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EN18 steel and copper are used as materials for oil and gas industries for chemical storage, which come in
contact with the sulfuric acid medium during the pickling process. In such instances cleaning of impurities
and oxide layer removal, leads to excessive corrosion. Thus, the improvement in the microstructure through
annealing treatment and its effect on the corrosion behavior of EN18 steel and copper are studied by
immersing in 0.5 M H2SO4 for as-bought and 0.5, 0.25, 0.1 M H2SO4 medium solutions after annealing
treatment. The metal specimens were heated to 900 �C for EN18 steel and 600 �C for copper and then both
were furnace cooled and the change in the microstructure of annealed and as-received metal specimens was
analyzed using Scanning Electron microscopy (SEM). The Electrochemical Impedance Spectroscopy (EIS)
and Potentiodynamic polarization (PDP) measurement showed that there is a decrease in the corrosion rate
for both metals after annealing treatment. The effect of corrosion rate at the temperature range of 30-50 �C
was analyzed and activation parameters were described using Arrhenius and transition state theories.
Suitable corrosion mechanisms for both steel and copper in the H2SO4 medium have been discussed.

Keywords annealing, copper, corrosion behavior, EIS, EN18
steel, H2SO4 medium, PDP, SEM

1. Introduction

Various physicochemical changes that occur in the environ-
ment lead to degradation of the metal that leads to corrosion of
metal. There are huge economic losses involved in the
corrosion process and is considered a huge loss for the
infrastructure of various industries. Steel is one of the most
widely used engineering materials in pipelines for water and
petroleum products. Copper is used in the manufacture of
shafts, nuts, and other parts in the chemical storage industry. In
these industries, several mineral acids are involved in various
treatment processes like acid descaling, acid pickling, and
acidifying oil wells (Ref 1). Thus, the degradation of various
parts, particularly in acidic environments, has continued to
become a high priority for researchers to find a lasting solution
to the problem.

In various industries involving these acid treatments, EN18
steel and copper are some of the most commonly used
materials. Dual-phase steel finds huge applications in industries
due to its mechanical characteristics. Once such dual-phase
steel is EN18. EN18 steel consists of pearlite embedded in a
ferrite matrix. EN18 steel is considered a base material for
various civil infrastructures and chemical storage industries due
to its ferrite-pearlite phases, which have the characteristic
property of machinability and workability. Copper is consid-
ered a common non-ferrous metal used in industries. It has
characteristic properties such as good electrical conductivity,
workability, and malleability (Ref 2-4). Thus, copper is a good
candidate for use in pipeline and oil and gas industries, where
acids are commonly used for different treatments (Ref 5).

The microstructure and chemical composition of the metal
plays a key role in determining the corrosion property of a
metal. The inhomogeneity in the microstructure arises due to
the presence of different elemental compositions, and mechan-
ical properties of the material as reported by Clover et al. (Ref
6). Due to the heterogeneities of the metal, small areas act as
micro-galvanic cells, where the difference in potential arises
(Ref 7).

Heat treatment techniques such as normalizing, annealing,
tempering, and hardening are used to modify the microstruc-
ture, corrosion, and mechanical properties of metals (Ref 8-11).
Heat treatment involved subsequent heating below the recrys-
tallization temperature followed by quenching and tempering to
obtain the desired mechanical and corrosion properties (Ref 12,
13). During this process, the metals undergo crystallographic
changes including phase changes that affect the physical and
mechanical properties of the metals (Ref 14). One such type of
heat treatment is annealing. During annealing, the metal is
heated to a specific temperature and cooled slowly. During this
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process, recrystallization causes grain growth and leads to the
formation of newer grains.

