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1. Introduction

Austenitic stainless steels are the most important group of corrosion-resistant metallic mate‐
rials finding widespread industrial application. The material has been employed in many
applications ranging from pharmaceutical equipment to piping in the nuclear reactors. The
microstructure of the austenitic stainless steels is composed of the monophase austenite (γ),
and the steels generally have low (~16 mJm-2) or medium (~20 mJm-2) values of the stacking
fault energy (SFE). Plastic deformation of these steels leads to a phase transformation from
paramagnetic austenite into ferromagnetic martensite. Depending on the chemical composi‐
tion, stacking fault energy, phase stability and deformation conditions (temperature, strain
rate and strain value) different transformations can take place (i.e., γ→ε, γ→ε→α’ or γ→α’)
in metastable austenitic steels. At the early stage of deformation, shear bands consisting of
stacking faults and deformation twins are formed, promoted by the low SFE of these steels.
The ε-martensite phase is formed by overlapping stacking faults, and therefore, it is finely
dispersed and its structure is heavily faulted. The crystal structure of α’-martensite is body-
centered cubic, and it is usually nucleated at the intersections of shear bands. The volume
fractions and distribution of individual phases influence mechanical properties and corro‐
sion resistance of these steels.

Literature data show (Zhilin et al., 2006; Kumar et al., 2007; Rutkowska-Gorczyca et al.,
2009) that the cold deformation of Cr-Ni steels worsens their corrosion resistance. It can be
explained for several ways. The delivering to material additional energy as a result of the
induction of external tensions is generally accepted as one of the causes of the lowering of
corrosion resistance. It leads in consequences to decreasing the thermodynamic durability of
the material. The second reason is connected with the crystallographic structure of cold-de‐
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formed material which shows the characteristic orientation of grains (texture). Crystallo‐
graphic texture plays an important role altering pitting mechanism, possibly by reducing
favorable sites for corrosion attack and formation of Cr-rich passive film favored by high-
density close-packed planes oriented parallel to the rolling surface (Kumar et al.; 2005).

Figure 1. Schematic comparison of mechanical properties of conventional and advanced BCC lattice-based steels with
Cr-Ni (AUST SS) and high-Mn (TWIP, TRIP, TRIPLEX) austenitic alloys (International Iron & Steel Institute, 2006).

In some applications the Cr-Ni alloys would be very useful due to their excellent combina‐
tion of strength, ductility and corrosion resistance but their application is limited because of
the high cost. For example, it relates to their potential application in the automotive industry
or for cryogenic applications. Austenitic microstructure can be also formed by manganese
alloying at much reduced cost. The manganese content guaranteeing an uniform austenitic
microstructure is equal to about 25% for carbon contents between 0.04 and 0.1% (Frommey‐
er et al., 2003; Graessel et al., 2000). The manganese content can be decreased to about 17%
for steels with higher carbon concentrations (up to 0.8 wt.%) (De Cooman et al., 2011;
Ghayad et al., 2006; Jimenez & Frommeyer, 2010). Sometimes, high-manganese steels con‐
tain up to 4% Al and/or Si (Frommeyer et al., 2003; Graessel et al., 2000), chromium (Hama‐
da, 2007; Mujica Roncery et al., 2010) or microadditions of Nb, Ti and B (Grajcar et al., 2009,
2010a, 2010b; Huang et al., 2006). Independently of a chemical composition, different grades
of both high-manganese and Cr-Ni austenitic steels offer an exceptional combination of
high-strength and ductility compared to conventional and advanced BCC lattice-based
steels (Fig. 1). The source of unique mechanical properties and technological formability of
austenitic alloys is the great susceptibility of γ phase on plastic deformation, during which
dislocation glide, mechanical twinning (TWIP – Twinning Induced Plasticity) and/or strain-
induced martensitic transformation (TRIP – TRansformation Induced Plasticity) can occur.

Environmental and Industrial Corrosion - Practical and Theoretical Aspects80



The key to obtain the mechanical properties range in Fig. 1 is the high work hardening rate
characterizing the plastic deformation of austenitic alloys. The high level of ductility is a re‐
sult of delaying necking during straining. In case of the local presence of necking, strain-in‐
duced martensitic transformation occurs in such places (in TRIP steels) or deformation twins
are preferably generated in locally deformed areas (in TWIP steels). It leads to intensive lo‐
cal strain hardening of the steel and further plastic strain proceeds in less strain-hardened
adjacent zones. The situation is repeated in successive regions of the material what finally
leads to delaying necking in a macro scale and high uniform and total elongation (De Coo‐
man et al., 2011; Frommeyer et al., 2003; Grajcar, 2012). The shear band formation accompa‐
nied by dislocation glide occurs in deformed areas of TRIPLEX steels and the SIP (Shear
band Induced Plasticity) effect is sustained by the uniform arrangement of nano size κ-car‐
bides coherent to the austenitic matrix (Frommeyer & Bruex, 2006).

2. Corrosion behaviour of austenitic alloys

2.1. Cr-Ni austenitic steels

Corrosion resistance of stainless steels is achieved by dissolving a sufficient content of chro‐
mium in iron to produce a coherent, adherent, insulating and regenerating chromium oxide
protective film (Cr2O3) on a surface. The stainless character occurs when the concentration of
Cr exceeds about 12 wt%. The passive film of chromium oxide formed in air at room tem‐
perature is only about 1-2 nm. However, this is not adequate to resist corrosion in acids such
as HCl or H2SO4 (Azambuja et al., 2003; Kurc et al., 2010). In environments containing chlor‐
ide the austenitic steels are susceptible to localized corrosive attacks, such as pitting corro‐
sion, intergranular corrosion and stress corrosion cracking (SCC) (Osawa & Hasegawa, 1981;
Ningshen et al., 2010).

