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في محاليل الكلوريد ) أحد منتجات صناعات الصلب السعودية(تناول البحث دراسة السلوك التآكلي لصلب سابك المعتدل 
ستخدام قياسات الفقد في الوزن، الجهد، االحمضية تحت ظروف بيئية مختلفة من تركيز الحمض، درجة حرارة وحالة المحلول ب

أوضحت . سطح العينات تحت الاختبارلأميكي، بالإضافة إلى الفحص الميتالورجي المعاوقة الكهربية والاستقطاب البوتنشودينا
كما أن عملية التآكل تتأثر بظروف . النتائج زيادة معدل التآكل مع زيادة تركيز الحمض، حرارة المحلول وزمن الغمر

تتأثر خطوات التتابع  يضاً لاأ. ا تسرع من عملية التآكلأكثر من تأثرها بظروف الدائرة المفتوحة حيث أالاستقطاب 
نودية والكاثودية مع تركيز الحمض ودرجة الحرارة وإنما يزداد معدل سرعتها لأالميكانيكي للعمليات الكهروكيميائية ا

تم حساب طاقة التنشيط والتي تساوي تقريباً  . كما أن حالة المحلول تعطي تأثير ضعيف على عملية التآكل. بزيادما
57.4kJ/mol . كسيد المتكونة على لأسطح العينات وجود نقر خلال طبقة الأأوضحت دراسة الفحص الميكروسكوبي

  .درجة حرارة المحلولالسطح يعتمد عددها وعمقها على تركيز الحمض و
 
The corrosion behavior of Sabic mild steel in HCl solutions was studied under different environmental 
factors such as acid concentration, solution temperature and state, using weight loss, open – circuit 
potential, EIS and potentiodynamic polarization measurements, and optical microscopy. The rate of 
corrosion increases with increasing acid concentration, solution temperature and immersion time. Also, 
the corrosion process is affected by polarization than open-circuit conditions, i.e. accelerate the corrosion 
process. The mechanistic sequences of each of the cathodic and anodic electrochemical processes are 
uninfluenced with acid concentration and temperature but their rates are increased with increasing both 
factors. Also, the solution states showed nearly a minor effect on the corrosion process. The activation 
energy is calculated and equal ≈ 57.4 kJ/mol. The SEM studies showed pits along the oxide film formed 
on the surface as a result of corrosive action of ions, its number and propagation depend on acid 
concentration and solution temperature. 
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INTRODUCTION 
 

The study of corrosion of iron and mild steel 
is a matter of tremendous theoretical and practical 
investigations under different conditions and as 
such has received a considerable amount of 
interest [1-5]. Acid solutions widely used in 
industrial acid pickling , acid descaling and oil–
well acidizing, required addition of corrosion 
inhibitors in order to restrain their corrosion attack 
[6-9]. The ability of an inhibitor to provide 
corrosion protection depends largely upon the 
interactions between metal surface and inhibitor 

which change with the actual corrosion 
conditions. An accurate knowledge about the 
corrosion behavior of the metal not only helps to 
identify the prevailing form of corrosion but also 
for prescription of appropriate anti–corrosion 
measures. 

Most of the prevailing corrosion mechanism 
theories are based either on the catalyzed 
mechanism of Heusler or the consecutive 
mechanism of Bockris, and either mechanism can 
be followed depending on the surface 
microstructure [1,10]. In the presence of chloride 
ions which is particularly one of the most 



A. G. Gad Allah, M. A. Al-Khalidi and R. K. Al-Bilali 

J. Saudi Chem. Soc., Vol. 11, No. 1 

148 

aggressive and accelerate corrosion tend to be 
strongly adsorbed on the metal surface and 
accordingly changes the dissolution mechanism. 
Keddam et al have investigated the dissolution 
mechanism by EIS, the impedance diagrams were 
interpreted by a reaction model depending on the 
surface structure [11]. 

