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Abstract :In this study the corrosion behaviors of carbon steel (CS) in simulated concrete solution (KOH,
NaOH, Ca(OH);) was investigated. Current density of corrosion (icor), potential of corrosion (E,), anodic and
cathodic Tafel slopes (Ba, Bc) were used to determine the resistance of polarization (Rp). The result indicated
that the temperature increasing of the concrete electrolyte has slightly increased the rate of corrosion for the
CS .This study also showed that the corrosion current of the polarized of CSRBs always increased linearly
with chloride concentration in the rang 0.5 to 4.5% NaCl, the corrosion current are between 27 and 98 x1 0°
Alem? for CS, these the corrosion rate values were not too high in comparison with the rates of the electrolyte

free of chloride ions (25 - 62x10°6 A/cm?).
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Introduction

Corrosion is the deterioration or
destruction and consequent loss of alloys or
metals during electrochemical or chemical
reaction with surrounding media [1]. Several
factors affected on corrosion rate: moisture,
temperature, atmospheric pollutants (chloride
and sulfur), material type (different steel grade),
techniques of protection, crevice presence and
pollutants or stress [2]. Ex. iron rusting, the
formation of green shells on copper vessels, etc.

Metallic Corrosion has two main groups:

e Wet corrosion: Liquids (electrolyte) is the
corrosive media and an electrochemical
corrosion process is undergone [3].

e Dry corrosion: Dry gas is the corrosive

media; it’s also called chemical corrosion [4, 5].

Metal dissolution during the oxidation
process is considering an electrochemical
corrosion. The chemical reactions of reduction
and oxidation happened together and correlating.
Corrosion occurs on oxidation reaction sites
only. Electrochemical corrosion was caused by

electrical current in which the electrons
transferred among oxidation (loss of electrons)
and reduction site (gain of electrons) [6, 7].

An important aspect of engineering
component design is the selection of an
appropriate surface engineering technology. The
first step in modification technique of the surface
is determined the substance and surface
engineering supplies which include the following
properties: erosion and corrosion resistance,
wear resistance, pitting and fatigue resistance,
thermal resistance etc. The different surface
treatment, for the most part, used in engineering
practice and presented as under. Surface
engineering involves the enhancement of certain
properties of the component surface separately
from those of its bulk. The required
improvements are related to surface corrosion
and wear resistance and optical properties. The
surface engineering processes of the component
can be divided in to three essential groups [8, 9]:
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1. The first group includes surface modifying
without changing in the surface
composition, ex. transformation hardening
and surface re-melting.

2.The second group includes surface
modifying with changing in the surface
composition a critical feature of the
process.

3. The third group includes coating processes
of a suitable new material to the surface,
such as: chemical vapor deposition (CVD)
and electroplating processes [8].
Corrosion measurement is a practical

quantitative method used to determine the
corrosion current by immersing electrodes in a
corrosive medium and continuously exposing
them to this environment [10, 11].

In this research we studied the effect of
NaCl different concentration (0.5, 2.5, 4.5%) on
the corrosion rate of CS in simulated concrete
solution at temperature range 0f (293-323K).

The Chemistry of Cement. Cement is a
finely powdered powder that undergoes
hydrolysis when combined with water, resulting
in a chemical reaction. Hydration results in the
formation of a highly durable and robust binding
material for the aggregate particles. The choice
of cement for a certain concrete or mortar will
depend on the specific qualities needed. While
there have been improvements in the synthesis of
cement, the fundamental process has remained
unchanged.

The cement raw materials mixture are:

1- Rocks of Calcareous (CaCOs3 > 75%, ex.
chalk, marl and limestone,),

2- Rocks of Argillaceous (CaCO3 < 40%, ex.
shale and clay),

3- Rocks of Argillocalcareous (40-75%
CaCQOs, ex. clayey limestone, clayey and marl).
Cement contains over 90% of the oxides. Table
(1) shows the composition of the oxide in the
traditional cement [12].

Table 1. The oxide composition of traditional Portland cement [12]

Common name | Oxide | Abbreviation | Approximate composition
Limits, (%)

Lime CaO C 60-66

Silica S102 S 19-25
Alumina ALO3 A 3-8
Iron oxide Fe20s3 F 1-5
Magnesia MgO M 0-5

Alkalis

soda Nax0 N 0.5-1

Potash K20 K 0.5-1
Sulfur trioxide SOs S 1-3

Four basic factors described the cement's
physical properties.

