the case of a purely resistive behavior, Z is frequency dependent.
The variations of Z as a function of f can be plotted in the complex plane (Re,
JIm) under the form of an impedance diagram (Fig. 1¢). In the field of elec-
trochemistry, negative Im values are usually plotted as positive ordinates;
they correspond to the capacitive behaviors commonly encountered in the
early a-c studies performed at acoustic frequencies [5]. In contrast, a-c im-
pedances in the very low frequency range can involve inductances (Im > 0)
or negative resistances (Re < 0) [/-3].

Experimental

The impedance is a function of both frequency and steady-state polariza-
tion point (I, V,) (Fig. 1a). As a rule, the steady-state is controlled by means
of a potentiostat, a galvanostat, or any other regulating device [6]. The fre-
quency is varied. In the early apparatus the circuits used for controlling the
d-c polarization and the a-c signal were isolated by means of electric filters.
During the last 15 years wide band-pass, d-c coupled electronic regulators
have been devised that allow both the d-c and a-c components of the
polarization to be controlled at the same time in a frequency range extending
from zero to some tens of kilohertz [7].

The impedance measurement can be performed by using signals of dif-
ferent profile. Provided their amplitude is small enough, the use of spectral
analysis (Laplace and Fourier transformations) yields the impedance. In
practice such a procedure is used mainly for semiquantitative purposes
[8-11]. Most often the interface impedance is accurately measured
frequency-by-frequency with a sinusoidal polarizing signal. At each fre-
quency either a phase-sensitive detector (lock-in amplifier) or a digital
transfer function analyser (TFA) is used. Both of these devices ensure a very
high noise rejection, and therefore allow low-amplitude measuring signals to
be used even in presence of spurious noises. The frequency range extending
far below one hertz, however, can be covered only by means of TFA, which
was introduced in corrosion studies by our group and has been increasingly
used in the last ten years [7]. The experimental set-up for impedance
measurement based on a digital TFA is shown in Fig. 2.

General Features of the A-C Impedance at the Metal-Electrolyte Interface

A large number of experimental data have shown that the impedance of a
metal-electrolyte interface at each d-c polarization point is frequency depen-
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FIG.1—(a) Steady-state current-voltage curve with superimposed voltage |AV | and current
|Al| small-amplitude perturbations involved in the impedance measurement at the polarization
point P; (b) Current and voltage sine waves given in time-scale with phase shift ¢; and (c) Im-
pedance Z plotted in a complex plane (impedance diagram) by its modulus |Z| and phase shift
&, orreal, Re, and imaginary part, Im. The parameter is the frequency of measuring sine wave f.

dent. The ohmic electrolyte resistance, R,, is reached as the high-frequency
limit (some tens of kilohertz). The low-frequency limit is (R, + R,), R, being
the polarization resistance, that is, the slope dE/dI of the steady-state
current-voltage curve I(E) corrected for ohmic drop. Between these two
limits the frequency dependence of Z, that is, its nonresistive behavior, stems
from the same origin as the change of the current-voltage curve with the
direction and rate of potential sweep under potentiodynamic conditions.
There are two causes: (/) a capacitive contribution due to the electrochemical
double layer, and (2) a so-called faradaic contribution due to the
noninstantaneous change of some surface-state determining parameters (for
example, surface concentrations of reactants, layer thickness and conduc-
tance, surface roughness, etc.) when they are driven by the measuring signal.
For the practical purpose of concern in this paper, one can consider that
capacitive and faradaic effects are additive, so that the general electrical cir-
cuit shown in Fig. 3a is valid.

In some cases of outstanding theoretical relevance the faradaic impedance,
ZF, is frequency independent and is represented by a purely resistive compo-
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FIG. 2—Experimental setup of impedance measurement. Home-made regulation device, R,
shown in a potentiostatic configuration. A; and A, are respectively current and voltage signal
amplifiers, which allow us to substract d-c components. Transfer function analyzer: Solartron
Schlumberger 1174.

nent; the charge transfer resistance R, is therefore equal to R,. The cor-
responding complex impedance diagram is given in Fig. 3b. As will be
established, such a situation is encountered in those cases where the condi-
tions of applicability of the polarization resistance technique [7] are met:
one-step, Tafelian, charge-transfer-controlled anodic and cathodic currents.
In fact, the use of periodic polarizing signals for either evaluating R, or
measuring the impedance has shown that Zg is hardly ever identical to a
single resistance. In most cases, capacitances or selfinductances or both are
reported in a frequency range between some tens of hertz and some
millihertz.

Figure 4a gives as an example an impedance diagram measured for an iron
sample at its free corrosion potential in a sulfuric acid solution. Zg exhibits
two inductances at low frequencies and can be correctly approximated by the
equivalent circuit shown in Fig. 4b. Provided that the time constants R,Cy,
L,/p; and L,/ p; are not too close, the impedance diagram will consist of
three well-resolved semicircles. A number of experiments performed on cor-
roding electrodes have shown the existence of several faradaic time constants
[1,2,9] except during the hydrogen evolution reaction [9,12]. It is worth
noting that faradaic impedance may also arise from the relaxation of space
distributed parameters, in which case no equivalent circuit can be found by
using frequency-independent (R,C,L) components. This can be best il-
lustrated by the well-known diffusion impedance [5].

Data available from impedance measurement include (in addition to R,):
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1. Electrolyte Resistance, R,, of which contribution to the overall im-
pedance, R, included, must be corrected for in every poorly conducting
medium (diluted solutions, natural waters, organic media, etc.).

2. Double-Layer Capacitance, Cy, in the kilohertz range, tentatively cor-
related by some authors to the surface coverage by organic species and to
their inhibiting efficiency [13, 14].

3. Charge Transfer Resistance, R,, and the frequency dependence of the
faradaic impedance related to the reaction path, mass transfer, and elemen-
tary processes involved in the overall corrosion phenomenon. Among the
most extensively studied processes are the inhibiting or passivating effects of
neutral or ionic species originating from either the electrolyte or a preceding
reaction step [2,3,15].

A-C Impedance and the Estimation of Corrosion Rate

Experimental and theoretical studies based on the faradaic impedance
method can be regarded as pertaining predominantly to electrochemical
kinetics problems. However, the matter is also of some relevance to the elec-
trochemical techniques for estimating the corrosion rate.

If Zj is significantly different from R, = R, two questions arise:

1. From the experimental viewpoint, does the evaluation of R, by means
of periodic or time-dependent signals remain possible? Which quantity is ac-
tually measured?

Re = electrolyte resistance - 2= Ry = Rp
£
. R, =R
Cdl = electrochemicatl XE ' P
double layer CE
capacitance >
a
£
- o F f=o
Z, = faradaic impedance g' = —
= Re Real Port Relf)

(a) (b)

FIG. 3—(a) Schematic representation of interface impedance; and (b) The simplest case of (a)
where Zg is identical to the charge transfer resistance, R,, and its impedance diagram.
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FIG. 4—(a) Impedance diagram of a corroding electrode: Holzer-type Fe in deoxygenated
1 M H,S0, (rotating disk electrode: 0.2 cm?, rotation speed 1600 rpm); and (b) Equivalent cir-
cuit describing the impedance of the diagram (a).

2. From the theoretical viewpoint, does R, remain correctly correlated to
the rate of corrosion? Does the impedance give any quantity more relevant
than R, to corrosion rate estimation?

The former point can be fully answered in terms of circuit theory provided
the impedance is known under the form of either equivalent circuit or
tabulated values. The latter one can be dealt with to some extent by consider-
ing a general model for the faradaic impedance along with some practical ap-
plications.

A-C Impedance and Polarization Resistance Measurements by Means of
Periodic Signals

By definition R, must be measured at steady state, in fact, at vanishingly
small frequencies. In practice, sinusoidal [16], triangular [10,11], or square
[17,18] waves are used in a frequency domain between a fraction of hertz and
some tens of hertz. At frequencies above some hertz the impedance lies in the
R, — Cy semicircle of the diagram. The impedance modulus increases as the
frequency decreases, so that a relationship of the Stern type between corro-
sion rate and impedance should be itself frequency dependent [16,19]. Ob-
viously, extrapolating the R, — C semicircle to zero frequency gives R,. Ex-
periments at frequencies far below 1 Hz are most often performed owing to
commercially available ‘‘corrosion-rate meters” using triangular waves. In
this frequency domain the faradaic contribution is determining and usualily
results in a distorted response with respect to that expected from a parallel

R, — Cy circuit. In spite of that, extrapolating to zero sweep rate allows an



EPELBOIN ET AL ON A-C IMPEDANCE MEASUREMENTS 157

estimation of R, in those cases where Z obeys a simple circuit [10,11 ]. Un-
fortunately, the derivation of the response to a triangular wave in terms of
impedance can no longer be handled if Zr is represented by distributed time
constants. This case is commonly encountered for passive surfaces; even
though the impedance diagram is close to a semicircle, a parallel R-C
description of the impedance may provide strongly frequency-dspendent
components (Fig. 5). Therefore a numerical procedure must be used to
deduce the response to a triangular wave from the a-c¢ impedance [20]. For
the case shown in Fig. S, the response to any signal takes so long that R, can
hardly be determined in practice. Estimating R, when Zp undergoes large
changes in the low-frequency domain'is a very difficult task, but in any case
once Z is known every technique used for estimating R, can be rigorously
assessed. From a number of experimental data [16, /9] it can be inferred that
a-c impedance measurements in a medium range of frequency (for example,
between 1 and 100 Hz) are likely to provide a resistance value as relevant as
R, to corrosion-rate studies and even easier to be measured.

Theoretical Background

As mentioned previously the assumptions on which the polarization
resistance technique is based are not met when Zr is frequency dependent.
Particularly, concentration polarization or secondary electrochemical reac-
tions or both must be occurring. With the usual notations, the overall cur-
rent, I, can be considered as the sum of an anodic current, I,, and a
cathodic current, I., corresponding respectively to irreversible reactions of
metal oxidation and electrolyte reduction.

1000 . — . 1000
a KaXorgx C—> u:-L
~ T G 100k - —xotsyaeonmamx 100
£ 400 ® | “ w
IS g w —-—R Y
E N\‘s Q 101 C Q0 <
g ® ] : T 5
< 200 1 & - g
x 0 1L 1 a
P4 " <
2 w &)
QO 0 mHz |, 1 o 1 1 1 1
<zl 0 200 400 600 0001 001 041 1 10 100

REAL PART fle,kQ FREQUENCY , Hz
(a) (b)

FIG. 5—(a) Impedance diagram of a corroding electrode in the passivity: Fe-17Cr-16Ni,
5.5Mo-2.7Cu-0.03C in air opened 1.8 M H,S50, (stationary square electrode: 4.2 cm?) (1) Ex-
perimental (2) Best-fitted half circle; and (b) R-C charge with respect to f when the measured
impedance is assimilated to a parallel R-C circuit. Electrolyte resistance (ca 1) is negligibly
small,
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Is=1,+1, )

If I, and I, are assumed to be potential dependent and able to follow with no
delay any variation of this potential, by differentiating Eq 3 we obtain

As _ L -8y S 1 @)

where E is the electrode potential corrected for ohmic drop.
Moreover, if I, and I obey Tafel laws of slopes b, and b,

2.303
I, =1°,exp 3 E
(3)
2.303
I =1°
c c exp _bc
much as for a true equilibrium potential. The impedance is
1 1 I I
- = — = 2303 |-+ - = 6
ZF Rp [ba bc ] ( )
and at a zero overall current, I, = —I_. = I, the relationship between im-
pedance and corrosion current is
1 b, + b
— = 2303 I —— 7
Rp 3 corr < ba bc ) ( )

In this case polarization resistance is identical to the charge transfer
resistance (Fig. 3), and the faradaic impedance is frequency independent.
Basically, the frequency dependence of Z, can be expressed by assuming that
I, or I, or both are dependent not only on E, but also on one (or several)
parameter which does not instantaneously follow £. For example, if only one
parameter p, is involved in the anodic component

Als 1 Al, Al AL\ Aps
=5 = — = () 4+ (=) + k@8
AE  Zp <AE>H <AE>H <Ap,,> ae @

In contrast with Eq 4, only the first two terms of the right hand side of Eq 8
give a frequency-independent contribution to Zz. The third term is a function
of the dynamic behavior of p, versus E that is time dependent and controlled
by an equation of the general form
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dAp,
dt

= NAp, + wAE &)

if AE and consequently Ap, are subjected to sinusoidal time variation of
small amplitude. Equation 9 gives the frequency behavior of Ap,

2wifAp, = NAp, + pAE (10)
or
Apa(f) _ Ma
AE T 2%mif — A (1)

At high frequencies p, is frozen; that is, it can no longer follow electrode
potential in the way it does at sufficiently low frequencies when the steady-
state is achieved:

st. a

Thus Eq 8 can be split into twc terms:

__1_ + AI(I - /l'a (13)
ZF Rt Apa 2 7r\lf - Aa
Equation 13 accounts for the general features of the frequency dependence of
Zp just stated, namely

Al A 1
+ e (_Ba_) -
" st.

AE R,

fol oL

ZF Rt Apa
According to Eq 11, Zr is frequency dependent at finite-frequency values.
Consequently, exploring a narrow-potential domain around the corrosion
potential does not eliminate, as is sometimes believed, the complications
arising from surface changes with potential. From the viewpoint of the
estimation of the corrosion rate, it is worth considering the derivation given
previously in a number of particular cases. It can be shown that Eq 8 is able
to provide a relationship similar to the Stern’s formula, in which R, is con-
cerned instead of R, [2]]. Obviously, both formulas tend to become identical
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in those cases where the Stern’s derivation is fully valid, so that R, — R,,.
Table 1 gives under different assumptions for the anodic and cathodic reac-
tions the relationships between R, and I, on the one side, R, and I, on the
other side. It is seen that I, can be related to R, through a Stern-type rela-
tion in two cases of interest (partial diffusion control and multistep electron
transfer) where the usual polarization resistance technique will fail. The only
case where R, should be preferably used is for passive electrodes.

Much as for R, the value of the technique is primarily to indicate changes
of corrosion rate with respect to variables in the corrosive environment.
Values of the Tafel slopes were successfully used for the corrosion of iron in
acid media [2]] where both anodic and cathodic reactions took place through
a two-consecutive-step reaction [22]. But most often the Tafel slopes of the
steps that are not rate determining cannot be obtained easily, and a calibra-
tion procedure (based, for instance, on weight loss data) must be used. The
experimental data presented next illustrate the relevance of a-c impedance
measurement to corrosion-rate estimation under various conditions.

Experimental Data

Active Corrosion of Iron in an Aerated 0.5 M Sulfuric Acid (H,50,) Solu-
tion— Anodic and cathodic reactions both occur in two consecutive irrevers-
ible steps. Faradaic impedance measurements provided the values of L 1/b,
and X 1/b/ which are involved in the relation between R, and I, (right-
hand column of Table 1). A good agreement was found between weight-loss
experiments and the absolute value of the corrosion rate deduced from R, for
either a high purity (Johnson-Matthey) iron (0.8 mg cm~2 h™!) or a pure iron
of industrial origin (Holzer type) (2 mg cm—2 h 1) [21].

A correct estimation of the relative changes of corrosion rate is also of
practical interest. Corrosion-rate estimations based on R, R, and C,
measurements were compared to weight-loss data for a Holzer-type iron in
0.5 M H,;S0, as a function of an inhibitor (propargylic alcohol) concentra-
tion. Figure 6a shows the complex impedance diagram at the corrosion
potential for an inhibitor concentration of 2mM. Much as in the case of
uninhibited iron corrosion (Fig. 4a) two inductances are found at low fre-
quencies. They were proved to originate from the potential dependence of the
surface coverages by the inhibiting species (hydrogen or hydrogen bonded
organic compound) at lower frequencies and by the anodic intermediate
species FeOH at higher frequencies [13,23]. Relative corrosion rates with
respect to the unihibited conditions are expressed in terms of the dimen-
sionless inhibiting efficiency

100 (x, — x)
X

H = (15)

o
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where x,, is the corrosion rate in the absence of inhibitor, and x is the corro-
sion rate in the presence of inhibitor. x is either measured directly by weight
loss (H g;,) or calculated from R, or R,,, which are assumed inversely propor-
tional to x. According to Ref 13, Hcy depends on a standardization coeffi-
cient K,

K is chosen so that Hcy = Hyg;, at 0.5 mM of propargylic alcohol.

As shown in Fig. 6b, the values of R, are in agreement with those of H;,
except at very high concentrations when indications become pessimistic. The
values of Hg, can be considered as acceptable, but beyond an inhibitor con-
centration of 2 mM, they predict a negative inhibition, that is, an accelera-
tion of the corrosion, in complete disagreement with direct measurements.
According to the theoretical derivation given previously, this discrepancy is
related to the increasing size of the low-frequency inductive arc as the in-
hibitor concentration is increased, which results in a corresponding dif-
ference between R, and R,.

The values of Hcy show the same type of error as R, at high inhibitor con-
centrations.

Corrosion of Iron Coated with Epoxy Paint—Faradaic impedance
measurements on painted iron (Fig. 7a) show that the metal is corroded in

Cdlo - Cdl

HCq = 100K1< o (16)
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FIG. 6—(a) Impedance diagram of corroding electrode: Holzer-type Fe electrode in air
opened 0.5 M H,SO, + 2 mM propargylic alcohol; and (b) Inhibiting efficiency (see text), with
respect to the inhibitor (propargylic alcohol) concentration, determined by (1) weight loss, (2) R,
measurements, (3) R, measurements and (4) Cy, measurements. Negative inhibiting efficiency
indicates the acceleration of corrosion.
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FIG. 7—(a) Impedance diagram of a corroding electrode. Armco iron (S = 60 cm?) covered
by 40- pm epoxy paint (ICI 5802022). Impedance given for unit surface area. High-frequency arc
(f > 1.5kHz) is due to the presence of paint film itself and the impedance at £ < 1.5 kHz is
similar to the corrosion of naked iron (see Fig. 4); and (b) Estimated corrosion rate by R,
measurement compared to the results of the weight-loss measurement. Iron sheet (Goodfellow)
covered by various thickness of epoxy paint film: parameter is film thickness in pym. 0 cor-
responds to the naked specimen.

the same way as when unprotected, but on a much reduced area, at the place
where the paint layer presents pore-like flaws [24], whereas the isolating part
of the paint layer gives rise to a characteristic capacitive behavior at high fre-
quencies (Fig. 7a).

Consequently, R, is expected to be successfully applied to corrosion-rate
estimation of painted iron. Corrosion rates calculated from R, data were
compared to weight loss for a number of specimens protected with epoxy
paint layers from 0 to 80 um in thickness. Coated thin foils of high-purity
Goodfellow iron were exposed to attack in a 0.5 M H,SO, solution for two to
four days. The rate of corrosion increased continuously during the exposure,
and R, was measured as a function of time. The average calculated corrosion
rate was compared to weight loss at different layer thicknesses. A very good
correlation was found (the thicker the layer, the better the protection) (Fig.
7b). :

Anodized Aluminium Alloys—The resistance against corrosion of
aluminum base alloys protected by an anodic oxide layer is usually evaluated
by a salt-spray test that needs a long time exposure. Alternating-current im-
pedance can constitute a rapid technique with the same degree of reliability
[25]. The anodized sample to be tested is immersed in a 3 percent sodium
chloride (NaCl) solution buffered at pH 4 by a hydrogen chloride (HCI) +
0.02 M sodium acetate solution deoxygenated by nitrogen bubbling. The im-
pedance is measured at its free corrosion potential. Figure 8a shows the im-
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pedance diagram. Two capacitive contributions can be resolved when the
high-frequency behavior is enlarged (Fig. 8b). This shorter time constant
very likely arises from the dielectric property of the oxide layer; a correlation
between corrosion susceptibility and impedance behavior must be reasonably
expected in the low-frequency domain. In fact, a good correlation was found
between the low-frequency resistance R (Fig. 8a) and the exposure time
after which the first pit opened. The impedance technique being nondestruc-
tive, a-c impedance and salt-spray tests can be applied successively to the
same sample so that a highly significant comparison can be performed. No
faradaic model of corrosion is available in the case of aluminum, and R f
can be hardly dealt with in terms of either R, or R,,. Therefore, the value of
the test must be founded on a large number of experiments. Figure 8¢ gives
as an example the selection made among 83 samples from the same batch on
the basis of a-c measurement or salt-spray test. A “yes” to ‘‘no’’ transition at
a threshold value of R;r = 5.5 +MQ can be considered as correctly equivalent
to the occurrence of at least one pit after a 300-h exposure to the spray. A
similar correlation was found between both techniques for different composi-
tions of aluminum alloys and oxidizing baths.

ANODIZED 2024 T4
IN CHROMIC BATH

o
E NUMBER
- OF TESTED
o] SAMPLES 83
-
% T T IMPEDANCE NG YES
a (b) ] ME ASURE- - e

sdl MENT: s 76 7
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< 50k| ! 4
Z 101 SALT 3PRAY 'no | [YES| [ NO ] [XES
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FIG. 8—(a) Impedance diagram of a corroding electrode: 2024-T4 alloy anodized in chromic
bath (S = 50 cm?) in 0.18 M NaCl + 0.0115 M CH; COOH + 0.02 M CH;COONH,. Im-
Ppedance given for a unit surface area; (b) Enlarged diagram in the high-frequency range of the
diagram (a); and (c) Comparison of impedance measurement and salt-spray test. “NO” cor-
responds to the samples correctly protected. The threshold value 5.5 MQ-cm? is empirically
determined.
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Conclusion

The degree of complexity of a corroding process can be evaluated from the
frequency dependence of the impedance over a large frequency domain. In
those cases where the impedance is significantly different from a parallel
resistance-capacitance circuit, the applicability of the resistance polarization
technique is doubtful, and the charge transfer resistance, R;, can be advan-
tageously used instead of R, in a Stern-type equation. This is illustrated by
comparing the corrosion rate deduced from R, measurement to the weight
loss for uninhibited, inhibited, and painted iron. In the case of anodized
aluminum alloys the susceptibility to localized pitting corrosion under a long
exposure to salt-spray can also be evaluated by a rapid test lying on a-c im-
pedance measurements. The technique should deserve a growing interest
with future development of low-cost impedance-based corrosion-rate
meters,3
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ABSTRACT: Theoretical and experimental studies were performed on the impedance
characteristics of corroding metal with the aid of a new a-c corrosion monitor. According
to the theory of impedance of a mixed potential electrode, the subtraction of the imped-
ance at a high frequency from that at a low frequency yields, in most cases, transfer re-
sistance that is readily reduced to the corrosion rate of the electrode (if an appropriate
selection of the two frequencies has been made). By using a superimposed signal of two
a-c voltages of 10 kHz and 0.01 Hz, the a-c corrosion monitor was designed to yield either
transfer resistance or corrosion current on a recorder in logarithmic scale. The monitor
permitted the measurement of the corrosion rate in less-conductive environments, such
as tap water, distilled water, and soil. Initiation of localized corrosion was also detected
in most cases by a sharp increase in corrosion current. The corrosion currents obtained
with the a-c corrosion monitor and by the weight-loss measurement gave a good correla-
tion on various metals under various environments, which cover corrosion rates of 15 to
0.0007 mm/year.

KEY WORDS: electrochemistry, corrosion, corrosion monitor, interfacial impedance,
impedance diagram, local corrosion, pitting

Mixed potential theory introduced by Wagner and Traud [/]? forms the
basis for electrochemical methods used to determine corrosion rate. These
are the Tafel extrapolation, the polarization resistance method [2,3], and
the various nonstationary methods developed recently. Although the mea-
surement can be performed with high accuracy, there are numerous restric-
tions that must be removed before the Tafel extrapolation method can be
successfully used. The disadvantages of the Tafel extrapolation method can
be largely overcome by using the polarization resistance method, and numer-
ous works have been devoted to the application of this method to corrosion
monitoring. However, the refinement of the polarization resistance method
by Oldham and Mansfeld [4,5], Callow et al [6], and Nagayama [7] has not
produced any dramatic improvements on the reliability and feasibility of the
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method as a corrosion monitor. The method encountered great difficulty in
measuring the corrosion rate in less-conductive environments, although the
problem can be avoided to some extent by using the two-electrodes probe [8]
instead of the three-electrodes probe. An ambiguous concept of stationary
measurement and the resultant poor reproducibility necessarily limit the re-
liability of the polarization resistance method. Recently, in order to solve
these problems, various nonstationary electrochemical methods have been
applied to the monitoring of corrosion rate. These are the potential pulse [9],
current pulse [7,10], differential pulse [11], coulostatic pulse [12], and im-
pedance [/3] methods. The impedance method seems to be the most promis-
ing from the viewpoint of automatic corrosion monitoring.

Application of the impedance method to the measurement of corrosion rate
was first made by Epelboin et al [13], and the mathematical analysis of the
impedance of mixed potential electrodes was presented by Haruyama (14].

The purpose of this paper is to establish the impedance characteristics of
corroding metal and to study the performance of the automatic a-c corrosion
monitor designed and constructed based on the impedance method.

Impedance of Metal at Corrosion Potential

Impedance characteristics of metal/solution interface can be represented
by the equivalent circuit shown in Fig. 1, where Ry, Cg, and G/( jw) indi-
cate solution resistance, interfacial capacitance, and faradaic impedance, re-
spectively, w is the angular frequency (w = 2xf, f is frequency), and j =
v/ —1. The total impedance, Z( jw), of the equivalent circuit can be written
as a complex function

Gy(jw)
1 +ijd1Gf( jw)

Z(jw):Rsol+ (1)

The faradaic impedance, G{ jw), in Eq 1 was already solved for various
types of mixed potential systems [14,15].

When both the anodic and cathodic reaction concerned with a mixed po-
tential are controlled by charge transfer, G;( jw) is simply written as

Gf(jw) =RT/ F[(1 — an, + on,] icor = K/icor = Reorr )

where

F = Faraday constant,
a = transfer coefficient,
n = number of charge,
K = a constant,

Icorr = cOrrosion current,
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R orr = charge transfer component of polarization resistance, and
a and ¢ = the partial anodic and cathodic reaction, respectively.

Hence, the cell impedance is given by

R COorT

Z(jo) =Ry +
(Jw) SO|+1+ijlec0"

(©))

The frequency dependency of Eq 3 is schematically shown as Curve 1 in Fig.
1. Although the complex plane plot of interfacial impedance may be rather
popular among electrochemists, it is less convenient for discussing the im-
pedance as a function of frequency. The impedance diagram of Fig. 1 is
made by plotting the phase shift between a-c potential and current, and the
logarithm of the absolute value of impedance against the logarithm of fre-
quency. This plot is similar to the Bode diagram that is commonly used in
the field of automatic control and electronics. The diagram of the absolute
value consists of two impedance arrests on either side of the frequency axis,
and a diagonal straight line with the slope of —1 at intermediate frequencies.
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FIG. 1—FEgquivalent circuit and impedance diagrams of metal/electrolyte interface; (1) trans-

fer control, and (2) Warburg impedance.
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The impedance arrests of high frequencies, R, and of low frequencies, R,
correspond to Ry, and (R, + R ..) respectively. Hence R, is given by

Reor =Ro —Ro ()

Corresponding to the behavior of the absolute value of impedance, the phase
shift between potential and current is reduced to zero on either side of the
frequency axis and may increase up to 90 deg at intermediate frequencies.
The frequencies at the two break points on the absolute value diagram, where
the phase shifts are 45 deg, are written in terms of R o, R, and Cy. Thus

27rfbh =1/RCy, 27rfbl = 1/(Rgot + Reor)Co ()]

where f,# and f,! indicate the break point frequencies with higher and lower
frequency, respectively. It is readily seen by simple calculation of the a-c cir-
cuit that the absolute value of impedance at f,* is 42 percent larger than R ,,
and that at f,/ is 29 percent less than R. Since the change in phase shift is
sensitive to the frequencies, especially in the vicinity of the break point, it is
sometimes easier to determine f,,” and f,/ from the phase shift of 45 deg. The
value of C  can be obtained either from the break point frequency by using
Eq S or from the absolute value of impedance at w = 1, which is extrapolated
from the diagonal line of the diagram. It is well known that a complex plane
representation of Eq 3, the Cole-Cole plot, yields a semicircle. In this plot the
corrosion rate is estimated from the diameter of the semicircle, as has been
pointed out by Epelboin et al {/3] and Haruyama [14].

When the cathodic reaction is controlled by a diffusion-limiting current
at corrosion potential, the cell impedance is also written as Eq 3, whereas
G/(jw) is given by

Gf(jw) =RT/ Faanaicorr =K ,/icorr = Rcorr (6)

In the derivation of Eq 6 it was assumed that the impedance of a process con-
trolled by diffusion-limiting current was infinitely large [/5]. Since this as-
sumption may not be true in the case of a-c polarization, however, it seems
likely that the value of K ' in Eq 6 approaches that of K in Eq 2.

The corrosion rate of metal in passive state is supposed to be controlled
by the rate of dissolution of passive film, without depending on potential.
Therefore the stationary polarization curve of passive metal seems to be sim-
ilar to that found under diffusion control. As has been reported elsewhere,
however, the impedance measurements of iron [/6,/7] and iron oxides
[18,19] in the passive state exhibited an impedance diagram similar to Curve
1 of Fig. 1, although the break point appeared at very low frequency because
of low corrosion rate. The dissolution rate, namely the stationary current in
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passive state, was well estimated from (Ry — R,,) by assuming charge trans-
fer control.

When a-c signal participates to the thickening and thinning of the diffu-
sion layer, then the cell impedance is written as [/4]

Reor + AV — jA/Nw

Z(jw) = Ry + , 7
(o) "1 + jwCu(Reor + A/Vw@) + CuA/Va ()
A = iy /N2Dn, [OIF 7"

where [O] and D, indicate the stationary surface concentration and the dif-
fusion coefficient of oxidant, respectively. The impedance diagram of Eq 7 is
schematically shown as Curve 2 in Fig. 1. The impedance arrest at high fre-
quencies, where the phase shift is zero, corresponds to R,. At low frequen-
cies, however, the impedance diagram exhibits a straight line with the slope
of —0.5, where the phase shift maintains 45 deg. This behavior is character-
istic of the Warburg impedance. In this case R, corresponds to the imped-
ance arrest appearing at the intermediate frequencies where the phase shift is
below 45 deg. The Cole-Cole plot of Eq 7 yields a semicircle at high frequen-
cies and a straight line with the slope of 1 at low frequencies. In this plot the
corrosion rate can be estimated from the diameter of the semicircle [14]. It
was also pointed out by Haruyama [/4], however, that the Warburg imped-
ance of this type occurs only when both the anodic and cathodic reactions are
controlled by diffusion. Therefore, as will be stated later, the Warburg im-
pedance was rarely observed in corrosion systems.

Impedance Diagram of Corroding Iron

Experimental Method

Specimens were cut from a pure iron sheet 0.2 mm thick. After soldering a
copper lead wire, specimens were molded in an epoxy resin, except for a flat
plane of 0.1 cm?2 which served as electrode. The electrodes were then polished
by an emery paper (#1500) until the surface showed a mirror brightness. Two
similar electrodes were placed facing each other with a gap of 0.2 ¢cm in an
electrolytic cell using an electrode holder. The impedance measurements
were made on the two-electrode system.

Sinusoidal voltage of +5 mV was supplied across the two electrodes by a
function generator. The circuit was arranged so that the sinusoidal compo-
nents of both the voltage and current were recorded on a two-channel storage
oscilloscope. The absolute value of impedance was calculated from the ratio
of the stationary amplitudes of voltage and current. The phase shift was read
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directly from the traces of the sinusoidal waves. Measurements were per-
formed in the frequency range between 10 kHz and 0.001 Hz. The error in-
volved in the impedance measurement was +5 percent for phase shift and
+2 percent for absolute value. A similar impedance measurement can be
made on a three-electrode system using a potentiostat [17].

Experimental Results

Examples of the impedance diagrams of iron in acidic solutions are shown
as curve 1, 2 and 3 in Fig. 2. The shapes of all the curves are quite similar to
that of Curve 1 in Fig. 1. Most corroding specimens exhibited this type of im-
pedance diagram. As is shown in Fig. 2, the impedance diagram of iron in
sulfuric acid changes greatly with time. According to Eqs 3 and 4, the de-
crease of Ry with time indicates that the corrosion rate becomes progres-
sively greater. On the other hand, the decrease in the impedance on the di-
agonal line implies that the interfacial capacitance of iron increases with
time; namely, the capacitance of corroding iron increased from 85.5 to 2490
puF/cm? in 70 h. Such an extraordinary large capacitance of iron was also
observed by the coulostatic method [/2] under a similar condition. The ca-
pacitance of iron in hydrochloric acid (HCI) solution was 75.8 uF/cm? re-
gardless of time. The diagram of iron in aerated 0.1 N potassium chloride
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Z/Qecm?

Impedance,

g
A
E) 30 T_ e
A
0 !
0-001 00l (o] | 10 100 Ik 10k

Frequency , f/Hz

FIG. 2—Impedance diagrams of iron in various solutions; (1) 2 N H,SO, (2 h after immer-
sion, (2) 2 N H,SO4 (70 k after immersion), (3) 0.1 N HCI, and (4) 0.1 N KCI.
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(KClI) is shown as Curve 4 in Fig. 2. The diagram exhibits a straight line with
a slope of —0.5 at low frequencies where the phase shift maintains 45 deg.
The behavior is characteristic of the Warburg impedance, as indicated in
Fig. 1. The corrosion rate of iron in neutral solution is usually controlled by a
diffusion-limited cathodic reduction of oxygen, which yields the impedance
diagram similar to Curve 1 in Fig. 1. When the cathodic reduction was poorly
controlled by the diffusion of oxygen, however, the Warburg impedance ap-
peared at low frequencies. Curve 4 in Fig. 2 is one of the few examples in this
study that exhibited the Warburg impedance. In this case the corrosion rate
can be estimated from the impedance arrest at the intermediate frequencies
where the phase shift is below 45 deg.

Figure 3 shows the impedance diagrams of iron in acidic solutions in the
presence of propargyl alcohol. By comparing Fig. 2 to Fig. 3, it can be noted
that the diagram in HCI solution is not substantially affected by the addi-
tion of propargyl alcohol. On the other hand, the diagram in sulfuric acid is
greatly affected by the presence of the inhibitor, especially at low frequen-
cies; namely, the absolute value of impedance decreases with decreasing fre-
quency at the low-frequency region where the phase shift maintains negative

Z /Q-cm?

Impedance,

© /deg

-30 L1 i ! !
000t 00 Ol i 10 100 Ik IOk
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FIG. 3—Impedance diagrams of iron in acidic solutions containing propargyl alcohol 5
mM/L; (1) 12 percent HCI, (2) 2N H,80, (0.5 after immersion), and (3) 2 N H,S04 (18 h after
immersion).
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value. This behavior is characteristic of an inductance that exhibits a neg-
ative loop on the complex plane diagram. This inductive behavior was first
found by Epelboin et al [13] in similar conditions. Although the mechanism
of the inductive behavior is still not elucidated completely, the corrosion rate
seems to correspond to the impedance maximum where the phase shift inter-
sects the horizontal axis. As can be seen in Fig. 3, however, the inductive be-
havior diminished with time and finally faded away, accompanied by the in-
crease in impedance. It should be noted that, among the inhibitors that were
tested, only propargyl alcohol exhibited a distinct inductive behavior {20].

Summary of Impedance Measurements on Corroding Iron

As stated in the preceding section, the general features of the impedance
diagram of corroding iron were well consistent with those expected from the-
ory. Similar impedance measurements have been made on various metals un-
der various environments; results showed that most of the corroding systems
exhibited the impedance diagram corresponding to Curve 1 in Fig. 1. The
Warburg impedance and inductive impedance were rarely observed (as two
exceptional cases throughout the experiments). Although the corrosion rates
were estimated from both the impedance diagram and the weight-loss mea-
surement, the agreement between the two corrosion rates was sometimes
equivocal depending on the conditions. Since impedance measurement over
a wide range of frequencies takes a long time, it is somewhat difficult to iden-
tify when the corrosion rate has been measured. Since the corrosion rate usu-
ally changes with time, it is not reasonable to evaluate the applicability of the
impedance method simply in comparison with the weight-loss measurement.
While the impedance method has the advantage of separating R, from the
total resistance, the measurement is too time consuming to be suited for cor-
rosion monitoring in practice. In order to overcome this disadvantage, an
automatic corrosion monitor has been designed and constructed based on the
impedance method.

Automatic A-C Corrosion Menitor

Design and Function

It has been stated in the preceding sections that the corrosion rate can be
estimated, in most cases, from the difference between R, and R .. Therefore
it should be possible to monitor the corrosion rate of metal only by two fre-
quencies, if the frequencies of two a-c signals were favorably chosen. The au-
tomatic a-c corrosion monitor has been devised on this principle {21].

The following items were considered in designing the monitor:

1. Direct reading and recording of corrosion resistance or corrosion rate.
2. Facility in operation by eliminating any adjustment or calibration.
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3. Toughness against external noise and the possibility of extending a long
lead wire to samples.

4. Feasibility of monitoring the corrosion rates of a number of samples at a
regular time interval.

5. Coverage of a wide range of corrosion rates,

6. Feasibility of monitoring the corrosion rate in less-conductive envi-
ronments.

The selection of the frequencies of the two a-c signals is closely related to
the range of corrosion rate, interfacial capacitance, and electric resistance of
environment that should be covered by the monitor. The relation between
these variables and the impedance diagram is shown in Fig. 4. Since the ab-
solute values of impedance at f,/ and f,* are only 29 percent less and 42 per-
cent larger than Ry and R, respectively, the following discussion on the
selection of the signal frequencies will be made for simplicity on the basis
of the frequencies at break points. The solid diagonal line in Fig. 4 indicates
the impedance diagram of the capacitance of 20 uF. When R, and (R, +
R o) of a corroding metal are 10 © and 10 kQ, respectively, the break points
appear at 0.796 and 796 Hz, respectively (see Eq S). This means that the high
and low frequency of the two a-c signals should be higher than 796 Hz and
less than 0.796 Hz, respectively, in order to measure the corrosion rate of this
system. As can be noted from Fig. 4, f,/ decreases with increasing capaci-
tance or corrosion resistance. On the other hand, f,* increases with decreas-
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FIG. 4—Impedance diagrams of equivalent circuits with various time constants.
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ing capacitance or solution resistance. Compromising these conditions, we
chose a-c signals of 10 kHz and 0.01 Hz for the present general-purpose a-c
corrosion monitor. Consequently, the monitor covers the corrosion resistance
up to 796 kQ at the capacitance of 20 uF and 79.6 kQ at 200 uF. It is also
noted that the frequency of the high-frequency signal can be reduced in usual
applications, since the electric resistance of the environment is usually higher
than that considered in the previous discussion. When a reasonable selection
has been made on the frequencies, there must be no phase shift between volt-
age and current on either of the two signals.

In order to eliminate a circuit with high impedance, the two-electrode
method was adopted in this monitor. Two similar specimens with the same
surface area were placed facing each other, across which a-c signal was ap-
plied. Therefore the monitor measures the series combination of two identi-
cal interfacial impedance in fact. In the case of the d-c polarization resis-
tance method, the two-electrode probe has difficulties when an appreciable
potential difference and net current flow exists between the electrodes. Even
in such circumstances, the a-c method yields an average corrosion rate of the
two electrodes.

The block diagrams of the a-c corrosion monitor and the calculation unit
are shown in Fig. 5. The amplitudes of the two a-c signals were 1.5 mV for 10
kHz and 8.2 mV for 0.01 Hz. The two signals may be applied alternatively to
the electrodes. Since it is desirable to measure the peaks of two a-c currents
at the same time, however, in this monitor the two a-c signals are mixed by
using an adder, and the resultant modulated a-c signal is fed across the two
electrodes. The output impedance of the monitor is on the order of 1072 Q.
The modulated a-c current through the cell is then separated by filter circuits
into the two a-c currents with the original frequencies. The peak values of the
two a-c currents, {, and i;, are written as

in = vy/Rsqy = (V) (8
il = vl/(RsoI + 2Rcorr) = (Vl) (9)
where v, and v, are the peak voltage of the a-c signals of 10 kHz and 0.01 Hz,

respectively. Since i, and ; are converted into voltage signals, they are writ-
ten as V), and V,. Equations 8 and 9 give

k k'V,—V,
VI/VI - Vh/vh = Vl '_T = 2Rcorr (10)
where k and k ' are the constants given by k = v, and k' = v,/v,. The cal-

culation unit shown in Fig. 5b is designed to yield voltage V,, equivalent to
the logarithm of Eq 10. Thus

— Vour = logl(k 'V, — V))/ V,,] — log(V/k) = 10g(2R core) (11)
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Referring to Eqs 2 and 6, we readily see that V., is proportional to log io-
Thus

Vout = 10g icorr — 10g(2K) (12)

Therefore the monitor permits us to indicate i, directly on the recorder if
reasonable K -value is given. The monitor is equipped with a switching unit,
so that it yields the corrosion rates of several specimens consecutively at reg-
ular time intervals.

Two types of corrosion monitors, each with a different calculation unit,
were designed and constructed. In the analog calculation type (shown in Fig.
Sb), the calculation of Eq 11 is made by analog signal throughout. In the dig-
ital type, the performance and feasibility of the monitor were extended by
using a microprocessor. Since the digital calculation unit is synchronized to
the switching unit, the time sequence of the corrosion rate of each specimen
is memorized and printed out separately. Moreover, it is possible to set a

(a)
!—— display switch l
I control unit
i high-pasd [ peak |
I osC || filter hold :
| [1OkHz 1 mixer current calculation| _$
‘ buffer amp unit '
| [osc __r low-pass|_| Peak |
| 00l Hz filter hold |
i trigger | i
(b)
M RV -V -log (RY-V)/ Vi,
Vh log amp
K Jvh
Vv
Vi 'OQL
o log amp k(Rv-vi)

ko ] log Vi 7k =K'+ l0gicor

FIG. 5—Block diagram of a-c corrosion monitor; (a) overall diagram, and (b) calculation unit.
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program that yields the time integration of corrosion rate, namely, the total
amount of corrosion.

The output voltage of the corrosion monitor was calibrated using a dummy
circuit (Fig. 6). We see that V, is inversely proportional to the logarithm
of R, over four decades. With increasing R, however, the error of subtrac-
tion in the calculation unit increased and the linear region of Fig. 6 was de-
pressed. Generally speaking, the a-c corrosion monitor should be used under
the condition R .o,,/R ¢, = 0.1. For corrosion monitoring in a less-conductive
environment, the digital-type monitor is programmed to increase the voltages
of the a-c signals automatically by ten times in order to compensate the ohmic
loss in the environment. The restriction on the R /R, ratio can be also
overcome in practice by decreasing both the surface area and the gap of two
electrodes. Since the corrosion rate in a less-conductive environment is usu-
ally low, however, the restriction may not be so serious a problem in appli-
cation.

The value of K in Eq 12 was determined by comparing the time average of
R corr with the average corrosion current obtained from the weight-loss mea-
surement by using the least-squares method over 93 data under various con-
ditions to be stated later. The following data on corrosion-current density will
be given by using the K -value of 0.0209 V thus determined.

This two-frequency method can be also applied to a three-electrode system
(the working, the counter, and the reference electrode) by using a potentio-
stat, although many difficulties may arise in instrumentation (mainly from
the frequency-response, stability, and noise of the potentiostat).

T T | 1
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20 1

i Vou™ K™= log R,

Sy of -
-20F 33uF —
_4.0 - Rc —

] | | 1 1
10 100 Ik 10k 100k
R./Q

FIG. 6—Performance diagram of a-c corrosion monitor on dummy circuit.
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Experimental Method

The surface area of specimen was 2 cm? in most cases. The experiments
were made on the various combinations of metals and environments summa-
rized in Table 1. The corrosion rate of a pair of specimens was monitored in
a cylinder-type cell of 200 mL at 25 + 0.2°C. The total weight of the pair of
specimens was measured before and after the experiment, and the average
corrosion rate was calculated. The present monitor can connect ten sets of
samples and be reset at any point. Since the sampling time of corrosion mon-
itoring on each set of specimen was chosen as 12 min, one cycle of measure-
ment over 10 sets of specimens took 2 h; the cycle was repeated continuously
until the monitor was reset.

