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Electrochemicalevaluationof theadherenceof zinc to aluminum
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Abstract

Excessfluoride ions in zinc electrolyteareknown to causeproblemswith theremovalof electrowonzincfrom aluminumblanks.The
mechanismsresponsiblefor this undesirableadherencewere studied.Acid zinc sulfate electrolytesimilar to that employedin zinc
electrowinningwasused.Usingelectrolytecontainingvariousfluoride ion concentrations,theinitial nucleationandgrowth morphol-
ogy of zinc and thealuminumelectrodesurfacewereexaminedusingscanningelectronmicroscopy.Electrochemicaltestswerealso
carriedout in varioussolutionsto obtaina betterunderstandingof thepolarizationbehaviorofthesystem.

1. Introduction summarizedthat fluoride ion attack on the aluminum
oxidelayerprovideddeeppits in which two-dimensional

Properadherenceof depositedzinc to the aluminum growth of zinc parallel to the substratecould occur,
blank is critical to electrowinningplant operation. If actingas anchoringsitesfor the deposit,resultingin an
adherenceis poorthendepositsmayspontaneouslydrop adherentdeposit.Therefore,in order to overcomethe
off, disrupting cell or handling operations. A more problem,brushing the aluminum blank was suggested
common problem is the case in which zinc is difficult to eliminate stronglyadherentzinc spotsremainingon
or impossibleto removefrom the aluminum.The “stick- the substrateand to give a uniform startingoxide layer.
ers” must be pulled from the normal productioncycle Evenwith theseadvancesin understandingthe stick-
andthe zinc dissolvedin acid in a separatecell. ing problem,a fundamentalmechanismon the modeof

Recentstudies by Kammel et al. [1] describedthe formation of adherentzinc wasnot clear.Otherresearch
influence of halide ions such as F - and Cl - and other hasfocusedon quantifyingtheadherencestrength,which
metal impuritiescommonlyintroducedfrom leachingof wasvery helpful. However,thereappearedto bea need
roasted concentrateon zinc deposit adherence.They for additional information on the evaluation of the
consideredthat higheradherencewasdueto a domina- natureof the aluminum surfaceleading to adherence
ting hexagonalplatelet growth parallel to the substrate with continuedcycling during use.
and weak adherenceresulted when more randomly In order to obtain more basic information on the
orientedcolumnardepositswere obtainedin the initial relationshipof the fluoride ion to the aluminumcondi-
nucleationand growth process. tion, a seriesof testswas designedin which these two

Mackinnon and Brannen [2] showed that the parameterswere varied. Surface characterizationand
decreasednumber of nuclei due to large grain size of changesoccurring were determined.An investigation
the starting aluminum cathodehad a bearing on the was also madeon the effect of acid concentrationand
easeof stripping.They also mentionedcathodepretreat- applied potential. Particular attention was given to
ment effects,such as soakingin the electrolyte prior to determiningthe degreeof spontaneouszinc deposition,
electrolysis, as a meansof increasing the number of or cementation,thatcould occur.Thedegreeof reactivity
nuclei, whereas no conditioning resulted in poor observedwasthen usedas an indicatorof the aluminum
adherence, oxide stability.

Anotherpretreatmentmethodwasusedby Andrianne Other electrochemicaltests were employed in this
et al. [3] who confirmed the deleterious influence of researchandincluded cyclic voltammetry[4, 5] anda.c.
fluoride ions on the corrosion of aluminum and the impedancemeasurements[6, 7]. Cyclic voltammograms
resulting strong adherenceof the zinc deposit. They wereused to characterizethe effect of fluoride ions on
____________ the initial polarizationbehaviorof the aluminumin the

*Author to whom correspondenceshould be addressed, variouselectrolytesand on zinc deposition.A.c. imped-
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ance measurementswere carried out to evaluate the 2.4. Examinationof deposits
electrochemicalstability of thealuminumsubstratewhen Depositsweremanually strippedafter electrolysisand
it was held in solutions containing fluoride ions, the degree of adherencewas estimatedon a relative
Attempts were then madeto correlatethese datawith basis.Threecategorieswereusedto indicatethedifficulty
observationson the adherencetendenciesof the zinc of zinc removal: (1) easy to strip (E), (2) difficult to
depositedfrom similar electrolytes, strip (D). and (3) impossibleto strip (I).

