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Abstract

The USS Arizona is just one of the many ships scattered all around the watersvofithe
which has been corroding continuously since its untimely demise. It is corroding in a salt water
environment heavily populated by marine organisms &eduently disturbed by tourist and
navy boats. Due to thidynamicenvironment the USS Arizona reside, there is a plethora of
different factors affecting the rate at which the battleship is corrodiviuch rangefrom
chemical factors such as dissolved oxygen contentd compositionand salinity to physical
factors such as erosion corrosion from boats and ocean curreft§ fre purpose of this study
is to investigate a couple of those fact@nsd,in particular to get a few steps closer t@aching
the projectwide goalof compleing acohesivecomputerbasedmodel ofthe corrosionof the

USS Arizona.

Thesixsamples of USS Arizona dtdeat my graduate advisor, Nathan Saunders, and |
received from Waipio éint, Hiweretested in different pHvaluedmock seawater solutions to
determine the relative corrosion rates of the metal specimens when in contact with different
environments. Alsagne of thesteelsamplesvasinvestigated to determine the mechanisms,
extent, and effects of crevice corrosion occurring at theifeces betveen rivets and steel
plates These objectivewere accomplished by doing potentiodynamic cathodic and anodic
polarization(PaP)}ests on the metal samples, completirgay diffraction KRD investigations
on oxidation samples at the rivgtate interface, determimmgweight percentages of crevice
corrosionrrinducingminerals and analyzing microstructures and macrostructures of the metal

samples.



It was found thathe metal samples gooded at similar rates gtH 4 and 7however
corrosion rates steeply increased when we tested corrosion susceptibility in pH 2 solutions. X
ray diffraction showed that there were two common minerals in the Hpkette interfaces,
goethite and magnete, which tells us that there is at least one crevicerosion mechanism at
work in the crevices from which we took oxidation sampl&ke metal samples were
reaffirmedas medium carbon steblased on their corrosion rate patterasd past research on
carban content of the steel sample [Alhile the macroetch revealed plastic deformation

around the rivet in plate & based off of grain size and distribution.



1. Introduction

Steelsubjected toa marine environment foa considerabléength of time willcorrode
by numerousmechanisms ranging from biofouling to erosion corrosion by waves and sand to
ordinaryoxidation by rusting.This range of corrosion mechanisms caake theidentification
of a definite corrosion rate for any material in a marine environmeffiadilt. As such, in 1983
collaborativeresearch started under the Submerged Cultural Resourcesabdithe National
Park Service to document the state of one especially significant piece of United States history,
the USS Arizonbattleship,and begin wrking towardan evaluation of corrosion damage on
the ship in order to determine when the shiall structurally fail and whether or not attempts

shoud be made to preserve the ship [5.]

This evaluatiorf corrosion can be based on many different topecsl the aspecwe
chose to analyze erethe effects of diffemg pH levels on corrosion rates, the effectshaf
microstructure and macrostructure of the steel on relative corrosion rates taaeffects of
crevice corrosion on the steel. There arecaiple of ways to testachof these variabledyut
we chose to use potentiodynamic cathodic and anodic polarizdBafP Yesting to determine
the effects ofdifferent pH value®n corrosion ratespolishing paired with microscopy and
macroetching to invstigate microstructure and macrostructurand x-ray diffraction XRD and
weight % evaluations tdiscoverthe presence and abundance of crevice corrogorductsin
between the rivets and platesf one ofour steel specimensin this studyeachof these test
methodswasused to determine the relative and overall corrosion rates of the metal used to

build the USS Arizona.



