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The paper concerns the problem of evaluation of stationarity of carbon steel corrosion in 1M HCl. 

Comparison of corrosion rate with addition of corrosion inhibitor to the reference measurement is the 

most often used way of evaluating inhibitor efficiency. Such an approach is valid only if corrosion rate 

is a stationary process. Two complementary techniques were used simultaneously: volumetric analysis 

of evolved hydrogen and instantaneous impedance spectroscopy monitoring. Changes of the electrode 

surface area and chemical composition have a major impact on the dynamics of both cathodic and 

anodic processes. On the base obtained results, authors claim that the stationarity of the process 

determined most often on the base of corrosion potential is ineffective and insufficient. 
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1. INTRODUCTION 

Carbon steel is the most common construction material, used in all industries. Before its 

application, a very important role is the treatment of steel with hydrochloric acid, wherein multiple 

processes are carried out, such as: etching, pickling, descaling, acid cleaning and oil-well acidizing [1]. 

Various kinds of chemical compounds are investigated for corrosion inhibition effect in order to 

reduce corrosion rate in such an aggressive environment. Inhibitor efficiency, the main parameter that 

determines application of these compounds is determined on the base of corrosion rate of steel in 

hydrochloric acid medium with and without addition of the inhibitor. Usually the values of corrosion 
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current icorr, polarization resistance Rp or charge transfer resistance Rct are being compared. Recently, 

due to development of impedance techniques, the use of Rct is significantly more popular. In order to 

determine the value of charge transfer resistance one usually utilize the increasingly popular 

Electrochemical Impedance Spectroscopy (EIS) technique [2-9], which provides multiple information 

about the system under investigation, such as: time required to achieve the effect of inhibition  

[10-11], influence of temperature [12] and mechanism of the corrosion process [13-16]. Alternatively, 

related parameters such as noise resistance Rn are being compared [17].  

Literature reports presenting inhibitor efficiency on base of charge transfer resistance 

measurements are based on one common assumption, which is constant value of corrosion rate of 

carbon steel in investigated electrolyte (hydrochloric acid). Reference measurements in the absence of 

corrosion inhibitor are usually made after certain period of time or after stabilization of corrosion 

potential value. However, such an approach is only valid if the corrosion rate of carbon steel is a 

stationary process, otherwise inhibitor efficiency will contain measurement errors. Similarly, small 

changes in corrosion potential are not meaningful to describe stationary conditions. 

Authors want to pay attention to importance of the non-stationarity problem of corrosion 

process. Many papers dealing with carbon steel corrosion and its inhibitors assume in advance the 

stationarity of investigated system or the problem is neglected altogether. In the case of corrosion of 

carbon steel in HCl, time of measurement and time of system stabilization are significant. Reports not 

taking this into account are not comparable, as they may contain high measurement errors. Two 

independent techniques were involved in order to resolve the above mentioned problem; volumetric 

study which allows determination of instantaneous corrosion rate from the amount of evolved 

hydrogen, and instantaneous impedance measurement which offers the opportunity of on-line 

monitoring of charge transfer resistance. As a result, it was possible to determine changes of the 

corrosion process of carbon steel in HCl, and possible causes of the changes during all time of 

exposition. 

 

 

2. EXPERIMENTAL 

 
 

Figure 1. SEM micrographs in backscattered electron mode of polished carbon steel sample; a) 

magnification x300, b) magnification x1000. 
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Carbon steel wire with diameter of 1.8 mm was used as a working electrode. Its chemical 

composition is shown in Table 1. To obtain carbon steel microstructure, wire was polished and etched 

with 3% natal, see Fig. 1.  

Micrographs were obtained with backscattered electron (BSE) mode. Microstructure of pearlite 

(darker) in low carbon matrix has been deformed during wire drawing. The content of pearlite is 

relative small and crystals are distorted in one direction [18]. The investigated geometrical surface area 

was 3.9 cm
2
. Prior to experiment sample was mechanically grinded on wet SiC paper (600, 800, 1200, 

2000) washed with distilled water, degreased in methanol, and finally dried at room temperature and 

weighted before being immersed in the acid solution. The aggressive solution (1.0 M HCl) was 

prepared by diluting analytical grade 37% HCl with distilled water. The solution was saturated with H2 

and brought to the required temperature prior to measurement. 

  

Table 1. Chemical composition (wt. %) of investigated carbon steel sample, measured by EDX. 

