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ABSTRACT 

 

 Cumulative localized corrosion rate and cumulative maximum localized corrosion rate factors 

are introduced for corrosion monitoring using coupled multielectrode array sensor probes. Maximum 

localized corrosion rate is the corrosion rate on any of the electrodes of a probe that has the highest 

corrosion rate at a given moment of time. Cumulative maximum localized corrosion rate is the corrosion 

rate of the electrode that has been corroded the most in a given time period. The cumulative maximum 

localized corrosion rate is directly related to the corrosion damage (maximum localized corrosion 

depth); the maximum localized corrosion depth equals the integration of the cumulative maximum 

localized corrosion rate. Maximum localized corrosion rate should be used for process control purposes, 

but cumulative maximum localized corrosion rate should be used to evaluate the localized corrosion 

effect on metal damage. 

 

Keywords: Corrosion monitoring, corrosion sensor, localized corrosion, online sensor, crevice 

corrosion, corrosion probe, real-time sensor, multielectrode sensor, coupled multielectrode. 

 

 

INTRODUCTION 

 

Coupled multielectrode array concept has been extensively used in electrochemical studies of 

metal dissolution behaviors.
1-10 

 Coupled multielectrode array sensors (CMAS) have been recently used 

as in situ and online monitors for localized corrosion in cooling water pipes of chemical plants,
11-14

 and 

other laboratory and field systems.
14-34

 Some of the CMAS applications include quantitative and real-

time localized corrosion monitoring for cathodically protected systems,
21 

 coated metal components,
22,27

 

metals in concrete,
23

 metals in soil,
26

 metals in low conductivity waters,
28

 and carbon steel in H2S 

environments
32

. The coupled multielectrode sensor probes were also used as real-time corrosion 

monitors for crevice corrosion of stainless steels, copper and carbon steel in simulated seawater.
30 
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MAXIMUM LOCALIZED CORROSION RATE AND MAXIMUM CORROSION DEPTH 

 

The maximum anodic current has been used to derive the localized corrosion rate (the maximum 

penetration rate).
15-17,24

 The following equation has been used to calculate the maximum localized 

corrosion rate from maximum anodic current, Imax: 

  

where CRmax is the calculated maximum penetration rate (cm/s), ε is the current distribution factor 

(fraction of the electrons produced on the most corroding electrode that flow to the other electrodes 

through the coupling circuit), F is the Faraday constant (96485 C/mol), A is the surface area of the 

electrode (cm
2
), ρ is the density of the alloy or electrode (g/cm

3
), We is the equivalent weight (g/mol). 

The values of ε is unity, if the most corroding electrode is significantly different from the other 

electrodes in the coupled multielectrode sensor probe, and close to zero, if very few of the electrons flow 

externally to the other electrodes.
24

 

 

The maximum localized corrosion depth or penetration is related to the total damage 

accumulated in a given time period. The corrosion depth of the i
th

 electrode may be derived from the 

cumulative charge that can be obtained by integrating the corrosion current through the electrode from 

time zero to time t: 

where Qi is the cumulative charge of the i
th

 electrode. Similar to the maximum localized corrosion rate, 

the following equation has been used to calculate the maximum cumulative localized corrosion depth or 

penetration (cm): 

 

where Qmax is the maximum of the cumulative charges (coulomb) from all the electrodes. The 

cumulative charge of each electrode is calculated individually using Equation (2).  

 

Because the maximum localized corrosion rate may not always take place at the electrode that is 

most corroded, the corrosion depth calculated by integrating Equation (1) is generally higher than the 

maximum localized corrosion depth as shown in Equation (3). The present paper presents a method on 

how to derive a more realistic rate for localized corrosion that agrees with the corrosion rate derived 

from Equation (3)  

 

Figure 1 shows typical currents measured from a stainless steel coupled multielectrode array 

sensor probe in simulated seawater (3%wt sea salt in distilled water). The coupled multielectrode 

instrument used in the measurement was a nanoCorr
*
 Model S-50 analyzer, manufactured by Corr 

Instruments (San Antonio, TX, USA). The probe had 16 electrodes made of annealed Type 316L 

(UNS31603) stainless steel wire. The size of the wire was 1 mm in diameter and the surface area of each 

electrode was 0.785 mm
2
. In Figure 1, the maximum anodic current was due to the current from a single 

electrode (Electrode #4). The anodic charges corresponding to Figure 1 are shown in Figure 2. By 

applying Equations (1) through (3) to the data shown in Figures 1 and 2, the maximum localized 

                                                 
*
 nanoCorr and CorrVisual are trademarks of Corr Instruments, LLC 
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corrosion rate and maximum corrosion depth were obtained and shown in Figure 3. In Figure 3, the 

maximum localized corrosion depth curve is the integration of the maximum localized corrosion rate 

curve. Because the maximum localized corrosion rate curve in Figure 3 was from one electrode, the 

maximum localized corrosion rate curve and the maximum localized corrosion depth curve are directly 

related to each other.  

