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Abstract

Non-ferrous metals like aluminium, copper and Ziage been widely employed in a large number
of building components. These metals, especialymalium, are more or less vulnerable to
deterioration by corrosion in atmospheric exposufbe aluminium atmospheric corrosion
resistance however, can be improved by the useadia oxidation coatings, which must be used
especially in aggressive conditions.

An extensive testing programme involving naturapa@sure in marine, industrial and urban
environments has been carried out by LNEC sincé I88studying the corrosion of aluminium,
copper and zinc and the protection of steel by lietEnc coatings and of aluminium by anodic
coatings. The weight loss, number and depth of pitsl analysis of corrosion products
composition by XRD and SEM-EDS were made after étimg one, three, five and ten years of
exposure of the different metals. In this papermesented the results concerning the aluminium
and its anodic coatings with different thickness.

Introduction

The choice of materials for usage in permanentreatearchitectural applications must
comply with technical and aesthetics requirementsaddition to economics, the latter,
frequently, the most conditioning one. From thisnpof view, it is necessary to account for
not only the initial cost of the material, but alsexpected durability and maintenance costs.
The atmospheric corrosion resistance of these mbters nonetheless an important
component in the final choice since it will affdmth economics and mechanical properties
over the lifetime of the product or structure.[1,2]

With the purpose of studying the corrosion behavioiuthe metals and inorganic coatings
most used in external building architectural agglans in Portugal, a long-term atmospheric
corrosion study in different aggressive environraemas initiated in 1985 by Cravo[1,3,4].

The results obtained from this study during 10 ge#Hrexposure concerning the aluminium
and its anodic coatings, are presented in this rpdpeomprised corrosion rates, types of
corrosion products formed, surface changes andntheence of the atmospheric conditions
(climatic and pollution characteristics) on therogion mechanisms.

Materials

Two aluminium alloys of current fabrication in shéerm, one corrugated, were chosen for
this study. The chemical composition of these allisygiven in Table 1. The anodic oxidation
coating studied was produced by the sulphuric poitess and steam sealed. The thickness
values of this coating chosen for this study cqoesl to the classes recommended by the
EURAS/EWAA (European Anodisers Association/Europeawwrought Aluminium
Association) for environments of different aggreesiess[5]. The thickness ranges of the
coating are presented in Table 2.
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Table 1 — Alloys chemical composition by qualitatspectrographic analysis[1]

Alloy Elements concentration
>98,5% <1% <0,3% <0,1% Traces
Aluminium | Aluminium Iron, Silicon, Titanium Lead, Magnesium, Nickel,
(plain sheet) Manganesqg Copper Vanadium
Aluminium 11 Aluminium - Silicon, Titanium Copper, Manganese, Nickel
(corrugated sheet Iron Lead, Magnesium

Table 2 — Anodic oxidation coating thickness rand¢snd type of atmosphere for which are
recommended[5]
Thickness um Atmosphere

Class 30 30 — 34 | Severe marine and industrial atmospheres
Class 20 20 — 24 | Marine or industrial atmospheres, highly pollutedan atmospheres
Class 15 15 -19 | Atmospheres without industrial pollution, moderapatluted urban atmospheres

The test specimens were cut from the metallic she& plates with a 120nx200mm size,
having a thickness ranging from 0,85 mm to 1,45 rilee identification of the specimens
was done through a set of perforations in the pJate3 mm from the edges, representing the
number of specimen, type of material and test Bitmr to exposure, all the specimens were
degreased with an organic solvent and weighedeodarest 0,1 mg.

Exposure conditions
For this study four sites in Portugal were chosepresenting urban, marine and industrial-
marine atmospheres:

Roca, marine atmosphere, a promontory in the West Cé&skm far from Lisbon. Altitude
140 m, 10 m from the ocean. Frequently under deagseduring all seasons of the year.

Barreiro, industrial-marine atmosphere, inside the indakfrark on the roof of a one-storey
building, surrounded by chemical plants (sulphwa@d, fertilisers, etc.), close to a fuel
burning power generation factory, near Lisbon, loe $outh banks of the river Tagus. This
site has undergone a substantial change in itegioity during the study, as the $€ntent

in the air has decreased, due to the closing @raéfactories (see Table 3).

Lisbon, urban atmosphere, on LNEC's roof, near the airgod roads of intense traffic.

