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Abstract

Marine structures mustvithstandthe corrosive effects of salt water in a way that is low cost, reliable, and
environmentally friendly. Aluminuratisfies these conditions, amebuld be a good choice for a sacrificial anode
to protect steel structures if it did not passivate. However, various elements can be added to aluminum to prevent
this passivation. Currently,-&a alloys are used commercially as sacrificial anodedbirtperformance is not
consistent. In this research, Therr@alc software was used to simulate various aspects of Hi&adystem in an
attempt to understand and potentially correct this reliabilitgi®. Simulations showed that gallisagregates
to the grain boundaries during solidification and then diffuses back into the grains during cooling to room
temperature. Simulations alsnggestthat faster cooling rates and larger grains catlsepotential segregation
of galliumat the grain boundarieso remain after cooling A set ofaluminum plug0.1% weight percent gallium
alloy plates were produced with varying cooling rates, along with a control set (cooled slowly in a sand mold).
Some samples were later homogenized via annealing. Samples wéeetedtioa 168 hourlong galvanostatic
test to assess voltage respons@&hecorrosion performance of samples wimind to have both consistent and
optimal voltage rangevhen subjected to quick cooling rates followed by annealing. Testing samples at near
freezing temperatureseems to completely remove optimal corrosion behayv@ggestinghat there are multiple
causes for the voltage behavior
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General Audiencébstract

Shipsmust withstand the corrosive effects of salt water in a way that is low cost, reliable, and
environmentally friendly. Aluminurhas properties whicleould allowa plate of it to rustinstead of a ship it is
attached to, thus protecting the ships from rustinglowever,becausealuminum usually doesot rust, gallium
can be added to aluminum @low it to rust Currentlyaluminum-galliumalloys are used commerciatly protect
ships,but their performance is notonsistent. In this researckarious aspects of the aluminugalliumsystem
were simulatedn an attempt to understand and potentially correct this reliabiliguis. Simulations showed that
the gallium concentrationmay not be uniform in the alloy, and various conditions can cause the gallium
concentration tabe inconsistentA set of aluminurrgallium alloy plates wereast in molds from liquid aluminum
Some of the plates were coolegiickly, and some cooleslowly. Some samples were latbeated in an ovemat
high temperatures in an attempt to even out the gallium concentratidBamples were subjected tests to
observecorrosionbehavior.The corrosion performance of samples was founbdedestwhen subjected tquick
cooling rates followed byhe oven heating Testingthe samplesin coldtemperatures seemedto removethe
desiredcorrosion behavigrsuggesting that there are multipfeasondor the inconsistentcorrosion behavior of
aluminum gallium.
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Backgroundand Introduction

All marine vessels and structures are under constant attack from the corrosive effects of seawater.
Without protection from corrosion our mightiest constructions would have an unacceptagiyrt
lifespan. There are various ways to protect iron and steel from corrogichuyding paint and other
coatings,as well asactive and passive cathodic protection measures. Often, more than oneof these
measures are used together.

One particulaform of cathodic protection is a sacrificial anod€his anode corrodes such that
the structural elements it is attached to remain unharmed@he anode is composed of a metgpically
magnesium oeinc, with a lower electropotential than the metalistdesigned to protectThese anodes
are effective only for certain sized areas and must be occasionally replddas, there is an endless
demand for sacrificial anodes which are low cost, reliable, and environmentally friendly.

Previous work suggestl that aluminum alloys might fulfill all of these qualities, as it is both lower
O02aid GKFy TAYyOX YR KIFa | KAIKSNI STTFHhRHVSPWOR RdzS
hr/kg for zinc34Pure aluminum, however, passivates by forming ailaf aluminum oxide on its surface
preventing further oxidation, and thysreventsits use as a sacrificial anode. Alloying elements, however,
can be added to break, bypass, or otherwise stop this passive oxide layer from preweidimipn? One
aluminumbased sacrificial anode currently in use today iZ@In* However, AZnIn anodes have
significant drawbacks in that indium is relatively expensive, and some of its compounds are considered
toxic>® They also opete at voltages which may gerate hydrogen gas, potentially embrittling many
types of high strength steels.

One potential solution is aluminum galliugAl-Ga)anodes.Gallium isnegligiblyharmful to the
environment andat the start of this research, was cheaper thariZalin, though cost depends upon the
volatile metal market$ However, AiGa anodes have proven to be frustratingly unreliable with respect to
their operating voltage:® Optimally, a low voltage aluminum anode would operate at a consistdtagy®
between-0.78 V ad -.83 V vs saturated silver/silver chloride in seawater-@80 to -.85V against a
Saturated Calomeléctrode (SCE) in sea watéiThisresearchseeks to improve the understanding of the
variability in AIGa anode performancend develop methods tariprove performance consistency



Literature Survey

The literature oraluminumalloys and their corrosion is extensiBelowis a short summg of
several papers which directly influenced this work and the direction taken.

The first hints thatAl-Ga could be used as a sacrificial anode stand®66 with Reding and
Newportextensively investigatinpmanyaluminumalloys, and showed that Mg, Zn, Ga, Sn, Cd, In, and
Hg, could interfere with the passive aluminum oxide laged allowaluminumalloys with these
impurities to corrode?

Pautasso et aln 1998lookedfor new ways tacathodically protect steels such a way to
prevent hydrogen evolution and thus hydrogen embrittlemé&ihey found that the AZnIn anodes
created an excessively lowltage, which had the potential of hydrogen gas being generated, and
instead wanted to create an anode with a potential of arovd@V vs SCHhey found that AD.1 wt%
Ga held promise for this purpose.

At Virginia Tech in 201¥8)onzel et al extensively investigated low voltage aluminum alloys,
includingAl-0.1 wt% Ga, anthe effects of variousdditionson the voltage'! These tests showed
extreme differences in postorrosion microstructures depending upon alloyingneémts, and testing
conditions. This research continued in 2015, Bgker et al involvinggalvanostatic tests oAl-0.1wt%
Gasamples and found that after variable periods of time the voltage behavior changed from a steady
state behavior to an erratic behaviéfRemelting he alloy seemed to increase ttiene the alloy was
well behaved (Figure 1)The samesourcematerial used from | 1 $ebt@as alsased for this
research.

Al-0.1 wt% Ga 1st Remelt Run 2 Galvanostatic Data
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Figurel: Galvanostatic voltage behavior change from previous wbtkJsed with permission.

2



There have been competing hypothesis for hamd whyAl-Ga alloys corrodé&*!* There have
been various methods proposed, some contradictory, and due to the difficulty of direct observation of
the corrosion as it happens, it is hard to completely provdisprove the various theories. No papers
containing direct microscopic observatiohthe corrosion of AlGa alloys were found during the course
of this work.

Uruchurtu noted that pure aluminum, if managed to be activated, would only corrode at certain
local sites, while the rest of the anode would be pass$iEhis pittingmechanisnmshowed significant
noise of the recorded voltage, referred to in the workpagential deviationand wasattributed to a
healing and reforming of the oxide lay@tigure 2)

030 j
¥
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>
>
<
=020 :
0 1024
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Figure 2 Potential deviation of pure aluminum in salt waterom literature®®. Used under fair use.

Tuck et alproposed that a critical amount gfalliummustaccumulateon the surface of the
aluminum alloy to allow for activatiot? Theyproposed thatas the anode corrodegalliumbuilt up
particlesviadepositionof the galliumbackon the surface as supeooledliquid drops.These drops of
liquid gallium therallowed aluminum to diffuse ttough the dropsto the surfaceand created pk.
¢ dzO1 Q& ¥ AsyipRoktef ByaAragaB dLBwhich showed thagalliumcanpartition andsupercool
in aluminumalloys*®*Murer and Buchheit showed that a Monte Carlo simulation is effective in
predicting the pitting behavior of aluminum alloys digecorrosion®’ Thismodelingalso helped support
the Tuck et alfindings



Hunter later showed that at dlaum concentrations above 2.3%different mechanism corroded
Al-Ga alloys'®| dzy (i rSeNarisntausedcorrogon primarily atthe grain boundariesrad showed no
pitting.

