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Abstract: In this work, the microstructure characteristics of corrosion products of reinforcement under
a corrosive environment with chloride, carbonation and the combination of chloride-carbonization
were studied by x-ray photoelectron spectroscopy (XPS) and scanning electron microscopy/energy
spectroscopy (SEM-EDX). The results indicate that the outside of the passivation film reacts with
the cement slurry to produce Fe–SiO4 in all three corrosive environments. The inner side is not
completely corroded. The morphology of the corrosion is different in the three environments. In
a chloride environment, corrosion products have obvious cracks, and the local layered structure is
dense. In a carbonation environment, the surface of the steel corrosion shows a uniform granular
structure and loose texture. With the combination of chloride and combination, the surface of the
structural layer of steel corrosion was uneven and accompanied by protrusions, cracking and spalling
occurred. The composition of the corrosion substances in the three corrosion environments are
mainly composed of FeO, Fe3O4, Fe2O3 and Fe–SiO4. The content of iron oxide increases from
a chloride salt, carbonization to the composite environment, indicating that the corrosion degree
intensifies successively.

Keywords: cement paste; chloride salt; carbonization; steel corrosion product; composition; acidic
mixed solution

1. Introduction

The corrosion of steel bars is considered to be the main factor affecting the durability
and mechanical performance of concrete [1]. Steel corrosion leads to crack propagation in
concrete [2,3] and reduces the seismic performance of the structures [4]. Both carbonization
and chloride ion corrosion is considered to be the main causes of steel corrosion [5]. The
rising concentration of CO2 due to the greenhouse effect increase the likelihood of steel
corrosion [6]. During carbonization, CO2 reduces the pH value of the pore solution, causing
the steel to be corroded due to the instability of the surface passivation film. Chloride
permeation is the main cause of steel corrosion in the marine environment [7]. Chloride
ions cause corrosion of steel bars by damage to the passivation film on the surface of the
steel [8]. The reinforced concrete structures in the marine atmosphere and melting salt
environment will be affected by both carbonization and chlorine salt [9]. In the interaction
of carbonization and chloride ions, chloride ions can accelerate the corrosion of steel
bars in concrete [10]. Carbonization affects the chloride diffusivity [11]. Meanwhile, it
reduces the amount of solidified chloride ions and increases the number of free chloride
ions [12]. Thus, carbonation accelerates chloride ion transport [13] and result in thinner
passive film in steel [14]. Aperador et al. [15] used open-circuit potential monitoring,
polarization resistance measurements and electrochemical impedance spectroscopy to
evaluate the corrosion behavior of steel bars under chloride ion corrosion and carbonization.
Nguyen T T H et al. [16] proposed a modeling strategy for simulating the corrosion of steel
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bars caused by carbonization in the atmospheric environment and explored the effect of
the gradual formation of corrosion products on the concrete/concrete interface during
the cracking of the concrete cover. Ye CQ et al. [17] used EIS, LPR, etc. and found that
with the increase of chloride in the concrete simulation pore solution, the steel capacitor
ring and polarization resistance decreased, and the MnS inclusions on the steel surface
played a leading role in the initiation of pitting corrosion. Most of the research related
to steel corrosion focuses on the influence of the corrosive environment on the corrosion
mechanism and behavior of bare steel. Numerical and experimental methods are employed
to analyze the reorganization of physical microstructures on the binding effect of chloride
and carbonation [18,19]. X-ray photoelectron spectroscopy (XPS) is currently used to
analyze the corrosion process of steel in concrete under erosive conditions [20,21]. In
contrast, most of them are analyzed in simulated pore solutions [22–24]. Research on the
microstructure and composition of steel corrosion in cement under the real carbonization
and chloride corrosion environments have not been reported.

Based on XPS and scanning electron microscopy/energy spectroscopy (SEM-EDX),
this paper focuses on the microstructure and composition of rust in steel chloride, carbona-
tion and chloride-carbonation composites in real cement paste. The analysis was carried
out to investigate the corrosion mechanism of steel bars under chloride and carboniza-
tion, which provided a theoretical basis for the durability and service life of reinforced
concrete structures.

