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Abdtract

An extensive testing program involving natural expe in marine, industrial and urban

environments has been carried out by LNEC for stgdyne corrosion of aluminium, zinc and the

protection of steel by metallic zinc coatings af@laminium by its anodic coatings. The weight
losses were followed during ten years of expositmnall the materials. Analysis of corrosion

products composition by X-ray diffraction and elest microscopy with EDS was done on the
uncoated metals. The protective action of the mggtivas mainly evaluated by the quantification of
the corroded area and measurements of pit depth.
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Introduction

Zinc coatings and anodic oxidation coatings aenadblutions chosen for the protection of steel and
aluminium. With the purpose of studying the comonsbehaviour of these inorganic coatings, in
1985, a long-term atmospheric exposition test fferént aggressive environments was initiated
[1,2]. This paper presents the results obtaineth ftbis study during 10 years of exposure
concerning zinc, zinc coatings, aluminium and fitscéc oxidation coatings with different coating
thickness

Materials

The aluminium and zinc alloys chosen for this stwdyse composition is given in Table 1, were of
current fabrication in sheet form. The zinc coatirgjudied included: hot dip galvanised,
electroplated and metal-sprayed coatings. These applied on steel sheet by industrial processes
in different thickness classes. The anodic oxidatioatings were produced by the sulphuric acid
process and steam sealed. Different thickness svatdiethe anodic coating were chosen,
corresponding to the classes recommended by the ABIEHRVAA (European Anodisers
Association/European Wrought Aluminium Associatiofpr environments of different
aggressiveness. The thickness ranges of the atiegresented in Table 2.

Table 1 — Alloys chemical composition by spectrpbiaanalysis[2]

Alloy Elements concentration
>98,5% <1% <0,3% <0,1% Traces
Aluminium Aluminium Iron, Silicon, Titanium Lead, Magnesium, Nickel,
Manganese | Copper Vanadium
Zinc Zinc Lead - Silicon Iron, Copper, Aluminium,
Cadmium




Table 2 — Coatings thickness ranges [2]

Coatings Galvanised Galvanised|ll  Electropldatef Electroplated I Metal Ano@_sed
Sprayed | Aluminium
Thickness fm |  29-36 15-25 14-29 6-15 | 130-320 2%

The test specimens were cut from the metallic shiet plates with a 120m¥800mm size, the
thickness of the plates ranged from 0,40 mm to i#h The zinc coatings were applied to the
plates after cutting. Prior to exposure, all thecspens were weighed to the nearest 0,1 mg.

Exposure conditions

For this study five sites in Portugal were chosepresenting urban, marine, industrial and marine-
industrial atmospheres. During the first 7-8 yediesxposurein Stu regular analyses of chloride and
sulphur dioxide contents in the air were done,aetsely, by the wet candle and the lead dioxide
methods[2]. Table 3 shows the results obtained. tihe of wetness (TOW) presented was
estimated from the temperature and relative huyn{iitd) values reported by the Meteorological
Institute for the test site areas, from 1985 to1@88sidering the number of hours with RH higher
than 80% and temperature abo%€.0

Table 3 - Test sites locations and yearly averalgeide and sulphur dioxide deposition rates
(1985-1993) and estimated TOW values (1985-1988)

Test site location Chloride SO,/ TOW/
mg.ni.d® | mg.ni.d? h.y!
Roca | West coast, altitude 140 m, 10 m from the oceayuently
. ) 194 6 5028
Marine | under dense fogs during all seasons of the year.
Barreird | near chemical plants (sulfuric acid, fertilizets, )eand a fuel
Indudtrial - | burning power generation factory, near Lisbonhersbuth 38 136 3388
-marine | banks of river Tagus.
IL_JI?E;? on LNEC's roof, near the airport and roadwayseaivy traffic. 7 14 3315
All;zrrlizrllga South coast (Algarve), altitude 37 m, 10 m fromabean. 201 8 1683
Roddo | inside the industrial park of a pulp factory, clas@ood chip
: . 5 21 1871
Indudtrial | deposits

'This site has undergone substantial change ioritssivity during the study, as the Sfntent in the air has decreased,
due to the closing of several factoriBsring the1985-1989 period, the average valuehiees200 mg.fd?, but in the
following three years, 1990-1993, this value hasagesed to 50 mg:fai™.

