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Abstract 

     Aluminum-magnesium AA5XXX alloys are widely used in marine applications due to 

beneficial properties such as expense, strength, and weldability.  However, when these alloys 

have greater than 3 wt% Mg, they are susceptible to sensitization at standard temperatures over 

time.  With sensitization, more anodic β-phase (Al3Mg2) precipitates at the grain boundaries, 

resulting in a direct pathway for intergranular corrosion (IGC) propagation.  With mechanical 

stress, intergranular stress corrosion cracking (IGSCC) can also occur.  In addition to AA5XXX 

alloys, many marine vessels utilize CDA 706, a 90/10 cupronickel alloy, piping for water and 

heat transfer.  CDA 706 directly couple to the AA5XXX superstructure.  In addition, as copper 

corrosion products form, they can be carried through these pipes and deposit on exterior of the 

vessel’s superstructure.  These deposited copper corrosion products can be reduced to elemental 

copper, forming a galvanic couple that accelerates IGC propagation of the sensitized AA5XXX 

alloys.   

     Previous work has shown that both the cathode:anode ratio and increasing DoS accelerates 

IGC, as well as the anode size influences IGC.  To understand the effects for these alloy system, 

AA5456-H116 was coupled to CDA 706 under full immersion conditions at varying 

cathode:anode ratios, with alterations in degree of sensitization (DoS) and anode area.  Outdoor 

exposure testing was also utilized with AA5XXX alloys (AA5456-H116 and AA5083-H116) 

sensitized to varying levels and coupled to CDA 706 of different sizes to investigate IGC 

propagation of samples exposed to service marine environments.  Exposure samples were 

mounted on the R/V Endeavor and R/V Kilo Moana, two University-National Oceanographic 

Laboratory System (UNOLS) vessels ported out of Rhode Island and Hawaii respectively.  These 

exposure samples were exposed to diurnal weather conditions and salt spray as the vessels were 
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at sea.  In addition, galvanically coupled samples were also exposed in accelerated testing with 

ASTM G85-A2 wet bottom (WB) and G85 WB modified version of G85-A2.  Cross-sectional 

analysis was used to quantitatively assess the spatial and temporal distribution of the damage.  

Modelling was also used to correlate damage to water layer thickness.  These results are 

correlated to outdoor exposure retrievals to compare IGC damage and connect service exposures 

to laboratory testing. 

     Based on initial results, DoS is shown to increase IGC propagation in both full immersion and 

outdoor exposure samples.  As more β-phase is present at grain boundaries, IGC accelerates 

propagation.  Mixed potential theory was used to explain the role of cathodic kinetics as 

cathode:anode ratio increases IGC following full immersion testing.  Outdoor exposure returns 

show the effect of not only DoS, but cathode:anode ratio, geolocation, and relative humidity 

(RH) conditions under which samples were exposed.  Following accelerated testing in G85-A2, 

damage follows throwing power trends modeled by Finite Element Modeling with COMSOL.  A 

water layer thickness of 3000 um was found to be most comparable to damage seen 

experimentally. 
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1     Introduction 

1.1     Galvanic Corrosion 

    Galvanic coupling occurs when two metals are electrically or physically in contact with an 

electrolytic solution.  The galvanic series in a seawater electrolyte, shown in Figure 1.11, 

displays a range of active (more negative) to noble (more positive) metals.  The more 

negative (active) metal will act as the anode in a coupling situation, leaving the more positive 

(noble) metal to be the cathode.  By creating a galvanic couple, the anode will corrode more 

rapidly than if it is left uncoupled.  This coupling can even occur within an alloy.  For 

example, copper or intermetallic precipitates within aluminum alloys have been found to 

accelerate bulk alloy uniform corrosion10. 

 
Figure 1.11:  Galvanic series of various metals and alloys in seawater 
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     From mixed potential theory, it is known that the cathodic and anodic rate must be equal.  

Therefore, by increasing cathodic size, resulting in an increase in cathodic kinetics, anodic 

corrosion accelerates.  Figure 1.22 shows overlayed polarization curves for two materials, 

with material 1 being more noble.  When coupled at the same area ratio, the potentials and 

current of each material will equal, as denoted by Ecouple and Icouple.  When coupled, the 

applied Ecouple potential increases above the open circuit potential (OCP) of material 2, 

accelerating dissolution as the pitting potential is approached.  From coupling, the corrosion 

rate of Metal 2 accelerates dissolution due to moving to a higher potential.  The ICORR values 

also increase following coupling, increasing dissolution. 

 

 
Figure 1.22: Polarization curves of two metals being analyzed for galvanic coupling 

behavior 
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     Cathode size also effects corrosion rates when coupling samples.  As shown in Figure 1.3, 

when coupling iron (cathode) and zinc (anode), with increasing cathode size, the ICORR 

increases and ECORR becomes more positive.  With the increase in cathode size, and cathodic 

current density, the anodic current density will increase equally.  This increase in current, 

rapidly accelerates intergranular corrosion (IGC) propagation of the small anode area.     

 
Figure 1.31: Polarization curves of two metals being analyzed for galvanic coupling 

behavior of iron and zinc 

 

1.2     Atmospheric Corrosion vs Bulk/Full Immersion 

    Although many systems are exposed to atmospheric conditions, much of past work has 

been performed in full immersion, or bulk testing solutions.  Recent work has compared 

these two different testing systems.  Khullar et al. investigated IGC propagation under thin 

film with oxidizers to accelerate the corrosion rate11.  It is shown that cathodic kinetics 

control IGC rate, while in full immersion and thin films, the same potential controls IGC 

propagation11.  Mizuno et al. studied IGC propagation for AA5083-H131 and AISI 4340 
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steel under full immersion and thin film conditions3.  Through scanning kelvin probe (SKP) 

measurements, it was found that high potentials at the coupling boundary accelerate IGC, as 

shown in Figure 1.4, and throwing power is comparable with that in full immersion testing3.  

This work shows that for coupling, full immersion and thin film are comparable. 

 
Figure 1.43:  IGC depth measured following exposure testing, compared to SKP potential 

measurements for AA5083-H131 (DoS 50 mg/cm2) coupled with AISI 4340 steel 

 

1.3     Service Connection 

    Naval ship structures, containing a galvanic couple, advance a potential corrosion threat.  

AA5XXX aluminum alloys have many beneficial properties including strength, corrosion 

resistance, weldability.  Due to these properties, aluminum alloys are increasingly used by 

the United States Department of Defense for vehicles and ships12.  These AA5XXX alloys 

sensitize, resulting in a more active β phase (Al3Mg2) precipitation at the grain boundaries.  

The rate of degree of sensitization (DoS) fluctuates with time, temperature, alloy, as well as 
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mechanical treatment13,14.  Sensitization can occur at temperatures as low as 50°C, which is 

actively seen in field exposures14.   This sensitization accelerates IGC, which can lead to 

intergranular stress corrosion cracking (IGSCC).   

     Galvanic coupling can accelerate this IGC, when a more noble material is added to the 

system.  These couples are formed when high strength fasteners or deposition of corrosion 

products on AA5XXX superstructures.  The littoral combat ship (LCS) has had 

complications following coupling of unsensitized AA5083-H116 to stainless steel water jets 

resulting in corrosion problems15.  Within one year of manufacturing, the USS Independence, 

the first LCS produced, suffered galvanic corrosion16.  In addition, there are other galvanic 

couples on these naval vessels.  Much of the piping on naval ships is fashioned of copper 

alloys, including a cupronickel alloy CDA 706 (C70600), that directs seawater overboard17.  

There is a direct coupling of CDA 706 and AA5XXX at their junction point on the ships 

superstructure.  In addition, copper corrosion products, carried through these CDA 706 pipes, 

can deposit on the AA5XXX superstructures as shown in Figure 1.54, potentially accelerating 

the IGC of the sensitized aluminum alloys. 

 

Figure 1.54: Littoral combat ship with copper corrosion deposition 
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1.4     5XXX Aluminum-Magnesium Alloys 

    AA5XXX alloys are strengthened via magnesium addition and cold working, as they are not 

heat treatable18.  The grain structure of these strain hardened aluminum-magnesium alloys is 

displayed in Figure 1.65, a barkers etched AA5083-H131 alloy.  The microstructure of 

AA5XXX have elongated grains on the longitudinal by short transverse (LS) and short 

transverse (ST) planes, and wide grains on the long transverse (LT) plane.  IGC growth rate, 

studied in detail by Lim, was found to be comparable in both the L and T, but not in the S 

direction, due to elongated grain structures5. 

 

Figure 1.67: Barkers etch of AA5456-H116 showing grain structure along the SL, ST, and 

LT faces 

 

     AA5XXX aluminum-magnesium alloys, although they have many beneficial properties, 

present challenges due to their susceptibility to IGC as a function of sensitization5.  

Sensitization occurs with the precipitation of the highly active β phase (Al3Mg2) at the grain 

boundaries, resulting in an active path for corrosion.  This grain boundary precipitation has 

been studied in depth, and is imaged on sensitized AA5083 using SEM in Figure 1.76.  The 
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more anodic β phase corrodes preferentially due to the electrochemical difference between 

the precipitates and more noble α bulk phase.   

     Sensitization also results in an increase in stress corrosion cracking susceptibility.  Severe 

IGSCC has been found to be severe above a critical DoS level of 9-12 mg/cm2 for AA5083-

H13119.  Though still debated, many works favor hydrogen embrittlement (HE) mechanism 

to control IGSCC susceptibility due to β phase dissolution20.  For constant tempers, it has 

been found that increased Mg content reduces IGSCC susceptibility21 .   

 
Figure 1.76: SEM micrograph of sensitized, polished, and etched AA5083 showing β phase 

precipitation at the grain boundary 

 

1.5     CDA 706 Cupronickel 

    Cupronickel alloys are widely used in naval applications17,22–26.  CDA 706 (otherwise 

known as C70600) is a CuNi 90/10 cupronickel alloy has widely used for piping materials 

for water and heat exchange systems17.  This cupronickel alloy is used due to beneficial 

properties, including corrosion resistance (localized, uniform, and erosion) as well as 

bacteriostatic and microfouling resistant properties17.  Although these alloys are corrosion 

resistant, they develop a corrosion product film when exposed to seawater.  North et al. found 
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that the major corrosion products formed from CDA 706 are Cu2O, [Cu2(OH)3Cl], CuO, and 

CuCl23Cu(OH)2 forming a protective product film ranging from 2800-4400Å17,27.  With 

seawater passing through these pipes, a shear stress strips away the protective corrosion 

product film from these alloys26.  These corrosion products, carried by seawater over these 

naval vessels, deposit on the AA5XXX superstructure as imaged in Figure 1.5.     

1.6     Research Questions and Hypothesis 

    As summarized, AA5XXX and CDA 706 couple on the superstructure of naval vessels.  

Coupling has not yet resulted in major damage on the LCS, but over time, as AA5XXX 

sensitizes, it is expected to increase susceptibility and accelerate IGC.  The studies performed 

in this work investigate direct coupling of AA5XXX and CDA 706 rather than CDA 706 

corrosion products.  CDA 706 corrosion products will reduce on the surface of the 

AA5XXX, converting copper ions into metallic copper.  For this reason, CDA 706 is directly 

used rather than copper oxide corrosion products.  From past work performed at the 

University of Virginia by Khullar, it has been found that anode size affects IGC 

propagation11.  Mizuno et al. found that cathode:anode ratio, with sensitized AA5083, effects 

IGC propagation as well3,28.  

     This past work leads to an investigation of cathode:anode ratio, while changing the size of 

the cathode and the anode.  It is hypothesized that the anode area influences IGC and 

increased cathodic kinetics from increasing the cathode size also influence IGC propagation.  

It is also hypothesized that increasing the DoS, will increase IGC due to increased active area 

due to added β phase at the grain boundaries. 
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1.7     Objective Statement 

   The main goal of this thesis is to understand the effect of galvanic coupling on IGC 

propagation using AA5XXX and CDA 706.  The role of coupling will be studied using 

varying anode sizes, cathode:anode ratios, DoS, and AA5083-H116 and AA5456-H116 

aluminum-magnesium alloys. 

1.8     Thesis Organization 

     Figure 1.8 depicts a schematic for the layout of this thesis.  The galvanic coupling of 

sensitized AA5XXX and CDA 706 using full immersion coupling, outdoor exposure, and 

accelerated testing with a modeling investigation of damage. 

     Chapter 2 presents a galvanic coupling investigation of sensitized AA5456-H116 with 

CDA 706 using a zero-resistance ammeter (ZRA) test.  The effect of cathode:anode ratio, 

anode size, and DoS were investigated.  All of these previously stated factors were found to 

have an effect on IGC propagation.    

     Chapter 3 presents an outdoor exposure investigation of galvanically coupled AA5XXX 

and CDA 706.  Exposures were placed on research vessels (R/V) Endeavor and Kilo Moana 

ported in Rhode Island and Hawaii respectively.  The corrosivity of each environment, and 

resultant corrosion damage on exposure samples were correlated.  Following the effect found 

of CDA size and DoS in Chapter 2, these effects were investigated and found to have effect 

IGC propagation.  

     Chapter 4 explores the IGC propagation of galvanically coupled AA5456-H116 DoS 

54mg/cm2 and CDA 706 in G85 wet bottom (WB) and G85 WB Modified tests.  Samples 

tested were identical to those used in outdoor exposure testing.  Modeling, performed by 
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Chao (Gilbert) Liu, was also performed to investigate throwing power of CDA 706 in a G85 

accelerated testing environment.  

     Chapter 5 summarizes the conclusions and ties in results from each chapter, and their 

correlation with each other.  The technological impacts of this work as well as 

recommendations for future work are discussed.  

 

Figure 1.8: Schematic for Thesis Organization 
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2   Galvanic Coupling Study of Sensitized AA5456-H116 with CDA 706 and the 

Effects of Cathode to Anode Coupling Area Ratios 

2.1     Abstract 

     The galvanic corrosion behavior of sensitized AA5456-H116 coupled to CDA706 under full 

immersion conditions was experimentally investigated.  The effects of anode area, degree of 

sensitization (DoS), and cathode:anode ratio on intergranular corrosion (IGC) propagation rate, 

as well as potential and coupling current densities, were quantified.  It was found that increasing 

anode area, DoS, and cathode:anode area ratio increases IGC rate.  Area of anode is proven to be 

of importance for IGC due to insufficient cathodic kinetics for anodic dissolution at small areas.  

Increased cathode:anode ration increases these cathodic kinetics for IGC based on mixed 

potential theory. 

2.2     Overview 

     The following chapter presents an experimental study of area of cathode and anode, as well as 

sensitization on intergranular corrosion (IGC) propagation in AA5456-H116.  Khullar et al29. 

has found that the size of anode, in this case AA5456-H116 has an effect on IGC.  Mizuno et 

al28,30. has also found that with increased cathode:anode ratio, IGC increases.  For this work, 

increased cathode size, resulting in increased cathodic kinetics was hypothesized to increase 

IGC.  It was also hypothesized, that with increased anode area, IGC further propagates.  These 

hypotheses were tested using zero resistance ammeter (ZRA) tests under full immersion with 

AA5456-H116 at 1 cm2 and 3 cm2 areas and varying degrees of sensitization galvanically 

coupled to varying areas of CDA 706.  The results show that both anode and cathode size, as 

well as degree of sensitization (DoS) have an effect on IGC.  Potential and coupling potential 
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correlate with these results.  Mixed potential theory was used to explain how anodic and 

cathodic kinetics influence this IGC. 

 

Schematic for Thesis Organization 

 

2.3      Introduction 

     5XXX series aluminum-magnesium alloys are widely utilized in marine applications due to a 

combination of beneficial properties including strength, corrosion resistance, ductility, and 

weldability14,31.   Microstructures of 5XXX series show elongated grains on the longitudinal by 

short transvere (LS) and short transverse (ST) planes, and wide grains on the long transverse 

(LT) plane.  This grain morphology is evident in the Barker’s etch micrograph of AA5456-H116 

shown in Figure 2.17.  Intergranular corrosion (IGC) growth rate, studied in detail by Lim, was 

found to be comparable in both the L and T directions based on the elongated grain structures 

and the similarity in the low degree of grain boundary path tortuosity32.   

Chapter 2:  

Galvanic Coupling IGC 

Dependence on Area 

and Sensitization 

Chapter 3:  

Outdoor Exposure Analysis 

of Galvanic Couples 

Chapter 4:  

Modeling Investigation 

of Coupled Samples in 

Accelerated Testing 

Environments 

L 

S 
CDA 

706 

  

AA

CDA 

706 
 

AA5456 
  

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01

-1.2

-1.1

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1
Polarization Curves in 0.6M NaCl 

 CDA 706

 AA5456-H116 DoS 54

 AA5456-H116 DoS 22

 AA5456-H116 DoS 6

P
o

te
n

ti
a

l 
(V

S
C

E
)

Current Density (A/cm
2
)



15 
 

     These AA5XXX alloys, when containing greater than 3wt% Mg, are susceptible to 

sensitization leading to susceptibility to IGC after extended times at standard service 

temperatures14.  At temperatures as low as 50°C, for extended periods of time, sensitization is 

observed14.  With added stress, intergranular stress corrosion cracking (IGSCC) can occur.  

When AA5XXX sensitizes, the β phase (Al3Mg2) precipitates out at the grain boundaries32.  The 

β phase is more active than the bulk phase, creating a direct pathway for IGC.  Previous studies 

have shown that for AA5083 in artificial seawater, the degree of sensitization (DoS), applied 

potential, and rolling direction of the alloy are the main influences on IGC rate3,33. 

