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All-aluminum microchannel heat exchangers are designed to significantly reduce 

refrigerant charge requirements, weight, reduced brazed joints, and decreased potential for 

leakage by increasing reliability. Al 3003 alloy is corrosion resistant and can be formed, welded, 

and brazed but the issue with all-aluminum heat exchangers is localized corrosion (pitting) in 

corrosive environments. Currently, there is no universally accepted corrosion test that all coil 

manufacturers use to characterize their products. Electrochemical testing method of cyclic 

polarization was employed in this investigation and relevant parameters including electrolyte 

corrosive agent and its concentration, electrolyte pH, and applied potential scan rate was varied 

to find an optimal set of parameters. Results of cyclic polarization of Al 3003 in electrolytes 

containing various concentrations of NaCl were compared with those of the tests in Sea Water 

Acidified Accelerated Test (SWAAT) electrolyte and it is shown the SWAAT electrolyte (4.2% 

sea salt acidified to pH of 2.9) is by far stronger (in terms of corrosivity) than typical 3.5% NaCl 

solution used in most corrosion testing. Corrosion rates (g/m2yr) of Al 3003 measured in this 

investigation were comparable to those provided by ISO 9223 standard corresponding to C1 

through CX categories.  Duration of cyclic polarization test is much shorter than that of SWAAT 

and results obtained in this test is more reproducible compared to those of SWAAT. Scanning 

electron microscopy micrographs show typical pit depths of about 50 μm. 
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CHAPTER 1  

1.0 INTRODUCTION 

1.1 Microchannel versus Round Tube Plate Fin Heat Exchangers 

Round Tube Plate Fin (RTPF) are traditional Cu/Al coils that have been in use for a 

century (Figure 1a, b). The majority of the Heating Ventilation and Air Conditioning and 

Refrigeration (HVAC&R) equipment designs are based on this basic design. The concept has 

been enhanced to achieve higher heat transfer performance, but in recent years there has not been 

major improvements in increasing heat transfer performance of the RTPF heat exchangers. One 

of the inherent problems associated with RTPF is the presence of dissimilar alloys (copper and 

aluminum alloy) causing galvanic corrosion. All-aluminum microchannel (MCHX) are designed 

to have better heat transfer performance and higher corrosion resistance and have gained 

popularity in recent years (Figure 2).  

 

            (a)      (b) 

Figure 1a, b: Round Tube Plate Fin Design [Mingledorff’s, Inc. 2012 ACARE Micro Channel (MCHX)/Novation Condenser Coil 

Seminar]. 
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Figure 2: Schematic of an All-Aluminum Microchannel Heat Exchanger, ([Mingledorff's Inc. 2012 ACARE Microchannel 

(MCHX)/ Novation Condenser Coil Seminar)]. 

 

Manufacturing of reliable heat exchanger systems with higher efficiency levels has been a 

constant challenge to the air conditioning industry. Corrosion in heat exchangers may manifest 

itself in highly localized attack (pitting) in MCHX systems or uniform oxidation in RTPF due to 

exposure to corrosive atmospheres (atmospheric corrosion).  Corrosion of condenser coils causes 

heat exchanger performance degradation, poor aesthetics, and possible equipment failure. 

Atmospheric and pitting mechanisms of corrosion are dominant in heat exchangers and are the 

focus of this investigation. All-aluminum heat exchangers are used extensively therefore the 

following sections provide description of mechanisms and parameters involved in atmospheric 

and pitting forms of corrosion in aluminum alloys. 

1.2 All-aluminum Heat Exchangers 

In the last two decades, the use of aluminum in automotive heat exchangers has become 

the standard in all vehicles for automotive air conditioning and motor cooling. Manufactures 

typically use aluminum due to its lower cost, durability, lightweight and ease of 

manufacturability. HVAC system manufactures are currently starting to use all-aluminum heat 

exchangers in home and commercial heating and cooling systems. The all-aluminum heat 
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exchanger consists of three parts: fins, tubes and side supports (Figure 3). All-aluminum 

condensing coils significantly reduce refrigerant charge requirements (52% less compared with 

RTPF), 90 lbs. less weight for a 10-tond rooftop unit, 20% less brazed joints, decreased potential 

for leakage by increasing reliability. Aluminum brazing sheets make up these parts. Alloy used 

in these heat exchangers is typically Al 3003 (Al 98.6%, Mg 1.2%, Cu 0.12%). Al 3003 alloy is 

corrosion resistant and can be formed, welded, and brazed. Some aluminum radiator 

manufactures utilize aluminum with a zinc sacrificial coating to the aluminum to extend the 

surface life of the tubes. As indicated earlier, the issue with all-aluminum heat exchangers is 

localized corrosion (pitting) in natural atmospheric conditions in marine, industrial, agricultural, 

urban, and rural environments. Corrosion of condenser coils causes heat exchanger performance 

degradation, poor aesthetics, and possible equipment failure. 

 

Figure 3. Section of an All-Aluminum Radiator. 

 

The heat exchanger parts, described above, are brazed together using a flux at 

temperatures above 800 °F. Three methods are used to braze the parts together: flux-dip brazing, 
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torch brazing, and furnace-and-vacuum brazing. In theory, the fins should behave as a sacrificial 

metal and corrode first under normal weather conditions.  The tubes should corrode and fail after 

the fin has almost totally corroded. Under actual environmental conditions, the tubes are 

corroding in between the fins due to pitting corrosion attack resulting in perforation that causes 

leakage. Figure 4 shows a typical site where pitting is observed to happen in an all-aluminum 

MCHX.  

 

Figure 4: Tube-fin arrangement in all-aluminum MCHX showing location of corrosion attack. 

 

1.3 Accelerated Corrosion Tests 

There is no universally accepted accelerated corrosion test standard for assessing all-

aluminum MCHX and RTPF heat exchangers.  Manufacturers use various accelerated corrosion 

test methods to test corrosion resistance, for part manufacture warranty. Some of the methods of 

accelerated corrosion testing are proprietary to each individual manufacturer. For example, the 

Calsonic corrosion test (Jackson 1996), which uses a clay-based slurry, is derived from a 

worldwide field survey carried out in 1979. The most familiar tests are the ASTM B117 (Neutral 

Salt Fog), ASTM B368 (Copper Accelerated Acid Salt, CASS) and, the most popular, ASTM 

G85 (Salt Water Acetic Acid Test, SWAAT). A.C. Scott (Scott, Woods and Harris 1991) used 

these three tests along with two other tests, ASTM G44 (Alternate Immersion, AI) and a 

modified ASTM G44 (Acidified, AI), to study the corrosion resistance of a new aluminum alloy 



5 

 

heat exchanger used for automotive application. A.C. Scott (Scott, Woods and Harris 1991) 

suggested seven criteria for an acceptable corrosion test as follows: 

I. “The mode of attack matched to the samples of the material found in the field. 

II. The test environment is a credible match of the field environment. 

III. The test specimen is a suitable model for of the material used in the field environment. 

IV. The criteria for the test were the applicable degree of the corrosion resistance in the field. 

V. The test gave measureable, impartial results. 

VI. The test span is fairly short. 

VII. The test is a standard for the industry and could be put into use readily by aluminum 

producers and radiator manufactures.” 

 

In this instance, the mode of attack that is observed in the field is pitting corrosion, but 

many tests immerse the sample in solution and observed uniform corrosion mechanism. A.C. 

Scott (Scott, Woods and Harris 1991) believed immersion in a solution was not a duplication of 

the corrosion mechanism in the field.  

The test should be conducted in environments with the following attributes: 

 Similar corrosion causing contaminants 

 Similar ratio in cycling of drying and wetting 

 Similar temperatures 

 Similar light intensity 

 Similar relative humidity 

 Similar particle content 

 Similar wind speed 

 

Electrochemical (EC) testing is one possible test method used to study the pitting 

corrosion of engineering alloys. SD Meijers (Meijers, Martinez and Desican 2005) used both 

cabinet and electrochemical testing to study the individual fin and tubes of aluminum alloys. One 

of the electrochemical tests used to study corrosion resistance of Al 3XXX series to measure 

open circuit potential of the alloy in a corrosive electrolyte according ASTM G69 (ASTM G69 

1994). The electrochemical measurements were made into potential time plots and a comparison 

was made between the fin and the tube material potential difference. Electrochemical testing is a 
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fast method of testing pitting corrosion of aluminum, but has two main concerns: relevancy to 

and measurement of corrosion. Electrochemical tests have mainly been used to measure 

Corrosion Potential (Ecorr) of an Engineering alloy in a corrosive electrolyte. For the 

electrochemical test to be relevant, one needs to measure Pitting Potential (Epitt) and pitting 

tendency loop. Also, one may measure the protection potential. These attributes will be studied 

in this research. In fact potential that is a thermodynamic variable cannot shed any light in the 

kinetics of the anodic reaction through which corrosion proceeds. Therefore, corrosion current 

must be measured and converted into corrosion penetration rate to be able to forecast 

performance of an alloy in a corrosive electrolyte. This aspect will be investigated and results of 

the analysis will be included in the following sections.   

1.4 Problem Statement: 

Demand by HVAC industry is to have a test that meets the above-mentioned criteria. 

