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Abstract

In this paper, the problem of corrosion in structural elements made of materials which are considered as corrosion resistant is discussed.
The paper presents an analysis of the reasons for corrosion damage to structural elements used in civil engineering. The main aim of the work
was to identify the potential causes of corrosion and to formulate recommendations that allow the selection of the best structural material
properties in order to counteract the negative impact of the corrosive environment. For this purpose, stainless steel ventilation duct corrosion
in an indoor swimming pool hall is analysed. An assessment of the nature of the reasons for the potential damage of ventilation ducts is
performed based on macroscopic inspection. This allowed the determination of the type and nature of the existing corrosion of stainless steel.
The analysis of the results of the chemical composition of the material provided by the gravimetric method and the results of the corrosion
products report provided further information. Based on its conclusions, recommendations in order to avoid this type of corrosion in aggressive
indoor swimming pool environments are formulated. Next, the problem of corrosion of aluminium in contact with steel in new aluminium
and concrete composite structures which consist of an aluminium beam, steel trapezoidal sheeting and a concrete slab is analysed. Moreover,
recommendations in order to avoid this type of corrosion are formulated. The presented analyses can be a valuable source of information
on corrosion and protection methods in specific cases of building structures.
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Streszczenie

W artykule poruszono problem korozji w elementach konstrukcyjnych wykonanych z materialdw uznawanych za odporne na korozj¢. Artykut
zawiera analiz¢ przyczyn niszczenia elementéw konstrukcyjnych wskutek korozji. Glowny cel pracy to okreslenie potencjalnych przyczyn
korozji i sformutowanie zalecen, ktore pozwola wybra¢ najlepsze wiasciwosci materiatu w celu przeciwdzialania korozyjnemu $rodowisku.
W tym celu poddano analizie skorodowane przewody wentylacyjne zamontowane w krytej ptywalni. Ocena charakteru potencjalnych przy-
czyn uszkodzen kanalow wentylacyjnych byta wykonana w oparciu o badania makroskopowe. To pozwolito okre$li¢ typ i naturg korozji w stali
nierdzewnej. Analiza skfadu chemicznego materiatu otrzymana z badania metoda grawimetryczng oraz wyniki raportu o produktach korozji
dostarczyly dodatkowych informacji. W oparciu o powyzsze sformutowano wnioski i zalecenia, w jaki sposob unikna¢ tego typu korozji
w agresywnym $rodowisku wystgpujacym w krytej ptywalni. Nastgpnie przeanalizowano problem korozji aluminium w kontakcie ze stalg
w nowych aluminiowo-betonowych konstrukcjach zespolonych, ktore sktadaja si¢ z: aluminiowej belki, stalowej trapezowej blachy i betono-
wej plyty. Ponadto sformutowano zalecania, w jaki sposob unikna¢ korozji w tych konstrukcjach. Zaprezentowane analizy moga by¢ cennym
zrodtem informacji na temat korozji i metod jej zapobiegania w konkretnych budynkach.
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1. Introduction

