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ABSTRACT 
 

Real-time coupled multielectrode array sensor probes were used to measure the maximum 
localized corrosion rate of Type 1008 carbon steel; Types 1100 and 3003 aluminum; Type 110 copper; 
and Types 316L, 304L, 904L, and 254 SMO stainless steels in simulated seawater. The real-time general 
corrosion rates and general corrosion penetration depth for selected alloys were also given, based on the 
average anodic currents and average anodic charge from the coupled multielectrode array sensor probes. 
Detailed analyses, for deriving the general corrosion penetration rate and general corrosion penetration 
depth using the average anodic currents and average anodic charges, were described. Localized 
corrosion penetration rate factor and localized corrosion penetration depth factor were also discussed.  

 
The maximum localized penetration rates for the stainless steels tested were between 0.5 µm/yr 

(0.02 mil/yr) and 10 µm/yr (0.4 mil/yr). The maximum localized penetration rate for copper 110 was 
between 8 µm/yr (0.32 mil/yr) to 90 µm/yr (3.5 mil/yr). The maximum localized penetration rate for 
aluminum 1100 and 3003 was between 70 µm/yr (2.8 mil/yr) and 1000 µm/yr (40 mil/yr). The 
maximum localized penetration rate for carbon steel 1008 (mainly pitting corrosion) was between 800 
µm/yr (32 mil/yr) and 4000 µm/yr (157 mil/yr).  

 
Keywords: Corrosion monitoring, marine corrosion, corrosion sensor, localized corrosion, online 
corrosion sensor, corrosion probe, real-time corrosion sensor, multielectrode sensor, coupled multiple 
electrodes, general corrosion rate, localized corrosion rate. 

 
INTRODUCTION 

 
Corrosion of metals in marine water systems has an important impact on many sectors of our 

economy. These sectors include transportation (ships and seaports), military (surface ships and 
submarines), infrastructure (buildings and bridges), oil and gas (offshore explorations and productions), 
and recreational industries (cruise ships and sporting boats). According to a recent report,1 the annual 
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corrosion-related costs of the U.S. marine shipping industry alone were estimated at $2.7 billion. To 
effectively control and mitigate corrosion, it is important to measure the real-time rate of corrosion and, 
especially, the rate of localized corrosion taking place in the system. Coupled multielectrode sensors 
(CMAS) have been recently used as in situ and online monitors for localized corrosion in cooling water 
pipes of chemical plants,2-3 and other laboratory and field systems. 4-19 Some of the CMAS applications 
include quantitative and real-time localized corrosion monitoring for cathodically protected systems,10  
coated metal components,11,16 metals in concrete,12 metals in soil,15 and metals in low conductivity 
waters.18 The coupled multielectrode probes were also used as a real-time corrosion monitor for crevice 
corrosion of stainless steels, copper and carbon steel in simulated seawater.19  In the present work, 
coupled multielectrode corrosion probes were used as an online tool for measuring the corrosion rates in 
simulated seawater for the following types of metals: 

 
1008 carbon steel (UNS G10080) 
304L stainless steel (UNS S30403) 
316L stainless steel (UNS S31603) 
904L stainless steel (UNS N08904) 
254 SMO stainless steel (UNS S31254) 
110 copper (UNS C11000)  
1100 aluminum (UNS A91100)  
3003 aluminum (UNS A93003) 

 
THEORY 

 
 Coupled multielectrode arrays were used to study the spatiotemporal corrosion processes of iron 
in sulfuric acid more than ten years ago.20  Because the electrodes in a multielectrode array are spatially 
addressable, and their size can be as small as the area of a localized corrosion site, the coupled 
multielectrode arrays have been used by many researchers to study the corrosion processes, especially 
the localized corrosion processes, and to estimate localized corrosion rates.21-24  
 
           Figure 1 shows the principle of a coupled multielectrode corrosion analyzer.12-15 The analyzer 
couples the multiple sensing electrodes of the probe to a common joint through the small resistors. 
Under a non-uniform corrosion condition (e.g., localized conditions), some of the electrodes corrode in 
preference to others and, therefore, a dispersion in the measured currents from the sensing electrodes is 
observed. Thus, the multiple electrodes in the probe simulate a single piece of metal.5-6 If the sensing 
elements are sufficiently small, so that separation of anodic and cathodic reactions between the different 
electrodes can be assumed, the localized corrosion rates can be obtained directly from the measured 
current densities from these electrodes: 
  

CRmax = (1/ε)Ia
maxWe /(FρA)                        (1) 

 
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 (cm2), ρ is the density of the alloy or electrode (g/cm3), and We is the equivalent weight 
(g/mol). The value of ε is unity, if the most corroding electrode is significantly more anodic than the 
majority of the other electrodes in the coupled multielectrode sensor probe and no cathodic site is 
available on the most corroding electrode to receive electrons. Under conditions where localized 
corrosion is significant, the most corroding electrode is usually significantly anodic from the other 
electrodes, and, therefore, the current distribution factor is usually close to unity. The Ia

max in Equation 
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(1) is simply the highest anodic current directly measured from the coupled multielectrode array sensor 
probe.  
 

