
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.



4. Finite valued: The transfer function (impedance) must be finite as the frequency approaches
both O and oo and is continuous and finite valued at all intermediate frequencies.

Causality is difficult to verify. Agreement with the results in the ASTM G-106 [66] to check
equipment and algorithm would provide confidence that the signals are not arising from extraneous
sources in the equipment and cell. Linearity is very easy to verify. The impedance spectra should be
independent of the amplitude of the applied voltage (or current). Generating spectra with excitation
amplitudes greater and less than that used and verifying that the modulus and phase angle values
extracted from the spectra do not change with excitation amplitude at each frequency is the simplest
method for checking linearity. Stability can be verified by generating spectra from high to low
frequency and repeating from low to high frequency. Since the lowest frequency takes the longest to
generate (e.g., 0.001 Hz requires ~ 15min for the measurement), this frequency would have the
greatest chance of upsetting the system. If the spectra are the same, stability has not been violated.

One of the techniques that has been proposed to validate the polarization resistance is to use the
Kramers-Kronig transformations. They enable calculation of the real contribution from the
imaginary contribution and vice versa [73,74]. In theory, as long as the four criteria cited above are
valid, the contributions calculated by the transforms will equal the real and imaginary contributions
as measured. The calculated and measured spectra will be identical. Unfortunately, if the impedance
measured at the lowest frequency is far from the value that it would have at zero frequency and
additional time constants are present in that region, the transforms cannot be applied easily [75].
Methods have been introduced that help the practitioner to assess the error structure of the
measurement and give direction on the need to minimize stochastic "noise" and bias [76]. The
reader is directed to the above references and those contained in those articles for more information
about these techniques.

2. Modeling of Impedance Spectra

Typically, the impedance spectra are modeled by assuming a circuit made up of resistors, capacitors,
and inductors and then fitting that circuit to the spectra to extract values of the circuit elements. The
values may then be related to physical phenomena to try to verify that the circuit model is a
reasonable representation of the corrosion process. A constant phase element is often introduced in
the imaginary (capacitance) terms. It has the form A(yo))a. Some workers have tried to relate A to a
capacitance and a to a degree of surface roughness or cell geometry. From a practitioner's stand-
point, the constant phase element serves as a way of ensuring that the capacitive contributions fit the
data. From a mathematical standpoint, this parameter is actually two adjustable parameters, A and a.

Nonlinear regression is used to curve fit the analogous circuit model to the spectra. Care must be
taken to ensure that the number of circuit elements (independent variables) does not exceed the
number of data points or even approach the number of data points. Usually, the simpler the model that
fits the data, the more likely it represents the physical process. Two types of circuits that are often used to
fit spectra are shown in Figure 18 [(1) and (2)]. The first analogous circuit represents a single charge-
transfer reaction. The second represents an imperfectly covered electrode as might be found with an
inhibitor, an adsorbed intermediate, or an imperfect coating. Pseudoinductance will be discussed in a
later example. Note that the maximum number of adjustable parameters is kept small so that agreement
between calculated and measured impedance spectra would hopefully reflect the adequacy of the
model. Four adjustable parameters are present in the first model and seven in the second.

A word of caution is in order. The tendency might be to assume that good agreement between the
measured impedance spectrum and that calculated from the modeling circuit means that the model
used is the best representation of the corrosion process and provides an explanation for it. One
cannot, however, assume the uniqueness of a circuit model merely on the basis of a good fit with the
observed spectrum. Tables of mutually degenerate networks exhibiting identical total impedance
over the entire frequency spectrum have been published [77]. These provide insight into the large
number of circuits that can produce the same spectrum.



FIGURE 18. Simple circuit models for analyzing EIS spectra: (1) single resistor and constant phase element in
parallel, (2) nested parallel combination of resistors and constant phase elements, and (3) series of two parallel
combinations of single resistor and constant phase element. See discussion for meaning of models.