1. The fineness. On the cement particles
surface, a chemical reaction has been started
between water and cement. That means the
hydration increases with increasing cement
surface area. Therefore, the fine cement will
improve strength and develop heat more rapidly
than coarse cement [13-15].

2. The hydration. The hydration process is
water and cement chemical combination to
produce a very strong and hard binding media for
particle aggregation in concrete. Heat is evolved
at the hydration process end, and it is defined as
Cal/gm. In typical construction cases when
structural members are not very big, heat
dissipation is no problem. In the context of the

concreting in the cold weather, this heat is
beneficial. However, at high temperatures and
during the construction of large concrete
structures, this heat produced might lead to the
formation of thermal cracks, which must be
prevented. The process of hydration of cement
can be measured by quantifying Ca(OH). content
in the dough and measuring the heat generated
during hydration. On the other hand, there are
other important parameters that are important,
including the quantity of anhydrate paste of
cement, anhydrate cement paste specific gravity,
and the quantity of chemically combined water
[16-20].

3. The strength. The most significant
cement property is the hardened strength. The
rate of cement solidification is influenced by the
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physical and chemical characteristics of the
cement, the conditions in which it is cured, and
the amount of water to cement [21].

4. The soundness. Soundness 1s a
characteristic of cement paste that refers to its
capacity to maintain its volume once it has
finished setting. The lack of soundness is caused

by the existence of unbound CaO and unbound
MgO in cement. The hydration of these
components occurs at a slower rate following the
cement's solidification. Expansion occurs
because Mg(OH). and Ca(OH). have a higher
volume [22].

Experimental part

Material and Methods. The experimental
work consisted of the following three stages:

1) Surface Preparation. Carbon steel samples
were cleaned by immersing them in
concentrated hydrochloric acid (HCI) to
remove surface oxides and impurities. After
acid treatment, the samples were rinsed
thoroughly with distilled water. Subsequently,
they were prepared for placement in the
experimental setup.

2) Electrochemical Setup. A carbon steel

-

MagnetlStirrer

-

specimen with a surface area of 1 cm? was
mounted as the working electrode and
positioned in the electrochemical testing
apparatus. The test solution used was a blank
simulated pore solution, composed of sodium
hydroxide (NaOH, 8 mg), potassium
hydroxide (KOH, 22.44 mg), and calcium
hydroxide (Ca(OH), 2g) dissolved in 1 liter
of distilled water, replicating the chemical
environment of concrete.

Chiller Device

Fig. 2. Modern electrochemical system.

3) Addition of Chloride Ions. To investigate the
effect of chloride concentration, NaCl was

added to the blank solution at three different
concentrations: 0.5%, 2.5%, and 4.5% by
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weight. For each concentration, a separate
carbon steel sample—cleaned using the same
procedure described in step 1—was used in
the corrosion testing.

Electrochemical system. The
electrochemical system used for
electropolymerization and corrosion
measurements  consists of three  main

components: a potentiostat, an electrochemical
cell, and electrodes (Fig.s 1 and 2).

Potentiostat. Electrochemical experiments
were performed using a  potentiostat
manufactured by WENKING M Lab, Bank
Elektronik-Intelligent Controls GmbH. The M
Lab system is a multichannel
potentiostat/galvanostat that interfaces with a
computer via an RS-232 cable. It includes a
hardware control board and supports three
operational modes for each channel:

o Galvanostatic mode (constant current),
o Potentiostatic mode (constant
potential),
e Open-circuit mode (no imposed current
or voltage).
These modes allow precise control and
monitoring of the electrochemical processes
involved in both electropolymerization and
corrosion testing.

Cell. The Pyrex cell has a capacity of 1 liter
and consists of two vessels, an exterior and an
internal one.

Electrodes. The potential of the working
electrode is determined vs. the reference
electrode. It is important to keep the gradient of
ohmic resistance reduced, and the flows of the
electrical current are between the working
electrode and the auxiliary electrode. The
composition of the cell constituents and its
assignment are expressed below.

Platinum  Auxiliary Electrode. The
auxiliary electrode used in this study was made
of high-purity platinum. Due to its excellent
catalytic activity and high corrosion resistance,
platinum is ideal for serving as an auxiliary
(counter) electrode. Its primary function is to
complete the electrical circuit by carrying the
current to or from the working electrode during
electrochemical measurements.

Reference Electrodes. The working
electrode potential is determined based on the
potential of the reference electrode. The potential
of the reference electrodes is widely recognized

and specific, measuring 0.244V at a temperature
of 25°C, this electrode has two tubes; the outer
one consists of the media of corrosion. The inner
one consisting of Hg/ Hg>Clz, KCI. The distance
between the working electrode and reference
electrode must be 2 mm.

