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ARMATURES EN ACIER INOXYDABLE - UN APERCU
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SUMMARY

World-wide numerous stainless steel reinforcing steels are applied for the
purpose of preventive corrosion protection of reinforced concrete structures. In
this report the performance characteristics, the corrosion behaviour, practical
experiences and existing standards are dealt with in a survey. It is shown that
reinforced concrete structures, reinforced with suitable stainless steels can be
classified as durable.

ZUSAMMENFASSUNG

Weltweit werden eine Reihe von nichtrostenden Betonstihlen zum Zwecke
eines vorbeugenden Korrosionsschutzes von Stahlbetonkonstruktionen ange-
wendet. In diesem Bericht werden die Gebrauchseigenschaften, das Korrosions-
verhalten, baupraktische Erfahrungen sowie bestehende Standards in einem
Uberblick behandelt. Es wird gezeigt, dass Stahlbetonkonstruktionen, die mit
geeigneten nichtrostenden Betonstihlen bewehrt sind, aus korrosionstechnischer
Sicht als dauerhaft eingestuft werden konnen.

RESUME

Mondialement, de nombreuses armatures en acier inoxydable sont utilisées
comme mesure de prévention contre la corrosion des constructions en béton ar-
mé. Ce rapport donne un apercu sur les caractéristiques de fonctionnement, le
comportement face a la corrosion, des expériences pratiques et les normes exis-
tantes. Il s'avere que les constructions en béton armé avec des armatures inox
appropriées peuvent étre classifiées durables du point de vue de la corrosion.

KEYWORDS: Stainless steel, reinforcement, corrosion, properties,
specifications
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1 INTRODUCTION

In reinforced concrete structures the concrete guarantees chemical and
physical corrosion protection of the unalloyed reinforcement.

Loss of durability in reinforced concrete apart from problems caused by
poor design and construction only occurs if the passivation oxide layer is ren-
dered unstable (if depassivation occurs) due to carbonation of the concrete re-
ducing the alkalinity of the pore solution in the hardened cement paste around
the steel or to the ingress of chlorides to the steel /concrete interface [1-2].

There are several conventional options open to the designer when long life
is required or corrosion is anticipated. One attractive technical solution is to ap-
ply a stainless steel based reinforcement [3-8].

Although the initial cost of stainless steel is much higher than that of car-
bon steel, its use can be justified on the basis that the increase in total project
cost is small and is easily overtaken by the benefits of lower maintenance and
repair costs, particularly where disruption times and costs for such work are
taken into consideration.

Corrosion resistant materials for reinforcement may be used in the follow-
ing applications:
- structures are exposed to attack of corrosion promoting substances,
- the concrete cover and the concrete quality is — by design or otherwise — re-

duced relative to the necessary values for the surrounding environmental
conditions (e.g. in extremely slender elements),

- special structures have to be built, e.g. connections between precast and cast
in place elements or heat insulated joints between the structure and external
structural elements (e.g. balconies),

- prefabricated wall- and roof-elements where the reinforcement connects the
outer and inner walls,

- non-dense or dense lightweight concrete is designed to reach a required
thermal insulation as well as low ownweight,

- cases where access to the structure is strongly limited, making future inspec-
tion and maintenance costly, such as in underground structures in aggressive
soil
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- and where future maintenance is possible but may cause extreme indirect
costs due to non-availability, such as in bridges in the main traffic arteries of
densely populated areas.

There exist recommendations for a convenient use of stainless steel rein-
forcement [3,5,9,10]. The decision on which type of stainless steels to use de-
pends on:

- the degree of corrosion protection required,
- cost aspects,

- workability and application characteristics (mechanical and physical proper-
ties, weldability).

Typical applications where reductions in maintenance costs warrant the use
of ferritic-austenitic and austenitic stainless steels include offshore structures,
piers at the sea coast, parts of highway structures subject to de-icing salts or
splash, multi-storey car parks, plants for the desalination of sea-water, concrete
elements in thermal bath and each kind of repair work. A guidance on locations
where use of stainless steel reinforcement is recommended in new highway
structures is published in [10]. It is possible to substitute all carbon steel rein-
forcement on a structure with corrosion resistant reinforcement but this would
nearly always too expensive to justify. Replacement with stainless steel rein-
forcement should be limited to those major components where the consequences
of future repair are likely to be highly disruptive and costly and the possibility of
chloride attack is likely.

Components of highway structures that may meeting these requirements
include

- Decks of bridges carrying heavily trafficked roads over busy railway lines
with limited possessions for repair,

- exposed piers and columns in centre reserves (but not deeply buried ele-
ments),

- deck slabs where access for maintenance is going to be very difficult because
of traffic levels.

An alternative approach is to use stainless steel reinforcement selectively in
conjunction and also contact with carbon steels. It is not envisaged that stainless
steel will replace any really significant part of the massive tonnage of the pre-

sent carbon steel reinforcement output.
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The applications of stainless steels must not be restricted to chromium-
nickel-(molybdenum) steels with austenitic and ferritic-austenitic structure. Fer-
ritic chromium-alloyed steels might be the best choice in moderate aggressive
environments, e.g. in carbonated normal and lightweight concrete if chloride
attack can be excludet, where the higher resistance of the more expensive
stainless steels is not necessary.