In the present work the corrosion behavior of 
Sabic mild steel in acid chloride solutions has 
been investigated under different environmental 
conditions of solution concentration, nature of 
solution and temperature and also under open–
circuit and imposed voltage using weight loss, 
open–circuit potential and impedance (EIS), 
potentiodynamic polarization measurements and 
morphological surface investigation. An under-
standing of such behavior is necessary before 
extension on the corrosion inhibition studies in 
acid chloride solutions containing carbamide and 
thiocarbamide derivatives which will be done 
latter. 
 

EXPERIMENTAL 
 

The mild steel used was produced by Iron & 
Steel Saudian Company, one of Sabic Groups of 
Companies, Industrial Gobial, K.S.A. It had the 
following composition (in percentages) 
 

C Si Mn P S Al N 
0.058 0.01 0.381 0.0088 0.01015 0.0382 0.0047 
 

The preparation of the electrodes and the 
specimens for weight loss, open-circuit potential 
and impedance (EIS), and polarization 
measurements were described previously [12,13]. 
All measurements were carried out at a constant 
room temperature of 25°C. Potential and EIS 
measurements were performed using Gill AC 
instrument (ACM Instruments, GB) The input 
signal amplitude was usually 10 mV peak to peak 
in the frequency domain from 0.01 Hz to 30 kHz  
measurements were interfaced to a computer. All 
solutions were prepared from analytical grade 
chemicals using triply distilled water. 

Deaeration of solutions was affected with 
purified nitrogen gas which allowed to pass 
through the solution for about 30 minute before 
the experiment and over the solution during the 
experiment. The solution stirring was performed 
by bubbling N2 gas through the solution via very 
slow stream rate of nitrogen in addition to the first 
deaeration. 

For morphological investigations the 
samples were prepared and treated as described 
previously [12]. The samples were examined 
before and after corrosion measurements using 
optical microscope with CCD IRIS camera, Zeiss- 
Japan. 
 

RESULTS AND DISCUSSION 
 
1. Effect of HCl concentration: 
1.1. Weight loss studies: 

Fig. 1 shows the variation of corrosion rate, 
Rcorr calculated from weight loss measurements 
with concentration of HCl within the range of 0.1 
M to 2.0 M at 25°C. As can be seen the variations 
depend on acid concentration and become small at 
low concentrations, <1.0 M, as compared with 
higher concentrations, > 1.0 M. Fig. 2 presents the 
kinetic studies in the terms of weight loss per unit 
area, ΔW, with time for different concentrations 
of acid . As obvious from figure the loss in weight 
is linearly increased with time and follows the 
following equation [14]: 
 
ΔW = kt + C               (1) 

 
Where k and C are constants depend on the nature 
and concentration of electrolyte used and also on 
solution state and temperature and normally the 
electrode type. The constancy of the slope values 
indicates that the nature of products of corrosion 
processes for Sabic mild steel in HCI solutions are 
similar irrespective of acid concentration and 
duration of corrosion process. 
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Fig. 1: Rcorr, determined from weight loss measurements 

versus [HCl] for Sabic mild steel at 25°C. 
 

 
Fig. 2: Kinetic studies of corrosion rate, in terms of weight 

loss, ΔW, versus time for Sٍabic mild steel in HCl 
solutions of different concentrations at 25°C. 

 
1.2. Open–circuit potential (OCP) 

measurements: 
Fig. 3 shows the variation of open-circuit 

potential, E, of Sabic mild steel electrode 
measured versus SCE with time in naturally 
aerated HCl solutions of different concentrations 
at 25°C. As observed from figure for all solutions 
the potential drifts with time initially to more 
negative values then to more positive values 
through a transition or minimum potential, Emin, 

and finally to steady state. Generally, the rate of 
potential change with time, transition potential 
(Emin) and the time required to attain steady state 
are acid concentration dependent. Plots of each of 
Emin and Ess with [HCl] are obvious in Fig. 4a and 
b. As can be seen the effect of acid concentration 
are reflected on the time required to attain Emin 
which becomes small for concentrated acid (≈ 1 
min for 1.5 M) and relatively large dilute ones (≈ 
6.1min for 0.1 M), cf Fig 4a. Furthermore, Emin 
shifts to more positive values with increasing 
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[HCl]. Such shifts reflect that the electrode 
surface is subjected to corrosion processes, i.e. 
simultaneous occurrence of cathodic and anodic 
processes at the electrode surface [15]. It would 
appear reasonable therefore to characterize the 
potential observed as being a mixed one. 