Pitting corrosion is the result of the local destruction of the passive film and subsequent cor‐
rosion of the steel below. It generally occurs in chloride, halide or bromide solutions. It can
be initiated at a fault in the passive layer or at a surface defect. Pitting is considered to be
autocatalytic in nature; once a pit starts to grow, the conditions developed are such that fur‐
ther pit growth is promoted. The anodic and cathodic electrochemical reactions that com‐
prise corrosion separate spatially during pitting. The local pit environment becomes
depleted in cathodic reactant (e.g., oxygen), which shifts most of the cathodic reaction to the
boldly exposed surface where this reactant is more plentiful. The pit environment becomes
enriched in metal cations and anionic species such as chloride, which migrate into the pit to
maintain charge neutrality by balancing the charge associated with the cation concentration
(Frankel, 1998). Even in a neutral solution, this can cause the pH to drop locally to 2 or 3,
thereby preventing the regeneration of the passive layer. In the passive condition, the cur‐
rent density is of the order of μA cm-2. However, it may exceed 1A cm-2 in the pit. The rea‐
son why the current density is so large in the pit is that the anodic region is a very small area
when compared with the cathodic part (the steel free of the pits). For a given corrosion cur‐
rent, this greatly exaggerates the corrosion rate at the pits. Similarly, the concentration of
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chloride ions in the vicinity of a pit can be thousands of times greater than that in the solu‐
tion as a whole (Otero et al., 1995; Padro et al., 2007).

The anodic dissolution of steel leads to introduction of positive metal ions (M+) into solution,
which causes migration of Cl- ions. In turn, metal chloride reacts with water according to the
reaction (1):

+ - + -
2M Cl + H O MOH + H Cl® (1)

This causes the pH to decrease. The cathodic reaction, on the surface near the pit follows (2):

-
2 2O + 2H O MOH +4OH® (2)

Pitting is mainly associated with microscopic heterogeneities at a surface rather than macro‐
scopic physical features of a component. Wet and humid environments containing chloride
ions can cause pitting corrosion and crevice corrosion of austenitic stainless steel compo‐
nents. Chloride ions are known to be potent corrosion enhancers and localized adsorption of
chloride ions can act as prenuclei for pitting. Pits can also nucleate at carbides, grain bounda‐
ries and other material inhomogenities on the metal surface. The presence of moisture in the
environment can also facilitate the electrolytic path for the chloride ions (Khatak & Raj, 2002).

The corrosion behaviour of hydrogen-containing austenitic stainless steels has also been
studied and it has become clear that the intergranular corrosion (Sunada et al., 2006) and the
general corrosion (Osawa & Hasegawa, 1981; Sunada et al., 2006) were accelerated by hy‐
drogenation. This phenomenon was noticed by the authors as “anomalous corrosion”.
Anomalous general corrosion of austenitic stainless steels is observed when steels contain
stress-induced martensite. These BCC regions become anodically active sites due to hydro‐
genation and are attacked selectively. On the other hand, the stress induced martensite plays
an important role during crack initiation and propagation processes when stress corrosion
cracking in H2SO4-NaCl solution occurs. Osawa & Hasegawa (1981) investigated the corro‐
sion behaviour of hydrogen-containing deformed austenitic stainless steels and observed
that hydrogenation increased the corrosion rate in 5N-H2SO4 solution when the steel con‐
tained stress-induced martensite. They found that the corrosion rate increases with increas‐
ing the volume fraction of martensite and hydrogenation facilitates this tendency. The
similar effect of stress induced martensite on stress corrosion cracking of the 304 and 310
stainless steels was observed by Qiao & Luo (1998).

2.2. High-Mn austenitic steels

The research on high-Mn-Al alloys for cryogenic applications that were supposed to substi‐
tute Cr-Ni steels was carried out in the eighties of the last century (Altstetter et al., 1986).
The role of manganese is to replace Ni and to obtain an austenitic microstructure, whereas
aluminium has a similar impact as chromium. Improvement of corrosion resistance by Al
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consists in formation of thin stable layer of oxides. Alstetter et al. (1986) found that high-Mn-
Al alloys show inferior corrosion resistance than Cr-Ni steels and they can be used as a sub‐
stitute only in some applications. Nowadays, the application of high-Mn austenitic steels in
the automotive industry rises and some works are undertaken to improve the corrosion re‐
sistance of these alloys.

The addition of 25% Mn to mild steels was found to be very detrimental to the corrosion
resistance in aqueous solutions (Zhang & Zhu, 1999). The Fe-25Mn alloy was difficult to pas‐
sivate, even in 1M Na2SO4 solution. With increasing Al content up to 5% of the Fe-25Mn-Al
steel, the anodic polarization curves exhibit a stable passivation region in Na2SO4 solution,
but it shows no passivation in 3.5 wt% NaCl solution. Recently, corrosion resistance of
Fe-0.05C-29Mn-3.1Al-1.4Si steel in acidic (0.1M H2SO4) and chloride-containing (3.5 wt%
NaCl) environments was investigated by Kannan et al. (2008). They found that the high-Mn-
Al-Si steel has lower corrosion resistance than an ultra deep drawing ferritic steel, both in
acidic and chloride media. The corrosion resistance of the high-manganese steel in chloride
solutions is higher compared to that observed in acidic medium.