2. Broader Impact

The USS Arizona has been lying in solemn silence benea#adifec Oceafor almost 70
years. The ship serse¢he dual purpose of being a World War 2 memorial which represents the
beginningothe! YyAGSR { (I 0SaQ Ay aethePackiStyeatrandya masgd NI R 2 | |
grave for the 1,103ailorsand marinesvhosebodieswere never recovered from the ship [5
Yet memories are not the only thing that still resides in tindl of the USS Arizonahdre are
many shipwrecks around the coastal United Stated southern Pacific Ocedmat would be
considered threats to the environment if they ever experiethaeatastrophic structural failure
strong enougho cause a collapse of the hull [6This is because manyfidited ships, including
the USS Arizona, have a large supply of oil on board left over from their operationfbdays
particular, the US&rizona has residual Bunker C fuel oil, a thick black viscous fuel oil [2,]

remaining from its service in the Nguyis asituationthat should notbe ignored.

In lieu of the memorial, cemetery, and environmentalated aspects of thiproject, it
seems fitting that the USS Arizona receives full attention in regard to evaluating the state of the
ship and preventing disaster from occurriagthe memorial site in Pearl Harbor. Our research
holds the potential to providéelpfulinformation on corrosion rates relative foH levels steel
microstructure and macrostructur@nd crevice corrosion that could aid the project as a whole
in progressing towards the ultimate goal of producing a full structural model chgimegship
including allaspects of corrosion. The preservation of the USS Arizona at the Pearl Harbor
Memorial isvital to preserving ainique piece of United Stateswal history and protecting the

environment of Pearl Harbor.



3. Procedure

3.1 Materials

Six samples of medium camb steel fromthe USS Arizor@asuperstructure(everything above
the main deckat Waipio Point, HI

Lab grade sodium chloride
Deionized water

6M HCI

Methanol or ethanol
3.2Equipment
PotentiostatGalvanostat

Flat cell @aparatus

Polishing equipment

Metal specimen mounting equipment
Optical microscope

Scanning electron microscope
X-ray diffracometer

Abrasive saw

3.3 Potentiodynamic cathodic and anodic polarization testing

Rectangular pieces of metiass than 1in x 1lin were cut from our Waipio Point metal
specimens with a band saw and an abrasive s@laey were then cut to make sure they were
less than 3/8in thick and polished using a 240 grit wheéwed by 400 grit and600 grit
wheek. After that the samples weneut in an ethanolor methanolfilled beaker which was

then placed in a sonic resonator badnd subjected to sonic surface cleaningfige to ten



minutes. Afterwards, the sammevere rinsed off with ethanol and wrapped up in delictsk

wipes until it was time for them to be tested.

Lastly, the samples were individually testeditiat cell apparatudy ASTM standard-G
61 and subjected to open circuit, linear polarization, and tafel testing in that olddezach
these tests, thdlat cellwas filled with 3.56% NaCl solution prepared with deionized witesr
wasmixed with HCI to produce the desitt@H level for each testAll mixing of solutions was
done, of course, in a separate bottle before testing in the flat d@dsed off of thes tests,
corrosion rates were produced fromdata analysis programn the computerand recorded for
each metal sample with each different solutionAppendix A contains a description of the

potentiodynamic polarization testing analyses.

3.4 Microscopy

Rectangular piecadentical to those described in the previous subsecti@re cut
from the Waipio Point samplesThtey were then mounted in phenolic powdand polisted on
grinding wheelsn this order:240, 400, 600, 80Gand 1200grits followed by d micronwheel,
anda0.3 micronwheelto finish. The pieces were then rinseith ethanol or methanoto
remove polishingesidueand etched with a 2% Nital solutiorThe etching entailsrushing a
polished surface with t nial, waiting a few seconds for the etchant to make the surface
cloudy, and then rinsing the sample off with ethanol to protect the surfeme further
corrosion. Bllowing this the sampkeweredried using a hot air hand dryer and thehserved

viaan ogical microscope.