Experimental Results

The traces of data on the recording chart of the a-c corrosion monitor on
the corrosion of iron and 304 stainless steel in aerated various solutions are
shown in Fig. 7. The vertical axis represents the output voltage of the mon-
itor V,,, which corresponds to either —log R, or log 7.y, as is noted in
Eq 11 or 12. The diagram covers a wide range of corrosion current from 1
mA/cm? to 0.05 pA/cm? in logarithmic scale. Since stainless steel was pas-
sive in aerated 1 N sulfuric acid (H,50,), the corrosion current was on the
order of 0.01 uA/cm?, which was close to the lower limit of application of the
monitor. Since the specific resistivity of aerated distilled water ( > 660 kQ2) ex-
ceeded the limit of application of the monitor, the measurement was made on
the specimens with gap of 0.1 cm where the net solution resistance was below
60 kQ. The corrosion rate of iron in aerated tap water or distilled water ex-
hibited an irregular fluctuation due to the fall of a brown corrosion product
from the metal surface. A more vigorous vibration in corrosion current was
observed on iron in aerated sodium chloride (NaCl) solution [15]. When the
solution was bubbled by nitrosen gas, however, the vibration stopped, ac-
companied by the decrease in corrosion current.

The corrosion rate of iron in 1 N H,SO, with the presence of propargyl al-
cohol exhibited a maximum rate at initial periods and then decreased with
time. The final corrosion rate was about 1/100 of that in the absence of the
inhibitor. This behavior is consistent with that of the impedance measure-
ments shown in Fig. 3.

The monitor also permits us to detect the initiation of localized corrosion
by a sharp increase in corrosion current [22]. It was established that, even
when localized corrosion occurred, the net corrosion rate was well estimated
by the monitor. Examples of pitting corrosion of 304 stainless steel are shown
in Fig. 8. Specimens were passivated in advance in 30 percent hydrogen ni-
trate (HNO3) solution at 50°C for 30 min, and then the experiments were
made in NaCl solution containing potassium ferricyanide [K3Fe(CN),]. The
initiation of pits is easily recognized by the sharp increase in corrosion cur-
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FIG. 7—Traces of data obtained with a-c corrosion monitor on iron and SUS 304 stainless
steel in various solutions.
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FIG. 8—Change in corrosion current of SUS 304 stainless steel by pitting. Solution, 0.25 N

rent in Fig. 8, although the induction period for pitting scatters evenly on the
same material under the same condition. It must be noted in Fig. 8 that the
larger the corrosion rate before the pit initiation, the shorter the induction
periods. This fact seems to indicate that the induction period is related to the
probability of the breakdown of passivity followed by repassivation.
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Experiments were also made on the crevice corrosion of stainless steel [22].
In these experiments a pair of sample sheets was fixed by bolts and nuts of
acryl resin together with a filter paper of 4 by 2 cm? as a spacer that func-
tioned as an artificial crevice. The experiments were conducted in NaCl so-
lution containing hydrogen peroxide (H,0,). The occurrence of crevice cor-
rosion was recognized by gradual increases in the corrosion current of the
specimen, which were otherwise passive.

In addition to the aforementioned experiments, the monitoring of corro-
sion rate was made on various metals under various environments, such as
sea water, running water, wet sand, partial immersion, etc. All the experi-
mental conditions hitherto tested and the average corrosion current densities
obtained by the a-c corrosion monitor and the weight-loss measurement are
summarized in Table 1. The data in Table 1 are listed in decreasing order of
corrosion rate under the categories of uniform and localized corrosion.

Conclusion

The average corrosion current densities obtained with the a-¢ monitor are
plotted against those with the weight-loss measurement on a logarithmic scale
in Fig. 9. (Although the points are not specified in Fig. 9, their data can be
easily found in Table 1.) It is readily seen that the data are in fair agreement
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FIG. 9—Correlation between corrosion currents obtained with a-c corrosion monitor and with
weight-loss measurement; © uniform corrosion, and & local corrosion.
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with either Eq 2 or 12 over five decades of corrosion current. The K value
of 0.0209 V used in the previous section has been determined by the least-
squares method from the regression line of —log R .,» ~ log i%,;, diagram of
all the data in Table 1 (i%,, is the corrosion current estimated from weight-
loss measurement). Thus

—10g Roge = 1.68¢ + log i%,, (13)

where the standard deviation ¢ was 0.211,. Since the data covered a wide
range of corrosion rates on various metals in various environments, the stan-
dard deviation is a little large. It must be also noted that the weight-loss mea-
surement may contain a fairly large margin of error, especially in case of lo-
calized corrosion. When the data on localized corrosion were excluded from
the plot, the standard deviation decreased up to 0.191,. This situation will be
further improved with the accumulation of data. Under a fixed condition of
metal and environment, the error can be reduced below 30 percent by adopt-
ing a suitable K-value. At present the K -value of the monitor is adjusted to
0.0209, so that the corrosion current can be read directly on the recorder with
practically permissible error. The K -value is also consistent with those relat-
ing to the d-c polarization resistance method.

When the Warburg impedance participates, the corrosion rate can be mea-
sured by adjusting the low-frequency signal to the frequency where the im-
pedance arrest appears and lowering the phase shift below 45 deg (see Fig.
1). This adjustment is easily made by the observation of phase shift using a
two-pen recorder or a two-channel oscilloscope.

Thus the a-c corrosion monitor permits us to measure the corrosion rate in
the range of 200 k2 to 10 2, which corresponds to the corrosion rate of iron
between 0.0007 and 15 mm/year. It must be noted that the monitor gives the
net corrosion rate of specimen regardless of either uniform or localized corro-
sion. The initiation of localized corrosion was detected in most cases by a
sharp increase in corrosion current. Since the electric resistance of environ-
ment is subtracted from the indication automatically, the a-c corrosion mon-
itor is able to measure the corrosion rate in a less-conductive environment,
such as distilled water or soil.
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ABSTRACT: Alternating-current impedance techniques were applied to organic
coatings on mild steel in dilute sodium chloride solutions. The coatings used and the
thicknesses employed were chosen to be typical of those systems frequently used for total
immersion in marine conditions. A transfer function analyzer was used with high-
impedance interfaces, and information was obtained concerning the impedance behavior
of these coatings at frequencies that had previously been impossible. Equivalent circuit
models analyzed the data obtained, and an assessment of the behavior of these coatings
was made in the light of the analysis.
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The electrochemical nature of corrosion processes of uncoated metals in
aqueous environments was first demonstrated graphically by Evans [/]2.
Mayne pursued this line of investigation and demonstrated that corrosion
processes occurring under organic coatings were also electrochemical in
nature [2,3]. It follows that an assessment of the anticorrosive ability of an
organic coating might be made on the basis of electrochemcial measure-
ments, and a body of data has accumulated whereby various electrical
parameters have been highlighted as being important when considering an
anticorrosive paint coating. The subject has been summarized in a review by
Wolstenholme [4] and more recently by Leidheiser [5].

The important parameter has been thought by many to be the coating
ionic resistance measured under direct-current conditions [6,7]. However,
Mikhailovskii pointed up [8] that in many instances the d-c resistance may
not necessarily be a true measure of the anticorrosive ability of a paint, and

ICotrosion and Protection Centre, University of Manchester Institute of Science and
Technology, Manchester, England.
2The jtalic numbers in brackets refer to the list of references appended to this paper.
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that many coatings are found whose d-c resistance is low but which have a
good anticorrosive ability. He suggested that a more meaningful term was
that of a resistance related to a retardation of the electrochemical processes
occurring at the coating metal interface. This concept is analogous to the
term ‘“‘polarization resistance” as used by Stern and Geary [9).

The application of polarization resistance techniques to coated metal
substrates was attempted by many workers [10-12] with variable success.
The major deficiencies of their approaches have been recently considered
[13], and this paper is an attempt to extend this work by taking into account
these deficiencies. The systems under investigation have been chosen to be
typical of paint coatings used under immersed conditions, namely
chlorinated rubber and coal tar epoxy. The solution is not untypical of
marine environments, and the coating thicknesses used are frequently
specified for single-coat systems.

Experimental

Materials

Mild steel plate was prepared as electrodes of 20 by 30 mm and were pick-
led prior to coating. The precise steel composition and the pickling tech-
niques have been given elsewhere [13].

The coal tar epoxy was supplied by W. and J. Leigh and Co. (Epigrip
L.611), and was mixed in accordance with the manufacturer’s instructions.
The second coating material studied was a plasticized chlorinated rubber lac-
quer; the precise details of this coating have been given elsewhere [13].

The test solution was 3 percent weight/weight sodium chloride in distilled
water that was fully aerated both before and during the course of each experi-
ment. A platinum electrode of 3200 mm? was used as the counter electrode in
a two-electrode system; the other electrode was the coated mild steel.

Preparation

Specimens were painted by a dip process in a dust-free atmosphere at am-
bient temperatures. The evenness of coating was controlled by withdrawing
the samples from the paint at a constant rate. Specimens were allowed to dry
in a ventilated dust-free atmosphere for 48 h and for a further two days in an
air-circulating oven at 323 K. Further chemical changes in the film due to
solvent evaporation or chemical curing were therefore deemed insignificant
during the test period. Specimen thickness (measured by using a Minitector
150 thickness gage by Elcometer) was 60 = S pym.

Short pieces of glass tube were used as insulating sleeves for the mild steel
rods connected to the specimens. The sleeves were secured using epoxy resin.
The specimens were then masked with either paraffin wax or epoxy resin to



SCANTLEBURY ET AL ON IMPEDANCE MEASUREMENTS ON STEEL 189

exclude edge effects and to expose an area of 1 cm? for testing. Preliminary
experiments had established an inverse relationship between impedance and
specimen area.

Test Method

In order to provide a signal to the test electrode a transfer function
analyzer (TFA) by Schlumberger (Solartron 1172) was utilized. This ap-
paratus provides a rapid and accurate means of monitoring the frequency
response of the system to various signals, and consists of a programmable
generator that provides the stimulating signal, a correlator that analyzes the
system response, and a display that presents the results in a digital format.
The generator supplies an output signal of known amplitude and frequency,
which for the purpose of this work was in the form of a sine wave A sin wt.
Automatic frequency scanning was employed in the frequency range of 104 to
10~* Hz at a signal amplitude of 20-mV root mean square (rms). The
response of the system was in the form B sin (wt + ¢). Previous experiments
at 10, 20, and 100 mV rms showed no significant differences in response. In
addition to the fundamental term, harmonics due to the nonlinearities of the
system random noise would also be present in the output. The response of the
system was analyzed by a correlation process, and B and ¢ were determined.
This technique has the advantage of rejecting all harmonics and minimizing
the effects of random noise. In the simplest case, monitoring of the response
of a cell to a low-amplitude sinusoidal perturbation may be achieved by
utilizing a cell configuration (Fig. 1). The TFA measures the ratio of V,/V,
and the phase shift ¢. The cell impedance is calculated as

\£

provided R is chosen so that 102 > V,/V, > 1072 otherwise errors become
more pronounced.

When the cell impedance is high, the TFA input impedance becomes im-
portant and the simple circuit shown in Fig. 1 becomes unreliable. It then
becomes necessary to provide an interface between the TFA; those chosen for
the purposes of this study were based on operational amplifiers either con-
structed from field effect transistor (FET) input operational amplifiers or in
the form of commercially available potentiostats.

As has been stated previously, a two-electrode system was used (the inter-
facial circuitry is given in Fig. 2). The two-electrode cell should ideally con-
sist of two identical electrodes, but when dealing with organic coatings this is
a practical impossibility because of their inherent variability. Consequently,
a platinum counter electrode was used that did not contribute an appreciable
impedance to the total impedance. When there was no measurable galvanic
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action between the working and counter electrode, a J. Fet operational
amplifier was used. Where galvanic action did occur, a potentiostat (Thomp-
son 251 ministat) was used because of its capacity for d-c offset and its
absence of phase shift at the frequencies investigated.

The data obtained from the TFA (namely, V,/V,, phase angle, and fre-
quency) were transferred via a data transfer unit (Schlumberger Solartron
DTU3217) to a teletypewriter and stored on paper tape. A computer (PDP
11/10 by Digital Equipment Corporation) together with an AR-11 interface
was used to analyze the experimental data from which variables could be
chosen and subsequently plotted in an X-Y plane in a 700 X 1000 point
matrix. This was fed into an oscilloscope and an X-Y recorder. This whole
unit facility, including the computer program, has been described elsewhere
[14].

The coated samples described previously were immersed in the aerated test
solution; the frequency response of the system was monitored over periods of
up to 200 days. The derived information was obtained in the form of complex
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impedance plots (Z’ versus Z"), typical examples of which are presented
later. Data extracted from these and other plots are also presented in tabular
form.

It was considered necessary and interesting to investigate the effect of a
small discontinuity in the coating to simulate a typical paint holiday. A coal
tar epoxy coating was deliberately damaged with a sharp point to introduce a
defect of 1 mm diameter. These data will also be given later.

Results and Discussion

Figure 3 shows the complex impedance data for the chlorinated rubber
system after four days immersion in the aerated solution. The behavior in-
dicates that the response of the system is purely capacitive with the
equivalent circuit consisting of a capacitor and resistor in series. The values
for the resistor and capacitor that can be determined from the data are given
by 1.4 X 10° @-mm?2 and 1.95 pF ‘mm —2, respectively. This result is what
would be expected if the coating were acting purely as a dielectric barrier.
Figure 3 also shows the impedance behavior of the same specimen at seven,
eight, and sixteen days immersion. Here the response of the coating is
significantly altered from that at four days. The intercept of the curves with
the Z-axis is unaltered, 1.4 X 105 Q-mm?, but instead of continuing verti-

Q 4 days immersion
. !ﬁ" © 7 days immersion
Z )(IO2 & 8 days immersion
amm 0 10 days immersion

& )

] 13 H
P I - A
Zx10 amm

FIG. 3—Impedance data for chlorinated rubber on mild steel.
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cally upwards in a purely capacitive manner the response curves are
semicircles with the centers of the semicircles lying along the Z "-axis. Similar
behavior has been noted before in corrosion studies, initially by Randles [15]
and subsequently by many other workers, and has been discussed in terms of
the equivalent circuit given in Fig. 4. For a freely corroding metal under ac-
tivation control, R has been shown to be the solution resistance, R, is the
charge transfer resistance, and c is the double-layer capacity. Furthermore,
R, has been shown to be related to the corrosion current via the Stern-Geary
equation {16].

With an organic coating the equivalent circuit mentioned previously ap-
pears to fit the results perfectly, but in view of the values presented Table 1 a
different interpretation must now be placed on the three terms in the circuit.

The values presented in Table 1 have been calculated from Fig. 3 and
similar plots. Clearly the values for R now no longer represent a solution
resistance of less than 104 ohm Q-mm?, and R Q now has values in excess of
10° Q-mm?2. C, the double-layer capacitance, has changed from 0.3 uF
mm ~2 to approximately 2.00 pF -mm 2. The value for R @ implies that there
is an ohmic drop occurring in the film as well as in the solution. If we assume
the capacitance of the film to be related to its water absorption {17], then the
aforementioned data would suggest that the water absorption of the film did
not change during the time of immersion. This is in accordance with the con-

Rn

AAA

Re

FIG. 4—Simple equivalent circuit.

TABLE 1—Chlorinated rubber.

Immersion
Time, days RQ, @ -mm? RO, £ -mm? C,pF *mm~2
2 1.4 X 10° 1.98
4 1.4 X 10° 2.01°
7 1.4 X 10® 2.1 X 108 2.16
8 1.4 X 10° 1.8 X 108 2.00
9 1.4 X 10° 6.8 X 107 2.33
10 1.4 X 10° 5.5 X 107 2.22
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cept of the ‘“fast change” as proposed by Mayne [7] whereby changes in water
absorption of a coating took place within the first hour of immersion.

The magnitude of Ry and its change with time is an interesting
phenomenon and is worthy of some comment. As has been already stated, R,
in a corroding, film-free situation represents the resistance at the metal inter-
face to charge transfer. It is interesting at this stage to speculate whether a
similar meaning can be given to R y as measured under an organic coating. In
this case the relatively high values of R, at least initially (2.1 X 108 @ -mm?),
imply a very slow charge transfer process occurring across the film. Indeed,
during the first few days no corrosion was observed through the transparent
chlorinated rubber film. After ten days immersion the values for Ry had
fallen an order of magnitude, and at the same time small areas of corrosion
could be observed as black spots under the film. It is our contention that the
value of Ry on a coated substrate is related to corrosion processes under the
film, and a knowledge of the former could be a useful indication of the latter.
In our investigation the onset of observable corrosion and the decrease in Ry
occurred at the same time. This final value, although obtained by a different
method, lends credence to the criteria suggested by Bacon et al for bad
coatings [6). Figure 5, which is totally different from Fig. 3 is the impedance
behavior of the same chlorinated rubber coating after three months immer-
sion. The corrosion of the specimen was well established, and its nature con-
sisted of orange-yellow material loosely bound to the outer surface of the
coating surface and black material underneath. Furthermore, the solution
was contaminated with an orange gel suspension. The intercept of the im-
pedance curve with the real axis is now 2.4 X 103 @ -mm?. This would imply
a smaller ohmic drop in the film, which would hardly be surprising since the

Z"x105ﬂ-mm1

0.34 Hz
/

o\o

0 ——

0 1 2 3 4 5 & 7 8 9 Zx10®amm’

FIG. 5—Impedance data for chiorinated rubber on mild steel (coating failed).



194 ELECTROCHEMICAL CORROSION TESTING

film is on the point of rupture and may well be penetrated by pores. The
overall shape of the impedance curve is also totally different, being more akin
to the diffusion layer model first proposed by Sluyters and developed by Arm-
strong, where the infinite diffusion layer was replaced by a finite one [18].
Figure 6 is a series of impedance plots for a coal tar epoxy coating varying
from a 20-minute immersion to a 194-days immersion. Table 2 shows the
data extracted from these and similar plots for RQ, Ry, and C. The behavior
up to 60 days is similar to the chlorinated rubber system where the behavior
can be explained simply by using the original Randles circuit. The values for
R are of the same order of magnitude. The values for R, are now varying
between S X 108 and 10 X 108 @-mm2. Within the first 60 days no corrosion
of the substrate and no clouding of the solution were noted, which added

", 8
Zx‘l?n.{zl o 1 day
m A 6 days
6 | ¢ 13days
0 29days
5 3 A 164 days
w 194 days
4
3
2y %
1
0

.8
2'x10°0 mm *

FIG. 6—Impedance data for coal tar epoxy on mild steel.

TABLE 2—Coal tar epoxy.

Immersion

Time, days RQ, Q-mm? RO, @ -mm? C,pF -mm 2
1 1 X 10° 10° 1.20
6 1 X 10° 10° 1.25
13 1 X 10° 1.8 x 10° 1.30
29 1 X 10° 8.6 X 10° 1.50
164 1 x 100 7.0 X 108 1.87
194 1 x 10° 5.1 x 10% 2.02
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credence to the suggestion that R, is a measure of the electrochemical pro-
cesses taking place at the interface.

After 60 days and especially at 194 days the impedance begin to show cer-
tain changes from those observed previously. At low frequencies there is a
linear region of positive slope. This behavior has been analyzed by other
workers and has been explained by postulating an extra impedance term in
the Randles equivalent circuit entitled the Warburg impedance [/7]. Figure
7 illustrates the equivalent circuit. This behavior has been suggested by some
to be associated with diffusion processes, but the direct relationship between
the low-frequency data presented in Fig. 6 and the physical processes taking
place through the coating still requires further clarification. It is interesting
to note that even after 194 days of immersion the coal tar epoxy coating was
still not showing any visible signs of corrosion and breakdown.

Figures 8 and 9 demonstrate the effect of rapidly exposing a small area of
bare steel on the impedance behavior. The purpose of this experiment was to
simulate a coating in service that received damage in the form of a scratch.
Figure 8 shows the impedance data after 20 min of inflicting the damage;
Fig. 9 is some 18 h later. The electrode response is clearly completely dif-
ferent from that of the intact coating in two respects. Firstly, the high-
frequency intercept on the real axis, the R term, is now much lower, and
probably represents the solution resistance in the pore. Secondly, the im-
pedance plots are no longer of a simple shape, and they change within the 18
h between Figs. 8 and 9. The full analysis of these data has not yet been at-
tempted, but a possible explanation of both the shapes and changes in Figs.
8 and 9 is that two distinct processes are apparently occurring. One is a time-
dependent process given by the high-frequency arc due to corrosion processes
at the base of the pinhole, and the other is given by a low-frequency arc most
probably associated with a mass transfer process down the pore.

In summary, this paper has attempted to demonstrate the following:

1. Using sinusoidal low-voltage frequency scanning techniques with
suitable interfacing, data may be obtained from typical organic coatings on
mild steel applied at typical thicknesses.

2. The data in the chlorinated rubber system may be analyzed in terms of

Ra _—‘{c
— NNV —
AN

Re

FIG. 7—Equivalent circuit showing Warburg impedance.
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FIG. 8—Pin-holed coal tar epoxy (20 min).
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FIG. 9—Pin-holed coal tar epoxy (3 h).

a Randles equivalent circuit where R, seems to provide an estimate of the
film integrity and protective capacity.

3. The coal tar epoxy shows similar behavior to the chlorinated rubber,
with the exception that after a long time of immersion diffusion parameters
are present.

4. Pin-holing processes have been considered, and impedance data have
been produced from such a system.
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ABSTRACT: The faradaic impedance of a rotating copper disk has been investigated in
oxygenated acid sofutions. The impedance measurement system is based on a digital ac-
quisition and analysis of multiple frequency signals. The frequency range investigated
was 0.1 to 500 Hz. In sulfuric acid the corrosion involves the peroxide intermediate whose
transport behavior strongly influences the impedance results. Peroxide is not important
in hydrochloric acid, but the transport of cuprous ions determines the impedance
behavior. Measurements at frequencies higher than about 400 Hz in sulfuric acid show a
strong frequency dispersion of the capacitance due to a nonuniform current distribution.

KEY WORDS: impedance, copper corrosion, sulfuric acid, hydrochloric acid, digital
signal analysis

Digital signal analysis has become widely used in a routine way in many
different fields in recent years. Seismology, electrical circuitry analysis,
vibration analysis of machinery, spectroscopy, and impedance measurements
for electroanalytical applications are a few of these applications. Part of the
interest has been caused by the increasing availability and reliability of
digital equipment, both for performing analog-to-digital data conversion and
for data reduction, analysis, and digital filtering. The most important single
contribution to this field was the development of an efficient algorithm for
performing a Fourier transform on the discrete, digitized data. This
algorithm is usually called the Fast Fourier Transform (FFT), and has been
widely adapted and used with minicomputers and, more recently, microcom-
puters. This paper will discuss the application of these techniques in per-
forming digital faradaic impedance measurements (DFIM) on copper cotro-
sion in acidic environments. The purpose is to describe the details of the
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measurement technique and to illustrate some of the advantages that make it
particularly appropriate for corrosion applications.

The measurement techniques described here are closely related to those of
Smith and co-workers [/-7]2, who have developed a very elegant system for
electroanalytical measurements. Many of the ideas are very similar to those
developed for corrosion measurements by the Epelboin group [8-10].

The elements of digital signal analysis are well established, and one may
consult such excellent references as the book by Stearns [71] for details. As a
summary, time-domain data is converted to frequency-domain data by a
discrete Fourier transform (for example, by the FFT algorithm). A close
analogy exists between a Fourier series analysis of an arbitrary time-domain
signal and a discrete Fourier transform of such a signal. One approximates a
complex spectrum as the superposition of a number of sinusoidal signals of
known frequency and amplitude. This is mathematically expressed by a
finite Fourier series

K
f (t) = kzz_K Ck eikwol (1)

where the components of the computed series occur only at multiples or har-
monics of the fundamental frequency w,. If one has N-samples f,(z) of the
periodic function f(¢) at time ¢,,, the coefficients of the discrete Fourier series
are

1 N—1 .
= —_— 3 —ikwoly
Ck N Hgo.’n(t)e (2)
The Discrete Fourier Transform (DFT) of the sampled periodic function is,
in similar notation, for a component of the frequency spectrum

N—1
F"m — 2_:0 fn(t) e ~iQ2mmn/N) (3)
where the frequency is
2am _
w="~"— m=01...N—1 4)

NT

and N and T are the number of samples and the time between samples,
respectively. The fundamental frequency of the computed spectrum is

- 2T
NT

2The italic numbers in brackets refer to the list of references appended to this paper.

Wo
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and the other frequency components are harmonics of this basic or fun-
damental frequency.

The DFT is an accurate representation of the wave form, given the number
of samples, with two important restrictions. The most important is that the
sampling rate of the measurement system must be greater than twice as fast
as the highest frequency component of the signal. This prevents ‘‘aliasing”
(compare Ref 11). The other restriction relates to periodicity; that is, the
DFT assumes that the sampled waveform is periodic in the sampling period.
If it is not, *“leakage” occurs (compare Ref 11). One may conclude that the
information on all the higher frequencies in the spectrum is obtained at the
same time that the lowest frequency is sampled.

The analysis can be performed on both input and output of a system (for
example, electrical circuit), and the transfer function may be determined as
the ratio, input/output, at each frequency of the spectrum. The impedance
transfer function

voltage (w) = Z(w)

current (w)

is a function of frequency and is determined at each frequency by the
aforementioned relationship. This very general relationship for linear
systems is the basis for the measurement technique to be described here.
Multiple simultaneous frequencies may be used as the excitation signal.
Smith and co-workers have investigated several useful waveforms (1,2,7],
among which is the ‘‘white noise”” spectrum used in the present investigation.
Gabrielli et al [9, 10] have also used several multiple frequency spectra for im-
pedance measurements on corrosion systems. The ‘““‘white’” spectra should be
used whenever possible because they have a flat power spectrum that ensures
a constant signal/noise ratio at all the frequencies used. (Here noise is used
to denote unwanted stray signals.) The signal used in this investigation was a
Gaussian white spectrum, such as is shown in Fig. 1. The measured power
spectrum is shown in Fig. 2; it indicates that the signal/noise ratio is main-
tained out to some frequency w., the cutoff frequency. This represents the
maximum frequency that may be utilized for the best performance. The units
are arbitrary in Figs. 1 and 2, since the relative magnitude is the important
quantity. The voltage spectra applied in these tests were 5 to 7 mV peak to
peak, and had much the same form in the three bandwidths used (0.1 to 5
Hz, 1 to 50 Hz, and 10 to 500 Hz; see Results and Discussion). The power at
the cutoff frequency (Fig. 2) is lower than the flat power by about S0 percent;
this has obvious implications for the signal-to-noise ratio at the higher fre-
quencies. Another spectrum, advocated by Smith {7] and also used by de
Levie et al [12], is the odd anharmonic white spectrum that covers a wide and
arbitrary frequency range. This prevents measurement error due to nonlinear
behavior of the electrochemical system, which may be observed with large ex-
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citation signals, at even harmonics of the spectrum. Other spectra may be
used, but this illustrates that multiple frequencies are of particular interest
here. It also suggests that this approach is both powerful and very flexible in
the range of measurements that may be pursued.

At this point a brief aside is in order. The digital technique to be described
gives the impedance of an electrochemical system as a function of excitation
frequency. In this regard the technique is in all respects similar to older a-c
impedance bridge methods that have been used with success in electro-
chemistry and less frequently in corrosion. One measures the frequency
dependence in a bridge technique at each separate frequency in succession.
This provides very accurate and reproducible results, provided there is no
drift of the system behavior with time. The same information is provided by
the Digital Faradaic Impedance Technique (DFIM), but with an important
improvement. The digital technique may measure the frequency dependence
at a large number of frequencies in the same time that only the lowest fre-
quency would be measured with single-frequency excitation. In additon, suc-
cessive multiple runs may be made with DFIM to improve accuracy and
reliability. Any drift of the system behavior may be followed and studied with
the digital technique to provide details of transient phenomena. This can be
extremely important in corrosion systems where multiple simultaneous re-
actions cause complex, time dependent behavior of the metal-electrolyte in-
terface.

For the present paper, measurements were made on copper corroding in
oxygenated acidic solutions. This system was chosen because there would be
no hydrogen evolution interference, no films (either oxide or acid anion), and
no hydroxide adsorption. Sulfuric acid (H,SO,) and hydrochloric acid (HCI)
were chosen for the study. Dilute 0.1 N solutions were selected for the initial
study.

Lu and Graydon [/3] studied the free corrosion of copper in sulfuric acid
and found the corrosion rate to be independent of rotation rate of the
rotating copper cylinder; the oxygen dependence was half power. Gregory
and Riddiford [/4] studied the corrosion of a copper rotating in sulfuric acid
with dichromate added as an oxidant. Cornet et al [15] found the corrosion
rate of copper in sulfuric to be controlled by the rate of oxygen supplied to
the surface in laminar flow, but referenced earlier work giving conflicting
data on stirring rate dependence. Demedts and van Peteghem [/6] have
recently studied this system with added copper sulfate (CuSO,4) and have
given special attention to the presence of Cu* ions in the solution. Their
high-frequency impedance data are suspect, however, because of the fre-
quency dispersion of the capacitance on a disk electrode at high frequencies
caused by the nonuniform current distribution (see Ref /7). Most workers
agree that copper dissolution in H;SO4 proceeds through two steps (see also
Ref 18):
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Cu — Cut + e~ (fast)
Cut — Cut2 + e~ (slow)

The cathodic reaction is more controversial. Anderson et al [19,20] found
that peroxide was produced in solution with Cu*? in equimolar amounts.
This suggests that peroxide was not reduced further to water in their ex-
periments. However, a recent study by Balakrishnan and Venkatesan [21]
with a ring-disk electrode showed no peroxide formation in acidic chloride or
sulfate media, though some was formed at higher pH. It is not clear how this
discrepancy is to be resolved, but the chemical tests of Anderson et al [19,20)]
seem to be definitive proof that peroxide is formed at low potentials near the
corrosion potential.

Corrosion in chloride media has been less studied, but Turner and Brook
[22] give recent results and a survey of earlier literature. Their flow results in-
dicated that increasing the flow rate increased the corrosion rate. They also
reported impedance measurements, but did not give details of their ex-
perimental electrode design. Bertocci [23] has given a recent review of much
of the literature on copper and copper alloy corrosion, including his own very
important earlier work [24]. In chloride media the cuprous (+1) state is
stabilized, and the dissolution under corrosion conditions is supposed to pro-
ceed principally as

Cu+ 2C1~ — CuCl;~ + e~

with other chloride complexes being much lower in concentration.

The results of impedance measurements of copper rotating disks will be
described. The effect of rotation rate and oxygen concentration on corrosion
in H,SO4 and HCI will be reported, although the complete details will be
published elsewhere.

Experimental

The measurement system has been described in some detail elsewhere [25].
It consists of a Hewlett Packard 9830 Calculator with 16 000 words of
memory that controls data acquisition, data averaging, data storage, and
data transmission to the time-share CDC 6600 large-scale computer. The
analog data are digitized on a Biomation Transient Recorder, with each
channel of 1024 words memory and each word of 10 bits. The voltage signal
is provided by a Hewlett Packard Noise Generator, and is paralleled to the
Wenking Potentiostat and to a low-pass amplifier and then to one channel of
the transient recorder. The current signal is measured across a precision
resistor in series with the electrochemical cell, and is also transmitted
through a duplicate low-pass filter and then to the other channel of the tran-
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sient recorder. The low-pass filter prevents frequencies higher than twice the
cutoff frequency from the noise generator from reaching the input to the
digitizer. The sampling rate of the Biomation Transient Recorder is operated
at five times the cutoff frequency. Both the low-pass amplifier and the sam-
pling rate prevent any aliasing effects.

The digitized data is strobed from the buffer memory of the transient
recorder into the calculator memory and then stored on a floppy disk. It is
subsequently averaged with other passes if there are multiple runs. The
averaged data are transmitted to the large computer via a phone line, and the
FFT is performed to obtain the frequency-domain data in dimensionless
form. At this point the dimensionless impedance transfer function is
calculated and stored. A correction procedure described by Schwall et al [7]
is used to obtain the final data. This consists of making measurements on a
dummy cell of precision resistors and capacitors that approximates the ex-
perimental system. These measurements are made at the same frequencies
with the same amplifier settings as used in the experimental system. A cor-
rection file is calculated at each frequency, and applied to the experimental
data from the electrochemical cell. This corrects for nonideal behavior of the
potentiostat and other electronic components at each frequency. The
calculated impedance is then output for either printout, plotting, or data
storage. Using the term “‘correction file’’ is somewhat of a misnomer, and the
term ‘‘calibration file” might be better. This procedure essentially incor-
porates all the amplifier gains, and accomplishes both correction and
calibration for the impedance measurement. The data is dimensionless until
the correction (calibration) file is applied. The calibration determines the
magnitude of the real and imaginary parts of the applied file; correction for
nonideal behavior of system components usually amounts to less than 2 per-
cent of the magnitude. Schwall et al have discussed the procedure in more
detail [7].

The acids were analytical reagent grade ampoules diluted with deionized
water to 0.1 N solutions. The copper was polycrystalline oxygen-free, high-
conductivity (OFHC) rod of 99.99 percent purity. An elctrode was fashioned
by tapping one end of a 1.2-cm-high by 0.94-cm-diameter rod. This was
screwed onto a brass shaft that fit onto the rotating shaft-assembly. The cop-
per and brass assembly was press-fitted into a Teflon body, so that only the
bottom copper disk was exposed. The Teflon-copper interface was found to
have a good liquid-tight seal when examined under a microscope. The rota-
tion rate could be continuously varied up to 3600 rpm. The same disk
electrode was used for all tests. Various dissolved oxygen concentrations were
produced by bubbling air and ultrahigh purity (UHP) gas mixtures of oxygen
and nitrogen through the solutions. The concentration was measured with a
specific oxygen electrode. The gas delivery system had only stainless steet and
Teflon come in contact with the gas.

The surface of the copper was prepared by mechanical polishing with



SMYRL ON DIGITAL FARADAIC IMPEDANCE MEASUREMENTS 205

0.05-pym alumina on a metallography wheel on which only deionized water
was used. Identical results were obtained when the freshly polished surface
was etched with 1 M nitric acid (HNO;) before use, except for surface
roughness effects as described later.

Results and Discussion

The operating characteristics of the noise generator dictated that the fre-
quency range investigated be split into different bands, that is, 0.1 to S Hz, 1
to 50 Hz, and 10 to 500 Hz. These three bands were used exclusively for the
data described here, except as noted. (Much lower and much higher frequen-
cies could be generated if desired.) Each band consisted of a fundamental
frequency and S0 higher harmonics, both even and odd, with a power spec-
trum as shown in Fig. 2. The system was manually set for a particular fre-
quency band, data were taken, then the system was manually set for another
band, and so on. The data collection time is controlled by the period of the
lowest frequency in the spectrum. A complete set of data of 153 frequencies
could be collected in less than 45 s, not including the manual setup between
bands. Multiple runs were made at each band for some of the data; this re-
quired a multiple of the collection time quoted earlier.

0.1 N Sulfuric Acid

Data Analysis—Impedance measurements were made at several rotation
rates on a copper electrode corroding at the corrosion potential in oxygenated
H;S0,. An example of the results is shown in Fig. 3; the results will be
discussed in greater detail elsewhere. The measurements were made after the
freshly polished electrode had rotated in the solution at 700 rpm for 5 min,
and the rotation rate was adjusted to that noted for the impedance
measurements. The preconditioning gave a reproducible and fairly constant
surface morphology for the measurements. Surface roughness effects were to
cause scatter of the data, primarily through area changes as noted later.

The data in Fig. 3 were analyzed to show a charge-transfer semicircle at
high frequencies and convective Warburg diffusion behavior at low frequen-
cies. The data analysis procedures of Sluyters [26] and de Levie et al [27-29]
were used to determine the parameters of the respective processes. Sluyters’
procedure was used predominantly at high oxygen concentration and low
rotation rates where the best separation of the two processes occurred. The
technique proposed by de Levie was used where the diffusional impedance
was dominant. Figure 4 shows the 1000-rpm data taken from Fig. 3, plotted
now as suggested by Sluyters [26]. The data followed linear behavior at in-
termediate frequencies, as expected for charge-transfer behavior. The
parameters in this region are R, R, and CA, and were found to be 20 2, 155
Q, and 38.9 X 107° F, respectively (4 is the area of the electrode, 0.694
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cm?). These are the parameters for the equivalent circuit in Fig. 5. R,
characterizes the solution resistance, and the experimental value compares
favorably with the 18 Q calculated for the experimental arrangement. R, and
C are the charge-transfer ‘‘polarization resistance’” and double-layer
capacitance, respectively.

The deviation from this linear behavior at low frequencies was caused by
diffusion. This was confirmed by deconvoluting the semicircle from the ex-
perimental data for 1000 rpm and plotting the result as the real versus imag-
inary parts of Z,, without assuming any particular behavior for Z,,. The
results are shown in Fig. 6. The data may be extrapolated through the origin
with a 45 deg slope, and bends over into a circular arc at low frequencies, as
expected for a convective Warburg diffusion curve on a rotating disk [30].
The significant parameter for this curve is the zero-frequency intercept. The
extrapolation to zero frequency is facilitated by referring again to Fig. 4 and
noting that the low-frequency behavior of the convective Warburg diffusion
curve is linear in these coordinates. The low-frequency intercept for Z,, (cor-
rected for R, and R, ) was found to be 285 Q. The shape of the curve in Fig. 6
is exactly that expected, at all frequencies, for a convective Warburg curve
[30].

Dependence on Rotation Rate—It was found that the values of R, and Z,,
(w — 0) were increased with increasing rotation rate at all oxygen concentra-
tions used. All the data were taken at the corrosion potential (that is, zero net
d-c current flowing). It was also observed that as the rotation rate increased
the corrosion potential decreased (that is, became more negative) and the
anodic current increased (at a constant potential). This behavior of the corro-
sion potential has been noted by others [16,22], and the anodic-current
observation has been also made under deoxygenated conditions [31]. Under
these deoxygenated conditions, the anodic current effect has been shown to
be caused by the transport of both Cu® and Cu*? ions away from the elec-

FIG. S—Fquivalent circuit of the impedance of an electrode.
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contribution.

trode. The net effect would be an increase in the anodic current at a constant
potential. Under corrosion conditions, the corrosion potential must then be
displaced in a negative direction until a new balance between the anodic cop-
per reactions and the cathodic oxygen reactions is achieved. The corrosion
current should then be increased by an increase in rotation rate.

Our observations on the corrosion potential and anodic current are consis-
tent with these predictions, but the behavior of R, and Z,, (w — 0) are not.
An alternative explanation is consistent with all observations, and involves
not the copper reactions but the cathodic oxygen system. Oxygen is reduced
in acid solutions through the two-step process

0, + 2H" 4+ 2¢~ — H,0,
and
H,0;, + 2e~ + 2H' — 2H,0
Both reactions are highly irreversible, and the back reactions (anodic) should
be negligible. At low currents where the mass transfer of oxygen is not

limited, the transport of hydrogen peroxide (H,O3) from the electrode sur-
face will decrease the net cathodic reaction at a constant potenial because of
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the decrease of current from the second reaction. The total current will then
become more anodic at a constant potential without having to involve any
change of the copper reactions. The corrosion potential will then be more
negative with increased rotation rate and, more importantly, the corrosion
current will decrease with increased stirring. There could be transport effects
on the copper reaction as well, but they must be of smaller magnitude. A
quantitative treatment of the system is being conducted that will include
transport effects on both copper and oxygen reactions, as well as the in-
fluence of the homogenous reactions

2Cll+ + 02 + 2H+ hnd 2Cll+2 + H202
and
2Cut + H,0, + 2H* - 2Cu*? + H,0

Anderson et al [19,20] found that the reaction of dissolved oxygen with the
intermediate Cu* ion had a profound influence on the corrosion rate. This
reaction effectively “‘short-circuits’”” the cuprous to cupric electrode reaction.
They found the corrosion rate to be ten times faster than expected from
simple superposition at the corrosion potential. The effect of oxygen on the
intermediate cuprous ions was also found earlier in ammonia solutions by
Bertocci [32]. A complete analysis of this system of processes is being con-
ducted and progress will be reported elsewhere.

Dependence on Oxygen Concentration—The corrosion rate has been
found to increase with an increase of oxygen concentration. In Table 1 the
quantity 1/R,, which is proportional to the corrosion rate, given versus the
dissolved oxygen concentration for two rotation rates. The dependence is
lower than first power, and seems to be smaller at higher rotation rates and
higher oxygen concentrations. This presumably reflects the influence of
transport effects on the oxygen cathodic reactions.

Dispersion of Capacitance at High Frequencies—The marked deviation
from linearity shown in Fig. 4 at high frequency occurs where

_ 1 _ zamac)
CA

w
and

Z (REAL) — R,

This is the region where a nonuniform current distribution will cause a
capacitance dispersion, as discussed by Newman [/7] for a disk electrode.
The current distribution will vary from that characteristic of d-c polarization,
which can be quite uniform, to the primary distribution. It approaches the
nonuniform current distribution at high frequencies, that is, high compared
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TABLE 1—Dependence of 1/R,
on oxygen concentration in 0.1 N H,S0,.

1000 rpm 3000 rpm
/R, Q7! Coy, ppmw* 1/R,, Q! Coy, ppmw
0.00222 3.25 0.00154 3.25
0.00435 6.8 0.00263 6.8
0.00667 15 0.00408 15
0.0100 33.5 0.00476 33.5

“ppmw = parts per million by weight.

to the fundamental frequency of the (R,CA) circuit. We adopt this model for
the frequency dispersion, but it is the subject of continued study. It should be
noted that this effect obviates any measurements at very high frequency on
the disk electrode, and may invalidate the high-frequency impedance
measurements of Demedts and van Peteghem {/6] mentioned earlier.

0.1 N HCI Solutions

Data Analysis—The procedure of de Levie [27] was followed for this
system because the Warburg diffusion impedance was dominant. The high-
frequency value of R; was found to be about 13 Q. The plot of Y (REAL)/w
versus Y (IMAG)/w yielded the value of CA (in the range of 20 to 22 X 1076
F) for the system. Deconvolution of these values from the experimental im-
pedance data yielded the Warburg curve. The high-frequency intercept on
the real axis gave a value for R,. The low-frequency intercept was Z,, (v —
0). This analysis procedure gave results quite sensitive to R;. The values for
R, were on the order of 400 to 800 Q for all tests, but are the subject of con-
tinued study to obtain more precise results.

Dependence on Rotation Rate—The impedance behavior as a function of
rotation rate is shown in Fig. 7. All the curves coincide at high frequency, as
expected for a diffusional impedance in parallel with the double-layer
capacitance. The influence of rotation rate on the impedance is the inverse of
that for sulfuric acid, that is, increasing the rotation rate decreases the (dif-
fusion) impedance Z,,. The corrosion potential becomes more negative with
an increase of rotation rate, as in sulfuric acid, and the net anodic current in-
creases with rotation rate as well. The transport of Cu* will cause the ob-
served corrosion potential and anodic current dependence as well as the
behavior of Z,,, as was shown by arguments given earlier for the sulfuric acid
system. The transport dependent behavior of the oxygen reduction involving
the peroxide intermediate is then not as important as for the sulfuric acid
system. (A quantitative treatment of this system will be presented elsewhere.)

Dependence on Oxygen Concentration—The value of Z,, (w — 0) for the
copper electrode is listed in Table 2 as a function of oxygen concentration at
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FIG. 7—Impedance of copper in 0.1 N HCI (rotating disk, 7.05 ppm oxygen).

TABLE 2—Dependence of Z,, (v — 0)
on oxygen concentration at 1000 rpm.

Z,(w—0),0 Coy, ppmw*
13500 3.25
5200 6.8
2800 15
2000 33.5

“ppmw = parts per million by weight.

1000 rpm. The behavior is an inverse first-order dependence on oxygen. This
is consistent with the previous discussion, where it was concluded that the
peroxide intermediate is less important for this system.

