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Abstract 

A new material that can be used to replace single steel in high-strength tanks is mild steel cladding Super Duplex Stainless 
Steel (SDSS). The method of producing multilayer Super Duplex Stainless Steel (SDSS) is the cladding of mild steel Many 
processes are carried out such as welding Plasma Direct Energy Deposition (DED), laser, and electro-slag strip.  In the 
manufacturing industry, hot rolling is a simple process. Because the procedure is quick and uses inexpensive, traditional 
equipment, it is referred to as a simple method. The use of seawater was chosen because salty conditions favour corrosion. 
In this work, the effects of temperatures of 900°C, 1000°C, and 1050°C on the microstructure and corrosion resistance of 
hot rolled materials are investigated. The investigation of corrosion resistance by examining the microstructure and 
material properties using metallography, X-ray diffraction, Electrochemical Impedance Spectroscopy (EIS), and Scanning 
Electron Microscope (SEM) is the main goal of this work. The results of the study demonstrated that when the hot rolling 
temperature was increased, carburization and decarburization occurred and the corrosion resistance decreased. 
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Introduction1.

In industrial settings, carbon steel is often prone to 
corrosion, and a high level of corrosion resistance is 
necessary for both economic and secure operation. 
Crude oil is used in the oil and gas sector because it 
contains specific chemical constituents that can 
acceleratecorrosion, like sulfur, nitrogen, and 
aromatic resins. Using organic or inorganic inhibitors, 
which shield the steel surface by creating a passive 
protective layer is the most common method of 
increasing corrosion resistance [1, 2]. 

A unique iron alloy known as duplex stainless 
steel comprises balanced phases of austenite (γ) and 
ferrite (δ) in its microstructure. In situations 
containing acids, acidic chlorides, seawater, and 
chemicals, this two-phase structure results in a steel 
with excellent strength, toughness, and corrosion 

resistance [2-4]. The use of super duplex stainless 
steel has increased in areas that are extremely 
corrosive, such as  pulp and paper manufacturing, heat 
exchangers, chemical storage tanks, and oil and gas 
infrastructure. For the uses listed above, corrosion-
resistant duplex stainless steel alloys are more 
corrosion-resistant than low-carbon steels, albeit are 
associated with  significantly higher material costs 
[5]. 

In previous studies on the production of multilayer 
stainless steel and carbon steel, various methods have 
been used, namely welding methods [3, 6, 7, 8] 
Plasma Direct Energy Deposition (DED) [9], laser 
[10-13], and electro-slag strip [14]. The hot and cold 
rolling processes used for super duplex steel do not 
significantly affect the material’s surface. 
Nevertheless, cold rolling is preferable than hot 
rolling for corrosion resistance [15]. Low-carbon steel 
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is hot rolled to obtain better mechanical properties, 
whereby the mechanical properties are improved 
compared to cold working [16]. 

Although the surface of super duplex steel is not 
significantly damaged during either the hot or cold 
rolling, the cold rolling method improves corrosion 
resistance over the hot rolling process [17]. To obtain 
better mechanical properties, mild steel is hot rolled 
which improves the mechanical properties compared 
to cold working [18].  

The improvement of mechanical qualities and 
corrosion resistance is the goal of creating multilayers 
between two different materials [19].  Compared to 
coldforming, the corrosion resistance of multilayer 
duplex made of carbon steel that has been hot rolled 
and aged leads to precipitation  [20]. Meanwhile, 
corrosion can be produced effectively using the 
electro slag strip method with different solutions  [21] 

The aim of this study is to investigate the 
corrosion resistance of Super Duplex Stainless Steel 
(SDSS) - multilayer structural steel systems during 
the hot rolling process in saline environment. The 
focus of this study is to investigate the corrosion 
resistance using microstructure tests and material 
properties such as scanning electron microscope 
(SEM), metallography, X-ray diffraction and 
electrochemical impedance spectroscopy (EIS).  

 
Materials and Methods  2.

