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A B S T R A C T

Understanding the corrosion rate of metallic building materials is very important to maximize their beneficial use
of public facilities. Direct measurements of the weight change and corrosion rate would be time consuming and
expensive. This study aims to develop new empirical models based on the experimental data of testing 25
specimens immersed in five different environments for predicting the weight change and corrosion rate of the
low-carbon steel. Using the equation developed based on the correlation between corrosion rate and chloride ion
concentration is able to predict the corrosion rate of low-carbon steel at the limited chloride ion concentration. An
increase in the trend lines of plotting the modeled and measured weight change of low-carbon steel versus im-
mersion time is very similar to each other and progressively increase with increasing of the NaCl concentration.
The corrosion rate of low-carbon steel increases from 0.202 to 0.286 mm/y with increasing of the NaCl con-
centration from 0 to 5% (w/w) in aqueous solution. The weight change and corrosion rate of the steel material are
predicted using the new empirical models to contribute to the most reliable applications of low-carbon steel
building materials in the future.
1. Introduction

Corrosion is the degradation of the material properties when exposed
to an environment such as soil, water and atmosphere resulting in the loss
of the material [1, 2, 3]. The most common case of corrosion is the
corrosion of metal and steel by water and has the unique characteristics
due to the interaction of corrosivematerial with various anions present in
water [4]. The presence of chloride ion (Cl�) at certain concentrations in
water can accelerate the corrosion process during a reasonable time [2,
5] due to a typical ionic compound of sodium chloride (NaCl) can
completely dissolve in water to form Naþ and Cl� ions and is classified as
strong electrolyte [6, 7]. An increase in the concentration of Cl� ions in
water can lead to an increase of the current density, which is proportional
to the rate of electrochemical reaction to speed up the corrosion process
[8, 9]. The presence of oxygen as a fundamental element for the cathodic
process of metallic corrosion in aqueous media can affect the redox re-
actions during the corrosion process [10].

Low-carbon steel building systems of constructing the various public
facilities are a combination of cold-formed steel and welded plate
u.vn (M.A. Fulazzaky).
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sections forming a structure to place on the Earth's surface or within the
water while the steel building costs can be optimized by using the pre-
engineered building construction technology [11]. Current uses of
low-carbon steel building systems include the manufacturing plants, of-
fices, recreational centers, retail centers, shoppingmalls, warehouses and
many other low-rise building end-uses faced some difficulties and chal-
lenges to predict the reliability of lifetime of the steel materials and
therefore need some efforts of finding effective ways and providing a
theoretical basis for the uses and rapid development of the low-carbon
buildings [12]. The electrochemical method of accelerated corrosion
reveals a limiting stage of the metal degradation and can be suggested for
use in the prediction of corrosion rate [13]. To understand the weight
change and corrosion rate of the low-carbon steel requires an under-
standing of corrosive material immersed in different environments by
modeling the experimental data. A scientific knowledge is needed to-
wards the technical goals of being able to predict the loss of corrosive
material in an environment and to estimate the lifetime of low-carbon
steel structure.
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Fig. ure 1Shape and size of the sample (in mm).
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A number of studies have been conducted to investigate the corrosion
behaviors of the corrosive materials. The corrosion inhibition perfor-
mance and anticorrosive properties of Hexa (3-methoxy propan-1,2 diol)
cyclotriphosphazene on the carbon steel have been investigated by the
measurement of the weight loss [14]. Effect of the NaCl concentration on
the corrosion rate of carbon steel has been studied in the CO2 environ-
ment [15]. The corrosion rate of the micro-alloyed steels has been
determined using the aerated and de-aerated brine solutions [16]. In-
fluence of the water salinity on the structural steel specimens has been
investigated along the Gdansk Bay of Poland [17]. Effect of the NaCl
concentration on the wear-corrosion behavior of SAF 2507 alloys has
been assessed to get better understanding on the tribocorrosion behavior
of the alloys employed in corrosive environment with the different
phases [18]. The influences of phosphate content and CO2 have been
investigated to control the carbon steel corrosion by vegetable polyol
phosphate [19]. Even though many theoretical and empirical models
have been developed to describe the atmospheric and water corrosion
behaviors of the metals [20, 21, 22], the development of the empirical
models for the prediction of the weight change and corrosion rate of the
corrosivematerials caused by electrochemical oxidation of Cl� ions in the
concentrated solutions is still not fully understood.