Another reason for two analogous circuits seeming to fit the same spectrum is that signal noise
can sometimes prevent nonlinear regression from differentiating between two models because of the
structure of the equations used for the models [78]. This phenomenon was recently demonstrated for
the second and third models in Figure 18. Both models were curve fit to the same data using
EQUIVCRT [62]. The resulting values for the elements are shown in Table 6. Both models yielded
the same element values. Figures 19(a) and (b) show the measured and calculated impedance spectra
from the two circuits. The reason for the similarity can be found by examining the structure of the
equations for the two circuits. The equation for circuit 2 is

7 „ , RiRiQi + RiQiQ2 + R2QiQ2 ^
^ 1 GA ( }

* l*2+* lG2+*2Gl ( l+^)+GlG2
L V Qi/ -I

and for circuit 3 is

*i*2Gi(i+7r) + *iGiG2 H- *2<2i G2
7 = R _J_ V V^l/ /o\

n RiR2+ Ri Q2+R2Qi +Gi G2
 ( J

The only difference between these two equations is the location of the term 1 + (G2/GO- If (G2/Gi)
is <Cl, then the term is ~ 1. The magnitude of Q is the inverse of the value of A reported in Table 6. In
this example, the quotient A1M2 — 0.017, a number <Cl. Since the experimental data have scatter, the
effect of the small quotient is probably buried in the numerical "noise" of the regression. The
conclusion is that large differences in the values of the constant phase elements may lead to difficulty
in distinguishing the goodness-of-fit between two models.



Frequency (Hz)

FIGURE 19a. Measured EIS spectrum versus that calculated using Circuit 2 in Figure 17 and parameters from
Table 6. (From [78]. Copyright NACE International. Reprinted with permission; all rights reserved.)

Frequency (Hz)

FIGURE 19b. Measured EIS spectrum versus that calculated using Circuit 3 in Figure 17 and parameters from
Table 6. (From [78]. Copyright NACE International. Reprinted with permission; all rights reserved.)

"See [78].

TABLE 6. Values for Circuit Elements in Eqs. (7) and (8)fl
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R1 (ft-cm2)
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Value

1.14x10
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3. Example of Pseudoinductive Behavior

Impedance spectra possessing pseudoinductive characteristics have been observed since about the
time that the modern version of the technique was reported for corrosion prediction. Such behavior is
characterized by a portion of the impedance spectrum appearing in the fourth quadrant when plotted
in Nyquist format or when the impedance modulus decreases at low frequency coupled with negative
phase angles when plotted in Bode format.

Deducing corrosion mechanisms in the presence of this behavior is controversial and requires
care because phenomena other than corrosion might be causing the effect. For example, impedance
spectra for iron in 1 molar sulfuric acid with small amounts of propargyl alcohol exhibited such
pseudoinductive behavior [79]. Later, this behavior was shown to be a result of a nonlinearity in the
response to the voltage perturbation [8O]. An irreversible desorption of the inhibitor occurred in the
vicinity of the corrosion potential [81]. This particular system violated the criteria of linearity and
stability. The pseudoinductive behavior was caused by violation of two of the criteria required for the
quotient of the applied voltage divided by the measured current to be the impedance.

Corrosion rates estimated from the low-frequency limit of the impedance modulus might be in
significant error because the decrease in the modulus can be large when pseudoinductive behavior is
observed. An example of the care required is shown in the following example. In this case, an
estimate of the corrosion rate was needed for steel handling a waste stream containing iminodiacetic
acid which could form complexes with steel under process conditions [82]. Figures 20(a) and (b)
show a typical impedance spectrum from that study. The spectra were analyzed using Eq. (9) and

z = *,+ [!(i + ̂ ,)")+^^]"1 (9)

This equation was proposed to describe the impedance of iron in a solution containing 0.1 M sulfuric
acid and 0.9 M sodium sulfate [83]. The derivation of Eq. (9) assumed that an adsorption process
with electron transfer at equilibrium preceded the rate-determining step. Note that this analysis uses

Frequency (Hz)

FIGURE 2Oa. The EIS spectrum of waste stream demonstrating pseudoinductive behavior. Spectrum generated
at 5-mV perturbation peak height. (From [82]. Copyright NACE International. Reprinted with permission; all
rights reserved.)
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Frequency (Hz)

FIGURE 2Ob. The EIS spectrum of same system as Figure 19a. Spectrum generated at 2-mV perturbation peak
height. (From [82]. Copyright NACE International. Reprinted with permission; all rights reserved.)

an equation different from that in the more generally available software. Such an approach does not
mean the available software cannot be used for analyzing impedance spectra with pseudoinductive
behavior. The example does indicate that, at times, the practitioner should look beyond that software.

