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ABSTRACT

A comparative study on the anti corrosive behaviour of 55%Aluminum-Zinc-
alloy and Zinc hot-dip coated carbon steel immersed in 0.5 mol/L NaCl
solution was performed using DC (polarization curves) and AC
(electrochemical impedance spectroscopy) techniques. Also, the corrosion
products formed under these testing conditions were characterized using
XRD, SEM and EDS. The experimental results showed that the corrosion
resistance of the 55%Al-Zn alloy coating showed a synergistic effect being
more satisfactory than the each metal used separately and the Zn tested
coating. Thiswas attributed to the effectiveness of two forms of protection:
the cathodic protection and the barrier effect (afforded by a basic zinc-
aluminum carbonatelayer) acting together. The morphological characteristics
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of their corrosion products also differed.
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INTRODUCTION

Coatings based on zinc aloneor someof itsaloys
areoneof themost common waysto protect sted from
corrosioninvariousenvironments. Exposed to specific
aggressive media, the steel stability dependsupon the
chemica composition, conductivity, adherence, solu-
bility, hygroscopicity and morphologica characteristics
of thefilm formed onitssurface becauseall of them
determine the capacity of such afilmtowork likea
controlling barrier of the corrosion typeand/or rate¥,
Inthissense, the galvanic protection of stee by means
of zincisacommon examplenot only dueto thefact
that being the Zn el ectrochemically more activethan
the stedl that corrodes preferentially, but also to the

barrier effect of the corrosion productsprecipitated on
themetallic surface?4. Particul arly, Zn-based coatings
are widely used in order to protect steel structures
against atmospheric corrosiont®, because of the pro-
tective propertiesafforded by aninsolublefilm of basic
zinc carbonate. However, under certain exposure con-
ditionssuch asdepletion of air, high humidity or elsea
medium containing strongly aggressivespecieslikechlo-
ride or sulphateions, theZn dissolvesforming soluble,
lessdense and scarcely protective corrosion products,
which sometimes|ead to thelocalized corrosion phe-
nomenon®>7, Thiscondition can bereached during the
storage, transportation and/or when gal vanized steel
sheetsareexposed to marineand/or industria environ-
ments.


mailto:ardisarli@cidepint.gov.ar

MSAIJ, 12(8) 2015

A.R.Di Sarli et al.

291

On the other hand, aluminum coatingshave over-
comethesetwo factors. Neverthel ess, asthey cannot
provide cathodic protection to exposed steel in most
environments, early rusting occur at coating defectsand
cut edges; besides, these coatingsare al so subjected to
crevicecorrosionin marineenvironments®.,

For many years, attempts have been madetoim-
provethe corrosion resistance of zinc and aluminum
coatingsthrough aloying. Although the protective ef-
fect of combinations of thesetwo dementswasknown,
they werenot used until the discovery that siliconinhib-
itstherapid dloying reaction with sted®; thus, thedloy
whose compositionis55% Al, 1.6% Si, the rest Zn,
was selected from asystemati ¢ study, providing an ex-
cdllent combination of gal vanic protection andlow cor-
rosion rate. Once such adevelopment was commer-
cidly available, thested sheet coated withthisaloy has
gained animportant portion of themarket tothegava
nized stedl, mainly inthe building, € ectrodomestic, en-
ergy transport and automotiveindustries.

In order to be used under specific service condi-
tions, the choice of the best coating should be done
taking into account that thelongest useful lifeobtained
at thelowest cost isthe paramount market parameter.
Dueto thereactive nature of these coatings, the corro-
sion products play an important rolein the protection
mechanism, making theselection procedureeven more
complicated. Therefore, as part of awider’® study
to characterizethe corrosion performanceof Znaone
or 55%Al-Zndloy hot dip coated stedl, theaim of the
present paper isproviding resultswhich, inthiscase,
wereobtained using polarization curvesaswell asfree
corrosion conditionsin ClI- contai ning sol utions. Corro-
sion progress was monitored through periodic visual
inspections. The corrosion products were character-

TABLE 1: Chemical composition of thetested coatings(wt%)

Zn Al S Sh Cd Pb Fe
99.72 0.10 ---- 0.09 0.004 0.05 0.03
0.03 0.04

Galvanized
55%Al-Znaloy 4333 55 16 ---
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ized usng X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM), and Energy Dispersive Spectros-
copy (EDS) at differentimmersiontimestogiveaten-
tative explanation of the protection mechanismin each
sted/metdlic coating system.