This study will look into the suitability of EC testing methods for characterization of pitting 

tendency in Al 3003 in various electrolytes containing corrosive agent such as NaCl. Currently, 

there are various methods for testing aluminum corrosion in fin and tube heat exchangers such as 

SWAAT, electrochemical testing, salt fog testing, etc. Unfortunately, at the present time, there is 

no universally accepted protocol for corrosion testing for all-aluminum fin and tube heat 

exchangers.  Most manufactures have opted to use their own proprietary testing protocol to 

promote their products, but the test results from these cabinet test neither correlate with each 

other’s test nor correlate well with actual field conditions. Test protocol designed to forecast heat 

exchanger material performance should duplicate failure mechanism observed in the field. 

Improper test procedures may alter the failure mechanism in heat exchangers results in invalid 

data leading to inaccurate conclusions.  
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1.5 Purpose of Research: 

The purpose of this research is to explore suitability of electrochemical testing as a viable 

accelerated corrosion testing method for materials used in all-aluminum microchannel heat 

exchangers. Aluminum 3003 will be studied in this investigation. Suitability of EC testing will 

be assessed in this research through characterization of aluminum alloys for pitting potential and 

pitting tendency loop. In addition, mode of failure in microchannel heat exchangers (MCHX) in 

various NaCl containing solutions will be investigated using Fourier Transform Infrared 

Spectrophotometry (FTIR), Scanning Electron Microscopy (SEM) and Energy Dispersive 

Spectroscopy (EDS).  

1.6 Research Questions: 

1. Does EC testing provide reliable information on pitting susceptibility of Al 3003 in 

electrolytes with different pH levels? 

 

2. What is the effect of scan rates in EC testing on pitting characteristics of the alloys being 

investigated? 

 

3. Can mechanism of failure in all-aluminum MCHX be duplicated in EC testing? 

 

4. How does the electrochemical test correlate to the service life of the heat exchanger? 

 

5. How repeatable are the results for this test for the all-aluminum fin and tube? 

 

 

1.7 Statement of the Need:  

Presently manufacturers of all-aluminum MCHX products use different accelerated 

corrosion tests. At this point in time a universally accepted accelerated corrosion test that 

duplicates the failure mechanism of heat exchangers does not exist. There is no standardized test 

available to compare performance of heat exchanger materials. The American Society of 

Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE) sponsoring Committee (TC 

8.4, Air-to-Refrigerant Heat Transfer Equipment) felt the need for an investigation to either 
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justify the usefulness of existing testing methods or develop new test(s) to evaluate performance 

of all-aluminum MCHXs. These corrosion tests are used to study pitting of the fins and tubes of 

the MCHX. The findings of the electrochemical corrosion test will help ASHRAE determine if 

the test is a viable testing method, meeting the 7 criteria stated by A.C. Scott (Scott, Woods and 

Harris 1991). 

 Justifying usefulness of an existing test protocol would benefit manufactures currently 

using the test confidently and eliminate the need for manufactures to have their own protocol. 

Also, as standardized test will allow aluminum manufactures to standardize the material and 

brazing processes used to make MCHX. The test will allow the manufactures to create more 

accurate warranty periods for their product and benefit the consumer, as they will know the 

lifetime of the purchased product. 

1.8 Research Methodology: 

Bare AA3003 samples are mounted in an electrochemical cell with three-electrode 

system, exposed to electrolytes containing corrosive agents. One of the electrolytes is a sodium 

chloride solution containing varying concentrations of salt. The NaCl solutions are fashioned to 

simulate sea water environments such as marine environments. Applied potential scan rate in the 

electrochemical tests will be varied to study influence of scan rate on kinetics of oxidation. The 

second type of electrolyte is the solution used in SWAAT test that consists of a 4.2% synthetic 

sea salt with acetic acid at pH of 2.8-3.0 and the final solution is a neutral solution of pH 7, used 

to study the effect of pure water on the aluminum surface.  

1.8.1 Cyclic Polarization  

Cyclic Polarization: cyclic polarization is used to study pitting tendency of a material in 

a corrosive electrolyte. In cyclic polarization the potential is swept in a positive direction until a 
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preselected potential is reached. The scan is then reversed to more negative values until the 

original potential value is reached. Sometimes the samples are rescanned to see changes in the 

current/potential curve. 

1.8.2 Studying the Mechanism of Tube and Fin Failure 

1.8.2.1 Characterization of Corrosion products using FTIR 

In order to show similarity in damage mechanism in failed tube material observed in 

electrolytes containing sodium chloride, (as marine environments does), sulfur containing 

compounds (as industrial environments does), and urban environments where very low levels of 

sodium chloride and sulfur containing compounds exist as compared to those after 

electrochemical testing, one needs to analyze corrosion products formed on Aluminum samples 

after laboratory testing.  Powder samples removed after the completion of the EC test from 

damaged regions will be used to prepare a pellet to be utilized in Fourier Transformation Infrared 

spectroscopy (FTIR).  

1.8.2.2 Morphological Characterization of Damaged Aluminum Surfaces Using SEM/EDS 

Results of previous investigators indicate pitting corrosion is responsible for leakage of 

heat exchangers in cold rolled Al alloys. Scanning Electron Microscopy along with Energy 

Dispersive Spectroscopy is effectively used in characterization of corrosion mechanisms and 

chemical analysis of the corrosion products. Crack propagation through grain boundaries 

indicating intergranular corrosion (IGC) mechanism can be studied using SEM. Elemental 

analysis and distribution of dissolved constituents in the alloy will be studied using EDS.  
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CHAPTER 2 

2.0 LITERATURE REVIEW 

S.D. Meijers, et al. (Meijers, Martinez and Desican 2005) used electrochemical 

characterization corrosion potential to assess individual tubes and fins of aluminum alloys. The 

coded alloy systems studied are shown in Table 1. They measured open circuit potentials of the 

alloys in SWAAT solution, according to ASTM G69 (ASTM G69 1994), shown in Table 

2Error! Reference source not found.. Polarization measurements and tabulated system 

corrosion potential and corrosion current for different combinations of tube and fin systems, 

were also performed (Table 3). They used their electrochemical measurements and generated 

plots similar to the one shown in Figure 5. These plots show the potential difference between fin 

and tube A plotted as a function of the SWAAT test performance. The positive potential 

difference indicates the fin is less noble than tube, so the fin will sacrificially protect the tube. In 

this scenario, fin alloys and tube A, sample A is given 0 potential difference. Fin D revealed to 

be nobler than tube A, showing the tube galvanically protecting the fin, which is not desirable. 

Figure 5 illustrates that there is an ideal potential difference ranging from 10-30 mV, highlighted 

in the figure.  S.D. Meijers et al. (Meijers, Martinez and Desican 2005) indicated, if the potential 

differences are too low, the tube will corrode independent of the fin. This low potential 

difference will result in only a few days of SWAAT test performance. Too large a potential 

difference is also not desired. They argued that the potential difference is a measure of driving 

force and not an indicator for corrosion kinetics. Consequently, one may have a potential 

difference of 100 mV (with a lower corrosion rate) than a potential difference of 50 mV (with 

higher corrosion rate) as shown in Figure 6.  S.D. Meijers (Meijers, Martinez and Desican 2005) 
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established that a minimum or maximum potential difference doesn’t exist for a good performing 

system.  

Table 1: Sample codes used in S.D. Meijers et al. investigation. (Meijers, Martinez and Desican 2005) 

Code Alloy 

A Tube 

Hogal 4437/AA3003/Hogal4437 

B Tube 

Hogal4101/LL/Hogal4101 

C Fin AA1050 

D Fin AA3003 

E Fin AA3003 modified 

F Fin Hogal 3535 
 

 

Table 2: The open circuit potentials of the alloys measured in SWAAT solution. (Meijers, Martinez and Desican 2005) 

 OCP [ mVSCE] 

Tube A -781 

Tube B -724 

Fin C -827 

Fin D -740 

Fin E -996 

Fin F -794 
 

Table 3: The system potential and corrosion current as taken from the polarization graphs. (Meijers, Martinez and Desican 

2005) (1-No crossing 2-No clear crossing) 

 

 

 

 
 

Fin Tube A Tube B 

 Esystem [mVSCE] I corr [mA/cm2] Esystem [mVSCE] I corr [mA/cm2] 

C -809 0.11 -811 0.08 

D _1) 

 

- -721 0.03 

E _2) 

 

- -945 0.23 

F -772 -0.06 -771 0.06 
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Figure 5: Potential difference between fin and tube A as function of the SWAAT performance. (Positive difference means fin is 

less noble) (Meijers, Martinez and Desican 2005) 

 

 

Figure 6: Schematic presentation of polarization graphs of a tube and two fins with different kinetic behaviors. (Meijers, 

Martinez and Desican 2005) 

E. Szala et al. (Szala, et al. 2007) mapped the electric potential at different sites, in 

similar sample shapes studied in reference (Meijers, Martinez and Desican 2005), using the 

Scanning Vibrating Electrode Technique (SVET). The SVET test allows potential map 

generation of tube-fin systems. But, the output of this test will not be able to show actual pitting 

or the initiation of a perforation in the aluminum alloy. Undesirable potentials in certain areas 
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within the diffusion zone/core tube can indirectly be related to potential sites, which are 

vulnerable to perforation and eventual pitting. SVET results obtained by E. Szala (Szala, et al. 

2007) sensibly correlated with SWAAT results.  

