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A. INTRODUCTION

Corrosion evaluations usually have two main objectives: to predict compatibility before a material is
used in an environment and to aid in understanding why a certain material-environment interaction
has been observed. Very often there is a need to make this evaluation quickly as, for example, when
moving a product or process very quickly from the laboratory to full-scale production or when
monitoring corrosion in real-time either in a process or in the laboratory. Instances arise requiring
corrosion evaluations to be completed in 1 to 3 days. Coupon immersion tests often cannot provide
the necessary information in this short of a time period.

Under these circumstances, electrochemical techniques provide a viable alternative for rapid
prediction or evaluation of alloy corrosion. Their applicability arises from the fact that most aqueous
corrosion processes involving metals require the transfer of charge across the alloy-solution
interface. These techniques can be loosely pictured as placing a measuring device directly in the
electrical circuit creating the corrosion process. Widespread use of these techniques arises from their
relative ease of implementation requiring instrumentation that, today, is relatively inexpensive while
being completely automated. Electrochemical techniques can be used both for laboratory and field
evaluations though, in this chapter, the emphasis is on their use in the laboratory. While the
techniques are usually fairly easy to use, the interpretation of the results can be difficult. The
interpretation is usually made by examining the measured response (current or voltage) to an input
perturbation and then by comparing the characteristics of the response to those that might be
expected for different types of corrosion phenomena. That expectation ranges from agreement with
highly sophisticated mathematical models to little more than comparison of output plots of current,
voltage, and resistance to those expected for given types of behavior. The difficulty arises from the
fact that one relationship (voltage or current) is being used to dissect a rather complex set of
phenomena. If only one technique is being used, the analogy is similar to attempting to solve for
several unknowns by using only one equation. The best approach is to apply several independent
techniques, some of which may be non-electrochemical, to the same problem. Thermodynamics,
various electrochemical techniques, theoretical calculations, various types of spectroscopy, and
traditional coupon immersion tests have been combined to provide the insights needed to make
reliable corrosion predictions [1-4].

The purpose of this chapter is to provide practical examples of how a number of electrochemical
techniques might be used to predict corrosion behavior in practical situations. The emphasis is on

Uhlig's Corrosion Handbook, Second Edition, Edited by R. Winston Revie.
ISBN 0-471-15777-5 © 2000 John Wiley & Sons, Inc.



simple laboratory tests for rapid corrosion testing. The examples do not provide step-by-step
procedures that cover all possibilities. Nor does the discussion focus on how to set up and run the
electrochemical corrosion experiments. Such is provided in the references that the practitioner is
urged to read. The examples are presented to give a flavor for the approaches that have been taken
when tight time and budget constraints limit the number of tests that can be run in order to make the
prediction. The practitioner must make the final judgment about which techniques and procedures
are most applicable to the situation. Detailed discussions in the references should help. The
techniques discussed here are the following:

1. Thermodynamic potential-pH diagrams.
2. Cyclic potentiodynamic polarization scans (especially for predicting localized corrosion).
3. Polarization resistance technique.
4. Electrochemical impedance spectroscopy.
5. Velocity sensitivity testing with emphasis on the rotating cylinder electrode in single phase

fluids.

Methods for estimating the onset and propagation of stress corrosion cracking and use of
electrochemical noise are not considered in this chapter. Many times, the above five techniques are
combined to provide greater depth of understanding and more reliable predictions. Wherever
applicable, such examples of combining techniques are discussed.

B. THERMODYNAMIC POTENTIAL-pH DIAGRAMS

Predicting alloy corrosion requires information in two areas, the expected state of the alloy (e.g.,
nonoxidized metal, oxidized metal surface, oxide, and ion) and the rate at which the alloy proceeds
to that state. Thermodynamics can address the first area. The potential-pH diagram originally
developed by Pourbaix [5] is a pictorial method of displaying metal stability (the lowest free energy
state) as a function of hydrogen ion activity (pH) and equilibrium potential (oxidizing power).
Though these diagrams tend to be used to aid in explaining corrosion mechanisms by identifying
possible corrosion products, they have an equally important ability to act as corrosion "road maps."
If all components important to corrosion are included and the thermodynamic data used represent
that expected for the interface and the reactions occurring there (a nontrivial assumption), the
diagrams can, in principle, show under what circumstances of pH and potential corrosion does not
occur (region of immunity). The diagrams show what pH and potential conditions might cause the
metal to transform to an ion (metal loss) or an oxidized solid (possible passivity). The important
point is that corrosion penetration rates of microns per century or kilometers per second would both
be depicted as regions of corrosion. Kinetic experiments are required to show what would, indeed,
happen. If the measured corrosion rate is high, the potential-pH diagram might provide guidance as
to how this rate might be suppressed (change pH, change potential, change concentration, etc.). The
diagrams tend to be generated for pure metals because appropriate thermodynamic property values
for alloys usually do not exist.

1. Limiting Amount of Corrosion Testing

The ability of potential-pH diagrams to narrow the necessary amount of corrosion testing is
illustrated by the following example [6]. The purpose of this discussion is to provide a practical
example of how potential-pH diagrams might be applied to analyzing corrosion in a practical system.
The reader is strongly urged to consult the chapters on aqueous thermodynamics and construction of
Pourbaix diagrams elsewhere in this book as well as the literature referenced in [5] and [6] for further
applications of this approach. The question arose as to the lowest possible pH (greatest acidity)



titanium could withstand when exposed to a process stream somewhat depleted in oxygen and
containing a high concentration of sodium chloride, hydrochloric acid, and an amino acid containing
two carboxylic acid groups in addition to the amine group. The equipment involved was made from
UNS R50400 (Grade 2 titanium). The temperature was 750C (1670F). The only information
available was that below a certain pH, titanium was known to corrode catastrophically. The point at
which such corrosion begins to occur was unknown. With little a priori knowledge, many costly
experiments might have been run to define the threshold pH. The situation is an excellent example of
where potential-pH diagrams can be most helpful in providing the guidance to minimize the number
and complexity of the experiments.

Practical use of the potential-pH diagram requires placement of the coordinate of hydrogen
ion activity and equilibrium potential on the diagram. Though the abscissa is actually the logarithm
of the inverse hydrogen ion activity, under most circumstances, that quantity is approximated
reasonably well by the measured pH of the solution. This example is somewhat different. It is
provided to summarize one approach for estimating the "pH" under extremely acidic conditions
with a large amount of additional salt. In this case, since the desire is to find the lowest pH or highest
hydrogen ion activity that titanium might withstand, some values of hydrogen ion activity would be
expected to be greater than one meaning an effective pH < O. Most hydrogen ion electrodes have
difficulty responding to the high concentrations of hydrogen ion expected here (hydrogen ion
molality between ^ 1 and 10). Note that under these conditions, the activity of water may not be one
or be independent of pH.

The hydrogen ion activity was estimated from the compositions of the solutions provided for this
study. The method is discussed in detail elsewhere [6] and only outlined here to give a flavor for the
approach required because of space considerations. The expected process streams that might exist at
various levels of acidity were used to estimate the hydrogen activities for each case. The only
information known about the sodium chloride was that it was at saturation in all solutions meaning
that not all of the material was in solution. The molality at saturation was estimated for each solution
using the correlation of Potter and Clynne [7]. That reference should be consulted for details on the
procedure and equations. No account was taken of possible "salting out."

The organic acid was assumed to have a lowest acidity constant equivalent to aspartic acid and
iminodiacetic acid (~ 1.9) [8]. The equations that relate the acid-base equilibrium constants of
water and the organic components to the individual concentrations, the charge balance equation that
equates the sum of the concentration of positive and negative charges, and the mass balance
equations that relate the initial and equilibrium concentrations of the components were solved
simultaneously for the hydrogen ion concentration. Ideality was assumed for this portion of the
calculation for simplicity. The activity coefficient of hydrogen chloride in these solutions was
estimated by the methods outlined by Kusik and Meissner [9] and should be consulted for details.
The carboxylate moiety on the organic acid was assumed to affect activity coefficients in a manner
similar to chloride. Errors in the hydrogen activity are expected. But the effect of those errors on the
predictions by the potential-pH diagram are somewhat deemphasized by the fact that the abscissa is
actually the logarithm of the hydrogen ion activity, not the activity itself. The calculated activity is
the abscissa portion of the (hydrogen ion activity, potential) coordinate to be placed on the diagram.

