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ABSTRACT KEYWORDS
Ce-based conversion films have been assessed as alternatives for Galvanized sted!;
replacement of Cr®-based films, which have been forbidden for their toxicity Ce-based conversion films;
and carcinogenic properties. However, corrosion protection associated with Corrosion;
chromatefilmsisdifficult to achieve by other surface treatments. Experimental EIS;
results have revealed that to obtain the highly satisfactory results provided SEM;
by chromate-based conversion coatings, it is necessary to improve the EDXS,
anticorrosive properties of the new chromium-free coatings. The present XPS.

work dealswith the effect of the oxidant concentration in the cerium-based
conversion baths on the corrosion resistance of the films deposited on
galvanized steel. Electrogalvanized steel sheets were exposed to cerium
chloride-based baths with different concentrations of oxidant for a minute.
The surface of the treated sampleswas analyzed by XPS and SEM-EDXS,
while its corrosion resistance was investigated using electrochemical tests
(EIS) conducted in a 0.05 M NaCl solution and the impedance spectra
evolution analyzed as a function of the exposure time. The results showed
adirect relationship between oxidant concentration and corrosion resistance.
When the oxidant concentrationrosefrom2 mL.L*to 12 mL.L, thecorrosion
resistance increased about 5 times, and this was attributed to the decrease
in the Ce*/Ce* relationship of the conversion film.

© 2014 Trade ScienceInc. - INDIA

INTRODUCTION sion coatings composed of Cré* and Cr® oxidesand

hydroxideshave beenusedinindustry for over 50 years.

Conversion coatingsare used not only toimpart  However, Cr compoundsare extremely dangerousfor
corrosion protection but also toimproveadhesionof  human health and generate serious problems of envi-
paint systems/ metd surface. Chromate-based conver-  ronmenta contamination. In particular, and appedling
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to increasingly restrictive measuresregarding effluent
discharge, handling of specimenswith chromic treat-
ments and exposure of workersto sprays, pressures
ontheindustria sector to diminatethe useof Cr com-
pounds havelately become stronger3. Consequently,
investigation of new pass vation processes asaterna
tivesfor replacement of Cr&*® isneeded. Rare earth-
based conversion coatings have been reported asone
of anumber of aternatives. Amongthem, formulations
such asceriumnitrate (Ce(NQ,),)), cerium perchlorate
(Ce(ClO,),) and cerium chloride (CeCl,,), have been
gpplied onarangeof metad sincluding duminum, mag-
nesum, tinandzincdloys.

Inearlier works, conversion coatingswere obtaned
by immersion of themetd in cerium sat for along pe-
riod of time*29, Lately, the process has been acceler-
ated by acidifying the solution and adding hydrogen
peroxide (H,0,). Theaddition of an oxidant and the
acidification of thesolution alowed conducting the pro-
cessin areasonable period of time (< 10 min)®17-24,
Electrolytic deposition3162527 gpray2328-30 g0 -gel
process®*4 and co-deposition with apolymer™ are
among the Ce-based passi vation methods used.

Aramaki conducted several studieson corrosion
of passivated Zn onfilmscontaining Ceand exposed to
0.5M NaCl solutiong™*183537, Thisauthor determined
that duringimmersioninaCr® st (nitrateor chloride),
athinfilm (~50nm) of hydrated or hydroxilated Ce,O,
containing asmall amount of Ce*™, derived from Ce*
oxidation with hydrogen peroxideH,O,, isformed on
the Zn layer. Such oxidation reaction took placeat the
cathodic sitesasfollows:
0,+2H,0 +2e - H,0,+20H- )
2Ce* +H,0,— 2Ce* + 20H" @)

AccordingtoAramaki, thehydrated or hydroxilated
Ce,0, layer grew quickly onthezinc surface by direct
reactions on the hydroxilated surface, [Zn]OH with
partialy hydroxilated or hydrated Ce** ions, asfor ex-
ample