     In addition to sensitization, these alloys are often galvanically coupled in their varying marine 

applications.  Many naval vessels utilize CDA 706 pipes within their superstructure that couple 

to the AA5XXX superstructure.  These CDA 706 pipes are being utilized in marine structures for 

water and heat exchange22,34.  CDA 706 is widely used due to its resistance to uniform and 

localized corrosion, as well as its bacteriostatic and anti-microfouling properties34.  Although the 

corrosion rate of CDA 706 in seawater is low, some dissolution does occur.  These pipes can 

then carry CDA 706 corrosion products in the seawater and deposit them on the superstructure of 

the 5XXX alloy ship, generating a direct galvanic couple.  This direct galvanic coupling of 

 

Figure 2.17: 5456-H116 alloy microstructure revealed with Barker’s etch 
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copper and aluminum alloys could accelerate corrosion propagation, particularly if the 5XXX 

alloy is sensitized. 

     Past work has studied the extent of IGC damage on AA5083-H131 due to the coupling with 

AISI 4340 steel under both full immersion and atmospheric conditions3,30.  Mizuno has shown, 

that at the same potential, IGC is comparable under full immersion and atmospheric conditions30.  

This finding allows future experimentation to be performed utilizing full immersion parameters.  

It was also noted that DoS and coupling area ratios of anode:cathode affect IGC growth30.   

     Mizuno et al. found that not only does the cathode:anode area ratio have an effect on IGC 

rate, but also the size of the anodes being utilized affects the damage observed3.  Khullar found 

that under accelerated testing, with increased sample size, IGC became more prominent29.  For 

this reason, it is of interest to investigate the prominence of IGC dependence on the surface area 

of the anode.  This study focuses on galvanic coupling of AA5456-H116 and CDA 706, and the 

effect that area ratios of anode to cathode have on IGC.   

2.4     Materials 

          Samples were machined to size from a AA5456-H116 ¼” thick plate were provided by the 

Naval Surface Warfare Center-Carderock Division (NSWCCD).  AA5456-H116 samples were 

heat treated at 100°C to 6, 14, 23, and 54 mg/cm2 degrees of sensitization for 0, 1, 3, and 14 days 

respectively.   These sensitization durations have been validated using ASTM G6735 nitric acid 

mass loss test (NAMLT).  As shown in Table 2.1, the main alloying element of AA5456-H116 is 

magnesium.  H116 is representative of the temper, designating that the alloy is special strain 

hardened, and corrosion resistant36.  Metal Samples provided CDA 706, otherwise known as 

C70600, which is a cupronickel alloy as indicated in Table 2.2.   
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Table 1: Alloy composition of 5456-H116 ¼” provided by NSWCCD (by materials certification) 

5456-H116 

Element Al Mg Fe Si Cr Zn Ti Cu 

Wt % Rem. 5.2640 0.1830 0.1570 0.0930 0.0560 0.0263 0.0240 

 

Table 2: Alloy composition of CDA 706 provided by Metal Samples (by materials certification) 

CDA 706 

Element Cu Ni Fe Mn Impurities 

Wt % 87.778 9.948 1.453 0.793 Rem. 

 

2.5     Experimental Procedures 

     Polarization experiments were performed on samples machined from a ¼” thick plate of 

AA5456-H116 and CDA 706.  AA5456-H116 DoS 6, 23, and 54 mg/cm2 were individually 

mounted with the ST face exposed.  AA54546-H116 and CDA 706 samples were prepared by 

polishing to 1200 grit with silicon carbide papers, followed by 3 and 1µm diamond suspension, 

before finishing with 0.05µm colloidal silica.   Both CDA 706 and AA5456-H116 were tested in 

quiescent 0.6M NaCl.  The open circuit potential (OCP) was measured for 2 hours.  CDA 706 

samples were polarized +0.05 V above OCP, to -1.0C (vs SCE) at 0.5 mV/s.  AA5456-H116 

samples were polarized from -0.05 V below OCP, to -0.06 V (vs SCE), and reversed to -1 V at 

0.5 mV/s. 

     Galvanic coupling experiments were performed with a Biologic VMP-300 with AA5456-

H116 and CDA 706 utilizing a range of cathode:anode area ratios.  AA5456-H116 samples that 

were sensitized to DoS 14, 23, and 54 mg/cm2 were for these coupling experiments.  The A5456-

H116 samples were cut to an area of 1 cm2 and 3 cm2.  From Figure 2.1, it is seen that grain 
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boundary interfaces are under 100 µm on the ST face, resulting in ample grain boundary 

exposures on both the 1 and 3 cm2 AA5456-H116 samples.  The CDA 706 samples were 

machined to areas of 1, 3, 50, and 300 cm2.  The samples, both AA5456-H116 with the SL face 

exposed, and CDA706 were polished to 1200 grit with silicon carbide papers prior to testing.  

The 1 cm2 anode was coupled to cathodes of sizes: 0, 1, and 50 cm2.  The 3 cm2 anode was 

coupled to cathodes of sizes: 0, 3, and 300 cm2.    AA5456-H116 was used as the working 

electrode, CDA706 was the counter electrode, and saturated calomel electrode (SCE) was used 

as the reference electrode.  Samples were coupled galvanostatically for 100 hours using a zero-

resistance ammeter (ZRA) test with an electrolyte of 0.6M NaCl at a pH of 8.3.   

     After 100 hrs, the exposed SL faces of AA5456-H116 samples were imaged using an optical 

microscope at 5x magnification.  They were then cross-sectioned, mounted, and polished to 1200 

grit with silicon carbide papers, followed by 3 µm, 1 µm diamond polish and 0.05 µm colloidal 

silica finish, allowing the ST surface to be imaged.  Using an optical microscope at 5x 

magnification, micrographs were collected over three depths of polish for quantification and 

averaging.  To calculate the maximum and mean IGC, a MATLAB code37 provided by Tattersall 

et al.38 was utilized to investigate IGC in the T direction.  The average and standard deviation of 

both the maximum and mean IGC depth was calculated from the three depths of polish on each 

sample.  In addition, of these AA5456-H116 galvanically coupled samples, at all three sequential 

depths of polish, had the total number of fissures counted and averaged using optical 

micrographs.  The coupling potential and current density were recorded for galvanic samples, 

with the last 2000 s averaged for reporting.  The current density was normalized using the area 

anode exposed.   
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2.6     Results 

     Polarization curves of CDA 706 and AA5456-H116 in 0.6M NaCl are shown in Figure 2.2.  

CDA 706 exhibits a higher open circuit potential than AA5456-H116.   There is approximately a 

340-800 mV difference in driving force between copper and aluminum alloys based on the 

galvanic series.  The overlaid polarization curves suggest an anode to cathode with area ratio of 

1:1 would have a galvanic couple potential ranging from -0.772 V to -0.813 V (vs SCE), 

dependent on DoS.  It is also evident that CDA 706 is more noble, therefore the cathode in the 

coupling relationship to AA5456-H116 in galvanic coupling experiments.  After sitting coupled 

at OCP for 100 hrs, the CDA 706 remained shiny and untarnished as evident in Figure 2.3. 
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Figure 2.2: Polarization curves of CDA 706 and sensitized AA5456-H116 in 0.6M NaCl 
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Figure 2.3: CDA 706 sample before and after 100hr galvanic coupling 

     

     Figure 2.4a shows surface micrographs of the exposed AA5456-H116 ST surfaces after 100hr 

full immersion galvanically coupled to CDA 706 samples over a range of area ratios.  Based on 

visual surface damage, it is evident that as the DoS, as well as the cathode:anode ratio increases, 

surface damage also increases.  After cross-sectioning samples to investigate IGC propagation in 

the L direction, as shown in Figure 2.4b, this trend is validated.  IGC propagates further in the L 

direction with an increase in sensitization, and cathode to anode ratio.   

     The maximum IGC measurements for the 1 cm2 and 3 cm2 AA5456-H116 cross-sections are 

shown in Figure 2.5.  Maximum IGC generally increases as a function of DoS, although the DoS 

14 mg/cm2 sample at the 1 cm2 anode to 1 cm2 cathode ratio showed greater than expected 

attack.  A magnified cross section of the 1 cm2:1 cm2 DoS 14mg/cm2 sample is superimposed on 

Figure 2.5.  As the coupling ratio of cathode to anode increases, so does the maximum IGC.  

When the size of the anode, AA5456-H116, is changed from 1 cm2 to 3 cm2, the maximum IGC 

measurements increase.  This area influence is most prominently seen at lower sensitizations, 

particularly DoS 14 mg/cm2.  
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Figure 2.4: Photomicrographs of the exposed ST surface and SL cross sections of AA5456-

H116 of three sensitization levels after 100 hours of galvanic coupling to CDA 706 under 

full immersion in 0.6M NaCl at pH 8.3 at varying cathode:anode ratios. 
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     The mean IGC was also measured to confirm the maximum IGC trends and diminish the 

effects of outliers.  Mean IGC measurements for 1 cm2 and 3 cm2 AA5456-H116 are shown in 

Figure 2.6 and have the same general trends as maximum IGC measurements.  As the DoS 

increases, IGC mean tends to propagate further.  The one outlier from the maximum IGC 

measurements at DoS 14 mg/cm2 for the 1 cm2 anode to cathode ratio is still evident.  As the size 

of cathode increases, the mean IGC also increases.  It is evident, as well in the maximum IGC 

measurements, that as the size of the anode increase, IGC grows.  This anode size difference is 

most evident with no cathode present. 

 

     Coupling potential measurements, as shown in Figure 2.7, show that in general, the highest 

DoS has the lowest coupling potentials.  Disregarding one outlier at 1 cm2 to 1 cm2 anode to 

cathode ratio, the lowest DoS measured (14 mg/cm2) has the most positive coupling potential.  

As the area ratio of cathode to anode increases, the coupling potential becomes more positive.  

The anode area has no effect at low area ratios, as is apparent in the coupling results with no 

 

Figure 2.5: Maximum IGC and standard deviation after three depths of view of AA5456-

H116 down the L plane.  Maximum IGC depth for varying DoS and coupling ratios of 

aluminum to copper. 
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cathode and the 1 cm2:1 cm2 and 3 cm2:3 cm2 galvanic couples, with the exception of a 300 cm2 

cathode.  When 1 cm2 AA5456-H116 was coupled to 50 cm2 CDA 706, it had greater potential 

than 3 cm2 of AA5456-H116 coupled to 300 cm2 of CDA 706. 

 

Figure 2.6: Mean IGC and standard deviation after three depths of view of 5456-H116 down 

the L plane.  Mean IGC depth for varying DoS and coupling ratios of aluminum to copper. 
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Figure 2.7: Coupling potential of varying AA5456-H116 sensitizations and CDA 706 at 

varying area ratios for 1 cm2 and 3 cm2 anodes 
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     Coupling current densities, as shown in Figure 2.8, display the coupling current as a function 

of DoS and coupling area ratios of AA5456-H116 to CDA 706.  DoS does not show any trend 

with coupling potential.  Varying area ratios of cathode to anode have limited effects.  When 

changing the size of the anode, from 1 cm2 to 3 cm2, the coupling current density is not affected.  

With no CDA 706 coupled, the coupling current density remains at 0 mA/cm2 regardless of 

anode size.  When the ratio of cathode increases to 1 cm2:1 cm2 and 3 cm2:3 cm2, they are 

comparable coupling current densities.  The coupling current density of the 3 cm2:300 cm2 

AA5456-H116:CDA 706 ratio compared to the 1 cm2:50 cm2 ratio is approximately doubled in 

value. 
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Figure 2.8: Coupling current densities of varying AA5456-H116 sensitizations and CDA 706 

at varying area coupling ratios for two different anode sizes. 

 

     Coupling potential vs both coupling current density and the current as seen in Figure 2.9a&b 

corroborate the trend seen in Figure 2.7 for varying DoS, and areas of AA5456-H116, and area 

of CDA 706.  Specific area ratios of CDA 706: AA5456-H116 cluster potential and current 
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densities together. Figure 2.9b also correlates with Figure 2.8 showing that with increasing 

cathode:anode ratio, the potential increases.  The coupling current density and current increase 

with cathode:anode ratio, with the exception of the 300cm2 CDA 706.  For this case, with 

300cm2:3cm2 CDA 706 to AA5456-H116, the potential increases, but the current is less than that 

of a 50cm2:1cm2 ratio.   

 
Figure 2.9: a. Coupling potential vs current density b. coupling potential vs current; for 

varying area ratios of CDA 706 to sensitized AA5456-H116 

 

     Figure 2.10 shows the polarization curves from Figure 2.2 overlaid with the potential and 
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correlate to expected values based on the overlay of CDA 706 and AA5456-H116 polarization 

curve potentials in the -0.8 V region.  The currents measured from coupling also closely correlate 

with those expected from the polarization plots.  It can be seen that the best correlation of 

coupling potential and coupling current are with the reverse polarization curves as expected due 

to AA5456 reversing back past its passive region towards a lower reversible potential. 
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Figure 2.10: Polarization curves of CDA 706 and AA5456-H116 of DoS 54, 23, & 6 mg/cm2 in 

0.6M NaCl overlaid with coupling potential and current measurements from galvanic coupling 

tests with AA5456-H116 of DoS 54, 23, and 14 mg/cm2 and CDA 706 where squares represent 

1cm2 AA5456, while circles represent 3cm2 AA5456 samples 

 

     The quantity of fissures from the AA5456-H116 samples, shown in Figure 2.11, grow with 

increasing area ratio of cathode to anode.  Anode size also has an effect.  With 0 cm2 and 1 cm2 

cathode, the number of fissures is greater with a larger anode.  However, with the 50 cm2 and 

300 cm2 cathode, this anode size is less relevant.  With only two exceptions, 1 cm2:1 cm2 and 1 

cm2:50 cm2 sample sets, the number of fissures increases with an increase in DoS. 
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Figure 2.11: Average number of fissures averaged across 3 depths of polish on each 

AA5456-H116 sample 

 

2.7     Discussion 
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propagates further in the L direction as sensitization increases due to more β phase being present 

resulting in a more anodic sample.  IGC also propagates further with an increase in cathode to 

anode ratio, as there is more cathode to facilitate anodic reduction. As DoS and area ratios 

increase, IGC fissures and grain fallout increase and can be confused for surface wastage.  Past 

work shows that for AA5456-H116 DoS ≤54mg/cm2, surface wastage dominates at current 

densities >0.8 mA/cm2,39.  The maximum current densities that were seen in the coupling 

densities of AA5456-H116 and CDA 706 sat at least 0.275 mA/cm2 below the 0.8 mA mark. 

     As Khullar saw in accelerated corrosion testing with AA508329, it was seen in full immersion 

that sample sizes of AA5456-H116 have an effect on observable IGC.  With 1 cm2 anodes and 

no cathode galvanically coupled, as shown in Figure 2.5, there is little to no IGC detected 

compared to observable IGC with a 3 cm2 anode.  It is believed that the small anode size has 

limited to no IGC observed due to cathodic kinetics not being sufficient to support anodic 

dissolution by the available cathodic current.  IGC propagation can be aided by increasing 

cathodic sites due to increasing sample size or adding an oxidizer to the system. This variance in 

IGC depth becomes less prominent as the cathode size increases, however the number of fissures 

grows as seen in Figure 2.11.   

     Calculations of the mean IGC, shown in Figure 2.6 have the same trends as the maximum 

IGC measurements.  As DoS increases, the IGC mean propagates further into the sample.  The 

one outlier, DoS 14 mg/cm2 and 1 cm2:1 cm2 anode to cathode ratio, from maximum IGC 

measurements is still evident but less prominent.  Just as with the maximum IGC measurements 

and most apparent at low cathode:anode ratios, as the size of the anode increases, IGC increases 

corresponding to fissure quantity.   
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     AA5456-H116 samples with higher DoS tend to have lower coupling potentials, as shown in 

Figure 2.7.  Mizuno saw the same effect, attributing the change to anodic kinetics being more 

active as the sensitization increases30.  As the coupling area ratio increased, the potential became 

more positive, as expected based on mixed potential theory shown in Figure 2.12.  It is expected 

as the cathode size increases, as shown in Figure 2.12 from 50 cm2 to 300 cm2, the cathode line 

will increase, depicted from solid to dashed lines.  The current density, regardless of anode size, 

increases with increasing cathode:anode ratio.  The current density increases with area ratios, as 

expected form Figure 2.12.  However, coupling potential decreases from 50 cm2:1 cm2 and 300 

cm2:3 cm2.  With increased area from fissures and maximum IGC and grain fallout, shown in 

Figures 2.11 and 2.5, the area of anode increases, shifting the anodic line down.  The number of 

fissures, seen in Figure 2.11, is comparable, however there was more total IGC as shown in 

Figure 2.5.  Although fissures are comparable, there is more grain fall out resulting in more area 

anode for coupling.  This lowers the coupling potential as evident in Figure 2.7. 

 

Figure 2.12: Evans diagram showing trend of cathode size for electrode potential vs log 

current density 
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2.8     Conclusions 

     AA5456-H116 and CDA706 galvanic coupling corrosion behavior was investigated under 

full immersion conditions.  The influence of DoS, cathode:anode ratio, and anode size on IGC 

damage were investigated, as well as coupling effects on coupling potentials and coupling 

currents.     

(1) IGC propagates very minimally at the low sensitization of DoS 14 mg/cm2, but the 

maximum and mean IGC increases with increasing sensitization.  More β phase is present 

with increasing sensitization, resulting in the samples being more anodic, and accelerated 

IGC. 

(2) As the size of the anode, AA5456-H116, increases, IGC further propagates.  As the anode 

size increases from 1 cm2 to 3 cm2, IGC increases.  There are many grain boundaries 

exposed on the ST face for both the 1 and 3 cm2 samples that would allow for IGC 

propagation.  Therefore, this phenomenon is due to insufficient cathodic kinetics for 

anodic dissolution.  This is most evident at the lowest cathode:anode ratios. 

(3) As the size of the cathode increases, regardless of the size of the anode, IGC accelerates.  

This is due to more cathode area to accelerate anodic corrosion. 