2 STEEL TYPES [1,11]

The term stainless steel does not refer to a single specific material but
rather to a group of corrosion resistant high alloyed steels, which in contrast to
unalloyed steels do not show general corrosion and noticeable rust formation in
normal environmental conditions (atmosphere, humidity) and in aqueous, nearly
neutral to alkaline media. Basic requirement for the before-said reaction is a
minium concentration of that steel on particular alloying elements and the exis-
tence of an oxidising agent (e.g. oxygen) in the surrounding medium. This
causes a passivation of the surface. ,,Passivitiy* describes a condition that pro-
duces a strong inhibition of the reaction of resolving iron after forming a passive
layer on the surface. Chromium, in particular, is an element that tends to pas-
sivation. A self-forming inert chromium oxide layer on the surface of the mate-
rial protects against corrosion. In the event of the protective surface layer being
damaged, it is self-healing in the presence of oxygen. This property is transmit-
ted on iron resp. steel through alloying: General corrosion decreases in corro-
sion-promoting media contrary to the content of chromium (see Fig. 1). The
content of chromium that causes passivity when exceeded depends on the at-
tacking agent. The content of chromium in water and in the atmosphere should
at least be 12 M.-%. Corrosion resistance may be further improved by additions
of further alloying elements. Chromium, molybdenum and nitrogen are impor-
tant elements in relation to pitting corrosion. Nickel especially increases corro-
sion resistance in acid media.
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Fig. 1: Corrosion of chronium steels in industrial air (Binder and Brown in [11])

Changing the balance of the alloying elements (chromium, nickel, molyb-
denum, nitrogen, titanium and others) will influence the structure as well as the
other properties such as corrosion behaviour, mechanical and physical properties
and weldability. Therefore members of the stainless steel family are usually
grouped in groups having the same metallographic structure. Within the area of
concrete reinforcement three types of stain-less steels are in question and are
available in the adequate product form. These are ferritic, austenitic and ferritic-
austenitic (duplex). Interest in the use of these alloys as reinforcing steel for
concrete is due to their increased resistance to corrosion particularly in chloride
containing media, but particular technological characteristics are aimed at with
regard to processing and application, as well. However increasing the alloy level
the cost of the material will also increase. Therefore it is important to select steel
types at an alloy level which are sufficiently corrosion resistant for the job to be
done and with sufficient mechanical properties and weldability.

In common conditions, that prevail in construction engineering (attack of
light acid to alkaline aqueous media), ferritic steels with about 11 to 30 M.-%
of chromium have a sufficient resistivity against general corrosion. With an ad-
dition of a sufficient content of chromium and molybdenum up to about 2 M.-%,
resistivity against pitting corrosion can be achieved as well. Besides, ferrites
have a high resistivity to stress corrosion cracking in an environment containing
chlorides. Above all, if you assume comparable contents of chromium, the reac-
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tion of ferritic steels towards crevice corrosion is much more adverse than it is
e.g. at austenitic steels.

Ferritic steels are ferromagnetic. An adventage of these steels in compari-
son with austenites is the higher yield stress in the as-rolled condition. Advers is
the low fracture-elongation, the more difficult workability and the brittleness at
low temperatures. The workhardening during cold forming is low in comparison
with austenitic steels. They are not so readily weldable as the other types.

Austenitic steels have between 17 to 25 M.-% of chromium and 8 to 26
M.-% of nickel. These steels are especially used because of their positive corro-
sion properties and their superior workability in comparison with other stainless
steels. In case of a proper content of alloy, they have got a high resistivity to
general corrosion, pitting corrosion and crevice corrosion, but are sensitive to
stress corrosion cracking in their typical compound with about 10 M.-% nickel.
The resistance to pitting corrosion, crevice corrosion and stress corrosion crack-
ing can be improved with an addition of chromium, molybdenum and nickel.

Austenitic steels are not ferromagnetic. They have a higher toughness and a
much better weldability but a lower yieldstress in the as-rolled condition than
ferritic steels. The tendency to workhardening is very pronounced. For that rea-
son austenites can increase their strength evident by means of cold forming
without unacceptable reduction of deformability. The ductility of austenitic
stainless steel always exceeds that of conventional bars and they have a very
high toughness and good ductility properties at low temperatures. In seismic ar-
eas, austenitic steels are often used in reinforced concrete structures, as their
strength and ductility intensify the material’s specific deformation energy. This
is advantageous for absorbing the impact of a violent earthquake.

Ferritic-austenitic (duplex) steels have a binary structure of ferrite and
austenite. The typical range of their chemical analysis is 22 to 28 M.-% of
chromium, 4 to 8 M.-% of nickel. Molybdenum can be added in order to im-
prove the corrosion resistivity. These steels combine good properties of ferritic
steels (high yield strength) and austenitic steels (good ductility, improved corro-
sion properties). Owing to their excellent mechanical properties (high yield
strength, good ductility) in already the as-rolled condition and the very high re-
sistivity to chloride attack, duplex steels are of interest as material for rein-
forcement.
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Table 1 lists the chemical composition of the main stainless steels suitable
for the manufacturing of reinforcing stainless steels. This survey was taken from
a common European standard [12] which at this time is in preparation. It was
added by the ferritic steel type 1.4003 which is used in Germany and other coun-
tries. The numbers of the steels are according to European Standard codes as
given in EN 10088 [13].

For particular types of corrosion, e.g. pitting corrosion and stress corrosion
cracking, the existence of a passive layer is a necessary requirement. Because of
that, passive steels are resistant against general corrosion, but are sensitive to
local corrosion in presence of specific media (e.g. chloride ions) in case of an
insufficient content of alloy. There are four types of corrosion of stainless steels
to be observed: general corrosion, intergranular corrosion, pitting corrosion and
stress corrosion cracking.

3  PRODUCTION OF STAINLESS STEEL REINFORCEMENT [3,1,16]

For application in concrete structures, ferritic, austenitic and ferritic-
austenitic (duplex) steels can be produced as ribbed bars within the normal range
of strength and deformability requirements. Up to 14 mm diameter the bars are
available in rings permitting the confection of any shape and length of reinforc-
ing bar. Above 14 mm diameter the bars are supplied in straight lengths (length
up to 12 m are available in the UK).