[Zn]OH +Ce(l11)OH — [Zn]OCe(l11)OH + H* ®)
[Zn]OCe(I11)OH +Ce(l11)OH — [Zn]OCe(l11)
OCe(l11)OH +H* @)
2[Zn]OCe(I11)OH — [Zn]OCe(l11)(OH)OCH( 1)

o[zn] +H* ®)

Repesated reactionswoul d lead to theformation of
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the Ce,O, filmi®-%. Thisfilmwould prevent the ca-
thodic process of zinc corrosion by acting asabarrier
agang theoxygen diffuson. However, thislayer hasno
sdlf-hedling activity, therefore, to suppressthe anodic
processin scratched areas of thezinc surfaceisneces-
sary to modify the Ce-based film by different proce-
dures. Inthissense, theusage of H,O, generatesafilm
containing ahigher amount of Ce** ionsthat improves
the protectiveability of thehydrated cerium oxide8.

Scholeset al " proposethat the addition of H,O,
to the sol ution forms peroxo-cerium Ce(H,0,)*" com-
plexes, whichevolve by deprotonation and oxidation
towardsinsol uble species such as Ce*(0,)(H,0,)*.
Thispredipitatesforming CeO, nanocrystds, whosesize
decreases asthe H,O, concentration increases.

Theam of the present work wasto study the anti-
corrosion effect of the H,O, concentration in CeCl,
solutions used in the passivation treatment of
el ectrogal vanised stedl sexposed to the action of 0.05
M NaCl solution.

EXPERIMENTAL

Materialsand samplespreparation

Panels of el ectrogal vani sed sted were passivated
by Ce-based conversion films obtained from the solu-
tionsindicated in TABLE 1, and according to thefol-
lowing procedure: 1) removad of theoriginal Zn coating
by consecutiveimmersioninthreecubescontaining 1:1
de HCI solution; 2) rinse with flowing tap water; 3)
anodic degreasing at room temperature by using 20%
ST 190® +10% ST 091® solution for 5 min, current
density 3A.dm?; 4) rinse with flowing tap water; 5)
activationin 5% Prepaloy® for 30 s, 6) rinsewith flow-
ing tap water; 7) eectrogalvanised in SurTec 704® bath
(KOH- based), current density 3.25A.dm, and volt-
age 3.5V for 45 min; 8) rinsewith flowing tap water;
9) activationin 1% HNO, solution for 155s; 10) rinse
with flowing tap water; 11) activationin NaHO solu-
tion (pH =12.85) for 15s; 12) rinse with flowing tap
water; 13) immersion in one of the conversion baths
depictedin TABLE 1 at 23+2 °C for 1 min; 14) rinse
withflowing tap water; 15) dryinginhot air

Characterization methods
Thesurface of thesamplesbeforeand after thed ec-
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trochemical impedance andysiswasandyzed by scan-
ning el ectronic microscopy and energy dispersive X-
ray spectroscopy. The analyseswere conductedin a
Philips SEM 505 scanning el ectronic microscope, with
Images Digitdizer Soft Imaging Syssem ADDA Il and
analytical capacity throughtheEDAX DX PRIME 10
Microwave Sysemwith ultrathin window (UTW).

TABLE 1: Conversion bathsconcentration
H-0,

Bath CeCl;[g.L™] (mL L] HsBOs;[gL™ pH
A 2.40 2.00 0.02 3.80
B 2.40 5.00 0.10 3.20
C 2.40 8.00 0.10 321
D 2.40 12.00 0.10 3.18

Theconversonfilmscompositionwasanayzed by
X-ray photoel ectron spectroscopy (XPS). The spec-
trawere taken by exciting with 1253.6 eV radiation
(MgKa, non-monochromeatic), anodic voltage 13kV,
and power 300 W, by means of a PHOIBOS 100
MCD, SPECS Hemispheric Energy Analyzer, operat-
ing with apass energy of 40 eV for broad spectraand
regions used for quantification, and 10 eV for there-
gion of Ce3d high resol ution used for thedeconvol ution
and ca culation of the Cr*/Cr** ratios. The spectrawere
obtained intheinitid stageand after scrapeeach sample
withAr* bombardment (3keV) for 15and 30 min. The
quantification was conducted by assuming that the
present d ementswerehomogenoudy distributed inthe
entire samplessurface. Thecalculation of the Cr** and
Cr# percentages was conducted from the
deconvolution of the Ce 3d,,, transition by using the
componentsindicated in TABLE 21341

