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Abstract

Experimental identification of errors has allowed enhanced interpretation of a wide variety of
spectroscopy techniques, including measurements for electrochemical systems for which detailed
process models are available. The physicochemical models available for corrosion systems,
however, are typically not sufficiently detailed to represent adequately impedance data to within the
experimentally determined noise level of the measurement. Even in the absence of detailed
physicochemical models, enhanced interpretation of corrosion processes is possible through the use
of measurement models which can account quantitatively for difterences in surface reactivities. In
this paper, the necessary steps for the quantification of corrosion processes using the measurement
model approach of Agarwal et al. are described. The stationary stochastic error contribution to
impedance spectra is identified from replicated measurements. Presence of a bias error contribution,
caused, for example, by instrumental artifacts and non-stationary behavior, is identified from
application of the Kramers-Kronig transforms. The zero and high frequency limits obtained through
the measurement model are used to determine the polarization resistance in a way that accounts for
the experimentally deteriinéd error structure. The results of .this procedure, weighted by an
appropriate statistical analysis, can be used to monitor electrochemical systems as functions of time
or process conditions. The approach described herein is validated for model systems, such as the
reduction of ferricyanide on platinum for which accurate process models are available. The
corrosion examples presented here involve the transient growth of corrosion-product films on
copper in synthetic seawater and on cast iron in Evian water.

Introduction

Interpretation of impedance data requires, in principle, both a model which describes the physics of
the system under study and a quantitative assessment of the error structure of the measurement.f1-3]
The experimental difficulty of quantifying the error structure for electrochemical impedance
spectroscopy had, until recently, prevented application of an ermror analysis approach for
interpretation of spectra. The error structure for most radiation-based spectroscopic measurements
such as absorption spectroscopy and light scattering can be readily identified.[4-6] The error
analysis approach has been successful for some optical spectroscopy techniques because these
systems lend themselves to replication and, therefore, to the independent identification of the
different errors that contribute to the total variance of the measurements. In contrast, the stochastic
contribution to the error structure of electrochemical impedance spectroscopy measurements cannot
generally be obtained from the standard deviation of repeated measurements because even a mild
non-stationary behavior introduces a significant time-varying bias contribution to the error. Recent
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advances in the use of measurement models for filtering lack of replicacy have made possible
experimental determination of the stochastic and bias contributions to the ermor structure for
impedance measurements.[7-16]

The measurement model approach for identification of error structure, previously used for optical
spectroscopies,[4-6] has recently been applied to electrochemical systems.[7-16] Enhanced
interpretation of impedance spectra was demonstrated for some systems for which detailed process
models were available. For example, using normal weighting strategies impedance spectra for n-
GaAs diodes, information concerning deep-level states could not be obtained; whereas, evaluation
of the error structure allowed interpretation in terms of concentrations and energy levels of deep-
level electronic states.[8,17,18] Similar improvement was demonstrated for interpretation of
electrohydrodynamic impedance spectra in terms of transport properties.[16]

Such enhanced interpretation was possible for the GaAs system and the electrohydrodynamic
impedance system because sophisticated process models were available which could be used to
interpret the measurements in terms of well-defined physical properties. The objective of this work
was to explore how the error analysis approach made possible by use of the measurement model can
be used for corrosion systems for which detailed process models are often unavailable.

Classification of Measurement Errors
The residual errors £ that arise when a model is regressed to experimental data have systematic
and stochastic contributions, i.e.,[1-3]

m

The contribution to the total variance of the stochastic errors is in two parts: a stationary component
with mean zero and a frequency-dependent variance and a non-stationary component that may result
in bias or drift. The stationary stochastic errors were assumed in this work to have a Gaussian
distribution around a mean value of zero. Systematic errors can arise from model inadequacies or
from experimental bias. The error analysis employed in this work involves quantification of
stationary stochastic errors and experimental bias errors. Experimental bias errors were assumed to
be those errors which cause the data to be inconsistent with the Kramers-Kronig relations. As
defined, the term experimental bias error does not include contributions from model inadequacy, but
does include contributions from non-stationary stochastic errors and both stationary and non-
stationary systematic experimental errors. Changes in the system characteristics during the course of
the measurement can cause non-stationary experimental bias errors, and instrumental artifacts can
cause stationary experimental bias errors. As described in the subsequent section, the measurement
model was used to filter lack of replicacy between repeated measurements and to identify
consistency with the Kramers-Kronig relations.

gus = zexp - zmud = gsynmmic + eﬁod\asxic

Applications of Measurement Models to Corrosion

The measurement model facilitates design of experiments and, for systems for which detailed
process models are unavailable, can be used to obtain asymptotic values which provide rough
estimations of corrosion rates.