Stainless steels and aluminium are widely used in civil engineering applications. Stainless
steels cover a wide range of steel types and grades which characterise high resistance
against corrosion or oxidation [10]. Stainless steels are iron alloys with a minimum of
10.5% chromium and with other alloying elements such as nickel, molybdenum, titanium,
copper and carbon. These alloying elements enhance the properties of the material, the most
important being its strength and corrosion resistance. The influence of chemical composition
and temperature on the physical properties of austenitic stainless steel is presented in [2].
The present paper discusses the temperature influence on mechanical properties, such as
tensile strength, fatigue and creep. Mechanisms to strengthen the austenitic stainless steels
by appropriate thermo-mechanical treatments are analysed and the fact that the selection
of a particular grade of stainless steel must meet the corrosion resistance requirements for
a specified application or environment is highlighted. The problem of stainless steel corrosion
is widely discussed in literature. The uniform corrosion aspect of austenitic stainless steels
in various corrosive environments is reviewed in [12]. Ningshen and Kamachi Mudali
discussed the application of existing and advanced austenitic alloys for various chemical
media and the various testing techniques employed for assessing uniform corrosion.
The pitting corrosion of austenitic stainless steels is studied in [7], this takes into account
the influence of alloy composition, microstructure, cold working, grain size and different
parameters of environments. The susceptibility of annealed and unannealed AISI 444 ferritic
stainless steel to pitting and crevice corrosion is analysed in [1]. It was found that annealing
does not improve the resistance to pitting and crevice corrosion. The problem of stainless
steel corrosions became most important in the case of application in indoor swimming pool
buildings. Highly aggressive conditions result from the particular atmospheric circumstances
in such buildings and this decreases corrosion resistance. Common reasons for stainless steel
corrosion in indoor pools are presented in [4]. Houska and Fritz pointed out that chlorine-
based chemicals used to disinfect pool water produce chloramines which are passed into the
atmosphere and deposited on metal surfaces causing the corrosion problems. The corrosion
rate varies with temperature and humidity level and may result in the damage of swimming
pool equipment or main structural element collapse. It was found that usually, collapses
are caused by stress corrosion cracking (SCC) of stainless steel load bearing elements
subjected to tensile stress. According the European Standard recommendations [15], several
austenitic steels are suitable for many applications in indoor and outdoor swimming-pools.
The investigation conducted in [5] confirms that stainless steel 1.4547 shows the best
performance and resistance to stress corrosion cracking compared to the other tested stainless
steels. Nevertheless, even this kind of stainless steel can be susceptible to SCC if deposits
of chloride salts and very specific relative humidity for these salts in combination with the
temperature exceed the limit value. In [13], results of metallographic investigations of indoor
pool ventilation ducts made of stainless steel type 1.4301 were presented. It was found that
the corrosive degradation of this steel occurred as a pitting corrosion in a chloride medium
in the form of pinholes and micro-cracking.

Aluminium structures are considered as corrosion resistant material as well as stainless
steels [3]. Corrosion resistance is one of the most important features of aluminium [8].
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However, aluminium may corrode in some cases. The problem of aluminium corrosion
is widely discussed in [9]; the author pointed out that aluminium is resistant to atmospheric
corrosion thanks to inert aluminium oxide film being insoluble in water and this blocks
further oxidation. Corrosion resistance of aluminium depends on chemical composition, the
fabrication process, heat treatment and the stress field. What is important is that usually,
corrosion does not reduces the safety of aluminium structures, but only decreases the
aesthetics of the structures. Mazzolani in [12] presented the influence of alloy additions
to pure aluminium on corrosion resistance and proposed systems which may protect the
surface of the metal. He described types of corrosion of aluminium (surface, concentrated,
intergranular, lamellar, stress, and corrosion by contact) and he particularly focused
on corrosion of aluminium in contact with steel. He also pointed out that the contact
aluminium with a humid and corrosive environment should be limited. Aluminium should
be separated from concrete, mortar, timber and bricks. A similar suggestion is presented
in [11]. He suggested coating aluminium with bitumen to separate it from concrete. In his
opinion, the pure aluminium exhibited the highest corrosion resistance. Aluminium is
dissolved by fluorine, sodium hydroxide and potassium hydroxide. Hydrochloric acid,
copper and bromo are very corrosive for aluminium. Aluminium corrodes in seawater, sea
air, industrial air, and when in contact with steel, lead, copper and mercury. Aluminium
does not corrode in contact with zinc, cadmium and stainless steel. Furthermore, aluminium
does not corrode in aluminium and iron Alfin brake drums thanks to accurate connection of
both materials. Mromlinski underlined that corrosion intensity decreases rapidly after two
years. Jasiczak and Hajkowski suggested using aluminium at a pH of between four and nine
[6] and checking the possibility of corrosion using the Pourbaix diagram [17]. Siwowski
described an example of corrosion of aluminium in contact with steel in an aluminium bridge
deck [19]. The aluminium bridge deck corroded because of contact aluminium with steel
rivets.

2. Corrosion of stainless steel

The first part of the paper covers an analysis of the corrosion of stainless steel that was
carried out on the example of ventilation ducts installed in the pool hall of The Centre for
Tourism and Recreation [18].