Many investigators (Hawksworth 1997) (Dan, Muto and Hara 2012) (Tierce, et al. 2007) 

(Afshan, et al. 2012) (Afshar, Ambat, et al. 2012) used electrochemical tests to research brazed 

aluminum alloys. S. Tierce (Tierce, et al. 2007) used polarization curves for the three layers 

(residual cladding, a band of dense precipitates (BDP), and the core layers in neutral water-

ethylene glycol mixtures, with and without chlorides, to study corrosion propagation through the 

A4343/AA3003/AA4343 sandwich using polarization curves. Their tests showed that corrosion 

propagates through the cladding layer and the less noble BDP layer and core material. Z. Dan et 

al. (Dan, Muto and Hara 2012) measured the pitting potential of Al 1100 and Al 6061 in artificial 

sea water (ASW#1 and ASW#2 with and without sulfate ions respectively) using polarizations 

curves.  They showed shift in pitting potential of AA1100 from -0.4 V to -0.64 V with an 

electrolyte change from ASW#1 to ASW#2. F.N. Afshar (Afshar, Ambat, et al. 2012) used glow 

discharge optical emission spectroscopy (GDOES) and electrochemical test along to show 

electrochemical characteristics of brazed aluminum, as a function of depth. Samples of 

aluminum alloy were sputtered, using GDOES to study their deeper layers. Anodic and cathodic 

polarization was performed and open circuit potential (as a function of time) was measured.  

Anodic and cathodic reactivity of top layers were considerably higher than the bulk, showing 

that top layers are more susceptible to localized attack. The mechanism of top layer corrosion as 

intergranular and pitting corrosion was identified.  In another publication, F.N. Afshar (Afshan, 

et al. 2012) used electrochemical test to study anodic and cathodic behavior of AA 4XXX and 

AA3XXX series alloys. They correlated their results to microstructural changes during the 
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brazing process. They concluded that brazing causes copper accumulation in the eutectic phase, 

which results in a 50 mV rise in corrosion potential and intergranular corrosion (IGC) 

vulnerability of the re-solidified clad material. D.K. Hawksworth (Hawksworth 1997) predicted 

corrosion resistance of heat exchanger materials using electrochemical testing.  

F.N. Afshar (Afshar, Szala, et al. 2011) concluded that potentiodynamic polarization is 

capable of predicting the behavior of material in SWAAT by comparing the response of 

Aluminum alloy 3xxx to both SWAAT and electrochemical tests.  The performance of base line 

material (300 μm AA3xxx) and material with 1 g/m2 and 6 g/m2 (flux loaded in the brazing 

process) was compared and showed in the presence of 100 and 150 mV potential. The difference 

between the open circuit potentials is given in Figure 7, where the presence of an extra 

breakdown potential for fluxed materials is noticeable.  

 

 

Figure 7: Potentiodynamic polarization curves for the baseline and the 6 g/m2 fluxed material. (Afshar, Szala, et al. 2011) 

 

Y. Liu, G.Z. Meng, Y.F. Cheng (Cheng, Liu and G.Z. 2009) studied pitting resistance of 

Al 3003 alloy. They showed that the passive film formed in a chloride-free solution is stable and 
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unstable in chloride-containing solution. In the presence of chloride ion, pitting of Al alloy 3003 

passivated both in air and in aqueous solutions is inevitable. Before the cyclic polarization 

measurement, the 3003 Al alloy working electrode was immersed in test solution (1hr) until 

corrosion potential (Ecorr) reached a steady-state value. An anodic polarization scan was 

implemented at a potential sweep rate of 0.333 mV/s.  The anodic polarization scan went in the 

reversed direction, when anodic current density reached 0.1mA/cm2. Pitting potential (Epit) was 

found when the anodic current density diverged sharply from the steady passive current density, 

per Figure 8. The density of the current then increased abruptly at pitting potential followed with 

a hysteresis loop in the positive direction, during reverse potential scanning. The values of Epit 

for electrode switch passive films formed in air (−0.60 V), in Na2SO4 solution (−0.53V), and in 

chloride containing Na2SO4 solution (−0.50V) (SCE), respectively. There was a comparable 

pitting potential of about −0.70V (SCE) for all electrodes. Even though the current density was 

set at 0.1mA/cm2 for scan reversal, it did not decrease immediately after the potential was 

reversely scanned. Instead, the current density continued to increase. The different sizes of the 

hysteresis loop for the three types of passive film are a result in different current densities, which 

were correspondent with different re-passivation capabilities of the film. The biggest loop was 

for passive film formed in chloride-containing solution, the smallest loop for the film formed in 

air (Figure 8). 
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Figure 8: Cyclic polarization curves of the passivated 3003 Al alloy electrode in 0.25M Na2SO4 + 0.5M NaCl solution. 

(Potential scanning rate: 0.333 mV/s) (Cheng, Liu and G.Z. 2009) 

Davoodi (Davoodi, et al. 2007) evaluated pitting susceptibility of brazed aluminum alloys 

using electrochemical testing. Results of cyclic polarization tests are shown in Figure 9 a-b. The 

area in Figure 9.a marked “metastable pitting,” is a measure of the alloys’ pitting tendency. 

 

(a)      (b) 

Figure 9(a,b): (a) Schematic of a polarization curve showing critical potentials and metastable pitting region. Ep, pitting 

potential; ER, re-passivation potential; Ecorr corrosion potential. (b) cyclic Polarization curve of 0.1 mm thick EN AW-3003 alloy 

(Si 0.15%*, Fe 0.48%, Cu 0.12%, Mn 1.1%, Mg 0.03%, Zn <0.01%) in 10 mM NaCl solution. (* wt%) (Davoodi, et al. 2007) 
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Meijers’ dissertation (Meijers 2001) details the Stepwise Dissolution Measurement 

(SDM) procedure he developed to analyze corrosion resistance of brazed aluminum alloys. He 

developed SDM based on Accelerated Anodic Dissolution (AAD) developed by Kaiser 

Aluminum (a parent of Hoogovens Company). AAD is an old internal procedure used by Kaiser 

Aluminum and was designed to determine if an aluminum alloy had long life properties (survival 

in SWAAT environment for longer than 20 days). The procedure asks to impose a constant 

current of 5 mA/cm2 in a Galvanostatic experiment using a SWAAT electrolyte with pH of 2.9 

for 6 hours. This test did not yield any perforations in 6 hours of testing. The purpose for creating 

SDM was due AAD not being able to tell good from bad samples. Initially, a modification was 

made to increase the enacted current density from 5 mA/cm2 to 12.5 mA/cm2. This increase is 

current density perforated all the samples tested. But, the samples that performed best in 

SWAAT test showed most perforations (a surprise to Meijers) and samples with worst SWAAT 

performance showed least perforations. They monitored corrosion morphologies of samples 

tested in SWAAT and modified AAD and found almost similar failure morphologies. They 

discovered the corrosion morphology to parallel both “bad behaving” sample (AA3003 alloy) 

and “good behaving” sample (Hogal 3532 alloy). 

As mentioned above, the issue was that samples expected to perform well performed 

poorly in the AAD test and vice versa. The samples in both tests performed similar, from a 

morphology point of view, despite the dissimilarities in their anodic dissolution rates in SWAAT 

and ADD tests. S.D. Meijers (Meijers 2001) indicated that both test are too aggressive to 

represent actual corrosion behavior, thus these techniques cannot be used to discriminate 

appropriately concerning corrosion properties of aluminum brazing sheets. This issue was the 

motive to design SDM (Stepwise Dissolution Measurement) technique (Meijers 2001). 
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SDM was designed to be less aggressive than standard and modified AAD tests. The procedure 

for the SDM is as follows (Meijers 2001): 

1. Measure open circuit potential (OCP) for 300 sec. 

2. Potentiostatic polarization for 1800 seconds (30 minutes) of 20 mV versus OCP. 

3. Repeat the procedure 12 times (total time to measure is about 6 hours). 

 

The results of their SDM tests were extremely scattered and exhibited very poor 

reproducibility. They then used a SWAAT solution in their test and improved their test results. 

They then modified the SDM to utilize a rotating disk electrode (540 rpm) instead of a fixed 

electrode in SWAAT electrolyte.  The rotating disk brought grouped the scattered data. 

Morphology of the SDM tested samples reproduced the corrosion modes of attack similar to 

what was found in the SWAAT. Meijers’ results illustrate that the data in SDM is not sensitive to 

pH or rotation speed changes he investigated. He showed that the polarization step of 20 mV is 

important and correct. Meijers also used weight loss analysis, showing the weight loss in 12 

steps with SDM tested samples (which resembles 8-10 days SWAAT exposure). This weight loss 

shows a relationship with 10 years of service life for a heat exchanger. Meijers final supposition 

was that corrosion mechanism of “Long Life” is not exclusively based on a corrosion potential 

difference between core and diffusion zone.  Changing the mode of attack and corrosion 

morphology may be equivalent to SWAAT corrosion morphology, but the dissolution rate does 

not bear a resemblance to the corrosion rate during SWAAT exposure.   