 

Fe C Cu Si Ni Cr Mn 

97.8 0.3 0.3 0.3 0.1 0.1 1.1 

 

Measurements were performed in a thermostatic chamber containing three electrodes: working, 

reference Ag|AgCl and counter platinum mesh. The temperature was kept at 37 C. Hydrogen evolved 

during the exposure was caught in the burette located over the working electrode, which allowed to 

measure volume of evolved gas as a function of time.  

The instantaneous impedance measurement was performed in galvanostatic mode, assuring Idc 

was equal to 0. This way, general corrosion conditions were fulfilled. Impedance perturbation signal 

consisted of multi-sine wave with frequency components between 4.5 kHz and 0.3 Hz and each 

elementary amplitude selected to assure that overall amplitude of resulting voltage signal does not 

exceed 20 mV, peak-to-peak. Generation and acquisition of signal were carried out in system 

consisting of a fast home-made galvanostat and PXI 4464 (National Instruments, Hungary) data 

acquisition card. The acquired data was analysed with discrete short-time Fourier transformation 

(DSTFT) to obtain instantaneous impedance spectra as a function of time. In DSTFT time and 

frequency are discretized. Detailed information about data analysis with DSTFT was presented by 

Slepski and co-workers [19]. Such an approach has been successfully applied for investigation of 

various electrochemical and corrosion processes [20-22], however attempts to resolve the problem of 

non-stationarity during impedance measurements were made already in the 90s of the last century [23]. 

The effects of steel corrosion in HCl environment was investigated using SEM microscopy and 

X-ray photoelectron spectroscopy (XPS) techniques. S-3400N SEM microscope (Hitachi, Japan) 

served to determine topography changes caused by corrosion. Secondary and backscattered electron 

modes were used at accelerating voltage equal to 20 kV. Detailed analysis of sample chemical 

composition changes was performed on the basis of XPS with Escalab 250Xi (ThermoFisher 

Scientific, United Kingdom) equipped in monochromatic Al X-Ray source. High resolution spectra 
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were acquired at a pass energy of 10 eV and energy step size of 0.1 eV. X-ray spot size was 200 µm. In 

order to normalize the spectroscopic measurements, X axis (binding energy) from XPS spectrum was 

calibrated for peak characteristics of neutral carbon C1s (284.6 eV). 

 

 

 

3. RESULTS AND DISCUSSION 

Iron corrosion process in hydrochloric acid environment is composed of two electrode 

reactions: cathodic hydrogen evolution reaction (HER) and anodic dissolution of iron. Following 

stages of HER can be distinguished [13,14]: 

Fe + H
+
 ↔ (FeH

+
)ads                                                     (1) 

(FeH
+
)ads + e

-
 → (FeH)ads                                                            (2) 

(FeH)ads + H
+
 + e

-
 → Fe + H2                                        (3) 

The chemistry of anodic reaction is not as clear. Some researchers postulate to include various 

intermediates, such as FeOHads or FeClads [2,14]. Regardless of the exact mechanism, the amount of 

hydrogen evolved during corrosion of carbon steel in the hydrochloric acid is proportional to the 

amount of dissolved iron. Simplified reactions are presented below. 

Fe → Fe
2+

 + 2e
-
                                                  (4) 

2H
+
 + 2e

-
 → H2                                                  (5) 

Hydrogen collection is well established as a volumetric technique having multiple advantages 

in corrosion science, in particular in the case of aluminum, magnesium and their alloys  

[24-29]. Therefore, it is possible to utilize HER to determine changes in weight loss of investigated 

sample or value of corrosion current with measurement duration.  

 

 
 

Figure 2. Volume of exuded hydrogen changes over time of exposure 
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Fig. 2 presents measured volume of evolved hydrogen  during carbon steel exposure in 

hydrochloric acid. Evolved hydrogen amount is not linear, which might suggest changes of corrosion 

rate over time of the experiment. Further on,  from HER was correlated with total weight loss of the 

sample in order to verify reliability of the measurement. For this purpose equation (6) was used: 

RT

pVM
m                                          (6) 

where p is the gas pressure, M is the molar weigh, R is the molar gas constant and T is the 

absolute temperature [30]. 

During 6 hours of the experiment, V = 4.31 cm
3
 H2 was produced. Total sample weight loss (m) 

equal to 0.0095 g was calculated using eq. (6). On the other hand, measured sample weight loss 

(difference of carbon steel sample weight before and after exposure) was 0.0100 g. Thus, it may be 

concluded that the amount of evolved hydrogen H2 can be treated as a representative parameter for 

corrosion rate monitoring in this particular case. It should be taken into account that other processes, 

such as local stirring caused by growth and detachment of hydrogen bubbles might also affect 

corrosion rate.  

 

 
 

Figure 3. Changes of corrosion current (icorr) over time of exposure. 