The objectives of this study are: (1) to conduct the experiments by
immersing the low-carbon steel specimens into five different NaCl con-
centrations of 0, 2, 3, 4 and 5% (w/w) during the experimental period of
75 days, (2) to create the linear equation by plotting the bilogarithmic
graph of weight change versus time based on the experimental data of
monitoring 25 specimens and then to develop the new empirical models
for the prediction of weight change and (3) to test the validity of
empirical prediction of the weight change for convincing the use of the
new empirical models to predict the corrosion rate of low-carbon steel at
the limited NaCl concentrations in aqueous solution.

2. Materials and methods

2.1. Materials

This study used one low-carbon steel plate of metallic material orig-
inally purchased from a steel shop in Banda Aceh city of Indonesia. The
steel plate was then cut to have a cross-section specimen with its
dimension of 80-mm length, 24-mm width and 3-mm thickness.
Approximately 30 cross-section specimens were produced from one steel
plate to serve as the samples and controls during the running of the
experiment. Approximately 3 kg of the NaCl crystals with a high purity
grade in the range of 98.0–99.9% originally purchased from PT. Garam
(Persero) in Banda Aceh was used in the preparation of the aqueous salt
solutions.
2.2. Mechanical properties and chemical composition

The mechanical properties of the low-carbon steel were tested using
the GOTECH testing machines Inc., at the Laboratory of Department of
Materials and Design Engineering, Universiti Tun Hussein Onn Malaysia,
according to the ASTM E8/E8M-13 Standard Test Method for tension
testing of metallic materials. The chemical composition of the low-carbon
steel was analyzed using the High Grade PDA-7000 Optical Emissions
Spectrometer (Shimadzu Corporation, Kyoto, Japan). The microstructure
image of the low-carbon steel was scanned using the Metallurgical Mi-
croscope Olympus GX51 (Microscope Systems Limited, Glasgow, UK).
Table 1. Mechanical properties of the low-carbon steel specimen.

Ultimate tensile strength (MPa) Yield strength (MPa)

502 359
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2.3. Sample preparation and experimental procedure

This study used 25 cross-section specimens to run an experiment for
the collection of data for the development of the new empirical models to
predict the weight change and corrosion rate of the low-carbon steel.
Each cross-section specimen of the low-carbon steel was fixed a hole of
10-mm diameter as shown in Figure 1 and polished using the silicon
carbide abrasive paper with a grit range of P180 to P800. The polished
low-carbon steel specimens were then washed with water, cleaned with
ethyl alcohol and dried at room temperature. Then each specimen of the
low-carbon steel was weighed to have a set of data at most three-decimal
place accuracy. Of the 25 specimens were then divided into 5 different
treatment groups. 5 specimens of first group (or control specimens) were
immersed in distilled water. 5 specimens of second group were immersed
in 2% (w/w) NaCl solution. 5 specimens of third group were immersed in
3% (w/w) NaCl solution. 5 specimens of fourth group were immersed in
4% (w/w) NaCl solution. 5 specimens of fifth group were immersed in
5% (w/w) NaCl solution.

Corrosion testing of the first, second, third, fourth and fifth group
specimens was carried out by immersing them into the solutions con-
tained of 0, 2, 3, 4 and 5% (w/w) NaCl, respectively, during the exper-
imental period of 1800 h (75 d). A continuous supply of compressed air
was carried out during the immersion process to ensure the NaCl solu-
tions contained sufficient oxygen as a precondition of the corrosion
process of steel progresses [23, 24]. Each specimen of low-carbon steel
immersed in the NaCl solution with a pH of 7.2 was left at room tem-
perature. The monitoring of the low-carbon steel weight change in a salty
environment was carried out 7 times with the observation intervals of
240, 480, 720, 960, 1200, 1440 and 1750 h. The effects of immersion
time and NaCl concentration on the weight change of low-carbon steel
were investigated to gain an accurate and deep understanding of the
experimental data for use in the development of the empirical models.

