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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 B-phase (AlsMg2) 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 AA5SXXX
alloys, many marine vessels utilize CDA 706, a 90/10 cupronickel alloy, piping for water and
heat transfer. CDA 706 directly couple to the AASXXX 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 AASXXX

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



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 B-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 1.1%,
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 corrosion®®,
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Figure 1.1': 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 Ecoupte and lcouple. 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.
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for Metal 1 alone
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Figure 1.22: Polarization curves of two metals being analyzed for galvanic coupling
behavior



1.2

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.

nmr{'lﬂﬁ:'}
10'1 (_Icorr“D:I}
- [1:1)
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Figure 1.3%: Polarization curves of two metals being analyzed for galvanic coupling
behavior of iron and zinc

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 1GC propagation under thin
film with oxidizers to accelerate the corrosion rate'’. It is shown that cathodic kinetics
control IGC rate, while in full immersion and thin films, the same potential controls IGC

propagation!. Mizuno et al. studied IGC propagation for AA5083-H131 and AISI 4340



steel under full immersion and thin film conditions®. 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 testing®.

This work shows that for coupling, full immersion and thin film are comparable.
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Figure 1.4% 1GC depth measured following exposure testing, compared to SKP potential
measurements for AA5083-H131 (DoS 50 mg/cm?) coupled with AISI 4340 steel
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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 ships'?. These AASXXX alloys
sensitize, resulting in a more active § phase (AlsMg2) precipitation at the grain boundaries.

The rate of degree of sensitization (DoS) fluctuates with time, temperature, alloy, as well as



mechanical treatment!31*. Sensitization can occur at temperatures as low as 50°C, which is
actively seen in field exposures**. 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 AAS5XXX superstructures. The littoral combat ship (LCS) has had
complications following coupling of unsensitized AA5083-H116 to stainless steel water jets
resulting in corrosion problems®®. Within one year of manufacturing, the USS Independence,
the first LCS produced, suffered galvanic corrosion'®. 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 overboard®’.
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 1.5% Littoral combat ship with copper cdfrosion deposition



1.4 5XXX Aluminum-Magnesium Alloys

AA5XXX alloys are strengthened via magnesium addition and cold working, as they are not
heat treatable®®. The grain structure of these strain hardened aluminum-magnesium alloys is
displayed in Figure 1.6°, 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 structures®.

Figure 1.6": 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 sensitization®.
Sensitization occurs with the precipitation of the highly active § phase (AlsMg2) 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



more anodic § phase corrodes preferentially due to the electrochemical difference between
the precipitates and more noble o 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/cm? for AA5083-
H131%°. Though still debated, many works favor hydrogen embrittlement (HE) mechanism
to control IGSCC susceptibility due to B phase dissolution?®. For constant tempers, it has

been found that increased Mg content reduces IGSCC susceptibility?* .

s000m

Figure 1.7%: SEM micrograph of sensitized, polished, and etched AA5083 showing P phase
precipitation at the grain boundary

1.5 CDA 706 Cupronickel

Cupronickel alloys are widely used in naval applications'’?>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 systems®’. This cupronickel alloy is used due to beneficial
properties, including corrosion resistance (localized, uniform, and erosion) as well as
bacteriostatic and microfouling resistant propertiest’. Although these alloys are corrosion

resistant, they develop a corrosion product film when exposed to seawater. North et al. found



that the major corrosion products formed from CDA 706 are Cu20, [Cu2(OH)3Cl], CuO, and
CuCl,3Cu(OH), forming a protective product film ranging from 2800-4400A"?7. With
seawater passing through these pipes, a shear stress strips away the protective corrosion
product film from these alloys®®. These corrosion products, carried by seawater over these
naval vessels, deposit on the AA5SXXX superstructure as imaged in Figure 1.5.

1.6 Research Questions and Hypothesis

As summarized, AASXXX 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 AASXXX
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
propagationt!. Mizuno et al. found that cathode:anode ratio, with sensitized AA5083, effects
IGC propagation as well>%,

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 3 phase at the grain boundaries.



1.7  Obijective Statement

The main goal of this thesis is to understand the effect of galvanic coupling on IGC
propagation using AASXXX 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 AASXXX 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 AASXXX
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/cm? 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.

Chaptq 2: . Chapter 3:

Galvanic Coupling IGC Outdoor Exposure Analysis
Dependence on Area and of Galvanic Couples
Sensitization

Chapter 4:
Modeling Investigation of
Coupled Samples in
Accelerated Testing gt
Environments b

1.9

=

ok~

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 al®®.
has found that the size of anode, in this case AA5456-H116 has an effect on IGC. Mizuno et
al?83, 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 cm?and 3 cm? 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.