The behaviour of Fe-0.2C-25Mn-(1-8)Al steels with increased concentration of Al up to 8% in
3.5 wt% NaCl was also investigated by Hamada (2007). It was reported that the corrosion
resistance of tested steels in chloride environments is pretty low. The predominating corro‐
sion type is the general corrosion, but locally corrosion pits were observed. In steels includ‐
ing up to 6% Al with homogeneous austenite structure, places where the pits occur are
casually, whereas in case of two-phase structure, including ferrite and austenite
(Fe-0.2C-25Mn-8Al), they preferentially occur in α phase. It was found that complex addi‐
tion of Al and Cr to Fe-0.26C-30Mn-4Al-4Cr and Fe-0.25C-30Mn-8Al-6Cr alloys increases
considerably the general corrosion resistance, especially after anodic passivation ageing of
surface layers in an oxidizing electrolytic solution (Hamada, 2007). Cr-bearing steels passi‐
vated by nucleation and growth of the passive oxide films on the steel surface, where the
enrichment of Al and Cr and depletion of Fe and Mn have occurred. The positive role of Cr
in obtaining passivation layers in 0.5M H2SO4 acidic solution was recently confirmed by
Mujica Roncery et al. (2010) in Fe-25Mn-12Cr-0.3C-0.4N alloy.

2.3. Effect of cold deformation

Stainless steels are usually subjected to different levels of cold working during final manu‐
facturing stages. Cold deformation affects the corrosion resistance of stainless steels because
planar dislocation arrays (Oh & Hong, 2000) and deformation twins (Lee et al., 2007) are in‐
troduced. Barbucci et al. (2002) reported that the passive currents in both sulfate + chloride
and sulfuric acid solutions significantly increased with increasing the degree of cold work‐
ing of the 304 type stainless steel. The pitting susceptibility also increased with cold work‐
ing, especially evident as the chloride concentration increased. The dependence of the
pitting potential on cold working was explained using the bilayer model, the sulfate ingress‐
es in the passive film during anodic oxidation forming a coulombic barrier against chloride
penetration. On the basis of microscopic examination after long time polarization in 1M
H2SO4 acidic solution it was found, that the surface profile of the passive film depended on
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the metallurgical structure of a metallic substrate. The higher passive currents and increased
susceptibility to pitting corrosion of the work hardened samples were explained by the for‐
mation of much more defective oxides during its anodic oxidation, with easy paths that en‐
hanced sulfate ingress. The growth of such oxides was related to the formation of defects in
the grains and more defective interfaces in the bulk material, resulting from the accumula‐
tion of internal stresses during cold rolling (Barbucci et al., 2002).

Efforts have been also made to clarify the relationship between cold working and a sensitiza‐
tion process. Briant (1982) observed a transgranular attack in the 304 type stainless steel due to
strain-induced martensite. However, a similar corrosion attack has been also noted in the de‐
formed 316 type stainless steel consisting of an uniform austenitic microstructure. The cold
working effect in the 316 type steel has been attributed to higher diffusivity of chromium and
the lower free energy barrier to carbide nucleation at grain boundaries in the deformed micro‐
structure. The acceleration of sensitization due to cold deformation could be also related to the
effects of point defects and microstructural sinks on diffusion (Fu et al., 2009).

The influence of cold working, in particular the amount of α’ martensite on the behaviour of
AISI 321 stainless steel in 3.5 wt% NaCl was studied by Xu et al. (2004). They showed that
when the content of martensite was less than 6% and more than 22%, the pitting sensitivity
increased. However, when the martensite content was between 6 and 22%, the sensitivity
decreased with increasing its content. Fang et al. (1997) reported that the corrosion potential
of the martensite phase was more negative than that of austenite and this is the primary rea‐
son for the selective corrosion of martensite. They also demonstrated that the pitting poten‐
tial of the austenite phase was more noble than that of the martensite phase and the stable
passive current of austenite was lower compared to martensite.

Sunada et al. (1991) found that the number of pits formed on AISI 304 austenitic stainless
steel in H2SO4-NaCl solution had a direct relationship with the martensite content. The effect
of α’ phase on the number of pits depended upon the NaCl concentration, temperature and
potential. In the case of high NaCl concentration, the degree of pitting increased linearly
with increasing volume fraction of martensite. Under high temperature and high anodic po‐
tential conditions, the number of pits was almost constant in the range of volume fractions
greater than 50%. The corrosion rate of the martensitic phase was about 1.65 times that the
magnitude of the austenitic phase at volume fractions of martensite below 50%. At volume
fractions higher than 50%, the corrosion rate was more enhanced. Peguet et al. (2007) stud‐
ied the influence of cold rolling with 10, 20, 30 and 70% reduction on the pitting corrosion of
AISI 304 stainless steels. Electrochemical tests were carried out in 0.5M NaCl. They showed,
that the pit propagation rate increases monotonously with cold rolling and the pit repassiva‐
tion ability decreases (leading to a larger number of stable pits), suggesting that the overall
dislocation density is the most important controlling factor.

The influence of cold deformation on corrosion behaviour in 3.5 wt% NaCl in high-Mn
steels was studied by Ghayad et al. (2006). They found that the 0.5C-29Mn-3.5Al-0.5Si steel
shows no tendency to passivation, independently on the steel structure after heat treatment
(supersaturated, aged or strain-aged). Higher corrosion rate of cold worked specimens com‐
pared to that in the supersaturated state, was a result of faster steel dissolution caused by
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annealing twins, which show a different potential than the matrix. The highest corrosion
rate was observed in strain-aged samples, as a result of ferrite formation, which creates a
corrosive galvanic cell with the austenitic matrix. High-Mn steels containing hydrogen-in‐
duced or strain-induced ε/α’ martensite are also susceptible to hydrogen embrittlement (Lo‐
vicu et al., 2010) and delayed fracture (De Cooman et al., 2011; Shin et al., 2010).