2.4. Determination of the weight change and corrosion rate

The cross sectional area of each low-carbon steel specimen was
calculated using the equation [25] of:

A ¼ 2 [(LW) þ (LH) þ (WH)] (1)

where A is the cross sectional area of the low-carbon steel specimen (in
mm2), L is the length of the low-carbon steel specimen (in mm), W is the
width of the low-carbon steel specimen (in mm) and H is the thickness of
the low-carbon steel specimen (in mm).

In this work, the weight change of low-carbon steel can be obtained
by monitoring a change in the weight of specimen during the experiment
and by calculating a change in the weight of specimen using the empirical
model. The weight change of low-carbon steel occurred by immersing
each specimen in the NaCl solution was determined according to ASTM
Elongation (%) Young modulus (GPa)

32.3 18.87



Table 2. Chemical composition of the low-carbon steel specimen.

C (%) Si (%) Mn (%) P (%) S (%) Ni (%) Cr (%) Al (%) Fe (%)

0.231 0.201 0.433 0.006 0.021 0.042 0.023 0.021 Balance

Figure 2. Microstructure image of the low-carbon steel etching with Nital at 5%
by weight (alcohol solution of nitric acid) with a magnification of 100 times.
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Figure 4. Curve of plotting a versus C.
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Figure 3. Curves of plotting ln (WL) versus ln(t) for different low-carbon
steel specimens.
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G31-72 [26]. One of the main goals of this study was to develop an
empirical model that probably matches the experimental data. The use of
the empirical model established by plotting the weight change of
low-carbon steel against the immersion time was able to predict a
theoretical weight change of the low-carbon steel. A quantitative
analytical method was used to calculate the corrosion rate of each
specimen based on the predicted weight change of low-carbon steel. The
corrosion rate of specimen can be calculated using the equation [27] of:

Cr ¼ 87:6WL

Atρ
(2)
Table 3. Values of the parameters a, b in the equation: ln (WL) ¼ a ln(t) þ b.

NaCl concentration (%w/w) a (mg/h)

0 0.0008

2 0.0009

3 0.0009

4 0.0010

5 0.0011

3

where Cr is the corrosion rate of the low-carbon steel specimen (in mm/
y),WL is the weight change of the low-carbon steel specimen (in mg) and
t is the immersion time (in h), ρ is the density of the low-carbon steel
specimen (in g/cm3).

By plotting the average Cr value versus the NaCl concentration (C)
this can provide a theoretical insight into the calculation methodology of
using the new empirical model to calculate the corrosion rate of low-
carbon steel based on the concentration of chloride ions in the aqueous
solution.

3. Results and discussion

3.1. Image of the low-carbon steel microstructure

The mechanical properties (see Table 1) of the low-carbon steel are
relatively soft and weak but have outstanding ductility and toughness as
shown by an ultimate tensile strength of 502 MPa, yield strength of 359
Mpa, elongation of 32.3% and young modulus of 18.87 Gpa [28, 29]. The
chemical composition of the metal plate material with an average C
content of 0.231% (see Table 2) indicates that the cross-section specimen
used in this study is the low-carbon steel or mild steel. Low-carbon steel
has no dominant element in spite of the average Mn content of 0.433% is
higher than the average C content of 0.231%. A microstructure image of
Figure 2 shows that the light and dark areas observed on the surface of
low-carbon steel specimen correspond to ferrite and fine pearlite,
respectively [30]. The microstructure of low-carbon steel consisting of
light and dark grains with their sizes of relatively uniform corresponds to
proeutectoid ferrite and colonies of pearlite, respectively [31]. The
appearance of long sub-critical annealing on the surface of low-carbon
b (mg) R2

- 0.0292 0.99149

0.0035 0.99265

0.0389 0.99366

- 0.0209 0.97662

- 0.0158 0.94117
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Figure 5. Curves of plotting WL versus t with (a) 0% (w/w) NaCl in solution, (b) 2% (w/w) NaCl in solution, (c) 3% (w/w) NaCl in solution, (d) 4% (w/w) NaCl in
solution and (e) 5% (w/w) NaCl in solution.