Chapter 2:
Galvanic Coupling IGC
Dependence on Area

and Sensitization

Chapter 3:
Outdoor Exposure Analysis
of Galvanic Couples

Chapter 4:

X Modeling Investigation
Polarzaton Curves i 0.6M NaCl of Coupled Samples in
Accelerated Testing
Environments

Current Density (Alem’)

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
weldability!*3!, 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 tortuosity®.
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These AASXXX alloys, when containing greater than 3wt% Mg, are susceptible to
sensitization leading to susceptibility to IGC after extended times at standard service
temperatures'*. At temperatures as low as 50°C, for extended periods of time, sensitization is
observed™. With added stress, intergranular stress corrosion cracking (IGSCC) can occur.
When AA5SXXX sensitizes, the B phase (AlsMg2) precipitates out at the grain boundaries®. The
B 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,

AA5456-H116

Figure 2.1": 5456-H116 alloy microstructure revealed with Barker’s etch

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 AASXXX superstructure. These CDA 706 pipes are being utilized in marine structures for
water and heat exchange??34, CDA 706 is widely used due to its resistance to uniform and
localized corrosion, as well as its bacteriostatic and anti-microfouling properties®. 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



16

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 conditions®>*. Mizuno has shown,
that at the same potential, IGC is comparable under full immersion and atmospheric conditions.
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 growth®.

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 observed®. Khullar found
that under accelerated testing, with increased sample size, IGC became more prominent?®. 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 Y4 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/cm? degrees of sensitization for 0, 1, 3, and 14 days
respectively. These sensitization durations have been validated using ASTM G67°° 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 resistant®®. 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 %~ 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 %4” thick plate of
AA5456-H116 and CDA 706. AA5456-H116 DoS 6, 23, and 54 mg/cm? 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 1um diamond suspension,
before finishing with 0.05um 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/cm? were for these coupling experiments. The A5456-

H116 samples were cut to an area of 1 cm? and 3 cm?. From Figure 2.1, it is seen that grain
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boundary interfaces are under 100 um on the ST face, resulting in ample grain boundary
exposures on both the 1 and 3 cm? AA5456-H116 samples. The CDA 706 samples were
machined to areas of 1, 3, 50, and 300 cm?. 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 cm? anode was coupled to cathodes of sizes: 0, 1, and 50 cm?. The 3 cm? anode was
coupled to cathodes of sizes: 0, 3, and 300 cm?.  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 um, 1 um diamond polish and 0.05 um 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 code® provided by Tattersall
et al.® 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 NacCl 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.

o1 Polarization Curves in 0.6M NacCl
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Figure 2.2: Polarization curves of CDA 706 and sensitized AA5456-H116 in 0.6M NacCl



20

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. 1GC propagates further in the L

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

The maximum IGC measurements for the 1 cm? and 3 cm? AA5456-H116 cross-sections are
shown in Figure 2.5. Maximum IGC generally increases as a function of DoS, although the DoS
14 mg/cm? sample at the 1 cm? anode to 1 cm? cathode ratio showed greater than expected
attack. A magnified cross section of the 1 cm?:1 cm? DoS 14mg/cm? 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 cm? to 3 cm?, the maximum IGC
measurements increase. This area influence is most prominently seen at lower sensitizations,

particularly DoS 14 mg/cm?,
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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 cm? and 3 cm? 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/cm? for the 1 cm? 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.
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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.

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 cm? to 1 cm? anode to
cathode ratio, the lowest DoS measured (14 mg/cm?) 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
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cathode and the 1 cm?:1 cm? and 3 cm?:3 cm? galvanic couples, with the exception of a 300 cm?

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

than 3 cm? of AA5456-H116 coupled to 300 cm? of CDA 706.
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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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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 cm? to 3 cm?, the coupling current density is not affected.
With no CDA 706 coupled, the coupling current density remains at 0 mA/cm? regardless of
anode size. When the ratio of cathode increases to 1 cm?:1 cm? and 3 cm?:3 cm?, they are
comparable coupling current densities. The coupling current density of the 3 cm?:300 cm?
AA5456-H116:CDA 706 ratio compared to the 1 cm?:50 cm? 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 300cm? CDA 706. For this case, with
300cm?:3cm? CDA 706 to AA5456-H116, the potential increases, but the current is less than that