 
Superduplex and low carbon steel materials were 

cut to the same size, and to prevent the two materials 
from shifting after rolling, the ends of the materials 
were welded together. Then, employing temperatures 
of 900°C, 1000°C, and 1050°C, the hot rolling 
process was completed. This research experiment can 
be seen in the schematic diagram in Figure 1. 

Table 1 shows the factors used in this 

investigation. To facilitate the testing, the material 
was chopped after the temperature was changed, and 
then mounted with resin. Sandpaper with a roughness 
of 120, 240, 400, 600, 800, 1000, and 1200, 1500, 
2000 was used to grind the samples.  The JEOL JSM 
IT-200 LA was then used to conduct the test using a 
scanning electron microscope (SEM). Meanwhile, the 
Panalytical Empiren is used for XRD. After polishing 
the sample with cloth disks containing diamond paste 
in a size of 0.3m, the sample was etched with 
Kalling’s solution to view its microstructure. An 
Olympus microscope, which is used for 
metallography, was one of the tools used Using a test 
electrolyte of 5% NaCl aqueous solution, all 
electrochemical experiments were conducted in a 
three-electrode electrochemical cell. Coated 
specimens served as working electrode, while 
graphite plates and saturated calomel electrodes 
(SCE) served as counter and reference electrodes. 
Potentiostat/galvanostat/ZRA Gamry 3000 and other 
test instruments were used. 

Table 2 illustrates that carbon steel materials falls 
under the ASTM SA 210A1 or ASTM 213 standards, 
which are frequently applied to pipes, such as those 
made of austenitic and ferritic steel for superheaters, 
heat-exchanger tubes, and boilers [22]. As a super 
duplex stainless steel (SDSS) material, it is mostly 

L. Naffat et al. / J. Min. Metall. Sect. B-Metall. 61 (1) (2025) 1 - 9 2

Figure 1. Schematic diagram for hot rolling

Sample/code sample Temperature Rolling (°C)

Mild steel (1) -

SDSS (2) -

Cladding (3) 900

Cladding (4) 1000

Cladding (5) 1050

Material C Si Mn Cr Mo Ni P S Fe

Mild steel 0.14 0.16 0.69 0.11 0.024 0.097 <0.01 <0.01 bal

SDSS 0.01 0.37 0.34 24.92 3.87 6.36 <0.01 <0.005 bal

Table 2. Chemical composition of mild steel and SDSS (wt%)

Table 1. Research variables



utilized in the oil and gas industry, particularly for 
offshore platforms, heat exchangers, structural 
elements, and architectural elements. Type UNS: 
S32750 is a variant of the stainless steel alloy [23]. 

 
Result and Discussion  3.

Microstructures 3.1.
 
The outcomes of the metallographic testing with 

Kalling’s etching are shown in Figure 2. Mild steel, 
the decarburization area, the SDSS, and the 
carburization area are the four components of the 
microstructure study of samples with variations in hot 
rolling temperatures of 900°C, 1000°C, and 1050°C. 
High temperatures cause metallurgical bonding, or the 
reciprocal diffusion of elements [24]. Figure 2(a) 
shows that the decarburization layer formed on the 
mild steel side is not particularly apparent, and the 
carburization layer on the SDSS side is not very thick. 
The carburization and decarburization layers are 
thicker in Figure 2(b) from both the mild steel and 
SDSS sides than in Figure 2(a), while the 
carburization layer is thinner in Figure 2(c) than in 
Figure 2(b). The cladding contact exhibits a uniform 
and clearly visible decarburization layer on the mild 
steel side [25]. The diffusion of components during 
heating results in carburization zones and 
decarburization [26]. The initial driving force for the 