Flamini et alproposed thatm AlGa alloys, theedepositinggalliumformsa surface amalgam
like liquid filmwhichthins and detachethe oxide layerf This liquid surface film had be maintained
with sufficient heat generatedy acertainminimum corrosion rate, else the film wousdlidify.

McPhail, while working on Al/air batterieshowed that in his method of casting-@&h, he was
able to detect significant segregation of gallium to grain boundafiécPhail noted that this
contradicted Hizy 4§ SN & NBadzf (a 0 dzi Y Seftliekaise Sffne diftedericeSEnbBlS | (G Y Sy
et al. investigated bulk properties of Aba alloys, and found thatrittleness caused by liquid gallium
could be removed by annealinghich was attibuted to the anneatemoving the gallium from the grain
boundaries®® Keyvani et alcorrelated current capacity and potential of-Zh-In alloys with cooling
rate.?* They attributed optimal corrosion behavior to homogenized impurities, which they achieved by
OFadAy3a GKSANI Ftft2e Ay | ThesHimlings pdrtally lead tokhe G S Y LIS NI § dz
investigations of the heat treatment on the effectsAlf0.1wt% Gaanodesin thisresearch

Straumal et alin 1995 determined thafl-0.1wt% Gaexhibits abnormal grain growth when
recrystallizing from cold rolled alloy$This paper is of interest, as at least one of the samples exhibited
abnormal grain growthvhen heat treated.

While many of these papers gadata on corrosion testing of-&a, with the exception of the
Baker paper, none were found which had batfsufficiently long time scale and data resolution to
displayor refute the potentialerratic corrosiorbehaviorof Al-0.1wt% Gaalloy. Worse, if the erratic
corrosion behavior shown by Baker et al. was present but unseen in the previous papers, it potentially
could have caused unseen errofbus, the primary goal of this research wasdollectmore complete
datato better understand tle corrosion behavior transitiobetween the erratic behavior and the
steadystate voltage behavior

Initial Hypothesis

If the process in which the sacrificial anode is cast and heat treated caudifierence in the
bulk properties of the oAlF0.1wt% Ga sacrificial anodes, perhaps that could expsaime ofthe
differences seen in the corrosion behavior. To start, we must have some idea of how the alloy solidifies,
and how the gallium is distributeditkin that alloy. For this wattempted to simulate the solidification
and heat treatment of an individual graivithin the anode

Once we have an idea of how the gallium distributes, we can then focus on how that
distribution effects the voltage behavii of the anodeSince theBakergalvanostatic tests seem to show
the most variance ofoltage behavior, thisest wasapplied to avariety ofsamples which underwent
various solidification and heat treatment conditionEhe voltage responses were then compared.



Experimental Methods

Simulations

Understanding oAl-Gasacrificial anodes starts with understandiaghermodynamic
description ofthe AFGa binary system. A commercial program, The@abc>® was used to understand
this binary system and to malgredictionsof the bulk materiabf Al-Ga anodes. This software package
uses thermodynamic databases which contain equations that determine Gibbs free energy of elemental
phases with respect to tempature and compoaosition, and other thermodynamic properties are
calculated from these equations. Itis important to be aware that differences or simplifications in the
databases can create errors in results. These differences are usually small, but havetaekin this
research.

The phase diagram of the-@la system is fairly straight forward. The liquid phase is a
homogenous solution, and the solid phase is also a homogenous solid solution up to ~20 wt% Ga
concentrations at room temperature. The ligus starts at 660.3 at 100% laminum and gently curves
to 29.76C at the gallium side. The solidus curves steeply down to room temperature at ~20 wt% Ga.
Thetriangularregion between the liquidus anakdus is a face centered cubiciguid region with the
majority of the gallium remaining in the liquid region

There is a eutectic point which the software package calculatbe tat 98.98 wt% Ga and
299.43C using the Aluminum v4.0 Databd§igured) and 98.96nvt% Ga and 299.3€ using the iBary
Solutions v1.1 Database (Figuse These can be compatdo the literature diagram in Figute Below
the eutectic point, is a two phase region, where the aluminum rich phase is face centered cubic, and an
orthorhombic gallium phase.
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The differences are negligibtetween the two calculated phase diagrams and the published
phase diagram

Over thetime periodthis research was done, many of these simulations wepaatedwith
identical parameters but different software versions. Originally some of these simngatiere run in
ThermaCalc 2015b, using the TCAL4Abys v4.0 Database produced by the Thei@alc Company.
Later, simulations were run on the 2017a version of the software, using the same database. At the time
of completion of thigesearch the ®ftware is on version 2018b, and uses the TCALZIKYs v5.1
Database. This should have little to no effect on any resartd,a few simulations were redone with the
new version to confirm thidyut it is worthy of note for anyone attempting to replicatais workin the
future.

Initial Cooling Simulations

The ThermaCalcsoftware package can do both equilibrium cooling simulations, and Scheil
simulations. Equilibrium cooling assumes that the cooling process will be at thermodynamic equilibrium
throughout the entire process. The equilibrium simulation used in Therf@alcis based on the
minimization of the Gibbs free energy of the systeaguilibrium coolingends to overestimate the
temperature ofthe liquidus and solidus curve temperaturesmpared toreakworld cooling® The
ThermaCalc Scheil simulatiors another ustl model for solidification. This model has a few
assumptions, namely that the liquid is always homogenous (diffusion occurs infinitely fast.), and no
diffusion happens in the soli:2® ThisScheil simulation is based up the Schaallliver equation, Wich
predicts:

Equation 1 ScheilGulliver equatiof®?®
6 Mép Q

Where Gis thesolute dissolved ithe solid, Gis theinitial concentration, §is the solid fraction,
and k is the partition coefficienfThe Scheil simulatiotends to underestimatéiquidus and solidus curve
temperaturescompared to real world cooling resultsie to its assumption$’

Comparing these models creates two extreme bounds within which real cooling resides. Thus
they can be used to verify results; either of an experiment, or the underlying inputs of the model
calculations. They can also be used to check that more complex cooling models are within reasonable
bounds.

Both Scheil and thermodynamic equilibrium daglmodels remove time as a factor. When time
and thus diffusion are taken into account, thienulation woulcchange. Since aluminum and gallium have
vastly different melting temperatures, the usual assumption of a homogesolig after castingnay not
be correct as the gallium may remain in the liquid as the alloy codie first initial hint that cooling rate
might affect AlGa sacrificial anodes came from a simple diffusion simulation. The diffusion nfodule
ThermeCalc, DICTRA effectively solve a diffusion equation governed by botkinetics and
thermodynamics across a one dimensional set of user defined nodes. The differences of the cooling curves
of these three different models shownin Figureb.
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The diffusion simulations are significantly ditint than the equilibrium andc®eil simulations,
as theymust simulate many points across a weighted one dimensional region. The left side of the
region is chosen to be the grain nucleus, where the first material solidifies. The solid region then
expands as the material cools, till it reaches the right sidbetimulation, which is chosen to be the

grain boundary, the last material of the grain toiddl. Figure Bhows how thegrowth of a grain might
be simulated in this way.
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Figure 7 Schematic of a theoretical diffusion simulation imposed on a grairhis diagram shows
how the left side of the simulation corresponds tan assumedyrain nucleus, and the right side
corresponds to theedge of a grainThe simulation shows how the gallium concentration may
change as one moves from the material first stified to the material which solidified last.



When diffusion simulations were run of a simple steady rate cooling-GafiFigure §, the
results showed a very striking movement of the gallium away from the nucleus of solidification as it
prefers to patition to the liquid. After solidification has ended, the simulation showed that gallium
diffuses throughout the solid until homogeneity is achieved. This effect happens taxerdmzen
seconds depending upon the initial simulation conditions. Thisdy@nization can be stopped if
temperature drops rapidly, or conversely, be forced to continue if temperature is held close to but
below the solidus temperature.