Recently, Kathrin Schäuble in her dissertation (Schäuble 2010) suggested “A correlation 

between SWAAT and potentiodynamic and potentiostatic polarization measurements during 

corrosion initiation and propagation was found.” Potentiodynamic polarization curves revealed 

breakdown potentials on the material, which were correlated to the specific localized attack 

(pitting and IGC). These forms of localized attack were induced by potentiostatic polarization 
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measurements by applying one potential for one hour. Hence this application offers, within a few 

hours, the same simulation of corrosion propagation found after several days of SWAAT 

exposure.” Schäuble’s work was focused in correlating corrosion mechanism observed in 

samples after potentiostatic and potentiodynamic polarization EC tests to those observed in 

SWAAT testing. Her work did not focus on kinetics of corrosion process in these 

electrochemical tests.  This investigation is focusing on kinetics of pitting corrosion as measured 

through potentiodynamic and cyclic polarization methods with eventual goal of relating 

corrosion process kinetics to the expected service life of a given alloy used in manufacturing of 

all-aluminum MCHX systems.  
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CHAPTER 3  

3.0 EXPERIMENTAL PROCEDURES 

3.1 Cyclic Polarization 

Cyclic polarization can provide beneficial information in gauging relative tendencies of 

the alloys toward pitting. Pitting of aluminum alloys is due to atmospheric corrosion in both 

RTPF and all-aluminum MCHX. The electrolytes used in these tests are selected to mimic 

effects of environmental pollutants such as Sulfur and Chloride containing contaminants. The 

parameters that will be measured are protection potential (Ep) and breakdown potential (EBr). 

Higher EBr is symbolic of higher pitting resistance of engineering alloys.  The area under 

potential-current loop (pitting loop) is measured as well as protection and breakdown potentials 

in cyclic polarization. Pitting loop is a qualitative measure of pitting affinities of aluminum 

alloys. The corrosion products (formed in electrolytes containing different pollutants) will be 

analyzed using FTIR, to ensure relevance of the test to corrosion mechanisms observed under 

field conditions. Table 4 provides cyclic polarization testing parameters. 

  

Table 4: Cyclic Polarization Testing Parameters. 

________________________________________________________________________________ 

Temperatures     Room Temperature  

Pollutant Concentrations Sodium Chloride containing solutions containing 0.5% 

 to 3.5%.  

pH Adjusted pH levels of 4,5, and 6. 

Scan Rates    0.166 mV/s (low); 0.5 mV/s (medium); 1.0 mV/s (high) 

 ________________________________________________________________ 
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3.1.1 Sample Collection 

Aluminum alloys used in this investigation was selected based on alloys used in the 

MCHX systems. Aluminum 3003 coupons 2”x1”x0.032” were cut from a sheet metal to be used 

in a flat cell for electrochemical testing. The chemical composition of AA3003 in accordance to 

ASTM B209-10 (ASTM B209-10 2010) is shown in Table 5.  

Table 5: ASTM B209-10 Standard Specification for Aluminum and Aluminum-Alloy Sheet Plate. (ASTM B209-10 2010) 

Alloy Si Fe Cu Mn Mg Cr Zn Ti Other Balance 

3003 0.6 0.7 0.05-

0.2 

1.0-

1.5 

- - 0.1 - 0.05-

0.15 

Al 

 

3.1.2 Design of Experiment: 

Cyclic polarization test are performed to assess pitting tendency of Al alloys used in 

manufacturing of MCHX systems. The test is electrochemical in nature using a three-electrode 

system that includes a reference electrode (saturated calomel electrode, SCE), a working 

electrode (the alloy under investigation), and an auxiliary electrode (a Platinum screen in this 

case). Flat samples are clamped to a flat electrochemical cell designed specifically for flat 

samples testing and connected to the working electrode. A compartment designed for SCE holds 

reference electrode that completes the circuitry by utilizing a salt bridge (called capillary tube). 

Auxiliary electrode facilitates uniform current distribution in the cell and is located on opposing 

side of the working electrode.  

An AMETEK electrometer provided by PARSTAT 2273 system was used to carry out all 

experiments in this research. Supporting Power suite software package used in this investigation. 

Following parameters were selected based on initial experimental results: 

 Initial Potential:-1.2 Volts 
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 Final Potential:-1.2 Volts 

 Vertex Potential:-0.1 Volts 

 Scan rate: 0.16 mV/s to 1.0 mV/s 

The scope of this investigation includes analysis of  AA3003. All samples will be tested 

in electrolytes with various pH levels of acidic (pH < 7.0), neutral (pH=7.0), and basic (pH>7.0) 

containing different concentrations of NaCl. ISO 9223 (ISO 9223 2012) will guide selection of 

electrolytes that results in various corrosion severities as indicated below Table 6: 

 

 

Table 6: Categories of corrosivity of atmosphere. (ISO 9223 2012) 

 

ISO 9223 provides guidance on the magnitude of corrosion rates as indicated in  

Effect of scan rate in electrochemical testing will be investigated as well. Scan rates of low (0.1 

mV/s), medium (0.5 mV/s), and high (1 mV/s) will be utilized to evaluate cyclic polarization of 

the Al alloys. Results of electrochemical testing provides measurement of Ecorr, EBr, Eprot, as 

well as hysteresis loop formed in forward and reverse scans measuring relative tendency of the 

alloy toward pitting corrosion in the corrosive electrolyte.  

Table 7Table 7, includes quantitative corrosivity of atmosphere for different metals.  

Effect of scan rate in electrochemical testing will be investigated as well. Scan rates of low (0.1 

mV/s), medium (0.5 mV/s), and high (1 mV/s) will be utilized to evaluate cyclic polarization of 

the Al alloys. Results of electrochemical testing provides measurement of Ecorr, EBr, Eprot, as well 
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as hysteresis loop formed in forward and reverse scans measuring relative tendency of the alloy 

toward pitting corrosion in the corrosive electrolyte.  

Table 7: Corrosion rates, rcorr, for first year of exposure for different corrosivity categories. (ISO 9223 2012) 

 

3.2 Corrosion Kinetics Studies Using Electrochemical Testing 

Cyclic polarization data provides corrosion rate in terms of μA/cm2. Using magnitudes of 

corrosion current density (μA/cm2) one can convert corrosion current density to mm per year 

using Corrosion Penetration Depth (CPR) equation below: 

CPR (mm/yr) = 0.00327 {(M  icorr)/(n ρ)} 

Where M is molar weight of the metal, icorr is corrosion current density in µA/cm2, n is number 

of electron valence, and ρ is metal density in g/cm3. One may write the equation as given below:    

CPR=K*(icorr/ᵨ)*EW, K=0.00327, ᵨ=density 
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Equivalent weight (EW) is the ratio of molar weight to electron valence (M/n) of the alloy. 

Once corrosion penetration depths are measured, knowledge of tube thickness used in a 

given MCHX one can forecast the number of years of expected service of the heat exchanger in 

years by dividing tube thickness (in mm) to CPR (mm per year). 

3.3 Cyclic Polarization Test Relationship to SWAAT  

 SWAAT is a popular testing procedure in automotive industry however; the test takes 

long time to complete and suffers from lack of reproducibility. It is expected that cyclic 

polarization produces more reproducible results and take shorter time to complete.  Direct 

comparison between the results of the two tests (cyclic polarization and SWAAT) requires 

electrolytes used in the two tests be the same. Cyclic polarization tests using SWAAT electrolyte 

(4.2 wt. %) synthetic seawater solution with acetic acid pH of 2.8-3.0 are conducted to allow 

comparison of the tests results.  

3.4 Sample Preparation for Electrochemical Test 

All samples were prepared per ASTM G69 standard (ASTM G69 1994). ASTM G69 

requires the samples to be scraped with 320 grit silicon carbide abrasive papers. Next, 00 steel 

wool is used to polish the surface. Finally, the specimen is degreased or cleaned with an inert 

solvent (acetone). 

3.5 Corrosion Product Analysis 

A successful testing method developed for characterization of corrosion resistance of 

aluminum alloys used in automotive industry should duplicate corrosion mechanism observed in 

natural field conditions. Similarity in corrosion products chemical (form and composition) is an 

indicator of successful duplication of field corrosion mechanism in the laboratory. Therefore, it 

is imperative to analyze corrosion products formed after the electrochemical testing.    



25 

 

3.5.1 Fourier Transmission Infrared Spectroscopy  

FTIR is a method in which infrared radiation with different frequencies (wavenumber 

4000 cm-1 to 400 cm-1) is passed through a sample, some of which is absorbed and some passes 

through. The absorption of radiation creates a “finger print” spectrum of the corrosion product 

formed on tested aluminum sample. This “finger print” gives us information about phase(s) 

present and comparison of the phases obtained in a given sample with that of actual field 

condition will enable us to ensure the similarity in mechanism of the corrosion process obtained 

both in the field and laboratory. 

3.5.1.1 Sample Preparation for FTIR Analysis:  

Samples are prepared by cleaning the tools used for the sample preparation. Weigh out 

about 100 mg of KBr and pour it into the pestle. Scrape about a 1mg of the corrosion product 

sample and pour it into the KBr. Use the mortar and pestle to homogenize the two substances. 

Assemble the pellet press die set with an even amount of the powder that is not too thick or thin. 

Place the die set in the pellet press and turn on the vacuum motor. Press the hydraulic handle 

until about 4500 psi of pressure is achieved. Carefully remove the sample from the die set and 

place in the FTIR holder, using tweezers. Turn on the FTIR program and allow the FTIR to 

account for the rooms’ ambiance. Scan the sample and record the results. 