The maximum penetration rate is related to the rate of localized corrosion damage in a given 
environment; the maximum penetration is related to the total damage accumulated in a given time 
period. The maximum penetration depth (cm) may be calculated by: 
 

Hmax = (1/ε)Qa
maxWe /(FρA)        (2) 

 
Where, Qa

max is the maximum of the cumulative anodic charges (coulomb) determined from the electrode 
with the largest amount of cumulative charge passed during an exposure 
 

The maximum penetration rate and cumulative maximum penetration are important parameters 
for the assessment of localized corrosion. However, the maximum penetration rates for many alloys and 
many environments are not available in the literature and the measured localized corrosion rates by the 
coupled multielectrode array sensor cannot be easily compared with the general corrosion rate 
commonly reported in the literature. In addition, maximum penetration rate is difficult to measure, while 
general corrosion rate can be measured by many methods, such as the linear polarization resistance 
method, the electrical resistance method, and the microbalance method.  
 

In most cases, localized corrosion is associated with some degree of general corrosion. When a 
metal is undergoing corrosion, the corroding metal is usually at an electrochemical potential (corrosion 
potential) that is significantly higher than the metal’s deposition potential. Thus, the cathodic currents 
are not directly related to the metal loss or to the metal gain and, therefore, they can be ignored in the 
corrosion rate calculation. For this reason, the average corrosion penetration rate may be calculated 
using the average value of the anodic currents from the coupled multielectrode probe.  

 
Ia

avg = (�Ia
i)/n, I from 1 to n         (3) 

    
where Ia

i is the anodic current from the ith electrode, n is the number of electrodes in the probe and Ia
avg 

is the average of the anodic currents. If Ia
i is negative, it is cathodic and ignored in the calculation. 

Therefore, the average corrosion rate may be calculated by:  
 

CRavg = (1/ε)Ia
avgWe /(FρA)        (4) 

 
The general corrosion penetration rate obtained with a weight loss method or by an 

electrochemical method using relatively large electrodes is essentially the corrosion rate averaged over 
the whole surface area of the weight loss specimen or the area of the large electrode. Therefore, 
Equation (4) can be used to estimate the general corrosion rate. Localized corrosion rate factor may be 
defined as the ratio of the maximum localized corrosion rate to the average corrosion penetration rate: 
 

                                              frate = CRmax/CRgen                              (5) 
 

The localized corrosion rate factor indicates how much high the localized corrosion rate (e.g., the 
penetration rate of the fastest growing pit on the surface of a coupon in the case of pitting corrosion) is 
relative to the general corrosion rate or the average corrosion rate (e.g., the average penetration rate on 
the surface of a coupon). It should be noted that the localized corrosion rate may not always be found at 
one electrode. In a coupled multielectrode array sensor probe, one electrode may have the highest 
corrosion rate at one time, but another electrode may corrode at the highest rate at another time. 
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Apparently, the number of electrodes, n, would affect the value of frate. For example, the highest value of 
frate occurs when only one electrode is corroding and the rest of the electrodes are cathodic.  
 

Similar to the average corrosion rate, the average anodic charge, Qa
avg, may be calculated by:   

 
Qa

avg = (�Qa
i)/n, I from 1 to n            (6) 

 
where Qa

i is the anodic charge from ith electrode and n is the number of the electrodes in the coupled 
multielectrode probe. If the value of Qa

i is negative, it is cathodic and should be ignored. Thus the 
general corrosion penetration depth (cm) may be calculated by:  
 

Havg = (1/ε)(Qa
avg)We /(FρA)            (7) 

 
Same as the average corrosion rate, Equation (7) can be used to estimate the general corrosion 

penetration depth.  
 
The localized penetration depth factor may be defined as the ratio of the maximum localized 

penetration depth to the average corrosion penetration depth: 
 

fdepth = Hmax/Havg                  (8) 
 

The localized corrosion penetration depth factor indicates how much the localized corrosion 
depth (e.g., the deepest penetration of the most corroded pit on the surface of a coupon in the case of 
pitting corrosion) is relative to the general corrosion penetration or the average corrosion penetration 
(e.g., the average loss in thickness on the surface of a coupon). Similar to the localized corrosion rate, 
the localized corrosion penetration (the maximum penetration) may not always be found at one 
electrode. It may not be found on the electrode that has the highest localized corrosion rate (highest 
penetration rate) at a given time either. The electrode that has the highest cumulative penetration (or the 
most corroded electrode) has the maximum penetration depth. The highest value of fdepth equals the 
number of electrodes in a probe when only one electrode is corroded and the rest of the electrodes are 
intact.  
 