On the other hand, Ess drifts to more positive 
values with increasing [HCl], cf. Fig. 4b which 

indicates that the anodic process being continually 
stiffled up. The amount of potential shift, ΔEshift, 
between Emin and Ess, increases with increasing 
acid concentration (ΔEshift = 0.035 V for 0.1 M 
and 0.04 V for 1.5 M HCI). So, the values of 
potential shifts show to what extent the anodic 
oxide film formed on the electrode surface is 
greatly affected with acid concentration. 

 

 
Fig. 3: Variation of open-circuit potential, E vs SCE, for 

Sabic mild steel electrode with time in HCl solutions 
of different concentration at 25°C.   

 

 
Fig. 4a: Emin versus [HCl] at 25°C for Sabic mild steel  

electrode. 
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Fig. 4b: Ess versus [HCl] at 25°C for Sabic mild steel 

electrode. 
 

EIS measured at steady state after 3 hours 
immersion in HCl solutions of different 
concentrations are presented in Nyquist plots as in 
Fig. 5. The complex plane represents an 
incomplete semicircle, whose diameter increases 
with decreasing [HCl]. The exact diameter of the 
depressed semicircle was determined to estimate 
the value of polarization resistance, Rp of the 
oxide layer formed on the electrode surface [16]. 
Fig. 6a illustrates the values of Rp versus [HCl] 
which decreases with increasing [HCl]. It 
indicates that the concentration of active species 
like H+ ions increases with increasing acid 
concentration at electrode surface which lead to 
accelerate the charge transfer at the electrical 

double layer, as a consequence Rp decreases. 
Also, it is important to note that the relation 
between semicircle diameter and solution concen-
tration is governed by the dissolution acid effect. 

The double layer capacitance, Cdl, 
determined from the resonance frequency ωmax at 
the maximum value of Z" (Cdl=1/ωmax Rp = 1/2π 
fmax Rp) [17], and its relation with [HCl] is shown 
in Fig. 6b. As can be seen Cdl increases with 
increasing the acid concentration which indicates 
that the oxide film thickness decreases with the 
ascending of the acid concentration (Cdl α 1/d 
where d is the oxide film thickness). Such results 
confirm the preceding conclusions derived from 
the other measurements. 

 

 
Fig. 5: EIS measurements presented in Nyquist plot for 

Sabic mild steel electrode in HCl solutions of 
different concentrations at 25°C 
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Fig. 6: (a)  Rp versus [HCl] for Sabic mild steel electrode 
at 25° (b) Cdl versus [HCl] for Sabic mild steel 
electrode at 25°C. 

 
1.3. Potentiodynamic polarization 

measurements: 
Polarization curves of the Sabic mild steel 

electrode in HCl solutions of different 
concentrations  at  25 °C  using  scanning  rate  of 
100 mV/min within potential range of –800 mV to 
–200 mV are shown in Fig. 7. As obvious the 
cathodic and anodic portions of the polarization 
curves are nearly parallel to each other 

irrespective of acid concentration, indicating that 
the electrochemical processes were occurred 
under activation controlled and their mechanism 
were similar. Values of associated electrochemical 
parameters such as corrosion potential, Ecorr, 
corrosion current,  Icorr, cathodic and anodic Tafel 
slopes (bc and ba),  polarization resistance (Rp= ba 
bc/ 2.303 Icorr  (ba+bc)) are presented in Table 1. 
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Fig. 7: Potentiodynamic polarization curves (cathodic 

and anodic) for Sabic mild steel electrode in HCl 
solutions of different concentrations at 25°C using 
scanning rate of 100 mV/min. 