2. Materials and Methods
2.1. Raw Material and Mixing Ratio

The steel specimen was an HPB235 grade round bar with a diameter of 8 mm that was
cut into a disc with a thickness of 2 mm. Its surface oxide scale was removed by immersing
in 10% ammonium citrate solution for 3–5 days. After removal, it was rinsed with water,
dried with a towel, and then baked in an oven at approximately 100 ◦C for 10 min. After the
steel specimens were polished with sandpaper, the surface oil was removed with absolute
ethanol. The specimens were sealed with plastic wrap after inspection without rust marks.
The cement was ordinary Portland cement with a strength rating of 42.5. Deionized water
and analytically pure NaCl were used. The test specimen of this experiment was unified
into a cement paste specimen with a water–cement ratio of 0.3. The specimen size of cement
paste was 40 mm × 40 mm × 160 mm. The schematic diagram of the specimen is shown in
Figure 1.
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Figure 1. View of the reinforced wafer’s position.

Three types of corrosive environments were simulated using a carbonization tank
and incorporating sodium chloride into the cement paste specimen. (1) The most severe
chlorine salt corrosion environment in coastal cities, that is, the slurry was mixed with 0.5%
NaCl (accounting for cement quality). (2) Completely carbonized corrosion environment.
(3) Composite corrosion environment under complete carbonization and 0.5% chlorine
salt content (accounting for cement quality). The mixing ratios of the test specimens are
shown in Table 1. Six test specimens were prepared for each set of mixing ratios, and three
of them were selected for the carbonization test. A cement paste test specimen was poured
into a steel triple mold with a size of 40 mm × 40 mm × 160 mm, and three steel wafers
of ϕ 8 mm × 2 mm specification were placed in the third equinox position in each test
specimen as shown in Figure 1.
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Table 1. Mixing ratio of cement paste.

Cement/g Water/g Cl-/% NaCl/g

535.35 160.61
0 0

0.5 4.41

2.2. Specimen Maintenance and Treatment

After all the cement paste samples were poured, the mold was removed after 24 h
of curing. According to the “Standards for Testing Methods of Mechanical Properties of
Ordinary Concrete” (GB/T 50081-2002), the specimens were placed under standard curing
conditions for maintenance, in which the curing age is 28 d, the curing temperature is
20 ± 2 ◦C, and the humidity is above 95%. Then, the two bottom surfaces of the specimen
were sealed with epoxy resin adhesive to ensure that the specimen was two-dimensional
carbonization.

The specimens carbonized in a carbonization tank with a carbon dioxide concentration
of 20 ± 3%, a temperature of 20 ± 5 ◦C, and a humidity of 70 ± 5%. The carbonation depth
of the specimens was measured by the following methods: the samples were taken out
every 7 days to test the carbonization depth once they were put in the carbonation tank.
Each specimen was cut along the transverse, and the pulp powder on the surface was
blown off with a leather tube. The phenolphthalein reagent was sprayed on the section,
and the carbonation depth was measured with a vernier caliper after standing for color
development. At approximately 21 d, the test specimens were basically carbonized. To
ensure its complete carbonization, the time was extended to 28 d, and after complete
carbonization, curing was continued under standard conditions.

Specimens used to analyze the environment of carbonation and composite were
cured in a carbonation tank with the above parameters for 12 months. Specimens used to
analyze the environment of chloride were cured in the curing room for 12 months with
the same humidity and temperature, excluding CO2 concentration. The 12-month cleaned
specimens without carbonization and the specimens that were completely carbonized and
cured for one year were cleaved, and the cement slurry on the surface of the removed steel
discs was wiped clean with 1 mol/L dilute hydrochloric acid for chemical treatment. The
magnetic sample was demagnetized in advance to avoid the influence of the magnetic
field, rinsed with Ar deionized water and acetone, blown dry with argon and then sent
to scanning electron microscopy and X-ray energy spectroscopy (SEM-EDX) analysis and
X-ray photoelectron spectroscopy (XPS) analysis.

2.3. Test Methods
2.3.1. X-ray Photoelectron Spectroscopy

Axis ultraDLD X-ray photoelectron spectroscopy (Shimadzu Co., Ltd., Nagoya, Japan)
was used to scan the steel disc in chloride, carbon and composite erosion environments,
and the chemical composition and chemical state of the elements on the steel surface were
analyzed. The test results were analyzed using CasaXPS2.2.16 software [25]. First, the scan
results were analyzed; that is, the full spectrum analysis of each element was performed
first to obtain the content of each element. Then, the peak of the Fe2p narrow region of
the iron element XPS spectrum was subjected to a peak-fitting process to obtain various
products of iron, and the relative contents of the respective products were obtained. In
addition, an offset of the binding energy occurred during the test, and a charge correction
was required to correct the binding energy of the test instrument by adsorbing carbon of
284.6 eV as a standard.

