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ABSTRACT

The oxidation behavior of aluminum and its allays wasinvestigated in mol-
ten NaNO, at 400°C .The techniques of measurements were: open-circuit
potential, galvanic current, anodic galvanostatic polarization and electro-
chemical impedance spectroscopy. The electrodes undergo spontaneous
passivation in molten NaNO, due to the formation of oxide scales on their
surface. The thickness of the oxide scalesincreases with increasing immer-
sion time and also depends on the composition of the electrode. Corrosion
tests of the oxide scales formed on the electrodes surface in aqueous HCI
solution indicate that these scales dissolve after an induction period with a
rate depending on the composition of the el ectrode. The oxide scalesformed
during oxidationin molten NaNO, under anodic polarization conditionsare
multilayered. The inner layer of oxide scales is more protective than the
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INTRODUCTION

Aluminumisthesecond most widdy used metal for
industria purposest. Alsoduminumalloyslend them-
sdlvesto many engineering goplicationsbecause of ther
combination of lightnesswith strength. Alloying of du-
minumwith different e ementsin genera improvesits
mechanica and physica properties. Aluminumisoften
aloyed with siliconand/or copper.

Consderabl eattention hasbeen paid to oxidefilm
formation, asoxidefilmsallow many important indus-
trial metalsand alloysto be used in the environment
wherethey would not have been otherwise stable. In
addition, thegrowth of anodic oxidefilmsonauminum
has been studied extensively, dueto their useas ca-
pacitor dielectrics. Becausethe anodic film on alumi-
numisthininan alkaline solution, thealkaine ectro-
lytes are used less often than acid el ectrol yteswhich
aremoreoften used. Theseinclude: oxalic acid, phos-
phoric acid, sulphuric acid, etc. assingle-acid € ectro-

lytes. Recently, mixed dectrolytessuch aschromic acid-
sulphuricacid, nitric acid-sulphuric acid and boric acid-
sul phuric acid have been used for anodic oxidefilmfor-
mation on auminum2®, Also, neutral solutionsof bo-
rates, tartrates and some organic acids can be used for
anodic oxidefilmformation onduminum®7.

Molten oxyanion saltsare a so used aselectrolytes
for oxideformation on aluminum®9, For thisreason
the oxidation behavior of dluminum anditsalloysin
molten sodium nitrateisinvestigated inthe present study.

EXPERIMENTAL

Theworking €l ectrodeswere prepared from cylin-
drica rodsof aluminum and itsalloys, having thedi-
mension of 0.7 cm diameter and 6 cm length. These
electrodes have the chemical composition shownin
TABLE 1 andweresupplied fromMisr Aluminum Com-
pany, Egypt.

Thus before each experiment, the electrodeswere
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mechanicaly polished using emery papersof different
grades and degreased with acetone. After mechanica
polishing, theworking €l ectrodesweredipped for few
secondsin apickling bath consisting of concentrated
H,SO, (96%)- HNO,(70%) -HF(46%) mixed in the
volumeratio 10:4:3. Thedectrodeswereremoved and
rinsed several timeswith distilled water. The NaNO,
melt (AR grade) wasprepared and dried asprevioudly
described™ ™. The prepared NaNO, was kept in a
closed desiccator till required.

Experimentswerecarried out intall unlipped pyrex
glass tubes(5 cmin diameter and 11 cm long ). The
working vessel was surrounded by astainlessstedl con-
tainer which wasplaced in an electrically heated cru-
cible-typefurnace. Thetemperature wasregul ated by
using avariabletransformer and measured by aNi /Ni-
Cr thermocouple (+2°C). Thethermocouplewas sepa-
rated from themelt by tight-fitting pyrex tube.