3. Experimental procedure

3.1. Material

The chapter addresses the corrosion behaviour of cold-deformed Cr-Ni and high-Mn auste‐
nitic steels in chloride and acidic media. The chemical composition of the investigated steels
is presented in Table 1.

Steel grade C Mn Si P S N Cr Ni Mo Al Nb Ti

X5CrNi18-8 0.030 1.31 0.39 0.030 0.004 0.0440 18.07 8.00 0.25 - - -

X6MnSiAl26-3-3 0.065 26.0 3.08 0.004 0.013 0.0028 - - - 2.87 0.034 0.009

Table 1. Chemical composition of the investigated steels, wt.%

The microstructure of the stainless steel in a delivery state (after solution heat treatment) is
shown in Fig. 2. The X5CrNi18-8 steel exhibits a homogeneous austenite structure with an‐
nealing twins (Fig. 2a). The X-ray diffraction analysis confirms the single-phase structure of
the steel (Fig. 2b). The high-Mn steel is characterized also be the single-phase austenitic mi‐
crostructure containing many annealing twins (Fig. 3). The grain sizes of both steels are sim‐
ilar, i.e., from 15 to 30 μm. The grains of X6MnSiAl26-3-3 steel are slightly elongated as a
result of hot rolling followed by solution heat treatment from a temperature of 850°C.

The stainless steel used for the investigation was delivered in a form of sheet segments with
dimensions 700x40x2 mm, whereas the high-Mn steel as 340x225x3.2 mm sheet specimens.
The Cr-Ni steel specimens were subjected to cold rolling with the various amount of defor‐
mation ranging from 10%, 20%, 30%, 40%, 50% to 70%. The cold rolling was conducted at
room temperature keeping a constant direction and a side of the rolled strip.

Cold deformation of high-manganese steel specimens was applied by bending at room tem‐
perature. The samples with a size of 10x15 mm and a thickness of 3.2 mm were bent to an
angle of 90° with a bending radius of 3 mm.

The immersion tests and potentiodynamic polarization tests were used to assess the corro‐
sion resistance of austenitic steels in the delivery state and after cold deformation.
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Figure 2. Austenitic microstructure with annealing twins of X5CrNi18-8 steel in a delivery state (a) and X-ray diffrac‐
tion pattern (b).

Figure 3. Austenitic microstructure with annealing twins of X6MnSiAl26-3-3 steel after the thermo-mechanical rolling
and immersion in 1N H2SO4 (a) and X-ray diffraction pattern (b).
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3.2. Immersion tests

The corrosion resistance of the investigated steels was assessed using immersion tests in sul‐
furic acid and chloride solutions. 3.5 wt% NaCl solution was used for both steels whereas
3.5N H2SO4 and 1N H2SO4 solutions were used respectively for Cr-Ni and high-Mn steels for
the sake of high difference in a corrosion progress. Corrosion tests of the austenitic stainless
steel were carried out on samples with dimensions 20×15 mm, whereas 10x15 mm samples
were cut for the high-Mn steel. The specimens were taken from the material in the delivery
state as well as from sheets after all subsequent deformation stages. Before starting the anal‐
ysis the samples were washed in distilled water, ultrasonically cleaned in acetone and final‐
ly cleaned in 95.6% ethanol. The specimens were weighed with the accuracy of 0.001g and
put into solution at room temperature. The time of the test for the stainless steel was equal
to 87 days for 3.5 wt% NaCl solution and 25 days in the case of 3.5N H2SO4. The majority of
samples was dipped entirely whereas a few samples were immersed only partially to com‐
pare dipped and original surfaces. Taking into account much faster corrosion rate of the
high-Mn steel, it was put into 3.5 wt% NaCl and 1N H2SO4 solutions for 4 days. After the
tests the specimens were weighed and analyzed using optical microscopy and SEM. Corro‐
sion loss was calculated in a simple way as the difference between initial and final mass of
the samples. Percentage mass decrement was also calculated.

Metallographic observations of non-metallic inclusions and corrosion pits were carried out
on polished sections, whereas the microstructure observations on specimens etched in nital
(high-Mn steel) or in chloroazotic acid (Cr-Ni steel). The investigations were performed us‐
ing LEICA MEF 4A optical microscope, with magnifications from 100 to 1000x. Fractograph‐
ic investigations were carried out using scanning electron microscope SUPRA 25 (Zeiss) at
the accelerating voltage of 20kV. In order to remove corrosion products, the specimens were
ultrasonically cleaned before the analysis.

3.3. Potentiodynamic polarization tests

Investigation of the electrochemical corrosion behaviour of the stainless steel samples was
done in a PGP 201 potentiostat using a conventional three-electrode cell consisting of a satu‐
rated calomel reference electrode (SCE), a platinum counter electrode and the studied speci‐
mens as the working electrode (Fig. 4). The results of the electrochemical corrosion
behaviour of the high-Mn steel are presented elsewhere (Grajcar, 2012). The tests were car‐
ried out at room temperature in the electrolyte simulating sea water (3.5 wt% NaCl) on
specimens of size 30×20mm with an exposed sample area of about 1cm2. Registering of ano‐
dic polarization curves was conducted at the rate equal to 1mV/s. The measurement of cor‐
rosion potential was realized in time of 60 min. According to registered curves the corrosion
potential (Ecor), polarization resistance (Rp) and corrosion current density (icor) were deter‐
mined. In order to calculate the corrosion current, the Stern-Geary equation was used (Basz‐
kiewicz & Kamiński, 1997):
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where: bk - the slope coefficient of the cathodic Tafel line, ba - the slope coefficient of the ano‐
dic Tafel line, icor - the corrosion current density [μA/cm2], Rp - the polarization resistance
[kΩ cm2].