Surface Morphology

There seems to be a correlation between the surface roughness and the
value of CA for the system. In HCI, where the polarization resistance R, was
high (even at high oxygen concentration), the surface retained its polish even
after 8 min in the solution. A slight etch of the surface to reveal the
polycrystalline grain structure could be observed under a microscope. CA
had values of 20 to 22 X 10~° F for these solutions. In sulfuric acid, the sur-
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face was etched more heavily even at the lowest oxygen concentration (3.25
ppmw). CA was 20 to 25 X 1079 F in this solution, but was 25 to 30 X 10~
F in 6.8 parts per million by weight (ppmw), 30 to 35 X 107® in 15 ppmw
and 40 to 45 X 107% in 33.5 ppmw oxygen. Both the corrosion rate and the
surface roughness increased in the same order. Multiple etch pits were
characteristic of the surface appearance at the highest corrosion rates. It is
proposed that the original highly polished surface had a double-layer
capacitance of 28 to 32 X 107 F/cm?, and that the deviation from this
value for the other systems was due primarily to a surface roughness effect.
The most highly etched surface would only have to be given a roughness fac-
tor of 2 for this to be valid, and this seems a reasonable value for these sur-
faces.

Conclusions

This study has demonstrated some of the advantages of digital faradaic
impedance measurements in corrosion studies:

1.Multifrequency impedance measurements are rapid and provide a rather
complete description of the corrosion behavior in a very short time.

2. The measurements are accurate, and with averaging the accuracy is in-
creased even further.

3. Data are acquired in a form that facilitates analysis, reduction, and
data manipulation.

4. The technique provides a clear indication of the processes that occur in
a corrosion system, and guides one in determining valid corrosion rates
where ordinary d-c techniques would fail.

These and other advantages suggest that the technique may become more
widely used as familiarity and equipment are acquired. Microcomputer
systems appear to be the key to more widespread utilization.

Further development of the instrumentation will be required before the
technique is used in other than research laboratory investigations. Some of
the applications in the field of corrosion that seem quite feasible, given the
instrumentation, are in the areas of control and monitoring, inhibitor
development, and optimization. A promising research field is that of in-
vestigating time-dependent (that is, transient) phenomena in corrosion
systems.

Control and monitoring applications can be imagined where a spectral
“signature’’ is acquired that determines some automatic response by the
digital controller. Digital and adaptive filtering to remove annoying stray
“noise’”’ are almost trivial exercises that are widely used and show great
promise. :

Inhibitor development has always been a rather tedious and difficult
activity. Digital Faradaic Impedance Measurement systems have the poten-
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tial of assessing the detailed role of the inhibitor and aiding the optimization
of the system. A large-scale inhibitor program can be envisioned in which
multiple corrosion-inhibitor systems would be scanned in a routine and pro-
grammed investigation to determine system performance as a function of
time. The corrosion engineer would be enabled to recommend the best in-
hibitor, at the best concentration level, and the system would be tailored for
the material-environment combination of interest.

The application of the DFIM technique to copper corrosion has revealed
the relative importance of charge transfer and transport phenomena in
sulfuric and hydrochloric acids. In addition, the measurements have revealed
differences in oxygen-reduction behavior in the two systems, with peroxide
playing an important role in the sulfuric acid system but not in hydrochloric
acid. The investigation has also revealed several fruitful areas for further
research, and these will be reported on at a later date.
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ABSTRACT: A review is presented of past and present efforts to use electrochemical
techniques to evaluate basic phenomena of atmospheric corrosion, measure time of
wetness, and perform corrosion-rate measurements in outdoor exposure. This is followed
by a summary of recent work carried out in the author’s laboratory. Time-of-wetness
measurements have been carried out continuously over a three-year period at the same
location using copper/steel and copper/zinc sensors. An analysis of the monthly distribu-
tion of relative humidity and corrosion rates determined with the same sensors has
resulted in correlations between them. Weight-loss measurements under thin layers of
electrolytes that are drying out at RH < 100 percent have shown that, in most cases, cor-
rosion rates are much higher under these conditions than in bulk solutions. Electrochem-
ical measurements carried out under identical conditions show the continuous increase of
corrosion rates during the drying period. A comparison of corrosion rates determined by
weight loss and electrochemical techniques under thin layers of electrolytes indicates that
the electrochemical data underestimate the true corrosion rates. The determination of
cell factors based on weight-loss data is one approach for using the electrochemical tech-
nique in a more quantitative manner.

KEY WORDS: time of wetness, corrosion monitors, thin layer studies, outdoor ex-
posure, weight loss data, cell factor

Electrochemical techniques are now commonly used for corrosion moni-
toring and control in aqueous bulk environments, and commercial devices
are available for such purposes. It seems to be widely accepted that atmo-
spheric corrosion is of an electrochemical nature (as discussed by Kaesche
[1],2 Evans [2], and Rozenfeld [3], among others), but only very few attempts
have been made to use electrochemical techniques routinely. This is so prob-
ably because of the experimental problems owing to corrosion occurring

! Group manager, Rockwell International Science Center, Thousand Oaks, Calif. 91360.
2The italic numbers in brackets refet to the list of references appended to this paper.
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under very thin electrolyte layers that are present only for a fraction of the
total exposure time (the so-called time of wetness, ¢,,).

Most of the efforts to use electrochemical techniques have been in the area
of time-of-wetness (¢,,) measurements, which do not produce information
concerning corrosion rates, but at least show under which atmospheric con-
ditions (temperature, relative humidity, nature of the metal, etc.) corrosion
reactions can occur. Sereda [4,5] has described a method for measuring ¢,,
that uses a cell of platinum-foil electrodes on steel or zinc panels. When
moisture is present on these cells, a galvanic couple exists. In Sereda’s ar-
rangement, the current flow through a shunt resistor is recorded continu-
ously as the potential drop across this resistor. Since the shunt resistor is very
large, the measured current is smaller than the galvanic current measured
with a zero-resistance ammeter (ZRA) [6]. Time of wetness was arbitrarily
defined as the interval during which the potential exceeds 0.2 V. Large varia-
tions in ¢,, values have been found by Sereda [7], the significance of which are
not entirely understood. Guttman [8], using Sereda’s device, has reported for
a location in Canada that ¢,, corresponded to the time during which relative
humidity exceeded 86.5 percent based on four-year averages.

A different approach for t,, measurement is based on early work by Toma-
shov [9] who used a *‘galvanic corrosion battery” that consisted of alternate
copper and iron plates, and measured the galvanic current using a sensitive
galvanometer or a recording microammeter. Kucera et al [10,1]] developed
this technique further in an attempt to measure the instantaneous rate of at-
mospheric corrosion of metals. In addition to galvanic cells (copper/steel),
electrolytic cells were used with electrodes of only one metal (steel, zinc, or
copper) to which an external electromotive force was applied. An instrument
containing an electronic integrator was described [/0]. The relation between
corrosion rates determined from weight-loss data and from electrochemical
data obtained with electrolytic cells was found to be relatively constant, but it
varied between different exposure sites. It was concluded that after calibra-
tion using weight-loss data, the electrochemical technique is suitable for
determination of short-term variations of corrosion rates [//]. Haagenrud
{12] has performed similar studies with zinc and iron cells in Norway. Jirov-
sky et al [13] have described an instrument for digital and analog recording
of time of wetness using electrolytic sensors of a design determined by the ap-
plication of the device.

Mansfeld and co-workers have been using copper/steel and copper/zinc
sensors, and have determined the galvanic current flow using a ZRA and a
logarithmic converter; the effects of salt particles and pollutants have been
studied in this manner in the laboratory [14-16]. The changes in cell current
with time in outdoor exposure have been recorded, time-of-wetness data have
been determined, and attempts have been made to correlate these data with
relative humidity.

Friehe and Schwenk [/7] have evaluated the use of copper/iron cells, and
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have concluded in a limited number of laboratory experiments and outdoor
exposures that these electrochemical data cannot be used for determining
properties of steels in short-term experiments. They consider the technique
more useful for long-term studies and determination of the corrosivity of the
environment at a given test site. Kucera and Gullman, however, have found
that cells of steel and weathering steel showed different behavior, and con-
cluded that their electrochemical measurements should help to explain the
reasons for the protective properties of the corrosion products on weathering
steel.’> Gonzales [18], on the other hand, has claimed good agreement be-
tween electrochemically obtained information on the influence of various cor-
rosion factors and their real effect on the attack of metals exposed to the
atmosphere. In this case, polarization-resistance measurements were per-
formed on a two-electrode system using steel plates in a configuration similar
to that of Kucera and Mansfeld. Polarization-resistance measurements have
also been performed by Kuznetsov et al [19] for copper and steel. The
changes with time of the polarization resistance and ohmic resistance under
bulk electrolytes and under thin layers of electrolyte were determined in
laboratory experiments. The authors concluded that this measuring tech-
nique yields qualitative information about the corrosion kinetics under
various atmospheric conditions. Mansfeld and Tsai [20] have used a two-
electrode system (steel or zinc) with periodic reversal of the applied electro-
motive force (AE = 30 mV) to determine corrosion rates during drying out of
thin electrolyte layers at different relative humidity with or without 1 ppm
sulfur dioxide (SO,). Weight-loss data have been also obtained under thin
layers under identical conditions. As will be discussed later, the electrochem-
ical data underestimate the true corrosion loss, and it is necessary to deter-
mine correction factors as found by Kucera in outdoor exposure in Sweden
[11].

Mazza et al [2]] have used a galvanic cell bronze/artificial corrosion prod-
ucts/porous gold plate to study atmospheric corrosion phenomena in
laboratory and outdoor exposure with the aim of measuring corrosion rates
under various exposure conditions and evaluating the effectiveness of various
methods of corrosion protection of gold-plated bronze works of art.

Mikhailovskii and co-workers have employed, in a series of papers, elec-
trochemical techniques for the study of basic phenomena in atmospheric
corrosion. Thin films of metals were deposited on glass substrates, and the
corrosion rates of the metals were calculated from the changes of the resis-
tance of the current-carrying layer [22]. In this manner, the electrochemical
kinetics of the corrosion of zinc and iron under thin layers of electrolytes (30
to 500 um thickness) have been studied [22,23]. In further work [24], a
method for continuous monitoring of atmospheric corrosion rates has been
discussed, which uses *differential’’ and *‘integral” sensing elements. Good

3This publication, pp. 238-255.
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agreement between these data and weight-loss data were reported for a six-
month period. Time-of-wetness data were recorded using a copper wire
tightly wound around a rod made from the metal under investigation. The
processing of experimental data is described. It is concluded that the atmo-
spheric corrosion sensing elements produce information that can be used to
estimate atmospheric corrosion rates in different climatic regions from their
meteorological characteristics. This technique was also used in developing a
general method for calculating atmospheric corrosion rates, which takes into
account that corrosion is due to adsorption and phase films of moisture [25].
Data were obtained for cadmium and zinc in natural environments {25} and
in artificial climate chambers [26] where the corrosion constants, which have
to be known in order to calculate the expected corrosion effects under natural
exposure conditions, were obtained. The effects of meteorological factors
such as relative humidity, air temperature, wetting time by phase layers of
moisture, and chemical composition of the atmosphere on the corrosion rates
of aluminum and its alloys have been studied in a similar manner {27].

By means of continuous resistance measurements on steel wire specimens,
time-of-wetness measurements, SO, concentrations, and solar radiation data
over a three-year period, a model of atmospheric corrosion of steel in rural
districts has been developed using a statistical treatment of experimental
data [26]. Foii sensors [24], the resistance of which changed owing to corro-
sion, were used in a study of simulated atmospheric corrosion phenomena in
artificial climate chambers [29]. An atmospheric test rig has been described
that uses sectioned electrolytic cells made of brass as sensors for the phase
films of moisture [30]. SO, concentration, relative humidity, temperature,
and weight loss of a number of different materials were also monitored. The
resulting information was used in calculating the corrosion accelerating fac-
tors in the presence of SO,, which have to be known in order to estimate the
atmospheric corrosion rates in industrial atmospheres in various climatic
zones based on the approach developed by Mikhailovskii and his colleagues
[25.27].

Strekalov, Mikhailovskii, and co-workers have also used a quartz resona-
tor to study corrosion processes of metals under adsorbed films of electro-
lytes. Initial studies showed that in a pure moist atmosphere (relative humid-
ity = 93 percent) the oxide film on magnesium grew by about 5 to 7 A in the
first hour and less during further exposure [31]. The effect of temperature on
the adsorption of moisture and the corrosion rate of zinc under atmospheric
conditions has been studied with the same technique [32]. A number of fur-
ther studies with this technique, which is not of an electrochemical nature
and will therefore not be discussed further in this review, has been published
by this group [33-39]. Lee et al [40] have used in situ quartz crystal oscillator
microbalance and electrical resistance change measurements to study at-
mospheric corrosion phenomena.

This summary of recent work with electrochemical techniques applied
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under the special conditions of atmospheric corrosion shows that progress
has been made, especially in the determination of time-of-wetness data (z,,)
and, to some extent, atmospheric corrosion rates. The dependence of ¢,, on
atmospheric and materials parameters is not yet clear, and more research
under a variety of experimental conditions is necessary. The determination of
instantaneous corrosion rates with electrochemical techniques has to be
evaluated critically in the light of Frieche and Schwenk’s comments [17] and
Kucera’s findings [11] that a cell factor that is site dependent has to be deter-
mined from weight-loss data in order to make the electrochemical technique
useful. It has to be considered, at this point, that Kucera’s approach (elec-
trolytic cell with external electromotive force) produces data from which it is
not possible to quantitatively calculate corrosion rates. The polarization-
resistance measurements of Gonzales [18] and Kuznetzov et al [19] lend
themselves easier to a calculation of corrosion rates. Mansfeld and Tsai [20]
have used this technique in the laboratory (discussed later). The approach of
the Russian workers is very interesting. Models for atmospheric corrosion
processes under various climatic conditions have been prepared, and a broad
experimental program aimed at determining the data needed to apply the
model to real situations is being carried out.

Some of the questions that remain to be answered concerning the applica-
tion of electrochemical techniques to the investigation of atmospheric corro-
sion phenomena have been evaluated in the author’s laboratory. Recent
results concerning the correlation between t,, and relative-humidity data, the
importance of the corrosion occurring in the time period during which thin
electrolyte layers dry out, and a comparison of weight-loss and electrochemi-
cal data obtained under identical conditions in the laboratory will be dis-
cussed next.

Experimental Results and Discussion

Time-of-Wetness Data and Correlation with Relative Humidity

Atmospheric corrosion monitors (ACM) consisting of copper/steel or cop-
per/zinc galvanic cells have been exposed since 1975 on the Science Center
roof [14-16]. The electrochemical data in the form of the logarithm of the
galvanic current I, have been recorded continuously as have the relative
humidity, air temperature, and temperature of a galvanized steel panel ex-
posed in the same manner as the ACM (30 deg angle to the south). Figure 1
shows typical examples of the output of a copper/zinc ACM (log I, ), relative
humidity and temperature of the air (T,;) and the galvanized steel panel
(T'me) for a 36-h period in February 1979. Also included in Fig. 1 is a linear
plot of I, and the integrated charge, Q,, which was obtained by graphical in-
tegration of the I, time plot over 1-h periods. During the time period covered
in Fig. 1, rainfall occurred on February 21, and relative humidity exceeded
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80 percent for the entire time except for the last 3 h. The air temperature
fluctuated between 0 and 15°C; the panel temperature was between 0 and
30°C. The current flow was fairly high during the night hours, and then
dropped sharply to I, < 0.0S p A until rainfall occurred at about 10:00 a.m.
for 3 h. Large fluctuatlons of the current were observed, as can be seen more
clearly on the linear current plot. Current flow exceeding 1 gA occurred
again during the night and the early morning hours of February 22. The plot
of the total charge as a function of time indicates the importance of the rain
period to the overall corrosion loss; an increase of Q, by a factor of three is
observed. For the rest of the time period shown in Fig. 1, Q, increased by
another 30 percent to a final value of 87 mC (19 mC/cm?). The current flow
corresponds to a corrosion rate of 0.65 mg/dm? - day or 3.3 um/year, which is
a reasonable value for galvanized steel. From data such as shown in Fig. 1,
monthly ¢,, averages have been calculated, which are shown in Fig. 2 for a
three-year period (1976-1978). For most of the time, t,, was taken as the time
for which the galvanic current exceeded the background current of the ZRA
amplifier (0.02 pA). Starting in June 1978, ¢, was redefined as the time for
which I, > 0.05 p A (about 0.01 y,A/sz) (t,,' in Fig. 2). As shown in Fig. 1,
for most of the wetness period the corrosion current was rather low; signifi-
cant corrosion occurred only during the drying-out periods or during rain, It
might be necessary to define ¢,, as the time for which a certain corrosion rate
(for example, 1 um/year) is exceeded, which would correspond to about
0.1 gA/cm? for steel and 0.07 gA/cm? for zinc. This approach would reduce
the ¢,, data in Fig. 2 considerably.

The spread in ¢, is quite large; average values as high as 22.8 h/day (95
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FIG. 2—Time-of-wetness (t,,) and time for relative humidity = 80 percent (tgy) for a three-
year period on the Science Center roof (copper/steel and copper/zinc ACMs).
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percent) and as low as 4.5 h/day (19 percent) can occur. For the rather dry
year of 1977, t,, did not exceed 17 h/day (71 percent), while for the rain
period between December 1977 and April 1978, ¢, exceeded 16 h/day (67
percent) for five consecutive months. Also shown in Fig. 2 is the time tg for
which relative humidity > 80 percent. In most cases ¢,, > tso, which suggest
that ¢t,,, in the present definition, is related to a relative-humidity value lower
than 80 percent. The agreement between ¢z and ¢, * is very close except for
June 1978.

In order to obtain correlations between corrosion rates as measured by the
galvanic current /, and relative humidity, the distribution of different levels
of I, and relative humidity has been determined for the time between June
1978 and March 1979. Figure 3 shows as an example the distribution of rela-
tive humidity between June and September 1978. These relative humidity
versus percent-of-time curves have a characteristic shape, with almost iden-
tical data for June and July, a small shift to lower values for September, and
a larger shift to higher relative humidity values for August. The correspond-
ing log I, versus percent-of-time plot is shown in Fig. 4. The dependence of I,
on relative humidity has been obtained by combining the data in Figs. 3 and
4. An exponential relationship between log I, and relative humidity seems to
be indicated (Figs. 5 and 6) in the form

log Ig = g - b relative humidity (1)
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FIG. 3—Distribution of relative humidity as a function of time for June to September 1978.
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Significant corrosion occurs only for relative humidity = 70 to 90 percent,
where based on weight-loss data the ‘““critical humidity’” for atmospheric cor-
rosion of steel occurs [41]. The results for different months fall on different
curves.

It is interesting to note that while the relative humidity values were similar
for June and July in Fig. 3, the log I,-relative humidity curves in Fig. S show
the largest spread between June, which has the lowest corrosion rate at a
given relative humidity, and July, which has the highest I, values. These
results suggest that the corrosion rate-relative humidity relationship is deter-
mined by additional factors, such as pollutant concentrations etc. Therefore
it does not seem to be sufficient to rely solely on relative humidity data to
predict atmospheric corrosion rates, as is sometimes suggested. The spread
of data in Fig. S is about a factor of three. Further examples of log I,-rela-
tive humidity relationships are given in Fig. 6 for the fourth quarter of 1978
and the first quarter of 1979. There is a marked difference between these two
time periods with much smaller current flow for the first quarter of 1979.

Corrosion Behavior Under Thin Layers of Electrolytes

The work carried out by Rozenfeld and his co-workers [3] has shown that
corrosion rates are greatly accelerated under thin layers of electrolytes due to
a decrease of the diffusion layer, which results in a higher rate of oxygen
reduction (the rate-controlling reaction in a diffusion-controlled process).
The results concerning the kinetics of corrosion reactions under thin electro-
lyte layers obtained in this laboratory have been reported elsewhere [42]. Fur-
ther experiments have been carried out in which corrosion rates have been
determined under thin layers drying out at relative humidity < 100 percent
using a unique weight-loss technique and a polarization-resistance technique
under identical environmental conditions [20]. Some of the more important
results are summarized in the next three sections.

Weight-Loss Experiments—For the thin-layer electrolyte studies, flat
plates (2 by 2 in.) of 4130 steel and zinc (99.9 percent) were exposed hori-
zontally in glass containers through which air at constant relative humidity
with or without 1 ppm SO, was flowing at a rate of 2 L/min. A 0.5-mm-thick
layer of electrolyte [0.01 N sodium chloride (NaCl), sodium sulfate (Na,SO,),
hydrochloric acid (HCI), sulfuric acid (H,SO,), or deionized water] was
placed on the samples, the unexposed side of which was coated with an
organic coating. Experiments were carried out at relative humidity = 30, 45,
60 and 75 percent. For comparison, weight-loss data were also obtained by
total immersion in bulk electrolyte for 4 h, which is the time for drying-out at
relative humidity = 60 percent for steel. The weight loss was determined
after removal of the corrosion products and taking into account a correction
factor for blank samples. Figures 7 to 9 show the results in air and air + SO,
for steel and zinc in four different electrolytes and in deionized water.
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Increasing relative humidity increases the weight loss for steel in air and in
air + SO; (Fig. 7), most likely owing to the longer time period during which
corrosion can occur. An accelerating effect of SO, becomes evident at the
higher relative humidity values. A comparison of the thin layer and bulk
data shows that, particularly in neutral solutions, corrosion is much more
severe under thin-layer conditions. The results obtained with additions of
sodium nitrite (NaNO,) and the vapor phase inhibitor dichan (dicyclo-
hexylamine nitrate) and the weight-loss data collected in argon and argon +
SO, have been discussed elsewhere {20].

For zinc (Fig. 8), no effect of SO, was observed for NaCl and Na; SO4. For
H,S0,, surprisingly, the weight loss Am was lower than in the neutral solu-
tions and independent of relative humidity. In HCl, a strong effect of relative
humidity was found in air; in air + SO;, Am was much lower than in air and
similar to that obtained in H,SO,. In NaCl and Na,;SQ,, corrosion rates
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FIG. 7—Weight-loss data for 4130 steel in bulk and under thin electrolyte layers.
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FIG. 8—Weight-loss data for zinc in bulk and under thin electrolyte layers.

were much higher under thin layers than in bulk solutions; for HCl and
H,S04, on the other hand, corrosion rates were much higher in the bulk
electrolyte.

Experiments were also carried out in deionized water to eliminate the ef-
fect of anions on the action of SO,. The effects of SO, were different for steel
and zinc (Fig. 9): for steel, Am increased with increasing relative humidity
and SO, accelerated corrosion; for zinc, relative humidity also accelerated
corrosion, but SO, had an inhibiting effect.

The effect of electrolyte concentration, ¢, on corrosion rates under thin
layers of electrolytes was investigated in Na, SOy (Fig. 10). For both 4130
steel and zinc, an approximately linear increase of Am with log ¢ was ob-
served.

The corrosion rates calculated from the weight-loss data are very high:
Am = 50 mg for steel corresponds to 1160 mg/dm?-day or 5.4 mm/year,
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while Am = 10 mg for zinc corresponds to 230 mg/dm?- day or 1.2 mm/year
assuming a corrosion period of 4 h. With respect to atmospheric corrosion
conditions, one has to consider that the surfaces are completely wetted only
for a fraction of the total exposure time, and that periods of high corrosion
activity occur only for very short time periods (as shown in Fig. 1). The elec-
trolyte is most likely also less concentrated than 102 N, which would lead to
lower corrosion rates according to the results of Fig. 10.

Electrochemical Experiments—The electrochemical experiments were
conducted in the same manner as the weight-loss data. Two types of ACMs
were used: the galvanic type, which is also being used for outdoor exposure
(copper/steel, copper/zinc), and a type consisting of plates of one metal
(steel or zinc) arranged so that a two-electrode system is established [20]. A
potential difference AE = 30 mV is applied to these celis with pofarity rever-
sal occurring every 50 s to avoid irreversible changes of the two electrodes.
The measured current, I3, is related to the corrosion current, /oo, by

_2Bly _ B

AE R,

= kI3 (2)

ICOl‘l‘ -
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where R, is the polarization resistance, and B is a function of Tafel slopes,
which can have values between B = 6.5 and 52 mV for theoretical Tafel
slopes, leading to an average of k = 0.43 to 3.47 for AE = 30 mV [43]. The
ACMs were polished with 600 SiC paper and placed in the glass cells; a
0.5-mm layer of electrclyte was applied. The current was recorded continu-
ously until the surface layer had dried out (indicated by a sharp drop of the
current). The results obtained for copper/steel and steel ACMs under a layer
of 0.01 N Na, SOy, as a function of relative humidity are shown in Figs. 11 and
12. The current-time curves are characterized by a continuous increase of the
current, which becomes more pronounced when the visible electrolyte layer
starts to disappear. This phenomenon is similar to the results obtained in
outdoor exposure [15,16,20]. For both types of ACMEs, the time at which the
current maximum occurs and the time at which the current decreases to
values less than 1 pA both increase with increasing relative humidity except
at relative humidity = 30 and 45 percent, where the main effect of increasing
relative humidity is an increase of the current maximum and the total current
flow.

In contrast with copper/steel, a sharp current maximum is not observed
for copper/zinc during the drying-out period (Fig. 13). On the other hand,
sharp maxima occur for the zinc ACM (Fig. 14) except at relative humidity =
90 percent, where significant current flow is observed up to 6 h. For relative
humidity < 75 percent, the time at which the surface dries out is less than
3h.

In Figs. 11 to 14, the charge Q obtained by graphical integration of the
current-time curves is listed. Higher values of Q are observed for galvanic
couples than for one-metal ACMs. It should be noted that the charge data for
steel and zinc have to be multiplied by the factor & (Eq 2) to obtain the total
charge corresponding to the corrosion loss during the drying-out process.

The charge data plotted in a semilog plot in Fig. 15 as a function of relative
humidity suggests a relationship in the form
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Q = (. - relative humidity 3)

which is similar to that found for the relative-humidity dependence of log I,
in outdoor exposure (Eq 1).

Comparison of Weight Loss and Electrochemical Results—Since the
weight loss and the electrochemical data were obtained under identical con-
ditions in the laboratory, it is possible to determine the degree to which ACM
data provide accurate information concerning corrosion rates. This question
becomes even more important when one considers Kucera's finding [11] that
the current flow from steel sensors polarized at constant AE = 100 mV ac-
counted for only about 15 percent of the weight loss observed in outdoor ex-

posure. According to Faraday’s law, a weight loss Am = 1 mg/cm? corre-
sponds to

3.45 C/cm? for iron (z = 2)
and
2.94 C/cm? for zinc (z = 2)

A comparison of weight loss (Am) and electrochemical data (Q) per unit area
is given in Fig. 16 for copper/steel and copper/zinc, and in Fig. 17 for steel
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FIG. 11—Galvanic current flow for copper/steel during drying out of a thin 0.0 N Na,SO,
layer at different relative humidity values.
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and zinc. A linear relationship is observed for copper/steel and steel; for cop-
per/zinc and zinc, Am seems to be independent of Q. The latter result is ow-
ing to the lack of change of the weight loss with relative humidity (shown in
Fig. 8). For copper/steel, a slope of 0.75 C/mg and for steel a slope of 0.28
C/mg are observed, both slopes being too low. In Table I the ratio of the
charge obtained by the electrochemical (Q,) and weight-loss (Q, ) measure-
ment is given for steel and zinc as a function of relative humidity. For steel an
average of 0.20 is found, which is close to Kucera’s result. For zinc the
average is 0.72, with larger scatter.

The data obtained with 30-mV pulses have not been converted into corro-
sion currents because of the uncertainty of the correct values of the conver-
sion factors B,k. However, since for diffusion control [15]

Ig = Icorrs
the ratio
Ig - Icorr :k' — Qg (4)
I3 Iy Q3o

can be determined from the experimental data for steel and zinc ACMs. As



MANSFELD ON ATMOSPHERIC CORROSION PHENOMENA 233

Table I shows, the experimental &k ' values fall between 1.5 and 4.4 for steel
and between 3.0 and 8.1 for zinc. This indicates that, at least for steel, the
kinetics of the corrosion process show the expected behavior.

Another factor that can affect the electrochemical measurements is the
IR-drop due to low solution conductivity, which would lead to an effective
AE < AE = 30 mV and correspondingly smaller I3 values. It was found,
however, using a-c impedance measurements for steel and zinc ACMs under
0.01 N Na; SOy, that the solution resistance during the first 3 h of the experi-
ment during which the surface was wet was about 12 € (28 Q-cm?), which
does not seem high enough to cause a significant change of AE. The plot in
Fig. 18 of the imaginary part Z" versus the real part Z' was obtained with a
Solartron 1174 frequency analyzer and a zero-resistance ammeter over a fre-
quency range of 100 kHz to 10 mHz. The intercept at high frequencies at the
Z '-axis is the solution resistance. The diameter of the semicircles in Fig. 18
decrease with time owing to the decrease of the polarization resistance.

The most likely reason for a low cell factor is probably corrosion occurring
on a single plate without electrolytic connection to a neighboring plate. In
this case, no current flow would be registered despite the occurrence of corro-
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FIG. 15—Integrated current values (Q) as a function of relative humidity for the four dif-
Sferent ACMs (Figs. 11 to 14).



234 ELECTROCHEMICAL CORROSION TESTING

TABLE 1—Comparison of charge data obtained in 0.01 N Na,$0,/air (Q in C/cm?).

Test Condition Qui Q, Q,/Qui O Q,/Qy =k

RH, %“ Steel
30 1.90 0.320 0.17 0.209 1.53
45 2.75 0.433 0.16 0.276 1.57
60 3.62 0.954 0.26 0.345 2.77
75 6.49 1.254 0.19 0.587 2.13
90 not determined  3.252 - 0.746 4.36

0.20

RH, % Zinc
30 0.89 0.42 0.47 0.05 8.1t
45 0.48 0.46 0.96 0.07 6.50
60 0.87 0.59 0.68 0.1t 5.36
75 0.90 0.68 0.76 0.19 3.50
90 not determined  1.14 . 0.39 2.95

“RH = relative humidity.
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FIG. 16—Correlations between weight loss (Am) and electrochemical (Q) data for copper/
steel and copper/zinc ACMs.

sion. An example of this possibility was found when carbon particles were
spread over a freshly polished copper/steel ACM which was then exposed at
relative humidity = 95 percent. No current flow was measured for several
hours. When the particles were removed, however, pronounced corrosion on
the steel plates was observed by using a low-magnification microscope, with
some discoloration on the copper plates where the carbon particles had been
situated.
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Summary and Conclusions

1. A review of past and present efforts to use electrochemical techniques
to evaluate basic phenomena of atmospheric corrosion, measure time of wet-
ness, and perform corrosion-rate measurements in outdoor exposure has
been given.

2. Time-of-wetness (t,) measurements have been recorded continuously
over a three-year period at the same location. Wide fluctuations of ¢, are
observed. For a better definition of ¢,,, it is probably necessary to define ¢, as
the time during which a certain corrosion rate is exceeded.

3. An analysis of the monthly distribution of relative humidity and electro-
chemical data (I,) recorded at the same focation suggests an exponential
dependence of log I, on relative humidity.

4. Weight-loss measurements under thin layers of electrolytes drying out
at relative humidity < 100 percent have shown that, in most cases, corrosion
rates are much higher under these conditions than in exposure to bulk solu-
tions. Electrochemical measurements show the continuous increase of corro-
sion rates during the drying-out period.

5. The results of laboratory and exposure tests indicate that the electro-
chemical data obtained with ACMs underestimate the true corrosion rates.
This is most likely owing to problems in quantitatively analyzing these data,
corrosion on single-cell plates without electrolytic contact to neighboring
plots, and to IR-drop effects. The determination of cell factors based on
weight-loss data is one approach to using electrochemical techniques in a
more quantitative manner.
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ABSTRACT: An electrochemical technique based on integration of the current in elec-
trolytic cells with an external impressed voltage has been used in various investigations.
Celis that permit measurements extending over several years without risk of short-circuit-
ing by corrosion products have been devetoped. The electronic integrator has been proved
to function reliably during all measurements. Even if the electrochemical background of
the technique is not well defined, a relation has been found to exist between the cell cur-
rent and the corrosion rate. The relation is fairly constant in measurements at one site,
but depends to some extent on the degree of pollution, which is a serious limitation. The
technique appears, however, to be well suited for comparative studies of different alloys
and the protective effect of corrosion products, and for studies of copper and zinc in run-
off from building structures. The time of wetness measured by the technique may be of
interest in the study of the influence of climatic factors.

KEY WORDS: atmospheric corrosion testing, electrochemical measurements, corrosiv-
ity of atmosphere, time of wetness, urban storm water, carbon steel, weathering steel,
copper, zinc¢, aluminum

Atmospheric corrosion is a complicated process; the rate is dependent,

among other factors, on certain climatic parameters and on the properties of

the corrosion products. A technique that makes it possible to establish the in-
stantaneous value of the corrosion rate would be of great significance in clar-

ifying how different parameters affect atmospheric corrosion. Such a tech-
nique would, however, be usable particularly for accelerated corrosion tests

and short-time tests without corrosion-accelerating conditions.

In the early seventies, therefore, the Swedish Corrosion Institute instituted
a project for the development of an electrochemical technique for the study of
atmospheric corrosion. It was a further development of methods known at
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the time which are based on galvanic cells [/,2]> and has earlier been de-
scribed in detail [3]. The technique has since been further developed and
used for different purposes both in field and laboratory tests. These results
have hitherto been published only to a small extent [4,5]. The object of this
paper is to review the possibilities of using the electrochemical technique for
different purposes in both field and laboratory tests. The following topics
have been studied:

1. The influence of the cell construction and of the impressed voltage on
the integrated cell current and time of wetness.

2. The relation between the integrated current in carbon steel cells and
weight loss of simultaneously exposed steel plates at three sites in the Goth-
enburg region, and the relation between the integrated current in copper and
zinc cells and the amount of copper and zinc ions in the runoff from test
specimens.

3. The utility of the technique for fast comparative investigations of the
corrosion resistance of two aluminum alloys in different polluted atmo-
spheres.

4. The possibility of examining the protective properties of corrosion
products by comparative measurements with electrochemical cells made of
carbon steel and weathering steel.

Experimental Procedure

The electrochemical equipment has been described by Kucera and Matts-
son in greater detail [3]. Here the technique will be only briefly described.
The principle of the electrochemical equipment is shown in Fig. 1. The
equipment consists of an electrolytic cell, a zero resistance ammeter, and a
built-in d-c voltage source with which the impressed voltage can be varied

=
FIG. 1—General arrangement of electrochemical device for measurement of atmospheric cor-

rosion: (A) is a zero resistance ammeter, the circuit of which is shown to the right; (B) is an elec-
trolytic cell [(a) electrodes, (b) insulators); (C) is a constant d-c voltage source.

2The italic numbers in brackets refer to the list of references appended to this paper.
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within the range of 0 to 2 V. The current flowing in the cells when they are ex-
posed to the atmosphere can be continuously measured in a resistanceless
way and, if desired, recorded on a recorder. The cell current on exposure to
outdoor atmosphere varies over a wide range depending on the precipitation,
humidity, and pollution conditions. To be able to use the cell current for
quantitative purposes it proved desirable to integrate the current over lengthy
periods. An electronic integrator was therefore developed that integrates the
current, and also gives the so-called time of wetness, which has been defined
as the time when the cell current in steel, zinc, and copper cells is greater
than 107® A. The reason for the choice of this current threshold is that the
time during long-term exposures outdoors may be in principle divided be-
tween ‘“‘wet periods” when the cell current is high (usually >10"% A) and
*‘dry periods” when the cell current is low (usually <107 A) [3]. The rate of
the current change between these two levels has been found to be rapid, and
the amount of integrated current during *‘wet periods’” more than 90 percent
of the total. The cells consisted of ten 1.0-mm-thick or twenty 0.5-mm-thick
plates (65 by 20 mm) insulated from one another with polycarbonate foil.
The details concerning plate and insulation thickness and impressed voltage
will be given in connection with the description of the different investigations.

Results

Influence of Cell Construction and Impressed Voltage

For practical use of the technique it is of great importance to investigate
how the cell construction and the impressed voltage affect the cell current
and thereby the relation between cell current and corrosion rate.

In the initial tests an attempt was made to keep the plate thickness and
particularly the insulation thickness as small as possible so as to increase the
“*sensitivity” of the cells. Insulation thicknesses of 50 and 100 um were there-
fore used. In such cells, however, especially after lengthy use, short-circuits
usually arise due to electrically conductive solid corrosion products. This ap-
plies to carbon steel and zinc cells and, to some extent, copper cells.

Later the problem was studied more systematically. Carbon steel cells of
0.5 mm plate thickness were exposed, the insulation thickness being varied
between 100 and 400 um. The voltage impressed on cells with 100-pm insula-
tion was varied between 100 and 300 mV, and the effect of an increase of the
plate thickness from 0.5 to 0.9 mm was also studied. All exposures were
made during one-month periods out-of-doors in Stockholm. The results ob-
tained with cells of 0.5 mm plate thickness during one period have been com-
piled in Table 1 and may be briefly summarized as follows:

Effect of Insulation Thickness—The cell current diminishes linearly as the
insulation thickness increases. As a result the so-called cell factor (the ratio
between current converted to weight loss and weight loss of simultaneously
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TABLE 1—Influence of cell construction and impressed voltage on current
from C steel cells during a one-month exposure in Stockholm.

Insulation Impressed Time of I 11

Thickness, Voltage, Wetness, Weight Loss Weight Loss  Cell Factor,
um mV h Cell, g/m2 Panel, g/m2 I/11
100 100 79.1 2.8 19.8 0.14
200 100 75.0 2.1 19.8 0.10
400 100 63.8 1.4 19.8 0.07
100 100 79.1 2.8 19.8 0.14
100 200 78.4 4.4 19.8 0.22
100 300 81.6 5.6 19.8 0.28

exposed panels) diminishes correspondingly. For steel cells the cell factor was
0.14, 0.10, and 0.07 for, respectively, 100, 200, and 400 pm insulation. The
time of wetness, on the other hand, diminishes only slightly with an increase
of the insulation thickness.

Effect of Impressed Voltage—Increasing the impressed voltage from 100
to 200 to 300 mV causes the cell current of steel cells with insulation thick-
nesses of 100 and 400 ym to increase linearly by about SO percent and 100
percent, respectively. An increase of the impressed voltage causes only a very
slight change of the time of wetness.

Effect of Plate Thickness—In addition to the tabulated values of insula-
tion thickness and impressed voltage, the effect of an increase of the plate
thickness has been also studied. Increasing the plate thickness of steel cells
with 100-um insulator from 0.5 to 0.9 mm causes the current per unit area to
diminish by about 30 percent. The time of wetness also diminishes very
slightly.

Examination of Protective Properties of Corrosion Products

To examine whether the electrochemical technique can be used for the
study of the protective effect of corrosion products two carbon steel cells |SIS
(Swedish Standard) 14 11 45| and two cells of weathering steel (CORTEN A)
were exposed. The plate thickness was 1 mm, the insulation thickness was
400 yum, and the impressed voltage was 200 mV. The test is being conducted
in an outdoor atmosphere in Stockholm, and at the same time test panels of
both materials are being exposed for determination of weight loss. Both cells
and test panels are exposed at 45 deg; the rear sides of the panels are pro-
tected by paint. The investigation has been proceeding for nearly four years.

The results hitherto show that the curves for weight loss and for integrated
cell current have a similar course (Fig. 2). The results will be analysed in
detail only after the end of the exposure, which is planned to last for S years.
But it may be mentioned that the differences in current between carbon steel
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FI1G. 2—Integrated current from carbon steel and weathering steel cells converted to weight
loss and weight loss of panels during outdoor exposure in Stockholm from June 1975 to April
1979.

and weathering steel cells have been small during long wet periods, but in-
crease substantially during the warmer period of the year. This indicates that
measurements with the electrochemical cells should be usable for studying
the protective effect of the corrosion products, and should also help to ex-
plain the action of the protective coating of rust on weathering steels.

Comparative Investigation of Corrosion Properties of Aluminum Alloys

One can study whether the electrochemical technique can be used for com-
parative tests of the corrosion resistance of different alloys. This would be of
great practical significance, particularly for the development of alloys.

For this study two different aluminum alloys of type Al-Zn-Mg, denoted
Alloys A and B, were used. Empirically it is known that the higher-alloyed
metal (B) has a considerably inferior corrosion resistance relative to that with
the lower content of alloying elements (A). The tests were performed with
electrolytic cells made of 1-mm plate with 100-um insulation and 100-mV im-
pressed voltage. Test panels of both alloys were exposed at the same time for
determination of weight loss. Two accelerated test methods were used:
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1. A test in a climatic chamber with 0.5-ppm sulfur dioxide (SO, ) with the
cyclic variation of the temperature between 20 and 40°C at 90 percent rela-
tive humidity during four 4-h intervals, followed by one 8-h dry period at
40°C and 40 percent relative humidity.

2. The salt-spray test with discontinuous injection of 0.1 percent sodium
chloride (NaCl) solution. The salt spray was injected for 10 min each hour at
a temperature of 35°C.

The results are presented in Fig. 3 and Table 2, showing mean values for
parallel tests. The electrochemical measurements show that the cell current
for Alloy B in both test procedures was about twice as great as for Alloy A.
This was consistent with a determination of weight loss of panels of the two
alloys in the SO,-bearing atmosphere. In measurements in a chloride-
bearing atmosphere the different inclines of the exposed surface of cells (45
deg to horizontal) and of panels (90 deg to horizontal) have probably had
some effect in degrading the correlation.

A detailed examination of the current-time curves shows that the cells vary
quite sensitively with variations of the climatic parameters. It may be men-
tioned that a difference in cell current between Alloys A and B was noticeable
after only a few hours’ exposure, that is, much earlier than any difference

1.5

| »-34-% Alloy A
o-o—e Alloy B
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=]
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FIG. 3—Integrated current from two different Al-Zn-Mg alloy cells converted to weight loss at
exposure in a climate chamber with 0.5-ppm SO,.
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TABLE 2—Accelerated tests of two Al-Zn-Mg alloys with electrolytic cells and test panels.

Ratio,
I I Alloy A/Alloy B
Exposure Weight Loss  Weight Loss  Ratio, —
Conditions Material  Cell, g/m’>  Panel, g/m* /11 Cell Panel
0.5 ppm SO, Alloy A 0.65 7.70 0.08 2.20 1.97
21 days Alloy B 1.43 15.16 0.09 ) )
0.1% NaCi spray  Alloy A 0.23 1.41 0.16 1.65 1.19
52 days Alloy B 0.38 1.68 0.23 ’ ’

could be observed visually or determined, for example, by weight-loss mea-
surements.

Relation Between Cell Current and Corrosion Rate

A key question in the use of the electrochemical technique is whether a
relation exists between the cell current and the corrosion rate. As the initial
tests indicated that the ratio between cell current and weight loss, the so-
called cell factor, was fairly constant, the technique was used in an extensive
investigation in the Gothenburg area [5]. The objective was to determine, on
the one hand, the relation between the atmospheric corrosion of carbon steel,
zinc, copper, and different climatic parameters, and, on the other, the rela-
tion between the atmospheric corrosion of building structures and the con-
tents of zinc and copper in urban storm water. One of the objectives of using
the electrochemical technique was the desire to study the variations of the
corrosion rate during short periods in response to, for example, high content
of atmospheric pollution. This may be of significance in determining the con-
tents of copper and zinc ions in urban storm water that may cause distur-
bances in the biological step in sewage-treatment plants.

Test Sites—The investigation was made at three test sites in the Gothen-
burg area—at Vegagatan in the central part, at Mellbyleden on the outskirts,
and in Floda about 35 km outside the city in an area of detached houses.

Methods for Determination of Corrosion Rate—The corrosion has been
studied in the following ways:

1. The weight loss was determined on test panels of carbon steel, copper,
and zinc with painted rear sides. Some of the panels were exposed simultane-
ously at the start of the test period and removed successively after one to
twelve months. Others were exposed on a monthly basis using both fresh
panels and panels precorroded in a defined manner.

2. The current was determined using zinc and copper cells of 0.5-mm-
thick plate with 200-um-thick insulation using an impressed voltage of 100
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mV. The carbon steel cells consisted of 0.9-mm-thick plates with 400-um-
thick insulation using an impressed voltage of 200 mV.

3. The amount of metal ions in the runoff from plane and funnel-shaped
specimens of zinc and copper was analysed on a monthly basis during about
25 rain periods.

Because the results are very voluminous only some which illustrate the
relation between current, weight loss, and runoff are presented in this report.

The weight loss, integrated current, and runoff after one year of exposure
are shown in Table 3. It will be seen that the corrosion behavior, determined
by the three methods, differs, but it has earlier been shown that its variation
with time is similar [5]. The relations between the three values are shown in
Table 4.