3.5.2 Scanning Electron Microscope and Energy Dispersive Spectroscopy 

In Scanning Electron Microscope (SEM) a number of signals including secondary 

electrons, backscattered electrons and X-rays are emitted among a few less important signals 

such as Auger electrons, transmitted beam, cathode-luminance, light, and heat. SEM uses a 

focused electron beam across a samples surface. As soon as the electron beam hits the sample, it 

interacts with the atoms in the sample. The secondary electrons (SE) of the sample are dislodged 
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and are picked up by a SE detector on the SEM. Backscattered electrons also reflected off the 

surface (or deeper) sections of the sample are absorbed by a backscattered detector.  

X-ray signals emitted from sample surface in Energy Dispersive Spectroscopy (EDS) 

uses the energy of atoms from the L shell replace the atoms “kicked out” of the k shell by the 

primary electrons, when the beam hits the surface.  The energy of the L shell atom used to 

replace the k shell atom is characteristic of the material being scanned. EDS allows the user to 

analyze the chemical (elemental) composition and in some cases compounds characterization of 

the material. 

 

      

 

 

 

 

 

 

  



27 

 

CHAPTER 4  

4.0 RESULTS AND DISCUSSIONS 

This chapter consist of the analysis of the results of the electrochemical testing method on 

the Al 3003 alloy samples in various NaCl concentrations, pH levels, scan rates, and the solution 

used in cabinet tests SWAAT.  

Initially, as indicated in chapter 3, ISO 9223 provides guidance on the magnitude of 

corrosion rates. This was considered when testing the Al 3003, using various NaCl 

concentrations that corresponded to the corrosion rates of standard specimens per ISO 9223. The 

first experiment set was done using 3.5% NaCl electrolytes. 3.5% NaCl was used to develop a 

baseline solution and compared to the ISO 9223 standard. The following experiments of 0.5% to 

1.5% NaCl were made to compare corrosivity rates C1-CX of the ISO 9223 standard. 

The succeeding experiments were conducted by varying the pH using the 3.5% NaCl 

solution and adjusting the pH with sulfuric acid. This was done due to the possibility of the 

resistance of Al 3003 to 1N Glacial Acetic acid used in SWAAT solution. Comparable to the 

varying NaCl concentrations, varying the pH of the 3.5% NaCl will be likened to the corrosivity 

rates given in the ISO 9223 standard. 

Scan rates were also considered in the following experiments, due to the fact that a 

slower scan rate shows more details of the sample response. There is one major downfall to the 

slower scan rates and that is the amount of time the slow scan rate takes from initial voltage to 

final voltage. On the opposite end of the spectrum is a fast corrosion rate makes the test run in a 

very quickly, but its downfall is the lack of detail in the potentiodynamic plot. Three scan rates 
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(0.16mV/s, 0.5mV/s, and 1.0 mV/s) were chosen for the 1.0% solution and their 

potentiodynamic curves were observed and compared. 

A popular testing method generally used in cabinet tests is the SWAAT solution, 4.2% 

NaCl. The solution is made per ASTM G85 acidified using Acetic acid until a pH from 2.8 to 3.0 

is achieved.  

4.1 Cyclic Polarization Results in 3.5% NaCl  

Figure 10, cyclic polarization loop, shows that the Ecorr (open circuit potential) is 

noticeable along with the EBr (breakdown potential) and Ep (Protection Potential). The Ecorr is the 

potential where the anodic/cathodic reaction rates are equal. In general higher corrosion 

potentials (more positive Ecorr potentials) indicates higher corrosion resistance of an alloy in a 

corrosive electrolyte.  Ecorr is measured by intersection of tangent lines (slopes) to the cathodic 

and anodic curves in the vicinity of the open circuit potential. Corresponding to Ecorr the 

corrosion current density in μA/cm2 was obtained. The measured corrosion current density is 

used to calculate corrosion penetration rate that allows an estimation time to perforation (in 

years) in a given sample.  The Breakdown potential (EBr) is the lowest point where the pitting 

begins to happen on the Al Alloy sample surface. Alloys that exhibit a higher breakdown 

potential are more resistive to pit initiation. Ep (Protection Potential) is the position where the 

hysteresis loop ends and the likelihood of localized corrosion propagation is small. Plots of all 

cyclic polarization experiments done in this work is provided in Appendix A. Tangent lines 

corresponding to both anodic and cathodic regions of the cyclic polarization plots were used in 

such a way that intersection of the two tangent lines corresponds with the experimentally 

measured Ecorr.  
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Figure 10. Cyclic Polarization Curve 3.5% NaCl Solution. 

The experiment was recreated (Figure 11) preparing the sample using 320 grit to 4000 

grit silicon carbide and polished with a 0.5 and 1 micron polishing compound. The sample was 

placed in a 3.5% wt. solution and left for 30 minutes to stabilize.  

 

 

Figure 11: Cyclic Polarization for Experiment 3.5% NaCl Solution. 
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The experiment results (Table 8) were similar to what was obtained for the last 

experiment. There was a difference in the hysteresis loop as it reversed did not “close.” The 3.5 

% NaCl experiment was recreated using the properties, but as stated above using various grits of 

silicon carbide abrasive paper.  

 

Figure 12: Polarization Plot for Experiment 3.5% NaCl Solution. 

Figure 12 shows the cyclic polarization plot for the last 3.5% NaCl solution. This 

experiment was prepared per ASTM G69 similar to the first experiment. The plot was similar to 

both previous experiments in size and shape, but did not close. Triplicate cyclic polarization 

experiments were done to assess reproducibility of the test results. Therefore, results shown in 

Figures 10, 11, and 12 present behavior of Al 3003 in 3.5% NaCl solution.   

Table 8: Electrochemical parameters measured in cyclic polarization of Al 3003 in 3.5% NaCl electrolyte. 
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SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

3.5% NaCl Exp 2 6.53 -0.927 -0.62061 0.30639 -0.791 57 64 2.106 0.89 0.02277882

3.5% NaCl Exp 3 6.66 -0.799 -0.64061 0.15839 -0.781 76 87 1.538 0.66 0.016635245

3.5% NaCl Exp 9 6.3 -0.828 -0.63 0.198 -0.8006 44 47 0.8854 0.38 0.009576623

Aluminum Alloy 3003
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4.1.1 SEM and EDS Analysis of Samples Tested in 3.5% NaCl Electrolyte 

Scanning electron microscopy was done to document surface conditions of samples after 

cyclic polarization tests and show pit formation due to anodic dissolution of the samples (Figure 

13 a-c).  Figure 13.a shows numerous pits distributed fairly uniformly over the sample surface 

exposed to 3.5% NaCl solution. Figure 13.b exhibits surface condition of a sample before 

exposure to corrosive solution indicating presence of mircocracks in superficial oxide at 250X 

magnification. Figure 13.c presents higher magnification (600X) of the same region as shown in 

Figure 13.b.  
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Figure 13: SEM micrographs of Al 3003 sample after cyclic polarization in 3.5% NaCl solution (a) and before (b, c). 

Pitting is even more evident when comparing the pitted region where exposed to the 

3.5% salt solution shown on the left side of Figure 14 with the unexposed part of the sample 

shown on the right side of the Figure 14. EDS (Energy Dispersive X-ray Spectroscopy) analysis 

was done on the sample and the evidence of Oxygen (O), Sodium (Na) and Chloride (Cl) is 

apparent (Figure 15). Salt solution is the source for Sodium and Chloride whereas Oxygen and 

Al represent formation of aluminum oxide and/ or aluminum hydroxide. 

 

Figure 14: SEM micrograph of the pitted regions due to exposure to 3.5% NaCl salt solution on the left and bare Al surface un-

pitted on the right side of the image. 
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Figure 15.  EDS spectrum of Aluminum 3003 sample exposed to 3.5% NaCl solution in a cyclic polarization experiment. 

 

4.1.2 FTIR of Corrosion Product Formed in 3.5% NaCl Solution  

Figure 16 shows the spectrum of the corrosion products formed on AA3003 with 3.5% 

NaCl solution. Comparison of the spectrum with available literature information indicates that 

absorption bands at wavenumbers 3434 and 1637 cm-1 belong to water bands coming from 

adsorbed moisture on the sample, 2922 and 2360 as well as 2342 cm-1 bands is coming from 

atmospheric CO2 but the other bands probably belongs to oxide or oxyhydroxides of corrosion 

products of Al sample tested in salt containing electrolyte. Figure 17, a more detailed 

investigation of the chemistry (phases present) was done to ascertain the exact nature of the 

corrosion products. Similar to the other section the oxhydroxide (O-H) and water band H2O band 

can be seen. The presence of aluminum oxide Al-O can be seen at the end of the spectra. 
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Figure 16: FTIR spectra showing corrosion products formed on AA3003. 

 

Figure 17: FTIR spectra showing corrosion products formed on 3.5% NaCl solution in detail. 
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4.2 Cyclic Polarization in 0.5% NaCl Solution 

As indicated earlier, ISO 9223 was used as a guiding light as far as the severity of the 

testing Al alloy is concerned. In this regard, the aim of this part of the work was to examine 

sensitivity and resistivity of the Al alloy to the concentration of the corroding agent (NaCl in this 

case). Salt concentrations of 0.5%, 1.0%, and 1.5% NaCl solutions were used to evaluate pitting 

corrosion resistivity of Al 3003 in these electrolytes. Figure 18 through Figure 20 show cyclic 

polarization plots of three samples tested in 0.5% NaCl containing electrolytes. Triplicate testing 

was done to assess reproducibility of the results and as indicated in 9. A high degree of 

reproducibility was observed in the three runs.  