of a 50cm?:1cm? ratio.
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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
current measurements from Figure 2.9b. These current measurements are overlaid in hollow
squares (1 cm?) and hollow circles (3 cm?). The coupling potentials are shown to closely
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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Polarization Curves of CDA 706 and AA5456-H116
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Figure 2.10: Polarization curves of CDA 706 and AA5456-H116 of DoS 54, 23, & 6 mg/cm? 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/cm? and CDA 706 where squares represent
1cm? AA5456, while circles represent 3cm? 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 cm?and 1 cm?
cathode, the number of fissures is greater with a larger anode. However, with the 50 cm? and
300 cm? cathode, this anode size is less relevant. With only two exceptions, 1 cm2:1 cm? and 1

cm?:50 cm?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

AA5XXX series alloys, as they sensitize, become susceptible to IGC damage. When coupled
to less active metals such as CDA 706, the damage is exacerbated. As both sensitization and
coupling individually propagate IGC, together they combine to accelerate IGC. As seen in Figure
2.2, CDA 706 is more noble than AA5456-H116. Because copper sits at a higher potential,
copper as well as its alloys, will not corrode when galvanically coupled with aluminum alloys in
full immersion conditions. This is evident in Figure 2.3 where CDA 706 is untarnished following
galvanic coupling. CDA 706 remained untarnished regardless of the area ratio of coupling with

AA5456-H116.

Mizuno saw IGC effects in his monitoring of IGC as a function of cathode:anode ratio with
sensitized AA5083-H131 and AISI 4340 steel comparable to those seen in this work *°. Figure

2.4, showing surface and subsurface; has similar trends to those found by Mizuno®. 1GC
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propagates further in the L direction as sensitization increases due to more 3 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/cm?, surface wastage dominates at current
densities >0.8 mA/cm?3°, The maximum current densities that were seen in the coupling

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

As Khullar saw in accelerated corrosion testing with AA5083°, it was seen in full immersion
that sample sizes of AA5456-H116 have an effect on observable IGC. With 1 cm? 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 cm? 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/cm? and 1 cm?:1 cm? 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 increases®®. 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 cm? to 300 cm?, 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 cm?:1 cm? and 300
cm?:3 cm?. 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.

2
300cm

N

50cm CDA 706

AA5456-H116
N

>

S

Electrode potential

/

Log current density

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



30
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/cm?, but the
maximum and mean IGC increases with increasing sensitization. More 3 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 cm? to 3 cm?, IGC increases. There are many grain boundaries
exposed on the ST face for both the 1 and 3 cm? 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 %4 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 AA5SXXX 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 AASXXX 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.



35

Chapter 2: . Chapter 3:
Galvanic Coupling IGC Outdoor Exposure Analysis of
Dependence on Area and

Galvanic Couples

Sensitization
\ =

AA5456 706

Chapter 4:
Modeling Investigation

of Coupled Samples in
Accelerated Testing ﬂ‘

Environments
AR CDA
Voo S 706
hLﬁ

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
weldability!*183! These AA5XXX alloys, with time and temperature, sensitize. This degree of
sensitization (DoS) can increase at temperatures as low as 50°C in service conditions4. When
these samples sensitize, the P phase (AlsMg2) precipitates at the grain boundaries®2. The B phase
is more anodic than the o bulk phase. This anodic  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 AASXXX, exemplified by the electrolytic
Barkers etch micrograph of AA5083-H131 in Figure 3.1°, 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 structures®.
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Figure 3.1°: Microstructure of AA5083-H113 after Barkers etching to show grain structure

In naval service, these AASXXX 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 AASXXX 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 properties'’?>. 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 AASXXX vessels. This direct

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

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 AASXXX3*?°%° 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 exposure®, which is used as a

corrosion monitor, are used to investigate corrosion damage.
3.4 Materials

5456-H116 Y4” 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 %" 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
temper3®. CDA 706, a copper nickel 90/10 alloy shown in Table 3.3 was provided by Metal
Samples in %4 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 %~ 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 %" provided by Metal Samples (by materials
certification)

AA5083-H116

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

Wt % Rem. | 4-45 | 04-0.7 | 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 17’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/cm? 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/cm? by heat-treating them at 100°C for 0, 3 and 14 days. These

sensitization times were validated using ASTM G67% 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 '4” 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 17 x 2” x ¥4”. 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.

a 11t

5083 5456

1/4>  3/8 1/4” 3/8” AR 5083
CDA_ CDA CDA CDA

DoS=10/14

1t

AR 5456

DoS=23

DoS=54

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 %" 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 b®. 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 3.4a & 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 code®!. This code
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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 humidity*2.