diffusion of elements is provided by the considerable 
differences in the amount of C, Cr, Fe, and other 
elements between mild steel and SDSS. Ferrite and 
pearlite make up the structure of the mild steel region. 
The carbon atoms from the mild steel close to the 
interface diffuse across the layer boundary to the 
SDSS side during the heating process in the 
decarburization zone, reducing the carbon content in 
the pearlite and causes it to change to a ferrite 
structure when the rolling temperature is increased. 
Therefore, only a coarse ferrite structure is present in 
the decarbonization zone as a result. C atoms are 
added to the SDSS side in the carburization zone, 
whilst Cr atoms from the SDSS diffuse into the mild 
steel in the vicinity of the interface. In the cladding 
layer, SDSS starts to change into a thick austenite 
structure due to a rise in the element C, which 
promotes austenite, and a decrease in the element Cr, 
which promotes ferrite. Element diffusion has little 
effect on the ferrite + austenite structure located far 
from the cladding. When the heating temperature 
increases, the grain size, decarburization zone, and 
carburization zone become larger [27]. 

Figure 3(a) illustrates how the surface of SDSS is 
corroded, as indicated by the black color present; on 
the surface of low-carbon steel, the corrosion product 
takes the form of powder. Corrosion also occurs on 
the cladding, but is not as bad as on the surface. 
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Figure 2. Results of metallographic test; the temperatures at which hot rolling occurs are (2a) 900°C,  (2b) 1000°C, and 
(2c) 1050°C 



Figure 3b shows that the corrosion on the cladding 
occurs on the low carbon steel side, but compared to 
the low carbon steel side, the corrosion on the SDSS 
surface is not as severe. 

Figure 3c shows the corrosion on the low-carbon 
steel surface and the cladding. The corrosion appears 
porous and eats away part of the cladding. The 
corrosion that develops on the low carbon steel 
surface further from the cladding is nearly identical to 
that shown in Figure 3a. As explained in the 
microstructure results, this damage is caused by the 
decarburization process in the cladding, resulting in 
corrosion products and damaged cladding. 

 
 XRD result 3.2.

 
The XRD graph in Figure 4, created with Macth! 

Software, shows that the cubic crystal form with the 
lattice parameter (a) 3.6710 Å has Fe peaks (111), 
(313), and (400) at a hot rolling temperature of 900°C. 
The peaks formed at 1000°C hot rolling temperature 
are (101) and (202), with a cubic lattice parameter (a) 
of 2.8714 Å; at 1050°C hot rolling temperature, the 
peak is formed (101), with a lattice parameter (a) of 

3.5140 Å. The size of the lattice parameter varies at 
different hot rolling temperatures, as can be observed 
here. 

Iron A has two crystal structures: FCC (Face Body 
Center) and BCC (Body Cubic Center). In contrast to 
the FCC structure, the iron atoms in the BCC crystal 
structure have more mobility to travel and diffuse. 
This is because the atomic arrangement in the BCC 
structure is less dense and more open, with larger 
interstitial gaps between the atoms. This facilitates the 
easier diffusion and mobility of the iron atoms within 
the crystal lattice. In comparison, the iron atom 
arrangement in the FCC crystal structure is denser and 
has smaller interstitial spaces. In comparison to BCC 
iron, this restricted atomic mobility makes it more 
difficult for the iron atoms to diffuse through the 
lattice, leading to a reduced self-diffusion coefficient 
[28]. 

From the Match! database a hot rolling 
temperature of 900 was used to generate the space 
group Fm-3m (225). At 910°C, iron exhibits a Face 
Cubic Center (FCC) structure [28, 29] The resulting 
space group is lm-3m with a Body Cubic Center 
(BCC) structure at 1000°C  
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Figure 3. SEM results after the hot rolling process, (3a) rolling temperature 900°C, (3b) rolling temperature 1000°C, 
(3c) rolling temperature 1050°C



The crystal structure returns to the Face Cubic 
Center (FCC) around 1050°C [29]. This variation 
results from anisotropic iron’s ability to form distinct 
crystal structures at various temperatures before 
returning to its original form. 

 
Electrochemical properties 3.3.