EXPERIMENTAL DETAILS

Surfacecharacterisation

Thesgtudieswerecarried out oncommercidly avail-
ableAlSI 1010 steel sheets(15cmx 8cmx 0.1cm)
coated with Zn or 55%Al-Zn all oy by the continuous
process. TABLE 1 gives the chemical composition of
the coatings, whiletheir thickness, microhardnessand
averageroughness measured with standard equi pment
aresummarized in TABLE 2. All the samples were
degreased with dkainedetergent and toluene; they were
then kept indesiccatorsuntil further used

All the sampleswere degreased with alkaline de-
tergent and toluene; they werethen kept in desiccators
until further used.

Salt spray cabinet (SSC) and humidity cabinet (HC)
tests

Thesdt spray and humidity cabinet testswere per-
formed under the criteriaestablished by ASTM B-117/
O07aand ASTM D-2247/11 standards, respectively.
Duringthetests, thegpecimens’ position within the cabi-
net was changed after each inspection to neglect the
possibility that the position might affect theresults.

Corrosion progress was monitored through peri-
odic visual inspections. The corrosion products mor-
phology and coating degradation werefurther studied
by Scanning Electron Microscopy (SEM) usingaPhilip
mode SEM 505withADDAII system, whileitscom-
position wasdetermined using Energy Dispersive Spec-
troscopy (EDS) withaS detector and 20 keV energy.
TheX-Ray Diffraction (XRD) directly applied onthe
tested samplesor the powderswas carried out usinga

TABLE 2: Coatingsthickness, microhardnessand roughness

Thickness (*) (um)

Microhardness (**) (HV)

Roughness (***) (um)

Galvanized
55%Al-Zn aloy

15.2
225

157.12
221.14

0.31
0.80

(*) Elcometer mod 300; (**) Microhardmeter Shimadzu type M.I.; (***) Hommel Tester mod T 1000
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Philipsdiffractometer with acopper tubeanode (1.54
A) operated at 50 kV/30mA. Samples were step-
scanned between 5 and 80° with a step size of 0.02°
and atimestep of 1s.

Electrochemical tests
(a) Polarization curves

On each plate, and separated by a distance of 1-
1.5cm, twocylindrical tubesof transparent acrylicwere
fixed by means of an epoxy adhesivein order to get
good adhesionto themetallic substrate. In thetypical
electrochemica cdll withthreeelectrodes, theworking
electrode (WE) wasthe coated steel shest, leaving ex-
posedto thed ectrolyteageometrica areaof 15.9cn?,
the counter-€ ectrodea Pt-Rh mesh of high surfacearea
oriented parallel tothe WE, and thereference a Satu-
rated Calomel Electrode (SCE). Each cell wasfilled to
adepth of 9 cmwith 0.5 mol/L NaCl solution (pH 8.2,
Kk =42.10 mS/cm) at room temperature, i.e. 20+2 °C.
Theanodic polarization curveswere performedin a
potentiostatic modewith aPAR 273A potentiostat con-
trolled by the Softcorr® program. The potential rate
swept was 0.166 mV/s (sufficiently low to guarantee
an almost steady state). All the measurements were
carried out inaFaraday cagein order to minimizeex-
ternal interference on the system.

(b) Cathodicprotection level

Theability of Zn, 55%Al-Zn aloy or Al hot-dip
coatingsto cathodically protect steel wasa so evalu-
ated. Thetested electrodes (15 cm x 3cm x 0.1 cm)
wereprepared from stedl sheetspartialy hot-dip coated
with Znor 55%Al-Zn aloy. Aninsulated copper wire
was spot-wel ded to acorner of each sample. Thewire
was encapsul ated and i sol ated from the e ectrol yte so-
[ution by using an epoxy resin. Thearearatio of zinc
coating to steel was4/1in al sets of measurements.
The partly coated stedl stripsimmersedin the electro-
lytewere horizontally positioned, Figure 1. Supported
by arigidframe, six Lugging probetipswiththeir re-
spective SCE placed abovethe stedl strip (WE) were
submerged inthedectrolyte. Thefirst probestripwas
ether directly over or at theleve of thecoatingand the
rest was placed aong the WE at distances of 2; 4.1,
6.1; 8.1 and 11.4 cm measured from the edge of the
coating. Thegap between the steel strip and the Lug-

ging probetipwas set at 2 mm. The experimental ar-
rangement isin agreement withthat reported by Badwin
et al. elsewhere®. Immersion testswere a so accom-
plished usngsimilar samplesbut arranged with anincli-
nation angleof 30° from the vertical in a glass vessel
filled out with the agueous el ectrol yte and kept at the
|aboratory environment.

