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Abstract

Purpose — There are significant differences in the corrosion protection performance of commonly used cleaning
agents for high-speed railways. In order to study the dual requirements of cleaning efficiency and corrosion
inhibition, explore the differences in corrosion protection performance of cleaning agents, effectively protect
metal substrates, and ensure the safe, economical, and environmentally friendly operation of high-speed
railways, this study is hereby carried out.

Design/methodology/approach — This study investigated the corrosion behaviour of Q235 steel exposed to
acidic, neutral, and alkaline cleaning agents through metallographic analysis, electrochemical testing, and
scanning electron microscopy (SEM).

Findings — Electrochemical behaviour was assessed at concentrations of 5%, 10%, 15%, and 20% using
electrochemical impedance spectroscopy (EIS) and Tafel tests. The results indicate that the protective efficacy
of acidic, neutral, and alkaline cleaning agents follows the order: alkaline > neutral > acidic.
Originality/value — Microstructural analysis and energy-dispersive X-ray spectroscopy (EDS) surface element
quantification reveal that acidic cleaning agents cause the most severe corrosion and offer the poorest protection
for Q235 steel, whereas neutral and alkaline agents provide protective effects by retarding corrosion.
Conducting in-depth research on the differences in corrosion protection performance of cleaning agents can
effectively safeguard metal substrates, eliminate corrosion risks, and ensure the safe operation of high-speed
railways.
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1. Introduction

Q235 steel is widely used in the fields of railway vehicles and transportation. In railway
vehicle manufacturing, Q235 steel is commonly used for key components such as frames and
wheels, which can effectively improve the vehicle’s load-bearing capacity and driving
stability. In terms of railway transportation infrastructure, Q235 steel is used to manufacture
bridge structural components, which helps reduce the weight of bridges and improve their
load-bearing capacity. However, the corrosion resistance of Q235 steel is relatively poor, so it
is necessary to study the corrosion resistance of Q235 steel. Research literature has found that
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eucalyptus leaf extract, as a green corrosion inhibitor, exhibits good environmental
characteristics in sulfuric acid and phosphoric acid solutions. It can effectively adsorb onto
the surface of low carbon steel to form a protective film, significantly slowing down the
corrosion rate and demonstrating the potential to replace traditional chemical corrosion
inhibitors in industrial environments (Pan, Cai, & Yu, 2010). As a corrosion inhibitor for Q235
steel, diethanolamide lauric acid can effectively inhibit its corrosion. Its mechanism of action
involves physical adsorption and chemical bonding to form a protective film, and it has the
potential for environmentally friendly and sustainable applications (Luo et al., 2021a, b). As
the core carrier of modern transport, high-speed rail operates under conditions characterised by
high speeds, long distances, and diverse operational scenarios. Steel components, subjected to
prolonged exposure to high-velocity airflow (200-300 km/h) and complex climatic conditions
(such as rain, snow, and salt spray), readily develop corrosion products including scale and rust
layers on their surfaces. Taking high-speed rail bogies as an example, with daily operational
distances reaching 2,000 kilometres, failure to promptly remove corrosion products may lead
to reduced structural strength. Accumulation of corrosion products induces stress
concentration, accelerating metal fatigue and compromising operational safety. Untreated
corrosion may cause localised perforation, substantially increasing maintenance costs.

Current high-speed rail cleaning agents primarily fall into 3 categories: acidic, neutral, and
alkaline, exhibiting significant differences in corrosion protection performance (Deng et al.,
2023; Du et al., 2024; Liu, 2020). Acidic cleaners (e.g., organic acids) efficiently dissolve
metal oxides through their strong acidity but readily induce hydrogen embrittlement and
pitting corrosion in metal substrates, with corrosion rates markedly increasing in humid
environments (Wang, Xin, Chen, Wang, & Cheng, 2025). Alkaline cleaners rapidly
decompose grease through strong alkaline reactivity, yet prolonged use may induce
intergranular corrosion in metals. Consequently, investigating the variations in corrosion
protection among cleaning agents is not only an urgent requirement for ensuring the safe,
economical, and environmentally sound operation of high-speed railways, but also enables
synergistic improvements in cleaning efficiency, material protection, and sustainable
development through scientific evaluation and optimisation. Therefore, metal cleaning
agents used in railways need to meet the dual requirements of cleaning efficiency and
corrosion inhibition, and their corrosion behaviour research can fill the gap in the field of
railway material protection. At the same time, in-depth exploration of the differences in
corrosion protection performance of cleaning agents can not only optimise cleaning efficiency,
but also effectively protect metal substrates, avoid corrosion hazards, and ensure the safe,
economical, and environmentally friendly operation of high-speed railways.