EXPERIMENTAL PROCEDURES  
 

A nanoCorrTM*S-50 coupled multielectrode analyzer, manufactured by Corr Instruments (San 
Antonio, TX, USA), was used in the experiment (Figure 2). The coupled multielectrode corrosion 
analyzer, shown in Figure 2, has a current resolution 10–12 A and allows the measurement of coupling 
currents for up to 50 electrodes. With the factory supplied CorrVisualTM* software, this analyzer 
measures the real-time maximum localized corrosion rates and maximum localized penetration depth, 
average corrosion rates and  average penetration depth, corrosion potentials, temperature and other 
parameters simultaneously from: four independent coupled multielectrode probes, three pH or thee ORP 
probes, or three other transducers for parameters, such as conductivity, humidity, flow, and pressure.  

 
 Figure 3 shows some of the coupled multielectrode probes used for localized and general 

corrosion monitoring. The electrodes were embedded in epoxy and the cross section at one end was used 
as the sensing area. The electrodes on a typical probe were made of either the same wire (usually 0.5 to 
1 mm in diameter) or same bars (1mm by 1 mm in square form) cut from a metal rod or plate using an 
                                                 
*  nanoCorr and CorrVisual are trademarks of Corr Instruments, LLC. 
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electrical discharge machining (EDM) technique. In this experiment, all probes were polished to 400 
grits before use. The metals in the probes and their properties— used as the input to the multielectrode 
sensor software for the calculation of corrosion rates and penetration depths—are provided in Table 1. 

 
The experiment was conducted in a beaker filled with simulated seawater that contains 3%wt sea 

salt by Vigo Importing Co. (Tampa, Florida, USA). The coupled multielectrode probes, temperature 
probe, pH probe, and ORP probe were vertically immersed in the simulated seawater, which was not 
agitated during the experiments. Silver/silver chloride (Ag/AgCl) electrode or saturated calomel 
electrode (SCE) was used as the reference electrode for the measurements of the electrochemical 
potentials of the probes (or corrosion potential, if the probe was not connected to other electrodes). The 
experiment was conducted at a temperature range from 17 to 27o C.  
 

A notebook computer was used to collect the data from the multielectrode analyzer. The current 
from each electrode, the electrochemical potential (the coupling potential) of each probe, and the 
temperature were logged at a predetermined interval (usually 20 to 600 seconds) and saved in a 
computer file. Processed signals (such as the maximum localized corrosion current, the maximum 
cumulative charge, and the average corrosion rate and average cumulative corrosion damage or 
penetration depth) for each probe were also saved in one or more separate data files.  

 
RESULTS AND DISCUSSIONS 

 
Carbon Steel Type 1008 Probe   
 

Figure 4 shows the measured maximum localized corrosion (mainly pitting corrosion; see 
below) rate, average corrosion rate, maximum pitting penetration depth and average penetration depth 
from the Type 1008 carbon steel probe. As discussed in the Theory section, the average corrosion rate 
and the average penetration depth may be considered as a result of the contribution from general 
corrosion. Therefore, the average corrosion rate and the average penetration depth are also called the 
estimated general corrosion rate and the estimated general corrosion depth, respectively, in this paper. 
The maximum pitting penetration rate varied around 1000 µm/yr (40 mil/yr) and stayed the same in the 
two weeks of measurements. The average corrosion rate (or general corrosion rate) varied in the vicinity 
of approximately 200 µm/yr (8 mil/yr) and had approximately the same trend as the maximum pitting 
rate. There were two short-term decreases in the corrosion rates on Aug 20, 2005 and on Aug 26, 2005 
(in both cases, to 400 µm/yr for the maximum pitting rate and to 70 µm/yr for the average rate, 
respectively). It is not known what caused the short-term decreases. Figure 5 shows the localized 
corrosion (pitting) rate factor and the localized penetration depth factor calculated by the software, using 
Equations 5 and 8, respectively. The pitting penetration rate factor fluctuated between 3.5 and 13. The 
pitting penetration rate factor averaged over the testing period is 6.05. The penetration depth factor was 
high initially (up to 10), decreased quickly, and stabilized at approximately 4.5. Because the fast-
corroding electrode was not always the same electrode, the penetration depth factor was usually lower 
than the penetration rate factor because the penetration depth is not usually the integration of the 
maximum penetration rate. The maximum pitting rate averaged over the testing period is 1380 µm/yr 
(54mil/yr); the average corrosion rate (or estimated general corrosion rate) averaged over the testing 
period is 228 µm/yr (8.98 mil/yr).  