One of the initial problems in producing stainless steel reinforcing bars was
that the yield strength Rp,, of ferritic and above all austenitic as-rolled bares
were approximately the same as those of mild steel. The general mechanical
properties in the annealed condition are such that the yield strength of ferritic
and austenitic types are about 300 N/mm® respectively 200 N/mm® where as the
corresponding values for duplex steels are higher (400 - 480 N/mm?®). Therefore
no ferritic or austenitic standard steel in the normal as-rolled condition would
have sufficient strength.

However, in order to meet the requirement for use as reinforcement in con-
crete the strength of the steels must be increased. As these steels had a metallur-
gical structure incapable hardened significantly by heat treatment other methods
of increasing strength had to be pursued.

Subsequent treatment, either special heat treatment or cold and warm work-
ing, the latter also with a nitrogen addition, will enable high yield reinforcement
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strength to be reached. These processes are however complicated and increase
the high material cost of stainless steel.

Ferritic steels in the as-rolled condition have a higher yield strength than
austenitic steels. There is a certain probability that the bars may be further
strengthened by cold twisting [14] or drawing and cold rolling [15]. These proc-
esses can be facilitated by employing a special alloy composition. In this, the
carbon and nitrogen contents are limited to avoid hardening after cooling from
the austenite phase. The steel retains sufficient strength and deformation proper-
ties after cold deforming from 4 to 14 mm diameter. In addition to strengthening
the bars, twisting is also an effective methods of removing millscale, which has
been found to aggravate pitting corrosion and was previously removed by pick-
ling and shot blasting.

Acceptable high yield reinforcing bar strengths can be obtained from aus-
tenitic stainless steels. The lower dimensions from 4 to 14 mm may be
strengthened by means of cold working (drawing and rolling) [15-17]. For the
austenitic types cold working results in a reduction of the elongation from 40 %
to 20 - 25 %, which is beneficial for the function of the rebars in concrete.

The literature [18] sometimes makes reference to the possibility of a
somewhat reduced corrosion resistance of cold worked austenitic stainless steel
whereas in duplex materials this is not the case. Cold working of austenitic
stainless steel may cause a transformation of some of the austenite into marten-
site. Alloys with a lower content of alloying elements (e. g. 1.4301) are more
prone to develop martensite than alloys with a higher content (e. g. 1.4539) (see
section 4.2). Martensite is in the position to favour pitting corrosion. However,
the amount of cold work of reinforcing steel does not exceed about 35 % which
results not in a damaging martensite formation and a reduction of the pitting cor-
rosion resistance [15].

For small dimensions (< 12 mm) also warm working at reduced tempera-
ture may be used for increasing the strength of austenitic steels resulting in me-
chanical properties similar to those obtained by cold working [16,17]. An effec-
tive solution for large diameter bars up to 40 mm for ribbed bars and 50 mm for
plain bars is the combination of using a modified composition (an addition of
0.15/0.20 M.-% nitrogen) and the warm working process.

Owing to their excellent mechanical properties in the as-rolled condition,
duplex stainless steels are of interest as materials for reinforcements. In Ger-
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many [15] such wires are cold deformed, in Italy [19] they are as-rolled or cold
deformed.

In principle manufacture of stainless steel reinforcement by hot and cold
deforming does not distinguish from production of mild steel reinforcement.
Another development, which can significantly reduce the cost, involves produc-
ing a stainless steel clad reinforcing bar [20]. In this approach, a core of ordinary
steel is encapsulated in a stainless steel sheath to resist corrosion. However, the
difficulties associated with inserting the core and fusing the metals together
added to the cost which thereby offset the savings resulting from the use of a
cheaper core. Furthermore, of pinholes were present in the cladding there was a
potential problem of 'undercutting' corrosion [17]. At that time improved prod-
ucts are on the market in UK.

4 STRUCTURAL PROPERTIES

Mechanical and physical properties as well as welding behaviour are very
important in order to evaluate the ability of any material to withstand the ex-
pected loads during the designed service life. These depend on the method of
manufacture, material composition respectively microstructure and bar size.

4.1 Mechanical properties

The mechanical properties of stainless steels that are of main concern to the
designer are characteristic strength, ultimate tensile strength and elongation. The
stress-strain-behaviour of austenitic and duplex grades differs from that of car-
bon steels in that they do not exhibit a well-defined yield point when test pieces
are submitted to tensile load. To characterise the design strength of such materi-
als, proof strengths are used and are determined as the stress Rpy, of 0.2 %. Af-
ter [9] a modulus of elasticity for austenitic and ferritic-austenitic stainless steel
reinforcement of 200 KN/mm® may be used in design, except for the austenitic
steel 1.4529, which has a modulus of 195 KN/mm®. The Tables 2 — 4 show typi-
cal properties for different steel grades from UK, Germany and Italy.

Temperature influence

Austenitic stainless steels in the warm deformed condition retain consid-
erably higher strength than carbon steels, ferritic and ferritic-austenitic(duplex)
stainless steels at elevated temperatures [4,9]. At temperatures up to 500 °C,
there is negligible reduction in the 0.2 % proof stress. This suggests that con-
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crete elements reinforced with austenitic stainless steel will behave better in fire
than conventionally reinforced elements with the same depth of cover.

The increase in strength of stainless steels from cold working process
gradually reduces with increasing temperature. At 500 °C, austenitic stainless
steels exhibit a marginal decrease in the 0.2 % proof strength and a significant
reduction in the ultimate tensile strength. The strength of heated cold deformed
reaches the strength of annealed material at a little over 800 °C.