Thermo/ | fsiin@ldtions are not perfect. Many aspects of the simulations must be set before
running the simulationparticularly the grainradius Grain size, however, is dependent on cooling rate,
and so one cannot simply change those variables independently and expect reliable results. Moreover,
there isno function at time of this writingwithin the software package to simulate grain sizes during
solidification from a liquid. Thus grain size and cooling rate must be determined experimentally.

The first diffusion simulation performed for this project was a simplé&@lalloy cooling
simulaion which assumed a steady rate cooling of G.pérsecond, ¥ R I 3INI Ay WNI RA dza Q
simulation assumea flat infinite plane, as opposed to spher@sdendrites Figure6 shows that he
gallium concentration changeazer the course of the simulation by almost two orders of magnitude from
grain center to edge.
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Figure8: Movement of Gathrough a coolingsimulation at 0.5°C/secof an Al 0.1%Wt Ga grain of 5(
pum radius. One can distinctly see the boundary between liquid and solid regions at a particule
temperature by the vertical line in the gallium concentration.

Both cooling rate and grain siztrongly affect the resulting final gallium concentration prafile
Whenthe cooling rate of the simulation was varied, it was found therterallythe final variance igallium
concentrationss quite substantial for faster cooling ratesd almost eliminated by a sler cooling rate.

If simulatedgrain size imsteadvaried, the simulatedgalliumsegregatiorwould tend to remain for larger
grains, while it would tend to vanish for smaller graffigures 9 and 1€omparethese effects. There are



many ways to control grain size in aluminum alloys during casting, such &g afdelement as a grain
refiner, but for the thermodynamic software package used, grain size must be assumed.

These two effects often work against each other. Slower cooling usually means largsiagicin
viceversa. From this we can hypothesizetttigere are optimal cooling rates which maximize or minimize
gallium segregation. Given the previously proposed mechanisms@é Ahode activatiothat involves
increased surface gallium concentrati&it>?”-?it can be hypothesized that increased ssgation would
make a better anode, as certain areas of the anode would immediately have the required gallium
concentration required for activation. However, to the contrary, a segregated anode could also create
LI 2aA @ G§SR NB3IA2Y achiveuld Oedetitrizyfadtd an@i2 peN@nice 6 K A
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Figure9: Simulated @llium segregaibn of AF0.1% Ga alloy for 50m grain sizes at different cooling
rates.
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First Experimental Verification Attempt

With the knowledge thati KS &2 FG 61 NB LI O1F3SQa &A Ydafthel A 2y &
gallium within the anode angdrevious work suggests that increased surface gallium maydngresl for
anode activation, experiments were performed to verify the simulation results.

In order to replicate, and thus improve on the previous work, galvanostatic tests were chosen to
gauge the effectiveness of the sacrificial anodes. These tests meet@uvoltage response of the anode
to a steady current as it corrodeshe weight of the samples before and after was also recorded in an
attempt to measure anode efficiency.

Two sand molds were prepared. Each mold had cavities for four platé8.mm thick copper
and steel chills were placed inside one mold, while the other was only Eé&atellis a picture of the
molds containing both copper and steel chills. An induction furnace was used to métthe wt% Ga
alloyand heat itt 6 2 @ SC TheApGaalloy used for these tests was the same metal used in previous
work at Virginia Teck The composition was checked by an optical emission spectrometer shown in
Appendix BThe molten AlGa was poured into the chilled molds, followed by pouring into the sand molds.
Additional material v&s poured into dderaeus electranite Qc4010Quik-Cupto generate a cooling curve,
and theexcess poured into pig molds for future use. THasvnsprues, the cup, and the pig molds all
experiencedvisibleshrinkage.

The chilled molds were broken artle castingsquenched in water immediately after the
downsprues had solidified, ~110 seconds after pourigurel2 shows the chilled molds brek open,
and the conventional sand molds in the process of cooling slowly.
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Nine square samples were cut from the middle of each plate using a water jet. During this process
the samples did not exceed 40°C. Samples were then labeled based upon posttienooiginal plate.
The bbeling systenused to keep track of these samplissdescribed irFigurel3. A period of months
passed between when the plates were cast, and when the samples cut, during which the samples were
stored at room temperature.

Figurell: Picture of nold, containing coppei(left) and steel(right) chills.
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Figurel2: Picture of molds after castingrheleft mold contains the slowcooled plates, while the
chilled samplesrom the right moldhave been removed and quenched in water.
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Figurel3: Labeling system for sampled€Each sample is labeled based upon its position in the 3x
INAR YIRS 06& (KS g)sasplds arédosedrdaiiciddvimdprual andihis bhol
slightly slower than the bottom(B)a | YLJX S&> 6KAOK $SNB FI NI KSNJ

for chilled samples, is the face touching the chilled side oftheméil. A N2 & Y L) S &

WKAOK NBYIFAYSR Ay GKS alyR Y2ftRa (2 O22f 3§

copper and steel chills respectively.

Samples were taken from various positions from each plate, and the side of each sample, a mark
was placed which indicatetthe back of each sample. (The front of each sample is the face which was
against the chill for chilled samples, azdbitrarily pickedin case of the slow cooled samples.) The fronts
of these samples were then sanded using 600 grit silicon carbide paprany surface defects were
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eliminated. Each sample had final approximate dimensions of 22 mm length and width, and 6 mm thick.
This 6 mmihal thickness variedlightlydue to differences isandingtime. This variable grinding depth

is a potentialsource of error if gallium segregated with respect to the entire sample, instead of the
expected segregation with respect to grains, as more or less gallium may have been lost during grinding.
However, the goal of this research was to determine effectsegiegation within the grains of the alloy,

thus removing thesurface of the sampleshould haveeliminated more variables than it added.

The galvanostaticests were performed in three different electrochemical testing cells. The cells
used were Model KZB5 flat cell from Princeton Applied Research (PAR). Each test cell had a working
electrode area of 1 cfn 250 ml volume, and 80 mm distance between electrodes. The electrolyte used
was ASTM D 11&isubstitute ocean water without heavy metals.

Eachcdl ¢l & K221 SR dzLJ G2 | RAFTFSNBYyG OKIFIyySt 27
potentiostatic and galvanostatic electrochemical corrosion testing. The same channel was used for each
cell for each set of tests. The cells were cycled, such that eadticdele test each of steel, copper, and
slow cooled to randomize the effects of test equipment variation. No systematic difference between the
cells was noticed over the course of the experiment. Tests were done at room temperature in a heated
buildingin the winter, so over the course of three weeks it is unlikely that temperature variance during
testing contributed significant error.

The primary test of interest was a galvanostatic test with a steady 0.62 mA forced though the
samplearea of 1 cri for a nominal current density of 0.62 mA/émand the voltage with respect to a
saturated calomel electrode (SCE) was measured. Voltage was measured every 30 seconds for 7 days.
For consistency,ach test used a different sample

Corrosion Testing

Testresults strongly suggesd that there was indeed a difference in performance between the
rapidly cooled samples and the slowly cooled samples. Both the copper chilled samples and the steel
chilled samples for the most part behaved similarly, with the steédled samples perhaps behaving with
a more consistent voltage. Both copper and steel chilled samples rarely registered a voltagelb@ow
Vscg While two ofthree air cooled samples often dropped below that voltage. Complete charts of each
experinent arein Appendix B

Both the steel and copper samples maintained an average voltage of ab@&ltVsceslightly
dropping over the course of the experiment, while the slow cooled samples, while initially starting at a
similar-0.80 Vscg ended the test pproaching an average voltage of less tHa85 \kce This data strongly
suggests thathe Al-Ga anodesvhich had chilled moldwiill generate less hydrogecompared toslow
cooled anodes, and experience less voltage change as a function dfTimeaifference between the fast
cooled and slow cooled samples is showFRigurel4 and 15
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The two slow cooled samples which had erratic voltages both had one massive hole due to
corrosion while most of the chilled samples had many scattered and comparatively smaller holes due to
corrosbn. A representative sample of the slow cooled erratic samafis the one-weektestis shown
in Figurel6and a representtive chilled sample in Figutey.
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One of the copper cooled samples maintained a significantly different average voltage than the
rest of the chilled samples. Since the sample types were cycled through the same pieces of equipment,
and the same voltage difference was never seen in other tests, it is highly unlikely to be an equipment
related or other systemierror. Visually, this saple wasquite different from most other samples, with
largefissuresextending out of the tested ared=(gurel8).