(4) Galvanic coupling potential fluctuates with DoS.  Higher sensitizations yield a lower 

coupling potential.  With increasing cathode size, the potential rises.  The anode area has 

no effect on the coupling potential.  However, at the highest cathode areas investigated, 

potential dropped.  The coupling potential decreases due to surface area of the anode 

increasing with increased grain fallout and IGC propagation. 

(5) The coupling current density is not affected by DoS or the size of the anode.  However, 

as the cathode increases, so does the current density. 
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3   Outdoor Exposure of Galvanically Coupled Sensitized AA5456-H116 and CDA 

706 

3.1     Abstract 

     Samples of galvanically coupled AA5XXX-H116 and CDA 706 were mounted on the R/V 

Endeavor, ported out of Narragansett, Rhode Island and on the R/V Kilo Moana ported out of 

Honolulu, Hawaii for 6 and 12-month exposures.  AA5083-H116 and AA5456-H116 samples at 

varying degrees of sensitization (DoS) had CDA 706 cupronickel inserts of ¼” and 3/8” diameter 

press fitted to form the samples.  It was found that geolocation of samples and relative humidity 

(RH) affect intergranular corrosion (IGC) propagation and interaction distance/throwing power.  

Increased DoS as well as increased CDA 706 insert diameter also increase IGC.  The alloy 

variation of AA5083-H116 and AA5456-H116 has little influence on IGC trends. 

3.2     Overview 

     This chapter focuses on results of outdoor exposure testing of samples on two University-

National Oceanographic Laboratory System (UNOLS) research vessels (R/V), the R/V Endeavor 

and R/V Kilo Moana.  Naval ships utilize AA5XXX series aluminum alloys as well as CDA 706 

cupronickel pipes.  In some cases, these two alloys are in intimate contact and exposed to the 

same marine atmosphere, thus meeting the requirements for galvanic interaction.  It is of 

importance to study and characterize the intergranular corrosion (IGC) effects of these galvanic 

couples in real-world conditions.  By investigating the IGC of these couples in a service 

environment, the effects of AA5XXX sensitization and CDA coupling effects can be studied.  

These exposure results will aid in predicting IGC propagation of AA5XXX on naval vessels as a 

function of varying parameters including sensitization, CDA:5XXX ratio, RH (relative 

humidity), and geolocation. 
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Schematic for Thesis Organization 

 

3.3      Introduction 

     AA5XXX alloys are utilized increasingly in naval ship superstructures.  These aluminum-

magnesium alloys are selected because of their strength, corrosion resistance, ductility, and 

weldability14,18,31.  These AA5XXX alloys, with time and temperature, sensitize.  This degree of 

sensitization (DoS) can increase at temperatures as low as 50°C in service conditions14.  When 

these samples sensitize, the β phase (Al3Mg2) precipitates at the grain boundaries32.  The β phase 

is more anodic than the α bulk phase.  This anodic β phase along the grain boundaries creates a 

pathway for IGC propagation.  If mechanical stress is also present, intergranular stress corrosion 

cracking (IGSCC) can occur.  The microstructure of AA5XXX, exemplified by the electrolytic 

Barkers etch micrograph of AA5083-H131 in Figure 3.15, showing elongated grains on the 

longitudinal by short transverse (LS) and short transverse (ST) planes, and wide grains on the 

long transverse (LT) plane.  IGC growth rate, studied in detail by Lim, was found to be 

comparable in both the L and T, but not in the S direction, due to this elongated grain structures5. 
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Figure 3.15: Microstructure of AA5083-H113 after Barkers etching to show grain structure 

 

     In naval service, these AA5XXX samples are not only sensitized, but galvanically coupled to 

more noble materials.  Naval vessels utilize CDA 706 pipes for transporting seawater, and in 

some cases these pipes exit the ship superstructure through the AA5XXX superstructure of these 

ships.  CDA 706 is used for water and heat exchange systems due to its uniform corrosion 

resistance as well as bacteriostatic and anti-microfouling properties17,22.  CDA 706 does suffer 

dissolution, regardless of this low corrosion rate, and as a result, CDA 706 corrosion products are 

carried by seawater and deposited on the superstructures of the AA5XXX vessels.  This direct 

galvanic couple would be expected to accelerate IGC propagation on sensitized AA5XXX. 

     Historically, laboratory testing has been used to investigate IGC propagation due to galvanic 

coupling of varying alloys, however little work has been performed in exposures even though 

these materials are exposed to atmospheric conditions.  Full immersion testing, as well as thin 

film testing has been performed to study various galvanic couples with AA5XXX3,29,30.  The aim 

of this work is to investigate conditions the effect of conditions these alloys experience when 
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exposed in service.  Geolocation, coupled metals, DoS, and silver exposure40, which is used as a 

corrosion monitor, are used to investigate corrosion damage.   

3.4     Materials 

     5456-H116 ¼” thick panels were provided by the Naval Surface Warfare Center-Carderock 

Division (NSWCCD), the composition of which can be seen in Table 3.1.  5083-H116 ¼” thick 

plates were provided by Metal Samples, the composition of which is displayed in Table 3.2.  

Both 5XXX alloys are special strain hardened and corrosion resistant, as signified by their H116 

temper36.  CDA 706, a copper nickel 90/10 alloy shown in Table 3.3 was provided by Metal 

Samples in ¼” and 3/8” diameters.  Silver (Ag) samples, specifically UNS P07010 99.99%, were 

provided by Metal Samples. 

Table 3.1: Alloy composition of AA5456-H116 ¼” provided by NSWCCD (by materials 

certification) 

AA5456-H116 

Element Al Mg Fe Si Cr Zn Ti Cu 

Wt % Rem. 5.2640 0.1830 0.1570 0.0930 0.0560 0.0263 0.0240 

 

Table 3.2: Alloy composition of AA5083-H116 ¼” provided by Metal Samples (by materials 

certification) 

 

 

 

 

AA5083-H116 

Element Al Mg Mn Fe Si Zn Ti Cu Cr Be Pb Ni 

Wt % Rem. 4-4.5 0.4-0.7 0.5 0.4 0.25 0.15 0.1 0.05-0.25 0.05 0.05 0.05 
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Table 3.3: Alloy composition of CDA 706 provided by Metal Samples (by materials certification) 

CDA 706 

Element Cu Ni Fe Mn Impurities 

Wt % 87.778 9.948 1.453 0.793 Rem. 

 

3.5     Experimental Procedures  

3.5.1 Test Matrix 

     Two locations were selected for outdoor exposure testing.  University-National 

Oceanographic Laboratory System (UNOLS) locations in Hawaii and Rhode Island were 

gracious enough to accommodate in testing and retrievals.  Panels were assembled in the 

laboratory, following the matrix in Figure 3.2, and mounted on the R/V Endeavor and R/V Kilo 

Moana.  Four panels were placed on each vessel, with one panel to be removed every six months 

resulting in a maximum of two years exposure.  Panels were mounted to begin the exposures on 

6/9/16 for the R/V Endeavor and mounted on 11/7/16 on the R/V Kilo Moana.   With each 

retrieval, supplemental meteorological weather data were collected and returned from the 

research vessels.  As of February 2018, both 6 and 12-month removals have been completed and 

analyzed. 

          The matrix for the exposure panels as well as an assembled panel can be seen in Figure 3.2 

a & b.  Each panel contained six samples of size 1”x 1.5” x 1/4” of AA5083-H116 and AA5456-

H116.  The AA5083-H116 samples, in pairs, were sensitized to 10, 23, and 54 mg/cm2 by heat-

treating them at 100°C for 0, 7, and 45 days.  The AA5456-H116 samples, in pairs, were 

sensitized to 14, 23, and 54 mg/cm2 by heat-treating them at 100°C for 0, 3 and 14 days.  These 

sensitization times were validated using ASTM G6735 nitric acid mass loss test (NAMLT).  All 
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of the aluminum samples were polished to 1200 grit using silicon carbide paper.  One of each 

sensitization of AA5083-H116 and AA5456-H116 had a ¼” CDA 706 rod press-fitted into a 

hole drilled in its center.  The other samples of each sensitization had a 3/8” CDA 706 rod press 

fitted in the center.  The back of these coupled samples was taped using Kapton® tape.  In 

addition, each panel contained two unsensitized samples of size 1” x 2” x ¼”.  One of these was 

AA5083-H116 and one was AA5456-H116, both were polished to 1200 grit using silicon carbide 

paper.  One Ag sample was also used on each sample, and polished to 1200 grit as well.  This 

work presents the first year of exposure returns. The panels on the R/V Endeavor, ported in 

Narragansett, Rhode Island were mounted on the lower mast platform.  The panels on the R/V 

Kilo Moana, ported in Honolulu, Hawaii, were mounted above the pilot house.  The location of 

sample exposures on each research vessel can be seen in Figure 3.3.  

 

Figure 3.2: a. Matrix of each outdoor exposure panel measuring 1ft2.  Each panel contained 

6 AA5083-H116 and six AA5456-H116 samples heat treated to varying degrees of 

sensitization with either ¼” or 3/8” CDA 706 inserts. As received (AR) unsensitized 

AA5083-H116 and AA5456-H116 samples and one Ag sample were also placed on each 

panel. b. Assembled panel 
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Figure 3.3: a. Location of samples exposed on the R/V Endeavor b8. Locations of samples 

exposed on the R/V Kilo Moana 

 

3.5.2 Exposure Data Collection 

     Each research vessel collects large amounts of meteorological data for their own research 

purposes.  The R/V Endeavor collects data every 10 minutes at port as well as at sea.  The R/V 

Kilo Moana collects data every second while at sea, however data were scaled down to one point 

per minute for easier data analysis.  For the days the R/V Kilo Moana did not collect data, it 

remained in port in Honolulu, Hawaii.  Thus, no data points exist for those times.  There are a 

few days that the R/V Endeavor failed to collect data, however not enough to influence any 

determinations made over the 6 and 12-month retrievals.  For this research, geolocation and 

relative humidity were the only two data collections investigated.   

 For geolocation determination, the average of 10 latitude and longitude points in the middle of 

the record for each day were taken to be the ships location.  These locations were plotted to show 

the samples cruise on the R/V Endeavor and R/V Kilo Moana shown in Figure 3.4 a & b 

respectively using copypastemap.com.  The first six months are highlighted in red, the second six 

months are highlighted in blue resulting in the 12-month samples being exposed at all those 

locations.  All the humidity data was plotted over time for using a MATLAB code41.  This code 

a

a 

b 
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was written to calculate the percentage of RH values above 76%, below 50%, and for values 

between, if they are increasing or decreasing in RH from point to point.  Based on past work by 

Macha and Dante, values >76% were assumed to be wet, <50% were assumed to be dry, and in 

between was rising and falling humidity42. 

 

Figure 3.4: a. Locations of R/V Endeavor (1st 6 months in red, in 2nd 6 months blue) b. 

Locations of R/V Kilo Moana (1st 6 months in red, in 2nd 6 months blue) 

 

3.5.3 ASTM G-67 

     As-received samples placed on exposure panels, were tested for a change in sensitization 

upon return.  When returned, both 5XXX samples were cut to size and tested following ASTM-

G6735 nitric acid mass loss test (NAMLT). 

3.5.4 Coulometric Reduction – Silver 

     Each of the returned Ag samples had three reduction trials performed using a Princeton 

Applied Research 263A potentiostat.  A 0.1M Na2SO2, pH=10 electrolyte was de-aerated with 

N2 for one hour and sequentially transferred to a flat cell, where it was de-aerated for an 

additional 10 minutes prior to reduction.  Ag samples, with an area of 1 cm2, were 

galvanostatically reduced utilizing a constant current of -0.1 mA.  Following reduction, as shown 

a b 
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in Figure 3.5, the 1st derivative of each scan was plotted against the original data. Following 

Neiser’s work43, the 1st derivative of reduction is known to correlate to time of reduction.  The 

charge of reduction was calculated using equation 1 and converted to thickness using equation 2 

and 3 from ASTM B82544.  

 

0 1000 2000 3000 4000 5000

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

H-> H
2

Time (s)

P
o

te
n

ti
a

l 
(V

)

Ag Reduction 6 Months R/V Endeavor (Trial 1)

-0.004

-0.003

-0.002

-0.001

0.000

0.189V, AgCl

1
s
t D

e
riv

a
tiv

e
 

 
Figure 3.5: Ag Reduction curve for 1 trial of R/V Endeavor 6-month return, plotting potential 

(VSCE) vs time (s), and the derivative of the potential vs time to show reduction time 

 

𝑸 = 𝑰𝒕      Equation 1 

Where Q=Charge (C) 

            I=current (mA) 

            t=time (s) 

𝑻 =
𝒊𝒕𝑲

𝒂
      Equation 2 

𝑲 =
𝟏𝟎𝟓𝑴

𝑵𝑭𝒅
      Equation 3 

Where T=thickness (Å) 
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            i=current (mA) 

            t=time (s) 

            a=area (cm2) 

            K=conversion factor 

            M=gram-molecular weight of substance 

N=number of faradays to reduce 1-gram substance (1 for AgCl, 2 for Ag2S) 

F=Faraday’s constant (9.65x104 C) 

d=density substance reduced (g/cm3) 

3.5.5 Coulometric Reduction – CDA 706 

     CDA 706 3/8” inserts from AA5083-H116 DoS 10 mg/cm2 and AA5456-H116 DoS 14 

mg/cm2 were coulometrically reduced.  For one hour, a solution of 0.1M Na2CO4, pH=10 was de 

aerated with N2, and subsequently transferred to a flat cell and de aerated for an additional 10 

minutes.    CDA 706 samples were galvanostatically reduced utilizing a constant current and a 

scan rate of 1 pt/sec vs SCE using a PAR 263A.  Samples were reduced with an area of 0.5 cm2, 

at -0.05 mA, collecting data 1 pt/sec.  The first derivative of reduction data was plotted against 

the potential vs time data to determine the reduction time, as was done with Ag.  This time was 

used in equations 1-3 to determine the Q and thickness of corrosion products.  

     Six-month CDA 706 exposure returns were reduced.  Twelve month returns reductions were 

attempted with unreliable results.  Samples, after many attempts were not able to be 

coulometrically reduced.  To investigate these corrosion products, Raman, x-ray photoelectron 

spectroscopy (XPS), and x-ray diffraction (XRD) were utilized.  These data can be found in the 

Appendix A.  The scans from these varying techniques showed varying corrosion products on 

the surface of CDA 706, however they do not support each other. 

 



44 
 

3.5.6 Surface Damage 

     Image J45 was used for surface damage quantification of surface damage on AA5456-H116 

and cathodically protected CDA 706.  Macroscopic images of each sample, without cleaning and 

pre-cross-sectioning, upon return were used to quantify surface damage of the AA5456-H116.  

Eight equidistant measurements were collected and averaged around the AA5456-H116 to 

measure the distance of visible surface damage surrounding the AA5456-H116 and CDA 706 

interface as shown in Figure 3.6a.  These measurements were used to determine throwing power 

of CDA 706 across the AA5XXX surface. 

     Following all CDA 706 testing above, samples were sonicated in methanol followed by 

isopropyl alcohol for 10 minutes each.  Each CDA 706 had ¼ of each insert imaged using a 

HIROX KH 7700.  Eight distances were measured and averaged to show the distance of CDA 

706 cathodically protected, as seen in Figure 3.6b.  This cathodically protected area was highly 

reflective in the optical microscope. 

 

Figure 3.6: a. Surface damage measurement on AA5456-H116 surface b. Un-corroded CDA 

706 measurement 
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3.5.7 Cross Sectioning – IGC Characterization 

     Exposure samples were cut in 4 cross sections along the L direction, with the two edge pieces 

halved along the T direction as diagramed in Figure 3.7.  After cross-sectioning, the center pieces 

were mounted to expose the CDA 706 and the AA5XXX SL face, while the four edge pieces 

were mounted to expose the ST faces.  All samples were polished to 1200 grit using silicon 

carbide paper, followed by 3 and 1 μm diamond suspension, and 0.05 μm colloidal silica for 

imaging using an optical microscope.   For edge pieces, not having any influence from the CDA 

706 due to being ample distance away, the maximum edge IGC observed in the S direction was 

measured as a baseline for IGC on the sample.  

 

Figure 3.7: Diagram of Cross-Sectioning of Exposure Returns 

 

     Summations of IGC corrosion area was analyzed using Image J.  Each image was opened in 

Image J, shown in Figure 3.8a, and using the analyze tool, the scale was set to the known 

distance using the line measurement tool.  Shown in Figure 3.8b, the area of inerest was cropped, 

and the polygon tool was used to select and fill the corner that is not corroded, but a result of 

assembly, shown in Figure 3.8c.  The polygon tool was used to selectively edit, and fill areas of 

constituent particles in Figure 3.8d.  The cropped image was changed to 8bit, and the threshold 

L 

T 
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was was selected, represented in Figure 3.8e.  The analyze particles tool was utilized with 

display results, clear results, summarize, and include holes selected.  Summarize was then 

selected to calculate the area of damage in red in Figure 3.8e and subsequent samples.  Each 

sample was polished to two depths, resulting in total fields of view where one field of view is the 

coupling interface to the edge of the sample. 

 

Figure 3.8: Image J Area Analysis a. Original image for analysis b. Image cropped c. Image 

after filling in machined area d. Image after filling in constituent particles e. Image after 

turned changed to black and white and threshold adjusted for area analysis 

 

     The throwing power CDA 706 of the AA5xxx samples was measured using Image J.  The 

scale was adjusted, and using the measurement tool, the depth of IGC and distance from the edge 

of the coupling interface were measured.  The depth of IGC every 500 µm, from 0 to 8000 µm 

from the coupling interface across the sample was also measured.  Figure 3.9 shows a 

visualization of the throwing power across a cross section of one of eight fields of view of an 

exposure sample.  These eight fields of view, again, are representative of two depths of polish 

and the four sides of the coupling interface following cross-sectioning. 