 

Figure 4 shows typical currents measured from an aluminum coupled multielectrode array sensor 

probe in simulated seawater using the same analyzer as mentioned above. The aluminum probe had 16 

electrodes made of annealed Type 3003 (UNS A93003) aluminum wire. The size of the wire was 1 mm 

in diameter and the surface area of each electrode was 0.785 mm
2
.  In Figure 4, the maximum anodic 

current was from different electrodes (Electrodes #5, #13, #12, and #16) at different times. The anodic 

charges corresponding to Figure 4 are shown in Figure 5. Applying Equations (1) through (3) to the data 

shown in Figures 4 and 5, the maximum localized corrosion rate and the maximum localized corrosion 

depth were obtained and are shown in Figure 6. Unlike Figure 3, the maximum localized corrosion depth 

curve is not the direct integration of the maximum localized corrosion rate curve in Figure 6. The 

integration of the maximum localized corrosion curves would produce a much higher depth than the true 

maximum localized corrosion penetration depth as shown in Figure 6 (dashed line). Therefore, there is 

no direct relationship between the maximum localized corrosion rate and the maximum localized 

corrosion penetration depth.  

 

CUMULATIVE MAXIMUM LOCALIZED CORROSION RATE 

 

To solve the problem of discrepancy between the maximum localized corrosion rate and 

maximum localized corrosion depth, as shown in Figure 6, a new parameter called cumulative maximum 

localized corrosion rate, CRcmax, is introduced in this paper. It is defined as the derivative of the 

maximum localized corrosion depth curve: 

The maximum localized corrosion depth, CDmax (t), is proportional to the maximum anodic 

charge, Qmax, as shown in Figure 5 [see Equation (3)]. The maximum anodic charge in Figure 5 was 

obtained by integrating the currents from the electrodes that had the maximum anodic charge since time 

zero (or had been corroded the most at time t). Therefore, the derivative of CDmax (t) is simply a function 

of the current from the electrode that has the highest anodic charge at time t, Imax_charge:  

 The CRcmax values for the data shown in Figures 4 and 5 are calculated and shown in Figure 7. 

The maximum localized corrosion depth, CDmax, and the calculated corrosion rates for the electrodes 

that exhibited the highest corrosion currents at certain times during the test (see Figure 4) are also 

plotted in Figure 7. In the specified three time periods, the maximum localized corrosion depth was the 

values measured from Electrodes #5, #13, and #12 respectively (see Figure 5). Therefore, the cumulative 

maximum localized corrosion rate, CRcmax, was equal to the corrosion rates of these three electrodes 

during the different corresponding time intervals. Another way to look at the cumulative maximum 

localized corrosion rate is that it is the corrosion rate of the cumulatively most corroded electrode at any 

given time (or the electrode with the deepest pit, if the mode of localized corrosion is pitting corrosion). 

Because of the nature of localized corrosion, the deepest pit may be repassivated under certain 

conditions and the corrosion rate in this pit may drop to zero. The zero value of CRcmax in the second 

time interval indicates that the most corroded electrode (Electrode #13) was repassivated, and the 

corrosion on it was stopped from approximately 5:20 to 6:20 a.m.  

              (4) 
t/)](CD[)(CR maxcmax dtdt =

              (5) )AF/(W)I(1/)(CR emax_chargecmax ρε=t
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Because the cumulative maximum localized corrosion rate is simply the corrosion rate of the 

electrode that passed the maximum amount of charge, a sorting algorithm may be built into a real-time 

corrosion monitoring software
*
 to track the most corroded electrode and obtain the cumulative 

maximum localized corrosion rate. The software may give the maximum localized corrosion rate, the 

cumulative maximum localized corrosion rate and the average corrosion rate, CRavg, which is calculated 

from the average of the anodic currents. The average corrosion rate may be used to represent the general 

corrosion rate.
29

 Figure 8 shows the maximum localized corrosion rate, cumulative localized corrosion 

rate and average corrosion rate calculated by the software. 