Figure 4. Schematic showing of the corrosion resistance investigation set.

4. Results and discussion

4.1. Cr-Ni austenitic steel

4.1.1. Results of immersion tests

Results of the immersion tests in two media for non-deformed samples are given in Table 2.
After immersion in 3.5N H2SO4 the X5CrNi18-8 steel showed a percentage mass decrement
about 38%. The mass loss of specimens dipped in 3.5 wt% NaCl is over 100 times lower de‐
spite longer time of the immersion compared to specimens dipped in the acidic solution.
Štefec & Franz (1978) observed the similar order of magnitude of corrosion progress for the
AISI 304 steel. The difference is due to different corrosion mechanisms. When the solution is
acidic, the corrosion process is running according to hydrogen depolarization, whereas in
chloride media the specimens are corroding with oxygen depolarization.

X5CrNi18-8 steel Corrosion medium

State 3.5N H2SO4 3.5 wt% NaCl

non-deformed 38.2 ± 6.3 0.24 ± 0.08

50% cold deformed 67.5 ± 9.8 0.72 ± 0.23

Table 2. Mean percentage mass loss of samples in an initial state and 50% cold-deformed after the immersion tests, %
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Many micropores and corrosion pits along the whole specimen surface were observed in the
X5CrNi18-8 steel immersed in 3.5N H2SO4 (Fig. 5). Slightly smaller corrosion pits are formed
in specimens after the immersion in 3.5 wt% NaCl (Figs. 6 and 7). Places privileged to crea‐
tion of corrosion pits are aggregations of non-metallic inclusions (Fig. 6). On the steel surface
the cracked passive layer and symptoms of intergranular corrosion running along the grain
boundaries can be also observed (Fig. 7).

Figure 5. Micropores and corrosion pits on the X5CrNi18-8 steel surface in a delivery state after immersion tests in
3.5N H2SO4 solution.

Figure 6. Corrosion pits on the X5CrNi18-8 steel surface in a delivery state after immersion tests in 3.5 wt% NaCl solu‐
tion.

After cold working with the deformation amount of 50% and subsequent immersion tests in
3.5N H2SO4 the steel shows a meaningful percentage mass decrement up to 67% and about
two orders of magnitude lower in chloride solution (Table 3). Cold deformation causes the
increase of the mass loss both in acidic and chloride media in comparison with the speci‐

Corrosion Behaviour of Cold-Deformed Austenitic Alloys
http://dx.doi.org/10.5772/53590

89



mens investigated in the undeformed state (Table 2). In the case of the steel immersed in
3.5N H2SO4 the difference between the mass loss of non-deformed and plastically deformed
samples is nearly twice. The mass loss of the cold deformed samples dipped in chloride sol‐
ution is three times higher. The increasing of mass loss of deformed samples is probably re‐
lated to the occurrence of strain-induced α’-martensite (Fig. 8).

Figure 7. Corrosion pits and the cracked surface layer of the X5CrNi18-8 steel in a delivery state after immersion tests
in 3.5 wt% NaCl solution.

The morphology of a surface of the cold-deformed X5CrNi18-8 steel samples after exposition
in chloride and acidic media showed a various character of corrosion products (Figs. 9-16).
Many corrosion pits of various size can be observed after immersion in the 3.5N H2SO4 solu‐
tion. In the specimen deformed to 40% cold reduction wide pits and micropores can be seen
(Figs. 9 and 10). The amount and the size of pits are very high and they are formed along the
entire surface of specimens. Privileged places for pits forming are surface concentrations of
non-metallic inclusions, which are also probable places of hydrogen penetration.

Figure 8. Elongated austenitic grains containing deformation twins and α’ martensite in the X5CrNi18-8 steel de‐
formed to the reduction of 30%.
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Figure 9. Numerous corrosion pits on the surface of X5CrNi18-8 steel 40% deformed and immersed in 3.5N H2SO4.

Figure 10. Corrosion pits on the surface of X5CrNi18-8 steel 40% deformed and immersed in 3.5N H2SO4.

Figure 11. Cracked passive layer on the surface of X5CrNi18-8 steel 40% deformed and immersed in 3.5N H2SO4.
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Hydrogen can also penetrate deeper into the steel – probably by α’ martensite laths – accu‐
mulating in a surroundings of non-metallic sulfide inclusions (Garcia et al., 2010). Usually,
the places of hydrogen accumulation are non-metallic inclusions, grain boundary areas
and/or twin boundaries (Abreu et al., 2007; Singh & Ray, 2007). A cracked passive layer was
also observed, what could result in rapid penetration of corrosive medium into interior of
the investigated steel (Fig. 11).

The surface of X5CrNi18-8 steel specimens cold rolled in a range from 10 to 70% and im‐
mersed in 3.5 wt% NaCl solution for 87 days reveals numerous pits and micropores of di‐
versified size (Figs. 12-15). The presence of corrosion pits in a chloride medium was also
confirmed by other authors (Singh et al., 2011; Xu & Hu, 2004). The pits present on the sur‐
face of deformed samples are characterized by bigger sizes compared to the pits observed
on undeformed samples (Figs. 6 and 7). Damaging of a superficial layer occurred around the
formed pits (Figs. 13 and 14). A cracked passive layer can be also observed. On surfaces of
all the investigated samples the traces of intercrystalline corrosion running by the borders of
grains and numerous pits with effects of cold rolling are visible (Figs. 12-15).