Verifying that the criteria of stability and linearity are not violated is needed before attempting to
use the spectra to estimate corrosion rates. Three additional experiments were run to aid in verifying
that this behavior is real and EIS could be used to estimate corrosion rates in this system:

1. Figure 20(a) was generated using a voltage perturbation of 5mV. Additional spectra were
generated at 2 and 10-mV perturbations. Figure 20(b) shows that pseudoinductance of the
same magnitude was observed even at the lowest amplitude. This agreement implies
linearity.

2. Polarization resistance measurements were made at the same time. The polarization
resistance estimated by curve-fitting equation (3) to the current-voltage data is compared in
Table 7 to the resistance R1 obtained using Eq. (9). The agreement is consistent with fulfilling
the stability criterion at least to a frequency of ~ 0.001 Hz, equivalent to a scan rate of
~0.1 mV/s according to Eq. (2).

3. The experiments were run over a 24-h period and the corrosion rates were such that mass loss
was measurable. Then corrosion rates calculated from the EIS analysis could be compared to

TABLE 7. Comparison of Resistances from EIS and DC Measurements"
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Experiment No.

1

2

3

Exposure (h)

4
24
4

24
24

Resistance from EIS
(ft-cm2)

7.21 x 102

4.09 x 102

5.1OxIO2

4.87 x 102

2.82 x 102

Resistance from DC
(ft-cm2)

4.90 x 102

3.05 x 102

4.36 x 102

4.1Ox 102

2.27 x 102



those calculated from mass loss. The corrosion rate was estimated from EIS by time
averaging the individual corrosion rates determined during that period. These rates were
calculated by using the relationship icorr = B/Rt, where B was assumed to be 0.025 V and the
charge-transfer process was assumed to involve two electrons. These rates showed good
agreement with those estimated from mass loss of the same electrode (see reference for
details). The agreement in rates as determined by two independent techniques supports that
the corrosion process was, indeed, being measured by EIS.

4. Low Corrosion Rate Estimation

Very often, concern is not with integrity of equipment but is with contamination of the product by
corrosion of the containment vessel. Corrosion rates acceptable from a structural standpoint (e.g.,
0.01 mm/year) (0.4 mpy) may be excessive from a metal contamination standpoint. Corrosion rates
one to two orders of magnitude lower, polarization resistance values one to two orders of magnitude
higher, may be required. Time requirements to obtain accurate corrosion rates from immersion
testing could be excessive (e.g., immersion test time in hours = 2000/corrosion rate in mpy is one
recommended rule-of-thumb [84] though shorter implied exposure times are often acceptable). This
particular recommendation has been shown to guarantee negligible error propagation in the
corrosion rate calculation caused by errors in measuring test time, coupon dimensions, and weight
change for the experimental accuracy routinely found in laboratory equipment [85]. The ability to fit
the impedance spectrum using a model of an analogous circuit enables one to estimate extremely
large values of the polarization resistance easily even when the impedance value at lowest frequency
measured still has a significant capacitive contribution. EIS has been demonstrated to enable such
rates to be estimated within 24 h, the delay being determined by the time required for the corrosion
process to reach steady-state, the corrosion potential to become constant [65]. The advantages over
the polarization resistance technique are that much larger polarization resistance values can be
measured routinely (107 to ~ 1010fi-cm2 depending on equipment and experimental apparatus),
electrical interference of the type causing the problems in Figures 16 and 17 can be easier to
overcome, and some additional information about the corrosion mechanism can be provided very
quickly.

As an example, corrosion was examined in a process stream subjected to low pH, higher chloride
concentrations, and moderate temperatures (60-750C) (116-1370F). The goal was an alloy choice
showing virtually no corrosion. Very highly resistant alloys (e.g., UNS R52400, Gr 7 titanium) were
chosen for evaluation. Figure 21 shows a typical EIS spectrum for titanium in the process streams.
All spectra were modeled by a simple parallel combination of a resistor (polarization resistance) and
capacitor (double layer) in series with a resistor (uncompensated solution resistance). Table 8 shows
some of the polarization resistance values for several of the alloys, all measured after 24 or so hours
of exposure. A value of 0.025 V was assumed for the proportionality between corrosion current and
the inverse of the polarization resistance because the Tafel slopes could not be determined. Corrosion
rates this low are virtually impossible to measure by mass loss. Even if the error in the estimates is
significant (an order of magnitude), the results do provide guidance for the types of metal loss and
contamination that might be observed. Table 9 shows order of magnitude estimates of corrosion rates
as a function of polarization resistance values for iron- and nickel-based alloys assuming a value
of 0.025V for "B" and a two electron process. This approach can be used to provide reasonable
estimates of corrosion rates when Tafel slopes are unavailable or not easily obtained.

