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Software Incompatibilities with IBM ValuePoint 325T Computer

The I[nstall program disks include a batch file that allows you to start the electrochemical software simply by
typing ECHEM (if you have installed the Mode! 250 or 270 software), COOL (for the Model 271), or CORR

(for the Model 252 or 352).

If you are using an [BM ValuePoint 325T personal computer to run your software, vou must type several
additional characters to make the HP ColorPro plotter work properly with it. This is because the BIOS of the
IBM 325T computer has been changed from carlier versions and is oo longer completely compatibie with the
GSS HP piotter driver included with the software. As a resuit, the driver does not properiy recognize the
hardware handshake on the computer’s 9-pin COM1 senial port, causing the plotter to “hang up™.

Luckily, there is an easy way around this problem. Install the software in the normal way using the Install disk.
Be sure to install the plotter using the “"HPGL Compatibie” option in the Install program. (The ColorPro plotter
works as a “7440".) Compiete the installation normally.

Then, when you are ready to start the program, type the normal startup command followed by a space, COM1,
and a period. Thus, the complete command you need to type will be one of the following:

ECHEM COML. (for the Model 250 or 270)
COOL COM1. (for the Model 271)
CORR COML1. (for the Model 252 or 352)

The plotter will now function normally. Note that the terminal period is part of the command and must be tvped.

You can make things a bit simpler if you create a new batch file to start the program. This batch file would call
the original batch file and append a space and "COM1.". For cxample, to start Model 250 or 270 software, the
batch file might have the file name ECHEMP.BAT and wouid coatain the single line:

ECHEM COM1.

(Again, the period at the end is part of the command and must be typed.) You would thea only have to type
ECHEMP to start the program. You could write a batch file using the same idea to start the Model 271, 252,

or 352 software.

This fix relies on the capability of the GSS driver for HPGL-compatible plotters to direct the HPGL information
to a file. This feature is useful in its own right. Several desktop publishing programs and several popular word
processors can read and dispiay HPGL files as part of a document.

If you wish to direct the HPGL plotting instructions to a disk file instead of to a plotter, start the program with
ooe of the following:

ECHEM plotfile (for the Model 250 or 270)
COOL plotfile (for the Model 271)
CORR plotfile (for the Model 252 or 352)

where plotfile is the file name you wish to use for the HPGL output. Each plot ("page”) will be a differeat file.
with the file extension .000 used for the first one, .001 for the second, and so on in sequence.
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Explanations
Find Circle

When an inductive loop is encountered with the Find Circle option the user can choose to interpret
this with a negative resistance / negative capacitance combination. When an inductive loop is
detected first the inductive result will be displayed followed by the prompt:

Change to negative CPE (neg. Capacitance)? [y/n]:

With a Yes response the interpretation with a negative resistance / negative capacitance will be
displayed followed by the prompt:

Change to positive CPE (Inductance)? [y/n]:

Answering again Yes will return the first interpretation, while a No answer will continue the Find
Circle procedure with the prompt for circuit and parameter transfer to Note Pad. Only the currently
displayed interpretation will be transferred to Note Pad.

HP desk & laser jet printers

To accommodate the printing of screen graphics on HP-jet type printers (Laser Jet / Desk Jet) the
program has been modified. In the ’Set System’ sub-program a switch has been added to the
*Config.System’ screen. The default value for the H)P desk/laser jet printer is OFF. In this
mode graphics dumps on the printer (function key <F9> and <F10>, see manual) are made in the
EPSON format, which is used by most dot matrix printers. - In the ON position the HP desk/laser
jet format is used. When the printer switch is set from OFF to ON the printer is reset (partiaily
printed paper will be ejected). Also when the program is started with the HP-jet option ON the
printer will be reset. The HP-jet option is saved in the EQUIVCRT.STM file like all other
program parameters.

The current version of EQUIVALENT CIRCUIT can not use the VGA graphics mode. [t will set
the VGA card in the EGA mode. Because of this there will be a mismatch between the screen
aspect ratio and-the printer aspect ratio. The software tries to correct this by adding extra printing
lines. For EGA graphics use a plot aspect ratio of 0.75 (Ser System sub-program, option 3: ’Plot
Aspect’). Semi-circles will then appear properly on the EGA screen and in the print out. It is the
responsibility of the user to ensure that there is enough space left on the paper for the plot. For best
results always start on a new sheet by using the <F9> function key.

Plot files (HP-GL)

In the Ser System section 2 (Configure System) the HP-GL plot device must be selected. Four
options are available:

COM1: standard serial port for HP-compatibie plotters

LPTI: use a printer selector for switching between printer and plotter
HPLJ3/4 HP laser jet series III en 4, program selects HP-GL print mode
Disk file the HP-GL plot instructions file will be saved on disk

For the HP 1j4 use the ‘@PJL SET RESOLUTION=300" command to set the plot resolution. This
is necessary in order to avoid memory overflow problems in the printer.
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EQUIVALENT CIRCUIT, version 4.50, March 1993

A number of improvements have been made to the program. With respect to the version 3.96 these
improvements are:

Circuit Description Code;
* The CDC has been improved, a different set of brackets, [ and ], is now used to group

elements placed in series, hence ( and ) will now only group parallel elements. Thus
.{RCQ).. designates a parallel arrangement of a R, C and a CPE, while ...[RCQ]... now
designates a series arrangement of a R, C and a CPE. It is not necessary to type the correct
( or [ when entering the CDC, the computer will keep track of the proper sequence. No
brackets must be used for the ’ground level’ series arrangement (see manual).

Data Cruncher:

* Find Line: Repair of error in the transfer of data to the Note Pad in case of inductive
effects.
* Find Circle: For negative semi-circles (inductive loops) a second interpretation with a

negative capacitance / negative resistance pair is possible (see instruction below). Only one
set may be transferred to the Note Pad.

NLLS-Fit and Simulation:

* The Gerischer dispersion function has been added, see below for a brief explanation.

* For regular data a function weighting routine has been implemented. When Chi-squared
falls below 1x107 then the proportional data modulus weighting is replaced by proportional
function modulus weighting.

Screen Plot:

* In the Bode plot mode of the Capacitance magnitude and a versus frequency the
presentation of o has been changed to represent the true phase angle (0t,.,=®/2-0 ).
* Screen plots may now be printed on HP laser jet and desk jet printers (see below). For the

laser/desk jet printers a cartesian frame is generated.

Hard Copy Plot:
* The error in the text of the left axis of the Capacitance Bode plot has been repaired. Also

the phase angle representation has been changed as for the Screen Plot mode.

* In the Nyquist plots (complex plane plots) a precaution has been build in to prevent the
plotter pen from damaging the paper when too many points are drawn in a small area. The
program requires a minimum distance between the centres of the symbols to be drawn. If
the next plot symbol is too close to the previous one it will not be drawn.

HP-GL plot files:

* Plot files may now be directed to the HP laser jet I or 4 printer, when these are connected
to the LPT1 parallel port. For the HP 1j4 printer it may be necessary to set the resolution
to 300 DPI as otherwise a memory overflow error may occur for complex plots (especially
3-D graphs).

» Also a parallel plotter may be added to the LPT1 port (preferably through a printer selector
switch). The operator must take care of the proper switch position.

* A separate program has been added for K-K transforms of the impedance data. Results can
be read by EQUIVALENT CIRCUIT v4.50 and are stored in the simulation arrays. The
K-K program is briefly described below.

April 5, 1993, Bernard A. Boukamp
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Gerischer Impedance
The general admittance formula for the Gerischer dispersion is represented by:

He) = Y,/K, 7] )
which can be split into a real and imaginary part:

AT s ) @

Y(w)

or alternatively:

to/a 72 WVivg® -g « i\Vi+g® -5) @

Y(w)

with g = K/o. For the impedance representation one obtains:

2oy = Do | |40l Ke K, | joieKs <K, | @
7

~
2
w? + K> w?+K2

with Z, = (¥,)'. Like eq. (3) an alternative expression for eq. (4) can be given:
oy = 2| |f1egtrg ;| J1vet g | )
/——2(;) 1+ 82 1+ 82

From egs (3) and (5) it is obvious that for g<l (high frequencies) these equations change to the
Warburg or semi-infinite diffusion dispersion:

¥(0) = Ypfjo = Y(Ja /2 + jfu [2) 6

For low ﬁ-equen‘cia the imaginary part disappears (=0) resulting in a dc-resistance with R,=Z, K, **

For the representation of the Gerischer dispersion eq. (1) is used in the NLLSF-program. The CDC-
symbol is ’G’. The parameters needed (or fitted) by the program are Y, (in ohm™s™*) and X, (in s™).
An example of the Gerischer impedance is presented in fig. 1. For display purposes the Gerischer
impedance has been offset by a series resistance (CDC: RG). Parameter values are: R=20 Q,
Y,=0.01 ohm™s®* and K;=2 s™. Estimates for ¥, can easily be found by using the ’Find Line’ option
in ’Data Cruncher’ for the high frequency (Warburg like) part. The estimate for K, can be obtained
from the resistance value measured between the high frequency and the low frequency intercept, R,
with the real axis: '

K, = (,R)? 7
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the data is expanded over two decades (to x,,=0.0lw,, and x,.=1000,.) on both sides using a
simple extrapolation based on a depressed semi-circle. This semi-circle is modelled with a R(R,
Q) circuit, which is fitted to the end parts of the dispersion. Next the gap between x=0 and x=x.,,,,
and between x=x,, and x=x is covered by an exponential extrapolation:

nrp,
f eC0x°D dinx = e2xS /C (10)
and:
f eCox°D ding = -ePxS /C (1)
In X,

provided that C is positive in eq. (10) and negative in eq. (11). (If these conditions fail in the
Kramers-Kronig program then an error message is displayed on the screen and this specific
extrapolation is not included for the current frequency)

The semi-circle (or R CPE) fitting must be performed with the program EQUIVALENT CIRCUIT
in the Data Cruncher sub-program. Unfortunately the obtained parameters must be written down,
there is currently no way to transfer these directly to the K-K program. (In a future major upgrade
of EQUIVALENT CIRCUIT the K-K transform procedure will be integrated in the program.) If
the data contains a series inductance, this inductance must be removed before the K-K transform
can be carried out. If the low frequency end is dominated by a CPE (blocking electrode) then the
data extrapolation is carried out with a R Q circuit.