Relation Between Cell Current and Weight Loss—The cell factor has in
earlier investigations proved to be relatively constant on exposure of both
steel and zinc cells at a single site [4]. In the present investigation, after an
initial period of about three months, the cell factors were fairly constant for
all metals at each site. On the othet hand, the cell factors varied between
sites and, for all metals, were highest at the most polluted site, Vegagatan,
and lowest at the least polluted site, Floda. One explanation of this may be
that the conductivity is greater in the electrolyte film on the cell surface in the
more polluted atmosphere at Vegatatan. This is confirmed by the fact that

TABLE 3—Weight loss, total amount of current converted to weight loss, and runoff
from funnel-shaped specimens after one year of exposure.

Total Amount of Current as
Weight Loss, g/m?- year Weight Loss, g/m2-year Runoff, g/ m? - year
g

Site Cu Zn C Steel Cu Zn C Steel Cu Zn
Vegagatan 10 15 300 7.4 7.3 39 4.8 14
Mellbyleden 11 16 270 4.2 4.0 19 3.2 11
Floda 12 12 230 3.2 3.0 13 2.1 6

TABLE 4—Cell factors (integrated current/weight loss), the relation between
total amount of current and runoff, and the relation between
runoff and weight loss, after one year of exposure.

Total Current/Weight Loss  Total Current/Runoff  Runoff/Weight Loss

Site Cu Zn C Steel Cu Zn Cu Zn

Vegagatan 0.71 0.48 0.13 1.5 0.52 0.46 0.91
Mellbyfeden 0.39 0.24 0.07 1.3 0.36 0.29 0.67
Floda 0.26 0.24 0.06 1.5 0.52 0.17 0.46




246 ELECTROCHEMICAL CORROSION TESTING

the best correlation between the cell factor for carbon steel and the climatic
parameters studied appears to exist with the SO, content in the atmosphere
[5]. This may provide a means for correction of the cell factor if the SOz con-
tent at the exposure site is known.

A more general way of expressing the relation between cell current and
weight loss will be seen in Fig. 4 where all monthly values measured for car-
bon steel at the three sites have been plotted. The relation between cell cur-
rent and weight loss has been assumed to be linear. The following empirical
equation was obtained by least-squares refinement of the data:

W =296 Q + 14.6 r=0.77

where

W = weight loss of panels, g/m?-month,

Q = integrated current converted to weight loss using Faraday’s law,
g/m?-month, and

r = correlation coefficient.

It should be stressed, however, that extrapolation outside the investigated in-
terval of integrated current and weight loss can not be generally recom-
mended.

The integrated currents for carbon steel and zinc for all sites are shown in
Figs. 5 and 6. For both metals the Vegagatan site shows very high values dur-
ing the winter months. The weight losses at Vegagatan are also higher during
this period but, as appears from Fig. 4, the integrated currents deviate from
the linear relation. This indicates that during the period of heavy pollution
the cells may deliver an *“‘unproportionately’”” high current. Nor, in the case of
zine, can it be ruled out that during that period there may have been short-
circuiting phenomena owing to formation of electron-conducting corrosion
products on the cell surface.

For zinc one sees a relation between corrosion rate and cell current only for
values from single sites as indicated in Fig. 7, which shows weight loss and in-
tegrated current at the Mellbyleden site on a monthly basis. The relation be-
tween weight loss and integrated cell current, however, cannot be satisfac-
torily represented by a single equation for all three sites.

Relation Between Cell Current and Runoff—The ratio between integrated
current and the amount of metal ions in the runoff was roughly equal at all
sites (see Table 4). From Figs. 8 and 9 it is seen that, both for copper and
zine, there is a close correlation between integrated current and the amount
of metal ions in runoff if January to March at Vegagatan is disregarded. Dur-
ing this period there is admittedly high cell current but little runoff, as in the
cold period the precipitation is usually not in the form of rain, which washes
the corrosion products off the metal surface. The results obtained with the
electrochemical technique thus appear to be suited for estimating the quanti-
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FIG. 4—Weight loss of carbon steel after one-month exposure versus integrated cell current
converted to weight loss. The numbers in the figure give the ordinal numbers of the month dur-
ing the exposure period from November 1975 to October 1976.

ties of copper and zinc in the runoff from corroding metal surfaces except
when freezing temperatures prevail. This may also make it possible to use the
cells for study of the contents of metal ions in the runoff during short periods,
for example, single rainfalls.

Time of Wetness—The measured time of wetness during different months
is shown in Fig. 10. The times of wetness during one year were 1116, 1190,
and 1138 h for the Vegagatan, Mellbyleden, and Floda sites respectively.
This constitutes about 13 percent of the total time. As appears from Figs. 5
and 10, the integrated current is not directly proportional to the time of wet-
ness. The results show that the time of wetness measured with electrochemi-
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FIG. S—Integrated current from carbon steel cells converted to weight loss during different
months.

cal cells was about 0.45 of the time during which the relative humidity ex-
ceeded 90 percent or 2.1 to 2.6 times the precipitation period for the three
sites.

Discussion

The electrochemical technique for the investigation of atmospheric corro-
sion with electrolytic cells with an impressed d-c voltage has been used for a
number of years both at the Swedish Corrosion Institute and by, among
others, Haagenrud [6] and Mansfeld [7]. A summary of the Swedish findings
appears to be appropriate in order to demonstrate both the practical use of
the technique and its limitations.

Cell Structure

The parameters in the cell structure that principally affect the cell current
and thus the cell factor are the thicknesses of the insulation and plates. On
grounds of principle one would prefer the least possible insulation thickness
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panels during different months.

in order that the cell, which constitutes a model of the electrochemical cells
occurring on corroded surfaces, should not deviate too much from reality.

In cells of steel, zinc, and, to some extent, copper, with thin insulators,
short-circuits may occur with electron-conducting corrosion products. An in-
creased insulation thickness results in a linear reduction of the cell current.
For carbon steel cells an increase of insulation thickness from 100 to 400 ym
results in halving the cell current, which does not indicate any fundamental
change in the behavior of the cells. Since the time of wetness is only a little af-
fected by an increase of the insulation thickness, this measure appears ap-
propriate for increasing the life of the cells.

An increase of the plate thickness may be desirable if one wishes, for ex-
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ample, to study the protective effect of the corrosion products. An increase of
thickness from 0.5 to 0.9 mm resulted in a reduction of the cell current per
unit area by about 30 percent. This measure does not indicate any funda-
mental alteration of the function of the cells. It should also be noted that with
cells of the aforementioned forms the visible corrosion attacks on the plates
were never found to be concentrated at the edges. They were uniformly dis-
tributed over the entire anode surface and the entire cathode surface, the
anode surface being apparently somewhat more corroded.

On an increase of the impressed voltage the cell current increases linearly.
For an increase from 100 to 300 mV it is about 100 percent. Neither this mea-
sure nor a change of the plate thickness appreciably alters the time of
wetness. The reason for this is apparently that the difference in cell current
between ““‘dry” and ‘‘wet”” periods is usually one or several orders of magni-
tude while the influence of changes in cell construction and imposed voltage
is much smaller. Moreover, the current normally shifts rapidly between the
two current levels on wetting or drying the surface.
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FIG. 10—Time of wetness measured with carbon steel cells during different months.

On the basis of this study, and of experience of its use in practice, the elec-
trolytic cells of Table 5 with 0.5 to 1 mm plate thickness may be recommended
for long-time tests comprising measurement of current and time of wetness
without significant risk of short-circuiting through corrosion products.

Significance of Cell Current

Although the electrochemical technique for measuring the cell current is
simple, it is not so easy to interpret the measured current in electrochemical
terms and its connection with the corrosion rate. The voltage impressed on
the cell is distributed between an ohmic voltage drop and polarization of the
electrodes. The ohmic voltage drop is caused by the resistance in the electro-
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TABLE S—Recommended insulation thickness and
impressed voltage for electrolytic cells.

Insulation Impressed
Material Thickness, pm Voltage, mV
Carbon steel, weathering steel 400 200
Zinc 300 100
Copper 200 to 300 100
Aluminum 100 100

Iyte film and in possible protective layers, such as the oxide film on alumi-
num. The polarization phenomena occur both at the anode and the cathode.
The distribution of the voltage between IR drop and polarization has not yet
been studied, but may be presumed to vary with exposure conditions. Also
the polarization of the electrodes may, at least theoretically, vary between the
linear and the Tafel region. To get a more reliable relation between the cell
current and the corrosion rate a better understanding of the electrochemical
background is necessary. Efforts in this way are presently in progress. In this
investigation a practical approach in the use of the cell current as a predictor
of the atmospheric corrosion rate has been adopted, and a relation has been
found to exist between the cell current and the corrosion rate at atmospheric
corrosion. In initial experiments this relation has been expressed as the ratio
of cell current expressed as weight loss using Faraday’s law and weight loss
obtained from simultaneous weight-loss determinations of test panels. It has
been shown that this so-called cell factor is fairly constant after a brief initial
period, except in extreme climatic conditions such as cold and humid periods
with high contents of pollution and with low precipitation in the form of rain.
One example may be periods when the surface of zinc cells is covered with
snow. On the other hand, for all metals the cell factor exhibits variations be-
tween the different sites. This, of course, is a serious limitation. In order to
use the electrochemical technique for quantitative purposes a calibration is
required, with determination of weight loss, to obtain the cell factor. There-
after the method should provide interesting information concerning, for ex-
ample, short-time variations of the corrosion rate that cannot be detected by
conventional methods such as weight loss determination since the latter are
not sufficiently sensitive.

Efforts have been also made to find alternative ways to express the relation
between the cell current and the corrosion rate that avoids the aforemen-
tioned drawbacks of the cell factor variation in atmospheres with different
pollution levels. As there seems to be a correlation between the cell factor and
the SO; level a correction of the cell factor may be possible if the SO,-content
of the site is known. Another alternative that has been tried is to assume a
linear relationship between the integrated cell current and weight loss ob-
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tained at different sites. By least-squares refinement of data a pure empirical
linear equation has been obtained that shows a reasonable correlation for
monthly exposure of carbon steel.

As the relation between current and quantities of copper and zinc in runoff
is roughly similar at all sites, an interesting possibility appears to exist for
estimating their contents in runoff from corroding metal surfaces.

The proportion of the time during which the cell current exceeds 107° A
has been previously denoted as the time of wetness. The time of wetness ap-
pears to be a factor of great significance for atmospheric corrosion. Investi-
gations are at present being made in international research projects to com-
pare different ways of measuring the time of wetness and to correlate the
resulting values with the weight loss of panels. An evaluation of the signifi-
cance of time of wetness measured by the present electrochemical technique
should await the results of the comparative investigations.

Possible Applications and Further Development of the Technique

The experience gained hitherto with the electrolytic cells shows that the
technique in its present form can be used for various purposes. Among the
most interesting applications are comparative studies of different metals
both in field exposure and in accelerated tests. This applies, for example, to
alloy development. It can be used also for following the buildup of protective
layers of corrosion products. It appears possible in this connection to study
how different climatic factors, for example, long wet periods or cyclical dry-
ing and wetting, affect the process. This should be of interest in studying
weathering steels, for example.

Attempts have been also made to use the electrochemical technique in its
present form for studying the protective effect of films of paint on steel. The
possibility of studying, with modified cells, the corrosion resistance of
metallic coatings is at present being investigated. Finally, it may be men-
tioned that the Swedish Cement and Concrete Research Institute uses the
technique for studying the corrosion of steel embedded in concrete [8].

The possibilities and limitations of the technique for study of the effect of
climatic factors have been discussed in the preceding section. An advantage
of the technique is its comparative simplicity and cheapness and that it has
proved to function completely without trouble over such long measurement
periods as four years.

It is nevertheless desirable to continue the development of the electro-
chemical technique for study of atmospheric corrosion. Work to this end is
already in progress in several countries, and the possibilities are also being
studied at the Swedish Corrosion Institute. Methods based on the polariza-
tion resistance or impedance techniques would appear to be of great interest
in this connection.
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Conclusions

The electrochemical technique based on integration of the current in elec-
trolytic cells with an external impressed voltage has been used in various in-
vestigations. The practical experience gained from these has led, inter alia,
to a development of cells that permit measurements extending over several
years without risk of short-circuit with electron-conducting corrosion prod-
ucts. The electronic integrator has also proved to function reliably during all
measurements. Even if the electrochemical background of the technique is
not well defined, a relation has been found to exist between the cell current
and the corrosion rate. This relation is, however, not as simple as the initial
tests indicated. The cell factor is admittedly fairly constant in measurements
at one site, but it depends to some extent on the degree of pollution of the at-
mosphere, which is a serious limitation. The technique appears to be well
suited, however, for comparative studies of different alloys, of the protective
effect of the corrosion products, and for studies of the contents of copper and
zinc in runoff from metallic surfaces in building structures. The time of wet-
ness measured by this technique may prove to be of interest in the study of
the influence of climatic factors on the corrosion rate.
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ABSTRACT: The electrochemical measurement of mobile hydrogen, utilized in
hydrogen-through-iron permeation studies, is adapted to yield an extremely sensitive, yet
simple, practical device to assess embrittiement in high-strength steel parts. The electro-
chemical permeation of hydrogen through metal foils is achieved by causing an electro-
chemical source and sink for hydrogen to co-exist on either side of a foil. The hydrogen is
cathodically introduced at the input side and anodically extracted (oxidized to water) at
the exit side. The extraction side of the permeation cell provides the basis for the barnacie
electrode hydrogen measurement device. The hydrogen oxidation current is measured
and related to the mobile hydrogen concentration by the solution to the diffusion equa-
tion using the appropriate boundary conditions. The device can accurately detect and
measure diffusible hydrogen contents in the range of 100 parts per billion by weight. Its
effectiveness has been demonstrated in (/) indexing embrittlement of high-strength AISI
4340 steel as a function of hydrogen content, (2) the loss of hydrogen in an HY-130 steel
weldment, and (3) changes in hydrogen content of cadmium plated steel which were
measured, leading to a better understanding of bakeout and delayed failure mechanisms.

KEY WORDS: hydrogen embrittfement, embrittiement indexing, mobile hydrogen,
hydrogen permeation, hydrogen measurement, environmental embrittiement, electro-
chemical technique, barnacle electrode, high strength steels, sustained load testing, elec-
troplating

It is well known that hydrogen can enter high-strength steels in many ways
(for example, during plating, cathodic protection, welding, or corrosion)
causing a loss in ductility which may result in catastrophic failure of struc-
tures in service [7].2 As higher strength materials come to be more in de-
mand, the problem of hydrogen embrittlement becomes more acute. Accord-
ing to Troiano, hydrogen, even in very low concentrations in the bulk lattice,
can migrate to areas of high triaxial stress, thereby magnifying its effect and

!Division superintendent and research chemist, respectively, Aeronautical Materials Divi-
sion,. Aircraft and Crew Systems Technology Directorate, Naval Air Development Center, War-
minster, Pa. 18974,

2The italic numbers in brackets refer to the list of references appended to this paper.

256

Copyright® 1981 by ASTM International Www.astm.org


http://www.astm.org

DELUCCIA AND BERMAN ON DIFFUSIBLE HYDROGEN IN METALS 257

causing delayed failure {2]. Troiano argues that it is this mobile (rather than
the total) hydrogen with which we should be concerned [3]. Most methods for
determining hydrogen in metals are destructive and cumbersome [1,4], but
their greatest drawback is that they measure total hydrogen. It is therefore
important to have a method of determining mobile, or damaging, hydrogen
which can then be related to actual service conditions [3].

The barnacle electrode has been developed to measure this mobile
hydrogen [5], and is being used to correlate hydrogen concentrations with
delayed failure in high-strength steels. The principle of the barnacle elec-
trode is based on the electrochemical method of hydrogen permeation
developed by Devanathan et al [6, 7). This method requires that a diffusion
gradient exist within the metal foil by producing hydrogen on one side, such
as by cathodic charging, and removing it on the other side by anodic polari-
zation with a potentiostat. By keeping the exit surface at zero hydrogen con-
centration in this manner, the oxidizing current is therefore a direct measure
of the rate of permeation of hydrogen. Analysis of the buildup and decay
transients can then be used to give diffusivity or concentration information
[8,9]. The barnacle electrode technique makes use of only the extraction side
of the permeation cell, since the hydrogen is assumed to be already uniformly
distributed throughout the specimen. A major simplification of the barnacle
electrode over the electrochemical permeation technique is the use of the
nickel/nickel oxide electrode to replace the potentiostat and act as a stable,
nonpolarizing power electrode (cathode) that maintains zero hydrogen con-
centration at the exit surface of the steel (anode) by oxidizing the emerging
hydrogen atoms to water.

The boundary conditions (Fig. 1) are thus established for solution of Fick’s
second law

S5 =0 (1)

where

C = concentration of hydrogen in the steel, mol/cm?,
D = diffusivity of hydrogen through the steel, cm?/s,
x = distance into the specimen, cm, and

t = time, s.

Using a Laplace transform method, Fullenwider et al [10,11] arrived at a
solution

_ _ S 2n + 1L — x
Clat) = Cy = Co B (1) erfe —— 7
— Co ,,Zjo (—1) erfc M 2)

2( Dt)l/Z
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FIG. 1—Boundary conditions for barnacle electrode hydrogen extraction.

Since
Jo _ aC iy e
F D <_6x )xz , Fick’s first law, 3)
we have
J’ = C0 <L>l/2 [1 — e—LZ/Dr + e—4L2/Dr .. ] (4)
zF mt
where

J, = oxidation current density at time ¢, A/cm?,

L = thickness of the part, cm,

= uniform hydrogen concentration in the part,

z = number of electrons involved in the oxidation (one), and
F = Faraday, 96 500 C per mole hydrogen.

o
|

It is possible to drop all exponential terms and use a first-term solution to Eq
4if L2/Dt = 4; that is,
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L2
tmax = D (&)
The first-term solution is
J D 172
= () ®

The value ¢,,, of Eq 5 is the time up to which C, may be calculated from the
experimental value of J using the first-term solution (Eq 6). Thus, for a
1-mm-thick specimen of 4340 steel having a diffusivity of 2.5 X 10~7 cm?/s,
tmax i 10% s, or approximately 3 h; for Armco iron, D = 2 X 1073, it is only 2
min. For practical applications where thicknesses are usually in excess of 1
mm and diffusivities are on the order of 1077, the approximation of Eq 6
should hold true for the actual times for measurement, usually on the order
of one-half hour.

If the experimental extraction current density-time transient fits the
theoretical curves plotted from Eq 6, and if the diffusivity of hydrogen
through the given steel is known, a measurement of J at any given extraction
time will give the hydrogen content C,. If D is unknown, the value D'2C,
can be determined; that is, the current (or current density) at a given time is
proportional to the hydrogen concentration.

The degree of embrittlement is a function, not only of the hydrogen con-
centration, but also of the material, including its heat treatment and its
geometry, which determines the stress concentration at notches and sharp
corners. It is therefore necessary to do mechanical testing and correlate
failure data with the electrochemical measurements for the material of in-
terest.

This paper describes the applicability of the barnacle electrode system to a
wide variety of situations: (1) the indexing of the degree of embrittlement by
determining threshold hydrogen values, (2) the study of delayed failure and
hydrogen migration in plated steels, and (3) the loss of hydrogen in a weld-
ment with time.

Experimental

Apparatus

The barnacle electrode cell is shown in Fig. 2. It consists of a steel speci-
men (anode), a nickel/nickel oxide electrode (cathode), and a Teflon block
that has a circular opening and a silicone rubber gasket which, when
clamped to the specimen, defines an exact area. The cell is filled with a 0.2 M
sodium hydroxide (NaOH) solution for measurements. The potential dif-
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FIG. 2—Barnacle electrode cell.
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ference developed between the steel and the nickel/nickel oxide is on the
order of 750 to 850 mV, depending on the hydrogen content (the fully
charged nickel/nickel oxide is 310 mV noble to the saturated calomel elec-
trode in this solution). Future versions of the cell will have a magnetic clamp-
ing system for use on structural parts, hence the name ‘‘barnacle.” A proto-
type has been built under contract by Rockwell International Science Center
and is being evaluated under laboratory and field conditions.

The measuring system is shown schematically in Fig. 3. The current is
determined from the IR drop. The results have been compared with those ob-
tained using more sophisticated methods, such as zero-resistance ammeter
circuits, and have been found to be almost identical.

Specimens

The specimens used in the embrittlement and plating studies were
1.60-mm (0.063-in.)-thick, flat, long transverse, double-notched tensile bars
of AISI 4340 steel, finished by surface grinding. The properties are given in
Table 1.

The weldment was a multi-pass, continuously welded, shielded metal-arc
weldment of 25-mm (1-in.)-thick HY-130 steel plate measuring 300 mm (12
in.) long by 225 mm (9 in.) wide. It was cut on a band saw so that measure-
ments could be made on internal surfaces. Irregular surfaces were flattened
on a belt sander.

Procedures

Indexing the Degree of Embrittlement—The tensile bars were prepared by
swabbing with two percent aqueous hydrochioric acid in methanol, rinsing
with methanol, and wiping with a tissue. They were then cathodically
charged for 3 h in a solution containing one weight percent each of sodium
hydroxide and sodium cyanide, the latter acting as a poison to promote
hydrogen uptake [12]. The charging rate was varied from 25 to 750 uA/cm?
in order to prepare specimens with different hydrogen concentrations. The
anode was a cylindrical platinum gauze surrounding the specimen to provide
a uniform current density.

After charging, the specimen was rinsed with water, then with methanol,
and dried with a tissue. The barnacle electrode was then assembled, and the
current measurement started within 15 min after charging.

After the 30-min current measurement, the specimen was rinsed with
water and dried, then immediately assembled in a constant-load stress rup-
ture machine at the predetermined load. Failure usually occurred within one-
half hour for these bare specimens. Those still intact after one week were
considered unembrittled. (The one-week limit was set after it had been deter-



262 ELECTROCHEMICAL CORROSION TESTING

GASKET

DRIVING ELECTRODE
NI -~ NIO

O

ELECTROMETER STRIP CHART
% RECORDER
KNOWN
RESISTANCE

HYDROGEN - CONTAINING PART

FI1G. 3—Schematic of barnacle electrode measuring apparatus.

TABLE 1—Properties of AISI 4340 steel.

Composition, % Physical Properties

Mn—0.84 strength level—1790 to 1930 MPa (260 to 280 ksi)

Si—0.25 notched tensile strength—1650 MPa (240 ksi)
Ni—1.92 geometrical stress concentration factor, K,—5.6
Cr—0.86

Mo—0.21

mined that unplated specimens would either fail rapidly upon loading or not
at all.) Thus a fail/no-fail criterion was established.

Determining Residual Hydrogen in Cadmium-Plated Steel—The speci-
mens were cleaned and plated from a conventional cadmium cyanide bath.
They were then baked at 190°C (375°F). Both the plating thickness and bak-
ing time were varied. The plate was removed by swabbing with ammonium
nitrate solution (120 g/L; 1 1b/gal) and abrading with extra fine (grade A)
Scotchbrite abrasive immediately before assembling in the barnacle cell. The
current was then measured for 30 min.

The sustained-load failure experiments were performed on the plated
specimens. They were loaded at 75 percent of the notched tensile strength
and allowed to go until failure. They were then measured for hydrogen as
above.

Hydrogen in Weldments— The weld and heat affected zones were prepared
for measurement by abrading with 320-mesh silicon carbide paper and wip-
ing with benzene. The barnacle cell was attached to the weldment with a
C-clamp.
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Results and Discussion

Indexing the Degree of Embrittlement

It was shown in earlier work with the barnacle electrode [5] that a thresh-
old hydrogen concentration probably exists below which failure will not occur
at a given sustained load. This is in agreement with the work of others [2,13].
The results presented here are an expansion of this preliminary work.

Flat, double-notched tensile bars of 4340 steel were charged at different
current densities in order to introduce varying levels of hydrogen. The
hydrogen extraction transients were then determined with the barnacle elec-
trode, and the specimens loaded at various percentages of the notched tensile
strength (NTS) in order to develop the embrittlement threshold curve.

Typical barnacle extraction curves are shown in Fig. 4. Barnacle readings
at any selected time can be correlated with the sustained-load failure results.
It was shown, for example, that for 30-min barnacle measurements of 0.37,
0.69, and 0.76 pA/cm?, specimens loaded at 25 percent NTS did not fail,

>
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FIG. 4—Typical barnacle electrode extraction transients for different hydrogen concentra-
tions.
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whereas those giving readings of 0.93 and 0.99 did. In this way, ‘‘fail/no-
fail’” data were generated for loads of 15 to 40 percent NTS. Figure 5 shows a
straight line drawn through the highest ‘“‘no-fail” 30-min barnacle current
densities (left-hand axis) versus sustained loads. The curve is shown with a 10
percent safety factor. This threshold curve is the line giving the hydrogen ex-
traction current density above which failure will be expected at the given sus-
tained load for bare (unplated) AISI 4340 steel heat treated to the 1790 to
1930 MPa (260 to 280 ksi) strength level. This straight line plot is valid for
loads between 15 to 40 percent of the notched tensile strength.

The foregoing illustrates an empirical method of correlating the electro-
chemical (barnacle) and mechanical data without using the diffusivity or
considering the actual hydrogen concentrations. If the diffusivity is
unknown, Eq 6 can still be used to calculate the combined value D1/2C,.

If hydrogen concentrations are desired, it is necessary to know the diffu-
sivity and to know that the extraction curves follow Eq 6. The diffusivity of
the material used here was determined by the electrochemical permeation
method [8, 9] and found to be 2.5 X 1077 cm?/s. Adherence to the equation
is best determined graphically by comparing slopes of an experimentally
determined log J versus log ¢ plot (Fig. 6) against those drawn using Eq 6.
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FIG. S—Indexing the degree of embrittlement of AISI 4340 steel using 30-min barnacle elec-
trode measurements.
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FIG. 6—Typical barnacle electrode hydrogen extraction data versus theoretical curves calcu-
lated from Eq 6 for AISI 4340 steel, D = 2.5 X 1077 em?/s.

The slope of the line for a hydrogen-containing specimen obeying Eq 6 is
—0.5. It would be expected that a hydrogen-containing steel would act ac-
cordingly, so long as the hydrogen concentration is high enough to give
values significantly higher than background (blank) measurements, and that
no oxidation currents are present other than that for hydrogen and the very
low steel passivating current. The slopes of typical barnacle extraction curves
are given in Table 2. Calculations can also be made from Eq 6 by using cur-
rent densities at different times. If the extraction transient follows the equa-
tion, the calculated concentration will be the same for all times; that is, it is
constant in the specimen being measured. The obeyance of Eq 6 and the con-
stancy of concentration were found in the current study, as can be seen from
Table 2. Once it has been established that the system conforms to theory, it is
necessary to use the current density (in the region where the data best
matches the theoretical slope) at one time only, such as at 20 or 30 min, to
calculate the concentration. The validity of the calculations has been con-
firmed by independent® determinations for mobile hydrogen using a hot-
extraction method [14]. The comparative results for replicate specimens are

3K. B. Das, The Boeing Company, Seattle, Wash.
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TABLE 2—Calculated hydrogen concentrations, ppm, at selected times,
and slopes of typical barnacle electrode extraction curves.

Calculated Hydrogen Concentration, ppm, from Current Density

at Selected Times, min Slope of

- Curve

Specimen S 10 15 20 25 30 (Fig. 6)
A 0.077 0.076 0.076 0.078 0.076 0.079 —0.48

B 0.13 0.14 0.14 0.14 0.14 0.14 —0.48

C 0.2t 0.23 0.23 0.22 0.23 0.23 —0.58

D 0.50 0.33 0.33 0.33 0.32 0.32 —0.53

shown in Table 3. The specimens were 4340 steel, plated with cadmium to re-
tain the hydrogen until the determinations were made.

It is often desirable to use weight parts per million (ppm) rather than
moles per cubic centimetre as the unit of concentration. These values are
shown on the right-hand axis of Fig. 5 (1 mol H/cm?® Fe = 1.3 X 10° ppm).
Table 4 gives the critical hydrogen concentrations as obtained from the
threshold curve (Fig. 5).

In earlier work [35, 15] a Teflon gasket was used rather than a silicone rub-
ber one. This may have caused a crevice, similar to that reported in an alumi-
num-Teflon system [/6], resulting in a larger wetted surface area. This
results in a much larger measured current than that obtained with the sili-
cone gasket, which necessitates the use of an area factor to adjust the data to
a truer current density caused by hydrogen oxidation. The results reported in
this section were adjusted in this manner using an area factor of 7.5 arrived
at by comparing current measurements using the two gaskets on replicate
specimens (Table 5).

It should be emphasized that these results are for bare specimens that lose
hydrogen relatively rapidly and will therefore not undergo long-time delayed
failure. In practice, this steel is not used without plating, but this study
clearly demonstrates the relationship that can exist between stress and
hydrogen content even with very low mobile hydrogen concentrations. Plated
specimens may provide a more dangerous situation, since common plating
materials such as cadmium constitute a barrier preventing the easy loss of
hydrogen. This barrier effect of the plating can promote the migration of
hydrogen to areas of high triaxial stress, which results in possible delayed
failure at even lower bulk hydrogen concentrations, as is discussed in the
following section.

Hydrogen in Cadmium-Plated Steels

It has been well established that high-strength steels plated with cadmium
from a cyanide bath become highly embrittled with hydrogen [I]. Though
low-embrittlement baths are constantly being developed, the bright cad-
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TABLE 3—Comparison of mobile hydrogen concentrations in
replicate 4340 steel specimens by two methods.

Hydrogen, ppm

Method Set 1 Set 2

Barnacle electrode. 0.41 0.16
(three specimens each set)

Hot-extraction® 0.34 0.19

(four specimens each set)

“K. B. Das, The Boeing Company, Seattle, Wash.

TABLE 4—Critical hydrogen concentrations for failure
of bare AISI 4340 steel in sustained load testing.
K, = 5.6, NTS = 1650 MPa (240 ksi).

Critical Hydrogen

Load, % NTS Concentration, ppm
15 0.25
20 0.21
25 0.17
30 0.13
35 0.10
40 0.06

TABLE S—Comparison of 30-min barnacle electrode current
measurements on replicate specimens of 4340 steel using
Teflon and silicone rubber sealing gaskets.

Average Current, pA

n Teflon Silicone Ratio
Blank 5 1.6 0.22 7.3
H-containing 7 4.4 0.59 7.5

mium plate produced from the cyanide bath is still preferred for many appli-
cations owing to its excellent coverage and superior corrosion resistance.
Brown [17] showed by mechanical means, however, that even prolonged bak-
ing did not always relieve high-strength steel of this embrittlement.

This study was therefore undertaken to determine whether the presumably
very low levels of residual hydrogen could be detected with the barnacle elec-
trode, thus affording a nondestructive method of monitoring plated and
baked parts. It was further decided to follow changes in the hydrogen con-
centration during room temperature aging, thus providing a better under-
standing of the delayed failure mechanism.
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The specimens used were half tensile bars (the broken specimens from the
indexing work described previously). It was established that specimens could
be used repeatedly. It was also shown that two measurements could be made
on opposite sides of the same specimen, provided the plate was not removed
from the second side until after the first measurement was made, and that
the two measurements followed each other within a few minutes.

As can be seen in Table 6, slight variations in plating conditions from
batch to batch can result in large differences in hydrogen uptake as well as
variable hydrogen concentrations after the bakeout procedure. This work
demonstrates that a bright cadmium plate may offer an impenetrable barrier
toward the exit of hydrogen. The data in Table 6 indicate that even after bak-
ing, the residual hydrogen would be sufficient to cause failure in stressed
parts in many situtions (see Fig. S).

It has been theorized that a duplex-plating procedure (thin plate, bake,
overplate) would eliminate hydrogen embrittlement. It was thought that the
thin plate of cadmium would allow sufficient outgassing of hydrogen while
baking, yet provide a barrier to additional hydrogen entry during overplat-
ing. The results given in Table 6, however, do not show any improvement in
the duplex-plating procedure over the single-plating procedure. These results
are in agreement with the work of others using mechanical tests [/8].

The study of the changes in hydrogen concentration (barnacle measure-
ments) with ambient aging is being done to shed light on the mechanism of

TABLE 6—Thirty-minute barnacle electrode measurements
on cadmium-plated AISI 4340 steel using single and duplex
plating methods and variable baking times at 190°C
(background measurement = (.22 pA/cm?).

Typical barnacle measurements, pA/cmz, from different batches
plated to 0.015 mm thickness.

Set 1 Set 2 Set 3
Unbaked 0.40 0.67 0.72
Baked 24 h 0.60 0.51 ce
Baked 24 + 48 h 0.44 0.39 ce
Baked 48 h cee e 0.36
Baked 48 + 72 h Ce e 0.26

Typical barnacle measurements, uA/cm?, from different batches
plated to 0.005 mm thickness, then overplated to 0.015 mm thickness.

Set 1 Set 2 Set 3
0.00S mm, unbaked 0.83 0.69 0.57
Baked 10 h 0.26 0.25 0.51
0.015 mm, unbaked 0.31 0.46 0.39

Baked 24 h 0.23 0.35 - 0.50
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delayed failure: redistribution of hydrogen within the steel or movement into
the steel from the plate [I7]. A duplex plate and a single 0.015-mm
(0.0005-in. )-thick plate were used. It was found in the former that even with
the thin plate the hydrogen concentration in the steel increased with aging.
The duplex plate gave essentially the same end result as a single plate. In all
cases, a source of hydrogen and a barrier toward hydrogen egress seemed to
be set up, which caused an increase in the hydrogen content in the steel with
aging time. This phase of the work is still in progress; however, there appears
to be a pattern in all of the data that indicates a rise in hydrogen concentra- -
tion after aging for a few weeks at room temperature. This change reaches a
maximum which may shift in time depending on the barrier effectiveness and
thickness of the plate.

A limited number of tensile specimens have been tested for delayed failure
under sustained load. Although the results are not totally conclusive, two
failures occurred in three to four weeks with plated specimens loaded to 75
percent NTS, which lends support to the theory that hydrogen may enter the
steel from the plate. Further work is needed to answer the question as to
whether the bulk mobile hydrogen concentration increases with time or
whether delayed failure is due only to migration of hydrogen to the region of
high stress.

It is expected that with the barnacle electrode system as now perfected,
very small changes in hydrogen concentration upon aging can be detected,
and the times to reach maximum hydrogen concentration determined. These
measurements in turn can be correlated with results of sustained-load tests to
determine the concentration of hydrogen that can cause failure. Table 7
shows the precision of the measurements. It should be noted that as the

TABLE 7—Reproducibility of barnacle electrode measurements using
replicate specimens of cadmium-plated AISIT 4340 steel.

No. of Average 30-Min Standard
Specimen Preparation Specimens  Barnacle Reading  Deviation, s
Background (blank)
Plated, plate removed, H measured, 5 0.22 pA/cm’ 0.019
stored in desiccator, abraded, de- (zero ppm H)
greased
Plated ‘ 4 0.51 pA/cm? 0.022
Plated to 0.015 mm thickness, aged 6 (0.10 ppm)*
days (ambient), plate removed,
abraded, degreased
Charged/Plated 4 1.5 pA/cm? 0.096
Cathodically charged at 1 mA/cm? for (0.30 ppm)*

2 h, plated (0.015 mm), aged 6 days
(ambient), plate removed, abraded,
degreased

“Calculated from Eq 6.
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hydrogen concentration decreases so that the current density approaches the
background measurement, deviation from the theoretical slope of —0.5 is to
be expected. Therefore, for these cases, it is not possible to make calculations
for the hydrogen concentration using Eq 6, which is based on the slope of
—0.5. Differences in the barnacle readings, however, even very near to the
background value shown in Table 7, can still provide a valid method to in-
dicate changes in hydrogen concentrations.

Hydrogen in a Weldment

The last phase of this work demonstrates the use of the barnacle electrode
on a more massive, structural component rather than on a small, laboratory
specimen. It also illustrates an example of hydrogen originating from a
source other than an electrolytic reaction.

The weldment of HY-130 steel was prepared by the shielded metal-arc pro-
cess 8 h before the first measurement was made. It was sectioned to give a
large and small section in order to observe the difference in the hydrogen
egress, and also later to obtain internal measurements. The 30-min barnacle
measurements versus aging time are given in Figure 7. The base metal
showed essentially a steady barnacle value throughout. The weld metal, on
the other hand, showed a high hydrogen concentration at the start, which
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FIG. 7—Loss of hydrogen in an HY-130 steel weldment as shown by barnacle electrode mea-
surements.
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steadily diminished to values comparable to background after about 25 days,
the smaller section losing hydrogen faster than the larger one. A sectioning at
24 days showed that there was still some hydrogen remaining in the weld
metal of the large section even though the surface measurement showed
none. This hydrogen was removed by baking for 24 hours at 150°C (300°F),
as shown by the internal measurement after a final cut (Fig. 7).

The concentration of hydrogen in the weld metal was calculated using Eq 6
and the determined diffusivity of 4 X 107 cm?/s for the weld metal, and was
found to be 0.6 ppm eight hours after fabrication. It should be noted that the
lower strength level of the HY-130 steel versus the 4340 steel (900 MPa versus
1790 MPa) makes it less susceptible to hydrogen embrittlement. It can there-
fore tolerate more hydrogen prior to breaking than can the 4340 steel of this
study.

Summary and Conclusions

The barnacle electrode system has been shown to be a very useful and ver-
satile hydrogen measuring tool. In this study it has been applied to three
hydrogen-containing systems—plated and unplated 4340, and an HY-130
weldment. It has been shown to be potentially useful as a field tool to detect
hydrogen in massive weldments, as a quality assurance instrument to deter-
mine the efficiency of the post cadmium plating bakeout procedure, and as a
research tool to determine very small hydrogen concentrations and embrittle-
ment limits, and to study delayed failure mechanisms.

The system has been improved by using a silicone rubber sealing gasket
that ensures the reproducibility of a well-defined cell contact area. This has
resulted in, not only a better precision of measurement, but the ability to
detect less than 0.1 ppm of mobile hydrogen.

It has been shown that the barnacle hydrogen extraction transients (cur-
rent density versus time plots) obey the equation resulting from the solution
of the diffusion equations so long as the thickness is sufficient to ensure the
proper boundary conditions. This also means that no oxidation reactions
other than that for hydrogen are significant unless the hydrogen concentra-
tion is considerably lower than 0.1 ppm, that is, as the 30-min current den-
sity approaches the background value of 0.22 uA/cm? for this system.

A threshold hydrogen embrittlement curve was developed for cathodically
charged, flat, double-notched tensile bars of AISI 4340 steel of 1790 to 1930
MPa strength level and a stress concentration factor (K, ) of 5.6 by correlat-
ing hydrogen concentrations with sustained-load testing in the range between
15 and 40 percent of the notched tensile strength. For example, critical
hydrogen concentrations of 0.25, 0.17 and 0.06 ppm were found for failure at
loads of 15, 25 and 40 percent NTS.

It has been shown that the bakeout process produces variable results
depending on the nature of the plate (for example, porosity) and that a
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bright, relatively nonporous, cyanide cadmium plate can be very impervious
toward the passage of hydrogen. Thus the barnacle electrode could be a very
useful tool in determining the effectiveness of the baking. It should be em-
phasized that though others have shown a loss in ductility, this work has
shown definitively that this loss is due to the presence of hydrogen. We have
also shown that a duplex cadmium plating treatment has no advantage over
the single-plating procedure in reducing the ultimate hydrogen concentra-
tion.

The capability of measuring very low hydrogen levels and the high preci-
sion now attainable make it possible to investigate very minute changes in
hydrogen concentrations in a set of aging, plated specimens. Though still
somewhat preliminary, results to date indicate that hydrogen is stored in the
cadmium plate after baking, and is gradually lost both to the atmosphere
and into the underlying steel. The diffusion into the specimen causes a rise in
hydrogen concentration that appears to peak at several weeks. This corre-
lates with delayed failure data.

Finally, it was shown that the loss of hydrogen with time from a steel weld-
ment could be tracked using the barnacle electrode, and that there was still
some hydrogen inside the 25-mm (1-in.)-thick HY-130 weldment after aging
for one month at ambient conditions.
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ABSTRACT: ASTM Subcommittee G01.11 on Electrochemical Measurements in Corro-
sion Testing has conducted round-robin testing on the reproducibility of cyclic poten-
tiodynamic polarization measurements for determining susceptibility to localized corro-
sion. This work was used in the development of a practice that provides a standard ex-
perimental procedure for conducting these tests. This paper presents the experimental
procedure and results of the round-robin tests with statistical analysis of the data. The
reproducibility of the measurements and sources of error are discussed.
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sion, passivation, crevice corrosion

Polarization techniques have been widely used in assessing resistance to
localized corrosion of stainless steels and other iron, nickel, or cobalt-based
alloys [1-5].2 More recently, metals have been polarized from active to more
noble potentials until some critical value has been reached, and subsequently
polarization has been reversed towards more active potentials (cyclic
polarization) to evaluate resistance to localized corrosion. Little ag'reement
exists on the mechanisms involved or interpretation of data; however, the
technique has been applied to the study of initiation of pitting and crevice
corrosion, propagation of existing pits and crevices, and galvanically induced
localized corrosion [4,6-8].

Since this technique has been widely used, ASTM Subcommittee G01.11
on Electrochemical Measurements in Corrosion Testing established a task
group on the reproducibility of cyclic potentiodynamic polarization measure-
ments for determining susceptibility to localized corrosion. The work of this

Laboratory head and project head, respectively, Electrochemical and Corrosion Laboratory,
Texas Instruments, Inc., Attleboro, Mass. 02703.
2The italic numbers in brackets refer to the list of references appended to this paper.
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group led to the development of an ASTM Practice for Conducting Cyclic
Potentiodynamic Polarization Measurements for Localized Corrosion (G
61-78), which provides a standard experimental procedure for conducting
these tests. This paper presents an experimental procedure and results of
round-robin tests with statistical analysis of the data. The reproducibility of
the measurements is discussed.

Experimental Procedure

The materials evaluated by the task group® were Type 430 stainless steel,
Type 304 stainless steel, Type 316 stainless steel, Carpenter 329, Hastelloy G,
and Hastelloy C-276. All materials were in the mill annealed condition, and
1.6-cm (0.625-in.) diameter flat specimens were prepared from the sheet
material. Specimens were wet-polished to a 600 grit silicon carbide (SiC)
paper finish before ultrasonic cleaning for S min in a detergent solution,
followed by a distilled water rinse.

Specimens were mounted in a specimen holder de51gned to expose 1 cm2 of
the flat strip to the test solution. This specimen holder has been described
previously {9-10]. It is important that the circular Teflon gasket be drilled
and machined flat in order to minimize mounting crevices. The polarization
cells were similar, although not identical, to the one described in the ASTM
Recommended Practice for Standard Reference Method for Making Poten-
tiostatic and Potentiodynamic Anodic Polarization Measurements (G 5-78).
The potentiodynamic circuits were similar to the one described by Greene
[11] or commercially available units. A salt bridge—luggin probe combina-
tion was used to separate the saturated calomel electrode (SCE) from the
solution in the test cell. The probe tip was located approximately 2 mm from
the specimen. The auxiliary electrode was platinum.

Conditions for the cyclic polarization tests are listed in Table 1. The elec-
trolyte was prepared by dissolving 34 g of reagent grade sodium chloride
(NaCl) in 920 mL of distilled water. A sliding seal for the specimen holder
was used to maintain the specimen above the electrolyte level in the cell while

TABLE 1—Conditions for cyclic polarization tests.

Electrolyte 3.56 weight percent sodium chloride
Temperature 25 £ 1°C

Deaeration Argon (overnight) or hydrogen
Specimen finish 600 grit SiC paper

Starting potential Corrosion potential

Scan rate 0.6 V/h

3H. H. Lawson and R. Smith, Armco, Inc.; L. C. Rowe and M. S. Walker, G. M. Corpora-
tion; J. B. Harrell and R. L. Martin, Petrolite Corporation; F. Mansfeld and J. V. Kenkel,
Rockwell International Corporation; and R. Baboian and G. S. Haynes, Texas Instruments,
Inc.
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TABLE 2—Steps in cyclic polarization scan.

Immerse specimen 1 h before scan.

Measure platinum potential 50 min after specimen immersion.

Measure corrosion potential before beginning polarization.

Begin polarization at corrosion potential and scan in noble direction at 0.6 V/h.

When corrosion current reaches 5 mA/cm?, reverse scan direction (towards more active
potentials).

