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The corrosion behavior of three Fe~-Mn-Si-Cr-Ni-(Co) shape memory stainless steels (SMSS) in 0.5 M
H,S04 solution was studied through electrochemical and immersion tests. The test results were compared
with that of a type 304 (SS 304) austenitic stainless steel. The three SMSSs exhibited a passive behavior
in 0.5M H,S04 solution; however, their anodic behavior in the active dissolution region was markedly
different. The passive current densities of the SMSSs were similar to that of SS 304, although the critical
anodic current required for passivation was higher. The corrosion rate of the SMSSs was much higher
than that of SS 304. It was observed that the amount of Cr and Mn plays an important role in the corrosion
behavior of SMSSs. The best corrosion behavior in acid media was shown by the SMSS that contained the
highest amount of Cr and the lowest amount of Mn.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of the shape memory effect (SME) in
Fe—Mn-Si alloys by Sato et al.[1]in 1982, this new class of materials
has attracted increasing attention due to its low production cost,
excellent workability and good weldability in comparison to the
traditional Ti-Ni and Cu-based shape memory alloys (SMAs) [2-4].
In the Fe-Mn-Si SMAs, the austenite (FCC structure) transforms
into e-martensite (HCP structure) during deformation (y — ¢), and
undergoes the reverse transformation into austenite upon heat-
ing (¢ — y) to produce the SME. However, the corrosion resistance
of these alloys is relatively poor, and reported recoverable strains
without any treatment are usually less than about 2% [5,6]. In
order to develop these Fe-Mn-Si SMAs, much effort has focused
on improving the SME and the corrosion resistance. In this context,
additions of chromium (Cr), nickel (Ni), cobalt (Co) and other ele-
ments to the Fe-Mn-Si SMAs have been accomplished successfully,
resulting in an improvement in the SME and corrosion resis-
tance [7-10]. The newly developed Fe-Mn-Si-Cr-Ni-(Co) SMAs
are called shape memory stainless steels (SMSS) and are suitable
for constrained recovery applications in various industrial sectors
such as the chemical, petrochemical and construction industries.
Liu et al. [11] and Li et al. [12] reported the successful application
of SMSSs in joints for oil pipes.
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Considering all these potential applications, the corrosion
behavior is an important parameter for investigation, particularly
the generalized corrosion attack occurring in acid media, due to
the aggressive environments where these alloys are used. Further-
more, the literature contains very few studies about the corrosion
behavior, corrosion rate, and anodic behavior in acid media of these
new materials. Therefore, the aim of this work is to investigate the
corrosion behavior of three SMSSs in 0.5 M H,S0O4 solution, based
on electrochemical and immersion tests.

2. Materials and methods

The SMSSs were prepared according to the following steps: (1) melting in a vac-
uum induction furnace (VIM), (2) hot forging at 1280 °C into a bar shape, (3) solution
treating at 1050 °C for 1h, and (4) quenching in a water bath at room temperature
(25°C). Table 1 shows the chemical composition of the SMSSs. Si, Mn, Cr, Ni and
Co were determined by inductively coupled plasma optical emission spectrometry
(ICP-OES). C was determined by pyrolysis using a LECO CS-444.

Cylindrical samples for the electrochemical tests were machined carefully and
mounted in polyester resin after the electric contact, with special care taken to
prevent the presence of crevices. The exposed area was 1.0 cm?. Before the poten-
tiodynamic and linear polarization measurements, the samples were wet ground
with #600-grit silicon carbide (SiC) paper, washed in distilled water, and immersed
in the electrochemical cell. The samples were then subjected to open circuit condi-
tions until a steady state potential was reached. This procedure was accomplished
in 30 min and the potential value obtained was considered the corrosion potential
(ECOII' )-

All the electrochemical measurements were taken in 0.5 M H,SO4 solution pre-
pared with analytical grade chemicals and distilled water. The solution was naturally
aerated and the temperature was held at 25°C. A conventional electrochemical
cell was used, consisting of a platinum counter electrode and a saturated calomel
reference electrode (SCE) connected to a potentiostat (Solartron 1287A).
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Table 1

Chemical composition (mass %) of the SMSSs.
Alloy C Si Mn Cr Ni Co Fe
SMSS A 0.008 530 14.19 8.81 4.65 - bal.
SMSS B 0.006 5.31 10.34 9.92 4.87 - bal.
SMSS C 0.009 5.25 8.26 12.80 5.81 11.84 bal.