The preparation for the Kramers-Kronig procedure goes as follows. First read the data file with
EQUIVALENT CIRCUIT, remove bad data points (if necessary) and remove any double frequency
data set as the appearance of two identical frequencies will cause a crash during the K-K transform.
Then save the data again from the program. This is essential as the K-K program will only read
‘resaved-ZZ’ data. The importance is that the data must be properly ordered with respect to
frequency. Go to Data Cruncher and select the Find Circle option. First fit a circle to the low
frequency part. If sufficient data points are available then perform a partial NLLS-fit for improved
values. Write down the resulting circuit parameters. If the low frequency end shows ‘open ended’
CPE behaviour then chose the Find Line option and fit a R Q circuit to the low frequency end. If
possible improve the results with a partial NLLS-fit.

For the high frequency end extrapolation use again the Find Circle option. If appropriate let the
circle go through the origin (R, = 0). If an inductive element, in series with the sample, was present
then include this in the subsequent partial NLLS-fit (use a LR(RQ) circuit). Again write down the
circuit parameter values for use in the K-K program. Next quit Equiv.Circt. and go to the Kramers-
Kronig program (type: KRAMKRON). Below the sequence of the dialogue is given, comments
are placed between {}, the program prompts are printed in bold. As an example the test file
IMPLELEC.DAT is used.
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For further reading see:

M. Sluyters-Rehbach and J.H. Sluyters in Comprehensive Treatise of Electrochemistry 9, E. Yeager,
J.O.M. Bockris, B.E. Conway, S. Sarangapani eds, Plenum Press, New York (1984)

R.C. Makkus, K. Hemmes and J.H.W. de Wit, Ber. Bunsenges. Phys. Chem. 94
(1990) 960.

Simulation
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Fig. 1 Impedance spectrum of the series combination of a resistor and a Gerischer impedance.

Kramers Kronig transforms:

A separate program, KRAMKRON.EXE, is located on the diskette. With this program data files
may be transformed according to the K-K relations. For the imaginary to real transform:

Z,(0) = Z (2 [Z2D 020 4, ®
4 ° 2 2

X =W

and real to imaginary transform:

Zuwy = 20 [ B2 4 ©)
0

x2-w?

As the data set has a limited frequency range a special procedure is used for the extrapolation to
zero frequency at the low frequency side and to infinite frequency at the high frequency side. First
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Kramers-Kronig transform program

give path and file name: a:\implelec.dat {data path and file name}
integration mode: 0 = spline; aabb = polynomial
with aa data set length and bb polynomial degree

give integration mode: 0 {spline integration}

subtract series inductance? [y/m}: Yes {series inductance must be subtracted}
Inductance value in Henri: 2.1536e-5 {remove series inductance}

low frequency extension

Yes = semi-circle, No = CPE? [y/n]: Yes {check type of extrapolation model}
give CPE parameters. {enter the R (R, Q) circt. parameters}
series resistance = 305.44 {R,}

parallel resistance = 57.516 {R,}

CPE Yo value = 2.3029¢-2 {Q-Y,}

CPE exponent = 0.9946 {Q-n}

high frequency extension? [y/m]: Yes

give CPE parameters. {now for the high frequency end}
series resistance = 13.17 {R,}

parallel resistance = 373.84 {R,}

CPE Yo value = 5.7304e-5 {Q-Y,}

CPE exponent = 0.68147 {Q-n}

calculation time is: 137 {calculation time in seconds}

error sum: 5.70216e-6 {comparison between data and KK tr.}

Output for Equivalent Circuit = yes
no = for other software (e.g. slide)? [y/n}: Yes {special output for Equivalent Circuit}
give path and filename for data out: a:\implelec.kkt

The error sum is defined as follows:
1 N

S = ) [ZRJ—ZNJ“((D,)]’ - [Zm,i°zi.._xx(m,~)]2

X 12
N im |Z (@) (2

and is a good indication for the quality of the Kramers-Kronig transform.

The results can be exported in two ways. A special form that can be read directly by
EQUIVALENT CIRCUIT (version 4.5 only!) and a general form without any headers or number
of data sets. The form of this file is:

freq-1 Zreal-1- ZrealKK  Zimag-l Zimag-KK
freq-2 Zreal-2 Zreall KK  Zimag-2 Zimag-KK
freq-N Zreal-N ZreallKK  ZimagNN  Zimag-KK

As an example the comparison of the IMPLELEC.DAT data and its K-K transform (done with the
sequence above) is presented in the impedance diagram on the next page. This graph was plotted
directly from EQUIVALENT CIRCUIT through a network on a HP laser jet 4 printer.

Details of the Kramers-Kronig transform algorithms will be published in Solid State Ionics:

Bernard A. Boukamp, ’Practical application of the Kramers-Kronig transformation on impedance
measurements in solid state electrochemistry’, accepted for publication in Solid State Ionics.
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Getting EG&G PARC Software Plot Qutputs into Word Processing
Programs.

Very often is desirable to produce a report aor publication with plots from the EG&G
PARC M270, M271, M352, or M398 software. This is actually fairly simple to do.

Many modem word processors ( we are familiar with Word™ for Windows ) allow you to
import or include a file that is written in ‘HPGL’ or ‘HPL’. This is the standard piotting
language used by Hewilett Packard for their plotters. The trick, then, is to have the
EG&G PARC software send the plotting commands to a file rather than to. the plotter.
This is easily done when the software is instailed properly.

When the software is installed (or reconfigured) using the INSTALL disk, a DOS Batch
file is created. This batch file loads the drivers for the input and output devices you
have specified, and then calls the desired program (M270, M271, M352, or M398.)
These batch files are ECHEM.BAT, COOL.BAT, CORR.BAT, and EIS.BAT. If you wish
to generate HPGL files, you shouid install (or reconfigure) the program using the
INSTALL program on the INSTALL/DRIVERS disk.

When the INSTALL program prompts you for the display, mouse, printer, and GPIB
card select the one that is appropriate for your installation. However, when the
INSTALL program asks for the plotter type, you should respond with 3, the choice for
HPGL compatible, even if you do not have a plottert The program then asks for the
plotter type. We have found the default ‘7440’ to be satisfactory. Finally, you are
asked for the communications port to which it is attached. The default of COM1 is
satisfactory.

The INSTALL program will generate a batch file that will look very similar to the
ECHEM.BAT shown below.

a:
cd\M270

set m270file=c:\M270\

set plotter=hpglpltr

set hpglpltr=COM1l

if not (%l1l)==() set hpglpltr=%1l
c:\parc\drivers

m270

c:\parc\drivers /a

set plotter=

set hpglpltr=

set m270file=

cd\

The batch files for M271 (COOL.BAT), M352 (CORR.BAT), or M398 (EIS.BAT) will look
similar, except that 271 {or 352, or 398) will be substituted for 270.

If the program is initiated normally, by typing
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ECHEM
then the plotter output will go COM1 as it would normally.

If, however, if you begin the program by typing
BCHEM diskfile
then each plot wiil be directed to a different file, starting with diskfile.000 with the
extension being incremented with each “page” of output. It is the line
1if not (%l1l)==() set hpglpltr=%l
which performs this magic.

To import these files into Word for Windows, you must rename the file. Word uses the
extension of the file to determine its type. The extension must be hg/ for Word to
interpret it as an HPGL file. So, if you began the M270 software by typing

ECHEM PLOTS
then the files will be called PLOTS.000, PLOTS.001, etc. You should rename the files
to something unique, but ending with the extension hgl. In our example, you might
choose to rename them PLOTS000.hgl, PLOTS001.hgl, etc. Be sure the 8 character
file name is unique for each file!

The plots can then be placed in a Word document by simply selecting

Insert followed by Picture. Select hgl as the file type from the list of supported
graphics formats. When you give Word the file name PLOT001.hgl, it will convert that
plot from the hgl format, and draw it in your document. This document may be printed
out on any supported printer.
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This note was written using Word for Windows 6.0 and printed on a postscript printer.

6/95
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JNEG:zG PRINCETON APPLIED RESEARCH

Electrochemical Instruments Group

A REVIEW OF TECHNIQUES FOR

ELECTROCHEMICAL ANALYSIS

Introduction

Electrochemistry is the study of the chemical response of
a system to an electrical stimulation. The scientist using
electrochemistry studies the loss of electrons (oxidation)
or gain of electrons (reduction) that a material undergoes
during the electrical stimulation. These reduction and oxi-
dation reactions are commonly known as redox reactions
and can provide information about the concentration,
kinetics, reaction mechanisms, chemical status and other
behavior of a species in solution. Similar information can
be obtained concerning the electrode surface. Elec-
trochemical techniques can be used to investigate many
things — from neurotransmitter behavior in biclogical situ-
ations to brightener concentrations in plating baths to
initiator behavior in polymerizations to the speciation of
cadmium ions in natural waters.

To the researcher studying chemical systems, elec-
trochemistry offers a different perspective than spectro-
scopy or other techniques. This is because electrochemical
techniques examine different phenomena than those
studied with techniques such as spectroscopy. This differ-
ence should encourage the researcher to learn and use
electrochemistry, since it can often solve research prob-
lems that the other approaches cannot.

In an electrochemical experiment, you can measure one
or more of four parameters — potential (E), current (i),
charge (Q), and time (t) (see the side bar). The response
of a system depends on which parameter is used as the
excitation signal. By plotting different parameters in differ-
ent ways the researcher can derive a wealth of informa-
tion.

In most electrochemical techniques, there are three elec-
trodes — the working electrode, the reference electrode,
and the counter-{or auxiliary) electrode. The three elec-
trodes are connected to a potentiostat, an instrument
which controls the potential of the working electrode and
measures the resulting current. In one typical electrochem-

ical experiment, you apply a potential to the working

Artisan Technology Group - Quality Instrumentation ...

electrode, measure the resulting current, and then plot
the current versus time. In another, you vary the potential
and then plot the resulting current versus the applied
potential.