2.3.2. Scanning Electron Microscopy/Energy Spectrum Analysis (SEM-EDX)

This test uses SU-70 (HITACHI Co., Ltd., Tokyo, Japan) field emission scanning elec-
tron microscopy and micro-sample injection equipment. The equipment mainly scanned
the surface of the steel disc through different scanning magnifications to observe the
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morphology of the steel after corrosion. At the same time, the energy-dispersive X-ray
spectrometer was used to determine the element content of the surface of the steel corrosion
on the basis of the X-ray wavelength of different element characteristics, and the results
were analyzed in combination with the electron microscope scanning results.

3. Results and Discussion
3.1. Analysis of Macroscopic Corrosion Characteristics in Corrosive Environment

After curing for one year in two environments, the three specimens were split, and
the steel plate samples were taken out. The changes in their morphology were observed
and analyzed to preliminarily determine the corrosion state. Under carbonization, chlorine
salt erosion and composite conditions, the steel wafers all appeared corrosion, as shown
in Figure 2. In the chloride environment, small pieces of reddish-brown rust unevenly
appeared on the surface of the steel wafer, and the pitting corrosion effect was obvious. In
the carbonation environment, the grayish-brown rust is evenly distributed on the whole
surface with few amount. Under the composite environment of chloride and carbonation,
the surface of the steel wafer becomes uneven. The rust is large and appears to fall off. The
hardness of the steel bar is reduced.
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3.2. Analysis of Micro-Corrosion Components of Steel Bars under Chloride Corrosion

Figure 3a shows the full-spectrum line spectra of XPS of steel rust under the condition
of 0.5% chloride salt. The main elements on the surface of steel corrosion products are
oxygen, iron, calcium, silicon, chlorine and carbon, and the contents of iron, oxygen,
carbon, and calcium are relatively high. This aspect shows that the corrosion products on
the surface of steel bars are mainly iron oxides. The main components of steel bars are
carbon and iron. On the other hand, the high carbon content may also be caused by the
contact of carbon dioxide in the air on the surface of steel bars. Due to the migration of
chloride ions, rust has some chloride element.



Coatings 2021, 11, 241 5 of 14

Coatings 2021, 11, x FOR PEER REVIEW 5 of 15 
 

 

 
(a) XPS full spectra 

  
(b) peak-fitting curve of iron at 0 nm (c) peak-fitting curve of iron at 5 nm 

Figure 3. XPS full-spectrum and iron peak-fitting curves of rust under chloride corrosion. 166 

Figure 3b,c show the peak-fitting curves of the iron element XPS of the rust at 0 nm 167 
and 5 nm when the chlorine salt content is 0.5%, and the relative content of the corre-168 
sponding compound is shown in Table 2. It can be seen from the spectrum that the peak 169 
curve of Fe2p can be fitted with 10 peak curves. The corresponding iron compounds at 0 170 
nm are FeO, Fe3O4, Fe2O3 and Fe–SiO4. After quantitative analysis, the corresponding con-171 
tents are 19.6%, 26.4%, 18.3% and 20.9%, respectively. Iron compounds at 5 nm are Fe, 172 
FeO, Fe3O4 and Fe2O3. Moreover, the content of the compound at 5 nm is 8%, 26.7%, 24.5% 173 
and 20.5%, respectively. The oxide content of iron at 5 nm and the ratio of Fe3+/Fe2+ are 174 
lower than 0 nm, indicating that the degree of corrosion and oxidation of the outside of 175 
the passivation film is higher than the inside of the passivation film. At the same time, at 176 
the surface of rust, the iron compound is mainly composed of Fe–SiO4 formed by the re-177 
action of the free Fe transformed by the passivation film and the cementitious cement ma-178 
terial. The formation of the double salt has been explained in related research [26,27]. The 179 
content of iron oxide is the highest in the corrosion, including Fe3O4 (Fe3+, Fe2+), Fe2O3 and 180 
FeO (Fe2+). It is in accordance with the result of [28]. Although present in the corrosive 181 
environment of chloride salt, FeCl2 products are rarely present in the compound because 182 
the electrochemical reaction is the cause of steel bar corrosion caused by chloride ions. 183 

1200 1000 800 600 400 200 0

K
 lo

ss
C

 1
s

C
a 

3p
O

 5
p

A
r 

1s

Zn
 lo

ss

A
r 

2p

Binding energy (eV)

In
te

ns
ity

 (a
.u

.)

