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IlmearPolanzation Resistance and Comosion
Rate

Theory and Bac kground

This docume nt introduce s the theory and background of Line arPolarzation Re sistance me asure me nts
and the calculation of conosion rate form Line ar Polarization Re sistant data. Then imple me ntation of
LinearPolarnzation Re sistance measure me nt in Afte rMath isdescnbed.

1. Conosion Measurements Overview and Background

1.1 linearPolarization Resistance, R,

A system’spolarization resistance (R,, unitsofohms)canbe used to calculate a comosionrate. R,canbe calculated
orexpermentally determined. To calculate Ry, the Stem-Geary equationcanbe used (see: Equation 1), where B is

the proportionality constant for the particular comosion system and iy, is its comosion c urrent density (in units of
pA - cm™32).
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Bcanbe determined empirc ally from the anodic and cathodic slopesofa Tafelplot (S, and B., respectively, see:
Equation 2). The Thfel constants can be evaluated expermentally, estimated, or standard values for a given
material system can be used. (Some example tables of typical Thfel constants are provided in the Appendix:
Comosion Tables of this document).
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T experimentally determine R,, an electrochemicaltechnique called linear Polarization Resistance (IPR) can be
utilized. In an IPR measurement, the potential (E) vs. current density (i.,,;-) is measured about the flree comosion
potential (E.y--). The slope of the potential-c ument density curve overa smallpotential window (typically < 20 mV)
isthencalculated and equalto R,. Subsequently,R,isused to calculate a conosionrate forthe system understudy.
Depending ona researchersanalyticalneeds, determination of R, may be sufficient, asthe polarization resistance
isdirectly proportionalto the c omosion cumre nt density (see: Equation 3).
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With additionalinformation about the system understudy, R, can be used to calculate the comosion cument and
comosion rate. T determine R, experimentally, the free comosion potential (E o o1 Egc) must first be empirically
determined. An open circuit potential (OCP) measurement can be used to determine E.,,, easily forany given
system. AfterMath hasan electrochemicalexperiment called Linear Polarization Resistance (IPR) that packages
an OCPmeasurementto determine E,. with a linearsweep around E¢y,to determine R,. Detailed description of
performing IPR experiments in AfterMath to determine E¢,» and R, isprovided laterin thisdocument.

R, x (3)

1.2 Conosion Curre nt De nsity

Comosion Cure nt De nsity, i;orr, is the cunmrent perunitarea atthe comosion potential Comosion current density can
be used to calculate conosion rates (see: section 1.5). Fequation 1is substituted into equation 2, comosion ¢ urre nt
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density in termsofpolarization resistance canbe calculated from empirically determined R, (see: Equation 4). Tafel
constants in equation 4 can be experimentally determined orestimated from tabulated data forcertain anodic
and cathodic reactions. As mentioned, some Thfelconstants and cument density values forcommon anodic and
cathodic comosion based reactionscan be found in the Appendix: Comosion Tables (see: Table 4 and Table 5).1
Sterm and Weisert suggested that expermental f; valuesrange from 60mV to ~120 mV and f, valuesrange from
60 mV to infinity, the lattercormesponding to diffusion controlby a dissolved o xid ize r.2
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1.3 Faraday’s Iaw Applied to Commosion

Faraday’s law relates the charge transferred during an electrochemical process to the amount of maternal
undergoing that process. Considerthe comosion half-reaction of some species, R (see: Equation 5).

R = O™ +ne (5)

The change mmassof Rrelatesto the current flow in equation 5. The relationship isgiven by Faraday’ slaw, where
Q is the charge (in units of Coulombs) that arises from the electrolytic reaction in equation 5, n is the numberof
electronstransferred perreaction, F is Faraday’s c onstant (96,485 C - mol™!), and N isthe numberofmolesofR that
have gone through the reaction (see: Equation 6). Faraday’slaw isthe foundation forc onverting c oo sion ¢ urre nt
density to masslossratesorpenetrationsrates.