The potentials of the el ectrodes were measured
relativeto aAg/Ag’, NaNO,, 2.04% AgNO, refer-
enced ectroded™*, A platinum sheet (1.5x1.5cm) spot
wel ded to aplatinum rod was used asan auxiliary e ec-
trode and separated fromthemelt by placingit in spe-
cia pyrex tubewith amedium porosity sintered pyrex
disc. Thepolarization current va ueswerederived from
aconstant-current unit (DC power supply GP-4303D,
LG Precision Co, Korea). The potential and current
measurements were performed using a multimeter
(modd 1008,Kyoritsu Electrica Instruments, Japan) (in-
put impedance 100MQ). Theimpedance measurements
werecarried out using animpedance measurement sys-
tem (Model 1M 6 Zahner Electrik, Meitechnik, Ger-
many).

The corrosion tests on the oxide scal eswere car-
ried outin0.2 M HCI solutionusing potentia-timemea:
surementsunder open-circuit conditions.

RESULTSAND DISCUSSION

(1) Open-circuit potentialsmeasur ements

Corrosion potentids, E__, of theelectrodes (1-V)
were measured asafunction of time under open-circuit
conditionsat 400°C. Theresultsareplotted infigure 1.
Itisclear that E_ shiftsto more positivevaluesupon
immersion of thee ectrodesin thenitratemelt and then
reachesthe steady-state value E_. Thetimerequired
for attaining E_dependson thecomposition of thealoy

| / ) :
o S (R ey
y i P Ll
wal- & b A I SN
> f ol - ]
E wi- g ;’f’ |
™~ §Ga —.“ll:I _-f .'";.i'r |
- S I
= all F Py
3 = .'} Ilr.l K .rf |
[T 100 If_:"_-V
Fi
- un| \."/;f |
i
N
] W i B % h 1 0 s
Time/min

Figurel: Variation of thecorrosion potential with timein
molten NaNO,at 400°C

TABLE 1: Chemical analysisof theworking electrodes

Element Working electrode
wt% ] [ [l v V
Si 7.040 0450 8790 11.050 0.0600
Fe 0.090 0180 0.130 0.110 0.1600
Cu 0.000 0.001 0980 0.000 0.0004
Mn 0.004 0011 0.006 0.005 0.0015
Mg 0291 0490 0.360 0.182 0.0010

and decreases according the order: V>I1>I1>1V>II.
Theanodic process may be dissol ution and/or an-
odic barrier layer formation in addition to the solvent.
Thebarrier layer may beformed by adissol ution-pre-
cipitation mechanism and /or asolid-state mechanism.
Inmolten nitratesthe oxideionsoriginate by sdf-disso-
ciation accordingto theequilibrium:
NO, == NO,"+0?* )
In Lux-Flood, acid-base properties of molten
oxyanionsats***d, NO,* istheacid and O* isthebase.
Thusthereactionsleading to oxidation of metds, M, in
the alloys may berepresented by thefoll owing equa-
tiong+-13,
M +nl20* == MO ,+ne

and/or

M +n/2NO, === MO ,+n/2NO," +ne 3
Theformation of themeta oxideontheelectrodes

surface causestheir gpontaneous passivation and shifts

their potential in the more positive direction. Equa-

tiong?3 represent the anodic path of the e ectrochemi-

cal reaction. The cathodic path can be represented by

[11-13]

)

NO,"+e == NO, 4
Intheformer processthe metal isassumedtodis-

solveactively until supersaturation isreached, thenthe

metd cationsreact withthedectrolytetoformthebarierr
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layer asan insul ating precipitate on the meta surface.
Formation of the oxide can be represented as fol-
lows,

M —Kd 3 M 4 ne (5)
Mr+n202 _ X o Mo ©)
—_—

wherek , k. k , are the rate constants for the metal dissolution,

oxide formation and oxide dissolution, respectively. In the
present study the aluminum oxide filmis sparingly solublein
the melt and hence k>>k .

During oxidation of theelectrodesin moltenNaNO,
the corrosion potentid E_, varieswithtimet accord-
ingtothefollowing equation.