Figure 12. Numerous corrosion pits on the surface of the X5CrNi18-8 steel 10% deformed and immersed in 3.5 wt%
NaCl.

Figure 13. Corrosion pits on the surface of the X5CrNi18-8 steel 20% deformed and immersed in 3.5 wt% NaCl.
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Figure 14. Corrosion pits on the surface of the X5CrNi18-8 steel 30% deformed and immersed in 3.5 wt% NaCl.

Figure 15. Corrosion pits on the surface of the X5CrNi18-8 steel 70% deformed and immersed in 3.5 wt% NaCl.

The high difference in corrosion behaviour of the stainless steel is due to different corrosion
mechanisms in both environments. The big mass loss of the samples in the H2SO4 solution is
due to the hydrogen depolarization mechanism, which is typical for corrosion in acidic me‐
dia. Hydrogen depolarization is a process of reducing hydrogen ions (from the electrolyte)
in cathodic areas by electrons from the metal, to gaseous hydrogen, resulting in continuous
flow of electrons outer the metal and consequently the corrosion progress. Due to this proc‐
ess, numerous corrosion pits occur in examined steels (Figs. 5, 9 and 10). Corrosion pits oc‐
cur intensively in the places containing non-metallic inclusions. They are less precious than
the rest of material, fostering potential differences and galvanic cell creation. This causes the
absorption of hydrogen ions, which, due to increasing pressure and temperature can recom‐
bine to a gaseous form and get out of the metal accompanying formation of corrosion pits.
This process is accompanied by local cracking of corrosion products layer (Fig. 11), uncover‐
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ing the metal surface and causing further penetration of the corrosive medium and the in‐
tensive corrosion progress.

The oxygen depolarization is the main mechanism of the corrosion progress in NaCl solu‐
tion. In this process, oxygen included in the electrolyte is being reduced by electrons from
the metal to hydroxide ions. On the surface of the alloy appears a layer of corrosion prod‐
ucts, protecting the material before further penetration of the corrosion medium. This is why
the mass loss in chloride solution is much lower compared to acidic medium (Table 2). At
less corrosion-resistant places (e.g. with non-metallic inclusions) potential differences are oc‐
curring. This enables the absorption of chloride ions, which form chlorine oxides of in‐
creased solubility. It leads to local destructions of corrosion products layer and the initiation
of corrosion pits. Further pit expansion is running autocatalytic.

The SEM observations of plastically deformed samples after corrosion tests permit to affirm
that plastic deformation results in the significant intensification of the corrosion progress. It
can be stated that increasing of cold deformation values from 10 to 70% leads to the increase
of quantity, size and depth of corrosion pits fulfilling a function of a local anode.

4.1.2. Results of potentiodynamic polarization tests

Performed electrochemical analysis revealed that the open circuit potential for undeformed
and cold deformed samples established itself after 60 min. The change of current density as
a function of potential for the undeformed samples investigated in 3.5 wt% NaCl solution is
presented in Fig. 16. The value of corrosion potential Ecor was equal -48 mV and the density
of corrosion current icor determined basing on the Stern-Geary equation was equal 0.01
μA/cm2. The recorded anodic polarization curve indicates the existence of a passive range.
The value of the breakdown potential is equal to +360 mV. When the current density
reached 3 mA/cm2 the direction of anodic polarization of samples was changed. The change
of the polarization direction caused the increase of the current density.

The corrosion potential of the X5CrNi18-8 steel cold deformed with the reduction from 10 to
70% covers the range from –91 to –51 mV (Fig. 17). The values of corrosion current density
were equal to 0.02 ÷ 1.16 μA/cm2 and the breakdown potential changed in the range from
+245 to +348 mV. The similar values of the corrosion potential and corrosion current density
in a chloride medium for Cr-Ni austenitic steels are reported by other authors (Rutkowska-
Gorczyca et al., 2009; Zhilin et al., 2006; Kumar et al., 2007). The changes in the pitting poten‐
tial, in cold deformed samples, have been reportedly attributable to stresses, strain-induced
α’-martensite or dislocations. The martensite phase can not only cause a decrease in the sol‐
ution resistance within the pit but also caused a fall in the polarization resistance between
metal and a pit. Thus, pit propagation in the 304 stainless steel is accelerated with increasing
volume fraction of martensite (Kamide et al., 1994). On the basis of the anodic polarization
curves obtained for the investigated X5CrNi18-8 steel it has been found that with increasing
the degree of plastic deformation within the range from 10 to 70% the steel is characterized
by the lower values of corrosion potential as well as higher values of corrosion current den‐
sity (Fig. 17), what proves the intensification of the corrosion progress due to cold working.
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Figure 16. Anodic polarization curve registered for the X5CrNi18-8 steel in a delivery state in 3.5 wt% NaCl.

Figure 17. Anodic polarization curves registered for the cold-deformed samples of X5CrNi18-8 steel in 3.5 wt% NaCl.

SEM observations of a sample surface after the electrochemical corrosion tests in 3.5 wt%
NaCl allowed to evaluate the type and degree of corrosion damages. The surface of the
X5CrNi18-8 steel in a delivery state is characterized by relatively small corrosion pits and a
cracked surface layer (Fig. 18). It is assumed that the surface of the examined samples was
subjected to the greatest corrosion attack in places where the local breakdown of the passi‐
vation oxide layer in the presence of aggressive anions of the environment has occurred.
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Figure 18. Corrosion pits on the surface of X5CrNi18-8 steel in a delivery state after electrochemical corrosion tests in
3.5 wt% NaCl solution.