Q = nNF (6)

The charge Q can be defined in termsofelectrical cument, where i is the c umre nt (in units o f Amperes) and t is the
duration (in units o f seconds) of the electolysisof species R (see: Equation 7).

t
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By combining equations 6 and 7 and reamanging, the numberofmolesofmateral, N, reacting (conoding) overa
given time can be determined (see: Equation 8). Manipulating Faraday’s law into this form give s the unde rdying
equation forde te rmining comosion rates.

t.
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1.4 Equivalent Weight

Equivalent Weight (j1.,) isa term used in comosion calculations. Equivalent weight forpure elementsis the ratio of
the atomic weight, u, to the numberofelectronstransferred, n, in the comosion electrolysis step (see: Equation 9).

1
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Asan example, considerthe two electron oxidation of iron:
Feiy @ Fe?* 4+ 2e”
Since n =2 and Hre, = 55.85 amu,

55.85 amu
Heg = — = 27.93 amu

While equivalent weightisa simple calculation forsingle metals, alloysre quire more intense calculations. Foraloys,
the equivalent weight is the summation of the equivalent weight foreach component of the alloy. Users who
require guidance on the equivalent weight for a mixture oralloy are refemmed to the ASIM Designation G: 102-89.3




This disc ussion fore quivalent weight applies only to uniform conosion,ie anoxidation processthatisuniform across
the electrode, and isnotinclusive ofothertypesoflocalized comosion such as pitting ¢ oo sion.

1.5 Conosion Rate Calculation

Comosion rate (Uer) canbe calculated using i¢yrand pegand a modified form of Faraday’slaw. Conosion rate is
usually expressed in one of two ways: average penetration rate ormasslostrate.

1.5.1 Comosion Rate Expressed as Pene tration Rate

® calculate the comosion rate in terms of the penetration rate, 0,, the definitions of i 5o and peq set forth in
equations 4 and 9, respectively, metal density (p, units of g/cm?3), and a proportionality c onstant, Kp, are needed

(see: Equation 10). The penetration rate can be calculated in several useful units given the comect constant of
proportionality, x, (see: Table 1).

lCOTT

Up = UegKp (10)

p

Penetration Rate (Up) K, value
unit
mpy pA - cm=? g-cm™3 0.1288 mpy-g- (A cm)!
mm-yr~t (1) A-m™? kg -m™3 327.2 mm-kg-(A-m-y)?!
mm-yr=t (2) pA - cm™? g-cm™3 3.27x1073 mm-g-(UAd-cm-y)?

Table 1. Constant Values and Units for Conversion of Comosion Pene tration Rate .

1.5.2 Conosion Rate as Mass Ioss Rate

T calculate the comosion rate in terms of mass loss rate, 0,,,, anotherconstant of proportio nality, k,,, isintroduced
and combined with the definitions of iz, and p,q setforthin equations4 and 9, respectively (see: Equation 11). The

mass loss rate can be calculated in several useful units given the comect constant of proportionality, i,
(see:Table 2).

Um = K lcorr Heq (11)
Mass Ioss Rate (Uy) unit icoor UNIt K, value K, units
g-m?-d)* A-m? 0.8953 g-(A-d)t
mg-(d-m?-d)~t (1) pd - cm=2 0.0895 mg-cm?- (ud-d-m?-d)!
mg-(d-m?-d)~t (2) A-m? 8.953x1073 mg-m?-(A-d-m?-d)!

Table 2. Constant Values and Units to Calculate Conosion Rate as Mass Ioss Rate.?




2. Open Circuit Potential Me asure me nts in Afte M a th

Open circuit potential monitors the free potentialdifference between working and reference electrodes when no
extemal curmrent is fowing in the cell. Open cell potential (OCP) is also referred to as the free potential, the
equilbrium potentialorthe comosion potential E,,.-. ForIPRmeasure mentsin AfterMath, an OCP me asure ment is
executed prior to the IPR sweep to detemmine E.,,,; thus, it is not necessary to perform a separate OCP
measurement to determine E_,... However, evaluating E.,, with a stand-alone OCP before beginning IPR
me asure me nts give s insig hts into the stability of the system and the value ofitscomosion potential

Making the OCP measurement in AfterMath isdescrbed below. Run the measurement fora long enough period
asto find a steady state potential The slope ofthe OCP vs. time plot wilbe close to zero (units of mV/s). The time
to achieve steady state dependson the electrochemicalsystem, but typically require s a fe w minutes.