TABLE 2: Componentsof the XPS spectrum cor responding
toCe3d

Ce Vo \% v’ v’ v
3ds,  (CeM) (ceY) (ce") (ceY) (ceY)
Ce Uo u u’ u”’ u’’
3dg,  (CeM) (ceY) (ce) (ceY) (ceY)

The Ce(l11) porcentage was calculated as follows:
%Ce(ll1)= (u+u’)/(utu+u™+u’"+u’"")

Electrochemical tests
Theshielding performance of each coating applied
onthested sheetsand subjected to continuousimmer-

sioninopentotheair 0.05M NaCl solution wasstud-
ied by EIS measurements carried out using aconven-

—= PFyll Pgper

tiond eectrochemicad cell with thethree-electrodesar-
rangement: aPt wirewith negligibleimpedanceacting
as counter electrode, a Saturated Calomel Electrode
(SCE) wasused asreference e ectrode, and thework-
ing el ectrodewasthe coated steel sample, placed hori-
zontally looking upwards at the bottom in aflat-cell
configuration. Theel ectrolyteswereconfinedin glass
tubes attached to the working el ectrode by an o-ring
defininganomind testing area=1.77 cm?. All themear
surementswere performed at room temperature (22+3
°C).

Impedance spectrain the frequency range 102 <
f(Hz) < 10° were obtained, in the potentiostatic mode
at theopencircuit potentid (OCP), asafunction of the
immersion time in the electrolyte solution using a
Solartron 1250 frequency response and yzer connected
toan EG& G 273A potentiostat and both controlled by
the ZPlot® program. Thermswidth of the sinusoidal
voltage signal appliedto the systemwas8mV, and 10
points per decadewereregistered. All impedance mea
surementswere executed with the e ectrochemical cell
insideaFaraday cageto reduce external interferences
asmuch aspossible. The samplesintegrity was checked
by measuring the corrosion potential after al thetests
to confirmthat thechangefromtheinitia valuewasno
higher than+5mV.

The samples’ performance was monitored for 4
days. Between oneand the next measurement wasal-
lowed to elapse 1 hfor thefirst 8 h of exposuretothe
salt solution, and then 12, 18, 24, 48, 72 and 96 h.

Taking into account that the corrosion behavior of
pasd vated, painted and/or multi coated materidstrictly
dependsonthe production procedure, dl thetestswere
carried out on three replicates of each sampletypeand
the averageresults obtained for them are the reported
inthefollowing Tablesand Figures.

RESULTSAND DISCUSSION

SEM-EDXS analyses

Figure 1 showsEDXS spectraof thesamplesprior
to éectrochemical impedancetests. The spectrashow
that the amount of Ceincluded inthe conversion coat-
ing slightly increasesasthe H,O, concentrationinthe
bathisincreased.

FHaure2illustrates SEM imagesof thesamples’ sur-
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4n Sample 2 Zn Sample 5
Element Wt % At % Element Wt%  At%
CK 7.95 26.89 CK 761 2450
0K 855 211 0K 1187 28868
Cel 149 043 Zn CelL 243 069
InK 82.01 5097 ZnK 7802 4613
Total 10000 10000 Total 10000 100.00
Zn
0 0
ik z : c
s mmiaatesSmalieiiionssstunbaile i
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.0010.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.0010.00
LU Sample 6 Zn Sample 7
Element Wt %  At% Element Wt% At%
CK 7.53 2084 CK 8.46 2207
oK 21.02 4371 0K 2366 4634
Cel 3.37 0.80 CelL 3.79 0.85
ZnK 68.08 3485 ZnK 6410 3073
Total 100,00 100,00 Total 10000 10000
Zn Zn
o 0
|
C Te C =
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 0.90 1.80 2.70 3.60 4.50 5.40 6.30 7.20 8.10 9.00

Figurel: EDXSspectraof passivated samples
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face analyzed after their contact with the aerated 0.05
M NaCl solutionfor 120 h. It isseen that the amount of
corrosion products deposited on those samples de-
creased astheH,O, concentrationincreasesinthe pas-
svating bath.