Table 2: Mechanical properties of stainless reinforcing steels in UK (from [16] and steel
maker information)

steel chemical condition bar size yield tensile elon-
grade composition stress stress gation
mm Nmm? | Nmm? %
b 10 865 1000 20
warm 20 745 880 25
1.4401 X5CrNiMo 17-12-2 worked 32 620 775 25
austenitic 40 550 685 25
2)
as rolled 25 279 579 52
2)
cold twisted 20 660 780 28

D - v s .
'minimum values 'values of specific specimens

Table 3: Mechanical properties of stainless reinforcing steels in Germany (from [15] and
steel maker information

steel chemical condition | bar size yield tensile elon-
grade composition stress stress gation
mm Nmm? | Nmm™ %
Y 10 880 990 20
1.4429 hot 20 790 900 25
austenitic | X2CrNiMoN 17-13-3 rolled 32 630 790 25
40 550 790 30
1.4571 3
austenitic | X6CrMiMoTi 17-12-2 cold 10V 456 599 39
1.4462 rolled
ferr.-aust. | X2CrNiMoN 22-5-3 7Y 870 934 13
gl 518 608 16
1.4003 X2CrNi 12 2)
ferritic hot rolled <350  [~490  |~25

“no reinforcing steel

Y6-14 mm is possible
‘minimum values

Ivalues of specific specimens *
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Table 4: Mechanical properties of stainless steels in Italy (from [19] and steel maker infor-

mation)
steel chemical condition | barsize | yield tensile elon-
grade composition stress” | stress” | gation"
mm Nmm? | N mm? %

1.4301 [ X5CrNi 18-10 cold finished 10 671 831 214
1.4307 | X2CrNi 18-9 hot rolled 20 761 864 27.9
1.4401 |X5CrNiMo 17-12-2 32 754 863 25.9
1.4404 | X2CrNiMo 17-12-2 40 717 878 31.1
1.4571 | X6CrNiMoTi 17-12-2
1.4462 | X2CrNiMoN 22-5 cold finished 10 950 1059 14.0
1.4362 | X2CrNiN 23-4 as rolled 18 485 668 -

DValues of specific specimens

For example, liquefied natural gas is stored at a low temperature of
-165 °C and liquid oxygen below -190 °C. Any materials forming part of a con-
tainment system for such gases must have satisfactory and predictable properties
at these temperature to avoid failure. Austenitic stainless steel reinforcement,
which retains ductility to temperatures as low as -196 °C, is suitable for use in
such applications [4,9], unlike carbon steel, which exhibits a transition from
ductile to brittle behaviour well above this temperature. The ultimate tensile
strength and the 0.2 % proof stress increase slightly with descending tempera-
ture. The elongation decreases. Ferritic-austenitic (duplex) and above all ferritic
stainless steels undergo a marked decrease in toughness at sub-zero tempera-
tures. These steels are not recommended for cryogenic applications.

4.2 Physical properties

The important physical properties of stainless steel considered in relation to
application in concrete are: density, thermal conductivity, coefficient of thermal
expansion and magnetic permeability. In Table 5 typical values of these parame-
ters for different types of stainless steel in the annealed condition are collected.

From the structural point of view, the most important physical property is
the coefficient of linear thermal expansion [3]. The coefficients of thermal ex-
pansion of ferritic steel and concrete are more or less the same (1.2 and 1.1 x 10°
> °Crespectively). In comparison, the coefficient of thermal expansion of aus-
tenitic stainless steel is higher (1.7 x 10° OC'S). If a concrete structure with aus-
tenitic reinforcement is exposed to high temperatures, tensile stresses will be
produced in the uncracked concrete as a consequence of the different thermal
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coefficient of steel and concrete. This may in theory cause some minor defects
in the contact zone and expansion cracking, particularly in heavily reinforced
sections. However, there is no practical evidence or laboratory results supporting
this assumption. Compared to carbon steels, the higher coefficients of thermal
expansion for the austenitic steels, and the lower thermal conductivities, may
rise to greater welding distortions (section 4.3).

Table 5: Physical properties of stainless steel

Thermal Specific Coefficient Magnetic

Density conductivity heat of thermal

glem’ W/m - °C J/g-°C expansion

cm/cm - °C
Ferritic steel 7,7 23 0.46 1,2x10” Yes
Austenitic steel |  7,8-8,0 12-15 0.44 1,7x10” No
Martensitic steel 7,7 23 0.46 1,2)(10'5 Yes
Duplex steel 7,7 20 0.44 1,3x107 Yes

Ferritic stainless steels are (ferro-)magnetic, as are carbon steels. The mag-
netic behaviour of the various types of austenitic steel varies, but they have low
magnetic permeabilities compared to other ferrous steels and are generally
considered to be non-magnetic.

Relative magnetic permeability is defined as the ratio of the magnetic flux
density produced in the material to that produced in free space by the same
magnetising force; thus the lowest achievable magnetic permeability is 1. For
austenitic stainless steels magnetic permeability depends on chemical composi-
tion and production process. Concerning the steel grade magnetic permeability
decreases in the designation order 1.4301 - 1.4401 - 1.4436 - 1.4429 - 1.4529.
However, the values varies with production process, e.g. values for cold-drawn
steel bar are greater than for bar that has been warm-worked. Heavy cold work-
ing, particularly of the lean alloyed austenitic steel, can also increase magnetic
permeability; subsequent annealing would restore the non-magnetic properties.
Cold working produces phase transformation from austenite to martensite (sec-
tion 3). These strain induced martensite phases are magnetic and increases mag-
netic permeability. In particular the more highly with chromium, manganese,
nickel, molybdenum and nitrogen alloyed grades have a increased austenite sta-
bility and are effectively non-magnetic after cold deformation (lit. in [21]). So,
bars required to have a low permeability (~ 1.005) must be hot-rolled and/or of a
specific composition.
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4.3 Weldability

All stainless steel can be welded either to themselves or to carbon steel
provided that necessary precautions are taken [4,9]. However, welding method
and type of weld should be considered. Welding of reinforcement can be made
by resistance welding as well as metal arc welding. As most materials used for
reinforcement have been strengthened by cold working, reduction of strength at
the weld 1s possible depending of the heat input applied.