C
l 2

p

Si
 2

p

C
a 

1s

C
a2

p

O
1s

Fe
 2

pauger XPS peak

735 730 725 720 715 710 705

FeO

Fe3O4

Fe2O3

FeO

0 nm

Fe2O3

Sat.

Fe 2p1/2

Fe 2p3/2

Sat.

Fe3O4

Fe-SiO4

Fe-SiO4

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)
735 730 725 720 715 710 705

Fe0

Fe0

FeOFe3O4

Fe2O3

FeO

5 nm
Fe2O3

Sat.

Fe 2p1/2
Fe 2p3/2

Sat.

Fe3O4

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

Figure 3. XPS full-spectrum and iron peak-fitting curves of rust under chloride corrosion.

Figure 3b,c show the peak-fitting curves of the iron element XPS of the rust at 0 nm and
5 nm when the chlorine salt content is 0.5%, and the relative content of the corresponding
compound is shown in Table 2. It can be seen from the spectrum that the peak curve of
Fe2p can be fitted with 10 peak curves. The corresponding iron compounds at 0 nm are
FeO, Fe3O4, Fe2O3 and Fe–SiO4. After quantitative analysis, the corresponding contents
are 19.6%, 26.4%, 18.3% and 20.9%, respectively. Iron compounds at 5 nm are Fe, FeO,
Fe3O4 and Fe2O3. Moreover, the content of the compound at 5 nm is 8%, 26.7%, 24.5%
and 20.5%, respectively. The oxide content of iron at 5 nm and the ratio of Fe3+/Fe2+ are
lower than 0 nm, indicating that the degree of corrosion and oxidation of the outside of
the passivation film is higher than the inside of the passivation film. At the same time,
at the surface of rust, the iron compound is mainly composed of Fe–SiO4 formed by the
reaction of the free Fe transformed by the passivation film and the cementitious cement
material. The formation of the double salt has been explained in related research [26,27].
The content of iron oxide is the highest in the corrosion, including Fe3O4 (Fe3+, Fe2+), Fe2O3
and FeO (Fe2+). It is in accordance with the result of [28]. Although present in the corrosive
environment of chloride salt, FeCl2 products are rarely present in the compound because
the electrochemical reaction is the cause of steel bar corrosion caused by chloride ions.
Chloride ions combine with Fe2+ to form FeCl2, which is unstable and easily decomposed.
After decomposition, chloride ions continue to combine to transport new Fe2+, while the
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original Fe2+ is oxidized to form iron oxide. When the oxygen is sufficient, the iron ions in
the oxide are present as Fe3+, and when insufficient, they are present as Fe2+.

Table 2. XPS peak-fitting data of Fe elements on the surface of steel rust (c(Cl-) = 0.5%).

Depth Components Position
/(eV)

Area
/(eV)2

Half Width
/mV

Relative Content
Respectively (%)

Relative Content
(%)