2. Experimental section

2.1 Experimental samples

Q235 steel specimens measuring 50 mm X 25 mm X 2 mm were selected and ground smooth
using 500-grit sandpaper. Chemical composition was determined according to GB/T 4336—
2016 “Determination of Multi-Element Content in Carbon Steel and Medium-Low Alloy
Steel-Spark Emission Atomic Emission Spectroscopy”. The composition results for Q235
steel are shown in Table 1 (Ji, Ji, & Fan, 2023; Zhang et al., 2016).

Selection of cleaning agent solutions: acidic cleaner (principal components: oxalic acid,
thiourea, water); neutral cleaner (surfactant alchohol polyoxyethylene ether sulphate (AES),
water); alkaline cleaner (triethanolamine, benzotriazole (BTA), water). Investigation of the
electrochemical behaviour and surface microstructure of Q235 steel in the 3 cleaning agent
solutions at different dilution concentrations.

2.2 Metallographic testing
Q235 steel specimens measuring 10 mm X 10 mm were cut, ground with emery paper,
polished with polishing compound, etched with 4% nitric acid, and examined for



Table 1. Chemical composition and standard composition of Q235 steel

Quality indicator
Test item Standard requirement (%) Test result (%)
C 0.14 ~ 0.22 0.16
Si <0.30 0.25
Mn 0.30 to 0.65 0.63
P <0.045 0.025
S <0.050 0.004

Source(s): Authors’ own work

metallographic structure using a Leica DM6M metallographic microscope (Huang et al.,
2015; Zhang, Li, Wang, & Chen, 2007; Zhang, Han, & Song, 2018).

2.3 Electrochemical experiments

Q235 steel specimens were procured from a local supplier. The working area for
electrochemical testing was 1 X 1 cm?, with the opposite side of the Q235 steel block
sealed using epoxy resin. Electrochemical testing employed a Gamry 600+ workstation. The
three-electrode system comprised a working electrode (1 cm® Q235 steel block), a saturated
calomel electrode, and a platinum electrode (4 cm? platinum disc). Electrodes were immersed
in the test solution until a steady state was achieved, at which point the self-corrosion potential
was measured. Electrochemical impedance spectroscopy (EIS) was conducted within the
frequency range of 10° to 1072 Hz under a 5 mV sinusoidal disturbance (Guo, He, & Bai, 2016;
Luo et al., 2021a, b; Zheng, Yi, Zhao, Zhang, & Li, 2017). Following EIS testing, dynamic
polarisation curves were measured. The test potential was set at +250 mV around the self-
corrosion potential, with a scan rate of 1 mV/s.

2.4 Surface analysis

The corrosion extent of Q235 steel in different test solutions was observed using scanning
electron microscopy (SEM) (German ZEISS Gemini SEM 300) (Rouifi et al., 2021; Haque
etal., 2023; Wang et al., 2024). Q235 steel specimens were polished using sandpaper (400 to
7,000 grit). After immersion in the test solutions for 6 hours, specimens were cleaned with
deionised water and anhydrous ethanol, then dried.

3. Results and discussion

3.1 Metallographic analysis

As shown in Figure 1, Q235 steel belongs to carbon structural steel, composed of ferrite and
pearlite. The pearlite typically exhibits a lamellar structure, alternating with ferrite in a layered
arrangement.