One of the air cooled samples exhibited the most consistent behavior of all the samples,
maintaining a voltage similar to the average bétchilled samples, but with almost no voltage spikes.
This visual difference dfie corrosion of this sample wasriking compared to the rest of the samples, as
the visible holes are mere pipricks despite the sample losing just as much mass as altilees (Figure
19). Either the bulk of the corrosion happened in cavities beneath the visible pinpricks, or instead there
was a relatively uniform corrosion across the surface. This samples existence means morecigsts
to be done to determine ithis wasan anomaly.

One of the steel chilled sample data was unfortunately lost due to a combination of user and
software failures. This is why only two steamples are shown ippendix AandD.

Figurel6: Phtograh fcorrdedsurface of  Figurel?: Photograph of corroded surfa of
al YLArBRMRY NBLINBaSydl al YLX S W 2LIISNI . [ mC
cooled samples. chilled samples.
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Figurel8: Photograph of corroded surface of  Figurel9: Photograph of corroded surface of
al YLX S W/ ahelthfieddample withQ a | Y LI S  Yte 5ldw cooled smniple with
abnormally low voltage. almost perfect voltage response.

Further Testing

These initial tests and simulations gave insight that there indeed migbbime sort of effect of
segregation on the electrbemical properties of the anodéhey certainly gave insight that cooling rate
affected the galvanostatic performance, but was far from sufficient to really show whahagsening
with the voltage behavio To gther more data surrounding this behavi@nd potential segregation,
more tests were congcted. These include an accuradetermindion of the gallium composition
cooling curve tests using thermocouplgaced in the sample moldandetching ofsamples to gather
grain size informationThese testgive more information for the purposes better simulating the alloy
within ThermaCalcln addition,more galvanosatic testswere completed tdanclude the testing of
annealed samples, which shoulddtter reveal the effect of segregatipandcold water tests, tdelp
determine if thevoltage behaior has a temperature dependence

Alloy Composition Verification

While the alloy used for these tests wasgetedto be 0.1%wiGaduring the original process of
casting of the alloy, this was doiveprevious worlat Virginia Tech and the alloy had gone through
multiple melting and solidification processesfbre finally beingised in this researct Two elemental

composition testsvereperformedii 2 GSNAF& GKS | ff28Qa O02YLRAAGAZY D
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The firstcompositional testvas done using an optical emission spectrometer in the Virginia
TechFoundry These results showed that all measured impurities except Si, Mg, CuaBdd4o were
below thedetection thresholdWork has been done with the effect of these impuritfésin particular,
in the previous workhere wasevidence that both Si and @ufluenced measuresloltageresponsean
galvanostatic tests' However, the amount of these impurities measured in the cast alloy is only
0.0082wt% and 0.0063wt% respectively, and should have negligible e§enteof thesemeasured
impurities,can in theory form thermodynamically stable phases in very negligitdetiies, but the
kinetics required to form these phases is certainly lackivgn so,liesepotential impurityphases can
be simulated in Therm@alc, and their thermodynamically stable quantities amgburity ratiosare
shownin Figure20 and 21 Thisspectrometercanonly measurémpurities within a certain range, and
the expected gallium percentage is about twice what the machine can rEagl.complete resutarein

Appendix B

In order to verify the gallium percentage of théogl, a commercialesvice, NSL alytical, was
usedto perform a second testNSL used an inductively coupled plasma mass spectrometry test to
measure thegalliumcontent. This test measured galliumconcentration of 0.092% by weighthe full
report from this test is iMAppendix C
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Figure20: Theoretical thermodynamically stable phases of measured impuritssa function of
temperature. AIB2_C32 ia potential boron containing pregiitate, and AL3MD13, CA3Si4, and
CASiI2 are potential silicoand calciumcontaining precipiates.
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Figure21: Theoretical thermodynamically stable concentrations of impuritiadthin the bulk alloy
with respect to emperature. This shows that Si and Cu never leave the bulk material, while B a
Ca would leave the bulknaterial for a new separate phase if kinetics allowed.

Cooling Curves

In order to accurately simulate the solidification of the anodes, the temperature of the alloy as it
cools must be kown. To accomplish this, folM-Ga 0.Wwt%alloy plates were cast. The casting process
was identical to the previously casiates, with the exception thadbur Omega Engineeringype K
groundedthermocouples were inserted into the molds. These thermocouples were hooked ugetia a
acquisition gstem andaptop which recorded the datéor each hermocoupleevery0.1 secondsThe
setupis shown irFigure22. During the process of casting, it was noted that the chilled samples quickly
fell below temperatures critical faignificantgalliumdiffusiono | 6 2 dz0) aqo sotthe molds were
not immediately broken as previously, such that the thermocouples could continue to record data for

longerperiod of time
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Figure22: Picture of hermocouplesmbedded within samplesfter solidification. The plates on the
left had no chills, while the plates on the right had one copper chill and one steel chill. The platt
the bottom right of this image had the steel chill.

The results of these tests were quidéferent compared to the previouslgssumed cooling
rates. Even the samples left in the mold cooled very quickly compared to the material used to measure
the solidification temperatureFigures 23, 24, and 25how the measured timéemperature data of the
plates. This data was placed inte&cel, and the zero mark for each data set was adjusted to when the
thermocouple began recording a temperature spike, as the time at which the thermocouples began
recording data, and the time they came into contact with the molten metal was not idenfi¢el.
results of this testleterminedthat there was very little difference between the cooling curves of the
copper chill and steel chill, whicheans there should be little difference between the copper and steel
chilled samples. This correlates nicelyhwihe corrosion data showingo significant difference between
the steel chilledsamplesand the copper chilledamples.

It is quite interesting that one of the slow cooled samples remained at the melting temperature
for nearly 5 seconds, or 20% longer than the other, as well agt@wehilled samples cooled spiickly
that the thermocouples were unable to react fast enbutg record a temperature above the melt
temperature. This is due to the fact that the thermocouple wires are housedimeonelalloy tube,
whichwhile more responsive than ungrounded thermocouples, atiforbs some heat, antevents an
instantaneows response.

It is important to note that the thermocouples also acted as a heat sink for the samples, slightly
increasing the rate at which the cooled, in addition, the thermocouples measured the center of the
sample, which will also cool at a diféait rate than the edges. This) addition to the lag time

20



mentioned previously, means that the measured time temperature data cannot be relied on as perfectly
accurate, but for the purposes of running the simulations, it is a drampcovement over the
assunption of the previously used Quikup cooling curves.
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Figure23: Comparison ofecorded time vs temperaturalata of all thermocouplesThe first two
thermocouples were placed in the slow cooled plates, the third thermocouple in the sidglled
plate, and the faurth thermocouple in the copperchilled plate. The excess material was poured int
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thermocouple data is when the plates were deemed to be a low enough tergiure to be
removed from the molds, but the thermocouples continued to record data.
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Figure25: Gose up ofthe first 30 seconds of the plate thermocouple test§he chilled samples
cooled so quickly, that the thermocouples failed to react fast ergfuto record a temperature
above the solidification temperature of the alloy.

Etching and Grain Size

Several samplesere etched to determine thapproximategrain size of the sample#\l-Ga
0.1wt% is nearly puraluminum and is a single phase, isoequires very specific etching procedues
the aluminum oxide film protects the samplé&everal failed attempts were made before a successful
process was foundne sample of each type, steel chilled, copper chilled, and slow cooled, in addition
to annealed variants of each, for a total of six samplese etched.