 
Table 1: Polarization parameters for Sabic mild steel electrode in HCl solutions of different 

concentrations at 25°C. 
 

[HCl] 
M 

Ecorr 
V 

I corr 
mA.cm-2 

bc 
mV 

ba 
mV 

Rp 
Ohm.cm2 

0.1 -0.534 0.13 91.67 95.04 154.87 
0.5 -0.489 0.17 92.06 95.32 123.4 
1.0 -0.467 0.24 92.16 95.51 83.92 
1.5 -0.466 0.42 93.05 95.81 48.52 
2.0 -0.463 0.56 93.57 95.90 36.77 

 
As it can be seen from the polarization 

results, the Ecorr shifts to more positive values and 
Icorr increases with increasing the acid concen-
tration. Such data illustrate the corrosive action of 
HCl solutions under the applied potential as 
compared to open-circuit conditions (Ess= -0.542, 
-0.516, -0.499, -0.488, -0.484 V for 0.1, 0.5, 1.0, 
1.5 and 2.0 M HCl, respectively). Also, it indicate 
the effect of adsorbed chloride ions on the 
electrode surface which become more effective in 
case of polarization and lead to appearance of pits 
on the sample surface, its spreading depends on 
acid concentration. 

On the other hand, the constancy of slope 
values (bc = 92 mV and ba = 95 mV) irrespective 

of HCl concentration indicate that the mechanistic 
sequence of each of the cathodic and anodic 
electrochemical processes are similar. On view of 
the previous pertinent literatures together with the 
obtained data [1, 4, 19], one can assume the 
following sequences for the anodic dissolution 
reaction as follows: 
 

Fe + Cl-
ad = Fe Clad + e (a) 

FeClad  = FeCl+ + e (b) 
FeCl+ + H+ = Fe2+

aq + H+ + Cl- (c) 
 
Fe  = Fe2+aq + 2e 
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The most probable cathodic reaction 
associated with the cathodic polarization curve is 
hydrogen reduction according to the following 
overall reaction: 
 

2 H3O+ + 2e = H2 + 2H2O  (d) 
 

Generally, under potentiodynamic pola-
rization conditions the presence of Cl- ions leads 
to corrosive action and formation of pits, its extent 
depend on acid concentration. Such results are 
preliminarily observed on surface of Sabic mild 
steel samples. 

In the same way, comparison of the Rp 
calculated from polarization curves, Table 1, with 
that obtained from EIS measurements (Rp = 96.05, 
54.88, 50.11, 36.27 and 30.49 Ω.cm2 for 0.1, 0.5, 
1.0, 1.5 and 2.0 M HCl, respectively) indicates 
that polarization conditions give a higher Rp 
values. As mentioned previously the data of Rp 
reflect the corrosive action of acid where Rp 
decrease with increasing the acid concentration 
from one hand and increases under polarization 
conditions on the other hand. 
 
2. Effect of Solution State: 

The question arises here is to what extent the 
oxygen of the solution affect the electrochemical 
processes occurring on the Sabic mild steel 
electrode in HCl solutions under open-circuit and 
polarization conditions? The answer of such 
question comes from measurements presented in 
Fig. 8a-c. As seen from variation of open-circuit 
potential with time Fig. 8a, a small potential 

change to less negative values was demonstrated 
in 2.0 M HCI solutions N2- deaerated, stagnant or 
stirred, than that of naturally aerated solution. 
Also, the potential transition, Emin, was recorded 
in N2- deaerated solution indicating that the 
stirring process affects the double layer containing 
the adsorbed anions and consequently the formed 
oxide film. 