Thestedl strip and each reference electrode were
connected to avoltmeter with high (> 107 &Q) input
impedance. The potential at each position along the
WE was measured as a function of the immersion
time. The experiments were halted when the poten-
tial aong the entire length of the WE reached the
open circuit potential of the bare stedl.

Inall thetests, the electrolyte was an opento the
lab atmosphereand quiescent 0.5 mol/L NaCl solution,
pH 8.2,k =42.10 mS/cm.
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Figurel: Scheme of the cell used to measurethepotential
distributionin partially coated stedl sheets.

Figure2: Surfaceaspect of thehot-dip galvanized stedl
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RESULTSAND DISCUSSION

Surfacecharacterization

Figure2 exhibitsthe characteristics“flowers” of the
Zn, whileFigure 3a-b showsthetwo-phase structure
of the 55%Al-Zn alloy coatings, respectively=.

Thelatter wasformed by anAl rich phase occupy-
ing dendritic placesand another one, richinZn, filling
theinterdendritic ones. It isimportant to remark that
these resultswere confirmed by EDSstudiesand arein
accordancewith publicationsby other authorg®337.

Salt spray cabinet

Figure4 displaysthe surface state of both coated
steel panels 264 h after exposurein SSC. After 5h
exposure, hexagond planecrystascaled platel etshav-
ing preferential facing (normal to the substrate plane)
could be observed on the galvanized steel samples.
Thesecrystalsgrew forming idandswhich soread over
all the surface asthe exposuretimeincreased; many of
them nucleate heterogeneously on the surface defects
but the majority do it on NaCl crystals that, in turn,
precipitateonthemetalic surface®. XRD analysisin-
dicated that Zn (OH),Cl..H,O (Smonkolleite) wasthe
mag or component of thecorrasion products, whilst EDS
results confirmed that chlorine, zinc and oxygen were
themain elementspresent inthehhexagonal crystals. It
can beassumed, therefore, that in agreement with the
proposd of other authorg®*, the hexagonal crystals
observed by meansof SEM areof Smonkolleite. Traces

and b) 55%Al-Zn.

of zinc oxide (ZnO) and zinc hydroxycarbonate
(Hydrozincite) [Zn (CO,),(OH) ] werealso detected.

After 24 h exposure, the two-phase structure of
the 55%Al-Zn coating displayed no evidence of attack;
however, when the same zone was seen with 1500X,
theformation of small acicular crystals could be ob-
served into theinterdendritic places (Znrich phase).
Theseacicular crystds, mainly of Hydrozincite, would
demondtrate apreferentia interdendritic dissolution of
thezincrich phaseasthefirst step of the coating corro-
sonwith alower kineticsthaninthe galvanized stedl.
After 360 h, the XRD andysisidentified thebasiczinc
auminum carbonate[Zn Al (OH), CO,.4H.0] asthe
main corrosion product. Thiscompound hasa so been
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found in Galfan (5%Al, Zn therest) in marine envi-
ronments accompanied, in smaller amount, by
Al(OH) 3739401,

Humidity cabinet

Figure 5 shows the surface state of both coated
steel pand safter 624 h of exposuretoHC. XRD stud-
iescarried out onthe ga vanized sted samplesshowed
that basi c zinc carbonate was the only constituent of
the corrosion products. On the other hand, the XRD
results corresponding to the steel/55%Al-Zn aloy
samples (together with the SEM ones) indicated that
there was neither corrosion products on the coating
surfacenor changesinitsstructure,