 

Figure 18: Cyclic polarization plot for Al 3003 alloy in a 0.5% NaCl electrolyte. 
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Figure 19: Cyclic polarization plot for Al 3003 alloy in a 0.5% NaCl electrolyte. 

 

 

Figure 20: Cyclic polarization plot for Al 3003 in a 0.5% NaCl electrolyte. 
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0.5% NaCl solutions are more positive than those of samples tested in 3.5% NaCl solution. 

Corrosion penetration rates for samples exposed to 0.5% NaCl are about half of those for 

samples tested in 3.5% salt solution. Difference in EBr and Ecorr (ΔE) is indicative of degree of 

passivity of an alloy in a given corrosive electrolyte. Comparing average ΔE for samples tested 

in 3.5% salt solution and that of 0.5% indicated the same values for the two cases (ΔE = 0.22 V).  

Table 9: Electrochemical parameters measured in cyclic polarization of Al 3003 in 0.5% NaCl electrolyte.  

 

4.3 Cyclic Polarization in 1.0% NaCl Solution 

Al 3003 samples exposed to 1.0% salt solution in cyclic polarization tests showed hysteresis 

loops that appeared to be larger than those for those samples tested in 0.5% NaCl and smaller 

loop areas than those samples tested in 3.5% NaCl solution (as expected). Figure 21-Figure 23 

show results of triplicate runs to assess reproducibility of the test and as data in 10 indicates a 

reasonable reproducibility was observed.  An interesting feature observed in this case is the 

presence of a minor breakdown potential before the occurrence of the major breakdown potential 

(Figure 23). This extra breakdown potential was only observed at a lower scan rate of 0.166 

mV/s compared to higher scan rate used in the other two runs represented in Figure 21 and 

Figure 22.  

Solution Ph

Ecorr (V vs. 

SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

.5% NaCl Solution Exp 11 6.7 -0.77 -0.551 0.219 -0.751 82 73 1.007 0.43 0.010891867

.5% NaCl Solution Exp 22 6.5 -0.706 -0.541 0.165 -0.701 64 44 0.6161 0.26 0.006663832

.5% NaCl Solution Exp 23 6.5 -0.777 -0.501 0.276 -0.691 83 89 1 0.43 0.010816154

Aluminum Alloy 3003
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Figure 21: Cyclic polarization plot for Al 3003 in a 1.0% NaCl electrolyte. 

 

 

Figure 22: Cyclic polarization plot for Al 3003 in a 1.0% NaCl electrolyte. 
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Figure 23: Cyclic polarization plot for Al 3003 in a 1.0% NaCl electrolyte. 
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Table 10: Electrochemical parameters measured in cyclic polarization of Al 3003 in 1.0% NaCl electrolyte.  

 

A sample of Al 3003 exposed to 1.0% NaCl solution was cut after the cyclic polarization 

test for optical microscopy for documenting pit formation. Using optical microscope to 

document pitting (Figure 24 and Figure 25) at 100x magnification, the evidence of pits are seen 

branching out.   

 

Figure 24: Optical micrograph of al 3003 sample after cyclic polarization in 1.0% NaCl solution (100x) indicating presence of 

pits. 

 

Figure 25: Optical micrograph of al 3003 sample after cyclic polarization in 1.0% NaCl solution (100x) indicating presence of 

pits. 

Solution Ph

Ecorr (V vs. 

SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

1.0% NaCl Solution Exp 12 6.3 -0.829 -0.551 0.278 -0.741 71 86 0.9681 0.41 0.010471119

1.0% NaCl Solution Exp 20 6.3 -0.76 -0.611 0.149 -0.751 59 107 0.6289 0.27 0.006802279

1.0% NaCl Solution Exp 21 (Double BD) 6.3 -0.753 -0.681 0.072 -0.721 78 164 1.115 0.47 0.012060012

-0.561 0.192

Aluminum Alloy 3003
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4.4 Cyclic Polarization in 1.5% NaCl Solution 

Experiments in 1.5% NaCl were conducted to see effect of varying salinity on the 

corrosion potential rate and other electrochemical parameters (Figures 26-28). It is seen that the 

hysteresis loop in all three experiments is about the same as those experiments done in 3.5% 

NaCl, but larger than the hysteresis loops for the samples tested in 0.5% NaCl solution. Ecorr 

values presented in  

Table 11 for the samples tested in 1.5% NaCl solution is around the same as that of samples 

tested in the 1.0% NaCl runs. The CPR is somewhat higher than the 1.0% experiment, which was 

expected. Magnitude of average ΔE in this case was about 0.26 V that is slightly higher than the 

previous cases (Table 11).  

 

Figure 26: Cyclic polarization plot for Al 3003 in a 1.5% NaCl electrolyte. 
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Figure 27: Cyclic polarization plot for Al 3003 in a 1.5% NaCl electrolyte. 

 

 

Figure 28: Cyclic polarization plot for Al 3003 in a 1.5% NaCl electrolyte. 
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Table 11: Electrochemical parameters measured in cyclic polarization of Al 3003 in 1.5% NaCl electrolyte.  

 

4.5 Cumulative Discussion of Results of Cyclic Polarization Tests in NaCl Solutions 

Comparisons were done on different salinity percentages, pH levels, and the scan rates.  

4.5.1 Salinity Percent 

Overlay of cyclic polarization plots for the sample tested in 3.5% NaCl solution was 

compared with that of the sample tested in1.0% NaCl solution (Figure 29), it is seen that the 

hysteresis loop for the sample tested in 3.5% NaCl solution (Figure 11) is larger than that for the 

sample tested in 1.0% NaCl solution (Figure 21). Also, corrosion potential, Ecorr, of the samples 

tested in 1.0% NaCl is more positive than those of samples tested in 3.5% NaCl solution. More 

positive corrosion potentials is favorable due to the fact that those potentials represent higher 

resistance to corrosion for a given alloy. Last, corrosion current of the samples tested in 1.0% 

NaCl solution is shifted more to lower current densities compared to that of samples tested in the 

3.5% solution. Lower corrosion current indicates lower corrosion penetration rate of the samples 

tested in 1.0% NaCl solution.  

Solution Ph

Ecorr (V vs. 

SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

1.5% NaCl Solution Exp 13 6.5 -0.886 -0.551 0.335 -0.77 62 72 1.365 0.58 0.01476405

1.5% NaCl Solution Exp 24 6.6 -0.809 -0.561 0.248 -0.731 77 68 1.366 0.58 0.014774866

1.5% NaCl Solution Exp 25 6.6 -0.747 -0.561 0.186 -0.741 145 93 1.368 0.58 0.014796498

Aluminum Alloy 3003
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Figure 29: Comparison between cyclic polarization response of Al 3003 in 1.0% and 3.5% NaCl solutions. 
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with various NaCl concentration to the one tested in the electrolyte used in SWAAT and results 
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average corrosion penetration rates for Al 3003 in different electrolytes along with standard 

deviations. Results of tests done using plain sodium chloride concentrations showed a high 

degree of reproducibility indicating good precision in measurements. However, the cyclic 

polarization tests in SWAAT electrolyte showed high variance due to difficulties in adjusting the 

pH of 2.9 that is required in SWAAT electrolyte. It should be noted that electrolyte used in this 

test was synthetic 4.2% NaCl solution where as actual SWAAT electrolyte uses sea salt in place 

of NaCl. This aspect will be studied checked to see if there is any deviation in results. 
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Figure 30: Corrosion penetration rate means and standard deviations for samples tested in salt solutions with concentrations of 

0.5% to 3.5% in comparison to SWAAT electrolyte (4.2%). 

 

4.5.2 Cyclic Polarization Results in Adjusted pH Solutions 

4.5.2.1 Results of Tests in Neutral Aqueous Solution  

Deionized water (neutral pH of 7) as aqueous electrolyte was used to test Al samples that 

were prepared per ASTM G69. All three of the samples exhibited a positive hysteresis loop 
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not have a breakdown potential and no pitting potential (area of hysteresis loop). Figure 31-
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followed a path to the left of forward scan pathway indicating high degree of resistivity of Al 
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Therefore, no meaningful hysteresis loops were developed in Al samples cyclic polarizations 

runs in neutral electrolytes and it was concluded that the alloy is fairly immune in neutral 

aqueous solutions.  
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Figure 31: Cyclic polarization plot for Al 3003 in neutral deionized water. 

 

 

Figure 32: Cyclic polarization plot for Al 3003 in neutral deionized water. 
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Figure 33: Cyclic polarization plot for Al 3003 in neutral deionized water. 

4.5.2.2. Cyclic Polarization Results in Acidified 3.5% NaCl Solutions 

Sulfuric acid was used to adjust pH of the electrolytes containing 3.5% NaCl  to acidified 

conditions with pHs of 4, 5, and 6 and performance of Al 3003 was studied in such electrolytes. 

Figure 34 through Figure 36 presents the cyclic polartization plots for Al alloy in electrolytes 
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reproducibility of the previous runs proved that cyclic polarization test exhibit an high degree of  

reproducibility and it was felt there is no need to repeat the experiements three times.   