XPSanalysis

Figure 3 exhibits X-ray photoel ectron spectraof
componentsZn 2p, O 1s, and Ce3d for the surface of
sample 2 treated in the bath A at 22+3 °C for 1 min.
Thedepth profilesof the componentsareindicated with
thesputteringtime(t,) inthefigure. As seen, these spectra
indicatethat initially the carbon coming from contami-
nation wasthe predominant surface element, but a so
that asmoresuperficia layerswerediminated through
repetitive Ar+ bombardments, the amount of carbon
decreased and the components corresponding to ce-
rium, zincand oxygenweremorevisble Theother three
samplesshowed similar spectra.

A small peak of Zn?* (hydroxide) appeared at ~
1023 eV of the binding energy at t. = 0 min, and an
intense peak of Zn° emerged at ~ 1021 eV att > 15
mininthespectraof Zn2p,,.

Therewasapeak of O* at ~ 530 €V inthe spectra
of O 1s, whoseintensity increased asthet_didit. Some
peaks of Ce* and Ce** appeared intheregionsof the
binding energy between 870 and 925 eV, whoseinten-
sity alsoincreased withthet_inthe spectraof Ce3d,,
and Ce3d,,,. Aswell, anincreasing satellite peak of
Cet (u™ peak) was detected in the region between
916 and 920 eV in the Ce 3d, ,, indicating the pres-
enceof asmall amount of Ce* inthelayert*243,

Sample 2 4

P ng [C1s% [ Cce3d5/2% | O1s% [Zn 2p3/2 %
O mn 7 32 21|43 —
207 |81 205 |8

Zn 2p
Ce3d

O KLL
Ar'Sputtering 3kV

N(E)

30 min

15 min

0 min

1000 800 600 400 200 0
Binding Energy [eV]

Figure3: XPSspectraof sample?2
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In order to definethe peaksin the Ce 3d spectra,
theintensity of thepesksinthespectraatt =0, 15and
30 minwasenlarged for samples2, 5and 6, Figure4.
Theintensity of the satellite peak at 917 eV increased
withthet,, indicating that anincreasing amount of Ce™*
wasincludedintheinternal partsof the Ce,O, layer as
thewear out of the superficial layer increased. Other
peaks corresponding to the Ce 3d components of the
same samples used to cal cul atethe percentage of Ce**
inthecerium conversion coating are observed at 881.4,
882.8, 866.1, 899.3, 901.6, 904.7, and 907 eV.

Aswell, it can beseen that asthe H,O, concentra-
tionincreasestheu, u” and u””” components (corre-
sponding to Ce*) alsodo it compared with those (u,
and u’) corresponding to Ce**.

TABLE 3indicatesthat the Ce**/Cée* ratio (R) in-
creased with the time of bombardment (t) but de-
creased asthe H,O, concentration in the passivating
solutionincreased. Theseresultsimplied that the con-
tent of Ce* inthe conversion coating washigher at the
outermost part of thelayer than at theinside part.

TABLE 3: Ce(1V) toCe(l11) ratio

Time of Sample2  Sample5 Sample 6
Bombardment o4 % % % % %

with Ar” Ce Ce Ce Ce Ce Ce
(min) DEMMEIDEMEIDEO)
0 3150 6850 ----- - 0.00 100.00
15 72.60 27.40 52.80 47.20 44.90 55.10
30 74.60 25.40 61.20 38.80 46.90 53.10

Electrochemical impedance

Theé ectrochemica impedance spectraasafunc-
tion of the exposure time corresponding to
el ectrogal vani sed steel sampleseither unpassivated
(control) or treated with one of the different passivating
baths (sample 2 correspondsto bath A, sample 5 to
bath B, sample 6 to bath C, and sample 7 to bath D)
areshownasNyquist diagramsin Figure5.