Figure5: Surfacestateafter 624 h of exposurein HC. a) Zn;
and b) 55%Al-Zn

Polarization curves

Figure 6 showstheanodic polarization curvesob-
tained for the Zn or 55%AI-Zn coated steel samples.
Noneof the samples showed meaningful differencesin
their anodic behavior; dl thesamplesdissolved at asmi-
lar rate and no passivation effect was observed. Asthe
anodic pol ari zation progressed the € ectrolyte became
opal escent dueto corrosion product suspension; thus,
after polarizing 0.5V thedissol ution current gradual ly
decreased inthe Zn or 55%Al-Zn dloy coatings, be-
cause of thebarrier protection provided by alayer of
such productsthat compl etely covered the surface. In
addition, onthe 55%Al-Zn aloy coating agasbubble
evolution wasnoted. Asat thereached potentia level
neither hydrogen nor oxygen can evolvedectroliticaly,
the bubbleswould probably be aconsequence of the
water hydrolysisin presenceof activeauminum.

Woterioly Stience  mm——"
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Figure6: Polarization curvesof Zn, or 55% Al-Zn coated

steel samplesin 0.5 mol/L NaCl solution, pH = 8.

Moreover, considering that the corrosion poten-
tial of bare steel exposed to 0.5 mol/L NaCl solu-
tionisabout -0.7 V/(SCE), and the measured values
for the Zn/steel and 55%AI-Zn/steel coupleswere -
1.02 and -0.98 V/SCE, respectively, it was inferred
that both coatings may provide effective cathodic
protection to the underlying steel.

Cathodicprotection level

Figure7 showsthesurfacepotentia distributionover
azinc/sted or 55%Al-Zn/sted couplesasafunction of
thedistance duringimmersionin quiescent 0.5 mol/L
NaCl solution. Ingenerd, asthedistancefrom the coat-
ing/steel boundary wasincreased, the steel potential
moved towards more positiveval ues, however, dueto
thehigh ectrolyte conductivity, the potentia drift was
no more than 0.020 V. A potentia dependence with
theimmersion timewas also found; thus, asthetime
elapsed the shape of the curves did not change but the
open circuit potential shifted to morepositivevalues,
reducing the cathodic protection level.

At the beginning of thetests, the partially galva
nized stedl sampleshad themost active potentia value,
-1.020 V/(SCE).

In general, the cathodic protection level provided
by the Zn or the 55% Al-Zn coatingsto the stripped
steel decreased monotonically with the distancefrom
the point O, defined asthe position of the bare steel/
coating interface. Thefalling value of the protection
potential isdirectly dependent on the electrochemical
reactivity of the coating and the e ectrolyte conductiv-
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Figure7: Opencircuit potential distribution vs. distancefromtheedgeof the partly coated sted area, usingtheexposuretime
asparameter.

(a) (b)

Figure8: Corrosion productsof (a) Zn; or (b) 55% Al-Zn hot-dip coated steel in 0.5mol/L NaCl solution.
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Figure9: Characterization of theZn coating corr osion productsin 0.5mol/L NaCl solution.

ity. For the Zn/stedl couple, the higher potentia drop
aongtheuncovered stedl area,i.e. E -E,.=E__,was
around 0.005V (Figure5), whilethe protection poten-
tial remainedintheorder of -1 VV/SCE for about 120 h.
After 153 h of testing, a sharp drop (about 0.2 V)
was observed at the protection level, and the visual
observation allowed determining amost total con-
sumption of the Zn coating. This brought about the
corrosion of the underlying steel and led to subse-
guent shielding of the substrate by theformed corro-
sion products. This layer caused the corrosion po-
tential decreasesto about -0.82 V at 169 h and then
t0-0.78 V at 189 h, time at which the test was ended.

Theinitially slow potential displacement can be
explained by taking into account the existence of air
formed oxide on galvanized coating. When galva-
nized coating with air formed oxide film corrodes
in achloride medium, dissolution of the air formed
oxide layer precedes that of the zinc; subsequently,
oncethislayer isconsumed, the higher el ectrochemi-

Woterioly Stience  mm——"

cal activity of thebare zinc particlesaccel eratestheir
dissolution with the above-mentioned conse-
guences®4,

The55%Al-Zn coating performancewasbetter than
thepreviousone. TheAE_ for thealloy/steel couple
was0.03V, whileasatisfactory protectionlevel (-0.9
V/SCE) was maintained for 200 h.

