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the weight loss method. Furthermore, the corrosion strength of austenitic stainless steel that exposed to
acidic solutions for a specific duration of time was determined by hardness measurements. The chrome
and other elements (Ni, Mo, etc.) contents of G-X CrNiMoNb 18-10 austenitic stainless steels that exposed
for long durations of time in acidic solutions were measured by elemental analysis, while their respective
surfaces were analyzed using photographs.
orrosion
cidic solutions

. Introduction

Stainless steels are iron alloys that have of thin, transparent and
urable chrome oxide passivation layers. The stability of the passive
lm and the corrosion resistance of the steel increase with increas-

ng chrome content in the alloy. Although the costs of the stainless
teel are higher than those with similar mechanical characteristics,
he primary justification for its common usage is improved corro-
ion resistance. Stainless steels have a large range of applications.
ver one-third of produced stainless steels are used in structural
pplications for chemistry and power engineering industries. These
pplications include nuclear reactor canals, heat converters, tubes
hat are used in oil industries, chemistry applications, paper indus-
ries’ components, and as, the pieces of boilers and furnaces that
re used in nuclear reactors [1–7].

Many studies have investigated the corrosion behaviors of 316
ustenitic stainless steel. Pardo et al. investigated the effect of Cu
nd Sn on the pitting corrosion resistance of 304 and 316 stain-
ess steels in a chloride media. These steels were subjected to static
otential and electrochemical cyclic polarization measurements in
3.5% NaCl solution, and the following results were obtained: when
opper was added to the structure, it improved nucleation and

nhibited corrosion pit growth, while in contrast, the incorporation
f tin hindered nucleation and enhanced the pit growth rate [8].

Ilevbare and Burstein and Pardo et al. investigated the effect of
ncorporated Mo, Mn and chromate ions on the pitting corrosion
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resistance of 304 and 316 stainless steels. According to this study,
ions obstruct the growth pits and strengthen the steel [7–10].

In this study, the corrosion resistance of G-X CrNiMoNb 18-10
austenitic stainless steel which has not been extensively studied
was investigated by potentiodynamic polarization curves and the
weight loss method in acidic solutions. Furthermore, the hardness,
elemental composition and surface morphology of G-X CrNiMoNb
18-10 steel that exposed to corrosive media for long periods of time
were analyzed.

2. Materials and methods

2.1. Materials

Austenitic stainless steel, whose standard composition is summarized in Table 1,
was used in all experiments. This steel is symbolized with G-X CrNiMoNb 18-10, has
a standard number of 1.4580, and AISI number of 316 Cb. Chemical composition is
given in Table 2. The values given in Table 2 are compatible with the standards.

The G-X CrNiMoNb 18-10 austenitic stainless steel experimental specimens were
quenched in two steps. In the first step, the specimens were heated to a temperature
between 1050 and 1150 ◦C and were immediately cooled in oil. In the second step,
the steel specimens were heated to a temperature between 500 and 600 ◦C, and
again cooled in oil.

2.2. Weight loss method

G-X CrNiMoNb 18-10 austenitic stainless steel 5 cm × 2 cm × 0.3 cm plates were
used to determine the corrosion rates using the weight loss method. The surfaces

of the plates were cleaned by a chemical process, including a 3HNO3:1H2SO4:1H2O
mixed solution, followed by pure water and CCl4. The cleaned specimens were held in
a furnace to a fixed mass. Masses of the fixed mass specimens were determined and
recorded. The specimens were immersed in 3 M H2SO4, 3 M HCl, and 3 M H2SO4 + 3 M
HCl (1:1) mixed solutions. Two specimens were taken from each solution at specified
times (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 days). The stainless steel

http://www.sciencedirect.com/science/journal/09258388
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Table 1
Standard composition of experiment specimen (wt.%) (6).

AISI no. 316 Cb

C (%) ≤0.08
Cr (%) 16.5–18.5
Ni (%) 11–14
Mo (%) 2–2.5
Mn (%) ≤2.0
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b (%) ≥8 × C
i (%) ≤1.0
(%) ≤0.045
(%) ≤0.03

pecimens were taken from solutions, held in 5% citric acid (pH 4.5) for 2 h, and then
insed with pure water. These specimens were later dried again at 110 ◦C in a furnace
nd weighed. Using this process, weight losses were determined and corrosion rates
ere calculated using the following formula:

orrosion rate = weight loss
surface area of metal × time

(2.1)

.3. Electrochemical method

Electrochemical measurements were made by PAR 263 A, potentio-
tat/galvanostat. In the electrochemical measurements, platinum was used as the
ounter electrode, saturated calomel electrode (SCE), as the reference electrode,
nd G-X CrNiMoNb 18-10 austenitic stainless steel as the working electrode. The
urfaces of the working electrode were covered with polyester, except for the parts
onnected to the solutions. Before measuring, the surface of the working electrode
as polished to a mirror finish with a polishing device (METKON GRIPO 2V) using,
00 and 1200 mesh sandpaper. Polarization curves were obtained between −1.00
nd +1.00 V at a 1 mV/s scan rate. During the measurement, the solutions were mixed
ith a magnetic mixer.