The corrosion potential is assumed in place of the equilibrium potential for the potential portion
of the coordinate because of ease of measurement. This potential is usually the only one available for
placement on the diagram. Judging the magnitude of the error introduced by this substitution is
impossible without knowing the electrochemical mechanism. Once again, some solace can be gained
by noting that the voltage ordinate is actually a logarithm of the "electron activity" so only the
logarithm of the error is included in the coordinate.

Figure 1 shows the calculated potential-pH diagram for titanium at 750C (1670F). Chloride ion
activity was assumed to be 10. Sources of the thermodynamic values for the various compounds and
the computer algorithm are discussed in detail elsewhere [6]. The important point is that the
thermodynamic data for the hydrolysis products must be self-consistent, that is, consistent with
measured equilibrium constants between various forms of the species. The coordinates of pH and
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FIGURE 1. Potential-pH diagram of titanium at 750C. All dissolved titanium species are at 10 ~6 activity.
Chloride ion is at an activity of 10. Symbols correspond to various pH values. Open symbols correspond to no
corrosion. Closed symbols correspond to corrosion. (From [6]. Copyright NACE International. Reprinted with
permission; all rights reserved.)

corrosion potential have been placed on Figure 1. The diagram predicts that the coordinates for first
three solutions lie in the region of stability of titanium dioxide (TiO2), an oxidized solid. The
coordinates for the last two solutions lie in a region of stability of titanium as either Ti3 + or TiCl2 +,
both of which are ions. The results suggest that exposure of titanium would be resistant to the first
three solutions because the solid oxide has the lowest free energy. Dissolution of titanium might be
expected in the last two solutions since an ion (a soluble corrosion product) has the lowest free
energy state. That metal dissolution occurs must be verified experimentally.

As mentioned previously, the potential-pH diagram can only answer Is corrosion possible? The
next question is What is the corrosion rate? That can only be answered by kinetic measurements.
But, the thermodynamic prediction has greatly simplified the required experiments in two ways.
First, only the region ~ pH O needs to be examined. Second, since an ion is expected, corrosion rates
might be expected to be large. Experiments of short duration might suffice.
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Static immersion tests were run in solutions similar to those used in the calculation but
concentrating in a narrower region of acidity. As predicted, the original solution near pH 2 showed
effectively no corrosion. As the acidity increased above a hydrogen ion activity of 1, the corrosion
rate increased dramatically, rising from ~ 0.025 mm/year (1 mpy) at pH O to 2.5 mm/year (lOOmpy)
for a hydrogen ion activity of 10. The conclusion is that in this situation, a hydrogen ion activity of
between 1 and 2 is probably about the maximum that can be tolerated before corrosion rates become
exorbitant. The important lesson from this exercise is that while thermodynamic potential-pH
diagrams in and of themselves cannot predict corrosion, they can provide experimental guidance and
some mechanistic understanding so that subsequent experimentation is simplified and more
effective.

2. Thermodynamic Calculations

Before leaving this subject, mention should be made of the ease with which these diagrams can be
constructed and how they can modified for a given situation. With respect to construction, computer
algorithms are available either in the literature (see the chapter on constructing Pourbaix diagrams in
this volume and the discussion in [1O]) or as "ready-to-run" packages ([U] is one example).
Reasonably self-consistent thermodynamic data bases have been compiled for inorganic solids and
ions [12-15]. Methods for ensuring that the database used for the diagrams is self-consistent have
been described in detail [6]. For many simpler applications, the database associated with the
commercial software package is adequate.

Often an environment of interest contains organic ions in addition to inorganic species. Databases
for stability constants of metal and organic ion adducts exist [8]. The information in these data bases
is usually adequate but is often incomplete. In addition to using these sources, the user should
perform a literature search because new or updated data is continually being published. These
adducts can be incorporated in the diagrams but to do so requires a minimal background with
thermodynamic theory and the understanding that thermodynamic properties are a function of state,
not path. This concept enables data to be estimated by constructing "calculation pathways" from
initial reactants for which data is available to final products for which data is not available. These
pathways may include virtual states as intermediate states. The reason for using this approach is that
though acid-base constants and stability constants are available for many organic and organo-
metallic ions, the free energy of such species is usually not available. These data can be obtained by
constructing the molecule in the "virtual" vapor state and then moving from this vapor state to an
ideal liquid state. One such method described in detail elsewhere [6, 16] utilizes the fact that group
contribution methods can be used to estimate the free energy of the organic species in the vapor state
and in moving from the vapor state to the liquid state. Then, the stability constants are used to
estimate the free energies of the various ions. This type of procedure is only required when
considering adducts between organic ions and metals. The interested reader is directed to [6] and
[16] for a more thorough discussion of this methodology.

C. CYCLIC POTENTIODYNAMIC POLARIZATION SCANS FOR PREDICTING
LOCALIZED CORROSION

The cyclic potentiodynamic polarization technique for corrosion studies was introduced in the 1960s
and refined especially during the 1970s into a fairly simple technique for routine use. It tends to be
most useful for the so-called self-passivating alloys susceptible to localized corrosion such as
austenitic stainless steels, nickel-based alloys containing chromium, and reactive alloys such as
titanium and zirconium. The technique is built on the idea that corrosion can be predicted by
observing the response to a controlled upset from steady-state behavior. The upset can be created by
application of voltage or current. In most cases the voltage is ramped in a cyclic manner from the



corrosion potential and the characteristics of the current generated during the cycle are used to
predict possible behavior at the corrosion potential.

The voltage applied between an electrode made from the alloy under study and an inert
counterelectrode is ramped at a continuous, often slow, rate relative to a reference electrode using a
potentiostat. The voltage is first increased in the anodic or noble direction (forward scan). The
voltage scan direction is reversed at some chosen current or voltage and progresses in the cathodic or
active direction (backward or reverse scan). The scan is terminated at another chosen voltage, usually
either the corrosion potential or some potential active with respect to the corrosion potential. The
potential at which the scan is started is usually the corrosion potential measured when the corrosion
process reaches steady-state. Sometimes the sample has to be immersed in the environment for 24 h
or more for the potential to become constant indicating steady-state. The corrosion behavior is
predicted from the structure of the polarization scan. An ASTM standard exists for this procedure
[17] though the procedure as outlined there is not the only or even necessarily the best way to
generate the polarization scan in all situations. Several vendors offer software with their potentiostats
that enable the scans to be generated automatically under computer control.

Though the generation of the polarization scan is simple, its interpretation can be difficult. The
interpretation is derived from the relationship between the current and voltage and differences in that
relationship between the forward and the reverse portions of the scan. Certain characteristics were
identified as being important very early in the development of this technology. Characteristic
potentials identified as important for determining the propensity for localized corrosion were the
"protection" or "repassivation" potential and "pitting" potential [18]. Over the years, investigators
have reexamined this technique to determine the relevancy of these and other parameters for the
routine prediction of localized corrosion. The practitioner should note that these parameters have not
been theoretically derived and so are empirical in nature. For example, as discussed later, the critical
pitting potential and the repassivation or protection potentials are not fundamental properties but can
change with such experimental variables as scan rate and point of scan reversal. Pitting may be
observed at potentials below the measured pitting potential. This empiricism does not mean that the
technique is not useful for practical corrosion screening. What the empiricism does mean is that care
is required to ensure that experimental variables are chosen so that differences among polarization
scans reflect actual differences in corrosion behavior. No single set of experimental parameters can
be recommended though guidelines can be given. The following discussion is meant to provide
background so that the practitioner can make his/her own procedure relevant to the system under
study.