3.2 Electrochemical analysis

The primary constituents of the acidic cleaning agent are oxalic acid and thiourea, with
thiourea serving as the corrosion inhibitor. The corresponding Nyquist plots and polarisation
curves for acidic cleaning agents at different dilution concentrations are shown in Figure 2. As
evident from Figure 2(a), the Nyquist plot comprises a capacitive arc in the high-frequency
region and an inductive arc in the low-frequency region. Both arcs exhibit reduced radii with
increasing cleaning agent concentration. Optimal protective efficacy is demonstrated at a 5%
cleaning agent concentration; whilst the worst protection was observed at 20% concentration,
indicating that a denser protective film formed on the Q235 steel surface at 5% concentration.
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Figure 1. Metallographic analysis of Q235 steel. Source(s): Authors’ own work
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Figure 2. Electrochemical impedance spectra (a) and potentiodynamic polarisation curves (b) of Q235 steel in
acidic cleaning agents containing different concentrations (5%, 10%, 15%, 20%) at 298 K. Source(s): Authors’
own work

Subsequently, despite increased cleaner concentration, the solution’s heightened acidity
inhibited the protective action of thiourea molecules, reducing the capacitive arc radius. The
emergence of inductive reactance at low frequencies may be attributed to either a rougher
electrode surface or the adsorption of corrosive media from the solution onto the electrode
surface.

Fitting impedance data for Q235 steel in an acidic cleaning solution using ZsimDemo
software yielded the equivalent circuit shown in Figure 3, with electrochemical parameters
listed in Table 2. Here, R denotes solution resistance, R, represents charge transfer resistance,
L and Ry, denote inductive reactance and inductive reactance resistance respectively, while
CPE denotes the constant phase element. Table 2 indicates that the value of R, increases as the
cleaning agent concentration decreases. At a 5% concentration, R, rises to 349.5 Q sz,
signifying progressively greater resistance to the corrosion process and enhanced corrosion
inhibition. Concurrently, the CPE exhibits an overall decreasing trend with diminishing
detergent concentration. The CPE value reflects water absorption capacity, where a higher
CPE indicates stronger water absorption. This demonstrates that as detergent concentration
increases, the water absorption capacity of Q235 steel continuously rises, thereby adversely
affecting the corrosion protection of carbon steel. Thus, lower concentrations of the acidic
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Figure 3. Equivalent circuit used for fitting electrochemical impedance spectra of acidic cleaning agents.
Source(s): Authors’ own work

Table 2. Impedance parameters of Q235 steel at 298K in acidic cleaning agents containing different
concentrations (5%, 10%, 15% and 20%)

C(%) Rs (Q cm?) Ret (Q cm?) CPE (Q 's"cm ?)
5% 10.7 349.5 6.713 X 107°
10% 9.8 228.9 8.19 X 107°

15% 13.2 207.6 8.578 X 107°
20% 5.3 190.7 8.224 X 107°

Source(s): Authors’ own work

cleaning agent yield superior protective performance for Q235 steel. Both R, and CPE data
collectively demonstrate that Q235 steel exhibits identical corrosion patterns across varying
concentrations of acidic cleaning agents, wherein protective efficacy diminishes with
increasing acid concentration.

As depicted in Figure 2(b) showing dynamic polarisation curves for acidic cleaning agents
at varying concentrations, the polarisation curve shifts upwards with increasing agent
concentration, accompanied by heightened corrosion current density and more severe
corrosion behaviour. Furthermore, the corrosion potential decreases as agent concentration
diminishes, with reduced corrosion current density observed in both anodic and cathodic
regions. This indicates simultaneous inhibition of anodic and cathodic reactions by the
cleaning agent.

Table 3 presents the relevant electrochemical parameters obtained via extrapolation. As
shown in Table 3, the corrosion current density decreases with reduced cleaning agent
concentration. Concurrently, the corrosion potential diminishes with increasing concentration,
though the shift remains below 85 mV, classifying it as a mixed-type corrosion inhibitor.