5. Rapid Estimation of Corrosion Rates in Complex Systems

The use of passive circuit elements to curve-fit impedance spectra so that the polarization resistance
can be estimated means that, in principle, corrosion rates can be estimated rapidly. Since rather
simple models can be fit to spectra from systems exhibiting complex chemistry or in systems for
which the chemistry is unknown means that EIS allows for rapid corrosion estimation in complex,



Frequency (Hz)

FIGURE 21. The EIS spectrum of UNS R52400 (Grade 7 titanium) in process stream demonstrating ability to
estimate extremely low corrosion rates. Spectrum modeled by circuit 1 in Figure 17.

TABLE 8. Low Corrosion Rate Estimation by EIS

poorly characterized systems [86]. The extreme example of a poorly characterized environment is a
waste stream which contains all of the unknown components in a plant. The example below is a
corrosion study in such environments made even more complicated because the waste streams could
be combined [87].

Seven different waste solutions were examined. The effect of fluid velocity was examined by
coupling the EIS measurement with a rotating cylinder electrode and estimating polarization

TABLE 9. Order of Magnitude Estimates of Corrosion Rates for Iron- and
Nickel Based Alloys

Polarization Resistance (17-cm2)

10
102

103

104

105

106

107

Corrosion Rate [mpy (mm/year)]

x 103 (25)
x 102 (2.5)
x 10 (0.25)

(0.025)
X l O ' 1 (0.0025)
x KT2 (0.00025)
x l O ~ 3 (0.000025)
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Alloy and Process Stream

Tantalum slurry product
Gr 7 Titanium slurry product
Zirconium 702 slurry product
Gr 7 Titanium condensate

Polarization Resistance
(ft-cm2)

1.7 x 106

5.2 x 105

4.2 x 106

4.5 x 105

Corrosion Rate
[mm/year (mpy)]

1. 0 x 10 ~4 (0.004)
4.2 x l O ~ 4 (0.02)
6.8 x 10 ~5 (0.003)
4.8 x 10~4 (0.02)



Frequency (Hz)

FIGURE 22. The EIS spectrum of waste solution 7 in Table 10 at 200 rpm. Spectrum modeled by circuit 1 in
Figure 17 [87]. (Reprinted from Electrochimica Acta, Vol. 38, D. C. Silverman, Corrosion Prediction in Complex
Environments Using Electrochemical Impedance Technique, p. 2075, Copyright 1993, with permission from
Elsevier Science.)

resistance as a function of rotation rate. Figures 22 and 23 show EIS spectra for two waste solutions.
The spectrum in Figure 22 was modeled using a parallel combination of a resistor and capacitor in
series with a resistor. That in Figure 23 was modeled using Eq. (9). EIS spectra were generated daily
over several days. The corrosion rates were estimated by assuming a proportionality constant
of 0.025 V between the polarization resistance and the corrosion current because of difficulties

Frequency (Hz)

FIGURE 23. The EIS spectrum of waste solution 4 in Table 10 at 200 rpm. Spectrum modeled using Eq. (9)
[87]. (Reprinted from Electrochimica Acta, Vol. 38, D. C. Silverman, Corrosion Prediction in Complex
Environments Using Electrochemical Impedance Technique, p. 2075, Copyright 1993, with permission from
Elsevier Science.)
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in estimating reasonable Tafel slopes under the dynamic conditions in these complex systems. The
time-averaged corrosion rate was compared to that estimated from mass loss of the electrode. The
latter measurement is useful because it provides an independent check on the corrosion rates
estimated by EIS, especially important when making measurements in complex, poorly character-
ized environments or where pseudoinductance is observed. The DC measurements were also made,
with the polarization curves being modeled by Eq. (3) to provide yet another check on the results.