Alfanzina, marine atmosphere, a promontory in the South (C@dgarve). Altitude 37 m,
10 m from the ocean.

During the first 7-8 years of exposura,situ regular analysis of chloride and sulphur dioxide
contents in the air were made by the wet candletlh@dead dioxide methods, respectively.
The results obtained are given in Table 3. The atiicncharacteristics for the different

localisation of the test sites were taken from dafsorted by the Meteorological Institute for

the test site areas, during the period from 198988. This meteorological data is given in
Table 4, in which the time of wetness (TOW) presdnias estimated from the temperature
and relative humidity (RH) values, considering tluenber of hours with RH higher than 80%
and temperature aboveé@.
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Table 3 — Average Chloride and Sulphur dioxide dépmm rates measured in the test sites
during the period from 1985 to 1993

Roca Barreiro Lisbon Alfanzina
SO, deposition rate/ 6 136 14 8
mg.m-.d
Chloride depzos_lltlon rate 194 38 7 201
mg.m-.d

During the first four years of study (1985-198% tiverage values reached 200 nigdn, but in the following
three years (1990-1993) this value decreased &verage of 50 mg.fod™

Table 4 — Yearly average values for meteorologibakacteristics for test sites areas during
the period from 1985 to 1988

Meteorological station Roca Lavradio/Montijo Lisbon P. Rocha
(Test site) (Roca) (Barreiro) (LNEC) (Alfanzina)
Temperature C 15,4 14,8 16,6 14,5
(Min. - Max.) (9,1 - 23,1) (5,9 - 29,4) (6,7 - 29,1) (8,3 - 28,2)
)]
3 |Totals / h.y 2130 2776 2591 2847
e
(% % of the maximum 48% 64% 60% 64%
possible
TOW / hy' 5028 3388 3315 1683
% of the year 58% 39% 38% 21%
Precipitation / mm.y 491 620 723 518
- speed/ km.h 18 11 13 13
=
= Most frequent North, West North, West North, West variable
direction

from Cabo Carvoeiro;%1985/87;

The test specimens were mounted to porcelain itsslan racks of painted galvanised steel
positioned at 45to the horizontal, facing south, except in Roc&relthey are facing west to
enhance the exposure to the saline spray. The lmweiof test specimens is 0,75 m above
ground.

The atmospheric exposure started in 1985, in tinenser for Lisbon and in autumn for the
other test sites. During the 10 years of expossaeeral visual inspections have been made,
especially in the first years. Triplicate specimdns corrosion evaluation plus one for
reference were taken after 6 months, 1 year, 3y&ayears and 10 years of exposure.

Evaluation of results

Evaluation of results of the first periods of exiios was done some time after its collection
from the test sites. During this time, the testcgpens were kept stored in closed plastic bags
away from light, in a dry place.

Visual appearance

All the specimens were subjected to visual inspecfor assessment of surface condition
after each period of exposure. The aspects obsafted10 years of exposure are reported in
Table 5.
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Corrosion of aluminium
Corrosion behaviour of the uncoated aluminium aleyas evaluated by weight loss. The
following cleaning procedure for removal of coramsiproducts, according with ISO 8407,
was used: immersion in a solution of phosphorid &0 ml) and chromium trioxide (20 g) in
distilled water to make 1000 ml, at®Dto 85C, for 5 to 15 minutes. Rinse in distilled water.

The cleaning procedure was repeated in equal cyelesever it was necessary until the
samples were all free of corrosion products. Afleaning, test specimens were reweighed to
the nearest 0,1 mg. The results, averaged fronicatp specimens (except those from 6
months and 1 year that correspond to one specimigh are given in the Fig.1.
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Fig. 1 — Corrosion of aluminium (alloys | and Iffex 6 months, 1, 3, 5 and 10 years’ exposure.

Aluminium corrosion was also evaluated by pit dejidin the marine atmosphere sites (Roca
and Alfanzina). The results are given in the Fi@gn2l a comparison is established with those
obtained by the weight losses.
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Fig.2 — Aluminium corrosion penetration measuredvgjght loss and pit depth
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Pit depths were measured by a method similar to 1868 using a metallographic section
microscope. Both average and maximum depth oflatt@ce determined.

Corrosion of anodised aluminium

The behaviour of anodised aluminium was comparet aluminium alloys concerning the
time necessary to develop pitting corrosion, theemxof pitting corrosion developed and
surface condition (Tables 5 and 6).