Table 3. Polarisation curve parameters of Q235 steel at 298K in acidic cleaning solution containing different
concentrations (5%, 10%, 15% and 20%)

C (%) Econ (MV/SCE) Ba (mV dec™") B (mV dec ") icorr (HA cm™?)
5% —553.9 33 —42 8.98

10% —541.2 25 —-33 11.79

15% —533.7 29 -75 25.23

20% —525.5 29 —75 29.30

Source(s): Authors’ own work
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Furthermore, 8, and B exhibit minimal variation across different detergent concentrations. As
depicted in Figure 2(b), the anodic and cathodic segments of the curves run parallel, indicating
substantially consistent slopes. This confirms that the protective mechanism of the detergent
for Q235 steel remains consistent, with the corrosion inhibitor primarily mitigating corrosion
by reducing reaction rates. From the above results, it can be inferred that thiourea molecules
form a dense protective film on the Q235 steel surface, preventing direct contact between the
corrosive medium and the steel, thereby achieving corrosion inhibition. The corrosion
behaviour of Q235 steel obtained from dynamic polarisation curves is highly consistent with
the electrochemical impedance test results.

The primary component of the neutral cleaning agent is sodium fatty AES, which is a non-
ionic surfactant. The corresponding Nyquist plots and polarisation curves for the neutral
cleaning agent at different dilution concentrations are shown in Figure 4. As evident from
Figure 4(a), the Nyquist plot comprises a large capacitive arc, indicating a relatively dense
adsorption film of AES on the Q235 steel surface. Under these conditions, corrosion of carbon
steel is primarily controlled by charge transfer processes. Furthermore, as the concentration of
the neutral cleaning agent increases, the radius of the capacitive arc first enlarges and then
diminishes, with the 10% concentration yielding the maximum capacitive arc. Moreover, at
the same dilution concentration, the radius of the capacitive arc is significantly larger than that
of the acidic cleaning agent, differing by 2 orders of magnitude. Neutral corrosive media
exhibit greatly reduced corrosivity compared to acidic media, providing superior protection
for carbon steel. The results indicate that AES demonstrates good corrosion inhibition effects
on Q235 steel in neutral solutions, with the neutral cleaning agent concentration of 10%
exhibiting the optimal protective effect; whilst the worst protection was observed at a 20%
concentration. It can be inferred that prior to reaching a 10% concentration, increasing
detergent concentration leads to progressively denser protective films forming on the Q235
steel surface, enhancing protection. Beyond this point, further increases in AES concentration
may induce localised corrosion on the steel surface, reducing the capacitive arc radius.

Impedance data for Q235 steel in the neutral cleaning solution was fitted using ZsimDemo
software. The equivalent circuit is shown in Figure 5, with the obtained electrochemical
parameters listed in Table 4. It is evident that the value of the polarisation resistance R, first
increases and then decreases with increasing detergent concentration, indicating that the
resistance to corrosion behaviour initially increases before decreasing. The R, value is highest
at a 10% detergent concentration, demonstrating superior corrosion inhibition performance.
Furthermore, the values of C; and Cgq, decrease as the detergent concentration increases from
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Figure 4. Electrochemical impedance spectra (a) and potentiodynamic polarisation curves (b) of Q235 steel at
298 K in neutral cleaning agents containing different concentrations (5%, 10%, 15%, 20%). Source(s): Authors’
own work
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Figure5. Equivalent circuit used for fitting electrochemical impedance spectra of neutral and alkaline cleaning
agents. Source(s): Authors’ own work

Table 4. Impedance parameters of Q235 steel at 298K in neutral cleaning agents containing different
concentrations (5%, 10%, 15% and 20%)

C(%) Rg(Qcm?) R¢(Qcm?) Re (Qcm?) i (UF cm ?) n; Ca(Fcm™@) n,
5% 5,061 7.329 X 10* 2.287 X 10* 6.055 % 10>  0.8708 3.932x 10°* 1
10%  0.03486 3,055 1.066 X 10° 4.878 X 107 0.8019 7.949 X 107>  0.8505
15% 2,165 5.741 X 10*  2.209 X 10* 7.085 X 107>  0.8822 3433 x10°* 1
20% 1,827 3.385 X 10* 9,716 9.806 X 107> 0.8762 1.119x107% 1