     Distance of damage away from the coupling interface was measured from the far right 

vertical red dashed line in Figure 3.9 at the CDA 706 and AA5XXX interface across the 

horizontal red dashed line to the intersection of IGC down the S direction of the sample.  Depth 

of polish was measured from the surface datum, being the horizontal red dashed line, down the S 

d c 

a 

b e 
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face, to measure the IGC depth.  The exception to this is the corner at the coupling interface.  

Due to unavoidable assembly issues, the corners where CDA 706 inserts were press fitted are 

slightly angled.  The depths at these angled edges was measured from the AA5XXX original 

surface, as depicted by a diagonal dashed line.  These measurements were used to investigate 

IGC decay over distance from the galvanic couple interface of CDA 706 and AA5XXX. 

 

Figure 3.9: One of four fields of view, showing throwing power from CDA 706 over 

AA5XXXX-H116 

 

3.6     Results 

3.6.1 Humidity for R/V Endeavor and R/V Kilo Moana 

     Exposure samples and returned data from 6 and 12 months of the R/V Endeavor and the R/V 

Kilo Moana were investigated.  Humidity plots for 0-6 months and 0-12 months were plotted.  

The R/V Endeavor 0-12-month RH (%) vs time (mins) is plotted in Figure 3.10, the rest of the 

RH over time plots can be found in the appendix.  From this plot, black values represent RH 

>76%, red represent <50%.  For values between 50 and 76%, values where RH is increasing are 

green, and decreasing RH values are blue.  Missing values in these plots are days that data was 

not collected on the research vessels.   

CDA 706 
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Figure 3.10: RH (%) plot vs time (min) showing humidity fluctuations based on set 

standards of 50% being low humidity, and 76% being high humidity 
 

 

     The percentage of these humidity occurrences were collected and plotted in Figure 3.11, 

showing high (>76%), low (<50%), and increasing and decreasing humidity’s (76% ≤ 50%).  

The R/V Kilo Moana, for the first 6-months was only at sea for about 2 weeks, with the rest of 

the time being ported in Honolulu, HI.  When comparing the data that was collected for the first 

6 months, it can be noted that the R/V Kilo Moana sat at both low and high humidity’s for a 

longer duration than the R/V Endeavor.  Over the 12-month exposures, the R/V Endeavor sat at 

high humidity 45% of the exposure, while the R/V Kilo Moana was in this type of exposure only 

about 20% of the time.   
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Figure 3.11: Percentage of RH values for each sample removal where high (>76%), low 

(<50%), and increasing and decreasing humidity’s (76% ≤ 50%) 

 

3.6.2 DoS Change over Exposures 

     DoS measurements on samples returned from each vessel are shown in Figure 3.12.  Initial 

DoS measurements pre-exposure are 6 and 2 mg/cm2 for AA5456-H116 and AA5083-H116 

respectively.  Sensitization for AA5456-H116 went up at most 3 mg/cm2 to a DoS of 9 mg/cm2.  

Considering the error in the standard (+/- 5 mg/cm2), these small changes show that the DoS 

change over one-year exposure are negligible.  Therefore, the original sensitizations used in the 

matrix, as described in Figure 3.2, have not changed substantially enough to take into consider. 
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Figure 3.12: Degree of sensitization (mg/cm2) change over duration of exposure for AA5083-

H116 and AA5456-H116 samples returned from the R/V Endeavor and the R/V Kilo Moana 

 

3.6.3 Ag Reductions   

   Silver was used as a standard to determine corrosion behavior of exposure locations, in support 

of humidity data.  Ag reductions, as in past studies, have variations in reductions over the sample 

surface as seen below in Figure 3.13.  The horizontal lines show reduction potentials of various 

corrosion products that can be found on Ag.  The locations of the AgCl and Ag2S reduction 

potentials correlate well with the reduction plateaus obsered.  Therefore, it is assumed the 

reducing products are AgCl and Ag2S.   

     The charge and thickness of each trial performed on each sample are shown in Figure 3.14 

a&b.  The calculated charges and thicknesses show that with increased time, from 6 months 

exposure to 12 months, the amount of AgCl and Ag2S deposited increases.  It should also be 

noted that the R/V Endeavor, over both 6 and 12-month exposures has more Ag corrosion 

products deposited.  This result implies that the R/V Endeavor ported out of Narragansett, RI was 
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in a more corrosive environment than the R/V Kilo Moana ported out of Honolulu, HI.  Due to 

Ag being a measure of atmospheric chlorides, this trends along with the fact that the R/V 

Endeavor was at sea for a longer duration than the R/V Kilo Moana which remained in port for 

majority of the exposure time. 

0 1000 2000 3000 4000 5000 6000

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

-0.764V, Ag2S

0.189V, AgCl

0.339V, Ag2O

P
o

te
n

ti
a

l 
(V

)

time (s)

Trial 1

Trial 2

Trial 3

Endeavor 6 Month Ag Reduction

0.439V, Ag2SO4

 
Figure 3.13: Three reduction plots of Ag returned from the R/V Endeavor after 6 months, 

showing reduction potentials for varying corrosion products 
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Figure 3.14: a. Ag reduction Q (mC/cm2) for R/V Endeavor and R/V Kilo Moana 6 and 12 

month returns b. Thickness (µm) of AgCl and Ag2S deposited on Ag returned samples from 6 

& 12 months returns of the R/V Endeavor and R/V Kilo Moana 

 

3.6.4 CDA 706 Reductions 

     CDA 706 reductions, performed on AA5083-H116 DoS 10 mg/cm2 and AA5456-H116 DoS 

14 mg/cm2 for 6 months returns from both research vessels.  The plots of reduction potential 

(VSCE) over time, shown in Figure 3.15, show reduction occurs below the Cu2O and CuO 

reduction potentials.  Therefore, the reducing product can be any combination of these Cu 

corrosion products.  These results were quantified to Q (mC/cm2) and plotted in Figure 3.16, 

from which it is evident that for each exposure site, the AA5456-H116 CDA 706 insert has more 

corrosion products than the AA5083-H116 CDA 706 insert.  AA5456-H116, with its added Mg 

content, is less corrosion resistant than AA5083-H116.  Because of this, the AA5456-H116 is 

more active.  It would be expected that, if CDA corrodes, the more noble AA5083-H116 couple 

would allow CDA 706 to oxidize more readily.  CDA 706, however corrodes due to diurnal 

wetting and drying following salt spray and exposure.  Wetting and drying will not be fully 

consistent across all samples.  There is also bound to be some error in reduction, as evident from 
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Ag plots shown in Figure 3.13.  The R/V Endeavor has more corrosion products than the R/V 

Kilo Moana, consistent with the measured corrosivity from Ag reductions from Figure 3.13 for 

both exposure environments. 

 

Figure 3.15: Reduction plots for R/V Endeavor 6 month returns of AA5083-H116 and 

AA5456-H116 DoS 10 & 14 mg/cm2 CDA 706 3/8” inserts respectively 
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Figure 3.16: Charge values of CDA 706 insert reductions for the R/V Endeavor and R/V Kilo 

Moana 6 month returns from both AA5083-H116 and AA5456-H116 

 

     12-month returns were not able to be reduced using coulometric methods.  As shown in 

Figure 3.17, 12-month exposure reductions resulted in straight H2O reduction even though there 

were visible corrosion products on the CDA 706 inserts.  Horton et al. found that copper 

exposures have calcium carbonate (CaCO3) products deposited on the surface in natural marine 

environments that protect and prevent coulometric reduction testing46.  Due to corrosion products 

prevented reduction, these deposits were investigated via Raman, XRD, and XPS.  These results 

are in Appendix A, section 3.11.2-3.11.4.  There was a variety of corrosion products detected on 

the CDA inserts after 12-months with all three analysis tools, however the results are not fully 

consistent with each other.  Although CaCO3 was not consistently seen across all analysis tools, 

it was evident, some was present on Raman and XPS spectra.   
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Figure 3.17: Reduction plots for R/V Endeavor 6 & 12 month returns of AA54563-H116 DoS 

14 mg/cm2 CDA 706 3/8”  

 

3.6.5 Surface Damage of AA5XXX and CDA 706 

     Surface damage on AA5XXX samples at varying sensitizations, shown in Figure 3.18 a-c for 

both exposure sites and durations show minor trends.  For DoS of 54 and 23 mg/cm2, with the 

exclusion of AA5083 ¼” CDA 706 R/V Endeavor 6-month return, the 3/8” CDA 706 inserts 

have more throwing power than the ¼” inserts.  The lowest DoS used, in Figure 3.18c, shows for 

the 12 month returns, the larger cathode has the same increased throwing power trend across 

both AA5XXX alloys.  For DoS 54 mg/cm2, the throwing power is higher for AA5083-H116 

than AA5456-H116, independent of cathode size.  With increased DoS, there is slightly more 

visible surface throwing power across the AA5XXX interface from the CDA 706 insert.  This 

damage was again measured following Figure 3.6a methodology. 
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Figure 3.18: Visible Surface Damage on AA5456-H116 and AA5083-H116.  Average damage 

distance (µm) averaged from galvanic interface across AA5XXX sample for each research 

vessel for 6 and 12-month exposures for a. DoS 54 mg/cm2 b. DoS 23 mg/cm2 c. DoS 10 & 14 

mg/cm2 

 

     The CDA 706 uncorroded distance along the galvanic couple, shown in Figure 3.19, shows 

minimal to no dependence on their DoS of AA5XXX.  The 3/8” CDA 706 inserts have slightly 

more uncorroded area than the ¼” CDA 706 insets.  The AA5083-H116 CDA 706 inserts have 

slightly more uncorroded CDA 706 than the AA5456-H116.   
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Figure 3.19: Un-corroded CDA 706 distance (µm) from coupling interface for R/V Kilo 

Moana 12 month returns AA5083-H116 and AA5456-H116 ¼” and 3/8” CDA 706 inserts. 

 

3.6.6 Area Corrosion Damage for Exposures 

     Area of IGC damage, for DoS 10/14, 23, and 54 mg/cm2 are shown in Figure 3.20a-c.  It 

should be noted that the R/V Kilo Moana AA5083-H116 3/8” CDA insert sample was misplaced 

and therefore has no data to report.  For all three levels of sensitization, at 6-month durations the 

area of corrosion was comparable.  The 12-month returns have comparable area IGC damage at 

DoS 10/14 and 23 mg/cm2.  However, at DoS 54 mg/cm2, the damage is substantially greater on 

samples from both the R/V Endeavor and R/V Kilo Moana.        

     Area damage over 12 months is more extensive on the R/V Kilo Moana DoS 54 mg/cm2 

samples than the R/V Endeavor, with the exception of AA5083-H116 with a 3/8” CDA insert. 

There is not an easily definable difference between the damage on the two AA5XXX alloys.  

Seven out of the twelve returns show increased damage with a larger CDA 706 insert with great 

variation across DoS, research vessel, and duration of exposure. 
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Figure 3.20: Area of corrosion damage on AA5XXX samples with ¼” and 3/8” CDA inserts 

for R/V Endeavor and R/V Kilo Moana 6 & 12 month returns for a. DoS 10 & 14 mg/cm2 b. 

DoS 23 mg/cm2 c. DoS 54 mg/cm2 

 

3.6.7 Throwing Power for Exposures 

Results showing throwing power and IGC depth damage are shown in below sub-sections with 

additional plots being shown in the Appendix A sections 3.11.5.1-3.11.5.5. 

3.6.7.1 Location Comparisons 

     Select location comparisons for maximum IGC depth as a function of distance from the 

AA5XXX and CDA 706 interface are shown in Figures 3.21 and 3.22.  AA5083-H116 & 

AA5456-H116 DoS 54 mg/cm2 12-month returns are shown in Figure 3.21 a & b respectively.  
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Maximum IGC for the R/V Endeavor is higher in AA5083-H116 and higher in AA5456-H116 

with the exception of one point about 1500 µm away from the CDA 706 interface.  Throwing 

power is greater for the R/V Endeavor, both visually from surface damage as depicted by vertical 

dashed lines, as well as by number of fissures depicted in the scatter plot.  There are a good 

number of fissures past the visible surface damage as well as damage above the baseline IGC on 

the samples, depicted by the horizontal dashed lines.   

0 2000 4000 6000 8000

0

100

200

300

400

500

600

700

AA5083-H116 DoS 54 3/8" CDA 12 Months

 R/V Endeavor

 R/V Kilo Moana

M
a

x
im

u
m

 I
G

C
 (

m

)

Distance from CDA (m)

0 2000 4000 6000 8000

0

100

200

300

400

500

600

700

 R/V Endeavor

 R/V Kilo Moana

AA5456-H116 DoS 54 3/8" CDA 12 Months

M
a

x
im

u
m

 I
G

C
 (

m

)

Distance from CDA (m)

 
Figure 3.21: a. AA5083-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 12-

month exposure b. AA5456-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum 

IGC vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 

12-month exposure 

 

     AA5083-H116 & AA5456-H116 DoS 14 mg/cm2 12-month returns are shown in Figure 3.22 a 

& b respectively.  Maximum IGC is highest on the AA5083 exposure for the R/V Endeavor, 

while for AA5456 it is highest on the R/V Kilo Moana.  There are more fissures on the R/V Kilo 

Moana returns close to the interface, however they have comparable throwing power.  It is noted 

however, that the majority of fissures past the macroscopically observed damage are below the 

IGC baseline as compared to the samples with a 3/8” CDA insert. 
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Figure 3.22: a. AA5083-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 12-

month exposure b. AA5456-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum 

IGC vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 

12-month exposure 

 

3.6.7.2 Duration Comparisons 

     Select location comparisons for maximum IGC depth as a function of distance from the 

AA5XXX and CDA 706 interface are shown in Figures 3.23 and 3.24.  AA5083-H116 & 

AA5456-H116 DoS 54 mg/cm2 with a 3/8” CDA insert exposure returns are shown in Figure 

3.23 a & b respectively.  The maximum IGC depth is highest for the 12-month return on the 

AA5083-H116 exposure, and highest on the 6-month exposure for AA5456-H116.  Fissures on 

the AA5083-H116 12-month return are consistently deeper than the 6 month returns, which 

mainly damaged to depths around 500 µm.  The majority of damage sits within the 

macroscopically observed surface damage, with the exceptions generally occurring below the 

baseline IGC measurement.      
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Figure 3.23: a. AA5083-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for the R/V Kilo Moana 6 & 12-month 

exposure b. AA5456-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum IGC vs 

throwing distance from the coupling interface for the R/V Kilo Moana 6 & 12-month exposure 

 

     AA5083-H116 & AA5456-H116 DoS 54 mg/cm2 with a 1/4” CDA insert exposure returns 

are shown in Figure 3.24 a & b respectively.  The maximum IGC depth is highest for the 12-

month return on the AA5083-H116 exposure, and highest on the 6-month exposure for AA5456-

H116.  Fissures on the AA5083-H116 12-month return are consistently deeper than the 6 month 

returns, which mainly sit around 500 µm.  The majority of damage sits within the 

macroscopically observed damage, with the exceptions for the most part being below the 

baseline IGC measurement.  IGC depth, when comparing a & b, is comparable between both 

alloys AA5083-H116 and AA5456-H116. 
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Figure 3.24: a. AA5083-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for the R/V Endeavor 6 & 12-month exposure 

b. AA5456-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC vs throwing 

distance from the coupling interface for the R/V Endeavor 6 & 12-month exposure 

 

3.6.7.3 DoS Comparisons 

     Select DoS comparisons for maximum IGC depth as a function of distance from the AA5XXX 

and CDA 706 interface are shown in Figures 3.25 and 3.26.  AA5083-H116 & AA5456-H116 

with a 3/8” CDA insert exposure returns for R/V Endeavor 12-month returns comparing high and 

low DoS are shown in Figure 3.25 a & b respectively.  The maximum IGC depth on AA5083-

H116 return is on the DoS 54 mg/cm2 which sits out at 3000 µm away from the interface, and 

outside the visible surface damage range.  On both AA5083-H116 and AA5456-H116, the 

majority of damage sits below 300 µm.  There is more throwing power, visible with the DoS 54 

mg/cm2 samples, both within and outside the visible surface damage.    
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Figure 3.25: a. AA5083-H116 with a 3/8” CDA for the R/V Endeavor 12-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and 

DoS 54 mg/cm2 b. AA5456-H116 with a 3/8” CDA for the R/V Endeavor 12-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and 

DoS 54 mg/cm2 

 

     R/V Kilo Moana 12-month AA5456-H116 exposure returns comparing high and low DoS are 

shown in Figure 3.26 a (1/4” CDA insert) & b (3/8” CDA insert) respectively.  The maximum 

IGC is greater for DoS 54 on the ¼” CDA insert, but not on the 3/8” CDA returned sample.  