Thisfinal processwvasas follows: Kst, the samples were polishad 600 gritusing 3M Silicon
carbidesandaper, followed by and 1 micromdiamond paste withPrecision Surfaceaternational PSI
541-1 diamond extender lapping soluticand aPSI 608.0 nylonpolishing cloth on 8uehler Ecomet3
variable speed polisher/grinderOnce the samples were as smooth as possibéeoxide layer was
removedby immersing the sampli@ a 10:1 mixtureof water and hydrogen fluoride for approximately
45 seconds. Next, the aluminum was etchsdmmersing the sample @ 2:1:1mixture of water, nitric
acid, and hydrogen chloride for one to two minutes, until the grains became visible. Finally, the sample
were rinsed with deionized water and dried with pressurized nitrogen gas.

As this process requiregtirogen fluoride, anirginia Techequires significant safety
precautions when using ithts processsave for the polishingyas done byhe Micro and Nano
Fabrication Laboratory at Virginia Tedfigure26 and 27are representative pictures of the final etched
sample, all raw etakd picturesarein Appendix F While the samples were only prepped to be etched
from the top side, since the etahg process involves the emersion of the sample, some of the samples
did reveal grains on the back side of the sample.
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Grain Size

Grain size wasalculatedusing theaverage graimtercept method® on picturesof the front of

etched samplesvithin Image¥. Some of the samples etched better than others, and the copper and

steel samples were similar enough to be considered the same for this pui@asesample exhibited
abnormal grain growth and was omitted from this measuring process.

Table 1: Grain Size Masurements

Error® viam—_

Sample ¥pe Chilled Chilled+anneal Slow cooled | Slowcooled+anneal
SampleName Steel Cent2 CU ML1 Air CENT2 AIR MR2
AverageDiameter | 0.50 mm 0.88 mm 2.3mm 1.1 mm

+0.0054 mm +0.027 mm +£0.22 mm +0.044 mm

Grains of theslow cooled samples were significantly larger than the chilled samples, which
seemed to hold true whether or not the sample was annealed. With little or no driving force beyond
grain boundary interfaces, the annealing grew grains only slightly or ndit atith the one exception of
the sample which experienced abnormal grain growdtrangely, the measured annealed+slow cooled
sample had smaller grains than the measured slow cooled sample. While samples for the purpose of
grain size measurement werecgied to minimize differences of cooling rate based upon distance to the

downsprue, it is possible that thdifferences in cooling rate still exist.
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Abnormal Grain G rowth

At least one of the samples exhibited abnormal grain growth after the anngalowgss. In
Straumal et ab @a@rk, itwas found that AlGa alloys can and do exhibit abnormal grain growth, for
much less extreme annealing time and temperatures than used in this re$éa&tnaumal et a &
samples all had a driving force createdthy cold rolling of the samples. This cold workeémgouraged
the recrystallization and eventual abnormal grain growth, but the samples used in this research had no
such cold working. However, the part of the chilled sample touching thesohidifiedalmost
immediately, while the back side cooled slower. Metal farther away from the downsprue also cooled
faster than metal close to the downsprue, which unfortunately acte@ anassive heat source. It might
be possible that due to the rapid coolingesdual stresses could have developed and persisted in some
parts of the anode, before it was cut into pieces. This possible residual stress could explain how one of
the samples that went through the annealing process exhibited abnormal grain growth.

Figure 28: Picture ofsample exhibiting abnormal grain growth
Revised Solidificatio n Smulations

With a better idea of the grain sizes, and cooling curves, the solidification simulateres
revised to be moreepresentative ThermoeCalc can only handkelimited number ofime temperature
pairs, so the timgemperature data had to be simplified from tedata points per second, to a set which
best maintains the overall cooling curve, and time of solidification. Becausetedgdmperature data
from the chilled plate thermocouples never measured a temperature above the melt temperature, an
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estimated starting temperaturabove the melt temperaturenust be added for those data sefBhese
revised simulations drastically changedheir results from the initial simulations. It turns out that the
differences in graisizes between the chilled and slow cooled samples far outvegitie extra time

the slow cooled samples have at high temperatures to desegregate the galiecaus the time
temperature data is the same despite grain sthe, simulations ofarger grains are forced growat a
faster rate in the simulation than the smaller grairihis has an interesting effect on the simulations of
the particularly large grain®r which the gallium does not have sufficient kinetics to completely outrun
the advancing solid phas&hese simulations also assume that the ggriowth matches withthe

cooling data, and not faster or slowdtigures 29-34 showrevised solidificationimulationsfor various
sized grains, using the different time temperature data s€tese graphs show the grain radius, with
the left side of the graph representing the grain nucleus, and the right side of the graph representing the
grain boundaryPrograns to run these simulations in Thera@alcare inAppendix G
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Figure29: Predicted gallium distribution of a large 2 mm diameter graising the slow cooled time
temperature dataset. Final distribution goes from nearly twice the nhominal gallium percentage n
the grain boundary, to nearly one third the nominal gallium percentage at ttenter of the grain
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Figure30: Predicted gallium segregation in an average sized, 0.5 mm diameter chilled .graie
predictedgallium depletion is significantly less at the grain centssmpared to the slow cooled
sample and the gallium rich zone is expected to be less than 25%vatthe nominal composition.
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Figure31: Estimated gallium distribution of a below average 0.2 mm diameter chilled gréfim
grain formed this small, the gallium distribution should be almost effectively uniform at the

nominal composition.

26



0.25

=== Time=200

0.20

(=]
Y
]

Mass percent Ga
o
5

0.05 I

0.00

250 300 350 <400 450 S00

Distance [pm]

100 150

=

>

Figure32: Estimated gallium distribution of a below average 1 mm diameter slow cooled graiine
gallium depletion region of this grain is not as extreme as the 2 mm grain, but the gallium rict
region is similar.
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Figure33: Estimated gallium distribution during simulated solidification of a chilled 0.5 mm
diameter grain At time zero the area which will become the grain is liquid, at T= 1 second, the
nucleus has formed, and the gallium is being pushed into the eéning liquid. By T=2 second, the
solid-liquid transition has almost made it to the edge of the grain. At T=4, the grain is simulatec
be completely solid and the gallium begins moving back into the bulk, to which it is partially
successful by the tim¢he simulation ends.
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Figure34: Estimated gallium distribution during simulated solidification of a slow cooled 1 mm
diameter grain At T=0, the area which is to become the grain is completely liquid still. At T=2 tl
grain nucleus ha formed, and the gallium is being pushed by the solid liquid interface to remain
the liquid. As in the cooling data, it takes just over 25 seconds for the grain to compldtaim, and
then the gallium begins to rqhomogenize. While the dwell time athe higher temperatures is
longer, the larger grain prevents the gallium from traveling back to the core of the grain.

Anode Lifespan

Many aluminum alloys are known to age at or near room temperature. |f maintaining gallium
segregation is important fokl-Ga anode effectiveness, then any room temperature diffusion would be a
concern, and perhaps put a maximum lifespan upon these anodes. ForturidtelynoCalccan be used
to simulate years of time at constant temperatures in minutes.

Figure33shows a diffusionimulation of a low temperature long time anneal. The gallium does
not migrate in significant fashion belawT p, Bven at time periods of one year. Below abmup ntke/
software shows no diffusion whatsoever. This could be eithed\Ware or software limitations due to
small numbersOnce the temperature was raised 0T p, gignificant diffusion did begin to take place
Figure34. These diffusion simulations were done using the error function to create a simulated initial
gallium dstribution similar to the predictedalliumdistributions seen in other simulations

Equation 2Chosennditial gallium distribution for annealing simulations
TBITTTTTIC U

@
WP 0N ™ TIErQ QnnnA <0
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This assumed initial distribution was created usingdheveequation, with x in meters, and an
assumed graimiameterto be 0.10 mm This is below the average grain size ofttel measured grain
sizes, but wapicked because such a grain would be therst case scenario: A smaller grain radius means
the gallium has less distance to travel teh@emogenize.