Figure 19. Corrosion pits and the partially cracked surface layer of the X5CrNi18-8 steel 10% deformed and electro‐
chemically tested in 3.5 wt% NaCl.

Figure 20. Numerous corrosion pits on the surface of the X5CrNi18-8 steel 70% deformed and electrochemically test‐
ed in 3.5 wt% NaCl.
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The surfaces of the electrochemically tested X5CrNi18-8 steel specimens after cold rolling in
a range from 10 to 70% show also numerous pits, micropores and cracks of a surface layer
(Figs. 19 and 20). The pits present on the surface of deformed samples are characterized by
bigger sizes compared to the pits observed in undeformed samples (Fig. 18). Obtained mi‐
crostructural results correspond well with those registered for immersion tests.

4.2. High-Mn austenitic steel

The results of immersion tests for the high-Mn steel are given in Table 3. After 4 days im‐
mersion in 1N H2SO4 the investigated steel shows a significant mass decrement equal to
about 38%. Mass loss of samples dipped in a chloride solution is about 100 times lower. The
results are similar to these obtained for the stainless steel (Table 2), however, the high-Mn
steel corroded to the same extent at much shorter time and under softer acid solution condi‐
tions. Therefore, the real corrosion progress of the high manganese steel is much faster com‐
pared to the Cr-Ni steel.

X6MnSiAl26-3-3 steel Corrosion medium

State 1N H2SO4 3.5 wt% NaCl

non-deformed 38.4 ± 5.2 0.40 ± 0.03

cold deformed 47.5 ± 1.6 0.33 ± 0.01

Table 3. Mean percentage mass loss of samples in an initial state and cold-deformed by bending after the immersion
tests, %

Numerous corrosion pits along the whole specimen surface can be observed after immer‐
sion of the X6MnSiAl26-3-3 steel in 1N H2SO4 (Fig. 21). Slightly smaller corrosion pits are
formed in specimens investigated in 3.5 wt% NaCl. The surface layer of specimens dipped
in the acidic medium is characterized by the presence of many cracks and craters formed
due to corrosion pitting (Fig. 22). The cracks in the neighbourhood of non-metallic inclu‐
sions are also visible in Figure 23 showing the surface of a sample dipped in the chloride
solution. Under these conditions, a layer of corrosion products is forming, protecting the
steel against further penetration of corrosive medium.

Similar surface defects were also revealed on surfaces of plastically deformed samples. Priv‐
ileged places for forming of corrosion pits and surface cracks are concentrations of non-met‐
allic inclusions, which are also potential places of hydrogen penetration. Figure 24 presents
the plastically deformed austenitic grains containing deformation twins and elongated non-
metallic inclusions. It was observed that hydrogen can penetrate into the steel up to a depth
of about 0.3 mm, accumulating usually in a surroundings of elongated sulfide inclusions.
Hydrogen failures can be usually observed at non-metallic inclusions and in grain boundary
areas (Fig. 24).
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Figure 21. Corrosion pits and non-metallic inclusions in the X6MnSiAl26-3-3 steel after the immersion test in 1N H2SO4.

Figure 22. Numerous cracks and craters formed due to corrosion pitting on the surface of the X6MnSiAl26-3-3 steel
after the immersion test in 1N H2SO4.

Figure 23. A layer of corrosion products containing surface cracks in the X6MnSiAl26-3-3 steel after the immersion
test in 3.5 wt% NaCl.
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Figure 24. Austenitic grains containing deformation twins, elongated sulfide inclusions and hydrogen failures in the
X6MnSiAl26-3-3 steel after bending and immersion in 1N H2SO4.

Figure 25. Cracked layer of corrosion products with banding-like arrangement in the X6MnSiAl26-3-3 steel after
bending and immersion in 1N H2SO4.

Figure 26. Cracked layer of corrosion products and deep corrosion decrements in the X6MnSiAl26-3-3 steel after
bending and immersion in 1N H2SO4.
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Figure 27. Numerous craters formed due to corrosion pitting and probable hydrogen impact in the X6MnSiAl26-3-3
steel after bending and immersion in 1N H2SO4.

The micrographs in Figures 25 and 26 reveal deep corrosion decrements and band-arranged
corrosion products in a surface area. The corrosion products layer is not continuous and has
many cracks (Fig. 26). Besides corrosion products, numerous craters formed due to intensive
corrosion pitting and probably as a result of hydrogen impact are characteristic (Fig. 27).
Craters forming is accompanied by local cracking of corrosion products layer (Fig. 26), un‐
covering the metal surface and causing further penetration of the corrosive medium and fi‐
nally the intensive progress of general and pitting corrosion.