 
Figure 6 shows the corrosion potential of the CS 1008 probe (measured at the coupling joint), 

the oxidation/reduction potential (ORP), pH, and temperature of the solution during the test. The 
corrosion potential of the carbon steel electrodes varied between -633 and -659 mV(Ag/AgCl), The ORP 

5



  

was from 230 to 348 mV(Ag/AgCl), the pH was approximately 7, and the temperature was from 26 to 
28 oC.  

 
Figure 7 shows the post test appearance of the probe sensing surface immediately after the 

immersion test. The electrodes of the probe were covered by a thick layer of corrosion products. Pits 
were apparent on most of the electrodes, after removing the layer of corrosion products.  

 
Aluminum Types 1100 and 3003 Probes   
 

Figure 8 shows the measured maximum localized corrosion rate (mainly pitting based on post 
test examination), average corrosion rate (estimated general corrosion rate), maximum pitting depth and 
average penetration depth (estimated general corrosion depth) measured from the Type 3003 aluminum 
probe before and after the probe was changed from air to the simulated seawater. As soon as the probe 
was placed in the simulated seawater, the maximum pitting penetration rate changed to 0.52 mm/yr (20 
mil/yr) and fluctuated between 0.154 mm/yr (6.1 mil/yr) to 1.68 mm/yr (66 mil/yr). The average 
corrosion rate was between 0.035 and 0.16 mm/yr (1.4 to 6.4 mil/yr). The maximum pitting rate in 
simulated seawater averaged over the testing period is 584 µm/yr (23 mil/yr); the average corrosion rate 
in simulated seawater (or estimated general corrosion rate) averaged over the testing period is 75 µm/yr 
(2.9 mil/yr). The overall localized corrosion rate factor (ratio of the maximum pitting rate to the average 
corrosion rate, both averaged over the testing period) is 7.83. The final localized corrosion depth factor 
was 5.02, which is the ratio of the maximum localized penetration depth to the average penetration depth 
at the end of the test, as shown in Figure 8.    

 
Figure 9 shows corrosion potential of the probe (at the coupling joint), and the 

oxidation/reduction potential (ORP) and pH of the solution during the test. The corrosion potential of the 
aluminum electrodes was from -674 to -690 mV(Ag/AgCl), The ORP was from 226 to 290 
mV(Ag/AgCl), and the pH was approximately 7.  

 
Figure 10 shows the maximum pitting corrosion rate and the corrosion potential measured from 

the Type 1100 aluminum probe, when the probe was in simulated seawater. The corrosion rate was 
between 0.196 mm/yr (7.84 mil/yr) and 0.475 mm/yr (18.7 mil/yr). The maximum pitting rate averaged 
over the testing period is 0.268 mm/yr (10.6 mil/yr). The corrosion potential of the AL 1100 electrodes 
was approximately -0.76 V(Ag/AgCl) during the test. 

 
Copper Type 110 Probe   
 

Figure 11 shows the maximum pitting corrosion rate and the maximum pitting depth measured 
from the Type 110 copper probe when the probe was the simulated seawater. The maximum pitting 
penetration rate fluctuated between 5 µm/yr ( 0.2 mil/yr) and 80 µm/yr (3.2 mil/yr). The maximum 
pitting rate for the CU 110 probe in simulated seawater averaged over the testing period is 20 µm/yr 
(0.79 mil/yr). 

 
Stainless Steel Type 316L probe   
 

Figure 12 shows the maximum localized corrosion rate and the maximum localized corrosion 
penetration depth measured from the Type 316L stainless steel probe when the probe was in the 
simulated seawater. The maximum penetration rate was approximately 0.4 µm/yr (0.016 mil/yr) 
initially, but decreased to 0.2 µm/yr (0.008 mil/yr) approximately 24 hours after the immersion test. 
After the initial 24 hours, the maximum penetration rate was mostly at 0.2 µm/yr (0.008 mil/yr), but 
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occasionally spiked to values up to 13 um (0.51mil/yr). The slightly higher rate, during the initial 24 
hours immersion, was probably due to the fresh electrode surface on the probe, due to polishing. The 
spikes of the maximum localized corrosion rates are indications of the initiation of localized corrosion of 
the stainless steel in the simulated seawater. The spikes correlate very well with the sudden decreases in 
corrosion potential (Figure 13). The sudden decrease in corrosion potential indicates the breakdown of 
the passive film on the stainless steel electrode. The maximum pitting rate for the stainless steel 316L 
probe in simulated seawater averaged over the testing period is 0.5 µm/yr (0.02 mil/yr). 