Table 12 shows measured cyclic polarization parameters for Al 3003 in 3.5% electrolytes 

acidified using sulfuric acid to pHs 4, 5, and 6. Data presented in Table 12 indicates pH is not a 

major factor controlling corrosivity of the electrolytes in the pH range of 4 through 6 for 

electrolytes containing 3.5% salt solution. Ecorr shifted to more positive potentials as pH changed 

from 4 to 6 as expected but CPR remained essentially unchanged as pH of the electrolytes 

changes. Magnitude of ΔE in these cases was nearly similar (0.28 V for pH 4 and 5 runs and 0.22 

V for pH 6 run, Table 12). 
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Figure 34: Cyclic polarization plot for Al 3003 in 3.5% NaCl solution Acetified to pH 4. 

 

Figure 35: Cyclic polarization plot for Al 3003 in 3.5% solution acetified to pH 5. 
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Figure 36: Cyclic polarization Plot for Al 3003 in 3.5% NaCl solution acidified to pH 6. 

 

Table 12: Electrochemical parameters measured in cyclic polarization of Al 3003 in 3.5% NaCl solution acidified by sulfuric 

acid.  
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Solution Ph

Ecorr (V vs. 

SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

3.5% NaCl Solution Acedified 14 Sulfuric Acid 4.01 -0.856 -0.571 0.285 -0.7 64 79 1.219 0.52 0.013184892

3.5% NaCl Solution Acedified 15 5.03 -0.857 -0.571 0.286 -0.77 67 47 1.276 0.54 0.013801412

3.5% NaCl Solution Acedified 16 6 -0.824 -0.601 0.223 -0.77 60 83 1.324 0.56 0.014320588

Aluminum Alloy 3003
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Figure 37: SEM micrograph of Al 3003 tested in 3.5% NaCl at pH 4. 

 

Figure 38: SEM micrograph of al 3003 tested in3.5% NaCl solution at pH 4. 
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Figure 39: EDS spectrum of Al 3003 in 3.5% NaCl Solution acidified to pH 4 using sulfuric acid. 

 

4.5.4 Effect of pH on Hysteresis Loop Size  

As seen below (Figure 40) the loop area for the Al 3003 sample tested in acidified 

solution to a pH of 4 appears slightly smaller than that of the sample tested in electrolyte at a pH 

of 6. The sample tested with electrolyte at pH 4 exhibit a more negative Ecorr but higher Icorr as 

compared to the sample tested in electrolyte with pH of 6 as expected indicating higher 

vulnerability to corrosion. Icorr and consequently CPR for samples tested in solutions with pHs of 

4, 5, and 6 showed very close values indicating small pH changes will not hugely impact 

corrosion rate of Al 3003 in these electrolytes. For these samples (Table 12) the Icorr was very 

close in size with a deviation of about 0.05 for the three samples.  
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Figure 40: Comparison of loop area in cyclic polarization test for Al 3003 in 3.5% NaCl solutions acidified to pH 4 and 6 using 

sulfuric acid. 

4.5.5 FTIR Analysis of Samples Tested in 3.5% NaCl Solution (pH =4) 

Figure 41 shows the spectrum of the corrosion products formed on AA3003 with 3.5% 

NaCl solution. As can be seen with the previous 3.5% NaCl solution Figure 17, the O-H band is 

around 3450 cm-1 and the H2O bending at 1650 cm-1. The presence of aluminum hydroxide 

Al(OH)3 can be seen at the end of the spectrum and 1050 cm-1 and 550 cm-1 respectively. 

 

Figure 41:FTIR Spectra 3.5% NaCl solution Acidified to pH=4. 
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4.6 Effect of Scan Rate on Pitting Tendency of Al 3003 in 1.0% NaCl Solution  

The rate at which potential sweep is applied to a metallic conductor is of prime 

importance in electrochemistry. In this investigation, it was desired to develop a sense of how 

sensitive the scan rate is on cyclic polarization of Al 3003 alloy. To study the scan rate influence, 

solution with 1% NaCl was chosen and three scan rates of 0.166 mV/s (low), 0.5 mV/s 

(medium), and 1.0 mV/s (high) was applied to the Al alloy exposed to a fixed 1% NaCl solution. 

Results of the test using scan rate of 0.160 mV/s is presented in Figure 42 is seen to show a very 

large hysteresis loop area as compared with loop areas corresponding to the samples tested at 

higher scan rates (shown in Figure 43 and Figure 44). Presence of a second EBr is also seen on the 

Figure 42 indicating slower scan rates are preferred due to the fact that lower scan rate 

corresponds better with slower corrosion process obtained in natural atmospheric conditions. 

Figure 43 shows more of an average hysteresis loop when compared to the previous 1.0% NaCl 

experiments at scan rates of 0.5 mV/s. Last, the scan rate was raised to 1.0 mV/s and it is 

observed that the hysteresis loop behaves as if it is a very low salinity. It appears that scan rate 

does affect the pitting tendency of Al 3003 alloy (Table 13) and lower scan rates are preferred to 

demonstrate features such as double breakdown potential. No triplicate measurements were made 

in this case also as reproducibility of the previous runs proved that cyclic polarization test exhibit 

an high degree of  reproducibility and it was felt there is no need to repeat the experiements three 

times.   
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Figure 42: Cyclic polarization of Al 3003 in a 1.0% NaCl solution at scan rate of 0.16 mV/s. 
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Figure 43: Cyclic polarization of Al 3003 in 1.0% NaCl solution at scan rate of 0.5mV/s. 
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Figure 44: Cyclic polarization of Al 3003 in 1.0% NaCl solution at scan rate of 1.0 mV/s. 

 

Table 13: Electrochemical parameters measured in cyclic polarization of Al 3003 in 1.0% NaCl solution at scan rates of 0.166 

mV/s (low), 0.5 mV/s (medium), and 1.0 mV/s (high).  

 

 

4.6.1 SEM and EDS Results for Al 3003 in 1.0% NaCl Solution (Scan Rate 0.16mV/s) 

The sample used in 1.0% NaCl at a scan rate of 0.16mV/s was analyzed using SEM/EDS 

system. Figure 45 shows SEM micrograph of Al 3003 in with the slowest scan rate showing 

extensive pitting. SEM micrograph of the sample at higher magnification is shown in Figure 46. 

EDS spectrum of the sample is shown in Figure 47 indicating presence of Oxygen (O), Sodium 

(Na) and Chloride (Cl) is apparent indicating presence of Al oxide or oxyhydroxide on the 

surface of the sample. As in the previous 1.0% NaCl set of experiments, the 0.16 mV/s sample 

Solution Ph

Ecorr (V vs. 

SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

1.0% NaCl Solution Exp adjusted scan rate 17 (.16 mV/s) (Double BD)6.3 -0.763 -0.641 0.122 -0.701 64 111 0.7962 0.34 0.008611822

-0.551 0.212

1.0% NaCl Solution Exp adjusted scan rate 18 (.5 mV/s) 6.3 -0.673 -0.581 0.092 -0.751 78 130 1.177 0.5 0.012730613

1.0% NaCl Solution Exp adjusted scan rate 19 (1.0 mV/s) 6.3 -0.718 -0.611 0.107 -0.731 72 100 1.004 0.43 0.010859418

Aluminum Alloy 3003
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was cut and analyzed from the side with the SEM. SEM measurements indicated in Figures 48 

and 49 show pit depths of about 50 μm. 

 

Figure 45: SEM micrograph of Al 3003 in 1.0% NaCl solution (Scan Rate 0.16mV/s). 

 

 

Figure 46: SEM micrograph of Al 3003 in 1.0% NaCl solution (Scan Rate 0.16mV/s). 
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Figure 47: SEM micrograph of Al 3003 in 1.0% NaCl solution (Scan Rate 0.16mV/s). 

 

 

Figure 48: SEM micrograph of Al 3003 pit depth in 1.0% NaCl solution (Scan Rate 0.16mV/s). 
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Figure 49: SEM micrograph of Al 3003 pit depth in 1.0% NaCl solution (Scan Rate 0.16mV/s). 

 

4.6.2 Effect of Scan Rate on Hysteresis Loop 

Hysteresis loops for samples tested using different scan rates were compared using the 

sample tested with the highest scan rate to the sample tested with the lowest scan rate in a 1.0% 

NaCl solution. As seen below (Figure 50) the samples tested at slower scan rate of 0.16 mV/s 

exhibit a much larger loop than the sample tested at higher scan rate of 1.0 mV/s. Slower scan 

rates allow the alloy to behave in a quasi-equilibrium and respond to the perturbation in a way 

that is closer to actual field condition. This may explain why double EBr is only observed in 

lower scan rates. Certain diffusion-controlled processes require time to follow through a natural 

course and this case may be related to a time dependent phenomenon.  The loop is larger for 

samples at tested at lower scan rates, but follows the same path and the Icorr for both samples do 

not differ very much from each other. Table 13 shows insignificant differences in magnitude of 

Corrosion Penetration Rates.  
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Figure 50: Comparison of loop area in cyclic polarization test for Al 3003 in 1.0% NaCl solution at different Scan rates. 