2.1. Macroscopic assessment of installed ventilation ducts

The macroscopic assessment of the current state of ventilation ducts allowed determining
the nature of reasons for potential damage. It was recognised that several types of damage
and corrosion had occurred within the ventilation ducts mounted over the basin of the pool.
One of these was pitting corrosion, which occurs when the atmosphere contains chlorides
and the passive layer of stainless steel is locally damaged. In the analysed sample, the pitting
corrosion occurs in the form of pinholes and micro-cracks (Fig. 1).

The rate of this type of corrosion significantly increases at elevated temperatures.
A corrosion cavity develops and can lead to the complete perforation of the metal sheet.
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Fig. 1. Pitting corrosion: a) visible micro-cracking and pinholes; b) deposits of corrosion
on the surfaces of ventilation ducts [18]

Stress corrosion cracking (SCC) in the form of layers of light and rust deposits on the
fold line of the sheet is presented in Fig. 2a. One can observe linearly placed local pitting
corrosion as a consequence of tensile stresses due to cold-rolling. Stress corrosion cracking
occurred with the equipment exposed to swimming pool atmospheres and arises due to the
combination of the mechanical load and the corrosive environment with free chloride ions.
It is worth noting that the SCC process is usually difficult to detect before cracking occurs
because it develops inside the material among the crystals. Therefore, designers should keep
in mind that this corrosion is present in members subjected to tensile stress, as a results
of external load action or in the form of residual stresses due to welding, cold rolling or
deep forming.

Another type of corrosion detected in the analysed vent ducts was crevice corrosion.
This type of corrosion appears when the pH reaches a critical value called the ‘depassivation

a) b)

Fig. 2. a) example of stress corrosion cracking due to cold rolling; b) example
of crevice corrosion [18]
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pH’. It develops at the region within a crevice which promotes the accumulation of chemical
deposits. Crevice corrosion associated with the presence of gaps within a connection
is presented in Fig. 2b.

2.2. Analysis of the chemical composition

Analysis of chemical composition of material and corrosion products was performed
based on results supplied by the contractor. The chemical composition was conducted by
the gravimetric method (Table 1).

Table 1
Chemical composition of material [18]
Chemical Tested sample (vent duct) X2CrNiMo17-12-2 (1.4404)
element [%] (PN EN 10088-1:2007) [%]
C 0.03 0.03
Si 0.028 1.00
Mn 1.90 2.00
P 0.025 0.045
0.015 0.15
Cr 16.80 16.5-18.5
Ni 10.00 10.0-13.0
Mo 2.35 2.0-2.5

It was found that the material of vent ducts installed in the swimming pool corresponds to
the stainless steel grade X2CrNiMo17-12-2 (1.4404) according to [14]. Based on the analysis
of the chemical composition of the steel sample, it can be concluded that the content of the
Cr and Ni is placed in the lower limits of the range referred to in [14], while the carbon
content reaches an upper limit. As is well known, a low content of Cr and Ni can influence
the reduction in corrosion resistance. Furthermore, in environments containing spray steam
and free chlorine ions, the risk of corrosion increases significantly. Particular attention
should be paid to the very high content of chlorine that was found during the analysis of the
chemical composition of corrosion products (Table. 2). The content of Cl reaches approx.
35% in the worst place.

Table 2
Chemical composition of corrosion products [18]
egﬁf:;;c[i/t] O | AL | si | ¢ | Ca| Cr| Fe | Ni | K | Mn
place 1 18.14 | 1.23 | 3.22 | 24.09 | 5.26 | 4.49 | 29.55 | 14.04 - -
place 2 22.07 | 489 | 12.68 | 34.65 | 6.41 | 1.76 | 6.62 | 10.30 | 0.63 -
place 3 16.25 | 0.24 | 0.44 | 20.25 | 4.56 | 9.43 | 27.92 | 17.55 - 3.37
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3. Corrosion of aluminium in aluminium and concrete composite structures

In the second part of the paper, corrosion of aluminium in contact with steel in aluminium
and concrete composite structures is analysed. Electromechanical corrosion occurs when
aluminium is in contact with another metal with a liquid between two metals and a voltaic
pile is established. This type of corrosion is widely discussed in [9]. The contact voltage
of steel with respect to aluminium is 850 mV. Note that aluminium may corrode in contact
with steel because aluminium has a lower voltage than steel. For this reason, it is necessary
to separate steel from aluminium. Steel and aluminium may be separated using insulating
materials like elastomeric tape, rubber or zinc plating. Steel bolts should be galvanised or
electroplated. An example of insulating steel from aluminium is presented in Fig. 3. Insulating
material should extend beyond the contact area.