 

Changes of icorr with time are shown on Fig. 3. The value of corrosion current depends on the 

amount of hydrogen produced, on the base of eq. (4-5).  Therefore, the instantaneous value of icorr 

during course of the experiment can be calculated from the amount of produced hydrogen using eq. (7) 

[30]: 
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tRT

VFp
icorr






2
                                                   (7) 

where, t is the exposure length and F is the Faraday constant.  

 

 
 

Figure 4. SEM micrographs of sample a) before the exposure and b) after 6 h exposition in 1M 

hydrochloric acid. Secondary electron mode. Magnification x500. 

 

Corrosion current depends on the surface area of investigated sample: icorr = f(S). Its value 

should be constant, with the assumption that the process is stationary and surface area does not expand. 

In the present case, uniform mass loss of cylindrical sample should result in decrease of the surface 

area. Instead, SEM micrographs (Fig. 4) demonstrate surface area development under the corrosion 

process of investigated carbon steel sample. The area of corrosion attack is similar to the shape of 

perlite structure in material, hence suggesting that active sites are distributed in vicinity of this phase. 

Following anodic dissolution of surrounding ferrite, pearlite grains may be detached by evolved 

hydrogen leaving large caverns (Fig. 4b). These changes also affect the value of impedance of 

investigated electrode.  

 

 
 

Figure 5. Instantaneous impedance spectra in the form of Nyquist plot, 3D projection over time of 

exposure. 
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Fig. 5 show instantaneous impedance spectra acquired from DEIS in Nyquist projection versus 

elapsed experiment time. The spectra has the shape of flattened semicircles with one visible time 

constant. It can be seen, that semicircular spectra decrease and flatten over time. After 6 hours of 

measurement, impedance decreased almost twice. In the stationary process, impedance should not 

change in time. Changes can be caused by modification of surface area or increased rate of corrosion 

process rate as was mentioned earlier. However, to address the source of these changes, an impedance 

spectra analysis is necessary. To estimate the value of charge transfer resistance one is obliged to 

perform fitting procedure with an electric equivalent circuit, while the circuit must offer good physical 

explicability. The availability of hydrogen ions, a depolarizer in the investigated process, as well as 

mixing of the electrolyte by detaching hydrogen bubbles practically eliminates the influence of 

diffusive transport. The corrosion reaction is controlled through the charge-transfer process. For this 

reason, the impedance spectra obtained for carbon steel in hydrochloric acid are commonly processed 

with the use of R1(Q2R3) electric equivalent circuit [6,12,15]. Here, R1 represents electrolyte resistance, 

R3 charge transfer resistance RCT and Q is the constant phase element (CPE), often introduced to 

evaluate double-layer capacitance Cdl, dispersed due to surface heterogeneities [32]. Unlike icorr, RCT is 

inversely proportional to the changes of surface area, 1/RCT=f(S), as can be seen on Fig. 6. Similarly, 

growth of double-layer capacitance also testifies surface area development of investigated sample, 

assuming limited influence of adsorbed reaction intermediates. Its effective value, Ceff, was estimated 

from CPE on the base of surface distribution model proposed by Hirschorn and co-workers [33]. 

 

 
 

Figure 6. Charge-transfer resistance (RCT) and effective double-layer capacitance (Ceff) changes over 

time of exposure. Estimated from instantaneous impedance spectra on the base of fitting 

procedure with R(QR) equivalent circuit.  
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It is essential to determine the change of surface area during course of experiment or to 

eliminate this factor altogether to be able to determine whether corrosion rate was affected by factors 

other than just surface area development. Estimation of surface area development is extremely 

complex, however there is a way to neglect its influence. To do so, authors utilize Stern-Geary formula 

(8), which links charge transfer resistance RCT with corrosion current icorr [34, 35]: 

 
  CTCTca

ca
corr

R

B

Rbb

bb
i 




1

303.2
                                           (8) 

where ba, bc are anodic and cathodic Tafel slopes, respectively.  

Surface area of investigated sample determines both the instantaneous value of corrosion 

current as well as instantaneous value of charge transfer resistance. On the other hand, B parameter 

calculated from eq. (9) is surface area independent. It represents mechanism and kinetics of both the 

anodic and the cathodic processes. 

   SfRSfiB CTcorr 1                                                       (9)  

The changes of B parameter calculated from instantaneous values of RCT and icorr are shown on 

Fig. 7. It should be observed, that the course of B=f(t) tends to increase in the range between 13 

mV/dec to around 20 mV/dec at the end of the experiment.  

 

 
 

Figure 7. B parameter changes over time of exposure, calculated using eq. (9). 