E-typedepositsare easily removedusinga low’ applied
force without distorting or damagingthe zinc plate.For
D-type deposits,a strong force was necessaryto strip

2. Experimental details the deposit,often resultingin somedistortingandcrack-

ing of the zinc deposit.Type I depositswereso adherent
2.1. Electuolte that it was impossible to remove the zinc without

The electrolyte was preparedby dissolving French physically disrupting the aluminum substrate. Even
zinc oxide in sulfuric acid. The neutralsolution (pH > thoughthe adherencetest was very qualitative,differ-
4) with 1 80 g I - of zinc concentrationwasthen diluted ences in bonding were relatively easy to differentiate,
with water and sulfuric acid to give an electrolyte and correspondfavorably with what is encounteredin
composition of 50:150g I~, Zn: H2S04, respectively, industrialpractice.
The chemical analysis of the neutral solution showed In order to compare the degree of adherencewith
2.91 ppm lead, 59 ppb cadmium, 26 ppb nickel, 10 ppb initial surfacecondition, the nucleationand growth of
arsenic,and 3 ppb antimonyas major impurities, the zinc depositson substratesexposedto variousfluo-

The NaF solution was preparedby dissolving the ride concentrationswere also examined by scanning
pure salt, supplied by Fisher Scientific Company. in electronmicroscopy(SEM).
demineralizedwater to give a 20 g 1 concentration.

2.5. Zinc cementationlest
Very smooth aluminum substrates polished with

2.2. Electrode.s 0.05 ~tmaluminapowderwere immersedin zinc electro-
Aluminum electrodes,providedby Big River Zinc Co., lyte for short time intervals of 5, 10, 30. and 60 s.

Sauget,IL, were cut to give a deposit area of 2 cm by Solutionsof 50 g 1 zinc contentwith various amounts
2 cm. Cathodeswerepreparedby polishing with either of acid andfluoride ion were used.With theseconditions
600 grit emerypaperor polishing cloth and were then zinc spontaneouslydeposited or cemented onto the
cleanedwith waterin an ultrasonicbath. aluminum. To test the adherenceof cementedzinc, the

Four different surface preconditioning procedures electrodewas quickly transferredto an electrolytic cell
wereused:(I) as polishedon 600 grit emerypaper(PC), containing standardelectrolyte with no fluoride, i.e.

(2) polished and pickled in 3 M sulfuric acid solution 50: 150 g 1 - of Zn: H7S04. Electrolysis wascontinued
for more than 4 h (P’C), (3) polished and aged in a for 8 h, which gavea deposit sufficiently thick to test
solution with 80 g L’ zinc, 135 g 1~H2S04, and 4 g for adherence.Micrographswere takenof the cemented

F for more than 4 h (AA), and (4) polishedand zinc and aluminum substrate after the immersion
held in regular electrolytefor 10 mm (PH). reaction.

Platinum mesh anodeswere used to avoid any lead
contamination. 2.6. Cyclic t’oltammet,’v

Cyclic voltammetry tests were conducted using a
Petrolite PotentiodyneAnalyzer (model M-4l00) to

2.3. Electrolysis determine the effect of various fluoride contents on
Eachelectrolyticcell wascomposedof one anodeand polarizationbehavior. The potential limits for the vol-

one cathodeattachedvertically to a Plexiglasslid. The tammogramswere between -—0.9 V and —1.3 V (us. a
electrodedistancewas 2.5 cm in the 250 ml beakercell, saturatedcalomelreferenceelectrode)at a sweeprateof
To increasethe reliability of comparisondata of zinc 5 mV s ~. The cell design was the same as described
adherence,severalcells with various amountsof fluoride previously, except that the calomel electrodewas set
and different cathode conditions were run in series, betweenthe two electrodesand ambient temperature
Electrolyseswere carried out at a current density of was used. The working electrodeswere preparedby
50 mA cm 2 at 35 C for 8 h, usingan HP 6248A power polishingon cloth with 0,05 ~.tmaluminapowder,rinsing
supply, unless otherwise noted. After electrolysis, the with distilled water in the ultrasonic bath, and then
cathodewasquickly removedfrom the cell, rinsed with holding in the air for I h to obtain a stableoxide layer.
distilled water,dried with hot air, and then subjectedto A potentialsweepwasstartedimmediatelyafter placing
the stripping test. the working electrode in the electrolyte to avoid any
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preconditioningeffectsin a fluoride-containingelectro- decadeon a log scaleand 5 mV a.c. amplitude were
lyte. The potential scan was started at —0.9 V and used to generatethe impedanceplots.
driven in a cathodic direction. When it reached the
upper limit the direction was shifted in theanodic
direction to completethe cycle. 3. Results and discussion