E.. =k +k,log(t+1t) 7

where K ,K_t° are constants for agiven electrode. Equation!”
was derived by anumber of investigators 4719 on the basis of
oxide growth under high electric fields. The field is assumed
to be created by adsorption of anions on the metal oxide sur-
face which creates an image charge of the same magnitude but
of opposite sign on the metal surface. Since the positive shift
inE_, of electrodesisdirectly proportional to the oxide film
thickness, it may be possibleto take k, asameasure of therate

of oxide layer thickening per decade of time.

Figure 2 showsthat the equation!” isapplicableto
the present resultsfor electrodes|-V inmolten NaN Q..
Theplotsinfigure 2 indicate that for each electrode
therearetwo vauesfor therate of oxideformation, k..
Thefirst vaueisfor theinitial stagesof oxidation and
formation of the oxidelayer, whilethesecond valueis
for thethickening of theoxidelayer. Thefirst vauesare
lower than the second values. Thevauesof k,arecal-
culated fromthedopes(AE_, A logtime) of theplots
infigure2for thedectrodesand arelistedin TABLE 2.
Theresultsinfigure2 and TABLE 2 indicate that the
values of k, greatly depend on the composition of the
electrode.

(2) Anodic polarization measurements

Figure 3 presentsthe conditions of low anodic po-
larization wherethepotentia E of thenonlinear part of
the Tafd plot against the current density for el ectrodes
I-V at 400°C, Different slopes (AE/Ai=R,) are ob-
tained for each electrode. TheR_valuesarelistedin
TABLE 3. Thedifferent valuesof exchangecurrenti
areca culated for the é ectrodes using the equation.
(dE/diyn_,=R =(RT/ZFi) )
where R, is the polarization resistance of the oxide scales at
low polarization conditions, R is the gas constant, T is the

temperature, Z isthenumber of the electrons (Z istaken roughly
=3) and F isthe Faraday. The calculated valuesof i_arelisted
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log lime
Figure2: Variation of corrosion potential, E_, , of theelec-
trodeswith logtimein purenitratemelt at 400°C

Figure3: Plotsof Ewithi_at low polarization conditions
for electrodesin molten NaNO, at 400°C

TABLE 2: Open-circuit measurementsfor theelectrodesin
molten NaNO, ssat 400°C

[ I T V
EJ mV -580 -660 -450 -540 -700
t/ min 75 86 40 53 90
1%k, mV/decade 110 90 250 125 75
1%k, mV/ decade 57142 500 850 785 392.85

in TABLE 3. Theresultsof thisTABLE indicate that the value
of Rpincreasesintheorderv <l <I<IV<IIl.Thevauesofi,

decrease in the same order.

Figure 4 representsthe gal vanostati c anodi ¢ polar-
ization behavior of eectrodes|-V immersedin molten
NaNOQ, at 400°C. After reaching steady-state poten-
tial under open-circuit conditions, the potentid firstin-
creasesdowly with increase of applied current density,
then greatly increaseswith increasing of current den-
Sty, indicatingtheonset of definitepassvation. Thistype
of passvation occur a definite current density, the pas-
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TABLE 3: Galvanostatic anodic polarization measurements
for theelectr odesin molten NaNO, at 400°C

I 1 M1 A\ V
R/ Q 1250 875 22222 1875 500
io /uA cm? 15435 22.05 8.682 10.290 38.589
icorr /MA Mm@ 20 30 8.5 10 85
ip /UA cm® 200 500 75 100 700
TABLE 4: Galvanic current measurementsfor theelectrodes
inmolten NaNO, at 400°C
Electrode  ijum/pPA  igMA  ijmm igpA  ts/min
I 750 25 725 70
I 760 50 710 90
11 740 5 735 30
v 750 20 730 50
\% 760 75 685 100
200 :.I Il_-‘i
pif o
ki : J‘.r ¥ ;’ |
el Fif i |
00 /J{;P .\‘II:' lf,ﬂil
E LIS o Jl_.-"l r.:-" .-"
s A