There are less IGC measurements on the R/V Kilo Moana in Figure 3.26a than that observed in 

Figure 3.26b for the R/V Endeavor with all other parameters being the same.   
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Figure 3.26: a. AA5083-H116 with a 1/4” CDA for the R/V Kilo Moana 12-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and 

DoS 54 mg/cm2 b. AA5456-H116 with a 31/4” CDA for the R/V Kilo Moana 12-month 

exposure insert showing maximum IGC vs throwing distance from the coupling interface for 

DoS 14 and DoS 54 mg/cm2 

 

3.6.7.4 CDA 706 Insert Size Comparisons 

     Select CDA insert size comparisons for maximum IGC depth as a function of distance from 

the AA5XXX and CDA 706 interface are shown in Figures 3.27 and 3.28.  AA5083-H116 & 

AA5456-H116 DoS 54 mg/cm2 for R/V Endeavor 12-month returns comparing CDA inserts of 

¼” and 3/8” are shown in Figure 3.27 a & b respectively.  The visible surface damage throwing 

power for the 3/8” CDA insert is greater than that of the ¼” insert on both alloys.  The maximum 

IGC depth is 3/8” for AA5083-H116 and is ¼” for AA5456-H116.  However, there is more 

prominence of 3/8” fissures with the 3/8” CDA insert than that of the ¼” CDA.  About 1000 µm 

past the visible surface damage there is IGC above the baseline damage for both alloy cases.  
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Figure 3.27: a. AA5083-H116 DoS 54 mg/cm2 for the R/V Endeavor 12-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 54 mg/cm2 for the R/V Endeavor 12-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 

 

     AA5083-H116 & AA5456-H116 DoS 54 mg/cm2 for R/V Kilo Moana 12-month returns 

comparing CDA inserts of ¼” and 3/8” are shown in Figure 3.28 a & b respectively.  The 

maximum IGC, for both alloys is comparable for both insert sizes.  The 3/8” insert results in 

greater throwing power, particularly evident by Figure 25b with IGC depths in the 50 µm range 

out to 7500 µm.  These fissures, however, fall at or below the baseline depth.  R/V Endeavor 

plots, from Figures 3.28 a & b, have more fissures than that of the R/V Kilo Moana in Figures 

3.28 a & b. 
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Figure 3.28: a. AA5083-H116 DoS 54 mg/cm2 for the R/V Kilo Moana 12-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 54 mg/cm2 for the R/V Kilo Moana 12-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 

 

3.6.7.5 Alloy Comparisons 

     Select alloy comparisons for maximum IGC depth as a function of distance from the 

AA5XXX and CDA 706 interface are shown in Figures 3.29 and 3.30.  R/V Endeavor DoS 54 

mg/cm2 12-month returns comparing AA5083-H116 and AA5456-H116 for 3/8” and ¼” CDA 

inserts are shown in Figure 3.29 a & b respectively.  The maximum IGC depth for both 3/8” and 

¼” CDA inserts are AA5083-H116.  From Tables 3.1 & 3.2, it is known that AA5456-H116 has 

slightly more magnesium and is less corrosion resistant that AA5083-H116.  IGC trends are very 

comparable, with slightly more fissures on the AA5456-H116 than AA5083-H116 alloy.    
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Figure 3.29: a. R/V Endeavor 12-month exposure for DoS 54 mg/cm2 with a 3/8” CDA insert 

showing maximum IGC vs throwing distance from the coupling interface for AA5083 and 

AA5456 b. R/V Endeavor 12-month exposure for DoS 54 mg/cm2 with a 1/4” CDA insert 

showing maximum IGC vs throwing distance from the coupling interface for AA5083 and 

AA5456 

 

     The R/V Endeavor DoS 10 & 14 mg/cm2 12-month returns comparing AA5083-H116 and 

AA5456-H116 for 3/8” and ¼” CDA inserts are shown in Figure 3.30 a & b respectively.  The 

maximum IGC for the 3/8” CDA insert is highest for AA5083-H116 alloy sample, but for the ¼” 

CDA, AA5456-H116 has the deepest fissure.  Both alloys, however have very comparable 

throwing power amongst both CDA insert sizes.   
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Figure 3.30: a. R/V Endeavor 12-month exposure for DoS 10&14 mg/cm2 with a 3/8” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 b. R/V Endeavor 12-month exposure for DoS 10&14 mg/cm2 with a 1/4” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 

      

     The R/V Kilo Moana DoS 54 mg/cm2 12-month returns comparing AA5083-H116 and 

AA5456-H116 for 3/8” and ¼” CDA inserts are shown in Figure 3.31 a & b respectively.  Figure 

3.31 a show that for the 3/8” CDA insert sample, AA5083-H116 has a higher maximum IGC 

depth than AA5456-H116.  For the ¼” CDA insert shown in Figure 3.31b, AA5456-H116 has a 

higher maximum IGC.  The throwing power trends of both alloys, are however comparable, with 

the 3/8” CDA insert being greater than the ¼” CDA insert.   
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Figure 3.31: a. R/V Kilo Moana 12-month exposure for DoS 54 mg/cm2 with a 3/8” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 b. R/V Kilo Moana 12-month exposure for DoS 54 mg/cm2 with a 1/4” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 

 

3.7     Discussion 

3.7.2 Weather Influence on Corrosion  

     Ag reduction charges, from Figure 3.15 shows greater charge on R/V Endeavor returns than 

R/V Kilo Moana.  The same trend stands for CDA 706 reductions, shown in Figure 3.17.  The 

R/V Kilo Moana, particularly for the first 6 months, remained in port for the majority of exposure 

as evident from maps in Figure 3.4.  R/V Endeavor, when at sea, spent little time at low 

humidity’s.  Over the first six months, samples from the R/V Endeavor spent a majority of time 

wetting/drying as seen in Figure 3.12 RH values compared to those of the R/V Kilo Moana.  It 

would be expected that at higher humidity’s, corrosion would increase.    However, the R/V Kilo 

Moana for the first 6 months remained in port for all but 2 weeks.  When in port, samples are 

protected from salt spray that would be experienced if the research vessel remained at sea due to 

splash and wind.  From 0 to 12 months, the R/V Endeavor, again was at sea for a longer duration, 
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but samples remained at high RH values, and remained wet compared to the R/V Kilo Moana 

which sat mostly at mid RH values. 

     Visible surface damage, shown in Figure 3.19, shows the general trend, particularly at higher 

DoS values, that the R/V Endeavor has larger damage from the CDA 706 interface across the 

AA5XXX surfaces.  Over the first 6-months of exposure, since the R/V Endeavor is at sea for a 

much longer duration than the R/V Kilo Moana, it undergoes a much more aggressive salt spray.  

Over a full year, the R/V Endeavor was at a high humidity longer than the R/V Kilo Moana.  This 

high humidity also keeps the sample wet to accelerate cathodic current across the surface of the 

samples.  Area damage, however, shown in Figure 3.17 is comparable for both locations.  From 

Figure 3.18 and 3.19, it can be seen that the R/V Kilo Moana has more IGC close to the galvanic 

coupling interface, while the R/V Endeavor samples have more throwing power.  Since the R/V 

Kilo Moana samples remain wet longer, it allows for current from the CDA 706 cathode to be 

thrown and distributed further across the AA5XXX interface.    

3.7.3 AA5083-H116 vs AA5456-H116 Exposures 

     As shown in Tables 3.1 and 3.2, AA5083-H116 has less Mg content than AA5456-H116.  

The increased Mg content in AA5456-H116 produces a slightly more active alloy, however 

likely not significant enough to have an impact.  From Figure 3.19, it is evident that the majority 

of AA5083-H116 coupled samples, with only minor exceptions, have more visible surface 

damage away from the CDA 706 coupling interface.  This same trend occurs for area of 

corrosion damage, shown in Figure 3.21.  There are minor differences in IGC depth and 

throwing power trends shown in Figure 3.29-3.31.  The slight variation in Mg content is not 

sufficient enough to result in a significant change in IGC propagation over 12-months of 
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exposure.  However, over time, due Mg content, alloy variations will likely have an impact as 

DoS increases more rapidly for AA5456 alloys than AA508347. 

3.7.4 ¼ CDA 706 insert vs 3/8” CDA 706 insert Exposures 

     The 3/8” CDA inserts on the R/V Kilo Moana and R/V Endeavor 6 & 12-month returns, for 

the majority of samples, has more visible surface damage than that of the ¼” CDA returns as 

evident in Figure 3.19.  Area of corrosion damage, however is not consistently larger for a larger 

cathode as seen in Figure 3.21.  The larger cathode is expected to and does have more throwing 

power than the smaller cathode.  This difference is not significant due to the thin water layer 

under atmospheric conditions.  Figures 3.27 and 3.28 show IGC depth over the AA5XXX and 

CDA 706 interface.  Samples with a 3/8” CDA insert have higher maximum IGC depth than 

those with a ¼” insert.  The variation in area damage is based on the AA5XXX orientation.  The 

LT face is exposed, resulting in IGC propagation down and horizontally due to grain structure, 

evident in Figure 3.1.  The shorter fissures from the ¼” CDA inserts propagate horizontally 

across the L direction, while the 3/8” inserts propagate further down the S direction. 

3.7.5 DoS Influence on Exposure IGC 

     With increased DoS, comes increased amounts of the anodic β phase at the grain boundaries.  

This results in accelerated IGC propagation.  After 12 month returns, area damage plots, shown 

in Figure 3.21 show greater corrosion damage for DoS 54 mg/cm2 than DoS 23, 14 & 10 

mg/cm2.  Figures 3.25 & 3.26 validate the trend that on the surface, there is more throwing 

power evident on DoS 54 mg/cm2 samples than DoS 10 & 14 mg/cm2.  In addition, subsurface, 

the exponential decay trends for DoS 54 mg/cm2 carries further away from the coupling 

interface. 
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     Mizuno et al. found that throwing distance on AA5083-H116 coupled to AISI 4340 was 

higher with a lower DoS, while the highest  DoS has a larger maximum IGC depth28.  While this 

throwing power phenomena occurs when IGC propagates in the L direction, exposure samples in 

this work have IGC propagation in the S direction.  Because of the shape of grains being 

elongated parallel with the sample surface, IGC more easily propagates horizontally over the S 

direction than vertically. 

3.8     Conclusions 

     A multitude of variables effect IGC propagation on AA5XXX when galvanically coupled in 

outdoor exposure testing.   The influence of location, duration of exposure, DoS, CDA insert 

size, and aAA5XXX alloy were investigated.  

(1) Location 

Locations of exposures changed due to the research vessels being at sea for much of the 

exposures.  Ag reductions validate that the R/V Endeavor was exposed to more corrosive 

conditions, as an effect of RH and remaining at sea for a majority of exposures while the 

R/V Kilo Moana remained mainly in port.  With increased TOW and salt spray from 

being at sea on the R/V Endeavor, the cathodic CDA 706 insert had more throwing power 

across the AA5XXX interface.  

(2) Duration 

The time of exposures was shown to influence IGC propagation.  Both 6 & 12-month 

exposures result in damage, however, the additional 6-months exposure resulting in a 12-

month exposure accelerated IGC propagation.  Specifically, at DoS 54 mg/cm2, corroded 

AA5XXX doubles or greater in area from 6 to 12-month exposures.   

(3) DoS 
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Increased DoS resulted in increased throwing power, both visible on and below the 

surface.  Maximum fissure depth also increased with increased DoS.  With increased β 

phase, IGC fissures propagate deeper down the AA5XXX samples and across the 

AA5XXX surface.   

(4) CDA Insert Size 

With increased CDA 706 insert diameter, 3/8” vs ¼”, cathodic current across the 

AA5XXX increases.  Maximum IGC depth increases across the surface with increased 

cathode size.  The throwing power across the surface increase with increased CDA insert 

diameter.   

(5) Alloy: AA5083-H116 vs AA5456-H116 

Over 12-month exposures, there is little trend in IGC propagation based on alloy 

composition.  AA5083-H116 and AA5456-H116, with a minor difference in Mg 

composition, does not have a large enough effect on IGC and throwing power trends as 

the DoS values are comparable amongst alloys. 
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3.11     Appendix A 

3.11.1 Humidity 

     Additional RH (%) vs time (min) plots are displayed below in Figures X-X for the R/V 

Endeavor 0-6 months and the R/V Kilo Moana 0-6 and 0-12-month exposures.  Blank spaces on 

the R/V Endeavor plot represent times that meteorological data was not collected.  Blank spaces 

on the R/V Kilo Moana plot represent dates the vessel was in port.  These days in port data was 

not collected.  

 

Figure 3.31: MATLAB plot RH (%) plot vs time (min) showing humidity fluctuations based 

on set standards of 50% being low humidity, and 76% being high humidity for R/V Endeavor 

(0-6 Months) 
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Figure 3.32: MATLAB plot RH (%) plot vs time (min) showing humidity fluctuations based on 

set standards of 50% being low humidity, and 76% being high humidity for R/V Kilo Moana 

(0-6 Months) 
 

 

Figure 3.33: MATLAB plot RH (%) plot vs time (min) showing humidity fluctuations based on 

set standards of 50% being low humidity, and 76% being high humidity for R/V Kilo Moana 

(0-12 Months) 
 

3.11.2 Raman 

     Raman was performed on R/V Endeavor and R/V Kilo Moana 12-month return CDA inserts.  

A 532 nm laser was utilized at varying powers to retrieve data.  For the R/V Endeavor, only the 

AA5083-H116 with a 3/8” CDA insert was scanned in the middle of the CDA insert.  For the 
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R/V Kilo Moana, the center and edge of the CDA 706 inserts were scanned to investigate 

corrosion products. 
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Figure 3.34: R/V Endeavor 12 Month AA5083-H116 DoS 10 & 54 mg/cm2 sample with 3/8” 

CDA insert highlighting Cu2O peak locations 
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Figure 3.35: R/V Kilo Moana 12 Month AA5083 and AA5456 DoS 10/14 mg/cm2 highlighting 

Cu2O peaks for the center (bulk) and edge of 3/8” CDA inserts 
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Figure 3.36: R/V Kilo Moana 12 Month AA5083 and AA5456 DoS 54 mg/cm2 highlighting 

Cu2O peaks for the center (bulk) and edge of 3/8” CDA inserts 
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Figure 3.37: R/V Endeavor 12 Month AA5083-H116 DoS 10 & 54 mg/cm2 sample with 3/8” 

CDA insert highlighting CaCO3 peak locations 
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Figure 3.38: R/V Kilo Moana 12 Month AA5083 and AA5456 DoS 14 mg/cm2 highlighting 

CaCO3 peaks for the center (bulk) and edge of 1/4” CDA inserts 
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Figure 3.39: R/V Kilo Moana 12 Month AA5083 and AA5456 DoS 54 mg/cm2 highlighting 

CaCO3 peaks for the center (bulk) and edge of 3/8” CDA inserts 
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Figure 3.40: R/V Endeavor 12 Month AA5083-H116 DoS 10 & 54 mg/cm2 sample with 3/8” 

CDA insert highlighting CuCl(OH)3 peak locations 
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Figure 3.41: R/V Kilo Moana 12 Month AA5083 and AA5456 DoS 54 mg/cm2 highlighting 

CuCl(OH)3 peaks for the center (bulk) and edge of 1/4” CDA inserts 
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Figure 3.42: R/V Kilo Moana 12 Month AA5083 and AA5456 DoS 54 mg/cm2 highlighting 

CuCl(OH)3 peaks for the center (bulk) and edge of 3/8” CDA inserts 
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Figure 3.43: R/V Kilo Moana 12 Month AA5083-H116 DoS 54 mg/cm2 sample insert 

highlighting Cu2O peaks for the center (bulk) and edge of 3/8” CDA inserts 

 



83 
 

0 500 1000 1500 2000 2500 3000 3500 4000

0

10000

20000

30000

40000

50000

60000
R/V Kilo Moana 12 Months CaCO

3
 DoS 54 mg/cm

2
 3/8" CDA

in
te

n
s
it
y

wavenumber

 Bulk 5083

 Edge 5083

 
Figure 3.44: R/V Kilo Moana 12 Month AA5083-H116 DoS 54 mg/cm2 sample insert 

highlighting CaCO3 peaks for the center (bulk) and edge of 3/8” CDA inserts 
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Figure 3.45: R/V Kilo Moana 12 Month AA5083-H116 DoS 54 mg/cm2 sample insert 

highlighting CuCl(OH)3 peaks for the center (bulk) and edge of 3/8” CDA inserts 
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3.11.3 XPS 

XPS was performed on R/V Endeavor 12 month returns using a bracket holder.  CDA 706 inserts 

were scanned and analyzed after the peaks were normalized to 1.  
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Figure 3.46: R/V Endeavor 12 Month AA5083-H116 DoS 10 mg/cm2 sample insert highlight 

Na2S, Cu, Ni, Al, NaCl, CaCO3 corrosion products of 3/8” CDA inserts 
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Figure 3.47: R/V Endeavor 12 Month AA5083-H116 DoS 10 mg/cm2 sample insert highlight 

Cu2O and NiO corrosion products of 3/8” CDA inserts.  Cu2Cl(OH)3 peaks are located very 

closely in the gray circle around an angle of 40. 

 

3.11.4 XRD 

XRD scans were performed by Catherine Anne Dukes at the University of Virginia.  Using a 200 

µm beam, a pass energy (PE) of 280 eV, for 5 cycles and a time/step of 50 ms.   
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Figure 3.48: R/V Kilo Moana 12 Month AA5083-H116 DoS 10 mg/cm2 with a 3/8” CDA 

insert.  This scan was not sputtered, and scanned in the center of the CDA 706 insert 
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Figure 3.49: R/V Kilo Moana 12 Month AA5083-H116 DoS 10 mg/cm2 with a 3/8” CDA 

insert.  This scan was sputtered with 3keV Ar+ 3x3mm using zalar motion, and scanned in the 

center of the CDA 706 insert 
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Figure 3.50: R/V Kilo Moana 12 Month AA5083-H116 DoS 10 mg/cm2 with a 3/8” CDA 

insert.  This scan was not sputtered, and scanned at the edge of the CDA 706 insert 
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Figure 3.51: R/V Kilo Moana 12 Month AA5083-H116 DoS 10 mg/cm2 with a 3/8” CDA 

insert.  This scan was sputtered with 3keV Ar+ 3x3mm using zalar motion, and scanned at the 

edge of the CDA 706 insert 
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3.11.5 Exposure Throwing Power Analysis 

  Additional IGC measurements vs throwing power comparisons are plotted below. 