The different combinations of parameters and working
electrode types makes for a long list of techniques, includ-
ing voltammetry, polarography, cyclic voltammetry, linear
sweep techniques, chronoamperometry, chronopoten-
tiometry, pulsed techniques, and others. (For information
on pulsed techniques please request EG&G PARC Appli-
cation Note P-2). Many researchers are uncomfortable
with electrochemical techniques because of this seemingly
endless list. In fact, since only four parameters are mea-
sured, electrochemical techniques are relatively simple
and most can be done with one instrument. The remain-
der of this application note will introduce and define the
more commonly used techniques.
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‘Linear Sweep Voltammetry (LSV)

In linear sweep voltammetry (LSV) you vary the electrode
potential at a constant rate throughout the scan and meas-
ure the resulting current. Figure 1 illustrates an LSV mea-
surement made at a mercury drop electrode in unstirred,
deaerated 0.1 M HCL In most electrochemical experi-
ments, the studied species must be in a conductive sup-
porting electrolyte, the supporting electrolyte must be
purged of oxygen, and the supporting electrolyte must
not be stirred. Notice that the applied potential is plotted
on the x-axis and the resulting current on the y-axis. All
potentials are specified in relation to the reference elec-
trode. )
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3400} e
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0.400 |- -4
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FIGURE 1. Linear sweep voltammogram of 0.1 M HCL.
Scan rate: 100 mV/sec, Working electrode: Hanging
Mercury Drop Electrode.

For potentials from 0 volts to -1.0 volts the current is
small and constant. This small currentis due to the electron
flow necessary to maintain a charged double layer at the
electrode surface. This current is often called the charging
current. As you vary the potential beyond -1.0 volts, an
electrochemical reaction occurs at the surface of the elec-
trode —thatis, electrons transfer from the electrode surface
to the hydrogen ions in solution, causing a reduction of
H* to H; and a rapid increase in current.

Notice that with Cd*? added to the HC! solution (Figure
2), the current does not remain constant from Q to -1.0

TEREEE

§

§

gt

FIGURE 2. Linear sweep voltammogram of cadmium
in 0.1 M HCL Conditions are the same as figure 1.

volts. As the potential goes more negative, the reductive
power of the system increases. Thus, at potentials where
Cd*?is reduced, the current increases. As the scan con-
tinues in a negative direction, cadmium continues to re-
duce and the current continues to increase.

The current measured is a function of the concentration
of the Cd*? at the surface of the electrode. The current
peaks and starts to decrease when the concentration of
Cd*? ions in the diffusion layer (the area close to the
electrode) starts to decrease. Beginning at that point, the
cadmium must diffuse to the electrode from increasingly
greater distances. The measured current then becomes a
function of the diffusion of the cadmium ions to the elec-
trode — not simply the reduction of the cadmium ions
already in the diffusion layer. The system becomes limited
by the mass transport of the ion to the electrode surface
or is said to be diffusion controlled. So the current peak
(or maximum) occurs because the initial concentration of
Cd*? ions at the surface of the electrode is higher than
the steady-state concentration.

Figure 3 illustrates how the addition of a second electroac-
tive species to the solution (in this case cadmium and
lead) produces multiple peaks. Each peak occurs at a
potential characteristic of the reacting species, the type of
supporting electrolyte, and the working electrode type.

Note that the lead ion continues to reduce at the potential
where the cadmium ion starts to reduce. The resulting
peak is additive and represents the reductions of both
cadmium and lead. You can use LSV for quantitative
electrochemical analysis.

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com




Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



—
4
4
1
0800 1.200 ~1.400

FIGURE 3. 'Linear sweep voltammogram of cadmium
and lead in 0.1 M HCI. Conditions are the same as

figure 1.

Cyclic Voltammetry (CV)

Overview

Cyclic Voltammetry (CV), one of the more commonly
used electroanalytical techniques, is an excellent methods
development tool, but is not usually a good technique
for quantitative analysis. Its main advantage in elec-
troanalysis is its ability to characterize an electrochemical
system.

A single CV experiment only hints at the events that con-
stitute the electrochemical reaction at the electrode. How-
ever, multiple CV experiments can be used for a variety
of applications, including:

® the determination of Nernstian (reversible} or non-
Nemstian (irreversible) behavior of a redox couple.

® the number of electrons transferred in an oxidation or
reduction

formal potentials
rate constants
formation constants
reaction mechanisms
diffusion coefficients

Definition

In a CV experiment, the potentiostat applies a potential
ramp to the working electrode to gradually change the
potential and then reverses the scan, returing to the
initial potential (see the triangular waveform in Figure 4).

POTENTIAL —*

N\

TIME

FIGURE 4. Typical excitation waveform for analog
cyclic voltammetry.

During the potential sweep, the potentiostat measures the
current resulting from the applied potential. These values
are then used to plot the CV graph of current versus the
applied potential. :

You can run single-cycle or multiple cycle CV experi-
ments. The repetition of the potential waveform allows
the system to come to a steady-state or allows the buildup
of reaction products at the electrode surface.

Data Interpretation

Figure 5, a typical CV plot, shows the four important
pieces of information obtained from a CV experiment —
the cathodic peak height (I,.), the anodic peak height
(Lsa), the cathodic peak potential (E,), and the anodic
peak potential (E,,). Note that Figure 5 uses the American
convention for plotting electrochemical data — that is,
negative potential to the right and cathodic (reductive)
current positive (upward).

FIGURE 5. Theoretical cyclic voltammogram for a re-
versible case.

Single CVs

A single CV is useful for determining whether or not a
species is electroactive. A peak current response within a
given potential range indicates whether a material has
been involved in a reaction.

However, from a single CV plot, you can draw only limited
conclusions about the reversibility of a redox couple. One
criterion for reversibility is that the 1,. should equal the
l5a, s0 it may seem that if a single CV shows 1. equal to
l,, that the system is reversible. However, if the scan rate
is increased the I,. may no longer equal the 1, and the
system would appear irreversible. The same can be true
of other variables in the experiment. A change of concen-
tration or electrolyte could also affect the results of the
experiment. Thus, a single CV is only useful to define
reversibility for a very specific set of experimental condi-
tions.

A single CV is also useful in determining the number of
electrons transferred in a reaction. If you assume the reac-
tion is reversible (i.e., follows the Nernst equation) you
can calculate the number of electrons transferred during
the oxidation/reduction.

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



The current maximum for each peak should be 28.5 mV
from the formal potential, the potential difference between
E,, and E, should be 57mV(1). These values are good
for a one electron transfer. In general the peak separation
is expressed by the equation:

AE= (57-63)mV

n

where n = the number of electrons transferred

Multiple CVs

Many researchers often find it useful to run multiple CV
experiments. This allows the researcher to see chemical
changes with time or allows a system to reach equilibrium
before measurements are made. In fact, the diagnostic
information explained above for a single CV scan is more
appropriately used after two or three cycles of the CV are
run. Multiple CV experiments also allow the researcher
to observe reaction products formed at the surface of the
electrode that may not be stable.

CV Studies

Although the previous examples show that a single CV
experiment can yield useful information, you should run
a series of CV experiments to fully investigate an elec-
trochemical problem.

In a typical CV study, you run a series of experiments in
which you selectively vary the potential scan rate, the
experiment temperature, the species concentration, or the
ionic strength of the supporting electrolyte.

You can vary the scan rate in a series of experiments to
determine the diffusion coefficient of a species. In this
approach, you plot the [, versus the square root of the
scan rate (see Figure 6). l?:)r a reversible system, the peak

Experimental
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20

0 1 1 1
0 10 20 30
VScan Rate

FIGURE 6. Plot of peak height for cadmium reduction
at various scan rates.

height will increase linearly with the square root of the
scan rate. The slope of the resulting line will be propor-
tional to the diffusion coefficient, as shown in the Randles-
Sevcik equation(2).

ip — 269n3/2AD1/2V1/2cb

where i, = peak height (amp)
n = number of electrons
A = area (cm?)
D = Diffusion coefficient (cm?sec!)
v = scan rate (volts sec™!)

C® = concentration in the bulk of solution (molar)

Another application would be to determine the deviation
from reversible behavior of a species in a given environ-
ment. Figure 7 represents the data obtained from the
same CV experiments as above, but here we have plotted
the product of the peak potential difference and the
numbér of electrons transferred versus 1/square root of
scan rate. As Figure 7 shows, at high scan rates (where
1/v Y2is small) the cadmium redox couple exhibits irrever-
sible behavior. At the more typical scan rates of a few
hundred mV/sec, the couple exhibits the more familiar
reversible behavior.
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FIGURE 7. Plot of peak separation at various scan
rates for cadmium. Notice that at high scan rates (small
values of TJIW ) cadmium does not exhibit reversible beha-
vior.

The deviation from reversible behavior may be due to
coupled chemical reactions, or in this case it may be due
to the speed of the charge transfer. The exchange of
electrons between an electrode and a species does not
happen instantly. You can calculate this charge transfer
rate constant (ks) by using the same plot as above. A
discussion of the theory of this method and the calcula-
tions can be found in a paper by Nicholson(3).

Analog vs. Digital Measurements
Nicholson and Shain have written many important papers
concerning the theory of stationary electrodes(4-10).
Their work extended CV theory and single-sweep voltam-
metry from the reversible case to the more complicated
cases of irreversible reactions and electrochemical reac-
tions coupled with chemical reactions.

Nicholson and Shain derived their equations using an
analog ramp as the potential waveform in their experi-
ments. However, most modern instruments use com-
puter-generated digital waveforms. Unlike the smoothly
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changing analog waveform, the digital waveform is made
up of small, discrete steps (see Figure 8).

Time

FIGURE 8. A digital or staircase excitation waveform.

When a digitally generated waveform is used for cyclic
voltammetry, the technique is properly called staircase
cyclic voltammetry. Many electrochemists were con-
cemned that the theory developed by Nicholson and Shain
‘would not apply to this non-classical excitation waveform.
:However, both Perone’s(11) empirical work and
‘ 205tetyoung’s(12) rigorous work showed that if you sam-

‘ple the current at the appropriate points during the step,

fi-You can expect your results to agree with the Nicholson
;and Shain theory.