Source(s): Authors’ own work

5% to 10%, indicating adsorption behaviour of detergent molecules on the metal surface.
When the concentration rises from 10% to 20%, C; and Cq increase, enhancing water
absorption capacity and thereby adversely affecting the corrosion protection of carbon steel.
The combined data for R;,, Cy, and Cg collectively indicate that the protective efficacy of Q235
steel in neutral cleaning agents of varying concentrations first increases and then decreases
with rising agent concentration.

The dynamic potential polarisation curves of Q235 steel in neutral cleaning agents of
varying concentrations are depicted in Figure 4(b). It can be observed that as the cleaning agent
concentration increases, the corrosion potential on the polarisation curve first shifts positively
and then negatively. The cathodic portions of the polarisation curves for different
concentrations are nearly superimposed, indicating that AES does not inhibit the cathodic
reaction of Q235 steel in neutral cleaning agents. However, in the anodic section, the corrosion
current density first decreases and then increases with rising detergent concentration,
exhibiting greater displacement at higher concentrations. This demonstrates that AES
significantly inhibits the anodic reaction of Q235 steel in neutral detergents.

As shown in Table 5, the corrosion current density i, initially decreases then increases
with rising cleaning agent concentration. Concurrently, the corrosion potential E,, initially
increases then decreases with increasing cleaning agent concentration, though the
displacement amplitude remains below 85 mV. As compound AES inhibits only the anodic
reaction and the corrosion potential shift is less than 85 mV, it should be classified as a
“modest” or “moderate” anodic corrosion inhibitor. Furthermore, 8, and . remained constant
across varying detergent concentrations. As evident in Figure 4(b), the anodic and cathodic
segments of the curves run parallel, indicating substantially identical slopes. This
demonstrates that the protective mechanism of neutral detergents for Q235 steel is
consistent, with the corrosion inhibitor primarily slowing the corrosion process by reducing
reaction rates. From the above results, it can be inferred that AES achieves corrosion inhibition
by forming a dense protective film on the Q235 steel surface, thereby preventing direct contact
between the corrosive medium and the steel. The corrosion behaviour of Q235 steel obtained
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Table 5. Polarisation curve parameters of Q235 steel at 298K in neutral cleaning agent solutions with different
concentrations (5%, 10%, 15% and 20%)

C (%) Ecorr (MV/SCE) Ba (mV dec™ ) Be (mV dec™ ) icorr (LA cm )
5% —243.5 100 —100 0.1161
10% —233 100 —100 0.1148
15% —239.5 100 —100 0.1303
20% —250.5 100 —100 0.1884

Source(s): Authors’ own work

from dynamic polarisation curves is highly consistent with electrochemical impedance testing
results.

The primary constituents of the alkaline cleaning agent are triethanolamine and BTA, with
BTA serving as the corrosion inhibitor component. Corresponding Nyquist plots and
polarisation curves for alkaline cleaning agents at different dilution concentrations are shown
in Figure 6. As evident from Figure 6(a), the Nyquist plot comprises a large capacitive arc,
indicating that the BTA adsorption film on the Q235 steel surface is relatively dense. Under
these conditions, carbon steel corrosion is primarily controlled through charge transfer
processes. Furthermore, as the alkaline cleaning agent concentration increases, the radius of
the capacitive arc decreases. At the same dilution concentration, the capacitive arc radius of the
alkaline cleaning agent is larger than that of both acidic and neutral cleaning agents. In alkaline
solutions, iron within carbon steel cannot react directly with alkalis. Furthermore, alkaline
cleaning agents contain BTA corrosion inhibitors, rendering them the most effective protective
agent among acidic, neutral, and alkaline cleaning solutions. Optimal protective performance
was observed at a 5% alkaline cleaning agent concentration, while the worst protective effect
was noted at 20% concentration. This indicates that at 5% concentration, a more compact
protective film forms on the Q235 steel surface. Subsequently, despite increased cleaner
concentration and heightened solution alkalinity, iron in the carbon steel undergoes slow
oxidation reactions with water and oxygen. This generates trivalent iron ions that react with the
alkali, thereby promoting corrosion and suppressing the protective action of BTA molecules,
resulting in a reduced impedance arc radius.
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Figure 6. Electrochemical impedance spectra (a) and potentiodynamic polarisation curves (b) of Q235 steel at
298 K in alkaline cleaning agents containing different concentrations (5%, 10%, 15%, 20%). Source(s):
Authors’ own work