The potentiodynamic polarization measurements were carried out at sweep
rates of 1mV/s, starting from a potential of 200 mV below Ecor, to a potential
of 1200 mVsce. Scanning electron microscopy (SEM) images were recorded after
the polarization measurements. To obtain clear and detailed images, a mechan-
ical polishing up to 1um (mirror finish) was performed before the polarization
measurement.

The linear polarization measurements were carried out at sweep rates of
0.1667 mV/s in a range of £10 mV with respect to E.or. The polarization resistance
(Rp)was converted to corrosion rate in millimeters per year (Rmpy), according to Eqs.
(1)and (2)[13]:

0.13002 X icorr X Ew

Rmpy = f (1)
icorr = ﬁu - ﬁc (2)
2.3Rp x (Ba + | Be|)

where icor is the corrosion current density (wA/cm?), Ey is the equivalent weight
(chemical) of the alloy calculated according to the ASTM G102-89(2010) standard, p
is the density of the alloy (g/cm?), R, is the polarization resistance (€2 cm?), 8, (mV)
and . (mV) are the anodic and cathodic Tafel slopes, respectively. The Tafel slopes
were obtained by linear fitting of the potentiodynamic polarization data within +50
to+100mV of the Eorr. Table 2 shows the density and equivalent weight of the alloys.

The stability of the anodic passive film was evaluated in open circuit conditions,
based on the potential decay as a function of time. The anodic passive film was
grown according to the following procedure: (1) the samples were mechanically
polished up to 1 wm, (2) cathodically polarized at —800 mVscg for 5 min to remove
the air-formed oxides, and (3) passivated at a constant potential of 500 mVgcs for
1h.

Immersion tests were carried out in a 0.5M H;SO4 solution at 25°C for 96 h,
according to the ASTM G31-72(2004) standard. The samples were weighed at inter-
vals of 24 h and the weight loss was calculated based on the difference in the samples’
mass before the test (0 h) and after 24 h, up to 96 h. SEM images were recorded after
96 h of immersion.

To compare the corrosion behavior of the SMSSs with that of a standard corrosion
resistant alloy, samples of type-304 (SS 304) austenitic stainless steel were solution
treated at 1050°C for 1 h, quenched in water bath and used in the electrochemical
and immersion tests.

3. Results and discussion

Fig. 1 shows the potentiodynamic polarization curves of the
SMSSs and SS 304 in 0.5M H,S04 solution. Note that the SMSSs
and SS 304 show a similar active to passive transition behavior. The
two materials showed the same transpassive breakdown poten-
tial; however, the anodic behavior of the alloys was very different
in terms of the Ecorr, the critical anodic current density required
for passivation (ics), the primary passive potential (Epp), and the
passive potential range.

Table 3 presents the different electrochemical parameters
determined from the potentiodynamic polarization curves. Note
that the E.orr of the SMSSs is lower than that of the SS 304, indi-
cating that the SMSSs are more active in the acid media than the
SS 304. The i of the SMSSs was also found to be higher than that
of the SS 304 (3.46 x 10~4 Ajcm?). Thus, the high i values of the
SMSSs indicate a greater difficulty to form passive film when com-

Table 2

Density and equivalent weight of SMSSs and SS 304.
Alloy p (glcm?) Ew
SMSS A 7.51 23.04
SMSS B 7.52 22.93
SMSS C 7.63 22.76
SS 304 7.94 25.12
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Fig. 1. Potentiodynamic polarization curves obtained from SMSSs and SS 304 in
0.5M H;SO04 solution.

pared to SS 304. This behavior can be attributed to the lower Cr
content in the SMSSs [14]. On the other hand, the passive current
density (ipass) values are close to that of SS 304, indicating that the
protectiveness of the passive films formed on SMSSs is similar to
that of SS 304. It should be noted that the protectiveness of the pas-
sive films formed on the SMSSs is fairly high considering the low
Cr content in these alloys. As Maji et al. [15] and Moriya et al. [16]
suggested, this behavior may be related to the addition of Si (about
5-6%); however, the influence of Si on corrosion resistance has not
yet been confirmed.