 
It should be mentioned that the observed spikes in the maximum localized corrosion rate for 

stainless steel 316L occurred occasionally. Most of the other short-term measurements in simulated 
seawater prepared with the same sea salt indicated a very steady and low corrosion rate (0.2 µm/yr or 
0.008 mil/yr). A post test visual examination (Figure 14) shows that a small amount of deposits was 
formed on some electrodes and some rust-colored stain was present on these deposits.  

 
Stainless Steel Type 904L Probe 
 

Figure 15 shows the maximum localized corrosion rate measured from the 7-electrode Type 
904L stainless steel probe, when the probe was in the simulated seawater. The general trend of the 
maximum penetration rate varied from an initial 0.8 µm/yr (0.03mil/yr) to 7 µm/yr (0.3 mil/yr), at the 
end of the test.  There were also occasional spikes up to 12 µm/yr (0.5 mil/yr). The spikes of the 
corrosion rates are indications of the initiation of localized corrosion of the stainless steel electrode in 
the simulated seawater. The maximum pitting rate for the stainless steel 904L probe in simulated 
seawater averaged over the testing period is 5 µm/yr (0.2 mil/yr). 

 
Figure 16 shows the currents from the 7 individual electrodes, in which negative values are 

anodic and positive values are cathodic. The general trend of localized corrosion, as shown in Figure 15, 
was attributed to the anodic behavior of the #5 electrode. The spikes were mainly due to the sudden 
dissolution currents from the # 5 and # 3 electrodes.  
 
Stainless Steel 304L Probe 

 
Figure 17 shows the short-term maximum localized corrosion rate and the average corrosion rate 

measured from the Type 304L stainless steel probe in the simulated seawater, after it was polished to 
400 grit. The maximum localized corrosion rate was 5.4 µm/yr, immediately after it was polished, and it 
decreased exponentially (linearly in log scale, as shown in the figure) to 0.31 µm/yr in 7 hours. The 
estimated general corrosion rate (using the average corrosion rate) was 0.77 µm/yr, immediately after it 
was polished, and 0.055 µm/yr seven hours later. The maximum localized corrosion rate, for the 
stainless steel 304L probe in simulated seawater averaged over the testing period, is 1.7 µm/yr (0.067 
mil/yr); the average corrosion rate, in simulated seawater (or estimated general corrosion rate) averaged 
over the testing period, is 0.23 µm/yr (0.009 mil/yr). The overall localized corrosion rate factor (the ratio 
of the maximum localized penetration rate to the average penetration rate, both averaged over the testing 
period) is 7.4.   

 
 Figure 18 shows the corrosion potential of the probe and the temperature of the simulated water 

during the test. The corrosion potential was -0.21 V(Ag/AgCl) at the start, increased to -0.19 
V(Ag/AgCl) in approximately 3 hours, and remained at approximately -0.19 V(Ag/AgCl) during the rest 
of the test. The temperature was approximately 15 oC.    
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Stainless Steel 254 SMO Probe 

 
Figure 19 shows the short-term maximum localized corrosion rate and the average corrosion rate 

measured from the Type 254 SMO stainless steel probe in the simulated seawater, after it was polished 
to 400 grit. The maximum localized corrosion rate was 8.9 µm/yr (0.35 mil/yr), immediately after it was 
immersed, and it decreased rapidly to approximately 3 µm/yr (0.12 mil/yr) in 20 minutes, and then 
gradually to 1 µm/yr (0.04 mil/yr), at the end of the 11-hour test. The estimated general corrosion rate 
(by average corrosion rate) was 1.4 µm/yr (0.055 mil/yr) initially, and it rapidly decreased to 0.38 µm/yr 
(0.015 mil/yr) in 20 minutes, and then gradually to 0.16 µm/yr (0.0063 mil/yr), in approximately 11 
hours. The maximum localized corrosion rate, for the stainless steel 254 SMO probe in simulated 
seawater averaged over the testing period, is 1.9 µm/yr (0.075 mil/yr); the average corrosion rate, in 
simulated seawater (or estimated general corrosion rate) averaged over the testing period, is 0.27 µm/yr 
(0.011 mil/yr). The overall localized corrosion rate factor (the ratio of the maximum localized 
penetration rate to the average penetration rate, both averaged over the testing period) is 7.0.   

 
 Figure 20 shows the corrosion potential of the probe and the temperature of the simulated 

seawater during the test. The corrosion potential was -0.22 V(Ag/AgCl) at the start, and it gradually 
increased to -0.21 V(Ag/AgCl) at the end of the test.  The temperature was approximately 17 oC.    
 