Several studies have reported that by varying the modes of
heat treatment, the corrosion resistance of metals can be
improved (Ref 15, 16). Zang et al. found out that dual-phase
steel has greater corrosion resistance than as-received weath-
ering steel (Ref 17). Kayali et al. investigated the corrosion
resistance of ferrite pearlite steel and found out that it has a
lower corrosion rate than bronzed steel (Ref 18). D.P. Field
et al. have analyzed the change in the microstructure of copper
during annealing treatment. It was found that the formation of
annealing twins during recrystallization is the driving force for
grain growth for copper (Ref 19). The interrelation of the grain
size and corrosion property was established by Gaetano et al. It
was found that the grain refinement resulted in a decrease in
corrosion resistance (Ref 20).

Y. Zaou et al. established the relationship between the
microstructure and the corrosion behavior of copper. It was
found that the greater the formation of nanotwins greater the
corrosion resistance (Ref 21). Oğuzhan Keleştemur et al.
analyzed the effect of various heat treatment methods for
ferrite-pearlite steel and found that the morphology of the phase
substituents had a definite effect on the corrosion resistance of
steel (Ref 22). Prvan Kumar Katiyar et al. compared the
corrosion behavior of different microstructures of steel such as
pearlite, bainite, and martensite and found that the variation in
the corrosion rate is due to the variation in the distribution of
ferrite and cementite microstructures of the steel. (Ref 23)
Although there is literature establishing the relationship
between the microstructure and corrosion behavior of steel,
the effect of heat treatment of EN18 steel in 0.5 M H2SO4 is not
studied extensively. The relation between the formation of
annealing twins and the corrosion behavior is also studied but
the detailed corrosion behavior of copper under various
temperature conditions in 0.5 M H2SO4 is not well established.
Due to the complexity of the mechanism involved in under-
standing the corrosion behavior of metal, each metal with a
slight change in the composition behaves differently. Therefore,
in this work, we have analyzed the change in the corrosion
resistance properties of EN18 steel and copper in the H2SO4

medium before and after annealing treatment.

2. Methodology

2.1 Material Preparation and Annealing Process

EN18 steel and copper are used as the metal substrates for
the experiment, and the chemical composition is tabulated in
Table 1. The test specimens were made into a cylindrical rod
shape of diameter 19 mm and a height of 8 mm. Cleaning and

polishing of the specimen were carried out using emery sheets
(80-800) and diamond paste (3-0.25 microns). The prepared
specimens are then washed with double distilled water and
acetone and dried.

To prepare the annealed samples, EN18 steel was heated in a
muffle furnace to a specified austenitization temperature of
900 �C for a period of 2 h (Fig. 1a). The copper specimen is
heated in a muffle furnace at 600 �C for a period of 2 h.
Thereafter both the samples were furnace cooled to get
annealed EN18 steel and annealed copper.

2.2 Medium Preparation

A stock solution of the medium was prepared using
analytical grade (Loba Chemie Pvt. Ltd) H2SO4 medium
(85%) and double distilled water followed by standardization.
H2SO4 medium of concentrations 0.5, 0.25, and 0.1 M was
prepared by appropriate dilution.

2.3 Electrochemical Impedance Spectroscopy (EIS)
and Potentiodynamic Polarization (PDP) Method

0.8 and 1.2 cm2, respectively, are the exposed area of EN18
steel and copper specimens, that were used as the working
electrode. A three-electrode assembly of the working electrode,
counter electrode (platinum), and reference electrode (calomel)
was immersed in 0.5 M H2SO4 for as-bought and 0.5, 0.25,
0.1 M H2SO4 medium solutions after annealing treatment. This
is connected to a potentiostat (CH600E) and measurements
were taken under aerated unstirred conditions at different
temperatures (30-50 �C). Each experiment was repeated and
triplicated to ensure reproducibility. For EIS measurements, a
frequency range of 100 Hz-10 mHz and an amplitude of
10 mV of AC signal was selected.