There are perhaps better ways to estimate initial distributions, big is a decent estimate when
compared to the sorts of supposed gallium disitions created by the solidification simulations, and is a
reasonable grain sizeased upon theneasuedgrain sies

Bven if these estimates were unreasonalbd;Ga lacks theypical driving forces of aluminum
agingprocesss. The gallium percentagasthe alloy arefar below the gallium saturation limitvhich
Thermo-Calc calculates to bel8.66% by weight ali p xeven in the most extreme simulations of
preservation of segregationSo no super saturation and thus precipitation of secondary phagketke
place. Thughe gallium diffusion should negligible.

These simulations are supportda the test data The test results dmot seemaffected based
upon the time between casting and the galvanostatic testingedt is thus safe to conclude that no
significantredistribution of gallium irAl-Ga anodes occurs at any reasonable storage temperature.

If the situation may be that segregation in the®@d alloy is wanted to be removed, we can
similarly simulateemperature and times for which the diffusion goes to completion in the bulk. Doing
thiss6 S FAYR GKIG cnnx/ aK2dzZ R 0SS &AdzZFFAOASY(d G2 SF¥FFS
grainsover the course of five days.

Figure 3537 do not take nto account any potential affects from other alloying elements, or
grain boundaries, but these should be negligible.
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Figure35: A simulatedyealonganneal at175«Cfor an estimated gallium gradientThe program
used for this simulation can be found iAppendix 8
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Figure36: A simulated yearlong anneal &75xCfor an estimated gallium gradient The program
used for this simulation is essentiallgiéntical to the one inFigure31.
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Figure37: Simulated fiveday anneal G c fararxekceptionally large grain sizef 3.2mm with an
initial gallium distribution based upon the ERF function. This is also the approximate width of tl
sample, so if there is a difference in gallium percentage between the front and back of the sam
this anneal should significantly reduce that xance.
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Annealed Galvanostatic T esting

The updated simulationgredictthat gallium segregation persists in both the chilled and slow
cooled platesWe also know that the chilled samplesth their predicted lower segregation odjium,
performed better than the slow cooled plates in the corrosion teststhis becomes obvious to ask
how well perfectly homogenized samplesuld perform.

'Yy yySlt aOKSRdzZ S 2F p RIFI&a +d cnnx/ -4l & OKz2a
Calc. This anneal wdsne using @arnstead/Thermolyne model fal730 furnace using a Thermolyne
Furnatrol type 53600 temperature controlleFhe temperature was aintainedusing this controller.

During annealing,asnples were placed on a ceramic tile, and the tile placed inside the furnace.
¢KS TFdzN¥y I OS GKSy KSFGSR 0KS al YLX Sa tenidskEISHKS NA.
tKS FdzNYy I OS Y I Alghhbuksy Bh&furcagsennvas theiFt@rmedl afid the ceramic tile
removed. The samples were then allowediatocool to room temperatureThe annealedamples were
then run though the same galvanostatic test used previously, and the data recorded. The results of
these testsare shown irFigures 38-40, andAppendix B

All samples seemed to generallyhébit better voltage behavior after the annedfiowever, the
samples whicloriginallywere slow cooledjenerally exhibited a more erratic voltage behavimthe
samples which were chilled, then annealeéspite that theanneal schedulgvas designed to be
excessivly longcompared to what shoultiave beemecessary for complete homogenizatibased
upon the simulations. Uitther work could be done to optimize trennealingime and temperature

VSCE
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Figure38: Voltage behaviorof the three slow cooled + annealed sampldske the norannealed
counterparts, two samples behaved erratically (substantially less so than the-aanealed
samples, however), while one behaved perfectly.
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Figure39: Voltage befavior of dl five chilled and annealed samplegxhibiting nearly identical and
nearperfect behavior.
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Cold Water Galvanostatic T esting

If there are two different mechanisms for the corrosion of3d, we might be able to force the
dominate mecharsim to occurThe proposed superooled gallium mechanisl¥) if indeed present,
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would potentially be significantly affected by temperature. By cooling the environment in which the
experiment takes place, we can increase the difference in Gibbs free energy of the liquid phasédind
phase, thus preventing lagquid phase fronbeingpresent

In order to test thisfive moresamples were run through a series of galvstatic tests identical
to the setups previously used, with the exception that the testing apparatus was placed inside a cooler
filled with fresh water ice. The ice weeplaced two times a day for 4 days, and then left to melt. This
createdi 62 GSYLISNI 4dzZNB 3IAINI RASy(dasz FNRBY NRB2Y GSYLISNI Gd
to room temperature after four days of near freezing temperature. Due to this method, there risk
of the salt water in the test chamber freezing, which has a freezing pointiok

The process of replacing the ice did cause minor agitation to the otherwise still testing
apparatus, it is urkiely this affected the resultsThe temper#ure of the test chamber was not directly
measured during the testhis is unnecessary, termodynamics demands thatelting ice atl atm
maintairs a steady temperatur@ ¥ . Thefesults of the testsuggesta change in the voltage behavior
of the AlGa anode when the temperature is low, compared to room temperature.

All of the samples shawd at least a slighimprovementof the voltage behavior aftethe low
temperature environment wa removed, though some of the samples recovered move than otAers.
comparison of two of the dataseis shown irFigure41, and the rest bthe datasets are idppendix B
Even the sample which did not go thrduthe annealing process recovered somewhat, but mostly
stayederratic, once the erratic behavior manifesthelsample which showeal recovery to steady state
voltage behavior, and then a reverting to erratic behavior helps highlight the-statde nature of the
Fff28Qa o0SKI @GA2N®D

It is possible that the colder temperaturesuldhave other unforeseen effects, drthus it is not
necessarily the case that it is indeed a supeoled liquid gallium mechanism which has been shut off,
but the results of the experiment are consistent with the hypothdsigarticular, the amalgarike
theory could also be affected lgmperature if the lower temperature wasufficientto solidify the
layerof gallium
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Figure4l: Galvanostatic voltage comparison tfo of the chilled and annealed sampleaghich
underwent the cold water testing. One sample (steel BM2) recoversinpletely once the cold
environment was removedwhile anothersampleseemed toalmost recoer, (Steel UM1), and the
returned to erratic behavior.

Optimizing Annealing Time

Ly FyySETAy3a LINE OS avery b, andshoulkbe exgegsNg far thedS RI &a A
purposes of eliminating segregation. Howeveaeypouswork with cooler and shorter annealispowed
little to no effect on the voltage behavidf. As the results clearly show, the anneal usédichange the
voltage behavioat the 0.62 mA current usedTo help show this, a sample was put though a 5 day,
pnnx/ FyySrctz FyR (GKS @2t i3S 0SKIFI@A2N) 6§SaitdSRT Ay
The results of tis testare shown irFigure42. While a single sample is not statistically significant, it does
aGNRy3Ife adaA3IsSad GKIG FyySEFEAy3a GSYLISNY GdzNBa |4 2
behavior.

It isof note that atp n n Komeof the impurity phaseshich ThermeCalc predits with the
material used for these tests could have sufficient kinetics to form. Attempting to verify the presence of
these impurity phases is out of scope of this work, however.
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Figure42: Voltage behavior of 508C Anneal temperature testCu UM2. This test suggests that
500xC is insufficient to remove erratic behavior.

Results

Anode Efficiency

An important measurment of the effectiveness dfacrificial anodes is their efficiency. For the
majority of the teststhe samples were weighed onSartorius gk3102 scaldefore and after the test,
and the mass loss calculaterthis scale could measure the weights of the samples to the milligrhese
measurements ari Table 2-4. Samples were weighed three times, and the median value takehe
weight. The predicted eoosion rate was compared to the actual weight loss. First, we calculate the
theoretical current capacity for 0.1% wt-@la, usually measured in Amp hours per kilogram.

Equation 3 Theoretical current capacity of pure alumintiit

Q oz MEPT OEOQPICPTMWOE i 0z2Q
p , PD QP Z¢8TCP C WX
oQmT p WO €000 T8t ¢ euoQ v Q
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Equation 4 Theoretical current capacity of pure gallitin?
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Note the factor of 3, as gallium and aluminum both ionize to a +3 state. Next, these values are
combined via the rule of mixtures to calculate the theoretical current capacity of the alloy.