2.1 Open Circuit Pote ntial Se t-up in Afte iMa th

Running an OCP measurement in AfterMath isaccomplished through executing the following steps:

1. ILaunch AfterMath and go to the Experiments tab. Select Open Circ uit Potential (OCP) from the drop-down
menu.

2. FEnterappropriate parametersorpress “IFeellucky” to populate the field with default parame ters.

3. Press Peform. AfterMath willcollect and display the OCP data. Ideally, the potential vs. time trace that
results should approach a zer slope, indic ating e quilbrium between the solution and electrodes. Typically,
there is a small potential deviation over time (100 u/ in varance). This deviation is normal noise in the
measurement (see: Figure 1)

4, Kthe varation ofthe potentialistoo great,longerelectolysisperiods may be needed to achieve a stable
E orr measurement (200 — 500 seconds orlonger). If thisis the case, simply increase the “Elec trolysis period”
and scale the “Number of Intervals” along with it to ensure a nice number of data points for the
me asure me nt.
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Figure 1. Raw OCP Data in AftexMath with Acceptable Noise.




Since an OCP measurement is sensing very small changes to potential over time, the auto-scaled y-axis often
displaysan extremely smallpotential window, disproportionately e mphasizing the noise in the displayed data. The
y-axiscan be adjusted to improve the appearance ofthe data (see: Figure 2). T adjust the scale ofthe y-axis:

1. Double-click on the y-axis of the plot; the Axis Properties dialog box that enables the modific ation of the
axiswilappear.

2. Underthe Scale panel(lowerrght), uncheck Auto.
3. Manually adjust the plotlimits and intervals.

2.2 Using AfterMath Tools to Find Cormosion Pote ntial

With an axes-adjusted OCPplot, the toolsbuilt into AfterMath canbe used to find the baseline, also called the best
fit re gre ssion line, through a segmentofthe steady state OCPdata.

1. Rightclickthe OCPdata and select Add Tool Baseline.
2. Abestfit line should appearwith pointsin pink and black that controlthe length ofthe be st-fit line.

3. Selectthe pinkcontrolpointsand adjustthem atthe end ofthe potentialvs. time trace (where the potential
approachesa steady state like response).

4, 'The AfterMath toolreports the resultant slope and intercept of the best-fit line. The intercept value is the
comosion potential (E.y,) (see: Figure 2)
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Figure 2. OCPData in Afte rMath with the Potential Axis Scaled and Fitted with a Be st-Fit Line.




3. IinearPolarization Resistance Measurements and Cormosion Rate

Calculations in AfterMath

3.1 Set-up of an IPRMeasurement

The IPR Measurement in AfterMath is comprsed of an OCP measurement to determine the comosion potential
folowed by a linear sweep armund this comosion potential An independent OCP measurement descrbed in
section 2.1 isnotnecessary to perform IPR, but does provide insight into the stability and the expected comosion
potential of the system. The data collected by the IPRmeasurementcan be analyzed in Aftermath to determine
the slope of the linearresistance plot and comosion potential With appropriate inputs about the system under
study, AfterMath provides additional functionality to the researcher, including calculations of the nommalized
polarization resistance, comosion current and conosion rate. The IPR Me asure ment in Afte rMath provide s fle xib ility
in the data outputsdepending on the researchersneeds,asdescribed below.

With no additionalinput at the time ofthe experiment, AfterMath willreport the comosion potential and the linear
resistance at the cormosion potential I the area of the working electrode is supplied, AfterMath will report the
comosion potentialand the normalized polarization resistance. By supplying the density and equivalent weight of
the working electrode maternal plus the Tafel constants of the system under study, AfterMath will calculate and
reportthe comosion potential normalized polarization resistance, comosion currentdensity and conosion rate ofthe
system.