*As Figure 9 shows, you can sample the current at 25%,
50%,' 75% or 100% of the step time (the time the potential

emains the same). Osteryoung(12) has shown that for
; belian (reversible) systems, sampling at 25% of the step

time gives results corresponding to those obtained using
an analog waveform. However, this is true only if the step
height is equal to or less than 8 mV.

Sampling Points

FIGURE 9. Sampling points along a step time of the
excitation staircase.

The non-Abelian (irreversible) systems best fit the analog
theory if you sample the current at 50% of the step time.
Figure 10 shows the difference in the voltammograms for
Cd at a Hg drop sampled at 25% and 100%. Figure 11
shows the voltammograms for a irreversible system (nickel
at a Hg drop) which has been sampled at 50% and 100%.

I x10

+3.:000 oo -5.000 L 1000 -8.000
E =10

FIGURE 10. Comparison of results when sampling at
25% and 100% of the step time for a reversible case.
Note peak height differences and peak separations.

-8

I 210

FIGURE 11. Comparison of results when sampling at
50% and 100% of the step time for an irreversible case.
Note that there is little difference.
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Chronoamperometry (CA)

Overview

Chronoamperometry (CA), another commonly used elec-
troanalytical technique, is a useful tool for determining
diffusion coefficients and for investigating kinetics and
mechanisms. Unlike the CV technique, CA can vield this
information in a single experiment. Moreover, you can
run multiple experiments to further characterize the sys-
tem.

Definition

When a potential step large enough to cause an elec-
trochemical reaction is applied to an electrode, the current
changes with time. The study of this current response as
a function of time is called Chronoamperometry (CA).

Data Interpretation

Figure 12 shows a typical potential excitation waveform
and the resulting current response. This response requires
semi-infinite linear diffusion (that is, an unstirred solution,
linear diffusion to the electrode surface, a planar electrode,
and a supporting electrolyte to insure the absence of ion
migration) and no other reactions. When these factors
govern the system, you can predict the current-versus-
time response using the Cottrell equation:

nFAD2C®
(,.".t)l/2
where n = number of electrons
F = Faraday
D = diffusion coefficient
C® = bulk concentration
A = Area
. omo | -
= b |
aa 4
0900 1 1 1 1 i 1 i 1 L
«~1.000 0000 1.000 2060 2.000 4.000 §.000 4.000 7.000 0.000 9.000
1x07!

FIGURE 12. Typical chronoamperogram. Inset is exci-
tation waveform.

Simply stated, the Cottrell equation shows that the current
is proportional to 1/t"2 and that a plot of it/? versus time
yields a horizontal line (see Figure 13). Of more interest
to the electrochemist, these plots reveal whether or not
an electrochemical system deviates from the assumptions
of the Cottrell equation.

%

it

TIME

FIGURE 13. A plot of it'? versus time for a Cottrellian
system.

Using the Cottrell equation the diffusion coefficient can
be calculated by simply rearranging the equation, provid-
ing the number of electrons obtained from the CV exper-
iment, and providing values for the other variables.
Another useful parameter to calculate is the “true” area
of the electrode. In many cases the geometric area of an
electrode is not the same as the electrochemically active
area. Geometric area calculations assume a smooth sur-
face, but any surface roughness actually increases the
available area of the electrode.

Single CA

In a single experiment, if the measured current does not
correspond to that predicted by the Cottrell equation, you
can assume either a slow heterogeneous electron transfer
or some other slow step in the reaction.

Multiple CAs

By performing multiple CA experiments, you can tell
whether the deviation from the Cottrell equation is caused
by slow electron transfer or by a preceding slow chemical
reaction. The slow heterogeneous electron transfer will
exhibit a strong dependence on the size of the potential
step. That is, the shape of the current-versus-time curve
will change with the size of the potential step.

In contrast, the preceding chemical reaction will show no
dependence on the size of the potential step. However,
you should infer a preceding slow chemical reaction only
if the potential is stepped to a potential point on the
current voltage curve where the reaction is diffusion con-
trolled. All systems will show a potential step dependency
if the potential is stepped only to the foot of the peak or
only part way up the rising portion of the curve (see Figure
14)

i 8 EF B OE OB

FIGURE 14. In a CA experiment potential should be
stepped to point C, stepping to either A or B will show
a potential step dependence for all systems.
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Dther Applications
5 CA technique is also useful for determining the rate
nt of the slow step in a reaction. An example is the
mechanism, a reaction in which the first step is an
ochemical reaction (E), the intermediate step is a
ical reaction {C) that forms an electrochemically ac-
species, and the final step is the electrochemical reac-
(E) of that species. Alberts and Shain(13) have shown
t for the ECE mechanism the apparent value of n can

i(rt )12

FAD'2C®

napparent -

Bnd that from a simple working curve values of the rate
Fonstant k can be calculated. Many researchers have used
fhis approach to help determine reaction mechanisms and
kinetic constants(14-15).

s e

Chronocoulometry (CC)

hronocoulometry (CC) is an outgrowth of the
hronoamperometric technique. Although the CC tech-
que is used for many of the same reasons as CA, it has
o advantages. First, you can more accurately determine
kinetic rate constant. And second, you can more easily
{detect adsorption of a species on an electrode surface.

Definition

.In a CC experiment, the charge used in an oxidation or
reduction is measured and then plotted with respect to
‘ime. The excitation waveform is the same as that used
for CA, butthe resulting curve shows an increase of charge
with time, rather than the decrease of current with time
seen in CA.

Data Interpretation

Like the CA response curve, the CC curve shows that in
most reactions, the diffusion of the reacting species to the
electrode takes some time (see the theoretical curve in
Figure 15). This implies that at the start of the experiment
(time zero), the only charge measured is due to the charg-
ing of the double layer of the electrode. In cases where
a species is adsorbed on the surface of the electrode, the
reaction of this material can take place at time zero. This
reaction gives rise to current and to a larger value of
charge at the initial point than would be expected for a
non-adsorbed species (see Figure 15). Many experimen-
ters have used the value of the charge due to adsorption
to calculate adsorption layer thickness.

Measuring Charge
Since CC is based on the same assumptions as CA, the
charge at any time can be calculated by simply integrating

Time

FIGURE 15. Typical chronocoulogram. A is for a blank
solution, B for a system exhibiting redox response, and
C for a system exhibiting adsorption effects.

the Cotirell equation and adding corrections for the charge
due to the double layer and any interfacial interactions
(for example, adsorption). The resulting equation is:

bry1/241/2
Q = 2nFAC°DV4t + QdAl. + Qi

172
where QQ = charge
n = the number of electrons in the reaction
F = Faraday
A = electrode area
C® = bulk concentration
D = diffusion coefficient

Qq; = charge due to the double layer

Q, = charge due to interfacial phenomenon
If Q s plotted versus t'"2 the result is the Anson plot shown
in Figure 16. If we assume that no adsorption occurs, the
slope of this line is

2nFAC®D!?

_n,1/2

and the intercept is the double layer charge. If adsorption
does occur, the line in Figure 16 would be offset by the
charge due to this interfacial phenomenon. It is easy to
differentiate between the charge due to the double layer
and that due to adsorption. You merely run the same
experiment on an electrolyte blank. The blank will not
exhibit the adsorption effect but will exhibit the double
layer charging current (see Figure 16).

%

Time

FIGURE 16. Theoretical Anson plots for a blank (A),
a redox system (B), and a system showing adsorbtion
(C).
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Chronopotentiometry (CP)

Overview

Some experimenters use chronopotentiometry for analyt-
ical purposes(16). lts major advantage over the more com-
mon polarographic/voltammetric methods is its ability to

measure higher concentrations. Typical accuracies for the
method are 4-5%.

Definition

Chronopotentiometry {CP) is a technique in which a con-
stant current or a current step is applied to the electrode
and the resulting potential change is plotted versus time.

Data Interpretation

A typical chronopotentiogram is shown in Figure 17. You
can understand the curve by considering the events at
the electrode surface. In order for current to flow at the
electrode, a reaction must take place. The electrode po-
tential is the minimum required to drive a reaction that
will support the constant current. If a species is present
which is oxidized or reduced more easily than the solvent,
the electrode will be driven to the potential appropriate
for that reaction. As the concentration of that species at
the electrode surface moves toward zero, the potential of
the electrode moves toward the next stable potential of
the system.

9

64

34

POTENTIAL

-3

FIGURE 17. Theoretical chronopotentiogram.

The chronopotentiogram in Figure 17 is for a single
species in an acid solution. The electrode assumes an
initial potential required to reduce metalion M* * to metal
ion M*. As the concentration of M* * at the electrode
surface decreases, the potential of the electrode gradually
moves more negative until the metal ion concentration is
depleted at the electrode surface. As soon as no more
metal ion exists at the surface, the electrode potential
shifts to the potential needed to support a reaction that
will give rise to the desired current. In this case that is the
reduction of H* to H, and a potential of —0.3 volts
versus SCE.

Transition time is the time between cell turm-on and the
rapid change in potential. This quantity is related by the
Sand equation to the diffusion constant, the area of the
electrode, the bulk concentration, and the number of elec-
trons involved in the reaction:

1.1/2 _ 1T1/2n FADI/Zcb

2i
where i = Current
T = transition time
F = Faraday
A = Area
D = diffusion constant of species

C°= Concentration of species.

Examination of the Sand equation shows that the trans-
ition time is proportional to the concentration since all
other values are constant for a given experiment.

Multiple CPs

In a series of CP experiments, you might vary either the
concentration of the species or the applied constant cur-
rent. If you vary the current, you might want to plot it'/?
versus i. For a Nernstian system under diffusion control,
this plot should be a horizontal line (see Figure 18). If the
system is non-Nemstian, the Sand equation does not
apply and you will see deviations from the horizontal line.

N

FIGURE 18. Diagnostic plot of a series of chrono-
potentiometry experiments. A.—Adsorption. B.—Pre-
ceding reaction.