Table 5 — Comparison between aluminium and anodikedinium surface condition after 10
years’ exposure

Barreiro Roca Alfanzina Lisbon
aluminium | anodised| aluminium | anodised | Aluminium | anodised | aluminium | anodised
aluminium aluminium aluminium aluminium
Type  of a)
corrosiof® G P/G P None P None G None
Corrosion @
degre® S S/t S - S - L -
White
stains®® 0 4 > 2 4 1 3 1
(%Ioss loss 3 5 5 1 1 1 1 1
Surface reddish reddish light grey, | glossy Light glossy metallic | glossy
appearancedark grey, | light grey, | frosty light grey | grey, light grey | light grey, | light grey
severe deep pits | white frosty white
etched, mostly in | spots, white stains,
rough the edges,| numerous spots, smooth
rough pits, rough numerous
pits, rough

@ severe localised pitting and light generalisedasion

W G — generalised corrosion; P — pitting corrosion? S — severe; L — light
® 0 — without stains; 1 — rare stains to 5 — highsity of stains

@ 1 — slight reduction; 2 - great reduction; 3 mptetely lost

Table 6 — Comparison between aluminium and anodikedinium pitting corrosion
behaviour during the 10 years’ exposure

Barreiro Roca Alfanzina Lisbon
aluminium | anodised| aluminium| anodised | aluminium| anodised | aluminium| anodised
aluminium aluminium aluminium aluminium
Pitting distribution
6 months® 5 0 2 0 1 0 0 0
1 year 5 1 3 0 1 0 1 0
3 years 5 2 4 0 2 0 2 0
5 years 5 2 5 0 3 0 2 0
10 years 5 3 5 0 4 0 3 0

) 0 — without pitting; 1 — rare pitting to 5 -ghidensity of pitting

Composition of corrosion products

The surfaces of the uncoated test specimens wesenada with a scanning electron
microscope (SEM) equipped with an energy dispersivRay spectrometer (EDS) to
determine the elemental composition of the corrogimducts layer. The results obtained for
10 years, 5 years and 6 months of exposure arergesgkin the figures 3 and 4.

247



Euromat’98

70
Others: Ca, Si, Mg, Fe, Zn Al
601 Al O
o}
50 —
40 -
(=]
> o E o
30 { — g
c __
£
20 - Al 5
@ Al
= o
10 - © £
P s P s r o}
S |—l | | s p
@]
0 -_|—|—I
0,5 5 10 10
Barreiro years Lisbon

Fig. 3 — SEM-EDS elemental semi-quantitative analysf corrosion products layer for aluminium test
specimens of Barreir@narine-industrial) and Lisbon(urban) test sites.
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Fig. 4 - SEM-EDS elemental semi-quantitative arnalysf corrosion products layer for aluminium test
specimens of Rodgnarine) and Alfanzinamarine) test sites.

In addition to the SEM-EDS analysis, the mineratagicomposition analysis of corrosion
products samples, scrapped from the topside ofiticeated test specimens, was done by X-
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Ray diffraction techniques (XRD). No crystallinerasion products with aluminium were
identified in the analysis, only products resultingm deposition of atmospheric duBg;0Os,
SiOQ, at Barreiro and Si§) CaSQ.2H,0 at Roca.

Corrosion behaviour as function of time
In general the weight loss values show a tendembg tproportional to the time of exposure
or to exhibit slower increases with time. This bebar is often represented by an expression
of the following type [6,7]:
M = Kt (1)

in which:

M is the total weight loss caused by corrosion pétraf exposed area, gi

Kis a proportionality constant, expresses the nugssoccurring in the first year

nis the mass loss exponent

tis the exposure time, years

Values ofn smaller than 1 indicate reduction of the corrosites with time, characteristic of
a system with a uniform protective corrosion prdadager. Aluminium alloys usually follow
the kinetics equation (1) withvalues generally between 0,5 and 1[7,8].

In order to calculate the constarsandn in Eq.1 from the weight loss data (Fig. 1), a
linearization by logarithmic conversion was madeonder to use the simple least square
regression analysis. The calculated valueKoh and r (regression coefficient) are given in
Table 7.