2.7. A.c. impedance 3.1. The effectoffluorideconcentration
A.c. impedancedatawereobtainedusinga Princeton Using smoothelectrodespolishedwith 0.05 ~im alu-

Applied ResearchModel 378 ElectrochemicalImped- mina powder, the relative adherenceof zinc depositto
ance System.Smooth aluminum substrateswere eval- aluminumdue to increasingfluoride concentrationwas
uated at ambient temperaturein an electrolyte with evaluated.The adherenceprogressedfrom easy(E) to
various amounts of sulfuric acid and fluoride. The difficult (D) to impossible(I) types as thefluoridecontent
impedancemeasurementswere performedby meansof increasedfrom 0 to I to 3 g I -

a lock-in amplifier over frequencyrangesfrom 5 Hz to Figure 1 shows the changes in initial nucleation
l0~Hz at the open-circuit potential. Five points per morphology with increasing fluoride content.At very

(a) ~ -‘——---— (b)

-~_

(c) (d)____ ‘ ____

(e) __________________ ()L.~

Fig. I. Initial lOs depositson thesmooth aluminum substratesat 50 mA cm
2 and 35 C (1000x): (a) in fluoride-free solution,(b) in 30 ppm

F- solution,(c) in 0.5 g I~ F solution,(d) in 1 g l~ F solution,(e) for 3 s in 2 g 11 F— solution, (f) higher magnificationof (d) (5000 x).
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low fluoride content, i.e. zero or 30 ppm F (Figs. 1(a)
and 1(b)), relatively largenucleirangingfrom 5 to 10 pm
and low surfacecoverageoccur,with slightly morenuclei
when the electrolyte contained fluoride. The growth
mode appearsto be both outwardandlateral,resulting
in eventual bridgingbetween zincparticles.The nucle-
ation seemsto be progressive,but only a very small
numberof new nuclei areformed with time, indicating __________________________________________________

that the growth mode is favored over progressive
nucleation.

With higherfluoride content(Figs. 1(c)— 1(f)), the nuclei
becamesmaller and the nucleationrate increaseddra-
matically, resulting in more completecoverageof the
substrate. The aluminum electrodewas nearly 5O%
coveredand the size of nuclei decreasedto less than _______

1 pm. The nuclei are more uniform in size and the
bridgingor particleagglomerationcontinuedto decrease
with increasing fluoride. The morphologyreveals that (b)~’—’ —~ —“l
the nucleationwas more or less instantaneous,with a
very uniform density(Fig. 1(f)).

Figure2 shows thealuminum substrate, after stripping
the zinc, which was used inelectrolytes containing —

various amountsof fluoride. When no difficulty was
notedwhen strippingthe 8 h zincdeposit,energydisper-
siveanalysesrevealedthat the aluminum substrateused
in lOOppm fluoride electrolyte had less than 1% zinc
remainingon its surface(Fig. 2(a)). When the fluoride
content was increasedto 0.5 g I—i, stripping became
relativelydifficult, and the amount of residualzinc also
greatlyincreased,coveringnearly one third of the entire

~ s~ ~ ~

zinc and the adherence.The residual zinc seemedto
show evidence ofmechanicalfailure of initial particles Fig, 2. Strippedaluminumsubstratc(l000x):(a) usedin 100ppm F

which were associatedwith shallow pits. As seen in solution.(b) usedin 500 ppm F solution.

