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Abstract: Austenitic stainless steels are highly corrosion-resistant in common oxidation
environments. However, aggressive chloride-containing solutions can evoke local
corrosion, which performs an important risk in the safe use of these materials. This
research deals with the effect of the solution annealing (1050 °C, 15 min) on the
electrochemical parameters of AISI 304 and AISI 316L stainless steels. Corrosion
resistance of the solution-annealed specimens is evaluated and compared to the as
received specimens by the potentiodynamic polarization test performed in 1M pH neutral
NaCl solution at the 20 + 3 °C temperature. The obtained results did not clearly confirm
the positive effect of solution annealing on corrosion resistance in the given aggressive
solution. Although the pitting potentials indicating higher pitting corrosion resistance
increased, the kinetics of the corrosion process intensified.
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1. INTRODUCTION

In the field of material engineering, an ensuring the safety and longevity of structures and
components is a critical concern, particularly in aggressive environments, where there is
a serious risk of material degradation (Glass, 2010). Austenitic stainless steels, known for
their superior corrosion resistance in common oxidation environments and appropriate
mechanical properties, are frequently used in various applications including marine,
chemical and food processing, construction and biomedicine (Chvalnikova et al., 2023;
Lai et al., 2012). However, these steels are susceptible to a disruption of the passive
surface film and to the local pitting corrosion in chloride-rich solutions (Chen et al., 2021,
Dastgerdi et al., 2019; Liu et al., 2022; Rustandi et al., 2017) Therefore, their performance
must be rigorously assessed and optimized to meet safety standards.

Solution annealing is a heat treatment process widely applied to austenitic stainless steels
to enhance their corrosion resistance by dissolving precipitated carbides (especially
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M23Cs, the chromium-rich ones) and homogenizing the microstructure (Chen et al., 2018;
He et al., 2016; Ramirez et al., 2023; Wu et al., 2024). The studies by some authors
(Kumar and Gupta, 2020; Njoku et al., 2023) report, that this treatment can significantly
improve the stainless steel resistance to localized corrosion phenomena in chloride-
containing environments. According to the authors (Njoku et al., 2023), the annealed AlSI
304 stainless steel specimens show up to 36 % corrosion resistance improvement in acid
chloride solution compared to the untreated stainless steel specimens.

Since precipitation of M23Cs occurs in the temperature range of 450 to 900 °C, the lower
temperature limit for solution annealing should be above 900 °C. Maximum temperature
of solution annealing is limited by the grain growth (Ofuyekpone et al., 2015; Pei et al.,
2023). In particular, abnormal grain growth, also known as secondary recrystallization,
must be avoided (Padilha et al.,, 2007). The authors Pei et al., 2023 studied the
deformation mechanism of Cr-Ni stainless steel solution-annealed at various
temperatures (850 °C, 950 °C, and 1050 °C). They found, that the grain size of the
specimen increased with increasing annealing temperature while the vyield strength
decreased.

This research is focused on the effect of the solution annealing (1050 °C, 15 min) on the
pitting corrosion resistance of AISI 304 and AISI 316L stainless steels used as the
experimental material. The main goal of the article is to assess whether the performed
solution annealing clearly improves the corrosion resistance of the given materials and
also to what extent it is affected by differences in their chemical composition. The
corrosion resistance of the solution-annealed specimens is evaluated and compared to
the original non-treated (as received) specimens by the potentiodynamic polarization test
performed in pH neutral 1M NaCl solution at the 20 + 3 °C temperature.

2. MATERIALS AND METHODS

AISI 304 and AISI 316L austenitic stainless steels purchased in sheets (1000 x 2000 mm)
of 1.5 mm thickness (chemical compositions in Table 1) were used as the experimental
material. Their manufacturing process was based on continuous casting in electric arc
furnace. Then they were annealed (AISI 304 at 1040 — 1100 °C, AISI 316L at 1050 °C).
The IIB surface finish (smooth and matte metallic glossy surface) was prepared by pickling
after slightly smoothing rolling.