Table 4. Weight change of the low-carbon steel pursuant to the immersion time.

t (h) WL (mg)

0% NaCl 2% NaCl 3% NaCl 4% NaCl 5% NaCl

Model Exp. Model Exp. Model Exp. Model Exp. Model Exp.

240 0.163 0.216 0.224 0.248 0.274 0.293 0.229 0.318 0.248 0.343

480 0.355 0.320 0.445 0.426 0.509 0.446 0.478 0.449 0.512 0.569

720 0.547 0.475 0.666 0.563 0.745 0.646 0.728 0.662 0.776 0.766

960 0.739 0.746 0.887 0.822 0.980 0.847 0.978 0.865 1.040 0.942

1200 0.931 0.945 1.108 1.007 1.215 1.079 1.227 1.121 1.304 1.191

1440 1.123 1.105 1.328 1.197 1.450 1.248 1.477 1.347 1.568 1.402

1750 1.371 1.364 1.614 1.550 1.754 1.617 1.799 1.854 1.909 2.171
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steel may be related to a redistribution of the cementite in form of the
pseudo-spherical pearlite agglomerates [32].

3.2. Weight change

The weight change of cross-section specimen as an indicator for
monitoring the corrosion rate of metallic material can be calculated
4

based on the difference of initial weight before immersion to actual
weight of the low-carbon steel specimen after immersion in the NaCl
solution [33]. By measuring the weight change of low-carbon steel per
unit of surface per unit of time permits us to determine the corrosion rate
of low-carbon steel immersed in a series of solution of different NaCl
concentrations according to Eq. (2). Even though the bilogarithmic
model has been proposed for the long-term prediction of the metal
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Figure 6. Results of plotting WL versus t according to the calculated data using
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corrosion mass losses in the atmosphere [34], the application of a new
bilogarithmic model developed to predict the weight change of
low-carbon steel immersed in aqueous solution must be verified. A plot
(Figure 3) of ln (WL) versus ln(t) yields the curves all fitting with a linear
model where a is the slope of the linear regression line and b is the
WL-intercept. Correlation for the parameters a, b in the curves is very
good with R2 is higher than 0.9411 (see Table 3). An equation of
modeling the graphs in Figure 3 can be expressed in the linear form [35,
36] of:

ln(WL) ¼ a ln(t) þ b , (3)
Table 5. Corrosion rate of the low-carbon steel pursuant to the immersion time.

t (h) Cr (mm/y)

0% NaCl 2% NaCl

240 0.181 0.249

480 0.197 0.247

720 0.203 0.246

960 0.205 0.246

1200 0.207 0.246

1440 0.208 0.246

1750 0.209 0.246

5

where WL is the weight change of the low-carbon steel (in mg), t is the
immersion time (in h), a is the correlation coefficient (in mg/h) and b is
the constant relating to the solution environments (in mg).

The weight change of the metallic material affected by the electro-
chemical process with the application of the treated Rhizopora mucronata
tannin and Luffa cylindrica leaf extract as the corrosion inhibitors to
protect the low-carbon steel increases with increasing of the NaCl con-
centration in the solution [37, 38]. Empirical evidence (Table 3) shows
that the value of a increased from 0.0008 to 0.0011mg/h with increasing
of the NaCl concentration in solution from 0 to 5% (w/w) could be due to
the passive layer on low-carbon steel is susceptible to chloride attacks
[2]. By plotting a versus C as shown in Figure 4 yields a very strong
relationship of the linear regression line with the R2 value of 0.91684 and
can be expressed in the linear equation as:

a ¼ 0.00006 C þ 0.0008 , (4)

with C is the NaCl concentration in solution (in %w/w).
The substitution of Eq. (4) into Eq. (3) makes it possible to remove a

logarithm from an equation and yields a new equation of:

WL ¼ (0.00006 C þ 0.0008) t þ b , (5)