Continue reverse scan until hysteresis loop is complete or corrosion potential is reached.

[T RV N

-

purging with argon at 150 cm3/min overnight. In one laboratory the solution
was purged with hydrogen for 1.5 h before specimen immersion.

The steps in the cyclic polarization scan are shown in Table 2. The sliding
seal was used to accomplish immersion of the specimen 1 h before the scan.
Specimen and platinum potentials at specified time intervals were measured.
The exact instructions for the scan were (/) initiating at E ., scan in the
more noble potential direction, until surface film breakdown occurs (E,) (as
indicated by a rapid increase in current); (2) reverse scanning direction
(towards more active potentials) when corrosion current reaches 5 mA; and
(3) continue reverse scan until repassivation occurs (E,) (hysteresis loop is
complete or corrosion potential is reached).

Results and Discussion

The corrosion potentials measured just prior to initiating the scan are
shown in Table 3 for the various laboratories. Factors that contributed to the
wide variation in potentials between the various laboratories for each alloy in-
clude the degree of success in avoiding crevices, specimen surface prepara-
tion, and residual oxygen. Although oxygen concentrations were not
measured, the more negative values observed in Laboratory A, where a
hydrogen purge was used, indicate that small amounts of oxygen (when
argon is used) can have a marked influence on the corrosion potential. This
smail amount of residual oxygen had no apparent effect on the critical values
obtained for the protection potential and the breakdown potential since the
results from the other laboratories were in good agreement with those from
Laboratory A.

Typical polarization curves for some of the alloys are shown in Fig. 1. Two
types of polarization curves were measured; one which exhibited a hysteresis
effect, such as for Types 430, 304, and 316 stainless steel, and one which did
not exhibit a hysteresis effect, such as for Hastelloy C-276. The presence or
absence of hysteresis correlates well with the modes of corrosion observed on
the specimens after the polarization tests (as shown in Table 4 and Fig. 2).
Note that pitting or crevice corrosion, or both, occurred only on alloys that
display a well-defined hysteresis.

More detailed data analysis was conducted on an alloy which displayed a
hysteresis and one which did not for the purpose of establishing the practice.
Since both pitting and crevice corrosion occurred in all but one laboratory for
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TABLE 3—Corrosion potentials finstant before polarization) (volts versus SCE").

Laboratory
Alloy A B C D E
Type 430 —0.430 —0.337 —0.301 +0.057 —0.600
stainless steel
Type 304 —0.480 —0.248 —0.270 —0.102 —0.450
stainless steel
Type 316 —0.479 —0.180 —0.321 +0.196 —0.350
stainless steel
Carpenter 329 —0.522 —0.465 —0.305 —0.183°  —0.360
Hastelloy G —0.380 —0.303 —0.315 —0.268 —0.400
Hastelloy C-276 —0.509 —0.401 —0.349 —0.475 —0.430
“SCE = saturated calomel electrode.
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FIG. 1—Potentiodynamic polarization curves for alloys in seawater at 30°C.

Type 304 stainless steel (see Table 4), this alloy was chosen as a susceptible
one, and Hastelloy C-276 was chosen as a resistant alloy. Representative
polarization curves for these alloys are shown in Fig. 3. The scan direction is
indicated by the arrows. Note that Type 304 stainless steel exhibits a well-
defined pitting potential (E,.) and protection potential (£,).

The values for the open circuit potential (Eoy), the pitting potential (E.),
and the protection potential (E,) obtained by four of the laboratories for
Type 304 stainless steel are listed in Table 5. The pitting potentials (E.) for
Type 304 stainless steel exhibited a large amount of scatter with a range of
200 mV. This result was not surprising since it is well known that pitting
potentials are influenced by mounting technique, oxygen concentration, etc.
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TABLE 4—Mode of localized corrosion observed.

Laboratory

Specimen A B C D E
Type 430 stainless steel cc cCP?  CcCcP  CCP  CCP
Type 304 stainless steel CC CC,P CC,P CC,P CC,Pp
Type 316 stainless steel CC CC CC,P CcC CC,P
Carpenter 329 CcC CcC,p none cc,p CcC
Hastelloy G CcC CcC,p CcC CcC CC
Hastetloy C-276 none none none none ...

4CC = crevice corrosion.
bp = pitting corrosion.

POTENTIODYNAMIC
POLARIZATION SURFACES

(N

FIG. 2—Potentiodynamic polarization surfaces.

The protection potentials (E,), however, were tightly grouped within a range
of only 40 mV, which indicates that this parameter is relatively independent
of these factors and is highly reproducible.

Statistical analysis was used on the data from the round-robin tests for
Type 304 stainless steel and Hastelloy C-276 to construct standard reference
plots for the forward (Fig. 4) and reverse (Fig. 5) scans. The mean values and
a range of 2 standard deviations which should encompass 95 percent of all
data are shown. The large amount of variation for the forward scan (Fig. 4)
in the low-current range (1 to 10uA/cm?) could be due to residual oxygen or
instrumental effects for both alloys. The probable causes of the large varia-
tion in the pitting potential region for Type 304 stainless steel have been
already discussed. The good reproducibility for Hastelloy C-276 at the higher
current values is due to the absence of localized corrosion. These currents are
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F1G. 3—Representative cyclic potentiodynamic polarization curves.

a measure of uniform corrosion in the transpassive or oxygen evolution
region.

In contrast to the forward scan, the reverse scan had a high degree of
reproducibility. The small variation in the data for Type 304 stainless steel
and Hastelloy C-276 indicates that the protection potential is not sensitive to
those factors that affected the forward scan.

Summary
The scope of ASTM G 61 summarizes the work of the task group. It states:

This practice gives a suggested procedure for conducting cyclic poten-
tiodynamic polarization measurements to determine susceptibility to localized
corrosion (pitting and crevice corrosion). If followed, this practice will provide
repeatable cyclic potentiodynamic anodic polarization measurements that will
reproduce data determined by others at other times in other laboratories. The
procedure is preferably used for iron, nickel or cobalt-based alloys. Samples of
the standard type 304 stainless steel and the Hastelloy C-276 used in obtaining
the standard reference plot are available for those who wish to check their own
test procedure and equipment.
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TABLE S5—Results for Type 304 stainless steel.

Potential (volts verus SCE?)

Laboratory E .t E, E,
A ~—0.480 +0.150 —0.160
B —0.248 +0.040 —0.200
C ~0.270 +0.220 —0.170
D ~—0.102 +0.240 —0.200

“SCE = saturated calomel electrode.
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FIG. 4—Standard potentiodynamic polarization plot (forward scan).

The reproducibility of the cyclic polarization technique has been estab-
lished for the forward (Fig. 4) and reverse (Fig. 5) scans. The reproducibility
of the reverse scan is significantly better than that for the forward scan for all
alloys (those susceptible to localized corrosion and those which are not). This
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FIG. 5—Standard potentiodynamic polarization plot (reverse scan).

would indicate that the protection potential is a better criterion for resistance
to localized corrosion than the critical pitting potential.

In general, localized corrosion can propagate at potentials more noble
than the point where the hysteresis loop is completed (E,,). In these cases the
more noble the potential E,, the less likely E o will exceed it, and the less
likely localized corrosion will occur.

An indication of the susceptibility to initiation of localized corrosion is
given by the potential at which the anodic current increases rapidly. The
more noble this potential, the less susceptible is the alloy to initiation of
localized corrosion. The polarization curves indicate that initiation and
propagation of localized corrosion occur at potentials below the oxygen-
evolution potential in Type 304 stainless steel. The rapid increase in current
for Hastelloy C-276 is not a result of localized corrosion but of uniform corro-
sion in the transpassive or oxygen-evolution region. Since the corrosion
potentials for Hastelloy C-276 and Type 304 stainless steel are usually
similar, these curves indicate that Hastelloy C-276 is more resistant to initia-
tion and propagation of localized corrosion than Type 304 stainless steel.
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ABSTRACT: The potentiokinetic hysteresis technique was utilized to characterize the
electrochemical reactions involved in the corrosion of six silver-tin dental amalgams con-
taining approximately 2.0 to 15.0 weight percent copper in a 1.0 percent sodium chloride
(NaCl) solution at 23°C over a potential range of —1200 to 0 mV (saturated calomel elec-
trode). The results indicated that the corrosion of these amalgams is associated with
several oxidation-reduction reactions, namely, Sn/Sn (OH),, Sn/Sn (OH),,
SN/SN(OH)CI, H,0, Cu/Cu;0, and Cu/CuCl, which are thermodynamically possible
in the range of potentials scanned. The occurrence of these reactions at around their
respective thermodynamic potentials was clearly indicated during the reverse scan of the
potentiokinetic measurement. From the height of the peak currents associated with these
various reactions, it is possible to rank these amalgams from the standpoint of electro-
chemical activities of copper and tin in each amalgam. These results offer an insight into
the mechanism of corrosion of dental amalgams, and at the same time demonstrate the
usefulness of the potentiokinetic technique in the evaluation of the corrosion resistance of
dental amalgams.

KEY WORDS: electrochemical corrosion, oxidation reduction, potentiokinetic, dental
amalgams, hysteresis, silver, tin, copper

Conventional dental amalgams consist of three major metallurgical
phases: v (Ag;Sn), vy,(Ag,Hgs), and v,(Sn,Hg); the y,-phase has been
found to be the most susceptible to corrosion in the oral environment [/].2
The electrochemical corrosion of the vy,-phase is believed to be responsible
for the deterioration of conventional amalgam restorations [2]. Recently, in
an attempt to improve the corrosion resistance of dental amalgams, copper
has been added to many commercial dental amalgam alloys in concentra-

!Associate professor, Department of Biomaterials, School of Dentistry, Louisiana State

University, New Orleans, La. 70119.
2The italic numbers in brackets refer to the list of references appended to this paper.
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tions higher than recommended by Specification No. 1 of the American Den-
tal Association [3]. This addition of copper results in a reduction of the
v2-phase or its elimination by the formation of a copper-tin phase [3].
Microstructural studies coupled with controlled potential polarization
treatments of several vy,-free dental amalgams have indicated that in the
absence of the vy,-phase, the copper-tin phase undergoes selective corrosion
attack [4]. However, the electrochemistry of the corrosion of the v,-free den-
tal amalgams is very little understood at this time, although the elec-
trochemical reactions involved in the corrosion of +y;-containing dental
amalgams have been investigated extensively [1,5,6]. The object of this in-
vestigation was to elucidate these reactions in an effort to fully appreciate the
corrosion-induced problems of amalgam ‘‘fillings”’ encountered in clinical
service.

In this investigation the potentiokinetic hysteresis technique was employed
to achieve the aforementioned objective. Details of this technique have been
described previously [7-9]. In essence, the technique involves electro-
chemical cyclic polarization of an alloy sample in a fixed potential range. In
the past, the potential-current profiles generated by this technique have been
utilized to characterize such corrosion-related material parameters as the
breakdown potential and the protection potential. The present application of
the technique is somewhat unorthodox in that emphasis is placed on the fun-
damental electrochemical reactions responsible for corrosion rather than
such parameters. In this respect, the present approach is very similar to a
“reverse’’ anodic stripping voltammetry technique [/0] in which oxidation of
selective metals from an alloy sample during forward scan has been followed
by reduction of the oxidized species during reverse scan. It has been reported
[4] that information on possible electrochemical reactions can be obtained
from thermodynamic treatment of potentiokinetic polarization data in which
the position (potential) and height (current) of oxidation-reduction peaks are
characteristics of the type and concentration of the corrodible species.

Experimental Procedure

Materials

The five y,-free dental amalgams studied in the present investigation are
listed in Table 1 together with a y,-containing dental amalgam (Micro) that
was used as the control. The metallurgical nature of these amalgams has
been described in detail elsewhere [4]. The amalgam specimens were
prepared following the manufacturer’s recommendations and Specification
No. 1 of the American Dental Association. The specimens were dry-stored
for eighteen months prior to testing. The sample preparation consisted of wet
grinding with 600 grit SiC paper, followed by thorough rinsing in distilled
water. The area of all samples was 0.125 cm?.
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TABLE 1—Composition of commercial dental amalgams investigated.

Compostion of alloy, wt.%

Amalgam Silver Tin Copper  Zinc Indium Manufacturer
Tytin 60.0 27.0 13.0 e .. S. S. White
Sybraloy 40.0 30.0 30.0 o el Kerr-Sybron
Aristaloy 60.0 27.0 13.0 o - Baker-Engethard
Dispersalloy 70.0 17.0 12.0 1.0 o Johnson & Johnson
Indiloy 60.0 22.0 13.0 e 5.0 Shofu Dental
Micro 71.0 26.0 4.0 L. D. Caulk

Electrochemical Technique

The potentiokinetic hysteresis technique was employed to characterize the
electrochemical reactions of the amalgams in a 1 percent sodium chloride
(NaCl) solution (pH = 7) at 23°C. The choice of the electrolyte was based on
past experience [5] which showed that a 1 percent NaCl solution adequately
represents saliva so far as its corrosion effect on dental amalgams is con-
cerned. A continuous ten-cycle potentiokinetic scan over a potential range of
— 1200 to 0 mV [versus saturated calomel electrode (SCE)] was carried out to
allow appreciable oxidation of corrodible metals, and thereby enrich the elec-
trolyte and the electrode surface with oxidized species in a reasonably short
time. In each cycle the starting potential was at —1200 mV with a forward
scan to 0 mV, followed by a reverse scan back to —1200 mV. The first nine
cycles were scanned at a rate of 10 mV/s. Preliminary work indicated that
such a high scan rate not only altered the potential at which a certain electro-
chemical reaction took place under equilibrium conditions, but also in-
terfered with the development of well-defined current peaks during reverse
scans. Accordingly, the scan rates for the forward and the reverse scan of the
last cycle were selected at S and 1 mV/s, respectively.

Results and Discussion

Previous in vivo and in vitro measurements have indicated that the corro-
sion potential of y,-containing dental amalgams is around —300mV, and
that of y,-free amalgams is in the range of —275 to —60 mV [4-6,11-13].
These reported potentials are within the potential range scanned in the pres-
ent investigation. A number of probable electrochemical reactions most
likely to occur in this potential range on the amalgam electrodes in a neutral
saline solution are listed in Table 2 [1,4-6,11-15]. For the sake of clarity,
only results pertinent to the elucidation and clarification of these elec-
trochemical reactions are presented and discussed here.

The potential-current profiles of Micro (conventional) and Sybraloy (v,-
free) obtained during the forward scan of the tenth cycle are presented in



286 ELECTROCHEMICAL CORROSION TESTING

TABLE 2—Probable electrochemical reactions and their
equilibrium electrode potentials.

Equilibrium
Potential,
Reactions mV versus SCE*
(1) Sn + 2(OH)™ = Sn(OH), + 2 —750
(2) Sn + 2(OH)” = SnO + H,0 + 2¢ —762
(3) Sn + 4OH)™ = Sn(OH),; + 4e —675
(4) Sn + 4OH)™ = Sn0O, + 2H,0 +4e =775
(5) Sn + (OH)™ + CI~ + H,0 = Sn(OH)CI, H;0 + 2¢ —635
(6) 2Cu + 2(OH)™ « Cu; + H;0 + 2 —193
(7) Cu0 + 2(OH)” = 2Cu + H,0 + 2¢ - 14
(8) Cu,O0 + 2(OH)” + H;0 = 2Cu(OH); + 2e — 83
9) Cu + Cl™ = CuCl + e — 40
“SCE = saturated calomel electrode.
1000.0
SCAN RATE - 10 mV/Sec
0 04 Sn 0 /

o sn ol
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g MICRO y

g 1001 A
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FIG. 1—Forward-scan potential-current profile of a v,-free (Sybraloy) and a v,-containing
(Micro) dental amalgam (tenth cycle).

Fig. 1. For the conventional amalgam, the current peak at around —950 mV
is associated with the oxidation of tin to form tin oxides or hydroxides as in-
dicated by Reactions 1 to 4 in Table 2 [I]. This follows the passive zone be-
tween —950 and —S500 mV, where the current remains almost steady. A
significant increase in current above —500 mV is believed to be due to a
breakdown of tin oxide and simultaneous formation of a tin oxychloride, as
indicated by Reaction S in Table 2 (1,5).

The polarization curve exhibits the following characteristics for Sybraloy:
(1) A current peak at around —900 mV; and (2) two closely spaced current
peaks between —500 and —300 mV.

The first current peak of Sybraloy at —900 mV can be reasonably attrib-
uted to the oxidation of tin to form tin oxides or hydroxides. The last two
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closely spaced peaks, on the other hand, appear to be due to the oxidation of
both copper and tin. It is difficult, however, to associate copper or tin
specifically with one peak or the other, since oxidation of both copper and tin
is possible in this potential range, as indicated by Reactions 6 to 9 in Table 2.

It should be noted in Fig. 1 that, when compared to the conventional
amalgam, Sybraloy is characterized by lower anodic current, and thereby
decreases electrochemical activity or corrosion. In particular, a distinct
breakdown of passivity, as indicated in the polarization curve of the conven-
tional amalgam above —500 mV, is not observed in Sybraloy, a -y;-free
amalgam. This is consistent with previous observations and is the only
feature of the polarization curve that discriminates a non-y, amalgam from a
v2-containing amalgam [/2].

The potential-current profiles (forward scan) of the other high-copper
dental amalgams were similar to that of Sybraloy in that they indicated (/) a
current peak at around —900 mV, and (2) two closely spaced peaks around
—400 mV (not shown). Although the anodic currents for these amalgams at
various potentials were slightly different from one another, no discrimination
between various non-y; amalgams could be made from the standpoint of the
electrochemical activities of copper and tin. The main limitation was the
presence of the two current peaks around —400 mV, neither of which could
be specifically attributable to the oxidation of either copper or tin.

Figure 2 presents the potential-current profile of Tytin obtained during the
last cycle (forward and reverse) polarization. For the purpose of comparison,
the polarization curve of the conventional amalgam is also shown in Figure 2.
Whereas the forward-scan profile of Tytin is typical of a y,-free amalgam
and is distinguishable from that of the conventional amalgam by the absence
of any breakdown of passivity at around —400 mV, the following charac-

TYTIN
- Sn R}
Cu & Snt0)
10
Sn R}
_ Cu R snl
B 104 o
&8
E
]
£ SCAN RATES:
z 0l Forward - SmV/sec
z Reverse- ImVisec  M(CRQ
= Sn (0}
5 1004 v SR s Ry
)
sn
lﬁ (1)}
1

T T T T T 1T 7T T T T T
0.102 0304050607 0809 L0 1112
Potential {Volt Vs SCE)

F1G. 2—Cyclic potential-current profile of a v,-free (Tytin) and a v;-containing (Micro) den-
tal amalgam (tenth cycle).
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teristics of the reverse-scan profile of both amalgams require special atten-
tion. For the conventional amalgam, the reverse-scan profile indicates the
presence of two cathodic current peaks—one at about —750 mV and the
other at around — 1050 mV. Both these peaks are believed to be due to the
reduction of tin [/6]. More specifically, this reduction of tin involves the
reverse Reactions 1 to S listed in Table 2. The reverse-scan profile of Tytin,
on the other hand, indicates the presence of a third peak at about —300 mV,
related to the reduction of copper involving reverse Reactions 6 to 9 in Table
2. It should be noted that both current peaks associated with the reduction of
tin in Tytin are lower than the corresponding peaks for the conventional
amalgam.

It should be noted further that the reverse-scan polarization profiles of the
other y,-free amalgams also indicated the presence of three distinct current
peaks, although the magnitude of the current associated with each reduction
reaction varied for different brands. Moreover, because of the similar elec-
trochemical behavior of tin and indium, no separate peak related to the
reduction of indium was observed in the polarization profile of Indiloy, the
indium-containing amalgam.

In previous studies involving dental casting alloys [4], it was hypothesized
that the appearance of these peaks is an indication of the presence of corrodi-
ble “‘species’ in a given alloy system, since reduction suggests prior oxidation
(corrosion). The higher the peak current, the greater is the concentration of
the ‘“corrodible” species and, therefore, the more corrosion-prone is the
material. Based on this hypothesis and from the magnitude of the peak cur-
rents associated with the reduction of tin and copper in various amalgams, it
is apparent that a relative ranking of the investigated amalgams in terms of
the electrochemical activities of tin and copper is possible.

Conclusions

1. The electrochemical reactions responsible for the corrosion of high-
copper dental amalgams can be characterized by the use of the poten-
tiokinetic hysteresis technique.

2. Specifically, these reactions include several oxidation-reduction reac-
tions involving tin, copper, (OH)™, and CI~.

3. From the height of the peak currents associated with the reduction
reactions involving tin and copper at various electrode potentials, it is possi-
ble to rank these amalgams from the standpoint of tin and copper corrosion.
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ABSTRACT: The polarization-resistance technique has received considerable attention
in the past decade as a means of determining the rate of corrosion. In aerated solutions
of pH greater than 4, where oxygen reduction is the major cathodic reaction, there is a
much simpler and more direct method of determining the corrosion current. The method
involves the deaeration of the solution while the corroding specimen is held potentio-
statically at its previously determined corrosion potential (Ecor). The current supplied
by the potentiostat when the solution is deaerated is the corrosion current (icore). This
method is suitable for laboratory and pilot-plant scale testing when the solution can be
deaerated. The application of the method for the measurement of corrosion rates under
controlled hydrodynamic conditions in pilot-plant pipelines carrying water and aqueous
slurries is discussed along with the limitations of the method.

KEY WORDS: corrosion, oxygen reduction, corrosion rate measurement

The most common corrosion problem is the corrosion of iron in  aerated
water. Under such conditions, where corrosion product films are formed,
the classical Stearn-Geary equation is of doubtful validity [1].2 Tafel slopes
are apparently increased due to the presence of an ohmic resistance through
the corrosion product layer. Further, the assumption that the oxygen-
reduction reaction is diffusion controlled may not be valid [1-3].

This paper describes a simple direct method of measuring the corrosion
current when oxygen reduction is the cathodic reaction. The aforementioned
problems are avoided by the use of this method.

1 Professor, Department of Chemistry and Chemical Engineering, University of Saskatchewan,
Saskatoon, Canada.
2The italic numbers in brackets refer to the list of references appended to this paper.
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Direct Measurement of the Corrosion Current

Consider the kinetic corrosion diagram (Fig. 1a). At the corrosion poten-
tial, E,,, the anodic current corresponding to the anodic dissolution of
iron is equal in magnitude to the cathodic current for the reduction of dis-
solved oxygen. If the corroding metal is made the working electrode in a
three-electrode electrochemical test cell and is brought under potentiostatic
control at E ., the net current, i, flowing through the cell will be zero.

DEAERATION
COMPLETED

iCORR

i
|
|
|
|
i
|
|
!
|
]
3
]

[(J]

FIG. 1—Direct measurement of corrosion current when oxygen reduction is the cathodic
reaction. (a) kinetic corrosion diagram; (b) deaeration and measurement of icor, with specimen
held at E,,,.
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Subsequent deaeration of the solution with the specimen maintained under
potentiostatic control at E_,, will give rise to a flow of current i through
the cell, since igepet++2. > ig, + 4H' + 4e — 2H,O0; the value of i
will rise as the oxygen is removed until { = ig._.+++2. When the solution
is completety deaerated (Fig. 15). Of course, then i = i, and the appli-
cation of Faraday’s laws converts this to a corrosion rate. For iron 1 mA/cm?
= 11.6 mm/year.

Corrosion potentials for iron in aerated ‘“‘near neutral” solutions are
more positive than the Nernst potential for the 2H' + 2e = H, reaction;
hydrogen evolution need not be considered. For example, at pH = 7,
E\y+,m, = —0.41 V; the corrosion potential for iron in aerated tap water is
well above this value [4]. It is likely that the hydrogen evolution reaction
would make a significant contribution to the cathodic current for the cor-
rosion of iron at pH values < 4, where the deaeration technique would not
be applicable, and the polarization-resistance technique would be required.

Following a corrosion-rate measurement and reaeration of the solution,
the specimen is removed from potentiostatic control and corrodes naturally
until the next measurement is required. Thus the changes in the corrosion
rate with time can be observed.

The advantages of this method are:

1. Prior knowledge of the electrochemical behavior of the system is not
required. It does not matter whether or not a corrosion product is present,
or whether or not the oxygen reduction is diffusion controlled. The method
simply measures the rate of anodic dissofution at £ ...

2. The metal remains at £, and is not polarized to a region of different
electrochemical behavior, which might affect its subsequent corrosion be-
havior.

The disadvantages of the method are:

1. It cannot be used for in-line corrosion measurements in industrial
equipment, since deaeration of the solution is required. A complex by-pass
or bleed system with deaeration facilities would be required.

2. iR drop compensation should be made if the metal is to remain at the
true E . value when the solution is deaerated and i = i, is flowing
through the cell.

3. The normal corrosion chemistry will be disturbed when the oxygen-
reduction reaction is eliminated during the measurement of ..

The method is especially suitable for following the rate of corrosion in
recirculating pipeline systems where deaeration to 0.05 ppm and subsequent
reaeration can be accomplished in a period of about 30 min. The use of a
steady-flow system gives a smooth deaeration curve and more easily identi-
fiable plateau as the oxygen is removed. A flow system designed for use
with this technique is now described.
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Electrochemical Flow System
There are five requirements of this electrochemical flow system:

1. The system should be capable of being deaerated in a short time with
rapid reaeration to minimize the disturbance of the normal corrosion
chemistry.

2. The flow cell should have a geometry for which the flow pattern is
reproducible, and for which there are well established mass-transfer cor-
relations to enable any possible mass-transfer effects to be quantified.
Tubular- or duct-shaped systems are preferred to rotating disks and cylin-
ders, since the flow pattern in the former is the same as that in a wide
range of industrial equipment processing aqueous solutions.

3. The length of the working electrode should be large enough to enable
fully developed mass-transfer conditions to be established. A substantial
electrode surface will also reveal any flow effects, such as those found in
erosion-corrosion [5].

4. The working electrode should be truly flush with the cell walls and
not nominally flush as with some commercial probes.

S. The working electrode should be small to minimize /R drop effects
[6]. (This requirement is obviously incompatible with Requirement 3.)

The flow system (Fig. 2) and the electrochemical test cell (Fig. 3) were
designed with these requirements in mind.

h A
V4
//52/7’
.
N2 —D—‘? /A/C D
DGl —— / -
F
/V k__»__‘
B

A— Aeration/Deaeration Column
B—Centrifugal Pump, 5 hp
C—Electrochemical Test Cell
D—S-cm-diameter PVC, Lucite, and Glass Pipe
E—Magnetic Flowmeter

F—Double-Pipe Heat Exchanger

FIG. 2—Pilot-plant flow system for direct measurement of icorr -
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A—5-cm-long by 1-cm-wide Working Electrode
B—5-cm-long by 1-cm-wide Counter Electrode
C—Saturated Calomel Electrode

FIG. 3—Electrochemical flow cell and potentiostat.

Some of the solution is passed throughout the vertical column where
there is good mixing at the solution-air interface which keeps the solution
fully aerated. When deaeration is required, the column is closed except for
a small vent and nitrogen is bubbled through the column. The 90-L system
is deaerated in 15 to 30 min, and reaeration is accomplished quickly when
the nitrogen flow is stopped and the cover removed.

In the majority of industrial applications the flow of aqueous solutions
through pipes, heat exchangers, and other equipment corresponds to the
turbulent-flow regime. In the present 5-cm-diameter system, laminar flow
would be attained only at velocities below 4.2 cm/s corresponding to a
Reynolds number of 2100. In practice, velocities of 1 to 3 m/s are used
corresponding to well-developed turbulent flow. The diffusional-convective
mass transfer between the pipe wall and the solution, considering the solu-
tion resistance but not that offered by any surface films, can be determined
by application of the Chilton-Colburn relationship [7-12]

k(SC)23/U,, = f/2 = 0.023 Re 02 (1)

where

k = mass-transfer coefficient, m/s,
Sc¢ = Schmidt number = u/pD, dimensionless,
U,, = mean velocity, m/s,
f = Fanning friction factor, dimensionless,
Re = Reynolds number = dUp/u, dimensionless,
D = diffusion coefficient, m?2/s,
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p-= density, kg/m3,
p = viscosity, kg/ms, and
d = diameter, m.

The mass-transfer boundary layer develops in a short distance in turbu-
lent flow with the average k-value approaching the value given by Eq 1 at
L/d = 4 at Re = 20 000 {12]. For shorter mass-transfer lengths a d/L
term should be included [12].

Clearly, if it is wished to have fully developed mass-transfer conditions at
the working electrode condition, Requirement S cannot be met. In the
present system it was decided to use electrodes S ¢cm in length, that is,
L/d = 1, as a compromise between the electrochemical and mass-transfer
requirements. The width (1 cm) of the electrodes is considered sufficient to
overcome any edge effects [/0]. Another approach to obtaining fully de-
veloped mass-transfer conditions and meeting Requirement S5 would be the
use of a long freely corroding specimen immediately upstream from the
working electrode.

In the laminar regime the Leveque or Graetz equations can be applied.
Here the mass-transfer boundary layer develops over a much longer dis-
tance, for example, for S¢ = 2000 and Re = 500, L = 125 000 d for fully
developed conditions [13].

Suitable hydrodynamic entrance and exit lengths must be also provided
to the electrochemical cell to ensure fully developed hydrodynamic flow at
the working electrode [14]; for laminar flow through tubes the inlet length,
L,, is given by the empirical formula L,/d = 0.03 Re, and for turbulent
flow the inlet length lies between 25 and 40 diameters.

The working electrodes (5 cm long by 1 cm wide) were cut from carbon
steel pipe [ASTM Specification for Pipe, Steel, Black and Hot-Dipped,
Zinc-Coated Welded and Seamless (A 53-79), Type F]. The mill scale was
removed and the electrode set into the walls of the tubular Lucite cell
(Fig. 3) with epoxy resin to give a flush fit. Final polishing with silicon
carbide papers after the electrodes were positioned ensured a smooth,
flush finish. This method has been found to be much cheaper and less
complex than the use of the detachable decks described previously [5]. The
counter electrode was nickel. The reference electrode was tapped into the
cell wall alongside the working electrode as close as practical to the elec-
trode edge.

The system has been used to measure corrosion rates of carbon steel pipe
in water and various slurries [5] and to determine inhibitor efficiencies in
slurries [4). The earlier cell used in these studies [/5] (where a full pipe
electrode was used with a resin coating to mask all but the working area,
and the counter electrode was a pipe section downstream of the working
electrode) is now considered to be unsatisfactory, the subsequent results for
slurries without-inhibitors show lower corrosion rates [4,5].
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Some of the i-¢ curves obtained in this work are now discussed to illus-
trate the utility of the technique.

Results and Discussion

The deaeration/reaeration i-¢ curve in Fig. 4 is for carbon steel in Saska-
toon mains water, which is a partially softened water {5] with a saturation
index of +0.5, pH 9. The value of i, for the S-cm? working electrode was
0.175 mA. Application of Faraday’s laws gives a corrosion rate of 0.41
mm/year. Kerst [2], using a linear polarization technique, obtained a 1-h
value of 0.24 mm/year in a synthetic cooling water with a saturation index
of +1.56; the rate then fell off rapidly with time. On the other hand, the
values measured by Hausler [/] in aerated Des Plaines tap water (medium
hardness) rose with time to about 1 mm/year; clearly, varied behavior can
be expected depending upon the water, flowrate, and probably, unfor-
tunately, the particular electrochemical technique used to measure the
corrosion rate and the details of its application.

A comparison of some weight-loss and electrochemical measurements
from some other work [/6] is given in Table 1. This work was done in a
rectangular flow cell described elsewhere [/7]. The weight losses were for
S-em? mild steel electrodes that were also used for the electrochemical
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FIG. 4—Measurement of ico,, for carbon steel in water at 2 m/s.
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TABLE 1—Comparison of actual weight losses with weight losses based on electrochemical
measurements using the deaeration technique for mild steel in aerated tap water.
Specimen 5 cm long by 1 cm wide.

Weight Loss
Based on

Actual Electrochemical

Reynolds Temp, Time, Weight Loss, Measurements,
Number °C h mg mg
500 01 143.5 31.4 12.4
500 25+ 1 148.3 11.9 12.9
28000 25+1 148.3 89.5 43.3
28000 30+1 147.0 84.1 37.0

measurements. The weight losses calculated from the electrochemical
measurements were based on graphically integrated values of iz The
ratio (weight loss actual/weight loss based on electrochemical measurement)
varied from 0.92 to 2.5; the deaeration technique is clearly not a panacea
for the electrochemical measurement of corrosion rates in neutral solutions.
The weight loss actual/resistance polarization weight loss for aerated tap
water shows values ranging from 0.62 to 1.2 when the rather unusual
values of Tafel slopes, b, = b, = 200 mV, were applied (data from
Hausler) [1]. Hausler did comment on the considerable doubt as to the
correct values of the Tafel slopes to be used. Of course, this is not a prob-
lem with the deaeration technique which gives a direct measurement of the
corrosion current. Further, Hausler found that the actual weight loss was
twice that predicted by polarization-resistance measurements in aerated tap
water containing 0.5 g sodium bicarbonate (NaHCO;)/L.

Some of the results for the present system, obtained after a 1-h exposure,
are compared with the maximum theoretical rates based on the diffusion of
dissolved oxygen through the solution to the corroding surface (Fig. 5).
The maximum theoretical corrosion rate is calculated from the limiting
current for oxygen reduction

Leorr = lim = kZFcb

where

z = 4,
k = mass-transfer coefficient for oxygen, m/s,

C;, = bulk concentration of dissolved O,, mol/m3, and
F = Faraday, C/mol.

Although the corrosion rates for iron in water are not reproducible, it is
clear that they are an order of magnitude below the rates based on oxygen
diffusion through the solution. These results were obtained with electrodes
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FI1G. 5—Comparison of measured corrosion rates for carbon steel in water and theoretical
maximum rates based on diffusion of oxygen to bare pipe wall. @, different specimens;
O, same specimen.

having a brightly polished finish at the start of each experiment; the elec-
trodes were presumably covered with an air-formed film when placed into
solution. When the corrosion rates were measured after 1 h, the electrodes
were not covered with a visible rust film. The suggestion made following
previous work [15] that the presence of rust films which stifle oxygen dif-
fusion to the iron surface is responsible for the order of magnitude differ-
ence shown in Fig. 5§ may therefore be incorrect. It may well be that the
cathodic reaction is under mixed charge transfer/diffusion control, and the
overall corrosion reaction is under mixed cathodic/anodic control.

It appears that this is also true when substantial rust films are formed
when cathodic diffusion control is not indicated by the polarization curves
[1,2]. The reduction in the corrosion rate as thick rust films grow may well
be due to the worsening charge-transfer situation with the thick rust film
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acting as a cathode but a worse one than the air-formed ferric oxide
(Fezos) film.

The i-¢ curve in Fig. 6 is for a 20 volume percent aqueous slurry of 30 to
50 mesh (0.55 to 0.28 mm) silica sand at 2 m/s. The corrosion rate was
2.08 mm/year with the working electrode in the 4 o’clock position. The
noise on the i-¢ curve is the result of the macroturbulence encountered in
such systems [/8].

The i-t curve (Fig. 7) is for coal, 40 volume percent, —14 mesh (1.2 mm)
at 2 m/s where the corrosion rate was 0.3 mm/year; with inhibitor [48 ppm
potassium dichromate (K,Cr,0,)] added this value dropped to 0.09
mm/year. With an effective inhibitor present there is much less noise on
the i-¢t curve; the curve then has similar characteristics in this respect to
those for water with no solids present. The complete results of the electro-
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FIG. 6—Measurement of icorr for carbon steel in a 20 volume percent aqueous slurry of
sand at 2 m/s.
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FIG. 7T—Measurement of i.orr for carbon steel in a 40 volume percent aqueous coal slurry
at 2 m/s.

chemical screening of inhibitors for sand, coal, and iron ore slurries are
given elsewhere [4].

This method can only be used with inhibitor present if the inhibitor does
not contribute to the cathodic current by being reduced at the test electrode.
As discussed elsewhere [4] it appears that chromates do not contribute to
the cathodic current during the corrosion of iron in neutral solutions.
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Ohmic overpotential corrections have not yet been attempted in these
studies. The /R drops have been measured in this system using a square
pulse technique [/9]. With a cell current of 0.1 mA the iR drop was about
15 mV. The cell current of 0.1 mA corresponds to a corrosion rate of
0.2 mm/year for the 5-cm? electrode, and is in the range of values that
might be required to be measured for iron in water. With a current of
0.1 mA, corresponding to the anodic dissolution of iron at this rate, the
iron would be 15 mV more negative than the true value of E,,, measured
at i = 0, resulting in an underestimate of the corrosion rate. The error
would depend on the slope of the E-i curve for the anodic dissolution of
iron at E .. At a cell current of 0.1 mA the change in the current with a
15 mV shift in potential was about 25 percent, which does not constitute
a major error in this type of work. In systems with Tafel slopes of 5, = 100
mV and b, = 50 mV, calculation shows that ¢,/ measurea — 1.41 and
2.37, respectively, for a 15-mV deviation; if necessary, iR-drop compensa-
tion should be used.

One other problem with the deaeration technique is that in systems
where the value of F ., is changing rapidly with time the plateau on the i-¢
deaeration curve may not be achieved. This was the case with some coal
slurry work presented elsewhere, where several hours were allowed for
E . to reach a steady value [4]. In some recent work with 0.1 M potassium
nitrate (KNO3) solutions, F ., did not stabilize sufficiently even after 10 h
to permit a corrosion-rate measurement to be made.

This paper has been written in the hope that it will stimulate discussion
of the advantages and disadvantages of this experimentally simple tech-
nique for determining corrosion rates in solutions where oxygen reduction
is the cathodic reaction. The method does have some advantages over the
polarization-resistance technique for laboratory and pilot-plant studies,
especially in solutions where rust films are formed and polarization-resistance
results are difficult to interpret.
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ABSTRACT: The polarization resistance method was used to assess the corrosion rate
and to study the oxidation kinetics of carbon steel in a fused nitrate-sulfate-chloride salt
mixture at 316°C (600°F) and in an alkali iron trisulfate salt at 677°C (1250°F). The
same method was also applied to estimate the corrosion rate of carbon steel through the
solidified frozen alkali iron trisulfate salt.

Equilibrium potential/pO?~ diagrams were constructed for iron, nitrate, and nitrate-
reaction products to aid in the interpretation of corrosion data for the nitrate-rich salt
and to determine the various chemical reactions causing the corrosion.

KEY WORDS: polarization resistance, Tafel slope, admittance, fused salt, solidified
frozen salt layer, potential/pO2~ diagram

The polarization resistance method is widely used to assess the corrosion
rate at the corrosion potential in aqueous solutions. We used this method to
study the kinetics of iron oxidation in a fused nitrate-sulfate-chloride salt
mixture and in an alkali iron trisulfate salt. The method was further applied
to assess the corrosion rates of iron covered by a frozen alkali iron trisulfate
layer immersed in the molten salt.

To complement experimental data, equilibrium potential/pH diagrams in
aqueous solutions are often used to verify or predict corrosion reactions. We
constructed potential/pO2~ diagrams for the nitrate-rich salt system to
predict the corrosion behavior of iron as affected by potential and pO2~. The
thermodynamic data used for these diagrams are from Kelley [/],2 Kubas-
chewski et al [2], and JANAF (3]. Two particular salts were chosen for
testing. The first, with a chemical composition of 84.5 percent sodium nitrate
(NaNO;) + 9.5 percent sodium sulfate (Na;SO4) + 6.0 percent sodium
chioride (NaCl), is a promising candidate for thermal storage systems {4].

! Senior research engineer and group supervisor, respectively, Babcock & Wilcox, Alliance,
Ohio 44601.
2The italic numbers in brackets refer to the list of references appended to this paper.
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The second, with a chemical composition of 46.6 percent potassium sulfate
(K,S0,) + 53.4 percent iron sulfate [Fe,(SO,4);] (usually called alkali iron
trisulfate), is a typical aggressive corrodant that causes hot corrosion of fossil
boiler superheaters and reheaters [5,6].

Experimental Equipment

Isothermal polarization experiments were conducted in both salts, and
nonisothermal experiments were conducted in the molten alkali iron trisul-
fate salt.

Isothermal Tests

Figure 1 shows the isothermal polarization apparatus used for the nitrate-
rich salt. The alumina crucible is lined with a graphite crucible that contains
the fused salt. The assembly was placed in an electric furnace where the salt
was heated to 316 * 3°C (600 + 5°F) and nitrogen gas was bubbled through
the fused salt. A cylindrical specimen was used as the working electrode (test

—

. PLATINUM ELECTRODE (COUNTER ELECTRODE)
. SPECIMEN

. Ag/Ag" ELECTRODE (REFERENCE ELECTRODE)
. NiTROGEN BUBBLER

. THERMOCOUPLE

. GRAPHITE CRUCIBLE

. ALUMINA CRUCIBLE

. FURNACE

. FURNACE LID

w0 N, B W N =

FIG. 1—Test cell for isothermal system.
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specimen), a platinum wire as the counter electrode, and a silver/silver
chloride electrode as the reference electrode.

Nonisothermal Tests

Figure 2 shows the nonisothermal test cell (isothermal tests for the alkali
iron trisulfate were also conducted in this apparatus). The specimen temper-
ature was controlled by passing cold air (ambient temperature) through a
hollow test specimen. Figure 3 shows the details of the test specimen arrange-
ment wherein a double tube allows pressurized air to flow down the center
tube and out through the annular space between the two tubes. An alumina
sleeve covers most of the outer tube, and the area left uncovered is considered
the actual test specimen. The temperature of the inner wall of the specimen
was monitored by a skin thermocouple embedded in the wall. Tests were con-
ducted with the inner-wall temperature at 260, 316, 371, 482, 538, 593, and
677°C (500, 600, 700, 900, 1000, 1100, and 1250°F). No correction was
made for minor temperature increases across the wall of the tube due to heat
transfer. The temperature of the molten salt was kept at 677 = 6°C (1250 %
10°F); thus a frozen salt layer existed between the specimen and the molten
salt. A silver/silver sulfate electrode was used as the reference electrode, and
a platinum wire was used as the counter electrode. A high-purity alumina
crucible was used to contain the molten salt. The purpose of this system is to
measure the corrosion rate of metals through a solidified salt layer on the sur-
face of the metals. Examples of such corrosion problems are the coal-ash cor-
rosion of superheater and reheater tubes in fossil boilers, and corrosion prob-
lems in the lower part of the Kraft recovery furnaces.

PRESSURIZED AIR
ALUMINA SLEEVE

(

/,,A
1 HIGH PURITY

ALUMINA

| 1-CRUCIBLE

304 STAINLESS

- STEEL
PLATINUM

bt

WIRE

A -
PLATINUM [/
WIRE 7

| REFERENCE

% ELECTRODE

THERMO-
COUPLE —7

GAS
BUBBLER

- " SPECIMEN
ELECTRODE

MOLTEN FROZE
SMELT SMELT

FI1G. 2—Test cell for nonisothermal system.
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FIG. 3—Test specimen for nonisothermal system.

In order to determine the accuracy and thus the validity of results obtained
using electrochemical techniques, conventional weight-loss measurements of
iron at different immersion periods were also made in the nitrate-rich salt. In
this case the oxide corrosion products were removed by inhibited
hydrochloric acid solution (5 percent HCl + 0.2 percent Rodine 213°) at
190°F (88°C) for about 20 min. The weight-loss values are corrected for
chemical cleaning losses.

Test Material

The chemical composition of the carbon steel used for these tests is shown
in Table 1.

Results

Molten Nitrate-Sulfate-Chloride Salt

Polarization Curves—Figure 4 shows the polarization curves in the fused
salt at 316°C (600°F) for carbon steel at immersion times of 4, 124, 244, and
360 h. As can be seen from the curves, the cathodic current for carbon steel
increases smoothly in the Tafel zone (linear portion of the curves). Longer
immersion times cause the cathodic curve to shift slightly in the active direc-
tion. The anodic current initially rises rapidly from the corrosion potential to
about +0.1 V, and then the rate of current increase slows down. The rate of
current increase again rises rapidly at +0.4 V and levels off at +0.6 V. The

3Trademark of Amchem Products, Inc., Ambler, Pa: 19002.
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TABLE 1—Chemical composition of carbon steel, wt. percent.