The above finding seems to accord also with 
those obtained by EIS and presented in Fig. 8b. As 
can be seen the Nyquist complex plane retain its 
pattern as incomplete semicircle whose diameter 
depends on solution state, it increases in case of 
N2-deaerated 2.0 M HCl solutions, stagnant and 
stirred. The values of Rp are equal to 43.11 and 
41.33 Ω.cm² in case of stagnant and stirred N2-
deaerated solutions, respectively and 30.49 Ω.cm² 
in naturally aerated solution. Since Rp is 
universally proportional to the thickness of the 
formed oxide film [17], therefore, a relatively 
more thick film is formed in N2-deaerated 
stagnant and stirred than that in naturally aerated 
solution. It is important to illustrate that the 
corrosion of Sabic mild steel proceeds via 
cathodic reduction of H+ ions mainly. 

As obvious from potentiodynamic 
polarization curves, Fig. 8c the state of solution 
has generally no effect on Tafel plots, indicating 
that the cathodic and anodic electrochemical 
processes were occurred under activation 
controlled. Values of associated electrochemical 
parameters, Ecorr, Icorr, bc, ba and Rp are presented 
in Table 2. 
 

 
Table 2: Polarization parameters for Sabic mild steel electrode in 2.0 M HCl solutions under 

different states at 25 °C. 
 

Solution State Ecorr 
V 

I corr  
mA.cm-2 

bc 
mV 

ba 
mV 

Rp 
Ω.cm2 

Naturally- aerated -0.463 0.56 95 94 36.77 
Stagnant     N2-

deaerated -0.465 0.40 90 95 50.36 

Stirred        N2- 
deaerated -0.465 0.42 90 95 47.65 
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Fig. 8: Variation of open-circuit potential, E vs SCE, with 

time (a), EIS measurements presented in Nyquist plot 
(b) and potentiodynamic polarization curves (cathodic 
and anodic) (c) for Sabic mild steel electrode in 2.0 M 
HCl solutions under different states at 25°C. 
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A careful consideration of the data gathered 

in Table 2 reveals the following points: 
1. The minor effect of solution state on Ecorr under 

different conditions as compared with steady 
state open-circuit potential  (Ess = -0.484, -
0.486, and – 0.487 V for naturally aerated, N2- 
deaerated stagnant and stirred 2.0 M HCl 
solutions) showed that Ecorr under polarization 
conditions is shifted to more positive values. 

2.icorr in case of N2-deaerated stagnant and stirred 
solutions is less than that of naturally aerated 
solution which reflects the rate of 
electrochemical reactions that occurred on 
electrode surface, being faster in absence of N2 
gas. 

3. The constancy of Tafel slopes (ba≈ 90- 95 mV, 
bc ≈ 95 mV) under all solution states proved that 
the mechanistic sequences of cathodic and 
anodic reactions are similar. 

4. Rp in naturally aerated solution is less than that 
in N2 deaerated stagnant and stirred solutions 
which reflect the nature of formed oxide layer 
on electrode surface being higher in naturally 
aerated than the other states. This agrees with 
that recorded in open circuit conditions (Rp= 
30.49, 43.11, and 41.33 Ω.cm² for naturally 
aerated, N2-deaerated stagnant and stirred 
solutions, respectively). 

 
3. Effect of Solution Temperature: 

The effect of temperature on the 
electrochemical behavior of Sabic mild steel in 
2.0 M HCl solutions was studied using the 
different measurements, e.g. weight loss, open-
circuit potential, EIS and potentiodynamic 
polarization. Fig. 9a–d shows such measurements 

at different solution temperatures. It has been 
observed that the rate of electrochemical 
processes increased with raising solution 
temperature, the corrosion rate, Rcorr, increases, Ess 
shifts to more positive potential values, the 
diameter of the semicircles of the Nyquist 
complex plane decrease, Ecorr increases to more 
positive values, Icorr increases and the polarization 
resistance, Rp, calculated from polarization 
parameters decreases. The fact showing the 
influence of such parameters with raising solution 
temperature was studied extensively by many 
authors [20-25]. In addition it is important to 
demonstrate the corrosive action of Cl¯ ions with 
increasing temperature which appear as pits, 
especially, under polarization. 