The impedance data is obtained and the graph is plotted. The
polarization curves were obtained from � 250 to 250 mV at
OCP at a scan rate of 1 mVs�1. The data is obtained and Tafel
curves were plotted. From the icorr value obtained corrosion rate
is calculated using Eq 1:

CR mmy�1
� �

¼ 3:27� icorr � E:W:ð Þ
D

ðEq 1Þ

where E.W. is the equivalent weight of the corroding species
and D is the density of the corroding species in g cm�2.

2.4 Scanning Electron Microscopy (SEM)

The surface morphology of EN18 steel and copper before
and after annealing was determined using SEM after polishing
using emery sheets and etching in NITAL (EN18 steel) and 5 g
FeCl3, 10 ml HCl, 50 ml glycerin, 30 ml DI Water by
ASTM26 (copper). EVO MA18 at 5000 X magnification was
utilized for obtaining the SEM images of annealed and as-

Table 1 Chemical composition of EN18 steel and copper

Metal Elements and their composition

EN18 steel Element Fe C Si Mn Al S Cr Ni Cu
Composition (wt.%) 96.7 0.37 0.275 0.78 0.032 0.110 0.840 0.166 0.301

Copper Element Cu Zn Si P Fe Ni As Mn B
Composition (wt.%) 99.6 0.15 0.018 0.013 0.003 0.0006 0.002 0.0059 0.002
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bought material. 1000 X magnification was used for SEM
images for surface image capturing for polished and corroded
sample analysis.

3. Results and Discussion

3.1 Potentiodynamic Polarization Studies (PDP)

The Tafel polarization technique was used to analyze the
effect of annealing and the concentration of sulfuric acid on the
corrosion behavior of EN 18 steel and copper. The Tafel plot
was obtained for as-bought and annealed samples in different
concentrations of the acid medium. The experiments were
carried out in the temperature range of 30-50 �C . The plots
obtained are given in Fig. 2 and 3. Various parameters such as
corrosion current density (icorr), corrosion potential (Ecorr),
cathodic slope (� bc), and corrosion rate (CR) obtained by
extrapolation of the cathodic curve for EN18 steel and copper
are listed in Tables 2 and 3. It is observed that there is a
curvature is seen in the anodic curve, which can be attributed to
the passive oxide formation along with the dissolution of the
metal at the higher anodic potential. This led to the calculation
of various parameters such as Ecorr and icorr from the cathodic
curve (Ref 24).

The results indicate that the corrosion rate increases with an
increase in the concentration of the acid medium and temper-
ature. With an increase in the concentration of sulfate ions,
there is an increased tendency for the breakdown of the surface
film formed by the corrosion product (Ref 25). The increase in
the temperature leads to greater diffusion of ions and improve-
ment in the electrochemical kinetics, which leads to a higher
corrosion rate (Ref 26). When we compare the corrosion rate of
EN18 steel and copper between as-bought and annealed
samples in 0.5 M H2SO4 solution, it was found that the
annealed sample shows a lesser corrosion rate than the as-
bought one. In the case of iron, the volume fraction of the
ferrite phase increases with annealing. The ferrite phases having
more carbon content will act as an anode and pearlite act as a
cathode, resulting in the formation of microgalvanic cells (Ref
27). The uniform distribution of the proeutectoid ferrite matrix
containing the pearlite phases leads to greater contact between
them. This leads to greater corrosion around the pearlite phase
in the as-cast sample when compared to annealed samples. In
the case of copper, it is due to the increase in grain size with

annealing, which leads to the creation of a blocking effect by
the stabilized oxides due to an increase in the surface area
within the grain boundaries, thus decreasing the access of ions
to cause corrosion (Ref 20).