Comparison of Corrosion Rates in Simulated Seawater for Different Types of Alloys 

 
Figure 21 shows the maximum localized corrosion rates averaged over the testing periods for the 

different types of alloys and the average corrosion rates averaged over the testing periods for selected 
alloys, along with the pitting and general corrosion rates of relevant alloys from the literature. For both 
the maximum localized corrosion rate and the average localized corrosion rate, the order of resistance to 
corrosion for these alloys is as follows: 

 
CS1008<AL1100~AL3003<CU110<SS316L~SS304L~SS904L~SS254SMO 
 
The maximum localized corrosion rates for the stainless steels tested were between 0.5 µm/yr 

(0.02 mil/yr) and 10 µm/yr (0.4 mil/yr); the average corrosion rates for SS304L and 254SMO were 0.23 
µm/yr (0.0091 mil/yr) and 0.27 µm/yr (0.011 mil/yr), respectively. The maximum localized corrosion 
rate for copper 110 was between 8 µm/yr (0.32 mil/yr) and 90 µm/yr (3.5 mil/yr). The maximum 
localized corrosion rates for aluminum 1100 and 3003 were between 70 µm/yr (2.8 mil/yr) and 1000 
µm/yr (40 mil/yr); the average corrosion rate for AL3003 was between 20 and 100 µm/yr (4 mil/yr). The 
maximum localized corrosion rate (mainly pitting corrosion) and average corrosion rate for carbon steel 
1008 were between 500 µm/yr (32 mil/yr) and 4000 µm/yr (157 mil/yr) and between 80 µm/yr (3.2 
mil/yr) and 300 µm/yr (11.8 µm/yr), respectively. 

 
The measured maximum localized corrosion rate and average corrosion rate for carbon steel 

1008 are in good agreement with the reported maximum pitting rate (1600 µm/yr) and general corrosion 
rate (228 µm/yr), respectively. 25 These reported corrosion rates for carbon steel were obtained from 1-
year immersion test in Panama Canal seawater. The average corrosion rates for the stainless steels 
(~0.25 µm/yr) are close to the reported general corrosion rates for stainless steels 316 (0.55 µm/yr) and 
4340 (0.33 µm/yr).26. These reported stainless steel general corrosion rates were obtained in an 18-
month test in seawater. The average corrosion rate for AL3003 (20 to 100 µm/yr) is slightly higher than 
the reported value (7.8 µm/yr).27 The reported general corrosion rate for AL3003 was obtained in a 1-
year immersion test in seawater. The corrosion rate for AL3003 measured in the present work was from 
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a 12-hour test. Depends on the corrosion mechanism, the corrosion rate for AL3003 may decrease with 
time.  

 
Localized Corrosion Rates of Selected Alloys in Different Solutions  

 
In order to see the responses of the coupled multielectrode array sensor probes to the changes in 

solution chemistry, three probes made of AL 1100, SS 304L, and SS 316L, respectively, were tested 
simultaneously. The three probes were initially immersed in the same distilled water for approximately 
10 hours. The probes were then immersed in simulated seawater for approximately one day. Finally, 
H2O2 was added to the simulated seawater, with a concentration of approximately 3 mM. Figure 22 
shows the test results after the probes were in the distilled water for 6 hours. The order of resistance to 
localized corrosion for the three metals in the first two chemical environments (distilled water and 
simulated seawater) was the same as those shown in Figure 21. The maximum localized corrosion rate 
increased instantaneously, when the probes were changed from the distilled water to the simulated 
seawater and when the H2O2 was added to the simulated seawater. However, after the sudden increase 
upon the addition of the H2O2, the maximum localized corrosion rate of the aluminum probe decreased, 
and reached approximately the same value as the SS 304L probe in the simulated seawater. This is 
probably due to the repassivation of the aluminum in the strong oxidizing simulated seawater or to the 
mass transport limitation because the maximum localized corrosion rate in the simulated seawater was 
already very high (~300 µm/yr). In contrast, the maximum localized corrosion rates of the SS 304L and 
SS 316L probe in the H2O2–added simulated seawater remained higher than their corresponding values 
(by more than one order of magnitude) in the simulated seawater.  

 
Figure 23 shows the corrosion potentials of the three probes during the testing in the three 

different environments. The potentials of the three probes suddenly decreased when the probes were 
changed from the air-saturated distilled water to the air-saturated simulated seawater. The sudden 
decreases in potential indicate that the three probes were active in the simulated seawater, which is 
consistent with the corrosion rate results as shown in Figure 22.  