Table 10 shows the time-averaged corrosion rates from EIS compared to those from mass loss.
The agreement provides strong support that the polarization resistance values represent the corrosion
process. The agreement means that the pseudoinductance in Figure 23 is not an artifact and is caused
by the corrosion process. Further, this agreement means that polarization resistance values measured
as a function of rotation rate are valid and might provide information on velocity sensitivity of
corrosion. Figure 24 shows the corrosion rate as a function of rotation rate measured at various times
during immersion for the environment of Figure 23. Fluid motion must be taken into account when
considering corrosion of steel in this environment. Section E.6 provides some information on using
electrochemical measurements to estimate the influence of fluid velocity on corrosion.

One of the needs for the impedance spectra to be valid is steady-state conditions. Monitoring of
the corrosion potential can aid in determining if and when steady-state has been achieved. The
question is, How close to steady-state must one be in order to use EIS for practical corrosion
screening? Often, rapid screening forces one to try to generate spectra prior to reaching actual
steady-state. Under these circumstances, the concern is if the electrochemistry and reaction rates
change enough during generation of the spectrum so that the lower frequency portion represents
chemistry different from the higher frequency portion. If this inconsistency occurs, the higher
frequency portion of the spectrum might be extrapolated to low frequencies to estimate the
polarization resistance if no additional low frequency time constants are present. This type of
extrapolation was required for some of the spectra obtained after shorter exposure times. An
alternative approach might be to use DC polarization at short exposure times because this technique
requires less time. EIS would be used only after longer exposure times. Though phase angle
information would be absent, this approach would enable estimation of the polarization resistance
after short exposure times.

6. Evaluation of Corrosion Inhibitors

Corrosion inhibitors are prevalent throughout industry functioning in many diverse applications. EIS
offers a powerful technology for evaluating these compounds, often in real time. The literature is
saturated with studies of corrosion inhibitors. Corrosion inhibition under near neutral pH conditions
offers certain challenges not found under more acidic conditions. The reason is that this type of
inhibition has been characterized, at least for low alloy steels, as interphase inhibition [88, 89]. This

TABLE 10. Comparison of Time-averaged Corrosion Rates as a Function of
Waste Solution"

"See [87].

Waste Solution

1 (high tar)
2 (low tar)
3 (low tar)
4 (high tar)
5 (high tar)
6 (high tar)
7 (high tar)

Time-Averaged Corrosion Rate

Impedance

mm/y

0.36
0.44
0.12
8.5
1.6
0.15
0.30

mpy

14.0
17.0
4.7

335.0
63.0
5.9

12.0

Mass Loss

mm/y

0.30
0.38
0.30
7.4
1.8
0.19
0.43

mpy

12.0
15.0
12.0

291.0
71.0
7.4

17.0



Time (Hours)

FIGURE 24. Corrosion rate as a function of time and rotation rate for solution 4 in Table 10. See text for
discussion of figure [87]. (Reprinted from Electrochimica Acta, Vol. 38, D. C. Silverman, Corrosion Prediction
in Complex Environments Using Electrochemical Impedance Technique, p. 2075, Copyright 1993, with
permission from Elsevier Science.)

type of inhibition is characterized by a three-dimensional protective layer between the metal and the
electrolyte. Corrosion behavior depends on exposure time and conditions (e.g., fluid motion). The
three dimensional matrix takes time to develop resulting in a slow drift in corrosion potential. Fluid
motion can affect the rate at which the inhibitor or oxygen reaches the surface. In addition, one side
benefit of using EIS for this system is that use of a frequency response analyzer can sometimes
circumvent the electrical noise that causes DC curves of the type shown in Figures 16 and 17
resulting in more accurate values of the polarization resistance.

As discussed in Section D and shown in Table 4, though estimating the Tafel slopes and the value
for B can be difficult, reasonable agreement can be achieved between the polarization resistance
values determined by EIS and by DC polarization. The question becomes how to estimate corrosion
rates from only the polarization resistance on a routine basis. One approach to obtaining a corrosion
rate number is to assume some reasonable value for the proportionality constant B (e.g., 0.025 V) and
use it for all measurements as discussed previously understanding that the error could be 50% or
greater.