3.2 Corrosion Studies Using Electrochemical Impedance
Spectroscopy (EIS)

The EIS method was employed to find the corrosion rate of
EN18 steel and copper in various concentrations of H2SO4

solution for as-bought and annealed samples in different
concentrations of the acid medium with a temperature variation
of 30-50 �C. The Nyquist plot and Bodes plot obtained for
EN18 steel and copper is given in Fig. 4 and 5, respectively.
The plot is fitted with two different circuits (Fig. 6) for EN18
steel and copper due to the change in the nature of the curve.
For both EN18 steel and copper, at high frequency, a depressed
capacitive semicircle is observed. This is due to the charge
transfer impedance (Ref 28). For copper, at low frequency, a
straight line called Warburg impedance (W) is observed, which
indicates diffusion of corrosion product from the surface of
metal or reacting ion diffusion into the surface of copper (Ref
26). The one-time constant given by the Bodes plot indicates
the presence of a single capacitive loop. The equivalent circuit
consists of Rs (solution resistance), Rct (the charge transfer
resistance), and one constant phase element Q1 consisting of
double-layer capacitance (CPEdl) and deviation parameter (n1).
The substitution of the CPEdl instead of the Cdl of an ideal
capacitor is to account for the inhomogeneity arising on the
surface of the metal. For copper, an additional element W is
also added. The values of these parameters obtained for EN18
steel and copper are given in Tables 4 and 5. For this circuit, the
polarization resistance (Rp) and the CPEdl are calculated using
the formula (Ref 29):

Rp ¼ Rct ðEq 2Þ

CPEdl ¼
Y2xn2�1

sin n2p
2

� � ðEq 3Þ

where Y2 and n2 are the parameters of the constant phase
elements Q2.

The difference in the Rct value could be explained by the
nature of the corrosion product formed. The corrosion product
formed in the annealed EN18 steel and copper seems to be
more insoluble and protective than the unannealed specimens,

Fig. 1 Annealing heat treatment procedure for (a) EN18 steel (b) Copper
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whereas its formation is found to be prohibited with the sulfate
attack with an increase in temperature and concentration. It is
observed that the Rp values decrease with an increase in the
temperature of the corrosion study due to the enhanced
dissolution of the oxide film. Thus, the protective oxide layer
becomes thinner and more porous resulting in an increased
corrosion rate (Ref 30). There is a significant increase in the Rp

value with annealing for both the metals at different temper-
atures of study which leads to a decrease in the corrosion rate
for the annealed material. This can be attributed to the increase
in the crystallite size of the metals with annealing. As the grain
size increases, the surface area of the grain boundaries increases
due to grain refinement. This makes the oxide film to be more
stabilized and creates a blocking effect, which will prevent the
diffusion of corrosive ions to come in contact with the surface
of the metal. For both metals, irrespective of the concentration
of the medium or after annealing treatment, the capacitive
semicircle decreased with an increase in temperature. This
suggests that there is an elevation in the corrosion with
temperature for both metals. There is an increase in the Rp value
with a decrease in the concentration of the medium of H2SO4,

which indicates that the rate of corrosion increases with an
increase in concentration. This result is in accordance with
results obtained from PDP studies. An increase in the Rp value,
thus the decrease in the corrosion rate was observed after
annealing.

3.3 Kinetic and Thermodynamic Parameters

An Arrhenius equation is used to calculate the activation
energy of corrosion of EN18 steel and copper in an H2SO4

medium and the relation between the corrosion rate and the
activation energy is given by (Ref 31) Eq 4.

CR ¼ A� exp
Ea

RT

� �
ðEq 4Þ

where CR is the corrosion rate of the reacting species, Ea is the
activation energy, A is the pre-exponential factor and T is the
absolute temperature. The log (CR) versus T plot for various
concentrations of the medium and different annealing condi-
tions is given in Fig. 7 and the parameters are represented in
Table 6.

Fig. 2 Tafel plots for the corrosion of EN18 steel (a) before annealing in 0.5 M H2SO4 (b) after annealing (AA) in 0.5 M H2SO4 (c) AA in
0.25 M medium H2SO4 (d) AA in 0.1 M H2SO4 medium at different temperatures
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From transition state theory, the enthalpy of activation

(DH#) and entropy of activation ðDS#) are calculated using
(Ref 31):

CR ¼ RT

Nh
exp

DS#

R

� �
exp

DH#

RT

� �
ðEq 5Þ

where h is the Planck�s constant, N is the Avogadro�s number.