 
CONCLUSION 

 
Real-time coupled multielectrode array sensor probes were used to measure the maximum 

localized corrosion rate of Type 1008 carbon steel; Types 1100 and 3003 aluminum; Type 110 copper; 
and Types 316L, 304L, 904L, and 254 SMO stainless steels in simulated seawater. The real-time general 
corrosion rates of these alloys were also estimated, using the average anodic currents from the coupled 
multielectrode array sensors. 

 
The maximum localized penetration rates for the stainless steels were between 0.5 µm/yr (0.02 

mil/yr) and 10 µm/yr (0.4 mil/yr). The maximum localized penetration rate for copper 110 was between 
8 µm/yr (0.32 mil/yr) and 90 µm/yr (3.5 mil/yr). The maximum localized penetration rate for aluminum 
1100 and 3003 was between 70 µm/yr (2.8 mil/yr) and 1000 µm/yr (40 mil/yr). The maximum localized 
penetration rate for carbon steel 1008 (mainly pitting corrosion) was between 800 µm/yr (32 mil/yr) and 
4000 µm/yr (157 mil/yr). With 16-electrode probes, the estimated general corrosion rates were 
approximately 5 to 12 times lower than that of the maximum localized corrosion rate; the stabilized 
estimated general corrosion depths for selected alloys were 3.5 to 6 times lower than those of the 
maximum localized penetration depth. If the number of electrode is more than 16, the estimated general 
corrosion rate may be even lower than that of the maximum localized rate, and the estimated general 
corrosion penetration depth may be even lower than those of the maximum localized penetration depth. 
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Table 1: Configurations, electrode properties, and manufacturer’s part number of probes used in 
the experiment. 

 
Probe 

Electrode 
UNS 

Number 

Electrode 
Area 
(cm2) 

Number 
of 

Electrodes 

Electrode 
Equiv. 
Weight 

Electrode 
Density 
(g/cm3) 

Manufacturer 
Part Number 

SS 316L S31603 0.0085 16 25.5 7.98 S31603-40-16-
625-14”-E-M-23 

SS 304L S30403 0.0085 16 25.1 7.94 S30403-40-16-
750-14”-E-M-50 

SS 904L N08904 0.0085 7 25.2 7.90 N08904-40-16-
750-14”-E-M-50 

254 SMO S31254 0.01 16 25.0 7.80 S31254-40-16-
750-14”-E-M-50 

AL 1100 A91100 0.0085 16 8.99 2.71 A91100-40-16-
750-14”-E-M-20 

AL 3003 A93003 0.0085 16 9.11 2.73 A93003-40-16-
625-9”-E-M-20 

CU 110 C11000 0.0085 16 63.55 8.91 C11000-40-16-
750-14”-E-M-20 

CS 1008 G10080 0.006 16 27.9 7.87 G10080-35-16-
750-14”-E-M-20 
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Figure 1. Schematic diagram showing the principle of the coupled multielectrode 
array sensor analyzer for the measurement of localized corrosion.15 The maximum 
localized corrosion rate from the instrument represents the penetration rate of the 
most corroding electrode (e.g., 3rd from the right in the bottom figure). The maximum 
localized penetration depth from the instrument represents the corroded depth of the 
most corroded electrode. The general or average corrosion rate is calculated from the 
average of the anodic currents, and the general or average corrosion depth is 
calculated from the average of the anodic charges.     
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Figure 3. Typical coupled multielectrode array sensor probes used in the 
experiments.         

Figure 2. Coupled multielectrode analyzer used in the experiments and typical real-
time displays on a notebook computer (see insert). 

Note: This analyzer simultaneously measures corrosion rates, corrosion potentials, 
temperature, pH, and ORP from multiple probes. 

Multielectrode Probe Connectors

pH, ORP, Temperature and Others
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Figure 5. Localized corrosion rate and penetration depth factors from the CS 
1008 probe.  
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Figure 4. Maximum localized corrosion rate, average corrosion rate, maximum 
localized corrosion penetration depth and average corrosion penetration depth, 
measured from the CS 1008 probe. 
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Figure 6. Corrosion potential of the carbon steel probe, and pH, 
oxidation/reduction potential (ORP), and temperature of the simulated seawater, 
during the measurement of the corrosion rate from the CS 1008 probe.  

Figure 7.  Appearance of the CS 1008 probe immediately after removal from the 
simulated seawater, after the corrosion rate measurement.  

Note: Pitting was apparent on most of electrodes after the corrosion products 
were removed with soft brush.  
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Figure 8.  Maximum localized corrosion rate, average corrosion rate, maximum 
localized corrosion penetration depth, and average corrosion penetration depth, 
measured from the AL 3003 probe in simulated seawater.  

Figure 9. Corrosion potential of probe, and the pH and ORP of the simulated seawater, 
during the corrosion rate measurement from the AL 3003 probe.  