Resistance welding is the most widely used welding method in factories.
For instance, it is used for prefabrication of mesh reinforcement. Resistance
welding having generally the lowest heat input will have the least effect on the
properties. On the other hand, it requires well adjusted parameters in order to
obtain a mechanical connection which is able to transfer sufficient force. This is
done by optimising the electrical parameters along with the press force by weld-
ing.

Gas metal arc welding (MIG/MAG) is the most frequently used method for
welding carried out on site. It is a very rational method for joining crossing re-
bars. When arc welding reinforcing bars some loss of tensile and yield strength
may result from the welding heat. Consequently it is advisable to adjust the
welding parameters resulting in shortest possible welding time and the best pos-
sible gas shielding. The latter is in order to minimise oxide formation. Gas mix-
ture used 1s 96 % argon, 3 % CO, and 1 % hydrogen. If the weld products (tem-
per colours) followed by high heat input metal arc welding are not completely
removed, corrosion resistance is reduced. Pickling or shot-blasting the weld can
often solve this problem, but is not always on construction sites.

The weldability of stainless steel depends on its structure and chemical
composition. The weldability of the steel types is best for the austenitic types,
similar but more restricted for the duplex materials and very limited for the fer-
ritic ones. Weldability is improved by decreasing the carbon content, increasing
the nickel content and by stabilisation. As a rule low carbon grades of stainless
steel with max. C = 0.03 % or with titanium or niobum stabilised grades can be
welded without fear of any detrimental effect.

In comparison with carbon steel, the higher thermal expansion of austenitic
stainless steel coupled with its lower value of thermal conductivity, increases the
possibility of distortion occurring during the welding process. However, the
higher electrical resistance of stainless steel is an advantage because it results in
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the generation of more heat for the same current. Together with the low heat
conductivity this can be advantageous when resistance welding processes are
used.

When welding the duplex stainless steels, it is the cooling rate which con-
trols the microstructure, therefore the heat input should be controlled in conjunc-
tion with the material thickness to obtain the correct weld structure.

Because stainless steel concrete reinforcing bars have different chemical
compositions it is important to select welding electrodes or wires which result in
welds with identical or better composition to those of the bars. That provide
weld filler with corrosion resistance properties as nearly identical to the base
metal. Proper weld rod selection not only preserves corrosion resistance proper-
ties, but is also important in achieving optimum mechanical properties.

When welding stainless steel to carbon steel the electrode or wire has to be
higher alloyed than the stainless steel that is to be welded in order to compensate
for the diluting effect of the carbon steel. The chemical composition of weld,
depending only on the welding electrode or wire used, shall not be too lean in
alloying elements as otherwise brittle welds are the result. As a minimum the
weld should have the composition of stainless steel type 1.4301. This can be
achieved with an electrode or wire that contains at least 23 % chromium and
12 % nickel.

S  CURRENT SPECIFICATIONS

UK

BS 6744 [22] was one of the first standards covering stainless steel rein-
forcement. This standard specifies stainless hot-rolled and cold-worked steel
bars to achieve characteristic strength levels of 500 N/mm” or higher. Strength
grades are defined in Table 6. The 200 grade steel is only available as plain bar.

In the UK stainless steel is currently produced from the austenitic and fer-
ritic-austenitic materials 1.4301, 1.4436, 1.4429, 1.4462, 1.4501, 1.4529. They
are listed from left to right in order of increasing corrosion resistance and, con-
sequently, of increasing initial cost. In most situations standard austenitic grades
1.4301 or 1.4436 will provide an acceptable solution when designing against
corrosion. The higher grade austenitic and ferritic-austenitic steels should be
considered when the possibility of high levels of chloride build-up in concrete
over time is anticipated (e. g. marine structures, traffic structures heavy con-
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taminated with de-icing salts). The mentioned materials are typically available
in all three strength grades; however the duplex steel designation 1.4462 is only
available in 650 grade.

The range of sizes of bars shall be from 3 mm to 50 mm. Typical mechani-
cal properties are listed in Table 2.

Table 6: Minimum tensile properties

Strength 0.2 proof | Stress ration | Elongation Total Nominal
grade strength Rin/Rpo2 at fracture elongation size
Rpo2 (N/mmz) Aj at maximum (mm)
(N/mm?) (%) force Am
(%)

200 200 1.10 22 5 3-50
500" 500 1.10 14 5 6-50
650 650 1.10 14 5 3-25

'Recommended grade

Germany

In Germany there exist an approval of the Deutsches Institut fiir Bautechnik
in Berlin concerning stainless reinforcing steels [23]. The application of these
steels has up to now been limited because of the high price.

Small diameters of 4 to 14 mm are cold rolled plain or ribbed bars and are
of the ferritic type 1.4003, the austenitic type 1.4571 and the ferritic-austenitic
(duplex) type 1.4462. The wires are weldable and also used for welded wire
mesh. Typical mechanical properties are documented in Table 3. The strength
grade corresponds to the British strength grade 500, but the elongation at frac-
ture is 10 %. It is recommended to use the grades 1.4571 and 1.4462 if the pos-
sibility of high levels of chloride are to be expected.

The steel grade 1.4003 may be used if quick carbonation of concrete cover
can not be excluded reliable.

Further in Germany bars of 10 to 40 mm are offered in the hot rolled condi-
tion. With the austenitic steel grade of 1.4429 a yield stress of 550 to 880 N/
mm? can be reached (Table 3).