DH# and DS# values are obtained from the slope and intercept
of the plot (log(CR/T)vs. 1/T) (Fig. 8) and are represented in
Table 6.

The Ea value for both the metals at all the studied
concentrations of the medium and annealing conditions is
found to be greater than 20 KJ mol�1. This confirms the
surface-controlled corrosion mechanism (Ref 32). The Ea value
increases with an increase in the concentration of the medium
which indicates that Ea value is dependent on the activation
polarization (Ref 30). The Ea value of the annealed metal is
more than that of the as-cast metal which also indicates its
dependence on the activation polarization.

The DS# value is large and negative. This implies that the
rate-determining step represents association indicating a reduc-
tion in the disorder in going from reactant to activated complex.
There is a decrease in the DS# value with acid concentration
which suggests that the dissolution of metal is promoted by an
increase in concentration (Ref 33).

3.4 SEM Analysis of EN18 Steel and Copper

The SEM analysis of EN18 steel and copper before and after
annealing was performed and is given in Fig. 9 and 10,
respectively. The light region in both the images represents
pearlite and the dark region represents proeutectoid ferrite.
Figure 9 represents the phases present in the as-bought
condition. The fine pearlitic colony with well-dispersed proeu-
tectoid ferrite is observed. The interlamellar distance between
two different phases in pearlite is very small as compared to
AISI 5140 steel in the annealed conditions. After annealing
(Fig. 9b) coarser pearlite colonies as hatched regions are
visible. The dark spaces between the needle represent the ferrite

Fig. 3 Tafel plots for the corrosion of copper (a) before annealing in 0.5 M H2SO4 (b) after annealing (AA) in 0.5 M H2SO4 (c) AA in 0.25 M
medium H2SO4 (d) AA in 0.1 M H2SO4 medium at different temperatures
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phase. In normalizing or casting conditions, the degree of
supercooling is higher than furnace cooling (annealing), and the
rate of nucleation dominates that of the growth process to yield
well-dispersed finer grains (colony) (Ref 34).

For copper, the microstructure exhibits lighter and darker
regions in the as-cast substrate (Fig. 10a). This can be due to
the curvature of the crystal lattice (Ref 35). After annealing, the
contrast in the color has reduced, and resulting annealing twins
are observed (Fig. 10b). There is an increase in the grain size
with annealing, which can be attributed to the formation of the
annealing twins (Ref 19).

The surface morphology of the freshly polished and
corroded in 0.5 M H2SO4 of the as-cast EN18 steel and copper
was determined using SEM and is given in Fig. 11. A uniform
attack by the corrosive ions on the surface is observed for both
the metals and the degradation is clearly visible. Few scratches
due to polishing are visible on the freshly polished surface. The
Energy-dispersive spectroscopy (EDS) spectra of the annealed
EN18 and copper show the formation of an oxygen peak after
immersion in the H2SO4 solution as shown in Fig. 12(b) and
(d). This shows the presence of FeSO4 in EN18 steel and
oxygen due to the sulfate ion on the surface.

Table 2 Results of PDP measurements for the corrosion of EN18 steel before and after annealing in H2SO4 medium

Metal H2SO4, M T, �C Ecorr, V versus SCE icorr, �1024 A cm 22 2 bc, mV dec21 CR, �1023, mmy21

EN18 steel before annealing 0.5 30 � 0.481 8.56 ± 0.26 8.09 9.93
35 � 0.486 10.7 ± 0.67 6.95 12.4
40 � 0.471 60.3 ± 0.85 5.36 69.8
45 � 0.477 64.8 ± 3.78 4.78 75.1
50 � 0.465 99.6 ± 2.76 4.40 115