 

4.7 Cyclic Polarization of Al 3003 in SWAAT Electrolyte (4.2 % NaCl Acidified Acetic Acid)  

As indicated earlier, SWAAT is currently a popular chamber based testing method with a 

highly corrosive testing electrolyte that contains 4.2% synthetic sea salt at pH of 2.9-3.0. It is 

desirable to see how the results of cyclic polarization test compares with that of SWAAT test. In 

this regard, it was decided to perform the cyclic polarization tests using SWAAT electrolyte.    

Figure 51 through Figure 53 show data for Al 3003 tested in a solution containing 4.2 wt. % 

NaCl solution acidified with 1.0 N glacial acetic acid to a pH of 3.01. This sample was prepared 

per ASTM G69.  

The hysteresis loops of the plot are the typical forward then reverse plots seen in previous 

NaCl plots (Figure 51), but much smaller. This may be due to the low acidity of the Glacial 

Acetic Acid and the amount needed to reduce the pH from 2.9-3.1. Also, from the plot it is 
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noticed that the Ecorr is more positive than results of the test done in 3.5% NaCl alone electrolyte 

tested earlier (Figures 10-12) but EBr remains the same. 

Table 14 presents cyclic polarization results of Al 3003 in SWAAT electrolyte. The corrosion 

penetration rate and the Icorr are noticeably much higher that CPR and Icorr of the other 

experiments done in this report indicating severity of the corrosive solution used in SWAAT 

electrolyte. Very low ΔE value of about 0.055 V is indicative of the fact that SWAAT electrolyte 

is highly corrosive compared to other electrolytes used in this investigation leading to much 

higher corrosion currents and corrosion penetration rate as shown in Figure 30. Such a low ΔE 

indicates near coincidence of Ecorr and EBr.    

 

 

Figure 51. Cyclic polarization plot, 4.2% NaCl Solution Acidified SWAAT. 
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Figure 52: Cyclic polarization plot, 4.2% NaCl Solution Acidified SWAAT. 

 

Figure 53. Cyclic polarization plot, 4.2% NaCl Solution Acidified SWAAT. 
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Table 14: Electrochemical parameters measured in cyclic polarization of Al 3003 in SWAAT electrolyte (4.2% NaCl acidified to 

pH = 3.0). 

 

 

4.7.1 FTIR Analysis of Sample Tested in SWAAT Solution 

Figure 54 shows the spectrum of the corrosion products formed on AA3003 with 4.2% 

NaCl solution. As can be seen with the previous 3.5% NaCl solution Figure 17 and Figure 41, 

the O-H band is around 3450 cm-1 and the H2O bending at 1650 cm-1. The presence of aluminum 

hydroxide can be seen as evidence by the presence of absorption band at 1050 cm-1. 

 

 

Figure 54: FTIR Plot 4.2% NaCl solution. 

  

Solution Ph

Ecorr (V vs. 

SCE) EBr (Volts) EBr-Ecorr (V) Epr (V)

Cathodic

Tafel (βc) 

(mV)

Anodic 

Tafel(βa)

(mV)

Icorr (µA 

cm²)

CPR 

Penetration 

Rate MPY

CPR 

Penetration 

Rate mm/Yr

4.2 % NaCl Acidfied Exp 4 Acetic Acid 3.01 -0.629 -0.58061 0.04839 -0.621 50 56 9.051 3.85 0.097897008

4.2 % NaCl Acidfied Exp 5 3.01 -0.658 -0.61061 0.04739 -0.63 31 24 2.628 1.12 0.028424852

4.2 % NaCl Acidfied Exp 10 3.23 -0.681 -0.611 0.07 -0.63 93 100 7.074 3.01 0.076513472

Aluminum Alloy 3003
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CHAPTER 5  

CONCLUSIONS 

The main purpose of this investigation was to assess suitability of the cyclic polarization 

testing method for characterization of corrosion resistance of Al 3003 alloy used in 

manufacturing of all-aluminum microchannel heat exchangers.  As indicated earlier, a good test 

for the assessment of Al alloys for the intended purpose must have seven attributed outlined by 

A.C. Scott given below:  

I.  The mode of attack matched to the samples of the material found in the field. 

II. The test environment is a credible match of the field environment. 

III. The test specimen is a suitable model for the material used in the field environment. 

IV. The criteria for the test was the applicable degree of the corrosion resistance in the field. 

V. The test gave measureable, impartial results. 

VI. The test span is fairly short. 

VII. The test is a standard for the industry and could be put into use readily by aluminum 

producers and radiator manufactures. 

 

The cyclic polarization test results indicated that mode of attack was very similar to the 

typical failed field samples. Specifically, pitting and eventual perforation is known to be the 

major issue with all-aluminum microchannel heat exchangers and optical as well as electron 

microscopy results clearly documented pitting and intergranular mode of attack in tested 

samples.  

As far as similarity of the environment in cyclic polarization and atmospheric conditions 

is concerned, one can say the corrosive agents can easily be introduced into the testing 

electrolyte but obviously exposing a sample to complete wetting during electrochemical testing 

without a drying period deviates the environment from actual atmospheric field condition. This 
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limitation may be considered an acceptable compromise for the large acceleration factor gained 

in electrochemical testing.  

Generally speaking electrochemical tests are done on coupon samples but it will be ideal to test 

an actual heat exchanger. In this regard chamber testing has an advantage over cyclic 

polarization.  

Degree of corrosion and corrosion rates for Al 3003 obtained in this investigation is 

comparable with rates provided in the ISO 9223. Therefore, it terms of degree of corrosion being 

comparable with actual field test result, cyclic polarization can be considered good. 

The cyclic polarization provides both quantitative as well as qualitative indication of the 

resistance of an alloy in a given corrosive environment. So, one can make meaningful 

conclusions based on test results. 

Test span and time required to complete an analysis is extremely short and one complete 

test can be done in a matter of hours rather than weeks required by SWAAT. 

ASTM standardizes the cyclic polarization test and minor adjustments can make the test 

completely adaptable for automotive and other industries. Table 15 shows degree of satisfaction 

with cyclic polarization testing procedure and outcomes. 

Table 15: Degree of satisfaction with cyclic polarization testing. 

 

Attribute
Degree of 

satisfaction

I Satisfactory 

II.
Somewhat 

satisfactory

III.

Somewhat 

satisfactory

IV.
Satisfactory

V. Satisfactory

VI.
Very 

Satisfactory

VII.
Satisfactory

The test is a standard for the industry and could be put into use readily by aluminum 

producers and radiator manufactures

The mode of attack matched to the samples of the material found in the field.

The test environment is a credible match of the field environment.

The test specimen is a suitable model for the material used in the field 

environment.

The criteria for the test was the applicable degree of the corrosion resistance in the 

field.

The test gave measureable, impartial results.

The test span is fairly short.
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 APPENDIX A  

Cyclic Polarization Plots of All Runs 

 
Figure A.1. Screen shot of cyclic polarization plot of Al 3003 in 3.5% NaCl solution. 

 

 

Figure A.2. Screen shot of cyclic polarization plot of Al 3003 in 3.5% NaCl solution. 
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Figure A.3. Screen shot of cyclic polarization plot of Al 3003 in 4.2% NaCl solution acidified (in acetic acid). 

 

Figure A.4. Screen shot of cyclic polarization plot of Al 3003 in 4.2% NaCl solution acidified (in acetic acid). 
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Figure A.5. Screen shot of cyclic polarization plot of Al 3003 in 3.5% NaCl solution. 

 

Figure A.6. Screen shot of cyclic polarization plot of Al 3003 in 4.2% NaCl solution acidified (in acetic acid). 
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Figure A.7. Screen shot of cyclic polarization plot of Al 3003 in 0.5% NaCl solution. 

 

Figure A.8. Screen shot of cyclic polarization plot of Al 3003 in 1.0% NaCl solution. 
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Figure A.9. Screen shot of cyclic polarization plot of Al 3003 in 1.5% NaCl solution. 

 

Figure A.10. Screen shot of cyclic polarization plot of al 3003 in 3.5% NaCl solution acidified (in sulfuric acid). 

. 
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Figure A.11. Screen shot of cyclic polarization plot of Al 3003 in 3.5% NaCl solution acidified (in sulfuric acid). 

 

Figure A.12. Screen shot of cyclic polarization plot of Al 3003 in 3.5% NaCl solution acidified (in sulfuric acid). 
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Figure A.13. Screen shot of cyclic polarization plot of Al 3003 in 1.0% NaCl solution (adjusted scan rate of 0.16 mV/s). 

 

Figure A.14. Screen shot of cyclic polarization plot of Al 3003 in 1.0% NaCl solution (adjusted scan rate of 0.5 mV/s). 
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Figure A.15. Screen shot of cyclic polarization plot of Al 3003 in 1.0% NaCl solution (adjusted scan rate of 1.0 mV/s). 

 

Figure A.16. Screen shot of cyclic polarization plot of Al 3003 in 1.0% NaCl solution. 
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Figure A.17. Screen shot of cyclic polarization plot of Al 3003 in1.0% NaCl solution. 

 

Figure A.18. Screen shot of cyclic polarization plot of al 3003 in 0.5% NaCl solution. 
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Figure A.19. Screen shot of cyclic polarization plot of Al 3003 in 0.5% NaCl solution.

 

Figure A.20. Screen shot of cyclic polarization plot of Al 3003 in1.5% NaCl solution. 
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Figure A.21. Screen shot of cyclic polarization plot in 1.5% NaCl solution. 

 

 