10000
ig pAsemi

Figure4: Galvanogatic anodic polarization curvesfor eec-

trodes

Current, F.l"n

R R T R T T R TR

Time /min
Figure5: Galvanic current-timeplotsfor theelectrodes
in nitratemelt at 400°C

sivation current density i o Thecorrosion current den-
sityi . fortheelectrodeswas determined by extrapo-
lating thelinear portion of the Tafel plot to zero over-

voltage (n=0), wheren equal sthe difference between
the polarization patential and theopen-circuit potentid.
Also, thevalue of passivation current density can be
determined by extrapol ating theverticd part of the po-
larization curvesto zero overvoltage (n=0) asabove
mentioned. Thevaluesof i , andi arelistedin TABLE
3. Theresitsindicatethat thevaluesof i , andi greetly
depend onthe chemical composition of the el ectrodes.

(3) Galvaniccurrent measurements

For theinvestigation of the oxidation behavior of
the el ectrodes, the gal vanic current between el ectrode
and theinert Pt d ectrode was measured until the steady
state was reached22),

Figure5 representsthe gal vanic current-time plots
of thedectrodes. The plotsindicatethat uponimmer-
sion of theeectrodesin the melt, the galvanic current
greatly decreaseswith timeuntil reaching steady-state
values. Thetimerequired to reach the steady state(t)
depends on the composition of the electrode and de-
creasesaccordingtotheorder V > 11 > 1> 1V > ll.

Theva uesof thega vanic current at themoment of
electrodeimmersioninthemelt (i, ) and at the steady
state (i) and thedifference (i, - ) arededuced from
theplotsinfigure5andarelistedinTABLE 4. If we
roughly consider thevalueof i _-i_asameasure of
thicknessand protective propertiesof oxidescaes, this
meansthese properties depend on the chemical com-
position of the electrodes. Also, theseresultsindicate
that the el ectrodes surface passivates and the passive
layer protectsthe el ectrodes from continuous corro-
son.

(4) Electrochemical impedancemeasurements

Thed ectrochemica impedance spectroscopy (EIS)
ispowerful tool in theinvestigation of corrosion and
passi vation phenomenain aqueous and non-aqueous
medi a2,

Theimpedence characteristicsof theelectrodesin
molten NaNO, were measured under open-circuit con-
ditions after reaching the steady-state potential at
400°C. Figure 6 presents the impedance diagrams
(Nyqiust plots) for the el ectrodes at steady-state con-
ditions. Theseimpedancediagramsarenot perfect semi-
circles, which has been attributed to frequency disper-
sion?? Inread systems, e.g. corrosion, thedeviation
fromtheideal semicirclesexistscorrespondingtorota-
tion of center of the capacitiveloop by angle® below
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Figure6: Nyquist plotsfor electrodesin molten NaNO,
measur ed after reachingthe steady-state potential under
open- circuit conditionsat 400°C
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Figure7: Nyquist plot for electrodel at different immer-
sion times: (1)15 min, (2)30 min, (3)40 min, (4)50 min,
(5)60 min, (6)70min, (7)80min

thered axis.

Deviation of thiskind often referred to frequency
dispersion, which hasbeen attributed toinhomogeneties
of thesolid surfaced?** thechargetransfer resistance
(R.) valuesare calculated from thedifferenceinim-
pedanceat lower and higher frequencies®l. Thedouble
layer capacitance C , wasdetermined fromthefrequency
f at which Z ismaximum, using therelationship.

-tz =(2rC, Rp)'1 9

The derived impedance parametersaregivenin
TABLE5. Theseresultsindicatethat thevalue of R

.. . P

depends on the composition of theelectrode and in-
creasesintheorder V < Il <1 <1V <Ill, whilethe
vaueof C, decreasesinthesameorder. Thevauesof
R and C, giveanindication of thethickness of the
oxide scales formed on the el ectrodes surface. The
morethick theoxide scales, thehigher thevaluesof R .
andthelower thevauesof C,. Theseresultsareina
good agreement with the previoudy obtained by other
techniques.