The polarization scan should not be used to estimate the general or uniform rate of corrosion.
Making such an estimate from polarization scans would usually require the assumption of a
mechanism and the curve fitting of the scan to equations describing that mechanism over a significant
potential range (e.g., several hundred millivolts). Assuming that the corrosion mechanism does not
change over this potential range may not be valid. Better technologies exist for estimating corrosion
rates (e.g., electrochemical impedance spectroscopy, polarization resistance technique, and coupon
immersion testing).

1. Features Used for Interpretation

The features used for the interpretation should be consistent across a broad range of alloys and
conditions assuming that the experiments are run properly. Table 1 shows five such generally
applicable features. That these features provide such consistency is supported by the successful
development of an Expert System in which the scan features could be trained to predict the type of
corrosion by an artificial neural network [19]. Such training would be possible only if the "input"
features and "output" corrosion are internally consistent. The work originated from the realization
that interpretation of polarization scans is akin to recognizing the pattern that the polarization scan
presents and from which the interpretation is made. Using the features listed in Table 1 provides
much of the necessary consistency between observation and prediction and were those that enabled



the artificial neural network to be trained with reasonable success. The features cannot be used
separately. Only when used together and generated under a consistent set of conditions do they
present the pattern that is interpretable. Also, the values of some of the features can be a function
of experimental variables as discussed later. Care is required to maintain consistency across
polarization scans when screening corrosion.

Figures 2-5 show some generalized polarization scans that are often observed in practice with
the features as listed in Table 1 labeled on them. These figures represent different types of corrosion
phenomena as discussed in their captions. The figures are drawn assuming an arbitrary minimum

TABLE 1. Features for Interpreting Polarization Scans0

Log (current density)

FIGURE 2. Typical potentiodynamic polarization scan for an alloy suggesting a significant risk of localized
corrosion in the form of crevice corrosion or pitting depending on relative values of characteristic potentials.
General corrosion is not likely. (From [2O]. Copyright NACE International. Reprinted with permission; all rights
reserved.)
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Log (current density)
FIGURE 3. Typical potentiodynamic polarization scan for a completely passive alloy suggesting little risk of
crevice corrosion, pitting, or general corrosion. (From [2O]. Copyright NACE International. Reprinted with
permission; all rights reserved.)

recorded current (e.g., 0.1 uA/cm2) that could lie above the actually measured minimum current
(e.g., 0.01 uA/cm2), sometimes observed in an experiment. Hence, the lowest current portion of the
scan may sometimes overlay the voltage axis. Some of the features that were found to be relevant are
shown on the figures.

The methodology for choosing the values of these parameters is described in detail elsewhere
[20] and is summarized here. The propensity for localized corrosion in the form of pitting and
crevice corrosion may be deduced by proper consideration of the parameters shown in Table 1. The
relative position of the "pitting" and "repassivation" potentials with respect to the corrosion
potential is one important observable. For this reason, the scan should be started from the corrosion
potential when steady-state has been established, which may take at least 24 h. A traditional
interpretation is that pitting would occur if the hysteresis between the forward and reverse scan
appears as in Figure 2 and the corrosion potential is ~ 100 to 20OmV more active than or is anodic
(noble) with respect to the pitting potential. Preformed pits (e.g., crevices) might be expected to
activate and grow if the corrosion potential lies between the pitting and repassivation potentials. The
alloy would be expected to resist localized corrosion if the corrosion potential lies cathodic (active)
with respect the repassivation potential or if the polarization scan appears as in Figure 3. A useful
rule-of-thumb is to require that the corrosion potential be some value (e.g., 200 mV) more active than
the repassivation potential for the risk of crevice corrosion to be negligible. In that case, the pitting
potential either should not be present or should be somewhat more noble (e.g., 100-20OmV) to the
repassivation potential. These rules-of-thumb are recommended because of the influence that
experimental variables can have on the value of the repassivation potential.
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FIGURE 4. Typical potentiodynamic polarization scan for an alloy that might suffer general corrosion,
possibly at a high rate of penetration. (From [2O]. Copyright NACE International. Reprinted with permission; all
rights reserved.)

The pitting potential is a function of the scan rate, becoming less noble (more active) as the scan
rate is decreased. The difference between the pitting potential and repassivation potential has been
found at least in some environments to be a measure of the extent of crevice corrosion suffered by the
electrode [21]. Extrapolation of reported results suggests that at low scan rates, the pitting potential
and repassivation potential approach each other [22]. Such convergence suggests that the
repassivation potential and pitting potential might become equal at zero scan rate. This concept
has not been proven. The concept does imply that the corrosion predictions deduced from such
measured repassivation potentials would be conservative The practical conclusion is that the scan
rate should be as slow as possible consistent with the timing required to obtain an answer. Often
0.5 mV/s is a reasonable choice.

The hysteresis refers to a feature of the polarization scan in which the forward and reverse
portions of the scan do not overlay each other. The hysteresis is shown in Figures 2 and 3 and is
created by the current density difference between the forward and reverse portions of the scan at the
same potential. The difference is a result of the disruption of the passivation chemistry of the surface
by the increase in potential and reflects the ease with which that passivation is restored as the
potential is decreased back toward the corrosion potential. For a given experimental procedure, the
greater the current on the return portion relative to the forward portion, the greater the disruption of
surface passivity, the greater the difficulty in restoring passivity, and, usually, the greater the risk
of localized corrosion. This type of hysteresis is labeled in this chapter as "negative hysteresis."
Figure 2 shows "negative hysteresis." In this case, the current decreases much more slowly during
the reverse scan and indicates an alloy that has difficulty in repassivating. Such behavior often

Hysteresis Is Experimental Artifact
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FIGURE 5. Typical potentiodynamic polarization scan for an alloy that has easily oxidizable/reducible surface
species and might not be passive at the corrosion potential. General corrosion may be measurable. (From [2O].
Copyright NACE International. Reprinted with permission; all rights reserved.)

suggesting a lack of resistance to localized corrosion. In many experiments involving passive alloys,
the voltage is ramped until the pitting potential is exceeded. Figure 3 shows the opposite type of
hysteresis labeled as "positive hysteresis." In this case, the current decreases very rapidly during the
reverse scan and indicates an alloy that passivates very easily. Such behavior often suggesting a
resistance to localized corrosion. Such localized corrosion is not expected in the absence of the type
of hysteresis as shown in Figure 4. Such a polarization scan often indicates an active surface. The
corrosion rate should be determined by the techniques listed previously.

The active-passive transition or "anodic nose" reflects the characteristic in which the current
increases rapidly with increasing potential in the anodic direction near the corrosion potential, goes
through a maximum value, and then decreases to a low value. Iron or some austenitic alloys may
demonstrate this type of behavior in acidic environments, for example. The decrease in current may
suggest an alloy surface undergoing some type of passivation process or valency change (Fe11 to
Fe111) as the potential is increased. Figure 5 shows such an example. This feature often implies that
the alloy has a finite, possibly small, general corrosion rate at the corrosion potential.

The "anodic-to-cathodic transition potential" at which current changes from anodic to cathodic
current during the reverse portion of the scan is assumed to be the potential of the anodic-to-cathodic
transition. The difference between this potential and the corrosion potential is an additional feature
useful for screening. If the polarization scan appears as in Figures 2 and 3, this potential still exists but
the current at the transition is lower than the lowest recorded value of the current density. Under these
circumstances, this potential might be assumed to be the potential at which the cathodic current rises
above the lowest recorded value. Note that in Figure 5, the feature labeled as anodic nose might not
appear. Since this feature results from a potential induced change in surface chemistry that makes the
alloy surface suddenly more passive, it often is further evidence of a somewhat easily reducible surface.
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Corrosion Potential Scan Direction
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The difference between this anodic-to-cathodic transition potential and the corrosion potential
would provide an additional indication of persistence of passivity. In alloys that can passivate either
by a change in oxidation state (ferrous to ferric) or a change in the passive layer (greater enrichment
of chromium oxide, e.g.), polarization to more noble potentials relative to the corrosion potential
might place the surface in a more passive state than at the corrosion potential at least until the
transpassive region is reached. If in the reverse scan this potential is cathodic or active with respect to
the corrosion potential, the suggestion would be that passivity persists as the scan returns through the
corrosion potential (Figs. 2 and 3). Following that reasoning, the passive layers that would normally
develop on the alloy in the environment would be considered to be very stable. General corrosion
should be low. If this potential is more noble than the corrosion potential, the passive layers formed
by oxidizing the surface are not stable at the corrosion potential (Fig. 5). Under these circumstances,
the general corrosion rate should be measured by the techniques mentioned before.