Another approach is to plot the value of l/Rp (or 1000/'Rp to make the ordinate usually lie between
0.1 and 10) versus the variable under consideration [89]. This procedure provides a practical way to
track the inhibitor behavior with time as a function of variables such as inhibitor and velocity. An
example is tracking inhibitor behavior on a surface that has already suffered corrosion. Figure 25
shows such a plot for the polarization resistance as measured by EIS for corrosion of steel prior to
and after addition of an inhibitor. This figure demonstrates the corrosion inhibitor monitoring
capability with EIS when the polarization resistance values are near the upper limit for polarization
resistance measurements for the particular experiment. Since the Tafel slopes might have changed
after addition of the inhibitor, the absolute differences may be somewhat approximate. But the
procedure is no worse than assuming a constant value for B and provides a practical way to assess
relative differences in inhibitor efficacy.

F. TESTING FOR VELOCITY SENSITIVE CORROSION

Fluids are very rarely stagnant. Under appropriate conditions, fluid flowing past a metallic surface
may accelerate its rate of corrosion. Four general mechanisms have been proposed, mass transport
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FIGURE 25. Reciprocal of the polarization resistance versus time for steel in an aggressive water solution
under static conditions. The inhibitor was added after 48 h [43]. (Reprinted from Proceedings of the 1995 Water
Quality Technology Conference, by permission. Copyright © 1996, American Water Works Association.)

controlled corrosion, phase transport controlled corrosion, erosion-corrosion usually involving
suspended solid particulates, and cavitation corrosion [9O]. Erosion-corrosion and cavitation
corrosion are beyond the scope of this chapter. Phase transport controlled corrosion involves
corrosion in the presence of more than one phase in which each phase has differing corrosivity and
often differing conductivity. Though this type of corrosion might be examined electrochemically, the
need for phase transport and not molecular transport to be modeled by the laboratory apparatus
complicates the ability to simulate the actual field conditions. A recent publication provides
examples of attempts to examine this type of flow induced corrosion mechanism [91] and it will not
be considered further here. A more detailed discussion of fluid flow affected corrosion is found
elsewhere in this volume.

A mechanism very suitable to evaluation and prediction by electrochemical techniques is mass
transport affected corrosion in single phase fluids. It is the only one considered in this section.
Numerous examples exist; corrosion of steel in sulfuric acid [92, 93] and steel in oxygenated water
without inhibitors [94] being two. The question is how best to simulate this type of corrosion. Under
some conditions the exact geometry must be modeled. Under others, one geometry can be used to
simulate the mechanism another. A recent state-of-the-art report compares in detail four techniques
for examining flow induced corrosion in the presence of a single phase fluid [95]. The techniques
described are the rotating disk electrode, rotating cylinder electrode, impinging jet (in stagnation
region), and flow loop. Each of the techniques can be equipped to measure corrosion
electrochemically. Table 11 taken from [95] shows the strengths and weaknesses of each of the
techniques for this type of study.

The purpose of this portion of the chapter is not to provide methodology for choosing one of these
geometries to model another or to recommend one geometry over another. That choice depends
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completely on the problem being confronted. The reader should consult the references provided and
the chapter on fluid flow affected corrosion in this volume as places to get started in determining
which type of geometry might best model the system being investigated [96-101]. The following
discussion is meant to provide an outline for how proper flow conditions might be constructed in the
laboratory to model the corrosion mechanism, not the corrosion rate, in the field situation once the
laboratory geometry has been chosen.

How conditions are chosen depends on how detailed the information has to be. Sometimes, the
answer only has to be qualitative. For example, corrosion of steel in an aqueous solution tends to be
sensitive to fluid velocity because of mass transport of oxygen or inhibitors or shear-induced removal
of inhibitor films. The need may be only to demonstrate that such a sensitivity exists. Under these
circumstances, the experimenter need only measure the corrosion rate at several velocities. Figure 24
is an example of this qualitative approach. Plotting the reciprocal of the polarization resistance
versus time and rotation rate as in that figure only shows that corrosion is affected by fluid velocity
but does not indicate if the mechanism is one of mass transfer control. To define the mechanism
requires estimation of the mass transfer coefficient from the corrosion current and comparison to the
expected mass transfer coefficient for that fluid velocity. Such a calculation requires the deter-
mination of the concentration difference of the species being transferred between the surface and
bulk. The unknown nature of the environments in the previous example makes such a determination
difficult forcing the more qualitative approach.