Experimental Design

To be useful as a monitor of corrosion processes, the impedance data obtained should allow ready
interpretation in terms of physical properties. If the time constant for the transient process is of the
same order as the time required for the impedance scan, the non-stationarity of the system will
introduce bias errors in the impedance measurement and will cause the data to be inconsistent with
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the Kramers-Kronig relations. The use of the measurement model concept to assess the error
structure of the impedance scans allows identification of the portion of the measurement that is
unaffected by experimental bias errors.[14] The second benefit of the error analysis approach is
identification of the stationary stochastic component of the error structure.[13] This information can
be used to direct modification of the experimental design to minimize bias and stochastic errors. For
example, bias errors caused by nonstationarity can be reduced by decreasing the time required for
the measurement. One approach is to decrease the integration time at each frequency, but this
reduction of bias errors is at the expense of increasing the noise level of the measurement. Another
approach is to reduce the number of frequencies sampled, but this strategy has the effect of reducing
the degree of freedom for the regression. A third approach is to eliminate a source of noise in the
system, for example, by using a low-pass filter to reduce the high-frequency noise in the signals
input to the frequency response analyzer. Selection of an appropriate strategy to reduce
experimental time requires quantitative assessment of the effect of each strategy on the error
characteristics, and this assessment is provided by the measurement model approach.[7,13,14] The
above discussion was oriented towards use of digital frequency response analyzers such as the
Solartron series, but similar arguments can be developed for other impedance measurement
techniques such as phase-sensitive detection (using lock-in amplifiers) and applications of fast
Fourier transforms.

Estimation of Asymptotic Values

In addition to its use to quantify the noise level of the measurement and to assess consistency with
the Kramers-Kronig relations, the measurement model approach can be used as follows to quantify
differences in surface reactivity.

1. The frequency-dependent stationary stochastic component of the error structure was identified
following the method presented by Agarwal et al.[13] This information was used to weight
subsequent regressions.

2. The portion of the spectrum that is consistent with the Kramers-Kronig relations was identitied
following the method presented by Agarwal et al.[14] The error structure found in part 1 above
was used to ‘weight the regression. High-frequency -data .were found in some cases to. be
corrupted by instrumental artifacts. The low-frequency data were typically found to be
consistent with the Kramers-Kronig relations except for data collected under conditions where
the system was changing rapidly.

3. The measurement model was regressed to the part of the spectrum found to be consistent with
the Kramers-Kronig relations. The regressed parameter values were used to extrapolate the
measurement model to the zero frequency limit, and Monte Carlo simulations were performed
using the standard deviations of the regressed parameters to estimate the confidence interval for
the extrapolation.[14] The polarization impedance was obtained by subtracting the regressed
solution resistance from the extrapolated zero frequency value. ‘

Results and Discussion
The emphasis of the present work is on the use of the measurement model for determining zero and

high-frequency asymptotes for the impedance response. In this section, an experimental system is
described that was used to validate the procedure and examples of its implementation are given.

Verification of Procedure

Data obtained for the reduction of ferricyanide on a Pt rotating disk electrode were used to verify
that the procedure described above provides adequate estimation of the polarization
impedance.[19,20] The data set used for this purpose was collected at a rotation speed of 120 rpm,
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. at one quarter of the mass-transfer-limited current, and at a temperature of 25°C. As this system
was controlled by mass transfer, it provided a good test of the algorithm. While, in theory, an
infinite number of Voigt elements are needed to approximate a Warburg impedance, only 2 finite
number can be obtained from the regression of a Voigt model to the data because stochastic errors
(or noise) in the measurement limit the information content of the data.

A process model for the impedance responsc associated with convective diffusion to a rotating disk,
developed by Tribollet and Newman,[21] was modified by Orazem ¢! al.[22]
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The model includes 6 parameters (R, , R,. ¢, a, z,(0). and Sc) which were obtained by regression
1o the data. The methods of Agarwal et al.{7,13,14] were used to identify the frequency-dependent
standard deviation of repeated measurements and to remove data influenced by bias errors that
caused inconsistencies with the Kramers-Kronig relations. A weighted non-linear least squares
regression was used o fit the process model to the data, and the weighting was provided by the
inverse of the experimentally determined variance of the data.