USA

In the USA, stainless steel reinforcement is specified in ASTM A955M -
2001 [20], which covers deformed bar in a wide range of alloys and plain stain-
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stainless steel clad carbon steel bars from 9,5 to 57,3 mm diameter. In particular
austenitic stainless steels with designation numbers 1.4429 and 1.4404 are often
used, an typical ferritic-austenitic (duplex) stainless steels are types equivalent
to 1.4462. They are generally of one of three minimum yield levels, 300, 420
and 520 N/mm®, designated as grade 300, 420 and 520, respectively.

Other countries

In Denmark, cold rolled weldable austenitic stainless steel smooth and pro-
filed bars of the types 1.4301 and 1.4401 are in use [24]; dimensions from 4 - 16
mm are available. Resistance welding is the most widely used welding method.
For instance, it is used for prefabrication of mesh reinforcement. MIG/MAG
welding is the most frequently used method for welding carried out on site. In
other Scandinavian countries also steel types 1.4301 and 1.4401 are specified. In
particular in Norway and Finland the steel type 1.4436 has been used.

In Italy, mainly austenitic stainless steels 1.4301 and 1.4401 and ferritic-
austenitic (duplex) steels of grade 1.4462 and 1.4362 have been used in rein-
forced concrete structures (Table 4).

In France, the low austenitic carbon steel types 1.4307 and 1.4404 are
specified.

Many specifications in the Middle East are based on BS 6744 [22], particu-
larly using 1.4401 steel. Duplex steel 1.4462 has been used in repair contracts in
the Middle East. In parts of Far East, such as China, Japan and India, the Ameri-
can codes are generally used.

European standard

At present a common European standard [12] is in preparation. This stan-
dard specifies the requirements for the chemical composition, mass per unit
length, dimensional, mechanical, technological and shape properties of bars and
coils (wire rod and wire) of reinforcing stainless steel, smooth of grade InE235
and smooth, ribbed or indented of grades InE500, InE650 and InE800, with a
nominal diameter between 5 mm and 50 mm. The designation of reinforcing
stainless steels covered by this standard consists of the indication of the speci-
fied proof strength of the product.
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The tensile mechanical properties shall be in accordance with the require-
ments of Table 7. The specified values are a 0.05 fractile for Ry, and 0.10 frac-
tiles for the ratio R,/Ry» and A, to which minimum values are associated.

Table 7: Mechanical properties in [12]

Steel 0.2 % Proof strength Total elongation
grade (ﬁ,; ,221) Ratio Ru/Ryo.2 at maxir[r;;m force
(%)
Fractile | Minimum | Fractile | Minimum | Fractile | Minimum
value value value value value value
InE235 235 220 1,15 1.12 8 7
InE500 500 475 1.10 1.08 5 4
InE650 650 625 1.10 1.08 5 4
InE800 800 775 1.10 1.08 5 4

The Table 1a - c lists the chemical composition of the main stainless steels,
suitable for the manufacturing of reinforcing stainless steels. For each of these
steels, the grades that are possible to get are indicated in the last column of the
tables; getting these grades depends on the diameter of the product, its manufac-
turing process (hot or cold rolling) and its profile (smooth, indented or ribbed).
The steels mentioned may be welded under certain conditions.

For the proposed steels in Table 1 (excepting the steel 1.4003)), the stan-
dard gives guidlines for the selection of stainless steels depending on the condi-
tions of use and environment as well as example of application. However, this
recommendation for use is not quite straight, too complicated and seems not to
be covered by research and practical experience.

6 PRACTICAL EXPERIENCES WITH APPLICATION

Stainless steel reinforcement have been used in concrete structures in UK,
USA, Italy, France, Denmark, Norway, Sweden, Finland, Germany, in the Mid-
dle and Far East and South Africa. Typical applications of stainless steel rein-
forcement are structures which are exposed to very aggressive environments.

Only relatively small quantities of stainless steel reinforcement have been
used in the past. However, an increasing amount of austenitic or ferritic-
austenitic (duplex) steel reinforcement is to be found in bridge engineering,
multi-storey car park decks, tunnels and underpasses, retaining walls, marine
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structures like piers at the sea coast, where influence of seawater or de-icing salt
cannot be excluded, and historic buildings and buildings with long service lives
[4,5,9,10,25,26]. Further these steels are generally located at construction joints
or critical gaps between columns and deck.

Ferritic stainless steels are used as reinforcement in pre-cast elements of
normal-weight and light-weight concrete. Another typical application is in pre-
fabricated wall elements with inner heat insulation where the reinforcement
connects the outer and inner concrete walls [6].

The experiences are positive; core samples taken after some years and
long-term monitoring of embedded corrosion probes showed no sign of corro-
sion of the stainless steel reinforcement [5,9]. However, there exist no extensive
long-term experiences with the use of stainless steels as reinforcement in con-
crete. In [27] a case of long-term application of stainless steel reinforcement
(steel grade 1.4301) from Mexican Gulf is reported. Due to the harsh environ-
mental exposure of concrete piers (hot and humid marine environment) it was
decided to use stainless steel in selected areas. 60 years after construction no
significant corrosion was found for the reinforcement with a cover larger than
approx. 20 mm, despite the extremely high chloride contents of up to 1.9 % CI
of dry concrete weight. For other piers at the same place reinforced with ordi-
nary carbon steel serious chloride and/or carbonation-induced corrosion prob-
lems occurred.

1.4571 (X6CrNiMoT 17-12-2) had been stored and sprayed under condi-
tions of parking decks and walls by the road side exposed to chloride containing
water. The concrete was of medium quality; the concrete cover was 2.5 and 5.0
cm and the crack widths 0.05 to 1 mm. The cracks were carbonated artificially.