The potential of the working electrode is
measured relative to a reference electrode with a
well-defined and stable potential. In this study, a
saturated calomel electrode (SCE) was used,
which has a standard potential of +0.244 V
versus the standard hydrogen electrode (SHE) at
25°C. The reference electrode consists of two
concentric tubes: the outer tube contains the
corrosion medium, while the inner tube is filled
with a mercury/mercurous chloride (Hg/Hg-Cl2)
system in saturated potassium chloride (KCI)
solution.

For accurate measurements, the distance
between the working and reference electrodes
was maintained at 2 mm to minimize potential
drop (iR drop) in the electrolyte.

Working Electrode. The working electrode
used in this study was a circular flat specimen
with a diameter of 2.5 cm, mounted in a disk-fix
electrode holder designed for planar samples.
The specimen was positioned between an
electrically conductive brass backing plate and a
masking cover with a defined aperture, exposing
a specific surface area to the electrolyte—
typically 1 cm? which is preferred for
standardized testing. To prevent leakage and
ensure the specimen remains dry on the non-
exposed side, a washer was employed to seal the
interior of the disk-fix holder. Prior to
polarization testing, the electrode was immersed
in the electrolyte for a fixed period to allow
stabilization of the electrochemical interface.
This stabilization step is critical for obtaining

reliable and reproducible corrosion
measurements.
Chiller. To maintain a constant and

controlled temperature during the experiment,
the solution circulating through the external
vessel was cooled using a chiller device. This
ensured thermal stability throughout the
electrochemical measurements.

Magnetic Stirrer. A magnetic stirrer was
employed to ensure uniform mixing of the
electrolyte solution. It operates by generating a
rotating magnetic field that drives a stir bar
placed within the solution. During the
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experiments, the stirring speed was maintained
between 300 and 600 revolutions per minute

(rpm) to ensure consistent distribution of ions
and prevent concentration gradients.

Results and discussion

The results of this work study the corrosion
behaviors of carbon steel (CS) in simulated
concrete solution (KOH, NaOH, Ca(OH)2) and
study the effect of chloride ions at increasing
temperatures up to 323 K, using the Tafel
extrapolation procedure.

Corrosion Behavior of Carbon Steel in
Simulated Concrete Solution. The
electrochemical corrosion kinetics of carbon
steel (CS) in simulated concrete pore solutions
were evaluated using Tafel polarization curves
(potential E vs. logarithm of current density i).
Key parameters extracted from the Tafel plots
include the corrosion potential (Ecorr), anodic and
cathodic Tafel slopes (Ba and B, respectively),
and the corrosion current density (icorr). These

values were used to calculate the polarization
resistance (Rp) of the system.

The corrosion rate was subsequently
converted into Faradaic corrosion rate units
(mm/year) using standard electrochemical
equations [23].

The corrosion rate measurements for
carbon steel (CS) showed relatively low values
under the tested conditions (see Tafel plots in
Fig. 3 [24]). However, a slight increase in the
corrosion rate was observed with increasing
temperature of the simulated concrete
electrolyte,  indicating  the  temperature
dependence of the corrosion process. This trend
is clearly demonstrated in Table 2.
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Fig. 3. Tafel plots of CS in simulated concrete solution at 293, 303, 313, and 323 K

Table 2. Corrosion rate parameters of CS in simulated concrete solution at 293, 303, 313, and 323 K

Sample T(K) Ecorr feorr BBc Ba Rp CR(WL) CR(PL)
mV) | (*10°A/cm? | (mV/Dec) | (mV/Dec) | (Q.cm?) g.m2d! mmpy
0%NacCl 293 -341 25.7 -122.6 138.3 1158.493 7.25 1.481
303 -380.3 32.97 -130.2 178 1032.11 9.07 1.565
313 -421.8 40.54 -90.6 167.8 650.177 10.96 1.653
323 -393.9 62.95 -83.5 187.6 405.982 16.6 1913

*CR(WL) corrosion rate as weight loss,
**CR(PL) corrosion rate as penetration loss

The slopes of the anodic and cathodic
branches of the Tafel polarization curves were
used to determine the anodic (Ba) and cathodic
(Be) Tafel slopes, as presented in Table 2. These
values reflect the electrochemical kinetics of the

corrosion process and indicate that the system
exhibits quasi-reversible behavior.