 
The curve of the multilayer test  for carbon steel 

and SDSS at room temperature using a 5% NaCl 
solution is shown in Figure 5. In this instance, the 
NaCl solution was chosen since it is a solution used 
for multilayer corrosion testing in seawater on SDSS 
and mild steel [30, 31].  

The corrosion mechanism in the super duplex mild 
steel cladding is illustrated in Figure 5 by the 
potential-dynamic curve of the polarization of the 
cladding caused by changes in hot rolling temperature 
in a 5% NaCl solution. In comparison to the change in 
hot rolling temperature, the resulting curve is not that 
different. 

The capacity of a metal to react electrochemically 

with its surroundings is known as corrosion potential 
(Ecorr), whereas the quantity of electron movement 
associated with the corrosion rate in steel is known as 
its corrosion current (Icorr) [32]. Table 3 shows that 
sample 1 has an Icorr of 7.216 x 10-6 A/cm2 and a 
corrosion rate of 88.77 x 10-3 mmpy. The Ecorr of 
sample 1 is -647.1 mV. Ecorr was -615.7 mV in sample 
2, Icorr was 3.571 x 10-6 A/cm2 and the corrosion rate 
was 41.46 x 10-3 mmpy. For  sample 3, Ecorr was -
1.023 mV with Icorr being 68.10 x 10-6 A/cm2 and the 
corrosion rate being 790.5 x 10-3 mmpy. At a hot 
rolling temperature of 1050°C, sample 3 readily reacts 
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Figure 4. XRD Pattern of SDSS mild steel cladding with hot rolling temperature 900°C,  1000°C, and 1050°C

Figure 5. The potentiodynamic polarization curve of super duplex mild steel cladding by variation of hot rolling 
temperature in 5% NaCl solution

Sample Ecorr (mV) Icorr (A/cm2) Corrosion rate 
(mmpy)

1 -647.1 7.216 x 10-6 88.77 x 10-3

2 -615.7 3.571 x 10-6 41.46 x 10-3

3 -1.023 68.10 x 10-6 790.5 x 10-3

Table 3. Electrochemical parameters of potentiodynamic 
test resultshot rolling temperature 900°C,  1000°C, 
and 1050°C



electrochemically with its surroundings and has a 
higher electron mobility, which leads to a rapid 
corrosion rate, according to the results [33]. 

Figure 6. shows the electrochemical impedance 
spectra (EIS) of mild steel and multilayer SDSS after 
hot rolling. It also shows the equivalent circuit model 
for fitting the EIS data at open circuit potential in 5% 
NaCl, as well as the Nyquist and Bode-modulus-
phase plots. 

The Nyquist plot of the EIS shows that the semi-
circular curve occurs for all steel grades in the high to 
low-frequency range. This indicates that all steel 
grades have two resistances, namely the solution 
resistance (Ru) and charge transfer resistance (Rp). 
The circuit used for modeling the Nyquist plot of the 
EIS is a simple Randless circuit model  [34]. The 
equivalent circuit used for modeling the EIS results is 
shown in Figure 6 (c). The equivalent circuit used is 
the Constant Phase Element (CPE) equivalent circuit 
consisting of Ru, Rp, Yo, and alpha elements. 

Based on Figure 4(a), the Nyquist curve with hot 
rolling temperature variations of 900°C, 1000°C, 
and 1050°C shows that diffusion happens at very 
low frequencies, meaning that the oxide layer 
formed is thin and discontinuous, allowing 
corrosion species to diffuse to the metal surface 
[35]. The rate of corrosion increases with increasing 
hot rolling temperature (Table 3). Hot rolling at 
1050°C results in  a decrease  in corrosion resistance 
and a smaller curve diameter on the Nyquist curve 