 
 

1.0E-2

1.0E-1

1.0E+0

1.0E+1

1.0E+2

1.0E+3

1.0E+4

8/21/05
7:30

8/21/05
10:30

8/21/05
13:30

8/21/05
16:30

8/21/05
19:30

8/21/05
22:30

8/22/05
1:30

Time

C
or

r R
at

e 
(u

m
/y

r)
   

 

1.0E-3

1.0E-2

1.0E-1

1.0E+0

1.0E+1

C
or

r 
D

ep
th

 (
um

)

Max Localized Rate 
Average Rate
Max Localized Depth
Average Depth

Probe
 in Air

Probe to 
Solution

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

8/21/05
7:30

8/21/05
10:30

8/21/05
13:30

8/21/05
16:30

8/21/05
19:30

8/21/05
22:30

8/22/05
1:30

Time

P
ot

en
tia

l (
V

[A
g/

A
gC

l])

4

5

6

7

8

9
pH

Corr Potential
ORP
pH

18



  

 

 
 
 
 
 

Figure 10. Max localized corrosion rate and the corrosion potential measured from the 
AL 1100 probe. 

Figure 11. Maximum localized corrosion rate and maximum localized corrosion 
penetration depth, measured from the CU 110 probe. 
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Figure 12. Maximum localized corrosion rate and maximum localized corrosion 
penetration depth, measured from the SS 316L probe.  

Figure 13. Response of the corrosion potential to the changes in maximum localized 
corrosion rate, during the measurement for the SS 316L probe  
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Figure 14.  The appearance of the electrodes on the Type 316L stainless steel probe 
immediately after the removal from the simulated seawater. 

Note: Probe shell was made of stainless steel 316L tube. A crevice can be seen 
(induced by the fabrication process) between the stainless steel tube and the epoxy 
near the area where rust appears.  The rust at the edge was due to the corrosion of 
the 316L shell at the crevice area.  

Figure 15. Maximum localized corrosion rate measured from the SS 904L probe. 
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 Figure 16. Currents measured from the 7 electrodes of the SS 904L probe. The 
localized corrosion rate, as shown in Figure 15, was attributed to the anodic behavior 
of the #5 electrode. The spikes were mainly due to the sudden dissolution currents 
from the # 5 and # 3 electrodes. 

Figure 17. Short-term maximum localized corrosion rate and average corrosion rate, 
measured from the SS 304L probe.  
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Figure 18. Corrosion potential of the SS 304L probe and the temperature of the 
simulated seawater, during the corrosion rate measurement.  

Figure 19.  Maximum localized corrosion rate, average corrosion rate, and the 
maximum localized corrosion penetration depth, measured from the 254 SMO 
probe. 
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Figure 20.  Corrosion potential of the 254 SMO probe and the temperature of the 
simulated seawater during the measurement.  
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Figure 21. Comparison between the maximum localized corrosion rates and average 
corrosion rates as measured from the different types of alloys and literature data. 

Note: *—from Southwell and Alexander25; **—from Hollingsworth and Hunsicker27; 
***—from Pelensky, et.al26. 
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Figure 22.  Response of the maximum corrosion rates of three types of metals to the 
changes in solution chemistry.  

Figure 23.  Response of the corrosion potentials to the changes in solution chemistry.  

0.01

0.1

1

10

100

1000

6/30/05
3:00

6/30/05
9:00

6/30/05
15:00

6/30/05
21:00

7/1/05
3:00

7/1/05
9:00

7/1/05
15:00

Time

M
ax

 L
oc

al
iz

ed
 C

or
r 

R
at

e 
(u

m
/y

r)

SS304L
SS316L
AL1100

3mM H2O2

+sea salt
probes in sea salt solutiondistilled  

water

316L

AL1100

304L

(40 mpy)

(.04 mpy)
`

-1

-0.8

-0.6

-0.4

-0.2

0

6/30/05
3:00

6/30/05
9:00

6/30/05
15:00

6/30/05
21:00

7/1/05
3:00

7/1/05
9:00

7/1/05
15:00

Time

C
or

r 
P

ot
en

tia
l [

V
(S

C
E

)]

SS304L
SS316L
AL1100

316L

Al1100

304L

`

3 mM H2O2

+sea saltprobes in sea salt waterdistilled  
water

26


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

	logo: 
	number: 06284
	paper: Paper No.
	copyright: ©2006 NACE International.  Requests for permission to publish this manuscript in any form, in part or in whole must be in writing to NACE International, Conferences Division, 1440 South Creek Drive, Houston, Texas 77084.  The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.  Printed in the U.S.A.
	cp: Copyright