The test specimens were mounted to porcelain tossilan racks of painted galvanised steel
positioned at 45to the horizontal, facing south, except in Rota where they are facing west to
enhance the exposure to the saline spray. The fowenf test specimens is 0,75 m above ground.
During the 10 years of exposure, several visuglectsons have been made, especially in the first
years. Triplicate specimens for corrosion evalnaptus one for reference were taken after 6
months, 1 year, 3 years, 5 years and 10 yearpobare. Some of the zinc-coated specimens were
taken outside these periods as they became sagmificusted.

Evaluation of results

All the specimens were subjected to visual inspedbr assessment of surface condition after each
period of exposure. The aspects observed aftezd8 gf exposure are reported in Table 4.



Table 4 — Surface appearance of test specimeng@fgears of exposure

Zinc
Roca Yellowish grey with voluminous yellow-whitgots, numerous pits, rough. Dented in
contact with the insulators, cracks departing fioedented zones
Barreiro Purple brown, white spots, worn, sevasisest, rough
Lisboa

Alfanzina, Rodao

Light grey, sparse white spots, smooth
Light grey, sparse white spotswaed

Zinc coatings

Roca

Barreiro
Lisboa, Alfanzina

Metal sprayed — Yellowish grey with protubing yellow-white spatsimerous pits, without
rustOthers— rusted

Metal sprayed — Purple brown, white spots, without ruSthers— rusted

Metal sprayed, Galvanised |, 11 - Light grey, white stains

Electroplated | — Dark grey, white spats

Electroplated Il — rusted

Rodao Metal sprayed, Galvanised |, 11 - Light grey
Electroplated | — Dark grey
Electroplated 1| — Dark grey, some rusted
Aluminium
Roca Light yellowish grey, frosty white spots, muous deep pits, rough
Barreiro Purple dark grey, severe etched, rough
Lisboa Metallic light grey, white stains, smooth
Alfanzina Light grey, frosty white spots, numerquits, rough
Rodao Yellowish grey

Anodised Aluminium

Roca, Lisboa, Alfanzina

Barreiro
Rodao

Glossy light grey (ne¢a almost the original aspect)
Reddish light grey, deep pits mostly méldges, lightly rough
Light yellow, extremely worn and rough

Corrosion evaluation by weight loss

Evaluation of corrosion behaviour by weight loss wane on the uncoated metals, on the anodised

aluminium and on the zinc coated specimens bet@eformation (Fig.s 1, 2). The following
cleaning solutions for removal of corrosion produbased on ISO 8407, were used:

Aluminium: solution of phosphoric acid and chromium tri@xiet 80C to 85C.

Anodised aluminiumnitric acid (65%) at room temperature. (The sotutivas previously
tested in unexposed specimens to assess the dedigmlution of the coating).

Zinc and zinc coatingsolution of ammonia hydroxide, at ambient tempegatand a solution
of chromium trioxide and silver nitrate at boilit@nperature.
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Fig. 1 — Corrosion of aluminium[1] and anodisedvahium after 6 months, 1, 3, 5 and 10 years of
exposure.
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Fig. 2 — Corrosion of zinc and zinc coatings dtemonths, 1, 3, 5 and 10 years of exposure.

Rust devel opment on zinc coatings
In addition to the weight loss, the zinc coatingerasion behaviour were evaluated by the years
necessary to the appearance of the first rustlsi¢fiig.3) and the percentage of rust area after te

years of exposure (Table 5). The metal-sprayedngodid not show any signs of rust during the

time of exposure at all sites. The electroplateatings, however, have early developed extensive
areas covered with rust at the most aggressive aiig were withdrawn before the ten years. The
percentage of rusted area was assessed meresubl/atbservation.
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Fig.3 — Time to rust versus coating thickness &bvanised and electroplated zinc coatings.