2. Artifacts Introduced by Experimental Details

Numerous examples of how these polarization scans might be used to predict localized corrosion
abound in the literature [4, 20-26]. The technique can be used in the laboratory or in actual process
equipment. The reader is recommended to read these and other references on how the technique has
been applied in practice. The focus here is on three experimental artifacts that can arise even if the
physical equipment and cell arrangement are verified to be appropriate; excessive resistivity in the
fluid, inappropriate scan rate, and inappropriate point of reversal of the polarization scan.

3. Solution Resistivity

The typical arrangement in an electrochemical cell is for the sensing point of an external reference
electrode to be brought close to the working electrode by means of a Luggin-Haber capillary [27]. A
rule-of-thumb is that the sensing point can be no closer than about two outer diameters of the
capillary. Sometimes, such close proximity is not possible. The potentiostat can compensate for the
voltage drop between the counter electrode and the sensing point of the reference electrode. The
potentiostat is blind to the voltage drop (resistance) between the sensing point and the working
electrode. This resistance includes the solution resistance, any passive film resistance, and the
electrical resistance of the electrode and leads.

Often in well-controlled corrosion studies the uncompensated voltage drops are not significant
enough to warrant attention. But, a large solution resistance might be encountered in routine
corrosion testing where the practitioner may have less control of the environment and possibly the
cell arrangement. The problems are that (1) the potential affecting the alloy surface region can be
different from the potential applied by the potentiostat and (2) the effective scan rate at the surface
can be different from the scan rate applied by the potentiostat [28]. If the uncompensated voltage
drop becomes significant, these offsets can become so large that they drastically affect scan
appearance and the subsequent interpretation. The applied potential (which is plotted on the
polarization curve) can become much greater than the voltage that is affecting the corrosion
processes (the voltage that is assumed to be plotted on the polarization curve). The applied scan
rate can be much greater than the effective scan rate. The differences will become larger with
increasing current.

An example can best show how this phenomenon might manifest itself. A rotating cylinder
electrode was used to assess the effect of velocity on corrosion of steel for a plant solution of acetone
cyanohydrin [29]. The solution conductivity was 100 utnho/cm. Mass loss of the electrode measured
as a function of fluid velocity demonstrated that the corrosion rate of steel in this environment was
equal to the mass transfer rate of iron from the surface as shown in Figure 6. Under these
circumstances, the polarization scans would have been expected to have an anodic current density
that increases with flow rate while maintaining a constant primary passivation potential. Two of the
polarization scans as generated at different rotation rates are shown in Figures 7 and 8.



Reynolds Number

FIGURE 6. Sherwood number versus Reynolds number relationship calculated from mass loss derived
corrosion rate of steel in process acetone cyanohydrin versus that expected for in the rotating cylinder electrode
apparatus.

In both figures, the mass transfer limiting current would appear to be independent of rotation rate
while the "measured" primary passivation potential seems to increase with velocity (1.0 V at
500 rpm and 1.8 V at 5000 rpm). These observations are artifacts of the uncompensated resistance.
The voltage drop is so great that the compliance of the potentiostat has most likely been reached
limiting the current. The observed primary passivation potential is a function of rotation rate because
the difference between the applied potential and the potential driving the corrosion process (the
effective potential) increases with the increased voltage drop caused by the increased rotation rate
(increased current). This point is confirmed by the independence of the characteristic potentials
found on the reverse portion of the scan when the current densities are much lower. Had the effect of
uncompensated resistance not been realized, the erroneous interpretation might have been that the
corrosion rate is not sensitive to fluid velocity and that the passivation mechanism depends on
velocity.

4. Scan Rate

The rate at which the potential is changed, the scan rate, is an experimental parameter over which the
user has control. If not chosen properly, the scan rate can alter the scan and cause a misinterpretation
of the features. The problem is best understood by picturing the surface as being modeled by a simple
resistor and capacitor in parallel. As an example, the capacitor could represent the double layer
capacitance and the resistor could represent the polarization resistance (inversely proportional to the
corrosion rate). The goal is for the polarization scan rate to be slow enough so that this capacitance
remains fully charged and the current/voltage relationship reflects only the interfacial corrosion
process at every potential. If not, some of the current being generated would reflect charging of the
surface capacitance in addition to the corrosion process. The result is that the measured current
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CURRENT DENSITY (mill! A/cm?)

FIGURE 7. Potentiodynamic polarization scan for steel in process acetone cyanohydrin at 500 rpm in rotating
cylinder electrode apparatus. (From [29]. Copyright NACE International. Reprinted with permission; all rights
reserved.)

would be greater than the current actually generated by the corrosion reactions. The measured
current would not reflect the corrosion process.

The question is, What is that proper scan rate? No recognized method exists to estimate this scan
rate because the capacitance and resistance would be functions of the applied voltage and change
during the course of the scan. But an estimate can be derived using the premise that the scan rate (rate
of change of voltage) is analogous to a frequency at every applied potential [30,31]. That frequency
must be low enough so that the impedance magnitude (resistance) is independent of frequency as
shown in Figure 9. Then, the polarization or charge-transfer resistance is being measured with no
interference from the capacitance.

This rate might be estimated if the corrosion mechanism can be modeled by circuit analogues.
For example, if the corrosion mechanism can be modeled as a resistor (solution resistance) in series
with a parallel combination of a resistor and capacitor (polarization resistance and double layer
capacitor, for instance), then the frequency corresponding to the inflection or break point of Figure 9
can be described by*

/" = 4^{1-^V/^-4^-4/fn} W

* Parameters are defined in Section H.
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FIGURE 8. Potentiodynamic polarization scan for steel in process acetone cyanohydrin at 5000 rpm in rotating
cylinder electrode apparatus. (From [29]. Copyright NACE International. Reprinted with permission; all rights
reserved.)

Following Mansfeld and Kendig [31], to obtain a frequency in the horizontal portion of Figure 9,
the frequency/b in Eq. (1) should be divided by 10. That is the applied frequency should be about
an order of magnitude lower than the breakpoint frequency. The maximum scan rate is then
estimated by

c _ T71-T/ f ] < r^pp/b"! /2\
•Jmax — F Vpp/max J ^ IQ \L>

Table 2 shows estimated maximum scan rates for several polarization resistance values, solution
resistance values, and capacitance values sometimes encountered. For example, many passive alloys
have estimated polarization resistance values of 104 to 106 fi-cm2 and capacitance values of the order
of 10 to lOOuJ^/cm2. The estimates are approximate. They do suggest that the maximum
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FIGURE 9. Impedance modulus plot for a simple parallel combination of resistor and capacitor showing which
elements contribute as a function of frequency.

permissible scan rates at which the capacitive contribution is eliminated are fairly low for very
passive types of alloy-environment interactions. Even scan rates as low as 0.5 mV/s suggested earlier
as being reasonable may not allow for complete charging of the surface capacitance. This
observation does not mean that the cyclic polarization scans cannot be used for screening or that the
scan rates must be so low so as to make them impractical. What the observation does mean is that the

TABLE 2. Examples of Maximum Scan Rates"

Contribution lrom resistor only.
Capacitor IuIIy charged.
(Corrosion process only)

Contribution lrom both
resistor and capacitor.
(Corrosion process and
surface capacitance)

Contribution 1rom capacitor only.
No current through resistor.
(Surlace capacitance only)

M
od

ul
us

°See [2O].