Even though several empirical models developed for testing the
corrosion data that having their typical curves could be useful to
formulate an equation of generalizing the experimental findings [39, 40,
41], this study is limited to develop a new empirical equation with typical
use in the prediction of the weight change of low-carbon steel immersed
in the saline solution over time. Using Eq. (5) permits us to calculate the
weight change of low-carbon steel at any time of low-carbon steel spec-
imen immersed in saline solution since the values of b and C have been
verified from the linear curve. The validation (Figure 5, see Table 4) of
the new empirical model shows that the trend lines of plotting the
theoretical data calculated using Eq. (5) are almost similar to those of
3% NaCl 4% NaCl 5% NaCl

0.305 0.254 0.274

0.283 0.265 0.283

0.276 0.269 0.286

0.273 0.271 0.288

0.270 0.272 0.289

0.269 0.273 0.289

0.268 0.274 0.290
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plotting the experimental data measured during the experiment. The
average errors of 1.08%, 7.31%, 10.84%, 4.33% and 0.35%were verified
for the cross-section specimens of low-carbon steel immersed in the so-
lutions of containing 0%, 2%, 3%, 4% and 5% (w/w) of the NaCl con-
centration, respectively. A decrease in the average error from 10.84 to
7.31 to 4.33 to 1.08 and to 0.35% for a change in the composition of
solution from 3% to 2%–4% to 0% and to 5% (w/w) of the NaCl con-
centration, respectively, could be due to a perturbed composition of the
NaCl solution affected Cl� mobilization can attack the surface layer of
low-carbon steel used to monitor the pitting corrosion of cross-section
specimen [2, 42, 43]. Many factors can affect the corrosion behaviors
of low-carbon steel immersed in saline solution. The formation of rust
according to the chemical equation: 4 Fe(s) þ 3 O2(g) → 2 Fe2O3(s) may
accelerate the corrosion process of low-carbon steel [44] and makes it
possible to interfere the mobilization of Cl� ions towards the surface of
cross-section specimen. Despite this study didn't consider the solubility of
oxygen as function of NaCl concentration, the effect of NaCl concentra-
tion on the solubility of oxygen has been previously investigated to gain
better understanding on the corrosion behavior of proprietary
micro-alloyed steels in brine solutions [16].

The results (Figure 6) of plottingWL versus t show the weight change
of low-carbon steel gradually increased with increasing of the immersion
time and progressively increased with increasing of the NaCl concen-
tration. Using Eq. (5) permits us to predict the change of low-carbon steel
in an aqueous environment and may simulate any environmental con-
dition to which a weight change level of the mild steel structure may
occur in the saline water at any time. It has been reported that the im-
mersion time and the level of dissolved oxygen (DO) in aqueous solution
can influence the morphology and composition of the corrosion products
formed on the low-carbon steel in NaCl solution [45]. Effect of Cl� ions
on the weight change of low-carbon steel can be interpreted by the
characterization of the metal complexes formed between Fe contained in
mild steel and the Cl� ions [46]. An increase in the weight change of E-34
microalloyed steel could be due to an increased NaCl concentration in the
solution [47]. The presence of such as Mg2þ ions as a splicing inhibitor
element in saline solution can lower the electron transfer of corrosion
rust layer on the Cr-containing steel [48]. The formation of calcium
alginate composite barrier layer on the defect region of low-carbon steel
has a good adhesion capability in the protection of corrosion for the
water-delivery pipelines [49]. The surface modification by the implan-
tation of nitrogen ion can increase the corrosion resistance of commer-
cially pure titanium [50].

3.3. Corrosion rate

The corrosion rate of low-carbon steel as a consequence of the
chemical action is an important parameter of the corrosion and may
govern the generation of sites for arsenic removal in the treatment of
water [51]. The destructive and unintentional attack of low-carbon steel
may occur on the surface of cross-section specimen immersed in the NaCl
solution. Using Eq. (1) permits us to calculate the cross sectional area of
low-carbon steel specimen. Using Eq. (2) permits us to calculate the
corrosion rate of low-carbon steel based on the value of WL theoretically
calculated using Eq. (5). By plotting the curve of Cr versus t (see Figure 7)
shows that the corrosion rate of low-carbon steel, except for 3% NaCl in
the solution, increases with increasing of the NaCl concentration and is
almost constant after exposure for 720 h of the immersion. This contra-
dicts the findings of determining the instantaneous corrosion rate of
C1018 carbon steel in CO2-saturated solutions by the electrochemical
impedance spectroscopy and linear polarization resistance that the
corrosion rate of C1018 carbon steel decreases with increasing of the
NaCl concentration [15]. A decrease in the corrosion rate of low-carbon
steel immersed in the NaCl solution could be due to a decrease in the DO
and HCO3