Impedance data for Q235 steel in alkaline cleaning solutions were fitted using ZsimDemo Railway Sciences

software. The equivalent circuit is shown in Figure 7, with electrochemical parameters
presented in Table 6. Table 6 indicates that the polarisation resistance R, increases as cleaning
agent concentration decreases, signifying enhanced resistance to corrosion behaviour and
improved corrosion inhibition performance. Furthermore, the values of C; and Cg exhibit a
decreasing trend with diminishing detergent concentration, indicating adsorption behaviour of
the corrosion inhibitor molecules on the metal surface. This adsorption represents the gradual
replacement of water molecules at the metal/solution interface by BTA. The combined data for
R;, Cs, and Cgy collectively indicate that the protective efficacy of Q235 steel in alkaline
cleaning agents of varying concentrations diminishes as the concentration of the alkaline
cleaning agent increases.

The dynamic potential polarisation curves of Q235 steel in alkaline cleaning agents of
varying concentrations are depicted in Figure 6(b). It can be observed that as the cleaning agent
concentration increases, the corrosion potential of the polarisation curve shifts negatively. The
cathodic portions of the polarisation curves for different concentrations of cleaning agent are
nearly superimposed, indicating that BAT does not inhibit the cathodic reaction of Q235 steel
in alkaline cleaning agents. However, the anodic portion shows a decrease in corrosion current
density as the cleaning agent concentration decreases, demonstrating that BAT significantly
inhibits the anodic reaction of Q235 steel in alkaline cleaning agents.

Table 7 indicates that the corrosion current density i, increases with rising cleaning agent
concentration, whilst the corrosion potential E.,, decreases concurrently. However, the
displacement magnitude remains below 85 mV. As the compound BAT only inhibits the anodic
reaction and the corrosion potential shift is less than 85 mV, it should be classified as a
“modest” or “moderate” anodic corrosion inhibitor. Furthermore, the anodic polarisation
curve exhibits significant alterations under different concentrations of alkaline cleaning
agents, likely due to the presence of polar groups conferring strong anchoring adsorption
properties to BAT. From the above results, it can be inferred that BAT achieves corrosion
inhibition by forming a dense protective film on the Q235 steel surface, thereby preventing
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Figure 7. Equivalent circuit used for fitting electrochemical impedance spectra of neutral and alkaline cleaning
agents. Source(s): Authors’ own work

Table 6. Impedance parameters of Q235 steel at 298K in alkaline cleaning agents containing different
concentrations (5%, 10%, 15% and 20%)

C(%) Rs(Qcm?) Ri(Qcm®) Ry (Qcm?) C(Fem? n Ca (WFcm™)
5% 6,709 3.693 X 10° 2.827 X 10"* 1.108 X 107> 0.9169 2.834 X 107° 1
10% 4313 X 107 4,875 2.85 X 10° 5211 X 107> 0.7527 5.548 X 107> 0.9113
15% 3,301 1.931 X 10° 2.696 X 10* 554 X 107>  0.9271 6594 X 107° 1
20%  3.145 X 107> 2,465 1.989 X 10°  6.117 X 107>  0.7547 6.645 X 107>  0.9052

Source(s): Authors’ own work
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Table 7. Polarisation curve parameters of Q235 steel at 298K in alkaline cleaning solution containing different
concentrations (5%, 10%, 15% and 20%)

C (%) Ecorr (mV/SCE) Ba (mV dec™) Be (mV dec™ ) icorr (LA cm )
5% —193.27 266 —145 1.686 X 1077
10% —204.00 302 —146 2.175 X 1077
15% —208.15 317 —147 2.7 X 1077
20% —222.61 373 —145 3.106 X 1077

Source(s): Authors’ own work

direct contact between the corrosive medium and the steel substrate. The corrosion behaviour
of Q235 steel obtained from dynamic polarisation curves is highly consistent with
electrochemical impedance testing results.