Solution Resistance
(ft-cm2)

10
10
10
10
100
100
100
100
10
10
10
10
100
100
100
100

Polarization Resistance
(ft-cm2)

103

104

105

106

103

104

105

106

103

104

105

106

103

104

105

106

Surface Capacitance
(U ̂  -cm2)

100
100
100
100
100
100
100
100
20
20
20
20
20
20
20
20

Maximum Scan Rate
(mV/s)

5.1
0.51
0.05
0.005
6.3
0.51
0.05
0.005

25.
2.5
0.25
0.025

50.
2.6
0.25
0.025

Low High



polarization scan is probably not measuring only the charge transfer process. From a practical
standpoint, consistent interpretations can still be made if the scan rates are kept low and the same
(e.g., 0.5mV/s), when screening alloys or environments (with comparable uncompensated
resistance).

5. Point of Scan Reversal

The current density (potential) at which the polarization scan is reversed can play a significant role in
the appearance of the polarization scan and the value of the repassivation or protection potential. The
reason is that the value of the repassivation potential is dictated by the amount of prior damage done
to the passive surface. The farther the polarization scan is generated in the anodic direction, the
greater tends to be the degree of upset of the surface region. The influence of the point of reversal on
repassivation potential is especially pronounced if the pitting potential is exceeded or some other
electrochemical transformation is precipitated especially if it does not reflect behavior at the
corrosion potential. The result can be an erroneous prediction of corrosion behavior. There is no
"best" recommendation because the amount of upset of the surface required for a prediction is
somewhat dictated by the information desired. One rule-of-thumb that has been suggested is to
reverse the potentiodynamic polarization scan when 100 uA/cm2 is reached so that the surface is
perturbed but not overly perturbed [2O]. As shown in the example below, that rule-of-thumb cannot
be followed blindly. Maintaining a constant reversal point can be most important if alloys are being
screened in a constant environment or if a single alloy is being evaluated across a number of
environments but the choice must be dictated by the environment and application.

The following example shows how this artifact can affect the polarization scan and the prediction
from it [21]. The polarization scan shown in Figure 10 was generated for UNS N08825 during a test
program in a low pH (pH 1-2) environment. The scan shows a large hysteresis with the repassivation

Current Density (jiA/cm2)

FIGURE 10. Potentiodynamic polarization scan of UNS 08825 in process stream sample. Maximum potential
and current density at scan reversal are excessive for this system. (From [2O]. Copyright NACE International.
Reprinted with permission; all rights reserved.)
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FIGURE 11. Potentiodynamic polarization scan of UNS 08825 in process stream sample. Maximum potential
and current density at scan reversal are appropriate. (From [2O]. Copyright NACE International. Reprinted with
permission; all rights reserved.)

potential lying about 50 mV more active than the corrosion potential. The conclusion would be that
localized corrosion in the form of crevice corrosion has a reasonable risk of occurring. No such
attack was ever found in practice, contrary to the prediction.

Figure 11 shows a polarization scan in the same environment but generated so as to avoid
potentials in the region of the Cr111 to Crvl transformation above the 0.8-1.0 V (SCE) range as
deduced from a potential-pH diagram for chromium. This potential-pH diagram was used because in
the strongly acidic solution UNS N08825, which has a fairly high bulk chromium concentration was
believed to have a surface enriched in chromium, a surface that might be modeled by the potential-
pH diagram for chromium. Such oxidation of Cr111 to CrVI probably does not occur during normal
exposure of this alloy in this environment. Excessive destruction of passivity was circumvented by
avoiding potentials > 0.8-1.0 V. To avoid this region, the polarization scan had to be reversed when
the current reached ~10 uA/cm2. In Figure 11, the repassivation potential lies ~ 0.5 V above (more
noble than) the corrosion potential. The prediction from this polarization scan is that the alloy would
not be expected to suffer localized corrosion, a prediction in line with observed behavior. This
example shows that the procedure used for generating the polarization scan must be consistent with
the anticipated surface chemistry in the application.

6. Anodic Protection—An Application of Potentiodynamic Polarization Scans

The potentiodynamic polarization scan can be used to estimate if a technology called anodic
protection might be used for corrosion control. The principle of anodic protection is straightforward.
In certain alloy-environment systems, a potential region exists anodic or noble with respect to the
corrosion potential such that if the voltage is controlled in that region, the corrosion rate of the alloy
can be drastically reduced relative to what it is at the corrosion potential. This technology has been
applied to a number of practical systems [32]. The reader is encouraged to consult [32]. One very
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FIGURE 12. Anodic portion of a potentiodynamic polarization scan that shows and active-passive transition.
The corrosion potential is at point A. The passive region lies between points B and C.

common application is the protection of carbon steel and stainless steel in various concentrations of
sulfuric acid. Anodic protection of tanks, heat exchangers, and piping handling sulfuric acid is
widely use. Several other examples are protection of S31600 and S31700 in mixtures of acetic acid
and acetic anhydride, S32100 in phenol, various stainless steels in phosphoric acid, and mild steel in
contact with fertilizer solutions containing ammonium sulfate and ammonium phosphate [33-35].

Figure 12 shows a hypothetical anodic or forward portion of a potentiodynamic polarization scan
for an alloy that undergoes an active-passive transition as the potential applied to it is increased. At
the corrosion potential, the corrosion rate can be estimated by means of a Tafel extrapolation [1] of
the anodic and cathodic portions of the scan to the corrosion potential, point A in Figure 12. This
corrosion rate is shown as "Corrosion Current" on the figure. If the potential is increased above the
primary passivation potential, the current density decreases markedly to the value marked "Passive
Current." The value of the passive current may then become independent of potential over a fairly
wide potential range between points B and C on Figure 12. The passive current can be several orders
of magnitude lower than the corrosion current (note that current is on a logarithmic scale). The
concept of anodic protection is to control the potential of the alloy between points B and C.

The polarization scan illustrates some of the complications of anodic protection. Under steady-
state conditions, the current requirements can be very low as suggested by the passive region BC in
Figure 12. But, if the alloy is initially at the corrosion potential (point A), the current must follow the
curve as the potential is increased into the passive region between points B and C. The required
maximum current density to establish steady-state can be several orders of magnitude higher than the

Possible voltage control region
for anodic protection

Primary
Passivation
Potential

Passive
Current

Corrosion
Current
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steady-state current. The practical significance is that the power supply must be significantly
oversized relative to that needed to maintain the steady-state current or the equipment to be protected
must be prepassivated or passivated at a lower temperature.

Under some conditions, the corrosion potential is noble with respect to the primary passivation
potential (B), lying between points B and C. But, the initial current is actually greater than that found
at steady-state [36, 37] or greater than that predicted from the polarization scan. The actual cause is
unknown. One theory is that in the case of sulfuric acid the surface undergoes a reconstruction into,
for example, an iron oxide-iron sulfate matrix that ultimately functions to increase electrical
resistance across the interface. No matter the cause, this phenomenon translates into a required
power supply that is greater than that which would be deduced by using the current between points B
and C, the region of the initial potential.

One last point should be mentioned. Anodic protection might not be a viable corrosion control
technology if the polarization scan appears as in Figure 2. The reason is that should the potential
stray above the repassivation potential, crevice corrosion, and ultimately pitting could result. The
best systems for which anodic protection might be considered are those with polarization scans as
shown in Figures 3 and 5. Longer term controlled potential tests must be used to ensure that all
currents used for specifying electronic equipment are at steady-state.

D. POLARIZATION RESISTANCE TECHNIQUE FOR CORROSION
PREDICTION

Predicting rates of general corrosion is far easier than predicting the risk of crevice corrosion or
pitting. Several electrochemical techniques are very useful in predicting such corrosion rates. One
such technique is the linear polarization technique or as it should be more properly named, the
polarization resistance technique. The technique is rapid, simple, and relatively inexpensive. It can
be applied without detailed knowledge of the controlling electrochemical parameters. The technique
can be used in complex, poorly defined electrolytes. The methodology for generating the
potentiodynamic sweep in the vicinity of the corrosion potential is adequately described in ASTM
G59 [38]. This standard provides a test circuit and standard solution useful for determining if a setup
is functioning properly. The name "linear polarization technique" is actually a misnomer because
the inverse relationship between the polarization resistance (slope of the voltage versus current curve
at the corrosion potential) and the corrosion current (corrosion rate) exists even though the curve
itself may not necessarily be linear at the corrosion potential [39].