The corrosion current density (icorr) of
carbon steel was found to be higher at 323 K
compared to 293 K, suggesting an acceleration of
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the corrosion process with increasing
temperature. This difference is attributed to
variations in the calculated polarization
resistance (Rp). The measurement of Rp shares
similar methodological requirements with full
Tafel analysis but offers a faster means of
assessing corrosion activity. It is particularly
useful for detecting corrosion upsets and
implementing timely corrective actions [25, 26].

The effect of chloride ions on Corrosion

behavior of CS. The effect of chloride ion
content in the artificial concrete solution on the
corrosion behavior of CS was studied using
chloride concentration at a range of 0.5% to 4.5%
weight percent, and the effect of rising
electrolyte temperature was also followed at a
range of 293 to 323 K.

Fig.s 4, 5, and 6 represented Tafel plots of
CS in chloride-containing concrete solutions at
different temperatures, respectively.

-200 —
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2

Fig. 4. Tafel plots of CS in chloride-containing simulated concrete solution (0.5% NaCl) at 293,
303,313, and 323 K
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Fig. 5. Tafel plots of CS in chloride containing simulated concrete solution (2.5% NaCl) at 293,
303,313, and 323 K

The data in Tables 3 showed that the
corrosion current of the polarized CSRBs always
increased linearly with chloride concentration in
the range of 0.5 to 4.5% NaCl; the corrosion
currents are between 27 and 98 x 10 A/cm? for

CS. These corrosion rate values were not too high
in comparison with the rates of the electrolyte
free of chloride ions (25 - 62 x10°% A/ecm?), as
shown previously in Table 2.
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Fig. 6. Tafel plots of CS in chloride-containing simulated concrete solution (4.5% NaCl) at 293,
303, 313, and 323 K.

Table 3. Corrosion rate parameters of CS in simulated concrete solution containing chloride ions at
293, 303, 313 and 323 K.

NaCl % | T(K) | Ecorr fcorr Be Ba R, CR(WL) | CR(PL)
(mV) | (*10°A/cm?) | (mV/Dec) | (mV/Dec) | (Q.cm?) | g.m?3d! mmpy
0.5 293 | -440.2 27.66 829 147.4 673.89 541 0.324
303 | -4325 353 -97.1 159.5 967.41 7.32 0.413
313 | -397.2 454 -104.3 171.7 1323.1 9.8 0.53
323 -372 69.67 -115.9 2155 232434 15.9 0.812
2.5 293 -475.5 40.35 -96.4 170 1118.79 8.6 0.472
303 -474 43.1 -103.7 173.9 1259.97 9.3 0.503
313 | 4354 71.48 -137.9 226 2714.73 16.4 0.833
323 | -411.9 76.24 -105.7 185.9 2268.14 17.6 0.888
293 -538.2 53.12 -117.1 196.1 1740.42 11.8 0.62
4.5 303 | -512.7 67.61 -133.4 137 2039.65 15.4 8079.98
313 | -509.4 95.65 -144 176 3347.16 224 1.11
323 | -499.2 98.38 -115 155.7 2867.29 23.1 1.15
The indicated R, decreased as the layers were estimated in addition to the statistical

concentration of NaCl increased, providing
strong evidence that nonconductive oxide rust
products, rather than chlorides, formed on the
surface of the CSRB [27-29].

The electrodeposited layers were examined
by AFM; the surface morphology of a protective
coated layer plays a great role in enhancing the
corrosion protection efficiency. More uniform
compacted grains may lead to more inhibition
results. 3D views of AFM images for all applied

determination of the particle size distribution
figures. The AFM images with 3D views clarify
the surface roughness and morphology views
[30] (Fig. 7).

The obtained values from the polarization
experiments are supported by the rising dark area
in the optical images above with the NaCl [31].

As the concentration rises, the 3D view
morphology inferred from AFM analysis shows
increasing attack of chloride ions [32] (Fig. 7).
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Fig. 7. AFM images in three dimensions showing the polarization of CSRB in an artificial concrete
solution with varying NaCl concentrations

Conclusion

The following conclusions can be drawn
from this investigation: Atomic force
microscopy (AFM) analysis strongly
corroborated the findings obtained from the Tafel
polarization plots. The corrosion rates of carbon

steel rebars (CSRB) increased with rising NaCl
concentration within the range of 0.5% to 4.5%.
Furthermore, the corrosion rates also exhibited
an increasing trend with elevated temperatures in
the simulated concrete solution.
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