Fig. I, thereare smoothblank areasbetweenzinc nuclei
that do not show any sign ofattack by fluoride ions, electrodeblank is stable in the regular electrolyte and
Thus, where fluoride attack occurs, pits form and are very few sites are provided for zinc nucleation. In
believedto be theplaceswhere the bases of theadherent fluoride-containingsolution, the aluminum oxide layer
particleswere located, becomesless stable,possibly exposing the metal sub-

When the aluminumsubstrateswereimmersedin 3 M strateand providing moreactivesites, which results in
sulfuric acid solution to removeall surface residualzinc, an increasein nucleation andless growth of the indivi-
it is seen in Fig.3 that onlya smallnumberof fine pits dual zinc crystals. The higher degreeof contact and
are observedon thesubstrateusedfive timesin 30 ppm enhancedmetallic bondingbetween the zincand alumi-
fluoride solution (Fig. 3(a)).However,even a20 sdeposit num leadto more adherentdeposits.
in 3 g 1 ‘ fluoride solutioncausedan I-type adherence. With morefluoride in the electrolyte,additional areas
The increasingfluoride not only increasedthe fine pits on thealuminum substrateare attackedandthe rate of
but also beganto generatea considerableamount of reactionincreasesas well. The zinc now depositsin the
deeperpits (Fig. 3(b)), which wereevident only afterthe deeply recessedareas and provides adherencein two
aluminum was cleanedin acid. Thus it is felt that the different ways. First the data show that zinc can be
deep pits are themore likely sites for zinc—aluminum cementedontoaluminum,indicating that metal to metal
adherence. contact is occurring. Simultaneouslythe aluminum is

Based on themicroscopicevidence,someexplanations undergoing non-uniformcorrosionwith a largeamount
for the increasedadherencein the presenceof fluoride of hydrogengas evolutionand ultimately pit formation.
are possible.Generally,the oxidelayeron thealuminum Zinc can then deposit in the pits and be held in place
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i.e. 0, 10, and 50g 1~sulfuric acid,and high fluoride
concentrations.

According to previous researches[8, 9], aluminum
forms soluble trivalent compoundsin hydrofluoric acid
with hydrogen evolutionbeing thereduction reaction.
It was alsoshownby Spacht[10] that when aluminum
wassubjectedto the actionof hydrofluoricacid, a film

_______________________________________________protectedit for a short while. Not until the film had
been completely penetrateddid true corrosion occur.
The exactnatureof the film wasnot indicated,but it is
generallyaccepted thatthe halogenscancauseextreme
localizeddeteriorationof theprotectiveoxidefilm, allow-
ing the various spontaneouselectrochemicalreactions
to proceed[11].

A similar reaction is likely to occur in the zinc
cementationtest. With less than I g I —‘ of fluoride ion,

(hI no significant zinccould be detected,regardlessof acid
concentration.Whenthe fluoride contentwas increased
to more than I g 1’, a visible amount of zinc was
evident within 5 s even at lowacid concentrations,and
the amount of zinc increasedwith acid concentration
and fluoride content.However, when the sulfuric acid
concentrationreached 150 g 1~,the cementedzinc
dissolvedso quickly that no zinc wasvisible. Instead,
fine bubbles evolvedcontinuouslyfrom the substrate,
indicating that the sequenceof aluminum oxide layer
disruption,metal aluminumexposure,zinc cementation,
andzincdissolution,wascontinued.Whenthe electrode

~ ispolarized in the cell a similar sequencemostprobably

occurs,but the magnitudeand rate of these reactions
changewith the operatingconditions.

After allowing the spontaneousreaction to proceed

Fig.3. ~issoked aluminum substrate(1000x): tai usedfi~etimes in for 30 s in 50: 10 g I — 1 Zn : H2S04solution and 3 g I —

30 ppm F- solution,(b) usedin 3 g I F - solution, fluoride ions, the aluminum substratewas completely
coveredwith cementedzinc. Theelectrodewasremoved

mechanically.The combinationof metallic andmechan- from the cementationsolution and quickly transferred
ical bondingis thendually responsiblefor the degreeof to the electrowinningcell containingelectrolyte with a
adherenceobserved.The relative amountsof each type concentrationof 50: 150 g 1- 1 Zn: H2S04 respectively
can change with operating parameters andfluoride and no fluoride. Zinc wasdepositedfor 8 h and was
content,but bothappearto play a role in thedegreeof very hardto strip, with residualzinc remainingon the
sticking that is observed, aluminumsubstrateafter stripping.