 

Because the cumulative maximum localized corrosion rate is defined as the derivative of the 

maximum localized corrosion depth, the CRcmax and CDmax values are directly related to each other. One 

can solve for CRcmax from CDmax by differentiation, or solve for CDmax from CRcmax by integration. 

Unlike the maximum localized corrosion rate, CRmax, whose integration would produce an imaginary 

number that may be higher than the actual maximum localized corrosion depth, the integration of the 

cumulative maximum localized corrosion rate would produce exactly the maximum localized corrosion 

depth.  

 

CUMULATIVE LOCALIZED CORROSION RATE AND DEPTH FACTORS 

 

Localized corrosion rate factor and localized corrosion depth factor were introduced to indicate 

how much higher the corrosion rate on the most corroding electrode is than the average corrosion rate, 

and how much higher the corrosion depth on the most corroded electrode is than the average corrosion 

depth.
29

 Similarly, cumulative localized corrosion rate factor, fcrate, is defined here to indicate how much 

higher or lower the cumulative maximum localized corrosion rate is than the average corrosion rate: 

Figure 9 shows the cumulative localized corrosion rate factor, maximum localized corrosion rate 

factor and localized corrosion depth factor for the data shown in Figures 4 and 5.  

 

Although the cumulative maximum localized corrosion rate as shown in Figures 7 and 8 reflects 

the true corrosion process of the most corroded electrode, it is not a continuous function. Sometimes it 

may be extremely high, but other times it may be zero. When it is equal to zero, it may mislead people to 

think that localized corrosion is not happening.  To avoid the tendency of misleading people by the 

cumulative maximum localized corrosion rate, other alternatives may be used to approximate the 

cumulative maximum localized corrosion rate. Examples of the approximation are: 

and,  

 

 

         CR”cmax = fdepth CRavg                                   (9) 

 

                                                 
*
  Patent pending  
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                     fdepth = CDmax/CDavg                                    (10) 

 

where CDavg is the average corrosion depth and fdepth is the localized corrosion depth factor. Hence, 

CR’cmax represents the cumulative maximum localized corrosion rate averaged over a time period from 

time zero to time t and CR”cmax represents the average corrosion rate multiplied by the localized 

corrosion depth factor. Both CR’cmax and CR”cmax are plotted, along with CRmax, CRcmax, and CRavg, in 

Figure 10.  It should be noted that neither the integration of the CR’cmax nor the integration of CR”cmax 

will produce a value that would correspond to the maximum localized corrosion depth.    

 

CUMULATIVE AVERAGE CORROSION RATE 

 

As mentioned above, the cumulative maximum corrosion rate is significantly different from the 

maximum localized corrosion rate, if the maximum localized corrosion rate is not due to the same 

electrode. However, the cumulative average corrosion rate and the average corrosion rate is the same.  

 

Based on the definition of the cumulative maximum corrosion rate, the cumulative average 

corrosion rate, CRcavg, may be written as: 

 

 

APPLICATIONS OF MAXIMUM LOCALIZED CORROSION 

 RATE AND CUMULATIVE MAXIMUM LOCALIZED CORROSION RATES  

 

            Maximum localized corrosion rate is a measure of localized corrosion rate at a given moment of 

time. Cumulative localized corrosion rate is a measure that relates to the cumulative damage of localized 

corrosion to a metal. If the maximum localized corrosion rate is high, but the cumulative maximum 

localized corrosion rate is low, the corrosion rate at one electrode is high at one time, but remains low at 

other times and there is always one electrode that has a high corrosion rate. The cumulative effect of this 

kind of high maximum localized corrosion rate in a given time period is a high general corrosion rate, 

(i.e., every electrode is significantly corroded after a given period of time). When the maximum 

localized corrosion rate is significantly different from the cumulative maximum localized corrosion rate, 

the cumulative maximum localized corrosion rate should be used to evaluate the persistence of localized 

corrosion.  