- concentrations or an increase in the immersion time [45].
Empirical prediction (see Table 5) of mild steel degradation rate at 1750
h of the immersion time increases from 0.209 to 0.246 to 0.268 to 0.274
6

and to 0.290 mm/y with increasing of the NaCl concentration from 0 to 2
to 3 to 4 and to 5% (w/w), respectively. An increase in the NaCl con-
centration is capable of donating more free Cl� ions to the solution and
leads to a failure of the mild steel caused by the surface deterioration and
presence of the micro/macro-pits [52]. The corrosion rate can be influ-
enced by the presence of settled bacteria in the biofilm and by the im-
mersion time [53]. The top of line corrosion rate of low-carbon steel
affected by mono ethylene glycol in acetic acid may occur at elevated
temperature environment [54]. The presence of Cl� ions can attack the
passive layer to diffuse into the local corrosion sites and catalyze the
corrosion process thereby promoting further corrosion [55, 56].

Both the anodic and cathodic reactions take place during the corro-
sion process. In the anodic reaction, Fe2þ ions pass into solution leaving
their electrons within the surface of original low-carbon steel. In the
cathodic reaction, the free electrons within the surface of original low-
carbon steel are gained by the chemical species of O2 and H2O for use
in the reduction reaction. It is possible to calculate the corrosion rates of
low-carbon steel caused by different corrosion currents generated from
different concentrations of NaCl in the solution. By plotting Cr versus C
(see Figure 8) yields a straight line with a very strong relationship (R2 ¼
0.978) and can be written in the equation form of:

Cr ¼ 0.0162 C þ 0.2064 . (6)

Using Eq. (6) permits us to predict the corrosion rate of low-carbon
steel when the specimen of low-carbon steel is immersed into different
concentrations of NaCl in the solution. Empirical evidence (Figure 8)
shows that the average value of Cr linearly increases from 0.202 to 0.246
to 0.257 to 0.268 and to 0.286 mm/y deals with increasing of the NaCl
concentration from 0 to 2 to 3 to 4 and to 5% (w/w). The stressed
induced surface chemistry is an important aspect of stress-corrosion
cracking when the specimen of low-carbon steel is immersed in the
NaCl solution [57]. For the infrastructure applications in a marine
environment, the corrosion damage of mild steel is likely to increase with
increasing of the NaCl concentration [40, 43]. The establishment of the
new equation: Cr ¼ 0.0162 C þ 0.2064 may contribute to the prediction
of corrosion rate at a limited NaCl concentration in solution for the ap-
plications of low-carbon steel to private and public infrastructures in the
future. The lifetime of low-carbon steel specimen immersed in the saline
water can be predicted using Eq. (6) to allow the prediction of
low-carbon steel structure age since the concentration of NaCl in solution
has been verified as a key factor for salt stress tolerance of the mild steel
structure degradation in an aqueous environment.

4. Conclusions

The new empirical models was developed based on the experimental
data of testing 25 cross-section specimens immersed in five different
NaCl concentrations and can be used for the prediction of the weight
change and corrosion rate of the low-carbon steel. Using the equation:
WL ¼ (0.00006 C þ 0.0008) t þ b permits us to predict the weight
change of low-carbon steel as function of the exposure time. Using the
equation: Cr ¼ 0.0162 C þ 0.2064 permits us to predict the corrosion
rate of low-carbon steel at a limited NaCl concentration in solution. The
validation of these empirical models showed a very strong relationship
with the R2 values of higher than 0.9168. The result findings contribute
to an investigation of the usability of low-carbon steel structures in the
future.
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