Enough information is sometimes available for an assumption to be made about the corrosion
mechanism. Under these circumstances, the desire may be to try to use the information derived from
the laboratory apparatus to predict field performance. Following is a methodology that might be used
if the corrosion mechanism is known or suspected to be under mass transfer control. The assumption
in this discussion is that the rotating cylinder electrode is the laboratory apparatus. Equations in
Table 12 have been shown to relate velocities in the rotating cylinder electrode to several other
geometries so that the mass transfer coefficients are the same in both [97]. If the flow rate is known in
the field geometry, then the appropriate velocity could be used in the rotating cylinder electrode to
maintain equal mass transfer coefficients. Then, the polarization resistance technique or EIS could
be used to obtain the polarization resistance. The corrosion current would be calculated from that
parameter (icorr = B/Rp). This current would be expected to be the same in the two geometries
because the mass transfer coefficients are the same and the corrosion current is related to the mass

TABLE 11. Summary of Characteristics of Systems for Studying Single-Phase Flow Induced Corrosion0

Characteristic

Flow regime usually tested

Well-characterized flow pattern

Uniform mass transfer
Uniform primary current distribution
Uniform shear distribution
Possibility of noise at rotating contacts
Possibility of wobble-induced errors
Requires pump
Potential for leaks
Suitable for application of in situ surface analysis
Suitable for well-defined studies of mass transfer
Suitable for well-defined studies of shear
Suitable for qualitative screening studies

Rotating
Disk

Laminar

Yes

No
No
No
Yes
Yes
No
Low
No
Yes
No
Yes

Rotating
Cylinder

Turbulent

Yes

Yes
Yes/No
Yes
Yes
Yes
No
Low
No
Yes
Yes
Yes

Impinging
Jet

Stagnation

Yes

Yes
No
No
No
No
Yes
High
Yes
Yes
Yes
Yes

Flow Loop

Laminar and
Turbulent
Yes (beyond
entrance length)
No
No
Yes
No
No
Yes
High
Yes
Yes
No
Yes

"See [95].



TABLE 12. Rotating Cylinder Velocity as a Function of Geometry to Maintain Identical Mass Transfer
Coefficients'1

Geometry Being Modeled

Pipe

Annulus (J3 = hyraulic radius)

Impinging jet (wall jet region only)

Rotating Cylinder Surface Velocity

.,-aii^Y^C)*— »b>*
[_ MV \d2 / ]

Ml=o.n845[(0
1/4(|i)sc— ]«r

„ _ [(PrYf^LV 'V-1VH ...n"'-[W U2VVv r
"See [97].

transfer coefficient by

icon = nJ^MCBulk ~ CwalO (^)

Often either the concentration at the wall or in the bulk is assumed to be zero, the other being at
saturation.

Rearranging Eq. (10) so that the mass transfer coefficient is estimated from the corrosion current
would enable an assessment to be made of the degree of mass transfer control. The logarithm of the
Sherwood number [Sh = (kmtD)/d] when plotted as a function of the logarithm of the Reynolds
number (Re = pvd/u) should be a straight line consistent with the Sherwood number-Reynolds
number relationship for that geometry. In the case of the smooth rotating cy Under electrode [102],
the data should coincide with

Sh = 0.079 Re0 7Sc0356 (11)

As an example, Figure 26 shows actual data from a study of UNS S44627 (26 wt% chromium and
~ 1 wt% molybdenum, the balance iron) in several higher concentrations of sulfuric acid [93]. The
mass transfer coefficients were calculated from the current densities on polarization scans at the
anodic current limit and from the mass loss of the electrodes. The mechanism was assumed to have a
rate-limiting step of iron mass transfer from a surface saturated in iron sulfate similar to that for steel
[92]. The agreement with Eq. (11) is reasonable. The deviation in slope from that expected for a
smooth cylinder was attributed at the time to an increase in surface roughness caused by corrosion
[103]. The important point is that under conditions of complete mass transfer control the rotating
cylinder electrode coupled with electrochemical measurements is capable of demonstrating mass
transfer controlled corrosion and of providing reasonable predictions of field performance.