The polarization resistance technique is very well established for routine use both for corrosion
prediction and corrosion monitoring. During routine use, the realistic limit for corrosion rate
estimation is about 0.001 mm/year (^ 0.1 mpy) mostly because of limitations in estimating Tafel
slopes. Under quiescent conditions and with no outside electrical or other interference, a polarization
resistance of greater than 1O6Q-Cm2 may be measured reasonably reliably. Such values would
translate to corrosion rates of ~ 10 ~4 mm/year or ~ 0.01 mpy. Reviews by Mansfeld [39, 40]
provide an overview of the applications of this technique and assumptions inherent in its use. Sensors
are available for on-line corrosion monitoring [41] and are available from several commercial
suppliers.

1. Assumptions Behind the Corrosion Rate Estimate

The data are usually analyzed by assuming that the relationship between the current and voltage in
the polarization curve is given by

J_ = exp r2.303(V-ycorr)1 _ 1--2303(V-V0n)I

ICOTT L ^a J L bc J
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FIGURE 13. Theoretical polarization resistance curve showing the relationship between the polarization
resistance and the curve structure [43]. (Reprinted from Proceedings of the 1995 Water Quality Technology
Conference, by permission. Copyright © 1996, American Water Works Association.)

The corrosion current can be related to the Tafel slopes by

i ~( 1 } (Mc) (4)tmn~\2.303Rj(b,+bc)
 W

No assumptions beyond fulfilling Eq. (3) are needed to derive Eq. (4). The derivation of Eq. (4) is
completely mathematical. The assumption of linearity between voltage and current is not needed
[42]. Substituting Eq. (4) into Eq. (3) enables Tafel slopes and the polarization resistance to be
extracted from a curve fitting of Eq. (3) to the actual data.

As shown in Figure 13, the polarization resistance Rp is the reciprocal of the slope of the
polarization curve at the corrosion potential when plotted with current density on the ordinate and
voltage on the abscissa. The polarization resistance is inversely proportional to the corrosion current
density, which can be transformed to a corrosion or penetration rate for uniform corrosion. From
Eq. (4), all that would be needed in principle to estimate the corrosion rate is to have the values of the
two Tafel slopes and the polarization resistance, all measured at the corrosion potential. The value of
the technique lies in the fact that, in most instances, the method of making the measurement does not
interfere with the quantities being measured as long as the polarization is in the vicinity of the
corrosion potential (~ ± 30 mV or less offset) and the measurement can be made very quickly,
usually in a matter of minutes. Notice also that in Figure 13, the curve is not linear in the vicinity of
the corrosion potential. In addition, a polarization curve is symmetrical in the vicinity of the
corrosion potential only when the two Tafel slopes are equal [39].

Using Eq. (3) to quantify the corrosion process and estimate corrosion rates from a polarization
curve, such as that in Figure 13, requires assumptions such as those summarized below.

ba = 40 mV

dc = 12OmV

ftp =10000Q-cm 2
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1. The reaction rate (corrosion current) can be expressed as being proportional to the
exponential of the voltage offset from the corrosion potential for one oxidation (anodic) and
one reduction (cathodic) reaction.

2. Uncompensated resistance in the electrolyte is either absent or is much smaller than the
polarization resistance. The resistance estimated by the technique as the polarization
resistance contains all contributions to the total resistance.

3. For the full form of Eq. (4) to be used, mass transfer is not the controlling or rate limiting step
and both the anodic and cathodic reactions are under activation control. Otherwise, the Tafel
slope corresponding to the mass transfer controlled process is infinite. The technique itself
can still be used to estimate corrosion rates under these circumstances. Nonlinear regression
of the combined Eqs. (3) and (4) would result in an extremely large Tafel slope for the
subprocess under mass transfer control.

4. The corrosion potential does not lie close to the reversible potentials for the oxidation and
reduction reactions. Being 25 mV from the reversible potential should be sufficient [42].

5. To estimate the rate of uniform corrosion from the polarization resistance, the entire
electrode surface must function simultaneously as a cathode and an anode. The anodic and
cathodic reactions must not occur on different sites. Otherwise, corrosion will be localized
and the corrosion rate calculated using Eqs. (3) and (4) is not the rate of uniform corrosion. If
such localized attack is severe, the method might be used as a sensitive detector of such
corrosion but that use is beyond the scope of this discussion [41].

6. No additional electrochemical reactions are occurring.

Assessing how well these assumptions are fulfilled requires some knowledge of the corrosion
process. The polarization resistance technique like all electrochemical techniques cannot be used
blindly. Fulfilling the above assumptions means that using the polarization resistance technique to
estimate the corrosion rate is valid for that corrosion process. Many practical systems are often
poorly characterized so assessing how well these criteria are fulfilled can be difficult. Some degree of
imprecision must be associated with the estimated corrosion rate under these conditions. Additional
sources of error can arise when the technique is applied in practice.

2. Sources of Error

2.Jf. Voltage Scan Rate The rate at which the voltage is ramped can affect the slope of the
polarization curve at the corrosion potential and, hence, the polarization resistance [31, 39, 43] for
the same reasons as discussed previously with respect to the potentiodynamic polarization scan.
When one ramps the voltage in one direction (e.g., —20 to +2OmV relative to the corrosion
potential) and then in the other direction (+ 20 to — 20 mV relative to the corrosion potential) the
two curves should overlay each other. Otherwise, the slope of either curve may not represent the
true slope. If the scan rate is too large, these curves will not overlap. The methodology outlined with
respect to Eqs. (1) and (2) and as shown in Table 2 could be used to estimate the maximum scan
rate. Note that, as in the case of the potentiodynamic polarization scan, the applied potential may
not be equal to the effective potential if the scan rate is too high.

2.2. Uncompensated Solution Resistance The resistance calculated from Eq. (4) is the sum of
the actual polarization resistance and the Uncompensated resistance between the sensing point of
the reference electrode and the working electrode. The lower the conductivity of the solution, the
greater the Uncompensated resistance and the greater the possible error in the estimated polarization
resistance. The slope of the polarization curve at the corrosion potential as plotted in Figure 13
would make the estimated Rp too large, the estimated corrosion rate too small. Often, the resistance
estimated at high frequency (e.g., several thousand hertz) as measured by electrochemical



impedance spectroscopy can be used as the solution resistance. That number would be subtracted
from the measured polarization resistance to provide the "true" polarization resistance.

2.3. Nonlinearity in Vicinity of Corrosion Potential Sometimes, the slope of the voltage versus
current curve in the vicinity of the corrosion potential is assumed to be independent of applied
potential. Devices exist that apply two voltages, one at — 10 to — 2OmV and the other at + 10 to
+ 20 mV, both relative to the corrosion potential. The voltage difference is divided by the current
difference and the result is assumed to be the polarization resistance. Other devices exist that
measure the current at discreet voltage increments and determine the curve by linear regression.
Figure 13 shows how a true polarization curve might appear. For Eq. (3), the second derivative is
not zero at the corrosion potential so curvature of the polarization curve might be expected at that
point [42,43]. The amount of curvature will depend on /corr which itself depends on the Tafel slopes
and polarization resistance. Invoking the assumption of linearity where the curve is actually
nonlinear has been estimated to result in errors as high as 50% from this source alone [39]. Such
errors may be acceptable because corrosion rates estimated from mass loss can also be in error by
100%. During screening, rates differing by a factor of two or three may be considered to be the
same. Then, linearity may be assumed for simplicity. If more accuracy is needed, account should be
taken of the full nonlinearity in the polarization curve near the corrosion potential. Curve-fitting by
nonlinear regression of the data against an equation such as [3] is a reasonable way to extract the
polarization resistance. One straightforward way to curve-fit the data is place the voltage-current
pairs into a spreadsheet program such as EXCEL (Trademark of Microsoft Corporation) and to
subtract the corrosion potential from the each voltage. If EXCEL is the spreadsheet program, the
option "Solver" can be used to obtain the Tafel slopes and polarization resistance by non-linear
regression of the data against Eq. (3) with Eq. (4) substituted for the corrosion current.