A positive (upward) deviation is usually due to adsorption
effects. The transition time is longer than under diffusion
control because of the adsorbed species. As the current
is increased, the transition time does not decrease prop-
ortionally. It is always larger due to the adsorbed species.
At very large currents the adsorbed species makes a more
pronounced contribution to the transition time {see Figure

18).

A negative (downward) deviation is usually due to a pre-
ceding reaction. This is because the transition time value
will be smaller if a preceding reaction limits the concentra-
tion of the species at the electrode. The reaction is kinet-
ically controlled and not diffusion controlled. If the con-
centration of the species is lower it will take less time than
the Sand equation predicts for the transition to a different
potential. At higher currents the deviation becomes
greater as the difference in time required to oxidize or
reduce decreases but the time required to produce the
electroactive species remains the same.
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" Square Wave Voltammetry (SWV)

g  Overview

- Square Wave Voltammetry {SWV), pioneered by Barker
(17) in the 1950s, is one of the recent techniques used
by electrochemists for analytical, kinetic, and mechanistic
E- work. However, the form of SWV most electrochemists
' use today, called Osteryoung square wave (18), is based
on work done by Ramaley and Krause (19,20} in 1969.

Definition

Figure 19 shows the excitation waveform used in Os-
teryoung SWV. With this waveform, you sample the cur-
rent response to the potential excitation once on each
forward pulse and once on each reverse pulse (see Figure
19). Using this technique, you can generate three possible
current potential plots — forward current versus potential,
reverse current versus potential, or difference current ver-
sus potential.

Esw

Ester §

FIGURE 19. Excitation waveform and current sampl-
ing points for Osteryoung squarewave.

] In most analytical applications, you use only the difference
. plot. The resulting voltammogram yields peaks for each
; Oactive species present, with the peak height being

. proportional to the concentration of the species in the
: bulk of the solution.

The three.different plots may also be overlaid. The result-
jing combination plot has been suggested as the most
useful form for investigating kinetics and mechanisms

1).

Advantages

One of the drawbacks of rapid scanning in CV is that it
introduces a large capacitive background current. This
background current {(or noise) makes it hard to detect the
faradaic current, which is the signal of interest, and se-
verely affects the signal-to-noise ratio.

Since SWV is a pulsed technique, it can discriminate
against the charging current and eliminate this drawback
(see Ref. 18 for a discussion of pulsed techniques). For
this reason SWV has an advantage over CV in the follow-
ing three areas:

Speed: Since SWV effectively removes the background
current from the measurement, it allows you to program
higher scan rates. This lets you make faster measurements
and/or investigate faster reactions.

Sensitivity: SWV can detect micromolar concentrations
of electroactive species. In contrast, cyclic voltammetry
can detect only millimolar concentrations. Because of this
increased sensitivity, you can run experiments on rare or
expensive materials, such as biological materials. You can
also detect intermediates that exist at low concentrations.

Dynamic range: The dynamic range of a detection system
is defined as its ability to respond to both high and low
concentrations of electroactive species. Since SWV effec-
tively removes the background current from a measure-
ment, it has a wide dynamic range. This allows you to
use concentration as an experimental variable.

SWV as an Analytical Tool

Square wave voltammetry has become a popular tech-
nique for analytical work because of its speed and sensitiv-
ity. For more information on square wave voltammetry

for analytical purposes, please request EG&G PARC Ap-
plication Note S-7.

SWV in Kinetic Studies

SWV has three main advantages in the study of kinetic
systems:

You can still obtain reliable data using lower concentra-
tions than in other techniques.

You can use concentration as a parameter in the system
under study.

You can study fast reactions.
See O'Dea, et al, (21) for a detailed discussion of SWV
theory in kinetic systems.

The Literature

To date, much of the literature has focused on the theoret-
ical evaluation of SWV as a viable technique. However,
given the recent enthusiasm for the technique, upcoming
literature will likely reflect the use of SWV in specific ap-
plications. Experimenters may begin interpreting SWV
data in much the same way as they interpret CV data but
without the problems associated with the use of working
curves(22).
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Glossary

applied potential — The potential the potentiostat is forc-
ing the working electrode to assume.

charge transfer rate constant — The speed at which an
electron is transferred from the one material to another.

charging current — The amount of current needed to
charge the double layer of the working electrode. It is not
due to a redox reaction but is present on all electrochem-
ical measurements. It is typically thought of as noise.

Cottrell equation — The mathematical equation which
predicts the current measured at any time after a potential
step is applied assuming the system under study is gov-
erned by semi-infinite linear diffusion.

counter electrode — The electrode which provides the
current path in an electrochemical cell. It is typically
platinum but any inert conductor is useable. In some
experiments it should be isolated from the bulk of solution.

diffusion coefficient — A measure of how fast an ion
migrates in solution using only diffusion as the mode of
migration. It is represented by the letter D and its units
are cm?/sec.

diffusion layer — The area immediately adjacent to the
working electrode where the mode of ion transport is
governed by diffusion.

double layer — The interface between the working elec-
trode and the solution. It is well accepted that this layer
behaves as a capacitor would in an electrical circuit. How-
ever, the capacitance of this layer changes with potential
and this is not typical capacitor behavior.

ECE mechanism — A three step reaction mechanism
which involves an electrochemical reaction (E) followed
by a chemical reaction (C) followed by an electrochemical
reaction (E).

electron transfer — The movement of an electron from

the surface of the working electrode to a species in solution
or vice versa.

faradaic current — The current in an electrochemical reac-
tion due to an oxidation or reduction.

fo.rmal potential — The potential at which a given reaction
will occur as predicted by thermodynamic equations.

initial potential — The starting potential of an experiment.

ionfc strength — The ionic concentration of a solution as
defined h.>y the equation 1/2(m;Z; +myZ,+msZs....)
where m is the molar concentration of each ion and z is
the charge.

mass transport — The physical movement of an ion or
molecule through a solution.

Nicholson and Shain Theory — A set of diagnostic criteria
used to categorize reactions based on cyclic voltammetry

data. The original work was done by Nicholson and Shain
in 1964.

peak separation (AP) — The difference in potential bet-
ween the forward and reverse peaks.

potential ramp — A change in potential at a constant rate.
Potential may be ramped up or down.

potentiostat — An electrochemical instrument which con-
trols the potential applied to the working electrode.

purge — To pass an inert gas through a solution in order
to remove oxygen or other unwanted dissolved gases.

Randles-Sevcik Equation — A mathematical equation
that predicts the current peak height measured for a rever-
sible reaction when a potential ramp is applied to the
working electrode.

reference electrode — The electrode against which the
potential of the working electrode is measured. It is a
well-behaved, stable electrochemical half-cell. Typical re-
ference electrodes are Silver/Silver Chloride (Ag/AgCl)
and saturated calomel (SCE).

reversibility — In electrochemistry the ability for a species
to be oxidized (or reduced) to a new species and for that
new species to be reduced (or oxidized) back to the orig-
inal species.

Sand equation —~ A mathematical equation that predicts
the transition time of a chronopotentiometry experiment.

scan rate — The speed at which the potential is being
changed. It is expressed in Sl units as volts/second.

supporting electrolyte — A conductive solution in which
the electrochemical reactions of interest take place. Al-
though usually an aqueous solution of a salt, acid, or
base, it can be an organic solvent, molten salt or other
conductive media.

working electrodes — The electrode where the reaction
of interest takes place. It is typically made of an inert
material such as Hg, Pt, Ag, Au, or carbon.
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Potentiodynamic polarization
measurements

Introduction

Many corrosion phenomena can be explained in terms of
electrochemical reactions. It follows, then, that electro-
chemical techniques can be used to study these phenom-
ena. Measurements of current-potential relations under
carefully controlled conditions can yield information on
corrosion rates, coatings and films, passivity, pitting
tendencies and other important data.

Potentiodynamic anodic polarization is the charac-
terization of a metal specimen by its current-potential
relationship. The specimen potential is scanned slowly in
the positive-going direction and therefore acts as an
anode such that it corrodes or forms an oxide coating.
These measurements are used to determine corrosion
characteristics of metal specimens in aqueous environ-
ments. A complete current-potential plot of a specimen
can be measured in a few hours, or in some cases in a few
minutes.

Investigations such as passivation tendencies and effects
of inhibitors or oxidizers on specimens are easily perform-
ed with this technique. With this knowlédge the corrosion
characteristics of different metals and alloys can be com-
pared on a rational basis and compatible specimen-
environment combinations secured for further long-term
testing.

Electrochemical Principles and
Potentiodynamic Polarization Measurements

When a metal specimen is immersed in a corrosive
medium, both reduction and oxidation processes occur
on its surface. Typically the specimen oxidizes (corrodes)
and the medium (solvent) is reduced. In acidic media
hydrogen ions are reduced. The specimen must function
as both anode and cathode, and both anodic and
cathodic currents occur on the specimen surface. Any
corrosion processes that occur are usually a result of
anodic currents,

When a specimen is in contact with a corrosive liquid and
the specimen is not connected to any instrumenta-
tion—as it would be “in service” — the specimen assumes
a potential (relative to a reference electrode) termed the
corrosion potential, Ecorr. A specimen at Eqorg has both
anodic and cathodic currents present on its surface. How-
ever, these currents are exactly equal in magnitude so
there is no net current to be measured. The specimen is
at equilibrium with the environment (even though it may
be visibly corroding!). Ecors can be defined as the poten-
tial at which the rate of oxidation is exactly equal to the
rate of reduction.

It is important to stress that when a specimen is at Ecogs
both polarities of current are present. If the specimen is

polarized® slightly more positive than Ecore, then the
anodic current predominates at the expense of the
cathodic current. As the specimen potential is driven fur-
ther positive the cathodic current component becomes
negligible with respect to the anodic component. A
mathematical relationship exists which relates anodic and
cathodic currents to the magnitude of the polarization
(References 2, 3), but a discussion of this relationship is
beyond the scope of this application note. Obviously if
the specimen is polarized in the negative direction the
cathodic current predominates and the anodic compo-
nent becomes negligible.