EN18 steel after annealing 0.5 30 � 0.472 5.27 ± 1.57 5.60 6.11
35 � 0.469 6.28 ± 1.25 5.18 7.29
40 � 0.472 13.7 ± 0.2 5.09 8.01
45 � 0.454 24.3 ± 0.58 4.31 16.6
50 � 0.464 32.7 ± 2.2 4.37 17.1

EN18 steel after annealing 0.1 30 � 0.523 4.80 ± 0.01 5.30 3.54
35 � 0.506 5.26 ± 0.29 6.97 3.74
40 � 0.497 7.43 ± 0.41 6.03 5.54
45 � 0.484 7.10 ± 0.22 5.30 8.82
50 � 0.479 8.88 ± 0.31 5.30 9.60

EN18 steel after annealing 0.25 30 � 0.523 5.05 ± 0.76 6.34 2.08
35 � 0.527 6.23 ± 0.06 6.37 2.62
40 � 0.534 8.78 ± 1.07 6.08 2.82
45 � 0.528 11.61 ± 0.51 5.80 2.43
50 � 0.522 1.28 ± 0.17 5.70 3.33

Table 3 Results of PDP measurements for the corrosion of copper before and after annealing in H2SO4 medium

Metal H2SO4 , M T , �C Ecorr , V versus SCE icorr , �1025 A cm22 2bc , mV dec21 CR, �1024, mmy21

Copper before annealing 0.5 30 � 0.078 1.59 ± 0.76 8.09 3.49
35 � 0.077 2.44 ± 0.43 6.95 4.86
40 � 0.064 5.74 ± 1.78 5.36 6.94
45 � 0.062 7.61 ± 0.93 4.78 9.45
50 � 0.044 28.2 ± 1.67 4.40 11.8

Copper after annealing 0.5 30 � 0.035 1.44 ± 0.84 5.60 2.71
35 � 0.049 2.24 ± 0.06 5.18 2.79
40 � 0.040 4.40 ± 1.25 5.09 6.65
45 � 0.031 5.54 ± 0.14 4.31 7.37
50 � 0.037 7.4 ± 1.3 4.37 11.1

Copper after annealing 0.25 30 � 0.073 2.34 ± 0.39 4.66 2.72
35 � 0.065 2.47 ± 0.67 4.40 2.86
40 � 0.075 2.74 ± 0.07 4.84 3.17
45 � 0.070 2.99 ± 0.12 4.43 3.47
50 � 0.058 3.41 ± 0.6 3.87 3.96

Copper after annealing 0.1 30 � 0.074 2.07 ± 0.02 5.19 2.40
35 � 0.067 2.37 ± 0.05 4.51 2.75
40 � 0.069 2.72 ± 0.11 4.40 3.15
45 � 0.055 2.91 ± 0.56 4.51 3.37
50 � 0.057 4.00 ± 0.59 3.20 4.64
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Fig. 4 Nyquist plots and Bode plots for the corrosion of EN18 steel (a), (b) before annealing in 0.5 M H2SO4 (c), (d) after annealing (AA) in
0.5 M H2SO4 (e), (f) AA in 0.25 M medium H2SO4 (g), (h) AA in 0.1 M H2SO4 medium at different temperatures
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Fig. 5 Nyquist plots and Bode plots for the corrosion of copper (a), (b) before annealing in 0.5 M H2SO4 (c), (d) after annealing (AA) in
0.5 M H2SO4 (e), (f) AA in 0.25 M medium H2SO4 (g), (h) AA in 0.1 M H2SO4 medium at different temperatures
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Fig. 6 Equivalent circuit of (a) EN18 steel (b) copper in H2SO4 medium

Table 4 Results of EIS measurements for the corrosion of EN18 steel before and after annealing in H2SO4