A simple tape test was also made to check the Figure4 shows thechangein morphologyof asmooth
adherencestrengthof the zinc nuclei.Adhesivetapewas aluminum substrateafter being held in 50:10 g
firmly pressedonto the zinc and then detached.When Zn:H2S04solution with 3g 1’ fluoride for 4h, and
zinc had been depositedfor 1 mm with I g F - in thendissolvedin 3 M sulfuric acidsolution.The cemen-
solution,a substantialamount of zinc still remainedon tation solution caused extensive degradationof the
the aluminum substrate afterthe tape was detached. aluminumandzinccompletelycoveredthe wholealumi-
Whenno fluoride was presentin the electrolyte,almost num surface. It is also seenthat the aluminum surface
all the zincparticleswereremovedby the adhesivetape. wascompletelyroughenedandmany deeppits could be

produced,evenwithout any potentialbeing applied.
3.2. Zinc cementationtest Comparisonof the adherenceandsurfacemorphology

In order to obtaina betterunderstandingof the effect of aluminum electrodesresulting from electrolytic and
of fluoride attack,zinc cementation testswereconducted immersiontestsprovidessomesupplementalinformation
on smoothaluminum substratesin low acid electrolyte, on the role of the fluoride.
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reactivitywasconsistentwith the zincadherencestrength
observedfor eachsurfaceasmentionedabove.

The copper cementation test revealed that a PC
treated cathode, showingheaviercopper cementation,
has numerousactive anodicsurfacesites, whereasthe

P’C cathode, withconsiderablyless copperpresent,has
a morepassivealuminumsurface.Assumingthe copper
cementationprocessis anodicallycontrolled, the degree
of copperreductionwould beexpectedto be anindirect
measureof the stability of the aluminum oxide coating.
Copperwas chosenbecause, unlike zinc, it waselectro-
chemically stable in the acid solution and did not
redissolve.

As indicated, the AA substratealso gives easystrip-

~ ping, but the mechanismresponsiblemay be somewhatdifferent from that for the PC substrate.Whenan AA
substratewas used,more than 50% of theback side of

Fig.4 Aluminum substrateafter 4 h in 50: lOg I Zn: H,S0
4 ~olu-

lion with 3 g 1~’F and then residualzinc dissolsedin sulfuric acid the strippedzinc showedbulged orconcaveareas.This
l000x). condition was probably caused by the evolving gas

generatedin the roughened,pitted areason the alumi-
num. The bulging diminished as the fluoride content
decreased;however, repeatedusage of astripped AA

(1) Fluoride ions canattackthe aluminum substrate, substratein I g l F electrolytewaseventuallyimpos-
allowing zincto be cementedspontaneously. sible to strip, while the acid pickled(P’C) substratestill

(2) Sulfuric acid acceleratesthe rate of attack of the gaveeasystripping.
aluminum oxide, hut also partially dissolves the zinc
depositedduring the reaction. Thesequenceappearsto 3.4. Cyclic volfammetry
be (a) aluminum oxide layer disruption, (b) metallic The polarization behaviorof the varioussystems was
aluminum exposure,(c) zinc cementation,followed by evaluated usingcyclic voltammetry techniques. The
(d) zinc dissolution, polarization curves generatedfor a smooth aluminum

(3) Applied cathodicpotentials appearto enhancethe substratewith various fluorideconcentratesare shown
fluoride attack and adherenceby allowing zinc to be in Fig. 5. The surfaces wereheld in air for I h after
depositedelectrolytically onto the favorablesites pro- polishingprior to testing.
vided by the freshlyexposedaluminum. Thezinc is now The curves in Fig.5 show that onlyslight changesare
also cathodically protected and is less susceptibleto found during the front sweepwhile the fluoride content
spontaneousredissolution. stays at alow concentrationlevel (curve I). With more

3.3. The effect of cathode preconditioning
The effects of four surfacepreconditioningprocesses

were evaluatedwith respect to their influence on zinc +..,÷

adherence,The adherencewas shownto be minimized OUr “~.. ~‘“

I + ‘.‘

when thealuminum received an aciddip (P’C) in 3 M t ‘-.~ ~‘+ A~~:a
sulfuric acid for 4 h. The relative adherenceof the zinc ~ ,.“ ,~

depositmadefrom 3 g 1 F electrolyte increasedfrom ~ ~ ~ .~ (
easy (E) through to impossible (I) to strip as pickled ‘ ~