Figure 3.4: a. Locations of R/V Endeavor (1%t 6 months in red, in 2" 6 months blue) b.
Locations of R/V Kilo Moana (1% 6 months in red, in 2" 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-
G67% 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 Na2SO., pH=10 electrolyte was de-aerated with
N> 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 cm?, were

galvanostatically reduced utilizing a constant current of -0.1 mA. Following reduction, as shown
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in Figure 3.5, the 1% derivative of each scan was plotted against the original data. Following
Neiser’s work®, the 1% 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 B825*,

1.0

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

- 0.000

-0.001

- -0.002

Potential (V)
annenlaq 1sT

- -0.003

-1.5

- -0.004

2.0 T T T — T T T T
0 1000 2000 3000 4000 5000

Time (s)

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=1It Equation 1
Where Q=Charge (C)
I=current (mA)
t=time (s)
T = % Equation 2
__105M .
K NFd Equation 3

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

t=time (s)

a=area (cm?)

K=conversion factor

M=gram-molecular weight of substance

N=number of faradays to reduce 1-gram substance (1 for AgCl, 2 for AgS)
F=Faraday’s constant (9.65x10* C)

d=density substance reduced (g/cm?®)

3.5.5 Coulometric Reduction — CDA 706

CDA 706 3/8” inserts from AA5083-H116 DoS 10 mg/cm? and AA5456-H116 DoS 14
mg/cm? were coulometrically reduced. For one hour, a solution of 0.1M Na,CO4, 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 cm?,
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.
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3.5.6 Surface Damage

Image J* 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 AA5SXXX surface.

Following all CDA 706 testing above, samples were sonicated in methanol followed by
isopropyl alcohol for 10 minutes each. Each CDA 706 had ¥4 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 AASXXX 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 pm diamond suspension, and 0.05 um 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.

a
A 4

L

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
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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 um, from 0 to 8000 um
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
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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 AASXXX.

CDA 706

Figure 3.9: One of four fields of view, showing throwing power from CDA 706 over
AASXXXX-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.
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R/V Endeavor RH (0-12 Months)
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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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RH Percentages of Research Vessels
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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/cm? for AA5456-H116 and AA5083-H116
respectively. Sensitization for AA5456-H116 went up at most 3 mg/cm? to a DoS of 9 mg/cm?.
Considering the error in the standard (+/- 5 mg/cm?), 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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Change in DoS for Endeavor and Kilo Moana
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Figure 3.12: Degree of sensitization (mg/cm?) 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 AgCI and Ag»S reduction
potentials correlate well with the reduction plateaus obsered. Therefore, it is assumed the

reducing products are AgCI and Ag»S.

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 AgCI and Ag.S 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, Rl 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.

Endeavor 6 Month Ag Reduction
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029 .0.189V, AgCl
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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 (um) of AgCl and Ag.S 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/cm? and AA5456-H116 DoS
14 mg/cm? 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 Cu20 and CuO
reduction potentials. Therefore, the reducing product can be any combination of these Cu
corrosion products. These results were quantified to Q (mC/cm?) 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



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.

R/V Endeavor CDA 70600 Reductions
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Figure 3.15: Reduction plots for R/V Endeavor 6 month returns of AA5083-H116 and
AAS456-H116 DoS 10 & 14 mg/cm2 CDA 706 3/8” inserts respectively
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CDA 706 Reductions
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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 (CaCOs3) products deposited on the surface in natural marine
environments that protect and prevent coulometric reduction testing*®. 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 CaCOs 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 AA5SXXX 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/cm?, with the
exclusion of AA5083 % CDA 706 R/V Endeavor 6-month return, the 3/8” CDA 706 inserts
have more throwing power than the %4” 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/cm?, 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 AASXXX 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 (um) averaged from galvanic interface across AASXXX sample for each research
vessel for 6 and 12-month exposures for a. DoS 54 mg/cm? b. DoS 23 mg/cm? ¢. DoS 10 & 14
mg/cm?

The CDA 706 uncorroded distance along the galvanic couple, shown in Figure 3.19, shows
minimal to no dependence on their DoS of AASXXX. The 3/8” CDA 706 inserts have slightly
more uncorroded area than the ¥4 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 (um) from coupling interface for R/V Kilo
Moana 12 month returns AA5083-H116 and AA5456-H116 %~ 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/cm? 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/cm?. However, at DoS 54 mg/cm?, 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/cm?
samples 