Generally Hydrogen Induced Cracking (HIC) is not a problem in austenitic steels because of
the relatively low diffusion coefficient of H in a FCC lattice (Kumar & Balasubramaniam,
1997). However, enhanced permeation of hydrogen was observed in cold worked austenitic
steels by Kumar & Balasubramaniam (1997), what was attributed to a strain-induced marten‐
sitic transformation leading to promote hydrogen diffusion as the diffusivity is much higher
in the bcc martensite lattice. Additionally, hydrogen mobility is enhanced by the presence of
high-dislocation density due to cold working (Ćwiek, 2010). The hydrogen induced surface
cracking at the high hydrogen concentration places, i.e. grain and twin boundaries, ε/γ inter‐
face was also observed in stainless steels during hydrogen effusion from the supersaturated
sites (Yang & Luo, 2000). Especially privileged to surface hydrogen accumulation is ε marten‐
site. It was observed in a X5MnSiAl25-4-2 high-Mn steel containing lamellar plates of ε mar‐
tensite (Grajcar et al., 2010). Atomic hydrogen absorbed in the surface area penetrates the steel
and accumulates in places with non-metallic inclusions, lamellar precipitations of the second
phase, microcracks and other structural defects, where convenient conditions for recombin‐
ing of atomic hydrogen to molecular H2 exist. The recombination of atomic hydrogen to mo‐
lecular state is a very exothermic reaction, which provides a pressure increase in formed H2

bubbles as well as nucleation and growth of microcracks in a surface region of the sample. In
the investigated X6MnSiAl26-3-3 steel the evident microcraks associated with HIC were not
revealed but observed corrosion damages in a surface area (Figs. 24-27) are a result of a com‐
bined contribution of general corrosion, pitting and hydrogen impact.
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Figure 28. The boundary between undipped and dipped parts of the sample showing a scaled and cracked layer of
corrosion products in the X6MnSiAl26-3-3 steel after bending and immersion in 3.5 wt% NaCl.

A layer of corrosion products protecting the metal against continuous penetration of a corro‐
sive medium is forming on the surface of specimens dipped in a chloride solution (Fig. 28).
The formed scaled layer strongly adheres to the steel though numerous surface cracks oc‐
curring. Corrosion cracks were not observed as distinct from a steel containing ε martensite
plates (Grajcar, 2012). The created surface layer of corrosion products protects effectively the
base metal against chloride medium even after cold deformation because the mass decre‐
ment is comparable to that obtained for non-deformed samples (Table 3). In turn, cold defor‐
mation rises slightly the mass loss in the acidic medium in comparison with the specimens
investigated in an initial state (Table 3). The effect of cold deformation on the acceleration of
mass losses was much higher for the stainless steel (Table 2) probably due to the occurrence
of α’ martensite forming a local corrosive galvanic cell with the austenitic matrix. The en‐
hancement of the corrosion progress in the high-Mn steel immersed in the acidic solution
can be only related to annealing twins showing a different potential than the matrix
(Ghayad et al., 2006; Mazancova et al., 2010).

5. Summary

The dynamic development of technology creates the necessity for producing steels combin‐
ing high strength, toughness and ductile properties with high corrosion resistance. The aus‐
tenitic alloys possess an exceptional balance of strength and ductility as well as the high
ability to further rise their strength during technological forming or cold rolling. These
properties decide about their wide application in the chemical, machinery, food, automo‐
tive, nuclear and shipbuilding industries. Although austenitic stainless steels are character‐
ized by excellent resistance to general corrosion, they are susceptible to the localized
corrosive attacks, such as pitting corrosion, intergranular corrosion and stress corrosion
cracking (SCC) in chloride and sulfuric environments. The high-manganese austenitic alloys
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can be also an option for some applications but generally their corrosion resistance is much
lower.

The results presented in this chapter focused on the evaluation of corrosion behaviour of
plastically deformed Cr-Ni and high-Mn steels in acidic and chloride containing media. The
results of immersion and potentiodynamic tests as well as microstructural studies prove that
both examined steels are susceptible to corrosion attacks. However, the corrosion progress
in the Cr-Ni stainless steel requires stronger corrosive reagents and longer exposition time
in corrosive environments compared to the steel alloyed with manganese.

The mass loss of the X5CrNi18-8 steel immersed in 3.5N H2SO4 is equal to about 40% and is
over two orders of magnitude higher compared to the specimens dipped in the chloride sol‐
ution. The similar difference in the corrosion progress was obtained for the high-Mn steel,
though its real corrosion rate (taking into account test conditions) is much higher than that
of the stainless steel. The fast progress of mass loss in the acidic solution is a result of the
hydrogen depolarization, which is a typical corrosion mechanism under such conditions.
Due to this process, numerous corrosion pits are formed and local cracking of corrosion
products layer occurs resulting in penetration of the corrosive medium and finally leading
to the intensive corrosion progress. In turn, the oxygen depolarization process results in for‐
mation of a layer of corrosion products on surfaces of the steels examined in the chloride
medium limiting effectively a corrosion progress.

The cold working intensifies the corrosion progress especially in the Cr-Ni steel as a result
of formation of the strain-induced α’ martensite. The percentage mass decrements are near
twice and three times higher correspondingly for the acidic and chloride solutions. The in‐
crease of the degree of plastic deformation from 10% up to 70% results in lowering the cor‐
rosion potential as well as higher values of corrosion current density. The pit forming and
propagation in the X5CrNi18-8 steel are accelerated with increasing volume fractions of
martensite. The corrosion rate and subsequent mass loss of the cold deformed high-Mn steel
increase only slightly probably due to deformation twins forming.

In general, the low corrosion resistance of high-manganese steel is from the fact, that Mn
forms unstable manganese oxide due to low passivity coefficient and hence reduces their
electrochemical corrosion resistance (Kannan et al., 2008). It leads consequently to the high
dissolution rate of Mn and Fe both in H2SO4 and NaCl solutions (Ghayad et al., 2006; Hama‐
da, 2007; Kannan et al., 2008; Zhang & Zhu, 1999). It seems that high-Mn steels can replace
conventional austenitic stainless steels only partially in non-critical applications. Their cor‐
rosion resistance can be improved by surface engineering, i.e. zinc coatings or Cr alloying
(Hamada, 2007; Mujica Roncery et al., 2010).
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