(PC) or aged(AA) to held in electrolyte (PH) to po1- ~ ~ ~‘~H i~o’~ a,,,,a a OppmF

ished (PC). ~ -a 0 30ppm~

As an indirect measureof the surfacecondition, a 0 500~mF

copperdecorationmethodwas also used,Samplesmade 0 I 1000ppm rI + re~’ersesc’.~n

usingfour different types of surfacetreatment(PC, PC,
AA, and PH) were dipped into a solution containing —~

90: ISOg I Cu:H7S04for 10mm and then ranked 0.85 0.90 o.~ i.~ 1.05 1.10 .16 .20 .25 .~ l.~

by the amount of copper cemented. Qualitatively. Applied Potential (-V v~.caimnel)

the amount of copper decreased in the order F~ig.5. Cyclic voltammogramsof aluminumsubstratein an clecirolytc

PC>PH > AA > P’C. The relative indication of surface coniaining 50: 150 g 1~Zn: H2S04 andvarious F concentrations.
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than500 ppmfluoride(curve2), the initial startingsweep ala

shows a distinct anodic region. This result correlates
well with the earlier results which showeda significant
increasein theinitial surfacenucleationwhenthefluoride

a 0 noppmFion contentwent beyond500 ppm. The anodic reaction 200is probably due to fluoride attack of the aluminum
oxide, exposing an active aluminum surface to the ‘~

electrolyte. Once aluminum metal begins to dissolve ~
so a 3OppmF

anodically, zinc and/or hydrogen ions can be reduced. ~
* S00ppmF~

The polarizationcurveshowsnet current and,therefore, ~ 00 + 1000 ppm F’

bothactiveanodicandcathodicreactionscanbe occur-
ring simultaneously.In this case,the anodiccurrent is
dominanton thesurface.Thesecurvesarequite definitive
in illustrating the electrochemicalmodification caused _________________________________________

00—.
by the fluoride. As the fluoride content increases,the a 50 100 150 200 250 an an
reactiveanodic current increases,meaning that alumi- Z’ (ohms/cm~)

num is dissolving at an increasing rate. The curve Fig. 6. Complex impedanceplane plot for aluminum substratesin

eventuallyexhibits not only high anodic currents,but 50:150g1’i Zn:H
2S04electrolyteand variousF- concentrations.

visually, hydrogenbubblesare in evidencefor the local-
izedcathodicreaction.As seenfromthe zinccementation usingthe othertesttechniques.As seenin Fig. 6, Nyquist
test, it canbe assumedthat zinc also depositssimulta- plots from the ac. impedance tests, obtained from
neously,evenif it immediatelydissolvesin the acid.The 50: 150 g 1-’ Zn : H2S04 solutionscontainingdifferent
electrodeis at a mixed potential,anodic to the equilib- amountsof fluoride ions on aluminumat its restpoten-
rium zincpotential,but the valueapproachesthe revers- tial, are shown,Thetrendobservedfor thea.c. impedance
ible potential (representedby the value of cross-over experimentsis similar to that describedpreviously for
from anodic to cathodic) as the fluoride content the polarization curves. The reactivity increaseswith
increases.This can also be seenfrom the shapeof the fluoride content, causing a significant drop in the
initial cathodicsweep, showingthe depositionoverpo- observedimpedance,which is relatedto the intersection
tential to decreasecontinually with increasingfluoride. of the semi-circleon the x-axis. The impedanceof the
At very high fluoride contents,the zinc reduction reac- aluminum substratein solutions without fluoride is so
tion showsabsolutelyno nucleationoverpotential,indi-
cating that zinc is already present on the surface, large that measuredvalues in the test range, i.e. from

5 Hz to l0~Hz, give a linearplot and thusno apparentContrast this situation with the curves generatedwith
low fluoride present.The overpotentialfor zinc depo- intersection.However,with 30 ppmfluoride present,the
sition is high, giving a hysteresisin the curve; this is the impedancedrops to about 800 Q cm

2 and the value
type of polarizationbehaviorexpectedwhen nucleation continuesto decreasesubstantiallywith increasingfluo-
occurs on a truly inert substrate. ride ion concentration.