Metal H2SO4 , M T, �C R s, X cm2 CPEdl , 3 10�3 n v2 , 3 10�3 Rct , X cm2

EN18 steel before annealing 0.5 30 2.39 3.25 0.84 1.40 25.34 ± 2.3
35 2.75 3.50 0.80 1.41 21.59 ± 3.6
40 2.99 3.72 0.79 1.43 5.52 ± 0.96
45 2.95 3.76 0.73 1.24 5.57 ± 0.78
50 2.85 3.93 0.76 1.09 2.60 ± 0.56

EN18 steel after annealing 0.5 30 19.02 0.81 0.86 0.22 34.78 ± 2.5
35 18.52 0.91 0.85 0.31 26.20 ± 3.41
40 8.70 1.24 0.79 0.73 17.18 ± 0.27
45 6.64 7.91 0.90 0.30 8.44 ± 2.301
50 6.54 2.57 0.71 0.88 3.70 ± 0.9

EN18 steel after annealing 0.25 30 9.52 1.52 0.77 1.49 64.07 ± 2.50
35 11.50 1.51 0.78 1.30 46.77 ± 3.21
40 14.83 1.54 0.83 3.70 36.54 ± 2.31
45 11.53 1.59 0.83 1.21 29.73 ± 1.78
50 10.61 2.12 0.75 0.61 27.21 ± 0.99

EN18 steel after annealing 0.1 30 24.06 4.23 0.69 4.81 130.10 ± 5.67
35 30.69 4.29 0.69 3.27 121.50 ± 7.67
40 26.11 4.35 0.69 2.53 100.20 ± 3.65
45 19.74 5.43 0.66 1.48 90.36 ± 0.87
50 24.46 5.55 0.66 4.31 75.84 ± 2.34

Table 5 Results of EIS measurements for the corrosion of copper before and after annealing in H2SO4 solution

Metal H2SO4 , M T, �C Rs , X cm 2 CPEdl ,3 10�5 n v2, 3 10�3 Rct , X cm 2
W, 3 10�2 X21 cm2 s1/

2

Copper before anneal-
ing

0.5 30 2.28 4.73 0.75 3.43 448.30 ± 35.87 0.73
35 2.28 6.90 0.74 1.08 356.80 ± 21.89 2.71
40 2.19 10.5 0.68 3.80 210.00 ± 36.76 2.03
45 2.56 17.2 0.65 1.12 98.48 ± 23.98 3.23
50 2.47 24.3 0.66 1.62 81.35 ± 17.89 5.33

Copper after annealing 0.5 30 2.33 4.55 0.75 4.01 827.80 ± 20.20 0.99
35 2.47 4.85 0.73 3.81 491.80 ± 43 2.73
40 2.31 8.38 0.71 1.54 260.90 ± 35.9 1.83
45 2.43 10.2 0.67 4.7 225.90 ± 34.78 3.14
50 2.14 13.9 0.69 4.66 154.70 ± 23.89 4.86

Copper after annealing 0.25 30 4.41 4.64 0.76 1.74 394.40 ± 22.67 0.78
35 4.43 4.74 0.74 2.23 355.50 ± 10.59 0.79
40 4.47 5.10 0.73 4.11 325.40 ± 13.42 0.76
45 4.02 5.29 0.66 3.94 334.20 ± 8.56 1.11
50 4.75 6.14 0.73 1.66 291.90 ± 14.67 1.43

Copper after annealing 0.1 30 12.66 4.87 0.71 1.53 378.10 ± 6.78 0.95
35 12.25 4.97 0.70 4.13 345.30 ± 20.25 0.97
40 10.46 7.65 0.65 0.15 349.00 ± 12.21 1.77
45 12.78 6.01 0.69 1.90 307.10 ± 18.92 1.16
50 11.89 6.24 0.68 0.11 298.60 ± 21.21 1.07
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Fig. 7 Arrhenius plots of (a) EN18 steel (b) EN18 steel (c) Copper in 0.5 M H2SO4 medium for the corrosion in as-bought and annealed
condition, and (d) Copper in different concentrations of H2SO4 medium in the annealed condition