3.11.5.1 Location Comparisons 
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Figure 3.52: a. AA5083-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 6-

month exposure b. AA5456-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum 

IGC vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 

6-month exposure 
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Figure 3.53: a. AA5083-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 6-

month exposure b. AA5456-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum 

IGC vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 

6-month exposure 
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Figure 3.54: a. AA5083-H116 DoS 10 mg/cm2 with a 3/8” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 6-

month exposure b. AA5456-H116 DoS 14 mg/cm2 with a 3/8” CDA insert showing maximum 

IGC vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 

6-month exposure 
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Figure 3.55: a. AA5083-H116 DoS 10 mg/cm2 with a 1/4” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 6-

month exposure b. AA5456-H116 DoS 14 mg/cm2 with a 1/4” CDA insert showing maximum 

IGC vs throwing distance from the coupling interface for R/V Endeavor and R/V Kilo Moana 

6-month exposure 
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3.11.5.2 Duration Comparison 
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Figure 3.56: a. AA5083-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for the R/V Kilo Moana 6 & 12-month 

exposure b. AA5456-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC vs 

throwing distance from the coupling interface for the R/V Kilo Moana 6 & 12-month exposure 
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Figure 3.57: a. AA5456-H116 DoS 14 mg/cm2 with a 3/8” CDA insert showing maximum IGC 

vs throwing distance from the coupling interface for the R/V Endeavor 6 & 12-month exposure 

b. AA5456-H116 DoS 54 mg/cm2 with a 1/4” CDA insert showing maximum IGC vs throwing 

distance from the coupling interface for the R/V Endeavor 6 & 12-month exposure 
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Figure 3.58: AA5456-H116 DoS 14 mg/cm2 with a 1/4” CDA insert showing maximum IGC vs 

throwing distance from the coupling interface for the R/V Kilo Moana 6 & 12-month exposure  
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Figure 3.59: a. AA5083-H116 with a 1/4” CDA for the R/V Endeavor 12-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 10 and 

DoS 54 mg/cm2 b. AA5456-H116 with a 1/4” CDA for the R/V Endeavor 12-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and 

DoS 54 mg/cm2 
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Figure 3.60: a. AA5083-H116 with a 3/8” CDA for the R/V Kilo Moana 6-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 10 and 

DoS 54 mg/cm2 b. AA5456-H116 with a 3/8” CDA for the R/V Kilo Moana 6-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and 

DoS 54 mg/cm2 
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Figure 3.61: a. AA5083-H116 with a 1/4” CDA for the R/V Kilo Moana 6-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 10 and 

DoS 54 mg/cm2 b. AA5456-H116 with a 1/4” CDA for the R/V Kilo Moana 6-month exposure 

insert showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and 

DoS 54 mg/cm2 
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Figure 3.62: a. AA5083-H116 with a 1/4” CDA for the R/V Endeavor 6-month exposure insert 

showing maximum IGC vs throwing distance from the coupling interface for DoS 10 and DoS 

54 mg/cm2 b. AA5456-H116 with a 1/4” CDA for the R/V Endeavor 6-month exposure insert 

showing maximum IGC vs throwing distance from the coupling interface for DoS 14 and DoS 

54 mg/cm2 
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Figure 3.63: a. AA5083-H116 DoS 10 mg/cm2 for the R/V Endeavor 12-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 14 mg/cm2 for the R/V Endeavor 12-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 
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Figure 3.64: a. AA5083-H116 DoS 54 mg/cm2 for the R/V Endeavor 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 54 mg/cm2 for the R/V Endeavor 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 
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Figure 3.65: a. AA5083-H116 DoS 10 mg/cm2 for the R/V Endeavor 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 14 mg/cm2 for the R/V Endeavor 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 
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Figure 3.66: a. AA5083-H116 DoS 54 mg/cm2 for the R/V Kilo Moana 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 54 mg/cm2 for the R/V Kilo Moana 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 
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Figure 3.67: a. AA5083-H116 DoS 10 mg/cm2 for the R/V Kilo Moana 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts b. AA5456-H116 DoS 14 mg/cm2 for the R/V Kilo Moana 6-month exposure 

showing maximum IGC vs throwing distance from the coupling interface for ¼” and 3/8” 

CDA inserts 
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3.11.5.5 Alloy Comparison 
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Figure 3.68: a. R/V Kilo Moana 6-month exposure for DoS 54 mg/cm2 with a 3/8” CDA insert 

showing maximum IGC vs throwing distance from the coupling interface for AA5083 and 

AA5456 b. R/V Kilo Moana 6-month exposure for DoS 54 mg/cm2 with a 1/4” CDA insert 

showing maximum IGC vs throwing distance from the coupling interface for AA5083 and 

AA5456 

 

0 2000 4000 6000 8000

0

50

100

150

200

 AA5083-H116

 AA5456-H116

R/V Kilo Moana 6 Months DoS 10&14 3/8" CDA 

M
a

x
im

u
m

 I
G

C
 (

m

)

Distance from CDA (m)

0 2000 4000 6000 8000

0

50

100

150

200

 AA5083-H116

 AA5456-H116

R/V Kilo Moana 6 Months DoS 10&14 1/4" CDA 

M
a

x
im

u
m

 I
G

C
 (

m

)

Distance from CDA (m)

 
Figure 3.69: a. R/V Kilo Moana 6-month exposure for DoS 10 & 14 mg/cm2 with a 3/8” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 b. R/V Kilo Moana 6-month exposure for DoS 10 & 14 mg/cm2 with a 1/4” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 
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Figure 3.70: a. R/V Endeavor 6-month exposure for DoS 54 mg/cm2 with a 3/8” CDA insert 

showing maximum IGC vs throwing distance from the coupling interface for AA5083 and 

AA5456 b. R/V Endeavor 6-month exposure for DoS 54 mg/cm2 with a 1/4” CDA insert 

showing maximum IGC vs throwing distance from the coupling interface for AA5083 and 

AA5456 
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Figure 3.71: a. R/V Endeavor 6-month exposure for DoS 10 & 14 mg/cm2 with a 3/8” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 b. R/V Endeavor 6-month exposure for DoS 10 & 144 mg/cm2 with a 1/4” CDA 

insert showing maximum IGC vs throwing distance from the coupling interface for AA5083 

and AA5456 
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4   A Combined Experiment and Modeling Analysis of ASTM G85 WB 

Accelerated Corrosion Testing of Galvanically Coupled Sensitized AA5456-

H116 and CDA 706 Cupronickel 

Please note that OLI calculations and COMSOL modeling were performed by: 

 Chao (Gilbert) Liu 

4.1     Abstract 

     Galvanically coupled samples of AA5456-H116, an aluminum-magnesium alloy, and a 

cupronickel CDA 706, otherwise denoted C70600, undergo accelerated corrosion using ASTM 

G85 wet bottom (G85 WB) and ASTM G85 WB Modified (G85 WB Mod) testing.   Surface and 

subsurface damage of AA5456-H116 was investigated and quantified.  The G85 WB test is less 

harsh than the Modified G85 WB, and IGC damage was found to correlate with the severity of the 

test.  These results were compared to Finite Element Modeling results investigating relative 

humidity (RH) and water layer (WL) thickness.  The best fit between experimental results and the 

modeling results was found when modeling assumed that a 3000 µm water layer was formed 

during the spray portion of the G85 cycle followed by the measured decrease in RH, which led to 

a less intense IGC attack that was more focused in the proximity of the CDA/AA5456-H116 

interface.  

4.2     Overview 

     The following chapter explores accelerated corrosion testing of galvanically coupled samples, 

as well as a modelling investigation to correlate with experimental results.  AA5456-H116 

samples with CDA 706 inserts were identical to those used in outdoor exposures in Chapter 3.   

Finite Element Modeling using COMSOLTM with experimentally derived polarization curves 

serving as boundary conditions was utilized to mimic the IGC trends with known surface 
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chemistry and humidity values as a function of time.  Outdoor exposure samples surface 

chemistry is difficult to model, therefore, G85 WB tests were used to accelerate corrosion 

resulting in results that can be tied to modeling behavior, as well as outdoor exposure results. 

 

Schematic for Thesis Organization 

 

4.3      Introduction 

     AA5XXX aluminum magnesium alloys are used widely in naval superstructures.  In these 

conditions, AA5XXX alloys are exposed to atmospheric corrosion for long service lives.  This 

corrosion is accelerated with increasing degree of sensitization (DoS).  With increased time and 

temperature, AA5XXX alloys containing greater than 3wt% Mg sensitize at field temperatures as 

low as 50°C1 which are easily achievable on sun-exposed surfaces.  With increased sensitization, 

the active β phase (Al3Mg2) precipitates at the grain boundaries creating a direct pathway for 

intergranular corrosion (IGC) propagation2.  With stress added to the system, intergranular stress 

corrosion cracking (IGSCC) is probable.  Lim et al. showed that with AA5083-H116, IGC 
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accelerates in artificial seawater with increased DoS and applied potential, and is most rapid 

through rapid in the rolling direction of the alloy3.  AA5XXX series alloy microstructures have 

elongated grains on the longitudinal by long transvere (LS) and short transverse (ST) planes, and 

wide grains on the long transverse (LT) plane. 

     CDA 706, a cupronickel alloy, is widely utilized in marine structures for its corrosion 

resistance, bacteriostatic, and anti-microfouling properties4,5.  When the materials are coupled in 

naval applications, CDA 706 acts as the cathode in a galvanic couple with AA5XXX.  This 

coupling accelerates IGC of the AA5XXX alloys.  Mizuno et al. showed that for galvanic 

coupling in both full immersion and atmospheric conditions, increased cathode size accelerates 

IGC in AA5083-H1316,7.  Mizuno et al. used AA5083-H131 and  AISI 4340 to investigate the 

throwing power for coupled samples6.  It was found that IGC propagates further from the galvanic 

interface with increased cathode:anode ratio and IGC depth increases6.   

     Past work focuses mainly on experimental full immersion and thin film studies.  However, 

when samples are exposed to atmosphere, they become exposed to thin electrolyte films that 

fluctuate diurnally with RH.  Accelerated corrosion testing with atmospheric corrosion chambers 

are heavily utilized to evaluate material corrosion performance.  ASTM G858 is an aggressive 

laboratory atmospheric test using an acidic solution pH and fluctuating atmosphere conditions 

throughout the test.  Testing with wet bottom (WB) conditions maintain more stable RH over 

dwells than dry bottom (DB)9.  Under WB conditions, approximately an inch of water is 

maintained at the bottom of the corrosion chamber.  This ensures that the chamber does not dry 

which would, in turn, decrease the corrosion rate8. 
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4.4     Materials 

     Galvanically coupled samples were prepared using 5456-H116 ¼” plate was provided by the 

Naval Surface Warfare Center-Carderock Division (NSWCCD).   5456-H116 samples, cut to 1” x 

1.5” on the LT face, were heat treated at 100°C for 14 days to reach a DoS of 54 mg/cm2, which 

was validated using ASTM G6710 nitric acid mass loss test (NAMLT).  CDA 706 rods, ¼” and 

3/8” in diameter, were provided by Metal Samples.  Silver (Ag) samples, specifically UNS P07010 

99.99% were provided by Metal Samples.  Ag samples were polished to 1200 grit with silicon 

carbide papers prior to testing.   The compositions of AA5456-H116 and CDA 706 are shown 

respectively in Table 4.1 and 4.2.  The main alloying element of AA5456-H116 is magnesium 

with a temper of H116 which designates that the alloy is special strain hardened, and corrosion 

resistant11.  Two AA5456-H116 samples, after polishing to 1200 grit with silicon carbide paper, 

3/8” CDA 706 inserts press fitted into the center.  One of the AA5456-H116 samples had a 1/4” 

CDA 706 insert press fitted into the center.  Assembled samples, prior to testing, can be seen in 

Figure 4.1.  

Table 4.1: Alloy composition of 5456-H116 ¼” provided by NSWCCD (by materials 

certification) 

5456-H116 

Element Al Mg Fe Si Cr Zn Ti Cu 

Wt % Rem. 5.2640 0.1830 0.1570 0.0930 0.0560 0.0263 0.0240 

 

Table 4.2: Alloy composition of CDA 706 provided by Metal Samples (by materials certification) 

CDA 706 

Element Cu Ni Fe Mn Impurities 

Wt % 87.778 9.948 1.453 0.793 Rem. 
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Figure 4.1: AA5456-H116 with ¼”and 3/8” CDA 706 inserts, respectively, prior to testing 

 

4.5     Experimental Procedures 

4.5.1 Standard G85 WB  

     One coupled sample with a 3/8” CDA 706 insert was placed in a Q-FOG Cycle Corrosion 

Tester (Model CCT) for G85-WB8 testing along with 3 Ag samples.  G85 WB calls for an 

electrolyte of 0.9M NaCl, pH adjusted to 2.9 with acetic acid.  The test runs on a 6-hour cycle, in 

which samples were sprayed for 45 minutes, had a dry air purge for 120 minutes, followed by a 

dwell for 195 minutes.  The relative humidity (RH), although it is not controlled, fluctuates over 

the testing cycle, as shown in Figure 4.212.  The time of wetness (TOW), provided by Parker12, 

also varies, as shown in Figure 4.3 plotting impedance over time, where impedance was measured 

at a frequency of 26kHz.  The sample is dry at low impedance, and wet at high impedance.  The 

AA5456-H116 and CDA 706 coupled sample was removed after 31 days.  Silver samples were 

removed after 50, 100, and 600 hours. 

4.5.2 Modified G85 WB  

     One coupled sample with a 3/8” CDA 706 insert, and one with a ¼” CDA 706 insert were 

placed in a Q-FOG Cycle Corrosion Tester (Model CCT) along with five Ag samples for a 

L 

T 
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modified G85 WB test. Samples were sprayed for 45 minutes, had a dry air purge for 1 minute, 

followed by a dwell for 314 minutes totaling the full 360-minute (6 hour) cycle.  The electrolyte, 

as in G85 WB is 0.9M NaCl, pH adjusted to 2.9 with acetic acid with RH fluctuations as shown in 

Figure 4.2 for four cycles.  The TOW fluctuates, as shown in Figure 4.3, where the samples are 

dry for less time than the standard G85 WB test.  Also, over time, the sample stays wet longer and 

dries more slowly.  Coupled samples were removed from the accelerated test after 2 weeks (14 

days).  Silver samples were removed sequentially after exposure for 50, 100, 200, 250, and 404 

hours.   
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Figure 4.212: RH fluctuations over one day (4 cycles) for the Modified G85 WB and Standard 

G85 WB 
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Figure 4.312: Impedance measured over 20 hours for Modified G85 WB and Standard G85 WB  

 

4.5.3 G85 Exposure Analysis 

     Samples, following exposure, were rinsed with deionized H2O and dried with lab air.  Before 

and after images are shown in Figure 4.4 a-c.  From these macroscopic images, the surface damage 

on the AA5656-H116 and CDA 706 was quantified.  Image J13, after setting the scale to a known 

distance, was used for this quantification.  On each image, eight equidistant measurements were 

taken around the AA5456-H116 and within the CDA 706 to measure the throwing power out on 

the AA5456, seen in Figure 4.5a, and cathodic protection by measuring uncorroded CDA 706 

shown in Figure 4.5b.  These distance measurements were averaged for comparison.  Figure 4.5c 

shows the cross sections that were made for analysis.  Samples were cut in quarters along the L 

direction with the edge pieces, furthest from the CDA 706 insert, were cut in halves along the T 

direction.   
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Figure 4.4: a. AA5456-H116 throwing power on surface of removals b. Cathodic protection on 

CDA 706 samples c. diagram of cross sectioning 

 

 

Figure 4.5: a. G85 WB before and after cleaning b. G85 Modified ¼” insert before and after 

cleaning c. G85 Modified 3/8” insert before and after cleaning  

 

     Following cross-sectioning, the two middle pieces were mounted to expose the CDA 

706:AA5456-H116 SL face.  The four edge pieces were mounted to expose the ST faces.  These 

samples were polished to 1200 grit using silicon carbide paper, followed by 3 and 1 μm diamond 

suspension, and 0.05 μm colloidal silica.  The CDA 706 and AA5456-H116 samples were imaged 

stitched using an optical microscope.  

     On one side of each coupled sample exposed to G85 Modified, there were large salt deposits.  

This resulted in great surface wastage.  As this phenomena is not seen in outdoor exposures, half 

of the G85 WB samples were disregarded.  To obtain the same total fields of view, the used half 

of each sample in the modified test was polished and imaged at a second depth to aquire more data 

c 

 

b 

 

a 

 

 a b c 
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to correlate to the G85 WB test.  This salt cluster deposition is shown with G85 WB Modified ¼” 

CDA 706 insert in Figure 4.6.  

 

Figure 4.6: Cross sections of left and right side of AA5456-H116 with a CDA 706 ¼” insert.  

Salt deposition of uncleaned sample, results in large wastage that is seen on the cleaned sample 

surface.  The left images were disregarded in IGC analysis. 

 

     Area summations of IGC damage were calculated using Image J.  Each image, before analysis 

was opened in Image J, seen in Figure 4.7a, where under the analyze tab, the scale was set by 

changing the known distance using a measurement of the scale bar and set to global to save the 

scale.  The area of interest was cropped, shown in Figure 4.7b, and the polygon tool was used to 

select areas of constituent particles and edited out using the fill tool under edit as shown in Figure 

4.6c.  The image was then converted to black and white by changing the image type to 8bit.  The 

image was then adjusted using the threshold tool to 80% as shown in Figure 4.7d.  Using the 

analyze particles tool, and selecting : display results, clear results, summarize, and inlude holes 

selected, the summarize tool was then utilized to show the total area that was shown to be red.  The 

area of sample that was removed from machining, shown in Figure 4.7e, was measured and 

subtracted from this total area.  This missing area was an artifact of machining, and was consistent 

across all samples. 
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Figure 4.7: Image J Area Analysis a. Original image for analysis b. Image cropped c. Image 

after filling in all areas of non-interest d. Image after threshold is adjusted e. Area selected to 

be subtracted from total area as it was not corroded, but an effect of machining 

 

     The throwing power of each sample was measured using Image J.  The scale was adjusted, and 

the depth of IGC as well as the distance from the edge of the AA5456-H116: CDA 706 interface 

were measured.  The IGC at set distances of 0 to 8000 µm from the interface in increments of 500 

µm was also measured.  Figure 4.8 shows a visualization of the throwing power across a sample.  