0 nm FeO
709.1 2706 2.05 12.3

19.6722.2 1627 2.05 7.3

0 nm Fe3O4
710.6 3603 1.96 16.4

26.4723.7 2217 1.96 10.0

0 nm Fe2O3
712.2 2679 2.12 12.1

18.3725.3 1390 2.12 6.2

0 nm Fe–SiO4
713.0 2697 4.00 12.2

20.9726.1 1927 4.00 8.7

0 nm Sat.
718.2 2153 4.44 9.7

14.8731.9 1125 5.70 5.1

5 nm Fe0 707.1 1730 1.58 4.2
8720.2 1733 1.58 3.8

5 nm FeO
709.3 7758 2.07 17.9

26.7722.4 3851 2.07 8.8

5 nm Fe3O4
710.9 6625 2.01 15.4

24.5724.0 3977 2.01 9.1

5 nm Fe2O3
712.7 5585 2.76 12.9

20.5725.8 3324 2.76 7.6

5 nm Sat.
716.0 5002 4.33 11.5

20.3729.9 3862 5.61 8.8

Figure 4a,b shows the SEM scans of the surface of the steel bar with a chloride
concentration of 0.5%. From Figure 4a, it can be seen that the surface of the steel bar is
flat and slightly convex, indicating that the surface of the steel bar was slightly rusted and
covered with a layer of rust; Figure 4b shows an image magnified 10 k times. The surface
of the latter shows obvious bumps. It can be seen that there are obvious cracks and local
delamination, indicating that the steel bars are rusted due to chloride salt. This leads to the
expansion of the volume and the occurrence of cracks. Figure 4c is an elemental energy
spectrum corresponding to the corrosion of the steel surface. The main elements scanned
are oxygen, iron, calcium and silicon. According to the analysis of Table 3 and the previous
XPS analysis, the main product of the corrosion is iron oxide, which causes the structure of
the steel to become loose and the rust resistance to decrease.
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Table 3. Energy spectrum analysis of elemental content of rust when the concentration of Cl- is 0.5%.

Element Unn. C/wt % Norm. C/wt
%

Atom. C/at
% Compound Comp. C

Oxygen 23.80 25.40 51.41
FeO

0.00
Iron 56.52 60.32 34.98 57.61

Silicon 2.93 3.13 3.60 SiO2 6.69
Calcium 8.20 8.75 7.07 CaO 12.24

Potassium 0.51 0.55 0.45 K2O 0.66
Sodium 1.20 1.28 1.80 Na2O 1.72
Carbon 0.00 0.00 0.00 - 0.00

Aluminum 0.54 0.58 0.68 Al2O3 1.09

3.3. Analysis of Micro-Corrosion Components of Steel Bars under Carbonation Corrosion

Figure 5a shows the XPS full-scan line under carbonization corrosion. The main
elements on the surface of the rust are oxygen, iron, calcium, silicon and carbon, and
the contents of iron, oxygen, carbon and calcium are relatively high. Compared with the
chloride salt attack conditions, except for chlorine, the other main elements are similar in
content. The presence of calcium and silicon may be due to the two elements in the double
salt formed by the reaction.

Figure 5b,c is the peak-fitting maps of the iron XPS peaks at 0 nm and 5 nm from the
surface of the rust under carbonization, respectively. Table 4 shows the relative contents
of the corresponding compounds after complete carbonization. It can be seen from the
spectrum that the peak curve of Fe2p can be fitted with 10 peak curves. The corresponding
iron compounds at 0 nm are FeO, Fe3O4, Fe2O3 and Fe–SiO4. After quantitative analysis,
the corresponding content was 34.10%, 21.1%, and 14.8%. The corresponding compounds
at 5 nm are the same, and the contents are 29%, 21.6% and 21.7%, respectively, besides
Fe of 5.9%. Fe–SiO4 only exists at 0 nm, and there is an iron elemental substance at 5 nm,
indicating that the site is not completely rusted. Compared with the corrosion environment
of chloride salt, the composition of steel rust under carbonization is mostly iron oxide
content, mainly including Fe3O4 and FeO. This confirms the findings of [29]. This is
because, in the carbonization environment, the intrusion of carbon dioxide reduces the pH
of the cement pore solution, causing the invading oxygen and water to chemically react
with the iron in the steel bar, thereby causing macro-current corrosion at the passivation
film. Compared with the 0.5% chloride salt attack, the proportion of iron oxides in the
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products increased significantly, and the content of double salt formed by the reaction of
cementitious materials decreased significantly, indicating that the degree of corrosion of
steel bars under full carbonization conditions is greater than that under the chloride salt.
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Figure 5. XPS full spectra and iron peak-fitting curves of rust under carbonization corrosion.

Figure 6a,b show electron micrographs of the rusted surface of the steel bar under
carbonization. When the electron microscope image is enlarged by 1 k times, the surface of
the steel corrosion is loose and porous, the whole surface is relatively uniform, and there
is no local large protrusion or depression, indicating that the corrosion is more uniform
under carbonization. When the electron microscope image is enlarged to 10 k times, the
corrosion pattern is significantly different from that caused by chloride salt erosion. The
surface of the steel bar is uniformly attached with particulate matter, the pore structure
is obvious, and the texture becomes loose and porous. In the rust caused by corrosion of
chloride salt, the microstructure is mainly layered, and obvious cracks appear. Figure 6c
shows an elemental energy spectrum corresponding to the corrosion of the steel surface.
As seen from Table 5, the composition of the rust is still dominated by iron oxides, and
some of the silica is contained, which may be caused by the cement paste particles attached
to the surface of the steel disc.
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Table 4. XPS peak-fitting data of Fe elements on the rust surface under carbonization corrosion.