All the above experiments were carried out using freshly polished specimens in
erated solutions.

.4. Hardness test

As shown in Section 2.2 the cleaned specimen plates were immersed in 3 M
2SO4, 3 M HCl, and 3 M H2SO4 + 3 M HCl (1:1) solutions. Plates were taken at speci-
ed times (0, 30, 60, 90, and 120 days), cleaned, and then prepared for the hardness
est. The hardness of each prepared plate was determined with a BROOKS Model

AT 10/250 machine using the Rockwell B hardness method.

.5. Surface analysis

The surfaces of the G-X CrNiMoNb 18-10 austenitic stainless steel plates that
ere exposed to acidic solutions (3 M H2SO4, 3 M HCl, and 3 M H2SO4 + 3 M HCl

1:1)) for (0 and 120 days) were investigated by digital photos.

.6. Elemental analysis

Elemental analysis of samples corroded in acidic solutions was made by TUBITAK
The Scientific and Technological Council of Turkey).

. Discussion and results
.1. Weight loss test results

The variance of the corrosion rate as a function of time for G-
CrNiMoNb 18-10 austenitic stainless steel in 3 M H2SO4, 3 M

able 2
hemical composition of experiment specimen (wt.%).

ISI no. 316 Cb

(%) 0.077
r (%) 16.74
i (%) 11.52
o (%) 2.173
n (%) 1.112
b (%) 0.855
i (%) 0.702
(%) 0.029
(%) 0.013
Fig. 1. Varying of corrosion rate according to time for G-X CrNiMoNb 18-10 austenitic
stainless steel in 3 M H2SO4, 3 M HCl vs. 3 M H2SO4 + 3 M HCl (1:1).

HCl, and 3 M H2SO4 + 3 M HCl (1:1) solutions is summarized in
Fig. 1.

According to Fig. 1, the corrosion rates of G-X CrNiMoNb 18-
10 austenitic stainless steels in a 3 M HCl solution was observed
to increasing, while the steels in other solutions indicated no clear
increased corrosion through the protective oxide passivation. Cor-
rosion rates of specimens immersed in a 3 M HCl solution were
observed to increase by approximately 11 times, reaching 2060 mdd
at the end of 90 days. While the corrosion rates of plates in the
3 M HCl solution were observed to increase for the first 20 days,
the rates oscillate up to 90 days due to the cyclical protective oxide
layer formation and degradation on the metal surface. After 90 days,
the corrosion rates increased due to a breakdown of the protective
oxide layer, ultimately reaching 1379 mdd at the end of 120 days.
The corrosion rate of G-X CrNiMoNb 18-10 austenitic stainless steel
in a mixed solution became constant at the end of 70 days due to
the formation of a protective oxide layer. The corrosion rates were
observed to increase from 70 to 120 days due to the breaking down
of the protective oxide layer on the metal surface. The corrosion
rates of austenitic stainless steel in a 3 M HCl solution were observed
to be the greatest due to Cl− ions, followed by 3 M H2SO4 and 3 M
H2SO4 + 3 M HCl (1:1) acidic solutions, respectively (Fig. 1).

3.2. Electrochemical method results

Potentiodynamic polarization curves of G-X CrNiMoNb 18-10
austenitic stainless steel in HCl, H2SO4 and H2SO4 + HCl (1:1) acidic
solutions with different concentrations (0.1, 1, 2, and 3 M) are given
in Figs. 2–4.

As shown in the polarization curves in Fig. 2, increasing the
acid concentration of austenitic stainless steel HCl immersion solu-
tion was observed to increase the corrosion current density from
38.19 �A/cm2 (0.1 M HCl) to 4505 �A/cm2 (3 M HCl). In this case,
Cl− ions penetrate into the metal surface and increase the concen-
tration of the metal. This effect is also increased with increasing
chloride concentration. Furthermore, passivity was not observed
for specimens immersed in HCl solutions, but was seen for H2SO4
and HCl + H2SO4 (1:1) solutions, since Cl− ions obstruct the oxide
at the metal surface (Fig. 2 compared to Figs. 3 and 4). The corro-
sion potential increases as a function of HCl concentration, which
is shown as more negative values.

Fig. 3 depicts the polarization curves of G-X CrNiMoNb 18-

10 austenitic stainless steel in 0.1, 1, 2, and 3 M H2SO4 solutions.
Passivity was observed in all of these curves due to the occur-
rence of oxide on the metal surfaces. The cathodic reactions in the
acidic solutions are hydrogen reductions. The full passivity poten-
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Fig. 2. Potantiodynamic polarization curves of G-X CrNiMoNb 18-10 austenitic
stainless steel in HCl.
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ig. 3. Potantiodynamic polarization curves of G-X CrNiMoNb 18-10 austenitic
tainless steel in H2SO4.

ial region was observed to be −0.22–0.55 V in 0.1 and 1 M H2SO4,
0.25–0.52 V in 2 M H2SO4 and −0.26–0.5 V in 3 M H2SO4. The full
assivity current density was observed to be 4.90 �A/cm2 in 0.1 M
2SO4, 11.75 �A/cm2 in 1 M H2SO4, 15.85 �A/cm2 in 2 M H2SO4,
nd 23.44 �A/cm2 in 3 M H2SO4. The full passivity potential region

nd potential of breaking passivity decrease with increasing H2SO4
oncentration. The full passivity current density increases with
ncreasing acid concentration.