After 260 h, thispotentia fell 0.1V, andthevisud
inspection allowed certifying adepl etion of the zinc-
rich phase, the main factor of the cathodic protection
provided by thistypeof coating. Thetotd lossoccurred
268 h after the experiment, whenthe potentia distribu-
tionwasaround-0.7 V/(SCE).

For theinclined arrangement, the potentia vs. dis-
tance curve (not shown here) was of the sameorder of
magnitudethan in the horizontal case. An acceptable
cathodic protectionlevel (H”-0.9 V/(SCE)) was kept
up to 50 h and 104 h by the Zn and 55%AI-Zn coat-
ings, respectively; however, at 146 hand 172hsucha

Au Tudian Yourual
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Figure10: Characterization of the 55% Al-Zn coating corrosion productsin 0.5 mol/L NaCl solution

protection had completely been lost.

For both arrangements, the sol ution became opal -
escent because of the great amount of white corro-
sion products formed. In general, the horizontal ar-
rangement gave the longest cathodic protection pe-
riod, probably dueto the barrier protection afforded
by the corrosion products deposited on the surface
of thewhole strip.

Theresultsof surface potential measurementswere
supported by the visua inspection of thegalvanically
protected steel sheets. Suchinspectionsaccomplished
throughout the experiments showed that galvanized
coating dissolution wastotal and uniform, whilst the
morphology of the corroding 55%AI-Zn coating sur-
facesindicated asdl ectiveinterdendritic dissolution of
the Zn-rich phase, in accordance with reports by other
authorg™,

Figure 8a-b showsthedifferent morphology pre-
sented by the corrosion productsformed from the (a)
Znand (b) 55%AI-Zn coatingsdissolutionin naturally

aerated 0.5 mol/L NaCl solution.

The XRD spectra of the Zn corrosion products
(Figure 9) indicated that Zn (OH),CI,.H,O
(Simonkolleite) was the major component, whilst
EDS results confirmed that chlorine, zinc and oxy-
gen werethe main el ements present in the hexagona
crystals. Traces of zinc oxide (ZnO) and zinc
hydroxycarbonate (Hydrozincite) [Zn (CO,).(OH) ]
were also detected.

Figure 10. showsthe samestudy carried out onthe
55%Al-Zn alloy corrosion productsidentified the ba-
siczincauminum carbonate[Zn Al (OH),,CO,.4H.0]
asthemain corrosion product, and traces of zinc hy-
droxide Thiscompound hasa so beenfoundin Galfan
(5%Al, Zntherest) in marineenvironments accompa:
nied, in smaller amounts, by Al(OH), 83334,

Analysisof thecorrosion process

The zinc corrosion products play animportant role
indetermining thegalvanic ability of zincaloneor its
alloysto stedl. After ardatively short immersion pe-
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riod, the galvanized steel samples exhibited an in-
tense zinc dissol ution process extended to the most
part of the surface and traces of the steel corrosion
process. Conversely, after an induction period, the
55%AI-Zn coating provided not only cathodic pro-
tection but also barrier protection to the steel sub-
strate, the latter due to the alloy coating further en-
hanced by the formation of a layer of the coating
corrosion products precipitated on the surface ac-
tive sites. This synergistic effect may help to ac-
count for its improved performance against corro-
sion, whenitiscompared with the Zn coating under
the current experimental conditions.

Theseresults suggest that thefirst stepin galva
nized stedl surface degradation may bezinc oxidation
followed by hydration and fast carbonation, mechanism
a so outlined by several other authorg®44243 being
thelast step theformation of Simonkolleite because of
the NaCl crystallization on some surface points?.
Under theseconditions, alocaized concentration of Cl-
ionsin combination with the electrolyte at the metal/
solution interface may promote the coated substrate
corrosion by substitution of the carbonateions of the
dense, slightly soluble, thin and partialy insulating
Hydrozincitelayer, thereby weakeningits protective
capacity!’*®¥, Furthermore, being slightly denseand
highly soluble, the Simonkolleite could providealow
barrier effect whenit diffusestowardsthebulk of the
solution, leaving bare zinc exposed. Thus, adynamic
and quick Zn consumer process|eadsto poor results
after short exposure periods, at least, from the anticor-
rosive point of view.