Fig. 2 shows the microstructures of the SMSSs after the poten-
tiodynamic polarization test. A general corrosion attack can be
observed in all the SMSSs; however, SMSS A exhibited the most
severe attack, with intense corrosion clearly identifiable along the
stacks of e-martensite plates. A less pronounced corrosion attack
was observed on SMSS C, followed by SMSS B.

To investigate the stability of the passive film grown anodi-
cally, the time (Ty) required for the onset of potential decay from
the passive to the active state in the SMSSs was measured and
compared with that of SS 304. According to Zhang et al. [17], T4
is a suitable parameter for the indication of passive film disso-
lution, and hence, its stability. Fig. 3 shows the potential decay
curves (in open circuit conditions) of the SMSSs and SS 304 as
a function of time. The curves for the SMSSs can be divided
into three regions: (1) a region with a rapid potential drop; (2)
a region showing an almost linear decrease, in which a slight
potential variation over time is visible; and (3) a sudden fall in
potential towards the Ecor value. Between regions 2 and 3 it is
possible to obtain the Flade potential (Eg). This potential char-
acterizes the dissolution of the passive film that was previously
grown. The arrows in Fig. 3 indicate the Eg as well as the Ty.
Moreover, it can be observed that the Ty values of the SMSSs
are lower than that of SS 304, indicating the lower stability of
the passive film grown anodically on SMSSs. Among the SMSSs,
SMSS C exhibited the highest value of Tq (347 s) and the lowest
Ep (—108.72 mVgcs). The worst behavior was shown by SMSS A, in
which the T4 and Er remained at 143 s and 13.16 mVgcs, respec-
tively.

Table 4 shows the polarization resistance (Rp), corrosion cur-
rent density (icorr), and corrosion rate (Rmpy) obtained from the
linear polarization measurements. Note that the icorr and Rmpy of
the SMSSs are much higher than that of SS 304, indicating that the
corrosion resistance of these alloys is lower in acid media. Among
the SMSSs, SMSS C showed the lowest Rmpy value (55.99 mpy) and
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Table 3
Electrochemical parameters in 0.5 M H,SO4 solution.
Alloy Ecorr (MVecs) Ba (MVics) |Bcl (MVecs) Epp (MVEcs) icrit (107% Ajcm?) ipass (1075 Afcm?)
SMSS A —463.59 162.17 144.68 —~187.86 548.10 8.95
SMSS B —444.76 108.23 151.66 —268.52 226.63 7.38
SMSS C —416.90 53.92 95.51 —297.53 76.05 5.74
SS 304 —-356.48 62.22 90.11 —265.64 3.46 3.00
SMSS A the highest (1993.48 mpy). These results are in agreement 1200
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Fig. 2. SEM micrographs of SMSS microstructures after potentiodynamic polariza-
tion tests in 0.5M H,SO4 solution: (a) SMSS A, (b) SMSS B and (c) SMSS C.

Fig. 3. Potential decay of SMSSs and SS 304 as a function of time after anodic passi-
vation at 500 mVscg for 1hin 0.5 M H,SO, solution.
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Fig. 4. Corrosion rate of SMSSs and SS 304 as function of immersion time in 0.5M
H,S04 solution.