C Mn P S Si
0.25 0.73 0.010 0.028 0.18
1.0 o
0.8}
o 06}
<
-4
L o4l
[
3
> 0.2F
2
E O
2
e
o -02F
a
04}
-0.6 1 1 1 1

1 10 102 103 104
CURRENT DENSITY (uA/cm?)

FI1G. 4—Polarization curves of carbon steel affected by immersion durations in 84.5 percent
NaNO; + 9.5 percent Na;SO4 + 6 percent NaCl fused salt at 316°C (600°F).

curve finally breaks away at a potential around +0.8 V to very high currents.
Longer immersion times cause the initial portion of the anodic curve to shift
in the more noble direction and the final portion of the curve to shift in the
more active direction. At longer immersion times, the limiting diffusion cur-
rent increased. This is between potential values of about 0.6 and 0.75 V.

Linear Polarization Curve—The Tafel constants can be obtained by using
the curves from Fig. 4; that is, b, is the anodic Tafel slope, and b, is the
cathodic Tafel slope. The Stern-Geary constant can be derived from these
values:

b, X b,
B.—

T 2.3(b, + b,) )

The corrosion rate can be determined from the Stern-Geary equation:
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Al
Icorr = BE (2)

Thus I, can be caiculated by measuring the linear polarization resistance
(AE/AI) or the admittance (AI/AE). Figure 5 shows the linear polarization
portion of the curves of Fig. 4 at various immersion times. These data show a
nearly linear relationship between current and potential in the range of +20
mYV around the corrosion potential. The Tafel slopes are somewhat different,
however, for the anodic and cathodic portions of the curve. The slope of the
curve (polarization admittance) drops drastically during the initial stages of
immersion, which indicates a decrease of I ,,, and then tends to decrease
only slightly as the exposure time increases.

Electrochemical Corrosion Rate—From Eq 2 the corrosion rate at the cor-
rosion potential can be estimated from the Tafel slope (Fig. 4) and linear
polarization admittance (Fig. 5).

The corrosion rates of iron in the fused nitrate-sulfate-chloride salt, in cur-
rent density (uA/cm?2) and mils per year (mpy), are shown in Table 2 at dif-
ferent exposure times in the fused salt at 316°C (600°F).

Conventional Corrosion Rate—Conventional weight-loss measurements
were made for carbon steel after immersion periods of 500, 1000, and 2000 h.
The results are shown in Table 3.

&
C 2
L
<
3
e— 4HR =
a— 124 HR z
®» — 244 HR %
o— 336 HR & é
a
5
} » Z
3 &
[+
2
(3]

10 20 30
POTENTIAL (mV)

-2

FIG. 5—Linear polarization curves of carbon steel affected by immersion durations at the
potential range of +20mV around the corrosion potential in 84.5 percent NaNO3 + 9.5 percent
Na804 + 6 percent NaCl fused salt at 316 °C (600°F).
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TABLE 2—Tafel slopes, admittances, and corrosion rates affected by immersion duration in
the fused salt at 316°C (600°F).°

Duration, h 4 76 100 124 244 336
b,. mV/decade 640 480 515 560 640 610
b., mV/decade 280 260 240 240 230 220
B ba X b A 84.69 73.33 71.18 73.04 73.56 70.30
=-T ., m . . . . . :
2.3(b, + b.)
Al ) "
(E)’ pA/cm*mV 0.068 0.026 0.025 0.027 0.03 0.025
Ieorr, pA/cm? 5.72 1.87 1.78 1.97 2.21 1.73
Corrosion rate, mpy 2.6 0.9 0.8 0.9 1.0 0.8

“Subscripts a and c indicate the anodic and cathodic data, respectively.
b Average of the anodic and cathodic values.

TABLE 3—Conventional corrosion weight loss (ug/cm?) and
the overall corrosion rate (mpy) in fused nitrate-sulfate-chloride salt
for carbon steel at immersion times of 500, 1000, and 2000 h at

316°C (600°F).
Immersion time, h 500 1000 2000
Weight loss, ug/cm? 482 692 934
Corrosion rate, mpy 0.42 0.30 0.21

Molten Alkali Iron Trisulfate

Electrochemical Corrosion Rate— The polarization resistance method was
also applied to determine the corrosion rates for the nonisothermal system.
The Tafel slopes, polarization admittance, and corrosion rates are shown in
Table 4. Included in this table are the data for iron at 677°C (1250°F), that
is, the isothermal data.

Equilibrium Diagram

This section presents the development of the potential/pO2~ diagrams for
the nitrate-sulfate-chloride sait, However, the salt was assumed to be a 100
percent nitrate salt in order that the diagrams could be calculated. Because
of this simple assumption, the actual experimental values are expected to
deviate somewhat from the theoretical values.

Development of Equilibrium Diagrams

Kust and Duke [7] suggest that the nitrate ion in the fused salt dissociates
to nitryl ion and oxide ion as
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NO3_ = N02+ + 02_
where the dissociation constant is
K = (5.7 £ 0.1) X 10—24 at 300°C

This is analogous to the self-dissociation of water into protons and hydroxyl
ions. Lux [8] and Flood and Forland [9] assign a general form of acid-base
equilibrium to all oxyanionic melts as

base = acid + Q2

Therefore the concentration of O2~ will determine the acidity of the fused
nitrates.

A thermodynamic treatment of corrosion in fused salts seems to be ap-
propriate because of very low polarization resistances of high-temperature
reactions in these media. For the electrochemical behavior of metals (such as
iron) in oxyanionic melts, it is useful to construct a potential/pO2~ diagram
[10-12]. Although the equilibrium potential/pO2~ diagram cannot ac-
curately predict the actual corrosion behavior because of all the complica-
tions of kinetics, it does visualize the stability regions of metals, oxides, ions,
and other compounds which may participate in corrosion and passivation
processes.

The method and data used to construct the potential/pO?~ diagrams are
presented in the Appendix.

Figure 6 shows the equilibrium diagram for nitrate ions, Fig. 7 for nitrite
ions, and Fig. 8 for nitryl ions. The stability diagram for iron and its ions is
shown in Fig. 9. In order to compare these potential/pO2— diagrams, the ac-
tivity of reactants and products is assumed to be unity except for the activities
of the oxide ion (O27), ferrous ion, and ferric ion.

TABLE 4—Tafel slopes, admittance, and corrosion rates through a frozen saft layer affected by

Temperature,
°C (°F) 260 (500) 316 (600) 371 (700)
Duration, h 2 50 p2] 48 P2 50
ba. mV/decade 470 460 475 470 500 505
be. mV/decade 520 520 525 505 495 470
by X be
— v 107 106 108 106 108 106
2.3 (ba + be)
(A/AE),
pA/em? mv 48x1077 63x1073 14ax1072 16x1072 30x1072 32x1072
Icorrs phA/em? 0.52 0.66 146 1.59 3.19 3.39

Corrosion rate, mpy 0.2 0.3 0.7 0.7 1.4 1.5
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The stability diagram for the reaction products of nitrate ion is rather dif-
ficult because so many reactions are involved (see Figs. 6, 7, and 8). A com-
puter program, similar to that developed in Ref 13, is being modified to
determine the stability areas. Preliminary results indicate that the stability
diagram is rather simple (Fig. 10).

Discussion

This section compares the dynamic polarization data in the nitrate-rich
salt with the equilibrium diagrams for the fused nitrate to understand the
polarization behavior and the various reactions occurring on the carbon steel
electrode. Next, the corrosion rates obtained from the electrochemical data
and conventional weight-loss data in the fused nitrate-rich salt are com-
pared. Finally, the nonisothermal weight-loss data in the alkali iron trisulfate
salt is discussed.

Comparison of Equilibrium Diagram with Dynamic Electrochemical Data

The electrochemical kinetic behavior of carbon steel in fused nitrate is
shown in Fig. 4, and stability diagrams for iron and its ions and the nitrate
ion and its reaction products are shown in Figs. 9 and 10. The neutral condi-
tion of fused nitrate at 300°C (572°F) is at pO2~ = 11.5 (from the dissocia-
tion constant K = 5.7 X 10~24). Here the stability diagrams predict at the
corrosion potential (that is, without external polarization) the formation of
iron oxides; this will consist mostly of Fe;0,4 [14,15] because the stability
area for FeO is very narrow. From Figs. 6, 7, and 8 there are many possible
reactions that could balance the oxidation reactions of iron. These can be the
reduction of nitrate, nitrite, or nitryl ions. From the computerized stability
diagram (Fig. 10) for the reaction products of nitrate ion, the major cathodic
reaction at the corrosion potential may be the formation of nitrite ion

immersion duration in molten alkali iron trisulfate at 677°C (1250°F).

482 (900) 538 (1000) 593 (1100) 677 (1250)

2 18 s 23 3 18 3 26 50

505 500 400 440 490 540 360 330 360
530 610 460 550 540 560 380 400 380
112 119 93 106 112 119 80.4 78.6 80.4
18x1072 24 x1072 7.15 7.58 8.65 12.2 14 95 86
2.0 2.48 665 805 967 1449 9166 7467 0915

09 11 303 367 449 660 4180 3405 3153
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FIG. 6—Potential—pO?~ diagram for reactions involving nitrate ions at 600 K.

(NO,7). A minor cathodic reaction may be the formation of nitrogen gas
(N;). Therefore the corrosion reactions of carbon steel at the corrosion poten-
tial can be expressed as

Anodic reactions: Fe + 02~ = FeQ + 2e
3FeO + 02— = Fe30, + 2e
Cathodic reactions:
Major, NO;~ + 2e = NO,~ + 02~

Minor, NO,* + 2e = NO,~
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m(NO;~, NO,~, orNO,*) + ne = yN, + z02~

Thus, it can be qualitatively stated that iron is oxidized to monoxide and
subsequently to magnetite. Alternatively, nitrite ions are generated from
nitrate ions and are stoichiometrically almost equivalent to the amount of
magnetite.

When' the potential is increased anodically from the corrosion potential,
the oxidation current increases only slightly and the incipient oxides formed
at the corrosion potential will be oxidized to Fe,O;. When the anodic poten-
tial reaches 0.4 V [silver/silver chloride (Ag/AgCl) electrode], the anodic
current increases rapidly. The longer the immersion time, the higher the
limiting diffusion current in the potential region between 0.6 and 0.75 V.

2.0 2.0

Y
(=]

o

POTENTIAL (V) VS. NO3 /NO,, Oy ELECTRODE)
AN
o

POTENTIAL (V)

-4.0 —_ 1 t -4.0
40 30 20 10 0

p0%”

FIG. 7—Potential—pO?~ diagram for reactions involving nitrite ions at 600 K.
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FIG. 8—Potential—pO?~ diagram for reactions involving nitryl ions at 600 K.

The stability diagram for the reaction products of (Fig. 10) shows that this
increase must be attributed to the oxidization of nitrite ions (formed by the
reduction of nitrate ions at the corrosion potential) to NO, gas. This conclu-
sion, derived from the equilibrium diagram, coincides with the experimental
observations of Notoya and Midorikawa [/6] and Lyalikov and Novik [17].
The limiting diffusion current, which is proportional to the amount of nitrite
ion, is obviously a function of immersion time. When the anodic potential is
raised above +0.8 V (Ag/AgCl electrode), the current increases precipi-
tously. This could be due to oxygen evolution from the nitrate ions (line 1 in
Fig. 9). Examination of the specimen after testing, however, showed it to be
heavily corroded; thus, the carbon steel must also dissolve in the transpassive
region (that is, the film must be ionized in this potential region).
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By comparing the polarization curves (Fig. 4) and the stability diagrams
(Figs. 9 and 10), it appears that the kinetic phenomena correspond
qualitatively well with equilibrium thermodynamics.

As stated earlier, carbon steel is located in the passive region for the
neutral nitrate salt, far away from the corrosion zone. Therefore the corro-
sion rate is expected to be very low. The pO2~ of the nitrate-sulfate-chloride
salt does not deviate appreciably from the neutral condition of nitrate salt,
and the corrosion rate would be expected to be low. The corrosion-rate
measurements do show this to be a fact, and therefore the carbon steel can be
safely used in the nitrate-rich salt for a thermal storage system.
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FIG. 9—Stability diagram for iron in fused nitrate at 600 K.
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Isothermal Corrosion Kinetics in Nitrate-Sulfate-Chloride Salt

Figure 11 shows the corrosion current at the corrosion potential as a func-
tion of immersion duration (data from Table 2). The corrosion current drops
dramatically after the first few hours, and then decreases more gradually
with increasing immersion time. The decrease of current can be attributed to
the formation of oxide film on the surface and its thickening (or growth) with
increasing exposure. After converting the corrosion currents to mass weights,
the curve for weight loss versus time can be obtained. The curve roughly
follows a parabolic-rate law as is shown in Fig. 12, where the logarithm of the
square of weight loss is plotted as a function of the logarithm of time. The
resulting curve is almost a straight line, and the slope is approximately 45
deg. Therefore the weight loss (W) due to oxidation at the corrosion potential
can be expressed as

W2=1F-t 3)

where

K =12 X 107! yg2/cm*.s,
t = time, s, and
W = weight loss, ug/cm2,

Iron is known to oxidize according to a parabolic-rate law in air at 250 to
500°C [18]. Thus, the oxidation mechanism of carbon steel in the fused
nitrate-sulfate-chloride salt at 316°C (600°F) seems similar to that of iron in
air at approximately these same temperatures. The rate constant of carbon
steel by the electrochemical method in the fused nitrate-sulfate-chloride salt
is about one order of magnitude higher than those of iron measured in air by
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FIG. 11—Corrosion current versus immersion time for carbon steel at 316 °C (600°F).
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FIG. 12—Logarithmic square of weight loss versus logarithmic time to examine the parabolic-

rate law of the oxidation of carbon steel in fused sodium nitrate at 316 °C (600°F).

Gulbransen [19] and in fused nitrate by Notoya et al [14]. The high rate con-
stant may be due to the low melting point of nitrate-sulfate-chloride salt, and
also to the effect of chloride or sulfate ions.

To ascertain the reliability of the electrochemical technique, conventional
weight-loss measurements for the carbon steel were made in the same salt.
These data are plotted in Fig. 12 for both electrochemical and conventional
weight-loss values. The solid circles are for the electrochemical measure-
ments, and the open circles are for conventionally determined weight losses.
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Although there is some discrepancy between the results, they are well within
a tolerable range of agreement.

Nonisothermal Corrosion Kinetics in Alkali Iron Trisulfate

Figure 13 presents corrosion-rate data as a function of temperature for
carbon steel in the alkali iron trisulfate salt; these data are taken from Table
4. Below 482°C (900°F) the corrosion rate is very low (less than 1.5 mpy).
Above 539°C (1000°F), however, the corrosion rate increased more than two
orders of magnitude to approximately 350 mpy. A further increase in
temperature above the melting point [638 to 677°C (1180 to 1250°F)] in-
creased that corrosion rate to more than 3000 mpy. Examination of Fig. 13
shows that a critical breakaway temperature occurs between 482 and 539°C
(900 and 1000°F) where the corrosion rate becomes excessive. Therefore, to
prevent hot corrosion in alkali iron trisulfate, the wall temperature of the car-
bon steel superheater or reheater tubes should not exceed the critical temper-
ature. Incidentally, the maximum temperature for carbon steels as
superheater and reheater tubes is conventionally limited to 510°C (950°F)
[20]. For modern superheaters and reheaters, where temperatures exceed
510°C (950°F), the material must be improved to accommodate the more
corrosive conditions. In general, ferritic Fe~ (1 to 9 percent) chromium alloy
steels and austenitic stainless steels are used for this purpose.

Conclusions

1. Corrosion of iron in fused nitrate is due to the following electrochemical
reactions:

anodic: Fe + 02~ = FeO + 2e
3FeO + 02~ = Fe;0,4 + 2e
cathodic: NO;~ + 2e = NO,~ + 02~

2. The polarization resistance method is valid for estimating corrosion
rates both isothermally and nonisothermally in fused salts (that is, the
nitrate-sulfate-chloride and alkali iron trisulfate salts).

3. Stability diagrams were constructed to help interpret the polarization
behavior of iron in fused nitrate. The kinetic phenomena could be predicted
fairly accurately with the aid of the equilibrium thermodynamic data.

4. Corrosion kinetics of carbon steel followed the parabolic-rate law in the
fused nitrate-sulfate-chloride salt. The rather high corrosion rate, when com-
pared with results obtained in air and pure nitrates, may be due to the effect
of chloride or sulfate ions or both.
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FIG. 13—Corrosion rate (mpy) versus specimen temperature for carbon steel in the molten
alkali iron trisulfate ar 677°C (1250°F).

S. The corrosion rate of carbon steel in the fused nitrate-sulfate-chloride
salt is 1 to 2 mpy; therefore carbon steel can be satisfactorily used in this salt.

6. The nonisothermal tests in the alkali iron trisulfate salt determined that
the wall temperature of the carbon steel must not exceed a critical tempera-
ture [between 482 and 539°C (900 and 1000°F)]. This coincides with the
maximum temperature conventionally recommended for carbon steel super-
heater and reheater tubes.
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APPENDIX

Potential/pO2~ Diagrams in Fused Nitrates

In order to construct the potential/pO2~ diagram in fused nitrates, the following
methods are employed:

1. Using Pourbaix's treatment [2/], the general overall electrochemical reaction is
defined as a reaction in which both chemicals, M, (neutral molecules or ions or both),
and electrons, e, participate as
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ZoM +ne=0 (4)
where v is the stoichiometric coefficient of M, and » is the number of electrons in-
volved in the reaction.

2. At the equilibrium condition at T°K, the electrode potential, E, is established
as

Zop — nlFEp =0 5)
Here p represents the chemical potential of M.

2303 RT
ET=ET0 +—FEU logaM (6)
n

where E1° is the standard electrode potential, and a,, indicates the activity of M.
3. The standard electrode potential is caiculated from

Zuu®
nfF

EU}LO - nFET° =0 or ETO = (7)

where p° is the standard chemical potential of M.

Thermodynamic data that are required to evaluate the free energies at unit activity
at 600 K for the following possible equilibria are obtained from standard sources
[1-3,22]. The standard free energies in each equilibrium are referred to the standard
nitrate electrode, and the melt is assumed to be completely ionic [11].

NOTE—The number assigned to the following reactions from 1 to 29 corresponds
to its code number in Figs. 6, 7, 8, and 9.

The following paragraphs include (I) ionic reactions that thermodynamically
describe the molten sodium nitrate salt and iron in the molten salt, (2) free energy for
these reactions, (3) equilibrium equations used to describe Figs. 6 to 10, and (4) com-
binations of chemical reactions used to determine the free energy of the ionic reac-
tions.

Table 5 contains all the data needed to calculate the various free energies and elec-
trode potentials.

Nitrate Electrode

The nitrate electrode at 1 atm total pressure behaves as a reversible electrode and a
very reproducible electrode [23]. The nitrate electrode at unit NO, and O, fugacity
and unit nitrate-ion activity can be described by the following overall equilibrium:

2NO, (g) + O3 (g) + Pt(s) + 2e = Pt (s) + 2NO;~ (9) (1)

Therefore, under the unit conditions described previously, the reference value is
designated as

Topu® =0

E =0~ 0.119 log ayg,- + 0.0595 log Pg, + 0.119 log Pxo,
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TABLE 5—Standard chemical
potentials used for calculations
for the potential/pO°~ diagrams

at 600 K.

Substance u°, kcal
NaNOQ;3 —63.50
NaO —80.41
Fe(NO3)2 —20.26
Fe(NO3)3 —0.32
FeO —55.38
Fe;04 —218.93
Fe>03 —158.41
NaNO; —43.88
Fe 0.0
(03 0.0
N> 0.0
NO; +16.78
N2O +30.31
NO +19.80
NO3™ +16.78
NO,™ +36.40

- +80.15
Fel* —53.82
Fe3* —50.66
NO,;* —2.44

Oxygen/Oxide Ion Electrode

This reaction corresponds to the reversible oxygen/oxide ion electrode in the melt.
1/205(g) + 2e = 02— (D)
Zuu® = —80.15 kcal 2)
Ep = —1.74 + 0.0298 log P, + 0.0595 pO2~
The standard chemical potentials of Eq 2 are obtained from
2NaNO; (¢) = 2NO;, (g) + 1/2 O, (g) + Na,0 (f)

and Eq 1, again assuming that both sodium nitrate and sodium oxide are ionic com-

pounds. Here the free energy of formation for NaNO;(¢) is estimated as AG,® =
—63.50 kcal at 600 K [1,23].

Reactions Involving Nitrate Ions
NO;~ () + Se = 1/2 N, (g) + 302~ (p)
Zyp® = —223.67 keal 3)

Er = —1.940 + 0.0238 log ano,— —0.0119 log Py, + 0.0714 pO2™~
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This equation is calculated from Eq 1 and
S
6NaNO; (9) = 1/2 N5 (g) + 3Na,0 (#) + SNO; (g) + ~2—02 (g)

2NO;~ (¢) + 8e = N,O (g) + 502~ (9) 4
Lup® = —397.5 kcal
Ep = —2.155 4 0.0298 log ang,- —0.0149 log Py,o + 0.0744 pO2~
This equation is calculated from Eq 1 and
10NaNO; () = N,O (g) + 5Na,0 (¢) + 8NO; (g) + 40, ()
NO;™ (0) + 3e = NO (g) + 202~ (9 (5)
Luu® = —163.32 kcal
Er = —2.361 + 0.0397 log ano,~ —0.0397 log Pyo + 0.0793 pO?~

This equation is calculated from Eq 1 and

3
4NaNO;3 (0) = NO(g) + 2Na;0 (1) + 3NO; () + =- 02 (g)

NO; ™ (0) + e = NO, (g) + 02~ (9) (6
Zvu® = —80. 15 kcal
Er = —3.476 + 0.119 log ang,~ —0.119 log Pyg, + 0.119 pO?~
This equation is calculated from Eqs 1 and 2.

Reactions Involving Iron

The possible phases in the diagram for iron are Fe, Fe2*, Fe3*, FeO, Fe;0,, and
Fe;03. For the iron/ferrous ion electrode:

Fe2t (¢) + 2e = Fe (s)
Lvu® = —53.82 kcal (7)
Er = —1.167 + 0.0595 log age2+
This equation is calculated from Eq 1 and
Fe(NO3), (¢) = Fe (s) + 2NO, (g) + O3 (g)
Fe3* (¢) + 3e = Fe(s) ®)

Liou® = —50.66 kcal
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Er = —0.733 + 0.0400 log ap.3+
This equation is calculated from Eq 1 and
Fe(NQ3); (¢) = Fe (s) + 3NO, (g) + 3/2 O,

For iron/iron oxide reactions, Eq 2 offers the calculations of the chemical potential
for O~ ion as #°0,2— = +80.15 keal. The following equilibria can be calculated:

FeO (s) + 2e = Fe (s) + 02~ (f)
Lup® = —135.53 kcal )
Er = —2.939 + 0.0595 pO2~
Fe;04 (s) + 2e = 3Fe0 (s) + 02~ ()
Lvp® = —132.93 keal (10)
Ep = —2.882 + 0.0595 pO2~
3Fe;03 (s) + 2e = 2Fe304 (s) + 02~ (9)
Lop® = —117.525 kcal 11

Ep = —2.548 + 0.0595 pO2~

For reactions that involve ferrous or ferric ions, Eqs 7 and 8 can be used to calculate
the chemical potentials for Fe2t and Fe3* as y°p2+ = —53.82 keal, and p°p3+ =
—50.66 kcal. The following equilibria can be calculated:

FeO (s) = Fe2* (9) + 02~ (9)
Luu® = —81.712 kcal (12)
log ap2+ = —29.768 + p02~
Fe304 (s) + 2e = 3Fe?™ (¢) + 402~ (p)
Lvu® = —378.066 kcal (13)
Ey = —8.197 — 0.1785 log ag2+ + 0.238 pO2~
Fe,03 (s) + 2e = 2Fe2* (¢) + 302~ (9)
Lup® = —291.219 keal (14)
Er = —6.314 — 0.119 log ap2+ + 0.1785 pO2~
Fe,0; (s) = 2Fed* (¢) + 302~ (0

Zvp® = —297.539 kcal (15)
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3
log aped+ = —54.197 + 7po2-

Fe3* (5) + 3 = Fe?* ()
Zop® = 3.16 keal (16)

E;=0.137 + 0.119 log age3+ — 0.119 log a2+

Reactions Involving Nitrate Ions

Fuse nitrate can be reduced electrolytically to nitrite [/6], and the nitrate/nitrite
reactions can be calculated as

NO;™ () + 2e = NO,™ () + 02~ (0)
Zypu® = —99.77 keal (17)
Ey = —2.163 + 0.0595 log anyg;— —0.059S log anp,- + 0.0595 p0O2~
This equation is calculated from Eq 1 and
3NaNOQ; (/) = NaNO, (¢) + Na,0 () + 2NO, (g) + O, ()
The chemical potential of nitrate ion in the melt is calculated from Eq 1 as
#°No;~ = 116.78 kcal
The value of nitrite ion can be obtained from Eq 17 as
#°No,- = 136.40 kcal
Therefore the following reactions which involve nitrite ion can be calculated as
NO,” (0) + e = NO (g) + 02~ (1)
Lop® = —63.55 kcal (18)
Er = —2.756 + 0.119 log ang,- —0.119 log Pyg + 0.119 pO2~
NO,™ (9) + NO,(g) + e =2NO(g) + 1/2 0, (g) + 0¥~ ()
Zyp® = —66.57 kcal (19)
Ep = —2.887 + 0.119 log ang,~ + 0.119 log Pno,
~ 0.238 log Pyp —0.0595 log Pg, + 0.119 p0O2~
2NO, ™ (f) + 4e = N,O (g) + 302~ (p)

Zyp® = —197.96 kcal (20)
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E7 = —2.146 + 0.0595 log ano,- —0.0298 log Py,o + 0.0893 pO2~
2NO,™ () + 6e = N, (g) + 402~ (0
Zvp® = —247.8 keal
E7 = —1.791 + 0.0397 log ano,- —0.0198 log Py, + 0.0793 pO%~
NO;, (g) + e = NO,™ (0
Lop® = —19.62 kcal
Er = —0.851 + 0.119 log Pxo, —0.119 log ano,-
NO (g) + 1/2 0, (g) + e = NO,~ (9
Lou® = —16.60 kcal

Er = —0.720 + 0.119 log Pxo + 0.0595 log Po, — 0.119 log ano,~

Reactions Involving Nitryl Ions

325

@1

(22)

(23)

The dissociation constant of the nitrate ion {7] can be used to calculate the chemical

potential
poNOy+ = —2.44
and the reactions involving nitryl ions are
NO,* (¢) + e = NO, (g)
Lop® = —19.22 kcal
Ep = —0.833 + 0.119 log ang,+ — 0.119 log Py,
NO,* (£) + 2¢ = NO, ™ (9)
Lopu® = —38.84 kcal
E7 = —0.842 + 0.0595 log ang,*+ — 0.0595 log ano,-
2NO, 7" (f) + 10e = N, (g) + 402~ (9)
Lou® = —325.48 kcal
Er = —1.412 + 0.0238 log ang,+ — 0.0119 log Py, + 0.0476 p0O%—
2NO, ™ (¢) + 8e = N,O (g) + 302~ (9

Lopu® = —275.64 kcal

(24)

(25)

(26)

27
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Er = —1.494 + 0.0298 log ang,+ — 0.0149 log Py,o + 0.0446 pO2~

NO,* (f) + 3e = NO(g) + 02~ (9
Zup® = —102.39 kcal (28)
Er = —1.480 + 0.0400 log ano,+ — 0.0400 log Pyo, + 0.0400 pO2~
NO,* (1)) + e = NO(g) + 1/20,(g)
Lup® = —22.24 keal 29)

Er = —0.964 + 0.119 log ang,+ — 0.119 log Pxo — 0.0595 log Po,
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ABSTRACT: Quantitative galvanic corrosion data have been obtained for brass and
bronze couples in flowing fresh water. Laboratory measurements of galvanic current flow
between brass and bronze were made employing an automatic balancing zero impedance
ammeter. The galvanic current data have been discussed with the polarization behavior
of uncoupled brass and bronze determined by a separate experiment. Good agreement
has been found between the dissolution current density and the rate of penetration of the
brass in the couple determined by the weight-loss measurement. Furthermore, a correc-
tion has been made for the anodic current density of the brass with respect to the amount
of beta brass phase, which has yielded a fair agreement between the anodic current den-
sity and the average depth of dezincification. The effect of flow rate on the galvanic cur-
rent density is discussed with reference to the mass transfer treatment.

KEY WORDS: corrosion, copper alloys, galvanic corrosion

It is not always possible to avoid intimate electrical contact between dis-
similar metals in certain pumping equipment applications. In order to
manufacture an economical small pump for fresh water use, for example,
stainless steels and bronzes cannot be used for all parts. The general effect of
coupling dissimilar metals in a corrosive environment is that one metal will
corrode more, and the other less, than would be expected from a considera-
tion of the individual corrosion rates.

For prediction of the risk of galvanic corrosion through contact between
dissimilar metals, a popular practice has been to use a galvanic series in
which the metals are arranged according to their potentials measured in a
particular environment. While these can be useful as a guide, it should be
noted that there are several factors, such as the formation of films on the sur-
face, potential variation with time, and variation of polarizability of metals
with environment, which lead to drawbacks in the use of potential measure-
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ments and the galvanic series, as pointed up by Baboian [1].2 In some case
the separation between the two metals in the galvanic series gives an indica-
tion of the magnitude of galvanic corrosion. This is not always the case, as
demonstrated by Mansfeld and Kenkel for galvanic corrosion of aluminum
alloys [2].

Thus, as an aid to the selection of compatible materials, quantitative data
should be obtained on the basis of galvanic corrosion current measurements
between coupled metals at a given area ratio and in a given corrosion envi-
ronment. The aim of this present study was to provide quantitative data on
corrosion characteristics of brass when coupled to bronze in a fresh water
that is known to cause early failure of a small household pump due to dezinc-
ification of the brass casing cover. This paper presents results of galvanic cor-
rosion between 60-40 forged brass and bronze casting (BC 6) investigated
electrochemically in flowing fresh water. The electrochemical results were
compared with the direct corrosion damage measurement performed after an
exposure of 180 days.

Experimental

Materials and Test Method

Table 1 lists the chemical composition of the materials studied. The struc-
ture of brass consists of S0 percent alpha and SO percent beta. The electrode
configuration selected was a tubular flow-through electrode. It was con-
structed from a 20-mm length of 14.6 inside-diameter tubing. The inner sur-
faces of the specimens were wet-polished with silicon carbide papers down to
600 grit, ultrasonically cleaned in acetone, dried, and weighed to 0.1 mg.
The brass and bronze specimens to be coupled were placed in an acrylic pipe
holder with a 2-mm-thick Teflon ring spacer between the specimens. A cop-
per lead wire was inserted through a hole in the holder and made contact
with the specimen. A Luggin capillary was tapped into the cell wall approxi-
mately 2 mm from the edge of the anode. These holders were connected by an
acrylic cement in a series of twelve. Galvanic current for twelve different
couples were measured by a zero impedance ammeter, and the galvanic cor-
rosion potentials were monitored against a saturated calomel electrode (SCE)
with a high-impedance voltmeter. Connection of the twelve different couples
with the ammeter and voltmeter was made through a high-speed scanner.

Experiments were carried out under controlled flow conditions (0.1, 1.5,
and 3.0 m/s). The galvanic cell and recirculating flow system are shown in
Fig. 1. The connected galvanic cell were preceded by an entrance length of
160 mm and followed by an exit length of 50 mm of acrylic pipe, which were
sufficient to give fully developed flow at the entrance to the galvanic cells and

2The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE 1—Chemical composition of the alloys by weight percent.

Cu Sn Zn Pb Ni Fe
60-40 forged brass 59.57 0.64 36.23 2.75 0.34 0.47
BC 6 bronze casting 82.48 5.08 5.53 6.14 0.20 0.19
Voﬁgmeter

PVC

Flowmeter

bronze Teflon spacer
brass

Valve l

Water reservoir
Aerater pump Pump

Heat exchanger

Pump
FIG. 1—Flow loop and galvanic cells.

to avoid disturbances at the outlet. Fresh water was pumped through PVC
tubing, traveled through the galvanic cell section and a rotameter flow tube,
and returned to the reservoir. Temperature was kept constant at 25°C. Mix-
ing in this reservoir was facilitated both by the solution return and a gas
bubbler that was connected to an aerater pump.

The water was changed once a week and was of the following nominal com-
position:

pH: 6.0-6.5 Ca hardness 118-126 ppm Cl7:116-137 ppm
S042~: 94-100 ppm Total dissolved solids (TDS): 495-508 ppm
Conductivity: 545-560 pS/cm

After the six month test, the specimens were washed, dried, and weighed
again. Because of the difficulty encountered in removing the specimens from
the holder, the weight-loss measurement was slightly unreliable, especially
less than about 1 mg. Brass specimens were sectioned into five, polished, and
examined metallographically. The maximum and average depth of dezincifi-
cation were determined for each cross section.
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Results

The corrosion rates of uncoupled brass and bronze were determined both
by potentiodynamic polarization and by weight loss and dezincification
depth measurements [3]. Table 2 lists the average polarization resistance
(R p?') determined by graphical intergration of R p versus time plots, the cor-
rosion potential (E . ) after exposure for 24 h, the average corrosion current
density (i), and the rate of penetration (r), and the average dezincifica-
tion depth (r,) determined after an exposure of 180 days.

As Ishikawa et al3 have noted, the observed changes in brass in the electro-
chemical parameters with flow rate are probably caused by enhanced
transport of oxygen to the surface or by electrochemical reduction, while in
bronze the changes are due to the more rapid removal of anodically produced
metal ions.

As an example, the galvanic current density (i,) and corrosion potential
(E,) for a couple are plotted as a function of exposure time and flow rate in
Fig. 2. Since the galvanic current appeared to approach a constant value
after an exposure of 8 h and to vary little thereafter, the galvanic current was
measured every 30 days during the 180-day exposure period for all coupled
specimens. For all twelve couples, i, increased and E, became more positive
with increasing flow rate.

All the coupled specimens showed little tendency for random fluctuation in
the galvanic corrosion potential during the 180-day exposure period and high
reproducibility between the couples. From plots of i, versus ¢, the average
galvanic current density (i,) was calculated by graphical integration, the
values of i, for twelve couples are plotted on normal distribution probability
paper in Fig. 3. The median value was taken as i, , and ¢ represents its stan-
dard deviation.

Weight-loss measurement and metallographic examination of the speci-

3 This publication, pp. 339-351.

TABLE 2—Corrosion parameters obtained for the uncoupled alloys from polarization, weight
loss, and dezincification measurements [3).

Flow Ecore, _ _
Rate, mV versus RpY, Icorr s r, rd,
m/s SCE* 10° Qcm? ,,¢A/cm2 mm/year mm/year
Brass 0.1 —149 14.0 2.2 0.039 0.086
1.5 —132 3.96 8.4 0.130 0.315
3.0 —111 1.97 17.6 0.296 0.640
Bronze 0.1 +29 12.5 1.98 0.038
1.5 +3 4.32 5.07 0.080
3.0 -2 1.73 12.4 0.210

4SCE = saturated calomel electrode.
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FIG. 3—Cumulative frequency distribution of galvanic current density (ig®").

mens used for the galvanic current measurement were made after an ex-
posure of 180 days. The rate of penetration (r,) and the depth of dezincifica-
tion of brass (r,,*") are plotted on normal distribution paper in Figs. 4 and S,
respectively. r, and r,, were determined as medians of the plots. The plots of
i, give a straight line with a relatively smaller slope compared with the plots
of r, and rp,*', which indicates relatively larger scatter among these data.

Discussion

A general discussion of the factors determining the rate of galvanic corro-
sion has been given by Mansfeld et al {2,4-6]. They have classified most prac-
tical situations in galvanic corrosion in one of three cases, which can be
treated theoretically using the concept of mixed potential theory. The total
anodic dissolution current density (i, ) is given by

ia = Aia + icorr - ig + icorr (1)
Ai, = ig — lcorr (2)
as shown by Refs 4-6. The substitution of the measured values of i, and i,

gives the ratio 7, /i, = 1 — igo /iy, 0.29 ~ 0.31, which agrees well with the
calculated values of 0.26 ~ 0.31 based on Eq [5].

Eg - Ecorr)} 3)

b E = Eew)
7 0.434 b,
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Fig. 6 shows plots of Ai, against the rate of stimulation, and the difference
in the rate of penetration (r, — r) and in the depth of dezincification (rega —
r4) between coupled and uncoupled brass, determined by weight loss and by
dezincification measurement. Circles represent the values obtained at a flow
rate of 0.1 m/s, triangles at 1.5 m/s, and squares at 3.0 m/s. Open symbols
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FIG. 4—Cumulative frequency distribution of penetration rate (rg).
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represent a relationship between Ai, and (r, — r), and solid symbols be-
tween Ai, and (rpy — ry).

Each data point represents a different coupled specimen. Most data points
fall close to a straight line. The calculation of the rate of penetration from the
current density using Faraday's law should yield the theoretical slope of 48.9
(uA/cm?)/(mm/year) based on the nominal composition of the brass.

The calculation of the straight line (Ai, = mr + b) of best fit to the
plotted values was made using the method of least squares in ASTM Recom-
mended Practice for Applying Statistics to Analysis of Corrosion Data
[G 16-71 (1977)]. The calculated straight lines in Fig. 6 were drawn together
with a plot of the 95 percent (2 ¢) limits of data. Since the values m and b
thus determined contain errors of estimation, scatter of the expected values
m and b should be evaluated. The confidence limits of m and b are given as

t(n — 2, @) VV4, ., - tin — 2, a) VVa,.,
—— m<m—
VE(@r; = r)? VE(r; — r)?

4)

b—[tn =2, )V Vy,, ]J m

)

b<b—[tn—2aV Vg ] \/l +
“ n Z(r;, —r)?

For the weight loss data calculation using these equations yields the 95 per-
cent confidence limit of m as 35.5 < m < 49,5 (xA/cm?)/(mm/year) and b
as —0.8 < b < 1.8 yA/cm?, in which the theoretical values of m = 48.9
and b = 0 are contained. This indicates that the observed difference between
the theoretical and the experimental values (average: m = 40.4 and b =
0.36) is associated with experimental error rather than the experimental and
calculative methods employed.

For the dezincification depth, however, the average values of m = 19
(12.5 < m < 25.5) are too low to be attributed to experimental error.
Dezincification occurred over the entire surfaces of the brass specimens,
which would be expected from the potential-pH diagram for 70-30 brass in
0.1 m sodium chloride solution [7], because the galvanic potentials observed
in the present work (—76 to —140 mV, SCE) lie within the dissolution
region of copper and zinc.

When the dezincification is assumed to progress with the preferential dis-
solution of beta brass (the only process that contributes to the measured
anodic current density [3], the anodic current density (i) and cathodic cur-
rent density (i.) are related to the corrosion current density as

iAsA = icsc = icorrs (6)
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where S 4 and S, are the total surface area of the anodic sites and the cathodic
sites, réspectively, and S is the total surface area of the electrode. In the case
of duplex alpha plus beta brass, it may be considered that beta brass
becomes the anodic sites while alpha brass becomes the cathodic sites. The
brass contains 50 percent alpha and S0 percent beta phase and the surface
area of alpha may be considered to equal to that of beta. Then

Sy=5.= %s' and i, isgivenasiq = 2iy )

In analogy to the preceding, the dissolution current density of beta brass in
the galvanic couple is given by

iB=2i8 =24, % iu?) 8)

This equation suggests that measured current density corresponds to half of
the measured dezincification depth. The calculation of the dezincification
depth from the current density should then yield the slope of 24.5 (xA/cm?2)/
(mm/year). This is the range of the experimental value of m(12.5 < m <
25.5), which suggests that the dissolution current density thus determined
could be used to predict the average depth of dezincification.

It is often assumed that the rate of galvanic corrosion can be judged based

0.1 0.2 0.3 0.4 0.5
(rg—‘r’) or (rgd—‘fd) (mm/y)

FIG. 6—Correlation between average rate of stimulation (Aia) and (rg — r)or (rga — ra).
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on the difference of the corrosion potentials of uncoupled dissimilar metals.
Corrosion reactions are, however, determined by the kinetics of the oxidation
and reduction reactions. As shown by Mansfeld and Kenkel [2], the
magnitude of the galvanic current density is determined by the corrosion
rates of the uncoupled metals, Tafel slopes, difference of corrosion poten-
tials, and the area ratio.

The experimental data of this study are plotted in Fig. 7 as Ai, versus the
initial corrosion potential difference AE .,y = Eo (bronze) — E . (brass)
of each twelve couple. Most of the data points fall close to a straight line, and
a good correlation was observed. The values of Ai, increased with increasing
flow rate, and the effect of AE,, on Ai, also increased with flow rate.

The effect of relative velocity metal/electrolyte on galvanic corrosion has
been studied for aluminum alloys coupled to copper, steel, stainless steel,
titanium alloy, and zinc in 3.5 percent sodium chloride and substituted
ocean water by Mansfeld and Kenkel [8]. They found a square-root
dependence of i, on angular velocity and described the velocity dependence
being due to oxygen diffusion control.

As Ishikawa et al have noted [3], diffusional-convective and ionic transport
between the bulk solution and the metal/solution interface control the rate of
corrosion for the uncoupled brass and bronze. The velocity dependence of
icorr is related to that of mass transfer rate as

. k,iF B
Leorr — (1 _ tME+) (ab as) (9)

where:

k, = mass transfer coefficient based on activities, cm/s,
tpy;+ = metal-ion transport number, and
a, and a; = bulk solution and metal/solution interfacial metal-ion activ-
ities, g-ion/cm3, respectively.

In the case of a tubular flow system, the k, values can be calculated by the
Leveque solution for the laminar flow, Re < 2100,

1/3
k, = 1.614% <Re-Sc %> (10)

and by the Chilton-Colburn equation for the turbulent flow, Re > 5000,
k, = 0.023 y Re 0-2.S¢c~2/3 (11)

where

d = tube diameter, cm,
D = diffusion coefficient, cm?/s,
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L = electrode length, cm,
v = flow rate, cm/s,
Re = Reynolds number given by Re = dvp/u,
Sc¢ = Schmidt number given by Sc = u/p D,
p = viscosity, g/cm-s, and
o = density, g/cm?.

The calculated values of k, are given in Table 3. The ratio of k, at 1.5 and
3.0 m/s tok, at 0.1 m/s shows a good correspondence with the ratio of i, at
1.5 and 3.0 m/s to i, at 0.1 m/s. This may suggest that the velocity depen-
dence of 7, i, may be described with the mass transfer treatment, similar to that
of i o for uncoupled brass.

If the cathodic current were determined by the diffusion limited reaction of
oxygen, no effect of the nature of the cathode should be observed. The ob-
served dependence of A, on AE ., may result from different corrosion rates
of uncoupled brass, different diffusion rates of oxygen through the surface
film of the brass, and different rates of oxygen reduction on the bronze sur-
face, as suggested by Mansfeld et al [6].

The flow rate undoubtedly amplifies the effect of AE . on Af,, because

s L 3.0m/s
) (a]

o
56
L
<
2 1.5m/s
.Hml‘ -
P A

2 b

W 0.1n/s
0 A —d —h —t A )
80 100 120 140 160 180
AE (mv)

Ccorr

FIG. 7—Correlation between average rate of stimulation (A 1,) and initial difference of corro-
sion potentials (A Ecorr ).

TABLE 3—Calculated mass transfer coefficient, ka, and the effect of flow rate.

Flow Rate, ka, Ratio, ig, Ratio,
m/s cm/s to 0.1 m/s pA/cm? to 0.1 m/s
0.1 2.02 1 0.97 1
1.5 7.92 3.92 3.83 3.94
3.0 13.7 6.78 7.30 7.53
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increasing flow rate decreases the thickness of the surface films of brass and
bronze, which would bring the thickness and nature of the films more sen-
sitive to the potential. A quantitative evaluation of this effect appears to be
necessary.

Conclusion

The rate of stimulation of the brass due to galvanic coupling with the
bronze can be expressed as Ai, = i,. The anodic dissolution current density
of the brass is given by

la = Ala + lCOl‘l‘ = lg + lcorr

Relatively good agreement is obtained between penetration rates calculated
from weight-loss data and those calculated from galvanic current data, pro-
vided that dezincification progresses with preferential dissolution of beta
brass as the only contribution to the experimental anodic current.