Distance of throwing power was measured from the CDA 706 and AA5456-H116 interface, as 

depicted by the farthest right vertical red line, to the farthest point at which any point IGC 

isdetected.  IGC depth was measured from the top of the sample down in the S direction, with an 

exception being taken at the interface.  Due to assembly requirements creating a defect in the 

interface surface, IGC was only characterized based on original AA5456-H116 surface exposed.  

Depths in these corners were taken from the original datum, based on the triangular shape.  

Distances were taken from these IGC fissures to the interface as performed previously.   

     Edge pieces, from Figure 4.5c, after imaging had the maximum IGC measurement recorded to 

be used as a baseline measurement of IGC across the whole sample.  The maximum IGC observed 

down the S direction was utilized as a baseline for IGC unaffected by CDA.  These values were 

a b 

c d 

e 
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utilized to quantify IGC depth on AA5456-H116 DoS 54 mg/cm2 samples that are unaffected by 

CDA 706 inserts.  This allows for better understanding of the effects of CDA 706 without bias of 

general corrosion patterns of AA5456-H116.   

 

Figure 4.8: One of four fields of view, showing throwing power across AA5456-H116. 

 

4.5.4 Ag Reduction 

     Each of the Ag samples had two trials using a Princeton Applied Research 263A potentiostat.  

An electrolyte of 0.1M Na2SO2, at pH=10, was de-aerated with N2 for one hour.   This solution 

was transferred to a flat cell while remaining under de-aeration, where it was de-aerated for an 

additional 10 minutes prior to reduction.  Samples were galvanostatically reduced with a constant 

current of -0.1 mA.  Following reduction, the 1st derivative of each scan was plotted against the 

original data, shown in Figure 4.9 for a 50 hr G85 WB sample.  The 1st derivative shows the 

steepest point in reduction, which correlates to time of reduction, as described in detail by Neiser14.  

The charge of reduction was calculated using equation 1, where Q is the charge, I is the current 

(Amps), and t is time (s). 

𝑄 = 𝐼𝑡      Equation 1 

Charge was converted to thickness using equation 2 and 3 from ASTM B82515.  

L 

S CDA 

706 
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𝑇 =
𝑖𝑡𝐾

𝑎
      Equation 2 

𝐾 =
105𝑀

𝑁𝐹𝑑
      Equation 3 

Where T=thickness (Å) 

            i=current (mA) 

            t=time (s) 

            a=area (cm2) 

            K=conversion factor 

            M=gram-molecular weight of substance 

N=number of faradays to reduce 1-gram substance (1 for AgCl, 2 for Ag2S) 

F=Faraday’s constant (9.65x104 C) 

d=density substance reduced (g/cm3) 
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Figure 4.9: Ag Reduction curve for G85 WB 50hr sample, plotting Potential vs time, and the 

derivative of the potential vs time to show reduction time 
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4.5.5 Electrochemical Polarization Curve Measurements 

A three-electrode flat cell setup was utilized to perform potentiodynamic polarization curve 

measurements for CDA 706 and AA5456-H116, respectively.  CDA 706/AA5456-H116 test 

coupon with a surface finish of 1200 grit acted as working electrode (WE), and saturated calomel 

electrode (SCE) as well as Platinum-Niobium (Pt-Nb) mesh wire were used as reference and 

counter electrodes respectively.  The solution compositions simulating different relative humidity 

environment during the G85 testing electrolytes were calculated by OLI Analyzer Software Ver. 

9.5.3 (OLI Systems, Cedar Knolls, NJ) humidity’s samples are exposed to while in the accelerated 

G85 tests.  The composition of simulated electrolytes, along with their corresponding RH are listed 

in Table 4.3.   

Table 4.3: Electrolyte composition for corresponding RH 

      

     All the measurements were conducted in quiescent solutions after 2-hour open circuit potential 

(OCP) by Bio-Logic VMP3 Potentiostat (Bio-Logic SAS, Claix, France), Cathodic scans for CDA 

706 started at 0.05 V above OCP, and ended at -1.2 VSCE, with a scan rate of 0.5 mV/s. Cyclic 

potentiodynamic measurement with scan rate=0.5 mV/s were used for AA5456-H116 and scanned 

from -0.05 V below OCP in the positive direction until reaching the current density limit equal to 

0.1 A/cm2, and then scanned in the negative direction until reaching a final potential of -1.2 VSCE.  

IR correction and curve extrapolation polarization curves of AA5456 at higher current density 

RH (%) 95 90 80 70 60 50 

NaCl (M) 0.9 2.7 5 5.4 2.9 1.1 

pH 2.9 2.58 2.2 1.21 1.12 1.29 

Solution conductivity 𝜅 (S/m) 11 23 35.7 17 3.6 1.5 
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region were achieved by EC-Lab software Ver 11.01 (Bio-Logic SAS, Claix, France). These fitted 

polarization curves were used as boundary conditions in the modeling which will be discussed in 

the following.  

4.5.6 Modeling Development 

     A two-dimensional finite element-based model with Laplace’s Equation as the governing 

equation was developed to calculate potential and current distribution along the CDA 706/AA5456 

galvanic couple, as a function of thickness of thin layer electrolyte on the galvanic couple surface 

in different environments corresponding to different RHs during the G85 tests. The modeling 

domain is the electrolyte only, which can be treated as the cross-section of thin film electrolyte 

above the center line of the galvanic couple along the length direction. Only half of the galvanic 

couple geometry was modeled so as to save computation time. A schematic plot of the modeling 

geometry is shown in Figure 4.10.  RCDA is the radius of CDA rod inserted in the AA5456 plate, 

LAA is the length of AA5456 plate. The details of mathematical development have been described 

elsewhere16,17. For boundary conditions, the anodic kinetics of AA5456 worked as anodic 

boundary condition, whilst the cathodic kinetics of CDA 706 were used as the cathodic boundary 

conditions. In each simulated RH environment, potential and current density distributions were a 

function of electrolyte layer thickness (WL).    

 

Figure 4.10:  Schematic Plot of Modeling Geometry.  
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AA5456 CDA 706 

R
CDA

 

0.5*L
AA

 

X=0 



114 
 

4.6     Results 

4.6.1 Surface Analysis 

     As discussed earlier, surface damage on AA5456-H116 and cathodic protection of CDA 706 

inserts were recorded following accelerated testing.  G85 WB and G85 WB Modified samples with 

3/8” CDA 706 inserts had nearly identical damage on AA5456-H116 as seen in Figure 4.11.  The 

smaller 1/4” CDA 706 insert, although with much greater standard deviation, had less surface 

damage.  The variance in surface damage implies that the larger cathode results in more AA5456-

H116 surface damage.  It can be noted that surface damage of the ¼” and 3/8” inserts are not 

proportional to the radius of damage on the AA5456-H116 interface suggesting that there is a 

defining area that limits cathode kinetics.    

     Figure 4.11 also points out the cathodic protection on CDA 706 inserts.  The CDA 706 inserts 

are cathodically protected by coupling to AA5456-H116.  There is more cathodic protection on 

G85 WB modified samples than the standard test.  The ¼” CDA 706 insert also has less protection 

than the larger 3/8” CDA 706 insert.   
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Figure 4.11: a. Surface damage on AA5456-H116 surface and cathodically protected CDA 

706 b. AA5456-H116 3/8” CDA insert from G85 WB Modified test c. Diagram showing 

corroded CDA on uncorroded CDA when coupled to AA5456-H116 

 

4.6.2 IGC Damage 

     Area of sub-surface corrosion damage, as shown in Figure 4.12, result in nearly identical 

damage to G85 WB and G85 WB modified samples in 31 and 14 days exposure respectively.  The 

area corroded of the 3/8” CDA 706 inserts are nearly 3x larger than the ¼” CDA 706 insert.  The 

surface area of CDA 706 exposed is 1.5x larger for the 3/8” insert than the ¼” CDA 706 insert.  

The surface damage almost doubled for an increase in CDA 706 diameter. 
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Figure 4.12: Area of corrosion subsurface damage on G85 WB 3/8” and G85 WB Modified 

3/8” and 1/4” 

      

     Throwing power measurements for the G85 WB test, using a coupled AA5456-H116 DoS 54 

mg/cm2 sample with a 3/8” CDA 706 insert is shown in Figure 4.13.  The majority of IGC falls 

above the baseline measurement as depicted by the red dashed line, and within the surface damage 

average and standard deviation measurements, from Figure 4.11, as depicted by the blue dashed 

lines.  IGC depth decreases away from the CDA 706 interface, with the maximum IGC depth being 

404 µm.  There are a few IGC depth measurements above the baseline, measured from edge pieces, 

far from the CDA 706 between 6000-7000 µm from the coupling interface.   
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Figure 4.13: G85 WB 5456 throwing power plot of coupled DoS 54 mg/cm2 with a 3/8” CDA 

706 insert 

 

     G85 WB Modified test throwing power trends on AA5456-H116 DoS 54 mg/cm2 with CDA 

706 3/8” and ¼” inserts, shown in Figure 4.14 a&b respectively, have different trends than the 

standard G85 WB test.  The red dashed baseline IGC depth is about the same for both samples, as 

it is the area investigated is unaffected by cathodic kinetics of CDA 706.  Maximum IGC for both 

the 3/8” and ¼” CDA 706 insert are comparable around 250 µm.  This depth of IGC is seen across 

about 2225 µm away from the coupling interface for the 3/8” CDA 706 insert shown in Figure 

14a, within one standard deviation of the surface damage.  From Figure 4.14b, the ¼” CDA 706 

insert sample has the IGC depth fall off with distance from the coupling interface.  There is, 

however, a cluster of visible IGC just beyond the visible surface damage average and one standard 

deviation measurements.  IGC goes well past the visible surface damage, however are at small 

depths, and diminishing with distance from the coupling interface.  At these distanced from the 

CDA 706 interface, IGC propagates further horizontally in the T direction than down in the S face.   
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Figure 4.14: G85 WB Modified throwing power plot of DoS 54 mg/cm2 with a a. 3/8” CDA 

706 insert b. 1/4” insert 

 

4.6.3 Ag Reduction 

     Ag reduction results standard G85 WB, are shown in Figure 4.15 a&b.  Figure 4.15a shows the 

charge, Q (mC/cm2) vs time (hrs) exposed.  Figure 4.14b shows the thickness of Ag corrosion 

product (µm) vs time (hrs) exposed in G85 WB.  As time increases, more AgCl deposits, but the 

variance increases over exposure time.  Ag2S is not seen at low exposure times but seen at 600hr 

G85 WB exposures.  Sulfides are not explicitly included in the G85 WB test, but compressed lab 

air is used in G85 testing.  Sulfides in the compressed air slowly make their way into the system, 

regardless of filters, and readily deposit on the Ag surfaces. 
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Figure 4.15: a. Ag reduction charge for varying lengths of exposure in G85 WB b. Ag 

corrosion film thickness for varying lengths of exposure in G85 WB  

 

     G85 WB Modified Ag samples had much greater variation in their results as shown in Figure 

4.16 displaying the charge vs time.  As time increases from 50 to 200 hrs, AgCl and Ag2S both 

increase in Q (mC/cm2).  However, with extended time up to 404 hrs exposure, corrosion products 

decrease in thickness on the surface.  Images of exposed samples are shown in Figure 4.17.  Here 

it can be seen that at 100 and 404 hrs, there is uniform deposition across the Ag sample.  However, 

on the 150 and 200 hr samples, there is not uniform deposition of corrosion products.  From these 

images, and the pattern of the water marks, it seems that the G85 solution beads up and had 

deposited thicker AgCl and Ag2S on select areas of the sample.  
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Figure 4.16: Ag reduction charge for varying lengths of exposure in G85 WB Modified 

 

 

Figure 4.17: Ag samples following removal from G85 WB Modified 
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4.6.4 Electrochemical Tests 

     Polarization scans, for solutions representative of varying RH conditions are plotted in Figure 

4.18.  The potential versus the current density is plotted for both AA5456-H116 DoS 54 mg/cm2 

and CDA 706.  AA5456-H116 sits at a higher potential than CDA 706.  It is also evident that as 

the potential becomes more positive, not as a function of RH, but of molarity and pH from Table 

4.3.  At lower RH values, particularly evident in AA5456-H116 scans, the cathodic reduction 

shifts to higher current density values.   
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Figure 4.18: Polarization curves of AA5456-H116 DoS 54 mg/cm2 and CDA 706 in solutions 

representative of various RH conditions 

 

     Copper ion activity, over varying RHs, seen below in Figure 4.19 shows potentials ranging 

from -0.0843 V to -0.29956 V.  These calculated reversible potentials sit at or above the OCPs of 

CDA 706 from Figure 4.18.  Because there is corrosion of the CDA 706, there must be enough 

ohmic drop or solution beading to bring the CDA 706 potential very near its OCP to get above 

this reversible potential and allow CDA 706 to corrode.   
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Figure 4.19: Standard potentials for varying Cu2+ activity over a range of RH 

 

4.6.5 Modeling Results 

     This modeling work focused on the comparison of simulated results between G85 standard 

and modified tests the CDA insert = 3/8” only.  Two aspects of the modeling work are the focus 

of this section: comparisons of simulated current distributions along the AA5456 plate as a 

function of RHs to demonstrate the effect of RH on the expected corrosion damage distributions; 

determination of the most relevant initial electrolyte layer thickness (WL) which results in the 

corrosion damage distribution furthest close to the maximum IGC distribution best rationalizing 

the observed maximum IGC distribution along the AA5456 plate shown in Section 4.6.2.  

     Direct measurement of electrolyte layer thickness during G85 tests has never been achieved 

due to the technical difficulty involved.  However, a modeling approach provides an alternative 

to simulate the change in the WL and the pertinent current distribution under each WL, based on 

the estimation of initial WL at the very start of each G85 test (during the 45-minute spray period) 
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and the subsequent RH time-course.  To explicitly illustrate the relation between the initial WL 

and consequential change in WL, one should start with the equation:  

𝑊𝐿 =
𝐿𝐷

𝑀∙𝐶
       Equation 4 

where LD is salt loading density, C is equilibrium concentration of the thin film electrolyte 

(which is a function of humidity for a given salt at a given temperature), and M is the molar mass 

of sodium chloride (NaCl).  For a preliminary estimation of change in WL during the G85 test in 

the modeling framework, it is assumed that LD was a constant during the entire test, and the 

equilibrium concentration of the electrolyte was fixed by RH.  Because the G85 test started with 

RH=95%, it means that initial WL was associated with this RH value.  By this definition, one 

can obtain relationship between WL and RH for different initial WL values taking into account 

the concentration values from Table 4.3, which is tabulated in Table 4.4.  

Table 4.4: Water Layer thicknesses at various relative humidity values 

RH (%) WL (μm) 

95 (initial) 5000 4000 3000 2000 1000 500 100 

90 1666.5 1332 1000 666 333.3 166.7 33.33 

80 900 720 540 360 180 90 18 

70 833.5 666.7 500 333.3 166.7 83.33 16.67 

60 833.5 666.7 500 333.3 166.7 83.33 16.67 

50 833.5 666.7 500 333.3 166.7 83.33 16.67 

 

It should be noted that WL thickness is assumed to be constant when RH≤ 70% for each 

scenario.  The rationale is that the composition of the real solution was actually a mixture of 

water, acetic acid and NaCl.  The test solution became saturated and began to precipitate NaCl 

solid salt when RH reached 70%, and NaCl has much smaller solubility in acetic acid than in 

water, resulting in far less concentrations of NaCl in the solution (RH=50, 60%) than saturated 
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NaCl concentration (RH=70%) based on OLI software calculation shown in Table 4.3.  If the 

lowering of the deliquescence RH (DRH) by the acetic acid was not taken into account, the WL 

would have gone to zero at 75% RH as that is the DRH of pure NaCl.  The surface stays wet at 

lower RH than 75% as shown in the RH data in Figure 4.2 and the TOW data in Figures 4.3 

collected during the G85 cycles.  

     An example of comparisons of current density distributions along the distance away from 

CDA/AA5456 interface as a function of RHs for an initial WL=5,000 μm is shown in Figure 

4.20.  The current density distribution for RH≥80% are fairly uniform as compared to those at 

lower RH due to the lower galvanic coupling current and ohmic resistance brought by higher 

solution conductivity.  For RH≤70%, the current density is at a maximum at the CDA/AA5456 

interface before decreasing rapidly within a short distance away (< 2 mm) from the interface, 

before reaching a plateau near zero.  The lower RH, the more dramatically is the decrease in 

current density, and the low-current density plateau was closer to the CDA/AA interface.  For 

example, RH=50% reached the plateau at the distance~1,500 μm whilst RH=70% was about 

3,000 μm. 
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Figure 4.20: a) comparisons of current density distributions along the distance away from 

CDA/AA5456 interface as a function of RHs for an initial WL=5,000 𝜇m; b) Zoom-in view of 

distributions for RH≥80% 

 

     The next modeling aspect is to determine the most relevant initial WL from which the 

resultant simulated charge distribution along the AA5456 plate was most close to the maximum 

IGC depth distribution observed.  The following method was utilized to take into account the 

variation in RH during each G85 standard/modified test cycle: the percentage of time period for 

each RH (50, 60, 70, 80, 90, and 95%) during every 24hr-cycle based on Figure 4.2 was defined 

in Table 4.5.  The WL for each RH was calculated for range of initial WL and FEM modeling 

was used to calculate the current distribution for each case.  The total charge density during the 

entire test was calculated for the cases with different WLs for each position along the first 8000 

µm away from the CDA/ AA5456 interface (Figure 4.13 and 4.14 a)), based on the equation:  

Total current density (initial WL) = ∑ 𝑖𝑅𝐻 ∙ (𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑑𝑢𝑟𝑖𝑛𝑔 24ℎ𝑟 𝑐𝑦𝑐𝑙𝑒) ∗ 24 ∗ 3600 ∗𝑅𝐻

𝑑𝑎𝑦𝑠  

where subscript RH is 50, 60, 70, 80, 90 and 95% respectively, 𝑖𝑅𝐻 is the value from the first 

modeling study, and the number of days is 31 for the standard test, and 14 for the modified test.  
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Using this approach, the cumulative charge density distributions as a function of distance from 

the CDA/AA5456 interface as a function of initial WLs and can be compared with the maximum 

IGC depth observed as shown in Figure 4.21.  It can be seen that the curves of initial WL=3,000 

µm scenario best fit in the maximum IGC distribution patterns for both standard and modified 

tests, which implied that the initial WL for a G85 test was about 3,000 µm.  