3.5Macroetching

Apiece of plate A6 approximately 3in x 3im size which includel a rivet and three
layers of steel platesvas subjected to macroetching. The surface under observatam
polished and thertleaned to remove any deis from the cutting processAfterwards,it was
submerged in a 3M HCI solution for an hour. Next, the sample was taken out of the HCI bath
and rinsed with hot water followed by an ethanol (or methanol) rinse to preserve the specimen.
Finally, the speaien was dried using a hot air hand dryer and examhiore a welllit surface for

visible granular and structurgroperties.
3.6 Crevice corrosion analysis

Plate A6 was cut in a fashion that split the rigatvhich were connecting three steel
platestogetherin half. The crevices between platesd the rives (Figure 1)vere observed
with the naked eye and a 10x zoom spy glass for areas of noticeably accelerated crevice
corrosion. The rivets were then hammered loose from the plates andxtgationfrom the
plate-rivet interfaceswas scraped off. Thesidation samplesvere pulverized and then
analyzedusing XRD2 | yI f 81 § dorpBsitign&ladRywaighpgréeftagesf
goethite and magnetitevere takento determine how prevalent therevice corrosion

mechanism was.



Figurel: Source of Oxidation Samples

4. Results
4.1 M Testing

The six metal sampldBigure 3we tested from the USS Arizoneere all tested in a flat

cell (Figure 2) linked to a potentiostahd a computer (Figure 4) for data analysis.

Figure2: Flat Cell
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Figure4: Flat CellPotentiostat, and ComputeApparatus

Some of the trends we discovered during the course of our PaP testing were expected
while others were quite unexpected. The main trend we found, which matched up with past
research we foundhat dealt withmedium cabon steelbeingtested in aerated water [3)vas
that between pH4 and 7corrosion rates of the same metal at both {évelsvaried minimally
(within ten mpy (mils per year,) with one mil equal to one thousandth of an jrastdshowed
few patterns in relabn to corrosion ratesThe pH2 solution we tested with always gave
corrosion rate results around an order of magnitudgher than those found when testing pH
and 7solutions. This also goeda@ng with the research we found [3When the pH of the
mock-seawatersolutionwasbelow pH4, corrosion rates greatly increageThe full corrosion

rate data is displayed in Table 1.
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Tablel: Corrosion Rates of USS AZripdes

Sample Corrosion Rate (mpy) based on pH
pH 7 pH 4 pH?2

Plate Al 18.76 6.77 180.4
A-2 12.28 7.92 425
A-3 11.15 16.94 290.6
A4 17.15 5.102 44.56
A-5 9.314 10.11 248.6
A-5 rivet 18.98 10.98 93.25
A-6 top of rivet 0.564 20.083 250.3
A-6 middle of rivet 8.019 9.824 294.1
A-6 bottom of rivet
A-6 Plate 1 12.39 1.081
A-6 Plate 2
A-6 Plate 3

* Sample was tested under less than ideal test conditions

2S5 RARYQG FAYR O2yONBGS SOARSYyOS 2F Yl ye
samples ofmetal. We found some evident@ased off of pH 4 testhat the top of the rivet in
plate A6 may becorroding faster than the pieces of steel around it, howether results of pH

2 and 7 testing on these same pieces suggested different trends.

4.2 Microsmpy

The microscopy showed us that theaee a high amount of inclusions in the steel
samples from the USS Arizona. This helps us characterize the steel that was used to make the
ship. Seeing as the ship was built in 1915, it can be expected that amdwgould be
significantly more prevalent than they are in steel toddayhere was little out of the ordinary in

terms of observations on the microstructure of the USS AZ sarmgsds shown in Figuresds
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Theywere all hypoeutectoid in carbon contenitiv fine and/or coarse pearlite observed in the
structure and proeutectoid acicular ferrite at the prior austenite grain boundan@s.
observed banding in the microstructure afplastically deformed piec#f plate A4. Banding

usually prompts higheD2 NNBR aA 2y NI G§S&> odzi K2g YdzOK KAIKSH

Figure5: Micrograph of Plate A
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Figure7: CloseUp Micrograph ofPlate A5
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Figure8: Micrograph of Plate A Rivet

Figure9: Micrograph of Plate A Rivet
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