Fig. 4 depicts the polarization curves of G-X CrNiMoNb 18-10
ustenitic stainless steel in HCl + H2SO4 (1:1) solutions. Full passiva-

ig. 4. Potantiodynamic polarization curves of G-X CrNiMoNb 18-10 austenitic
tainless steel in HCl + H2SO4 (1:1) mixed solutions.
Fig. 5. Varying of G-X CrNiMoNb 18-10 austenitic stainless steel hardness values
(RB) according to exposure time in different acidic solutions.

tion is performed in 1, 2, and 3 M HCl + H2SO4 (1:1) mixing solutions.
The flade potential at all concentrations is similar. The full passiv-
ity potential region decreases with increasing acid concentration,
while the full passivity current density increases with increasing
acid concentration.

3.3. Hardness test

The hardnesses of G-X CrNiMoNb 18-10 austenitic stainless
steel plates treated with HCl, H2SO4, and H2SO4 + HCl (1:1) acidic
solutions for various durations of time were measured using the
Rockwell B hardness method. The hardness was measured from five
different points on every surface and averaged to calculate hard-
ness. Fig. 5 depicts the variation of specimen hardness as a function
as holding time in the aforementioned solutions.

The hardnesses of the specimens at the beginning were 91 RB.
This value decreased as a function of increased immersion time in
the corrosive media. The lowest hardnesses were obtained for spec-
imens immersed in the 3 M HCl solution, while the highest were
obtained for those immersed in the 3 M H2SO4 + 3 M HCl (1:1) solu-
tion. In this manner, hardness and mechanical strength decrease
when the corrosion effects increase.

3.4. Surface analysis

Fig. 6 depicts photographs of the G-X CrNiMoNb 18-10 austenitic
stainless steel specimens immersed in different acidic solutions for
10 and 120 days. The metal surfaces exposed to any acidic solutions
were not appreciably abraded at the end of 10 days, while after 120
days, the surfaces were observed have increased corrosion pitting.
Holes and pitting on the metal surfaces were observed for speci-
mens immersed in 3 M HCl solutions due to the corrosive effect of
Cl− ions. The most corrosive effect was caused by HCl solutions.

3.5. Elemental analysis

G-X CrNiMoNb 18-10 austenitic stainless steel specimens
exposed for 120 days in acidic solutions were elementally analyzed.
According to the analyses, the chrome content of un-immersed
specimens was 16.74, while specimens immersed in 3 M HCl, 3 M
H2SO4, and 3 M H2SO4 + 3 M HCl (1:1) solutions were 16.53, 16.58,
and 16.61, respectively, after 120 days (Table 3). This observed
decrease in chrome content demonstrates that pitting corrosion

occurs preferentially on grain boundaries. The content of nickel,
providing corrosion resistance beside chrome, also decreased in all
acidic solutions. The content of molybdenum and manganese added
to increase localized corrosion resistance in chlorinated solutions
also decreased. The content of other elements decreased too, as the
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Fig. 6. General photographs of G-X CrNiMoNb 18-10 austenitic stainless steel in different acidic solutions at 10 and 120 days.

Table 3
Elemental analysis results of samples corroded in acidic solutions (wt.%).

Cr (%) Ni (%) Mo (%) Mn (%) Nb (%) Si (%) P (%) S (%)

In HCl 16.53 11.24 2.089 1.012 0.836 0.673 0.024 0.011
I 1.0
I 1.1

G
i

4

•

•

•

•

•

[7] G.O. Ilevbare, G.T. Burstein, Corros. Sci. 45 (2003) 1545.
[8] A. Pardo, M.C. Merino, M. Carboneras, A.E. Coyand, R. Arrabal, Corros. Sci. 49

(2007) 510.
n H2SO4 16.58 11.34 2.15
n acid mixed 16.61 11.48 2.162

-X CrNiMoNb 18-10 austenitic stainless steel stayed for a long time
n corrosive environment (Table 3).

. Conclusions

The corrosion rate of G-X CrNiMoNb 18-10 austenitic stainless
steel was increased according to the weight loss method. The
greatest increase was observed in 3 M HCl solution.
Full passivity in HCl solutions was not observed in the potentio-
dynamic polarization measurements.
According to hardness tests, the hardness of G-X CrNiMoNb 18-
10 austenitic stainless steel decreases while corrosion effects

increase.
The occurrence of pitting corrosion on metal surfaces was deter-
mined from photographic films.
A decrease in chrome and other elements content was observed
from elemental analysis results.

[

90 0.838 0.682 0.025 0.012
02 0.840 0.693 0.025 0.012
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