Table 4.5: Percentage of time period for each re-defined RH during every 24hr-cycle of G85  

                 test 

 

RH range  Simplified RH  Percentage (%) during 

24hr-cycle (standard) 

Percentage (%)during 

24hr-cycle (modified) 

RH≥95% 95 10.1 16 

95%>RH≥85% 90 0.9 4.4 

85%>RH≥75% 80 2.4 9.6 

75%>RH≥65% 70 0.1 69.9 

65%>RH≥55% 60 1.6 0.1 

55%>RH 50 84.9 0 
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Figure 4.21: Comparison between modeling and experiment results. a) standard test; b) 

modified test.  
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4.7     Discussion 

4.7.1 Damage Related to G85 Test Environment 

     AA5456-H116 damage, both surface and subsurface are related to the G85 testing protocols.  

In half the exposure time, modified G85 WB has very comparable area damage as standard G85 

WB shown in Figure 4.12.  Damage is more rapid in modified G85 WB due to the aggressive 

nature of the test.  The modified test vs standard, shown in Figure 4.2 has only one minute of dry 

air.  This maintains the humidity at about 70% RH or above, resulting in the samples staying wet 

for much longer than the standard test in which the humidity rapidly falls to very low values and 

never exceeds 50% after the end of the spray in each cycle.  The modified test also remains wet 

for a longer duration of testing than the standard test, as shown in Figure 4.3.  With the high 

humidity, salt clusters deposited on the AA5456-H116 surface shown in Figure 4.6.   

     The standard G85 has greater maximum IGC, but a stronger decay trend than the modified 

test, shown in Figures 4.13 & 4.14 respectively.  The modified test has more fissures, and 

smaller attack depth.  The modified test samples stay wet longer, resulting in more of the sample 

being under a thin layer of solution.  There is more initiation of IGC due to decreased ohmic 

drop with increased wetness.  This results in more anodic β-phase fissures being able to access 

the cathode, increasing the fissure count.   

     Surface damage of AA5456-H116 from the CDA 706 interface is comparable for both G85 

standard and modified are comparable as seen in Figure 4.12.  The throwing power of CDA 706 

increases in the modified G85 relative to that of the standard G85 due to the increased wetness.  

The ¼” CDA 706 insert, compared to the 3/8” CDA 706 insert in the modified G85 test has less 

throwing power due to less cathode being available.   
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4.7.2 CDA Corrosion 

     CDA 706, although the cathode in this galvanic couple, corrodes as shown in Figure 3b due to 

the environmental characteristics of this study.  With wetting and drying, G85 solution beads up 

on both the AA5456-H116 and CDA 706 surfaces as depicted in Figure 4.22.  The modified G85 

samples stay wet and in the drying/wetting stage for the majority of the test, while the G85 

standard test is dry five out of the six hours each cycle, based on TOW data in Figure 4.3.  

Shown in Figure 4.11, when comparing the 3/8” insert, more CDA 706 corrodes on the G85 WB 

modified sample than the G85 WB standard test.  However, from copper ion activity calculations 

in Figure 4.19, it is shown that CDA 706 should not corrode, meaning the cycle has an effect on 

CDA 706 corrosion.  As the sample dries, the CDA 706 and AA5456-H116 decouple, and 

droplets corrode the CDA 706 as well as the AA5456-H116 as the sample decouples due to 

electrolyte diminishing. 

  

Figure 4.22: Wetting and de-wetting over CDA 706 interface in G85 WB and CDA 706 insert 

showing little uncorroded CDA 706 

 

     The CDA 706 inserts having undergone modified G85 WB exposures, have corroded CDA 

706 area, shown in Figure 4.11.  Under the modified conditions, the RH stays between 100 and 

67%.  At increased humidity’s, the electrolyte layer thickens18.  From TOW data in Figure 4.3, it 

can be seen that the modified G85 WB samples do dry, but not as rapidly as the standard test.  In 

Corroded 

CDA 

AA5456 
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order for the CDA 706 to corrode, the water layer has to thin enough to allow for decoupling of 

CDA 706 and AA5456-H116.  It can be seen from Figure 4.23 that corrosion products build up 

vertically on the G85 standard test, while salt deposits on the edge of the CDA 706 insert.  This 

deposition protects a larger area of CDA 706 from corrosion by maintaining coupling with 

AA5456-H116.  Although throwing power is comparable in both tests, shown in Figure 4.11, 

there is much deeper damage closer to this throwing power distance away from CDA 706, seen 

in Figure 4.14 for the modified test correlating to the increased cathodic kinetics. 

 

Figure 4.23: Untouched and cleaned AA5456-H116 samples with a 3/8” CDA insert tested in 

a. G85 WB and b. G85 WB Modified 

 

4.7.3 Ag Reductions Related to Accelerated Testing Environment 

    Ag reduction results show more corrosion product on the modified G85 WB removals than the 

G85 WB standard.  The modified test is much more aggressive, with little dry time.  With the 

high humidity’s, seen in Figure 4.2, the solution will remain more corrosive as evident in Table 

4.3 resulting in increased corrosivity of coupled samples, and Ag removals.  For the modified 

G85 WB Ag samples, there is great fluctuation in deposition over time and no linear relationship 

as would be expected.  Figure 4.17 shows inconsistent deposition for 150 and 200 hr exposure 

times.  Because of very high NaCl deposition and little wetting and drying, there are 

inconsistencies in Ag reduction.  This phenomenon has been seen by Frankel et al in the past19.  

a b 
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Even though there are difficulties with Ag being used as a corrosion standard in modified G85 

WB tests, it is a valuable tool for monitoring corrosivity of accelerated tests.  G85 WB reduction 

results show that there is a linear trend seen in Figure 4.15.  Accelerated tests in ASTM B117, 

including the addition of ozone, have validated the use of Ag for monitoring corrosivity in 

accelerated corrosion chambers14.  For outdoor exposure Ag retrievals, studied in detail by 

Abbott20, Ag corrosivity is shown to increase over time and is location dependent. 

4.7.4 Experimental and Modeling Comparisons 

     From Figure 4.21a, it can be seen that for Standard G85 WB tests, a water layer 3000 µm best 

rationalizes the observed corrosion damage.  This water layer thickness is found at 95% RH, 

which is representative of the solution chemistry of standard G85 solution, as evident in Table 

4.4.  From Table 4.5, it is evident that the testing cycle remains at this high humidity for 10.1% 

of the test.  This is significantly less than the time spent at 55% RH.  However, the time spent at 

this high 95% RH is long enough to increase the WL thickness, and accelerate IGC propagation.  

The model was able to predict maximum IGC depth and throwing power of approximately 2000 

µm as found from surface and subsurface damage plotted in Figures 4.11 & 4.13 respectively.  

Damage from the Modified G85 test, plotted with charge densities from the model shown in 

Figure 4.20b, does not readily fit the model.  The 3000 µm water layer reflects a representative 

throwing power to that seen, however IGC depth distribution is not reflected by charge density 

distribution.  As the modified G85 exposed sample remained wet, IGC depth was maximized due 

to CDA 706 coupling with damage out to about 2000 µm. 
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4.8     Conclusions 

     AA5456-H116 at DoS 54 mg/cm2 and CDA706 galvanic coupling corrosion behavior was 

investigated under accelerated corrosion testing and Finite Element Modeling.  The influence of 

RH fluctuation and water layer thickness was investigated to model IGC and throwing power 

laboratory results.  

(1) IGC throwing power is comparable for both Standard and Modified G85 WB tests when 

comparing AA5456-H116 DoS 54 mg/cm2 with a 3/8” CDA insert.  The RH and TOW 

fluctuations, however, effect the depth of IGC away from the CDA 706 interface.  

(2) As the size of the cathode increases in diameter, from ¼” to 3/8” CDA, tested in modified 

G85 WB, maximum IGC remains the same however throwing power decreases due to a 

decrease in cathodic influence. 

(3) Ag Reductions show a linear trend in corrosion over time in the standard G85 WB test, 

while the modified G85 test had varied reduction results.  The short dry time showed that 

the modified test cycle deposits more corrosion products, however they do not dry and 

deposit evenly.   

(4) CDA 706 inserts, although coupled to AA5456-H116, develop corrosion products.  As 

solution dries, and droplets form on the CDA 706 insert, CDA 706 and AA5456-H116 

decouples resulting in CDA 706 corrosion. 

(5) A water layer thickness of 3000 µm results in the most comparable model for IGC 

propagation from standard G85 WB accelerated testing. 

4.9     Limitations 

     With modeling, there were some assumptions and limitations in this work.  The RH and WL 

thicknesses were adjusted to find the most representative model.  In reality, the RH and WL 
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fluctuate throughout the cycle.  The surface chemistry, was therefore assumed based on G85 

electrolyte variations with RH.   
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5     Summary, Technological Impact, & Recommendations for Future Work 

5.1     Summary 

5.1.1     Chapter 2: Galvanic Coupling Study of Sensitized AA5456-H116 with CDA 706 and  

             the Effects of Cathode to Anode Coupling Area Ratios 

     The rate of intergranular corrosion (IGC) has been known to vary for DoS and cathode:anode 

ratio.  This work shows that IGC off AA5456-H116 propagates minimally at low sensitizations 

(≤DoS 14mg/cm2) and increases with DoS.  With increasing anode size, from 1 cm2 to 3 cm2, 

IGC also increases.  Cathodic current increases with cathode size, accelerating IGC.  The steady 

state coupling potential tends to increase within increasing DoS, although at high sensitizations 

the coupling potential falls.  Coupling current density is not affected by DoS or anode size, 

however increases with cathode area.  IGC is observed to accelerate due to an assortment of 

variables.    

5.1.2     Chapter 3: Outdoor Exposure of Galvanically Coupled Sensitized AA5456-H116 and  

              CDA 706 

     Exposure retrievals show that there are a multitude of variables that effect IGC propagation.  

Geolocation and RH of these exposures have a major effect on IGC propagation.  Increased 

TOW and salt spray due to ship service at sea accelerates IGC propagation.  These observations 

were with IGC measurements as well as Ag reductions to monitor corrosivity of each 

environment.  With longer exposures as well as increased DoS, IGC also accelerates.  Increasing 

cathode insert diameter increased the throwing power and maximum IGC increases due to 

increasing cathodic current.  Alloy variation, AA5083-H116 and AA5456-H116 showed no 

consistent trend in IGC propagation regardless of variation in Mg content. 
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5.1.3     Chapter 4: A Combined Experiment and Modeling Approach to Study ASTM G85 WB  

             Accelerated Corrosion Testing of Galvanically Coupled Sensitized AA5456-H116 and  

             CDA 706 Cupronickel 

     Standard and Modified G85 accelerated corrosion tests have comparable throwing power for 

the AA5456-H116 and CDA 706 3/8” insert.  The modified test, however, had a consistent IGC 

depth over the entire throwing power distance of approximately 2000 µm, whereas the standard 

test showed the expected decrease in IGC severity with increasing distance from the cathode.  

Under modified G85 conditions, the ¼” CDA insert has approximately the same maximum IGC, 

but less throwing power than the 3/8” CDA insert.  From Finite Element Modeling, using 

COMSOL, a water layer thickness of 3000 µm resulted is the most comparable IGC propagation 

trends from the CDA 706 interface for both standard and modified G85 exposed samples. 

5.1.4     Comparisons of Data (Exposure and G85) 

     IGC depths compared to distances from the coupling interface, from both field exposures and 

accelerated corrosion testing, are comparable.  It should however be noted; the solution 

chemistries of G85 WB and exposed samples are different.  These comparisons are investigated 

to see the benefit of using accelerated testing in correlation to outdoor exposure damage.  

AA5456-H116 DoS 54 mg/cm2 coupled to a 3/8” CDA insert from Chapter 3 and Chapter 4 are 

compiled below in Figure 5.1.  It is evident that 12-month outdoor tests have less throwing 

power than a 31-day G85 WB accelerated testing.  Visual surface throwing power damage is 

relatively comparable; however, it could be said that the exponential decay trend for outdoor 

tests is about 500 µm compared to 2000 µm for accelerated testing.  Maximum IGC for the R/V 

Kilo Moana sample is higher than that of the R/V Endeavor and G85 tested sample.  The 
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exponential decay trends are similar.  The IGC trend from G85, along with modeled results can 

be utilized to compare to exposure retrievals and accelerate testing in the future.   
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Figure 5.1: AA5456-H116 DoS 54 mg/cm2 with a 3/8” CDA insert showing maximum IGC vs 

throwing distance from the coupling interface for a. outdoor exposures R/V Endeavor and R/V 

Kilo Moana 12-month exposure b. Standard G85 WB showing maximum IGC vs throwing 

distance super imposed with modeling results 

 

5.2     Technological Impact 

• Cathode:Anode IGC Acceleration 

Corrosion is a function of anode and cathode, however with increased cathode size and 

resultant cathodic kinetics, IGC propagates further on the anode.  By investigating 

cathode size of CDA 706 when coupled to AA5XXX, with varying techniques, IGC can 

be better predicted for coupled samples.  For applications where galvanic couples are 

unavoidable, it is of interest to know what cathode:anode ratios will have the most 

dramatic influence on IGC.  Ship structures can be looked at in detail to see galvanic 

coupling ratios, and IGC formation rate can be predicted. 

• Effects of Variables of Exposed Samples on IGC 

It has been found in this work, as well as by Khullar et al1,2. that the area of the anode has 

an effect on IGC rate.  Accelerated testing protocols do not specify a requirement in 
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sample size.  Outdoor exposure testing does not have a standard protocol but is 

performed to show damage acceleration at different locations.  This knowledge aids in 

developing matrices of future testing of AA5XXX alloys.  It is important to utilize 

samples of an area large enough to propagate IGC, otherwise samples exposed will 

provide be non-representative of damage.  A practical application of this is that 

accelerated testing protocols do not specify sample area for exposure.  ASTM D16543 

requires a scribe to represent coating defects.  With no clear requirement for scribe area, 

as this work and Khullar2 showed, if the area is too small, false negatives of IGC 

propagation may be reported.       

• Correlation between Outdoor Exposures and Accelerated Testing 

To truly understand how IGC will propagate in the field, outdoor exposures are 

necessary.  It, however, is not ideal to wait long durations to know when samples will 

corrode.  By comparing exposure analysis to samples tested in accelerated corrosion 

chambers, correlations can be made to aid in prediction of corrosion rate with shorter 

testing times.  Through modeling of G85 WB test samples, performed in collaboration 

with Chao (Gilbert) Liu, damage in accelerated testing environments can be predicted 

and correlated to outdoor exposure retrievals. 

5.3     Recommendations for Future Work 

The current research explores the role of galvanic coupling of AA5XXX and CDA 706 in full 

immersion, outdoor exposure, and accelerated corrosion testing environments.  This work can be 

used as a framework of understanding to move advance research in the following areas: 

• What is the relation of anode size to IGC propagation? 
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Recent work by Khullar et al1,2. found that area of anode of 5XXX alloys in accelerated 

testing conditions affects IGC propagation.  This work validates that in full immersion 

testing, there is an increase in IGC when changing the anode size from 1 cm2 to 3cm2.  It 

would be expected that damage for a 1:1 and 3:3 cm2 cathode:anode ratio would remain 

the same, however, with increasing cathodic current, damage increases with area size.  It 

is of interest to see what area of anode in varying conditions is large enough to accept this 

cathodic current and propagate IGC.  This could affect and influence future accelerated 

testing experimental methods. 

• How do additional exposure retrievals vary in IGC damage? 

In this work, both 6 & 12-month exposure retrievals were analyzed and quantified for 

damage.  With additional 18 and 24-month retrievals, it is of interest to see how IGC 

propagation accelerates based on geolocation, RH, AA5XXX alloy, and cathode:anode 

ratio.  Silver returns from these vessels, used to quantify corrosivity of the environment, 

can be compared to past work on Ag reductions by Abbott4 and related to damage.  This 

will aid in predicting damage of AA5XXX and CDA 706 couples exposed in naval 

applications. 

• How does stress added to these systems affect IGC propagation? 

Current work is beginning here at the University of Virgina by Dr. Kelly and Dr. Burns in 

collaboration with LUNA and the Office of Naval Research (ONR) to investigate stressed 

samples on a United States Navy ship, as well as accelerated testing.  By investigating 

stress effects on AA5XXX alloys, there will be increasing understanding of the corrosion 

rates of these alloys in addition to the studied cathode:anode effects studied in this work. 
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• Damage Quantification Improvements 

All samples had IGC quantified by multiple cross-sectional images.  This was performed 

to get multiple representations of the data and attempt to get a true representation.  For 

exposure retrievals and accelerated testing samples, Image J was used to find area of 

damage on surface images and subsurface cross-sections.  However, 3D characterization, 

using X-ray computed tomography (XCT) may better represent damage.   

• Data retrievals 

Following data returns, it would be of interest to have consistent data over exposure.  The 

research vessels utilized had variability in data collection.  To mitigate this data loss and 

have consistent RH data throughout the exposures, data-loggers would provide more 

consistent and easier manipulated data.  It would also be beneficial to log all incoming 

meteorological weather data and investigate additional weather effects including salinity 

and precipitation. 

• Data Science Application 

For future work, it would be beneficial to create a data supply for future researchers of 

exposure results.  This database would include meteorological data, IGC depth 

measurements, as well as surface damage.  A database would be a useful resource for 

those investigating exposures, as well as working on correlating laboratory work to real-

world results. 
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