The voltammetry results shedconsiderablelight on Another experiment was conductedto evaluatethe
the electrochemicalnatureof reactionsresulting when combinedinfluence of acid and fluoride on aluminum
theelectrolytecontainsvariousamountsof fluoride.The substratesin a solution containing50 g 1 1 zinc ions as
datasuggestthat the increasingadherenceof the zinc is sulfate.Forexample,with 100 ppmF - in solution,Fig. 7
mainly dueto the residualsurfacezinc, depositedeither shows that the impedanceis 200 I~cm2 in 150 g 1- 1

spontaneouslyor electrolytically on active num sites, sulfuric acid solution,but is higher in acid-freesolution
establishinga chemical bond betweenthe two metals.If as the linear curve in Fig. 7 implies.
the zinc is not removed,preferentialdepositionoccurs Thea.c. impedancetestsprovideadditionalqualitative
on thesesites,which increasesthe massof metal which evidenceof the effect of fluoride ion on the surface
is firmly anchoredto the substrate, stability of aluminumelectrodesandthe resultscorrelate

well with the testsdescribedpreviously.

3.5. Impedancespectroscopy Theapparentdecreasein measuredimpedanceis also
Impedancespectroscopymeasurementsare beingused consistentwith the open-circuitpotentialmeasurements.

extensivelyin electrochemicalstudies,particularly those The potentialsof a smooth aluminum substratewere
relating to corrosion. The techniquehas provento be measuredin 50: 150 g 1- Zn: H

2SO~solutionscontain-
particularly valuableby determiningan equivalentcir- ing various amountsof fluoride andare summarizedin
cuit model for the process[7]. Impedancespectroscopy Table1. As indicated,higherfluoride results in a more
dataweregeneratedin this study,but wereusedprimar- negativeopen-circuitpotential, providing the enhanced
ily as a qualitativeverification for theobservationsmade corrosiveenvironmentfor theworking electrode.During
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increases.In acid-freesolution, fluoride may attackthe
/ 0 nog/iH~SO~ aluminum substrate,but degradationis not severe.
/ a iog/iH,SO, (3) The types of surfacepreconditioningused on the

a D S0g/lH~SO, aluminum determine the degree of zinc adherencein
I . . * 150 gIl H~SO, . .

/ ..“ “.. high fluoride solution.The adherenceon preconditioned
200 / a ~., + 225g/lH~SO~ substrateswas decreasedin the order polished (PC)>

fluoride pickled (PH)>aged(AA)>acid pickled (P’C).
I / ~,/ SO., (4) The presenceof fluoride is detectableusingpolar-

ization techniques,and the content or activity can he
100 M/~—~~’-~ \ \ determinedsemi-quantitativelyby analyzingthe nature

\ \ ~ of the eurrent—overpotentialrelationship.Solutionshigh
I \ \I~ in fluoride concentrationshow anodic regions during

+ ‘U the initial sweep and a decreasein zinc deposition

overpotential. As the fluoride content increases, the
0 co 200 an 400 500 ~ anodic region increasesand the crossoveror reversible

Z’ tohms/cm0 potentialapproachesthe zinc equilibrium potential.

Fig. 7. Compleximpedanceplaneplot k)r aluminum substratesin 5/) g (5) Impedancespectroscopyis useful in the qualitative
- iinc clectrol~tecontaining 100 ppni F and various H~SO

4 evaluationof the stability of the aluminum oxide layer
concentrations, in various acid fluoride solutions. Higher fluoride and

acid result in a decreasein the impedance,an indication
TABLE I. The open-circuit poicntial betweenan aluminium substrate of the susceptibilityof the aluminum substrateto zinc
and a calomel reference electrode sticking

(6) The use of open-circuit potential measurements
Substrate Fluoride conteni Open-circuitpotential appearsto be anotherpromisingmethod both to evalu-

____________________________________________________ atethe aluminumelectrodestability in fluoride solution

PC None _0~5 andto estimatethe probability of zinc sticking.
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PC 500 ppm 0.77
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