The effect of flow rate on galvanic current density can be discussed with
the mass transfer treatment.
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ABSTRACT: In order to clarify the roles of cavitation and erosion in the cavitation-
corrosion damage of a pump casing used for pumping a corrosive chlorinated fresh
water, an electrochemical study has been performed using a one-third scale prototype
double-suction volute pump.

Three electrochemical corrosion monitoring electrodes consisting of a medium carbon
cast steel test electrode, a stainless-steel counter electrode, and a 0.5 mm diameter
stainless-steel capillary, each being separated by epoxy resin, were mounted at different
focations of the casing wall. The polarization resistance was determined from the poten-
tiodynamic polarization curves, and the corrosion current density was calculated.

Determination of the corrosion current density as a function of flow quantity revealed
that at 10 percent of the normal flow capacity the corrosion current density increased to
50 mA/cm? for the eye area of the casing throat, compared with 0.03-0.08 mA/cm?
measured at above 20 percent of the normal flow capacity and for the other locations at
any flow range.

It may be suggested that this high corrosion current density results from the synergystic
effect of cavitation induced from the reversed flow and corrosion enhancement by chlo-
rine in the water.

KEY WORDS: electrochemical measurement, cavitation, chiorinated water pump, cast
carbon steel

The specific delivery rates of pumps have been raised substantiaily in the
past few decades. A design engineer must cope with the combined problems
of cavitation erosion and corrosion of materials. The flow velocity often has
significant effects on the mechanism of corrosion reactions. Various param-
eters affecting the corrosion process are altered by the fluid velocity, which
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may increase attack by increasing the supply of aggressive substances, or dif-
fusion or transfer of aggressive ions by reducing the thickness of the stagnant
film at the surface. Fluid turbulances or imploding cavitation bubbles can
destroy protective films formed on the surface of the metal and activate the
metal surface. The newly exposed metal surface corrodes and the film is
reformed. With the repetitive destruction of the film, corrosion results in
severe localized damage on the metal surface.

We recently experienced a severe cavitation-corrosion damage on a pump
casing used for pumping a corrosive chlorinated water. In order to clarify the
roles of corrosion and cavitation, we performed electrochemical measure-
ments using a double-suction volute pump. It will be shown that the cavita-
tion-corrosion behavior can be predicted by an electrochemical method.

Experimental Apparatus and Procedures

The cavitation-corrosion tests were performed with a double-suction volute
pump using a flow loop shown in Fig. 1. Corrosion monitoring electrodes
consisted of a medium carbon cast steel test electrode, a stainless-steel
counter electrode, and a 0.5 mm diameter stainless-steel capillary tube with
cotton thread inside, each being separated by epoxy resin. The electrodes
were placed in the holes drilled through the casing wall of the pump. Two
electrodes were placed at the suction casing, one at the throat and another at
the throat-eye area. One electrode was placed at the discharge casing. The
surfaces of the test electrodes were polished with 400 grit silicon carbide
paper, then cleaned with acetone and dried. Surface areas of the test elec-
trodes were in the range of 0.3 to 0.7 cm?2.

Observation of cavitation was made through an acrylic plate window at-

/

Valve
Pum
P Orifice
\ \\ Heat Exchanger
X .
X < CIXIYXYT X < YA Y UL Ay L)

FIG. 1—Experimental flow loop.
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tached to the pump casing. The cross section of the pump and locations of
the electrodes are shown in Figs. 2 and 3, respectively. Pump specifications
are quantity = 9.45 m3/min and head = 108.2 m.

Fresh water was recirculated from a tank (30 m? capacity) through carbon
steel pipe via a flow-adjustment valve and flow-measurement orifice. Tem-
perature was kept constant at 25°C. The water was of the following nominal
composition: pH = 8.3, total hardness = 97 ppm, calcium hardness =
41 ppm, C1~ = 83 ppm, SO42~ = 244 ppm, total dissolved solids = 478
ppm, and conductivity = 782 uS/cm. Chlorination, 1.3 ppm as chlorine
residual, was made by injecting sodium hypochlorite solution through a
microplunger pump.

Casing Throat Eye Area

Acrylic Plate Window.

FIG. 2—Cross section of the one-third scale prototype pump.

Suction Casing
@Throat
@ Discharge :
Casing i | Epoxy Resin

Counter Specimen
Electrode Electrode

g
{6

Corrosion Monitoring Electrode

FIG. 3—Locations of the corrosion monitoring electrodes.
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A potentiodynamic sweep at 0.5 mV/s was started at a potential 30 mV
active to the corrosion potential (E ) and ended at 30 mV noble to E .
The polarization resistance was determined as the slope of the polarization
curve at E .. The full anodic and cathodic polarization curves were ob-
tained by separate experiments, from which the anodic and cathodic Tafel
slopes were determined.

Results

Observation of Cavitation

No cavitation was observed at the throat-eye area of the suction casing
during normal operating conditions (100 percent Q, where Q is the specified
flow capacity). When the flow quantity was reduced to below S50 percent of
the normal flow, generation of reversed flow, originating from the impeller
inlet and reaching to the suction throat-eye area, was observed to induce
cavitation (Fig. 4).

From the measurement of velocity distribution at the impeller inlet, it was
found that between 60 and S0 percent Q, the flow direction near the casing
wall changed significantly and reversed flow occurred. The velocity of the
reversed flow was found to increase with reducing flow quantity. Velocity was
10 m/s at S0 percent Q and 15.5 m/s at 10 percent Q, which was con-
siderably higher than the average velocity for normal flow (5 to 6 m/s at the
throat-eye area, 4 m/s at the throat of the suction casing, and 6 m/s at the
discharge casing).

The generation of this type of reversed flow is restricted under the partial
flow conditions, that is, at starting and stopping transient conditions [Z,2].3
The duration of this particular condition is usually very short and is not con-
sidered to result in severe cavitation damage. In fact, as shcwn in Fig. 5, only
numerous pits were observed over the throat-eye area after 910-min exposure
to the partial flow condition.

The maximum size of these pits was 0.5 mm deep and 0.5 mm diameter.
910-min would be considered an expected total duration of the partial flow
conditions per year for a pump with frequent on-offs.

Electrochemical Measurements

The corrosion rates were determined as a function of flow quantity and
time. Table 1 lists the anodic and cathodic Tafel slope, b,, b., determined
from the full anodic and cathodic polarization curves at each flow quantity.

3The italic numbers in brackets refer to the list of references appended to this paper.
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The polarization resistance, R,, was calculated from the experimental
polarization curve as the slope of the curve at E ., [3]:

_ ¢ (2E
RP_S<31>E°°" (1)

where § is the geometric area of the specimen electrode.
The corrosion current density can be calculated as

S LA )
fort = 3303 (by + bo)S \OE ) Feor @

B @)

R,

The constant B was calculated from the experimental Tafe! slope b, and b,
and the corrosion current density (7., ) was calculated from the values of the

constant B throughout this study.
The corrosion current densities determined after exposure of 10 min at

each flow quantity are plotted in Fig. 6. The corrosion current density de-
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FIG. 6—Corrosion current density determined after exposure of 10 min as a function of flow

quantity.
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creased with decreasing flow quantity up to 40 percent Q, which would be ex-
pected as a result of decrease in flow veiocity. A further decrease in flow
quantity, however, resulted in an increase in i, for the throat-eye area of
the suction casing. The increase in i, may be a result of the reversed flow
originating from the impeller inlet. As described previously, the velocity of
this reversed flow amounted to 15.5 m/s at 10 percent Q.

Figure 7 shows i, after exposure for 100 min at each flow quantity. At 10
percent Q, i, for the throat-eye area rose very sharply to 29 mA/cm?2. This
behavior was not observed at the other locations.

Figure 8 describes the time behavior of i ., for the throat-eye area at 10
percent Q. The corrosion current density decreased initially and increased
very sharply after 60 min of exposure. This behavior coincides with the pres-
ence of the incubation period for cavitation.

During the cavitation test, however, only minor pitting damage was ob-
served at the throat-eye area after prolonged exposure (910 min) between SO
and 0 percent Q, while the electrochemical measurement showed an iy, of
29 mA/cm2. This would correspond to a corrosion rate of 340 mm/year.
Therefore, it is considered that the cavitation induced by the reversed flow
under partial flow condition cannot explain the damage at the throat-eye

100 J T T ¥
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o O Discharge Casing
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FI1G. 7—Corrosion current density determined after exposure of 100 min as a function of flow
quantity.
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FIG. 8—Time behavior of corrosion current density for the throat-eye area at 10 percent Q.

area. The synergystic effect of cavitation and corrosion must be considered to
explain this damage.

Figure 9 shows the ¢, decay of the freshly polished medium carbon steel
surface measured using a tubular flow electrode at a velocity of 4 m/s. Ex-
trapolation of this decay curve to 0.1 s yields an i, of 31 mA/cm?2, which
coincides with the measured i, for the throat-eye area at 10 percent Q after
exposure of 100 min. Moreover, the mass-transfer calculation on the basis of
the Chilton-Colburn correlation [4] yields a maximum corrosion current den-
sity of 16.9 mA/cm? for the tubular flow electrode used. This lies in the order
of the experimental data.

If we assume that this relation holds for higher velocity, for example, at the
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FIG. 9—Time behavior of corrosion current density for three different metals determined at 4
m/s using tubular flow electrodes.

reversed flow velocity of 15.5 m/s at 10 percent @, we would expect a max-
imum i, of 51 mA/cm2. This in turn agrees with the value measured for the
throat-eye area at 10 percent Q after exposure for 150 min.

The corrosion current density measured for the throat-eye area before 60
min of exposure may be regarded as that of the oxide covered surface. When
this surface layer is imploded with the reversed flow induced cavitation bub-
bles, this layer may be destroyed when the bubbles have sufficient intensity.
It is considered that after the removal of this surface layer, the throat-eye
area will be directly loaded by the bubbles. When the rate of the formation of
the surface layer is higher than the destruction rate, the corrosion current
would be determined by the diffusion rate of oxidizing agents to the surface
or the rate of their electrochemical reduction at the surface. It appears that
the result obtained at exposure less than 60 min can be discussed as the cor-
rosion of electrode covered with corrosion products. In this period numerous
pits were formed as a result of imploding bubbles (Fig. 10). After 60 min of
exposure, turbulances created by the pits may decrease the average thickness
of the surface layer and increase the intensity of cavitation. The locations of
the implosions of the bubbles also increase as a result of the formation of the
pits. After exposure of 100 min, the rate of destruction of the surface layer
completely surpasses the rate of formation, and the corrosion current density
approaches that of the complete bare surface.

The effect of cavitation on the metal surface can be classified as plastic
deformation, which increases surface area and destruction and removal of
the surface layer. Each effect causes enhancement of corrosion, so that elec-
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trochemical measurements can integrate all these effects as well as the effect
of dissolution of metals and the formation of the surface layer.

Figure 11 shows i, for the throat-eye area after exposure for 100 min at
each flow quantity in a nonchlorinated water. In contrast to the result in the
chlorinated water, no sharp increase in i, at 10 percent Q was observed,
while numerous pits were observed on the test electrode after the mea-
surement.

It may be premature to conclude that the absence of the sharp rise in the
corrosion current density at the reduced flow quantity is correlated to the
absence of chlorine in the water. It has been observed, however, that chlorine
in the water enhanced both anodic and cathodic reaction, especially at higher
flow velocity, thus resulting in localized corrosion acceleration [5]. It there-
fore appears reasonable to assume that chlorine aids the localized dissolution
of the covered surface and causes localized disturbances such as pits. These
result in a shortening of the incubation period for cavitation to result in the
bare metal surface being exposed to the corrosive environment.

Even though it is not possible to separate the events taking place during
cavitation bubble implosion, it may be concluded that the electrochemical
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FIG. 11—Corrosion current density determined after exposure of 100 min as a function of
flow quantity in the nonchlorinated water.

technique is a useful tool in determining the role of cavitation and corrosion
in cavitation-corrosion.

Conclusions

Electrochemical measurements were applied for determination of the roles
of cavitation and corrosion in pump-casing damage. It was found that cavi-
tation induced from the reversed flow, originating from the impeller inlet
under partial flow conditions, resulted in very high corrosion current density
(50 mA/cm?) for the throat-eye area of the suction casing.

This high corrosion current density is considered to be brought by the con-
joint action of corrosion and cavitation, in which cavitation brings the metal
surface into the oxide-free surface and corrosion takes place at this oxide-free
surface.
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ABSTRACT: If it is assumed that the passivation process of stainless steels in acid solu-
tions follows Langmuir’s adsorption isotherm, a relatively simple function is obtained
that describes the form of an anodic polarization curve. This function has been adapted
to experimental results obtained with stainless steels in sulfuric acid in order to study the
effect of alloying elements on the rate of different partial reactions. Adjustment to experi-
mental data can be effected by nonlinear regression analysis or by a simpler manual
method. The resuits show that, among other things, chromium in concentrations =12
percent accelerates anodic dissolution and passivation, while nickel and molybdenum
have the contrary effect.

KEY WORDS: stainless steels, electrochemical kinetics, passivation, corrosion

Measurement of polarization curves for stainless steels in acids is a com-
monly applied method. Often the purpose of such measurements is to obtain
a relative measure of the resistance of a steel to a particular solution and to
examine the effect of alloying elements or the effect of variations in the com-
position of the solution on the form of the polarization curve. Some param-
eters studied in these cases are the maximum current density, 7,,.x, and the
passivation potential £, . In certain cases a closer analysis of the form of the
polarization curve is desirable in order to arrive at a better understanding of
the corrosion processes that take place.

Efforts have been made at a relatively early stage to evaluate polarization
curves more accurately [1],2 though with a limited amount of success. More
recently, alternative methods have been indicated for evaluating stainless
steel polarization curves [2]. More detailed consideration is given to these
methods and their applications in the present report.

! Manager, Product Development of Stainless Steels, and head, Wet-Corrosion Laboratory,

respectively, Sandvik AB, Sandviken, Sweden.
The italic numbers in brackets refer to the list of references appended to this paper.
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Experimental

Table 1 shows the composition of the alloys investigated. The alloys were
forged and quench-annealed at 1050°C/20 min (austenitic alloys) or 820°C/
20 min (ferritic alloys). Their structures were consistently single phased. Dif-
fusion annealing was performed to eliminate segregations.

The test surface in the stationary or rotating disk electrode was vertical so
as to avoid accumulations of hydrogen bubbles. The test surface was dia-
mond polished and then washed with ethanol and distilled water. The test
solutions were made from distilled and de-ionized water together with
sulfuric acid (H, SO4) and sodium sulfate (Na SO4) pro analysi. A mercury/
mercury sulfate (Hg/Hg, SO4) electrode served as reference electrode. The
counter (platinum) electrode was placed in a special electrode compartment
connected to the cell via a glass filter. The solutions were de-aerated for 1 h
before the measurements; during the measurements they were de-aerated
with argon purified in pyrogallol. Before the measurements the specimen was
freely corroding in the solution for 1 min, after which it was activated for 5
min at —600 mV saturated calomel electrode (SCE) for austenitic alloys and
—750 mV SCE for ferritic alloys. All measurements were made at room
temperature.

Passivation Mechanism

There are essentially two mechanisms for the anodic passivation of metals
and alloys [3]: (/) chemisorption (solid-state reaction), and (2) dissolution-
precipitation. Investigations have shown that chemisorption applies to
chromium [4] and nickel [5] in acid solutions (contradictory results have
been obtained for nickel [6]). Armstrong [3] has suggested that investigations
with a rotating disk electrode (RDE) can be used to distinguish between
chemisorption and dissolution. If the RDE is made to rotate faster, the
transport of metallic ions away from the surface increases. Therefore, if
dissolution-precipitation applies, the shape of the polarization curve must be
influenced by a change in the speed at which the RDE rotates; if chemisorp-
tion applies, the curve will not be influenced in this way.

To ascertain the passivation mechanism of stainless steels in sulfuric acid
solutions, AISI 304 and 316 were tested in 1 M H, SO, at a sweep rate of 20
mV/min and at rotation speeds between 1 to 60 rps. The speed of rotation
did not significantly influence the shape of the polarization curves of any of
the alloys. The tests were also conducted at a constant potential equal to the
passivation potential at different rotation speeds. Variations in the speed of
rotation.did not have any effect in this case either.

Therefore none of the anodic partial reactions occurring in these steels in
1 M H, SOy is mass transport controlled. This implies that passivation oc-
curs without the metallic ions that form the passive film escaping into the
solution. The first layer of the passive film is thus formed between metallic
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atoms on the surface and the ions of the solution, that is, through electro-
chemical sorption (= chemisorption).

Kinetic Model of Passivation

Several investigators [7-12] have discussed the mechanism involved in the
dissolution and passivation of iron. The mechanism proposed by Lorenz et al
[9] can be summarized as

+OH~

—e —e OH
Fe = (FeOH),s = FeOHT = Fe,’"
RDS

a b ¢
aly o ron
[Fe (OH)3] ags = [Fe(OH);].as = y-Fe203, Fe;0,4
RDS 1)
e S
RDS |}, "

The assumption that the Langmuir isotherm is applicable to the adsorbed in-
termediates gives a complex expression yielding a function with two maxima
in which reaction g is responsible for the occurrence of the secondary max-
imum. This agrees with the observed appearance of the polarization curve of
iron in many solutions (Fig. 1).

In ferrochromium (FeCr) alloys, too, one can observe two maxima at
lower chromium contents (Fig. 2). In this case, however, if the chromium
content is increased above 11.2 percent, the secondary maximum disappears,
which leaves the curve with one maximum only. A comparison with the reac-
tion sequence (Eq 1) reveals that reaction g should not take place in FeCr
alloys with high chromium content, possibly because this reaction is in-
hibited or else because reaction e is accelerated.

The corresponding sequence can be therefore written for stainless steels as

+OH™

—e e OH™
M <« (MOH).,;s = MOHt = Maq2+
RDS
(2)

+OH~ +OH™
NI e

[M(OH); ] ags = [M(OH)3]ads = oxide
RDS 0
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FIG. 1—Schematic polarization curves for iron and stainless steel.
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FIG. 2—Polarization curves of FeCr alloys in 0.01 M H2504 + 0.99 M Na2504, 20 mV/min.

According to this sequence, a kinetic model for stainless steels should assume
a simpler form than the one for iron. The following factors however, com-
plicate the situation:

1. Certain alloying elements can be enriched on the surface both in
metallic and in oxide form.
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2. The alloying components can influence the mechanism or RDS, which
may therefore differ from one alloy to another.

3. Since different types of atoms have different reactivities, the addition of
different alloying elements can affect the active sites where the reactions nor-
mally occur.

These problems will not be dealt with at any great length in the present
discussion.

The Langmuir isotherm has been chosen to describe the passivation pro-
cess. The Temkin isotherm has been applied in one case, but has not yielded
any substantial improvement as regards the adjustment of experimental data
to the model obtained. The reason for this result may be that the error in the
measurement of the polarization curves is of the same magnitude as the error
in the model if not larger.

The total anodic current density, iz, for a stainless steel can be written
as [13]

ir = (g + i) (1 — ) 3

where

i, = partial current density originating from anodic dissolution,
i« = partial current density from anodic passivation, and
# = degree of coverage of M(OH)3,4s.

The Langmuir isotherm can be formulated as
C5=koy(1—0)—kp-b (4)

where k,, (mol/cm?-s) is potential dependent, and kp (mol/cm?-s) is poten-
tial independent. & p is presumed to be equally large for the primarily formed
passive film and the thicker passive film at higher potentials. C (mol/cm?) is
a measure of the amount of species adsorbed to the surface. In the steady
state

do _
C- dr 0 (5)
that is,
Kox
Chetho ©

Multiplication by Z-F, where Z, the charge-transfer valence, is assumed to
be the same both for k;, and for k,,, and F is Faraday’s constant, gives
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0= ﬁ—- N
lox T ipD

Combining Eqgs 1 and 7 leads to
iD : (’u + iox)

. _Ip-Ua T le) 8
T i+ i ®)
i, and {,, are expressed as
i, =A,-exp(B,-E) 9)
[y = Ayc-exp(BoyE) (10)
where E is the potential,
A; =i exp(—B;-e ) A/cm? versus E (11)
and
B;=2.303/b; mV ! (12)
where
b; = Tafel slope,
i = exchange current density, and
e;® = single equilibrium potential.

It should be noted here that the value of A; depends on the reference poten-
tial chosen. Equation 8 can thus be written as

. _ ip[A,-exp(B,-E) + A,.-exp(B, -E)] (13)
‘T ip + A, -exp(B,, -E)

ir is a function describing the form of a polarization curve with one max-
imum. It is easily shown that i1 is dependent, to a greater or lesser degree, on
all parameters in Eq 13. Ebersbakh et al [/3] have discussed the implications
and validity of Eq 13, though formulated in a somewhat different way. A cer-
tain set of parameter values gives the results shown in Fig. 3.

Evaluation Methods

Equation 13 can be used to simulate polarization curves and thus increase
the understanding of the importance of different processes. But more valu-
able is the fact that it can be used to further evaluate polarization curves.
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FIG. 3—Calculation of total current density, partial current densities, and degree of coverage
with Eq 13.

Two evaluation methods can be used: (/) a manual method, and (2) adjust-
ment by nonlinear regression.

Manual Method

Figure 3 shows that the only reaction which, according to the model, oc-
curs at lower potentials is anodic dissolution. This means that A, and B, can
be determined from this portion of the curve. Figure 3 also shows that in the
potential area where i decreases with increasing potential

[y >> i > ip (14)

For this area, therefore, Eq 13 can be rewritten as
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_ip-A,-exp(B,-E)

1= 4 - exp(B o E) (15)
or
i = ip- AL explE(B, — B,,)) (16)
Logarithmically we obtain
log iz = log<in-:"”x>+5-(3u—B,,x)-2.303 17
Since
‘ ';’giT = (B, — B,x)-2.303 (18)

B, can be determined from this portion of the curve (compare Fig. 4) while
ip is taken as the lowest current density in the passive range, whereupon A,
can be calculated with the aid of Eq 16. In this way the rate constants in
Eq 13 can be determined using a ruler and calculator.

In the acidic solutions in which polarization curves for stainless steels are
often measured, hydrogen is generated at high rate at lower potentials.
Sometimes, therefore, it can be difficult to determine A, and B, simulta-
neously with acceptable accuracy because the cathodic reaction and the
anodic dissolution reaction overlap and in,, is small. In these cases B, is
taken to equal 0.0575 mV~!, which corresponds to a Tafel slope of 40
mV/decade; this has proved a good average in many studies in our labo-
ratory.

Current
density
\
1
’ \‘ . .
S|0pe s / a>>iox>> [}

Slope = Ba - Box

Potential

FIG. 4—Manual Tafel slope determination from polarization curves.
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Adjustment by Nonlinear Regression Method

Experimental data have been adjusted to Eq 13 by using a method based
on the Gauss-Newton method [/4] and also by means of LETAGROP [15].

The Gauss-Newton method, as it is applied here, does not allow more than
two parameters to be adjusted simultaneously because otherwise a divergency
is very liable to be obtained. Usually, therefore, the parameters 4, and B,
have been determined from four measuring points on the first part of the
curve, ip has been taken as i i, , and adjustment has then been carried out by
the Gauss-Newton method to determine 4, and B,,,.

LETAGROP has the advantage of being more flexible. A larger number of
parameters is permissible with this program, negative additions to the con-
stants sought for are avoided, and, if a divergency occurs, conjectural param-
eter values can be adjusted. If, however, the initial value of the parameters is
far removed from the values sought, convergence can be very slow. It is there-
fore advisable to supplement LETAGROP with a linear search method, or
else to begin calculations with the initial values from the manual method.

Applications

The evaluation methods described previously have been used on a large
number of alloys. The nonlinear regression methods have been used par-
ticularly often, the manual method in fewer cases.

Efforts made to obtain an analytical expression containing the sweep rate
showed that this is not possible. Because steady-state measurements are dif-
ficult to carry out in practice, evaluation has been based on curves recorded
at sweep rates of 2 to 20 mV/min under the assumption that these rates will
give conditions close to steady state.

Table 2 shows the results from the evaluation of the polarization curve for
AISI 316L, measured in 1 M H; SO4, with a sweep rate of 2 mV/min at room
temperature. The results obtained from the two different methods agree
fairly well. Figure S compares experimental and calculated values for AISI
316L for the case when the Gauss-Newton method was used.

TABLE 2—Rate constants for partial anodic reactions on AISI 316L in 1 M H2804, room
temperature, 2mV/min. Aa, Aox are given versus SHE." ip = 0.45 pA/cm?.

Manual Method Gauss-Newton Method
Anodic dissolution, A, 0.26 mA/cm? 0.26 mA/cm?
Anodic dissolution, B, 0.064 mv ! 0.064 mvV !

Tafel slope (=36.3 mV/decade) (=36.2 mV/decade)
Anodic passivation, Aox 0.051 mA/cm? 0.069 + 0.019 mA/cm?
Anodic passivation, Box 0.087 mv~! 0.092 £ 0.001 mv ™!

Tafel slope (=26.4 mV/decade) (=25.1 £+ 0.2 mV/decade)

¢SHE = standard hydrogen electrode.
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FIG. S5—Comparison between experimental and calculated polarization curves for AISI 316L.

The Gauss-Newton method has also been applied to other alloys. The
results given in Table 3 show that the addition of chromium increases the
rates of anodic dissolution and passivation parameters, and that nickel has
the opposite effect. Silicon has a weak effect on the rate constants, while
molybdenum decreases A, very much, but in contrast to nickel, molybdenum
does not change A, to any great extent. It can be seen that B, often assumes
a value between 0.09 to 0.10. This agrees with what is expected from the pro-
posed mechanism (Eq 2), since the theoretical value for a rate determining
step (RDS) preceded by two charge-transfer steps and with Z = 3 would be
0.096 mV 1.

Conclusions

The assumption that the passivation process follows the Langmuir adsorp-
tion isotherm gives a function that well describes the polarization curves for
stainless steels in sulfuric acid. By using this function, polarization curves
can be evaluated to give an increased understanding of the influence of alloy
and solution composition on the passivation behavior of stainless steels. The
evaluation can be made either by a manual method (using a ruler and cal-
culator) or by a nonlinear regression method.
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ABSTRACT: The experimental test of the validity of a mathematical treatment of the ef-
fect of large a-c voltage modulations on the behavior of efectrodes under charge-transfer
control was carried out for the case of the hydrogen evolution reaction. A frequency
analysis of the resulting current showed that both d-c and a-c components of the faradaic
current were in quantitative agreement with the predictions of the mathematical model.
Deviations from the calculated values, which were observed in certain conditions (par-
ticularly at higher frequencies), were explained as the effect of the ohmic-drop error.

KEY WORDS: alternating current enhanced corrosion, alternating current modulation,
charge transfer control, frequency analysis, hydrogen evolution

In a large number of practical situations metallic structures are subjected
to alternating voltages that cause currents to flow into ionic conductors (the
most common of which is soil) that are in contact with them. These currents
might flow because of failure of insulation, but there are also cases where the
metals are exposed without protection. There is therefore a substantial in-
terest in understanding what role an alternating signal can play in affecting
the kinetics of an electrode, so as to be able to predict when and to what ex-
tent corrosion can be caused by the effect of alternating currents [7-5].2

As a part of research carried out at the National Bureau of Standards
(NBS) concerning the corrosion of copper concentric neutral cables, the con-
ditions under which a-c enhanced corrosion could be expected were
examined; consequently, a mathematical treatment was developed that
described the current response of an electrode under charge-transfer control
to a large sinusoidal modulation of the voltage. The possibility of measuring

'Research chemist and chemist, respectively, Chemical Stability and Corrosion Division,
Center for Material Science, National Bureau of Standards, Washington, D.C. 20234.
2The italic numbers in brackets refer to the list of references appended to this paper.
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separately the faradaic and the capacitative components of the current was
also examined. This led to the identification of the conditions necessary for
such a separation [6].

The theoretical treatment showed the potential usefulness of frequency
analysis for the recovery of information concerning the mechanism and rate
of the electrode reaction, as well as data concerning the enhancement of the
€OrTosion process.

The principal points of the mathematical treatment are briefly reviewed in
this paper. The effects of ohmic-drop error on current measurements are
discussed. Frequency analysis techniques are applied to an electrode under
charge-transfer control, and the experimental results are compared with the
theoretical predictions.

Mathematical Analysis

Faradaic Current

We will present here in a simplified form some of the results of the analysis
that has been given in detail elsewhere [6]. For an electrode under charge-
transfer control, the partial anodic or cathodic current can be expressed as

ige = Ipexp (AE) (§9)

where /) and A are positive for anodic processes and negative for cathodic
ones. £ is the electrode potential taken with respect to some convenient
reference value. As is well known, Eq 1 can be used to express the total cur-
rent in the so-called Tafel region, that is, when the partial current of opposite
sign is very small.

If the voltage is sinusoidally modulated, so that

E=Ey+ Vsinwt 2)

the expression for the faradaic current can be obtained, and by harmonic
analysis the current can be separated into a constant (or dc as customarily
called) component and into the various harmonics (of angular frequency w,
2w, ..., nw) of the modulating signal.

It can be shown that the amplitude coefficients of each of these com-
ponents can be expressed in the form

ifn = Ipexp(AEy)-F,(A,V) 3)
which can be rewritten as

i = ig* Fy(4,V) @
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because, in the absence of a modulating signal Eq 2 becomes E = E¢ and
therefore

i4* = Iyexp(AE,) &)

Introduction of Eq S into Eq 3 gives Eq 4. The root means square (rms) value
of each of these sinusoidal components of the faradaic current is

( ) n )2
T (6)

Equation 4 shows that every frequency component of the faradaic current
is proportional to the current in the absence of modulation i4.* multiplied by
an adimensional coefficient whose value depends only on the kinetic param-
eter A (which determines the Tafel slope) and on the amplitude V of the sinu-
soidal modulation. The index n indicates the order of the harmonics; zero
designates the dc term. An obvious consequence of Eq 4 is that all frequency
components of the faradaic current, when plotted against the electrode
potential £y on a semilogarithmic scale, will exhibit the same Tafel slope
as idc*-

Additional information can be derived from the analysis of the phase rela-
tionships among the various current components. It can be shown that the
components of the faradaic current of odd order (w, 3w, Sw, ...) bear alter-
nately a 0 or =7 phase relationship with the modulating signal, while the
phase of the even (2w, 4w, 6w, ...) components is shifted by = #/2 with
respect to the modulating signal.

Reflecting the fact that the relaxation times for charge-transfer are ex-
tremely short, the factors F,, do not depend on the frequency of the signal,
and therefore the amplitude of all the current components is independent of
the frequency. It can also be shown that Fy, the factor for the d-c component
of the faradaic current, is always greater than 1, so that a sinusoidal modula-
tion of the voltage produces a rectified current that increases the rate of the
electrode reaction.

As is well known, the coefficient A is related to the Tafel slope b by the
equation A = In 10/b. Therefore, since the factors F, depend on A, if the
anodic and cathodic Tafel slopes differ so will the cathodic and anodic F,
factors. In such a case the effect of a sinusoidal voltage modulation will be
different on the anodic and cathodic d-c partial currents, and consequently
the intersection of the Tafel lines, which determines the potential at which no
direct current flows, will be shifted.

Capacitative Current

For the analysis of the effect of an alternating voltage on an electrode it is
necessary to consider the capacitative current i, as well, since the electrode-
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solution interface constitutes a circuit with a capacitance and resistance in
parallel. Therefore the total current is

i=i+i @

The electrode capacitance in general varies with potential; it is strongly af-
fected by adsorption phenomena, some of which can be rather slow, so that
relaxation times can be large compared with variations in electrode potential.

In many instances, however, the capacitance is only a function of poten-
tial, and often its variations can be relatively minor within certain potential
ranges. The analysis has shown that if the electrode capacitance is a function
of potential only, a sinusoidal modulation as in Eq 2 does not cause any d-c
component of /.. Moreover, it can be shown that its odd harmonic com-
ponents (w, 3w, Sw, .. .) are shifted by + x/2 with respect to the modulating
signal, while the even components are shifted by 0 or =.

Comparison of these phase shifts with those of the faradaic current shows
that when the hypotheses employed in this analysis are applicable, it is possi-
ble to separate the faradaic and capacitative components of the current, pro-
vided that phase information is available.

Ohmic-Drop effects

The theoretical treatment assumes that no ohmic-drop error, Rg, is in-
cluded into the circuit to which the voltage given by Eq 2 is applied. In prac-
tice, however, R is never zero; this can substantially affect the values mea-
sured experimentally, which causes a frequency dependence when, according
to the theory, none should be found. A careful analysis of the effects of the
ohmic drop is therefore necessary in order to examine to what extent it can
explain some apparent discrepancies between theoretical predictions and ex-
perimental results.

The response of the working electrode to the voltage signal E given by Eq 2
can be described (neglecting the phase relationships between different fre-
quency components) by the equivalent circuit of Fig. 1, to which a new
voltage signal E' = Eg + VX u* sin (kwt) is applied. Each frequency com-
ponent of the current is then separated by a tuned filter F before dividing into
a faradaic component through a resistor R, (with n indicating the order of
the harmonics) and a capacitative component through a capacitance C,, . The
constant, or d-c, component obviously has no capacitative counterpart. All
current components will flow through the ohmic-drop resistor R.

The value of the resistances R, can be obtained from Eq 3, since R,, is the
derivative of E with respect to iy ,.

dE, 1 1 R,*

R,= di;,  Ai,, Al exp (AEg)F,(4,V)  F,(A,V)

()
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where R¢* is the charge-transfer resistance for the electrode at the potential
E in the absence of sinusoidal voltage modulation.

The values of C, depend on how the double-layer capacitance varies with
potential. If we assume that its variation in the range of potentials in-
vestigated is negligible, then

C=Cy 9)

while all other C,,, for n > 1, are equal to zero.
Experimental observations on the electrode employed for this work have
shown that C, for » > 1 are small, and that Eq 9 is a good approximation.
Once the values to be assigned to the components in the circuit of Fig. 1
are calculated, it is possible to calculate the in-phase and out-of-phase com-
ponents of the current at angular frequency nw. Calling

o=1+ (nwC,R,)? (10)
B=Rg(1+ [nwC,R,]*) +R, (11)
6=nwC,R,? (12)
we have
(s = 5 o (13)
and

\ %4 ad

(i"nw)rms = \/_2‘ m (14)

e e =
Ro
de w 2w nw E
Ct C2 Ca
Rg R4 Ry Ry
S 1

FIG. 1—FEquivalent circuit of the electrode/electrolyte system under large sinusoidal voltage
modulation.
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It is easy to show that if the ohmic-drop resistance goes to zero Eqs 13 and
14 revert to the theoretical values (', )rms = V/V2R, and (i ", )ms =
nwC, V/V2.

It is also interesting to evaluate the effect of varying the average electrode
potential E,, upon which, as shown by Eq 8, R,, depends exponentially. At
high overvoltages, that is, for values of E such that the direct-current density
igc* is large and R,, is small with respect to Rq, Eq 13 and 14 become

sy _Vv
Rl,}TO([ uw)rms - \/iRg (15)

and

o .. nwC,R,2V
RI,ETO(I e drms = Rl,}TO—_\/‘Z_IT =0 (16)

The current becomes independent of R, and is limited only by the ohmic-
drop resistance. On the other hand, when E| is shifted to values where the
current density is small, R, becomes larger, so that (nwC, R,)? > 1. Then

L v (nwC,)?Rq
Rillnw(l nw)rms V2 1+ (an,,Rn)zl an
and
. .1 - X nwcn
Ril_!?lw(l nw)rms = V2 1+ (an,,Rn)Z] e

These current values are proportional to the admittance of an RC series cir-
cuit, where the resistance is the ohmic-drop resistance Rg.

At both limits the in-phase current, instead of varying with £ on a Tafel
slope, becomes constant, depending only on the ohmic drop Rg. One of the
effects of an ohmic-drop error is that it introduces a phase shift in the current
so that the identity between faradaic current and in-phase component is no
longer true. This also introduces an additional dependence of the current
components on frequency, which can be calculated from Eqs 13 and 14 by
varying w at constant E,.

In the next section it will be shown that the effects of the ohmic-drop
resistance described here account well for the deviations from the theoretical
behavior observed.
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Experimental

Purpose of the Experimental Work

The distortion of the faradaic current that leads to an increase of the d-c
current and can cause enhanced corrosion is not dependent on special condi-
tions concerning the electrode surface, such as the presence of a rectifying
semiconductor film, but is a consequence only of the nonlinearity of the
current-voltage characteristics of the electrode, and therefore should be
observed in a large class of electrode-electrolyte systems. The effect is
graphically illustrated by the waveforms shown in Fig. 2, which are experi-
mental recordings. The lower trace shows the sinusoidal voltage signal ap-
plied to the electrode; the upper trace is the current response, which shows
the high degree of distortion that is the cause both of the rectification and of
the appearance of harmonics of the modulating frequency.

The particular quantitative mathematical treatment employed here was
developed for a specific case of kinetics (charge-transfer control), but should
maintain a fair degree of applicability for the prediction of the behavior of
electrodes having a more complex kinetics.

The main purpose of this work was verifying the validity of the mathe-
matical model as quantitatively as possible. For this reason it was more con-
venient to choose an electrochemical system that was known to be under
charge-transfer control over as wide a range of current densities as possible.

Experimental Methods

Experiments aimed at testing the validity of the theoretical model have
been carried out on the hydrogen evolution reaction. The electrode material
was OFHC copper, and the solution composition was 0.5 M Na, SO, (sodium
sulfate) + 0.1 M H, SO, (sulfuric acid). By minimizing other cathodic reac-
tions (in particular, oxygen reduction by bubbling argon in the cell) and
favoring transport in solution by means of vigorous stirring, it was possible to
obtain a straight cathodic Tafel plot with a slope of 120 mV/decade over a
potential range larger than 300 mV.

As a further test of the applicability to the electrode under study of the
hypothesis used in the mathematical analysis, the electrode impedance was
measured by applying a very small (<2mV) modulating signal about in the
middle of the (d-c) potential range where a straight Tafel slope was obtained.
The results are given in Fig. 3, where the imaginary component Z " of the
electrode impedance (for unit surface area) is plotted versus the real compo-
nent Z'. The plot is approximately a semicircle, which indicates that there is
no detectable contribution of transport to the electrode kinetics. From the
plot the ohmic-drop error is found to be about 6 Q-cm?, while the charge-
transfer resistance is more than 400 Q-cm?,
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15.7 mA

250 mV

10 ms

FI1G. 2—Voltage input signal and current response for copperin0.5M Na2504 + 0.1MH>504.

300 T —T T T

-
g2 | L | &548
0 100 200 300 400 500
7.0 cm?

FIG. 3—Imaginary impedance Z" versus real impedance Z' for copper in 0.5 M Na; 504 +
0.1 M H2804. Eo = —506 mV versus NHE. Frequency as parameter.

The circuit employed for the measurements is schematically shown in Fig.
4, Two voltages, a constant one (E, of Eq 2) and a pure sinewave (of
amplitude V), where higher harmonics had been minimized by fiitering,
were added and applied to the control voltage input of the potentiostat. A
phase-sensitive lock-in amplifier measured the amplitude of the current both
at frequency w of the modulation and at twice that frequency, each one di-
vided into the component in phase and the component in quadrature with the
modulating signal. By means of the low-pass filters the d-c components of the
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voltage (Ej) and of the current (iy.) could be recorded. With the filters
switched off, the total current and voltage signal could be stored in the digital
oscilloscope and successively reproduced on the X-Y recorder in the form il-
lustrated in Fig. 2. Inputs and outputs of the measuring system, with the
symbols used here, are given in Table 1.

In a few instances the current signal was fed to a 200-channel spectrum
analyzer. In this way the amplitude of higher-order harmonics could be ob-

PHASE—SENSITIVE
LOCK-IN AMPLIFIER A.C. SIGNAL FREQUENCY|
REF ' GENERATOR [—| COUNTER

DIFFERENTIAL ACTIVE VOLTAGE

AMPLIFIER 3 FILTER |[—>] DIVIDER ]
LP. FILTER |« § = POTENTIOSTAT SUMMING
-

ce . AMPLIFIER
|.CE .~
TWO CHANNEL ||
oeiTaL | "f \'i‘niié"""' 0.
0SCILLOSCOPE Wwe GENERATOR
=
XY LP. FILTER ',l
RECDRDER CRD
FOLLOWER MONITOR

FIG. 4—Schematic diagram of the circuit used for the measurements.

TABLE 1—Input and output quantities.

Input Quantities

Eo \'% w =27y

d-c component of electrode amplitude of modulating volt- angular frequency of modu-
potential age lating voltage

Output Quantities

In Phase with =+ 7/2 with Respect to
Constant (D-C) Components Modulating Voltage Modulating Voltage
idc* fde 'y "o
current density current density current density current density
for V=20 for V>0 at frequency w at frequency w
{20 20
current density cutrent density

at frequency 2w at frequency 2w
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tained. All phase information was lost, however, and only the absolute value
of the current density of angular frequency nw was obtained:

Ving! =N )2+ ((7)?

Results and Discussion

Current-potential measurements in the absence and in the presence of a
modulating sinusoidal voltage were carried out. Figure S shows the Tafel plot
of i4. in both conditions, as wellas i ', {”,, and {";,. The solid lines repre-
sent the theoretical values for the various components of the faradaic current
calculated from the experimental values of i ;* by means of Eq 3. The factors
F, (A, V) were calculated in accordance with the formulae given in Ref 6.

Linear Tafel behavior is exhibited by the d-c current between —350 and
—650 mV versus normal hydrogen electrode (NHE). Above —350 mV the
cathodic current becomes approximately independent of potential, the reac-
tion being the reduction of the residual oxygen. Below —650 mV the devia-
tions are caused by concentration polarization. When the modulating signal
was applied, i4. was larger than i * by a factor in good agreement with the
theoretical one. The capacitative component i", is largely independent of
potential, which indicates that the electrode capacitance remains nearly con-
stant in the range studied. In agreement with this conclusion the term (',
was found to be negligibly small, which suggested that all higher harmonics
of the current are almost exclusively faradaic.

=300

—-400

=500

Eo. mV vs. N.H.E.

-700—

1
108 10-58 104 10-3 102
CURRENT, r.n.s. A/cm>

FIG. 5—Root mean square current density versus electrode potential for copper in 0.1 M
H;504 + 0.5 M Na>504, with and without voltage modulation (V = 50 mV, v = 25 Hz). Solid
lines are calculated values.
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The current signal was also examined with a spectrum analyzer for a value
of Ey of —506 mV versus NHE, and a modulation at 25 Hz of 35.4 mV rms.
The output values recorded during the spectrum analysis, as well as those ob-
tained from the spectrum analyzer, are reported for comparison in Table 2,
which also gives theoretical and experimental ratios between the various cur-
rent components and the current density i4.* in the absence of modulation.

The values reported in Table 2 confirm that the capacitative currents at 2w
and 3w are negligibly small, which is equivalent to saying that the double-
layer capacitance varies very little in the electrode potential range (100 mV)
covered by the modulation. The ratios are also in excellent agreement with
the theory.

The spectrum is shown in Fig. 6 along with the spectrum obtained by sub-
stituting a pure resistor for the cell and passing a current of the order of 100
pA rms at 25 Hz. The harmonic distortion is extremely small; the amplitude
of the 50-Hz harmonics is below the detection limits (about 10—7 A), and
could be measured at about 4-10~8 A only after filtering out the large 25-Hz
signal. As Fig. 6 shows, the only spurious signal detected was a 60-Hz peak at
5-10~7 A. The small peak at about 20 Hz that can be seen on the side of the
25-Hz peak of the electrode current is caused by the magnetic stirrer and
could be eliminated by shutting it off.

Another Tafel plot, for a larger modulation of 88.3 mV rms. (V = 125
mV) at 100 Hz, is shown in Fig. 7. The behavior of the d-c component is close
to the theoretical prediction over a range of about 300 mV, but significant
distortions can be seen in the other frequency components.