In summary, the protective efficacy of the 3 cleaning agents follows the order:
alkaline > neutral > acidic. The steel exhibits the highest susceptibility to corrosion in the
acidic cleaning agent and the lowest susceptibility in the alkaline cleaning agent.

3.3 Surface microstructure analysis
SEM and energy-dispersive X-ray spectroscopy (EDS) quantitative analysis of freshly
polished Q235 steel are shown in Figure 8 below. After polishing, Q235 steel samples were
immersed in acidic cleaning agents diluted to varying concentrations (containing 5%, 10%,
15%, and 20% cleaning agent). The SEM images and EDS results for these samples are
presented in Figure 9 below. As depicted in Figure 8(a), the freshly polished Q235 steel surface
exhibits a smooth, lustrous finish with only minor scratches visible post-grinding. Following
immersion in acidic cleaning solutions of varying concentrations for 6 hours, Figure 9(a)—(d)
reveal numerous fluffy, rod-like corrosion products forming on the steel surface. This
phenomenon indicates that Q235 steel exhibits poor resistance to oxalic acid corrosion. The
corrosion products become denser with increasing acid cleaner concentration, suggesting that
thiourea molecules effectively adsorb onto the metal surface to form a protective film that
inhibits corrosion. However, as the acid cleaner concentration increases, the corrosion
products proliferate, with the most severe corrosion occurring at a 20% cleaner concentration.
As indicated by the quantitative analysis in Figure 8(b) EDS, the freshly polished Q235
steel surface primarily consists of Fe, accounting for 99.03% of the composition. Figure 9(al)—
(d1) demonstrate that following immersion in the acidic cleaning solution, the Fe content

(a) (b)

Figure 8. (a) SEM image; (b) EDS quantitative analysis image of newly polished Q235 steel at 298 K. Source
(s): Authors’ own work



Figure9. SEM images of Q235 steel samples at 298 K under different concentrations of acidic cleaning agents
(a—d): (a) 5% cleaning agent, (b) 10% cleaning agent, (c) 15% cleaning agent,(d) 20% cleaning agent; EDS
quantitative analysis images (al-d1), (al) 5% cleaning agent, (b1) 10% cleaning agent, (c1) 15% cleaning agent,
(d1) 20% cleaning agent. Source(s): Authors’ own work

decreases while O content increases significantly. This is attributable to corrosion of the Q235
steel in the acidic cleaning solution, resulting in the formation of oxidation products. In the 5%
acidic cleaning solution, the Fe content was 83.04% and the O content was 16.74%; in the 20%
acidic cleaning agent, the Fe content was 39.74% and the O content was 54.78%. The higher
the concentration of the acidic cleaning agent, the more severe the oxidation, i.e., the more
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severe the corrosion. This is consistent with the aforementioned electrochemical results,
namely that the 5% acidic cleaning agent exhibits the best corrosion prevention effect, while
the 20% acidic cleaning agent exhibits the worst corrosion prevention effect.

Q235 steel was polished and immersed in neutral and alkaline cleaning agents diluted to
different concentrations (containing 5%, 10%, 15%, and 20% cleaning agent). The SEM
images and EDS results for the Q235 steel samples are shown in Figures 10 and 11 below
following immersion for 6 hours in neutral and alkaline cleaning agents at varying
concentrations. Figures 10(a)—(d) and 11(a)—(d) reveal that the Q235 steel surface exhibits
reduced gloss compared to the freshly polished, untreated surface in Figure 8(a). Nevertheless,
the surface remains smooth with minimal corrosion product formation. This phenomenon
indicates that neutral and alkaline cleaning agents provide effective protective action for Q235
steel, significantly mitigating corrosion.