Table 5 — Rusted area (%) on zinc coatings spesiaftar 10 years of exposure

Test site Galvanised | Galvanised || Electroplated Electroplated Il
Barreiro 10% - 40% 95% - 100% 10 — 70% 25% - 100%
Roca 10% - 40% 15% - 60% 30% - 86% 25% - 75%
Alfanzina 0% 0% 0% 10% - 95%
Lisbon 0% 0% 0%-10% 60% - 90%
Rodao 0% 0% 0% 0% - 80%
@ @and @)

values after 5, 2 and 3 years’ exposure, reégplgctvhen all the test specimens were withdrawn

Devel opment of pitting corrosion on aluminium and anodised aluminium

Pitting corrosion occurred in the uncoated alunnmaxposed in all the sites, being more severe at
the marine sites (Table 3). At Rod&o, mainly unifaorrosion was observed. Only the anodised
specimens with coating thickness less thaprB0exposed at Barreiro showed pitting (Fig. 6). At
Rodéao a generalised attack of the coating occufieelevaluation of pitting extension was carried
out using images-type from the ISO/DIS 10289. Mesment of pit depth for the most severe
situations was also done by a method similar to18€3, using a metallographic microscope.
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Fig. 6 - Rating of area occupied by pitting comwosand maximum pit depth on aluminium and
anodised aluminium for different exposure times stes.

Composition of corrosion products

The mineralogical composition of the corrosion piatd for zinc and aluminium after 10, 5, 3 years
of exposure was determined by X-Ray diffractionlysig (XRD) on the uncoated test specimens
and for some test sites (Table 6). No crystalloreosion products with aluminium were identified
in the aluminium test specimens.

Table 6 — XRD analysis of corrosion layers on zinc

Exposuretime Barreiro Roca Lisbon Rodao
10years Zny(PQy),.4H:,0 Zn0, ZrCly(OH)g Zn0O Zn0 Zr(CO;),(OH)s
Zn(CO;3)x(OH)e
5years Zny(PQ)),.4H:0, ZnO,
Zn,SO(OH)s AH,0 n.a. n.a. n.a.
3years Zny(PQ)),.4H:0, ZnO,
Zne(CO),(OH)e n.a. n.a. n.a.

n.a. - not analysed

The surfaces of uncoated test specimens werelssoved by scanning electron microscope (SEM)
equipped with an energy dispersive X-Ray specttem@DS) to determine the elemental



composition of the corrosion products layer. Thialgsis revealed relatively high phosphorous
contents in all the samples from Barreiro, what sccordance with the results from XRD for zinc.
For aluminium it has revealed predominantly higlele of oxygen for all the test sites (especiatly o
those from the last years), besides aluminium amall smounts of sulphur and chloride. The
significant values of phosphorous found in all speas from Barreiro by SEM-EDS analysis,
which have led to the formation of zinc phosphatesy result from the deposition of airborne
phosphate particles from the fertiliser producpamt in the vicinity.

Conclusons

» The weight losses show a clear trend with tkiersg of the test sites, being Barreirodustrial-
marine) and Roca(marine very wet) the two most severe to aluminium and zinc. Adiaa
(marine) with the same atmospheric contamination as Ramgs,a more dry climate thus lower
TOW and consequently lower corrosion rates. Theemianally bad performance of anodised
aluminium at Roddo may be explained by the additiattack of the coating by wood chips
deposited on its surface during the first yeaesxpbsure. These chips, mainlyea€alyptus, during
the wetting periods can yield acid solutions withyalues of 2,6 or less [3].

» The anodisation of aluminium improved signifidgris corrosion resistance at marine sites; no
visible pitting was evident after 10 years of expeseven on the thinner coatings. However, at
Barreiro, the test specimens showed uniform wessireé the coating and those with coating
thickness less than 3n present pitting extending beyond the coatinghdept

» The results obtained for zinc coatings show thetiveen coatings with similar thickness,
galvanised coatings seem to have a better perfomthan electroplated ones. However, in the most
aggressive conditions (Barreiro and Roca), galedn#nd electroplated coatings, even those with
the higher thickness, have not given enough comoprotection to steel. For the other sites,
galvanised coatings have had a good performandegdine ten years of exposure. The metal-
sprayed coating, due to its greater thicknesgteaented a good performance in all test sites.
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