Asit can be seen, theimpedanceincreasesin the
unpassi vated samplewith theexposuretimeupto 12 h,
but decreasesmarkedly after that period. Theinitia in-
creaseintheimpedance was attributed to theforma-
tion and growth of areatively steady film of Znoxide
from theanodic (Zn dissol ution) and cathodic (oxygen
reduction) reactionstaking place at defectsof thelayer

) CHEMICAL TECHNOLOGY
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Figure4: XPSspectra of the Ce3d component

and over thesurface, respectively:
Zn—>Zn* +2¢e (6)
0,+2H,0 +4e - 40H" @
As a consequence of the same, zinc hydroxide
preci pates on the surface and changes to zinc oxide
gradudly forming apassivelayer, which canimprove,
at this stage, the corrosion resistance by acting asa
barrier against the diffusion of the aggressive agents
(particularly Cl ions) from theelectrolyte’s bulk to the
meta surfaced™:
Zn?+40H - Zn(OH),+ZnO +H,0 )
However, because Cl- accumul ates at defects of
thepassivefilmandreactswith Zn(OH), formingsoluble
Zn?—Cl—OH- complexes, the passivefilmisbroken
down and loca Zn dissolution occurstherd®>#l, insuch
away that thefilm formation rate becamelower than

the dissolution one, generating adecreaseinthefilm
thicknessand, therefore, initsprotective ability.

Thesampletreated with bath A showsthat although
after 1 h of exposuretheimpedancevaueissmilar to
that of the control sample, the subsequent increaseis
much lower but thereductionisproduced after 48 h of
exposure. Thisdifferencein the behavior wasattrib-
uted to thefact that being the kineticsof Zn oxidation
sower dueto the passivating effect of Ce, thegrowth
and protectiveability of theZn oxidefilmand therate
of Zndissolution aredightly lower, but their protective
effect lastslonger.

All the sampl estreated with the passivating solu-
tionsshow that asthe H,O, concentrationincreasesin
thebath theimpedance va ue doesit in such away that
this latter was amost 5 times greater in the sample
treated with the solution D than inthe sampletreated
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Figure5: Electrochemical impedance spectra.

withthesolutionA. Thissignificant increaseintheim-
pedanceisindicativeof abetter protectivelayer against
thezinc corrosion, and it was attributed to theaddition
of effectssuch as higher thickness of the passivating
filmandtheincreaseinthe Ce&* proportioninthefilm
deposited onthe Zn layer. Thisevidence, in agreement
withthe SEM images(Figure 2), confirmsthedeve op-
ment of aprogressivedecreasinginthed ectrochemica
surfacereactivity. Hence, it was concluded that the pro-
tective ability of the hydrated Ce,O, layer against the
zinc corrosionin aerated 0.05 M NaCl solutionduring
theimmersion wasremarkably improved by increasing
the solution H,O, concentration. Onthe other hand, as

thisconcentrationin thebath increases, the appearance
of moretime constantsisobserved indicating that, de-
Spiteitspassi vating effect, themeta surfacein contact
withthedectrolyteisdtill dectrochemicaly reectiveand,
therefore, itissubject tolasting variationsin thekinetics
and/or mechanisms of the physi cochemical processes
affectingit.

CONCLUSIONS
Theeffect of anincreasing H,O, concentration on

the protective capacity of aCe-based layer against the
zinc corrosion in aerated 0.05M NaCl solution for a

———— 3 OCHEMICAL TECHNOLOGY
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number of hourswas studied. From theanalysisof al

theexperimenta resultscould beinferred that:

1 Thecorrosonresstancedetermined fromtheim-
pedance values, increased considerably with in-
creasing H,O, content.

2 TheCerium content determined by EDXSincreased
dightly withtheincreasing of H,O, content inthe
bath.

3 Theamount of corrosion productsformed after 120
himmersionin aerated 0.05 M NaCl solution de-
creased withincreasing H,O, content.

4 Ce*/Ce* relationshipinthe conversion film de-
creased withthe H,O, content inthetreatment so-
lution. Thisratiowaslower inthesurfacethanin
theinner part of thesample.
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