2.4. Errors in Tafel Slopes A plethora of methods exist for estimating the corrosion current
(polarization resistance) and Tafel slopes that do not assume linearity in the relationship between
voltage and current. A number of these methods have been developed that tend to use a regression
against the actual polarization curve to calculate the Tafel slopes and the polarization resistance
followed by calculation of the corrosion current. Differences between actual and calculated Tafel
slopes can cause large errors in estimated corrosion rates [44-46]. Regression techniques can
sometimes lead to non-unique solutions by locating a local and not a global minimum in the
response surface. Care must be used when trying to extract the corrosion rates from the polarization
curve shown as in Figure 13. One simple technique useful during screening is to assume that the
corrosion current is equal to the reciprocal of the polarization resistance multiplied by 0.025 V [47].

2.5. Varying Corrosion Potential The corrosion potential is the potential of a corroding surface
in an electrolyte relative to a reference electrode measured under open circuit conditions. This
potential is created by all of the electrochemical reactions occurring on the corroding surface. One
of the requirements of the polarization resistance technique is that the electrochemical reactions
must be at steady-state or at least constant during the measurement. Such a condition is identified
by a constant corrosion potential. If the corrosion potential is varying, the current-voltage
relationship defining the polarization curve may not reflect the same corrosion phenomena at all
points of the curve.

2.6. Nonuniform Current and Potential Distributions The Wagner number, W, is useful for
qualitatively predicting if a current distribution is uniform or nonuniform [43, 48]. The parameter
W is dimensionless and is given by

*-(m



This number can be considered as the ratio of the resistance to electron transfer across the interface
to the resistance of the solution. For practical purposes, Eq. (5) can be represented by

W = g (6)

One rule-of-thumb proposed is that if W is less than 0.1, the current distribution is likely to be
nonuniform unless precautions are taken to ensure that the cell geometry is ideally symmetric [43].
The solution resistance will be the dominant factor. In this case, the voltage must be corrected for
IR drops. Reference [49] provides a significant amount of information on the measurement of and
correction for the uncompensated resistance.

2.6.1. Example of use of the technique (nickel in strong acid). The corrosion rate of nickel had to
be estimated in several strongly acidic phosphoric/phosphorous acid solutions, the total acid content
being ~ 50 wt%. The polarization resistance method was used because of the ability of this tech-
nique to provide corrosion rates fairly quickly as a function of time over a 24-h period. Several
solutions were examined.

The procedure was to scan the potential between — 20 and 4- 2OmV at 0.1 mV/s after about 1 h,
after about 4 h, and finally after 24 h of exposure. Voltage-current data were recorded at every
0.2 mV. The corrosion potential was stable during the generation of replicates at each time period. In
several solutions, the potential did change by ~ 50 mV over the 24 hour period.

Figure 14 shows a typical polarization resistance plot for these systems. One feature is that the
curve is not completely linear over this voltage range. Even between — 10 and + 1OmV, the curve

Voltage (mV)

FIGURE 14. Polarization resistance curve for nickel in a 50-60 wt% mixture of phosphoric and phosphorous
acid.
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is not completely linear. A nonlinear regression routine was used to curve-fit Eq. (1) to the data in all
cases. The two Tafel slopes and the polarization resistance were used as independent variables whose
values were determined directly by the regression analysis. A number of variations of this procedure
have been described in the literature [39, 40, 50-52]. A simple method using a spreadsheet was
briefly described in the previous section. Corrosion rates calculated from these parameters were
compared to corrosion rates estimated from the mass loss of the nickel electrode in each solution.
This last comparison is important because it provides a check against the assumption that Eq. (1) is
valid. An ASTM standard provides a methodology for how to make such calculations for all alloys
[53]. Also, the electrode itself was examined under a microscope for localized corrosion. If such
appears, the assumption about uniform corrosion might be violated, providing another source of
error.

Table 3 shows the calculated Tafel slopes and the corrosion rates estimated from the regression
analysis using Eq. (1) and from mass loss. The Tafel slopes and polarization resistance values were
averaged across the runs over the 24-h period because the corrosion rate did not change over that
period. The error shown is the standard deviation. As shown in the first two cases, good agreement is
possible between corrosion rates calculated by mass loss and those calculated from Eq. (4).

The difference between corrosion rates in the last two cases touches on several areas that can
contribute to errors. First, the solution resistance was ~ 1-2 fi-cm2 as measured by electrochemical
impedance spectroscopy at 5000Hz. The error introduced by ignoring solution resistance is very
small in the first two cases but that error can account for at least 10% of the value in the last two.
Second, though the standard deviation in the measurement of the polarization resistance is only
~ 20% of the average value, the difference between the extremes in the polarization resistance
(measurement + standard deviation) — (measurement — standard deviation) is ~ 100% for those two
cases. Small errors in small polarization resistance values can lead to large errors in estimated
corrosion rates. Third, the corrosion potential for those two cases is about — 250 mV (SCE), very
close the reversible potential for hydrogen under the extremely acidic conditions. Hydrogen
evolution in the form of bubbles was observed suggesting that the corrosion potential might have
been close to the reversible potential for the hydrogen evolution reaction in this system. Such
proximity could have led to errors because equation (3) would not have completely described the
electrochemistry [42].

3. Steel in an Inhibited Water System (Effect of Experimental Artifacts)

In view of the plethora of literature on successful applications, a discussion showing the influence of
experimentally induced artifacts on the estimates may be useful. Reasonable values of the
polarization resistance may be obtained even if the Tafel slopes estimates are poor or if extraneous
experimental artifacts may be interfering with the measurement. The results of a corrosion
evaluation of steel (UNS Gl0180) in the presence of aminotrimethylene phosphonic acid is used for
this purpose. Details of the techniques, materials used, and results are given elsewhere [54]. The
aqueous environment was an aggressive water to which the phosphonate was added.

TABLE 3. Nickel in Strong Acid Tafel Slopes, Polarization Resistances, and Corrosion Rates

Solution

1
2
3
4

Tafel Slope

ba (mV)

47(±25)
62(±16)
50(±10)
59(±9)

Tafel Slope

bc (mV)

65(±24)
82(±20)
54(±9)
44( ± 10)

Polarization
Resistance
(ft-cm2)

Rp

83(±15)
116(±18)
24(±5)
16(±5)

Corrosion Rate
(mm/year)

Corrosion
Current

1.55
1.58
5.03
7.30

Mass Loss

1.80
1.62

22.3
29.5
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FIGURE 15. Polarization resistance curve for steel in aggressive water with 50ppm DEQUES! 2000 at 320C
under static conditions [43]. (Reprinted from Proceedings of the 1995 Water Quality Technology Conference, by
permission. Copyright © 1996, American Water Works Association.)

Figures 15-17 show polarization resistance curves generated between — 20 and + 2OmV from
the corrosion potential as measured at the time the polarization was performed. They were chosen
because they demonstrate different experimental problems that can arise because of electrical
interference. The scan rate was 0.1 mV/s. Figure 15 shows a polarization resistance curve for steel
generated under static conditions under mildly heated conditions at 350C. Figure 16 shows a
polarization resistance curve for steel under dynamic conditions of 200 rpm using a rotating cylinder
electrode at 350C (950F). Figure 17 shows a polarization resistance curve for steel under dynamic
conditions of 200 rpm using the same rotating cylinder electrode but at 8O0C (1440F). No attempt
was made to compensate for solution resistance or to isolate the electrical interference.