During the storage the corrosion potential of the steel was measured con-
tinuously, to detect the start of corrosion inside concrete cracks. Some beams
were opened to reveal the state of the bars.

In the case of unalloyed steel, there existed an essential drop of corrosion
potential, when the chloride reached the reinforcement in the concrete cracks
and the steel became active after 1 to 3 months. Concerning the corrosion resis-
tant reinforcement, the steel remained passive over the whole testing time of 2.5
years.

After breaking up some beams strong corrosion was found in the concrete
cracks if the crack width exceeded 0.1 mm in the case of unalloyed steel. No
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serious corrosion was detected on the high alloyed steels up to a crack of 1 mm.
Stainless steel reinforcement of type 1.4462 and 1.4571 is suitable for the very
unfavourable case of highly chloride contaminated cracked concrete.

7  CORROSION BEHAVIOUR

The informations collected in [3] have shown that stainless steel offers ex-
cellent resistance to corrosion in concrete structures exposed to aggressive envi-
ronment.

As opposed to carbon steels which is protected by a passive film only in al-
kaline environments, the protective film which forms on stainless steel is stable
in alkaline to neutral and slightly acid environments. Consequently, stainless
steels do not suffer general corrosion and will not corrode even in carbonated
concrete.

Stainless steel reinforcement has a much higher corrosion resistance against
chloride attack and can withstand much higher chloride contents compared to
the normal carbon steel; however also stainless steels can be subjected to local-
ised corrosion if the chloride content in the concrete resulting from seawater or
de-icing salts exceeds a certain critical value.

Such threshold values depend on the chemical composition and microstruc-
ture of the stainless steels ,surface finishing and the presence of welding scale,
the pH-value of the concrete solution and environmental conditions (humidity
and temperature). The intensity of the pitting corrosion increases with increasing
chloride content. Carbonation of the concrete will lead to a significant reduction
in the critical chloride concentration for pitting initiation.

The unalloyed steel commonly leads to widespread corrosion in chloride-
contaminated environments with spalling of the concrete cover while for stain-
less steel only locally concentrated attack may occur. It was noted that a
corrosion attack on a not sufficient resistant type of stainless steel develops dif-
ferent than on black steel. On stainless steel the attack does not spread in the
same way as on black steel, but grows more like a pinhole attack. This might
lead to a quick reduction in the cross section and consequently in the load bear-
ing capacity if corrosion occurs under extreme conditions if the stainless steel is
not highly enough alloyed with respect to the environment.
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Depending on the actual corrosion attack, ferritic or austenitic steel as well
as ferritic-austenitic (duplex) steel can be used. The corrosion resistance in-
creases in the sequence:

unalloyed

ferritic e.g. Crl2...Crl7
austenitic e.g. CrNi18-10
ferritic-austenitic e. g. CrNiN 23-4
austenitic e. g. CrNiMo 17-12-2
ferritic -austenitic e. g. CrNiMoN 22-5-3

These steels used as concrete reinforcement will not corrode at all provided
they are selected in accordance with the expected conditions.

The corrosion properties appear to be extremely dependent on the state of
the steel surface. In particular, all scale and temper colours can aggravate pitting
corrosion and therefore the usual welding procedure will lead to a significant
reduction in the corrosion resistance; it reduce the level of chloride contamina-
tion at which corrosion can take place. This problem can be anticipated by
higher alloying the steel or removing millscale and temper colours by pickling
or shot blasting. However all studies also indicated that there was no corrosion
of welded molybdenum alloyed steel type 1.4571 and 1.4462 steel under practi-
cal conditions of strongly chloride-contaminated uncarbonated and carbonated
concrete (chloride concentrations up to 5 M.-% and higher).

Fig. 2 summarises the results of the literature in [3] and draws the corrosion
degree based on pitting depth and loss of weight. Areas without and weld are
separated:

- As expected mild steel bars corrode in carbonated and/or in chloride con-
taminated concrete. The strongest attack occurs in carbonated plus chloride-
contaminated concrete; cracking and spalling of the concrete specimen are
common.

- The unwelded low-chromium ferritic steel of type 1.4003 shows a distinctly
better behaviour than unalloyed steel when embedded in carbonated or in al-
kaline concrete containing low chloride levels. The critical chloride content
for pitting corrosion is about 1.5 to 2.5 M.-% depending on state of surface,
type of cement (pH-value of pore liquid) and concrete quality. However, at
higher chloride contents this steel suffers pitting attack, which is concen-

131 Otto-Graf-Journal Vol. 16, 2005



U. NURNBERGER

trated at a few points on the surface. The tendency to concrete cracking is
distinctly lower than for corroding mild steel. In chloride contaminated con-
crete the (unwelded) steel may suffer a stronger attack if carbonation had
reached the steel surface.

For the welded steel within the weld line, chlorides in the order of > 0.5 M.-
% produce locally distinct pitting corrosion. The depth of pitting increases
with increasing chloride content and is more pronounced in chloride-
containing carbonated concrete. However, for the ferritic chromium steel the
pitting at weld lines is deeper than for unalloyed steel, but the overall general
corrosion (loss of weight) is significantly smaller.

- All the higher alloyed stainless steels have a very high corrosion resistance in
all the environments tested. No corrosion appeared with the austenitic steel
CrNiMo 17-12-2 (1.4571) and the ferritic-austenitic (duplex) steel CrNiMoN
22-5-3 (1.4462). These properties are also maintained at the highest chloride
levels that appear in practice and when these steel types are welded.

The ferritic-austenitic (duplex) steels offer even better properties. These ma-
terials may provide a suitable solution to the problem of concrete structures
requiring rebars with high mechanical strength and good corrosion resistance.