Fig. 4 shows the corrosion rates as a function of time for the
immersion tests in 0.5 M H;SOy4 solution. As can be seen, the Rmpy
values obtained from the immersion tests are consistent with the
Rmpy values obtained from the linear polarization measurements.
These results indicate that the corrosion rates determined by the

Table 4

Polarization resistance (R,) and corrosion rate (Rmpy) in 0.5M H;S0O4 solution.
Alloy Rp (2cm?) icorr (Afcm?) Rimpy (mpy)
SMSS A 6.62 5.03x 1073 1993.48
SMSS B 10.31 2.56x 1073 1048.30
SMSS C 103.21 1.45x 104 55.99
SS 304 774.19 2.07 x 1073 8.51
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Fig. 5. SEM micrographs of the surface morphology of SMSS alloys after 96 h of
immersion in 0.5M H,SO4 solution: (a) SMSS A, (b) SMSS B and (c) SMSS C.

linear polarization technique represent a good approximation of
the real corrosion rates determined from the immersion tests. How-
ever, the advantage of the linear polarization technique is that it
saves time. On the other hand, it was found that the Rmpy values of
the SMSSs were significantly higher than that of the SS 304. No sig-
nificant change in the Rmpy values of the alloys was observed after
longer exposure times except for SMSS C. Thus, the orders of Riypy
values for the alloys are SMSS A>SMSS B > SMSS C >SS 304.

Fig. 5 shows the surface morphology of the SMSSs after 96 h of
immersion in 0.5 M H;S04 solution. Note that the SMSSs exhibit an
intense corrosion attack with a crater-like morphology over the
entire microstructure. The SEM micrographs confirm the corro-
sion rate levels (Rmpy), with a significant corrosion attack visible

in SMSS A, followed by SMSS B and C. Grajcar et al. [20] and Kan-
nan et al. [21] observed similar surface morphologies in samples of
high-manganese austenitic steels after immersion in H,SO,4 solu-
tion. This morphology was attributed to the high corrosion rate
promoted by the dissolution of Mn and Fe in acid solutions, and to
the resulting strong cathodic reaction of hydrogen evolution.

A comparison of the corrosion performance of the SMSSs in
0.5M H;,S0,4 solution indicates that the results of immersion and
electrochemical tests follow the same tendency and that the bal-
ance between the Cr and Mn contents plays an important role in
the corrosion behavior.

The opposite effect of Cr increase and Mn decrease among the
SMSSs led to a shift in the Ecor values in the noble direction, with a
consequent decrease in the corrosion rate (Rmpy). The same behav-
ior was observed for the parameters Ty and i.;; with respect to
changes in the Cr and Mn contents. According to Zhang and Zhu
[22], the detrimental effect of Mn on the corrosion behavior is
related to its low passivity coefficient and also to the formation of
unstable Mn oxides. Wu et al. [23] attributed the negative effect
of Mn to its strong chemical activity, i.e., low electronegativity,
wide ranges of pH and potential in which Mn2* ions are stable
on the Pourbaix diagram, a high negative value of the standard
electrode potential, and a high tendency to form nonmetallic inclu-
sions. Park and Kwon [24] recently suggested that Mn facilitates
the dissolution of Fe-Cr alloys by increasing the activity of Fe-
adsorbed intermediates or by producing secondary intermediate
species, which act as another dissolution pathway. The authors also
suggested that Mn hinders the passivation process in acid solu-
tion by reducing the activity of Cr-adsorbed species. On the other
hand, the beneficial effect of Cr in promoting the formation of a
compact Cry03 film is well established. This oxide film protects
the substrate by reducing its dissolution when in contact with an
aggressive environment.

It is interesting to mention that the Cr and Mn contents also
affect the SME of SMSSs. Moreover, the addition of Mn is essential
to obtain the SME in Fe-based SMAs [7,19,25]. Hence, taking into
account that the SMSSs exhibited an unacceptably high corrosion
rate in the corrosion potential region, it is possible to state that
this new type of stainless steel is suitable for application in highly
oxidizing environments or under conditions of anodic protection.

4. Conclusions

Based on the results of the electrochemical and immersion tests
of the SMSSs in acid media, the following conclusions can be drawn:

1 The three SMSSs and the SS 304 showed a similar passive region;
however, their anodic behavior in the active region of dissolution
differed significantly.

2 The SMSSs alloys exhibited a low capacity to form passive films
when compared to SS 304; however, the protectiveness of the
anodically formed passive films was similar to that of SS 304.

3 The stability of the passive films formed anodically on the SMSSs
was much lower than that formed on SS 304.

4 The corrosion rate of the SMSSs was much higher than that of SS
304.
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