Inthe 55%Al-Zn coating thefirst stage of the cor-
rosion processwoul d betheformation of auminum hy-
droxide from the reaction between Al®* ions with
H,O*I withinthedendrites (Al rich phase), which cre-
atesathinfilm adhered to themetallic surface®. After
exposure, therewasalayer onthe 55%AI-Zn coating
surfacewith thebasi ¢ zinc-auminum carbonate, formed
presumably from the reaction between al uminum hy-
droxide and Hydrozincite as the main component(*,
Although being cracked, thislayer covers homoge-
neously all the surface and it is denser and more or-
dered than thefilm deposited onthezinc coating, which
ishighly voluminousand growsformingidands. Inad-
dition, theabsenceof Cl-ionsinthelayer of 55%Al-Zn

Woateriolsy Science  mmm——

corrosion productsturnsit dightly solubleand, there-
fore, provider of barrier protection limiting both the
exposed area and the corrosion rate; however, as
the steel isnot completely isolated from the medium,
the coating also works as a sacrificia anode sup-
plying cathodic protection to the substrate.

It isemphasized that to better understand the com-
plex processesinvolved indl theabove-mentioned en-
vironmentsnew sudiesarein progress. However, afirst
approach to explain changes observed inthe behavior
of coatingsexposed to different testing conditionsas-
sumesthat differencesintheoxygenavailability may be
avariabletotakeinto account. Thismay be confirmed
fromthefact that: 1) the attack intensity decreased as
the submerged part of the coated steel moved away
fromtheair/solutioninterface; and 2) thedifferent Sate
showed by thetwo faces of thetested panelsafter be-
ing submerged (inclined 30° from the vertical) in the
NaCl solution. Such adifference, the upper facemuch
less attacked than the down one, was attributed to the
better protective properties afforded by the thicker
corrosion productslayer deposited on the upper face.

CONCLUSIONS

Thefollowing conclusions can bedrawnfromthe
present study onthe corrosion behavior of thezinc/stedl
and 55%Al-Zn/steel couples exposed to 0.5 mol/L
NaCl solution:

- All the coatings were electrochemically more ac-
tive than steel and none of them showed passivation
under the current experimental conditions. Therefore,
dthoughwithavariablelevd dongtheimmersontime,
the Zn or 55%Al-Zn coatings provided cathodic pro-
tectiontotheunderlying stedl.

- Due to the high crystalline degree of the corro-
sion productsformed from the Zn or 55%Al-Zn coat-
ingsdissolution, the XRD and EDSresulted to bevery
useful techniquesfor thelr characterization. Thenature
and composition of such productsallowed explaining
somedifferencesfoundin the performanceof thetested
samples. So, in the galvanized sted samples the
Zn,(OH),Cl,.H,O (Simonkalleite) wasthe main com-
ponent of the corrosion products, whilezinc, chlorine
and oxygenwerethemain e ementspresentinthe hex-
agonal crystals. Traces of ZnO and Zn(CQ,),(OH),
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(Hydrozincite) were al so detected. On the other hand,
inthe 55%AI-Zn coated stedl panel's, the main compo-
nent of the corrosion products was initially
Zn,(CO,),(OH), but after 360 h of exposure the
Zn Al (OH), CO,.4H,0 (basiczinc auminum carbon-
ae) wasthemain corrosion product. Tracesof Zn(OH),
were a so detected.

- After arelatively short exposure time the galva-
nized steel samplesexhibited anintensvezinc dissol u-
tion process extended to the most part of the surface
and traces of stedl corrosion. On thecontrary, after an
induction period, the 55%Al-Zn coating provided not
only cathodic but also barrier protection to the steel
substratefor alonger time. Thelatter wasattributed to
the alloy coating protection was further enhanced by
the presence of alayer of the coating corrosion prod-
ucts precipitated on the el ectrochemically surface ac-
tivesites. Thissynergistic effect may hel p to account
for itsimproved performance against corrosion, when
itiscompared with the Zn coating used a oneunder the
current experimenta conditions.

- Although the experimental evidence showed that
the corrosion behavior of the 55%AI-Zn coating was
always better than the Zn one, an e ectrochemical in-
vestigationisin progress. Itsmain purposeisto obtain
moreinformeation concerning the protection mechanisms
of these coated |ow carbon steel sheets, whichledto
optimizetheir paintability aswell asto develop new an-
ticorros veorganic coatings capable of resisting highly
aggressiveenvironments.
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