Thethickening of oxide scaleson thed ectrode sur-
faces can befollowed by impedance measurements,

—== Pyl Paper

TABLE 5: Impedance measurementsfor the electrodesin

molten NaNO, at 400°C
Electrode R,/Q.cm? Cgq /uF. cm?
| 1300 2.23
1 1200 2.95
i 1600 1.42
v 1450 1.69
\/ 1000 4.50

TABLE 6: Impedancedatafor ectrodesl-V inmolten NaNO,
at 400°C at different immersion times

Electrode Electrodell
Tr'nTnGI Ry/Q.cm? Cy/uF.cm® Time/min R,/Q.cm®Cy/pF.cm™
15 470 22.59 20 475 22.3
30 550 13.16 40 575 13.85
40 725 7.85 60 740 7.69
50 900 4.72 80 1000 455
60 1120 3.35 90 1200 2.95
70 1300 2.23 100 1200 2.95
80 1300 2.23
Electrodelll Electrode |V
Time/min R,/Q.cm? Cy/uF.cm Time/min R, /Q.cm? CqyuF.cm™
5 460 13.31 10 550 14.48
10 650 8.60 20 675 7.86
15 820 6.07 30 900 4.72
20 1110 3.59 40 1220 2.75
25 1350 2.41 50 1450 1.69
30 1600 142 60 1450 1.69
40 1600 1.42
Electrode V
Time/min R,/Q.cm? Ca/pF. cm™

20 425 26.76

40 550 14.48

60 700 10.11

80 850 6.69

100 1000 4.50

120 1000 4.50

wherethe Nyquist plotsare presented as functions of
immersion timein molten NaNO, under open-circuit
conditionsat 400°C, as shown in figure 7 for the elec-
trodel. Similar Nyquist plotsareobtained for the other
electrodesbut not shown. The plotsare depressed semi-
circles, thediametersof whichincreasewithimmersion
timeuntil thesteady stateisreached. Thisindicatesthat
thepolarization resistance of the oxidelayer increases
withincrease of immersion time sincethiscapacitive
semicircleiscorrelated with the diel ectric properties
and thickness of thebarrier oxidefilm® thevaluesR

and C, for the el ectrodes are cal cul ated as mentioned
aboveand arelisted in TABLE 6for different immer-
siontimes. Theseresultsindicatethat thevalueof R

increaseswithincrease of immersiontimeuntil steady
state is reached. On the other hand, the value of C
decreaseswithincrease of immersiontime. Thesere-
aultsindicatetheformation of protective passiveoxide
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Figure 8: Potential-time curves for electrodesin 0.2M
HCl after oxidationin molten NaNO, at 400°C under open-
circuit conditions

Es mY

Figure 9: Potential-time curves for electrodesin 0.2M
HCI after oxidation in molten NaNO,at 400°C under po-
larization conditions

scaleson theelectrodes surface upontheir immersion
inmolten NaNO,.

(5) Corrosion tests on the oxide scales

Figure 8 presentsthe potential -time curvesfor the
electrodeswhenimmersedin 0.2M agueousHCI solu-
tionsafter having been oxidized under open-circuit con-
ditionsin molten NaN O, at 400°C.

Thecurvesinfigure8indicatethat onimmersion of
the preoxidized el ectrodesin HCI solution thereisan
induction period after which the potentid of the elec-
trodes shiftsin the activedirection beforereaching a
steady-state condition. Thetime of theinduction pe-
riod and the time required to reach the steady-state
condition depend the composition of the el ectrodes.
Thesevauesweredetermined from theplotsof figure
8and arelistedinTABLE 7.