The activation energy, Ea, of the 
electrochemical processes can be computed from 
derived parameters of different measurements and 
presented in Fig. (10a-c). The relations are liner 
and obey the following equation:  
 
P = A exp (- Ea/RT) 
 
Where P = Rcorr, (Rp) EIS, (Rp) polarization and Icorr 
 
Ea is the apparent activation corrosion energy 
under different application conditions, T is the 
absolute temperature, R is the universal gas 
constant and A is a constant depends on the type 
and electrolyte nature. The values of activation 
energy calculated are equal to 55.65, 61.87, 56.27 
and 56.27 kJ.mol-1 for weight loss measurements, 
EIS and potentiodynamic polarization. Such 
values are comparable with those obtained by 
Elkadi et al [6] and Lebrini et al [9]. 
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Fig. 9: Variation of  corrosion rate, R corr, (a) open-circuit 

potential, E vs SCE, (b), EIS presented in Nyquist 
plot (c) and  potentiodynamic polarization curves 
(d), with temperature for Sabic mild steel in 2.0 M  
HCl  solutions. 
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Fig. 10: Arrhenius plots of lnRcorr (a), ln(Rp)-1

EIS  (b), ln(Rp)-1 
polarization (c) and lnIcorr (d), versus reciprocal of 
absolute temperature, (T-1), for Sabic mild steel in 
2.0 M  HCl solutions. 

 
4. Morphological Investigation: 

Microstructure studies of Sabic mild steel 
samples of mechanically polished surface before 
corrosion and after corrosion process in 2.0 M 
HCl solutions at 25°C and 45°C were performed 
and illustrated in Fig. 11a-c. It is important to note 
that the sample surface before corrosion process is 
homogeneous and free from scratches and defects, 
cf. Fig. 11a, but after corrosion the surface state 
changes depending on acid concentration and 
solution temperature. At 25°C the sample surface 
is covered with gray layer containing a fine dark 
spots, cf. Fig. 11b, at relatively higher 
temperature, 45°C, the covered layer becomes 
compact through which the dark spots are clear 
and distributed non homogeneously, cf. Fig. 11c. 
The covered surface layer formed on Sabic mild 
steel sample is of oxide type resulting from anodic 
reactions accompanied the corrosion process [26]. 
So, it is important to demonstrate that presence of 
Cl¯ ions in acid solution together with the solution 
temperature affect the pits and its propagation. 
Finally, the micrographs of sample surface seem 
to accord and support the results obtained by other 
measurements. 
 
Conclusions: 

The corrosion behavior of Sabic mild steel in 
HCl solutions was examined under different 
environmental factors such as acid concentration, 
solution temperature and state using weight loss, 

open– circuit potential, EIS and potentiodynamic 
polarization measurements, and optical micro-
scopy. The rate of corrosion was found to depend 
on acid concentration and solution temperature, it 
increased with increasing both the two factors 
from one hand and immersion time on the other 
hand. In the same way, the steady state potential 
and the Ecorr are shifted to more positive values 
with increasing both the acid concentration and 
solution temperature, the amount of shift is 
relatively more under polarization conditions. 
Also, the corrosion current, Icorr increases in the 
same direction with acid concentration and raising 
the solution temperature of constant concen-
tration. The mechanistic sequences of each of the 
cathodic and anodic electrochemical processes are 
uninfluenced with acid concentrations and 
solution temperature but their rates are increased 
with increasing both factors. On the other hand, 
the solution states showed a minor effect for Sabic 
mild steel in 2.0 M HCl under open-circuit and 
polarization conditions where Ecorr is more 
positive than steady state potential. The main 
activation energy of corrosion process is equal ≈ 
57.4 kJ mol-1 for all measurements. Morpholo-
gical investigations of surface samples illustrate 
the corrosive action of Cl¯ ions as pits, its 
propagation and distribution over the covered 
oxide film depend on HCl concentration and 
solution temperature. 
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(a)   
 

(b)   
 

(c)   
 

Fig. 11: Optical micrographs  of  Sabic  mild steel (a) 
mechanically polished (b) after  immersion in 2.0 M 
HCl  solution for 1hour at 25°C and 45°C(c) (500x). 
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