Experimentally one measures polarization characteristics
by plotting the current response as a function of the ap-
plied potential. Since the measured current can vary over
several orders of magnitude, usually the log current func-
tion is plotted vs. potential on a semi-log chart. This plot
is termed a potentiodynamic polarization plot. Note that
the use of a semi-log display prevents indication of polar-
ity on such plots. Potentials negative of Ecorr give rise to
cathodic current while potentials positive of Ecore give
rise to anodic current.

Figure 1 shows the potentiodynamic anodic polarization
plot of a sample of 430 stainless steel. The logarithm of
the current is plotted (as the abscissa) as a function of the
applied potential (the ordinate}. This plot can be describ-
ed in the following way:

Region A in Figure 1 is the active region in which the
metal specimen corrodes as the applied potential is made
more positive. At B further increase in the rate of corro-
sion (as measured by the current) ceases and the onset of
passivation begins. The loss of chemical reactivity under
certain environmental conditions, probably due to the
formation of a film on the surface of the metal, is referred
to as specimen passivation. This point is characterized by
two coordinate values, the primary passive potential (Ep)
and the critical current density (ic}. In region C the current
decreases rapidly as the passivating film forms on the
specimen. A small secondary peak is observed followed
by region D where there is little change in current as the
potential is increased. The passivating film begins to
break down in region E, the transpassive region.

A potentiodynamic anodic polarization plot such as
Figure 1 can yield important information such as

{1) The ability of the material to spontaneously passivate
in the particular medium;

(2) The potential region over which the specimen re-
mains passive; and

(3) The corrosion rate in the passive region.

* This implies use of a voltage source to [orce the specimen to assume a potential other than the
corrosion potential. The current measured in this case is a net current. representing the dif-
ference between anodic and cathodic currenis
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FIGURE 1. Standard potentiodynamic anodic polarization
plot of 430 stainless steel

The following discussion will deal with a class of metals
that can exhibit active to passive behavior. Whether a
specimen will or will not passivate depends on the form
and intersection of the individual anodic and cathodic
polarization plots. A diagrammatic presentation of these
concepts in Figure 2 will be helpful.

Figures 2A, 2B, and 2C are “theoretical” examples of an
anodic polarization curve (labeled a), upon which are
superimposed three “idealized” cathodic polarization
curves (diagonals, labeled c). Each cathodic curve repre-
sents a single reduction process (such as hydrogen evolu-
tion) with different possible exchange current densities.
These curves are theoretical in nature because it is not
possible to independently measure the cathodic curve at
potentials positive to the corrosion potential since the
specimen has net anodic character in this region. Simi-
larly it is also not possible to independently measure
anodic performance at potentials negative to Ecorg. In
these figures Ecore corresponds to the intersection
point(s) of the individual anodic and cathodic plots—the
point(s) at which the anodic current exactly equals the
cathodic current. As previously stated, in the vicinity of
Ecorr both currents are present in the specimen, but ex-
perimentally it is possible to measure only the net current.
The net current has a single measurable polarity— either
positive or negative. At Ecorr the net measured current is
exactly zero.

Figures 2D, 2E, and 2F correspond to the experimen-
tally-determined curves for Figure 2A, 2B and 2C,
respectively. It is instructive to treat each pair separately.

If the cathodic curve intersects the anodic curve in the
passive region only, as in Figure 2C, the material will
passivate spontaneously. Such behavior is exhibited by
stainless steels and titanium in acid solutions containing
oxidizers. This situation is the most desirable from a
materials construction point of view and is easiest to
facilitate if the critical anodic current density can be made
s‘maII enough so as not to intersect the reduction polariza-
tion curve. Experimentally, Figure 2F does not exhibit the
peak-shaped active to passive transition because the

TRANSPASSIVE
PASSIVE
e Figure 2A Figure 2D
=
z
w
5 o
a
ECO"—‘
ACTiVE
TRANSPASSIVE .
- PASSIVE
<
= Figure 28 Z._ Figure 2E
o P
o
Ecarr] >
ACTIVE
TRANSPASS:VE /
PASSIVE ~
Ecorr .
o Figure 2C Figure 2F
<
[
z
w
-
o
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LOG CURRENT — LOG CURRENT —
THEORETICAL ACTUAL

FIGURE 2. Theoretical and actual potentiodynamic
polarization plots of active-passive metals.

specimen has already been fully passivated. In the Corro-
sion Behavior Diagram section of this application note a
procedure will be described that permits experimental
observation of the peak-shaped active to passive transi-
tion.

If the cathodic curve intersects the anodic curve in the ac-
tive region as is in Figure 2A the specimen will corrode
rapidly even though it may be passivated under other ex-
perimental conditions. This behavior is observed for
titanium in dilute, air-free sulfuric or hydrochloric acid.
Figure 2D, the experimental counterpart to the theoret-
ical Figure 2A, shows very similar shape to the anodic
portion of 2A since the intersection of the polarization
curves occurs low in Figure 2A and the anodic portion
predominates. Obviously Figure 1 for 430 stainless steel
corresponds to the shape of Figure 2D except that 430
stainless exhibits a secondary peak in the passive region.

If the cathodic curve intersects the anodic curve as in
Figure 2B the specimen can exhibit either high corrosion
rates or low corrosion rates. Such behavior is observed
for chromium in air-free sulfuric acid or iron in dilute nitric
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acid. Figure 2B indicates intersections in each of active,
partially passive, and passive regions. Measurement of
the polarization curve of the specimen yields Figure 2E in
which “cathodic” current loops are observed after the
peak-shaped active to passive transition has already oc-
curred. Multiple loops can also be observed if the anodic
and cathodic lines become superimposed in the partially
passive region. In effect the specimen doesn’t know
whether to behave as an anode or a cathode—or both.
Metals which exhibit this behavior are undesirable since a
surface believed to be passive can be rendered active by
scratching the passive film or through some other mech-
anism. Once the surface becomes active it may not
passivate again and corrosion can proceed to complete
destruction of the material.

At this point it is instructive to consider how the polariza-
tion curves can be manipulated to yield the desirable
curve in Figure 2F, in which the specimen has spon-
taneously passivated. This can be achieved by arranging
conditions such that the critical anodic current density, ic,
lays below the cathodic polarization curve. This in turn is
done by:

(1) Choosing alloying materials which have a small
critical anodic current density.

(2) Adding a sufficient quantity of oxidizer (Fe*, Cu?®',
CrO,*, etc.) so that a specimen exhibiting Figure 2D
behavior is'converted to Figure 2F behavior.

(3) Taking advantage of velocity effects for metals in
contact with flowing streams which corrode under
diffusion control (see Reference 2 for more details).

In summary, potentiodynamic polarization measure-
ments are valuable in rapidly identifying desirable
materials-environment combinations and in predicting
how a material will behave when exposed to a particular
environment. The technique quickly indicates the ability
of the specimen to protect itself against aggressive attack
from the liquid environment. However, it must be recog-
nized that the procedures described in this note corre-
spond to an artificial method for corroding the sample.
This approach is similar to the use of elevated tempera-
ture studies to artificially accelerate a kinetically-limited or
aging process. Accordingly these procedures can aid in
predicting how a sample might behave over the long term
but they should not be used to replace long term studies
where other mechanisms may be operative.

Polarization resistance

Introduction

The electrochemical technique of polarization resistance
is used to measure absolute corrosion rates, usually ex-
pressed in milli-inches per year (mpy). Polarization
Tesistance measurements can be made very rapidly,
usually in less than ten minutes. Excellent correlation can

often be made between corrosion rates obtained by
polarization resistance and conventional weight-loss
determinations. Polarization resistance is also referred to
as “linear polarization”.

Polarization Resistance

A polarization resistance measurement is performed by
scanning through a potential range which is very close to
the corrosion potential, Ecors (see Figure 3). The poten-
tial range is generally +25 mV about Ecgre. The
resulting current is plotted versus potential, as shown in
Figure 4. The corrosion current, icorr ", is related to the
slope of the plot through the following equation.

BABC
2.3 (icorr) (Ba + Bc)

AE/Ai= (1)

where

AE/Ai=slope of the Polarization Resistance plot,
where AE is expressed in volts and Ai is expressed in
pA. This slope has units of resistance, hence, Polariza-
tion Resistance.

Ba,Bc=anodic and cathodic Tafel constants (must be
determined from a Tafel Plot—see Section 1II). These
constants have units of volts/decade of current.

icorr =corrosion current, uA.

+20+

+101

\SCAN RATE 0.1 -1 mV/SEC
_]o-

POTENTIAL RELATIVE TO Econn. mV

100 200 300 400
TIME (SEC)

FIGURE 3. Excitation waveform for polarization resistance.

* In this application note,
sity.
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« FIGURE 4. Experimentally measured polarization
resistance.
Rearranging equation (1)
BaBc Ai
(2)

lcorr =53 (8. + ) AE

The corrosion current can be related directly to the corro-
sion rate through the following equation.

0.13 lcorr(E.W.)
d

Corrosion Rate (mpy) =

k where

® E.W. =equivalent weight of the corroding species, g.
=density of the corroding species, g/cm?

Icorr = corrosion current density, yA/cm?

e Section Ill of this application note for derivation of
quation (3). For a more complete discussion of corro-
on potential and corrosion current, see Sections | and

Electrochemical Corrosion Theory and
tPolarization Resistance

tem and Geary'® have provided a firm theoretical
background for polarization resistance measurements.

e.derivation is summarized in this section. For more
tail, the original reference should be consulted.

.corroding system, two co-existing electrochemical
actions are present.