Equation 5 Theoretical current capacity of-&a 0.1%wt

Cxw@bP ppurap b 0z2"Q
primp primp CjotD"Q

Now, since all of the galmastatic tests were done at 0.62mA, for 168 hours, calculate the
expected mass loss, and compare this value to the measured mass loss.

Equation 6the expected weight loss for 168 hawist:

POUQ @gzpm O p 0T

d T8t 0 TQWw
) Z Q . “Q
C WX X5 p u

The mass loss for the samples varied between 0.040g and 0.032g Thus the measured anode
efficiency ranged betweeB8%, and 109%with the exception of one sample which had anomalous
voltages It is important to note a few sources of error which may exist. First, if the gallium does not leave
the aluminum surface, as suggested by previous watkeoretical current capacity of pure aluminum
might be more accuraté’ Secondfor the samples whitmay exhibit segregation, those areas with higher
concentrations of gallium are more likely to activate first, and thus a higher effective concentration of
gallium would again affect the current capacity. Errors may also have arisen due to particiesaple
falling off, and sample electrolyte remaining within sample pores. Additionally, the scale used to measure
the weight loss was only accurate enough to redaorthe nearest milligranof mass loss.

Table2: Mass Loss oasCast amples

UL Steel UR Air 1 ULCul BR steel 1 BL Air 1 BLCul
Before (g) 8.130 8.124 8.032 8.329 8.245 8.347
After (g) 8.092 8.090 7.997 8.289 8.206 8.308
Net Loss (g 0.038 0.034 0.035 0.040 0.039 0.039
% Efficiency 92 102 100 88 90 90
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Table 3 Mass loss ofAnnealed &mples

AirUL | ULCU 2| AirUL2 | Air Centl| Cu Centl| Steel?2 Steel2 | CulBR
1 UL UR
Before () 8.102 8.722 7.959 8.030 8.116 8.223 8.294 8.141
After (g) 8.064 | 8.684 7.925 7.995 8.084 8.191 8.256 8.108
Net Loss (g)| 0.038 | 0.038 0.034 0.035 0.032 0.032 0.038 0.033
% Efficiency| 92 92 103 100 109 109 92 106
Table 4 Mass loss ofAnnealed and Ice Tested@nples
Steel UR1 Steel BM2 Copper UL1 | Copper BM1

Before (g) 8.350 8.069 8.176 7.995

After (g) 8.318 8.034 8.147 7.961

Net Loss (Q) 0.032 0.035 0.029 0.034

% Efficiency 103 100 120 103

Statistical Analysis of Anode E fficiencies.

The recorded mass loss of the samples exhibits a quite significant range of values, from 0.040g
to 0.032g so it is hard to find an obvious correlation betwtdenanode efficiencies and the various
different tests. If there is a correlation, it should show itself by comparing the chilled+annealed mass
loss, with its optimal voltage behavior, with the rannealed samples, and their generally undesirable
voltagebehavior. Comparing these data sets, we find that the-aonealed samples hawan average
mass loss of 0.088 while the chilled+annealed samples ban average mass loss of 0.35 we
assume the mass loss of these sets follows a normal distributidrihave identical variance, we can
calculat a twotailed p value of 0.103 Thus, we cannot say, to even a 90% confidence level, that there
is a statistically meaningful difference between the anode efficiencies of the recorded weight loss of the
chilled4annealed samples, and the namnealed samples, but it certainly warrants further research.

Significance of Annealing

While the number of data pointsollectedper data setvas massive, the number of data sets
was still quite smallespeciallyconsidering the number of outlier§huswe need to be sure our results
are siguificant. Five out of five dhe chilled+annealed tests gave results whigmonstratedthe
desired voltage behavior, while two out of six of the slow cooled tests (threaststhree annealed)
demonstrateddesired results. A quick binomihtisticaltest with an assumedgrobability of 33% of a
Wi dzO1 e Q adz00S&aa 60! &SR sudgek@sifat 0i3RO=53K=2 @0.38) A tiddR
it would be expected thathe chilled+annealed test results were a lucky fldke.

al YLX
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Equation 7 Probability mass distribution functiot.
L 3
0@ E o n e N
Equation 8Inverse of the cumulative distribution functicf.

- € :
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Figure 43 Probability mass distribution function, and the inverse of the cumulative distribution
function.* The first equation describes the chance of a particular number of successful outcom
while the second describes the chance of a number of successful ouésoon better.Pr is the
probability of getting a successful outcome k times, n is the number of tests run, and p is the
probability of a single successful outcome.

The cold water tests, however, further prove that the annealing process does help, as four
five of those tests show desired steady state voltage behavior at some point during the tests. If those
results can be added, then the probability of the results being lucky falls to 0.032%. This suggests with
great confidence that using chilledmolfis2 f t 24 SR o6& | cnnx/ FyySIf R2Sa

The slow cooled+annealed results are less favorable. As three tests were performed, and two of
them gave undesirable results, we might conclude that the annealing did not work on these samples.
This of course seems contrary to the hypothesis that it is indeed gallium segregation that causes the
undesirable voltage behavior, despite the annealing times being sufficiently long to the point where the
gallium segregation should be gon€hus, we ca do some binomial statistical tests to check our
significance.If an annealed sample, based upon the chilled+annealed results nhassamed 0%
chance of fdure, then the probability oftw@ ¥ G KNBS & YLIX Sa 0 §x3/E2, Wdzy t dzO &
p=0.1).3* This would seem reasonablegwever, one of the tests has such a strange result, it perhaps
should instead be discarded as a testing failure. If that is done, the chances of one of the two remaining
GSaida o0SAy3a Wdnee, kO b@195° ANIESH Shanceitiat theyshilling of the sample
molds is unnecessary and only the annealing process has an effect upon the anodes does warrant
further testing.

I O02NRAY3 (2 GKS batcépiaaioltadrdBdedf Bvkabdy sagrificiald = § K S
anodes for short tests such as these is betwe®h00 to -0.850 Vsce!® Thus we can compare the data
with this metric, and get an idea how desirable each sample would be as a sacrificial anode, and thus
compare the various sets of heat treatment and citioths. This data is simplified displayed in Table 5,
but discussed in detail below.

The three slow cooled samples exhibited average voltafjéx914,-0.894, and0.809Vscg and
out of the 60480 collected data point0,899 werebelow-0.850 Vsce7,653 wereabove-0.800 Vsce
This translates to only 38% of the data points being within the acceptable range, most of which were
from a single sample.
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The copper chilled samples without the anneal exhibited average voltages/6#,-0.830, and
-0.822Vsce Out of the60,480 data points: 218were below-0.850 Vscg and19,376were above-0.800
Vsce 544% of these data points were in the optimrahge, with most those abov®.800 Vscdrom a
single sample.

The steel chilled samples wemostly similarto the apper chilled samplesvith average
voltages 0f0.808 and-0.809Vsce Out of the 4(B20 data points2,618werebelow-0.890 Vscg and
11,095were above-0.800 Vsce 66.0% of data points in acceptable range

The slowly cooled antthen annealed sampsexhibitedaverage voltagesf -0.883,-0.781, and
0.821Vsce Out of the60,480 data points19,408were below-0.850 Vscg and 16721were above-0.800
Vsce This means only 40% of the data points for these samples were in the acceptable range, and most
of those on the single well behaved sample.

Of the copper chilled and annealed samples, the voltage averagesWw8g2,-0.822, and
0.819Vscg and outof 60,480 data pointonly 43were below-0.850 Vsce27 wereabove-0.800 Vsce
Using this metric99.9% ofthe data pointsgathered were within thecceptable range

The steel chilled and annealed samples were effectively identical, with average vaifages
0.822 and-0.822Vsce Out of 40320 data pointsonly 33were below-0.850 Vscel8 wereabove-0.800
Vsce 99.% of the data points were thus within the acceptable range.