3.1.1 Dete rmining Conrosion Potential and the LinearResistance atthe Conosion Potential

™ run an IPR Me asure me nt in Afte rMath, the follo wing ste ps should be taken:

1. From the Experiments drop-down menu, select Linear Polarization Resistance (IPR). The IPR Parameter
window wilappearon the right-hand-side of Afte rMa th.

2. In the Basic Parameters tab, the default panel that opens when an IPR Measurement is requested,
parameterscan be entered. Pressing the “IFeelIucky” button willinput default parametersinto the fields
required for making a measurement. Altematively, common expermental parameters for IPR
measurementscan be found in Table 3.

3. PressPerform.

AfterMath willrun a series of me asure me nts, starting with OCP and then c ontinuing by peforming a three-segment
linear sweep, measuring current as a function of applied potential. IPR measurements typically take several
minutes to complete. When the measurementiscomplete, the resulting data is displayed in a voltage vs. current
plot. The resultant data should be lnear (orclose to linear) and the forward and reverse sweep should neary
overayeach other(see: Figure 3).

Parameter Input

OCPPeriod 10—100sof seconds
Initial Po te ntial -10 mV to -20 mV vs. OCP
Final Po te ntial +10 mV to +20 mV vs. OCP

Sweep Rate <200 pv

IinearRegion Detection “Detect Automatic ally”

Tme Series 1

Table 3. Common Parameters for IPR Me asure ments

Remember that the output data provided by AfterMath for IPR measurements is guided by the information
provided to AfterMath before the experiment. With only the above inputs, AfterMath willautomatic ally c alc ulate




comosion potential and the lnearresistance atthe conosion potential Note, however, that nommalizing the slope
of the voltage-cumrent plot by the area of the working electrode results in polarization resistance, so the slope is
proportional to the polarization resistance. T calculate polarization resistance and/or comnvosion c urrent de nsity
and comosion rate automatically in AfterMath, the researcher must provide additional information before the
experimentis performed (see:sections3.1.2 and 3.1.3, respec tively).
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Figure 3. IPRMeasurement Data with No Additional Inputs

3.1.2 De te rmining the Nommalize d Polarization Resistance

For AfterMath to automatically calculate the normalized polarization resistance, the Basic Parameters tab mustbe
filed outasin section 3.1.1, and the area ofthe working electrode mustbe known.Tb add the area ofthe working
electrode into AfterMath, go to the Basic Parameters tab, check the Checkbox next to Normalize By Area, and
provide the surface area of the working electrode to AfterMarth at the Sample Area input with the approprate
unitsselected (see: Figure 4). With thisdata,the IPRMeasurementwillgenerate a plotofcumentdensity vs. potential
(see: Hgure 5). Notice that the added tool automatically calculates nomalized polarization resistance by
generating a best-fit ine forthe data. The pinkcontrolpointsofthistoolcan be manually adjusted to improve the
fit to the data, if necessary.




Line ar Polariza tion Resistance and Comosion Rate
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Figure 4. Sample LinearPolarization Resistance (IPR) Parameters in Afte tMa th.
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Figure 5. LinearPolarization Plot with Only Hectrode Area Provided
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3.1.3 Detemmining Convosion Cument De nsity and Conosion Rate

™ have AfterMath automatically calculate the cormmosion current density and cormosion rate, the Basic Parameters
tab must be filed asin sections 3.1.1 and 3.1.2, but even more inputs are needed. Check the Checkbox next to
Automatically Determine Comosion Rate on the Basic Parameters tab and enterthe sample’s density, equivalent
weight, and Thfelconstants with approprate units. With the supplied inputs, the IPR Measurement willgenerate a
plot of cumrent density vs. potential, similar to Figure 5. A best-fit ine is automatically added to the data and the
polarization resistance,comosion potentialand comosionratesare calculated (see: Figure 6). The pinkcontrolpoints
ofthistoolcan be manually adjusted to improve the fit to the data, f necessary
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Figure 6. IPRPlot with Corosion Current Density and Conosion Rate.