The polarization curve was fit by computer to Eq. (3) using nonlinear regression. Table 4 lists the
anodic and cathodic Tafel slopes, ba and bc, and the polarization resistance, Rp, calculated from these
curves. Tafel slopes in the range of 30 to 12OmV can be explained theoretically [39,40] in terms of
single electrochemical processes that allow for the application of Eqs. (3) and (4). Values much
beyond this range raise warning flags. In the case of mass transfer control, one of the Tafel slopes
should be infinite.

In terms of the values in Table 4, the anodic Tafel slope corresponding to the curve calculated in
Figure 15 is reasonable. The cathodic Tafel slope most likely corresponds to the mass transfer
controlled process of oxygen reduction under the static conditions in the aerated, inhibited water.
The appearance of the small sinusoidal variation superimposed on the curve in Figure 16 can make
estimating the Tafel slopes and polarization resistance more difficult. In addition, the polarization
resistance values are larger suggesting a lower corrosion rate than above. Figure 17 shows the effects
of still greater noise on the estimation of the Tafel slopes. Assuming the 25 mV proportionality, a
polarization resistance of > 104Q-Cm2 corresponds to a corrosion rate of under 2.5 x 10~2mm/
year (1 mpy). The anodic Tafel slopes estimated from Figure 16 and especially Figure 17 are large.
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Voltage (mV)
FIGURE 16. Polarization resistance curve for steel in aggressive water with SOppm DEQUES! 2000 at 350C
at 200 rpm in rotating cylinder electrode [43]. (Reprinted from Proceedings of the 1995 Water Quality
Technology Conference, by permission. Copyright © 1996, American Water Works Association.)

Voltage (mv)

FIGURE 17. Polarization resistance curve for steel in aggressive water with 50 ppm DEQUEST 2000 at 8O0C
at 200 rpm in rotating cylinder electrode [43]. (Reprinted from Proceedings of the 1995 Water Quality
Technology Conference, by permission. Copyright © 1996, American Water Works Association.)
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The corrosion currents estimated using the Tafel slopes are much greater than the corrosion currents
of 10 ~6 A/cm2 suggested by the polarization resistance values. The difference clearly shows that
one should not curve-fit equation (3) to experimental data or substitute calculated Tafel slopes into
Eq. (4) blindly. The practitioner should ensure that experimental artifacts are not interfering with
the measurement.

One additional question is, Are large errors in the estimated Tafel slopes necessarily associated
with large errors in the polarization resistance? The polarization resistance estimated using the
polarization resistance technique was compared to that estimated from electrochemical impedance
spectroscopy. The impedance spectra were generated on the same electrode used for the polarization
resistance measurements. The analysis is described in detail elsewhere [54]. The results in Table 5
show that the polarization resistance values are in good agreement between the two techniques even
though the Tafel slopes might be in error. Though significant error can be associated with Tafel slope
estimates, the polarization resistance values may be reasonably accurate.

Changes in the polarization resistance may themselves be used as indicators of changes in the
corrosion rate. Assuming a constant Tafel constant B [calculated as (l/2.303)[£a&c/(ba + bc)]
provides a reasonable way of calculating a corrosion rate. The value of 25 mV is a reasonable average
value (± 15mV) to use [39]. This approach has been used in commercial instruments using this

TABLE 5. Comparison of Polarization Resistance Measurements0

TABLE 4. Electrochemical Parameters From Curve-Fit of Figures 14-16

"See [54].
^Results correspond to exposure at increasing times. The first 200 rpm result is after 3 to 5 h of exposure. Afterward, spectra
were generated at 200 rpm every 24 h. The spectrum at 1000 rpm was generated 1 h after the preceding spectrum at 200 rpm.

Figure Number

14
15
16

Polarization
Resistance (Q-cm2)

3.01 x 103

6. 14 x 103

1.44 XlO 4

Tafel Slopes (V)

Anodic (ba)

93 x IQ-2

2 .9XlO- 1

8.5 x 106

Cathodic (bc)

1.5 x 107

2.3 x 105

1.8 x 109

Environment and
Temperature

Uninhibited 350C

Uninhibited
8O0C

30ppm
DEQUEST 2000

350C

30ppm
DEQUES! 2000

8O0C

Rotation Rate
(rpm)

200
200
200
200
200
200

1000
200
200
200

1000
200

1000
200
200

1000
200

1000

Estimated Polarization Resistance
(ft-cm2)

Impedance

8.78 x 102 (2 time constants)
7.63 x 102 (2 time constants)
7.55 x 102 (2 time constants)
1.18 x 103 (2 time constants)

2.05 x 102

2.32 x 102

1.38 x 102

2.15 x 102

1.16 xlO4

1.78 x 104

2.02 x 104

2.52 x 104

2.43 x 104

3.1IxIO4

1.12 x 104

1.33 x 104

1.43 x 104

1.17 xlO4

DC Polarization

9.30 x 102

7.95 x 102

1.02 x 102

1.02 xlO 2

1.87 x 102

2.08 x 102

1.28 x 102

2.15 x 102

1.13 x 104

1.44 x 104

1.68 x 104

1.72 xlO4

1.89 xlO4

3.75 x 103

6. 14 xlO3

6.59 x 103

7.18 xlO3

6.36 x 103



technique for corrosion monitoring. Corrosion rates calculated by this method can differ from that
calculated from mass loss by greater than a factor of 2.

E. CORROSION PREDICTION USING ELECTROCHEMICAL IMPEDANCE
SPECTROSCOPY

Electrochemical impedance spectroscopy (EIS) has become a routine tool for practical corrosion
prediction. A number of reviews and tutorials have been written discussing the experimental setup,
methodology for making the measurement, and methods for analyzing the data [4, 55-61].
Generating the spectra is now very easy with several "turnkey" commercial systems available. Some
types of electrical interference as shown with the polarization resistance technique can have much
less influence on the EIS measurement especially when a good frequency response analyzer is used.
Several software packages are available for fitting the spectra to analogous circuits [62, 63], a
technique often used to analyze the data, and others have been reported in the literature [64, 65]. The
technique has been established to the point that an ASTM standard has been written to provide the
practitioner with a test method for ensuring that the electronic equipment, algorithm for generating
the impedance spectra, and electrochemical cell are functioning properly [66]. This standard is
geared to relatively low values of the polarization resistance so it may not be appropriate for ensuring
that the equipment can examine coatings or other systems exhibiting an extremely high impedance.

The areas that have been demonstrated as appropriate for using EIS for corrosion measure-
ments are

Rapid estimation of corrosion rates (within 30 min to 24 h).
Estimation of extremely low corrosion rates and metal contamination rates (< 10 ~4 mm/year,

< 0.01 mpy).
Estimation of corrosion rates in low conductivity media.
Rapid assessment of corrosion inhibitor performance in aqueous and nonaqueous media.
Rapid evaluation of coatings.

Following are examples of practical applications of EIS encountered in industry. The emphasis is on
situations in which either the environment is poorly defined or characterization of the corrosion
mechanism could not be done beyond that needed for making a practical prediction. Application of
EIS to coatings is not being considered in this section. References [57,59], and [67-72] are provided
as places to start for information on coating evaluation.

1. Validity of Impedance Spectra

Before attempting to model impedance spectra, one must be assured that the spectra themselves are
valid. When a sine wave is used as the perturbation, the relationship between the current and applied
voltage can be characterized by the ratio between the amplitudes of the voltage and the current and
the phase shift between the rotating vectors which represent the instantaneous voltage and current.
These two quantities are the modulus and phase shift of the vector (a complex number) representing
the impedance [55, 61]. In mathematical terms, the impedance is a transfer function relating (the
Laplace transform of) a response (e.g., current) to (the Laplace transform of) a perturbation (e.g.,
voltage). The transfer function can only become an impedance when the following four conditions
are fulfilled [73]:

1. Causality: The response of the system must be a result only of the applied perturbation.
2. Linearity: The relationship between the perturbation and response is independent of the

magnitude of the perturbation.
3. Stability: The system returns to its starting state after the perturbation is removed.
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