Depth Components Position (eV) Area Half-Width

Relative
Content

Respectively
(%)

Relative
Content

(%)

0 nm FeO
709.1 4280 2.11 20.7

34.1722.2 2779 2.11 13.4

0 nm Fe3O4
710.5 2757 1.75 13.3

21.1723.6 1621 1.75 7.8

0 nm Fe2O3
712.2 2179 1.81 10.5

14.8725.3 900 1.81 4.3

0 nm Fe–SiO4
713.0 1738 3.13 8.3

14.7726.2 1346 3.13 6.4

0 nm Sat.
718.4 2364 4.05 11.4

15.3731.7 810 4.24 3.9

5 nm Fe0 707.0 852 1.61 2.6
5.9720.1 1079 1.61 3.3

5 nm FeO
709.1 5991 2.31 18.2

29722.2 3566 2.31 10.8

5 nm Fe3O4
710.7 4817 2.23 14.6

21.6723.8 2316 2.23 7.0

5 nm Fe2O3
712.5 4499 2.89 13.6

21.7725.6 2640 2.89 8.1

5 nm Sat.
715.7 4380 4.28 13.3

22.8729.6 2787 5.96 8.5
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Figure 6. SEM-EDX diagrams of rust under carbonization corrosion.
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Table 5. Energy spectrum analysis of the element content of rust under carbonization corrosion.

Element Unn. C/wt % Norm. C/wt % Atom. C/wt % Compound Comp. C

Oxygen 26.02 28.12 52.40
FeO

0.00
Iron 46.33 50.07 26.73 66.42

Silicon 6.82 7.38 7.83 SiO2 15.78
Calcium 6.21 6.71 4.99 CaO 9.38
Sodium 3.19 3.45 4.47 Na2O 4.65
Carbon 0.00 0.00 0.00 - 0.00

Aluminum 0.83 0.90 1.00 Al2O3 1.70

3.4. Analysis of Micro-Corrosion Components of Steel Bars under Composite Corrosion

Figure 7a shows the XPS full-scan line diagrams in the case of chloride and carbon
composite corrosion. The main elements on the surface of steel corrosion are oxygen, iron,
calcium, silicon, chlorine and carbon, among which the contents of iron, oxygen, carbon
and calcium are relatively high. The main elements are similar to the main elements of
steel corrosion caused by the corrosion of chloride salts. Although the corrosive compo-
nents in different corrosive environments are iron oxides, the specific composition content
is different.
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Figure 7. XPS full spectra and iron element fitting curves of rust under compound corrosion.
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Figure 7b,c show the XPS peak-fitting maps of the iron elements of the steel bar at 0 nm
and 5 nm from the surface under the combined corrosion conditions, respectively. Table 6
shows the relative content of the corresponding compounds after composite corrosion. It
can be seen from the spectra that the two peaks of Fe2p can be fitted with 10 peak curves.
The corresponding iron compounds at 0 nm are FeO, Fe3O4, Fe2O3 and Fe–SiO4. After
quantitative analysis, the corresponding content was 8.9%, 24.2%, 19.4% and 28%. The
iron compounds at 5 nm are Fe, FeO, Fe3O4 and Fe2O3. The contents are corresponding
to 11.5%, 27%, 23% and 24.3%, respectively. The difference between the 0 nm and 5 nm
rust components on the surface of the rust is small. The outside of the passivation film
reacts with the cement slurry to form Fe–SiO4. Compared with single-factor corrosion con-
ditions, the relative content of iron oxides in chloride and carbonized composite corrosion
conditions is the highest. The corrosion degree is relatively high for the three conditions.
When the steel bars are corroded, FeO and Fe2O3 on the surface of the passivation film are
induced to lose iron to form iron ions. After the passivation film is destroyed, it becomes
unstable, and the surface becomes loose and porous. In addition, the Fe element produces
Fe2+ under the action of chloride ions, and the oxygen and water in the intrusion test
specimen are oxidized to become Fe3+. Therefore, the corrosion product of the steel bar
contains FeO, which also includes Fe2O3.

Table 6. XPS peak-fitting data of Fe on the surface of steel corrosion under composite corrosion.