Table 7 - Results of regression analysis of weliggd with exposure time

Barreiro Roca Alfanzina Lisbon
Material n K r n K R n K r n K r
Aluminium | | 0,53 24 0,97 0,83 3,5 0,96 0,56 15 909064 052 0,97
Aluminium Il | 0,66 20 0,98, 0,88 3,3 0,99 0,67 1,4 9%, 0,62 0,61 0,99

Influence of Sulphur Dioxide and of Chlorides atmospheric contamination
Chlorides and nowadays, sulphur compounds, espesidphur dioxide (Sg), are the most
important aggressive agents in atmospheric comf&joln order to evaluate the correlation
between the corrosion rate of the uncoated alummralloys at each test site and the content
of sulphur dioxide and chlorides in the atmosphearenultilinear regression analysis was
performed by the least squares method based doliwing equation:
CR= a0, + bCl +c (2)

in which:

CRis the corrosion rate, jam.y™, for a given time of exposure

S0, andCl are the correspondent average deposition ratesgim?y*, for the same

time of exposure

Eqg.2 was applied to data from one year and tensyafaexposure, considering that Séahd
chloride deposition rates average values do natgign&rom the eight years to the ten years of
exposure. The results for the two aluminium allease considered. Tables 8 and 9 show the
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corrosion rates and pollution data for 1 and 10ye& exposure as well as the results of the
regression analysis for the application of equatifn

Table 8 - Corrosion rates after 1 and 10 yearsosie and corresponding $é&nhd Chlorides
average deposition rates

Corrosion rates jim.y* Deposition rate / mg.my™
Site Aluminium | Aluminium Il SO, Cl
ly 10y ly 10y ly 10y ly 10y
Barreiro 7,5 2,6 8,9 3,0 220 136 41 38
Roca 1,9 0,7 1,5 0,8 5 6 132 194
Alfanzina 0,6 0,2 0,5 0,3 5 8 56 201
Lisbon 0,2 0,08 0,2 0,1 14 14 2 7

Table 9 - Least squares coefficients for Eq.(2)

1 year 10 years
Material a b c r a b c r
Aluminium | 0,0327 0,015 -0,31 1,00 0,020 0,003 -0,2 0,98
Aluminium I 0,0398 0,013 -0,36 1,00 0,023 0,003 -0,2 0,98

Conclusions

* The mass losses caused by corrosion on the dlumialloys exposed show a clear trend
with respect to the relative severity of the tastss being Barreiroifdustrial-marine) and
Roca (marine very wet) the most severe to aluminium. Alfanzimaafine) in spite of having
similar levels for sulphur and chloride atmosphexantamination as Roca, has a more dry
climate thus lower TOW and consequently lower csioo rate.

* For aluminium alloys the extent of localised osion at marine sites is misled by the mass
loss determinations (Fig.4). Corrosion rates deteethby pit depth are, in general, 4,5 times
higher at Roca and 12 times higher at Alfanzina tise determined by mass losses. These
results show that weight loss data should not leel usdiscriminately to calculate corrosion
rates when localised corrosion is the primary fofraorrosion.

 Test specimens removed from Barreiro showed aatunal reddish colour that is assumed
to result from the deposition of airborne partictdsron compounds coming from air open
deposits of pyrites or from the emissions of trdesirgy nearby. The significant values of
phosphorous found in these specimens by SEM-EREs8, may result from deposition of
airborne phosphate particles from the fertilisesduction plant near. The presence of these
two types of deposits, conjugated with higher valeé SQ pollution, could justify the
relative high corrosion rates, when compared wilieostudies[6,10], that were observed for
this site.

» The anodisation of aluminium improved signifidgrthe corrosion resistance of aluminium

at marine sites; no visible pitting was evideneaftO years of exposure. However, at Barreiro
the protective action of the anodised coating wak as effective as the former; the test
specimens from this site present uniform wearingsshe coating and pitting extending

beyond the coating depth. No significant diffedn corrosion behaviour were found
within the three anodic coating thickness classedied: 15um, 20 um and 30um. This
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confirms the general observations from the liteatthat optimum protection against
atmospheric corrosion is achieved in the coatingktiess range of 1gm to 3Qum and that
thicker coating provides little additional protect[10].

e Aluminium showed a strong linear relation betwe®@ and chloride contents in the
atmosphere and its corrosion rates after 1 yead@nabars of exposure.

« Corrosion rates for both aluminium alloys agreesll with the kinetic lawM=Kt" . The
mass loss exponent values were similar to thosedfan literature[6] and indicate the
formation of protective corrosion layers.
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