As shown in Figures 10(al)—~(d1) and 11(al)—(d1), following immersion in neutral and
alkaline cleaning agents, the Q235 steel surface predominantly contained only iron Fe. After
exposure to neutral cleaning agents of varying concentrations, the Fe content on the Q235 steel
surface exceeded 98% in all cases. Similarly, after immersion in alkaline cleaning agents of
different concentrations, the Fe content on the Q235 steel surface exceeded 99% in all
instances. These results indicate that Q235 steel exhibits excellent protective performance in
both neutral and alkaline cleaning agents, with virtually no corrosion occurring. No significant
differences were observed in surface microstructure or quantitative elemental analysis
between cleaning agents of varying concentrations.

A comprehensive comparison of the microstructure and EDS surface element
quantification of Q235 steel in 3 types of cleaning agents—acidic, neutral, and alkaline—at
varying dilution concentrations reveals that acidic cleaning agents cause the most severe
corrosion and provide the poorest protection for Q235 steel. Neutral and alkaline cleaning
agents, however, offer excellent protective effects, effectively delaying corrosion.

4. Conclusions

(1) Thiourea molecules in acidic cleaning agents form a protective film on the surface of
Q235 steel through physical adsorption and chemical bonding, effectively inhibiting
corrosion. Due to the concentration balance and synergistic effect, the stability of the
film is enhanced. The best effect is achieved at a concentration of 5%, but excessive
acidity inhibits the corrosion inhibitor effect. The alkaline cleaning agent containing
triethanolamine and BTA forms a dense protective film on the surface of Q235 steel.
The best protective effect is achieved at a concentration of 5%, but corrosion is
promoted at a concentration of 20% due to increased alkalinity; A stable film is formed
when the concentration of neutral cleaning agent (including AES) is 10%, and the
protective effect is optimal, but excessive concentration may induce local corrosion.

(2) Through electrochemical research, the protective effects of acid, medium, and
alkaline cleaning agents meet the requirements of alkaline > neutral > acidic. It is most
prone to corrosion in acidic cleaning agents and less prone to corrosion in alkaline
cleaning agents. The synergistic effect of corrosion inhibitors (such as BTA, thiourea)
and cleaning agent concentration is the key factor affecting the protective effect. At
low concentrations, the corrosion inhibitor molecules adsorb uniformly, forming a
dense film; When the concentration is high, the acidity and alkalinity of the cleaning
agent increase, which destroys the stability of the membrane and leads to a decrease in
corrosion inhibition efficiency.

(3) Optimising the concentration of cleaning agents is the key to improving protective
performance. Alkaline cleaning agents should be controlled at around 5%, neutral
cleaning agents at 10% concentration, and acidic cleaning agents should maintain a
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Figure 10. SEM images of Q235 steel specimens at 298 K under different concentrations of neutral cleaning
agents (a—d): (a) 5% cleaning agent, (b) 10% cleaning agent, (c) 15% cleaning agent,(d) 20% cleaning agent;
EDS quantitative analysis (al-d1), (al) 5% cleaning agent, (b1) 10% cleaning agent, (c1) 15% cleaning agent,
(d1) 20% cleaning agent. Source(s): Authors’ own work

concentration of 5% to avoid corrosion inhibitor deactivation. This provides a
scientific basis for industrial cleaning and emphasises the balance between
concentration and the synergistic effect of corrosion inhibitors.
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Figure 11. SEM images of Q235 steel specimens at 298 K under different concentrations of alkaline cleaning
agents (a—d): (a) 5% cleaning agent, (b) 10% cleaning agent, (c) 15% cleaning agent,(d) 20% cleaning agent;
EDS quantitative analysis (al-d1), (al) 5% cleaning agent, (b1) 10% cleaning agent, (c1) 15% cleaning agent,
(d1) 20% cleaning agent. Source(s): Authors’ own work
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