The results of the regression are provided in Fig. 1. The data and the model reveal a high frequency
loop associated with the electrode reaction and a low frequency loop corresponding to Warburg
behavior. The residual errors for the regression show that the fitting errors are of the order of the
noise level of the measurement. The larger deviation and trending evident at frequencies above 100
Hz are attributed to the approximate constant-phase-element model used to account for the
electrochemical reaction. The dashed lines in Figs. 1b and lc represent 95.4 percent confidence
intervals (2 times the experimentally determined ‘standard deviation of the measuiement) scaled to
the real and imaginary parts of the impedance, respectively. The standard deviations of the real and
imaginary parts were found 1o be equal, as reported for other spectroscopy systems,[23] and the
different appearance of the confidence interval lines in Figs. 1b and lc are caused by the different
scaling used. The 95.4 percent confidence intervals for the data are of the order of 0.3 percent of the
real part of the impedance and | percent of the imaginary part. As seen in Table 1, the Schmidt
number obtained was 1163239 which is close to the value of 11004 obtained by Robertson ef al.
using DC methods and 1155443 using electrohydrodynamic impedance methods.[24] The residual
sum of squares for this [it was 1.561 times the sum of variances. In the context of an F-Test for
comparison of variance,{1] the ratio is less than Fyg=1.754 which suggests that the hypothesis that
the residual sum of squares is statistically different from the sum of variances for the measurement
can be rejected. The trending of the residual errors at frequencies above 100 Hz suggests, however,
that the mode! does not adequately describe the high frequency behavior.

Monte Carlo simulations were performed to extrapolate the process model to the zero frequency
asymptote. The resulting value of 188.620.9 2 is shown as a diamond in Fig. 1a. The corresponding
value obtained by regression of the measurement model, shown in Fig. 2, was 188.3£0.6 Q. The
number of Voigt elements used was the largest that yiclded parameter estimates that did not include
zero within their 95.4% confidence interval. The regression of the measurement model yielded a
normalized residual sum of squares of 1.8691, which was larger than that obtained by the process
model. The residual errors shown in Figs. 2b and 2c fell roughty within the confidence interval of
the data. In spite of the fact Voigt clements provide only an approximate representation of Warburg
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Figure 1. Results of the regression of the process model (equations (2) and (3)) to the data
obtained for the reduction of ferricyanide on a Pt disk rotating at 120 rpm and held at Y4 of the
mass-transfer-limited current. The regression was weighted by the experimentally determined
variance, and data shown by the measurement model to be inconsistent were removed from the
regressed data set. The frequency range was 0.0461 Hz to 21.4 kliz. a) impedance plane
representation where O represents data used in the regression, O represents the predicted zero-
frequency asymptote, and the line is the regressed fit. b) and c) relative residual error for the
regression where the dashed lines represent the bounds for the 95.4% confidence interval for the

measurement (i.e.. £20/ b4 , and 20/ zZ . respectively).
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behavior, the zero frequency asymptotes and solution resistances obtained by the two models were
in good agreement. The solution resistance obtained by using the process (Warburg) model was
7.2548+0.0071 Q; whereas that obtained using the measurement model was 6.96£0.03 Q.

The fit and extrapolation of the process model to a reduced data set is shown in Fig. 3. The lowest
frequency included in the regression was 0.461 Hz. The corresponding results from regression of
the measurement model with eleven Voigt elements are shown in Fig. 4. The regression results are
shown in Table 1. Both process and measurement models could be used successfully to extrapolate
the data, and the results obtained agreed to within 1.55 percent.

The process model could not be used to obtain a full set of parameters with a data set reduced
further than that shown in Figs. 3 and 4 because the resulting confidence interval for the Schmidt
number included zero. As the measurement model based on a superposition of Voigt elements is
more general, it could be used to provide extrapolations of more severely reduced data sets, as
shown in Figs. 5a and 5b. A summary of the comparison between asymptotic values predicted by
the process and measurement models is shown in Fig. 6. As the process model describes more
completely the low-frequency behavior of the system, the results obtained from the process model
are considered to be more reliable. Within the frequency range that was sufficiently complete as to
allow use of the process model for extrapolations, the measurement model gave asymptotic values
that were in good agreement with those obtained from the process model. The asymptotic values
obtained by fitting the measurement model to a more severely truncated data set, however, were
lower than the expected value. This result can be expected because deletion of low-frequency data
results in a loss of information from low-{requency processes. It should be noted that the confidence
interval for the extrapolated values, obtained using the standard deviations of regressed parameters,
did not provide an accurate indication of the uncertainty associated with missing data.