Depth Components Position (eV) Area Half Width
/mV

Relative Content
Respectively (%)

Relative Content
(%)

0 nm FeO
709.1 1721 2.98 5.7

8.9722.2 986 2.98 3.2

0 nm Fe3O4
710.6 5165 2.00 17.1

24.2723.7 2117 2.00 7.1

0 nm Fe2O3
712.1 3422 2.46 11.3

19.4725.2 2406 2.46 8.1

0 nm Fe–SiO4
713.0 4491 4.31 14.9

28726.1 3909 4.31 13.1

0 nm Sat.
718.6 4241 6.03 14.2

19.5732.0 1605 5.78 5.3

5 nm Fe0 707.0 4768 1.40 6.9
11.5720.0 3165 1.40 4.6

5 nm FeO
709.1 12,527 2.21 18.3

27722.2 5976 2.21 8.7

5 nm Fe3O4
710.7 9913 2.15 14.5

23723.8 5731 2.15 8.5

5 nm Fe2O3
712.5 7958 2.93 14.8

24.3725.6 5023 2.93 9.5

5 nm Sat.
715.6 8268 4.54 11

14.2729.8 4832 5.28 3.2

Figure 8a,b show SEM images of steel corrosion in the case of chloride salt and
carbonized composite corrosion. Figure 8a is an SEM image magnified 1 k times the
surface of the steel bar. It is easy to see that the surface is uneven and cracks are present,
accompanied by protrusions and layered substances, indicating that the original steel
passivation film is corroded and destroyed, and chloride ions were penetrated into the steel
bars, causing corrosion of the steel bar. Figure 8b is an SEM image showing the surface
of the steel bar magnified 10 k times. It is easy to see that there are obvious cracks on
the surface of the steel bar. Since chloride ions, water, oxygen and carbon dioxide in the
carbonized environment can be accelerated into the test specimen through tiny cracks and
loose structures, the corrosion rate of the steel bar is significantly improved compared with
the single factor corrosion condition. The surface of the steel bar produces more rust, which
in turn makes the cracks increasingly larger, and eventually, the lamellar rust is cracked
and peeled off. Combined with the results of the energy spectrum analysis of Figure 8c
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and Table 7, it can be seen that compared with the single chloride salt and carbonized
corrosion environment, the oxide content of iron in the complex corrosion environment
is significantly increased, and the degree of corrosion is significantly improved. This is
consistent with the results of the XPS component analysis described earlier. This indicates
the combination of chloride and carbonation contributes to the breakdown of passivation
film, which is consistent with [30].
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Table 7. Energy spectrum analysis of the elemental content of rust under compound conditions.

Element Unn. C/wt % Norm. C/wt % Atom. C/wt % Compound Comp. C

Oxygen 24.33 25.38 51.09
FeO

0.00
Iron 55.87 58.53 33.75 75.30

Silicon 2.63 2.76 3.16 SiO2 5.91
Calcium 9.85 10.32 8.29 CaO 14.44

Potassium 0.58 0.61 0.50 K2O 0.74
Sodium 1.60 1.67 2.34 Na2O 2.26
Carbon 0.00 0.00 0.00 - 0.00

Aluminum 0.69 0.72 0.86 Al2O3 0.19
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4. Conclusions

1. In all three corrosive environments, the outside of the passivation film reacts with
the cement slurry to produce Fe–SiO4. Fe can be detected in the inner side of the
passivation film, indicating that the inner side is not completely corroded;

2. The morphology of the corrosion is different in the three environments. In a chloride
environment, corrosion products have obvious cracks, and the local layered structure
is dense. The rusting process is accompanied by the expansion of the steel volume. In
a carbonation environment, the surface of the steel corrosion is relatively uniform, and
the structure has no local large protrusions or depressions, showing a uniform granu-
lar structure and loose texture. With the combination of chloride and combination,
the surface of the structural layer of steel corrosion was uneven and accompanied
by protrusions and layered materials, the delamination phenomenon was obvious,
cracking and spalling occurred, and the local cracking range and size increased;

3. The composition of the corrosion substances in the three corrosion environments is the
same, and the content is different. They are mainly composed of FeO, Fe3O4, Fe2O3
and Fe–SiO4. The content of iron oxide increases from chloride salt carbonization to
composite environment, indicating that the corrosion degree intensifies successively;

4. The present findings show that the corrosion degree is the strongest under the com-
posite environment of carbonization and chloride salt. Subsequent work will focus on
the expansion effect of corrosion products on cement-based materials and the crack
evolution in this environment.
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