M +e

M (4)

Z +e

Z (5)

where M is the corroding metal and Z is usually a species
in solution. The current-potential relationship of such a
mixed-couple system is shown in Figure 5'¢. The equi-
librium potentials of the couples in equations (4) and (5)
are labeled Egy a and Erg,,, respectively, in Figure 5.
When the corrosion potential is sufficiently removed from
Ero,m and Egg 2, the rate of reduction of M* becomes in-
significant compared to the rate of oxidation of M, and
the rate of oxidation of Z becomes insignificant with
respect to the rate of reduction of Z°. The corrosion
potential is the potential at which the rate of oxidation of
M (defined by current i, ) is equal to the rate of reduc-
tion of ‘Z’ (defined by current ig,;). The terms “rate” and
“current” are used interchangeably since, according to
equation (3), they are directly proportional. Since the net
current is the difference between the oxidation and re-
duction currents, the current measured with an external
device will be zero.

imeas =lo,m —lr,z = 0 at Ecorn (6)
and
icorr = io,M = iR,Z~
To calculate the corrosion rate, icorr must be determined.
When a potential is imposed on the metal specimen from
an external voltage source, such as a potentiostat, a cur-

rent will pass according to the following equation.

imeas :iO,M—iR,Z (7)

*010 T T TITTI YT

CORROSION POTENTIAL

-0 20

OVERVOLTAGE, 5 (VOLTSI

-0 30

_._l_l_l_l_l_LLLQ lllHH[ 1 llllllll lglllHIIJ
P 104 1004

L2 100 a8

LOG CURRENT

FIGURE 5. Potential-current relationship for a mixed-
electrode system consisting of two electrochemical
reactions.

The anodic and cathodic currents obey the Tafel equa-
tions (see Section III).
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... e —

lo,m

7 =RBalog (8)

lcorr

n=—Bdog .IR’Z (9)

lcorr

where

n=overvoltage, the difference between the potential
imposed on the specimen and the corrosion potential,

., n= EAPP - ECORR~

Equations (8) and (9) may be rearranged to give

log > = 1/, (10)

lcorr

\r,z

log = —1/Bc (11)

lcorr

Since log x =y is the same as 10Y =x, equations (10) and
(11) may be rewritten as

lo,m

1077/BA = -

lcorr

(12)

10~ /Bc= .i“’z (13)

lcorr

Substitution of equation (12) and (13) into (7) vields

imeas = iCORR(lon/B‘ -10 —n/BC) (14)

10X can be approximated by the following power series

(2.3x)? (2.3x)n
+

10X=1+2.3x+ o T ny

(15)

If x in this series is small, the third and later terms of the
series can be neglected without significant error.
Substituting n/84 and — 5/8c for x gives

1078a=1+42.3 9/84 (16}

10-1/8c=1-2.3 n/Bc (17)

Substitution of equations {16) and (17) into equation (14)
and simplifying yields

Ba+Be
BaBe

imeas =2.3 icorr 1

Rearrangement to solve for polarization resistance gives

BaBe
2.3 icorr (Ba +Bc)

n/iMEAs =

(18)
which is identical to equation (1).

It is important to realize that equation (18) is valid only if
the assumption regarding equation (15) is valid, i.e., /8
is small. This means that  must be small compared to 8.

.A typical value of 3 is 100 mV/decade. The overvoltage

in this case should be less than 10 mV.

Remarks

Polarization resistance is an extremely rapid procedure
for determining corrosion rates. At a scan rate of 0.1
mV/sec, a potential range of 50 mV requires less than
ten minutes. The rapidity of the measurement also makes
polarization resistance useful for less rigorous experi-
ments, such as qualitative evaluation of inhibitors.

Since the applied potential is never far removed from the
corrosion potential, the surface of the specimen is not
materially affected by the experiment, and the same
specimen can often be used in other studies.

For most accurate results, the Tafel constants, 3, and 8,
must be independently determined from a Tafel Plot (see
Section Il1). For a more rapid measurement, values of the
Tafel constants may be assumed. Tafel constants are
generally found to be in the range of 0.1 V/decade.
Pourbaix'” has found that if 8, and B¢ are assumed to be
0.1 V/decade, the calculated corrosion rate will be cor-
rect within a factor of 2.2. In many cases, more accurate
Tafel constants can be inferred from the literature for
similar chemical systems.

Experimentally, polarization resistance data can exhibit
significant curvature within 10-20 mV of the corrosion
potential. This deviation from linearity is theoretically
recognized. For further discussion on this phenomenon
and procedures for calculating the corrosion current, see
References 18 through 23 and Reference 34.

Tafel plots

Introduction

Electrochemical techniques of corrosion measurement
are currently experiencing increasing popularity among
corrosion engineers, due primarily to the rapidity with
which these measurements can be made. Long-term cor-
rosion studies, such as weight-loss determinations, may
take days or weeks to complete, while an electrochemical
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experiment will require, at most, several hours. The
speed of electrochemical measurements is especially
useful for those metals or alloys which are highly corro-
sion resistant.

This section describes the use of Tafel Plots to measure
corrosion rates. Tafel Plots will be described in terms of
electrochemical corrosion theory.

Tafel Plots

A Tafel Plot is performed on a metal specimen by polariz-
ing the specimen about 300 mV anodically (positive-go-
ing potential) and cathodically (negative-going potential)
from the corrosion potential, Ecoza, as shown in Figure 6.
The potential does not have to be scanned, but can be
“stepped” in a staircase waveform, if desired. The
resulting current is plotted on a logarithmic scale as
shown in Figure 7.

250

200+

150

SCAN RATE O 1 -1mv/SEC

OVERVOLTAGE, Eqpp —Econs), £MV
8

) 500 1000 1500 2000 2500

TIME (SEC)

. Excitation waveform for Tafel plots.
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Experimentally measured Tafel plot.

The corrosion current, icorr, is obtained from a Tafel Plot
by extrapolating the linear portion of the curve to Ecogrs,
as shown in Figure 7. The corrosion rate can be calcu-
lated from icorr by using Equation 3.

The anodic or cathodic Tafel Plots are described by the
Tafel equation.

n=PB log — (19)

lcorr

where ]

n =overvoltage, the difference between the potential of
the specimen and the corrosion potential

B =Tafel constant

ic

; =current at overvoltage 5, uA

Rearrangement of equation (19) gives
n=0 (log i —log icorr) (20)

This equation has the form y=mx'+b, so a plot of 5 vs.
log i is a straight line with slope 8. Notice from equation
(20) that when % =0 (Ecorr), l0g i/icore =0, or

i/icorr =1, OF 1 =icorr-

Tafel constants, designated 84 and B¢, must be calculated
for both the anodic and cathodic portions of the Tafel
Plot. The unit of the Tafel constant is either mV/decade
or V/decade. A decade of current is one order of magni-
tude. A Tafel constant calculation is illustrated in Figure
7. Tafel constants are used to calculate corrosion rates
from polarization resistance data (see Section Ii}.

Calculation of Corrosion Rate from the
Corrosion Current

According to Faraday’s Law

nFW
M

Q=

where

Q =coulombs

n =number of electrons involved in the electrochemical
reaction

F =the Faraday, 96,487 coulombs

W =weight of electroactive species

M = molecular weight

From equation (21},
W=QM/nF

Since equivalent weight =M/n

_QxE.W.

W
F
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and since Q =it from Faraday’s Law,

_it(E.W.)
©F

W (22)

W/t is the corrosion rate (C.R.) in grams/second. It is
convenient and traditional to express corrosion rate as
milli-inches per year (mpy). These units provide an in-
dication of penetration.

Dividing equation (22) by the electrode area and the den-
sity gives ’

C.R. (cm/sec) =i (E.W.)/dFA

Convert seconds to years and centimeters to milli-inches.
Convert the Faraday (amp-sec/eq) to mictoamps.

_H(E.W.) x31.6 x 10¢ x 10°
B dFA x 2.5 x 10¢

C.R. (mpy)

Express the terms i/A as current density. Combining all
the constants gives

0.13 leora(E.W.)
d

(23)

Corrosion Rate (mpy) =

where

lcorr =corrosion current density, uA/cm?
E.W.=equivalent weight of the corroding species,g
d =density of the corroding species, g/cm?®

Equation (23) is used to calculate the corrosion rate
directly from lcoge.

Electrochemical Corrosion Theory
and Tafel Plots

According to the mixed potential theory?, any elec-
trochemical reaction can be divided into-two or more ox-
idation and reduction reactions, and there can be no ac-
cumulation of electrical charge during the reaction (to
avoid confusion later, note that this electrochemical reac-
tion is taking place in the absence of any externally ap-
plied potential). In a corroding system, then, oxidation of
the metal (corrosion) and reduction of some species in
solution is taking place at the same rate, and the net
measurable current is zero.

imeas =irep —lox = 0 (24)

When a metal or alloy is placed in contact with a solution,
the metal will assume a potential that is dependent upon
the metal and the nature of the solution. This “open-
circuit” potential, i.e., no external potential is applied to
the cell, is referred to as the corrosion potential, Ecozx.
Ecorr should be measured with a potentiometer®.

* " . .
A potentiometer does not draw any current while making a voltage measurement.

It is essential to the understanding of corrOSio‘l
phenomena to realize that the oxidation current(s) and
the reduction current(s) at the corrosion potential arch
equal and nonzero. Unfortunately, only the total curren
is measurable, and the net current is zero, in accordance
with equation (24). ¢,

The mechanism of corrosion is extremely complex i
comparison to a homogeneous chemical system. Not on
ly may several different elements be present, but severa]’
different compounds of each element may be present o
may be formed during the corrosion process. There ar
also surface effects to consider. For this reason, corrosio,
rate measurements must be made rather non-specifi¢
with regard to the element in the metal or alloy. For ex-
ample, rate measurement by weight-loss determination
requires no presumption of the actual identity of the cor-
roding species.

Electrochemically, corrosion rate measurement is based
on the determination of the oxidation current at the cor-
rosion potential. This oxidation current is called the cor-
rosion current, icors. Equation (19) may now be rewritten
as

irmeas =icorr —irep =0 at Ecore (25)

Current has the units of coulombs per second. As shown
in the last section, coulombs can be equated to the weight
of electroactive material through Faraday’s Law. The cor-
rosion current, then, is related directly to the corrosion
rate. A Tafel Plot is performed to experimentally deter-
mine icorr, from which the corrosion rate is calculated.

Stern-Geary Treatment
Much of modern corrosion techniques are based on theo-
retical analyses of the shape of polarization curves by
Stern and Geary'®. The following is a brief description of
the derivation. For more details, the original papers
should be consulted.