Table 6 Activation parameters for the corrosion of EN18 steel and copper in H2SO4 medium within as-bought and
annealed condition

Metal Annealing treatment H2SO4, M Ea, KJ/mol DH#, KJ/mol DS#, J/mol/K

EN18 steel Before 0.5 114.72 103.80 � 60.31
After 0.5 52.94 50.34 � 119.90
After 0.25 50.64 48.04 � 128.04
After 0.1 19.36 16.76 � 235.21

Copper Before 0.5 54.07 51.47 � 135.01
After 0.5 51.99 49.39 � 145.72
After 0.25 23.93 49.39 � 145.72
After 0.1 15.36 14.93 � 259.07
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Fig. 8 Plots of ln (CR/T) versus 1/T of (a) EN18 steel (b) EN18 steel, (c) Copper in 0.5 M H2SO4 medium for the corrosion in as-bought and
annealed condition and (d) Copper in different concentrations of H2SO4 medium in the annealed condition

Fig. 9 SEM images of EN18 steel (a) before and (b) after annealing at 900 �C
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Fig. 10 SEM images of copper (a) before and (b) after annealing at 600 �C

Fig. 11 SEM images of (a) freshly polished EN18 steel (b) EN18 steel after immersion in 0.5 M H2SO4 medium, (c) freshly polished copper
(d) copper after immersion in 0.5 M H2SO4 medium
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3.5 Mechanism of Corrosion

From the literature, the corrosion mechanism involved in
EN18 steel and copper H2SO4 is discussed. The cathodic
reaction mechanism of EN18 steel and copper in H2SO4

solution involves two steps, that is oxygen and hydrogen
reduction. The cathodic reaction involves the formation of
H2O, and H2. The equation representing these are as follows
(Ref 36)

1. Reduction in hydrogen : Hþ þ 2e� ! H2

2.

Oxygenreduction :O2 þ 2e� þ 4Hþ ! 2H2O

O2 þ 2e� þ 2Hþ ! H2O2

H2O2 þ 2e� þ 2Hþ ! 2H2O

The anodic reaction mechanism of EN18 steel in H2SO4

solution is as follows (Ref 36):

FeSO2�
4 ! FeSO2�

4

� �
ads

FeSO2�
4

� �
ads
! FeSO4ð Þadsþ2e�

FeSO4ð Þads! Fe2þ þ SO2�
4

FeSO4ð Þads formed at the metal surface diffuses to the bulk
solution, which leads to the dissolution of metal.

The anodic reaction mechanism of copper in an H2SO4

medium takes place in two continuous steps:

Cu�Cu Ið Þ þ e�

Cu Ið Þ�Cu IIð Þ þ e�

The rate of the second step is slower, so the corrosion
process is governed by the formation of CuðIIÞ.

4. Conclusions

This work discusses the influence of annealing treatment on
the microstructure and corrosion behavior of EN18 steel and
copper in an H2SO4 medium. From the results, the following
conclusions are given below:

1. EN18 steel and copper undergo corrosion in an H2SO4

medium, the corrosion rate increases with an increase in
the concentration of acid for both the annealed materials.

2. EIS and PDP studies displayed that there is an increase
in the corrosion resistance after annealing of the metals.

3. The corrosion rate increases with an increase in tempera-
ture for as-bought and annealed materials of EN18 steel
and copper.

Fig. 12 EDS spectra of (a) freshly polished EN18 steel (b) EN18 steel after immersion in 0.5 M H2SO4 medium, (c) freshly polished copper
(d) copper after immersion in 0.5 M H2SO4 medium
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4. The surface morphology determined using SEM of the
corroded samples confirms the intensity of corrosion on
the surface of the metal and the EDS measurements
determine the composition of elements present on the
surface of metal before and after corrosion.

5. Suitable corrosion mechanism for both EN18 steel and
copper in an H2SO4 medium has been discussed.
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