Zinc washer

Steel

LJ ™~ Zinc washer

Insulati ial
nsulating materia Galvanised bolt

™~

Aluminium

Fig. 3. Insulating steel from aluminium

Aluminium and concrete structures are a type of composite structures which consists
of an aluminium beam, a concrete slab, steel sheeting and connectors [16] (Fig. 4).

Steel trapezoidal sheeting

Steel shear connector
Concrete slab

Aluminium beam

Fig. 4. An aluminium and concrete composite beam
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A connection an aluminium beam with a concrete slab using special connectors
is a quite new solution. Aluminium and concrete structures may be used in durable
constructions. For this reason, they should be corrosion resistant. The aluminium beam
is joined with the concrete slab using a steel shear connector [20] which should be galvanised
to avoid corrosion of the aluminium (Fig. 5).

concrete slab concrete slab

galvanised steel sheeting

insulating material galvanised shear connector

steel sheeting

- . aluminium beam
aluminium beam galvanised shear connector

Fig. 5. A corrosion protection of the aluminium beam: a) when steel sheeting is not galvanised;
b) when steel sheeting is galvanised

When steel sheeting is not galvanised, an insulating material should be applied between
the aluminium flange and the steel sheeting, for example, elastomeric tape. When steel
sheeting is galvanised, insulating material is unnecessary. Fresh concrete is separated from
aluminium by the galvanised steel sheeting.

4. Conclusions

Based on the presented examples, it can be concluded that stainless steel is susceptible
to stress corrosion cracking in aggressive environments as deposits of chloride salts and very
specificrelative humidity in combination with the temperature. This is particularly dangerous in
the case ofload bearing members subjected to tension stresses which are not cleaned. The lack of
maintenance of ventilation ducts with condensed water and cleaning agents without chlorine,
results in local damage to the passive layer of stainless steel and causes pitting corrosion.
Another mistake is the use of corrugated metal sheet, because cold-rolling provides relatively
high residual stresses. Moreover, the folds disturb easy cleaning to remove the accumulation
of aggressive chloride. As a consequence, the rapid develop of stress corrosion cracking is
observed. In conclusion, the application of stainless steel grade 1.4404 for vent ducts in the
swimming pool was an inappropriate choice. To ensure the proper design of this type of
structural member, the designers should follow the recommendation contained in the relevant
norms. In the example, according to the PN-EN 1993-1-4 [15] in swimming pool’s corrosive
chloride environment, ventilation ducts should be designed with the following grades of steel:
austenitic steels alloyed, 1.4439/X2CrNiMoN17-13-5 or 1.4539/X1NiCrMoCu25-20-5,
1.4547/X1CrNiMoCuN20-18-7 or 1.4529/XINiCrMoCuN25-20-7 and ferritic-austenitic
(duplex) 1.4462/X2CrNiMoN22-5-3. Designers should also consider the alternative method



104

which is based on zinc coating technology. This solution is widely used as anti-corrosion
protection of steel structures. It is characterised by ease of implementation, its relatively low
cost and high efficiency. The zinc layer provides anodic protection which is quite effective
in case of negative impact of corrosive environment.

In the case of aluminium, it was proposed that it is one of the best materials used in
building construction in terms of corrosion resistance. However, as with stainless steel it
may corrode when it is used incorrectly. Corrosion does not usually decrease the safety
of aluminium structures, but only damage the aesthetics of the structures. What is more,
corrosion intensity may decrease rapidly after two years. Aluminium and concrete structures
are a fairly new structural solution. They may be used in durable structures and they should
be corrosion resistant. Therefore, designers should keep in mind that aluminium may
corrode in contact with steel, because aluminium has a lower voltage than steel. Steel shear
connectors in aluminium and concrete composite structures should be galvanised to avoid
the corrosion of aluminium in contact with steel. When steel sheeting is not galvanised,
an insulating material should be applied i.e. elastomeric tape between the aluminium flange
and the steel sheeting.
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