3.2 Set-up ofan [PRoverTime Measurement

AfterMath has a built-in func tionality that enables a single IPR measurement to be expanded to a IPR overtime
measurement. When a seriesofIPRmeasurementsare made overtime, AfterMath generatesadditionaldata plots
displaying the comosion parameters over time. 'The types of plots that are generated are determined by the
information available to AfterMath about the system understudy before the data iscollected. Forthisreason, it is
advantageousto provide AfterMath with the approprate information about the syste m understudy before starting
the experiment, if it is available. These valuescan be supplied on the IPR Basic Parameters window in the lower
right hand side in the Comosion Rate Parameters panel(see: Figure 4 and section 3.1 fora detailed discussion on
system inputs and AfterMath outputs). T perform a IPRovertime me asure me nt:

1. In AfterMath, select LinearPolarization Resistance (IPR) from the Experiments drop-down menu.
2. 'The IPRParameters window wilopen.

3. Under the Basic Parameters tab, find the Time Series panel on the upperrght-hand-side and input the
numberofIPRmeasurementsto be acquired at IPR Series Ite ra tions.

4, 'The wait time between measurements, aswellasan additional time required fordata acquisition, can be
inputted atthe Time Between Iterations panel




5. OCPmeasurements willbe taken before each IPRsweep under AfterMath’s default se ttings, but thiscan
be altered in the IPRParameters OCPMode ifdesired.

IPR over time measurements can take several hours depending on the parameters selected. When the data
acquisition is complete, AfterMath plots the data. Plots will include comosion potential vs. time, polarization
resistance vs. time and the individual IPRmeasurementsand OCP measurements that were collected and utilize d
to generate the time plots. A sample polarzation resistance vs. time plot generated by AfterMath is provided
(see: Figure 7).
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Figure 7. ime-Dependent Polarization Resistance Values Collected by IPRMe asureme nts in Afte iMa th.

4. Processing IPRData Post-Collection in AfterMa th

AfterMath providestoolsthatcanbe used to manipulate and gain additionalinsightinto IPRdata afterithasbeen
acquired. Forexample, afterdata collection a voltage-cumentplotcanbe converted to a voltage -c urre nt-d e nsity
plotusing built-in Afte tMath func tionsora comosioncanbe calculated from existing IPRdata using the IPR Baseline
ol AfterMath follows the Slunits in electrochemical experments, so the approprate units are used and saved
with the manipulated data.

4.1 Manipulating Plot Axes

The axesof a IPRvoltage-current plot can be manipulated in AfterMath to a IPRvoltage vs. cumrent-density plot
(see: FAgure 8). Forthe example provided in Fgure 8, the cumentdata were normalized to a 0.20 cm? electrode area
and the data was appended to a secondary x-axis (as opposed to replacing the existing x-axis). o manually
manipulate the axisofa data plotsuch asadjusting the IPRvoltage-cumentplotto a IPR voltage vs. ¢ urre nt-d e nsity
plot:

1. Calculate the working (comosion) electrode surfface area in m?.

2. Rightclickthe data and select Apply Transform | Simple Math Operations.

3. UnderFunction select Division (/).




N oo s

UnderParameters/ Options, select Pexform operation on X-data only.
Operand Value should be the area ofthe working electrode in m2.
UnderOperand Unit Selection, select Area from the dropdown menu of standard units.

The area isbeing nomalized and so the units are length?. Therefore, the boxes next to Iength (m) should
read “2/ 1.

UnderParameters/ Options, choose whetherto replace the X-axisby checking the boxin frontof Replace
originaltrace. K thisboxisunchecked, the existing graph wilbe appended with secondary axes. Forthis
tutoriallcheck the boxin fontof“Replace orginaltrace”.

Press OK

10. On the resulting voltammogram, the labelshould now read “Cument Density (4/m?).”

. B change the valueson the X-axis, double click the x-axisvaluesand a dialog boxshould appearlabeled
Axis Properties.

12. In the dialog box, under Units, unc heck the Automatic unit selection and then next to Units/ Units select

amps persquare centimeterfrom the drop down menu.

13. The metric prefixcan also be changed by selecting the desired prefix from the dropdo wn list at Units/ Me tric

prefix. Forexample selectmilliand press Apply.

14. The unitson the plotshould now be (mA/cm?). Note that “mico” wasselected forFigure 8 and the re sulting

units are (pA/cm?).