 

Numerous research articles on topic of carbon steel corrosion in 1M HCl show a very large 

discrepancies of this parameter, where the value of anodic slope ba is typically in range between 66-

140 mV/dec and cathodic slope bc is between 77-246 mV/dec, thus B is in range from 17.1 to 37.5 

mV/dec [3,5,6,8,9,12,14,16]. Vast discrepancies reach beyond the effect of temperature variations or 
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slight changes in chemical constitution between investigated carbon steel samples. Therefore, authors 

claim that observed discrepancy originates from different (unstandardized) duration of reference 

measurements to estimate the corrosion rate, while the control of this factor is essential to evaluate 

nonstationary processes, such as carbon steel corrosion in hydrochloric acid. 

There are three possible explanations to B increase on the base of eq. (8): (I) individual increase 

of ba, (II) individual increase of bc and (III) simultaneous increase of both ba and bc. In each case, 

decrease of corrosion current density and corrosion rate with respect to real surface area, is to be 

expected. In addition, if only a single slope is affected, as is in cases (I) and (II), the additional effect 

will be the change of the corrosion potential Ecorr while changes of corrosion potential Ecorr registered 

throughout the experiment are negligible, not exceeding 6 mV (Fig. 8). Authors findings corroborate 

with literature data, most often the reports for carbon steel in hydrochloric acid show no significant 

changes of corrosion potential [3,5,8,9]. Thus, it should be concluded that both anodic as well as 

cathodic processes are affected. Such behaviour may be caused by changes of alloy surface chemistry 

during exposure to hydrochloric acid. 

 

 
 

Figure 8. Changes of corrosion potential (Ecorr) over time of exposure. 

 

XPS analysis has shown a meaningful change of the chemical composition of investigated 

sample. The analysis was performed after etching with an ion gun (200s, 3000V) to remove major 

surface contamination from atmospheric air. The chemical composition (in %.wt) is given in Table 2. 

As a result of exposure to hydrochloric acid the relative share of iron has decreased by 20% with an 

increase of relative share of alloying additives as well as carbon by up to 15%. It was observed that 

corrosion process is selective for iron and does not include alloying elements of cathodic nature. 

Relatively high share of carbon and oxygen can be justified by hindered removal of oxide layer and 
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contaminations from rough electrode surface. In particular the chemistry of high-resolution XPS 

spectra for C1s has changed, as presented on Fig. 9. XPS spectra for reference sample (before 

immersion) can be deconvoluted into two components; main located at binding energy of 284.8 eV as 

is typical for C-C aliphatic bonds and second component shifted by +1.1 eV for C-O bonds. Both of 

these originate from atmospheric air exposure. As a result of immersion in hydrochloric acid a third 

component appears in C1s spectra, at ~283.6 eV. The indicated energy is characteristic for Fe3C 

[36,37].  

 

 
 

Figure 9. High-resolution XPS spectra recorded for C1s region before the experiment and after 6 h 

exposure in 1M HCl. 

 

Table 2. Chemical composition (at. %) on the surface of carbon steel sample, obtained from XPS. 

 

 

 

 

 

Demonstrated composition changes have a significant influence on the mechanism of electrode 

processes. The amount of iron starts to decrease, with increase of copper, silicon and carbon most 

likely in the form of carbides. This has impact on HER overpotentials and possible intermediates of 

anodic and cathodic processes, however understanding nature of these changes require additional 

studies. 

 

 

 

4. CONCLUSIONS 

Corrosion of carbon steel in hydrochloric acid is not as simple as it might appear in the first 

place. The process is not stationary and its nature complex. Corrosion process affects the geometry and 

the composition of exposed surface. Utilization of on-line instantaneous impedance monitoring in 

 Fe Cu Si C O 

Before the experiment 87.5 < 0.5 < 0.5 8.4 4.1 

After 6h in 1M HCl 64.1 1.3 1.7 26.0 6.9 
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galvanostatic mode with simultaneous volumetric measurement made it possible to demonstrate that 

corrosion current density decreases as a result of these changes. Both the anodic and cathodic 

processes were responsible for change of the corrosion rate of investigated carbon steel. 

The discussed changes are not accessible by commonly used free corrosion potential 

monitoring. In such case, fluctuations of corrosion potential are negligible, which normally  

is perceived as evidence for stationary conditions. This approach is particularly inappropriate if 

corrosion of carbon steel in hydrochloric acid is treated as reference for determination  

of inhibitor efficiency of variable chemical compounds. The result of such study will largely depend 

on the length of measurement, which should always be taken into account. 
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