 

Because the cumulative maximum localized corrosion rate is the corrosion rate on the most 

corroded electrode and the corrosion rate on the most corroded electrode may be lower than the 

corrosion rate taking place on the most corroding electrode (the maximum localized corrosion rate) at 

certain times, the cumulative maximum localized corrosion rate is always lower than the maximum 

localized corrosion rate: 

 

                          CRcmax ≤ CRmax                                                      (14) 

           (11) t/)(CD)(CR avgcavg dtdt =

 

           (12) t/])(CR[)(CR avgcavg ddttdt ∫=

           

          (13) )(CR)(CR avgcavg tt =
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Therefore, for process control applications (i.e., inhibitor dose control), the maximum localized 

corrosion rate, CRmax, should be used. However, for the evaluation of the effect of localized corrosion on 

the cumulative damage to a metal component, the cumulative maximum localized corrosion rate should 

be used. It should be noted that in a certain environment, the cumulative maximum localized corrosion 

rate may be very low, even zero, but the maximum localized corrosion rate may still be very high. This 

means that the localized corrosion on the most corroded electrode has stopped, but the localized 

corrosion on the other electrodes may still be high. 

 

CONCLUSION 

  

Cumulative maximum localized corrosion rate and cumulative maximum localized corrosion rate 

factors are important parameters for corrosion monitoring using coupled multielectrode array sensor 

probes. Maximum localized corrosion rate is the corrosion rate on any of the electrodes of a probe that 

has the highest corrosion rate at a given moment of time. The cumulative maximum localized corrosion 

rate is the corrosion rate of the electrode that has been corroded the most in a given time period. The 

cumulative maximum localized corrosion rate is directly related to the corrosion damage (maximum 

localized corrosion depth); the maximum localized corrosion depth equals the integration of the 

cumulative maximum localized corrosion rate. In many cases, such as stainless steel in seawater, the 

maximum localized corrosion rate often equals the cumulative maximum localized corrosion rate. In 

other cases, such as aluminum in seawater, however, the maximum localized corrosion rate is not the 

same as the cumulative maximum localized corrosion rate, because the corrosion rates on the different 

electrodes constantly change relative one to another. Maximum localized corrosion rate is always higher 

than the cumulative maximum localized corrosion rate. The maximum localized corrosion rate should be 

used for process control purposes, but the cumulative maximum localized corrosion rate should be used 

to evaluate the localized corrosion effect on metal damage in a given time. 
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Figure 1. Typical currents measured from a stainless steel coupled multielectrode array 

sensor probe in simulated seawater.  Maximum anodic current was due to one electrode 

(Electrode #4) throughout the measurement period and maximum localized corrosion rate 

can be directly calculated from the maximum anodic current. Note: the numbers in the legend 

indicate the IDs of the probe electrodes; a negative value of the anodic current means that the 

current is actually cathodic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Anodic charges obtained from the data in Figure 1. Maximum anodic charge is 

the integration of the current from one electrode (Electrode #4).   
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Figure 4. Typical currents measured from an aluminum coupled multielectrode array sensor 

probe in simulated seawater.  Maximum anodic current was due to different electrodes 

(Electrodes #5, #13, #12, and #16) at different times and cumulative localized corrosion rate 

cannot be directly calculated from the maximum anodic current.  

Note: the numbers in the legend and figure indicate the identifications of the probe electrodes; 

a negative value of the anodic current means that the current is actually cathodic.  

Figure 3. Maximum localized corrosion rate and maximum localized corrosion depth 

(penetration) for the data shown in Figures 1 and 2. The maximum localized corrosion 

depth is a direct integration of the maximum localized corrosion rate. 
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Figure 5. Anodic charges corresponding to Figure 4.  Maximum anodic charge is the 

integration of the currents from different electrodes (Electrode #5, #13, and #12).   
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Figure 7.  Cumulative maximum localized corrosion rate, maximum localized corrosion 

rate, and maximum localized corrosion penetration depth measured from the AL 3003 

probe in simulated seawater.  

Figure 8. Maximum localized corrosion rate (CRmax), cumulative maximum localized 

corrosion rate (CRcmax), and average corrosion rate (CRavg) for the data shown in Figure 4. 

Patent pending.  
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Figure 13. Response of the corrosion potential to the changes in maximum localized 

corrosion rate, during the measurement for the SS 316L probe  

Figure 9. Maximum, cumulative localized corrosion rate factors, and maximum localized 

corrosion depth factor for the data shown in Figures 4 and 5. 
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