The main reason for the deviation from the theoretical behavior is the
ohmic-drop error (discussed in a preceding section). The deviations can be
accounted for quantitatively, as shown in Fig. 8, which reproduces in detail
part of Fig. 7. Figure 8 shows the direct-current density, i4.*, in the absence of
modulation and the experimental values of the a-c components of the current
at the frequency of modulation w. The dashed lines represent the theoretical
values of i ’, (from Eq 3) and of ", (assuming a double-layer capacitance of
52 uF/cm2?) in the absence of ohmic-drop error. The dot-dashed lines are

TABLE 2— Values obtained from circuit in Fig. 2 and from spectrum analyzer. Ey = —506 mV
versus NHE.“ V = 35.4 mV rms at 25 Hz. Current density values in pA/cm? rms.

fqc* Ide [ Iy fia/ i 20 26 i/ Ji3e/
Circuit 186 238 152 161 221 0.1 32 32 .
Spectrum analyzer ... 215 31 7.3
Ratios {de/Egc* U w/iac* " /igc* U'30/igc*
Theoretical 1.24 0.76 0.176 0.0276
Found 1.28 0.82 0.17 0.039

“NHE = normal hydrogen electrode.
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FIG. 6—Solid line: frequency spectrum of current density for a copper electrode in 0.1 M
H;50,+ 0.5MNa,80,. E;, = —506 mV versus NHE, V = 50 mV, v = 25 Hz. Scale is log
(rms A/cm?) versus Hz. Average over 128 spectra. Dotted line: spectrum of current through
resistor. Scale is log (rms A) versus Hz. Average over 128 spectra.

calculated from Eqs 13 and 14 for an ohmic-drop resistance of 6 Q; the value
is obtained from the high-frequency end of the semicircle in Fig. 3. As Fig. 8
shows, the experimental values fall quite close to the calculated lines. It
should be pointed out that no empirical, adjustable parameters enter these
calculations once the Tafel slope for the current density in the absence of
modulation (here shown as a solid line) is drawn through the experimental
points.

Comparisons between the predictions of the amplitude of the faradaic
components and the experimental values are summarized in Fig. 9. This
shows the experimental ratios of iy, i’ ,, and i",, to iy *, and the theoretical
lines. The agreement is very good for amplitudes V up to about 200 mV.
Beyond that the current density caused by the modulation was less than
predicted, because the electrode potential was being driven outside the linear
Tafel range.

The effect of the frequency of the modulating signal has been also ex-
amined. Fig. 10 shows the ratio between the direct current iy, and iy *. The
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FIG. 7—Root mean square current density versus electrode potential for copper in 0.1 M
H28504 + 0.5 M Na>504, with and without voltage modulation (V = 125 mV, v = 100 Hz).

Solid lines are calculated values.
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FIG. 8—Current density in the absence of modulation i;.*, and in-phase (i',) and out of
phase (i",) components of the current density at the modulation frequency (v = 100 Hz).
Dashed lines are calculated without ohmic drop (equivalent circuit shown in inset A). Dash-dot
lines calculated with an ohmic-drop error of 6 Q (equivalent circuit shown in inset B).
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FIG. 9—Ratio between various components of the faradaic current and direct current in the
absence of modulation iy * as a function of the amplitude of modulation. Cu/H,S0, +
Nuy;SO4,.E; = —506 mV versus NHE. v = 103.3 Hz.

measurements were carried out at the same potential (E; = —456 mV versus
NHE) and at the same modulating amplitude (V = 100 mV) at frequencies
ranging from 25 Hz to 10 kHz. As expected, the deviations caused by the
ohmic-drop error become quite large when the frequency is increased. The
results shown pertain to two different cell configurations having different
ohmic-drop resistance. With Ry = 6 , significant deviations from the
theoretical behavior begin at about 300 Hz, while reducing R, to about 0.8
increases the frequency of the beginning of the deviations by a factor of 10, to
around 3 kHz. The effect of the chmic-drop error is even more pronounced
on the current components at the modulation frequency.

Figure 11 shows the values of ', and (", as a function of frequency,
together with the lines calculated from Eqs 13 and 14, assuming a d-c
capacitance of 48 uF and Ry = 0.7 Q. The agreement is satisfactory, which
indicates again that the greatest part of the deviations from the theoretical
behavior is due to the ohmic-drop error. It should be noted that in its absence
i’, would be independent of frequency.
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FIG. 10—Ratio between direct current in the absence and in the presence of modulation as a
function of frequency for two values of the ohmic-drop resistance. Cu/H,50, + Na 504 E, =
—456 mV versus NHE, v = 100 mV. Solid line indicates theoretical value.

Conclusions

The experimental results presented here show conclusively that the mathe-
matical analysis previously published [6] predicts accurately the current
response to a sinusoidal voltage of an electrode under charge-transfer con-
trol, and can be therefore used as a basis for the understanding of the effect
of alternating current on corrosion. It also shows that frequency analysis
holds promise to be an important tool for the study of electrodes undergoing
corrosion. Since the model employed does not involve special properties of
the electrode surface in order to produce the effect called faradaic rectifica-
tion [7], it is to be expected that an increase in the corrosion rate due to a-c
leakage is a widespread phenomenon with considerable practical impli-

cations.
Acknowledgments

This work has been performed as part of Contract E(49-1)3800 with the
Department of Energy, whose financial support is gratefully acknowledged.



380 ELECTROCHEMICAL CORROSION TESTING

31072 I —
~ 10721 .
g
8
L4
"
E
z
1= -3 - ]
g 3.10
b
(-]
[
2
b
-4
s 3
2 il .
307 1 ]
10 100 1000

FREQUENCY, Hz

FIG. 11—In phase (i’ .} and out-of-phase (i" ) components of the current density as a func-
tion of the frequency of modulation. Constant amplitude V = 100 mV. Solid lines are calculated
for Rg = 0.7 Q and C = 48 uF/cm?,

References

[#] McCollum, B. and Ahlborn, G. H., Technical Paper BST72, National Bureau of Standards,
1916.

[2] Compton, K. G., Research Report Project 265, International Copper Research Association,
1977.

[3] Chin, D. T., Fu, T. W., Kamrowski, G. F., and Pookote, S., 1978 Research Conference,
National Association of Corrosion Engineers, Houston, 1978.

[4] Nesslage, D. J., Paper No. 762, Corrosion 78, National Association of Corrosion Engineers,
1978.

[5] Bertocci, U. and Mullen, J. L., Paper No. 242, Corrosion 79, National Association of Cor-
rosion Engineers, 1979.

[6] Bertocci, U., Corrosion, Vol. 35, 1979, p. 211.

[7} Breyer, B. and Bauer, H. H., Alternating Current Polarography and Tensammetry, Wiley-
Interscience, New York, 1963.



H. A. Newborn,' D. C. Bratlie,' and C. R. Crowe'

Progress in Mini-Potentiostat
Development for Corrosion Testing

REFERENCE: Newborn, H. A., Bratlie, D. C., and Crowe, C. R., “Progress in Mini-
Potentiostat Development for Corrosion Testing,” Electrochemical Corrosion Testing,
ASTM STP 727, Florian Mansfeld and Ugo Bertocci, Eds., American Society for Testing
and Materials, 1981, pp. 381-389.

ABSTRACT: There is considerable interest in developing mini-potentiostats to perform
both long-term and multispecimen corrosion tests. Various options utilizing state-of-the-
art electronic components were tested with both resistive loads and actual elec-
trochemical cells to compare their performances. Attention was then focused on a par-
ticular design that was economically competitive and performed adequately over a wide
range of effective cell resistance. Accuracy must be maintained despite large cell re-
sistance variations occurring in corrosion studies.

KEY WORDS: corrosion, laboratory instrumentation, operational amplifiers, poten-
tiostats

The corrosion research community has a need for miniature inexpensive
potential control devices. Commercially available instrumentation is for the
most part multi-purposed, requiring complex circuitry and accessories. A
large investment (several thousand dollars) is presently required for each
potentiostat. Since it is necessary for a corrosion scientist or engineer to run
multispecimen experiments and tests requiring long times at a constant
preset potential, inexpensive mini-potentiostats provide an economic answer.
Various designs using state-of-the-art electronic circuitry have been built and
tested at the Naval Surface Weapons Center (NAVSWC) [I] and at other
laboratories [2,3]. The goal was to design an electronically stable unit to pro-
vide control under specific test conditions,

In our laboratory the need exists for low-cost potentiostats operating at
high currents (=500 mA) with potential control to =1 mV. Applications in-
clude potential control for battery discharge experiments, potential control
for the simultaneous testing of large specimens (such as tensile, fracture-
toughness, and flat-plate specimens), and potential control for highly reac-

lMetallurgist, electrical engineer, and metallurgist, respectively, Naval Surface Weapons
Center, White Oak, Silver Springs, Md. 20910.
2The italic numbers in brackets refer to the list of references appended to this paper.
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tive anodes. In these applications, control units that can be dedicated to the
test specimens for long periods of time are required. Most low-cost poten-
tiostatic instruments appearing in the literature do not meet our =S00-mA
output current (with control to =1 mV) requirement.

A bibliography of potentiostat design published in 1972 [4] lists 94
references spanning 35 years of research and development. Basic designs are
also reviewed in many electrochemistry textbooks. An excellent section in
Gileadi et al [5] forms the basis for some of the conceptual designs and test
procedures to be described. Design work up to the time of publication has
also been surveyed; germane references are cited in this paper.

The function of a potentiostat is to deliver the required current to maintain
the potential of the so-called “‘working electrode” (the specimen to be
studied) at a preset level with respect to a reference electrode. A three-
electrode electrochemical cell containing a working electrode, a reference
electrode (such as a saturated calomel electrode), and a counter (or auxiliary)
electrode acting as a current source or sink is required.

The development of operational amplifiers (op-amps) has led to a concep-
tual simplification of the function of a potentiostat, and a reduction in the
number and cost of necessary active components. An op-amp has two inputs,
denoted V. and V_, and one output, V. The ideal op-amp performs the
following functions (in dc applications):

1. If AV (AV = V_ — V.)is zero, Vo is zero (V,,, = AAV).

2. If AV is finite, V,, is infinite [gain (4) = infinity].

3. The current through the inputs is zero (input impedance = infinity).

4. The output current is independent of the characteristics of the amplifier
(output impedance = zero).

An ideal op-amp would make an excellent potentiostat with the reference
voltage and the preset control voltage (for the working electrode) as the two
inputs, and with the counter electrode connected to the output. Since the
reference electrode must remain electrically isolated from the working cell,
infinite input impedance is desired. The amplifier sends current through the
counter electrode until the input voltages are equal.

A comprehensive review [6] of the use of op-amps in electrochemical in-
strumentation cites progress to 1972. Trade-offs in the current design of op-
amps make some properties approximately ideal, while other properties are
not optimal. For instance, the RCA CA3160 amplifier has an input
resistance rating of 1.5 X 10!2 Q. However, its output impedance is S00 €,
and its offset voitage (error in AV) can be as high as 1S mV. A considerable
amount of progress has been made in regard to op-amps that can handle
high currents without external booster transistors. Currents up to 1 A can be
driven with a National Semiconductor LH0021CK device.

In general, a potentiostat can be thought of as an amplifier driving an ex-
ternal load. The topic of which parameters of the potentiostat should be op-
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timized to have the minimum effect on the load is next discussed (refer to
Fig. 1). Iz must be very small to avoid large errors in the reference voltage.
Devices are available that have very high input impedances (> 101 Q for the
National Semiconductor LM 310) which are sufficient to prevent polarization
of the reference electrode.

An analysis of the effect of gain and output resistance on potentiostat per-
formance shows that the following equations hold:

Ve = A(Vs — Vi) — Iappl r
Vp =A(Vg — Vi) = Iappl (r = Reen)

To minimize the effect of the potentiostat on the electrochemical cell, r must
be designed to be as small as possible. Vp remains constant with current
variation, but V¢ does not. Further analysis shows that the gain, A, should
be large to force the differential input to be very small.

Because a-c response is important in electrochemical experiments, it is
desirable to have a wide frequency response. However, a cell having a large
capacitive load can cause the potentiostat to oscillate; to prevent this a com-
pensation network must be selected to achieve stability. The simplest way to
achieve stability is to introduce a —6 dB/octave (—20 dB/decade) frequency
rolloff. This is done by adding a capacitor to the internal circuitry. The size
of this capacitor is determined by the desired range of frequency response
and the capacitive load of the cell. For wide bandwidth, the capacitor should
be small. For stable operation with large capacitive loads, however, the
capacitor should be large. Most general amplifier circuits will oscillate when
capacitive loads near 1000 pF are driven.

Circuit Design

Greene et al [7] have illustrated the utility of a mini-potentiostat for corro-
sion experiments. A reproduction of the curve illustrated in ASTM Recom-

POTENTIOSTAT

Reell = CELL IMPEDANCE

' = OUTPUT IMPEDANCE

Vp = OUTPUT VOLTAGE (NO LOAD)

VR = REFERENCE VOLTAGE

vs = SETVOLTAGE

ve - COUNTER VOLTAGE

™ = REFERENCE ELECTRODE CURRENT

lappl = CELL CURRENT

FIG. 1—General potentiostat.
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mended Practice for Standard Reference Method for Making Potentiostatic
and Potentiodynamic Anodic Polarization Measurements (G 5-78) was used
as a gauge of mini-potentiostat performance. A stringent test established for
the devices was the maintenance of an electrode potential within 1-mV devia-
tion from a preset value over a wide range of applied currents. The range of 1
mA to 1 A of output current was chosen. Tests of various design options were
made using variable resistor and more complex cell analogs. The DH
(author’s designation) potentiostat design was shown to have adequate
regulation and was then used in an actual anodic polarization experiment.
Its response was compared with that of a commercial Princeton Applied
Research (PAR) potentiostat.

Since a fundamental principle underlying op-amp performance is their
ability to hold voltages at the plus and minus inputs nearly equal, a few con-
figurations were attempted using a single op-amp. The set voltage was
entered at the plus input of the amplifier, whereas the minus input was
associated with the potential across the load resistor. Two of the variations
attempted utilized high input impedance RCA CA3160 operational
amplifiers connected with high-gain power transistors to the output for cur-
rent boosting. These variations were designated *‘Darlington’ and ‘‘Emitter
Follower.”” Figure 2 is a schematic representation of these designs. Although
there are several wiring variations, it should be noted that most simple op-
amp potentiostats utilize this basic type of circuit.

The voltage regulation of these units met the specification for output cur-
rent of up to 40 mA. Recently, Baboian [2] has developed similar circuitry
utilizing a single op-amp design. This circuit uses a new BIFET operational
amplifier. The device utilizes junction field-effect transistors for very high in-
put impedance and bipolar transistors to develop high gain and low distor-
tion. The design is meant to supply 10 mA.

Figure 3 is a schematic diagram of a potentiostat designed by Mansfeld
[3]. The DH potentiostat developed at NAVSWC is shown in Fig. 4. Both
units were tested with good results. The Mansfeld circuit utilizes LH0044
low-noise op-amps with power transistors wired to their output for current
boosting. The DH circuit uses LH 0021 op-amps (1-A capability), which
eliminates the need for additional high-gain transistors. Both units require
buffering to minimize input currents through the reference electrode.

The data for the voltage error (AV) plotted against output current (/,p)
(Fig. 5) for the options described indicate that a linear relationship exists be-
tween AV and I, as predicted by Eq 1. At 500 mA, AV (Mansfeld) = 9
mV, independent of the set voltage Vs, whereas AV (DH) = 4 mV, also in-
dependent of V5. The DH potentiostat has a 1-mV error associated with its
set potential at approximately 150 mA; the Mansfeld unit, at around 80 mA.
The data indicate that the DH unit is better suited to high-current operation.
At low current (about 20 mA), both units remained in specification (less than
1-mV error).
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FIG. 2—Schematics of the “‘Darlington’’ and ‘"Emitter Follower'’ options.

HH—>—o

Additional data was taken across a resistive load using a PAR 173 com-
mercial potentiostat. Only after adapting the unit by shortening its standard
leads was a 1-mV error specification obtained; as is, the unit performed com-
parably to the DH potentiostat. The maximum output current (that is, the
current at which regulation is totally lost) was found to be 600 mA for the
Mansfeld unit, and 1 A for both the DH and PAR units.

In addition, all units were tested with a pulse generator for response time
in a shift of output current (analogous to a quick lowering of the effective
electrochemical cell resistance, as is known to occur upon pit initiation). All
units responded well with the stable current at 50 mA and pulsed current of
500 mA. The response times were approximately 30 us for all units. The er-
rors in the set potential were identical to those measured at steady-state cur-
rent of S00 mA.

It was felt that the improvement in accuracy could be attributed not only to
the larger-capacity operational amplifiers, but to the lower effective output
resistance existing in the DH unit ( = 0.009 Q as opposed to 0.020 Q for the
Mansfeld potentiostat). This allowed the unit to track more accurately, as
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FI1G. 3—Schematic of the Mansfeld potentiostat.

was grossly exhibited in the shortening of the electrode leads on the commer-
cial PAR unit.

The DH potentiostat was then used in conjunction with an actual elec-
trochemical cell. Evaluation was made of the ability of the DH model to per-
form the standard ASTM G 5 anodic polarization curve. The apparatus con-
sisted of a Greene-type cell with an ASTM Type 430 stainless steel specimen
exposed to 1 N sulfuric acid (H,S0O,) solution at 30°C. The performance of
the DH model was compared with that of the commercial PAR potential con-
trol unit (Model 173) both potentiostatically and potentiodynamically at
various scan rates. Figure 6 illustrates good agreement between the PAR and
DH runs, and the ASTM G S standard curve at various test conditions.

Since it is desirable to see the current variation over many decades, conver-
sion to log scale is required. The PAR has a log converter module (Model
376) to perform this task. An external Moseley log converter with interface
circuitry was used with the DH.

There were differences in the plots due to different system noises. The
PAR with its log converter produced very smooth curves, agreeing closely
with the standard. The DH also produced curves that followed the standard,
but with increasing noise with decreasing scan rates. The curves show slight
deviations from the standard. It is felt that most of these deviations result
from use of the Moseley log converter. As a check, the linear current output
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of the PAR was hooked to the Moseley log converter and a run was made.
The same types of noise and deviations were present.

We deduce from Eq 1 that the gain of a potentiostat should be as high as
possible to keep AV very small. This is fine for pure d-c operation, but
stability for a-c applications would be marginal. The d-c gain of the DH unit
is approximately 320 000, but it is presently compensated to have a unity
gain crossover frequency of 28 kHz. In comparison, the commercial Wenk-
ing 70HP10 potentiostat has a unity gain crossover frequency of 300 kH. By
an adjustment of the feedback capacitance, C, the crossover frequency can
be varied in the DH unit (Fig. 5).

Since the reference electrode and associated circuitry are a very high im-
pedance network, it is important to have the reference electrode and the in-
put stage close together. Long leads at this high impedance can easily pick up
enough stray electromagnetic interference to cause faulty operation. Either
an external buffer amplifier should be used or else the potentiostat should be
very close, physically, to the cell.

Improvements for the DH Potentiostat

One improvement for the DH potentiostat is a revision of the £6.2-V
regulators. The Zener diodes can be replaced with integrated circuit
regulators less sensitive to temperature variations and current fluctuations.
The £6.2-V supplies are used for the potential set supply. If any drift occurs
in the supply voltage, it will be noticed in the set potential.

Another improvement would be the construction of a low-cost log conver-
sion circuit for current measurement and plotting. If a log converter could be
built cheaply enough, each potentiostat could have one included in its cir-
cuitry; otherwise, a multiplexer would be needed to deliver each current in
turn to a converter.
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ABSTRACT: An instrument for the performance of electrochemical corrosion measure-
ments has been developed, which includes a 16-bit built-in microprocessor. Electro-
chemical corrosion measurements, by their very nature, benefit by being piaced under
microprocessor control. These measurements include pretimed equilibration periods,
examination of corrosion potentials for stability, initiation of scans at potentials relative
to the corrosion potential, and reversal of scans at selected potentials or current densities
or both. Similarly, the calculations usually performed on electrochemical corrosion rate
data can be performed and even optimized through the use of a built-in microprocessor.
The instrument described here utilizes the microprocessor as completely as possible—to
define the measurement, perform the experiment, and replay the data in a format that
is most meaningful to the operator.

This paper will describe in detail how the microprocessor is utilized to set up an experi-
ment, acquire, validate, and store the experimental data, and then recall all, or selected
portions, of that data. Typical applications of the instrument will be described in detail
showing how the device can be used for the evaluation of potentiodynamic polarizations,
cyclic polarizations, Tafel plots, polarization resistance plots, galvanic corrosion mea-
surements, corrosion behavior diagrams, sensitization tests, and current integration
measurements of a number of typical alloys in a variety of corrosive environments. The
advantages enjoyed by a microprocessor-based device as compared to an analog instru-
ment will be described.

Electrochemical corrosion measurements are sufficiently intricate that
incorporation of a microprocessor into the measuring device can prove bene-
ficial—beneficial for both the operator and the data. A “smart” instrument
expands the capability of the corrosion scientist, relieves operator tedium,
and improves the accuracy of the data acquired during the experiment. For
greatest efficiency the microprocessor should be utilized as completely as
possible—to define the measurement, acquire, validate, and store experi-
mental data and recall all or selected portions of the data in a format that is
most meaningful to the operator. The success of the microprocessor in car-

! Application group leader and marketing manager, respectively, EG&G Princeton Applied
Research Corporation, Princeton, N.J. 08540.
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rying out the desired experimental scheme, such as to mimic human opera-
tion as closely as possible, is obviously a function of the program under which
the microprocessor operates. The purpose of this paper is to examine the
advantages of a dedicated microprocessor-controlled corrosion-measurement
instrument from the standpoint of experimental optimization and operator
convenience. Also, the method of interaction between the user and a com-
mercially available instrument will be described.

Typical Measurements

A typical electrochemical corrosion measurement involves a number of
discrete operations:

1. Pretreatment—Specimen surfacing and preparation.

2. Experimental Definition—Specification of experimental - operating
parameters.

3. Specimen Conditioning—Equilibration of the specimen with the envi-
ronment and measurement of corrosion potential.

4. Data Acquisition—Application of a potential scan and measurement of
resultant current and potential data.

S. Data Analysis—Calculation of corrosion rates, peak currents, integrals,
corrosion potentials, etc.

Except for the pretreatment step the remainder of the measurement scheme
can be automated and placed under the control of the microprocessor. Steps
2 through S involve many decision points that can be implemented by the
microprocessor.

Experimental Definition
In the definition of the experiment a number of questions must be answered:

What kind of experiment is to be performed?

What are the initial and final limits of the potential scan?

Is the scan to be reversed at a particular potential, current, or current
density?

What is the geometric area of the specimen?

The microprocessor can aid the user in defining the measurement by
requesting the appropriate set of parameters for any given experiment. If the
operating program contains preset limits for experimental parameters,
inadvertent errors and wasted effort can be avoided.

Specimen Conditioning

Conditioning the specimen prior to the actual data acquisition is an ex-
tremely important step in the procedure and usually involves delaying initia-
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tion of the scan until a given time interval has elapsed, or until the change in
corrosion potential with time reaches an acceptably low rate—functions that
an automated device incorporating a microprocessor can perform routinely.

Data Acquisition

It is during data acquisition that the availability of microprocessor control
becomes essential if continuous operator attention during the measurement
is to be avoided. The inclusion of a potential scan in the typical experiment
described previously classifies the measurement as part of the family of
potentiodynamic studies. The microprocessor can be instructed to acquire
each data point (that is, each pair of current and potential points) during the
scan under stringently controlled conditions. Each current measurement can
be compared by the microprocessor to the set of three preceding data points
and examined for validity. If a noise spike should invalidate a particular cur-
rent measurement (as can happen when measurements of extremely low
currents are perturbed by random line noise transients) the microprocessor
can discard the invalid data. The microprocessor can control the digital con-
version of the measurement data, and then smooth and store that data.

Data Analysis

For the analysis of the data the microprocessor is again extremely valuable
to the corrosion scientist. The microprocessor can attend to scaling the data
appropriately so that it can be replayed from memory. During data analysis
corrosion rates are calculated and all pertinent data are labelled on the
recorder chart.

Practical Implementation

The foregoing discussion has been rather general. The concepts described
earlier have been implemented in the form of the EG&G Princeton Applied
Research Model 350 Corrosion Measurement Console (Fig. 1). This commer-
cial instrument incorporates a 16-bit microprocessor to perform a wide vari-
ety of corrosion investigations.

A block diagram (Fig. 2) shows the interaction of the various hardware
subassemblies (central processing unit, memory, potentiostat, etc.) An oper-
ational flowchart (shown in Fig. 3) describes in general terms the software
subroutines that control the operation of the instrument. The operating pro-
gram for this instrument resides in 10 000 ‘“‘words’’ of nonvolatile Program-
mable Read Only Memory (PROM); that is, the program information is
retained when the instrument power is turned off. Experimental data from a
single polarization scan are stored in 2000 words (equivalent to 2000 data
points) of Random Access Memory (RAM) which is volatile, that is, the data
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FI1G. 1—Microprocessor-controlled measurement system.

are lost when power to the instrument is removed. Since it is often necessary
or desirable to retain such experimental data, a curve storage option has
been developed which permits storage of 50 polarization curves on a single
tape cartridge.

The ability of this device to replay stored data from even a single polariza-
tion scan can save much time and avoid the need to repeat certain measure-
ments. In conventional, nonmicroprocessor-based corrosion experiments,
the user selects the anticipated current and potential ranges of the experi-
ment and arranges calibration of the X-Y recorder axes so that the measure-
ment of interest appears on the chart. Often, while the experiment is un-
derway, or after it has been completed, the investigator realizes that an
additional measurement will be required because the current or potential
limits are incorrect for the experiment at hand, or because a portion of the
main curve must be studied in greater detail (that is, at higher current sensi-
tivity or with the potential axis amplified). Since the microprocessor can be
connected to an eight-decade autoranging current-to-voltage converter (with
log functions accomplished more efficiently in software than in hardware),
the time saved in making additional, unnecessary measurements is signifi-
cant. Also with a microprocessor-based instrument, the need to repeat the
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FIG. 2—Block diagram.

experiment merely to study a portion of the main curve in greater detail can
often be avoided since the device can be instructed to replay a portion of the
stored curve such that the area of interest is expanded to full scale. This can
be valuable, since for a series of similar experiments, it is often difficult to
prepare the specimen surface as reproducibly as one would like.

A microprocessor-based instrument does not relieve the corrosion scientist
of the responsibility of repeating experiments to verify data and establish
confidence limits on the data. If anything, however, data comparison with a
microprocessor-based instrument is simplified because of the ease of data
storage, recall, and manipulation.
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The potentiostatic circuitry of the instrument is optimized for corrosion
measurements. Electrochemical corrosion experiments are typically per-
formed with scan rates of about 0.1 mV/s. The combination of a large time
constant in the current measurement circuit and a dual-slope analog-to-
digital converter filters experimental data very effectively. As a result, cur-
rents as low as 10 nA may be reliably measured. This type of signal condi-
tioning limits the scan rate to a maximum of 100 mV/s.

Potentiodynamic Techniques

The corrosion experiment is defined by using the keyboard (Fig. 4) in asso-
ciation with the display panel (Fig. 5). The experimental procedure set-up is
accessed by pressing the pushbutton labelled SET-UP. The available tech-
niques are POTENTIODYNAMIC, TAFEL PLOT, POLARIZATION
RESISTANCE, PITTING SCAN, POTENTIOSTATIC, GALVANIC COR-
ROSION, and EXTERNAL WAVEFORM. The first four techniques are
potentiodynamic in nature; that is, current is measured as a function of
potential. These techniques are in most general use and will be discussed
in detail.2

Since the corrosion potential can be measured and stored in the memory of
the microprocessor, the instrument can be programmed to apply an initial
potential that is defined relative to the corrosion potential. This is especially
convenient since the corrosion potential must be allowed to stabilize before
the experiment is begun. Regardless of the amount the corrosion potential
drifts before it stabilizes, the desired potential range about the corrosion
potential can conveniently be obtained.

The POTENTIODYNAMIC mode is the most versatile. The initial poten-
tial may be specified relative to the corrosion potential or as an absolute
voltage. Since this mode is usually used with rather large potential ranges,
the final potential may be specified only as an absolute voltage. The POTEN-
TIODYNAMIC mode may also be used to perform cyclic polarization stud-
ies. This is done by informing the microprocessor that it should request a
vertex potential, that is, a potential at which the scan direction is reversed.
One may also specify a threshold current, which must be exceeded before the
scan direction is reversed. This is the same waveform that is used in the
PITTING SCAN. The initial potential in the PITTING SCAN mode, how-

21t is assumed that the reader is familiar with the techniques and terminology of electrochem-
ical corrosion testing. The following applicable ASTM documents may be found in Part 10 of the
Annual Book of ASTM Standards: Recommended Practice for Conventions Applicable to
Electrochemical Measurements in Corrosion Testing (G 3-74), Recommended Practice for
Standard Reference Method for Making Potentiostatic and Potentiodynamic Anodic Polariza-
tion Measurements (G 5-78), Definitions of Terms Relating to Corrosion and Corrosion Testing
(G 15-79a), Practice for Conducting Potentiodynamic Polarization Resistance Measurements
(G 59-78), and Practice for Conducting Cyclic Potentiodynamic Polarization Measurements
for Localized Corrosion (G 61-78).
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FIG. 4—Keyboard.
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FIG. 5—Display panel.
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ever, is limited to the measured corrosion potential. In the TAFEL PLOT
and POLARIZATION RESISTANCE modes both the initial and final
potentials may be entered relative to the corrosion potential.

For all potentiodynamic modes, the potential is displayed on the Y-axis
and the logarithm of the current is displayed on the X-axis during “real-
time” data acquisition. The instrument measures the current and the micro-
processor scales the recorder accordingly with no adjustment required by the
operator. The X-axis of the recorder is calibrated to display five decades of
current. The instrument can, however, measure accurately eight current
decades from 10 nA to 1A. Currents between 1 and 10 nA are measured with
low accuracy and are, therefore, not specified. If the current should reach the
lower or higher limit of the recorder during data acquisition, the recorder
will “fold-over” three decades and data acquisition will continue. When
PLAYBACK is implemented following the completion of a scan, the data will
be scaled to fit the graph paper and the axes will be labelled. During PLAY-
BACK, the data for POLARIZATION RESISTANCE is plotted in an E
versus i format. For all other potentiodynamic modes, an E versus log / format
is used.

After the desired technique is selected, the instrument requests the para-
meters necessary to perform the experiment. The scan rate is selected as
SLOW (0.1 mV/s), FAST (1 mV/s), or USER-SPECIFIED, which can be
any value between 0.001 and 100 mV/s. If the selected scan rate is greater
than 1 mV/s, the potential is varied by an analog ramp generator, For scan
rates equal to or less than 1 mV/s, the potential is varied with a staircase
waveform (see Fig. 6). The potential is changed by a specific step size, and
that potential is applied to the specimen for a measured duration, after which
it is stepped again. The current is measured for 16.7 ms immediately prior
to the step. The effective scan rate is the step size divided by the duration of
the step. For example, if the potential is stepped 2 mV every 10 s, the effective
scan rateis 0.2 mV/s.

—

POTENTIAL f }
n

—

TIME
]:START OF DATA ACQUISITION

n mV

SCAN RATE = —
m  sec

FIG. 6—Staircase waveform used for scan rates equal to or less than 1 mV/s.
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The step size selected by the instrument is not simple, and requires expla-
nation. It is governed by two considerations. First, one would like maximum
data density, that is, smallest step size, in the region of the corrosion potential
where corrosion currents are measured. Secondly, one would like to utilize as
many of the 2000 data registers as possible during an experiment to obtain
maximum resolution of the data. The Model 350, therefore, automatically
sets the step size at 0.5 mV whenever the experiment is initiated within 250 mV
of the measured corrosion potential. When the applied potential exceeds
E .« = 250 mV during the potential scan, the microprocessor divides the
voltage range yet to be scanned by the number of vacant data registers to
obtain the optimum step size. The step can remain 0.5 mV, or be changed to
2 mV, or any multiple of 2 mV.
~ Thereisone exception to the step-size calculation. In the case of a PITTING

SCAN with a specified vertex potential and threshold current, there is some
uncertainty regarding the potential at which the scan is reversed. This is
because that potential depends upon the actual cell current. In this case, the
microprocessor arbitrarily increases the calculated step size by 50 percent to
avoid a situation where all available data registers are utilized before the
experiment is completed.

In most potentiodynamic experiments, the corrosion potential must be
allowed to stabilize before the experiment is begun. This can be accomplished
in two ways. The experiment can be delayed a programmed time period
before the scan is initiated. Alternatively, one may require that the experi-
ment not commence until the corrosion potential has stabilized to less than
a programmed “drift rate”’. The instrument will measure the corrosion
potential and store that value in memory once every 10 s for 200 s. After this
initial period, the microprocessor subtracts the *‘first” E ., from the “last”
FE .., and divides that difference by 200 s to calculate the drift rate. If the
measured drift rate is less than the programmed drift rate, the scan will
begin. If the measured drift rate is too high, the instrument will continue to
measure the corrosion potential every 10 s, simultaneously deleting the
“first” corrosion potential from the memory. In this way, a sliding set of
measured E ., values taken over a 200-s interval is always in the memory.
The experiment begins only when the measured drift rate becomes less than
the entered value. The resolution of the potentiometer is 2 mV. The lowest
measurable drift rate, therefore, is 0.01 mV/s.

If a specimen area is entered during the set-up procedure, the measured
current will be divided by the area in software and reported as current density.
If no area is entered, data will be reported as current.

The instrument will also request values for the anodic and cathodic Tafel
constant. The instrument will measure these values from the automatic
extrapolation of the linear region of the Tafel plot, or the operator can enter
values for the Tafel constant if they are known or can be inferred from the
literature.
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If automatic corrosion-rate calculations are to be performed, the operator
must enter numerical values for the density and equivalent weight of the
specimen.

At this point, the experiment can be initiated. It is important to realize
that because the instrument can (/) calculate a drift rate of E ., (2) specify
an initial potential relative to E ., (3) automatically autorange the current,
and (4) measure threshold currents, operator attention is not required. Also,
the recorder is *c/ompletely under microprocessor control, and requires no
calibration by the user.

After the experiment is completed, the operator presses the button labelled
PLAYBACK. The instrument then automatically scales the data to fit the
chart paper, labels the axes, and prints setup information along with the
results of the calculation performed on the data (see Fig. 7).

The operator may then wish to examine in closer detail a portion of the
scan. This can be accomplished by using the PLAYBACK SET-UP button.
In this mode the operator has the opportunity to redefine the initial and final
potentials. If these differ from the values originally selected, the micropro-
cessor automatically scales both axes to the new values and replots the stored
data within the new limits over as much of the chart as possible.

In PLAYBACK SETUP, the technique may be changed, for example, to
evaluate the linear current response rather than the logarithmic current
signal. After altering these parameters, another PLAYBACK can be initiated
to output data on the recorder. For example, the polarization resistance
curve in Fig. 8 is data replotted from Fig. 7.
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FIG. 7—Potentiodynamic polarization plot of 430 stainless steel in I NH, S0,
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If the INTEGRATE PLAYBACK feature is accessed, the current is inte-

grated between the specified initial and final potentials, and the resulting
coulombs are printed on the chart (Fig. 9). This feature is valuable for perfor-
mance of sensitization tests to determine grain boundary grooving.
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FIG. 8—Data from Fig. 7 replotted as polarization resistance.
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FIG. 9—PLAYBACK illustrating INTEGRATE capability.
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As mentioned previously, the instrument will maximize resolution of an
experiment, and therefore will only store the results of one experiment. Since
one may wish to examine several experiments overlaid on identical axes,
provision for manual scaling is provided. The operator defines the Y-axis by
specifying initial and final potentials. The X-axis is defined by specifying the
number of current decades and the maximum decade for a log i format, and
the full-scale current for a linear format.

iR Compensation

The effect of uncompensated resistance is known to significantly alter the
results of corrosion experiments.>* The resistance of the solution between
the surface of the specimen and the reference electrode (Luggin probe) may
lead to an error in the actual potential of the specimen. The magnitude of
this error is proportional to the cell current. With analog potentiostatic cir-
cuitry, this effect is best compensated by positive feedback of a signal derived
from the cell current into the input of the potentiostat. However, real-time
compensation of the cell resistance with analog circuitry is inconvenient and
its accuracy is suspect.

The EG&G Princeton Applied Research Corporation Model 356 iR Com-
pensation Option, designed to be used in conjunction with the Model 350
console, can correct experimental polarization data for the solution resis-
tance between the specimen and the reference electrode. The Model 356 (see
Fig. 10) is installed between the Model 350 and the electrometer (the latter
placed in close proximity to the cell). A 2.2-kHz a-c current is applied to the
specimen and a phase-sensitive detector in the Model 356 measures the in-
phase component of the resulting voltage. The in-phase potential is directly
proportional to the cell resistance. The actual resistance, calculated from the

CONST /'\J 2.2kHz
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FIG. 10—Block diagram of iR compensation module.

3Mansfeld, F., Corrosion, Vol. 32,1976, p. 143.
“4Britz, D., Journal of Electroanalytical Chemistry, Vol. 88, 1978, p. 309.
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measured voltage and the known controlled current, is presented on the
display panel.

The polarization experiment is performed as usual with the actual com-
pensation accomplished in software during PLAYBACK. The measured cell
current is multiplied by the cell resistance to yield the potential due to ““iR
drop’’, which is subtracted from the applied potential.

An example of iR compensation is shown in Fig. 11. The measured resis-
tance of the 430 Stainless Steel specimen in 0.02 N sulfuric acid (H,SO,) was
2.93 Q. The uncompensated cathodic Tafel constant was 0.190 V/decade
while the Tafel constant of the compensated curve was 0.106 V/decade. It is
apparent from Fig. 11 that a seemingly negligible cell resistance can have a
rather dramatic effect on calculated results.

This method of data correction is not a ““real-time” approach for correction
of experimental data, as is the positive feedback IR approach. However, the
latter technique suffers from the possibility that the entire experiment may
be invalidated by incorrect adjustment of the degree of positive feedback
supplied to the analog potentiostat. Also, with positive feedback IR there is
no possibility of collecting and examining uncorrected data. Both approaches
assume that the solution resistance remains invariant during the course of
the measurement. While such an assumption may be unwarranted in certain
circumstances, for example, film formation, adsorbed gas layers on the
specimen surface, there is no known instrumental method available which
can simultaneously apply a polarizing potential to the specimen and indepen-
dently measure the solution resistance resulting from such polarization.
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FIG. 11—Tafel plot with and without iR compensation.
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Other Techniques

The POTENTIOSTATIC mode allows the imposition of a controlled
potential to the test specimen while the current is measured versus time. One
may also step from the initial potential to another potential during the experi-
ment. The instrument must be informed of the time interval between current
measurements and the time after the experiment is begun when the potential
step should be applied. The instrument requests these parameters from the
operator through the display panel during SET-UP.

In the GALVANIC CORROSION mode, the instrument monitors the
current and potential (if desired) of a galvanic cell consisting of two dissimilar
metals. The instrument does not control any parameter of the galvanic cell
but, instead, functions as a zero resistance ammeter and potentiometer. The
time between measurements is the only information the instrument requires
from the operator.

When PLAYBACK is implemented the instrument plots both the current

and potential versus time (Fig. 12).
- The EXTERNAL WAVEFORM technique allows the operator to input a
signal from an external source into the back-panel of the instrument, and
the instrument will apply that waveform to the cell and measure the resulting
current.

The EXTERNAL WAVEFORM mode also allows the operator to perform
a Corrosion Behavior Diagram56 under automatic instrument control. No
external devices are required to perform Corrosion Behavior Diagrams.

Calculations

Microprocessors are often utilized in instruments for their “‘number
crunching” capability. In the Model 350, corrosion rates are calculated by
the microprocessor using (I) constants for area, equivalent weight, and
density keyed in by the operator, (2) Tafel slopes either keyed in by the opera-
tor or measured by the instrument, and (3) a value of the corrosion current
density calculated from the measured polarization curve by the instrument.

If the experiment being run is a potentiodynamic-polarization plot or a
Tafel plot, the microprocessor examines the data on both the anodic and
cathodic sides of the first corrosion potential to find the semilog straight-
line segment which will yield a Tafel constant. If a line segment is found
which is linear for 0.2 decades of current, the slope of that segment will be
reported as the Tafel constant in volts per decade. The straight-line segment
is then extrapolated to intersect the corrosion potential and the resultant
value of corrosion current density is utilized in the calculations.

SMorris, P. E. and Scarberry, R. C., Corrosion, Vol. 26, 1970, p. 169.
5Morris, P. E. and Scarberry, R. C., Corrosion, Vol. 28, 1972, p. 444.
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FIG. 12—PLAYBACK of galvanic corrosion experiment. Solid line is potential.

If a polarization-resistance experiment is run, the calculation of corrosion
current density differs from the preceding procedure. The linear polarization
data is processed to find the first derivative value at the corrosion potential.
The polarization resistance thus calculated is multiplied automatically by the
appropriate constants to yield the corrosion current density value.
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Summary

The papers collected in this volume cover several aspects of the use of elec-
trochemical methods for the study of corrosion. They can be broadly divided
into three groups. The first contains papers where electrochemical tech-
niques, many of them having some degree of novelty, have been applied to
the examination of specific materials or phenomena. A second group con-
tains papers where the emphasis is on discussing or proposing electrochem-
ical techniques rather than on their application to specific systems. The last
group is composed of papers mostly concerned with describing electrochem-
ical instruments for corrosion testing. There is, of course, a considerable
degree of overlapping between these groups, so that the subdivision is rather
arbitrary, but they nevertheless provide a rough indication of the main point
of the various contributions.

To the first group belong the work of Tousek on pitting in iron, that of Lee
also dealing with localized corrosion, and the paper by Tong correlating
electrochemical measurements and corrosion behavior in a series of iron-
nickel-chromium alloys. Two papers, by Amzallag and co-workers and by
Kessler and Kaesche, combine mechanical testing with electrochemical tech-
niques for the study of stress corrosion cracking and fatigue in stainless
steels. The corrosion of dental alloys has been studied by Sarkar, and Ishi-
kawa and co-workers have presented two papers dealing with the galvanic
corrosion of copper alloys and the effects of cavitation on pump casings.
Finally, the paper by Chen and Theus reports on corrosion studies of iron in
molten salts.

Some of the papers are more difficult to classify since they not only focus
on some particular aspect of corrosion, such as atmospheric or underground
corrosion, but evaluate or discuss some specific technique. One example is
the work by Smyrl concerning the corrosion of copper in acidic solutions, but
whose main contribution is a description of an automated system for carrying
out digital faradaic impedance measurements. A similar intermediate posi-
tion between' the first and the second group could be assigned to the contri-
butions of Mansfeld and of Kucera and Gullman, where a systematic and
thorough evaluation is made of the results of applying electrochemical mea-
surements to the monitoring of atmospheric corrosion. The paper by Bertocci
and Mullen, although discussing frequency analysis, has as a main purpose
the study of corrosion enhancement caused by alternating current in under-
ground structures.

In the second group are several papers dealing with the use of a-c tech-
niques for the measurement of the electrode impedance; two presentations
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which cover the whole field are the very extensive review by Macdonald and
McKubre and that by the late Professor Epelboin and his group in Paris. The
inclusion of these two papers together with the contributions by Haruyama
and Tsuru, Scantlebury, and Smyrl make this book an important benchmark
for the assessment of the relevance and usefulness of a-c techniques in the
area of corrosion.

Other papers concerned principally with experimental techniques are
those by DeLuccia and Berman for determining hydrogen in metals, and that
by Postlethwaite, measuring corrosion rate controlled by the oxygen diffu-
sion. The paper by Isaacs and Vyas describes an elegant typographic method
using a scanning reference electrode for the detection of localized corrosion.
This group also includes the important report by Baboian and Haynes on the
results of round-robin tests done by members of ASTM Subcommittee G01.11
on Electrochemical Measurements in Corrosion Testing.

There are also overlaps between the first two groups and the third (the one
emphasizing the description of instrumentation). Examples are the afore-
mentioned papers by Haruyama and Tsuru and by DeLuccia and Berman,
but many others include detailed descriptions and discussions of electro-
chemical instruments used in corrosion studies. An exhaustive account of a
microprocessor-based commercial instrument is given in the paper by Peter-
son and Siegerman, and Newborn and co-workers present a review of poten-
tiostats employed in corrosion testing.

Florian Mansfeld

Rockwell International Science Center, Thou-
sand Oaks, Calif. 91360; symposium chair-
man and co-editor

Ugo Bertocci

National Bureau of Standards, Washington,
D.C. 20234; symposium vice-chairman and
co-editor
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