Table 1
Chemical compositions of experimental stainless steels (wt. %)

Cr Ni Mo | Ti | Mn N C Si P S Fe
304 18 8.01 |- - 140 |0.075 |0.027 |0.38 [0.031 |0.0037 |balance
316L |16.79 |10.14 |2.03 |- 0.82 |0.05 |0.02 |0.31 |0.03 0.001 |balance

Microstructures of the tested steels in the as received state (Figure 1) are polyhedral,
created by austenitic gr0O061ins with numerous twins, which could arise by annealing
and/or rolling.

The rectangular specimens (15 mm x 40 mm x 1.5 mm) were used for the testing. The
heat treatment for solution annealing was performed in furnace at 1050 °C for 15 minutes
with cooling in the air. Microstructures of solution-annealed specimens were observed by
optical microscope.

A part of the specimens was left in the as received state for comparison of the corrosion
tests results.
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(b)

Fig. 1. Microstructures in the as received state, longitudinal sections: (a) AlSI 316L (Kallings 2
etch.); (b) AISI 304 (glycerine + HNOs + HCl etch.)

Before the corrosion test, the solution-annealed specimens were pickled to remove high-
temperature oxide scales (Cleaning and Descaling Stainless Steels A Designers’
Handbook Series N° 9001, 2024; Donik, 2011; Elshawesh and Elhoud, 2004). The pickling
conditions are listed in Table 2.

Table 2
Conditions of pickling
Component Volume (mL) Temperature (°C) Time (min)
HF 2
HNO3 15 50 10
H20 to 100 ml

Potentiodynamic polarization (PP) was performed in pH neutral 1M sodium chloride
solution (analytical grade) at the temperature 20 + 3 °C, in the conventional three-
electrode cell system with the reference saturated calomel electrode (SCE, +0.248 V vs.
SHE at 20 °C) and the platinum (Pt) auxiliary electrode, using BiolLogic corrosion
measuring system with PGZ 100 measuring unit. The time for potential stabilization
between the specimen and the electrolyte was 10 minutes, the exposed specimen area
was 1 cm?. The potentiodynamic polarization curves were recorded at the sweep rate of
1 mV/s in the potential scan range between -0.3 and 0.8 V vs. open circuit potential
(OCP). At least three experiment repeats were carried out for each type of specimen and
the representative curve was selected.

3. RESULTS AND DISCUSSION

As can be seen in Figure 2, the microstructure of solution-annealed specimens is similar
to that in the as received state but the austenitic grains are markedly courser and number
of observable inclusions is reduced, especially in AlISI 304 microstructure.

PP curves corresponding to the as received and the solution-annealed states of the AlSI
304 and AISI 316L are shown in Figure 3 and Figure 4 respectively. The values of PP
parameters are listed in Table 3.
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Fig. 2. Microstructures after solution annealing, longitudinal sections: (a) AlSI 316L (Kallings 2
etch.); (b) AlSI 304 (glycerine + HNO3z + HCI etch.)
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Fig. 3. PP curves for AISI 304 stainless steel: comparison of the as received and the solution-
annealed states (Ep locations are marked by the arrows)

The PP parameters Ecor (COrrosion potential), icor (corrosion current density) and Veorr
(corrosion rate) were obtained as the result of the Tafel extrapolation using EC-LAB
software. Corrosion potential Ecor is the potential of the transition from the cathodic to the
anodic branch of the polarization curve and expresses the level of the thermodynamic
stability of the material in the applied solution. The higher Ecor Value means the higher
thermodynamic stability of the corrosion system.

Corrosion current density icor reflects the kinetic aspect of the corrosion process. It
controls the dissolution rate of an actively corroding metal (Kucharikova et al., 2018).
Corrosion rate vcor Was determined by the software, based on the corrosion current
density, using Faraday's law. According to Figure 3 and Figure 4, the shapes of all
presented curves are typical for passivating metals (they all have passive anodic
branches). Therefore, the pitting potential (E,) as the potential of a breakdown of the
passive surface film denoting the start of stable pit-growth, is the main PP parameter of
the pitting corrosion resistance. The E, values shown in Table 3 were determined directly
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from the curves as the potentials of sudden strong increase of current density after the
passivity state (E, locations are marked by arrows in Figure 3 and Figure 4). The higher
E, values point to higher resistance of the material to the pitting corrosion (Szklarska-
Smialowska, 2005; Li et al., 2018).
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Fig. 4. PP curves for AISI 316L stainless steel: comparison of the as received and the solution-
annealed state (Ep locations are marked by the arrows)