The above procedure would apply to such simple systems as steel in concentrated sulfuric acid
where the corrosion mechanism is under complete mass transfer control. Under more normal
circumstances, Eq. (10) would be an estimate only. If the corrosion was a result of removal of an
inhibitor because of fluid shear at the wall, Eq. (10) would not apply and the approach using the
equations in Table 12 is invalid. Other concepts such as equivalency of fluid shear stress at the wall in
the two geometries [97, 104] might be more applicable but no widespread agreement yet exists for
how to relate geometries for this mechanism. The user is cautioned to read the literature carefully
before using electrochemical techniques to assess velocity sensitive corrosion.

G. CONCLUSIONS

Electrochemical techniques provide a powerful assortment of tools that the corrosion practitioner
can use to assess corrosion and make field predictions from that assessment. The speed with which
such information becomes available means that often the assessment can be made in real time or



Re
FIGURE 26. Sherwood number versus Reynolds number relationship for UNS S44627 (26 wt% chromium and
~ 1 wt% molybdenum, the balance iron) in various concentrations of sulfuric acid. The Eisenberg et al. [102]
correlation is included for comparison ref [93]. (Copyright NACE International. Reprinted with permission; all
rights reserved.)

shortly after a question has been asked. All predictive techniques have shortcomings. The
practitioner is cautioned that before using such techniques the pertinent literature be read and
understood. The information and references provided here should be helpful in that regard. Then,
when using the techniques, the practitioner would be best served by making at least two independent
measurements of corrosion, preferably one electrochemical and one nonelectrochemical (mass loss
usually being the easiest to implement).

H. LIST OF SYMBOLS (by equation)

Equation (1)
Cdi = double-layer capacitance (ji^/cm2)
/b = breakpoint frequency (Hz)

R^i = uncompensated solution resistance (O-cm2)
Rp = polarization resistance (fi-cm2)

Equation (2)
/b = breakpoint frequency (Hz)

Vpp = peak-to-peak voltage (V)
Smax = maximum scan rate (V/s)

Conditions
Eisenberg, et al.

24 Hr Exposure-80wt%
24 Hr Exposure-93wt% lndust
Polarizatlon-70wt%
Polarization-75wt%
Polarization-80wt%
Polarization-90wt%
Polarization-93wt% Reagent
Polarization-93wt% lndust
Regression

S
h/

S
c35
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Equation (3)
i = current density (A/cm2)

*corr = corrosion current density (A/cm2)

V = applied potential (V)

Vcorr = corrosion potential

ba = anodic Tafel slope (V)

bc = anodic Tafel slope (V)

Equation (4)
icon = corrosion current (A/cm2)

ba = anodic Tafel slope (V)

bc = anodic Tafel slope (V)

Rp = polarization resistance (fi-cm2)

Equation (5)
W = Wagner number (dimensionless)

L = characteristic length dimension (cm)

K = conductivity (mho/cm)

V = potential (V)

i = current density (A/cm2)

Equation (6)
W = Wagner number (dimensionless)

Rn = uncompensated solution resistance (Q-cm2)

Rp = polarization resistance (fi-cm2)

Equations (7 and 8)
Z = impedance (Q-cm2)

R^ = uncompensated solution resistance (fi-cm2)

RI = resistance of one subcircuit (fi-cm2)

R2 = resistance of one subcircuit (fi-cm2)

Qi = constant phase element (nJ*7cm2)

Q2 = constant phase element (u^/cm2)

Equation (9)
Z — impedance (fi-cm2)

/?o = uncompensated solution resistance (fi-cm2)

Rt = charge-transfer resistance (fi-cm2)

TI — time constant (s)

!2 = time constant (s)

co = frequency (rad/s)

p = resistance (Q-cm2)
J = S^i

Equation (10)
icon = corrosion current density (A/cm2)

n = number of electrons transferred per atom (equiv/mol)

& = Faraday constant (9.649 x 104C/equiv)

kmt = mass transfer coefficient (cm/s)



Cbuik — concentration in bulk fluid (mol/cm3)

Cwaii = concentration at surface (mol/cm3)

Equation (11)
Re = Reynolds number (dimensionless) (Re = ^j

Sc = Schmidt number (dimensionless) (Sc = -^ J

Sh = Sherwood number (dimensionless) (Sh = ^3Jp)

U = absolute viscosity (g/cm-s)

p — density (g/cm3)

d = characteristic length dimension (diameter) (cm)

&mt = mass transfer coefficient (cm/s)

D = diffusion coefficient (cm2/s)

v = velocity (cm/s)
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