than rolling at 900°C and 1000°C, which is 
followed by a drop in the Rp value (Table 4). This 
suggests that the value of polarization resistance 
decreases with increasing hot rolling temperature, 
and the corrosion rate increasescorrosion. The oxide 
layer that forms and has protective properties is 
represented by the high diameter of the Nyquist 
curve. On the other hand, the decreasing diameter of 
the Nyquist curve suggests that the oxide formed is 
not continuous and that there are gaps or pores that 
allow diffusion to occur, which again increases the 
rate of corrosion [36] The magnitude of the 
impedance with phase shift is represented by the 
bode plot in Figure 5(b). The impedance increases at 
low frequencies as the hot rolling temperature 
increases (at low frequencies, it approaches the 
ohmic resistance, i.e.the charge transfer resistance) 
[20]. At higher hot rolling temperatures, a more 
unstable layeris formed. 
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Figure 6. Eletrochemical impedans spectra of multilayer SDSS and baja karbon with variation temperature hot rolling 
(a) Nyquist plot (b) Bode  plot (c) equivalent circuit model for EIS data fitting at open circuit potential in 5% 

NaCl

Sample
Ru Rp Yo

Alpha
(W/cm2) (W/cm2) (μS/cm2sa)

1 10.32 2.384e3 695.1e-6 696.8e-3

2 6.655 1.873e3 520.6e-6 800.5e-3

3 7.103 1.437e3 1.029e-3 738.1e-3

Table 3. Result of EIS fit for SDSS cladd mild steel in the 
5% NaCl solution



Conclusions 4.
 
The results of the study indicate that the cladding 

process of mild steel and SDSS by hot rolling at 
temperatures of 900°C, 1000°C, and 1050°C results in 
a microstructure that varies between the mild steel and 
SDSS material sides and causes carburization and 
decarburization by diffusion. A temperature of 900°C 
results in a crystal structure that is FCC, at 1000°C it 
is BCC, and at 1050°C it is FCC. Ferrous exhibits 
anisotropic characteristics, meaning that its crystal 
structure varies with temperature. When the hot 
rolling temperature reaches 1050°C, corrosion 
resistance starts to decrease with increasingtempera-
ture, which can berecognized by theincreasing  
corrosion. 
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UTICAJ TEMPERATURE TOPLOG VALJANJA NA MIKROSTRUKTURU I 
OTPORNOST NA KOROZIJU SUPER DUPLEKS NERĐAJUC ́EG ČELIKA 

KORIŠĆENOG ZA PREVLAČENJE NISKOUGLJENIČNOG ČELIKA U 
OKRUŽENJU MORSKE VODE 
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Apstrakt 
 
Novi materijal koji se može koristiti kao zamena za pojedinačni čelik u sudovima visoke čvrstoće je niskougljenični čelik 
obložen Super Duplex nerđajućim čelikom (SDSS). Metod proizvodnje višeslojnog Super Duplex nerđajućeg čelika (SDSS) 
sastoji se u oblaganju niskougljeničnog čelika. Sprovode se mnogi procesi, poput zavarivanja pomoću plazma direktne 
energetske depozicije (DED), lasera i zavarivanja elektro-šljakom. U proizvodnoj industriji, toplo valjanje je jednostavan 
proces. Budući da je postupak brz i koristi jeftinu, tradicionalnu opremu, naziva se jednostavnom metodom. Korišćenje 
morske vode je odabrano jer slani uslovi pogoduju koroziji. U ovom radu se istražuju efekti temperatura od 900°C, 1000°C 
i 1050°C na mikrostrukturu i otpornost na koroziju toplo valjanih materijala. Glavni cilj ovog rada je ispitivanje otpornosti 
na koroziju analizom mikrostrukture i svojstava materijala korišćenjem metalografije, rendgenske difrakcije, elektroskopije 
elektrohemijske impedanse (EIS) i skenirajućeg elektronskog mikroskopa (SEM). Rezultati istraživanja su pokazali da sa 
povećanjem temperature toplog valjanja dolazi do karbonizacije i dekarbonizacije, a otpornost na koroziju se smanjuje. 
 
Ključne reči: SDSS; Niskougljenični čelik; Toplo valjanje; Karbonizacija; Dekarbonizacija
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