Table 3
Values of PP parameters
Pitting Corrosion Corrosion Corrosion
State of specimen potential potential current density rate
Ep (V) Ecorr (V) icorr (MA/CM?) Veorr (MM/y)
AISI 304 as received 0.179 -0.128 0.347 0.004
AISI 304 annealed 0.286 -0.245 0.938 0.010
AISI 316L as received 0.196 -0.122 0.299 0.003
AISI 316L annealed 0.545 -0.245 0.729 0.008

According to the obtained E, values, the performed solution annealing caused an
expansion of passivity regions of both stainless steels, which points to an increase of their
resistance to the pitting. It should be remembered, that the pickling solution used to
remove high-temperature oxides could also have contributed to an improvement of the
passive film's resistance to a breakdown due to nitric acid, which is also used as an
oxidizing agent to strengthen the passive film (Donik, 2011; Zhang et al., 2020).

Unlike that, comparison of Ecor values of the as received and the solution—annealed
specimens shows lower thermodynamic stability after solution annealing of the both
stainless steels. Moreover, higher icor values of the solution-annealed specimens reflect
their higher corrosion rate compared to the as received state. A similar trend of Ecorand
icor Values (in potentiodynamic micropolarization) after solution annealing of AISI 444
stainless steel in chloride-containing tap water was observed by the authors (Bitondo et
al., 2014).
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Detail of PP curves (in linear axes) in passivity region up to reaching of the E, values is
performed in Figure 5. It is clear, that passive current densities corresponding to the
curves after solution annealing are substantially higher compared to the as received ones,
which shows on higher ion transport through the passive film, resulting to less stable
passive state from the kinetic point of view.
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Fig. 5. Detail of PP curves in the linear axes

Comparison of AlSI 304 and AISI 316L stainless steels PP curves for the as received and
the solution-annealed state is shown in Figure 6 and Figure 7 respectively.
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Fig. 6. The as received state: comparison of PP curves of the both tested stainless steels

Itis clear (Figure 6), that behavior of both stainless steels in the as received state is similar.
Slight differences in E, values and passive current densities point to somewhat more
stable and resistant passive film of AISI 316L stainless steel. After solution annealing, the



427 Viera Zatkalikova et al.
E, value of AISI 316L is significantly higher compared to AlISI 304 stainless steel (Figure
7). A higher resistance of AISI 316L to the pitting corrosion could be related to the
molybdenum, which tends to concentrate in the passive film and to strengthen its stability
(Chen et al., 2021; Ha et al., 2018; Szewczyk-Nykiel, 2015). Molybdenum oxides resist
dissolution even under low pH conditions within the pit and therefore they stabilize the
local chemistry around the pit initiation site (Ibrahim et al., 2009; Upadhyay, et al., 2020).
An even distribution of molybdenum in AISI 316L microstructure after solution annealing
could also contribute to higher pitting corrosion resistance compared to AlSI 304.
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Fig. 7. The state after solution annealing: comparison of PP curves of the both tested
stainless steels

4. CONCLUSION
Based on the performed experiments can be concluded:

e Microstructure after solution annealing consists of the markedly courser austenitic
grains and number of observable inclusions is reduced compared to the as
received state.

e Solution annealing caused a shift of pitting potentials to the higher positive values,
which points to a better resistance of passive films of the both steels to the pitting
corrosion. The pitting potential of the solution-annealed AISI 316L is significantly
higher compared to the solution-annealed AlISI 304.

e Lower Ecor values of solution-annealed specimens revealed their lower
thermodynamic stability compared to the as received state.

o Higher icor values and passive current densities reflect an intensification of the
corrosion kinetics after solution annealing.

According to the above listed partial conclusions, a higher corrosion resistance of the
tested solution-annealed stainless steels in the given aggressive environment, was not
clearly verified. Therefore, carefulness especially at a long-term exposure in chloride-
containing environment, is recommended.
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