In a simple non-corroding system containing Z and Z*
(such as a copper electrode in contact with a Cu®* solu-
tion), at equilibrium

Z'+e” Z

and
iR,z =i,z =iex (26)

where

ir,z = current for reduction of Z*

io,z = current for oxidation of Z

igx =the exchange current (analogous to icors in @ cor-
roding system)

If a potential is imposed on the metal from an external
voltage source and the reaction rate is controlled by a
slow chemical step that requires an activation energy

ir,z=1pxe ™ /6 (27)

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



io,z zisxe"/ﬂ" (28)

where

n =the overvoltage, the difference between the potential
imposed on the specimen and the corrosion potential,
n= Earr— ECORR

B and §” are constants

4 Taking the log of equations (27) and {28) and solving for

b 7 yields
7= —Be log == (29)
lex
iO z
n=0a log 2% (30)

iEX
where 8c=2.38" and 8, =2.33".

Equations (29) and (30) are called Tafel equations after
J. Tafel, who proposed an equation of similar form in
1904 to express hydrogen overvoltage as a function of
current density?’.

¥ When the equilibrium of the reaction is disturbed by an
¥ externally applied potential, the rates of the forward and
‘reverse rates change as shown in Figure 8?7. An ex-
f change current of 1 uA and Tafel Constants of 0.1 V
E were assumed. Figure 8 was constructed from equations
£(29) and (30). Experimentally, only the total current is
easured. The total current is the difference between the
te of oxidation and the rate of reduction.

iMEAsziR,z_io,z (31)

Ih Figure 8, if a potential of —0.10 V is applied, the rate
' reduction is 10 uA and the rate of oxidation is —0.1
The measured current will therefore be 9.9 yA.

fH1s obvious from Figure 8 and equation {31) that as the
-'h erence between E,,, and Ecorzx becomes more

fegative, iyeas approaches ig, ;.

7 \H\H] 7 IjllIﬂT T TrTony 7 T 1y

iex=1.0 A
Ba=Bc=0.1V

COUILIBRIUM POTENTIAL € eq

AT U S RTIT RS R
T Opa 1008

LOG CURRENT

Substituting equation (13) into equation (11) gives

lmeas +lo,z

n=—fclog (32)

lex

A plot of 5 vs 10g imzas is shown in Figure 927. Deviation
from linear Tafel behavior occurs at low current levels.
Only when the oxidation current becomes insignificant
with respect to the reduction current will a true Tafel rela-
tionship be obtained.
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FIGURE 9. Measured current as a function of externally
applied potential.

The relationships described thus far are dependent only
on activation overvoltage. This measurement may be
complicated by two interfering phenomena: concentra-
tion polarization and resistance drop effects.

Concentration polarization occurs when the reaction rate
is so high that the electroactive species cannot reach or be
removed from the electrode surface at a sufficiently rapid
rate. The reaction rate becomes diffusion controlled.
Figure 10?7 illustrates the effect of concentration polariza-
tion on the experiment. As 7 increases, the current
becomes diffusion limited and the linear current range is
truncated. The effect of concentration polarization is
minimized by stirring the solution.
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BHE 8. Response of a reduction-oxidation system to an
BRUY applied potential.

FIGURE 10. Effect of concentration polarization on
measured current as a function of applied potential.
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Resistance drops across the solution can also cause non-
linear Tafel behavior at high currents.

Em =imeas Rsorn

Rsorn is the uncompensated resistance of the solution,
i.e., the resistance between the working electrode and
the reference electrode bridge tube. It is dependent on
the geometry of the electrodes. As iygeas increases, E,z in-
creases, causing an error in the true potential at the work-
ing electrode.

The effects of concentration polarization and resistance
drops are most serious when igy (Or icogz) is large and
high currents are needed to verify Tafel behavior. As a
general rule, linearity over two decades of current is
desired. This may require current measurements in the
region of 1000 icorx.

In a corroding system, the situation is more complicated.
In addition to the reaction treated above,

Z'+e VA

the corroding metal must also be considered

M*+e” M

Each of these systems has its own equilibrium potential,
exchange current, and Tafel slope. At the corrosion
potential,

iR,Z+iR,M=iO,Z +i0,M (33)
Figure 577 illustrates the potential-current relationships for
such a mixed-electrode systemn. In Figure 5, the Tafel
constants for M are assigned a value of 0.06 V and igx for
M is assigned a value of 0.1 gA. The equilibrium potential
for M is arbitrarily assumed to be —0.160 V compared to
the equilibrium potential of Z.

The corrosion rate by definition is io,a —ig,a. By re-
arrangement of equation (33) it may also be defined as
ir,z ~io,z. When the corrosion potential of the mixed
electrode system is sufficiently different from the
equilibrium potentials of the individual reactions, then
ig,» and io,z become insignificant in comparison to io,
and ig,;, respectively. The corrosion rate, icors, then
becomes equal to io,u OF ir,z. The corrosion poterfial is
closely approximated by the potential at which ix,z =io,a
as shown in Figure 5.

The overall effect of the mixed-electrode system, concen-
tration polarization, and resistance effects is shown in
Figure 11?7. Tafel parameters are the same as in Figures 8
and 10. An uncompensated resistance of 10 ohms is
assumed. The parameters used to calculate the curve in
Figure 11 are completely arbitrary. Actual measurements
may be better or worse. A high corrosion current in con-
junction with a low diffusion-limited current and a high
solution resistance may reduce the linear Tafel region to
the extent that extrapolation to icogs is extremely difficult.
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FIGURE 11. Effect of mixed-electrode system,
concentration polarization, and resistance effects on the
measured current as a function of potential.

In most cases, non-linear Tafel behavior can be minimiz-
ed by stirring the solution and compensating instrumen-
tally for IR effects.

Remarks

Tafel Plots can provide a direct measure of the corrosion
current, which can be related to corrosion rate. The
technique is extremely rapid compared to weight-loss
measurements. The Tafel constants, 8, and 8., obtained
from Tafel Plots can be used with Polarization Resistance
data {Section [l) to calculate corrosion rates.

The rapid determination of corrosion rates with Tafel
Plots can be advantageous for such studies as inhibitor
evalutations, oxidizer effects, and alloy comparisons.

However, several experimental disadvantages can be
associated with Tafel Plots. Although Tafel Plots are fairly
rapid, polarization resistance measurements (Section 1)
can be made even faster. At a scan rate of 0.1 mV/sec, a
Tafel Plot with a scan range of 250 mV requires about 45
minutes. An anodic and cathodic scan would require
about 2 hours.

The relatively large potential range associated with the
Tafel Plot has the effect of changing the surface of the
specimen, so that two specimens are required for a com-
plete Tafel Plot.

As described in Section [lI-4, concentration polarization
and IR drops can combine to reduce the linear region to a
point where extrapolation to icorr is difficult. A linear
region over one current decade is generally considered to
be the minimum for reliable measurement of icorr.

Experimentally, it can happen that the extrapolations of
the anodic and cathodic linear Tafel regions do not in-
tersect at Ecore- The true value of the corrosion current
will then be subject to interpretation. If this occurs, the in-
ference must be drawn that there is an error in the
measurement, since the rate of oxidation must equal the
rate of reduction at Ecogz. In most cases, the error is
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probably in the anodic measurement. Since the metal
specimen is corroding, the surface is changing and the
mechanism of corrosion may not be completely described
by the equations in Section lll-4. The measured Tafel
Plot could then reflect the combination of several dif-
ferent Tafel slopes. If this behavior is observed, it is prob-
ably safest to measure icore at the point where the
cathodic Tafel extrapolation intersects Ecorr.

Corrosion behavior diagrams

As discussed in Section | Electrochemical Corrosion
Theory, an ironic situation is observed for specimen-
environment combinations such as Figure 2B which yield
a single anodic-cathodic intersection in the passive
region. This situation arises because by the time the
measurement of the specimen’s Eqorr is complete, the
specimen has already spontaneously passivated and the
measurement of the primary passive potential and the
critical anodic current density is impossible. All that would
be observed in the standard experiment described above
is Figure 2F. Knowledge of the shape of the current
potential curve during the active to passive transition
stage is useful for characterizing the specimen-environ-
ment combination, and in order to observe the entire
curve it becomes necessary to alter the experimental pro-
cedure. Morris and Scarberry®:® have described a rapid
; scan potentiostatic technique to accomplish this objec-
tive. The measurement is made immediately after immer-
sion of the specimen without allowing the specimen time
to equilibrate—and spontaneously passivate. Also, three
polarization curves are run on a single specimen without
interruption to gain additional qualitative information on
the nature and stability of the passive film. A plot of the
three composite polarization curves is termed a Corrosion
Behavior Diagram (CBD). Figure 12 summarizes the ex-
perimental procedure. Figure 13 shows a typical CBD for
a sample of Inconel 600 in 10% sulfuric acid at 80°C and
Table 1 summarizes the qualitative information available
from a CBD. CBDs have been employed by Inco®:¢ for
the rapid characterization of more than 2000 alloys of
widely varying composition. Corrosion Behavior
Diagrams have also been applied to problems in a
chemical process situation®s.

SRR O T R

Application Note CORR 2, “Techniques of Corrosion
Measurement”, provides owners of EG&G PARC Model
331 Corrosion Measurement Systems with specific ap-
plications information. Included in AN CORR 2 are in-
strument calibration and experimental settings for the ex-
periments described in this application note along with
- Galvanic Corrosion Measurements, Log Current Density
: Measurements, and Specimen Preparation.

EG&G PARC Model 350 Corrosion Measurement

System owners will find applications information in the
odel 350 Owners Manual.
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INCONEL 600 IN 10% H,S0,4 AT 80°C
SCAN RATE — 14 mV/sec.
TOTAL TIME — 15 MINUTES

FIGURE 12. Corrosion behavior diagram.
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FIGURE 13. Waveform required for corrosion behavior
diagram.

GOOD FILM
Small current during reverse
scan

POOR FILM
scan

RESISTANT ALLOY

E linear with Log | over
several decades for 2nd
scan

3rd scan lies between 1st &
2nd scans

POOR ALLOY

Short linear range

3rd scan coincides with 1st
scan

Higher current during reverse

TABLE 1: Passive film stability information.
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