The cold water tests must be broken down into four distinct sections: cold, warm, artdi¢he
transitory periods.The transitory periodvaryslightly between the testsand the voltage behavior
change of the samples, while usually quite sudden, happestghtlydifferent timesas well In order
to minimize errorsyve willlook atonlythe data points for which the temperature is constant for all the
samples. Thus, WgillRSFAY S UWCRIEMRIBYi2H O SF YR dhe K2dzZNAZ YR Wél |
completion. As all of the cold water tests were done using chilled and annealed samples, attdghat
expected thathe copper cilled and steel samples wible effectively identicalko we willnot
differentiate between them for this analysis.

TheWoldXkectionsexhibitedaverage voltages 660.836,-0.839,-0.802, and0.817Vsce Out of
34,560 data points, F99were below-0.850 Vsceand 15093 wereabove-0.800 Vsce For thesab O 2 f R Q
sections, only 30% of the datgoints were within theacceptable range.

TheQwarmsections had voltage averages-0f855,-0.822,-0.801, and0.815Vsce Out of
21,941data points,3,238were below-0.8%0 Vsceand 3710were above-0.800 Vsce For thesél g | NJY Q
sections68/3% of the datgoints werewithin the acceptable rangeThis is significantly worse than the
other chilled+annealed samples which were not subjected to cold temperatures, as some of the samples
did not revert completely to the steady voltage behavior.
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Table5: Exhibited Voltage Rages of Differing Conditions

Slow Chilled Slow Chilled+Anneal | W/ 21{ W2 | N
Cooled Cooled+Aned
% Above0.80Ve | 12.7% | 30.2% 27.6% >0.1% 43.7% 16.9%
%Acceptable 36.3% | 59.0% 40.3% 99.9% 30.9% | 68.3%
% Below0.85M¢. | 51.1% | 10.8% 32.1% >0.1% 25.5% 14.8%

Erratic B ehavior

The behavior of the samples in these galvanostatic tests seems to fall into two distinct modes: A
steady, constant voltage behavior, and an erratic voltage behavior. These two behaviors likely
correspond tadifferent corrosion mechanics, #ise samples which experience one or the other are
visually different. The samples which exhibit steady voltages tend to have wide, shallow pits, while the
samples which exhibit erratic behavior tend to have deep, narritsv p

The erratic behavior seems to generally vary in voltage betw@&it0 and-1.100 Vscewhich
somewhatcorrespondgto the voltages expected of aluminum with its passive aluminum oxide layer
(-0.730 \éc#?), and pure aluminum with no proteiee layer, as the corrosion potential of pure aluminum
is-1.418 VscE®. It could be theorized that the erratic behavior is a cyclic faibrrdetachmentof the
oxide layemithin the pitted area followed by a repassivation of the surface. Since the surfacea of
the pits is much smaller than the measured test area, a voltage difference between the ideal case of
pure aluminum with no oxide layer and the test resulisuld be expected.However these tests are
insufficient to prove such behavior.

While visually we can see the difference in the voltage behavior in the graphs, we should
mathematically compare the voltage behaviors as well. We can do this by comparing the standard
deviationof the voltage data for each of the sets of data. Thidtsarperfect metric, as nearly all
samples show a sligdecrease in voltage over timand the distribution is not entirely normabut it
will suffice todisplace thevariancein a quantitative way The voltage decreasmightbe attributed to
the increae in effective surface area caused by the corrosion process, and/or the change in electrolyte
composition as th@luminum and gallium dissolve.

Taking the standard deviation of the threesl@2 2 f SR &l YLX Sa 3Ifardh6a ~ T nc
erratic samplesind 0.011for the sample which gave steady state behavior the chilled samples, T
0.029 and 0.021or the two steel cHled samples, and I J0.036 ang 0.03%or the three copper
chilled samples.

For the fow cooled + annealed samgleved S ° T n ®n H n Forthechiep> YR nd
FyySFEEt SR al YLX SaxX ° I non dpsTleanyshowsitiattiednnn s ndnnn
chilled+annealed samples exhibit much steadier voltage than theammealed samples. Interestingly,
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in differencefrom the acceptablevoltage range metricthe slow cooled + annealed samples would be
O2ya4ARSNBR WoSOGSNR ddKIy GKS OKAffSR &l YLX S&a dzaAy

Most interestingly are the differences in standard deviation between the cold and warm
sections of the col water tests¢ KS &S 3+ @S =~ @I, 0.a8%and R0FForil ®sbc WD 2/ ®R/Dc p
sections, and 0.044, 0.048, 0.002, and 0.B0B NJ (i K S A NJ NI a LJS Dhisxl€ady showdthaly Q a4 S O
while all samples recovered somewhat, only two of the fourlmasaid to have complete recovery. This
helps confirm the notion that the erratic behavior is the preferred mode, and that the stetadg
voltage behavior could be described as mstable.Howeverthe work done here cannaiorrelatethe
discussed mechanisms in the literattit&!” 18280 the two differentobservedbehaviors.

Table 6: StandardDeviation of Samples

Slow | Copper| Steel Slow Copper Steel W/ 2{W2 | N
Cooled| Chilled | Chilled | Cooled+Annea| Chilled+Anneal Chilled+anneal
Test 1 0.058 | 0.028 | 0.029 0.020 0.005 0.004 0.060 | 0.044
Test 2 0.072 | 0.036 | 0.021 0.0190 0.004 0.006 0.065 | 0.048
Test 3 0.011 | 0.032 N/A 0.004 0.004 N/A 0.039 | 0.002
Test 4 N/A N/A N/A N/A N/A N/A 0.052 | 0.005
Average| 0.047 | 0.032 | 0.025 0.014 0.004 0.005 0.054 | 0.025
Future Work

While the improvement in voltage behaviorsignificantbetween the ascast samples and
chilled+annealed samples, it must be remembered that only the face directly adjacent to the chill was
tested, and the grain sizes varied greatly from the back of the sample to the front. This method would
be unusable fordrge bulk sacrificial anodes. More must be done to determine if simply having smaller
grain sizes followed by an anneal would be sufficient for homogenizing the gallium concentration of the
anode. Thus for commercial applications, it needs to be investiga adding a grain refiner during the
casting process followed by an anneal is sufficient to get optimal voltage behamibte also insuring
that the 29 phase particles do not significantly affect the voltage behavibnot, a fabrication method
involving stacking multiple thin plates could be potentially used, perhaps from a continuous casting
process which is set up to rapidly quench the material as it is formed.

We know from previous work that adding 0.1wt% germanium and/or other elenmetits
stabilizes the voltage behaviwnithout the chillingand annealing process. This is almost certainly not
due to the other elements affecting the gallium segregation, but this should be investigated. Similarly, it
needs to be asked if the voltage behavidthose anode compositionemains stable in cold water
tests.
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Conclusion

With this research we have looked into the galvanostatic testiingt0.1wt% Ga anodes @
finer granularitythan done previously. We have found we can virtually eliminagauthwantederratic
voltage behavior with 468 hour,c n n xneal. W¢ also haveome evidenc¢hat the erratic behavior
canbebroughto F O] o0& &adzo2SOGAy3 GKS IWeadealso narfowsd8dwiNd nx /
the various possible causes for the difference in corrosion behaviors of the alloy, and have shown
though simulations that we can likely attribute some of the erratic behavior to alloy segregation.

The conclusion of this worktisat while casting samples usirgilled molds and then annealing at
cnnx/ n-Gasadificial kribdes dosggnificantlyimprove the voltagdehavior in galvanostatic
tests;they are still unfit for use as sacrificial anodes for any application whaghoperate in cold water.
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Appendixes

Appendix A : Voltage Comparisons
All tests done at a current of 0.62mA on a test area of 1 cm

e g

—Cu 1l
—Cu 2
—Cu 3

0 20 40 60 80 100 120 140 160

Time (Hours)

Figure44: Voltagecomparison of the three coppechilled samples with respect to timeNo anneal

—Steel 1
—Steel 2

0 20 40 60 80 100 120 140 160

Time (Hours)

Figure45: Voltage comparison of the two steel chilled samples with respect to tirfidne third seel
dataset was lost. No anneal
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