15. The scale ofthe axiscan also be manipulated with the setting underScale.

16.

Press OKto keep changes.
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Figure 8. Raw (Red) and Cumrent Density (Blue) IPRData in AfterMath




4.2 TPRBaseline Tool

AfterMath hasa IPRBaseline toolthat enablesthe determination of polarization resistance and the cormosion rate
aftercollection of IPRdata. The appropriate constantsneed to be provided by the researcherto the toolin order
to make these calculations. The required values/constantsare 1) area of the working electrode, 2) density of the
working electrode materal, 3) equivalent weight of the working electrode materal, and 4) the Tafelconstants for
the system understudy. The following give s ste p-by-ste p instruc tio ns forusing the IPR Baseline tool

1.
2.

8.

Rightclickthe data on the IPRplot and select Add Tool—LPR Baseline.

A bestfit line wilappearon graph with valuesforcomnosion potentialand slope ofthe linearresistance (if
no inputs have been provided).

The pink control dots can be adjusted to more closely match the curve, if needed. The length of the
baselne isadjusted by dragging the blackcontroldots.

The valuesused to calculate the toolcan be modified by right clicking on the tooltext box and selec ting
Properties then selec ting the Baseline Tool Properties tab.

Update the valuesunderTafelData. Note these valuesare dependentonthe experimentand are required
forcalculation ofthe Cormosion Rate (see:section 1.5 fora discussion ofcomnosion rate c¢ alculations).

Press OK

Afte rMath re ports the resultant Polarization Resistance and Comosion Ratesin a textboxon the IPRplot. ¥
NaNappearsin the textbox, the propertiesforthe toolneed to be entered/updated.

Repeatsteps1-6 to update the valuesunderTafel Data.

Afterperforming the above steps,the IPRplotshould be updated with a textboxreporting the calculated c omosion
cunment, polarization resistance, and comosion rate (see: Figure 9).
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Figure 9. IPRData from Afte fMath with IPRTool Applied to Curre nt Density Data.
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6. Appendix: Conosion Tables

Electrode Solution i(A-ecm™2) B (V)
Pt 1N HCI 1072 0.03
0.1 N NaOH 7x107* 0.11
Pd 0.6 N HCI 2x1073 0.03
Mo 1NHCI 107° 0.04
Au 1N HCI 1075 0.05
Ta 1NHCI 10~* 0.08
w 5NHCl 10~* 0.11
Ag 0.1 N HCl 5x 107 0.09
Ni 0.1 N HCl 8x 107 0.31
0.12 N NaOH 4x10°° 0.10
Bi 1N HCI 10 0.10
Nb 1NHCI 10 0.10
Fe 1N HCI 1075 0.15
0.52 N H,S0, 2% 1075 0.11
0.4% NaCl (pH 1 — 4) 1076 0.10
Cu 0.1 N HCl 2x107° 0.12
0.15 N NaOH 1075 0.12
Sh 2 N H,S0, 1078 0.10
Al 2 N H,S0, 1070 0.10
Be 1NHCI 1078 0.12
Sn 1N HCI 1077 0.15
cd 1NHCI 10 0.20
Zn 1N H,50, 2% 10710 0.12
Hg 0.1 N HCl 7 x 10712 0.12
0.1 N H,S0, 2% 10712 0.12
0.1 N NaOH 3x 10714 0.10
Pb 0.01 —8 N HCI 2 x 10712 0.12

Table 4. Hectrode Kinetic Parameters forthe Cathode Reaction 2H' + 2e™ = H,.!
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Reaction Electrode Solution i(A-cm™2 B V) Ba (V)

0, +4e~ +2H,0 = 40H- Pt 0.1 N H,S0, 4 %1012 0.05 ;

Cly +2e” = 2Cl” Pt 1NHCL 5x 1073 0.11 0.13

M = M"* +ne” Fe 0.52 N H,S0, 1077 - 0.060

0.63 N FeSO, 3x107° - 0.060 — 0.075

0.3 N H,S0, - ; 0.10

Perchlorate - - 0.030
Table 5. Hectrode Kinetic Parame ters.!
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