The corrosion properties of austenitic and ferritic-austenitic Cr-Ni-Mo-steels
are better than for Cr-Ni-steels. Some results [28,29] suggest that, within this
group of stainless steels, bars without molybdenum are sufficiently resistant
and therefore suitable for application in chloride contaminated concrete.
Nevertheless, after results of [24], welded bars without molybdenum seems
not to be sufficiently resistant and not suitable for application in presence of
more than 3 M.-% chloride in concrete (related to the amount of cement).

Concluding one can say that ferritic stainless steel with at least 12 M.-% of
chromium might be the best choice in moderately aggressive environments (car-
bonated concrete or exposed to low chloride levels), where the higher resistance
of the more expensive austenitic stainless steels is not necessary. Austenitic
stainless steel of type CrNiMo 17-12-2 and ferritic-austenitic (duplex) steel
CrNiMoN 22-5-3, even in the welded state, proved to give excellent perform-
ance in chloride-containing concrete, even at the highest chloride levels that ap-
pear in practice. Austenitic stainless steel of type CrNi 18-10 may be satisfac-
tory in many cases with 'normal' exposure to chlorides and no welding of the
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reinforcement. Higher alloyed steels than the mentioned types seem not to be
necessary unlike the recommendations in [4,10,12].

Concrete Alkaline Carbonated
Steeal
Crv -%" 0 1 5 o.s . .
Lmaelded
Lnalloyed
Welded
Ferritic Uriwelded
12cr Welded
Austenitic Unwelded
18 Cr- 10 Mi Welded W—W
Austenitic Unwelded
17 Cr-12Mi-2M0 | walded
Ferr-aust. Unwrelded
22Cr-9N-3Mo | welded

Y Chloride content in concrete relaited to cement

Fig. 2: Corrosion behaviour of steel in concrete (survey)

Stainless steels can be used for complete or partial substitution of carbon
steel in new reinforced concrete structures exposed to aggressive environments
or when a very long service life is required.

Due to the very high cost of stainless steel reinforcement it is not likely that
the entire reinforcement, for example in a large marine structure, would be made
of stainless steel. A possible alternative is to use stainless steel only as the outer
reinforcement in the splash zone. Stainless steel and unalloyed steel will then
probably be in electrical contact and this could lead to a theoretical risk of gal-
vanic corrosion. Furthermore, in the rehabilitation of corroding reinforced con-
crete structures, stainless steel are often used in structures reinforced with nor-
mal carbon steel and galvanic coupling can occur.

As long as both metals are in the passive state, i. e. not corroding, their po-
tentials will be more or less the same when embedded in concrete and galvanic
coupling does not produce appreciable effects. Even if there should be minor
differences in potential, both black and stainless steels can be polarised signifi-
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cantly without serious risk of corrosion, 1. e., their potentials will approach a
common value without the passage of significant current.

In situations where the unalloyed carbon reinforcement is corroding and the
stainless steel is passive, the galvanic coupling will give rise to accelerated cor-
rosion. However, the coupling of corroding carbon steel with stainless steel is
generally without risk and is negligible compared to coupling to passive carbon
steel which always surrounds the corroding area [30-32]. Fig. 3 shows that the
macrocouple current density (increase in corrosion) was almost one order of
magnitude lower when corroding carbon steel in 3 M.-% CI™ concrete was con-
nected with passive stainless steel, compared to the current density measured
during the tests with a passive bar of carbon steel. That means that the increase
in corrosion rate of corroding carbon steel embedded in chloride-contaminated
or carbonated concrete, due to galvanic coupling with stainless steel, is signifi-
cantly lower than the increase brought about by coupling with passive carbon
steel. Stainless steel has in the absence of welding scale (see below) a higher
over-voltage for cathodic reaction of oxygen reduction (the cathodic oxygen re-
action is a very slow process) with respect to carbon steel. That means, the in-
crease in corrosion rate on carbon steel embedded in chloride-contaminated con-
crete due to galvanic coupling with stainless steel is significantly lower than the
increase brought about with passive carbon steel. Therefore, coupling with
stainless steel seems to be less dangerous than coupling with passive areas on
carbon steel that always surround the area where localised corrosion takes place.
Thus, assuming the ‘correct’ use of the stainless steel, i. e. stainless steel is used
at all positions where chloride ingress and subsequent corrosion might occur, the
two metals can be coupled without problems.

Nevertheless, a worse behaviour was observed in the presence of a welding
scales (see Fig. 3). Oxide scale produced at high temperature increases the mac-
rocouple current density generated by stainless steels, to the same order of mag-
nitude or even higher than that produced by coupling with carbon steel.

The fact that stainless steel is a far less effective cathode in concrete than
carbon steel, makes stainless steel a useful reinforcement material for applica-
tion in repair projects. When part of the corroded reinforcement, e. g. close to
the concrete cover, is to be replaced, it could be advantageous to use stainless
steel instead of carbon steel. In being a poor cathode, the stainless steel should
minimise any possible problems that may occur in neighbouring corroding and
passive areas after repair.
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20
H without oxide scale 95-98 % r.h.

O oxide scale at 700 °C

current density in mA/m?
—
o

o m B
unalloyed steel stainless steel 1.4571

0% CI - 0% CI - 3% CI~

Fig. 3: Macrocouple current density in a corroding bar of carbon steel in 3 % chloride
contaminated concrete when it was coupled
- with a passive bar of unalloyed steel in chloride free concrete,

- bars of 1.4571 stainless steel in chloride free concrete,

- bars of 1.4571 stainless steel in 3 % chloride contaminated concrete
Results on stainless steel bars also with the surface covered with oxide scale
produced by heating at 700 °C in order to simulate a welding scale [31]
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