Consderingtheimmersion potentid (E, , , theelec-
trode potential a the moment of itsimmersionin HCI

TABLE 7: Corrosion datafor oxidescaleson preoxidised elec-
trodesunder open-cir cuit conditions

I 1 [l v \Y
Induction period /min 17 14 25 20 10
Eimm/ MV -250 -300 -100 -200 -350
EJ mV -950 -950 -950 -950 -950
Eimm- ES/ mV 700 650 850 750 600

Time of dissolution/min 32 25 45 36 20
mV/ min 22 26 189 21 30

TABLE 8: Corrosion datafor oxidescaleson preoxidised eec-
trodesunder galvanogtatic anodic polarization conditions

I 1 1" 1v v
1¥ step
Induction eriod/min 7 5 12 9 3
Em/mV 50 0.00 200 100 -50
E/mV -325 -350 -150 -250 -400
(Eimm-Es)/mV 375 350 350 350 350
Dissolution time/min 13 10 18 15 8
Rate of dissolution m/min 28.8 35 19.4 23.3 43.75
2nd step
Induction eriod/min 10 7 20 11 6
E/mV -860 -880 -800 -850 -900
Dissolution time/min 27 25 35 30 18
(Eimm-Eg)/mV 535 510 650 600 450
Rate of dissolutionV/min 19.8 4 1857 20 25

solution) asthe starting potentia for the preoxidized
electrode and the steady-state potentid (E ) asthefina
potentid, thevaueE,  -E_(dissolution potentia range)
canbecdculaed. Thetimerequiredfor theshiftin po-
tential fromE_|_to E_totakeplacet isrecorded. The
rate of dissolution of the oxide scalescan be estimated
by dividingthevaueof E_ -E_byt >3, Thecalcu-
lated resultslistedin TABLE 7 indicatethat thevalues
of E, ,, and therate of dissolution depend on thecom-
position of the electrodes. Therate of dissolution de-
creasesintheorder V>11>1>1V >1ll. Thisorderis
inagreementwiththevauesof E__inHCl. WhenE
ismore positive, theresistanceto dissolutionin HCI
becomesmore higher.

Figure9 presentsthe potential-time curvesfor the
pre-oxidized electrodes in molten NaNO, under
golvanostati c anodic polarization conditionsa 400°C.
Theplotsinfigure9indicatesthe presence of thein-
duction period beforedissolution of oxidescaesinHCI
solution. Thisinduction period for the electrodesis
shorter than under open-circuit conditions.

After theinduction period the corrosion potential
shiftsintheactivedirection indicating thedissol ution of
the oxide scales. After thisshift in potential, an arrest
startsto appear on the curves, thelength of which de-
pends on the composition of the electrode. After this
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arrest the potentia shiftsintheactivedirectionwitha
rate depending on the composition of the el ectrodeun-
til reaching asteady-state.

Thegenerd featuresof theplotsinfigure9indicate
the presence of multilayered oxide scalesontheelec-
trode surfaces, prompting usto cal culatetwo dissolution
ratesfor each eectrode. Theinitid and fina potentias
for each step were deduced from the shape of curve.

Therate of dissolution for each stepisa so deter-
mined. It can be mentioned that timefor thefirst step
was cd culated from the end of induction period to the
start of arrest, the second timewas cal culated from the
end of arrest to the starts of the steady-state.

Theresultsof thesecaculationslistedinTABLE 8
indicatethat theouter layer of oxide scaesislesspro-
tective and tends to dissolve in the acid solution,
whereastheinner layer of oxide scales hasahigher
resistanceto dissolution, therates of dissolution of both
oxidelayersdecreasesintheorder V>I1>I1>IV>III.

CONCLUSIONS

Electrodes| to V undergo spontaneous passiva-
tioninmolten NaN O, asindicated by the open-circuit
potential, galvanic current, and impedance measure-
ments.

The passivation of thedectrodesisdueto thefor-
mation of surface oxide scales, formed by reaction of
oxideionswiththemetdlic surface.

Thethicknessof the oxide scalesincreaseswithin-
creasingimmersiontimeuntil asteady-stateisreached.
Therateof thickening dependsonthecomposition of the
electrode and increasesintheorder V<II<I<IV<III.

Theoxidescaesonthedectrode surfaces dissolve
inaqueousHC! after aninduction period whichincreases
intheorder V <1l <I<IV <IIl.

The oxide scalesformed on the e ectrode surfaces
during anodic polarization aremultilayered. Theinner
layer ismore protectivethan theouter layer.
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