This work shows that, in spite of the fact Voigt elements provide only an approximate
representation of Warburg behavior, when sufficient low-frequency data were included that the
Warburg model could be regressed to the data, the zero and high frequency asymptotes obtained by
the two models were in good agreement. The measurement model therefore provides a useful tool
for approximate analysis of-impedance data under conditions that an-appropriate process model is
unavailable. The measurement model does not, however, provide an alternative to collecting data
over a frequency range sufficient to sample all relevant electrochemical phenomena.

Corrosion of Copper in Synthetic Seawater

The objective of the experiment was to explore the reactivity of the copper coupon as a function of
time and as a function of jet velocity.[25-27] A PAR 273 potentiostat was used to monitor the
corrosion potential and, at regular intervals, to conduct impedance scans. The impedance
measurements were conducted using a Solartron 1260 frequency response analyzer, and the
impedance scans were obtained at the zero-current condition using the variable-amplitude
galvanostatically-modulated impedance technique.[27]

The corrosion potential is presented in Fig. 7a for a copper disk subjected to a submerged impinging
jet of acrated synthetic sea-water at 1 m/s. The transient presented in Fig. 7a represents the first 24
hours of a 480 hour duration experiment. The variable-amplitude galvanostatic method was used to
monitor the corrosion system at the open-circuit condition at regular intervals. Impedance data are
presented in Fig. 7b. As shown in Fig. 7a, the trends in corrosion potential were unaffected by the
impedance scans. The impedance scans given in Fig. 7b show that the surface reactivity changed
dramatically over the course of 24 hours.

The polarization impedance and its confidence interval were obtained by Monte Carlo simulations
using the parameters and associated confidence intervals obtained by regression of the measurement
model. The goal of this effort was to assess the reactivity of the corrosion system in the absence of a
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Flglllte 7. Results obtained for a copper disk subjected to an impinging jet of synthetic sea water with a jet
velocity ot_‘ 1 m/s for 24 hours. a) corrosion potential as a function of time, b) impedance plane
representations of impedance spectra obtained using the variable-amplitude galvanostatic modulation, and
c) polarization impedance obtained using the techniques presented in this paper. '

detailed process model. Results are presented in Fig. 7¢ for the polarization impedance as a function
of time for the impedance data shown in Fig. 7b. The polarization impedance increased from an
initial value of roughly 1,500 to 10,000 Qcm?. The impedance decreased initially due to removal of
the native oxide layer and then increased as the films associated with the corrosion products formed
and grew. The role of the measurement model for evaluating consistency with the Kramers-Kronig
relations is evident in that the apparent zero frequency asymptote of the scan obtained at 0.2 hours
(Fig. 6b) was 1,800 Qcm?; whereas, the corresponding polarization impedance shown in Fig. 7c
obtained by the analysis outlined above was 1,500 Qcm?. The low frequency data were corrupted by
nonstationary behavior, but a polarization impedance could still be obtained from the portion of the
data that satisfied the Kramers-Kronig relations. The use of polarization impedance to monitor the
influence of changes in pH and jet velocity for this system is illustrated by Fig. 8.

Cast Iron in Evian Water

The objective of this work was to study the eftect of chlorination on the corrosion of cast iron pipes
containing municipal drinking water.[28] The electrochemical instrumentation consisted of a
Solartron 1287 potentiostat-galvanostat and a Solartron 1250 Frequency Response Analyzer. The
frequency range used was 64 kHz to a few mHz. The experiments were performed with a rotating
disk electrode machined from a cast iron potable water pipe. The electrolyte was the commercial
Evian water, used as delivered. The temperature was fixed at 20°C. Other experimental details are
presented in refercnce 28. Results obtained in the absence of chlorination are presented in Fig. 9.
The polarization resistance obtained using the measurement model technique is in good agreement
with that obtained using a 9-parameter process model which included the influence of a porous film
on anodic and cathodic reactions. The Ohmic resistance obtained from the measurement modcl was
in good agreement with that obtained from independent measurements.

Conclusions

Even in the absence of detailed physicochemical models, the enhanced error analysis made possible
by use of measurement models can play a significant role in the interpretation of impedance spectra.
The identification of stochastic and bias errors allows a rational approach toward experimental
design which takes into account the various contributions to the error structure. The zero and high-
frequency limits obtained through the measurement model were used to determine the polarization
resistance in a way that accounted for the experimentally determined error structure. The results of
this procedure, weighted by an appropriate statistical analysis, can be used to monitor
electrochemical systems as functions of time or process conditions. The approach was validated for
the reduction of ferricyanide on platinum, for which accurate process models are available, and
demonstrated for the corrosion of copper in synthetic seawater and of cast iron in Evian water.
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